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Preface

Traditionally the water industry has relied on specialist engincers, biologists,
chemists and microbiologists. However, with new and challenging legislation it has
become increasingly necessary for such specialists to develop a broader understand-
ing of the concepts of each other's disciplines, Environmental engineering and envi-
ronmental science are new hybrids of civil engineering and science, respectively that
requires a thorough knowledge cf the physico-chemical and biological nature of the
aquatic environment, in order te identify and assess impacts, as well as being able to
select, design and operate the most appropriate technelogy to protect both the cnvi-
roninent and the health of the gencral public. Watcr technology is a rapidly develop-
ing arca that is truly interdisciplinary in nature.

The European Union has been developing and implementing legislation to protect the
aquatic envirenment for over ¥ years. The Water Framework Directive (2000/40/EC)
is the last piece of that iegislative figsaw puzzle that puts in place the management
structure to ensure that the water quality of lakes, rivers, groundwaiers, estuaries,
wetlands and coastal waters is protected, and enhanced through proper co-operation
and management. The Directive makes this bold statement at the outset:

Water is not a commercial product like arny other but, rather, g heritage which musi
be protected, defended and treated as such.

The Water Framework Directive is a powerful enabling piece of legislation that pro-
vides an integrated management base for water resource protection and manage-
ment including water supply treatment and wastewater treatment. This new edition
of Water Technology acknowledges the importance of this legislation and uses the
concept of River Basin Management throughout.

Et must be stressed that Water Technology is an introductory textbook that covers the
areas of freshwater quality, pollution and management; the treatment, quaiity and
distribution of drinking water; and the treatment and disposal of wastewater. The
fext is aimed at pure and applied scientists as well as civil and chemical engineers who
require an interdisciplinary transitional text to the most important areas of water
technology and scicnce. The text, while easily accessible to all disciplines, is particu-
larly designed for students interested in environmental science and engineering who
require a sound nnderstanding of the basic concepts that make up this subject. The
emphasis of the rext is on practical application and the understanding of the
processes involved. Special attention has been paid to those areas where an interdis-
ciplinary approach will be advantageous. The text is supported by an extensive web
site that allows students to find out more about critical areas, including case studies,
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more worked examples and self-assessment questions (httpr/books.elsevier.com/
companions/0730666331),

The Brundtland Report and, subsequently, Agenda 21 (Rio Earth Summit, 1952)
both identified sustainable development as a critical goal. However, while there
appears to be broad agresment for the idea, we still have no consensus as 1o its pre-
cise meaning or its practical application. Environmental scientists, technologists and
engineers are going to have to aggressively take hold of the concept of sustainability
and develop it inte a practical reality. This can only be achieved by different disci-
plines working together with mutual respect. The ability of the engineer to under-
stand the constraints and limitations imposed by the scientist and vice versa is the key
tor a safer and cleaner environment. Together almost anything is possible,

Nick Gray
Trinity Colicge, Dublin
April 2045
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1.1 Hyprovocical CYcLE

Water supplies are not pure in the sense that they are devoid of all disselved chem-
ical compounds [ike distilled-deionized water but are contaminated by a wide range
of trace elements and compounds, I the early days of chemistry, water was known as
the universal solvent, due to its abilify to slowly dissolve into solution anything it
comes inte contact with, from gases to rocks, So as rain falls through the atmosphere,
flows over and through the Earih’s surface, it is constantly dissolving material, forming
a chemnical record of its passage from the clouds. Therefere, water supplies have a
natural varicty in quality, which depends largely on its source,

The total volume of water in the world remains constant, What changes is its quality
and availability. Water is constantly being recycled, a system known as the water or
hydrelogical cycle. Hydrologists study the chemical and physical nature of water, and
its movement both on and below the ground. In terms of total volume, 97.5% of the
world's water is saline with 99.99% of this found in the oceans, and the remainder
making up the salt lakes. This means that only 2.5% of the velume of water in the
world is actually non-saling. However, not all of this freshwater is readily available for
use by humans. Some 73% of this freshiwater is locked vp as ice caps and glaciers, with
a further 24% located under ground as groundwater, which means that less than 195
of the total freshwater is found in lakes, rivers and the soil. Only 4.01% of the world’s
water budget is present in lakes and rivers, with another 0.01% present as soil mois-
ture but nnavailable to humans for supply. 5o while there appears to be lots of water
about, there is in reality very little which is readily available for use by humans (Table 1.1).
Within the hydrological cycle, the water is constantly moving, driven by solar energy.
The sun causes evaporation from the oceans, which forms ¢louds and precipitation
{rainfail}. Evaporation alsc occurs from lakes, rivers and the soil; with plants con-
tributing significant quantities of water by evapotranspiration. While about 80% of
precipitation falls back into the oceans, the remainder falls onto land. It is this water
that replenishes the soil and groundwater, feeds the streams and lakes, and provides
all the water needed by plants, animals and, of course, humans (Fig. 1.1). The cycle is
a ¢ontinous one and so water s a renewable resource (Franks, 1987). In essence, the
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Ficune 1.1
Hydrelogical cycle
showing the volume
of water stored and
the amount cveled
annually. All volurnes
are expressed

as t0Fkm®,
{Reproduced [rom
Cray (1994) with
permissicn of John
Wiley and Soms Lid,
Chichester.)

Chapter I / Basie Considerations in Hydvolriology

Total volumes of water in the global hydralegical cycle

Frpe of water Area Yoltme Percentuge of
flm® X 10°)  (km? X 10% totel wuter
Atmaespheric papoar 510004 13 0.0001
frater equivalent) fat sca level)
World ceean 3062053 1350 400 97 6
Water in land areas 148067 - -
Rivers (average channel storage) - 1.7 00001
Freshwater lakes B25 125 0.0094
Saline lakes; inland scas 700 105 0.0076
Sail moisture; vadose water 131 DO 150 0.0108
Riological water 131 GO0 {Mepligible) -
Groundwater 141 000 7000 0.5060
lee caps and glaciers 17 GO0 26000 1.9250
Total in lond areas (roumded) 33900 2,459
Tatal water, alf realms [rounded) 1384000 oa
Cyelic water
Annued epaporation
From world ocean 445 00320
Fromn land areas T3 2.003540
Totad 516 0.0470
Anrniral precipitation
On world oecan 412 00291
On Yand areas 104 0.0075
Total 316 0.0370
Annead outflow from land to 2ea
River outllow 20.5 0.0021
Calving, melting and deflation 2.5 (3.0002
e ice caps
Croundwarer ourflowr 1.5 0.0001
Total 335 0.0024

Reprodueed [tom Charley {1969) with permission of Boutledge Publishers Lid, London.
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more: it rains then the greater the flow in the rivers and the higher the water table rises
as the underground storage areas (i.e. the aquifers) fill with water as it percolates
downwards into the earth. Water supplies depend on rain so when the amount of rain
decreases then the volume of water available for supply will decrease, and in cases of
severe drought will fall to nothing. Therefore, in order to provide sufficient water for
supply all year round, careful management of rescurces is required.

Nearly all freshwater supplies come from precipitation which falls onto a catchment
area. Also known as a watershed or river basin, the catchment is the area of land,
often bounded by mountains, from which any water that falls into it will drain into
a particular river system. A major river catchment will be made up of many smalier
sub-catchments each draining into a tributary of the major river. Each sub-catchment
will have different rock and soil types, and cach will have different land use activities
which also affect water quality. So the water draining from each sub-catchment may
be different in terms of chemical quality. As the tributaries enter the main river they
mix with water from other sub-catchments upsiream, constantly altering the chemical
composition of the water. Therefore, water from different areas will have a unique
chemical composition,

When precipitation falls into a catchment one of three major fates befalls it:

1. It may remain on the ground as surface moisture and be eventually returned 1o
the atmosphere by evaporation. Alternatively, it may be stored as snow on the
surface until the temperature rises sufficiently to melt it. Storage as snow is an
important source of drinking water in some regions, For example, throughowmt
Scandinavia lagoons are constructed to collect the run-off from snow as 1t melts,
and this provides the bulk of their drinking water during the summer.

2. Precipitation flows over the surface into small channels becoming surface run-off
into streams and lakes (Section 2,1). This is the basis of all surface water supplies
with the water eventually evaporating into the atmosphere, percolating into the
s0il to become groundwater, or continuing as surface flow in rivers back to the sea.

3. The third route is for precipitation to infiltrate the soi! and slowly percolate into
the ground o become groundwater that is stored in porous sediments and rocks.
Groundwater may remain in these porous layers for periods ranging from just a
few days to possibly millions of years (Section 2.2). Eventually groundwater is
removed by natural upward capillary tmovement to the soil surface, plant uptake,
groundwater seepage into surface rivers, lakes or directly te the sea, or artificially
by pumping from wells and borzholes.

Therefore, from a management perspective the hydrological cycle at this point can be
represented as:

P=E+R+1 (1.1)

where P is the precipitation, £ is the evapotranspiration, R is the nun-off and [ is the
infittration. In France, approximately 55% of precipitation evaporates, 25% becomes
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Fioore 1.2

Water services cvele
showing where the
water s used by
huomans during its
mowvernents within
the hydrological
cycle, (Reproduced
from Latham {1990)
with permission of
the Charterced
Institution of Water
anrd Envirpmmental
Management. )
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surface run-off and 20% infiltrates into the ground. However, this will vary enor-
mously between areas.

The water in the oceans, ice caps and aquifers is all ancient, acting as sinks for pollu-
tants. All pollution eventually ends up in the cycle and will ultimately find its way to
one of these sinks. Freshwater bodies are often closely inter-connected, forming part
of a continuum from rainwater to saline (marine) water, and 50 may influence each
other quite significantly.

People manage the hydrological cycle in order to provide water for industry, agricul-
ture and domestic use. This requires the management of surface and groundwater
resources, the treatment and supply of water, its subsequent collection, cleansing and
return to the eyele (Fig. 1.2).

1.2 CoMpAaRISON BETWEEN FRESHWATER AND SALINE WATER

Conditions in freshwater differ 1o saline water in many ways; for example, lower con-
centrations of salts {especially Na, S0,, Cl) and smaller velumes of water. Smaller
volumes result in a greater range and more rapid fluctuations in temperature, oXygen
and other important parameters, making freshwater ecosystems more vulnerable to
pollution; the smaller volume and area of freshwater bodies acts as a physical restric-
tion on organisms and restricts the free dispersal of organisms as well as pollutants.
In terms of pollution, both lakes and occans act as sinks with the former having only
limited dilution and assimilative capacity.

Freshwaters have a low concentration of salts which presents erganisms living in such
waters with two problems: first, how to acquire and retain sufficient minimum salts
for metabolism; and, second, how to maintain concentrations of salts in their internal
fluids that are higher than those in the water (i.e. osmotic and diffusion problems),
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TasLe 1.2 Water residence time in inland freshwater bodies

Running waters Streams Rivers

Standing waters Shallow lakes Deep lakes
Reservoirs

Croundwaters Karst Alluvial Sedimentary Deep
aquilers aquifers aquifers

Bank filtration

Hours [ays Months  Years 10 years 100 years 1000 years

Reproduced from Mevbeek er af. (1989) with permission nf Blackwell Science Lid, Oxford.

To some extent this is why the total number of species of organisms that live in fresh-
water is smaller than the number living wholly on land or in the sea.

1.3 FrESHWATER HABITATS

There are a wide range of freshwater habitats, For example, there are lakes, ponds,
turrlochs (temporary pends), springs, mountain torrents, chalk streams, lowland
rivers, large tropical lakes, and a range of man-made habitats such as abandoned peat
workings (e.g. the Norfolk Broads) and gravel pits. These are just a few of the wide vari-
cty of freshwater bodics that can be found and the hydrological, physico-chemical
and biological characteristics vary enormously between them.

It the most basic classification water can be separated into surface and groundwater,
with suiface waters further split into flowing systems {loticy and standing systems
(lentic). In reality, lotic and lentic systems often grade into each other and may be dif-
ficult in practice to differentiate. Lakes generally have an input and an cutput with
what may be a very small throughput. Therefore, these systems can only be separated
by considering the refative retention times (Table 1,2). For example, many rivers have
been impounded along their length to form reservoirs resulting in lentic-lotic {e.g.
River Severn in England) or lotic-lencic-lotic systems {e.g. River Liffey in Ireland).

Rivers can be hydraulically defined as having a unidirectional flow, with generally short
retention times measured in days rather than weeks. They have a relatively high average
flow velocity of between 0.1 and 1.0ms™, aithough the discharge rate can be highly
variable aver time, and is a function of climatic and discharge conditions within the
watershed, Rivers generally display continuous vertical mixing due te currents and
turbulence, although lateral mixing may enly occur over considerable distances. Lakes
in contrast have a low surface flow velocity of between 0.001 and 0.01 ms ~*, with water
and element retention times varying frem 1 month to >100 vears. Currents are multi-
directional with diffusion an important factor in dispersion of pollutants. Depending on
climatic conditions and depth, lakes can display alternating periods of stratification
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and vertical mixing. Groundwaters display a steady flow pattern in terms of direction
and velocity, resulting in poor mixing. Average flow velocities are very low, between
10~ and 10~*ms ™). This is governed by the porosity and permeability of the aquifer
material but results in very long retenticn periods (Table 1.2). There are a number of
transitional forms of water bodies that do fit into the above categories. The most
gommon are flood plaing which are seasonal and intermediate bebween rivers and
lakes; reservoirs which are also seasonal depending oo water release or use and are
intermediate between rivers and lakes; marshes are intermediate between lakes and
aquifers; while karst and alluvial aquifers are intermediate between rivers and ground-
water because of their relatively rapid flow. The Water Framewotk Ditective not only
recognizes surface freshwater and groundwater resources, but also transitional waters
such as wetlands, estnaries and coastal waters that are highly influenced by freshwater
inputs, in the overall management approach of catchment areas {Section 7.3).

The hydrodynamic characteristics of a water body are dependent primarily on the
size of the water body and the climatic and drainage conditions within the catchment
area. Morte specifically, rivers are further characterized by their discharge variability,
lakes by their retention time and thermal regime concrolling stratification, and
groundwaters by their recharge regime (i.e. infiltration through the unsaturated
aquifer zone to replenish the water stored in the saturated zone).

Lotic systems have a more open system than lentic ones, with a continuous and rapid
throughput of water and nutrients, resulting in 3 unique flora and fauoa (biota). The
main advantages of aquatic habitats, and of lotic systems in particular, are that there
is no gravity; food comes to the consumer: and that there arc no waste disposal prob-
lems for the biota.

1.4 THE CATCHMENT AS AREA OF STUDY

Water bodies and lotic systems in particular are not isolated entities, they impinge on
the atmosphere and the land. Across these boundaries there is a constant movement
of materials and energy. Across the air-water interface gases, water, dissolved muiri-
ents and particles in rain all enter the river. The land-water interface is the main
source of material from weathered and eroded rocks, and from dead and decaying
plants and animals. Other factors such as transpiration rate of trees, soil and rock
type, and land use 211 affect water quality, therefore it is necessary to study and man-
age the catchment area or watershed as a whole, This facilitates intcgrated manage-
ment of the water ¢cycle within that area. In Ireland, individual catchment areas have
detailed water quality management plans {Section 7.2.1), which are operated by the
relevant state and scmi-state agencies (Fig. 1.3).

Rivers have been managed on a catchment basis for many years although it is relatively
recently, with the introduction of geographical information system {GIS) and remote
sensing, that it has been possible to integrate land vse and groundwater protection n
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water quality management at the eatchment level {Chapter 7). Although groundwater
resources do not always correspond to river catchment areas and often overlap catch-
ment boundaries. Catchment management in Europe is currently being harmonized
through the introduction of the EU Direcrive Establishing a Framework for Community
Action in the Field of Water Policy (2000/60/EC}. The Water Framework Directive, as it
is generally known, proposes a new systern of water quality management based on nat-
ural river catchments. It provides an integrated approach to the protection, improve-
ment and sustainable use of European water bodies, including lakes, rivers, estuaries,
coastal watcrs and groundwaters. Under this legisladon catchments arc split inte River
Bagin Districts {RBDs) and then managed through River Basin Management Plans
{RBMPs). In Ircland, catchments have been combined to form eight RBDs of which
three are International RBDs {i.e. transhoundary) (Fig. 1.4). The Water Framework
Directive aims to prevent further deterioration of water quality of all water rescurces
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Ficure 1.4
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Cliaples 2 Water Resources

2.1 SURFACE WATERS

Surface water is a general tern deseribing any water body which is found fowing or
standing on the surface, such as steeams, rivers, ponds, lakes and reservoirs. Surface
watcts originate from a combination of sources:

{2) Surface vun-off: rainfall which has fallen onto the surrounding land ard that flows
dirsctly over the surface into the water body.

{b} Direct precipitation: rainfall which falls directly into the water body.

{c) Interflow: excess soil moisture which is constantly draining into the water body.

{d) Water table discharge: where there is an aquifer below the water body and the
water table is high enough, the water will discharge directly from the aquifer into
the water body.

The quality and quantity of surface water depends on a combination of climatic and
geological factors. The recent pattern of rainfall, for example, is less important in
enclosed water bodies, such as lakes and reservoirs, where water is collected over 2
long period and stored. However, in rivers and streams where the water is in a dyna-
nric state of constant movement, the volume of water is very much dependent on the
preceding weather conditions.

2.1.1 RIVERS AND LAKES

Genetally in rivers the flow is greater in the winter than the summer due to a greater
amourt und longer duration of rainfall. Short fluctuations in flow, however, are more
dependent on the geology of the catchment. Some catchments yield much higher per-
centages of the rainfall as stream flow than others. Known as the ‘run-off ratio’, the
rivers of Wales and Scotland can achieve values of up to 80% compared with only 30%
in lowland areas in southern England. Hence, while the River Thames, for example,
has a vast catchment area of some 9869 km?, it has only half of the annual discharge

12
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of a river, such as the River Tay, which has a catchment of only 4584 km?. Of course
in Scotland there is higher rainfall than in south-¢ast England and alsc lower evap-
oration rates due to lower temperatures.

Even a small reduction in the average rainfall in a catchment area, say 20%, may
halve the annual discharge from a river. This is why when conditions ar¢ only mar-
ginally dricr than normal a drought situation can so readily develop. It is not always a
case of the more it rains the more water there wilt be in the rivers; groundwater is also
an important factor in scream flow. In some areas of England during the dry summer
of 1975, despite the rainfall figures, which were way below average, the stream flow
in rivers which receive a significant groundwater input were higher than normal due
to the excessive storage built-up in the aquifer aver the previous wet winter. The drought
period in England that started in 198%, where there were three successive dry winters,
resulted in a significant reduction in the amount of water stored in aquifers with a
subsequent fall in the height of the water table. This resulted in some of the lowest flows
on record in a number of south-eastern rivers in England, with sections completely
dtied up for the first time in living memory. Before these rivers return to normal dis-
charge levels, the aquifers that feed thermn must be fully replenished and this still had
not occurred 8 years later, As groundwater contributes ssbstantially to the base flow of
many lowland rivers, any steps taken to protect the guality of groundwaters will also
indirectly proteet surface waters.

Precipitation carries appreciable amounts of solid matarial to earth, such as dust,
pollen, ash from volcanoes, bacteria, fungal spores and even on occasions, larger
organisms. The sea is the major source of many salts found dissolved in rain, such as
chloride, sodium, sulphate, magnesium, calcinm and petassium ions, Atmospheric
discharges from the houwse and industry also contribute matetiai to clouds which are
then brought back ta carth in precipitation. These include a wide range of chemicals
including organic solvents, and the oxides of nitrogen and sulphur that cause acid
rzit). The amount and types of impurities in precipitation vary due to location and time
of year, and ¢an affect both lakes and rivers. Land use, including urbanization and
industrialization, significantly affects water quality, with agriculture having the most
profound effect on supplies due to its dispersed and extensive natore (Section 7.4).

‘The quality and quantity of water in surface waters are also dependent on the geology
of the catchment. In general, chalk and limestone catchments result in clear hard
waters, while impervious rocks, such as granite, result in turbid soft waters. Turbidity
is caused by fine particles, both inorganic and organic in erigin, which are too small
to readily settle out of suspension and so the water appears cloudy. The reasons for
these ditferences are that rivers in chalk and limestone areas rise as springs or are fed
from aquifers through the riverbed. Because appreciable amounts of the water are
coming from groundwatet resources, the river retains a constant clarity, constant
flow and indeed a constant temperature throughout the year, except after the periods
of prolonged rainfall. The chemical nature of these rivers is also very stable and rarcly
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Ficure 2.1 {a) The relationship between stream orders and hydrelogical characteristios
using a hypothetical example for a stream of order §: {1} watershed area {4); (2} length
of river stretch {£.); {3) nvmber of tributaries (n); (4] slope (mm™!}. /) Siream order
distribution within a watershed. {Reproduced Irom Chapman (1996) with permission
of the UNESCO, Paris.)

alters from year to year. The wator has spent a very long time in the aquifer before
entening the river, and during this time dissolves the calcium and magnesium salts
comprising the rock, resulting in a hard water with & neutral to alkaline pH. In com-
parison, soft-water rivers ate usually raised as run-off from mountains, so flow is very
much linked to rainfall. Such rivers suffer from wide fluctuations in How rate with sud-
den flocds and droughts. Chemically these rivers are turbid due to all the silt washed
inte the river with the surface run-off and, because there is listle contact with the bed
rock, they contain low concentrations of cations, such as calcium and magnesium,
which makes the water soft with 2 neutral to acidic pH. Such rivers often drain upland
peaty soils and so the water contains a high concentration of bumus material giving
the water a clear brown-yellow colour, similar to beer in appearance.

Land areas can be divided into geographical areas drained by a river and its tributar-
ies. Each area is known as a river basin, watershed or catchment. Each river basin is
drained by a dendritic network of steeams and rivers, They increase in size (order)
from very small (1) feeding eventually into the main river channel (4-10) (Fig. 2.1).
The stream ordcr is 2 function of the catchment area feeding that tributary or collec-
tion of tributaries, although ether parameters, such as average discharge rate, width,
etc., are also used to classify rivers (Table 2.1). Stream order is positively correlated
to catchment area and the length of the river section, while the number of iributaries
within the catchment and slepe are negatively correlated with stream order.

Most lakes have an input and an output, and 50 in some ways they can be considered
as very slowly flowing rivers. The very leng period of time that water remains in the
lake or reserveir ensures that the water becomes cleaner due to bacterial activity remov-
ing any organic matter present, and physical flocculation and settlement processes,
which remove small particulate material. Storage of water, therefore, improves the
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Tape 2.1 Classification of rivers based on discharge characteristics, drainage area and river width

River aize Arerage discharge  Drainage fliver Stream
fm¥a=?) area (kot’) width fm) order”

Very large nvers =10000 =100 >1500 =10
Large rivers 100010004 100 000-10° BO0-1300 7-1
Rivers 100-1000 10 000=T 00 00 200-800 64
Smal} rivers 10-100 1000-101000 H-200 -7
Streawms 1-10 1046=-1000 840 36
Small streams 1.1-1.0 10-100 1-5 2-3
Brooks <01 <10 =1 1-13

“Depending om lacal condirinns.
Reproduced from Chapman (1996} with permission of the UNESCO, Paris.

quality which then minimizes the treatment required before supply (‘Introduction to
treatment’ in Chapter 10). However, this situation is complicated by two factors:

1. In standing waters much larger populations of algae are capable of being sup-
potted than in rivers.

2. Deep lakes and reservoirs may become thermally stratified, particularly during
the surnmer months.

Both of these factors can seriously affect water quality.

Thermal stratification is caused by variations in the density of the water in both lakes
and reservoirs, although it is mainly a phenomenon of deep lakes. Water is at its dens-
est at 4°C, when it weighs exactly 1000 kg per cubic metre (kg m—3). However, either
side of this temperature water is iess dense {999.87kgm—* at 0°C and 999.73kgm
at 10°C). During the summer, the sun heats the surface of the water reducing its dens-
ity, s that the colder, denser water remainy at the bottom of the fake, As the water
continves to heat up then two distinct layers develop. The top layer or epilimnion is
much warmer than the lower layer, the hypolimmnion. Owing to the differences in dens-
ity the two layers, separated by a static boundary layer known as the metalimnion or
thermociine, de not mix but remain separate (Fig. 2.2).

The gpilimnion of lakes and reservoirs is constantly being mixed by the wind and so
the whole layer is a uniform temperature, As this water is both watm and exposed to
sunlight it provides a very favourable environment for algae. Normally the various
nutrients required by the algae for growth, in particular phosphorus and nitrogen,
are not present in large quantitics {i.c. limiting concentrations). When excess nutri-
ents are present, for exampie due to agricultural run-off, then massive algal growth
may occur. These sg-calied algal blooms result in vast increases in the quantity of
algae in the water, a phenomenon known as eutrophication (Section 6.4). The algae
are completely mixed throughout the depth of the epilimnion and in severe cases the
water ¢an become highly colouzred. Normally this top layer of water is clear and full
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Ficuge 2.2

Thermal stratifica-
tion in deep lakes
and reservoirs.
{Reproduced from
Gray {1994) with
permisston of John
Wiley and Sons Litd,
Chichester.)
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of oxygen, but if eutrophication occurs, then the algae must be removed by treat-
ment. The algae can result in unpleasant tastes in the water even after conventional
waler treatiment {Section 11.1.1), as well as toxins (Scetion 6.4.1). Like all plants, algae
release oxygen during the day by photosynthesis, but at night they remove oxygen
from the water during respiration. When eutrophication occurs then the high num-
bers of algae will severely deplete the oxygen concentration in the water during the
hours of darkness, possibly resulting in fish kills. In contrast, there is little mixing or
movement in the hypolimnion which rapidly becomes deoxygenated and stagnant,
and devoid of the normal aerobic biota. Dead algae and organic matter settling from
the upper lavers are degraded in this lower layer of the lake. As the hypolimnion has
no source of oxygen to replace that already used, its water may become completely
devoid of oxygen. Under anaerobic conditions iron, manganese, ammonia, sulphides,
phesphates and silica are all released from sediments in the lake or reservoir into the
watcr while nitrate is reduced 1o nitrogen gas. This makes the water unfit for supply
purposes. For example, iron and manganese will result in discoloured water com-
plaints as well as taste complaints. Ammonia interferes with chlorination, depletes the
oxygen faster and acts as a nutrient to encourage eutrophication (as does the phos-
phorus and silica). Sulphides also deplete the oxygen and interfere with chlorination,
have an awiul smell and impart an obnoxious taste to the water (Section 11.1.1).

The metalimnion, the zone sgparating the two layers, has a tendency 1o move slowly
to lower depths as the summer progresses due to heat transfer to the lower hypolimnion,
This summer stratification is usually broken up in autumn or carly winter as the air
temperature falls and the temperature of the epilimnion declines. This increases the
density of the water making up the epilimnion to a comparable density with the
hypolimnion, making stratification rather unstable. Subsequently, high winds will even-
tually cause the whole water body to turn aver breaking up so that the layers become
mixed. Throughout the rest of the year the whole lake remains completely mixed,
resulting in a significant improvement in water quality. Limited stratification can also
develop during the winter as surface water temperatures approach 0°C while the
lower water temperature remains at 4°C. This winter stratification is broken up in the
spring as the temperature increases and the high winds return. The classification of
lakes is considered in detail in Section 3.8,
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2,1.2 RESERVOIRS

As large cities expanded during the last century they relied on local water resources,
but as demand grew they were forced to invest in reservoir schemes often quite
reimote from the point of use. Examples include reservoirs buiit in Wales, the Pennines
and the Lake District to supply major cities, such as Birmingham, Manchester and
Liverpool, with water in some cases being pumped over 80km to consumers, Most
are storage reservoirs where all the water collected is used for supply purposes. Such
reservoirs are sited in upland areas at the headwaters (source) of rivers. Suitable valleys
are floaded by damming the main streams. They ¢an take many years to fill and once
brought into use for supply purposes then they must be carefully managed, A balance
must be maintzined between the water taken out for supply and that being replaced by
surface run-off. Normally the surface run-off during the winter far exceeds demand
for supply so that the excess water can be stored and used to supplement periods
when surface run-off is less than demand from consumers. There is, of course, a finite
amount of water in a reservoir, and so often water rationing is required in order 1o
prevent storage reservoirs drying up altogether during dry summers. A major prab-
lern is when there {s a dry winter, so that the expected excess of water does not occur
resulting in the reservoirs not being adeguately filled at the beginping of the summer.
Under these circumstances water shortages may occur even though the summer is
not excessively dry.

The catchment area around reserveirs is normally owned by the water supply
company. They impose strict testrictions on farming practice and general land use to
ensure that the guality of the water is not threatened by indirect pollution. Restricted
access to catchment areas and reservoirs has been relaxed in recent years, although it is
still strictly controlled. This controlled access and restrictions on land use has caused
much resentment, especially in Wales where as much as 70% of all the water in upland
reservoirs is being stored for use in the English midlands. The problem is not onty found
in Wales, but in England as well. For example, as much as 30% of the Peak District {s
made up of reserveir catchment areas. Water supply companies want to ensure that
the water is kept as clean as possible because water collected in upland reservoirs
is of a very high quality. Storage alsc significantly improves its purity further, and
the cleaner the raw water, the cheaper it is to treat to drinking water standard
{'Introduction to treatment’ in Chapter 10). So restricted access to catchment arcas
means less likelihood of a reduction in that quality. Conflicts hetween those who
want access to the resetvoir or the immediate catchment area for recreation or other
purposes, and the water companies who want to supply water to their customers at
the lowest price possible, is inevitable.

In order to maximize water availability for supply, hydrologists examine the hydro-
logical cycle within the catchment, measuring rainfall, stream flow and surface run-off,
and, where applicable, groundwater supplies. Often they can supplement water
abstracted from rivers at pericds of very low flow by taking water from other resources,
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such as groundwater or small sterage reservoirs, using these limited resources to top
up the primary source of supply at the most critical times. More common is the con-
struction of reservoirs at the headwaters which can then be used to control the flow
of the river itself, a process known as compensation. Compensation rescrvoirs arc
designed as an integral part of the river system. Water is collected as surface rua-off
from upland areas and stored during wet periods. The water is then released when
needed 1o ensure that the minimum dry weather flow is maintained downstream to
protect the biota, including fisheries, while allowing abstraction to continue. In win-
ter, when the majority of precipitation falls and maximum flows are generated in the
river, all the excess water are lost. By storing the cxcess water by constructing a reser-
voir and using it 1o regulate the flow in the river, the output from the catchment area
is maximized. A bonus is that such reservoirs can also play an important function in
food prevention. The natural river channel itself is used as the distribution system for
the water, unlike supply rescrvoirs where expensive pipelines or aqueducts are
required to transport the water to the point of use. River management is also sasier
because the majority of water abstracted is retumed to the same river. Among the
more important rivers in the UK which are compensated are the Dee, Severn and Tees.

Reservoirs are not a new idea and were widely built to control the depth in canals and
navigable rivers. Smaller reservoirs, often called header pools, were built to feed mill
races to drive waterwheels. Without a reservoir, there are times when after dry spells,
where there is negligible discharge from the soil, the only flow in the river will be that
coming from groundwater seeping out of the vnderlying aguifer. Some rivers, rising
in areas of permeable rock, may even dry up completely in severe droughts. In many
natural Hvers the natural minimum flow is abom 109 of the average stream flow.
Where river regulation is used, this minimum dry wcather flow is often doubled, and
although this could in theory be increased even further, it would require an enor-
MOUS reservoir capacity.

Reservoirs are very expensive 1o construct. Homvever, there are significant advantapes
10 regulating rivers using compensation rescrvoirs rather than supplying water directly
from a reservoir via an aqueduct. With river regulation much more water is available
1> meet different demands than from the stored volume only. This is because the
reservoir is only fed by the upland section of the river contained by the dam; down-
stream all the water draining into the system is also available. Hence compénsation
reservoirs are generally much smaller in size and so ¢cheaper to construct.

Reservoirs can enly yield a limited supply of water, and sa the management of the tiver
system is difficult in order to ensure adequate supplies every year. Owing 10 the expen-
sive cost of construction, reservoirs are designed to provide adequate supplies for
most dry summers. However, it is not cost-cffective to build a reservoir large enough
to cape with the severest droughts which may only occur once or fwice a century.
Watcr is released from the reservair to ensure the predicted minimum dry weather
flow. Where more than one compensation reservoir is available within the catchment
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area, water will first be released from those that refill quickly. Water regulation is
a difficult task requiring operators ro make intuitive guesses as to what the weather
may do over the next few months. For example, mary UK water companies were
severely criticized for maintaining water restrictions throughout the winter of 1990-21,
in order to replenish reservoirs which failed to completely fill during the previous dry
winter. Imposing bans may ensure sufficient supplies for essential vses throughout
a dry summer and antumn; however, if it turns out to be a wet summer after all, such
restrictions will be deemed to have been very unncecssary indecd by consumers.
While water planners have complex computer models te help them predict water-use
patterns and so ptan the best use of available resources, it is all 100 often impossible
to match supplies with demand. This has mainly been a problem in south-eastern
England, where the demand is the greatest due to a high population density and also
a high industrial and agricultural demand, but where least rainfall is recorded. Where
reservoirs are used to prevent flooding it requires that there is room to store the win-
ter floodwater. This may mean allowing the level of the reservoir to fall deliberately
in the autumn and early winter to allow sufficient capacity to contain any floodwater.
This is the practice on the Clywedog rescrveir en the upper Severn. But if the winter
happens to be drier than expected, then the reservoir may be only partially full at the
begimring of the summer. Therefore, operating reservoirs and regulating rivers are a
delicate 2rt and, as the weather is so unpredictable, decisiens made on the best avail-
able information many months previously may prove to have been incorrect.

2.2 GROUNDWATER

British groundwater is held ir: three major aquifer systems, with most of the important
aquifers lying south-east of a line joining Newcastle-upon-Tyne and Torquay (Fig. 2.3).
An aquifer s an underground water-bearing layer of porous rock through which water
cant flow after it hay passed downwards (infiltration) through the upper layers of soil. On
average 7000 million litres (M!) of water are abstracted from these aquifers each day.
Approximately 50% of this vast amount of water comes from Cretageous chalk aquifers,
35% from Triassic sandstones and the remainder from smaller aquifers, the most impor-
tant of these being Jurassic limestones. Of coursc groundwater is not only abstracted
directly for supply purposes, it often makes a significant contribution to rivers also used
for supply and other uses by discharging into the river as either base flow or springs (Fig.
24). The discharge of groundwater into rivers may be permanent or seasonal, depend-
ing on the beight of the water table within the aquifer. The water table separates the
unsaturated zone of the porous rock comprising the aquifer from the saturated zone; in
essence it is the height of the water in the aquifer (Fig. 2.5). The water table is measured
by determining the level of the water in borehcles and wells. IFnumerous measurements
are taken from weils over 4 wide area, then the water fable can be scen to fluctuate in
height depending o the topography and climate conditions. Rainfall replenishes or
recharges the water lost or taken from the aquifer and hence raises the level of the water



20 = Chapter2 / Water Hesources

Figure 2.3
Location of the
principal aguifers
in England and
Wales. {Reproduced
from Gpen Univer-
sity (1974} with
permission of the
Open University
Press, Milton
Kevnes.)

Ficuer 2.4
Sehematice diagram
of groundsater
systerns, {Heproduced
by permission of the
British Cevlogical
Burvey.}

table, So, if the level falls during periods of dronght or due to over-abstraction for water
supply, then this source of water feeding the river may cease. In periods of severe
drought, groundwater may be the ooly source of water feeding some rivers and 5o, if the
water table falls below the critical level, the river itself could dry up completely.

Aquifers are classified as e¢ither confined or unconfined. An unconfined aquifer is
one that is recharged where the porous rock is not covered by an impervious layer of
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soil and aquifer
showing various
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rock layers, and
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capacities.
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Open University
Press, Milton
Kevnes.)
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soil or other rock. The unsaturated layer of perous rock, which is rich in oxygen, is
separated from the saturated water-bearing tayer by an interface known as the water
table. Where the aquifer is overlain by an impermeable layer, no water can penetrate
into the porous rock from the surface; instead warer slowly migrates Jaterally from
unconfined areas. This is a confired aguifer. There is no unsaierated zone because
all the porous rocks are syturated with water as they are below the water table level,
and of course there is no oxygen (Fig. 2.4). Because confined aquifers are sandwiched
between two impermeable layers, the water is usnally under considerable bydranlic
pressure, 50 that the water will rise to the surface under its own pressure via bore-
holes and wells, which are known as ariesian wells. Artesian wells are wetl known in
parts of Africa and Australia, but are also found on a smaller scale in the British Isles.
The nmtost well-known artesian basin is the one on which London stands. This is a
chalk aquiter which is fed by uncenfined aquifers to the north (Chiltern Hills} and
the south (North Downs) (Fig. 2.6). In the late nineteenth century the pressure in the
aquifer was such that the fountains in Trafalgar Square were fed by natural artesian
flow. But if the artesian pressure is to be maintained, then the water lost by abstrac-
tion must be replaced by recharge, in the case of London by infiltration at the
exposed edpes of the aquifer basin. Centinued abstraction in excess of natural
recharge has lowered the piezometric surface (i.e. the level that the water in an arte-
sian well will natorally rise to) by abont 140 m below its original level in the London
bagin. A detailed example of an aquifer is given later in this section.

It is from unconfined aquifers that the butk of the groundwater supplies are abstracted.
It is also from these aquifers, in the form of base fiow or springs, that a major portion
of the flow of some iowland rivers in castern England arises. These rivers are widely
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Ficure 2.6 Cross section thegugh the London artesian basin, (Reproduced from Open
Uiversity (1974) with permission of the Open Universicy Press, Milton Keynes.)

uscd for supply purposes and so this source of drinking water is largely dependent on
their aquifers; good management is therefore vital,

Groundwater in unconfined aguifers originates mainly as rainfall and so is particu-
larly vulnerable to diffuse sources of potlution, especially agricultural practices and
the fallout of atmospheric pollution arising mainly from industry. Elevated chemical
and bacterial concentrations in ¢xcess of the European Union (EU) limits set in the
Drinking Water Directive (Section 8.1) arg commonly recorded in isolated wells.
This is ofter a local phenomenon with the source of pollution normally easily iden-
tificd to a local point source, such as a septic tank, a leaking sewer or farmyard
drainage. In the 1970k, there was increasing concetn over rising nitrate levels in par-
ticular, which often exceeded the EU) maximum admissible concentration. This was
not an isolated phenomenocn, but elevated levels were found throughout all the prin-
cipal unconfined aquifers in the UK. The areas affected were so large that, clearly,
only a diffuse source could be to blame, rather than point sources (Royal Society,
1983). However, it was not until the mid-1970s that the widespread rise in nitrate
concentration in groundwater was linked to the major changes in agriculiural prac-
tices that had occurred in Britain since World War II. The major practice implicated
at that time was reguiar cereal cropping which has to be sustained by the increasing
usage of inorganic fertilizer (Section 11,1.3), Trace or micro-organic compounds
are arother major pollutant in groundwaters. Owing to the small volumes of con-
taminant involved, once dispersed within the aquifer, it may persist for decades.
Many of these compounds eriginate from spilkages or leaking storage tanks. A leak of
1,1,1-trichlorocthane (also used as a thinner for typing correction fluids) from an
underground storage tank at a factory manufacturing micro-chips for computers in
San Jose, California in the TSA caused extensive groundwater contamination resulting
in serious birth defects, as well as miscarriages and stillbirths, in the community receiving
the contaminated drinking water. Agriculture is also a major source of organic chem-
icals. Unlike spillages or leaks, which are point sources, agricultural-based contamina-
tion is 4 diffuse source {Section 7.4). Many different pesticides are also being reported
in drinking water (Secticn 11.2.1). Other important sources of pollution include land-
fill and dump sites, impoundment lagoons including shirry pits, disposal of sewage
sludge onto land, mn-off from roads and mining (OECD, 1989; Mather er af., 1998).
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Unlike confined aquifers, unconfined aquifers have both an ussaturated and sat-
urated zone. The unsaturated zone is situated berween the land surface and the water
table of the aquifer. While it can eliminate some pollutants, the unsaturated zone has
the major effect of retarding the movement of most pollutants thereby concealing
their occurrence in groundwater supplies for long perieds. This is particularly impart-
ant with major pollution incidents, where it may be many years before the effects of
a spillage, or leakage from a storage tank for example, will be detected in the ground-
water due to this prolonged migration peried.

Most of the aquifers in Britain have relatively thick unsaturated zones, In chalk they vary
from 10 te 50m in thickness, which means that surface-detived pollutants can remain in
this zone for decades. An example of this is the recent appearance in some UK ground-
water supplies in south-east England of pesticides, such as dichloro-diphenyl-
trichlorocthane (DDT), which were banned in the early 1970s. Another problem is that
the soils generally found above aquifer cutcrops are thin and highly permeable, and so
allow rapid infiliration of water to the unsaturated zone taking the polliiants with them.
Scil bacteria and other soil processes therefore bave little opportunity to utilize or remove
pollutants. This unsaturated zone is not dry; it does in fact hoid large volumes of water
under tension in a process matrix, aleng with varying proportiens of air. But belew the
root zone layer, the movernent of this water is predominantly downwards, albeit
extremely slowly (Fig. 2.5).

It is in the saturated zone of unconfined aquiters that the water available for abstrac-
tion is stored. The volume of water in unconfined aquifers is many times the annual
recharge from rainfali. It varies according to rock type and depth; for example in a
thin Jurassic limestone the ratio may be up to 3, whereas in a thick porous Triassic
sandstone it may exceed 108, The saturated zone also contains a large volume of
water which is immobile, locked up in the micro-porous matrices of the rock, espe-
cially in chalk Jurassic limestone aquifers.

Where aquifers have become fissured (cracked), the water movement is much more
rapid. However, the movement of pollutanis through unfissured rock is by diffusion
through the largely immobile water which fills the pores which takes considerably
longer. This, combined with the time lag in the unsaturated zone, results in cmly a
small percentage of the pollutants in natural circulation within the water-bearing
rock being discharged within a few years of their originally infiltrating through agri-
cultural soils. Typical residence times vary but will generally exceed 10~20 years, The
deaper the aquifer, the longer this period. Other factors, such as enhanced difution
effccts, where large volumes of water are stored, and the nature of the porous rock
zll affect the retention time of pollutants. An excellant introduction to aquifers and
groundwater has been prepared by Price (1991), white Raghunath (1987) has pub-
lished 2 more technical and advanced monograph. The management and assessment
of the risk of contamination in groundwalers is reviewed by Reichard ef af. {1990),
while treatment and remediation technologies are dealt with by Nyer (1992).



24

Chapter 2 / Waier Resources

Tanr 2.2

2.2,1 GROUNDWATER QUALITY

The quality of groundwater depends on a number of factars:

(a) The nature of the rain water, which can vary considerably, especially in terms of
acidity dve to pollution and the effects of wind-blown spray from the sea which
affects coastal areas in particular.

(b} The nature of the existing groundwater which may be tens of thousands of years old.

{c) The nature of the seil through which water must percolate.

(d) The nature of the rock comprising the aquifer.

In general terms groundwater is comprised of a number of major ions which form com-
pounds. These are calcium (Ca®*), magnesivm (Mg?*), sodium (Na™), petassium {K*),
and to a lesser extent iron (Fe?™) and manganese (Mn®*). These are all cations (they
have positive charges) which are found in water combined with an anion {which have
negative charges) to form compounds sometimes referred to as salis, The major anions
are carbonate (CO3™), bicarbonate (HCO7 ), sulphate (SO3 ™) and chloride (CI7).

Most aquifers in the British Isles have hard water. Total hardness is made up of car-
bonate (or temporary) hardness cavsed by the presence of calcium bicarbonate
(CaHCO,) and magnesivm bicarbonate (MgHCO,), while non-carbonate {or per-
manent) hardness is caused by other szlts of calcium and magnesium (Section 3.4). It
is difficult to generalize, but limestone and chalk contzins high concentrations of ¢al-
cium bicarbonate, while dolomite cortains magnesivm bicarhonaie. Sandstones are
often rich in sodivm chloride (NaCl), while granite has elevated iron concentraticns.
The total concentration of ions in groundwater, called the total dissolved solids
(TDS), is often an order of magnitude higher than surface waters. The TDS zalso
increases with depth due to less fresh recharge to dilute existing groundwater and the
longer period for ions to be dissolved inte the groundwater. In very old, deep waters,
the concentrations are so high that they arc extremely saity. Such high concentrations
of salts may result in problems due to over-abstraction or in drought conditions when
old saline groundwaters may enter boreholes through upward replacement, or due to
saiine intrusion into the agquifer from the sea. In Europe, conductivity is used as a
replacement for TDS measurement (Section 3.4), and is used routinely io measure
the degree of mineralization of groundwaters {Table 2.2}

Mineralization of groundwater can be characterized by conductivity

Conductivity in pS/em, at 20°C Mineralization of water
<100 Very weak (gronitic terruins)
100-260 Weuk

200-400 Slight

400600 Moderate (limestone terrains)
600-1000 High

= 1000 Excessive
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In terms of volume of potable water supplied, confined aguifers are a less imporfant
source of groundwater than unconfined aquifers. However, they do contribute sub-
stantial volumes of water for supply purpeses and, of course, can locally be the major
source of drinking water. Groundwater in confined aquifers is much older and there-
fore is characterized by a iow level of pollutants, especially nitrate and, of course,
micro-organics, including pesticides, Therefore, this source is currently of great interest
for use in diluting water from sources with high pollutant concentrations, a process
known as blending {Section 11.1).

Confined aguifers are generally not used if there is an alternative source of water
because of low yields from boreholes and quality problems, especially high salinity
(sodium and chloride concentrations) in some deep aquifers, excessive iron and/or
manganesg, high fluoride and sulphare concentrations, probiem gases, such as hydro-
gen sulphide and carbon dioxide, and the absence of dissolved oxygen. These probiems
can be gvercome by water treatment, although this, combined with costs for pump-
ing, makes water from confined aquifers comparatively expensive.

An example of a major British aguifer is the Sherweod Sandstone aquifer in the East
Midlands, which is composed of thick red sandstone. Tt is exposed in the western part
of Nottinghamshire which forms the unconfined aquifer, and dips uniformly to the
cast at a slope of approxmately 1 in 50, and where it is overlain by Mercia mudstone
forming the confined aquifer (Fig. 2.7). Three groundwater zones have been identi-
fied in this aquifer, each of increasing age. In zone | the groundwater is predom-
inantly modern and does net exceed a few 1ens or hundreds of years in age, while in
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FiGime 2.8
Typical madern
horehole system for
groundwarer
abstraction.
{Beproduced from
Howsam «f al.
(1995} with
permission of the
Construetion
[ndustry Research
and Information
Assoviation,
London }

zone 2 the groundwater ranges from 1000 to 10000 years old. But in zone 3 the ground-
water was recharged 10000-30000 years age. In this aquifer the average ground-
water velocity is very slow, just 0.7 m per year (Edmonds et 4/, 1982). The variations in
chemical quality across these age zones is typical for unconfined and confined aquifers.
This is seen in the other major aquifers, especially the Lincolnshire limestone aquifer
in eastern England where the high nitrate concentrations in the youngest ground-
water zone i3 due 1o the use of antificial fertilizers in this intensively cultivated area.
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taminants from damaged sewers and urbart run-off. Such resources are potentially
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The design and construction of boreholes and wells for groundwater abstraction is
very technical and reqguires the expertise of a groundwater hydrologist (Fig. 2.8}.
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INTRODUCTION

Many factors affect the presence or absence of organisms and plants in freshwaters.
These can be categorized as:

{(2) natural dispersion;
(D) abietic factors;
{c) biotic factors.

The biotic factors can be significant locally in determining whether a species occurs
or not. Specics may be precluded by predation, competition, or lack of suitable food
resources or habitat. These factors are considered in Chapter 4. In this chapter the
importance of natural dispersion and the abiotic factors are discussed.

3.1 Naturar DISPERSION

When carrying out biological surveys of surface waters it is always impotiant 1o ask
the question of whether the expected species naturally occur at the site. This is not
only a problem if using an American textbook when working in Evrope, but signifi-
cant variations occor within BEurcpe itself. This is perhaps seen most clearly when
comparing extreme northern climates with extreme scuthern climates. However, it is
most profound when the British Esles are compared to mainland Europe, The wave
of recolonization of animnals from Europe after the last ice age had enly reached
Scotland before the land bridge to Ireland had separated. While this is the primary
cause for the lack of snakes in Ireland, it is also true for freshwater fish. Probably only
those migratory species, such as salmon (Salmo salar), sea trout (5. rrutta) and eels
{Anguilla aneguilla), that spend part of their life cycle in the sea have colonized the
British [sles naturally, Humans have undoubtedly introduced other species. The
diversity of freshwater fish in Ireland still remains lower than in Britain, which in urn
is less than on the European continent with the number of species increasing towards
the equator. At present there are only 33 specigs of freshwater fish in the UK.
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An example of an introduced species is the roach (Rutifues rutilus) which was intro-
duced into Ircland by an angler in 1889, who used it as live bait on the River
Blackwater, where it rapidly spread throughout the catchment. During the 1930s it
was intreduced separately into the Foyle catchment from where it was spread by
anglers who wanted to improve coarse fishing or accidentally when it was being used
as live bait. It is a hardy fish that likes eutrophication. This gave it an advantage over
other specics during the 1960s and 1970s when Irish rivers became increasingly nutri-
¢nt enniched, so by 1980 it was widespread throughout the midtands of the country
including the Shannon and Bayne systems. Within a decade of its introduction into
Lough Neagh, a large shallow lake in Northern Ireland (32 X 16 km?), it bad become
so commdon that it was setiously affecting the commercial eel fishery.

In Lough Neagh regular fluctvations in the population of the roach have been
reported, Numbers fluctuate between 1 and 17 million fish over a 5- (o V-year cyele.
This is due to a biotic factor, an intestinal parasite, Liguda intestinalis. [t infects the
young reach (up to six parasites per fish) and can make up to 35% of the body weight
of the fish as the parasite grows. This causes pouching so that the lighter sides of the
fish are pushed out like a balloon past its camouffaged back making it clearly visible
to predators. Reach lay eggs on macrophytes and so need to enter shallow water or
strcams focding the lake in order 1o spawn on the plants, It is during this time thar
massive predation of the fish occurs by gulls and other sea birds including waterfowl.
The parasite makes the fish progressively lethargic, making them easy prey. The para-
site matures in the bird, which reinfects the water with eggs via droppings. The life
cycle of the parasite involves an intermediate host, copepods, which are very com-
mon in the lake throughout the year. As young roach feed off plankten, it is generally
the young fish that are infected completing the life cycle of the parasite.

In recent years exotic species have been introduced throughout the British Isles,
seme of which are having very sericus effects on the natural ecology of lakes and
rivers through the introduction of new discases and parasites, elimination of other
aquatic species, and the reduction of other fish species through predation and com-
petition. The Chinese mitten crab has managed to invade many British rivers, such as
the Thames and Humber. Probably brought over accidentally in the ballast tanks of
ships 1t excavates deep burrows along riverbanks causing them to collapse. The
red-eared terrapin was once sold in thousands as pets throughout Evrepe, 1t grows
into an aggressive reptile over 200mm in diameter. [t i$ a voracious carnivore that is
wiping oui other pond and river animals, such as newis and frogs. The pumpkinseed
is an ornamental fish from the US, which is now common in rivers throughout south-
emn England. It is believed to eat the eggs of native fish species, Two monsters have
also been introduced by anglers and comenercial fisheries. The Wels catfish can grow
up to 65 kg and has been introduced throughcut the Midlands. It is so large and aggres-
sive that it is ahle to caich waterfowl. Beluga sturgeon have also been introduced into
commcecial fisheries where they are highly prized by anglers. However, these fish,
which can grow up to 1.25 tonmes, have escaped and arc now o be found in a number
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of English rivers. This intreduction of species has pone on for centuries. For example,
the rainbow trout, originally from the US, is common in rivers throughout Europe,
and in the UK has managed to cxclude the native brown trout from many scuthern
rivers. Other native species are currently under severe threat with many close to
extinction such as the burbat, a miniature catfish once common in eastern rivers, or
the vendace which was once common throughout Britain but is now restricted to
Bassenthwaite and Derwentwarer in the Lake District. This latter species is under
threat from the roffe, a small perch-like fish, which feeds on its eggs.

There are many other examples of alien species that have been deliberately or
accidentally introduced. These include macrophytes, bankside vegetation, inverte-
brates as well as fish (Table 3.1). For example, originally from North America the
floating pennywort (Hydrocotyle ranunciloides) is an ornamental pond escapee that
is now common in streams throughout Enrope. It can grow up to 300 mm a day form-
ing large floating mats that cause widespread deoxygenation as well as causing local-
ized flooding by blocking drainage ditches. One of the besi-known invertebraie
itvaders is the Zebra mussel {Dvefssena polymorpha}. This small bivalve is originally
from: the Black Sea but has spread throughout the world, Distributed otiginally in the
ballast water of ships it was first recorded in the Great Lakes in North America in
1985 reaching peuk densities of over 300000 m? in some places within just 3 years.
Such high densities have had a serious impact on the lake ecology with the mussels
representing up to 70% of the invertgbrate biomass in some areas (Nalepa er a/.,

Examples of alien species eausing problems in freshwater systems

Cenerfe name Common name Areas of serious invasion

Macrophytes

Alternanthera phfff:r::erm'des
Crassuin helmaif
Eichhornia crussipes
Hydrocotyle ranunculoides
Lathire saficaria

Plstia stratiotes

Safrinia medesta

Bank-side vegetation
Fodlopia japanica
Heraoleum mantegozzicnum
Impatiens glondulifera

Inveriebrates
Astacus astacus
Astacus leptodactylus
Dregssena polymorpha
Mysis reficia
Oronecles limosus

Pacifastacus leniusculus
Procambarus clarki

Alligator weed USA

Swamp stonecrop
Waree hvacinth
Floaring pennywort
Purple [ousestrife
Water lettwers
Water fern

Japaneses knotweed
Ciant hogweed
Himalayan balsarn

Moble crayfish
Turkish cravfish
Zebra mussel
Opossum shrimp
Striped creavfish
Signal crayfish

Red swamp cravlish

Europe

Tropics, Australia
Eurcpe. England
USA

Tropics, Africa
Tropics, Africa

Almost world-wide
Europe
Europe

Europe, England
Europe, England
L'SA. Europe
Europe

Europs. England
Europe

Enrope. England
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2000, Apart from altering community structure and causing deoxygenation due to
such high biomasses they alse block water supply and irrigation intake screens and
pipewick, and are widely reported colonizing water distribution mains. The species
has also been implicated in summer blooms of the toxic blue green alga Microcysis
(Section 6.4.1}.

3.2 CarcHMENT WATER QuaLITyY

The catchment has a profound effect on water guality with variation seen between
sub-catchments due to different rock geology and soil types. Watcr arising from hard
water catchments has elevated concentrations of caleium, magnesium and carbonate,
Some surface waters close to the coast can be affected by wind-blown sea spray
resulting in elevated concentrations of sodium, sulphate and chioride. As precipita-
tion falls on the caichment the water dissolves trace amounts of anything it comes
inte contact with as it flews over plants, soil and through the rock te finally enter the
river system. The longer this contact time the more that will be taken into selution. In
this way afl surface and ground waters have a unique chemistry, reflecting primarily
the nature of the geolegy and seils of the catchment. Table 3.2 compares the quality
of a number of diflerent waters. Table 3.3 shows the origin of a number of common
¢lements in a small catchment in the US. It shows that apart from nitrogen, which is
utilized by soil micro-organisms, a significant portion of the elements in water are
derived from weathered parent rock.

The discharge rate in rivers is governed by many factors, For example, trees can have
a significant effect on stream flow due to high water demand from growth and water
loss via evapotranspiration. So when trees are either planted or cut down stream flow
may be reduced or increased, respectively. Tree planting can also cause acidification
by thc trees capturing more precipitation especially in coastal areas (Section 6.6).
Harvesting of trees also results in increased run-off carrying organic and inorganic
material into the water.

In practice, water found in the natural enviropment is never purc; it always contains
some impuritics. The chemistry of water is constantly changing. In the atmosphere
water present as vapour has an extremely high surface area ensuring maximum
uptake of pases both natural and man-made. This process of dissolving chemicals
continues as it makes its way through or over the soil info the surface and under-
ground resources, As aquatic orpanisms use these impurities for metabolism and
reproduction, a certain level of contamination of the water is vital to sustain lifc. The
question of how much contamination by these chemicals is acceptable before the
water is no longer snitable for these organisms is the basis of pollution chemistry,

There are three important factors atfecting community structure in freshwater systems
and in lotic environments in particular. These are the substrate, dissolved mineral
concentration and dissolved oxygen which is ciosely linked with the temperature of
the water.
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TaeLE 3.2  Comparison of the warter qualicy from a number of different catchinents in the

TaeLE 3.3

UK with sea water

Fnnerdale, Cambridge tap water Brointree, Sea weter

Crermborin {pre-treatment) Ezgex
Sodium 2.8 1.2 4.3 10720
Potassium 7.5 380
Magnesium 0.72 20,5 15 1320
Caleium 0.8 ale 17.5 420
Chloride 5T 18 47+ 19320
Sulphats 416 16 %6 2700
Carbunate 1.2 123 218 0

Soft water Hard wacer catchment

“Water conraining CaC0y passes through Ma™ =oil (Thanet old maritime sands). Ca*
replaced by Nat so the Ca® level is reduced.

"Usnally due to spray lrom sea. wind-blown sand or pollution.

Beprodoced from Open University {1974} with pennission of the Open University Press,
Milten Keynes.

Origin of certain elements in a smail stream

Precipitation input Stream output Net differenee’
fkgha! year ') {kgha " year ) kg ha ' year'}
Silicon Very low 16.4 +16.9
Caleium 2.0 1.7 +1
Sulphur 12.7 16.2 +3.5
Sodium 1.3 6.8 +3.3
Magnesium 0.7 2.8 +2.1
Potassium 1.1 1.7 +0.6
Nitrogen 5.4 23 —-3.5

“I'he net difference is from weathered parent rock.
Reproduced from Open Liniversicy [1974) with permission of the Open University Press,
Milton Keynes.

3.3 RIvER FLOW AND SUBSTRATE

Rivers are one-way flow systems generated by gravity, and downstream there is a
trend towards:

(a) decreasing river slope;
(b) increasing depth;

(c) increasing water volume;
{d) increasing discharge rate;
(e} decreasing turbulence.

‘The most important compenent geverning plant and animal habitats, and so the
basic community structure of streams and rivers, is the flow rate. This in turn controls
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TapLE 3.4

the nature of the riverbed. There is much confusion between discharge rate {m*s™1)
and current velocity {ms™') partially because current velocity has been used to
explain the nature of substrate comprising the bed of rivers and sireams. This is out-
lined in Table 3.4. The theory is based on the observation that in the upper reaches of
the river the current velocity is greatest and here the bed is eroded with fine material
being washed downstream, with only the coarse material being deposited. The coarse
material is occasionally rolled further downstream causing further crosion and dis-
turbance of fine material that is also carried in suspension downstream. As the lower
reaches of the river are approached the current velocity falls and so the snspended
material is finally deposited. This has resulted in the general classification of rivers by
current velocity. Rivers with current velocities »>(.3 ms™! are classed as ersive, while
tivers with velocities <0.3ms™ arc classed as depositing.

In reality, the current velocity has little to do with the nature of the substrate, which
is controlled by local forces. The confusion is caused by early freshwater ecologists
determining current velocity by measuring surface velocity using floats or by a single
tleasurement using a current meter. In practice, current is not uniform in a stream or
river, so a single measurement can give an erroneous estimate of velocity of the water
as a whole. The float is in essence measuring the velocity of the float, not the water.
In addition, settlement rates and the erosive capabilities of a river are related to
other factors that are largely independent of current velogity. The rate of flow (or dis-
charge rate} equals the cross-sectional area of a stream or pipc multiplied by the
mean velocity of the water through it:

O = AV m3s! 3.1

where ( is the volume of water to flow past a given point per unit rime (m*s™%), 4 is
the cross-sectional area of the strcam, pipe or conduit (m?) and V' is the velocity of
fiuid travel in terms of distance per unit time (ms~!) (Section 9.2.4).

Mean current velocity (1) is influenced by the slope {5), mean flow depth {d), and the
resistance to flow offered by the riverbed and its banks {f). Using the simple equation
below to describe mean current velocity, where g is the gravity constant, it can be seen

Relationship of current velority and the nature of the river bed

Current velocity (ma™') Nature of bed Type of kabitat
=121 Rack Torrential
=09 Heavy shingle Torrential
=060 Light shingle Non-silted
»0.30 Cravel Partizlly silred
>0.20 Sand Parnglly silted
=012 Silt Sihed

<{), 12 Mud Pond-Jike




Ficure 3.1
Transverse section
through s small river
channel. Contours of
cqual velocity are in
cms ).

{a} Macrophytes
limited to the banks
only and

{h} £xtending over
the entire surface.
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that mean fow velocity increases where the slope (5) is sceeper, flow depth (d) is
preater and where the resistance to flow ( ) is less:

p = (o8 (3.2)
!

Slope is greatest in the headwaters and declines downstream, and if slope was the
only determinant of flow then current velocity would decrease with distance from
source, which is the originai concept. However, as flow depth increases downstream
due to tributaries, and the resistance to flow decreases because of depth increasing
and the substrate being composed of finer material, both decreasing the frictional
resistance, the mean current velocity will have a tendency to increase downstream. So
howw can the substrate type be explained? There is great variation in the velocity of a
river in cross-section, often reaching maximum velocity at the centre and minimum
velocity at the banks if macrophytes are present (Fig. 3.1). In fact, the velocity of the
water decreases in a logarithmic way from the water surface (Fig, 3.2). Generally the
mean velocity of a lotic system is measured at 60% of its depth, which is important if
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Ficune 3.2
Relationship
herween depth and
flow velocity.
{Reproduced rom
Toemsend {1980}
with permission of
Edward Arnoid,
London.)

Watar surface

[FR ) R NP N N S N S S S S S N S

0.2 1

0.4

0.6f-------mmmmmooes

Units of 1atal depth

.5 - Mean valocity

b - —mssccma=em=s

Units of velocity

quanzizative samples of drift, planktonic or nektonic (swimrming) organisms are being
collected. However, the surface or mean velocily of the water is not important to
benthic animals or te the determination of the substrate, as these are controlled by
local forces known as shear stress or shear velocity.

For an idealized channel, where the roughness of the riverbed can be ignored, the
shear stress (1) can be determined as:

i = ygds ms™! (3.3)

where g is the gravity constant (2.81), 4 is the flow depth (m) and 5 is the slope.

In practice, the flow depth and slope vary in opposite manner downstream. As the slope
declines far more rapidly than depth increases (106 % decrease in slope and 10 X
increase in depth is usual), so the shear stress declirres downstream (' Townsend, 1980).

ExampLE 3.1 Calculate the sheer stress {&) in an ideal channel where:
{a) upstream condirions are simulated with a water depth of 0.5 m and a slope of (.1;
{b) downstrecam conditions have a water depth of 5 m and the slope 0.0KH.

Using Equation (3.3):
(a} Upsiream

u=+9.81 X 0.5X01 =0.7ms™!

() Downstream

= .81 X 5% 0.001 =0.2ms"!
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The greater the shear stress exerted on the bed of the river the meore likely it is for
organisms to be swept away, resnlting in an erosional type habitat, and as the shear
stress decreases so the riverbed becomes more silted and characteristic of lowland
depositional rivers. This gradation of substrate types is not uniform, as slope, depth,
mean current velocity and shear stress all alter along the length of rivers. However,
unlike slope, shear stress is not constant (Fischer et al., 1979). The effects of turbu-
bence in rivers are considered in more detail in Section 5.3,

3.4 D1ssoLVED SoLIDS

Water passes over and through a variety of rocks and soils, and dissolves salts,
although rarely in high concentrations in British waters. The nature of the water
therefore primarily depends on geology, although other seurces such as atmoespheric
deposition and activities of people (agriculture, drainage, urban run-off, waste dis-
posal, etg.) are also important. These dissolved minerals determine the chemical
properties of water such as hardness, acidity, conductivity, which in turn affect the
physical properties of water such as colour, taste and odour (Detay, 1997), as well as
the capacity of the water to support life.

Conductivity is a measure of water's ability to conduct an electric current. This is
linked to the concentration of mineral salts in solution. In fact, conductivity is con-
trolied by the degree to which these salts dissociate inte ions, the electrical charge on
each ion, their mobility and, of course, the temperature. Conductivity is measured
using a specific electrode and is expressed in micro-siemens per centimetre {(nScm™1).
The total dissolved solids {mg 1 1) can be caleulated by multiplying the conductance
by a specific factor (nsually between 0,53 and 0.75), The factor increases with increas-
ing sulphate concentration. This factor has to be determined for specific water bod-
ies, but once calculated it remains very stable. Conductivity is widely used for
pollution monitoring. Natural rivers and lakes have conductivities between 10 and
1000 S em ~L. Levels in excess of this certainly indicate pollution, or in groundwater
indicate mineralization or salinity problems (Table 2.2). It is possible to approximare
water salinity {ppm) from conductivity (.5 cm ™"} using the relationship:

1 ppm = 1.56 p§ cm~! (3.4}

pH is a measure of the acid balance of a solution and is defined as the negative of the
logarithem to the base 10 of the hydrogen ion concentration. So pH 5 is 10 times
maore acidic than pH 8, At a given temperature, pH {or hydrogen icn concentration)
gives an indication of the acidic or alkaline nature of the water. It is controlicd by the
disselved chemical compounds and the biochemical processes in the water. In unpal-
luted waters pH is pritnarily controlled by the balance between carbon diexide, car-
benate and bicarbonate ions, as well as patural compounds such as humic and fulvic
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Fizure 3.3

The relative
roportions of
diffgrent forma of
inorganic carben in
relation to the pH of
water under nornal
conditions.
{Beproduced from
Chapman {1996)
with perntission of

IINESCQ, Paris.)

Tape 3.5

acids (Fig. 3.3). The pH is normally measured in the ficld using a meter and an electrode
with temperature compensation, as pH is temperature dependent. The pH is also
closely linked with corrosion (Section 11.4.1).

Carbon dioxide dissolves readily in water and is closely linked with the chemical
processes that determine the acidity and alkalinity of water.

Carbon dioxide is highly soluble, more so at lower temperatures and at higher pres-
surcs. It ig 44 times more soluble than oxygen (Table 3.5). Although the atmosphere
only contains 0.04%% CO, compared to 21% Q,, CO; readily dissolves into cloud
vapour due to its high surface area to volume ratio. This forms a weak acid, carbonic
acid, making all rain weakly acidic

€0, + H,0 — H,C0, (3.5)

Carbonic acid dissociates to produce free hydrogen ions {H™) and bicarbonate ions
(HCO3)

HECD3 — H* + HCO; (3.6)
100
a0
8 . Free
g c0, HCO; 003
# 40
euﬂ
o T T T T T T T 1
4 5 6 ? 8 L] 10 11 12
pH

Solubilities of common gases [n water

a8 Solubility (mgl™ 1)
Carbon diozide (COu} 2318

[ydrogen (Ha) 1.6

Hydrogen sulphide (H,5) 5112

Methane {CH,} J2.4

Mitrogen {N.) 23.3

Oxygen (04} .3
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So the acidity of water is determined by the abundance or, more correctly, the activ-
ity of H* jons. In pure water, dissociation is limited with only 10~ mol 171 of H* ions
present (i.e. pH 7). Higher concentrations of H* ions make water more acidic while
lower concentrations make it more alkaline. For example, at pH 5 water contains
10~%mel 17! of H* ions which is 100 times more acidic than at pH 7 and vice versa
in alkaline waters. Carbonic acid dissociates readily and has a2 pH of 5.6, Other
chemicals can release or lock up H' ions so that the pH is altered as they are dissolved.
This is the essence of buffering,

Bicarbonate ions (HCO3) can further dissociate into H* and CO%-
HCO; — H' + CO%~ (3.7
Both HCO3 and €03 can further react with water to produce a hydroxide ion {OH™).

HCO; + HyO — H,C0, + OH- {3.8)
€0}~ + H,0 — HCO3 + OH- (3.9

All three of these ions contribute to the alkalinity of water.

Agquatic plants can use CO; or HCO3. During the day uptake of CO; may become
exhausted so that HOOS is wsed. Hydroxide ions are secreted replacing the HCO3,
Some of the freed OO, will be precipitated as CaCO4 {marl) in hard waters and is then
permanently lost (Section 20.5.1). This often results in vegetation and debris becom-
ing coated with CaCO, ocgasionally resulting in drains and small culverts becoming
blacked by the precipitated material. The overail result is an elevated pH (9-10} in
water containing actively photosynthesizing macrophytes or algal blooms. At night
CO; is released and the process is reversed so that the pH returns to notmal, In ¢lean
water pH is controlled by the balance between €Oy HCO3 and COI as well as
organic acids. So CO3~, HCO3 and H,CO; are all inorganic forms of CO,, and their
relative contribution to the total CO; concentration controls the pH.

Acidity and alkalinity are the base and acid neutralizing capacitics of water. If the
water has no buffering capacity then these are inter-related with pH. Most natural
waters will contain weak acids and bases, so acidity and alkalinity should alsa be
tested with pH. Acidity in water is controlled by the presence of stoong mineral acids,
weak acids (e.g. carbonic, humic, fulvic) and the hydrolysing salts of metals (e.g. iron
and aluminium). It is determined by titration with a strong base np 1o pH 4 (free acid-
ity} or to pH 8.3 {total acidity). Alkalinity is conirolled by the sum of titratable bases
{principally carbonate, bicarbonate and hydroxides). Watcrs of low alkalinity
(e.g. <24 mgl~! as CaCO,) have a low buifering capacity making them very susceptible
to pH alteration due to aimospheric fallout, acid rain, eutrophication {photosynthesis)
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Tasie 3.6 Examples of the arbitrary scales of bardness in use

mgi s CaCOy  Degree of hardness  mgl ' as CaCOy  Degree of hardness

0-75 Sof1 <50 Solt
T5-150 Maderately hard 50-100 Maderately soft
150-300 Hard 100150 Slightly hard
300+ Very hard 170-250 Moderately hard
250-350 Hard
=350 Exeessively hard

and acidic pollutants, Alkalinity is determined by titration using a strong acid to lower
the pH to 8.3 for free alkalinity or to pH 4 for total alkaliniry,

The hardness of water varies from plaee to place, reflecting the nature of the geolopy
with which the water has been in contact. In general, surface waters are softer than
groundwaters, although there are mapy extremely soft groundwaters. Hardness is
caused by divalent metal cations that can react with eertain anions present to form a
precipitate. Only divalent cations cause bardness, so Na* (monovalent) {s not import-
ant. Hardness is expressed in mg CaCO; 171, The principal cations (znd major anions
associated with them) are: Ca’t and {HCO3), Mg* and (S8037); 5% and (C17)
Fe?* and (NO$7) and finally Mn?* and (8iQ37). Strontium, ferrous iron and man-
ganese are usually found in trace amounts in water and so ar2 usually ignored in the
calculation of hardness, so that total hardness js taken 1o be the concentration of
calcium and magnesium only. Aluminium and ferric iron could affect hardness but
solubility is litnited at the pH of natural water so that icnic concentrations are negligible.
In hard waier Ca?t, Mg?*, SO%~, CO3 and HOO3 ions are more abundant. The sep-
aration of water into soft and hard relies on the vse of an arbitrary scale (Table 3.6).
Thete are a number of different forms of hardness, apart from total bardness, which
is used here, that only measure one component of hardness as defined above, These
include calcium hardness, carbonate hardness, magnesium hardncss, temporary and
permanent hardness (Flanagan, 1988).

Watcr analysis may not show hardness as a parameter but simply give concentrations
for individual ions. It is possible to convert concentrations for the individual ions into a
total hardness value expressed as calcium carbonate equivalent by using the equation:

Equivalent weight of CaO0,
Equivalent weight of ion

Hardness {mg CaCO; I"1) = Ton {mg 1) X (3.10}

ExampLE 3.2 For a water sample containing 12mgi~! of Mg®* and 84mgl™" of
Ca®* , where the equivalent weights of CaC05, Mg?™ and Ca®* are 50, 12.16 and 20,04,
respectively, the hardness is calculated as:

Hardness = 50 l —@—-

12 % + (84 X = 259 mg CaCO; 17!
12.16 20.04
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River mg i~ as CaCly
R. Ward {N. Dublin} 220415
R. Tolka {W. Thublin} 290-390
R. Suir {Thurles) 135-350¢
R. Liffey (3. Dublin) Headwater 40-75
R. Liffey (5. Dublin] Lucan 104-332"
B. Woediord {avan) T4-87
R. Dodder (S, Dublin} J0-210¢
R. Black water (Mallow) 30-140
R. Sollane (Maeroom) 2044
R. Owenmore {Cavan) 2026
R. Owenduff (Blackpool) 1248

*These rivers indicate systerns showing o marked increase
in their hardness with stream length,

The hardness of surface waters varies considerably between catchments, although
the hardness generally mcreases dewnstream, with high values often due to human
activity (Table 3.7). The hardness of water has profound effects on the animals
present. For example, the osmotic regulatory problems faced by organisms in very
soft water makes them more susceptible to pollution. The presence of Ca®* and
Mg?* ions affect the rate of respiration, increasing the rate at lower temperatures
and reducing the rate at higher temperatures. Some species require Ca®* for sheil
construction, and many species of snails, fatwotms and leeches are restricted to hard
waters where Ca®* ion concentration is above certain concentrations, Thus many
insects, which are indifferent to water hardness, are found in greater abundance in
soft waters due to reduced competition, Crustaceans, snails, larvae of caddis and
chironomids, and most worms are most abundant in very hard waters.

As a general rule rivers with hard waters differ from soft waters due to Ca®* and pH,
and as they usually rise as springs and may have springs in the bed, they retain con-
stant clarity, low and temperature throughout the year. In contrast, soft water rivers
are usually raised as surface run-off from mountains and are therefore vsually flashy
(i.e. rapid variation in discharge rate) resulting in sudden floods and droughts. Such
tivers are usually highly turbid with high suspended-solid concentrations during high
flows. Soft rivers often have an impoverished fauna with a low productivity, and the
water has a high concentration of humic material giving it a characteristic brown
colour. The different physical parameters encourage a different fauna, as do the
chermical factors.

3.5 DissoLvED OXYGEN AND TEMPERATURE

Plants and animals are alt vital to the cleanliness of rivers, and all aquatic organisms
require oxygen. However, water at normal temperatures holds very little oxygen
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Tagee 3.8

comnpared 1o the air. Gas molecules in the atmosphere diffuse or move from an area
of high congentration to an area of low concentration. In the same way, oxygen mol-
ecules diffuse through the air—water interface into the water where they become dis-
solved. At the same time oxygen is diffusing in the opposite direction, but when the
volume of oxyeen diffusing in either direction is equal, then the water is said to be in
equilibrium and is therefora saturated with oxyzen.

The solubility of oxygen depends cn three factors, the temperature, pressure and the
concentration of dissolved minerals in the water. Fresh water at 1 atmosphere pressure
at 20°C contains 9.08g of O; m™ and as the temperature increases the saturation
concentration (i.e. the amount of oxygen that can dissolve in water) decreases (Table 3.8).
An increase in the concentration of dissolved salts lessens the saturation concentration

Variation in the dissolved oxygen saturation concentration
of freshwater with temperatore at 1 armosphers

pressure
Temperature (°C} Dissolved oxygen (mgl™)
0 14.6
1 14.2
2 13.8
3 13.4
4 131
5 12.8
o 12.4
7 121
8 11.8
9 11.6
10 11.2
11 111
12 10.8
13 105
14 10.3
13 101
16 4.9
17 0.7
18 9.5
19 93
20 w1
21 8.9
22 8.7
23 8.6
24 44
25 82
26 5.1
27 30
28 7.4
29 T

30 1.5
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of oxygen, which is why sea water has lower saturation concentrations than freshwater
at the same temperature and pressure. A decrease in atmospheric pressure causes a
decrease in oxygen saturation. Therefore, streams at high altitudes have less oxygen
at a certain temperature than lowland streams (Table 3.9). In the British Isles this
is of little practical significance, although tn respiration experiments, where small
changes in the exygen conrcentration are being measured, then changes in pressure
can be highly significant.

It is very important to know how quickly oxygen dissolves into water, and this
depends to a large extent on the level of oxygen in relation to saturation concentra-
tion of the water, which is known as the oxygen deficit. For example, water contain-
ing 10g O; m™> but with a saturation concentration of 12g O, m™ has a oxygen
deficit of 2g O, m 2, Since the rate of diffusion is directly proportional to the oxygen
deficit, if the same water now contains only 4g O, m™? the axypen deficit will be
8g 0, m™2 causing the oxygen to diffuse four times faster.

When water is saturated with oxypen and is equilibeated then i is said to be 100%
saturated regardless of the temperature. So for cemparative purposes in water moni-
toring the percentage saturation is normally used. The oxygen saturation of water
(%) at temperature 4 is calculated as:

Concentration of oxygen in water at temperature A4

X100 {311)
Saturation concentration for oxygen at temperature A
Correction factor for changes in oxyzen concentration due to pressure
Altitnde Presanre Factor Alritnde Pressnre Factor
{rm) {mm) {m) frrim)

0 TH 1.00) 1300 047 1.17
1400 750 1.01 1400 (R i.10
200 741 1.04 1200 31 1.20
0 Taz 1.04 1600 023 1.22
400 TR 1.05 1700 als 1.24
200 T14 1.06 1500 ol 1.25
&0 705 1.08 1000 Gt 1.26
700 H905 1.09 2000 594 1.25
800 BET 1.11 2100 Ga7 1.30
a0 676 1.12 2200 N 1.31

1000¢ 671 1.13 2300 573 1.33
1O 03 1.15 2400 B 1.34
1200 053 1.16 2500 st 1.30

Divide the saruration comceruration [Table 3.8) by dhe correction (aetor 1o give the
ailjusted saruration concentration at the specific elevation. For example, the saturation
voncentration of freshwarer ut 12°C i3 10.8 mg 1~ For an altitude of 600 m this is divided
by the correction factor 1.08 1o give the saturation concentration of water at 600 m of
10.0mg ="
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Diumnal variation of
dissolved oxygen in
overs due to
eutrophication.
Ditference in oxygen
CONCentration
fy-axis) at different
rates of reaeration
(Section 5.3} is
shown.

In water bodies where there is little mixing, the oxygen must diffuse from the
ait—water interface into the water setting up an oxygen gradient. This is often the case
in lentic systems {Section 3.8). Turbulence causes quicker mixing within the water
breaking down the cxygen gradient and cnsuring a maximum oxygen deficit, and so
increasing the transfer rate. Turbulence is directly related to river gradient and bed
roughness. Overall amounts of oxygen transferred depend on the surface area to vol-
ume ratio of the water body so that the ratio is larger in a shallow wide river than a
narrew deep one. This means that although the oxygen deficit is the same, the shal-
low wider river will re-oxygenate taster {Section 5.3).

Oxygen concentration in rivers can become supersaturated, up to 200% under con-
ditions of agitation below waterfalls and weirs, and also in bright sunlight where algae
is abundant due to photosynthesis. Inn practice, the elevated cxygen concentration
will quickly return to equilibrium by diffusion and excess axygen will be lost to the
atmosphere. The diurnal variation caused by excessive algal growth {Fig. 3.4} in
water bodies is considered in detail in Section 6.3. Biologically animals and plants are
always using oxygen and 50 are always increasing the oxygen deficit. Some inorganic
substances, such as sulphite (SO%7), sulphide (5*°) and iron (Fe?*), take part in
chemical reactions which also consume oxygen, thereby increasing the deficit.
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3.6 SUSPENDED SOLIDS

FiGuRe 3.5

Velocity curves
defining erosion,
teansport and depo-
sitten of sediments
of differing grain
size and water con-
tent. [Reproduced
from Chaprnan
(1996] with per-
mission of
U'NESCO, Paris.}

The type and concentration of suspended solids controls the turbidity and trans-
parency of water. Suspended solids arc inscluble particles, or soluble particles, too
large to dissolve quickly, which are too sinall to settle out of suspension under the
prevailing turbulence and temperature. Suspended solids consist of silt, clav, fine
particles of inorganic and organic matter, soluble organic compounds, planktor and
other micro-crganisms. These particles vary in size from 10nm to 0.1mm in diam-
eter. In practice, suspended solids are measured as the fraction of these solids retained
on s filter paper with a pore size of 0.45 pm, Particles less than 1 pm can remain in
suspension indefinitely and are known as colloidal solids, These fine solids impart a
cloudy appearance to water known as turbidity, Turbidity is caused by the scattering
and absorption of the incideat light by the particles present. This affects the trans-
parency or visibility within the water. Turbidity ¢an be cavsed naturally by surface
run-off due to heavy rain, or by seasonal biological activity. Turbidity is also caused
by pollution and as such can be used to monitor effluents being discharged to sewers
cr surface waters, and can be closely correlated with other parameters. Turbidity is
measured vsing nephelometry, which is the measurement of light scattering by the
suspended solids. Results are cxpressed in nephelomettic turbidity units (NTU).
Owing to problems of flocculation and settlement of particles, as well as precipitation
if the pH alters during storage, turbidity should be mcasured in the field whenever

possible.

Erosion, transportation and deposition of particulate matter are a function of a
number of factors including current velocity, turbulence, particle size and density
(Fig. 3.5). Under extreme flow conditions large material can be mobilized. Very large
material either rolls or bounces (zaltation) downstream. In an idealized channel
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"The temnporal
relationzhip of toral
suspended solids 10
the hydrography of
the Hiver Exe,
England.
{Reprodured from
Chapman [ 1996)
with permission of
UNESCO, Paris.}
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the vertical profile through the water would show that at high flows the smallest par-
ticles are a1 the jop and the largest particies near the bottom of the water column
(e.g. clay, silt, sand). The concentration of suspended solids varies with the discharge
rate in the river {Fig. 3.6). Sediment is mobilized by an increase in discharge rate,
although it quickly becomes exhausted as it is scoures] away, Subsequent storms may
result in much lower suspended-solid concentrations if insufficient time has passed
te allow the sediment to be replenished. The peak suspended-solid concentration
penerally oceurs before the peak in discharge rate occurs, a process known as
‘advance’.

3.7 RIVER ZONATION

River zones are classified according to the fish present, and this longitudinal pactern
of fish distribution is a reflection of axygen availability along the length of the river
{Table 3,10}, There is a strong correlation between disselved oxygen ¢oncentration
and zonation in rivers, with the trout zone at the headwaters and the bream zone at
the lowland end. In practice, some zones may be repeated along the length of the
river, while other zones may be missing. Alternatively a river may comprise of a sin-
gle zone along its entire length. For example, some short mountainous rivers that
quickly discharge into the sea may be entirely trout zone.

The community structure of a water body is dependent on a wide variety of physical
and chemical factors. Some of these effects are more influential than others, some
are direct while others indirect, affecting organisms by influencing other factors (Fig.
3.7}. For example, if the depth of a stream is increased this will reduce light penetra-
tion which will suppress both plant growth and photosynthesis, which in turn reduces
habitat diversity and primary productivity leading to a reduction in species diversity
and species abundance (Section 4.2). Man-made factors (e.g. pollution} can have a
profound effect on community structure {Chapter 6).
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TapLe 8.10  River zones classified by fish presence

Ficure 3.7

Sample flow
diagram showing
interactions of
abiotic factors
affecting community
STrUCHlre.
{Reproduced from
Hawkes (1970 with
permission of John
Wiley and Sons Luid.
Chichester.)
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3.8 LENTIC SYSTEMS

L]
[ unnatural determirant

Flowing (lotic) and standing {lentic) waters are different in numerous ways. In deep
ponds and lakes many of the ecologically important physico-chemical parameters,
such as temperature, light intensity and dissolved oxygen, vary in intensity or con-
centration in vertical directions as distinct depth profiles. While in rivers horizontal
or longitudinal patterns of these parameters develop.
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Lentic bodies are not only lakes and ponds, but any hellow or depression that will
hold water, even temporarily, can be classified as a lentic system, Among the more
unusual lentic systems are puddles, water collected in discarded rubbish bins or hollows
in trees. Each of these temporary systems has a unique fauna and flora {Williams, 1987).
Lakes can be classified according to their mode of formation:

(a) rock basing are formed by a depression of the landscape due to glacial,
tectonic or velcanic aetivity, dissolution of she bedrock and even the impact of
meteorites;

{b) barrier basins are formed when an open channel is blocked by a landslide, larva
flow, glacial ice or meraine, for example, ox-bow lakes;

{¢} organic basins are those created by humans, animals (c.g. bcavers) or
vegelation.

The substrate in lakes is penerally similar to the sediment found in a very depos-
itional lowland river, being composed of fine material although rarcly as rich in
organic matter. Sediment arises from a number of different sources in lakes. The
main sources are riverine inputs; shoreline ercsion; erosion of the lake bed which
depends on the strength of local erosional forces; airborne inputs of fine inorganic
and crganic particulate matter (e.g. pollen); and particles generated within the lake
{autochtonous material) which can be either organic (c.g. algae and faccal pellets) or
inorganic {¢.p. chemical precipitates).

The euphotic zone is that surface layer of the lake that is well illuminated and per-
mits photosynrhesis to take place. Trangparency in lakes is measured by lowering a
Secchi disc, a circular disc 300mm in diameter and marked in black and white sec-
tors, into the water. The depth at which the disc disappears and just reappears is
known as the depth of transparency and is used to measure the euphotic depth in
lakes. The lowest limit of light penatration is the compensation point below which is
the profundal zone. Heat penetration is closely linked to light intensity which leads
1o thermal stratification (Fig. 2.2).

Trophic status is widely used to classify lakes using the concentration of phosphorus,
the limiting nutrient for algal growth in lentic systems, and determinations of the bio-
mass using chlorophyll concentrations (Table 3.11). Lakes with a low productivity,
low biomass and low nutrient concentration (nitrogen and phosphorus) are classed
as oligotrophic. Thesc lakes tend to be saturated with oxygen throughout their depth
and are dominated by trout and whitefish. Lakes with 4 high concentration of nuirients
and a resultant high biomass production and poor transparency are known as eutrophic.
Oxygen concentrations are subject to divrnal fluctuations in the epilimion and may
be below 1 mgl~ in the hypolimnion during summer steatification (Figs 2.2 and 3.8).
Fish species are restricted to those able to tolerate low dissolved oxygen concentra-
tions, such as perch, roach and bream. Mesotrophic lakes are a transition between the
two conditions due to nutrient enrichment. Lake trout are usually eliminated with
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TapLe 8.11  Catcporization of lakes using nurrient levels, biomnass and productivity
Trophic category  Mean total  Amnpal mean  Chloraphyll a Annsal mean Seechi disc Minima Drominant fisk
phosphorun  ofdforoplylf s manima Secchi fier  IranAparsacy  orygen
{mgm= 3 (mgmmT ftng m~7) iransparency minfme % satwration)”
(im ]
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Cutrophic 35100 325 2575 K 1.50.7 400 Perch, rounch
Hvpereutrophic  =100.0 =260 =Tal <1.5 =7 100 Roach. briaan
"Percentage saturation in bottom waters depending on mean depth,
Beproduced from Chapman (1996 with parmission of UINESC(), Faris,
Temperature {°C)
o 5 100 2 0 25 0 20
f T Voo ) f 1 ' 1
Qg mg 17}
0 10 0 15 0 15 10
I 1T | r 1 r 1
7 Surtaca
Epllimnion :
————t = = ———— i}~
Matalimnion P e
éTernpar:-.we H
i
Hypolimnion
P ol
: Bottom

(&) {b) {d)

Ficuge 3.8 Types of oxygen distribution with depth. {a) Orthograde curve typical of an
unproductive lake, (b) Clinograde curve from a productive lake. {¢) Positive and nega-
tive heterograde curves. Here photosynthesis from a layer of algae just above the thermo-
cline raises oxygen concentration in the upper part of the metalimnion. Respiration
ccenrring during bacterial decomposition and zeoplankton grazing lowers oxvgen levels
just below the thermocline {metalimnion minimum}. {d) Anomalous curves due to the
inflows of dense, cool, oxygen-rich stream inflows, which form a discrete layer. [n this
example, the oxygen-rich stream inflow is in midhypolimnion. (Reproduced from Horne
and Goldman (1994} with permission of MeCraw-Hill, New York.]

whitefish and perch dominating, and there will be some depression of oxygen levels
in the hypolimnion during summer steatification. Fwvo extreme lake classifications are
also used, uitra-otigotrophic and hypereutrophic. The former are usually newly formed
lakes or isolated lakes with few input routes for nutrients. The later are those with
extreme nutrient concentrations which are devoid of oxygen in the hypolimnion dur-
ng summaer stratificaticn. In lentic systems the process of eutrophication is the internal
generation of organic matter (autotrophy). However, external inputs of organic
matter from the catchment (allotrophy) are also important and can result in lakes
rich in humic material {dystrophic lakes). The physical parameters that significantly
affect water quality in lakes are retention time, nature of inflow, temperature changes
and wind-induced mixing.
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4.1 COMMUNITY STRUCTURE

Enerpy is required to sustain all living systems. On land solar energy is converted to
organic molecules by photosynthesis. In aquatic ecosystems the energy comes from
two separate sources. As on land some energy is produced by primary producers by
photosynthesis (autochthonous input), while the remainder comes from crganic and
inorganic material swept into the water from land (atfochthonous input), In rivers the
secondary production {i.e. biomass of invertebrates and fish) is more dependent on
the primary production of the surrounding terrestrial zone than the primary produc-
tion of the river itself.

The basic food cycle in a river is shown in Fig, 4.1, From this, different grovps of organ-
isms can be seen, ¢ach with a specific feeding regime, forming a food chain compris-
ing a number of different trophic levels. A balance develops between total productivity
of living organisms, and the amount of death and decomposition over a peried of
time and over a large area of clean river. A clean river neither becemes choked nor
deveid of living organisms, with the amount of photosynthesis balanced by the amount
of respiration. This stability is known as ‘coological equilibrium’, Built into this system
is the self-purification capacity of rivers. This is the ability of the system to increase
activity at various trophic levels to deal with an increase of organic matter or other
energy source into the system. The increase in autrients or organic matter witl there-
fore produce an increase in the namber of organisms in the food chain resulting in the
breakdown of equilibrium, the rapid expansion of certain groups and the elimination
of others. In practice, unless the pollution input is constant over a long time, only the
micro-consumers will be able to respond to increased allochthonous inputs. Nutrients
will result in excess algal development {eutrophication) (Sgction 6.4}, while extra sol-
uble organic carhon may cause sewage fungus (Section 6.3}. The organisms compris-
ing the various consumer groups have long life cycles, compared to the bacteria, fungi
and algae comprising the micro-consumers, and so are unable in the short term to con-
trol their development through increased feeding. Owing to the increased demand
for oxygen exerted by the micro-organisms and the algae, the higher trophic levels may
even become eliminated due to reduced oxygen concentrations in the water. Sewage

51
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treatment utilizes this natural ability of micro-organisms and algae to respond quickly
to increases in organic matter and nutrients, and to oxidize them to safe end products
{Chapter 15). In practice, the more complex an aquatic ecosystem, the more stable it
is. Simplifying the food webs of an ecosystem decreases the probability of maintaining
ecclogical equilibriurm.

There are five major communitics in aquatic systems: phototrophic (autotrephic),
heterotraphic, detritivore, herbivore and predator,

4.1.1 PHOTOTROPHIC (AUTOTROPHIC)

Primary producers from either the microalgal or macrophyte communities botk pro-
duce plant material as the energy base for the rest of the system. Microalgae are pres-
cnt cither as a biofilm that grews over the surfaces of solid substrates (periphyton) or
as free-living cells suspended in the water {phytoptankton). It is an important food
source not only for many macro-invertebrates, but also for fish. Macrophytes are large
aquatic plants, alihough their distribution is dependent on sheer stress, substrate type
and depth. In upstream areas, the rocky substrate is unsuitable for root development.
The high sheer stress and possible low light intensity due to shading restricis macrophyte
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development to mosses and tiverwores. In contrast, in lowland reaches where the
sheer stress is Jower, there is high light intensity and a silty substrate for casy rooting,
macrophytes are common. However, variability in the water fevel may reduce extansive
macrophyte development to banks, while an increase in turbidity may reduce sub-

merged growth,

4.1.2 HETEROTROPHIC

Bacteria, fungi and protozoa all break down organic matter. They may form a biofilm
on submerged surfaces (periphyteon) and use dissolved organic matter. They can also
grow on arganic matter which they decompose, often relying on the water column for
nutrients. Periphyton is a major scurce of food for detritiveres, as is the partially
degraded organic matter.

4.1.3 DETRITIVORES

These feed on particulate detritns present in the water either as discrete particles or
periphyton. Detritivores can be either mricro- or macroscopic, but are divided into func-
tional feeding groups based on their mode of food selection and ingestion. Cellectors
aggregate fine particulate organic matter (FPOM), shredders consume large or
coarse particulate organic matter (CPOM), while scrapers (grazers) feed off the thin
accumulation of periphyton from solid surfaces,

4.1.4 HERBIVORES

There are very few animals that eat living plant material in aquatic ecosystems. Those
that do are specialized as either piercers or shredders. Some macro-invertebrates,
such as the hydroptilid caddis fly larvae, pierce algat cells and ingest the contents.
While many more species, such as Lepidoptera larvae and some adult beetles, eat
macrophyte tissue (shredders). Some shredders and scrapers eat both living algal and
mactophyte material, and so must be considered both herbivorous and detritivorous.

4.1.5> PREDATORS

Predators can be micre- and macro-invertebrates, fish and even higher vertebrates,
such as amphibians, birds and mammals. Generally detritivores are eaten, as are
small fish, There may be several predator levels within the food web (¢.g. detritivore
{chironomid) — predator (Stenopoda) — predator (trout) — predater {grey heron)).

An example of a food chain is given in Fig, 4.2, Here the organisms are separated into
prociucers, consumers and decompaosers.
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FicUBE 4.2  Stream food web of the Woodbrook, Loughborough, UK. {Reproduced with permission of the Open University Press, Milton Keynes.)
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4.2 ALLOCHTHONOUS AND AUTOCHTHONOUS INPUTS

Frsune 4.3
Classification of
rivers according to
associated macro-
iniveriebrates and
ratios of production
(£} 10 respiration (/).
{Reproduced from
Chapman [1996)
with permission of
UUNESCO, Paris.}

The contribution of energy from allechthonous and autochthenous inputs (Section
4.1) will vary along the length of a river, and will also vary seasonally. This can be ithus-
trated by examining a theoretical river basin (Fig. 4.3} (Vannote et al., 1950).

4.2.1 UPLAND {(SHADED) REGION

The main input of organic matter is plant litter from overhanging trees and bank vege-
tation {riparian}. This input will be seasonal, and must be microbially broken down {i.e.
conditioned) prior to being consumed by detritivores, mainly shredders. Some organic
matter will be washed downstream, although this will be limited. This is 2 heterotrophic
systemn with the energy coming largely from outside the stream. It is 4 net importet
of material and energy. This regicn can be classified as having a low production
(P):respiration (R) ratio (P/R << 1} or a low phototrophictheterotrophic ratio.

4.2.2 MIDLAND (UNSHADED) REGION

In this section the river is wider and less shaded resulting in a higher light penetration.
This gives a high growth of microalgae on submerged objects, including epiphytes on
larger plants and macrophytes. The primary production is controlled by depth and water
clarity, being greater if the water is shallow and clear. This is a phototrophic system sup-
ported primarily by organic matter fixed in site by photosynthesis. The area may also be
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a net exporter Of organic matter, This is an area dominated by grazers, collectors and
herbivores. It has a high P/R ratio {>>1) and a high phototrophic:heterotrophic ratio.

4.2.3 LOWLAND (UNSHADED) AREA

Further downstream the continuing increase in depth and a higher turbidity reduces
photosynthesis. The source of energy is mostly from upstream FPOM. Once again
there is a low /R ratio (<1) and a low phototrophic:heterotrophic ratio.

Rivers are primarily heterotrophic systemns with an average of 60% of the biotic
energy allochthonous in origin. Lakes in contrast are primarily phototrophic systems
with an average of 80% of the biotic energy antochthonous in crigin.

4,3 HABITAT ZONATION

Riverine habitats can be loosely classified as either erosional or depositional depend-
ing on the dominant substrate particle size (Table 4.1). This also infiuences the type
of organic matter (¢.g. coarse or fine), type of primary producers {i.e. vegetation type}
which then controls the relative abundance of the specific groups of invertebrates
present {Cummins, 1975).

There are two main types of substrate in rivers, stony and silty. Each has its own flora
and fauna adapted to living under the prevailing conditions. The substrates are sepa-
rated by a sandy substrate, which is largely devoid of both plants and animals. Stony
substrates are found in erosional areas, where there is a high sheer stress and rapid
turbulent Aow. Most of the organisms are adapted to this environment, For example,
limpets and leeches attach themselves to stenes, while Simulinm and the caseless cad-
dis {e.g. Hvdropsyche) are anchored by silken webs. Most insect larvae, mayflies,
steneflies and some caddis flies have strang prehensile claws in order to cling to the
substrate. Other adaptations are scen, for example the flattened bodies of flatworms
and the behaviour of Gammarus hiding under and between stones to stop themselves
from being washed away. Most members of this habitat require a high dissolved oxy-
gen concentration and many are tolerant of the low temperatures typical of upland
(tozrential) streams. Stony (riffle} areas are up to 20 fimes more productive than pool
areas in similar stream sections. Stony areas have a much more diverse flora and
fauna than silty areas of the same river (Figs 4.4 and 4.5). Silty substrates are found
in depositional zones where there is low sheer stress and little turbulence. Unless
macrophytes are present to provide an alternative habitat, then only burrowing and
surface dwelling forms are found. Burrowing forms include oligochaete worms,
crtain dipteran larvae (e.g. chironomids, Fsychoda) and mussels, On the bottom
surface the detritivore Aseflus dominates along with the predatory larvae of the alder
fly (Sialis). The dominant species of the community is probably determined by the
organic content of the mud resulting in a reduced cxygen concentration. Those
species not found due to low dissolved oxygen concentration but due to a suitable
substrate are often found on submerged objects. To some extent artificial substrates



TasLE 4.1 Characterization of running water habitais on the basis of Functional feeding groups based on North American species

H::}bimr gnmfnnn!' Primary Macro- incertebrates Fish
&ih-gyatent efritus ucers ators
e {particle size) prod Gruzers Shreddors Colleetors Predators pred
{serapers) flarge particle  (fine particle
deiritivores} detritivares)

Erosional Coarse Diacons mosses  Mollusen {Ancylidas)  Plecoptera Ephemeroptera Plecopteta Cottadae
{= 6 mm): logs, Ephemeropeera { Nemnuridar, {Heprageniidae,  {Perlidae) (sculpins)
branches. hark, (Heptageaiidae) Preronarcidae, Hoetidae. Megaloptera Sahnonidas
leaves Trichoptera Peltoperlidar, Siphlonoridae} {Corvdalitlae) {rrouts and

[Glossosomaridas) Tipulidae) Trichoptera ehars)
Coleopiera (Hvdropsvychidae)
[Psephenidas Lipiera
Elmidas) (Siromliidae,
Chironomidac-
orthocladiinee)

Intermediate Medium Green algae, Moilusea Trichoplera Ephemsroprera Odonata Etheostominas
(<16 mm, vascular {Sphaeridae, {Limnephilidae,  [Ephemera) (Corduligasteridae.  [darrers)
=1 mmj leaf, hydrophytes (e.g.  Pleuroceridac o g Preropevefe) Petalaridas) Cyvprinidae
bark. twig Heieranthera, Planarhiidae) Plecoptera { Rhirichithoes)
fragments narrow-leaved {Perlidac)

Putustiogeinn ] Megaloptera
(Sialidae)

Depasitional  Fine (<1 mmi) Vascular Molnsea Trichoptera Mipoclaeta Odonaia Cvprinidae
small terrestrial — bvdrophytes (Physidae, {Limnephilidac, Ephemeropiera (Comphidae, (Notropis)
plani fragments.  (e.g. Modea) Lnionidae) e (I feragenii. Agrionidae) (Catestomidar)
fueces Trichoptera Platyeenfropus) Caenidac} [Certastontics)

{Phregansidae} Diptera
[Chironomidae:
Chironominae )

Reproduced from Cummins (1975} with permission of Blackwell Science Ld, Oxford.
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Ficure 4.4
Macro-invertebrate
species associated
with depositional
substrates. The
Biological
Monitoring Working
Parcy (BMWP) score
{Section 9.3) is
given for each
spectes in brackets.
{Reproduced [rom
Hellawell {1986)
with permission of
Kluwer Academic
Publishers.
Dardrecht, The
Netherlands.)
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ailow comparisons to be made between the water quality of stony and silty reaches
{Section 9.2.6). The presence of macrophyies increases animal diversity in silty areas
significantly, providing a substrate for algae, Gammarus, some caddis, mayflies,
Simufinm and Nais worms, all of which are unable to colonize the bottom silt but are
able to flourish on plants.

Many attempts have been made to bring together the abiotic and biotic factors that
characterize areas of rivers under a singie descriptive system. Fish zones are one,
while the term rhithron and potamon is the system most preferred by limnologists.
The key characteristics of each are given in Table 4.2, while each term can be further
broken down into sub-classes (Table 4.3).

Fish are wswally used to characterize zones withio river systems, with specific species
indicative of water quality (Section 3.7). Preferred habitats for fish depend on suit-
able breeding sites {e.g. a gravel substrats, dense macrophyte growth, rapid flow),
minimum oxygen conceniration and appropriate food supply. These factors are typical



FiGure 4.5
Macro-invertebrate
species associated
with erosional sub-
strates. The
Biclogicai
Monitoring Working
Party (BMWP) score
{Section 9.3) is
given for each
species in brackels,
{ Reproduced from
Hellawell {1986)
with pernission of
Kluwer Academic
Publishers,
Dordrecht, The
Netherlands. )
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of particular river zones; therefore habitat and community zonation are closely
linked. For example, trout feed by sight on invertebrates and so reguire clear water.
They have streamline powerful bodies adapted o the rapid turbulent water found in
upland zones. In conirast, bream have adapted meuths to suck up the silt and have
flattened bodies, and are able to withstand the low dissolved oxygen conditions typi-
cal of lowland reaches. A summary is given in Table 4.4,
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TasLe 4.2  Comparison of the characieristics of the rhithron and potamon in rivers

fhithron

Mean moirthly emperature vise =20°C

Diissolved oxvgen concentration always high

High shear stress

High wrbulence

Substrate is stony

River contained within channel - rarety floaded

Primury allochthonous system although anochihonoeus input may be sipnificant
{i.e. mosscs, flamentous algae, diatoms)

Major crosional zone

Poiqmnnn

Mean monthly teniperature rise =207

Dissolved oxyvgen concentration deficit mayv occur
Flow lezs or non-turbulent

Low shear stress

Substrate sand—sil

Fleod plain presenr

Macrophvies presens

Primaury antochtlhonous system althongh organic debris from upstream
can be signilicant

Major depusitional zone

TasLe 4.3  Classification of rivers

| Fuerenon

1t Hypocrenon
LIL Lpirhithron b Hhithron
v Metarhirhwan
V Hyporhithron  /
Vi Fpipotamon )
Vil Metapotamon Pitamon
Yl Hypopotamon® )
!

Dowtstream ¥

*Extends into estuary.,

4.4 LenTtic EcoLocy

Lakes can be split up into a number of physical zones, the unigue character of which
is reflected by different fiora and fauna. The bottom substrate of a lake, from high
watet to the bottom of the euphotic zone, is the littoral zone and receives sufficient
light for photosynthesis. This is the area of macrophytes, emergent plant species at
the edge, floating plants in shallow water and submerged species in deeper water
{Fig. 4.6). The substrate in the profundal zone is almost in complete darkness and is
known as the sub-littoral zone. As the depth increases, the macrophytes are excluded,
leaving an area of open water known as the pelagic zone. These terms are vsed to
describe the type of community structure (e.g. litteral community). More precise



4.4 Lentic Eeology + 61

TabLe 4.4 General characteristics of the faunal zones os defined by river zones

FiGusE 4.6

Ecological classifica-
tion of aquatic
macrophytes based
on position and
growth form during
the summer
{Reproduced from
Jeffries and Mills
{1993) with permis-
sion of John Wiley
and Sons Lt(L
Chichester. )

Fish zane Treut Minnow Chud Bream
Gradient Very stecp Stewp Gende: Very zentle
‘Turbulence + =+ ++ + -
Suebstrahe

Cnarse +++ ++ + -

Fine - + ++ +4++
Plarirs

Mosaes + - - -
Macrophyies - + 4 4+
Ineerrebrates

Surlace of subsivate +++ ++ = -
Manr livieg + ++ 4+ ¥
Burrowing - + =4 4+
Dissolved gxvgen +4++ +++ +4+ +

+: low: ++: medinm: +++: lngh: —: not found.

terms are also used to describe organisms that live in special habitats in lakes. These
incluge:

(a} Nekton: free swimming organisms that move easily berween zones (e.g. fish).

{b) Plankton: frec swimming organisms whose movement is largcly controlled by the
overall water movement in the lake — these are further categorized as zooplank-
ton {animals such as protozoa, rotifers, cladocera) or phytoplankton (algae).

{c} Seston: gemeral term to include all small material both living {plankton)
and dead.

{d) Benthos: animals living on the bottom substrate,
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{e) Interstitial: microscopic organisms that live within the water-filled pores within
the sediment.

(f Neuston: animals living at the surface, epineuston on top and hyponeuston
immediately below the surface.

As in lotic systems, the organisms have adapted to the different lentic habitats. For
example, low oxygen cenditions at depth can be overcome by having haemoglobin to
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INTRODUCTION

Micre-organisms have a number of vital fonctions in pollution control. It is the
micrebial component of aquatic ecosystems that provides the self-purification capac-
ity of natural waters in which micro-organisms respond te organic pollution by
increased growih and metabolism. It is essential that the same processes which occur
in natural waters are utilized in biological treatment systems fo freat wastewater
{Section 15.1). Apart from containing food and growth nutrients, wastewater also
contains the micro-organisms themselves, and by providing a controlied environment
for optimum microbial activity in a treatment unit or reactor, nearly all the organic
matter present can be degraded. Micro-organisms utilize the organic matter for the
production of energy by cellular respiration and for the synthesis of protein and other
cellular components in the manufacture of new cells. This overall reaction of waste-
watcr treatment can be summarized as:

Biomass + Organic matter + O, + NHE’r + P — Newcells + CO5 + H,Q {5.1)

Similar mixed cultures of micro-organisms are used in the assessment of wastewatcr
and effluent strength by the binchemical oxygen demand (BODY} standard 5-day
test {BOD), in which the oxvgen demand excried by an inoculum of micro-crgan-
isms growing in the liguid sample is measured over 5 days in Lhe dark at 20°C to
give an estimatc of the microbially oxidizible fraction in the wastewater {Section 3.4),
Many diseases are caused by waterborne micro-organisms, a number of which
are pathogenic to humans. The danger of these diseases being transmitted via
wastewater is a constant threat to public health {(Chapter 12). Therefore the use
of micro-organisms, such as Escherichia cofi, as indicator organisms to assess the
microbial quality of water for drinking, recreation and industrial purposes, as well as
in the assessment of wastewater treatment efficiency, is an essential tool in pollution
control.

64
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5.1 NUTRITIONAL CLASSIFICATION

In freshwaters and in wastewater treatment it is the bacteria that are primarily respon-
sible for the exidation of organic matter. However, fungi, algae, protozoa (collectively
known as the protista) and higher erganisms all have important secondary roles in the
transformation of soluble and colloidat organic matter into biomass (Fig. 4.1). In order
to functicn properly the micro-organisms require a source of energy and carbon for the
synthesis of new cells as well as other nutrients and trace elements. The micro-organisms
are classified as either heterotrophic or autotrephic according to their source of nutri-
ents. Heterotrophs require organic matter both for energy and as a carbon source for
the synthesis of new micro-organisms, while autotrophs do not utilize crganic matier but
oxidize inorganic compounds for energy and vse carbon dioxide as a carbon source.

Heterotrophic bacteria, which are also referred to as saprophytes in clder literature,
utilize organic matter as a source of energy and carbon for the synthesis of new cells,
respiration and mobility. A small amount of energy is alsc lost as heat during energy
iransfer reactions. The heterotrophs are subdivided into three groups according to
their dependence on free dissolved oxygen, namely aerobic, anasrobic and fac-
ultative bacteria.

1. Aerobes require free dissolved oxygen in order to decompose organic material:

acrobic micto-oTRaniamE

Organics + Q, Aerobic micro-organisms

+ CO; + H;O + Energy {5.2)

Like all microbial reactions it is antocatalytic, that is, the micro-organisms that
are required to carry out the reaction are also produced. Aerobic bacteria predom-
inate in natural watercourses and are largely responsible for the seli-purification
process {Section 4.1). They are also dominant in the major biological wastewater
treatment processes, such as fixed film systems and activated sludge (Chapters 16
and 17). Aerobic processes are biochemically efficient and rapid in comparison
with cther types of reactions, preducing by-products that are usuzlly chentically
simple and highly oxidized, such as carbon dioxide and water,

2. Anaerobes oxidize organic matter in the complete abscnce of dissolved oxygen by
utilizing the oxygen bound in other compounds, such as nitrate:

anaerpbic micrg-prganisms

Organics + NOy Anaegrobic micro-organisms

+ CO; + N, + Energy (5.3
or sulphate:

Organics + §Q}~ —Zecloblo Meto-OWANEM 4 pyerobic micro-organisms
+ CO, + H;8 + Energy (5.4)
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Anacrobic bacterial activity is found in freshwater and estuarine muds rich in
crganic matter and at the treatment works in the digestion of sludge. Anaerobic
processes are normally biochemically inefficient and generally slow, giving rise to
chemically complex by-products that are frequently foul smelling (e.g. organic
acids and sulphur-containing compounds) (Table 13.4).

3. Facultative bacteria use free dissolved oxygen when available, but in the absence
of oxygen are able to gain energy anacrobically and so are known as Eacultative
acrobes ot equally accurately as facultative anaerobes. An example of a fac-
ultative bacterium is Escherchia coli a common and important coliform: this and
other such bacteria are common in both aerobic and anaerobic environments
and treatment systems. Often the term obligate is used as a prefix to these
categories of heterotrophic bacteria to indicate that they can only grow in the
presence {obligate aerobe} or absence {obligate anaerobe) of oxygen.

Autotrophic bacteria cannot utilize organic matter, instead they oxidize inorganic
compounds for energy and use carbon dioxide or carbonate as a carbon source.
There are a number of autotrophs in the aquatic ecosystem, however, only the
nitrifying, sulphur and iron bacteria are particularly important. The nitrifying bacteria
oxidize ammonia nitrogen in a two-step reaction, initially to nitrite and finally to
nitrate (Equations (15.4) and {15.5)).

Hydrogen sulphide is given off by sulphate-reducing bacteria if the sediment, water
or wastewater becomes anaerobic. If this occurs in sewers then the slightly acidic gas
is absorbed into condensation water, which collects on the top or crovm of the sewer
or on the side walls. Here, sulphur bacteria, which are able to tolerate pH levels of
1.0, oxidize the hydrogen sulphide to strong sulphuric acid using atmospheric oxygen:

H,S + Oxygen —[hchaclis thib-indahs _, 1 g¢y, + Energy (5.5

The sulphuric acid reacts with the lime in the concrete to form calcium sulphate, which
lacks structural strength. Gradually, the concrete pipe can be weakened so much that
it eventnally collapses. Crown corrosion is particularly a problem in sewers that are
comstructed on flat gradients, in warm climates, in sewers receiving heated effluents,
with wastewaters with a high sulphur content or in sewers which are inadequately
vented. Corrosion-resistant pipe material, such as vitrified clay or polyvinyl chloride
{PVC) plastic, prevents corrosion in medium-size sewers, but in larger diameter sewers
where concrete is the only possible material, corrosion is reduced by ventifation which
expels the hydrogen sulphide and reduces condensation. In exceptional circum-
stances the wastewater (5 chiorinated to prevent sulphate-reducing bacteria forming
hydregen sulphide ot the sewer is lined with a synthetic corrosion-resistant coating,

Not all species of iron bacteria are strictly autotrophic, however, those that are, which
can oxidize inorganic ferrous (Fe? ) iron to the ferric (Fe**) form as a source of energy.
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The bacteria are filamentous and deposit oxidized iron (Fe(OH);) in their sheath.
Included in the group are those that are acidaphilic {e.g. Thichaciltus ferro-oxidans)
and which are also capable of oxidizing sulphwr. They mainly occur in iren-rich mine
wastewaters. Those that oxidize ferrous iron at a neutral pH include Sphaerotifies
natans and Leptothrix ochracea. These occur in natural waters with a neatral pH and can
also oceur in biological wastewater treatment units. For example, they are common in.
percolating filters that treat domestic effluents receiving infiltration water from coal
miming areas and so arg rich in iron. If the domestic water supply contains dissolved
iron, the bacteria can become established in water pipes, forming vellow or reddish-
brown slimes and tainting the water as the mature bacteria die (Section 11.1).

5.2 OxyGEN REQUIREMENT OF BACTERIA

Free dissolved oxygen is essential for the aerobic processes of hetero- and autotrophic
bacteria. When aerobic organisms utilize organic nutrients they consume dissolved
oxygen at the same time. Each molecule of glucose, which is the basic building block
of all carbohydrates, requires six molecules of oxygen for complete conversion to car-
bon dicxide and water by aerobic bacteria:

CoH 304 + 60, —2®0__, 600, + 6H,0 (5.6)

There is also a considerable oxygen demand during the nitrification of nitrogenous
compounds by autotrophic nitrifying bactetia (Section 15.1).

If the dissolved oxygen is not replaced then aerobic growth will eventually stop when
the oxygen is exhausted, allowing only the slow anaerobic processes to continue.
Microbial activity is not only oxygen-limited in the case of acrobic micro-organisms, it
is also restricted by the availability of adequate supplies of carbon, nutrients such as
nitrogen and phesphorus, trace elements and growth facters. Tt is the actual compos-
ition of micro-orpanisms which controls the nutrient requirements of organisms, but as
proteins are composed mainly of carbon, nitrogen and smaller amounts of phosphorus
it is these three elements which are essential for microbial growth, The requirements
of carbon, nittogen and phosphorus by microbial cultures in wastewater treatment
processes is expressed as a ratio (C:N:P) and if the waste is deficient in any one of
these basic componsnts, complete utilization of the wastewater cannot be achicved.
The optimuam C:N:P ratio for biological oxidation is 100:5:1 (Section 13.1).

Autotrophs derive energy from either sunlight (photosynthetic) or from inorganic
oxidation-reduction reactions (chemosynthetic). Chemoautotrophs do not require
external sources of energy but utilize the energy from chemical oxidation, while
phototrophs require sunlight as an external energy source:

6002 + IZHZO + Light photosynihets: sicko-Organisme CﬁH[gOﬁ + 60; + ﬁHED
(3.7}
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Many inorganic ions, mainly metals, are required to ensure that bacierial enzymatic
reactions can occur so trace amounts of calcium, magnesium, sodium, potassinm,
iron, manganese, cobali, copper, molybdenum and many other elements are
required. These are found in adequate amounts in sewage, as are growth factors such
as vitamins. However, if any of these materials are deficient or absent, then microbial
activity will be restricted or may even stop,

The mixed microbial cultures found in biological wastewater treatment units degrade
and subsequently remove colloidal and dissolved organic substances from solution by
enzymatic reactions. The enzymes are highly specific, catalysing only a particular
reaction and are sensitive to environmental factors, such as temperature, pH and
metallic ions. The major types of enzyme-catalysed reactions in wastewater bio-
chemistry are:

{a) oxidation (the addition of oxygen or the removal of hydrogen);

{b} reduction (the addition of hydrogen or the removal of oxygen);

{¢) hydrolysis (the addition of water to large molecules which results in their break-
down into smatler molecules);

{d) deamination (the removal of an NH, group from an amino acid or amine);

{e) decarboxylarion (the removal of carbon dioxide).

5.3 MicroBIAL OXYGEN DEMAND

it is important to know how much oxygen will be required by micro-organisms as they
degrade organic matter present in wastewater for bwo reasons:

1. To ensure that sufficient oxygen is supplied during wastewater treatment so that
oxidation is complete.

2. To ensure receiving waters do not become deoxygenated due to the oxygen
demand of these micro-organisms, resulting in the death of the natural fauna
and flora.

The amount of organic matter that 4 stream can assimilate is limited by the availabil-
ity of dissolved oxygen, which is largely determined by the rate oxygen is wtilized by
microbial oxidation and the rate at which i can be replaced by reaeration and ather
ProCesses.

5.3.1 SELI-PURIFICATION

The term self-putification is defined as the restoration, by natural processes, of a river’s
natural clean state following the introduction of a discharge of polluting matter. In
natural river systems, organic matter is assimilated by a number of processes which
include sedimentation, which is enhanced by mechanical and biclogical flocculation,
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chemical oxidation, and the death of enteric and pathogenic nricro-organisms by expos-
ure to suntight, OF course, the assimilative capacity of rivers, that is, the extent to
which the river can receive waste without significant deterioration of some quality
criteria, usually the dissalved oxygen concentration, varies according to each river due
to available dilution, existing quality and self-purification capability. The most import-
ant process in self-purification 1s biochemical oxidation, that is, the acrobic breakdown
of orgaric material by micro-erganisms, although oxidaticn of nitrogen compounds
alsc occurs. Biodegradable organic matter is gradually eliminated int rivers due mainly
to bacterial actien, by methods very similar to those occurming in wastewater treat-
ment. Complex organic molecules are broken down into simple inorganic malecules
in a process requiring oxygen. In this process of self-purification it is the attached
micro-organisms, collectively known as periphyton, which are normally responsible
for the greatest removal, while the suspended micro-crganisms, which are mainly sup-
plied with the discharge, are less important in the removal of organic material. However,
while the decomposition of organic waste by micro-organisms is advantageous, the
procass doecs remove oxygen frem solution and in order to prevent the destruction of
the ratural fauna and flora, aerobic conditions must be maintained.

Water in lotic systems not only flows over the surface of the stones and {iner material
that malkes up the riverbed, but also through it. This substrate is coated with 2 mixture
of periphyton becoming dominated by bacteria, rather than algae, and other micro-
biotz as the depth increases. As the river flows over the substrate, water is pulled into
and down through the material with soluble and colloidal erganic matter oxidized by
the bacteria, 2s is ammoniz (Fig. 5.1). The action of the substrate is sitnilar to a fixed
film reactor used in wastewater treatment (Chapter 16) and like percolating filters is
rich in macro-invertebrates feeding on the developed biofilm. The micre- and macro-
grazers control the biofilm development ensuring air and water can freely pass through
the interstices of the substrate. The water is continuously cycled through the substrate
as it travels downstream constantly improving in quality. Depending on the nature and
depth of the substrate this can be a2 major mechanism in the self-purification process.
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Similar effects are seen as water flows through deposited material or wetlands
between meanders in lowland rivers {(Fig. 5.2) or through bankside (riparian} vegeta-
tion. Periphyton develops on the submerged parns of the vegetation and bacteria
develop in ¢lose association with the roots of emergent vegetation {Section 18.3.2).

5.3.2 OXYGEN BALANCE

While the dissobved oxygen concentration is affected by factors, such as temperature,
BOD; and salinity, oxyzen depletion is prevented primarily by reaeration, although
other sources of oxygen, such as photosynthesis, may also be important under certain
conditions. It is important to know how quickly oxyzen dissolves into water and, as
discussed in Section 3.5, this depends to a large extent on the concentration of oxy-
gen already in solution in relation to the saturation concentration, that is, the oxygen
deficit. In general terms, the greater the organic lead to the river the greater the
response in terms of microbial activity, resulting in a larger demand for the available
dissolved oxygen.

d.3.3 REAERATION

Oxygen diffuses continuously over the air—water interface in both directions. In the
water, the concentration of oxygen will eventually become uniform due te mixing or,
in the absence of mixing, by molecular diffusion. The rate of diffusion is proportional
to the concentration gradient, which has been described by Flick's law as:

M _ KA - dc (5.8)

dr dr

where M is the mass transfer in time ¢ {mass-transfer rate), K, the diffusion coefficient,
A the cross-sectional area across which transfer occurs and C the concentration, and x
the distance of transier (concentration gradient),

If a uniform concentration gradient is assumed, then:

a _ KyA- G -G (5.9)
dt x

where C is the concentraticn at saturation (C,) and after time ¢ (C,).
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The equation can be solved as:

C, = €, — 081G, - Cp)|e®a + || + | Ze@R 4| (510)
where Cy is the concentration after tima 0 and,
_ Kmh
4= (5.11)

The diffusion coefficient K; can be expressed in mm?s™1 or em?s™1. The K, for oxygen
in water at 20°C is 1.86 X 10" mm?s~1,

Aeration in time or distance can be expressed as:

dc, _ B
s K(G - 6) (3.12)

integrating with limit C, = Chate = 0

c, dCr '
—t =K dt 513
fcu CS _Cf 21;[, { )
ie.
C -G
log,| =—— | = —Ku 514
ge[cs -Cg] s ( }

If I3, and Dy are the dissolved oxygen deficit at times ¢ and 0, respectively, and X, is the
reaeration constant, then:

loge[g;—l = —K;t {5.15)

thas,

D, = Dyefat (5.16)

A more useful parameter than the reaeration constant {&7) is the exchange coefficient f
The exchange coefficient, also known as the entry or exit coefficient, is the mass of
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oxygen transferred across unit area of interface in vnir time per unit concentration
deficit:

K
f= Td {5.17)
M - i, - <) (518)

and if a finite volume of water () is assumed, then;

dg, _dM 1 _

= ———= = =
ad &V ¥V € -G (3.19)
that is,
dc
d—" = K(C - C) (3.200
'
where
A
K, =f2 3.21
2 fV {5.21)
¥

where [is the volume of water below interface, A is the area of the air—water interface
and # is the mean water depth.

The exchange coefficient f is expressed in units of velocity (mmh~") and at 20°C in
British rivers it can be estimated by the formula:

[ = 7.82 x 10A067 085 (3.23)

where U is the water velocity (ms™ ) and H the mean depth (mm). Typical values for f
range from 20} for a sluggish polluted lowland river to over 1000 for a turbulent unpol-
luted upland stream. Values for the exchange coefficient for various acration systems
expressed in cm b ! are summarized in Table 5.1.

In the US, X a (the oxygen transfer rate) is used instead of &;. In Europe, X is used
primarily for river reaeration while X a is used in modelling oxygen transfer in waste-
water operation {Section 17.3).
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Typical values for the exchange coefficient {

flemk~")
0446

Aeration system

Stagnam water
Water flowinyg at 0.4 m min” ' in a small channel
Water polluted by sewage 0.4
Clean water 0.5
Water flowing at 0.6 mmin ™! in a channel 1
Pollirted water in dock and tidal basin 1
Shuggish polluted river 2
Shiggish clean water abour 51 mm deep 4
3
-
1

1
3

Thames estuary under average conditions
1

Ly

3

Water Nowing ar 10.06 mmin " in a small channel

The open sea

Water Nlowing at 4.9 m min~! in a channel 30
Turbulent lakeland beck J0-200
Warer flowing down a 30° slope T0-300

A tise in temperaturc can increase the rate of reaeration and vice versa. The reaeration
rate constant (K3} can be related to temperature (T) by:
Kyiry = Koy 10477 -20) (5.24)

In general terms, an increase in temperature of 1°C will result in an increase in the
exchange coefficient f of about 2%,

A number of physical factors affect reaeration. The transfer of oxygen at the air—water
interface results in the surface layer of water becoming saturaied with oxygen, If the
water is turhulent, as is the case in upland streams, the saturated surface layer will be
broken up and mixing will ensure that reaeration is rapid, When no mixing occurs, as
in a small pond to take an extreme exampie, then oxygen has to diffuse throughout
the body of the water. In some cases the diffusion rate may be too slow to satisfy the
microbiai oxygen demand so that anaerobic conditicns may occur at depth. In rivers,
velocity, depth, slepe, ckannel irregularity and temperature will all affect the rate of
reaeration. To increase the rate of aeration and speed up the self-purification process,
weits can be built below discharges. Mere recently, floating aeraiors have been
employed on rivers during periods of high temperature when the dissolved oxygen
concentration has fallen dangerously low. More sensitive rivers, containing salmonid
fish, have been protected by pumping pure oxygen from barges into the river at times
of particular siress. This technique has been developed specifically to control deoxy-
genation caused by accidental discharges of pellutants. The use of a compressor with
a perfoerated rubber hose has also been successfully employed. In emergencies, for
example where a deoxygenated plug of water is meving downstream, the local fire
brigade has been able to prevent total deoxygenation by using the powerful pumps on
their tenders to recirculate as much water as possible, with the water returned to the
river via high-pressure hoses. The main advantage of this methed is that the fire crews
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Dissolved oxygen-
sag curve.

can make their way slowly downstream, keeping abreast of the toxic plug. Hydrogen
peroxide is also used in emergencies for rapid reacration in larger rivers,

5.3.4 THE OXYGEN-SAG CURVE

When an organic effluent is discharged into a stream it exerts a biochemical oxygen
demand with the processes of oxygen consumption and atmospheric reaeration pro-
ceeding simultanecusly. While cther processes, such as photosynthesis, sedimentation
and oxidation, of the bottem deposits can also affect axygen concentration; oxvgen
consumption and reaeration are the primary processes affecting oxygen status.

In many cases the oxygen demand will initially exceed the reagration rate, so the dis-
schved oxygen cencentration will fall downstream of the outfall {(discharge point). As
the rate of diffusion across the air—water interface is directly proportional to the oxygen
deficit, if the rate of consumption lowers the oxygen concentration, the oxygen mass-
transfer rate will increase. At some point downstream the rate of reaeration and con-
sumption become equal and the oxygen cencentration stops declining. This is the
critical point of the curve where the oxygen deficit is greatest (D} and the dissolved
oxygen concentration is lowest {Fig. 5.3). Thereafter rezeration predominates and the
dissolved oxygen concentraiion rises to approach saturation. The characteristic curve,
which results from plotting dissclved oxygen against time or distance downstream, is
kmown as the oxygen-sag curve, The long tail associated with the recovery phase of the
curve is due to the rate of mass transfer of oxygen, As the river’s dissolved oxygen con-
centration recovers, the oxygen deficit is reduced and, as the rate of mass {ransfer is pro-
portional to the oxygen deficit, the rate of reaeration slows, thus extending the curve.

The shape of the curve remains more or less the same except that the critical point
will vary accerding to the strength of the organic input. It is possible for the dissolved
oxygen concentration to be reduced to zero and an anaerobic or septic zone to be
formed. Deoxygenation is gencrally a siow process, so the critical point may occur some

Ouifall (BOD of stream is Ly)

Baturation concantration
Actual concentration

DHssolved cxygen

Titma of o
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considerable distance downstream of the outfall. The degree of deoxygenation not only
depends on the strength of the discharge, but also on ditution, BOD of the receiving
water, nature of the erganic matetial in terms of availability and biodegradability, tem-
perature, Teacration rate, dissolved oxygen concentration of the receiving water and
the nature of the microbial community of the river.

The oxygen-sag curve ¢an be expressed mathematically for idealized conditions in
terms of the initial oxygen demand, the initial dissolved oxygen concentration in the
river and the rate constants for oxygen consumption (K;) 2nd reaeratior (K3). These
mathematica! formulations were derived by Streeter and Phelps when working on
the Ohio River (Streeter and Phelps, 1925). This large river had long uniform
stretches between pollution discharges, also relatively little photosynthesis, so the
only major factors affecting the oxygen status were oxygen consumption and reaera-
tion. They considered that the rate of biochemical oxidation of the organic matter was
proportional to the remaining concentration of unoxidized organic material, typified
by the first-order reaction curve (Fig. 5.4). Assuming first-order kinetics, the oxygen
demand with no aeration can be represented as:

di,
— =K 5.25
» 1Ly (5.25)
L =1Iy-D, -d{iy - D) =—dD, (5.26)
Thus,
4D,
—t = —K 5.27
= = KL (527)
Second-order
Firgt-orclar
E
=
E
&
Zarc-ordor
FicuRr. 5.4
Log plots of

Teaction rates. Substrate concentration (log)
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Reaeration with no oxygen demand:

dc,

= k(G- C) (528)
i
Therefore,
dic; — ¢ _ K.D, (5.29)
dt
3o,
di
?' =—K,D {5.30%

It is possible to express both demand and aeration in terms of change in the oxygen
deficit (dD,)/dt, So for simultaneons oxygen demand and reagration:

dj:' = KL, - KyD, (5.31)

where I is the dissolved oxygen deficit at time ¢ (D;}, L is the vltimate BODy at time ¢ (L,)
or initially (L), X the BOI) reaction rate constant and & the reaeration raie constant.

Providing oxygen is not a limiting factor, the oxygen demand is not dependent on the
oxygen deficit. So, by substituting L., according to the equation:

L, = LyeKr (5.32)

db,

b= KLkt - KD, (5.33)

When this equation is integrated with limit D, = Dywhens = O

Kllﬂ X - -X
D =" (et — e} + e 5.34
A }+ Dy (5:34)

which is the well-known Streeter and Phelps equation.

By changing to base 10 (R = 0.4343k):

p, = Ko ok 1978ty + py10-¥at {5.35)
K, - K
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The minimum dissolved oxygen concentration {the critical point), which occurs at max-
imum oxygen deficit Y, when d2, /d, = ©, is given by:

I, = ! “log,
KZ - Kl.

£
Kl

1— & Z KDy ] (5.36)
KiLy

where the critical (maximum) deficit {(D,) occurs at time 2,.

Both K and K5 in the model are assumed to be constant; however, while K is meas-
nred by running a BOD determination in the laboratory (Section 5.4), it may vary with
time. The X; value will vary from reach to reach within the river and must be meas-
ured in the field. Both these constants are temperature functions and so temperature
effects must be taken into consideration. For domestic sewage, K| approximates to
0.1 at 20°C while K., which is mainly a function of turbulence, can be assessed using
the equation:

K, = {_Jidfy); (5.37)

where K is the reaeration coefficient {base &) per hour, &, the diffusion coefficient
of oxygen into water, I is the velocity of flow and i the depth. Only approximate
values can be obtained. Low values represent deep, slow-moving rivers and high
values shallow fast-flowing upland streams. In reality, &; is at best a crude estimate,
and often an assumed value can have severe effects on the predictive estimate, The
measurement of K, is even more critical.

The oxygen-sag curve can be more accurately assessed by providing a third point.
This is provided by the point of inflexion, where the net rate of asration is at a max-
imum when (d°D,/de%) = O

2
el [&]
2~ &y Ky

1- & — KDy KI}D“’ (538)
KL

where the inflexion deficit (D) occurs at time ;.

So, it is now possible to construct the oxygen-sag curve and to predict the minimum
oxygen concentration downstream of a point discharge of organic waste, such as
sewage {Fig. 5.3}

While the Streeter and Phelps model provides an extremely useful basis for the study
of the sequence of events that oceur in an organically polluted river, it must be
applied with ¢are. This is especially s¢ in rivers where conditions change frequently,
there is appreciable photosynthesis, deposition of debris and scdiment or discharges
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of inhibitory or toxic substances. The model is only valid for a single pollution dis-
charge and where there is no dilution from tributaries, Where these occur the river
must be split up inte discrete sections according to changes in flow or discharge, so that
each section can be treated as an individual case and the model applied. The output
data from one section provides the input data for the next, and in this way the entire
river system can be covered to provide an overall calculation. This type of model is the
basis of predictive water quality models with many other variables, such as benthic and
nitrogencus oxygen demand, salinity and temperature alse included.

A final word of caution on the use of the Streeter and Phelps model, The model assumes
that the flow does not vary over time, that the organic matter is distributed uniformly
across the stream’s cross-section and that there is no longitudinal mixing, with the
effects of algae and bottom sediments unimportant and so neglected in the equation.
In reality, however, the dissolved oxygen-sag curve can be affected by other factors apart
from microbial oxygen demtand and reaeration rate. Among those worthy of further
consideration are photosynthesis, with the addition of oxygen during the day and the
uptake of oxygen by plant respiration at night; benthic oxygen demand, the remaoval
of oxygen by gases released from the sediments and the release of soluble organic
material from the sediments which have an oxygen demand; and finally, the input of
oxidizable material from surface water. These inputs and the dissolved oxygen are
constantly being redistributed within the water ¢column by longitudinal mixing. Some
of these factors can be easily predicted and so built into the existing model, whereas
other factors are less quantifiable. The use of water quality models is discussed fur-
ther in Section 9.4.2.

ExampLE 5.1 A treated sewage effluent discharged to a river with a mean flow
velocity (U5 of 0.1 ms~! raises the BOD immediately below the mixing zone from 2.6
to 4.5mg)”L. The upstream dissolved oxygen concentration is 9.5 mgl™! at a water
temperature of 12°C. The constants are derived from Table 5.2 where the deoxygen-
ation constant (K;) for treated wastewater is taken as 0.15 day ™! and the reaeration
constant (K3} for an average velocity river is taken as 0.5 day . Calculate the time (¢}
when the mininrum dissolved oxygen concentration will oceur, the distance downstream
(x.) where this will occur, and finally the minimum dissolved oxygen concentration.

Typical deoxygenation (&} and reaeration {Ks) constams

Type of water Ky (te buse e} Type of water K; fat 20°C)
day™? doy !
LUntreated wastewater  0.35-0.740 Smell ponds, backwaters 0, 10-0.23
‘Treated wastewnler 0.10-0.25 Sluggish streams, large lakes  0.23-0.35
Pollwed river water 10025 Low-velociey rivers 0.35-0 .46
Average-velocity rivers 0.46-0.69
Fast rivers 0.69-1.15

Rapid tivers =>1.15
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(a) Calculate initial oxygen deficit (Dg):

D, = Saturation cxygen concetttration at 12°C

. {(3.39)
— Actnal oxygen concentration

10.8-95=13mgl?

{b) Calculate ultimate oxygen demand (Lg):

Iy = _BOD;s (5.40)
1 - e

_ 4.5 45 -
Lo = ] - e 013X 0528 852 mg!

(¢) Calculate time before minimum dissolved oxygen concentration occurs {£,) using
Equation (5.36):

(d) Distance downstream for minimum dissolved oxygen concentration to occur (x_}.
Remember to multiply by 86 400 to convert flow to mday ™! and then by 1072 to
convert m to km {i.e. 856.4).

|- 13(05-0.15)
0.15 X 8.52

= .
0.5—0.135 0.15
{, = 2.18days.

1 ]n{ 0.5

%, = Ui, (5.41)
x, =01xX218X 364 = 18.8km

(2) Calculate the maximum oxygen deficit {D_ )

D =&y enn (5.42)
K3

D, = == » §.52 X ¢ 015%21¢ = | 84 mg | !

0.15
¢S

{f) Calculate the minimum dissolved oxygen concentration (D, where the satur-
ation concentration at 12°C (D} is 10.8mgl~":

Dyw = Dy — D, =10.8—1.84 = 89% mg I
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2.4 THeE BOD Test

There are two widely used measures of oxygen demand: chemical oxygen demand
(COD) which measures the organic content in terms of biodegradable and non-
biodegradable compounds, and the BOD test, which measures only the biodegradable
fraction of the wastewaters by monitoring the assimilation of organic material by aer-
abic micro-crganisms over a set period under stricily controlled conditions, usually 5
days at 20°C in the dark. The COD will always be higher than the BOD as the former
includes substances that are chemically oxidized as well as biologically oxidized. The
ratio of COD:BOD provides a useful guide to the proportion of organic material pres-
ent in wastewaters that is biodegradable, although some polysaccharides, such as cel-
lulose, can only be degraded anacrobically and so will not be included in the BOD
estimation. The COD:BOD relationship varies from 1.25 to 2,50 for organic waste-
waters depending on the waste being analysed. The ratio increases with each stage of
hiclogical treatment as biodegradable matter is consumed but non-biodegradable
organics remain and are oxidized in the COTY test. After biological treatment the
COD:BOD of sewage canr be >>12:1. The relationship remains fairly constant for
specific wastes, although the correlation is much poorer when the COD values are
<100 mg Q17

The COD of demestic wastewater can be approximated by:

COD = 1.64 X BOD + 11.36 (5.43)

Not all the substrate within the BOD bottle will be oxidized to CO,, some will be con-
verted to new cells. So, if a simple organic source like glucose is oxidized bath chemically
and biologically, there will be a discrepancy. For example, the COD test will predict
an oxygen gonsumption of 192 g0»mol ™' of plucose compared with ondy 150 g Osmoi ™'
using the BOD test. So the BOD test does not give a measure of the total oxidizable
matter present in wastewaters, because of the presence of comsiderable quantities of
carbonaceons matter resistant 10 biological oxidation. However, it does indicate the
potential possessed by a wastewater for deoxygenating a river or stream.

Complete breakdown of even the most biedegradable wastes can take several weeks,
so during the 5-day test only a proportion of the organic material will be broken
down. Some organic materials, such as cellulose, can remain virtually unaffected by
aerabic micro-organisms, only being breken down anaerobically. When the organic
fraction has been aerobically broken down as completely as possible, the oxygen con-
sumed ig termed the ultimate BOD or ultimate oxygen demand.

The test can incorporate two distinct stages forming the characteristic BOD curve
{Fig. 5.5}. Stage T is the hasic curve and represents the carbonaceous material which
can take up to 3 weeks to be fully degraded at 20°C, while i stage II the nitrogenous
material is oxidized. The oxygen demand from nitrification is only important in
wastewaters. In raw wastewaters, nitrification only becomes a significant source of
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oxygen demand afcr 8-10 days, while in partially treated effluents nitrification can
dominate the oxygen demand after just a few days (Fig. 5.6),

The BOD; measures anly the readily assimilable organic material (carbonaceous) with
the [ow molecular weight carbohydrates in particular being primarily utilized. The
BOY); gives a far more reliable estimation of the possible oxygen demand that a
waste will have on a river than the COD test, which also measures the more refrac-
tory (non-biodegradable) compounds. Owing to the similarity between the self-
purification and wastewater treatment process, the BOD test has been widely used as a
measurg of organic strength of river water and effluents.

With domestic wastewaters, only 60-70% of the total carbonaceous BOD is measured
within 5 days at 20°C (BOD}, with only the most biodegradable fraction utilized. For
most materials, an incubation period of about 20 days (BOD.y,) is required for complete
breakdown, even though some more recalcitrant organic compounds, such as certain



52

-

Chapter 3 / Micro-organisms and Pellution Control

polysaccharides, will not have been degraded even then. The test is essentially the oxi-
dation of carbonaceous matter.

(:J.l'l..uf.).z —* Cﬂ: + H-ID (544)

However, while this first stage may be the enly component of the BOD curve, often
4 second stage is present, nitrification. Where necessary this second stage can be sup-
pressed by the addition of allythiourea (ATU) to the sample. The addition of 0.5mgl ™
ATU prevents the onset of nitrification for a period of up to ® days with no effect on
carbonaceons oxidation, Theoretically, 3.4 g of oxygen is required by Nirrosomonas to
oxidize 1 g of ammeonia to nitrite and a farther 1.14 g of oxygen by Nigrobacter to oxidize
1 g of nitrite to nitrate. The extent of netrification in the BOD test can be easily meas-
ured by incubating a parallel set of samples, one with and one without nitrification
suppressed, the difference being the nitrogencus oxygen demand. The ultimate oxy-
gen demand (L) can be estimated from the BOD; with ATU {BODx115) value as:

L = (1.5 X BODsary) + {4.6 X NH;-N) (5.45)

Glocose {CgH|;0;) is used as a reference for the BOD test and is alse useful for
examining the stoichiometry of the test. Glucese is completely oxidized as:

C H,;04 + 60, — 6CO; + 6H,0 (5.46)

For complete oxidation a glucose solution of 300mgl~' concentration will require
320mgi~! of oxyaen at 20°C. However, using the standard 5-day BODs test only 224 mg
of oxygen is utilized, with complete oxidation taking icnger than 5 days. S0 the BODs
enly measures part of the total oxygen demand of any waste, and in this case:

BOD; = & = T0%

BODy, 300

The BOD has been traditionally modelled as a continuous first-order reaction, so
that the rate of breakdown of carbonaceous material is proportional to the amount
of material remaining. In this type of reaction the rate of breakdown is at first rapid
when the arganic content is high, but gets progressively slowsr as the organic mater-
ial is utilized. This can be expressed as:

4 _ ke (547)

where K| is the BOD reaction rate constant and L the uitimate BOD (carbonaceous
only}.
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This integrates to;
L = L (548)

where the initial BOD (L) is L, after time . The amount of oxygen consumed during
the BOD test period (Y} is:

Y=1I-1L (5.49)
So,
Y = Lyl —e7h) (5.50)
ot using base 10:
Y = Lyl — 107K (5.51)

Thus, for a test where 65% of the carbonacecus material is broken down within the 5
days, K will equal 0.223day™' and the removal rate is approximately 20% per day.
Therefore, 95% removal will take 13 days and 99% removal 21 days, although adher-
ence to the relationship between X at base e and base 10 is:

K, = 2303 K, (5.52)

It is convention to quote K to the base 10. The rate constant X vaties according to the
quantity and nature of the organic matter present, the temperature and the type of
micro-organisms in the wastewater. This can be best illusteated by considering the way
{n which miéero-organisims utilize the available crganic material present. Essentially two
reactions take place within a BOD bottle, a rapid synthesis reaction in which there is
a rapid consumption of oxygen due to the high concentration of available organics,
which is characteristic of raw wastewaters aor effluents high in low molecular weight
carbohydrates, followed by 2 slower endogenous metabolism {Fig. 5.7). In treated efflu-
ents most of the organics originally present in the wastewater have been removed, so
oxygen is consumeid at the lower endogenouws rate. Therefore, the greater the rate of
reaction due to the concentration of assimilable organic material, the larger the K
vatue. The average BOD rate constant at 20°C ranges from 0.04-0.08 for tivers with
low pollution, 0.06-0.10 for biologically treated effluents, 0.12-0.22 for partially treated
effluents and those using high-rate systems, to (1.15-0.28 for untreated wastewaters, It
is possible for samples with different reaction rates to have the same BOD {Fig. 5.8).

The rate constant X, and the ultimate BOD (L) are traditionally calcolated using the
Thomas graphical method. The procedure is based on the function:

] K*
— = =13 + +
y] @3RI + Tt {5.53)

where y is the BOD exerted in time 1, X; the reaction rate constant (base 1{}) and L. the
ultimate BOD, This equation forms a straight line with (z%)'? plotted as a function of
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the data is used to calculate K, and L.

Using the form Z =g + b for the straight line where Z = (¢4} and b =
KP4 L's;

K = 2.51[

4

23K
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ExaMPLE 5.2 Ower a 10-day pericd the BOD was measured every second day.
From this data {(t¥)'" can be calculated:

t (day™") 2 4 6 8 10
y(mgl™y 14 22 27 30 32
(P 0523 0567 0606 0644 0.679

The graph of {¢y)'” is plotted against 7 (Fig. 5.9} and from this the intercept can be
measured (¢ = (¢.481) and slope b calculated:

Slope b = 'LI:Z = 0.021

From these values the rate reaction rate X and the ultimate BOD (L) can be estimated:

K, = 2.61[2]
i

= 2.61[9&] =(.114
0.481

1
23Ka°

L=

1
- — 343 mgl
2.3(0.114)(0.481) 8
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INTRODUCTION

Even the most well-treated effluent from a sewage works is not as clean as river water
and will contain a wide variety of substances including partially oxidized organic and
inerganic material, Whenever an effluent enters a receiving water there will always
be some change in water quality and a resultant change in the communily structure.

The effect of pollutants on river comomunities depends on;

{a) the type of pollutant;
(b) its concentraticn in the water,
{(c) the length of exposure to the commanity.

These effects can be summarized according to their physico-chemical or biclogical
nature as:

(a) the addition of toxic substances;

(b) the addition of suspended solids;

() deoxygenation;

(d} the addition of non-texic salts;

(e} heating the water;

{f) the effect on the buffering system;

{g) the addition of hurnan, animal and piant pathogens.

These effects rarely occur singly and often all together (e.g. sewage). Therefore, most
discharges to water are classed as multi-factor pollutants. Each of these major effects
is considered below except for fagcal contamination or contamination by other
pathogens (g) which is examined in Chapter 12. The intreduction of alien plant and
aniimal species can also be considered as pollution (Section 3.1). The effects of cli-
mate change are explored in Section 23.1.

57
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6.1 ToxiC SUBSTANCES

TasLE 6.1

Toxic substances, which include heavy metals and trace organics, decrease in concen-
tration downstream afier discharge du¢ to an increase in flow volume from tributaries,
by precipitation and adsorption. Metals are lost from solution by precipitation as the
pH changes (Table 6.1). Many organic poisons are degraded, while some harmless
organics are broken down to produce toxic substances, such as ammonia and sulphides,
resulting in an increase in toxicity and a reduction in dissolved oxygen further down-
stream. Other taxic material is adsorbed onto suspended and other particulate matter,
and eventually settles out of suspension, The toxicity of heavy metals can be listed in
order of decreasing toxicity as Hg > Cd > Cu > Zn > Ni > Pb = Cr > Al > Co,
although this is only approximate as the vulnerability of species to individual metals
varies, Toxicity also varies according to environmental conditions that control the chem-
ical speciation of the metals (Campbell and Stokes, 1985; Tessier and Turner, 1995).

Adsorption is primarily controlled by the surface area of particles; therefore, adsorp-
tion capacity is inversely proportional to particle size, In practice, the finest sedi-
ments are the richest in trace ¢lements. Pollutants and nutrients associated with
particulate matter can be partitioned into different phases or forms {(speciation). The
major forms in which pollutants and nutrients occur in particulate matter are, in
terms of the most to least reactive!

(a} adsorbed (electrostatically or specifically) onto mineral particles:

(b) bound to the organic matter (¢.g. organic debris and humic substances);

(c) bound to carbonates;

(d) bound te sulphides;

(e} occluded in Fe and Mn oxides which occur commonly as coatings on particles;

(f) within a minerai lattice (e.g. calcium phosphate for B, copper oxide or sulphide
for Cu};

(g} insilicates and other non-alterable minerals.

Maximum pH values for the precipitation of metal ions

as hydroxides or other salis

Metal Minimum pH as (ther salts
hydroxide

Sn +.2

Fe LI} 4.}

Al 5.2

Pb {10} .3 6.0

Cu {II} 7.2 5.3

Zn 8.4 7.0

M 0.3

Fe (11} 95

Cd 27

M (71 10.6




TABLE 6.2

6.1 Toxic Substances = 89

Under nen-pelluted conditions the majority of inorganic compounds, for example
trace elements and phosphorus, are found in categories (e), (f) and (g). While under
polluted conditions discharged compounds are mainly adsorbed onto mineral par-
ticles (a} and/or bound to organic matter {b). The majority of synthetic erganic com-
pounds are found in the adsorbed fracticns. Particulate organic matter has a very
high surface area and so a very high adsorption capacity. Therefore, the concentra-
tion of pollutants in sediments is often proportional to the amount of organic matter
present or to the amount of carbon adsorbed onte mineral surfaces.

Toxicity of metals is reduced in waters rich in humic acids (humic and fulvic acids) as
they become bound to the organic compounds, a process known as chelation. While
these organic compounds remain in solution the metals are essentially unavailable
biologically. Metals can also react with organic compounds to ferm toxic organo-metal
compiexes. Hardness also plays an important part in metal toxicity, which varies
depending on the concentraion of calcium in the water. For example, the higher the
concentration of Ca?Y, the lower the toxicity of Hg, Pb, Cu and Zn. This is reflected
in the BEU Freshwater Fish Directive (Table 6.2).

Toxic compounds are rarely present on their own so that the response of organisms
to individual pollutants is often different when other pollutants or compounds are
present. Normally the combined effects of two or more toxic compounds is additive,
for example Zn + Cd, but they c¢an alse increase (synergism} or decrease (antag-
onism) the toxic effects of the compounds when aeting independently. For example,
Cu is sypergistic when present with Zn, Cd or Hg, while Ca is antagonistic with Pb,
Zn and Al (Table 6.2). Detergents act synergistically with all pollutants as they reduoce
the surface tensicn on the gill membranes in freshwater organisms, especiatly fish,
which increases the permeability of metals and other toxic compounds. This is shown
in Fig. 6.1 where the response of 1 unit of pellutant A in the absence of pollutant B
is 1.0 (i.e. its lethal concentration 50 {LCsg) concentration) and the response of I unit

The permiszible concentration (1) of Zn and the recommended concentration
{G) of Cuin rivers of different hardness in order to sustain fish life

Hardness of water mg CaCOy 177

F ] 50 100 Sog
Total zine (mgl™1)
Balmonid waters 0.03 0.2 .3 0.5
Cyprinid walers 0.3 0.7 1.0 2.0
Totaf copper (mgl™")
Salmonid waters 0.005 L.022 004 0112

Cyprinid waters

“The presence of fish in waters containing higher concentrations of copper at this
hardness may indicate a predominance of dissolved organo-cepric complexes.
Adapied [rom the EU Freshwarer Fish Directive {?8/659/EEC). reproduced with

permission of the European Commission, Loxembourg.
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of B is also 1.0 in the absence of A. If the combined response of A + B falls on the
diagonal line, for example 0.2A + 0.8B, the effect is additive. If, however, the
response falls below the diagonal line, for example 0.3A + 0.5B, the effect is syner-
gistic showing that A + B increases the combined toxicity effect. If the response is
above the ling, for example 0.6A + 0.8B, then it is antagonistic with A + B decreasing
the combined toxicity effect.

Toxicity is generally classified as either acute (i.e. a large dose over a shost duration
resulting in a rapid critical response that is often lethal} or chronic (i.e. a low dose
over a long duration which is normally non-lethal but may eventually canse perman-
ent disabilitating effects). These effects may be behavioural as well as physiological.
Toxicity can also be cumulative with effects brought about by successive exposures.

There are a wide variety of methods for assessing toxicity. These usually involve the
exposure of test organisms, such as zooplankton, macro-invertebrates or fish, to a
range of polluting concensrations or mixtures of pollutants over prolonged time peri-
ads, The most widely adopted toxicity assessment procedure is the measurement of
lethal concentration {L.C) where toxicity of a pollutant is expressed as the percentage
of organisms killed at a particular concentration over a set time period. So the 9&-h
LCsp is the concentration of pollutant that results in 30% mortality of the test organ-
ism over a test period of 96 h. The effective concentration (EC) is used as an alterna-
tive to LC when death is not used as the end point of the test, but another effect such
as loss of movement or developmental abnormalities. The LCsy varies between
organisms due to sensitivity, which in tum is affected by factors such as sex, age or
acclimation {i.e. acquired tolerance), For example, the common macro-invertebrate
indicators Ganongris pulex, Asellus aquaticus and Chironomus ripariis show difference
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sensitivities to common pollutants. The reported 96-h LCq, test values for Cd are .03,
0.60, 200mg]1~!; phenol 69, 180 and 240mg1~"; ammonia 2.05, 2.30 and 1.65mg |1,

respectively.

The US EPA has listed 129 priority compounds that pose a serious risk to aquatic
habitats. Similarly, the EUJ has placed toxic compounds into two priority lists under
the Dangerous Substances Directive (70/464/EEC). List I, the black list, includes
thoze compounds that must not be discharged to aquatic habitats, The criteria for
inclusion into List [ is based on compound toxicity, persistence and bioaccumulation
potential. List I, the grey list, compounds are less dangerous but can result in
chronic toxicity (Table 8.16). This control of such compounds will eventually come
under the control of the EU Water Framework Directive (2000/60/EC) (Sections 7.3
and 8.3). In the UK it is estimated that sewage contains traces of up to 60 00) differ-
ent chemicals. The effects of toxic compounds on the treatment of wastewaters are
examined in Section 15.3.

Pollutants, especially metals and pesticides, are readily accumulated in organisms.
Biomagnification is where pollutants increase in concentration through the food
¢hain with maximium concentrations found in the top camivores (e.g. mercury and
organochlorine pesticides). For example, the concentration of pelychlorinated biphenyls
{PCB) ins the Firth of Clyde in Scotland duting October 1989 was 0.01 pgl™!, yet the
concentration in shetifish was 200-800 pg1~7, a concentration factor of up to 80000,
During the same period concentration factors of up to 30(HMD were recorded for
dieldrin and dichloro-diphenyl-trichleroethane (DDT). Bioaccumulation is independ-
ent of trophic level with uptake normally directly from the water (e.g. Cd and Zn).
While metal concentrations in many algae and bactcria are directly related to metal
concentration in the water, this is not usually the case with macro-invertebrates or
fish. Pollutants can be taken up via food or water, and this varies according to the
pollutant and the organism. Burrowing macro-invertebrates tend to obtain Cd and Zn
from ingested food, while surface dwellers such as 4sellus and Gammarus generally
take up these metals divectly from the water, Bioaccumulation and biomagnification
of metals can affect the whote food chain resulting in high concentrations in shellfish
or fish that could be eaten by humans. The most well-known sxample biomagnifica-
tion is the poisoning of the inhabitants of Minamata, a small town on the West coast
of Kyushu Island (Japan), by methyl mmercury that had accumulated in the fish used
as the staple diet of the islanders (Laws, 1893), The mercury originated from waste-
water containing mercuric sulphate, which was used as a catalyst in the production of
polyvinyl chloride (FVC) at a local factory. While 43 deaths were recorded between
1953 and 56, the discharge continued until 1588 with serious mercury pollution stiil
present. To date, 18 ({) people are thought to have been affected by mercuric poi-
soning from the factory. Mercury is usually discharged in its inorganic form {(Hg**)
and is converted to the highly toxic methyl mercury (Hg{CH3);} by microbial action.
It is the methyl form that is more readily absorbed by tissues and dissolves in fat, with
biomagnification reported as high as 3.6 X 10% in fish from Minamata Bay.
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While: it is difficult to generalize, the overall effect of toxic compounds om the biota is
a rapid reduction of both species diversity and abundance leading to complete elim-
ination of all species if toxic concenirations are sufficient. Recovery is generally slow
with tolerant species returning first, often at elevated population densities due to a
lack of competition (Fig. 6.2). Each species shows a different tolerance to different
toxic compounds, while indirect effects can also be significant. For example, if a sen-
sitive plant species is eliminared then tolerant macro-invertebrate species dependent
on it will also be excluded. Other pollutants included in this category are used and
waste pharmaceutical compounds and endocrine distupters, both of which are com-
mon in wastewater effluents (Chapter 13).

6.2 SUSPENDED SOLIDS

Solids discharged to water settle out downstream, the rate depending on the size of the
particles and the turbulence. Settlement especially occurs where the turbulence is
lowest (e.2. behind weirs and in pools). Suspended and settleable solids are produced by
a wide range of industries (Table 6.3), and can be classed as either inert or oxidizable
{degradable).

6.2.1 INERT SOLIDS

Inert solids come from mining activity, coal washing, construction sites, particularly
road and bridge construction, river channeling and dredging. The solids accumulate
on the riverbed and gradually extend further downstream. Floods may extend such
solids even further. The primary (direct) effects are as fellows:

1. The inest particles clog the feeding mechanisms of filter feeders and the gills of
aquatic animals, which are both, eliminated if the effect is prolonged.

2. Stony erosional substrates become coated with the solids, smothering the fauna
and replacing them with silty dwelling species {Section 4.3).
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TasLE 6.3  Examples of typical suspended solids concentrations in rivers and effluents
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thesis and reducing primary productivity. This affects the whole food web.

There are also numerous secondary (indirect) effects. These includs;

93

{a) the ¢limination of predators that feed on eliminated organisms (ie. 2 food

shortape);

{b) the possible loss of macrophytes will result in a loss of shelter, reduction in habitat
diversity and an increased loss of animals due to greater predaticn and scouring,

The general effect is a suppression of both species diversity and abundance, as the
diversity of habitats is reduced. There is a selective increase in a few species that are
adapted to survive the stress imposed by the solids (Fig. 6.3). However, due to the
tack of organic matter in the sediment, abundance of burrowing organisms will be low.
Fines from washing gravel and road chippings can extend silt deltas in rivers. While this
can have a positive effect in some rivers by encouraging reed development including
alder/willow, the effects are generally undesirable,
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6.2.2 OXIDIZABLE SOLIDS

These settle out in the same way as inert solids but once deposited they decompose.
Gradually a balance results between the rate of settlement and decomposition, and
so the effect decreases downstream. However, as the rate of decemposition is very
slow, the area affected can be quite large. The solids blanket the substrate and
undergo anaerobic decontposition regleasing methane, sulphide, ammoniz and other
toxic compounds (Fig. 19.1). Irregular areas of deposition can occur further down-
stream at dams, weirs and pools, resulting in localized areas of high oxygen demand,
even thaugh at this peint the rest of the river is unaffected, Sensitive benthic organisms
are rapidly eliminated and, due to the increased organic matter, are replaced by high
population densities of a few species tolerant of low oxygen silty conditicns (Fig. 6.4).

6.3 DEOXYCENATION

Oxygen is not very soluble in water and the concentration available to the biota is a
function between oxygen demand in the water, the water temperature and the rate of
diffusion. This is expiained in detail in Section 3.5. The survival of the biota is
dependent on the extent to which their oxygen demand can be matched by the avail-
ability of oxygen from the environment { Abel, 1989). Oxygen is ar important limiting
facter for 211 freshwater organisms, and for fish in particular (Table 3.8). Inputs of
readily oxidizable organic matter cause the dissolved oxygen concentration to fall
downstream due to a gradual increase in bacterial activity {Fig. 5.5). As the oxygen
deficit increases then the rate of transfer increases; however, when the rate of oxygen
consumption by the bacteria is greater than that diffusing from the atmosphere, the
dissolved oxygen concentration falls and may reach anaerobic conditions. Recovery
occurs once this is reversed, but as the oxygen deficit decreases so will the rate of oxy-
gen transfer. This slows the rate of recovery resulting in the typical shape of oxygen-
sag curve (Fig. 6.5). While deoxygenation is generally due to bacterial decomposition
it can also be caused by autotrophic bacterial action. This is examined in detail in
Section 5.3, Foam from non-biodegradable detergents or the presence of oil on the
surface of water can significantly reduce the oxygen transfer rate. A thick film of oil
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can eliminate oxygen transfer altogether (Section 13.1). Once anacrobic conditions
prevail the oxygen demand falls off, but reduced substances that are produced and
that build up further downstream cause a further oxygen demand.

The effect on the biota depends on the oxygen demand (Table 6.4} and the subse-
quent reduction in dissolved oxygen concentration in the water. The first response to
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TABLE &3

the increase in soluble organic matter is rapid bacterial growth. This, and the devei-
opment of sewage fungus, which is 2 massive development of the periphyton {(mainly
filamentous bacteria, fungus and protozoa) that smothers the riverbed as a thick
wool-like growth, is responsible for the high oxygen demand {Gray, 1985).

The presence of sewage fungus is the most obvious visual sign of organic pollution in
lotic systems, and in coutrast to its name it can be caused by any source of organic
enrichment and is usually comprised of filamentous bacteria. The main sewage fun-
gus forming organisms are given in Table 6.5, while its impact on lotic ecosystems is
summarized in Fig, 6.6,

If a severe deficiency occurs mest of nomnal clean water will be eliminated and replaced
by large population densities of tolerant species, The response of the biota in lotic sys-
tems fo organic pollution is summarized in Fig. 6.7. The affected siver can be broken
down into varicus zones deseribing the impact and recovery, although the length of each
zone depends on the amount of organic matter in the effluent and the rate of reaeration.
Therefore, a fast-flowing turbulent river recovers over a shorter distance than a slower
non-turbulent river {Table 6.6). Downstream of the outfall the biochemical oxygen
demand {BOD) concentration decreases, the oxygen concentration increases so that
the least sensitive organisms reappear first (i.e. Tabificidae — Chironomus — Asellus)

"The occurrenice of the commonest slime forming organisims expressed s percentage of
the total sites examined in the UK {Curds end Harrington, 1971) and Treland

LK freland

Dominant Secondary Total  Dominant Secondary Total

Bacteria

Beggiaioa ufbo 6.3 21.4 27.7 5.5 233 28.8

Flavehacterium spp. 3.1 371 40.2 0 i} 0

Sphaerotilus nafans 2.1 371 §9.2 2.8 233 0.1

Zoogloea spp. adA 34.0 925 111 43.3 54,4

Fungi

Fusarim 1.9 0 1.9 2.0 a 0.0
aquacdnctim

frotrichium 4.4 a1 T 0 0 0
eardiclm

Lopiomitus 31 0.6 3T 222 3.3 23.5
frectons

Protozon

Carchesium 6.3 10.1 16.4 2.8 0 2.8
polvpinum

Alzae

Stigeoclonian 31 7.6 107 ] 33 33

feriree

Reproduced from Gray (1985) with permission of Cambridge Philosophical Sociery,
Cambridge.
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Figune 6.6 Summary of the major pathways and subsequent effects of sewage fungus in lotic ecosystems.
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Tamre 6,6  Summary of effects of an organic discharge en a lotic (river] system showing various

pollutional zones as seen in Fig. 6.4

Organic pollution

Zore Clean water Cross pelfution Lesaer poliution Recovery  Clean water
Digsolved  High Very low Low Moderate High
uXYEEN
BOD Low Verv high Moderate Maderate Lowr

to high
Species  High Very low Lswr Moderate  fligh
diversiry
Key Clean water  Free bacteria SBewage fungus Filamenivous Clean water
orgunism faunaflora Tubiticidae Ciliates ulgae fzuna/Nora

{frronomus Asefls

{Section 8.2). Often if less tolerant predators or competitors are absent then exception-
ally abundant population levels occur where it first appears.

6.4 ADDITION OF NoON-ToXIC SALTS

The effect of non-toxic salts can be split into two categories. Salinization results in an
increase in conductivity and salinity due to anions such as Cl™ and 803~ and cations
such as K™ and Na*, Eutrophication is due to increases in P and N that increase plant
bicmass.

The main sources of mineral salts associared with salanization are;

{a) mining wastewaters;

{b) industrial wastewaters;

{c) increased evaporation or evapotranspiration in the caichment, although this is
mainly a phenomenon of sub-arid segions only.

Ameong the expected salts that occur as major point sources are C17, K* and Na* from
potash and salt mines; SO}~ from iron and coal mines; specific ions from industrial and
mining sources with Na™ and CO; common industrial wastes. Other minor poiat and
dispersed sources {principally Na*, C17, Ca**, SOf7) that may be locally important
include domestic wastewater, armospheric pollution, de-icing salts and fertilizer run-
off, Conductivity is used to monitor such wastes. Non-essential jons are not removed by
sewage treatment ot water treatment. Therefore, any salts discharged to sewer are dis-
charged with the final effluent after treatment. Urine contains 1% NaCl and this builds
up in surface water when it is recycled as drinking water. This is why some recycled
waters have a dull flat taste that is characteristic of waters with a high J~ concentration
before they begin Lo taste salty. The concentration of these salts can only be reduced by
dilution and assimilation downstream.
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Nutrients that cause eutrophicaticn are principally N and P These come from fertilizer
use, waste tip leachate and as the breakdown products of sewage (NO3~, 50f-,
PO, ). The major source of phosphate in wastewaters is from the widespread use of
linear alkylate sulphonate (LAS) detergents that employ sodium tripolyphosphate
builders (Secticn 13.1). Other components of detergent formulations are toxc, such as
boron from perborate additives {Table 13.3), and can adversely affect crops when
contaminated surface water is used for frrigation. The ratio of N:P in water can identify
which nutrient is most likely to be limiting o eutrophication. If the N:P ratio ts >16:1
then P is most likely to be the nutrient limiting algal development, while at ratios <16:1
then N is probably limiting. These nutrients cause increased algal growth leading to
eutrophication and a possible fall in dissolved exygen. Eutrophication in lakes is read-
ily modelled (Golterman, 1921). Vollenweider (1975) proposed a simple input—output
model (Equation 6.1) assuming steady-state conditions with nutrient loading and
flushing rates remaining constant with time and with uniform mixing:

p=_—%* gm™? {6.1)

#Hr —n)

where P is the total phosphorus concentration (g m~>) measured at time of complete
mixing just prior to siratification in spring, L is the annual loading of phosphorus per
unit area {gm™% year™1), zis the mean depth {m), r, is the sedimentation rate coefficient
(i.e. the fraction of phosphorus lost per annum to the seditment) and # is the hydraulic
flushing rate (i« the number of times the entire lake water volume is replaced annu-
ally). Using this model permissible loadings for nutrients can be calculated.

Unless nutrients are discharged directly to lotic systems (e.g. agricultural run-off) the
algal (eutrophication) zone normally occurs some distance downstream of an organic
waste discharge for two 1easons. First, organic matier has to be broken down to
release nutrients and secondly, reduced light penetration due to a high turbidity
caused by bacteria. In England, over 7% of nitrates and 40% of phosphates in rivers
originate from agrncultvral land, with 29% of rivers in 2002 haviog a nitrate concen-
tration >30mgl~". These nutrient rich catchments are associated with areas of inten-
sive arable farming (Fig. 8.2). River nitrate concentrations show definite seasonal
trends being low in summer and high in winter, especially during imes of high surface
run-off. The worse scenario for nitrate pollution is heavy rainfall after a dry summer
when nitrogen has been able to accumulate in the soil. While nitrate concentrations in
rivers appear to be leveling off, it will be many decades before any reversal in nitrate
concentration is seen in aquifers with long retention times. Remediation is discussed
in Sections 8.4 and 11.1.3.

The effect of eutrophication in Iotic systems depends on flow velocity and stream
order. For example, in small streams and rivers eutrophication promotes macrophyte
growth or periphyton including the development of filamentous algae. In medium-sized
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Figune 6.8 Macrophyte and filamentous algal growth in rivers results in a number of
physical effects including A raising the water level by enhancing settlement of solids
and B cansing hydraulie seonring npstream and downstream of the growth. (Reproduced
from Uhlinann {1979} wich penmission of John Wiley and Sons Ltd, Chichester. )

rivers periphyton is promoted by increased nutrients and, to a lesser extent, macro-
phyte growth. In large rivers phytoplankton dominates rather than macrophytes.
Moderate increases in primary productivity as plant growth increases the abundance
of herbivorous and detritivorous animals leading to an increase in overall productiv-
ity, including fish, in the system as well as increasing overall species diversity (Section
4.2). The main effects of eutrophication are:

(a) blanketing of substrata resulting in a reduction in habitat diversicy;

(b) reduction of oxygen concentration and light penetration in water;

{c) species diversity is often reduced with different dominant species;

{d) salmonids are eliminated;

{e) agal blooms can result in the production of algal toxins which are harmful to the
biota and animals drnking the water (Section 6.4.1);

{f) algal blooms cause discoloration of the water and production of offensive tastes
and odours (Section 11.1);

{g) as the plant material decays it causcs organic pollution with increased oxygen
demands;

{(h) increased macrophyte and filamentous algae will impede water flow, act as a
physical barrier for fish migration and reduce the recreational value of rivers.
Reducing the flow rate raises the water level leading to a higher water table in
adjacent fields. Macrophytes also cause increased sedimentation within the
vegetation as well as scouring the riverbed bath upstream and downstream of the
macrophyte growth (Fig. 6.8).

The importance of these effects varies between lotic and lentic systems, with strati-
fication a major factor in eutrophication in lentic systems, which is explored in
Sections 2.1 and 3.8. Lakes gradually increase their nutrient levels over time with the
nutrients entering from diffuse surface run-off or from point sources of pollution.
These putrents are constantly recycled within the lake {Fig. 6.9). Phytoplankton
growth is restricted to the epilimnion (Fig, 2.2). During winter low temperatures and
low light intensity restricts phytoplankton development, but with the increasing tem-
perature and light intensity in the spring the phytoplankton growth increases rapidly.
The development of algae is limited by nutrient concentrations in the water, which is
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Nutriant kvalsphyioplankton abundance

Spring Summesr  Autumn Winter  Spring Summer  Avumn Winter

Ficure 6.9  Seasonal cvcles of nutrients and phytoplankton on the surface layer of
lakes. Kutrient concentrations [dotted line) declire as the phytoplankton develops
{solid line}. Suatification leads to nuirient depletion in the surface layer resulting in &
dacline in phytoplankton density with senescent cells falling into the hypelimnion,
where they decay releasing nutrients. With the breakdown of steatification in winter
these nuirients are redistributed allowing a new eycle to begin.

{Reproduced from Abel (1989} with permission of Addison Wesley Longman Ttd,
Harlow.}

gradually depleted by algal growth. This leads to 3 levelling off of the density of plant
cells in the water. There is a continuous cycle of death and decay of the phytoplankton,
which sink slowly through the hypolimnion to the bottem of the lake where they decom-
pose. This pracess accelerates as the temperature and light intensity fall with the onset
of winter. Inorganic nutrients released during their decomposition remain lecked in the
hypolimnicn due to stratification. In winter, however, stratification fails due to the epil-
imnion cooling and becoming denser than the lower hypolimnion resulting in the lake
becoming completely mixed, redistributing nutrients ready for the following spring.

Construction of reservoirs and locks may reduce flow velocities in a river, resulting in
severe eutrophication where nutrient assimilation is enhanced by longer retention
times. Entrophication leads to daily (diel} variations in both oxygen concentration
and pH. During the night photosynthesis is less than respiration {P < R), se both the
oxygen concentration and pH fall. During the day photosynthesis excesds respiration
{P = R), so that the oxygen concentration and pH both rise (Fig. 6.10). If the river
i5 also organically pelluted total deoxygenation may occur during the night pericd.
In practice, the lowest oxygpen concentrations occur several hours after sunrise
(6a.m-9a.m), while the highest oxygen concentrations occur mid to late evening
(8 p.m-12a.m). The pH shift is due to all the CO; being stripped from the water and
other effects on the bicarbonate—carbonate buffering system of water {Section 3.4).
Another effect of the rise in pH is the increased toxicity of ammonia as it changes from
the ionized to the unionized form {Table 9.25 and Fig. £.11). The biological assess-
ment of eutrophication has been reviewed by Kelly and Whitton (1998).
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Ficuke 6.10
Dhaily variation
of pl1, dissolved
oxygen and phos-
phate due to
eutrophication.

Ficure 6.11

The general varia-
tion berween the
proportion of union-
ized 1o free ammo-
nia at varying pH
and temperatures.
{Reproduced from
Chapman {1996)
with pernission of
UNESCOQ, Paris. }
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6.4.1 ALGAL TOXINS

The algal species characteristic of oligotrophic and eutrophic lakes are given in Table
6.7. Blue-green algae are unique micro-organisms having some of the properties of
both algae and bacteria. They are capable of photosynthesis and some species can fix
nitrogen, but despite their name they belong to a group of true bacteria knewn as
cyancbacteria with over 1000 known species. In lentic systems planktonic forms of
blue-green algae can increase to very high densities ofien forming a suriace scum
downwind of the bloom due to the presence of air-filled sacks making up as much as
20% of the cell, making them very buoyant. These algae can produce chericals that
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FICURE 6.12

Facrors affecting the
distribution of blue-
green algae in lakes
and reservoirs.
(Reproduced Trom
NEA {1990 with
permission of the
Environment
Agency,
Peterborough. )
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Characteristic algal associations of cligotrophic and entrophic lakes

Algal group Erampile

Oligotrophic lakes  Picoplankeon Synechococons
{often small evanobacteria}
Desrnid plankton Staurdesmus, Statrastrim
Clirysophycean planktou Finobryon

Mesotrophic lakes  Digtom plankton Cyclotella, Tabellarna
Dinoflagellate plakton Periefistiern, Coratitin
Chlorococcal plankion {locystis, fudering

Eurrephic lakes Diatom plankmn Astesionetio, Frcgqﬂu.ria

Stephanodiseres, Melosirn

Dinollagellate plankton Peridinium, Clenonliniom
Chlorocnecal plankion Seenedesiuy
Cyanchacterial plankton Aphearizomenson, Anabaena. Microgystis

Reproduced from Mason (1906] with permission of Addison Wesley [Longman Ltd, Harlow.

are texic to all mammals including humans (NRA, 1590). They are found mainly in
eutrophic or hypertrophic takes where they can form bicoms at water temperatures
(=20°C) where there is a high P concentration; although growth is limited at low
temperatures (<< 10°C) and low phosphate concentrations (<0.4 pgl™1). Typical dis-
tribution of blue-green algae is related to light, mixicg and the availability of phos-
phorus as shown in Fig. 6.12. Here, the ratio of the depth of the fully mixed zone of
the lake (f1,,} to the photosynthetic depth (A,) is plotted against the phosphorus
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concentration so that genera characteristic of oligotrophic lakes appear at the base of
the figure. Different species of Osciflatoria predominate at extremes, while other
types of planktonic algae such as Micracystis compete with other groups in the mote
favourable environment {NRA, 1990),

Cyanobactenial poisoning i5 caused by contact with water containing blue-green
algze, consumption of fish taken from contaminated waters or drinking water with
cyanobacterial toxins (Hunter, 1991). The toxins can kill fish and other biota, farm
animals and waterfowl. The effects on humans is very serious causing a wide range of
symptoms, normally liver damage, although mortalities are rare (Codd er af., 1989,
Falconer, 1999). The toxins produced by biue-green algze are varied but include:

(a) neurctoxins (mainly alkaloids) produced by species of the genera of dnabrena,
Aphanizomenon and Oscillatoria, that cause paralysis of the skeletal and respira-
tory muscles resulting in death in as lietle as 5 min;

(b} hepatotoxins (microcystin — peptides} produced by species of the genera of
Microcystis, Oscillatoria, Anabaena and Nodularia, that mainly cause severe and
often fatal liver damage.

All algal toxins are highly toxic and difficult to contrel. In practice, water with blue-
green algal blooms are not used for supply purposes, although algal toxing can be
removed from drinking water by granular activated carbon (Section 20.6). The WHO
has proposed a guideline value of 1 pgl™ for microcystin-LR in drinking water
(Falconer, 199%). Not all blooms of cyanobacteria result in the release of toxins.
However, algal toxins are difficult to monitor and detect, making prevention very
difficult (Lawton and Codd, 1991).

6.5 HEATING OF THE WATER

Many effluents may be warmer or cooler than the receiving water; however, the main
problem is waste heat from coeling towers or power generation. Heat added to rivers
is quickly dissipated downstream. Heat loss depends on turbulence, dilution, water
velocity and temperature difference (Fig. 6.13}. In the US, river temperatures =30°C
ar¢ not uncommon, whereas in the British Isles river temperatures above 24°C are
rare. So the problem of dissipating heat from discharges varies significantly from
place to place.

Elevation of water temperature causes a number of direct responses:

{2) heat stress or death of sensitive species;
{b) enhanced micro-organism respiration;

{c) increased toxicity of many poisons;

(d) the attraction-repulsion of mobile species.
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The increased temperature also lowers dissolved gas solubility. In terms of oxygen
availability sensitive species will be excluded, especially if the BOD is elevated due 10
the higher micro-organism respiration rate. Nitrogen is also a problem, coming out
of solution as the temperature rises causing gas bubble disease in fish and macro-
invertebrates, which is normally fatal. The abstraction and disposal of cooling water
can canse other problems. For example, the abstraction of cooling water causes a
local increase in water velocity that can attract and damage species. As another
example, anti-fouling biocides are used to control the development of biofilms within
the cooling systems. Chloring is generally used, although the pesticides are also
employed. Not only de these kill any organisms passing through the system, they can
also be discharged, resulting in a toxic effect on the receiving water bicta. Thermal
pollution is not oaly cansed by heated effluents and cooling water from power sta-
ticns. Water from other water resources such as ground water, reservoirs and lakes
used for flow compensation in rivers may also be either warmer or colder than the
receiving water causing a significant temperature change. Warmer water may not
readily mix with colder denser water and so form a surface plame. This will reduce
axygen transfer to the colder water beneath, although the benthic organisms are pro-
tected from any sudden changes in temperature (Abel, 1989).

Overall the effects can be summarized as the loss of temperature-sensitive species,
especially salmonids, an increase in the rate of biological activity and, therefore, an
increase in BOIY, and finally a lower axygen saturation concentration in the water,
Climate change due to global warming is causing a slow but steady rise in the mean
temperature of European rivers and lakes. This is causing concern as it is resulting in
significant changes in the composition of the biota of surface waters (Section 23.2).
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6.6 Tur EFFECT 0N THE BUFFERING SYSTEM

The buffering system of freshwaters has already been described in Section 3.4. There
are two major causes of acidification of freshwater systems, acid rain and acid mine
drainage.

6.6.1 ACID RAIN

When sulphur dioxide (SC;) and the oxides of nitrogen (NO,), mainly from motor
exhausis and the combustion of fossil fuel, reach the atmosphere they react with
water vapour being oxidized to form sulphuric and nitric acids. This is then carried
to earth as rain or snow {wet deposition) or in particulate form {dry deposition}.
Uncontantinated rainwater in the atmesphere is in equilibrium with CO; and has a
pH of 5.6 (Section 3.4). However, most rainfall in Europe has a pH less than 4.5 due
to acid formation, with an average 70% of the acidity due to snlphuric acid. Acid rain
lowers the pH of surface waters by falling into surface waters, as surface run-off
within the catchment or by the generation of acidity within the s0ils of the catchment,
The impact on surface waters is linked closely to catchment geology and the acid neu-
tralizing capability (ANC) of the water, Soft waters are more at risk from zcidification
due to their poor acid neutralizing capacity (i.e. alkalinity <24 mgl ™! as CaCO;) The
buffering capacity of lakes can be caleulated as:

ANC = T hase cations — %, strong acid anions (peq 171) (6.2}

= (Ca?* + Mg + Na* + K*) — (803~ + NO; +C)  (6.3)

This s¢ale can be used to classify lakes as to their sensitivity to acidification:

ANC (ieq 7] Sengitivity

0 Acidified
<140 Yery sensitive
=40=200 SBensitive
=200 Ihsensitive

Scil acidification is a major factor in water acidification. In the soii the acids in pre-
cipitation dissociate into their respective ions (HY, SO, NO;). As the dissociated
H* ions increase, cation exchange in the scil increases with Na*, K* and Mg®* dis-
placed from exchange sites on soil particles and transperted into surface waters with
8O3 effectively transferring acidity from the soil to surface water. The acid
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precipitation also mobilizes metals, including aluminium ions (AP*), where the pH
is <<d.35. Trees, in particular conifers, are very effective at scavenging dry deposition
and polluticn held in mist and fog (occult deposition) causing increased acidity in the
precipitation fzlling under the vegetation. In coastal areas oceanic aerosols are also
effectively captured by the vegetation resulting in increased sulphate deposition and
release of HY ions. The effect of acidification by acid rain is best seen in lakes. The
effect on pH is dependent on the concentration of bicarbonate ions in the water.
Initially the bicarbonate buffers the input of acids according to:

H* + HCO! — H,O + CO, (6.4)

The pH remains above 6, and the flora and faunz is unaffected. Lakes where there is
encugh bicarbonate buffer to neutralize the acidity are classed as bicarbonate lakes
(Fig. 6.14). Where the bicarbonate is exhausted the pH may collapse resulting in fish
kills. If this is a seasonal or occasional event then the lake will recover (transitional
lake). If the loss of alkalinity is comnplete then the water will retain a low but stable
pH of <35, although metal levels including alumiium (Fig. 20.2) will be elevated
{acid lake}. The general biological effect is the rapid elimination of sensitive species
as the pH falls and metai contamination rises, in particular alyminium, with fish par-
ticularly sensitive. Most waters sensitive to acidity are already classified as soft which
naturally have a low species diversity of macro-invertebrates. Few species can toler-
ate such conditions, especially in a low calcium environment. Ephemeroptera are
particularly sensitive to acidification.

[
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6.6.2 ACID MINE DRAINAGE

Acid mine drainage occurs whenever mineral ores are mined. It is caused by the oxi-
datien of a sulphide ore, usually pyrite (Fe3;). The most commonly associated min-
erals are pyritic sulphur, copper, zing, silver, gold, lead and wranivm. The most
frequently mined sulphides are pyrite (FeS,), chalcopyrite (CuFe§;), sphalerite
{Zn8) and galena {PbS}). However, in Europe the commonest source of acid mine
drainage is coal mining and storage.

The oxidation of pyrite is a chemical process although chemoautotrophic bacteria
are alse closely involved, Pynite is oxidized in the presence of air and water to ferrous
sulphate and sulphuric acid:

2FeS, + 2H,0 + 70, — FeSO, +H,80, (6.5)

The ferrous sulphate is further oxidized to ferric sulphate. This step is catalysed by
iron-oxidizing bacteria, such as Thichacillus ferro-oxidans:

4FeSO, + 0, + 2H,80, — 2Fe,(S0,); + 2H,0 (6.6)

The ferric sulphate then reacts with water to produce ferric hydroxide and mors
acid:

Fe (SO, ), + 6H,0 — 2Fe(OH), + 3H,80, (6.7

In practice, the chemical reactions are very siow. The presence of bacteria, such
as T ferro-oxidars (ivon oxidizing) and 7. thic-oxidans (sulphur oxidizing), greatly
aceelerate the process due to enzymatic activity. These bacteria grow at a very low
pH, do not require organic matter and so rapidly dominate the flora. They utilize
PYTites 35 an energy source, 50 their enzymes can accelerate the rate of oxidation by
up to 1 million times. The bacteria are collectively known as acidophilic (acid loving)
chemeautoirophs.

The cxidation of pyrite is in fact a four-step reaction:

(1) FeS, + %0, + Hy0 — Fe?* + 280§~ + 2H* (6.8)
2) Fe¥* + %0, + H* -+ Fed* + ¥H,0 (6.9
3 Fe** + 3H,0 — Fe(OH), + 3H* (6.10)

{4} FeS, + 14Fe¥* + 8H,0 — 15Fe** + SO%~ + L6H* (6.11}
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Step (2) is the rate-limiting reaction, the oxidation of ferrous iren (iron IT) to ferric
iron (iron III). There is a propagation cycle between steps (2) and (4) where Fe**
one of the products of step (2), acts as an oxidant of pyrite in step (4), and the
Fe’* produced by this reaction can be used as a reductant in step {2). Step (2), the
oxidation of ferrous sulphate to ferric sulphate, is normally catalysed by iron-oxidiz-
ing bacteria. These bacteria keep the ratio of Fe** to Fe?" in the Fe'™ oxidizing step
{4), high. In this way the bacteria are enasuring that more pyrite is oxidized to produce
more Fe?* to drive step (2).

Pyrite is only broken down in the presence of water and oxygen. Pyrites can remain
in their reduced form in an undisturbed state so long as they are anaerobic. Only a
few cases of naturafly occurring acid streams have been recorded, most occur as a
result of mining activity, The major facter is the surface area avaitable for oxidation
of pyrite, as this determines the overall rate of reaction.

Acid mine drainage is a multi-factor pollutant (Fig. 6.15). The low pH adversely
affects the biota and rakes into sclution heavy metals which are toxic. Iron is toxic in
its own right at elevated concentrations. As the drainage water is diluted the pH rises
and ferric hydroxide flocs are formed. These not only cause turbidity but settle out of
suspension forming a layer of precipitate {ochre). There are four main pelluticnal
effects: acidity, heavy metals, suspended solids (i.¢. fernic hydroxide precipitate) and
salinization (i.c. sulphate) {(Kelly, 1989). The ecological effects are summarized by
Gray (1997).

| Acid mine drainage (AMD) |
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Tamr 6.8 Fish kills io Treland 1935-1990

Source I95% 1959 9% Canse
Agoculiure 26 26 23 Organic
Deoxgenation® 0 25 2 Deoxyvgenation
Indusirial 7 14 14 Organieftonic
Futrophication 4 12 4 nuirients

Civil works 3 12 1 Inert solids
Sewage 0 S 1 Organic

Water works J 4 2 Inert solids/toxic
Lriknown 7 10 D

Tinal 1] 111 52

"D 10 Tow Mlows,
Reproduced from: Moriarty {1991} with permission of Roinn Na Mara, Dublin,

6.7 Fisu KiLLs

The causes of fish kills are similar throughout Enrope, although the more industrial-
ized a country then the more important industrial pollution is as a causative factor in
fish mortality. The causes of fish kils in Ireland between 1988 and 1990 are summa-
rized in Table 6.8 (Mortiarty, 19%1), and the category of pollutant this involves is
shown (i.e. organic, inert solids, et¢.). Owver half of the reported kills took place in
¢astern and southern fishery areas (i.e. the areas of high population density and most
industry), with agriculture and industry the most serious causes. Sewage treatment
plants are rarely a problem except during exceptionally low flows when the available
dilution may become inadequate. Nutrients come from slurry spreading, agricultural
fertilizers and domestic sewage. The majority of fish kills occur in the summer
months of May—August, with a peak in Junc and July. There are very few kills in the
winter from October to March. The significant increase in fish kills in 1989 was due
mainly to low water levels resulting in lower dilution, Increased sunshine and tem-
perature that year resulted in an increase in eutrophication and made fish much
more susceptible to low dissolved oxygen conditions.

6.8 ConcLUsION

Discharges can make rivers more silty, more acid or alkaline, less oxygenated,
warmer, harder, saltier and richer in nutrients, but still a natural river so long as these
parameters remain within the bounds of normal variability. All rivers and streams
have the capacity of self-purification and polluted water will eventually regain its nat-
ural quality with time. Many of the more persistent pollutants are removed finally by
precipitation and/or adsorption. Where there is a steady input of pollutant the river
will show various permanent changes in chemical, physical and biological quality
downsiream.
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INTRODUCTION

Prier 1o the introduction of the European Union (ELN) Water Framework Directive
{WFD} (Section 7.2), water resources were managed on an individual basis, with little
coherant policy in terms of how water bodies interacted with each other, or how land-
based activities affected them. The concept of catchment management emerged in the
19703 and led to the formation of catchment-based water authorities in the UK. This
allowed improved management of water resources, especially the regulation of flow
in major rivers, River Catchment Management Plans were developed in Ireland in
the catly 1980s and were used to set water quality standards based on use criteria.
Haowever, other water bodies such as lakes, groundwaters and coastal waters were
largely ignored within such plans leading to these rescurces being largely unmanaged
atd unmonitotred, The WED provides a unique management structure that deals with
the whole water cycle and isolates the water cycle from contamination by hazardous
substances by eliminating them at source. Using an updated and streamlined group of
Directives, water is effectively protected from all land-based sources of pollution for
the first time, preventing hazardons substances from being lost into the marine envir-
cmment. Setting emission limits through the Urban Wastewater Treatment and
Integrated Pollution Prevention Control Directives controls peint sources of pollu-
tien; while diffuse pollution is controlled by the Nitrates Directive and the application,
through the WED, of best environmental practices {Section 7.4). The development of
catchment management is examined in Sections 7.1 and 7.2,

7.1 Basic MANAGEMENT PROGRAMME FOR RIVERS

The objective of river martagement is to balance the interests of users with the devel-
opment of the resouree, while at the same time improving and preserving environ-
mental quality. The ideal situation is the optimal utilization of resources without
deterioration of their natural quality. Uses can be classified as either consumptive
(e.g. irrigation, water supply, waste disposal, fishery production, etc.) or non-
consumptive {e.g. aesthetic, ecological, scientific, etc.). It is the former uses that
reduce the quality or availability of water for the non-consumptive functions, requiring
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TaprLe 7.1 Major anthropegenic activities affecting river systerns

Supra-caichment effects
Acid deposition
Inter-basin transfers

Catehiment lend wse change
Afforestation and deforestaiinn
lirhanization

Agricultural development
[ond drainage/flond protection

Corridor engineering

Removal of riparian vegeration

Flow regulation [dams, channelization, weirs, erc.}
Dredging and mining

Instream impacts

Organic and inorganic pollution
Thermal pallation

Abstraciion

Navigaton

Exploitation of native species
Introduction of alien species

Reproduced form Boon ef of. (1992] with perrnizssion of Joha Wiley and Sons Ltd, Chichester.

conservation action to be taken. The fundamental problem of water management is
to find an acceptable balance between use and conservation of a system. Owing to the
growth in population and the increasing demand for water, many of the anthro-
pogenic activities affecting freshwater systems are increasing {Table 7.1).

Water quality is very hard to define and to a great extent extremely subjective. It is
not simply a case of the cleanet or purer the better. For example, distilied water is
extrermely pure chemically and so its quality can be considered as being high as it con-
tains no toxicants er pollutants, yet it is unsuitable for potable use and it lacks the trace
elements necessary for freshwater biota. Water quality can only be defined in relation
to some potential use for which the limiting concentrations of various parameters can
be identified. This approach makes particular sense as concern for quality is normally
related o some practical need (e.g. drinking, fishing, agriculture, etc.},

There are & variety of uses for water ¢ach requiring their own set of specific gquality
requirements (criteria). These can be categorized into simple groups, such as:

(1) those requiring water of highest quality and free of pathogens, uses include:
drinking water supply, salmonid fishery, swimming and certain industrial
processes such as foed processing;

{IT) those requiring water of lesser quality but still free from toxins and pathogens,
uses include: coarse fishery, amenity and recreation such as beating, alse agri-
cultural irrigation and certain industries;

{I[I) where quality is unimportant, just quantity; uses include: cocling water and
navigation.
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This classification system was originally proposed by the World Health Organization
(THD-WHQ, 1978) but is now seen as being rather crude for modern management
purposes. Most countries have developed their own classifications linking water qualiry
to potential uses (Tables 9.20 and 7.2). The EU has also produced a wide range of
usage-based Directives on water quality {e.g. Surface Water Directive, Freshwater
Fish Directive, ete.) and these are considered in detail in Chapter 8. The main criteria
for vse are freedom from pathogens, non-texcity, and consisteacy of quality and con-
sistency in the quantity of water {Table 7.3).

No European rivers are designated as mere effiuent carriers; all regulatory authorities
accept that a minimum standard for all waters is that it should be suitable for recreation
{excluding swimming) and other group uses. Where rivers are required for supply or
group (I) uses, then a greater effort is expended in achieving the high guality required
and in maintaining it. With the introduction of the WFD, this approach must change
with all water bodies, inchuding rivers, maintained to at least Grood Quality Status,
Where rivers are so severely damaged that improvement would require a very large
investment, then the current quality status must not ke allowed to deteriorate further,
with the long-term ebjective to bring them up to the minimum Good Quality Status.

Group (I) uses are those most often protected through EU tegistation. River classifi-
cation in Burcpe is largely based on the former UK system where rivers are ¢lassified
according to their water quality ranging from good (Classes 1A and 1B) to bad {Class 4)
quality (Fable 7.2}. This is achieved largely on the basis of chemical criteria and in
particular biochemical oxygen demand {BOD) and disselved oxygen (DO) concen-
tration. Most European countries have a high proportion of river channels with good
water quality that are classed as Grade 1A and 1B. The less industrialized the country
the greater the proportion of rivers in these top groups. France and Germany both
have less than 45% of Grade 1 rivers with the overall situation in many countries slowly
deteriorating, especially in terms of rising nutrient levels (Newman &f ai., 1992).

In water management, decisions are based on the comparison of water quality data
with criteria and standards. Criteria are scientific requirements on which a decision
or judgement may be based conceming the suitability of water quality to support a
designated vse; that is, the determination of the basic water quaiity requirements for
a particular use. Sets of criteria exist for five categorics of specific water use:

Raw water sources for drinking, supply.

Public recreational waters, aesthetics.

Agricultural supply.

Induwsirial supply.

Preservation of freshwater, estuarine and marine ecosystems.

Mok b e

With time this information is refined and extended. Objectives are the levels of
parameters to be attained within a water quality management programme, often



TagLe 7.2 The former UK river qualicy ¢lassification system® is linked to water use

Remarks

Current potential uses

River Class Quality eriteria
Class limiting eriteria
(95th percentile)
1A Good quality {i} O saturation greater than 0%

(i1} BOD nut grearer chan 3 my -1

(i) Ammonia not greater than 0.4 mgl™

(iv) Where the warer is abstracted for
drinking water. it complies with
requirsmeants for A2" water

(v} MNon-toxic 1o fish

1B Good quality {1} DO greater than 60% saturation
(i) BOD not greater than 3mg)~!
(i} Ammonia not greater than 0.9mg?™!
[iv] Where water is abstracted for
drinking water, it complies with the
requirements for A2P water
i(¥) Non-toxic 1o fish

2 Fair quality {i} DO greaver chan 40% sacuration

(it} BOD rot greater than 9mgl™!

(i} Average BOD probably nor

{ii} Visible evidence of pollution

(i)
(ii)
{ii)
{iv)

{1

(i} Water of high quality suitahle
for potable supply abstractions
and for all vther absiracdons
{ii} Game or other high-class fisheries
{iii) High amenity value

rraarer than 1.5 mgl =1

should be absent

Average BOD probably

not greater than Zmgl™!
Average ammania probably
not greater than 0.5 mg1™?
Visible evidence of

pollution should be absemt
Waters of high qualicy

which cannot be placed in
Class 1A becanse of the

high propordon of high-quality
effluent present or because of
the effecr of physical factors
such as canalbization, low
gradient or euteophication
Classes 1A and 1B together are
cssentially the Class 1 of the
River Pollution Survey

Average BOD probably
not greater chan 5mgl

Warer of less high quality chan Class
1A but msable for substantially the
SAME PUIPOSES

(i) Waters suitable for potable supply
after advanced treatinent



{iii) Where water is abstracter for {ii] Similar 1o Class 2 of (i) Supporting reasonably good

drinking srater it complies with River Pollution Survey course fisheries
the requirements lor A3® warer (iii) Water not showing physical {ili) Moderate amenity value
(iv] Non-toxic to fish in EIFAG signs of pollution other than
terms {or hest estimates if humic colowration and a livde
EIFAC fizures not available} foaming below weirs
3 Foor quality {i} DO greater than 10% saturation Similar to Class 3 of River Waters which wre polluted to an
{ii] Moz likely to be anaerohic Pollution Survey extent that fish are ahsent or only
{iii} BOD not greater than 17 mgl™". sporadically present. May be vsed
This may not apply if there is a tor low grade industrial abstraction
high degree of reaeration purposes. Considerable potential for
Further use if cleaned up
4 Bad quality Waters which are inferior to Class 3 Similar to Class 4 of River Waters which are grossly polluted and
in terms of DO and likely o be Puollution Survey are likely 1o cause nuisance

anacrobic at dmes

X [H) greater than 10% saturation Insignificant watercourses and ditches
tiot usable where the objective is simply
t0 prevent nusance developing

Notey:

(i} L'nder extreme weather conditions (c.g. food, drought, freeze-up), or when dominated by plant growth, or by aquatic plant decay, rivers usually in
Classes 1, 2 and 3 nuay have BODs and DO levels, or ammonig content outside the siated levels for those classes. When this ocenrs the cause shonld
be staved along with analvtical results,

(i) The BOD determinations refer 10 5-day carbonaceous BOD with allythiourea. Ammonia figures are expressed as NH,.

(iii) In most instances che chemical classification given above will be snitable. However, the basis of the classification is restricted to a finite number of
chemical determinants and there may be a few cases where the presence of a chemical substance other thaz those used in the classilication markedly
reduces the quality of the water. Tn such cases, the quality classification of the water should be dawn graded en the basis of biota actually present,
and the reasons stated.

“The river classification system is now to be superseded by the new Environment Agency GOQA scheme (Section 9.5).

*European Econamic Community {EEC) Category A2 and A3 requirements are (thuse specified in the EEC Council Directive of 16 June 1975
concerning the quality of surface water intended for abstraction of drinking water in the Member State (Table 8.5).

Reproduced with perinission of Her Majesty's Stationery Office, London,



120

Chapter 7 / Water Basin Management

TapLe 7.3 Four main requirements of water in relation to use

Lse Freedom from Non-taxle Conslstency
ens
pathos Ouality  (Quantity

Domesztic X * x *
Indhstrial

process - - b X

conling - — *
Agriculraral - ® b ®
Navigzation - - — K
Fisheries - x e -
Waste disposal - - - »
Sport

swimming x - x

boating b - - x

skiing X - *

referred to as water quality goals or guidelines, Standards are legally prescribed
limits for discharges adopred by governments or other legal authorities. These have
been based on technical feasibility, cost-benefit and risk-benefit analysis. Standards
are used to achieve objectives which in turn are based on the critical assessment of
national pricrities, such as cost, population trends, present and projected water
usage, industrialization and economic resources {(JHD-WHO, 1978). Water quality
standards have been set by various organizations including the WHO, the EUf and
the US Environmental Protection Agency (USEPA). The Directives currently affect-
ing water quality in Europe are summarized in Table 8.1

Water pollution legislation allows consents (or discharge licences) to be sct for dis-
chargers to hoth receiving waters and sewers. Consents can include details on the
nature and composition of an effluent, its temperature, volume or rate of discharge,
or any factor deemed important {e.g. times of discharge in tidal areas). These consents
are legally enforceable and can lead to prosecution under the relevant legislation. In
deciding a consent condition a discharge must not make any appreciable change in
quality. This is calculated using mass balance, waste assimilative capacity and, increas-
ingly, water quality models (Section 7.1}. Consents are based en low flow conditions
when any resultant pollution will be at a maximum. Ammonia is an exception, as it is
not oxidized so quickly in winter so conditions may be based on winter conditions. Of
course there will alse be a safery margin built in. Like any other planning decision, dis-
chargers can normally appeal against a consent or licence. They are renewed usually
every 3 years, sometimes annvally or when a factory expands or its discharge signifi-
cantly changes due to work practices. Once consents are agreed then a routine sam-
pling programme must be initiated to monitor both the discharge and the receiving
water quality. The monitoring may be chemical, biological or both {Section 9.2).

Complex river systems have led to an ever-increasing use of systems medelling. Using
baseline data, extensive models have been constructad to estimate assimilative
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capacities and us2 demands (Section 7.2). The increasing complexity of co-ordinating
discharge licences and protecting water quality to attain the environmental quality
objectives (EQQ) has led to the development of water quality (catchment or basin)
management plans.

7.2 WATER QUALITY AND CATCHMENT MANAGEMENT PLANS
7.2.1 WATER QUALITY MANAGEMENT PLANS

In Treland, prior to the introduction of the WFD, the Water Pollution Act 1977 enabled
a pumber gf county councils to work together to produce water quality management
plans (WQMP), based on catchments and not administrative boundaries, These pro-
vided a legal document, similar to a county development plan, which defined manage-
ment objectives and set water quality objectives and standards. They had a draft stage
to allow for public comment or if necessary an enquiry, but once adopted a WQMP
became law. The primary aim of a WQMP was to ensure that water quality was main-
tained in a satisfactory condition and where necessary improved thereby: safeguarding
public health; catering for the abstraction of increasing quantities of water for domes-
tic, industrial and agricultural purposes; catering for the needs of commercial, game
and coarse fish (as appropriate); and catering for the relevant water-based amenities
and recreational requirements. Such plans covered a period of 20 years and were to be
reviewed and, where necessary, revised at least every 5 years (McCumiskey, 1982).

There are $ix major stages in the development of 2 WOQMP for a river caichment:

1. 'Bo decide on the uses of a particular river {i.e. group designation).

2. To decide on the water quality conditions necessary in the river to suppart the
uscs decided at stage 1 (i.e. water quality criteria).

3. To assess the effect of existing discharges on a river and to attempt a forecast of
future effluents.

4, To decide upon the standards that are required for each effluent discharge in
order to leave a river with the necessary quality (i.e. water quality objectives).

5. To produce consent (discharge) conditions which will include the standards
decided under stage 4.

6. To initiate a sampling programme which will both ensure that discharges comply
with the above standards and also indicate from the river water quality whether
revised effluent standards are necessary,

These steps are expanded into a full methodology in Table 7.4 (Fig. 7.1). The major
factor affecting long-term water quality is the initial setting of standards that are
dependent on the designated uses identified and their water quality criteria. In
Ireland all rivers for which &8 WOQMP were formulated have been classified as
salmonid. Therefore, the standards adopted have all been the same (Tahle 7.5).
Those catchments that have also been designated as salmonid under the EU
Freshwater Fish Directive use the EQO in Table 8.13.
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Tsmk 7.4 The major steps in the production of a WOMP for a river (visnalized in a flow
diagram in Fig. 7.1)

1. Wemify beneficial warer uses (existimg and foture] 1 be protected

2. Compile all available date oo water quality

3. Examine the data in (2) and determine the characieristic clements which mainlv

determine water quality ai selected control seerions along main channel

and major tributaries

Selrct water quality standarids aecording ta (1), Due reference to E1 Dirertives

and other standards

Compure assimilative capacities a1 key Jocaiions

Compure population projections for carchmen (20 vears)

Compuie generated waste loads and loads discharged in catehment

Cuttpuate projections of generated Ioads over projected period

Identify cxisting and future abstractions

Estimate water quality ot key locations as a result of {a} existing and (b) lwiure waste

loads. Identifv the level ol wazte-load reduction required

11, Review all possible options in relation to the treannent of existing and projected
wastewater lowls prior to discharge and determine the reserve capacity of the
river al kev sections in relation to these optinns

12, Belee the approprigte treatmoent options or existng wastewater disclhurges
{public. and private) so that receiving water siandards can be met and a
suitahle reserve capacity far future developmerwrs maintained

13. Determine the main priorities for cepital investiner in hoth public and
private wastewater treatmem facilivies

14, Outline the general procedures that should be adupted Jor the laying down
of effluent emission standards for fature wastewnler discharges

e

=Rl o

7.2.2 CATCHMENT MANAGEMENT

The management of water resources cannot be isolated from the use of the land
within the catchment. Therefore, the WOMP approach outlined above is being
replaced with a more integrated approach to river management where land use is
more closely controtled in order to minimize the impact of diffuse pellution,
especially from agriculture and forestry. This is reflected by the iniroduction of
new legislation, such as the Nitrates Directive (91/676/EEC), resulting in new
codes of practices for agriculture and the designation of nitrate-sensitive areas
{Sections 8.4 and 11.1.3} (Table 7.6}, Other important considerations include the
effect of small treatment plants (e.g. septic tanks) {Chapter 22) causing localized
nutrient, trace organic and pathogen pollution of surface waters either directly or via
groundwater, and the problems caused by urban and rural run-off on water quality
{Section 7.4). More attention is also paid to other water uses, such as conservation
and recreation. Geographical information systems (GIS) are likely to become
increasingly important to the management of large systems. Its primary function is to
analyse and present information quickly and effectively allowing management
decisions o be made much faster than with traditional mapping technology. The use
of GIS in conjunction with CORINE land cover maps allows potential risk areas
within the caichment to be identified. One effect is to isolate diffuse sources from



Ficure 7.1

Flow diagram.
showing the major
steps int the forma-
tion of 2 WQMP,
{Reproduced from
MeCumiskey {1982)
with permission of
the Environmental
Protection Agency,
Dublin.}

7.2 Water Quality and Caichmeni Management Plans
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al Present waste
| 1 load dscharged
Projecied
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waate load
I rechction
requirad
Incusirial
Projections Specification
of individual
efflusn
standards
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individual farms or other land-based activities and turmn them into point sources so
that they can be treated.

River channelization for flood prevention is widespread and involves the straightening
of river bends and the removal of natural obstructions. This results in a straight river
channel devoid of bankside trees and other large vegetation, a uniform substrate with
a very low habitat diversity. The prezence of riparian vegetation, especially mature trees,
shades the river and suppresses macrophyte growth. However, engineered rivers require
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TapLE 1.5

TabLE 7.6

Water quality standards used in Irish WOMP for salmonid rivers {percentile values
based on 95th percentile flow}

Dissolved oxygen

=4 mg!~! for 59.9% of the time
=6 mg) ! for 95% of the time
=9mgl? for 50% of the time

Brochemical oxveen demend
=5mg~? for 95% of the time
=3 mgl™’ for 30% of the time

Ammonia
=002 mg 7Y for 90% of the time (unionized)
=0.05mg 17! for 95% of the time {rotal ammonia)

Oxitlized nitrogen
=11 mgl™! for 95% of the time
Orshophospheate

=0.2mgl™" for 95% of the time
=().1 mg 17! for 50% of the time

Key actions of a Code of Practice to control nitrate leaching from agricultural soils

Reduction in leaching during the wer seasons Crop rotations, soil winter cover,
carch crops
Nutrient management plans Balancing application with soil supply

and erop neads, frequent manure and
soil analysis, generzl limnitations

per crop for both mineral and
organic nicrogen applicotion rates

Appropriate application Sufhcient manur: storage, application
only when the erop necds murients,
good spreading pracrices.

Buffer zones Use of non-fertilized grass strips and

hedges along watercourses and ditehes
f¢ FRMOVE nitrares

Appropriate land use Avoidanee of sieeply sloping land,
lighly permeable soils and land bordering
vulnerable aquifers and surlace waters

regular maintenance to contral macrophyie development either using machinery,
which is very damaging to the riparian zone, or by the application of herbicides.
Channelization results in a large reduction in species diversity and abundance, especially
of vertebrate species, such as fish, otters and water voles. In the UK, the Environment
Agency has introduced an integrated management approach to prevent such damage
to wildlife. This involves carrying out river corridor surveys using a standard method-
ology to evaluate the conservation value of each section of 2 river (300m) and fo
identify the best engineering solution to any problems with minimal disturbance
(NRA, 1993). An example of how riverbeds can be rehabilitated or improved by



FiGung 7.2
Schematie longitudi-
nal section chrough
a riverbed showing
typical reha-
bilitation action.
{Reproduced from
Ferguson et ai,
{1998} with
permission of

the Chartered
Institution of Water
and Environmerntal
Managerent,
London.)
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simple engipeering techniques is illostrated in Fig. 7.2 (Ferguson et al, 1998). The
loss of flood plains and marginal wetlands due to land drainage and channelization of
rivers is a major factor in the reduction of fish stocks in lowland rivers, Major restora-
tion projects have been carried out on a number of such rivers (Brookes and Shields,
1%96). In Denmark, a 25 km stretch of the River Brede, and a further 3km of tributar-
ies, which had been channelled 40-50 years previously, were re-meandered to improve
floed control and the ecological quality of the river (Fig. 7.3). Small lakes, ponds and
wetlands were created by raising the level of the subsirate in the re-meandered
sections of the river increasing the hydraulic contact between the river and the
surrounding meadows, Gravel was introduced to create spawning grounds and shal-
low backwaters, often referred to as fry ponds, to allow more young fish to mature
{Neilsen, 2002), These are alsc being constructed on lowland rivers throughout the
east and south-east of England and have been particularly successful in providing
cover to allow fish to feed and hide during development. The restaration project on
the River Brede has significantly improved water storage in the lower catchment by
recreating flood plains thereby reducing downstream flooding. With the rise in sca
level due to climate change, such actions are increasingly important in helping to
minimize the effect of Aood incidents,

The Environment Agency introduced catchment management planning in the early
1990s and defines the process as:

A catchment management plan treats a river, together with the land, tributar-
ies and the underground water connected with it, as a complete unit, or catch-
ment. The plan sets out a common vision for the river catchment, reached after
consultation with all interested parties. It identifies objectives and lists actions
for conservation, recreation and amenity, as well as including alk of the other
functions of the Agency, Catchment management plans are the primary
methed by which the Agency are able to fully understand and plan any changes
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Ficugre 7.3

River restoration
on the

River Brede,
Denmark.
{Reproduced from
Neilsen {2002) with
permission of

the Chartered
Institution of Water
and Environimental

Management,
London.)

that are envisaged to a particular river, By using these plans, all sites along a
river can be seen within a much larger context, cnsuring that any changes else-
where are neither harmful nor impact on existing recreational usage or on the
general environment (NRA., 1994,

The fundamental aim in catchment planming is to conserve, enhance and, where
apprepriate, restore the total river environment through effective land and resource
planning across the total catchment area. This is the basis of sustainability, and those
rivers that ar¢ currently under greatest stress are those where development and land
use within the catchment have ignored their potential impact on the river system.
The introduction of the WFI» has taken the concepts of catchment management and
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created an integrated structure for the management, conservation and improvement
of all water resources within river basins. This pioneering legislation will ensure sus-
tainable use of water, preserve ecological quality and eliminate the transfer of haz-
ardous pollutants from land-based activities into the marine environment through
the hydrological cycle.

7.3 THE WATER FRAMEWORK DIRECTIVE

7.3.1 INTRODUCTION

The European Community (EC) WFD (2000/40/EC) provides an integrated
approach to the protection, improvement and sustainable use of Europe’s rivers,
lakes, estuaries, coastal waters and groundwater. The main aims of the Directive are
te prevent further deterioration, protect and enhance the siatus of aquatic ecosys-
terns and associated wetlands; to promote the sustainable consumption of water; to
reduce pollution of waters from priority substances; to prevent the deterioration in
the status, and to progressively reduce pollution, of groundwater; and to reduce the
effects of floods and droughts, The WED is unique as it deals with all water resources,
including both surface and ground waters, fresh and saline. Estnaries and coastal
waters are included as the velume of freshwater flowing into them generally affects
their equilibriom. Wetlands are highlighted in the Directive as, apart from being a
threatened habitat, they play a vital role in the protection of water resources. The
overall objectives of the WFD are to provide a sufficient supply of good quality sur-
face and ground waters to provide for sustainable, balanced and equitable water use
throughout the Member States. Also to significantly reduce pollution in both ground
and surface waters that have continued 0 show an overall reduction in quality over
the past decades even though legislation has been in place to protect them. Finally,
o protect the marine environment by rcducing the conceniration of pollutants to
near background values for naturally occurring substances and ta zero for man-made
synthetic substances.

The Directive makes this bold statement at the cutset:

Warer is not a commercial product like any other but, rather, a heritage which must
be protected, defended and treated as such.

The Directive was published in its final form on 22 December 2000 and harmaonizes
and updates existing EU water legislation, replacing many existing Directives
{Fig. 7.4; Table 8.2). While it provides quality standards for water quality, it is unusual
in that it also deals with water policy and management. The Directive does this
through provisions dealing with organizational and procedural aspects of water man-
agement and by formalizing the concept of inteprated river basin management.
Although catchment management has been used for several decades, the WFD uses
a holistic approach to managing the water cycle for the first time, integrating all
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FIGune T.4

The WFD is sup-
ported by other kev
Directives that pro-
vide an integrated
approach to the con-
tro] of point and
diffuse pollution,
and the protection
of drinking water.

Bathing Water Direclive
TeMe0/EEC
{Revised Directive proposed)

Nitrates Directive
MEFSEEC

Water Framework Diractive
2000/60/EC

Urbsan Wastewatear
Treatment Directive
9271EEC

Drinking Waler Directive
SB/ENEC

Groundwater Diractive
{Propesed New Diractiva)

aspects of management and control. The concept of river basin planning, by
eliminating both regional and national boundaries, is expected to have a significant
effect on waker quality, cspecially within the expanded EU by the control of trans-
boundary problems.

EU countries introduced the Directive into domestic legislation during 2003, with
drafi River Basin Management Plans (RBMPs) required by 2008 and, after public
consultation, finalized and published by 2009. These plans must be fully eperational
by 2012 with the overall requirement to achieve good ecological and good chemical
stats in all waters by 2015, unless there are prounds for derogation. There is also a
general ne deterioration provision in the Directive 1o prevent the deterioration in sta-
tus of any water body within the EU. The Directive also requires the reduction and
ultimate elimination of priority hazardous substances (PHSs) (Table 8.17) and the
reduction of priority substances to below set quality standards by this date (Section
2.3). A timetable for its full implementation is given in Table 7.7 with subsequent
reviews of RBMPs cartied out every 6 years. Implementation of the WFD is complex
and will requirg much new development in monitoring and management techniques.
While overall standards and timescale for implementation are strictly fixed, there is
a large degree of flexibility on how Member States deliver individual RBMPs. The
main steps are summarized in Fig. 7.5. In the UK, the Environment Agency has been
appointed as the competent authority to carty out the implementation of the
Directive. Like other Member States it has established a Water Framework Directive
Programme to deliver all the scientific, technical and managerial requirements so
that RBMPs can be produced by 2008.
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Tase 7.7  Timetable for the implementarion of the WFD

Fear

Hegulrement

2003

2004

2005

206

2007

2008
2009

2019

2012

2013

2014
2015
201

2027

‘Transpose Directive imo domestic law [Ariele 24)

Mentify RBDs and the competent authorities {Article 3) that will be empowersad
to implement the Divective

Completr first characterization {Article 5) and assessment of impacts on RBDs.
Cromplete first cconomic analysis of water use

Establish a register of protected areas in cach RBD [Articles 6 and T)

Mennify significant upward irends in groundwarer and establish trend reversal
{Article 17}

Establish environmental monitoring programmes {Article 8}

Publish & waork progremme for producing the first RBMPs {Article 14}
Establish envirommental quality stanclards for priority substances and conirois
on principle sources {Article 10)

Publish an interim overview of the signilicant water management issues in ezch
BBD ior general consuitation (Aricle 14)

Publish drafi RBMPs for consuliation {Article 14)

Finalize aud publish firs RBMPs {Article 13)

Finalize programne of measures to meet objectives (Article 11)

Ensure water pricing policics are in place {Article 9}

Ensure gll megsures are fully operational {Article 11)

Publish rimetahle and work programme for second RBMPs

Report progress in implementing measares (Article 153)

Review characterization and impact amsessment for RBDs

Review economic analvsis of sater use

Fublish an interim overview of the significant water management issues

Fablish second dreaft REMPs for comsultarion

Achieve environmental objectives specified i first REMPs (Article 4)
Finalize ani publish sceond BBMP with revised Progrunme of Measures
Arhieve environmental objestives specified in second REMPs

Pub:hish rLird BBMPs

Achieve environmental objectives specified in third RBMPs
Publish fourth RAMPs,

The WFD is designed to allow further integration of the protection and sustainable
use of water into other areas of community policy dealing with energy, transport,
agriculture, fisheries, regional policy and tourism,

7.3.2 RIVER BASIN DISTRICTS

The WFD requires the identification of River Basin Districts (RBDs). These districts
are areas of land and sea, made up of one or more river basing together with their
associated groundwaters and coastal waters. RBDs are determined using existing
hydroiogical river basin (catchment) boundaries. Smail river basins may be joined
with larger river basins, or joined with neighbouring small basins te create a RBD.
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Ficune 7.5
Key implementation
steps of the WFD.

Identifty RBD and competant authorties

River basin characienization and impact assessment

L 4

Economic analyzis of water use

h 4

Roagister of protected areas in each river basin

h

Establish enviranmental monitering programme

¥

Work programme For first RBMP

h J

Erwironmental guality standards for pricrity
substances ard contmls on principle sources

r

Inferim overview of skynificant watar
management issuss for gersral consultation

Draft RBMP

Groundwaters often do not follow a particular river basin and so are assigned to the
nearest or most appropriate RBD.

Environmental objectives, established by the Directive, are co-ordinated for the whole
of the RBD, and teported to the European Commission as such. Coastal warers, out to
1 nautical mile from the shoreline, are assigned to the nearest or most appropriate RBD.

There are nine RBDs identified in England and Wales, and an additional two cross-
border RBDs with Scotland {Northumbtia RBD and the Solway Tweed RBDY). In
Ireland, there are a total of eight RBDs of which seven are in the Republic of Treland
and four are in Northern Treland, three of which are international or transboundary
RBDs (Fig. 1.4).

7.3.3 RIVER BASIN CHARACTERIZATION

Under the Directive RBDs, which can comprise a single or number of individual catch-
ment areas, must be identified by June 2004, Although characterization of RBDs will
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TaBLE 7.8 Main descriptors used to characterize rivers in the preparation of RBMPs

Hivers Lakes
Obligeatory factors

Altitude Altitude

Latinude Latitude
Longitude Longitude
Geology Geology

Sz Bize

Optional factors

Distance from source Mean water depth
Energy of flow (function of flow and gradient) Lake shape

Mean water widch
Mean water depth
Mean water slope
Form and shape of main river bed

River discharge category
Valley shape

Trursport of solids

Acid neutralizing capacity

Residence time

Mean air temperature

Air tempergture Tange

Mixing characteristics {e.g. moncmictic,
dimictic, polvnlictic)

Acid neutralizing capacity

Background nulrient stalus

Mean sulstratum corposition

Water level flietuation

Mean substratum curmposition
Chloride

Air temperature range

Mean air temperature
Precipitation

Nate: Annex TE of the WFT) lists the prescribed physical and chemical famors needed to
vhuracterize water bodies in RBDs, This takle is for rivers and lakes, but specific characterizetion
fartors ore listed in the annex for all water bodies,

comtinue up to 2009, when the first RBMPs are published, a preliminary characte-
rization of both surface and groundwaters is required by December 2004, This will
include an analysis of the characteristics of all aquatic systems, a review of the impact
of human activity on the status of the water bodies, an economic analysis of water use
and a register of protected arcas in each RBD (Table 8.4). From this characterization,
appropriate environmental standards will be set with monitoring effort targeted
towards those water bodies at the greatest risk of failing to meet their stated objectives,
and a programme of measures will be established to ensure that water bodies reach the
environmental objectives, Characterization is outlined in Annex I of the Directive
and reqaires detailed morphological analysis. This must be done using GIS with the
individual river basin making up each RBD clearly defined. Basic descriptions for
surface waters are listed in Table 7.3. A RBMP should include the following:

1. General description of the charagterization of the RBD (Articte 5; Annex II).
2. Summary of the significant pressures and impact of human activity on the status
of surface and ground waters.
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3. Identification and mapping of protected areas (Article 6; Annex I'V).

4. A map of the monitoting stations and the results of the monitoring programmes,
in map form, for all surface waters (ecological and chemical), groundwaters
{chemical and quantitative) and protected areas {Article 8; Annex V).

5. List of envircnmental obfectives for all water bodies (Article 4).

6. A spmmary of the economic analysis of water use (Asticle 5; Anoex III).

7. Summary of programme of measvres/actions to be taken in order to achieve the
objectives listed in 5, above (Article 11),

8. A register of more detailed programmes and management plans for specified
areas of issues within RBD.,

9. Summary of the public information and consultation measures taken, and the
effect this had on the RBMP as a result.

13, A list of competent authorities.
11, Contact points and procedures for obtaining backgronnd documentation and
information {Article 14).

7.3.4 IMPLEMENTATION OF THE WATER FRAMEWORK
DIRECTIVE IN THE UK

The Envirotment Agency i sole competent authority charged with the Directive’s
implementation in England and Wales. In Scotland and Nosthern Ireland the
Scottish Environment Protection Agency and the Environment and Heritage Service
are the competent authorities, respectively.

The UK Technical Advisery Group (UK TAG) has been established to provide techni-
cal advice and solutions on issues that are relevant to all parts of the UK, including the
Republic of Ireland. UK TAG consists of members from the Environment Agency
(England and Wales"s representatives}), Environment and Heritage Services {Northern
Ireland), Scottish Environment Protection Agency (SEPA), English Nature (EN),
Scottish Natural Heritage {(SNH), Environmental Protection Agency (Republic of
Ireland), Couniryside Council for Wales (CCW), and Scottish and Northern Ireland
Forum for Environmental Research (SNIFFER). The Technical Advisory Group is
made up of a number of sub-groups covering grourxdwater, rivers, lakes or transitional
waters {estuaries and coastal waters). Each one of these categories of water resources is
very different requiring specialist expertise in order to develop appropriate and consis-
tent assessment and classification methods. Apart from also providing techmical advice
to the UK authorities, UK TAG is also co-ordinating the UK input into the develop-
ment of European Guidance and methods, the common implementation strategy {CIS).

While the implementation of the Directive is the responsibility of individual
European Member States, it was recognized that there was a need to establish a
CIS t¢ ensur¢ that the implementation was both coherent and harmonious across
the EU. The aim of the CIS is to achieve a common understanding of the techmcal
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and scientific implications of the Directive. It is divided into four key activity
moxdules:

1. Information sharing.

2. Developing guidance on technicat issnes.
3, Information and data management.

4. Application, testing and validation.

Almost 20 Expert Advisory Panels have so far been established, which produce guid-
ance documents, recommendations for operational methods and other sapporting
information. The documents produced are informal in character and not legally
binding, but minimize any risks associated with the application of the Directive and
ensure rapid implementation.

7.3.5 RIVER BASIN PLANNING

The WFD encourages the prudent and rationale use of water through a policy of protec-
tion and sustainable use. The precautionary principle is stressed in the management of
RBDIs, with preventive actinn paramount and, where necessary, remedlial action taken at
source ensuring that the polluter pays. A key element in river basin planning is that deci-
sions should be taken as close as possible to the locations where water is affected or used.

The main output of the WFD is the RBMP that mnst be produced for each RBD by
2009 (Table 7.7). These are similar to County Development or Management Plans
produced by planning authorities and will be the basis for the integrated management
of water. Many of the basic principles used by planning authorities will also apply to the
development of RBMPs and it will require the ¢o-operation of a much preater number
of organizations and bodies cutside the immediate area of water management {e.g.
land use planning) te deliver the objectives set out in the Directive. The involvement of
stakeholders in both the development and public consultation of RBMPs is seen as
vital to the successtul implementation of the objectives of the WFD.

The precess of River Basin Plarning is not only to facilitate the production of RBMPs,
but also to integrate and manage all those stakeholders involved in some way in the
water cycle as it affects the operation of the RBMP. This involves the collection and
analysis of river basin data and producing management solutions in order to achieve
the objectives of the WFD within the appropriate timescale. The planning process is
followed by implementation of the management solutions that together are referred to
as river basin management, which is the practical operation of the WFD at river basin
level. So the RBMP is the final output of the river basin management process, which is
itself a continuocus process, with new plans produced every 6 years (Table 7.7). Thus
the RBMP is the main reporting mechanism to both the Commission and the pubtic,
being the cfficial record of the current status of water bodies within the RBD, with a
sommary of what measures are planned to meet objectives.
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There is no procedural information in the Directive on how Member States should
carry out either river basin planning or management, although the CIS has published
a guidance document Besr Practives in River Basin Planning. This identifies nine dis-
crete components in the river basin planning process:

1. Assessment of current statvs and preliminary gap analysis (i.e. identification
of areas where improvement is required and the assessment of the necessary man-
agement solutions).

Setting environmental objectives,

Establishing monitoring programines.

Gap analysis.

Setting up programmes of measures.

Development of RBMPs.

Implementation of programmes of measures.

Evaluation.

Public information and consultation.

RN T N R S PN

Component 9 reflects the importance the EU places on transparency and the active
involvement of interesied parties. A key aspect to the development of RBMPs is how
they will interact with other regulatory drivers, Some existing and proposed legislation,
such as the Directive on public access to information, the Strategic Environmental
Asscssment Directive, the Groundwater Daughter Directive and the Proposed
Environmental Liability Directive, may have important ramifications for river basin
management.

7.3.6 ENVIRONMENTAL MONITORING

The WFD requires the development of new monitoring and classification systems for
surface and ground waters by 25 December 2006. Although the Environment Agency
has been preparing new quality assessment procedures for England and Wales for
many years (Section 8.5), the final methodologies have yei to be agreed. To assist in this
task the Environment Agency has set up the Environmental Monitoring Classification
and Assessment Reporting Project (EMCAR) to develop monitoring, classification,
assessment and reporting protocols. These will include techniques to monitor all the
biological, hazardous chemical and other pollutants, hydrological, morphological and
physico-chemical elements identified in the Directive; specific monitoring systems
for wetlands and protected areas; appropriate classification and assessment methods
including surveillance, operational and investigative monitoring; and mechanisms to
collate all monitoring <ata generated by the monitoring networks established. All the
adopted procedures are required to be scientifically robuse and risk-based.

The Diirective identifies three types of monitoring, Surveillance is carried out in order
to validate the risk assessments, detect long-term trends, assess impacts, and in order
to design the monitoring strategy. Operational monitoring 15 used to classify those
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Tamg 7.9  Cuality elements used to characterize surface and ground waters in the preparation of RBMFPs

Ripers

Lakes

Binlogical elements

Hydromerpho-
logical elements
supporting the
Livlugical elemnents

Chemical and
physico-chemiral
elements supporting
the binlogical
elements

Specthic pollutants

Composition andl abunilance of aquatic flora

Composition and abhnndance of henthic
invericbrace fauna

Composition, abundance and age strucrure
of fish fauna

Hydrological regime
Ouantity ard dynoamic of water flow:
Connectinn to groendmater bodies
River continuity
Morphological conditions
River depth and width varistion
Structure and substrate of the river bed
Structiore of the riparian zone

General
Thermal conditions
Oxygenation conditions
Salintty
Acidification stalus
NMutrient conditions

Follution by all privrity substances
identified as heang diﬁchurgﬁd mitu
the by of water

Polturion by other subsrances identified
as heing discharged in rignificant
quantities it the body of warer

Composition, sbundance and hiomass of
phytoplankton

{k}“lpﬂﬁitl‘.ﬂ" aﬂll ﬂl}l]]]llﬂ.]'ll‘.!". llf UtllET
aquatic lura

Compaosition and abundance of benthic
invertebrate {auna

Compaosition, abundance and age strocture
of fish Tauna

Hydrological regime
Ouantity and dynamic of water flaw
Roesicdenice time
Connrction to groundwoter bodies
Morpludogical conditions
Lake depit variotion
Oreandity, structuee and sihsirale of loke bed
Structure of lake shore

General
Transpurency
Thermal conditions
Oxywenarion conditinns
Salinity
Acidifiration status
Nutrions conditions

Pollution by all priovity substances
idemified as being discharged inro
the body of water

Pallution by athier substanees identified
as being Jischarged in significant
quantities into the body of water

water bodies that are at risk of failing peod status. Finally, fnvestigative monitaring
enables the cause and effects of a failure to be ascertained when it is not clear, All
waters will be assigned to a new ecological classification system.

The quality elements required for the classification of ecological and chemical quality
status are listed in Annex V of the WFD for surface and ground waters {Table 7.93,

7.3.7 ECOLOGICAL CLASSIFICATION SYSTEM FOR
SURFACE AND GROUND WATERS

A new approach to water quality classification has been adopted for aquatic systems.
Surface waters (i.e. rivers, lakes, estuaries and coastal waters) are assessed using bio-
logical {plankton and phytobenthos, mactophytes, invertebrates and fish) elements,
hydromorphology, physio-chemical {including pollutants) elements and PHSs and
other pollutants. There are five quality classes: High, Good, Moderate, Poor and Bad
Status (see Table 7.10). The overall status is determined by the worsi element for a
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General definitions of ecological status

High status

Cood status

Moderate statur

FPoor status

Bad status

There are no, or only very
minor, anthropogenic
alterations to the values of
the physico-chemical and
bydrumorphological guality
clewents for the surface
water body wpe from those
normally associated with
that type under undistuebed
conditions,

The values of the biolugical
quality elements for the
surface water body reflect
those normally associazed
with that tvpe under
undisrurhed conditiens, and
show nn, or only very minor,
evidence of distortion.

These are the type-specific

condidons and communitics,

The values of the
biological quality
elements for the surface
water hody type show
g levels of distorton
resulting from human
activity, bat deviare
ouly slightly from thass
normally associated
with the surface water
body type under
undisturbed conditions.

The values of the hiological
quality elernents for he
surface water body type
deviate modecarshy from
those normally associated
with the surface warer body
type under undisturbed
conditions. The values
show moderate signs of
distortion resuliing

from hmran actvity and
are signiﬁ(:antly mnone
disturbed than under
conditions of good status.
Waters achieving a stalns
below modercate shall
olassified as poor or bad.

Warers showing evidence
of major alterations to the
values of the biological
quality elemeants for the
surface water body type
and in which the relevait
biological communities
deviate substantially from
those normally associated
with the surface water hody
tyvpe under undisturhed
conditions, shall he
classified as bad.

Waters showing evidence of
severe alteratons to the valoes
of the biclogieal qualicy
elemems lor the surlace water
body tvpe and in which

large portions of the relevant
hinlogical communities nannally
associated with the surface
water-body type under
undisturbed conditions are
ahsent, shall be classified

as bad.
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particular site. Only two classifications Good or Bad Statos are used in groundwater
assessment, which is based on both chemistry and quantity of water. Protection of
water status will provide economic benefits at the RBD level by safeguarding and
developing the potential uses of water. For example the protection of both inland
and coastal fish populations.

While chemical and ecological quality status are used as defining terms of water quality,
often only ecological status is used as it describes the quality of the structure and func-
tioning of aquatic ecosystems, which is, of course, dependent on chemical water status,
and is the ultimate objective. However, drinking water quality may in some cases require
higher than the minimum Good Ecological Status required for all water bodies ander
the Directive. The general definition of status is given in Table 7.11 for all surface waters,
while specific criteria are outlined for each specific water body in Annex V {Table 7.12).

7.3.8 PRIORITY AND OTHER SPECIFIC POLLUTING
SUBSTANCES

For nearly 30 years the Dangerous Substances Directive (76/464/EEC) has been the pri-
mary regulatory legislation in Europe controlling the discharge of a wide range of chem-
ical poliutants to surface and ground waters. The WFD will eventually take over the
provisions of this Directive, which will be repealed (Section 8.3). A list of chemical pol-
Iuting substances is given in Annex X of the WFD, some of which are identified as being
PHSs (Table 8.17). The WFD aims te eliminate PHSs at source by preventing inputs via
discharges, emissions and other losses, including accidents. The Directive requires that
management plans to deal with accidental pollution and incidents are in place.

The environmental objectives in RBMPs include chemical status for bath surface and
ground waters, which are based on achievement of environmental quality standards.
Chemical status inciudes priority substances and other pollutants (i.c. any substance
liable to cause pollution including those listed in Annex VIII and X} (Table 7.13).
The Directive requires environmental gquality stapdards for priority substances and
controls on their principle sources to be established by the end of 2006 for each RBD.
Member States have set up National Expert Working groups to assist with develop-
ing lists of dangerowns substances. For example, in Ireland their Expert Group has put
forward 161 candidate substances and named 33 priority substances that have de-
finite relevance in the context of the implementation of the Dangerous Substances
and WFDs. These candidate substances will be subjected te a screening process,
developed by the Expert Group, to assess their relevance in the Irish aqguatic environ-
ment, in order to achieve a progressive reduction in hazardous substances in water,

7.3.9 CONCLUSION

Threughout Europe water vesources are coming under increasing pressure from the
continucus growth in demand for sufficient quantities of good quality water for all
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hydromorphological quality elements for all surface waters {refer Table 7.10 for general definition of ecological quality)

Element

High status

frood status

Moderate steius

EBiniogice! quality elements

Phytoplankton

Macrophivtes and
phytobenthos

Beuthii: invertebrace
fauna

The taxenomic composition of
phyteplankton corresponds cotally

or nearly totally to nndisturbed
conditions.

The average phyroplankton abundance
15 wholly consistent with the type-
specific physico-chemical conditions
&nd is ngt such as o significantly

alter 1the type-specific tramsparency
conditions.

Plankionic: blooms ocenr at a frequency
and intensity which is consistent with
the type-specifie physico-chemical
conditicns.

The taxonontic composition
corresponds woially or nearly totally
to undisturhed conditions.

There are no detectable changes
in the average mtacrophytic and
the: average phytbenthic abundance,

The taxonomic composition and
abundance correspond totally or nearly
totally 1o uadisturbed conditions.

There are slight changes in the
eomproeition and abundance of
planktonic taxa compared o the
Lype-specific comniunities, Such
changes do not indicate any
accelerated growth of algae
resulting in undesirable
disturbances to the balanes of
orgamsms presect in the water
body or to the physico-chemical
quality of the water or sedimem.

A slight increase in the frequency
and imtensity of the type-specific
plankcomic blooms mey ocrar.

There are slight changes in the
composition and abundance

of macrophytic and phytobenthic
taxa compared o the ¢vpe-specific
communities. Such changes do not
indicate any accelerated growth of
phyichenthos or higher forms

of plant life resulting in undesirable
dirurbances to the balance of
organisms present in the water body
ot 1o the physico-chentival quality
of the water or sediment.

The phytohenthiv. community is st
adversely affected by bacterial

tufts and coats present due to
anthropogentc activiry.

There are slight changes in the
COMp HnT and abundance of
invertebrace taxa from che
type-specific communisies.

The composition of planktonic taxa
dillers moderately from the type-specific
COMINMLILES,

Abundanee is moderately disturhed and
rioy be such as ro produce a signilicant
undesirahle disturhance in the values

of ather biological and physico-chemical
quality elements.

A moderate increase in the frequency

and intensity of planktunic blooms may
ocour. Persistent blooms may ocewr during
summer trnnths.

The composition of macrophytic and
pvhrobentIne taxa differs moderately
from the type-specific community and
is significantly more distorted thar at
good status.

Moderate changes in the average
mucrophsvtic and the avernge
phytobenthic abondance are evidedt.
The phytobenthic commumnity may he
interfered with and in some areas,
displaced by bacterial tufts and coats
present as a result of anthropogenic
aclivities,

The composition and abundance of
invertebrete taxa differ moderately
trom the type-specific communitics,



The ratio of disturbance-sensitive
taXa to insensitive taxa shows no signs
of alteration from undisturbed Llevels,

The level of diversity of invertebrate
taxa shows no sign of alteration from
undisturbed levels.

Fish feuna Species composition and abundance
correspond rotally or nearly torally

tn nndisturbed conditions.

All the rvpe-spevific disturhance-
sensilive species are present.

The age structures of fish communities
show lietle sign of anthropogenie
disturbance and are not indicative

of a faiture in the reproduction or
develepment of anv particular species,

Hyvdromorphologioal quality elements
Hydralogical The quantity and dynamics of low,
reginme and the resultanr connection
to groundwacers. reflect wotally, or
nearky totally, undistarbed conditions.

River
comiinuity

The continuity of the civer

is not. disturhed by amhropogenic
uctivities and allows undisturbed
migration of aquatic organisms
and sediment fransport,

Morphalogical

condiciuns

Channel patterns, width and depth
variations., flow velocities, substrate
conditions and borh the struehure

The ratio of disturbance-sensiiive
1Axa B insensitive taxa shows slight
alteration from type-specific levels.

The level of diversity of invertebrate
taxa shows slight signs of alreration
from 1ype-specific levels.

There are slight changes in speries
comporiion and abundance from
the type-specific commnunities
attributable to anthropogenic
impacts ons physico-chemical

and hydromorphological

yualiry elements.

The age siructures of the fish
communiries show signs of
disturbance adributable 1o
anthropogenie impacts on physico-
chemical or hydromorpholagical
quality elements, and, in a few
instances, are indicative of & failure
i the reproduction or development
of a particular speries, 1o the extent
thar some age classes may be missing.

Conditions consirtent wirth the
achievement of the vahmes specifierd
ahove for the biclogical gnality
elements,

Conditions consistent with the
achievement of the values
specified above for the
hinlogical quality elements.

Conditions consisvent wich the
achievement of the valies
specified above for the
biclogicat quality elements.

Major taxonomic greups of the type-
specilec community arc absent.

The ratin of disturbance-senzitive

taza to insensitive taxa, and the bevel of
diversity, are suhstantially lower than
the 1ype-specific level and significantly
lower than for good statns.

The compositon and abundauce

of tish species differ moderarely

from the type-specific communities
attributable o anthropogenic inipacts
on physico-chemical or
bvdromorphological quality elements,

The age strueture of the Bsh
enrmmunitics shows major signs

of anthropegenic disturbance,

the extenm thar 8 moderate proporiion
of the tvpe specific species are

absent vr of very low abundance.

Conditions consistent with the
achievement of the values specilied
above for rhe biclogical quality
rlements,

Conditions consistent with the
achievement of the values
specified above for the
hiological quality elements,

Conditions consistent with the
achievement of the values
specified abuve for the
biclogical quality elements.

(Continued)
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Efement High status

Good stoilns

Moderate status

and condition of the riparian zones
corvespond ttally or neacly itally ro
undisturbed conditions.

Physico-chemical juolity elements®

Ceneral The values of the physico-chemical

conditions elements cotrespond totally or nearly
totally to undisturbed conditions.
Nutrient roncentrations remain
within the range normally assoviated
with undisturbed conditions,

Levels of salinitv, pH, oxygen balance,
acid newtralizing capaeity and
temnperature do nor show signs of
anthropogenic disrurbance and remain
within the range normally associated
with undisturbed conditions.

Concentrations close to zero and at
least below the limics of detection of
the most atlvaneced analytical
techoigques in general use,

Specific
syothetic
pollutanes

Concentrations cemsain within
the range normally associated
with undismrbed conditiona (hal).

Specific non-
symibetic
pollotants

Temperature, oxygen balance, pH,
acid newcralizing capacicy and
salimity da not reach levels outside
the range established s0 a5 10 ensure
the functivaing of the 1ype specifie
ecoaystem and the achievement of
the values specified ubove for the
biological quality elements.

Nutrient conceniraticns do not
exceel the levels estabdished so as
to ensure che functioning of the
ecosystemn and the achievement of
the values spﬂt‘.iiind above for the
biological quality elements.

Concencrations oot in excess of rhe
standards ser in aceordance with the
procedure derailed in Section 1.2.6
of the WFL withow prejudice 1o
Directive 91/414/EC and

Direvtive 98/8/EC., (< EQS)

Concenirations not in excess of the
standards set in accordance with the
procedure decailed in Secrion 1.2.6%
of the WED without prejudice 1o
Directive 03/414/F.0C and

Directive 08/8/EC. (< EQS)

CGonditions consistent with the
achievemnent of the values specified
abave for the biological qualicy
elements.

Condirtons consistent with the
achievement of the values specibied
above for the biological quality
elernents.,

Conditions consistent with the
achievement of the values specified
sbove for the biclogical quality
elements,

bgl: backgraund level; EQS: environmental quality standard,

*Application of the standards derived under this protocol shall not require reducton of pollutant concentrations below background levels: (EQS == Lel).



TapLe 7.12  Examplc of the detailed definitions of ecological status classificavions given in the WFD, Annex V. based on binlogical, chemical
and hydromorpholegical qualicy elements for coastal waters {rofer Table 710 for general definition of ecological qualicy)

Element

High siatus

Goud statns

Moderate siatus

Biclogical qruality riementy

Phyvtoplankton

Macroslgue ond
ngiosperms

Benthic
invertehrage
Fauma

The composition and abundance of
phytoplankooniv taxa are consistent.
with undisturbed conditions,

The average phytoplankion biomass
is consisient with the ype-speeific
physico-chemical conditions and is
not such as to significantly alter the

type-specilic transparency condifions,

Plankionic blomus occur al a
frequency and intensity which is
consistent. with the type spacific
physico-chemical condimons.

All distuchance-sensitive macroalgal
and angiosperm taxa associated with
undisturbed conditions are present.

The levels of macroalgal cover and
angiosperm abundance are consistent
with undisturbed conditions,

The level of diversity and ahundanee
of invertehraie 1axa iz within the
range normally associated with
undisturbed conditions.

All the disturbance-sensitive raxa
associated wath ondisiorbed
vonditions arc present,

The compasition and abundance of
phytoplankionic taxa show slight

signs of disturbance,

There are slight changes in binnass
compared to type-specife conditions,
Buch changes do not indicale any
arcelerated growth of algae cesulting in
undesirable disturbance 1o the balance
of orgapismy present in the water

buody ar to the quality of the water,

A slight increase in the frequency
and intensity of the tepe-spoeific
plaznkicuic bivoms may occur,

Musi disturbance-sensitive macroalzal
and angiosperm taxa assveiated with
undisturbed conditions are present.

The level of macroalgal cover and
ungiosperni abundance show slight
signs of disturbanee.

The level of diversity and abandance
of invertebrate taxa is slightly outsids
the renge associated with che type-
specibic conditions,

Most of the sensitive taxe of the type-
specilic eommunities ave prosent.

The composition and abundance of
planktonic taxa show signs of moderace
disturhance.

Algal hiomass is substantially ourside
the range associaced with type-specitic
conditions, andd is soch as to mpact
npan other biological quality elemenis,

A miuferats increase in the frequency
and intensity of planktonic blowans
may oecur Prrststent blooms may
oceur during surmner months.

A mnderate number of the disturbanee-
seritive macroalgal and angiosperm
taxa associated with undistoched
conditions are ahser.

Macroalgal cover and angiosperm
abundance is moderarely disturbeacd
and may hesuch as 10 resuli in an
undesirgble disturbance to the balance
of organisms present in the water body.

The level of diversicy and sbundance of
invertehrate taxa is moderately outside
the range assaciated with the wpe-
specific conditiongs.

Tiaxa indicative of pollution are present.

Many of the sensitive taxa of 1he
type-specidic commurities are absent.
{ Continred)
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Flement

High atatun

Good slatus

Hoderate stains

Hydromorphatogicael quality elements

Tidal regirne

Morphologiral
condirions

The: freshwater flow reginie and the
dirertinn and speed of dominam
corrents correspand (otally or nearly
tally 1o nndisturbed conditions,

The depily variation, struciore and
substrate of the coasial bed, and
hoth the strucrare and condition
of the: inter-tidal zones correspond
wrally or nearly totully o the
undisturbed conditions.

Physico-chemical quality clemenss®

General conditions

Specific synihetic
pollunes

Bpecific non-
sy[lt]mtic
pollutants

The physico-chemical elements
corvespond totally or nearly tarally 1o
undisturbed condilions.

Nutnent concentrarions remain within
the range normally associsted with
undisturbed cendinons.

Temnperature, oxygen balance and
reansparency do not show signs of
anthropogenic disturbance and remain
within the range normally associated
with nndisturbed condirons.

Concenleations close to zero and at
least below the limits of detection
of the most advanced analvrical
techniques in general use.

Concentrarions remain within tha
range normally assoctated with
undisturbed conditions {bgl).

Conditions consistent with the
achievement of the values specified
above for the bicloeical qualicy
clernents,

Conditions consistent with the
sehivvement of che values specified
above for the biological quality
elements,

Temperatore, oxvgenation ronditions
andl rransparency do not reach levels
owgide the ranges esrablished so a5 o
ensure the funcrieping of the ecosvstem
and the achievesnene of the values
specified above for the biclogical
quality elements.

Nutrient concentrations do oot exceed
the levels established 80 as 1o ensure the
furmtil:nning of the ecosystems and the
achievement of the values speeified above
for the biological gqualiry elemenis.

Cincentranions not in excess of the
standards set in arcordance with the
procedure detailed in Secdon 1.2.0 (WED)
without prejudice to Divective 91/414/EC
and Directive 8/8/EC. {<EQS3)

Concentrations not in excess of the
standards get in accordance with the
procedure detailed in Section 1.2.6* (WFD)
without prejudice to Divective 91/414/EC
and Directive 98/8/EC, (<EQS)

Condirions consistent with the
achievernent of the values specified
above fur the binlogical quality
eleinents,

Conditions consisteny with the
arhievement of the values specified
abowve for the biological quality
elements,

Conditions eonsistent with tha
achievenient of the values specified
abave for rthe binlogical quality
elemnsms,

Condirions consisren wirh che
achievement of the velues specified
abave for the biclegical iqaliy
cleinens,

Conditiens consistent with the
achievemenr of che values specified
above for the hiological quality
elements.

bgl: hackgronnd level; EQS: envivenmnental quality standard,
*Application of the standards derived ander this protocol shall not require reduction of pollutant concentrations belos background levels: {FOS > hgl).
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TaLk 7.13  List of Anmex VIIT substances that are considered to be the main pollutants in water

1. Organohalogen compounds und substances which may form such compounds in the
aqualic enviranmesl

2. Organuphosphorons compounds

1. Organotin compounds

4. Substances and preparations, or the breakdosn produets of such, which have heen

proved o possess SorCiNDEEIGC or agenic properties or properties which may affect

stergirlngenic, thyrodd. veproduction or sther endocrine-related funetions in or via the

EI.{I'LI.EI.L'IIC EIVITONENEnS

Persisient hvdrocarbons and persistent and bivaceunmlable organic toxic sulsrances

Cyanides

Mecals and their compounds

Arsenic and s compounds

9. Biocides and plant prowection producis

10, Materials in suspension

11. Subsrances which conicibute 1o eutrophication {in particular, nitrates and phosphates)

12, Swbstances which have an wofavonzabli: infloence on the exygen balance, (and can b

measured using parameters such as BOIL COD, e1e.}

e

purposes, The WED is the EU response 1o protect Community waters in both guali-
tative and quantitative terms. It is ihe most far-reaching piece of environmental lepis-
lation ever introduced by the EU and will change the way in which water is perceived
and managed in Europe forever. Water is not an isolated entity and is continuously
being modified. 3o, in order to protect it all discharges that may eventually find their
way into the water cycle need to be contrelled and regulated. The WFD along with
its associated Directives puts inte place the management and Jegislative structure to
achieve this.

7.4 Dirruse POLLUTION

The most difficult pollution inputs to control are not those discharged at a single
location (point sources) but those that enter surface waters over a wide area (diffuse
or non-point sources) (Fig. 7.6). Diffuse pollution can be caused by atmospheric depas-
ition or contaminated sediments, but more commonly are caused through land use
activities resulting in widespread run-off or infiliration (e.g. agriculture, forestry and
large-scale construction) (Table 7.14). Agriculture is the major canse of diffuse pol-
lution in Europe resulting in the run-off of nutrients {mainly as nitrogen), pesticides
and suspended solids causing turbidity. This is considered in detail in Section 11.1,
while the effect of afferestation is discussed below.

7.4.1 REMEDIAL ACTION

The natore of diffuse pollution determines the potential of options for its control
(D’Arcy et al., 1998). There are a wide variety of remedial actions that can be taken
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Paint sources
Sewage treatment works Urban storm-water discharges
Fish fams Accldental peliution inckents
Mine drainage Farmyard discharges
[ndustrlal effluents Open cast mining
o -
2 Urnan 1
z run-oft 3
Froupe 7.6 £ %
Water pollution 3 Agricuttural 3
) run-oi
{Reproduced from
British Ecologicel
Bocicty (1990 with Acidification
permission of the Aftorestation
British Ecological

Society, London.} Diffuse sources

Tamr T.14  Major diffuse sources of pollution in the LUK and the problens thev cause

Pollutant

Example nourcen

Envirarmental problem

Oil and arher
hydrocarbons

Prestiides

Sediment

Chrganic wastes

Fuecal pathogens

Nitrogen

Phosphorus

Trace metals

lron

Solvenrs

Car maintenance. [Hsposal of waste oils.
Spills from siorape and handling. Road
run-off. Indusrdial rim-off

Munivipal applicaiion to control roadssde
weods. Agriculinre. Private properties?

Run-off from aerable land, Tpland erosion,
Foresirs. Urhan run-off. Construction
indusiry

Agriculiural wasres (slurry, silage. liquor,
swrphos crops). Sewage sludge. Industial
wasies for land applicarion

Failures of conventional sewage systems
(wrong copnections in separate

sewer syrrems ). Jog fzeces in rowns and
rities. Application of organic wastes

to farmland

Agriculiural fertlizers. Atmaospherie
deposition

Soil erosion. Agricultural fertilizers,
Contamination of urban cun-offl

{ detergents, organic material)

Lrban run-ofl. Industrial and sewage
sludges applied 10 land. Conaminated
gronmil water

Water table reboumnd Tollowing mining
(especially coul)

Cleaning plane on industrial vands, wrong
cannections af trade effluent ro surface waler

Toxicity. Coruamination of urban stream
sediments. Gronndwater contamination.

Muisance [surface waters). Taste {potable supplies)

Texicity. Gontamination of perahle supplies

Destruction of grevel riflles. Sedimentation of
atwral pools and ponds. Costs 1o absiractors
feg. fish farms, potable supplies)

Oxygen demand. Nurriemt enrichment

[eahh risks, Non-complance with recreational
water standards

Furrophication [especially coastal waters),
Contamination of potable supplies {rivers
and groundwarers}, Avidification
Futrophication of freshwaters: ecologeal
degradation; blue-green algas; increased
filtration costs fur potable reservoirs/tivers

Toxivity
Toxicity, Aesthevic nuisance

Togicity. Contamination of potable supplies
{rivers and groundwaters)

Reprodueed from 1¥ Arcy ef el {1998) with permission of Elsevier Seience Lid. Oxford,
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to reduce the effects of diffuse pollution, Structural remedies range from fencing off
riverbanks to complex engineering works (Table 7.15). The management of the ripar-
ian (kankside) zomes is the most important factor in surface water conservation,
especially of rivers, and reflects the shift in attitude from just the river channel to
overall consideration of the catchment as a whole. Specific attention is now given to
the agquatic—terrasirial interface, which in most rivers is not only the primary source
of its productivity, but also the source of detrimental inputs such as nutrients and tox-
icants (Boon ef al., 1992). Bankside vegetation provides habitat diversity, allochtho-
nous organic matter {(Section 4.2), and helps to regulate water temperature, light,
surface run-off and intetflow from the adjoining land, erosion of banks, nutrient
transfer and, most importantly, helps to control flooding downstream, Planting

TapLE T.15  Suructural selutions to diffused pollution prevention

Practice

Definition

Management obfective

% Heduetion of nutrient loads

Terraces, diversions

Sediment basins,
detention ponds

Animal waste
management
SYRLETNS

Fencing

Sireamhbank
stahilization

Rock-reed water
trcatment filters

Wetland
rehabilitation and
development

Earthen ridge or echannel
aecross slope

Artificial depression
which may drain or
release water to land
and may be vegecated

Anv system which
collects and stores animal
wasres: legoons, storage
ranks. comprsters

Barvicade ro exclude
livestock from sensitive
Areas

Strociural repair 1o
streambanks, nsual
to combine wetland
vegetation measures

Long shallow microbial
filter systerm of reed beds
in rock

Enhgnce natural capacity
of wetlands to trap, store
and process pollutants

Intercept run-off;, decrease
rusi-of [ velocity; minimize
s0i} erosion

Colleat and store ron-off;
detain sediments and
nuirienis; incredase uptake
of nurrienes: recvele water

Biclogical trearment
(lagoons); separates clean
and soiled waters; reduce
volume and adonr of
waste (composter}: delay
land spreading {omks
and ponds)

Miniinize erosion; protect
habitats; protect water
ipuality and public health

Minintze bank erosion:
control stream tempera-
tire, sediment end tlows

Remaove heavy metals/
toxins (rom run-olf;
rednce BOD of efflucnts

Iucrease nutrient uptake:
immobilize F: detzin and
teeat run-off; ranimize
sediment transport

Terraces, 90% adsorbed and
3% dissolved nutriens.
Divergions, 20-45% adsorbed
nutrients

Sediment basins, 40% 1ol P
30% adsorbed N; Detertion ponds,
+40% total P: higher if vegetatid

Uiombined, 21% wotal B, 62%
total N; individual practices,

ranige of 10-69% dissolved P,
JI2-N% tonal N

Depends on type of fenes and
if vegrsated; range of 50-90%
total P

Combined wethand riparian
bufters, 50-70% toral P;
Combined wetland grass filter
strips. 30-00% woial P

Depends on vegetation

10-70%: P, 4(-80% N, depending
on location in hydrological unir;
G0-90% sediment removal

Reproduced with permission of Carolina State University.
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Ficuee 7.7
Cross-section
through a

swale infiltration
trench systemn
{Mulden-Rigolen
Systern™).
{Reproduced from
Bieker (1998) with
permission of
Elsevier Science Lid,
Oaford.)

Surface run-off Surface

——
Swale ‘K /L

Active soil layer

Y

Trench
— Geotextile

— Draining pipe

Percolation

conifers and poor forestry practice exerts significant chemical and physical influences
on surface waters causing acidification in base-poor catchments, increases nutrients
(especially phosphorus) and sediment (especially duting deforestation). The use of
riparian strips of broadleaves and grassland to protect streams has been highly effec-
tive in connteracting the effects of afforestation on freshwaters. However, the degree
to which macro-invertebrates benefit from riparian management in streams is
resiricted by low pH. The management of riparian zones is generally significant at a
local level but is unable to buffer the effects of acidification, which can only be tack-
led at a supra-catchment level. The management of riparian zones is, however, the
first step within a wider management plan. Riparian buffer zones are highly effective
in nutrient and sediment removal and are increasingly used to protect all types of
water resources. Swales, wide grassed drainage ditches, are employed throughout the
world to intercept surface run-off from urban areas, especially highways and agricul-
tural land. They have a maximum depth of 0.3m with gently sloping sides (1:3) to
allow for easy maintenance (Fig. 7.7).

The run-off is retained in the swzle encouraging percolation as well as treatment
through settlement and adsorption. Water is also lost through evapotranspiration. To
be effective the active soit layer must have a minimom permeability of 10™*ms™! to
¢nsure infiltration is complete within 3 h after the end of a storm. So the swale offers
only short-term storage of storm water while the infiltration trench beneath it offers
longer-term storage. The depth of water in the gravel infiltration trench ¢an be con-
trolled if necessary by opening the control throttle of the drainage pipe. A simple
overflow device in the manhole ensures that the water level never exceeds the top
level of the infiltration trench (Fig. 7.8) (Sieker, 1998). Constructed wetlands are also
used in combination with swalgs to intercept and treat urban and highway run-off
before discharge to surface waters resulting in significant reductions of suspended
solids, nutrients, trace organic compounds and heavy metals (LAWQ, 1997; Shutes



Ficure 7.8
Longimding]
section through a
swale infiliration
trench system
{Mulden-Rigolen
Svstem®™),
(Reproduced from
Sieker (1998) with
permission of
Elsevier Seience Lid,
Oxford. )
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et al,, 1997), Improved management practices on farms and of the riparian zones can
also bring about significant water quality improvement (Table 7.16).

7.4.2 AFFORESTATION AND WATER QUALITY

Approximately 409 of water supplies in the UK come from vpland catchment arcas
where the water quality is becoming inereasingly vulnerable due to changing land use
pressures, such as forestry, grazing and recreation. Of these, forestry has the greatest
potential impact. Up to the early 1980s forestry development included little consid-
eration for its impact on water quality. Potential problems include changes in water
yield and flow rates, increased turbidity, colour and sedimentation, contamination
from chemicals and oil, nutrient enrichment and acidification. Forestry development
can affect streams, lakes and reservoirs.

Soil and stream erosion, sedimentation and pollution can result in an increase in the
cost of drinking water treatment, as well as causing damage to fisheries, wildlife and
even roads. Poor management practices identified by Stretton {1998) include:

(2} ploughing at right angles to contours;

(b} ploughing throngh natural watercourses;

{c) site roads fording natural watercourses;

(d} inadequate use of culvert and bridge structures;
(e} very steep sides to road drainage;

{f) nore-seeding of disturbed ground;

{2) use of unstable material as road dressing;

(h) poor design of intcrception ditches.

Environmental impact studies are now a normal requirement for new forestry devel-
opments and a Code of Practice (HMSO, 1993) has been adopted 10 help managers
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Tartk 7.16  Managerial solutions to diffused pollution prevention

Proetice

Definition

Management objective

% Reduetion of nuirient loads

Managerial
Filter strips

Field borders

Riparian buffer
ZUNCS

Bange and pasturc
manageme it

Mtriant
management
planning

Cropping prictives
{Cnnservatinn
tillage

Crop roratiom

Cover crops

Contour ploughing,
SIFIP-COOpping

Closely growing
vegetation between
ageiculturel fend and
WaALCreourse

Perennial vegetation o
edue of fields, regandless
of proximity to water

Maintait: vegelation
zane along watercourse
as eeosystem

Grazing rotation,
seecling, brush
management, reduce
stocking eates

Rased on limiring
nurrient concept, plan
for precise nurrient
application rates

Soil only tilled to
prepare scedbed, most
leave 30% minimoum of
soil surface with crop
resichue after plamting

Change crops grown
on a leld

Close-growing crops that
cower soil during critical
erosion periml

Mloughing and crop rows

foltow held contonrs acrosa

slope; alternate ow and
closa-grown crops

Remuove sediment from
run-off; increass
rutrient uptake h}' planis

Conirol erasion: reduce
velocity of overland flow

Filter sediments with low
YESCTALIon; INcrease
nukriint uptakﬁ with
hizh vegetation

Mininize soil lesses;
protect vegetalion cover

Limir mutrient in rn-off;
reduee fertilizer
conswmption; conirol
animal wastes usage

Minirnize sail erosion
and loss: minimize
pesticides and nutrient
levels in run-off

Minirnize soil srosion
and Joss; improve soil
struciure; minislize
insecticide use by
disruption of insect
life cycles
Replacement of
commercial fertilizers
with legumes for N;
minimize suil £rosion
and loss

Minimize 501l arosion
and loss

Most effective at remmoval of
sediment and sediment bound
M: 5-50% torsl P and oriho-P:
niay be ineffective ai P remnval
during griming season

Perenuial grasses most effective
for N removal; mainly for
sediment removal

50-75% total P; §0-50% total N;
2090% sediment renloval

LUp to 30% N, I and sedinent

20-90% toral N and P mainly
for sotuble types of nutrients

:35-85% total P; 50-80% towal N

Approximately 30% total P;
approximately 50% total N

30=00% ronal P, certain crops
anrmzgl reduction: 30% total P
S0% wotal N

Btrip-cropping: up 1o 0% toral
P and 73% sediment

Reproduced with permission of Caroling Stare Tmniversity.
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and operators to protect water quality. The key elements of good management are as
follows.

Catchment assessment

Trees arc very effective scavengers of aerial pellutants causing acidification. Critical
load maps are available to identify areas where the natural buffering capacity of scils
is inadequate and where afforestation may lead to acidification. Sensitive areas in the
UK include parts of central and southwest Scotland, Cumbria, the Pennines, and cen-
tral and north Wales. Any new forestry development will need to have catchment-
baszed assessments made to measure the vulnerability of surface waters,

Ground preparation

Cultivation and drainage should be designed to ensure minimum run-off from land.
This includes ploughing along contours, avoiding natural watercourses and installing
cross-draing to prevent cultivation channels carrying large quantities of water from
higher ground. Silt traps are also required at the ends of drains where there is a risk
of erosion. Nataral watercourses must never be diverted into channels or drains or be
diverted into another catchment. Dirain maintenance or ground preparation should
be done at a time to avoid spawning or when salmonid eggs and alevins are living in
the gravel of adjacent watercourses.

Proteclion of watercourses by buflfer areas

Areas of undisturbed land are left between the planted area and the watercourse.
This filters out sediment and alzo helps to reduce nutrients from entering the water,
Buffer strips are more effective if they have vigorous vegetative growth, and are gen-
tly sloping and wide. Exact details of design are given in the code of practice, but ihe
width of the buffer area depends largely on stream size. For example, if channel
width is 1, 2 or =2 m then the buffer area should be 5, 10 or 20m wide on either side
of the stream, Where the site is in a sensitive arca with easily eroded soils then those
buffer areas should be doubled. This may make certain upland aress with significant
lengths of watercourse commercially unviable for forestry.

Riparian vegetation managemeni

The riparian zone, the land imrﬁcdiate[y adjcining the aquatic zone, is particularly
important in downstream sections of watercourses, Open or partially shaded condi-
tions are necessary to maintain the bankside vegetation that is so important for
wildlife, as well preventing erosion of the banks. Half the length of the watercourse
should be exposed to direet sunlight while the remainder can be under partially
shaded conditions from trees and shrubs. Trees such as conifers, beech and oak cause
too much shading and should only be used accasionally. Trees such as willow, birch,
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rowan, ash and hazel all have lighter foliage and are ideal for ereating partial shade.
While alder is particularly successful on riverbanks it can cause considerable shade
and may contribute to acidification, so it shoudd be used only sparingly. Grazing ani-
mals must be excluded to prevent bank erosion or damage 1o bankside vegetation.

Road consiruetion and maintenance

The construction of forest roads can be a major cause of damage to watercourses and to
fish in particular. For that reason all major road works should be restricted to the
pericd May to September. All roads should be well clear of riparian or buffer zones.
Any watercourse intercepted by a road must be culverted or bridged. Roadside drains
should not be nsed to intercept watercourses ot to transport large volumes of water
trom higher ground. Sediment traps should be used to remove solids and these must be
maintained. Embankments must be reseeded to prevent ercsion. Roads must be
inspected repularly, especially after heavy rain. Metalliferous or sulphide-rich mater-
ial should not be used for road construgtion due 1o leaching and acidification.

Felling

Harvesting trees, ¢specially ¢lear felling, causes a considerable threat to water-
courses. Large increases in sedimentation oceurs which can smother agquatic habitats,
damage spavwning ground, prevent fish movement as well as physically blocking
streams. Bark and other woody debris can also enter the river causing both sedimen-
tation and deoxygenation problems. Soil disturbance must be kept to a minimurn,
especially from dragging timber, and if necessary brash mats must be used to protect
sensitive soils from vehicle damage. New channels and sediment traps to intercept
surface run-off may also be required.

Pesticides and feriilizers

There are separate Codes of Practice covering the use of pesticides (HMSO, 1989)
and in the UK consultation with the Water Regulatory Authority is legally required
before any application of pesticide is made near water or from the air. In sensitive
areas, where there are standing waters, fertilizer should be applied by hand and not
by aerial application to prevent the risk of eutrophicaticn.

Chemicals and oils

Careful storage and use of these materials is vital, and contingency plans should be
drawn up to deal with spillages.

7.4.3 CONCLUSION

The adoption of the best management practices (BEMP) cutlined in Tables 7.15 and
7.16 for the control of diffuse pollution is the most cost-effective way to tackle diffuse
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INTRODUCTION

Environmental legislation relating to water quality is based largely on quality standards
relating to suitability for a specific use, the protection of receiving waters or emission
limits on discharges. Standards are usvally mandatory with maximum permissible
concentrations based on health criteria or envirenmental quality standards {EQSs)
{see Section 7.1). Table 8.1 lists the Directives concerning the aquatic environment
that govern legislation in countries (Member States) comprising the European Uniosn.
However, European legislation relating to water policy has significantly changed
singe the introduction of the Water Framework Directive (WFD)} (2000/60/EC),
Many of the earlier Directives, on which surface water and groundwater manage-
ment has been based, will be integrated into the new Directive giving one coherent
policy document controfling and protecting water resources on a catchment basis
(Table 8.2). Acting as the pivotai legislation, the WED will be supported by a New
Groundwater Directive (COM(2003)550 Final), a revised Bathing Water Directive
(76/160/EEC; COM{20G2)581 Final), and the existing Nitrates {91/676/EEC), Urban
Wastewater Treatment (9L/271/EEC) and Drinking Water (9883EC) Directives,
The Sewage Sludge Disposal (86/278EEC) and the Integrated Pellution Prevention
and Control (IPPC) Directive (96/61/EEC), along with a anumber of associated
Directives remain relevant to water quality but are outside those concerned directly
with water policy. The Directive controlling sewage studge disposal to agricultural
land (86/278/EEC) is discussed in Chapter 21.

In most Directives, guide (G) avd imperative or mandztory (1) values are given. The
(-values are those which Member States should be working towards in the long
termy. In most cases nationally adopted limit valugs are the T-values, although occa-
sionally more stringent values are set. The key US Federal environmental legislation
relating to water quality is sumanarized in Table 8.3,
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TasLE 8.1

EU environmemal policy with regard w inland waters by year of introduction

973

Council Ditective an the approximation of the laws of the Member States reluting to
detergents (73/404/EEL)

Conueil Directive on the contral of biodegradability of anionic surfactants {73/405/E5.0C)

1975
Council Directive concerning the quality reymived of surface water intended for the abstrae-
tion of deinking water in the Member States (75/440/EE()

70

Counel Directive concerning the quality of habing waters {T0/160/EEC)

Conneil Directive om pollution caused by ceriain dangerans substanres discharged into the
agquatic envirorment [ 70/404/EEL)

1877
Couneil decision establishing a common procedure for the exchange of information vo the
quality of surface in the Comnunity {T7/795/EEC)

o7y

Couneil Directive on titanivm oxide waste (T8 178EEC)

Council Directive on quality of freshwaters needing protection or improvement in order to
support fish life (78659 EEC)

1970

Counail Direetive coneeening the methods of measacement and frequencies of sampling and
analysis of surface water imended for the abstraction of drinking water in the Member Stutes
(TOABEEEL)

Council Directive on the quality reguired for shellfish waters (79/923/EEC)

1950

Council Directive on the protection of groundwarer against. pollurion cansed by certain dan-
gerous subsrances (B0/68/EEC)

Canngil Directive on the approximation of the Jaws of the Member Siates celating to the
exploitation sud marketing of natural mineral waters (BO/77T7/EEC)

Couneil Direetive relating o the quality of sater intended for human consumption
{BO/TTS/EEL)

fo52

Comneil Dicective on Limit values and quality objectives for mercuey discharges by ihe chlor-
alkali electrolysis indusiry (82/176/EEC)

Conneil Directive on the testing of the bindegradability of non-ionic surfactants
{82/242/FFC)

Counril Dircetive on the monitoring of waste from the titanium oxide industry
[BL/ABI/ERC)

J083

Couneil Directive on Yimit values and quality objectives for cadmium discharges
(BMRINEEL)

1954

Council Directive on limin valoes and quality objectives lor discharges by sectors other than
the chlor-alkali electrolysis industey (§4/156/EET)

Comneil Directive on limit values and gquality objectives for discharges of hexachlorocyclo-
hexane (H4/41/ELD)

1985
Council Directive on the assessment of the effects of certain puhlic and private projects or
the environment (B5/337T/EEC)
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Iniroduction * 155

(Continseed)

1956

Council Direetive on the limit values and quality objectives for discharge of certuin danger-
ous subsrances inclnded in List L of the Annex 1o Directive 76/404/EEC {86/2B0/EEC)
1957

Couneil Directive on the prevention and reduction of environmenral pollution by asbestos
(87/21T/EES)

1085

Council Directive amending Annex [T to the Direciive 86/28(/EEC on limit values and qual-
ity nbjectives for discharges of certain dangerous substances included in List [ of the Annex
to Directive 70/404/EEC (8572347 /FEC)

1990

Council Directive amending Antwex [ to the Divective 86/280/EEC on limit values ond qual-
ity nhjectives for discharges of certain dangerous substances included in List I of the Annex
to Directive T6/464/EEC (90/415/EEC)

139 f

Council Directive concerminy urban wustewater Treatment (91727 1/EEC)

Couneil Directive concerning the proteetion of waters against polluton eansed by nitrates
from agricoltozal sources (91/6T6/EEC)

1592

Council Directive on pollution by wasie from the titanivm oxide industry {92/112/EEC)
1696

Council Directive on IPPC [96/61/EEC)Y

Couneil Directive amending Divective S0/777/EEC on the approximation of the laws of the
Memnber States relating to the exploxation and marketing of narral mineral warers

198

Council Directive on the quality of warer intended for human consumption (98/83/EEC)
2004

Council Directive establishing a framework for comnmunity action in the feld of Water Policy
(O0/60/EEC)

Ezisting EL legislation thar will be repealed by the WFL. The ransitional period for
this legizlation varies berween 7 and 13 vears after the publishing of the WFD on
22 December 2000,

To be repeated with offect from the year 2007

75/ 440/EEC Directive concerning rhe quality required of surface water intended for the
abstraction of drinking water in Member States

THTHS/EEC Council Decision establishing a commaon procedure for the exchange of
information on the quality of surface freshwater in the Community

T986%EEC Directive concerning the methods of measurement and frequencies of
sampling and analysis of snrface water intended for the absrraction of drinking warers in
the Member Scates

To e regealed with effect from the year 2013

T6/464/EEC Directive on pollution caused by certain dungerous subsiances discharged inro
the aquatic environmexnt

T8/65%EEC Dicective on the quality of freshwaters needing protection in order to support
fish life

T9/923/EEC Directive on the quality required hy shellfish waters

80/68/EEC Directive on the prutection of gronndwater aguinat pollution cansed by cerain
dangerous substanres
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Taeee 8.3  Major US Federal water quality legislation

Name of Act Abbreviation Date  Comments
River and Harbors Act 1889  Protects waters from pollution
Federal Water Pollution FWPCA 1948 CGorsnts for Feasibility studies
Control Act
Amendments o FWPCA FWPCA 1456 Crons for feasibility studies
Water Quality Act WOA 1965  Enacted water quality standards
Amandments tn CWA 1972 Massive grants for wastewater
FWPCA - now called treatment and collection
the Clean Water Act
Safe Drinking SWA 1974  EPA sers standards for drinking
Warer Act waler qualily
Fishery Conservation and FCMA 1976
Managenent Act
Soil and Warer Resources SWORA 1977
Conaervation Act
EPA Weilands Regulations 1989
Amendments wo Safe SDWA 1986  EPA publishes lists of
Deinking Water Act contaminants faund in puhlir
water supplies (85 by 1993}
Amendments to CWA CWA 1987  Regulation of toxics and sewage
shadpe in wastewaters and
non-point source [NPE)
pullutiou control grants
Swrface Warer SWTR 1939
Treatment Rules
Natienal Polludon Dhscherge  NPDES 1994 Permits for indusirigl and
Elimingrion Sysrem municipal stormeter
discharges
Amendments to CWA CWA 1992 650K chemicals regulated
Standards for the use and 49 CFR 503 1993 Sewnge shodge standards
disposal of sewage sludge
Amendurents w CWA WA HR Y61 1995 Incentives for watershed

management, a new wetlands
permitting programme based
on ecological values, ere.

8.1 PoraslE WATERS

Water used for the abstraction of drinking water is now covered by the WFD {Article 7),
replacing the Surface Water Directive, which will be repealed in 2007 (Tabie 8.2).
Under the WFD water bodies used for the abstraction of water intended for human
consumption, and either providing >>10m*d~! or serving more than 50 people, are
designated under Article 6 as protecied areas. Likewise, those water bodies intended
for abstraction in the future are also classified as protected areas (Table 8.4). The
Directive requires that these waters receive sufficient treatment to ensure that the
water supplied conforms to the Drinking Water Directive (98/83/EC). Member States
are required to protect these waters te avoid any deterioration in their quality in
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TapLe 8.4  Areas within River Basin Districts (RBDs} requiring special protection under the WED

Protected areas include the following:

= Areas designared for the abstraction of water intended for human consumption

* Arens that may be designated in ihe future for the abstraction of water intended for
human consurapton

» Aress designated fer the protection of economically signilicant aquatic species

* Bodies of water designated as recreational waers, including area designated as barhing
waters under Directive [T6/TO0/EEC)

* MNulrient-sensitive areas including areas designated as vulnerable zones under Directive
S81/676/EEC and arcas designated as sensitive arcas under Direetive 91/271/EEC

» Areas designated for the protection of habitats of species where the maintenance or
improvement of the status of the water is an important fuctor in their protection. incloding
relevant Natura 2000 sites designated under Direetives 92/45/EFC (Tast amended
DTG EC) and TO/40NWERC (last wnended %7/39/EC)

order to minimize the degree of treatment required. This includes establishing,
where necessary, protection zones around water bodies to safeguard quality.

Until it is repealed, surface waters intended for supply purpeses must be classified
under EU Directive {73/440/EEC), There are three categories (A, A; or Ay) based
on raw water quality using 46 parameters (Table 83). For each category there isa
mandatory minimum degree of treatment required. These are:

A, simple physical treatment and disinfection {e.g. rapid filtration and chlorization};

Az normal physical treatment, chemical treatment and disinfection {(e.g. pre-
chlorination, coagulation, flocculation, decantation, filtration and final
chlorination);

A intensive physical and chemical treatment, extended treatment and disinfection
{e.g. chlorination to break point, coagulation, flocculation, decantation, filtration,
adsorption {activated carbon) and disinfection (ozone or final chlorination}}
(Section 1(.1),

The methods and sampling frequency for this Directive were not published until 1979
(72/869/EEC), with sampling taking place at designated sites where water is abstracted.
Suriace water that falls outside the mandatory imits for Ay waters is normally excluded
for use, although it can be blended with better quality water prior to treatment. The
Surface Water Directive will continue in force until 2012 when all measures in the
first River Basin Management Plans (RBMPs) become fully operational.

Only one Directive deals with drinking water quality, the EU Directive relating to the
quality of water intended for human consumption (98/83/EC), approved 3 November
1998, It also covers water used in feod production or in processing or marketing
products intended for human consumption. This replaces the eatlier Drinking Water
Directive (B0/778/EEC) which had been criginally proposed in 1975 and was both sci-
entifically and technically out of date. The pubiication of the revised World Health
Organization (WHO} drinking water guidelines in 1993 led to the revision of the
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TaeLe 8.5 Stendards for polable water abstractions set by the EC Surface Waver Directive (73/440/EEC)

Treatment type Ag Ay Ag
Parameter {mg/] Cuide Mundatory CGuide Mandatory Guide Mandatory
exvept where noted) fimit fimit limit limit fimit it
pl1 units G085 3.5=0.0 5590
Colour unity 0 20 a0 100 a0 200
Suspended solids 25
Temperature [*C} 232 25 22 25 22 25
Conductivity {pS/em) 1004 1000 100
Odour {DNY 3 10 20
Nitrate {as NO) 25 50 50 50
Fluoride 0.7-1.0 1.5 0.7-1.7 0.7-17
Iron fsolublie} 1 03 1.0 2.0 1.0
Manganese 0. 0.1 1.0
Copper 042 .00 0.05 1.0
Zine 0.3 3.0 1.0 3.0 1.0 5.0
Boron 1.0 1.0 1.0
Arsenic X1 0.00 005 0.05 .1
Cadmium 0.0 1.005 0.001 0005 u.ao1 0.005
Chromium {rotal) .05 05 .05
Lead (.05 05 (.05
Selemium 1.1 (.01 0.0
Mercury 0.0005 0.001 00005 0.001 (.05 0.001
Barium 0.1 1.0 14
Cyanide 003 003 0.05
Sulphate 150 250 150 250 150 250
Chloride 200 200 240
MBAS 0.2 0.2 (L5
Phosphate {as PaCrs) 0.4 0.7 0.7
Phenol 0.001 0.001 0.005 0.0 2.1
Hydrocarhons 005 0.2 (.5 1.0

{ether solubde)
PAH® 00002 0.0002 4.0
Pesticides (.00 0.0025 0.005
oD an
BODY {wirth ATLF) <3 <5 <7
DO per cent saturation =70 =0l =30
Nitrogen [Kjeldahl) i 2 3
Ammonia {as NH,} 0.05 1 1.5 2 4
Tl eoliformsd 100 m] 50 e 20000
Faecal coliforms/ 20 2000 20000

1) ml
Faecal stroptococei/ 20 1000 10080

100 ml
Sahnonella ahsent ahsemnt

in 51 in?]

Mandatory levels 5% complianee, 5% nor complying sheuld not exceed 150% of mandatory level. *DN: dilution
aumber; PPAIL polyevelic aromatic hydrocarhans; “ATL): allythivurea; D0 dissalved nxygen.
Reproduced with permission of the European Commission, Luxembourg,
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TagLr 8.6 The quality paramerers listed in the new EC Drinking Water
Directive (98/83/EEC)

Parameter Parametric value
Part A: Microbislogical paramneters

Fscherickia cof 100 ml
Enterocucei /100 ml
In water offeved for sale in botiles or containers

£ coli 04250 ml
Enterocorci 0250 il
PMendomonoz cernginosg 0/250 ml
Colony connt a1 22°C 100/ml
Colony eount at 37°C 20/ml
Part B: Chemical parameters

Acrvlamide 01pgl!
Antimany 50puel™!
Arsenir: 13 pgl!
Benzens 1.0pgl™!
Benzn{a)pyrene 0.01 pgl™!
Boron Limgl™ L
Bromate 10pgl!
Cadmium H0pal!
Chromium Nhpgl™?
Copper 20mgl!
Cyanide S0pgl™t
1.2-Dichlgroethune Alpy -
Epichloralivdrin 0.1 pei!
Fhaoride Limgl™!
Lead 10pgl!
Mercury LOpel™!
Nickel 20pgl™!
Nitrate S50mgl-!
Nitrite [l.5mg|_'
Pesticidesst 0.1pgl!
Pesucides (roral)® 0.5ugl™!
Polycyclic aromatic hydrocarbons® 0.1pzl™!
Selenium Wpgl™!
Tetrachlorcethene plus trichloroethane 10 pe !
Trihalometanes (toral 2 100 pg 1!
Vinyl chloride 0.5ugl™?

2Relutes 10 specified compounds in Directive 98/83/EEC.

YFor aldrin, dieldrin, heptachlor and heptachlor epoxide the parametrir:
value is 0.03 pgi~1.

Reproduced with permission of the Eoropean Commission, Luxemborg,

European standards. The new Directive has been significantly altered focusing on
parameters that reflect current health and environmental concerns. This involves
reducing the number of listed parameters from 66 to 48, 50 for bottled water, of
which 13 are new parameters (Tables 3.6 and 8.7). It also introduces a more modern
management approach to potable water quality conirol and assessment. The
Directive has been incorporated into law in Britain and Ireland through the Water
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TasLe 8.7 The indicator parameters (Parc C) in the new EC Drinking Water Directive {Y8/83/EC)
wsed for checl monitoring

Farameter Parameirie Nofes
valpe
Physico-chemical
Aluminium 200 pel!
Atrimoninm 05mgl™!
Chloride 250 mgl™! Warer should nor be aggressive
Closricdium perfringens 07100 m From:, or affected by, surface water only

Colorur

Condectiviny
Hyilrogen jon

2500 pSem !
pH =5, =05

Acceprable ty consumers and no
ahnormal change

Warer shold not be aggressive

Water shonld now be aggressive. Minimom

concentration values for hottled warers not =pl14.5

Irom 200 pgl™!

Munganese ol pg -t

Odomr Acceprable o consumers and no
ahnormal change

Oxidizability 5.0mg ;! Mot required if TOC wsed

Sulphate 250 mg ! Wuter should not be aggressive

Bodium 200 mg 1!

Taste Avcepiable to consumers and no
abnormal changs

{.olony connt ar. 22°C 04100 ml

Loliform bacteria O 100 rul Fur bottled waters 07250m!

TOC No abnormal change. Only for flows
= 10000 i day !

Tuchidity Areepiable to consumers and no abnormal
change. Normally <1.0NTU

Radioactivity

Tritium 100 By 1~!

1

Total imlicarive duose 0.1 mSvyear™

TOC; toral organic carbon: NTLU: nephelometrie waebidity nnit.
Reproduced with permisston of the European Commission, Luxembourg.

Supply (Water Quality) Regulations 2000 and the Enropean Communities (Drinking
Water) Regulations 2004, respectively. Natural minesal waters and medicinal waters
are excluded (i.e. Natural Mineral Waters Directive 80/777/EEC), while bottled
water not legally classified as natural mineral water (e.g, spring waters) are required
to conform to the Drinking Water Directive.

The WHO guidelines for danking water are used universally and are the basis for
both EU and USA legislation {WHO, 1993a, 2004}. The guidelines are revised when
required to reflect the most recent toxicological and scientific evidencc. The latest
guidelines published on 21 September 2004 include microbiological (Table 8.3),
physico-chemical (Table 8.9) and radiological parameters {Table 8.10). While health-
based gnidance levels for almost 200 individual radionuclides in drinking water have
been published in the 2004 WHO puidelines, the process of identifying and quantifying
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TABLE 8.9
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WH drinking water guide values for micrabial qualiey®

Organisnis Grideline value

All reater directly intended for drnking
E. coli or thermotolerant coliform bacteria™  Must not be detectable in any 100-ml sample
Treated water entering the distribiution systen
E coli or thermotolerant coliform hacteria®
Treated water in the distribution gystem

E. cali or thermotolerant coliform hactaria®

Must. not be detectable in any 100-ml sample

Must not be deteceable in any 100-ml sample

Blmmntediate investigative action must be taken if K colf are detected.

bAlthough E. eofi is the mare precise indicator of faecal pollution, the count of thermotoler-
ant coliform bacteria is an acceptable alternative. If necessary, proper confirmatary tests
must be carried out. Toral coliform hacteria are not acceptable indicators of the sanivary
euaality of water supplies, particnlarly in teopical areas, where many bacteria of no sanitary
sigificance occur in almost all untreated supplies.

“1t is recognized that in the great majority of miral warer supplies. especially in developing
enuntries, faecal contamination is widespread. Especially under these condivions, medium-
tertn targets for the progressive improvement. of water supplies should he set,

Reprodizeed from WHO [2004) with permission of the World Health Organization, Ceneva.

WHO drinking water guide values for chemicels of significance to health

Chemicul Guideline Remarics
ralue” (mg/i}
Acrvlwmide (.0005"
Alachinr G032k
Aldicarh .01 Applies to aldicarb sulphoxide and
aldicarh sulphone
Aldein and dieldrin 1.06003 For combined aldrin plus dieldrin
Andmony 0.02
Arsenic 0.01 {P)
Atrazine (002
Harium 07
Bengzene 0.01b
Benzu[a]pyrene 0.0007"
Boron 0.5 (T)
Bromate 0.01" (A T
Bromodichloromethane 0.06"
Bromaoform a1
Cadmivm 0.003
Carbofuran 0007
Carbon tetrachloride 0.004
Chlorel hvdrate 0.01 (P}
{trichloroacetaldehyde)
Clhilorare 0.7 {D)
Chlordane 0002
Chlorine 5(C) For effective disimfection, there should be

a residual conceniration of free chlorine
of =0.5mg/| after ar least 30 min
contact time at pH <8.0

{Continued}
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TasLE 8.9  {Continued)
Chemical Guideline Remarks
value® (mg/l

Chlorite 0.7 (D}

{Chloruform 02

Chlorotolucon 0.03

Chlorpyrifos 003

Chromium 0.05 (P For wra] chromium

Copper 2 Btaining of laundry and sanitary ware
may ocewr below guideline value

Cyanazine 0.00066

Cyanide .07

Cvancgen chloride 007 For cyanide as woral eyanogenic
compounds

2.4.D [(2.4- 0.03 Applies to free acid

dichlorophenocyacetic acid)

2,4-DB 0.09

DOT and metabolites 0.001

Di{2-ethylhexyl)pinhalate 0%

Dibromoacetonitrile 0.07

Dibromochloromethane 0.1

1,2-Dibrome-3-chloropropane  0.001"

1.2-Dibromosthane 0.0004" (P}

Dichluroacetale 005 (T.1

Dichloreacetonitrile 0.02 (P

Dichivrubenzene, 1,2- 1(C)

Dichlorobenzene, 1,4- 0.3 (C}

ichloroethane, 1,2- 0.03"

Dichloroethene, 1,1- 0.03

Dichloroethene, 1,2- 0,05

Dichlorormrethane 0.02

1.2-Dichloropropane (1,2-DCPFY) 0,04 (P}

1,3-Dichloropropene 0.02b

Dichlorprop 0.1

Dimethouate 0000

Edetic acid {EDTA) 0.6 Applies to the free ncid

Endrin 00006

Epichlorohydrin 0.0004 {F)

Ethvlbenzene 0.3 (C]

Fenoprop 0.009

Fluaride 1.5 Volume of water consumed and inteke
from ather sources should be consid-
ered when setting national standards

Formaldehyde 0.4

Hexachlorobutadiens 0.00006

lsoproturon 0.009

Lead o.M

Lindane .002

Munganese 0.4 {0

MCPA 0.002

Mecoprop 0.01

Mereury C.001 For wital mereury {inorganic plus organie)
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Taeee 8.9  {Contirtued)

Chemical Gaideline Renarks
vafue® (mg/l)
Methexyehlor .02
Metalachlor 0.01
Mirrocystin-LR 0.001 (P} For total Microcystn-LR {lree phos
cell-bound)
Molinate 0.6
Molyhdenum 007
Monochlacamine 2
Monochloroacetnie 0.02
Nickel .02 {F)
Nitrate (as NOg} A Short-term exposure
Nitrilotriacetic acid {NTA) 0.2
Nitrite {as NOZ) 3 Short-term exposure
0.2 (P Long-term exposore
Pendimethalin 2.02
Pemachlorophenal .009" (P)
Pyriproxyfen .3
Selenium 0.0
Simazine 0.002
Styrene 0.02 ()
245T 0.009
Terburhylazine 0.007
Tetrachloroethene 0.04
Toluene 0.7 ()
Trichloroacetar: 0.2
Trichloroethene .07 (P)
Trichlorophenol, 2.4,6- 0.2% ()
Trifluralin 2.02
Trihalomethanes The sum of the ratio of che concentration

of cach to its respeetive guideline value
should not exceed 1

{Iranium Q015 (B T Only chernical aspeces of uranium
addressed

Vinvl chloride 0.0003b

Xvlenes 0.5 {Ch

*P: provisional guideline value, as there is evidenee of a hazard, but the available informa-
tion on health effeers is limited; T provisional guideline value because caleulated guideline
value is below the level thar can be achieved through practical treatment methods, source
protecrion, e1c.; A: provisional guideline value because caleulated guideline vatue is below
the achievable quantification ievel; D: provisional guideline value because disinfection is
likely to result in the guideline value being exceeded; C: concentrations of the substance at or
below the health-based guideline value may affeet the appesrance. Laste or odour of the
water, leading to consumer vomplaings,

"For substances that are considered Lo be carcinogenic, the guideline valoe is the concentea-
tion in drinking water associated with an upper-bound excess lifetirme cancer risk of 107*
(ome additional cancer per 100000 of the population ingesting drinking warer containing
the substance ut the guideline value for 70 years), Concentrations assoviated witk upper-
bonnd estimated excess lifetime cancer risks of 107% and 107° can be caleulated by multi-
plving amd dividing, respectively, the guideline value by 10,

Reproduced from WHO [2004) with permission of tie World Health Organization, Geneva.
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individual radioactive species requires sophisticated and expensive analysis, For
this reason, drinking water (s screened using gross alpha and beta activity with fur-
ther acticn only required if these activity levels are exceeded. Table 8.11 lists those
chemicals that are not harmful to health at the concentrations normally encoun-
tered ir drinking water, Some may, however, result in conswmer complaints,

TapE 8.1¢  WHO drinking water guide valnes for radicactive components

Sereening value (Ba/l)

Remarks

Cross a-activicy 0.0
Cross B-goivity 1

I a screening value is exceeded, more detaited radionuclide
analysis is necessary, Higher values do not necessarily imply
thae the water is unsuitabls for human consumption

Reproduced from WHO (2004} with permission of the World Health Organization, Geneva,

Tapre 8,11 Health-related guide values have not been set by the WHO for a number of chemicals that
are not considered hazardous in concentrations normally found ia drinking water. Some compounds may give
s o consumer complaints

Chemicals excluded from guideline vaiue derivation

Chemical Heason for cxcluslan

Amicraz Negrades rapidly in the enviromnenr and is not expected to socur at measuerable
concenirations in drinking water supplies

Bervlliom Unlikelv ro occur in drinking warer

Chlorobenzilate Unlikely 2 occur in drinking water

Chlorathalonil
Cypermethrin
Diazinon
Dinoseb
Ethylene thiourea
Fenamiphos
Formathion
Hexachlorocyclohexanss
[mixed isomers}
MCI'B
Methamadoplios
Methomyl
Mirex
Monoerotophos
Oxamyl
Phorate
Proporur
Fyridate
(uintozene
Toxaphens
Trizzophos
Tribwivltin oxide
Trichlorfon

Unlikely 1 orcur in drinking water
Unlikely to occur in drinking water
Unlikely to occur in drinking water
Lnlikely to occur in drinking water
Unlikely 1o occur in drinking water
Lnlikely 1o occur in drinking wouter
L'ulikely to orcur in drinking water
Lnlikely to occur in drinking water

Unlikely to oceur in drinking water

Unlikely to occur in drinking water

Lnlikely to occur in drinking wier

Unlikelv to occur in drinking witer

Has been withdrawn from use in many conntres and is unlikely 10 occur in drinking water
Unlikelv to oceur in drinking wuter

Unlikely 0 acenr in denking woter

Unlikely o aceor in drinking water

Not persistent and only rarcly found in drinking warer
Lnlikely 10 oceur in drinking worer

Unlikely to oceur in drinking swater

Unlikely to ncenr in drinking smater

Unlikely to peeur in drinking water

Unlikely to ncour in drinking water
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{Cor:tinued}

Chemicals for which gatdefine values have not been extablizhed

Chemical

Heason for not establishing o gaideline value

Aluminium

Amimnonia

Asbestos

Betuazone
Bromochloreacetate

Bromochloreacetonitrile

Chloride
Chlorine dioxide

Chloroacetones

Chlorophenal, 2-
Chloropicrin
Dialkyltins

Dibromoaceiate
Dichloraine
Mchlgrebenzene, 13-
Dichloroethane, 1,1-
Dichlorophencl, 2,4-
Dichloropropane, 1,3-
Di[2-ethylhexyl)
adipare
Digqual

Endosnlfan
Fenitrothion
Flouoranthine
Glyvphosate and AMPA
[{ardness
Heptachlor and
heptuclﬂur epoxide
Hexachlorobenzene
H}rdrugen su]phide
[norzanic tin
[pdine

lron

Malathion
Meshyi parathion

Owving o lwirarinns in the animal data as a model for homans and the uncertainty
swrounding the human data, a health-based guideling value carnot be denved; however,
practicable levels based on optinizagon of the congulation process in drinking water
plants psing aluminiun-based coagulants nre derived: 0.1 mg/l or less in large water
trearmenit facilities, and 0.2 mg/1 or less in small facilities

Oveurs in drinking water at cotwentrations well helow those at which toxic effects may oecur

Mo consistent evidence that ingested asbestos is hazardous to health

Oceurs in deinking water al concentrations well below those at which toxie effects may oeeur

Available data inadecuate to permit derivation of health-hased guideline valne

Available data inadequate to permit derivation of health-bused guideline value

Not of health coneern at levels found in drinking waier

CGuideline value not establiched beeanse of the rapid breakdosn of chlorine dioxide and
beiamse the chlorite provisional guideline valoe is aderpately protective for potentiaj
toxicity from chlorine dioxide

Avnilable datn inadequate to permit derivation of henlth-based guideline values for any
of the chlornacetones

Available dats inadeguate o permic derivation of healch-based guidelineg value

Available data inadequoate to permit derivation of health-based guideline value

Available data inadequate 10 permit derivation of health-based guideline values for any
of the dialkyltins

Available duta inadequate o permnit derivation of health-based guideline value

Available data inadequate 1o permit derivation of health-based guideline value

Toxicological data are insufficicnt to permit derivation of health-based guideline value

Very limited database on roxicity and carcinogenicity

Available data inadequare to permit derivation of health-based guideline value

Cratz insufficient to pertit derivation of health-based guideline value

Decurs in drinking water ac concentrations well below thase st which 1oxic effects
may occur

Rarcly found i drinking warer, but. may be used as an aguatic herbicide for the control
of feee-lloating and submerged aguatic weeds in ponds, lakes and irvigation dirches

Occurs in diinking watet at concentrations well below those at which toxic effects may occur

Oeeurs in drinking water at concentrations well below those at which toxic effects may nceur

Ociurs in <drinking water ai concentrations well below those at which 1oxic effects may ocour

Oveurs in drinking warer at concenurations well below those at which toxie effeces may aecnr

Not of health concern ut levels found in drinking water®

Oceurs in drinking water at concentrations well below those at. which toxic effects
MaY Heour

Oceors in drinking water at concentrations well below those at which toxic efferts may oecur

Not of health concern at levels found in drinking warer®

Occurs in drinking water al concentrarions welt below those at which toxic eflects may occur

Available dats inadequare to permit derivarion of healch-based guideline value, and
lifetime exposure to jodine theangh wager disinfection is nnlikely

Not of health concern ar concentrations normally observed in drinking water, and taste
awd appearance of warer are affected belosy the health-based value

Occurs in drinking water a1 poncentrations well below thase ar which roxic effects may ocenr

Ocenrs in drinking water at concentrations well below those at which toxic effects nuay
DT

{Contined)
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Tabe 8.11  {Continued)

Chemicul

fleason for nof establishing a guideline value

Monsbromoacerate
Monochiorohenzene

MX

Parathion

Perethrin

pH

Phenvlphenasl, 2- and
1ts sodinem salt

Propanil

Silver

Sodium

Sulphate

TDs

Trichloramine
Trichloroacetmitrile

Trichlorobenzenes {Lotal)

Trachloroethane, 1.1,1-
Zine

Available dato inadequuce to permit derivation of health-based guideline value
Ch:curs in drinking water at concentrations well below those ar which toxic elfects may
ocrur, and health-based value would far exceed lowest reported taste and oduur threshold
Dheeurs in drinking water at concentrations well below those at which oxic effects may oocur
Orceurs in deinking warer at concentrations well below those at which toxic effects may ocenr
Oceurs in drinking water at conerntrations well below those at which toxie effects may ooeny
Mot of health concern at levels found in drinking water?
Crecurs in drinking water at concentrations well below thase at which toxic efferts
Ay oecur
Readily transformed intg nernbolites that are more toxic; o guideline valoe for the
parent compound is considered inappropriaie, and there are inadequate data to enghle
the dedvation of mideline values for the metabolives
Available data madequate to permir derivation of henlth-hased guideline value
Mot of health concern at levels found in drinking water®
Not of health concern at levels found in denking water”
Not ol health concern al levels found in drinking water®
Available data madequate to peemit derivation of health-based gnideline value
Available daty madeguate to permit derivation of health-Lased guideling valoe
Oceurs in drinking water ar concentrations well below those at which toaic effects mav
occut, and health-based valoe would exeeed lowest reporred odour chreshold
Oeemrs in deinking water at coneentrations well below those at which tozic effects may occur
Mot of healih concern al concentrations normally observed in driokiog waier”

Mav affect acceptability of drinking water (see: Chaper 11).
BAn important operational water gnality parsmeter,

The key changes in water quality standards intreduced by the revised Drinking Water
Directive are:

{a) Faecal coliforms are replaced by Escherichia cofi, and Preudomonas aeruginosa is
te be measured in bottled water.

(b} Antimony is reduced from 10to 5 pgl™'.

(c) Lead is reduced from 50 to 10 pg1~!. A 15-year transition period is allowed for
the replacememnt of lead distribution pipes.

(d) Nickel (a precursor for eczema) is reduced from 50 to 20 pg ™.

{e)} Disinfection by products and certain flocculants are also included (e.g. tri-
halomethanes, trichloroethens and tetracholosoethene, bromate, acrylamide,
etc.}.

(f) Copper is reduced from 3 to 2Zmgl~.

(g} Maximum permissible concentrations for individual and total pesticides are
retained a1 0.1 pg ™! and 0.5 ugl™, respectively, with more stringent standards
introduced for certain pesticides (i.e. 0.03 ugl1™).

The Directive entered into force on 25 December 1998 with Member States required
to transpose the Directive into national legislation within 2 years and full compliance
by 25 December 2003, Exceptions have been made for bromate, trihalomethanes and
lead for which full complianee is required by 25 December 2008 for the first two
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parameters and 25 December 2013 for lead. Interim values of 25, 150 and 25 pgl™?,
respectively, are to be achieved by 25 December 2003 for these parameters. The new
parameters are [isted under three parts: Part A. Microbiological; Part B. Chemical
(Table B.6); Part C. Indicator parameters (Table 8.7).

Monitaring of comptiance is done at two levels. Regular check monitoring using the
parameters listed in Part C (Table 8.7) ensures that the basic organoleptic and micro-
bial quality is maintained, while audit monitoring is done less frequently to ensure
compliance with the listed quality parameters in the Directive. Sampling is now done
exclusively at consumers’ taps and the water must be free from any micro-organisms,
parasite or substance which, in owmbers or concentrations, constitute a potential
danger to human health, as well as meeting the minimum quality standards listed,
The Directive introduces some new management functions to ensure better quality
drinking water is supplied. All parametric values are to be regulatly reviewed and
where necessary strengthening them in accordance with the latest available scientific
knowledge. Tivo principle sources of information will be the WHO Water Quality
Guidelines and the Scientific Committee on Toxicology and Ecotoxicology. The
Directive also seeks to increase transparency and safety for consumers. This is
achteved by (i) ensuring that compliance is at the point of use; (ii) obligation on sup-
pliers to report on quality; (iii) an cbligation on suppliers to inform the consumer on
drinking water quality and measures that they can take to comply with the require-
ments of the Directive when the non-compliance is because of the domestic distribu-
tion system (e.g. intgmmal pipes, plumbing, tc.).

The Drinking Water Directive only covers public water supplies while private supplies
are excluded (e.g. springs, wells, etc.). The LTK Water Industry Act 1991 defines a private
water supply as any supply of water not provided by a statutorily appointed water
undertaker. In England and Wales there are over 50000 private supplies supplying
about 350000 people for domestic purposes. Of these, approximately 30000 supplies
serve a single dwelling. The actual number of people consuming private water sup-
plies at some time is very much greater due to their use at hotels, schools and other
isclated locations. The Private Water Supplies Regulations 1991 require local author-
ities to monitor such suppliss to protect public health and, where necessary, demand
improvements to be made. However, in practice, private supplies within the EU fall
outside the regulatory system.

Drinking water standards in the US arise form the Safe Drinking Water Act 1974 and
its subsequent amendmenis (Gray, 1994}. Standards are split into two categories: pri-
mary and secondary. Primary drinking water standards are mandatory and cover
those parameters considered to be potentially harmful to health. They are broken
down into clarity, microbiolegical, organic centaminants, inorganic contaminants and
radionuclides (Table 8.12). Secondary drinking water standards are non-mandatory
and cover paraimeters that are not harmful to health but that affect the aesthetic
quality of drinking water. These include colour, odour, chloride, copper, foaming



TasLk 8.12  US Primary Drinking Weter Standards

Contaminants Health effects MCL (mg/ll  Sonrces
Organic chermicals
Arrylamide Probable cancer nervous system TT® Flocculams in sewage/waste-water treatment
Alachlor Prahable cancer 0.002 Herbicide on roen and sovheans; ander review for cancellation
Aldicark Nervous system 0003 Insecxicide nn cottan, potatoes, restricted in many areas due to
rroundwater contamination
Aldicarh sulphone Nervous system 0.002 BPegeaded from aldicack by plants
Alrazing Reproductive and curdiar .00 Widely used herbivides on corn and on non-crop land
Benzene Cancer .00 Fuel {leaking tanks}: solvent conmonly used in manufacinre of
industrial chemnicals, pharmacentivals, pesticides, paints and plastics
Carhaofuran Nervous svstem and 0.04 Soil fumigentfinsecticide on cornfeotton; restricted in some areas
reproductive system
Carbon tetrachloride Possible cancer 0.005 Commoenly used in cleaning agencs, industrial wastes from
manufacrure of rontaets
Chlordune Probable cancer o002 Soil insecticidi: for termite control on corn, potatoes; most uses
cancelled in 1950
24-D Liver, kidrey. nervous system .07 Herkbicide for wheat, core, rangelands
Dibrumochlaropropsne [DBCP} Probable cancer 00002 Soil fuenigani on snybeans comon; cancelled 1977
Dichlormbenzene p- Possible cancer 0.070 Lised in insecticides, mothbails, air deodorizers
Dichlorohenzene a- Nervous svstem lung, liver, kidney 0.6 ludustzial solvent; chendeal ntanafactoring
Dichloroethane [1,2-) Possible cancer 0005 Lised in manufactuee of insecricides, pasoline
Dichlorotbvlene (1,1-) Liver/kidney effects 0.7 Used in manufactare of plastics. dves, perlumes, paims,
synthetic organic chemicals [S00s)
Dichlornethylenc (ois-1.2-) Nervous systein, liver, circolatory  0.07 Industrial extraction solvenr.
Dichloroethylene {trons-1.2-}  Nervous svstemn liver. circolarory . 0.01 Indusirial extruetion solven.
Dichlocopropane (1,2-] Pzobable cancer, liver, 0.005 Soil furnigant. industrial solvem
hungs, kidoey
tEndrin Nervous systemfkidney effects 0.0602 Insecticides wsed on cotton, smell grains, orchards {cancelled)
Epicklorobydrin Probable cancer, liver, T Epoxy resins and coatings, flocculunts osed in treatment
kidneys, lungs
Ethylbenzene Kidney, hiver, nervous system 07 Present in gasoline and inseciicides: chemical mancfacruring
Ethylene dibromide {EDB) Probable cancer 000005 Gasoline addivive; soil fumigant, solvent cancelled in 1984;
limited uses continue
Heptachlor Probable cancer 0.0004 Insecticirde on corn; cancelled in 1983 {or all bar termite control
Heptachlor cpoxide Probable cancer 0.0002 Soil grd water organisms convert heptachlor to the cpoxide
Lindane Nervous system, liver, kidrey 0.0002 Insecticide for seed/lumberflivesiock pest conrol;
most uses cestriceed in 1983
Methaxvchlor Nervous system, liver, kidney .04 [nsecticide on alfalfa, livesiock



Monochlorohenzene
Pentachlorophenn]

Polychlorinared byphenyls

{PCBs}
Btyrene
Tetrachloroethylene
Toluene

Toxaphene
2-4-5-TP (Silvex)

Total wihalomerthanes (TTMH}
{ehloroform, bromoforn,
bromodichloromethane,
dibromochlocornethane)

Trichloroerthane (1,1,1)

Trichlorcethylene

Vinyl chloride

Xylenes

fnorganic chemicals
Arsenic

Ashestos
Barinm

Cadmium
Chromium
Copper
Fhioride

Lead

Kidney, liver, nervous syaten:
Probable cancer, liver, kidney
Prohgble cancer

Liver, nervous system
Probabie rancer

Kidney, nervoug system, lung
Probable cancer

Nervous system, liver, kidney

Cancer risk

Nervous systemn problems
Pussible cancer

Cancer risk

Liver, kidoey, nervous system

Drermeal and niervens system
toxicity effects

Benign tumounrs

Circulatory system

Kidney

Liver/kidoey, skin and
digestive system
Stomach and intestinal
distress; Wilson's disense
Skeletal damuge

Central and peripheral nervous

system damage; kidney; highly

toxic to infants and pregnant
WO

0.1
0.001
0.005

0.1
0.005

0.003
0.05

0.1

0.2
0.005
0.002

10

.01

TMFL

0003
0.1
Tia
4

T

Pesticide manufacturing; meval cleaner; industrial solvent
Wood preservative and herbicide: non-wood uses banoed in 1987
Elecirical cransformers, plasticizers; banned in 1070

Plastic manufacturing; resins used in water treatment equipment
Dry-cleaning/indusirial sobvent
Chemical manufacturing; gasoline additive; industrial solvent
Insecticide/herbiride for corton, soybeans; cancelled in 1952
Herbicide on rangelands, sugar cane, golf courses;
caucelled in 1983
Primarily formed when surface water containing organie macter js
treated with ehlorine

Used in manufacture of (ood wrappings., synthetic fibres

Waste from disposal of dry-cleaning materials and manufacturing
of pesticides, paints, waxes and varnishes, paint stripper,
melal degreaser

Polyvinyl chloride pipes and solvents used 1o joint them: industrial
waste from manufacture of plastics and synthetic rubber

Paint/ink solvent; gasoline refining by-product, components of
detergents

Grological, pesticide residues, industrial waste
and smelrer operations
Natural mineral déposits: alse in asbesios/cerment pipe
Natural mineral deposits; vil/gas drilling operations; painr and
other industrial uses
Nainral mineral deposits; meral finishing;
corrosion produset plumbing
Nutural mineral deposits; meeal finizhing, textile,
tanning and leather indusiries
Clorrosion of interior houschold and building pipes

Geological; additive to drinking water; tootchpaste: foods processed
with fluorinated water

Corrasion of lead salder and brass faucers und fixtures;
corrnsion of lead service lines

(Continued)



TasLE 8.312 (Continued)

Confaminanis Health effects MCL {mgfl}  Sources
Mercury Kidney, nervous system 0.002 Induseriad/chemical manuofacturing; fungicide;
natural mineral deposits

Nitrate Methacmoglobinaemia, 10 Fertilizers, feedlots, sewage, naturally in seil. mineral deposits

‘Blue-baby syndrome’
Nitrite Methaemoglobinaemia, 1 Unstable, rapidly converted to nitrrate prohibiced

‘blue-baby syndrome’ in working metal fluids
Total {nitrate and nitrite) Net applicable 10 Mot applicable
Seleninm Nervous system 0.0% Natural mineral deposits; by-pmduet of copper mining/smehing
Uranium Cancer 0.03 Rodicactive waste. geolological/natura)
Radionuctides
Beta paurticle and photon Cancer 4 mremv/vear  Radioactive waste, uranjum

activity depasits, nuclear fariides
Gross alpha particle activiry Cancer 15 pClA Radigactive wasie, nranium deposits,
geological/natural

Radium 2264228 Bone cancer 5 pCl1 Radioactive waste, geological/natural
Microbiolagical
Ginrdia Lamblia Stomach cramps, intesting) T Human gl aniueul faecal maer

distress (Giardiasis)
Lewionella Legionnaires” disease T1= Water aerosnls such as vegetahle misters

(puewmnonia), Pontiac fever

Not necessarily disease-causing Humasn and aninal faecal matter
themselves, coliforms can be

indicators of organisms that can

ranse gastroenteric infections,

dysentery, hepatitis, typhoid fever,

chalera, and other. Also coliforms

interfere with disinfection

Total coliforms

Turhidity [nterfares with disinfection 0.5-1.0 NTU*  Erosion, run-off, discharges
Yiruses Castroenteritis (intestinal distress} TT* Human and snimal faecal maiter
Oiher substances
Sodium Possible increase in blood None [20 mg/l Ceological. road salting

pressute in susceptible reporting

individuals level}

Treaiment technique requirement in effect.
ENTU, on nephelometric wurhidity unit.
Reproduced from USEPA{1995} with perntission of the US Environmental Protection Ageney, Washington, DC.
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agents, iron, manganese, sulphate, zinc, conductivity, total dissalved solids (TDS),
pH, hardness, sodium, cafcium, potassivm, magnesium, boron and nitrite,

The Office of Drinking Water at the US Environmental Protection Agency (USEFPA)
uses two standards for primary parameters. The maximum contaminant level (MCL)
is the enforceable standard, while the MCL guide {MCLG) is 2 non-enforceable
standard set at a level at which no known or anticipated adverse health effect occurs.
For example, for all known carcinogens the USEPA sets the MCLG at zero as 2 mat-
ter of policy, based on the theory that there exists some risk of cancer, albeit very
steall, at any exposure level, The MCL is set as close to the MCLG as possible taking
technological and cost factors inte considerations. The primary drinking water stan-
dards must be complied with by all States, although ir practice many States s¢t more
stringent values for certain parameters. The standards ¢over public supplies only,
which are defined as those serving 25 or more peeple or from which at least 15 service
connections are taken (American Water Works Association, 1990).

8.2 SurFACE WATERS NoT USED PRIMARILY FOR SUPPLY

The ecological and chemical status of surface waters will in the future be protected
and managed by setting environmental quality and emission standards in RBMFPs
under the WED. Five ecological status classifications are used for water qualiny of
surface waters, high, good, moderate, peor and bad. Ecological status is based on a
wide range of biolegical, physico-chemical and hydromorphological elements (ie.
parameters) with detailed descriptions of status classification for each surface water
type, that is lakes, rivers, iransitional waters and coastal waters, given in Annex V of
the Directive. Guidance is given for each major quality element as to what comprises
a particular status for each water type, althouph specific environmental quality and
emission standards are set by Member States for each River Basin District (RBD) for
water, sediment and biota. In setting EQSs for polluting substances (Section 8.3)
acute and chronic toxicity test data should be obtained for each type of water body.
From this safety factors will be set to protect the biota from dangerous substances.
Guidance for toxicity assessment is given in the WEFD (Armex V), Arcas designated
as protected areas within RBDs have been identified as requiring special protection,
which in practice will mean more stringent or special standards may be required. A
register of protected areas is required for all water bodies within an RBD (Table 8.4),

There is a tranzitional period until 2007 and then 2013 while RBMPs are adopted and
become tully operational, respectively (Table 7.7). Existing legislation that is to be inte-
grated into the WFD stays in force until it is repealed (Table 8.2). So during this tran-
sitional period surface water quality is maintained by the Directives described below.

The Freshwater Fish Directive (78/649/EEC} specifies 14 physico-chemical parame-
ters in order to maintain water quality suitable for supporting and improving fish life
(Table §.13). The Directive does not apply to all surface watars, with Member States
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TsbLE 8.13  The standards specified for salmonid and cyprinid waters under the EC Freshwater
Fish Directive (78/656/EEC)

Parameter

Salmenid

Cyprinid
G f & I

Temperature {°C)
{where there i5 an

Temperatore at edge of mixing zone must. not exceed
the unaffected temperature by more than:

thermal discharge)

15 3
The temperature must not exceed:
215 238
10 10
The 10°C limit applies 1o breeding periods when needed
Dissolved oxygen {mg/fl Oy} Hi%h =4 A% =9 % =8 0% »>7
Hi% >7  When <6, 100% =5  When <4,
MUst PTove must prove
net harmiul not harmful
to fish ta fish
population population
pH o9 -9
Suspended solids (mg/fi) <25 <25
BOD {mg/T) <3 <6
Total phosphorus No G or | standards applicable
Nitrites {mg/l NO,) <0.01 <003
Phenchie compounds Must not adversely affect fish flavour
(mg/T G H,OH)

Petrolenm hydrocarbons Must not be present visibly, detectuble by taste of fish,
harmfu! 10 fish

Non-ionized armononmis {mg/l NH;) <0005 <0025 <2005 <0025

Total ammonium (mg/] NH,) <0.04 <1 =2 =1
Total vesidual chlorine {mg/l HOCL) <0005 < 0.605
Total zinc (mgfl Zn) At water hardzness 2> 100 myg CaCOy/1
<0.3 <1.0
There are also limit values for hardness hetween
10 and 500 mg Cal04/1"
Dissolved copper (mgf] Cu) At wauter hardness > 100 mg CaCOy/1
<04 =004
There are also Emit values at kardness between
10 and 500 mg Cal05/T
*Table 6.2

Reproduced with permission of the European Commission, Luxembourg.

designating specific sections of rivers or standing waters as either salmonid waters (suit-
able for salmon or trout) or cyprinid waters (suitable for roach, bream, chub, etc.).
The mandatory (1) values are more stringent for salmonids reflecting their nead for
cleaner water (Chapter 7). The toxicity of heavy metals, in this case copper and zinc,
varies with water hardness resulting in a variable standard. For example, in salmonid
waters the I-value for zinc varies from 0.03 to 0.5 mg 1™ af water hardness of 10 and
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500mgl~! as CaCO;, respectively (Table 6.2). In 1996 there were 2288 stretches of
designated rivers in the UK, covering some 1221km (Environment Agency, 1998).
The problem of eutrophication in surface waters is now an issue dealt with under the
WFD. However, both the Nitrate Directive {Section 8.4) and the Urban Wastewater
Treatment Directive (Section 8.3) contain provisions for the control of eutrophication.

The Bathing Water Directive {76/160/EEC) sets microbiological and physico-
chemical standards {both G and I) for inland and coastal waters designated by
Member States as bathing areas (Table 8.14). However, since the introduction of this
Directive 25 years ago epidemiological knowledge has significantly progressed making
the currents standards inappropriate. The Directive has also been widely criticized
for its inflexibility, inappropriate fixed standards, and peot management procedures,
especially in the way bathing waters ar¢ designated (Gray, 2004). A revised Directive
was proposed in October 2002 (COM{2002)581 Final) which provides improved
health standards, more efficient management, including the active invelvement of
the public, and provides Member States greater flexibility in the way they implement
the Directive. The proposed Directive is also folly integrated with the WFL,

In the 1978 Directive three microbial parameters were used, total coliforms, faecal
coliforms and faecal streptococel. Two new microbial indicators, infesiina! enterccocci
(IE) and Escherichia coii (EC), which provide better correlations between faecal
poliution and health impacts in recreational waters, will replace these. Based on
epidemiological studies a dose response relationship bas been established between
contamittation risk and the 95th percentile value of IE for contracting either gastro-
gnteritis or upper respiratery illness by bathing in microbially contaminated water
(Fig. 8.1). The 95th percentile value is calculated by taking the logyy vakhue of all
bacterial enumerations in the data sequence for the bathing water, calculating the
arithmetic mean of the logy, values {W.) angd then caleulating the standard deviation
(o). The 95th percentile value is calculated using the equatioa:

95th percentile = antilog( + 1.65 ) {8.1)

A ratio of EC:IE of 2-3:1 can also be used to assess risk using this relationship. From
these studies legally binding standards have been proposed in the new Directive. Good
quality values for EC and EI, which are mandatery, and excellent quality values,
which are guide values only, have been set (Table 8.15). It can be seen in Fig. 8.1
that the mandatory standard for good standard bathing waters gives rise to a risk
of contracting either pastroenteritis or upper respiratoty illness of 5% and 2.5%,
respectively. These percentages drop to 3% and 1%, respectively, when excellent
quality standards apply. Although these risk assessments are based on repetitive
exposure to these levels of contamination, children and those with suppressed
immune systems are at the greatest risk. One of the innovations of the proposed
Directive is that microbial data should be made mare widely available (i.c. via the
Internet as well as at the site) and more quickly allowing bathers to make more
objective decisions, The proposed limit values are a significant improvement over the
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Parameters O (908 I (G5th Minimum Method of analysiy and inspection
percendilel  percentilel sampling
Srequency

Microbiglagical

Total coliforms/100 ml 0 10000 Foruighily Fermentation on multiple tubes. Subeuliuring of the
paositive tubes om a confirmation medivm, Count
arcording to most probable number (MPN] oc
membrane Gltration and culture on an appropriate
medivm such as Tergitol lactoze agar. 0.4%
Teepol broth, subculturing and identificarion of
the colonies

Faecal soliforins/ 100 m] 1400 2000 Furtnightly® In the ease of toral and faecel coliforms. the ineubation
temperature is variahle according to whether total or
faecal colifnrms are being investigated

Faecal streproconcl/ 100 ml 100 - - Litskv method. Count sccording to MPN or filtration on
membeane. Culture on an appropriate mediom

Salimonellad| - a = Concentration by membrane filgranon. Inoenlation
om a stagndard medium. Enrichment — subeoltuong on
isolating agar — identification

Entero viruses PFLIZ101 - ] < Concenteation by filteation, flocculation or centrifuging
and condirmation

Physica-chemical

pH - o = Flectrometry with cabibration at pH 7 and 9

Colour - No abiormal Fortuighth?® Vismal inspection ot photometry with standards on the

Mineral oils mz/|

Surface-active substances
reacting with merhylene

blue mg/1 (lauryl-sulphate)

=0.3

change in colour®
Mo flm visible on

the suiface of the

water and no odour

Mo lasting foum

r

Formnightly®

[

Fortnightly®

Pt. Co scale
Visual and olfactory inspection or extraction using an

adequate volome and weighing the dey residue

Yizual inspection or absorprion spectrometry with
methylene bloe



Phenols {phenol indices) No specific adour Fortnightl®  Verification of the absence of specific odour due o

mg/l C.H0H =005 =0.003 — phenal or absorption spectrophatometry
4-aminoantipyrine {4 AAP] method
Transparency m - 1? Fuﬂnighﬂy" Secchi’s disc
Dissolved oxygen % B0-130 - —t Winkler's method or dlectrometric method
saturation (s (oxygen meler)
Tarry residues and floating Ahsence - Fortnightly® Visual inspection

materials such as woed,
plastic articles, bottles,
conainets of glass, plastic,
rubber or any other substance.
Wasie or splinters

Ammonia mg/l NH, - - -~ Ahsorption spectrometry, Nessler's method or
indophenol blue mothod
Nitrogen Kjeldahl mg/l N - - -1 Kjeldahl method
Other subsiances regarded as
indications of polletion
Pesticides {parathion. - - —t Extraction with appropriate solvents and
HCH deldrin} mg/1 chromatographic determination
Heavy metals soch as:
Arsenie mg/] As - - -
Codmium mg/1 Cd - - =
Chrome mg/1 Cr¥l - - - Atomiv ghsnrption possibly preceded by exiraction
Lzad mg/] Ph - - -
Mercury my/l Hy - - =
Cyanides mg/l Cn - - -t Ab=orption spectrophotometry wsing a specific rewrem
Nitrates mg/1 NGy - - =" Absorption spectrophotometey using a speeific reagent
Phosphates PO, - - - Absorption spectropholometey using a specific reagent

(:: guide; [ mandatory.

*Provision exises for execeding the limit in the event of geographical or meteorological conditions.

M¥hen a sample taken in the previous vears produced results which are appreciably better than those in this 1able and when no new factor likely ta lower
the quality of the water has appeared, the comperent authorities may reduoce 1he sampling by a facror of 2.

“Coneentration to be checkad by the competent authorities when an inspection in the bathing area shows that the substance may be present or that the
quality of the wawer has deterioraced.

#These parameters musi be checked by (he competent authorities when chere is a tendency tuwards the eutrophication of the. water.

Reproduced with permission of the European Commission, Luxembourg,
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Ficuge 8.1

Risk of contracting
gastroenteritis {GI)
and upper respira-
tory illnesses (RI)
based on hacterio-
logical quality as
ineasnred by TE.
{Reproduced from
the proposed EU
Bathing Water
guality stamdards
(COM{2002)581
Final] with permis-
sion of the European
LCommission,
Luxembourg. )
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95th parcentile
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250

300 350
value of EIf100ml

400 450

500

Proposed EU Bathing Water quality standerds {COM[2002)581 Final)

Micrabiological Ercellent Good Methods of
paramelers qualily qualily analysiz
1  lnrestinal emeroeocc 100* 200 [5¢ 7R99
(1K) inn efn/ 100 ml
Z  E eofi (EC)in cfu/100ml  250¢ SIS 180 G308-1
3 Phytoplankton blooms or Negative result  Microscopic momitoring”
macrnalzae pl‘nlifﬂ]’&fiﬂl‘lh 0O fRRMS toxicity testsd, visnal
inspection
Physico-chemival Exvelient Good Methods of
parameters Qrueatlity (uality Inspection
4 Mineral oils - No film Visual and olfactory
visible on inspection
the surface of
the water and
no odour
5 Tarey vesidues and floaring - Ahsrmre Vizual inspection
materials such as wood,
plastie, glass, rubber or
any other waste substance
6 pH* - 6-9. No Electrametry with
uneaplaingble  calibradion on
variations pH7?andpH 2

*Based upon 95th pereentile evahwarion,
bOnly for sites which have been revealed physicelly sensitive to specific toxic blovms (e.g.
dinophsiz, alexandeium, blue algae).
*Derermination and connting of cells.
Mouse (est, skin test or by direct (oxin dosage in plankton rells or water.
tOnly for freshwaters.
Repraduced with permission of the European Commission, Loxembourg.
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original Directive where the T {mandatory) standard implies a risk of 12-15% and the
G (puide) standard implies a 3% 1isk of contracting gastroenteritis.

Another innovation of the proposed Directive is water quality at bathing sites will be
classified on the basis of a 3-year trend and not on the basis of 1 year’s results, as is
currently the case. While this means that the classification will be less susceptible 1o
bad weather conditions or one-off mcidents, it also ensures a more accurate assessment
of microbial quality overall. Where the quality of water is consistently good over a
3-year period the monitoring frequency may be reduced. Bathing water profiles will
also be required in order to identify potential sources of contamination whether
these originate from surface water or land. This is a basic management plan for the
bathing arca and must be updated every 3 vears for excellent quality waters, every
2 years where quality is good and annually where the water is poor {i.e. fails).
Modelling techniques are to be employed where bathing sites have a history of poor
water quality, such a5 at times of unusually severs weather conditions, and preventive
measures should be taken to close the bathing site when such weather conditions are
predicted. The 17 physicochemical parameters have been removed from the new
D¥irective, as the chemical status of waters wall in the future be carried out undear the
provisions of the WFD, which requires that good standards should be achieved for all
waters. Bathing waters will, however, be required to be free from phytoplankton
blooms or excessive macroalgal development, oil, tarry residues and floating litter
{Table 8.15). Freshwater bathing areas are also required to have a neatral to alkaline
pH (pH 6-9). The use of RBMPs will provide an integrated approach upstream that
will improve the quality of downstream bathing areas.

Coastal and estnarine water quality is also controlled by the Shellfish Directive
(79/923/EEC), which specifies 12 physico-chemical and microbiological water quality
parameters. Also, where areas are designated for the protection of habitats or species
the maintenance or improvement of the statuy of water may be an important factor
in their protection. This includes the relevant Natura 2000 sites designated under the
Habitats Directive (92/43/EEC) and the Birds Directive (79/409/EEC). Such areas
are classified as protected areas in RBEMPs under the WFD, requiring specific moni-
toring and control measures.

8.3 WASTEWATERS

The Dangerous Substances Directive (76/464/EEC) requires licensing, monitoring
and control of a wide range of listed substances discharged to the aquatic environ-
ment. List I {black list) substances bave been selected mainly on the basis of their tox-
icity, persistence and potential for bioaccumulation. Those that are rapidly converted
into substances that are biologically harmless are excluded. List II (grey list) sub-
stances are considered to be less toxic, or the effects of which are confined to a
limited area which is dependent on the characteristics and location of the water into
which they are discharged (Table 8.16}.
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Tasie 8.16  List I and List Il substances covered by the EC Dangerous Substaneces Directive

(76/464/EEC)

List I {black fist)
Organohalogen compounds and suhsrances which may form such compounds in the aquaiic
environment

Organophosphorus compounds
(hzanotin conpauncds

Substances, the carcinogenic activity of which is exhibited in or by the aquatic environment
(subwtaees in List I which are carcinagenic are included here)

Mercury and irs compounds

{Zadmivm and its compounds

Parsistent minereal vils and hydrovarbeny of pecrolenm
Persistent synthetic substances

Liise I furey it}

The lollowing merallgids/merals and their compounds:

Linw, copper, nickel, chromiom, fead, seleniwm, arsenic, anBirony, mulybdenum., titanjum,
tin, harium, heryllium, horon, wraninm, vanadium, cobalt, thalivm, tellurium, silver

Biowides and their derivatives not appearing in List [

Substances which have a deleterious effecr on the taste and/for smell of produces for human
consumption derived Irom the aguatic environment and compounds liable to give rise to
such substances in water

Toxic or persistent organic compounds of silicon and substances whitch may give vise to such
componmls in waner, excloding chose which are biologically harmless or are mpidly on-
vertad in water to harmless substances

Inorganic compounds of phosphorus and elemental phosphoris
Non-persistent nuneral oils and hydeocarbons of petroleum origin
Cranides, fluorides

Certain substunces which may have an adverse affert an the oxvgen balance, particularly
annnonia and nicrites

Beprodweed with permissinn of the Europesn Comnission, Luzembourg.

Under Article 16 of the WFD a new list of priority substances has been dravn up
which has become Annex X of the Directive, This list will eventually replace the existing
Dxangerous Substances Directive (76/464/EEC) and aims to protect surface water from
the chemical pollutants that represent the most dangerous and damaging substances
threatening European waters. The substances in the list include selected chemicals,
plant protection products, biocides, metals and other groups such as PAH that are
mainly by products of incineration, and polybrominated biphenylethers (PBDE), which
are used a5 flame retardants (Table 8.17). The list, which was adopted in November
2003 {DPecision No, 2455/2001/EC), contatns 33 individual or groups of substances of
which 11 have been identified as priority hazardous substances. All priority hazardous
substances must be removed from all discharges or emissions within a reasonable time
that must not exceed the year 2023. Fourteen further listed substances are subject o
review for inclusion into the priority hazardous substances category {Table 8.17).
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Priority substances listed in Annex X of the WFD

CAS ramber EU number Name of priority substance Tdentified as priorify
hezardous substance
(1) 154972-60-8 240-110-8 Alachlor
{2) 120-12-7 204-371-1 Anchracene [Pussible)*
{3) 1M 2-24-9 217-617-8 Atrazine {Possible)*®
(4] 71-43-2 200-753-7 Benzene
(5) na. n.a, Brominated diphenylethers® Yesd
{6) T440-43-9 231-152-8 Cadmium and its compounds Yes
(7 85535-84-3 287-476-5 Cyo- 13-chlorcalkanes® Yes
{8) $70-90-6 207-432-0 Chlorfenvinphos
{9) 2921-88-2 220-804-4 Chlarpyrifos [Possible)”
{10) 107-06-2 203-458-1 1.2-Dichloroethane
{11} 15-09-2 200-838-9 Dichluromethune
(12} 117-81-7 204-211-0 Di{2-cthylhexvljphthalate { Posaible}
{13) 330-54-1 206-354-4 Diuron {Possible]”
(14} 115-29.7 204-(70-4 Endosulfan {Possible)”
oh9-98-8 n.a. {alpha—endosulfan )
{15} 206-44-0 205-912-4 Fluoranthenct
{16} 118-74-1 204-273-9 Hexachlorobenzens Yo
(17} A7-08-3 2HH-T63-5 | lrzachlorobmadiens: Yes
(18} 608-73-1 210-158-9 Hexachlorocyclohexane Yen
5G8-§9-9 200-401-2 {parmuma-isomer. Lindans}
(19} 34123-3%-6 251-835-4 [soproturnn {Possible}*
{20 7430-92-1 231-100-4 Lead and its compounds {Possible)”
(21} T439-97-6 231-106-7 Mereury and its compounds Yes
{22) 91-20-3 202-049-5 Naphthalene {Possible
(23] T444-02-0 231-111-4 Nickel and its corpommds
{24) 25154-52-3 246-67T2-0) Nonvlphenols Yes
104-40-5 203-199-4 {4-(para)-nonylphenol)
{23} 1806-26-4 217-302-5 {hetvlphenols {Possible)*
1400-66-9 n.a. { para-lert-ortviphenel)
{26) a0B-93-5 210-172-5 Pentachlocobenzene Yes
{27 47-86-5 201-778-4 Pentachlorophenol {Possible)®
(28} n.a. na PAHs Yes
5328 20:0-028-5 {Benzolaipyrene),
205-00-2 205-911-9 {Benza(bjiflueroanthene],

(Contined)



TaeLk 817  {Continied)

CAS number EL nuntber Name of prierity sabstance Fdentified ax priority
hazardows substance
101-24-2 205-8383-2 (Benzo[g h.i)perylene),
207-08-9 205-910-0 { Benzofk Jlluorcanthene},
103-30-5 205-803-2 {Tndenis{ 1.2 3-cd)pyrenc)
{20 122-34-9 204-5:35-2 Simazine {Possible)”
(30 688-73-3 211-704-4 Tributyltin compounds Yes
A6643-28-4 n.a. { Tributyhin-cation}
{31) 12002-45-1 21-415-4 Trichlorobenzenes (Pussible}”
120-82-1 204-428-0 (1.2,4-Trichlorobenzene)
132 07 -00-3 200-663-8 Trichlorvmethane ({Chlorvform)
(33] 1382-06-8 216-428-8 Trifluralin (Possible)*

“Where groups of substances have been seleeted, tvpical individual represenratives are listed as indicative paranterers (in brackets and without nurmber).
The establishment nf controls will be targeted to these individual substances, withous prejudicing the inclusion of other individual representatives, where
appropriate.

BT hese gronps of substances normally inclode a eonsiderable number of individual ('Jompmlnds. Ar presem, appropriate indicotive parameters cannot be
v,

“T'his priority substatce is subject woa ceview For identification as possible “priority hazardows subscance”. The Commission aqll make a proposal ro the
Europeati Parliameit and Covncil for its fingl classificatton not Jater than 12 months afier adoption of this Jist. The timetable laid down in Article 10 of
Directive 2000/60/EC far the Commission’s proposals of controls is not affected by this review.

'1'311]1_..r Pemiabromobiphenylether {CAS momber 32534-81-9],

*Fluoranthene is on the list as an indicator of other, more dangerous PAHs.
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There is a transitional period during which Annex X of the WFD will replace the
Dangercus Substances Directive with the old Directive repealed in 2013. Article 16
of the WFD lays down new procedures for the identification of substances and new
contrel measures at & river basin level. As part of these procedures community wide
emission controls and guality standards for all priority substances are being prepared
to ensure good chemical surface water status by 2015.

Member States are in the process of establishing EQSs for surface and groundwaters.
These will be wsed during the production of RBMPs as maximum permissible con-
centrations in waters receiving discharges containing such compounds (Tzble 8.18).
Emission limis vales (ELVs) and quality objectives for a number of substances were
set in amendments to the Directive (76/464/EEC) and unless changed in the RBMFs
they remain in force. These include the Mercury Discharges Directive (82/175/EEC),
Cadmium Discharges Directive {83/513/EEC), the Mercury Directive (84/156/EEC),
Hexachlorocyclohexane Directive (84/491/EEC) and the Dangerous Substances
Discharges Directive (86/280/EEC}).

The Urban Wastewater Treatment Directive (91/271/EEC) makes secondary treat-
ment mandatory for sewered domestic wastewaters and also biodegradable industrial
(e.g. food processing) wastewaters. Minimum effluent standards have been set at
biochemical oxygen demand (BODY) 25mgl™!, chemical oxygen demand (COD)
125mgl~! and suspended solids 35mg~'. Those receiving waters that are considered
to be at risk from eutrophication are ¢lassified as sensitive so that discharges require
more stringent treatment to bring nutrient concentratiens of effluents down to a maxi-
mum total phosphorus concentration of 2mgl™! as phosphorus and a total nitrogen
concentration of 16-15mgl™" as nitrogen (Table 14.3). Owing to the cost of nutrient
removal, the designation of receiving waters as sensitive has significant cost implica-
tions for Member States. Strict completion dates have been set by the Commission for
the provision of minimum treatment for wastewaters entering freshwater, estuaries
and coastal waters. For example, full secondary treatment including nutrient removal
for all discharges to sensitive waters with a population equivalent {(pe) =>10{{
must have been completed by the end of 1998, By the 31 December 2005 all waste-
waters from population centres <2000 pe discharged to freshwaters, and <100 pe
to coastal waters must have sufficient treatment to allow receiving waters to mest
EQSs, while populations centres larger than these require secondary treatment (Fig.
14.1). The Directive also requires significant changes in the disposal of sewage sludge
including:

(a) that sludge arising from wastewater treatment shall be reused whenever possible
and that disposal routes shall minimize adverse effects on the environment;

(b) competent authorities shall ensure that before 31 December 1998 that the dis-
pesal of sludge from wastewater treatment plants is subject to general rules (i.e.
codes of practice) or legislation;
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Table 8.18 Brinsh EQSs for List T and List [T substances

Lise 1 Statutory Number of List 1Y Operational Measured
substances EQS® (ugfl)  discharges substances EQS? (ug/i) ar
Mereury and 1 152 Lead 10 AD
componnds Chromium 20 AD
Cadhnium and 3 2196 Zinc 75 AT
compoulids Copper 10 Al
Hezachloroeyelohexane 0.1 123 Nickel 150 Al
{all fzomers) Arsenict 50 AD
DDT {all isomers) 0.025 5 Boron 2000 Al
DBT {pp isumers} 0.01 1 kron 1000 AT
Pentzehloroplienal ) a8 pH 6.0-9.0 AD
Carbon tetrackiloride 14 a1 Yanadium 0 AT
Aldrin o.M 35 Tributylin® 0.02 MT
Dieldrin 0.m 58 Traphenyltin® 0.02 MT
Endrin 0.005 37 PCED 0.05 PT
lsodrin (L.005 7 Cyiluthrin 0.001 PT
lexachlorohenzene 0.03 20 Sulcofuron 25 PT
Hexachlorobuetadiens 0.1 14 Flucofuron 1 PT
Chlareform 12 73 Permethirin 04.01 PT
Trichloroethylene 10 15 Atrazine and simazine” 2 A
Tetrachloroethylene 10 al Azinphos-methyl* 0.01 A
Trichlorobenzene 0.4 ]| Dichlorvos 0.001 A
1,2-dichlorcethane 10 87 FEndasulphan” .03 A
Fenitrothion a1 A
Malathion* 0.0 A
Trifluealin® 01 A
Diazinon 0.01 A
Propetemphos 0. A
Cypermthrin 0.0001 A
[soproturon 2.0 A

A: annual average, F: 953% of samples; [): dissolved; T: 1otal; My imaximum,

"Seandards are all annval mesn concentrations.

bSrandards quoted for metals are for the protection of sensitive aguatic life at hardness 100-150 mg/l CaCiOy,
alternative stundards rmay be found in Dok ciccular 7/89.

“Standards for these substances are from the Surface Waters {Dangerous Substances) (Classification) Regulations
1997, 51 2560 in which case these are now statucory.

Reproduced from Environiment Agency (1998) with permission of the Environment Agency, London.

{c} the disposal of sludge to surface waters by dumping from ships or discharge from
pipelines or other means shall be phased out by 31 December 1598;

{d) that the total amount of toxic, persistent or bioaccumable material in sewage
studge is progressively reduced.

This wide scoping legisiation is considered in more detail in Chapters 14 and 21. The
disposal options for sewage siudge is further limited if it contains metals or listed sub-
stances, which may categorize it as a hazardous waste under the EU Directive on
Hazardous Waste (91/68%EEC).
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8.4 GROUNDWATERS

In principle both surface znd ground waters are both renewable natural resources,
but due to the natural time lag in its formation and renewal, groundwater is more
complex to manage. As the impact of human activity, for example nitrates, pesticides,
and industrial organic compounds, can Yast for relatively long periods in groundwater,
it is imperative that pollutants should be prevented from entering aquifers in the first
place. In order to achieve protective and remedial goals for groundwaters, long-term
planning and extended timetables for specific achievemenis in quality are needed.

The existing Groundwater Directive (80/68/EEC) protects groundwater against direct
or indirect pollution caused by certain substances listed in the Dangerons Substances
Directive (76/464/EEC) through management controls. List I substances must be
prevented from entering groundwaters, while pellution by Eist 11 substances must be
carefully controlled. The Directive requires strict hydrological and environmental
tmpact assessments to be carried cut before listed substances can be licensed for dis-
pesal where they may enter an aquifer. However, the Directive does not set any clear
guality objectives, nor does it require comprehensive monitoring. The WFD requires
all waters in the EU to be of good status, and requires specific measures to be taken to
prevent and control groundwater pollution and achieve good groundwater chemical
status. These measures have to include ¢riteria and methods for assessing the chem-
ical status of groundwater and for identifying trends in pollution of groundwater
bodies. T achieve these objectives a new Groundwater Directive was proposed on
19 September 2003 {COM(2003)550 Final) to protect groundwater from pollution,
This infroduces, for the first time, quality objectives, obliging Member States to monitor
and assess groundwater quality on the basis of common criteria and to identify and
reverse trends in groundwater pollution. The proposed Directive will also ensure that
groundwater quality is menitored and evaluated acress Europe in a harmonized way.
There is also a serious lack of understanding of how groundwater becomes polluted
and about overall chemical quality of Enropean aquifers. This new Directive will
address these deficiencies 50 that European groundwaters can be safeguarded from
pollution in the future, improved where necessary and allow aquifers to be used sus-
tainably. There will be a transitional period for its implementation with the original
Groundwater Directive (80/68/EEC) repealed by 22 December 2013,

Compliance with pood chemical status will be based on a comparison of the monitor-
ing data collected for each aquifer within RBDs with guality standards. Quality stand-
ards covering nitrates, plant protection and biocidal products are already prescribed
in existing in EU legislation. These set threshold values {i.e. maximum permissible
concentrations) in groundwater for a number of pollutants. For polluting substances
noi covered by existing EU legislation, the proposed Directive requires Member
States to establish threshold values by 22 June 2006, This poses a major technical
probiem, as groundwater characteristics are so vatjable across the EU, requiring
threshold values to be defined at national, river basin or groundwater body level. This
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makes the setting of quality eriteria very flexibte, taking account of local characteris-
tics and allowing for further improvements. Monitoring and implementation of the
Dhirective will be threugh RBMPs set up under the WFD,

Two threshold values are given in the Directive. Nitrate at 50mgl~', except those
groundwaters identified under the Nitrate Dirgctive (91/676/EC) in nitrate vulnerable
zones (NVZs) where more stringent threshold values arg set under the WFD, Also,
active ingredients in pesticides, including their relevant metabolites, degradation and
reaction products are set at | wg 1!, based on the Plant Protection Products Diirective
(91/414/EC) and the Biocidal Products Directive (98/8/EC). Groundwater protection
also features in other European legislation and policy documents: Drinking Water
Directive (30/778/EC as amended 98/83%EC), Landfill Directive (99/3/EC),
Construction Products Directive (89/106/EEC), Integrated Pollution Prevention and
Control Directive (96/61/EC) and the Communication Towards a Thematic Strategy
for Soil Protection {COM{2002}179 Final). Annex III of the proposed Groundwater
Directive contains a list of eight substances and ions for which Member States must set
threshold values. This is seen as the minimum number of substances for which quality
standards mugt be set and it is expected that individual lists of threshold values will
contain many more polluting substances. Those substances listed in Annex I1I that can
occur naturally as well as being anthropogenic in origin, include ammonium, arsenic,
cadmium, chloride, lead and solphate. Two synthetic substances that do not naturally
occur in groundwaters, trichloroethylens and tetrachloroethylere, are also listed.

An intercsting aspect of the new Directive is the identification and reversal of pollu-
tion trends. Where a significant and sustained upward trend in a pollutant concen-
tration is identified action must be taken to reverse this trend. The Directive defines
trends in both time and environmendal significance, from which a starting point for
remedial action can be identified to reverse the trend. Environmental significance is
defined as the point at which the concentration of a pollutant starts to threaten or
worsen the guality of groundwater. It is set at 75% of the quality standard or the
threshold value defimed by Member States. Upward trends are established over very
long monitoring periods (5-15 years), with reversal of trends having to be demon-
strated over a minimum of 10 years and a maximum of 30 yeais. The protocol for the
establishment of upward sustained trends and trend reversal is outlined in Annex I'V.

In order to protect groundwater it is important to maintain control over indirect dis-
charges of hazardous substances and the new Directive contains provisions that pro-
hibit or limit such discharges. By including quality objectives, the effects of the
discharges can be monitored and future risks can be assessed. Monitoring results
obtained through the application of the proposed Directive will be used to design the
measures to prevent or limit pollution of groundwater. The proposed action required
to achieve good quality groundwater status must be published by 2008 in the Draft
RBMP (Table 7.7). Measures to prevent or limit pollution of water, including
groundwater, must be operational under the WFD by 2012.
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The Nitrate Directive was set up te protect surface freshwaters, estuaries, coastal
waters and groundwaters from pollution by nitrates arising from agricultural sources
(91/676/EEC). The objective is to reduce the problem of eutrophication in surface
waters and to limit the concentration of nitrate in drinking water from both surface and
ground water sources, The legislation requires Member States to control pollution by:

(a) Encouraging good agricultural practice through the provision of codes of prac-
tice (Section 11.1). This also includes the application of fertilizers and manures,
including sewage sludge.

{b} Identifying vulnerable aquifers and setting up action programmes. Where there is
a risk of ground or surface waters exceeding a nitrate concentration of 50mgl~!
those aguifers or catchments must be designated as NVZs. An action plan is
required for each NVZ to reduce the input of nitrate and phosphate from both
diffuse and point sources. For diffuse sources this is achieved mainly through the
introduction of codes of practice, Some 55% of England is now designated as
NVZs (Fig. 8.2) compared to 100% in Austria, Denmark, Germany, Luxembourg
and the Netherlands (EC, 1998). Under the Urban Wastewater Directive, an
NVZ can also be designated as a sensitive area, requiring wastewater treatment
plants within these catchment areas to incorporate putrient removal technologies.

{c) Monitoring nitrate levels and trends in surface and gronnd waters.

The Directive does not itself set mandatory standards but relies on other legislation.
The Surface Water Directive (75/44G/EEC) specifies a mandatory timit of 50mg]~!
as NO; in 95% of samples, while the Drinking Water Directive (80/773/EEC) sets the
same mandatory value for human consumption via water, So both the Utban Waste
Water Treatment Directive (91/271/EEC) and the Nitrate Directive ichentify this level
as being the critical concentration for nitrate requiring pollution comtrol action, The
Niteate Directive forms an impoertant part of European water pelicy and remains in
force alongside the WFD (Fig. 7.4).

8.5 Rrcuration

The regulation of water resources varies from country to country and even within the
European Union, where the national kegislation is controlled by EU Directives, signif-
icant differences exist. The regulatory mechanisms to implement the ever-increasing
velume of environmental legistation is constantly evolving. In the past decade the
structure of the regulatory bodies in most countries has significantly changed, and
this is especially the case in the British Isles. The management of water resources, the
disposal of wastewaters, and the provision of drinking water in England and Wales i3
split between the private water undertakers and a number of regulatory bodies.

Ten water service companies supply drinking water to consumers and treat their sewage.
A further 29 small water supply companies also provide localized water supplies but
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Ficone 8.2

NVZs as designared
in England and
Wales in 1996 und
extended in 2002,
(Reproduced from
Environment
Agency (1998} with
permission of the
Ministry of Agricul-
ture, Fisheries and

Foxd, London.}

rely on the major service companies to provide sewage treatment (Table 8.19}. The
Drinking Water Inspectorate regulates the quality of drinking water supplied, although
the wholesomeness of the water is the sole responsibility of the privatized water
companies. The standards of service delivered by the water companies, including the
price of water, are regulated by the Office of Water Services (OFWAT) (Gray, 1994).

The Environment Act 1993 created the Environment Agency for England and Wales
which carries out the functions of the former National Rivers Authority (NRA) and
Her Majesty’s Inspectorate of Pollution (HMIP); and the Scottish Environment
Protection Agency {SEPA) which now carrizs out the functions of the River
Purification Authoritics and the HMIP. The principal aim of the Environment
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Tanle 8.19  Water undertakers in England and Wales by region

Anglia region

Anglian Water Services Tud
Cambridge Water Compuny

East Anglian Water Company
Essex Water Company

Tendring Hundred Waler Company

Northumliria region

Northumbrian Water Lrd

Hartlepools Warer Company

Newcustle and Gateshead Water Company

Sunderland and Sewth Shields Warer Company

North west region
North West Water Lid

Severn Theat region

Severn Trent Wacer Led

East Worcestershire Waterworks Company
South Sraffordshire Warerworks Company

Sauth west region
Sonth West Water Services Lid

Thames region

Thames Water Lrilites Lid
Colne Valley Water ple

East Surre_v Water p]u

Lee Valley Water ple
Mid-Southearn Water Company
North Sorerey Water Company
Rizkmansworth Warer pic
Sunon District Waier ple

Htiles region

Dier Cymrn [Welsh Water)
Chester Waterworks Company
Wrexham and East Denhighshire
Warer Compauy

Hegsex reglon

Wessea Water Services Lid

Bournemouth and District Water Company
Bristol Waterworks Company

West Hampshire Water Company

Sowthert region

Sowhern Water Services [td
Fastbourne Weter Company
Folkestone Water Company
Mid-Kent Water Company
Mid-Sussex Warer Company
Porismouth Water ple

West Kent Water Company

Yorkshire region
Yorkshire Warer Berviees Lad
York Waterworks ple

Each region has sewage and wastewater treatment facilities provided by a single warer
gerviee company, although there may be several waier supply companics.

Agency as stated in Section 4 of the Act Is *to protect or enhance the environment
taken as a whole, as to make the contribution towards attaining the objective of
achieving sustainable development’. The Agency is responsible for contralling water
pollution, regulating waste and oversecing integrated pollution control {IPC) licens-
ing. It also designates water protection zones, protects groundwater and sets water
quality objectives. So it protects and improves the aquatic enviroenment by catchment
management and setting consents for all discharges including these from industry,
agriculture, water company sewage treatment plants and local authorities. The con-
sents can specify discharge limits for any number of parameters including the rate of
etfluent discharge. The Agency also levies an annual charge on dischargers based on
the volume and content of the discharge and the nature of the receiving water. The
setting of new environmental quality objectives through RBMPs for surface waters
will tighten existing consent conditions even forther (Table 8.18). Aswell as its pollution
control functions, the Agency also has the responsibility to: issue licences for water
abstraction; promote the conservation and enhancement of freshwaters; to promote
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the recreational use of freshwater; improve and develop fisheries and regulate them;
to issue flood warnings and the provision of defences to reduce the risk of sea and
river floeding; the issuing of land drainage consents and many other tasks.

8.6 INTEGRATED PorLution Control {IPC)

The Integrated Pollution Prevention and Control (IPPC) Directive (96/61/EEC) was
adopted m September 1996 and will impose a system of IPC throughout the
European Union by 1999. IPC is 2 major advance in pollution control in that all dis-
charges and environmental effects to water, air and land are considered together with
the best practicable environmental option (BPEQ) selected for dispesal. In this way
pollution problems are solved rather than transferred from one part of the environ-
ment ta another. In the past licensing of one environmental media (i.e. air, water or
fand} created an incentive to release emissions to another, IPC also minimizes the
risk of emissions crossing over into other environmental media after discharge (e.g.
acid rain, Jandfill leachate). There is only one licence issued under IPC covering all
aspects of gaseous, liquid, solid waste and noise emissions, so that the operator has to
only make one application as well as ensuring consistency between conditions
attached to the licence in relation to the different environmental media. In Britain
IPC was introduced by the Environmental Protection Act 1990. It is operated in
England and Wales by the Environment Agency and applies to the most complex and
polluting industries and snbstances (e.g. large chemical works, power stations, etc.}.
The Agency issues guidance for such processes to ensure that the BPEQ is carried
out. The aim of IPC is to minimize the release of listed substances and to render sub-
stances that are released harmless using best available techniques not entailing exces-
sive cost (BATNEEC). The objective of the guidance notes is to identify the types of
techniques that will be used by the Agency to define BATNEEC for a particular
process. The BATNEEC identified is then used as a base for setting ELVs. Unlike
previous practice, in the identification of BATNEEC emphasis is placed on pollution
prevention techniques such as cleaner technologies and waste minimizaticon rather than
end-of-pipe treatment. Other factors for improving emission quality include in-piant
changes, raw material substitution, process recycling, improved material handling
and storage practices. Apart from the instaliation of equipment and new operational
procedures to reduce emissions, BATNEEC also necessitates the adoption of an
on-going programme of environmental management and control which should
focus on continuing improvements aimed at prevention, elimination and progressive
reduction of emissions.

The selection of BATNEEC for a particular process takes into account:

(a) the current state of techaical knowledge;
(b} the requirements of environmental protection;
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{c) the application of measures for these purposes which do not entatl excessive
costs, having regard to the risk of significant environmental pollution.

For existing facilities the Agency considers:

(a) the nature, extent and effect of the emissions concerned;

(b) the nature and age of the existing facilitics conngcted with the activity and the
period during which the facilities are likely to be used or to continue in operation;

{c) the costs which would be incurred in improving or replacing these existing facili-
ties in relation to the economic sitnation of the industrial sector of the progess
considered.

So while BATNEEC guidelines are the basis for setting licence emission standards,
other factors such as site-specific environmental and technical data as well as plant
financial data are also taken into account. In Ireland similar IPC licensing procedures
are operated by the Environmental Protection Agency (EPA), and like the
Environment Agency in England and Wales public registers of all licences are
maintained. The processes requiring IPC licences in Ireland are listed in Table 8.20.

TanLe 8.20 Industries for which an [PC licence is required in [reland

Minerals and other materiods

The extraction, production and processing of raw asbestos

The extraction of aluminiam oxide from an ore

The extraction and processing (including size reduciion. groding and heating) of minerals within the meaning of 1he
Minerals Development Aces 1940 ro 1979, und srorage of relared mineral wiqre

The extraction of peat in the course of business which imvolves an area exceeding 50 ha

Energy

The production of enerzy in combustion plant. the rated thermal inpur of which is equal to or geeater than 50 MW
other than any such plant which makes direet use of the products of combustion ina mannfacouring process

The huening of any fuel in a bailer ar furmace with o neminal heat ontput exceeding 50 MW

Metuts
The initial melting or production of iton and stesl
The processing of iron and steel in forges, drawing plants and rolling mills where the production arsa sxceeds 500 m?,
The production, recovery, processing or wse of fecrons metals in loundries haviug melting insrailations with & toral
capacity exceeding 3 tonnes
The production, recovery or prixcessing of nou-ferrous metals, rheir compounds or other allovs including antimony,
arsenie, heryllivin, chromium, lead. magnesium. manpaiese, phosphorus, seleninm, cadmium or mercury by thermal,
chemical or electrobytic means in installations with a bateh capacity exceeding 0.5 1onmes
The reartion of ahuminiun ot its alloys with chlorive or its compoands
The rousting. sintering or ua]u'lnillg of metallic ares in planr,s with a rapacity ex{‘eeding 1004 comines _\rear_1
Swaging by explosives where the produrtion ares exceeds 100 m?
The pressing, druwing and stamping of Jarge castings where the production area
exceeds S00m?

[(Cortinued)
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Tarir 8,20 {Continued)

Boilermeking and the manufacture of reservoirs, 1anks end other sheet metal eomeainers where the producrion area
exceeds 500 m?

Mineral ﬁbn’.s cred glavs

The processing of ashestos andd the mamafacturs and prowessing of ashestns-based produes

The manufacture of gigss fihree or mineral fibre

The production of glass (ordinary and special) in plants with 4 capacity exceeding 3000 tonnes year™
The preduction of ndustrial dianonds

Chemioals

The manufacture of chemicals in an inregreted cliemica] installation

The manulaciure of olefing and dieir derivatives o of monomers and polvmers, including sivrene and vinyl chloride
The merilacture, by way of chemical ceaction processes, of organie or organe-metallic chemical products other than
those specified in the row above

The manufacture of InOrEaTic chemicalks

The manizfacrure of artificial fertilizers

The: manufacture of pesticides. pharmaceuticals or veteninary products and their inlenmediates

The manntacture of paints, varnishes, resins, inks, dves. pigments or elastomers where the produetion capacity
oxceeds 1000 per weel:

The formulation of pesticides

The chemical manufacoure of glues. bonding agents and adhesives

The manufacture of vitamins involving the use of heavy metals

The storage in quantities exceeding the values shown, of any one or more of the following chemicals {others than as
part of any other aciivity) — methyl acrylate (20 tonnes]; aceylonitrile {20 tonnes): toliene di-isocyanate (20 tonpes);
anbydrous armmonia {100 wnoes); anhydrous hydrogen Muoride (1 1onoe)

Iniensive agricuffure
Thes rmu'ing.,r of ponltry in installations, whether within the same complex or within 100 m of that complex. where 1he
capacity exceeds 100000 units have the following equivalents:

1 broiler = 1 unix

1 laver, turkes or wiher foml = 2 units
The rearing of pigs in instellations, whether within the same complex or within 100 m of that complex whers
the capacity axceeds 1000 units on gley soils or 3000 units on other soils and where units have the following
erquivalents:

1 pvig = 1 uir

1 saw = 10 units

Food and drink

The manufaciure of vegetuble and animal oils and fats where the capacity lor processing raw materials exeeeds
40 tonnes day™!

The mamufacture of dairy products where the proeessing capacity exceeds 50 million gallons of milk equivalent
P‘E‘l’ }'ﬁa[‘

Commercial hrewing and distitling, and malting in installutions where the production capacity exceeds

100 000 tonnes year™!

The slaughter of animals in installations where the daily capacity exceeds 1500 units and where units have the
following equivalenis:

1 sheep = 1 unit

1 pig = 2 units

1 head of cacele = 5 units

The manufecture of fish-meal and fish-oil

The maunfacture of sugar

The rrivdering of animal hy-prodiects
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Tanre 8.20 (Cortireicd)

Waoad, paper, fextiles and leather

The manufacture of paper pulp, paper or board (including Ghreboard particle board and plywood) in installarions
with a production rapacity equal to or exceeding 25 000 wnwes of produet per year

The manufacture of bleached pulp

The treatment or protection of woad, involving the use of preservatives. with a capacity exceeding 10 tonnes day™!
The manufacinee of svithetic Gbres

The dveing, vearment or finishing (incloding mothpeeofing and fireproofing) of fibres or extiles (including carper)
where the capacity exceeds 1 wonne duy_l of filvre, vam to 1extile material

The fell-mongering of hides and tanning of leatier in installations sheee the capacity exeeeds 100 skins per day

Fossil fuels

The extraction, other than offshore exiractinn, of perroleam, natural gas. coal e bitumineus shale:

The handling or storage of crude perrolewrn

The refining of petroleum or gas

The pyrolysis, carhonization. gasification, liguelaction, dry distillation, partial oxidation or heat treanem of coal
lignit::, wil or ituminous shale, other carhonaceons watenals or mixtures of any of these in installations with o
processing capacity exceeding 500 tonnes day ™!

Letent
The prodietion of eemeir

Waste

The incineration of hazardous waste

The incineration of hospital waste

The incineration of waste other than thar mentioned in the two rows above in plams wich a capaciey exeeeding
1 ronne h™!

The wee of hieat for the nuoafaciare of fuel from waste

Surfare comtings

Operatons involving coating with organo-rin compounds

The manofaciure or use of coating materials in processes with a caparity to make or use at least 10 vornes vear™
of organic solveits, and puwder coating manufacture with a capaeity to produce at teast 50 tonnes year™!
Electroplating eperations

1

hher aetivitivs

The testing of engines, turbines or reactors wheee the loor aren exceeds 5001n*

The mamafacinre of integrared circuits and printed cizenit boards

The production of lime in a kiln

The monuvlfaciure of coarse ceramics including refraciory bricks. sreneware pipes, lfacing amd floor bricks and rool les

Since 1994 new companies require an [PC licence before commencing operation,
while licensing for existing companies have been slowly phased in on a sectoral basis
to coincide with the 1999 deadline in the IPPC Directive,
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0.1 PHYSICO-CHEMICAL AND BIOLOGICAL SURVEILLANCE

Water quality assessment is critical for pollution control and the protection of surface
and ground waters. Water quality rarely remains static, so quality data are needed
specifically because:

{a) quality varies in space;

{b) guality varies in time;

{c¢} waste loads vary at different points in the system;

{d) for effluent description;

{e) for setting consents, mass balance calculations and river modeiling.

The main factors affecting variation in quality are dilation, water temperature caus-
ing variation in biological activity and oxygen sclubility, and seasonai changes in
waste inputs.

The sclection of parameters for water quality assessment is dependent on the type
of receiving water, the nature of the discharges into the receiving water, water use
and any legal designation relating to the system. The key parameters for physico-
chemical assessment of a selection of different water systems and effiluents are given
below (this does not include all the parameters that are reguired to be monitored
under various legislation (Chapter 8)):

{a) river: biochemical oxygen demand (BOD), oxygen, temperature, NH,, Cl, PO,
N, 2tc.;

(b) lake: oxygen {at various depths), temperature (at various depths), POy, NOs,
80, Fe, Mn, Na, K, etc.;

(¢) estuary: oxygen, temperature, BOD, suspended solids;

(d) drinking water; coliforms, Fe, Mn, toxic metals, pesticides, etc.;

193
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TapLe 9.1 Comparison of attributes of physico-chemicai and biological assessment of

water quality
Attribute Physico-chemical  Biolagival
Precision {how much pollotion)  Good Poor {non-quantitative in terms
of polhition}
Lhiscrimination (whar kind Ceoocd Poor (a general response 1o afl
of pollution) pollutants)
Reliability {how represencative  Toor Good (rakes account of ternporal
is a limited nymber) or long-term single or effects of
poliution samples)
Messore of eflacts No {not quanditative  Yes
in that sense)
Cost Cian be high Moderate

(e) effluents:
{i) biodegradable — sewage, agricultural, food processing: BOD, chemical oxy-
gen demand {(COD), suspended solids, NH;, PCy, etc.,
(ii} industrial - toxic: COTI», BOD, suspended solids, NH;, metals and/or other
toxic compounds;
(f) general characteristics - typing water source: hardness, alkalinity, pH, colour,
conduetivity, Fe, Cl, Na, K, silica, SOy, temperature, etc.

A choice must be made between selecting physico-chemical or biological parameters
for assessment based on factors, such as the infermation gained and cost-effectiveness
{Table 9.1). For routine monitonng a combination of both approaches is preferable
to either alone. However, some quantitative chemical data will generally be required
in order to check compliance with consents, compliance to standards laid dewn in
Directives, especially the Dirinking Water and Dangerous Substances Directives, and
in order to make prosecutions.

The problem of interpreting biological and chemical data has led to the wide-scale
adoption of biological (Section .3} and chemical (Section 9.4} indices in water qual-
ity assessment.

9.2 SAMPLING SURFACE WATERS
9.2.1 SAMPLING PROGRAMMES

The different types of sampling programmes employed in water quality assessment
are defined in Table 9.2 and may vary in scope from the examination of a single param-
eter on a single occasion 1o continucus multi-parameter surveillance. Before any
fieldwork is undertaken the objectives of the sampling programme must be defined
and, combined with a preliminary survey of existing data and other material, a suit-
able sampling strategy designed. Figure 9.1 outlines a simple protocal for the assess-
ment of water gquality in surface waters.
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F1cuRe 9.1

Main components
and, in italics, the
factors invelved in
the development of &
water quality mon-
itoring programmse.
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Definitions of sampling programmes

Survey
A survey is a series of imensive, standaredized observations designed 10 measure specific
parameters for a specific purpose anid is imited 0 a short sampling period {e.g. an ETA)

Survettianer

Surveillance is nsed to describe a contimned programmine of surveys carried ont systematically
over o longer time 10 provide o series of nhservarions relative i conerol or management

{e.g. national assessment of river or luke water qualily}

Monitoring

Monitoring is continuous standardized surveillace undertaken te ensure that previously
formmlaved standards are being met (e x. assessen by industey or a regolacon fo ensure
compliance to consent coniditions)

Dy joctiv » Uces
[ 1o ottoctes |‘_ s Walsr quaiity criteria

v Fisioncal data 5
= Logisiation

. :-‘-’&.O'SU-"-‘:;-' J » Consents

» Localicn of dischaiges - Water

¢ cation of dct ,[ Prefiminary survey | « Water quallty or calchmen!

+ Polantial sampling site §

+ Parametar seleciion
| Programme dosign |« * Hyarologics factors
* Samipling site lbcation
* Sampling frequency

= Figid measurements N
» Watsr samples _’| — _l : EW-"PI mang .;n:mm:guss
+ Biological samples Sample ¢ + Salety considerations
= Hydrological a55885morts . Tra
* Fleld notas/mape + Cosi-tenalit analysis
Handling, tanspor | S0, 1990
and stavage - 2
» APHA, 1289

+ Standard meihods

AW, 1889 —  Laboratory analysls |« « /S0 methodts (Tabie 9.8}

[ Daatending  Je—{* g‘_j";"" shaet (Excel}

» Slandard Statistical analysis

{Demayo and Steal, 1596; 3
Efliot, 1697) —+  Dalaanalysis |
» Precision of dals
{Caulcuitl and Boddy, 1983)
intarpratation anc
raporing

»
Lkilization of infoemation




196 ¢ Chapler? / Waler Qualily Assessment

Tamke 9.3 Visual eflect of oil on surface water (values arc approximate)

Appearance of film Thickness Total volume of
() o (tkm™?)
Barely visible under most {favourable light conditions 0.04 44
Yisible as a silverv sheen on waler surface 0.08 24
First trace of colour observed 0.13 176
Rright bands of colour 0.30 231
Colours begin to turn dull 1.60 1168
Colours are much darker 2.00 2337

Reproduced from Ellis {1989} with permission of Macmillan Etd, London.

On arriving at a sampling site the banks should be examined for at least 30m in both
directions to select the very best position for taking samples and also to ensure that
there are no other sources of pollution going into the tiver. Detailed sketch maps of the
location and of the sampling site must be made showing habitat and substrate varia-
tion, presence of sewage fungus and macropitytes, bankside condition and vegeta-
tion, land use, weather details, location of cutfalls, the presence of oil on the water
surface (Table 9.3) and any other pertinent irformation. Good field notes and sketch
maps prove invalusble in helping to interpret laboratory data or for refreshing the mem-
ory later on, Dated photographs are also useful, especially where prosecutions are pos-
sible, Good sampling involves detective work. For example, looking for vehicle tracks
down to the banks, animal tracks indicating access by farm animals, locating percola-
tion areas serving isolated houses that are unlikely to be sewered, all factors that can
significantly affect local water quality and affeci the validity of the sampling site for
the specified purpose.

Choosing the correct number and location of sampling sites is ¢ritical if the necessary
information is to be obtained. For example, if the chjective is simply to monitor the
changes in quality due to 2 single point source into a river then it may only be necessary
to have a single sampling station downstream after complete mixing has occurred,
with perhaps another singlé station upstream of the point soutce as a control to elin-
inate changes caused by factors other than the discharge. In such a situation it is
important to select sites as similar as possible {i.e. substrate, depth, velocity, etc.). If
the objective is 1o monitor the whole catchment then a considerable number of sam-
pling sites will be required. These will be selected according to the location of major
point sources (e.g. towns, major industrics, etc.), confluences of tributaries and dif-
fuse scurces associated with land use. For modelling purposes sample sites arg used
to break the river system up into discrete sectors each containing a major input. The
downstrean: site acts as the upstream control site for the next sector {Section 9.4.2).
Sharp (1971) has produced a useful atgorithm to help in the selection of sampling sites.
Bridges and weirs cause enhanced sedimentation and can significantly alter the bio-
logical diversity, and should be avoided as sampling locaticons. Sites close to roads and
bridges can also be affected by local surface run-off (e.g. oil, organic debris and salt).
Sample locations, therefore, are a compromise between distance downstream from
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Figuore 9.2 A wributary enteriog & river will not mix with the main channel flow due 1o
the maximum velocity, which oceurs in the centre of the channel pushing the influent
water to the side of the river it has entered. Complete mixing will not eccur wal laminar
flow is disrupted either by a hend in the river {overturn) or a waterfall {turbulent mixing).
{Reproduced from Chapman {1996) with permission of UNESCO, Paris.}

inputs, mixing, habitat diversity, subsitate, depth, accessibility and safety. Bartram and
Ballance (1996) give excellent advice on the selection of sampling sites for both surface
and ground waters,

9.2.2 MIXING

Water must be sufficiently well mixed for a single sample of water to be represemative
of physico-chemical water quality. Water from tributaries or effluent outfalls will have
a different density to the water in the main channel. This combined with poor lateral
mixing, especially in straight fiver sections where the flow is laminar, results in the for-
mation of long plumes of unmixed water usually running along one side of the river. In
deeper rivers or lakes density stratification may occur. Complete mixing can occur rap-
idly, but even in smal shallow rivers complete mixing may not occur for many kilo-
metres and is normaily enly achieved when the water turns over at a bend {Fig. 9.2) or
the plume is dispersed as it passes over a weir. Effluent plumes can be eliminated by
careful siting and design of discharge pipes, or by using weirs or hydraulic jumps imme-
diately below the point of entry. Not establishing complete mixing before sampling
below an effluent discharge is one of the commonest sources of error in water quality
assessment and will lead to either significantly over- or underestimating its effect.

While rough estimates for complete mixing can be obtained in Table 9.4, in practice
complete mixing should be confirmed by taking a series of measurements across the
niver normally using temperature, conductivity or pH, although this depends on the
nature of the input. In deeper rivers (>3m) where density stratification could also
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TapLr 9.4 Approximate distances downstream of influent water entry

for complete mixing to occur in a diver of stream

Average width Mear depth Estimated distance for
fert) {m/ complete mixing (km)

5 0.08-0.7
0.05-0.3
0.030.2

0.3-2.7
0.2-1.4
C.1-8.9
0.08-0.7
0.07-0.5

13110
0440
G320
.2-1.5
4.0-70.0
3.0-80.0
2.0-14.0
0.5-7.0
0.4-3.0

10

20

= T LI I -

[

Repmduced from Barcam and Batlance {1996) with permission
of E. & F. M. Spon, London.

occur then measuremants should be taken both near the surface and the bottom of the
water column. Uniformity can usually be essurned after mixing so that a single sample
for physico-chemical analysis is usually acceptable in all but very large rivers.

9.2.3 SAFETY

The most important factor in field work is safety. Surface waters can often contain
pathogens and those taking water or biological samples are particutarly at risk from lep-
tospirosis, cryptosporidiosis and, increasingly in Europe, giardiasis (Chapter 12). Those
working with surface waters should always wear protective rubber gloves, avoid band-
1o-mouth contact {i.e. do not touch your face, smoke, eat or drink without thoroughly
washing your hands first with soap and clean water), and all wounds, scratches and
skin rashes must be protected from contact with water. Further information on
reducing the risk of infection can be found in Section 13.6. Many effluent discharges are
chemically dangerous, as are spillages, 3o there is also a potential risk from chemical
injury in seme sitnations,

Apart from pathogen transfer there is also a risk of injury or drowning when sam-
pling. Some general guidelines are given below to help avoid serious injury while car-
rying out a sampling pregramme:

{a) Never work alone. One person should always remain on land or in shaliow watey
in order to be in a position to offer assistance.
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(b} Always have a first-aid kit and be trained in at least primary first aid.

{(c) Always take a mobile phone with you in order to summon assistance.

{d) Never wade out of your depth.

{e) Never use chest waders as these significantly increase the risk of drowning.

(f) Always feel your way in the water using the handle of a hand-net ar a poie to avoid
deep areas, obstructions and o ensure the substrate is stable. Extreme caution
is necessary when the water is discoloured and visibility of the bottom of the
tiver is reduced.

(g) Always ensure waders have a good tread to minimize slipping.

{h) Remain as close te your vehicle and road access as possible,

(i) Always use a boat with an experienced trained crew for sampling deep waters
(>1m) or employ an alternative sampling method {e.g. artificial substrates).

(j} Ahways inform someone respensible of your exact work programme and at what
time you will be expected back.

{k) Whenever possible stay on the bank

{1} All those involved shonld be strong swimmers.

{m) You should be in good medical condition and fit enough to carry out the tasks
required with ¢ase.

(n} Do not work in the dark.

(o)} Where the water is fast flowing, relatively deep (=0.6m), has steep banks
or where there is an accumulation of soft sediment then a safety line, or har-
ness and rope, shouid always be used. Where the river is fast flowing a catenary
chain or rope should alsc be hung across the channel downstream at water levet.
The use of a skull protector and 2 selfrighting buoyancy aid should also be
considered.

{p) Where samgpling sites necessitate abseiling or difficult descents to the river only
experienced and trained personnel should be used.

{q) If sampling involves working in difficult terrain ensure:

(i) you are fully trained to work under those conditions;
(ii} have the necessary survival and rescue skills to deal with emergencies in
those conditions.

(r) If sampling involves submersion in the water (¢.g. collection of large bivalves)
this should enly be carried out by a qualified sub-aqua diving team and must not
be attempted using a snorkel,

{s) Familiarize yourself with the concepts of risk assessment and minimization, and
act on them.

Before enpaping in any fieldwork read the very useful notes by Nichols (1980 and
Wright {1993), and talk to your employer’s safety or occupational hazards officer.
Finally ask yourself the questions:

{a) Ls there a safer way of obtaining this information?
(b} 1s the end result worth the risks invalved in acquiring it?
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9.2.4 HYDROLOGY

The: discharge rate in rivers is the most important hydrological parameter in water qual-
ity and is the quantiry of water passing through a channel in a given time. It is expressed
in cubic metres per second (m*s™") or for smaller flows, such as discharges, in litres
persecond (100015~! = 1 m3s~"). The discharge rate is calculated using Equation (3.1)
where the flow velocity (ms™') is multiplied by the cross-sectional area of the channel
{m?) {Section 3.3). For a simple approximation of discharge rate the velocity should
be measured at 60% of the depth from the river surface (Fig. 3.2} to give an approxi-
mate mean How velocity, Flow velecity can only be accurately measured by using a
current meter. This consists of a streamline unit with a propeller attached, which is held
in the water pointing upstreamn. As the water turns the propeller a meter attached to
the prepeller unit measures the number of revolutions per second. Each instrument is
individually calibrated and a specific equation is supplied with each propellet to convert
the readings into a discharge rate. There are various other more precise methods of
measuring discharge rate which include dilution gauging, the vsc of permancnt gaug-
ing stations employing vee notch or rectangular weirs, or ultrasonics (where an ultra-
sonic beam is transmitted at an angle across the channel and reflected back to a
transmitter/receiver; discontinuities in the flow reflect and attenuate the sound waves
sa that the pulses travelling in either direction have slightly different titnings due to the
velocity of the water). In practice, current metering, dilution gauging and the use of
weirs are most commaonly emploved in rivers for water quality monitoring purposes.

Current metering

As shown in Fig. 3.1 flow velocity varies across the channel of rivers. This can be over-
come to provide a more accurate estimate of discharge rate by dividing the river into
a number of regular panels across its width {b) (Fig. 9.3). The depth (4) (m) is measured
at regular intervals at each panel boundary to give a cross-sectional area for each
panel, and the velocity (v} (ms~!) is also measured at 60% of the depth at each point.
The discharge for each panel (i.e. cross-sectional area X velocity) is then added up 1o
give the total river discharge (Q) using the following equation:

dln + drH-I
2

Yy TV
2

Q=3

b (m?s™) (9.1)

Clearly, the more panels that are used the more precise the value of Q. In practice
610 panels ate adequate, however in theory none of the panels should be >5% of the
total width or coatain = 10% of the total discharge, making a rninimum of 20 paneis.
In¢reased accuracy can also be obtained by taking flow velocity at 20 and 80% of the
depth and using the average of these two values in Equation (9.1). Measurements
must be done at a straight section of river which is free from macrophytes and that
has as regular a cross section as possible.
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Ficusre 9.3 In order to calculate river discharge rate by current metering river

channels are split into separate parels of width (&) with the depth (&) and the flow
velocity (¢) measured at the boundery of each panel.

EXAMPLE 9.1 Calculate the discharge rate from a river 8 m wide using the data below.

(a} Data collected at river,

Distance from Depth (d) Flow pelocity Panel width

banrk (m) o} (&) fms™") {b) fm)

0 0.0 0.0 1.0

] 05 0.4 1.0

2 12 0.6 1.0

3 L8 0.8 11

4 20 1.0 1.0

3 1.2 (.6 1.0

& 6.8 0.5 1.0

7 0.4 L3 1.0

8 0.0 G0 140

(b) Discharge rate {() is calculated using Equation (9.1):
[{d,, + dn-*—l-}ﬂj .!‘Tun' + pu+.l';']",'2‘,;}I b q
({00 + 0.5)/2] =025 [(0.0 + 0.2)/2] = 0.20 1.6 0.050
[(0.5+1.2)/2] = 0.8 [(0.4 + .6)/2) = 0.50 10 0.425
[{1.2 + 1.8)/2] = 1.50 U6 + 0.8Y2] = 070 L0 1.050
[(1.8+20)2] =190  [(0.8+101/2) =090 1.0 1.710
[{2.0 + 1.2)/2] = 1.60 [(1.0 + 0.6)/2] = U.80 1.0 1.280
[(1.2 + 0.8)/2] = 1.00 [(0.6 + D.5)/2] = 053 10 0.550
[(0.8 +0.4)/2] = 060 [(0.5+ 0.31/2] =040 1.0 0.240
(e + 0.002] =0.20 [(1.3 + D02 =015 1.0 0.020
Tonal 5.335

Total discharge rate for river (Q} = 5.34m%s7 1,
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Dilwlion gauging

Where a river has an irregular channel or is too difficult to measure using current
metering due to depth, flow or accessibility, then discharge rate can be cziculated by
dilution gauging. A tracer (e.g. dye or salt) is added 1o the river at a known concen-
tration. After complete mixing downstream the concentration of the tracer is meas-
ured and from its dilution the discharge rate can be calculated. Two methods are
used, constant and slug injection.

With constant injection, a tracer of known concentration () (mgl™") is added to the
river at a constant rate (g} (m*s~"). The concentration downstream will increase until
it reaches a constant rate (C;) so long as the tracer continues to be added at a constant
rate upstream. Under steady-state conditions the total mass of tracer added ¢quals
the total mass of tracer passing the downstream sampling point. Therefore, the input
concentration multiplied by the input rate equals the diluted concentration multi-
plied by the discharge rate

CXg=Cxg (9.2)
Therefore the discharge rate (0 equals g

_ G Xg

: (93)

As the discharge of the river has been increased by the addition of the tracer, Equations
(8.2) and (8.3} are more correctly written as:
GXq =Gl +a) (o4

C =G5
&)

g: = ¢ (2.5)

ExAMPLE 9.2 Calculate the discharge rate ((J) of a river using sodium chloride as
a simple tracer. Its recovery downstream is measured in the field as conductivity
rather than using chloride analysis.

(2) Establish the relationship between NaCl concentration and conductivity in the
laboratory. In practice the relationship will be approximately:

NaCl (mg1-7) = Conductivity (pSem™1) X 0.46 {9.6)

(b) Determine the background conductivity levels in the river at the sampling station
downstream of tracer addition.
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(€) Add NaCl tracer by continuous injection over unit time. Twenty litres of 200g! =1
solution of NaCl (i.e. 200000 mgl|™") is added over 6 min giving a g, value of
0.0561s7".

{(d} Continuously measure the downstream conductivity concentration below the
mixing zone. The conductivity will rise, reach a plateau and, after tracer injection
stops, will slowly return to norma! background levei. Backgreund conductivity is
250 S cm ! and the plateau conductivity is 425 pScm ™!, so the increase in con-
ductivity is 175 pScm™!. Using Equation (5.6), this corrcsponds to a NaCl con-
centration of 175 x 0.47 = 82.3mgl™ L.

n=a8 8
2 1 Cz

g, = 0056200000 — 823 _ 450
823

Therefore, the discharge rate of the river () is 0.136ms ™.

Slug injection involves a known volume (}7) of tracer being added instantaneously
into the river and then downstream, after complete mixing, the increaze and decrcase
in tracer concentration is recorded and plotted as a curve where the Y-axis is tracer
concentration {mg|~') and the X-axis is time (s). By calculating the area under the curve
the discharge rate (Q) can be caleulated using the following equation;

_ Input concentration (€, } % Input volume (F)
Areg under the curve

o {9.7)

Exavrik 9.3  Using 51 of a 200g1”! solution of NaCl the area under the curve
downstream of the injection point was found te be 7350mg 1=}, This is measured over

the total period, in seconds, when the concentration is above background. So using
Equation (9.7}

_ 200000 (mg-!} % 5.0 (1)
7350 {mg I"1)(s)

0 = 13615

Therefore, the discharge rate of the river (Q)is G.136m’s ™1,

Weirs

Permanent gauging stations use weirs that are carefully constructed to control the
flow over them, permitting the discharge rate to be very accurately calculated from the
height of the water directly upstream of the weir. Large rivers employ wide rectangular
weirs to ensure there is no impedance to flow. For smaller channels, sach as streams
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Ficuge 9.4

Sectional drawings
of & 9)” vee noteh
waeir, {a) cross see-
tiem and (b} side
profile through weir.
where ff is the verti-
cal distanee (head®
Letween the point of
the weir and the true
surface of the water.

and discharges, vee notch weirs are used. Measurements are recorded cither continu-
ously using a float recorder with the float inside a vertical pipe partially submerged
below the water surface and atlached to a recording device, or manually from a meas-
uring staff to show the height of the water. Weirs must meet two basic criteria;

L. the water must flow over a sharp edge;
2. the water must be discharged into the air (i.e. air muost pass freely under the jed
of water),

The mostly widely employed weir is the 90° vee notch weir which can record a wide
variation in discharge rate {(¥) and is cheap to construct (Fig. 9.4). If the two conditions
above are satistied then 7 is related to the height () of the waler behind the weir as:

Q = 134 H348 (mis 1y {9.8)

H is the vertical distance (head} from the point of the weir to the free water surface
in metres. Specific equations are required for different angled vee notch weirs.

9.2.5 CIIEMICAL SAMPLING

The collection of water samples from surface waters is normally done by hand. It is
only necessary to havc sterile bottles if microbial parameters are to be measured
{Chapter 12), atherwise bottles should be acid washed and thoroughly rinsed. Botiles
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Bummary of the key water qualite analyses

Potlutant or parameter Measurement techniqne Hesponye time
il Electronnetric M-

BOID Thihutiondineab o A days

(0D Dichramane oxidation 2h

Mraals ABS -
Organnmeallivs GC-AAS -

Milrpie Colorinmetric 5 min

Milrate UY spuetrophimomerric 1 min
YFurmalddehyile I'henourwnric 0 min

Phenaks (Y 3 min

Reprodneed from [herrizon [1992) with pennission of Boval Socicty of Chenisrry,
Canlsriddge,

raust be clearly marked with the time and date of sampling, site locaticn and the name
of the person taking the sample. They should be opensd only when required, rinsed and
then, holding the bottle firmly near its base, it should be submerged approximatzely
20 em below the surface with the open mouth faciog slightly downwards towards the
current. Gradually turn the botile upright to fully fill it and replace the stopper. There
is a range of avtomatic samplers that can take separate water samples either at regular
intervals or when a certain control parameter (e.g. dissolved oxygen, pH, conductivity,
etc.) exceeds certain pre-set limits. Composite samplers may also be used. Samples
are taken regularly over a set perind and amalgamated in one large sample container.
Such samplers can also be Aow-related taking samples propertional to the discharge
rate. Automatic samplers are widely used to monitor effluent discharges in order to
check compliance with consent conditions.

Once collected, samples should be stored for transport back 1o the laboratory in an
insulated plastic box containing icc packs (i.c. picnic or ¢ool box) to maintain the tem-
perature as close to 4°C as pessible. Bottles used for microbial analysis shovld be sealed
in sterile plastic bags o reduce the chance of any contamination during transport. I
there is a delay 2 h between eollection and analysis, samples for both microbial and
BOD analysis need to be cooled rapidly after collection by prefilling the insulated
transport box with cold water in which the ice packs are placed. Otherwise they should
be kept as cool as possible and in the dark. Samples for chemical analysis should be
carried out within 24 h of collection, except for BOD, which must be done as spon as
possible. Samples may require specific storage and preservation conditions depending
on the analysis (Bartram and Bailance, 1996). Physico-chemical analysis of samples in
the laboratory must always be carried out using standard methads (e.g. APHA, 1989 or
International Standards Organization Series), There is a wide range of instrumental
analytical methods available making analysis very much quicker. Some analyses require
elaborate pre-treatment such as acid digestion for mctal analysis by atomic absorption
spectrophotometry. Typical times for the analysis of the common water quality param-
eters are given in Table 9.5.
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92,6 BIOLOGICAL SAMPLING

Friedrich et e, (1996} identified six main categories of biological sampling methods
(see Table 9.22):

1. Ecclogical. These methods are based on the response of aquatic organisms to pol-
lution: and its effects on their habitat. Methods are based on community structure
using indicator organisms that are sensitive to poliutants, and includes biotic and
diversity indices (Section 9.3) vsing macro-invertebrates or indices using other
groups, such as macrophytes or plankton,

2. Microbial Primarily the use of bacteriological indicators of faecal pollution {e.g.
Fischerichia coli and other coliforms). Differentiation between animal and human
faecal pollution, Also the typing of bacteria to identify sources of organic pollution
(Section 12.2).

3. Physiological and biochemical Response of organisms to variations in waler qual-
ity. Methods include the growth rate of algae and bacteria, oxygen preduction
potential of water using algae, ete. (Section 15.3).

4. Bioassays and toxicity tests. Rapid determination of acute taxicity of water-using
test organisms (Section 13.3).

5. Chemical analysis of bicta. Organisms known to be able to bioaccumulate eon-
taminants are exposed to, or collected from, suspect water and the level of con-
tamination accumulated in their tissues or organs measured.

6. Hisielogical and morphological. Examination of organisms for morphologieal indi-
cations of environmental stress (e.g. lesions, tumours, etc.).

The main UK standard metheds, which are similar to the equivalent IS0 methods,
are summarized in Tables 9.6 and 12.4, while US standard biological methods are given
in APHA {1989). The majority of biological monitoring of surface waters worldwide
is ecologically based using macro-invertebrates. While there are a number of differ-
ent methods of sampling benthic macro-invertebrates the commoenest methods are
outlined below (Table 9.7). The Water Framework Directive (WFD} lists standard
methods for monitoring the quatity parameters (elements) listed. These are given in
Annex V of the Directive and summarized in Table 9.8. Biclogical communities tend
to have a ¢lumped rather than random distribution, determined largely by substrate
and habitat niche requirements, Therefore, quantitative sampling is often difficult. If
used in conjunction with a biclogical index then specific hydrological features or sub-
strate types may be specified. Routine surveillance requires only a semi-quantitative
approach while ecological studies tend to require a more quantitative approach exam-
ining all the various habitats at a particular site. Different statistical methods require
different quality of data, Nearly all state agencies employ a standard hand-net proce-
dure for river sampling including the UK Environment Agency which employs the
Biclogical Monitoring Working Party {BMWP) score index and the Irish Environmental
Protection Agency which uses the () score index (Section 9.3).
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There are & wide range of standard mechods published by the Standing Commiree of
Analysts (SCA) in the series Medhods for the Examination of Waters and Associated
Materials (published by 1Ter Mujesty’s Seationery Office, Londen). There are sperific
miethods for all the important ions, compounds, paratmeters and methods used in water
aualysis. Below ure listed rhe important biological metbiods nsed in water qualire analysis.,

See also Table 12.4

Date of Methada for the vramination of woters amd wssociaiod materinix
publication

Sertes fitde

19074 I Lucl-nen sampling of acuaiic benthic macro-invertchotes 1978

LA Acwie joxieity tosting with aguatie orgenisims 10481

1082 Crogniitative samplers for benthie maer-ipvectehirates in shallow flowing
walers TOH(

1943 The bacrericlogical examination of drivking waier sappakies 1942

1683 Methunds tor the dsolarion aoul wlenificorion of Sedwoaceffae {oher than

Sefuneefier tepdtd) Tor weaner and assoviaoed mierials 1982

1084 Methods of biolugical surapling of benthic macro-tnverschrates in deep
rivers TUG3

184 Samplingg o non-planktanie algae Jbenthic afgae and pecipleton) 1982

19553 Methunds of biclogical sumipling: sunphing maero-inveriehraces inowater
supply svstems U8

185 Methods ol biologteal sompling: o eolorizarion sampler for coleering mgpero-
mvericheate indicators of waler qllu]ily i loeland rivers 1083

1 Wiy The direet deterndnation of Biowtiass of anquralics rrlu::rnpll}flu.-i an] memsurement
of nuleewater Light 1945

1987 Meabends foe the wse of sipatic macroplsoes for gssessing warer qualiey
198540

1985 Methels Tue sumpling fish popalations in shallow fivers and soremins 1983

1944 Faomeration of wlgae, estimate of cell volume and nse in bivassays 109K)

1004 A review and metheads for the wse of epitichic diatoms for delecting and
mamtitoving changes in river warer goality 170903

1404 Tl wiierobiology of water 18804 Pan 1. Drinking water

1805 Melaads for dhu isolanion gl identdicntion of hustan cotede vicases frion

walers aind associated materials 19495

Kick sampling using a hand-net is the standard approach employed by most European
countries (Newman ef af., 1992}. The hand-net must be of an approved standard design
(IS0, 1985). bt must have a 900 pm mesh net with a 275 mm bag depth and a 230 %
2535 mm frame opening, and a handle =1.5 m. The hand-net is ideal for sampling shal-
low streams and rivers where there is a gravel substrate. The hand-net is placed firmiy
inte the surface of the substrate while held facing upstream. An approximate stand-
ard area of substrate in froni of the nct is kicked and/or hand washed for a standard
time, usually 2-3min. At best the method is semi-quantitative. Where the substrate is
too large to be effectively sampled by the kick technigue then the substrate must he
hand washed immediately in front of the net. Hand washing is less effective than kick
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Tan k9.7

Tan Lk 9.8

Main sampling options for freshwater biota

Binfa main requirement/consirain Surepling aption
Heripdiyron

Non-epusititalivedseleetive Seruping
Ouanritative Artilicial substirae

Plevio- and zooplunbion

Bewthic invertebritos

Shallow water/aeavel sulstcane

Decpe wareeffise: subsirare

Decp wateefine sedimentfsurface dwellers only
Shalluw wmf:r.r'turg_{r suhsirale

Periphyion sunpler

Mankion net, bole

1 oz ot
Grals
Ihedps

I |u|||| wtl,.‘ih

Artilicial substrag

reili mew

Maoderate depthifany subsirate
il invertolivates

Fish

Deep watersfsdective Nt
Manlerate walers Eleetrofishing
Mresecropdeptes

Shallow water {wading)
Dt waler {Trom a loan)

Cuollection by haned
Collection by hand or grab

Recommended 150 methods for use winh the W'D

Murro-invertehraie sangling
150 HO07-3:1995 Warer quality « Sumpliog, Pare 3 Goidboes o the preservation aoed ban-
dling of samypling

EN 278281903 Water qualing — Metuls for biologica] sampling. Coidanee on hand-net
sarnpling of benshic macro=-invertebrales

N 282651004 Water quality — Methods for bindogical sampling. Goidanee on e deston
anwl use of quanticative somplers for emhic maero-invevichraes on stony sobstraca in shal-
[owe seiers

N 150 93911095 Water suality — Samnpling i deep waters for maero-invertebeates, Guidaner
an 1he s of colorization. qualitative and quantitaive samplers

FXN 150 8689- 11999 Biolgical vlus<ilication of vivers, Parr 12 Guidiwee oo the interpreia-
tion of biological quality dasa Troan sureews of benhic maero-inverteleaies in ounmniog
wiltrs

2N 150 8080-2:1990 Biological dlussifiewtion of eivers. Part 1: Guidanee an the presentation
of lrological quality slata from sueveys of benthic macro-inveriebrates inrunning saters

Detection and eaumoration of faecal indicator baetorie i woder
180 601- 11986 Detection and enwmeration of the spores of sulphite-reduring anacrolies
[ebostridin). Parc 12 Method by cocichment in s liid mediom

IS0 Otn 1-2:1986  Detertion wid enummeration of the spores of sulphite-redocing aoserobes
felostridia). Part 2: Method by membrane fileeation

150 77041985 Fvaluation of mewbrane filiers ased for miceohiologicad annlyses
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A Burber sampler
a staudard hand-net
with o fuadrate
attached to the from
of the net 1o allow
quantitative sam-
pling. {Reprodoced
fromn Hellawell
(1978} with permis-
ston of the Water
Reuvearch Centre ple,
Medmenham.)
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(Continned)

150 78099-1: 1984 Detvction and enunmeration of faecal streptococei. Part 1: Method by
enfchment i a ligquid mediom

130 7RO9-2:1984 Detection and enameration of faccal streptocoeri. Parl 2: Method by
membirane filiration

150 2308-1:1990  Detection and enumecation of colifern srgantsms. thermatoleran
cofilorm organisms and presurnptive £, cofi, Pare T: Moebrans fleraion mebhod

10 03082, 1990 Derection and smnneration of coliform organisime, thermowleram caoliform
erganisnts and presumptive £ eoli. Parc2: Multiple tuhe {most probable manther} method

sampling so a longer sampling period is required (L.e. up to 13min). Kick sampling
should be used in deeper water or if the water is pelluted. In lakes, as there is no current
to wash the disturbed animals into the net the person collecting the sample must nse
wide sweeps throvgh the water after disturbing the substrate with their feet. The
Environment Agensy procedure is given in Section 9.5,

The actual period of sampling and number of replicate samples will vary according to
the sampling cbjectives. As a general rule all available habitats at each site should be
sampled in proporiion to their occurrence. I is good practice to repeat sampling at
several places across the river chammel to include different microhabitats within the
riffle and then combine them to create a single representative sample. However, as
every site is different, use whatever technique scems appropriate to the prevailing
conditions, although it is advisable never to excced 2 total collection period of 3min
as this will result in an enormous sorting and identification task as well as unncees-
sary depletion of organisms at the site.

If quantitative samples are required then a Surber sampler is used (Fig. 9.5). This
employs a 300 mm square quadrate attached to a standard hand-net and sampling of
the substrate is restricted to this arca only. Side nets arc attached from the quadrate
to the net to prevent any loss of animals, Improved designs use cylinder or box sam-
plers to reduce loss of animals washed from the substrate {Fig. 9.6), which allows them
to be used in deeper water. The substrate is vigorously disturbed within the cylinder
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Ficurs: 9.6

Surher samplers are
generally con-
strueted from plastic
ur metal evlinders o
allow them 1o be
wzed in shightly
decper water and to
reduce the possibil-
iy of losing fauna
during eollection.

i Reproduced from
Department of the
Envircnment
(1983a) with per-
mission of Her
Majesty’s Stadionery
Ofhee, London.)

Metal eylinder

Flow

Mash
SCrRen

Collecting bag

using a pole and the water passing through the mesh screen carries the displaced
biata into the collecting bag,

In deeper waters, either grabs or dredges must be used (Fig. 9.7) (ISO, 1991). They
arc difficnlt to use cffectively as the operator is unable to see what is going on. They are
nsed for deep water with fine substrates, normally lakes or lowland rivers, so they must
be used from a boat. Comparative studies under experimental conditions have shown
them to be inefficient and often unreliable in rivers, being severcly restricted by the
size of the substrate {Table 9.9).

Where the substrate is not suitable or the river conditions are unsuitable for cither
pond net or Surber sampler, then artificial substrates are probably the best sampling
option. A wide variety of materials have been used. The selected substrate material
is placed into a mesh bag and placed on the riverbed and the animals allowed to col-
onize it over a minirnum period of a month. The bags containing the substraie are
carefully recovered from the river and the animals removed and processed just as any
other sample, While there is a standard sampler design which uses plastic wastewater
treatment filter media {standard aufwuchs unit) (Fig. 9.8) it is usually best to use
graded natural substrate collected frem the actval river, The artificial substrates are
either weighted down using concrete blocks and tied 10 the bank, or fixed in position
using a steel rod. Careful positioning of substrates in the river is very important:

(2) to avoid detection from the bank and pessible disturbance or damage;

(b) to avoid injury to other river users (e.g. anglers, canoeists, etc.};

{c) to ensure that they arc not affected by changes in water depth {i.c. that they do
not become cxposed during low flows or alternatively cannot be recovered dur-
ing high flows}.
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Maturalists dredge

Efticiencies of grab samplers in recovering benthic macro-inveriebrales ac the surface

and 30 mun below the surface of a fine and roarse gravel subsirore

Grab % efficiency

Subutrate 2—8 nun Substrafe S—18 i

Snrfure 30 mrey belote Swrface IO mm belon:

wurfres snrfice

Ponar 10 Tit ] Al
Weighted puaae 1) T 100 Al
Van—Veen a7 ah Al i)
Bir;_.r,f‘—l.r.kmun 3 3 A0 7
Allan T i a5 T
Frirdinger a0 7 S T
Dzt Fonel P 2y o0 40

Reprroduced frum Ellioe and Drake {1981) with permission of Slackoedl Seience L, Oxfoed,

Drift nets are placed in fowing water to collect animals moving actively or passively
drifting downsircam. Collections of drift are usvally very selective as certain animals
(e.g. insect larvae and nymphs) are more fikely to drift than heavy species {e.g. molluscs
and heavy cased caddis). So, the proportion of species in benthic samples will not be
the same as those in drift. However, drift samples are useful for estimating the recovery
recolonization of damaged river sections and also give an indication of the health of the
river upstream. In general, <<{).5% of macro-invertebrates passively move downstream
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The UK s1andar
colonizalion il
wsed as an artrheial
subsurae for macon-
invertebrmtes in
rivers sites not suit-
able lor sampling
with fither 3 hand-
net or 3urber sam-
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froan Departsent of
the Environinent
(1983b) with per-
mission of Her
Majesty’s Stationery
Oftice, London.)

each day. Normal driflt involves small movements of <2m per single thovement
although some species may move up to 50 m each time. The major factor causing drift
is food avatlabifity, and drifting allows rapid colonization of new channels or areas
denuded of species due to very high flows. Generally, the effect of drift & counter-
balanced by the active movement of spacies back upstream while on the sutface and
by adult inscets (c.g. mayilies and stoneflics) flying back upstream to lay cpes.

The pattern of distribution of macro-invertebrates is such that very large numbers of
samples are required for a reliable estimate of population density. In fact, accurate
measurements of population density are not really possible as a large number of sam-
ples are required even ta recover all the species or families present (Fig. 9.9). Many
samplers and sampling techniques only recover biota from the top surface of sub-
strate. However, cstimates indicate that vp to 80% of all the organisms can he
located =75 mm below the surface and most burrowing forms are only found below
the surface. Therefore, grab samplers are particularly poort, as they do not penetrate
very deep into the substrate. So, in practice, only a small proportion of the popula-
tion is recoverad by normal sampling.

A preliminary survey should be carried out if possible to determine the number of
replicates required to give a certain degree of precision. For most ecological studies
the level of precision used is 20% (i.e. D = 0.2). The number of replicates (n) can be
estimated using the following equation:

2
"= I-“—-] (9.9)



9.2 Sampling Surface Waters + 213

(@) 100 100 —
a0 — 90
l
80 - a0
£
3 70 — 70 —
3 Masterton Oatnll farm
£ 6o 60 -
&
a0 — B0 -
k=
£ 40 40 :
§ 100 160
£ g0+ 90 -
° 20 B8O
o - -
g
g 70 70
5 Broom Whitferd bridge
o g0 60
60 50
b 100 - 100 -
90 = a0
E ]
80 — B0 -
. 70— 5 R ¢
A=
g B0 — B0 —
- Masterton Oathill farm
z S0 — B —
gL ]
2 40 40—
=]
jE ao a0
Ficere 9.9 2 100 100 —
Taxon aceretion for
different dver sites. g 90 B0 —
Mean, maximum = @
and minimum val 5 807 80
ues de_rivcd fmu‘] all % 70 — 75 —
possible comnbive- £
vions of samples for - & gp &0 -
(a} [amily aceretion
and (B species 501 — 50 —
8 (;3:1-};:.\-',? Brooim Whitlord bridge
{ Reproduced from 40 40
Furse ot ol (1981}
with prrmizsion of 30 el 0 T
Elsevier Science Lid, 1 2 3 4 5 6 1 2 3 4 5 6

Oxfond.} Samples Samplos



214

Chapter @ / Water Quality Asscusment

where [ is the index of precision, x the mean and s the standard dewviation. The
results of the example below show the problem of obtaining precise quantitative
results of freshwater macro-invertebrates.

EXampLE 9.4 Calculate the optimum number of replicates (n) required to give a
degree of precision of 209 for each site of a polluted river using (a) number of

species per sample and (b} fauna abundance in riffle samples.

{a) Use Equation (9.9) to calculate » from the number of species collected in five

replicates from six sites.
Site  Number of speeies per replicate Mean  Standard deviation —n
7 2 ¥ 4 ¥
1 13 11 11 4 12 112 1.43 0.4
2 11 1.3 i f o 5.6 330 38
3 1 1 1 1 2 1.2 0.45 3.5
4 2 2 2 3 4 2.0 00,50 20
a3 8 4 4] ? 7 ot 1.52 1.4
O 7 | i 7 3 +.8 268 7.8

The optimum number of replicates for 20% precision of species diversity varies
between 1 and 8.
{b) Using the total number of individuals collected (a} is repeated.

Site  Faunal abundance per replicule Mean  Stondard deviation =«
i 2 E 4 5

1 4l 22 287 122 i 2140 10670 0.4
2 306 S0 104 390 230 2L 2013 14.9
3 7 2 i6 9 Ti 3.2 2.3 11.0
4 13 M0 13 14 19 15.40 33 1.5
5 89 13 41 29 24 02 240 143
(& 414 3 343 7T 21 2440 3391 405

The optimum number of replicates for 20% precision of total faunal density varies
between 2 and 47.

9.3 BioLocicaL INDICES

Raw biol-gical data exist as lists of species’ {or taxa) names and abundance. This is dif-
ficult for non-biologists to inlerprel in order to compare the water quality either
between sites (spatially) or at sites over time (temporally). In practice, it is impossible
to use all the data collected over a long time scale involving numerous stations and
involving numerous species and parameters. One of the best ways 10 reducc or condense
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the bulk of material collected from river surveys and represent it clearly and concisely
is 10 use a comparative index. Indices utitize ail the data to produce a single value that
can then be used for rapid and accurate analysis. While a loss of information is
inevitable, this must be balanced against the overall gain in comprehension, especially
for the non-scientist. In fact, the use of indices often gives new insight an data, Indices
have been developed for use with algae, macrophytes and micro-organisms (Hellawell,
1986). The indices considered here deal with macro-invertebrates.

Biclogicat indices are essentially of two types.

L. Pollution indices are observations of the responses of indicator species or higher taxa
to pollution, So, environmental quality is assesscd by obscrving the presence (or
absence) of characteristic species or communities of known tolerances and prefer-
ences. The fundamental problem with these indices is that presence or absence may
be due to factors other than organic pollution on which the indices are based. For
example, presence, and therefore a better rating, may be due to favourable condi-
tions such as high murbutence. Conversely absence, and a lower rating, could be due
1o natural factors such as water hardness or low turbulence, or non-organic pollution
such as increased temperature or toxic contamination.

2. Diversity indices depend up on the theoretical concepts of animal or plant commu-
nities. Therefors, measuring the extent that the observed community structure dif-
fers from the assumed model assesses the degree of change in water quality. These
indices are especially useful for environmental impact assessment (EIA) as they
are not limited by specific pollutants bul measure the overall effect of all pollutants
both known and unknown, However, as no clue is given in the index as to the
gource Of pollution this has to be assessed by other methods,

In practice it is best to use indices comparatively, not as absolute values, as each
lotic or lentic system has unique physico-chemical conditicns that affect the fauna.
Therefore, indices should be used over long periods at one site or to examine the spa-
tial variation along a river. Where practicable pollution and diversity indices should
be used together.

%.3.1 POLLUTION INDICES
Early descripiive classification

The saprobian system was developed by Kolwitz and Marsson in 1908 who rejated
comrnunity structure to quality status {Hetawell, 1986). The saprobic system is purely
descriptive relating species to certain levels of organic pollution. Saprobity is used to
summarize the degree of pollution or level of organic matter discharged to a lotic sys-
tem. Four classifications are used (Fig. 9.10). Oligosaprobic is used to describe clean
and healihy river sections, polysaprobic is the zone of extreme pollution closest 1o the
discharge point, mesosaprobic is the zone of recovery (oxidation) being divided into
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Qllgosaprable Clean watar Clgan water
Drganic #— _______________ —
effluent
Degradation
Polysaprobic Sepic 0 = = = = -
Aclive
_____ e — = — decomposition
o-rmssosawobic Pualluted
Flow ] L. o o — e - = —
Racovery
p-mescsaprobic Contaminated
Cligasaprobic Clean water Clean water

the alpha {o)-mesosaprobic zone of heavy pollution and the beta (pB}-mesosaprobic
zone of moderate pollution. Complete recovery is characterized by the return te
oligosaprobic conditions. This descriptive system is still extremely valuable as a lot of
information can be cbtained by simply looking for key indicators. The key character-
istics of each zone are described nexe.

Polysaprobie zone (P) - exiremely heavily polluted zone

Chemical

{a) Rapid putrefaction process occurs at this stage, therefore anaerobic conditions
are expected,

{b) The higher degradation stages of the proteins are present partly as peptones and
peptides but degradation extends to amino acids, characterized by the presence
of albumens, polypeptides and carbohydrates.

{¢) Ammonia, H;S and CO, are produced as end preducts of degradation.

Physical
{a) Dirty grey colout.
{by Faecal 1o mouldy smell.
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(c} Very turbid due to enormous quantities of bacteria and colloids.
(d} Normally bottom of watercourse is composed of black digesting sludge and the
reversc sides of stones are coloured black by a ¢oat of irop sulphide.

Biological

(a) Most autotrophic organisms are missing.

{b) Community comprised of a few groups, but individuals are very numerous.

(¢} Bacteria abundant =10 ml™t

(d} E. coli is abundant if organic waste is faecal in origin, not if industrial.

() Mainly blue-green algae and flagellate protezoa and amoeba,

(f) Few invertebrates, only those that have haemoglobin (e.g. Tubifex, Chironomus
npartus) or those that have organs for the intake of air (e.g. Eristalis spp.).

(g} All fish eliminated.

a-mesnsaprobic zone (a-H) - oxidation zone of heavy pollution

Chemical

(a) High concentration of breakdown products, amino acids and their degradation
praducts, mainly fatty acids.

(b} More ocxygen present, oxidation occurting and no anaerobic muds,

(c) Oxygen normally <<50% saturation,

Physical

(a} Dark grey colour.

(b} Smells mouldy or other unpleasant smell {Table 13.4) due to residues of protein
and carbohydrate fermentation.

Biological

{a) Sewage fungus zone forming cotton-wool-like coating of streambed.

(b) Bacteria <10°ml~".

{c} Few algae.

{d) Mainly filamentous bacteria/fungi.

{e) Protozoa common, both flagellates (e.g. Bode) and ciliates (e.g. Paramecium and
Calpidium).

{1} Few invertebzates, similar to polysaprobic zone.

{£) No fish.

i-mesosaprobic zone (8-3) — oxidation zone of moderate pollution

Chemical

(a) Reduction processes are completed with the last residues of protein degradation,
such as amino acids, fatty acids and ammonia found in low concenrrations.

{b) Area of ammonical compounds.
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(c) Acrobic watcrs with oxygen never <50%. Diurnal variaticns in dissolved oxygen
governed by photesynthesis. Degradation no longer affecting oxygen concentra-
tions significantly.

Physical
(a) Water transparent or slightly torhid.
() Uncoloured and odour free.

Biological

{a) Bacteria always <10°ml~.

{b} Motre Lolerant mictofauna, Many more algal spp. but dominated by filamentous
algae (e.g. Cladophora —blanket weed).

{¢} Protozoa dominated by ciliates especially stalked species (i.e. Peritrickia),

{d) Invertebrates still restricted but greater diversity than in previous zone. Dominated
by Asefhes with Mollusca and Hirudinae (leeches) common.

{e) Coarse fish becoming more abundant, especially those able to toierate fow dis-
solved oxygen concentrations (e.g. bream and chub),

Oligosaprobic zone () — zone of complete oxidation

Chemical

(a} All waste products broken down to stable inorganic or organic compounds.

(b) Dissolved oxygen normally saturated {100%), although if algae is still abundant
then there may be dinrnal variation.

Physlcal
(a} Clear, ng odour, no colour,

Biological

{a) Bacteria <<100ml™?.

(b) Wide range of animals and plants, including insect larvae and salmonids.
{c) Macrophytes and mosses common,

{d) Periphyton dominated by diatoms and a few preen and blue-green algae.

Saprobity index

This is 2 numerical development of the saprobien classification. Bascd on the degree
of saprobity (5) and the relative frequency of each species (4) a saprobien index (/;)
can be estimated:

/
I, = E‘g;: (9.10)

This is the saprobity index of Pantle and Buck {Heilawell, 1978), where 5 is the degree
of saprobity where each species is rated according to its saprobity (i.¢. oligosaprobic 1,
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B-mesosaprobic 2, e-mesosaprobic 3 and polysaprobic 4); & is the relative abundance
(i.e. 1is rare, 3 is frequent and 5 is abundant). The resulting index I, gives the depree
of pollution;

I Pollution rating
1.0-1.5 Very shighi
1.5-25 Moderare

2.5-3.32 Sreomg

s BTES Very severc

An example of this mdex is given in Table 9.10. The saprobic index requires good taxo-
nemic expertise and a knowledge of the saprobity of individual species (Table 9.11).
An interesting example of the use of saprobic indices using algae is given by Thorpe
and Williams {1580).

Trent biolic index

This pollution or biotic index is based on two effects of organic pollution:

1. areduction in community diversity;
2. the progressive loss of certain key macro-invertebrate groups from the clean-
water fauna in response to organic polluticn,

Water quality is split into 11 different index classes ranging from X for the highest qual-
ity to O for septic conditions (Table 9.12). Except for these two extremes all the other
classes can be cbtained from different combinations of community diversity and indica-
tors. For example, index class VII can arise from seven diffcrent sets of circumstances.

This index has a number of disadvantages. It takes no account of guantitative data.
So the presence of a single good indicator species that may have drifted into the area
may result in water quality being overestimated. Neither does it relate results to com-
munity bicmass by standard sampling methods, indced it is desirable to sample as
many microhabitats as possible. The index remains popular due to its simplicity and
the restriction to easily identified groups. With practice collection, sorting and pro-
cessing can all be carried out in the field. The main problem with the index is that it
is insensitive at sites where there is a high diversity. This has been overcome by
extending the index from 1G to 15 by increasing the number of categories for the total
number of groups present {Table 9.13).

EXAMPLE 9.5 The score is caleulated by first deciding the number of groups pres-
ent using part 2 of Table 9.12. Using the species list in Table 9,10 the number of
groups present, s defined by the Trent biotic index (TBI), is calculated as:

{a) Dendrocoelum lacteum (platyhelminth — flatworm) {1 group).
{b) Tihifex aubifex (oligochaeta — worm} (1 group).
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TasLe 210 Exsmple of the suprobic index of Puntle and Buck using & simple database

Tance: 9,11

Species Saprobic &  Abundance & &
rating Vo)
Aselfis agquaticus a 3 40 o 15
Haetis rhodani B a 158 3 4]
Chironomis riparing P 1+ 12 3 iz
Dendrocaettm fuctenm B 2 5 2 4
Ephiewterella ignita B 2 1 1 2
Erpubdefln octorufato a 3 2 1 3
Cretnrrerries puekee M 1 12 3 3
Lamnerea sfognalis g P 4 3
Metriornemns fygropetricus . B 2 38 4 8
Trehifew rubifex B & 8 2 8
Eh =28 Zsh =109

Therefure, index (£} = Zeh/Zh = 69728 = 246
This indicates that the warer is showing signs of moderate organic pollution

Baprobic rating of a selection of commonly occurring Knropean macro-inveriehraies

Species Inrgely ingensiiive fo secere arganic pollufion (pefysaprobic)

Chiromwinidae
Coonplochivonoms denfons
{Chirpeomes pluasis
Chironomies viparins

Oligechaesa

Limniudrtlng cluparedeans
Limuoddrifies hoffineisteri
Rhvacodrilus coocineus

Tabifex tibifex

Spectes tolerant of severe organee polfutiun [a-mesosaprobic)

Chironoemida

Arsstopyrice prneipes
Apxecirotanypus trifuscipeais
Piectrotanypus varivs
Proclicresa gliranea
.\h-galu;nleru

Siudis frelginosy

Silis fitaria

Trichoptera

Analiolia lavers
Hhyxlrepsyehe angustipennis
Ihdropayehe ornatido
Hyrirupsyveke pellicidulo
Coleoprera

Fludiptres fineatvcullis

{xlomata
{oenngrion pufﬁ‘wﬂmﬂ

Epletmeropiera

flesetis perniis

Crenis horarin
Fleptagenic longicaudo
Sepfbortrs focesins

Oligochuera

Linregedrilies adekernianes
Fanbrioidis rariegains
Mexis Doarbeztn

Nais comminis

Nory elirgieis

Peloscofex ferox
Hsermmoryvefes barbarus

Hirudinea

Lirpobdelly vefoculioba
lassiphonin feeferoclita
Fuetnopsis sangustgi
Hefolidella stagnalis
Fliveedo medicinally

Cirustacea
Asellies aquotivis

Maovhelminthes
Dugesia tigrina
Planaria torea
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Specres tolerant of modorede orgasic variclment (B-mesoscprobic)

Chironomidae
Abferboegeny vivg mponifis
Corymonenr ceftica
Corvmonenr soickellabt
Crtvatopns Dicinetins
Cricatopes triannalaies
Macerupidiogias neladlasn
Metrivernems fscipes
Metefocaeris kyeropeirivis
Microtendipes clores
Polvpwedifum laetim
Ephemeroptern

Faetis rhoclimi
Braclpvesrcns frariselin
ety meovsti

Clovon dgtertan
Clneon rufichm
Fphemnera denico
Epfiererelie igeita
Heptagenra sufplipiren
Leptophdelia morgivarg

Plecoptera
Fsoperia preenmtion

Heteroprera

Bryclins elevites

Neprr euthra

Notonerta gliren
Ondemnani

Fsehmura elegans
Trichopern

Areerbiodia reereasa

A !-‘!n:rwr}rff's antunlivornis
Athripsodes cinervns
Clrugtanseiin frmorodn
(reena pitonn

Hvedeortilo timeasedes
Limnrepdviltos seriveres
Liminepdities sparses
Pﬂ{]'t.‘(‘nfn'}pus_ﬂur’umﬂruiumx
Potemopivior srellusis
Farvehomia jusitla

Oligowhasta

Aeloscita sicemm
Aedosonite sphafertenrium
Aedoromme terelegrnm
Anpsleiclreseter feyelioni
Breriehée soweriny
{hizetogester erivtodlins
{hectoguster pulusiris
Crvackeelins brcween
Fucfyoddeifus frammontentsas
Neis broticher

Nais rarinhilis
Fsrumsroryeles abreolus
SEydupto. fecnmtriy
Shdoeleifus feringianis

Hirmndinea

{elssiphanio complanaia
flenicleprsts winrsinaia
Therameyzere fesseladiom

Mollusea

Arnadfanie cvanaen
fithivreive rentierdata
Lamnaen stugnalis
Pl fonfinalis
Planiorlis planarbis
fewdix croricafarto
Sppleceevivern cornerim
Theodortis flurieridiy
{irier privderrvennr

Flatyhelmintlies
Provickrornrfos faetenm
Dragesion Iugnebuis
Polyeelis wigro
Pulveelis fenix
Coleoptera

rvens ernesti

Diryops berdus

1 feedigadeen flreviiaeilis
Hetrcdiies sulistricins
Fhidrabiin firsetpes
Putamoneetes aasiemili

Species bergely sitalerant of ongostic polfution (eligosaprobic)

Chiranomida:

Deiliu !'tmg{ﬁutru

I#riflin wodesio
Clrerfotonyteersns e
Fackiefferiwlie cfureseerns
Fukieflerieffa fongicolear

Cliguchaeia
Haptotexis gordioides
R j}xvml'ﬂfl.'u.m

Mallu-ca
Aneyfre fforiveibin
PBythinvile crstrinca

(Cortsrreced)
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Tame 011

{Conrtinued)

Heterafrigsookadios marcicus
Mierovrieofopus brealor
Micropsectra afrofasciaiu
Microtendipes britteni
Parametrioonents styfmius
Frectrochadins difareius
Peeadodicmesa branicki

Plecopiera
Amphinemura suleicollis
Hrochyplern rist
Capnia bifrons
Chiorapesdt torvensium
Diroeras cephafotes
Leucira nigro

Letefro wmoselyd
Nemonura combricn
Nemrerella picteti
Ferla bipnnctate
Ferlodes dispor
FProtonenira meyer
Taeniopteryt nebulos

FEphemeraprera

Ameletus tnopinatus
Partis alpinus
Ledyonirus dispar
Fedvonuras venosis
fthithrogena semicoloratu

Prisichium supinum
Pisicdivun persanatunm
Sphaevim sofidiem

Platvhelminthes

Crenobin alpima
Pohelis fefina

Trichoprora

Agapetus fuscipes
Agrenytea multipunctioia
Apctania fimbricin
Brachycentrus montares
Hytfropsyehe siftali
fthytrichia famellaris
Lnsiocephala besalis
Leptocerus tineiformis
Plifopotamas moniamis
Prifveolepus granulatis
Hlovocophile pheilopotumns ides
Rlivecoplita fristis

il ragricoriis

Sifo patlipes

Trichostogia minor

Crustaces
{amnariy pralex

Parafeptophlebio submarginata

Reproduced from [lellawell {1986) with permission of Kluwer Academic Publishers,
NDordreecht, The Netherlands,

{c) Ermpabdrila octoculata (hirudinea - leech) (1 group).

(d) Limnaeg stagnafis (mollusca — snail) (1 group).

{e) Asellus aquaticus (crustacea - isopod), Gammarus pulex (crustacea — amphipod)
(2 groups}.

{[y Ephemerella ignita (ephemeroptera — mayfly) (1 group).

{g) Baetis rhodani (ephemsroptera - mayfiy) (1 group).

(h) Memocnemus hygropetricus (chironomidae — chironomid) (1 group).

(i) Chiranomus Hparius (chironomidae — chironomid) {1 group}).

Therefore there are 10 groups present so columan 5 is used. The most pollution-tolerant
species is identified next. In this case there are no Plecoptera, but two ephemeropterans
are present, but as Baeris rhiodant, which is tolerant to organic pollution, is counted with
the Trichoptera, only Ephemerella ignita is counted. Therefore, the score ison line 4. The
biatic score is found where lire 4 and column 5 coincide which is score F7 in the above
example indicating a water quality of doubtful-fairly clean.
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TapLe %12  The Trem biotic index

Part 1: Clussification of bivlogica! samples

Key indicater groups  Diversity of fauna Total nember of group (kee Part 2} present  Line no.
-1 2-5 H-10 11-15 16+
Cofumn no.; 1 2 3 4 5 6 7
Biotic index

Plecoptera Maore than one species - kil VI IX X 1
nymphs present One specics only - Vi VI VIl X 2
Ephereroptera More then one specics® - ¥l vl Vil X 3
n}rmplls present One sperics 1111]}'“ - v ¥l ¥il VI 3
Trichopiera More than one species” - v ¥ Vil VL 5
larvae present One specics ortlyh [v v ¥ ¥l LA ]
Clarsttirus prosent All shove species absem LIE ¥ ¥ ¥1 VI 7
Aselffres present All above species absent [l I v Y L 3
Tuhificir worms All above species absent [ L 1] v - 9

and/or red chironomid
larvae presett

All sbove (vpes abseny Some organisms sueh as 0 I 1l - - 10
Eristalis tenax not requiring
dissolved oxygen may he
present

Baetis rhodant excluded.
bBactis rhodani (Ephemeropters) is counted in this section for the purpose of cassificarion.

Part 2: (rraups
The termn *Group” here denotes the limit of identification which can be reached withaut resorting to lengthy tech-
nigques. Groups are as follows:
1 Each species of Platvhelminthes {Naiworm)
2 Annelida {worms) exchuding Needs
3 Nuts (worms}
4 Farh species of Hirudinea (leeches)
& Fach species of Mollusca (snails)
6 Each species of Crustacen (| Ing-louse. shvimps}
T Each specics of Plecoptera {stonefly)
& Each species of Ephemeropiera (maylly) excluding Buetis rhodani
U Baetis rhoduni {marfly)
10 Fach fumily of Trichopiera (caddisfly)
11 Each species of Neuroptera larvae {alderfly)
12 Family Chironomidae {midge larvae) cxcept Chirpromes themmi (=riparins)
13 Chirenomus thammi (blood worms)
14 Family SBimulidee {blickfly lanvae)
1% Each species of otlwer iy lurvae
16 Fach spteies of Coleopteru (beetles and heetle larvae)
17 Each species of Hydracarina {water mires)




Tanck .13  The extended version of the TBI

Bivgeographical region: Midlands, England Total number of gronps prexent

O-1 2-5 6-10 11-15 {16-20 2725 2630 30-35 3640 4145

Biolic indices

Plecoptera nvmphs present More thun one species - 7 8 9 1] 11 12 13 14 15
Omie spenics only - f 7 i 9 L 1" 12 14 14
Ephemeroptera nvimgths Muore thun one species* - B 7 4 Y 10 1" 12 13 14
[FreseTu. The specics only? - k} ] 7 8 o 10 11 12 13
Trihopters lwrvae presco Muore ihan one slx-f.icﬁl’ - 3 0 7 & 9 ill 11 12 13
D species vnly” 4 4 5 i 7 bl © 10 11 12
Creuminuries resent All above species abwsend 3 + 5 O 7 ) 9 10 11 12
dselfus present All above species abwsent 2 3 4 5 & T % 9 110 1
Tubificid worms vaddor red Al above spocies absent 1 2 3 4 5 i ? £ L 10
chironomil larvae presen
Al above types alsent Some organisnes such as 1} 1 2 - - - - - - -

forfytecfes Fenad aol regquiring
thisgalved oxvgen may he
pl'f'-sf""t

"Raetis rhodans excluded,
MReetis rhoduni |Ephemeroprera) is counted in this section for the pricpose of classificacion,
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Tame 9.14 The Chandler biotic score index

Groupy present in sampile Abundunce in standard sample

Presenf Few Common  Abundant  Very abundani

(H-2)  (3-10) (11-50) (51-100) {100+)

Poirtts yeored
Lach species of Planara elpina, o 4 93 . M
Taenopiervgidae, Perlidae, Perlodidae,
Tsoperhidae. Chlocoperlidar

Fach species of Leuctridae, 84 /Y 94 uz %
Coapmitdac. Nrmowridae (excivding Amphineneira)
Each species of Ephemeropiera (cxcluding Haetis) TO 44 on U4 a7
Fach species of cosed caddis, Megaloptera T 80 80 ™ 04
Each species of Ancyfus Kil; 75 g2 a7 o
Farh species of Movaraphile (Trichoprera) a5 B 77 a3 83
Cenera of ierarota, Limnophora ol} b3 72 78 a4
Cenus of Sienalinm i ol i 73 5
Ceners of Coleoprera, Nemaroda al a5 ol 13] 74
Cenera of Amphinemira (Flecoptira) 47 an o4 38 03
Geners of Heetis (Ephemeropiera) 44 45 1 Al 32
Genera of Cammarns 4t 10 4} 40) 4l
Each species of uncased caddis {excluding 38 36 35 34 3l
fthyucophiia)
Euch species of Tricladida (exeluding P alpine) A5 33 H 29 25
Grnera of vdracarina 32 30 28 25 |
Each species of Mollusea (exclding Avedies) Nl 28 25 22 14
Each species of Chirononids {exelnding €. riparins) 28 25 21 18 13
Each specics of {Hessiprhania 20 a3 20 16 13
Each species of Aseffus 25 23 18 14 10
Each sprcies of Leech {oxchuding Glossiphoni. 24 2t i 12 ]
Haeriopsis)
Each species of Haemopsis 23 1% 15 n 7
Euch species of Tufifer spp. 22 18 13 12 o
Each species of Chironomns riparios 21 17 12 7 4
Each spevies of Nais spp. ) 16 10 0 2
Each specica of air heeathing species 14 13 9 3 1
Mo animal life 1

Chandler biotic score index

This index overcomes the omission of relative abundance of indicator groups in the
TBI by recognizing five levels of abundance and weighting the score of each indicator
accordingly. For example, each abundant sensitive spccies obtains a very high score
white each abundam tolerani species obtains a very low score. The individual score
far each species is added 1o give the total score. The lower the total score the greater
the degree of pollution (Table 9.14). I no nracro-invertebrates were present the score
would be 0, while the score for a very clean river is rarely in excess of 1500, Like the
THI, the more difficult groups to identify such as the chironomidae (midge flies} and
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TagLe .15 Worked example of Chandler score index using the data from Table @.10

Species No. Abundunce Secore
Asells agreaticies B0 Abundam 14
Buaetiz rhodani 18 Common 43
Chironiomos Fiparies 12 Commuon 12
Densfrocoetiom: factfenm a Few 32
Fphemerefla igrito 1 Present T4
frpobieita acteculuta 2 Presani 24
Crazmmuris puler 12 Cominon 4l
{ymmara stogroafis 27 Comumon 25
Metrivcrertng hygropetricus e Common 21
ﬂz."u_'ﬁu' 8 Few 18
Biohe svore 314

annclida {(woerms) have both been included as a single group. A worked example is
given in Table 2,15,

The main disadvantage to this index is that it requires extensive speceies identification
and the relative abundance of cach species to be assessed. This makes it far more time
consuming thap the TBI. Like all indices the Chandler score index does not pravide
an absclute value but rather a comparative value of water quality. This is because
diversity varies between rivers due to factors independent of organic pollution {e.g.
hardness, reaeration, etc.). Other factors, such as sample size and technique, can also
affect the recovery of species. This problem can be overcome by dividitig the total
score by the number of individual scores to give an average score out of 100. This gives
a value independent of diversity which can then be compared more widely.

BMWP hiotic indices

Biotic indices have been developed independently in a number of European countries,
including the UK and Ireland. All are developments from the TBL In the UK, the
BMWP biotic score or the BMWP biotic index was developed between 1975 and 1930.
Scores are given for the presence of each key family group, which are then added
together (Table 9.16) (Hawkes, 1998). Individual scores range from 1 (organic pollu-
tion 1olerant) to 10 {intolerant) (Figs 4.4 and 4.5). Total scores range from O to 250,
While there is an increase in taxonomic demand compared to the TBY, the BMWP
index recognizes the need 1o split up particular groups. For example, the gravel/sand-
cased caddis (e.g. Stenophylax) is a very clean indicator and so scores 10, while the net-
spinning caddis (e.g. Hvdropsyche instabilis) is pollution tolerant and scores only 3.
S0, the TB{ suffers from the insensilivity of broad groupings. Chironomids, for example,
are represented in many differens functional feeding groups and are, therefore, tol-
erant to a wide range of river conditions and pollution (Section 4.1). However, the
chironomids, like the oligochaetes, are a bad example as due to identification diffi-
culties they are generally excluded from indices.
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TasLE .16 The EMWP biotic score
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Familiex Seore
Mavilies Siphlonuridae, heprageniidae, Lepiopllebidae. Ephemerellidae, Potamandhidae, 14
Ephemerirlae. Ecdyvonuridae
Sumellies Tacniopierygidae, Leuaridae, Capniidae, Perhodidue, Peclidae, Uhlumpﬂrﬁdae
River bug Aphelocheiridae
Caddisilics Phryganeidar. Molunnidae. Berasidae, Odonraceridae, Leproceridae, Goeridae,
Lepidostomaiidie. Brachyeentridac. Sericostomaidae
Craylish Asiaidae ]
Dragondlies  Lestidae, Apriidac. Gompladae, Cordulegasieridae, Aeshniden, Gorduliidae,
Librellulidae
Caddizllies Psvehovidae, Fhilopoiamiitae
MuayHies Carnidae 7
Stoneedlics Nemouridae
Caddisllies Blrvacophilidae, Polveemimopidae, Limuephilidae
Snails Meritidae. ¥iviparidae, Ancylidae &
Caddisflies Hydroptilidae
Mussels Lnionidae
Slurimps Corophiidae, Gamnmaridae
Dragonilics Platvenemididee. Cocnagronidue
Water hngs Mesoveliidae, Hydrometeindae. Cerridae, Nepidoe, Naucoridae, Notonectidae, 3
Pleidae. Corixidas
Water beetles  Haliplidae. Fyzrobiidae, Dy riscidae, Gyonidae, hydrophilidae, Clambidae,
Helodidae, Dryopidae. Flonahidae, Chirsomelidae, Cureulionidue
Cuddislies Hyelropsyehidae
Craneilics Tipulidae
Blarckflies Simuliidae
Fluteeamms Planariidae, Dendroceelidae
Mavilies Baeridae 4
Alderflies sialidae
Lecuhes Piscicolidae
Snails Yalvatidae, Tlviroblidae. Lymnaeidae, Physidas, Planocbidae 3
Cockles Sphacriidae
Leerches Clossiphoniidae, Hiradidae, Erpobdellidae
Husz-louse Asellivdne
Midges Chironomidae P
Worms Oligeehoery {whole class) 1
Hoverllies Syrphidae |

As with the Chandler index, and other biotic score systems, a major drawback with
the BMWP is that the index does not give a clear total score out of 10, but a variable
total score dependent on diversity. This can be overcome to some extent by using the

average score per taxon (ASPT) where # is the humber of individual scores:

ASPT = SCOrCcs

n

(9.11)
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Tamk .17 Reting values for BMWD scorc and ASPT as it relates to water quality in hahitar-tich rif-

fle areas; the OQR provides an index value that can be directly related to water usage

BMWP ASPT Rating Water quality aon fndex

151+ 6.0+ 1 Excellent quality o.0+ A++

121-1540 3.5-0.0 i Excellen qualiry 5.3 A+
G120 3.1-24 Y Excellent quality H A
61-90 4.6-310 1 Good quality 4-4.5 C.B
3160 36045 3 Moderare quality 3305 E.D
15-30 2.0-35 2 Poor quality 225 G.F

-14 0-2.5 1 Very poor quality 1-1.3 I.LH

The ASPT is less influenced by seasonal variation than total score, therefore provid-
ing consistent estimates of quality regardless of life cycles. Orniginaily two scores were
proposed for the BMWP score, one for eroding sub-strata and a second for depositing
sub-strata, The ASPT system also eliminates the need for different scoring dependent
on substrate characteristics. Also the ASPT is less influenced by sample size than the
total score as a larger sample size results in a higher BMWP score. The ASPT largely
overcomes prablems of variability in factors such as sampling technique, sample size,
efficiency of sample processing and substrate (Hawkes, 1998},

Extence et al, (1987) have devised a method to relate the BMWP score and the ASPT
to the quality required for specific water uses. The BMWF and ASPT scores are each
given a rating according to Table 9.17. An average value {i.e. overall quality rating
{OQRY) is calculated using the equation below:

_ BMWP rating + ASFT rating
2

OQR

(9.12)

The water guality index (WQ1) is then calculated from the OQR using Table 9.17
where an OQR of 3.0 is equivalent toindex E, 2.5 to E 2.0 to G and 1.0 to L. To support
a salmonid fishery a minimum index of B is required, for a coarse fishery D, the low-
est index for drinking water using minimum treatment is C and D where impound-
ment s used prior to water treatment. Water with an index of (3 is only acceptable as
a low-amenity resource. A different table is required for peor riffle and poal areas
{Extence et af., 1987),

The nature of biological comemunities is determined by a wide range of entirely nat-
ural factors associated with catchment geology, geographical location and climate.
So, a good biotic score in one region may be considered to be poor in another, mak-
ing the use of such indices impracticable for setting national or regional ecological
standards. This is overcome to a certain extent by the use of a predictive model called
RIVPACS (river invertebrate prediction and classification system). Using eight main
environmental variables {i.e. distance from source, substrate type, altitude, discharge
category, depth, widih, latitude and longitude) and a further six optional variables
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{including slope, alkalinity, and temperature range and mean), prediction of the
macro-invertebrate composition of a river site, not influenced by anthropogenic
activities, can be made for any particular season or seasons, excluding winter. In this
way the actual macro-invertebrate community cant be compared to that predicted
frem an unpolluted site, The ratio of the obscrved to predicted community séatus using
BMWP or ASPT is expressed as a quotient (i.e. an environmental quality index or
EQT) (sce Table 9.28) {Wright er 4l , 1993). The biological assessment procedure used
for UK rivers is fully explained in Section 9.5.

Itish biotic score index

In Ireland, a system developed by the Environmental Research Unit places groups of
animals into five broad classes A-E, of which group A is the most sensitive, B is less sen-
sitive, C js relatively tolerant, D tolerant and E comprises of the most tolerant forms
(Table 9.18) (McGarrigle ef af., 1992).

Using combinations of the relative abundance of these groups in either eroding or
depositing sites then water quality Is expressed as a ) value where ()1 is bad and Q5
is excellent water quality {Table 5.19).

Biotic index () paluee) Hater quality
3 [diversity high) Coond

4 (diversity slightly reduced) Fair

3 {diversity significantly reduced) Doubiful

2 (diversity low) Poor

1 (diversity very low) Bad

Inmtermediate values are possible (e.g. Q4-3, Q3-4, Q2-3, Q1-2), so that there are
tine O groupings averall. From this four categories of water quality are calculated:

¢ vaiue Categery of river quality
Q6. 4-0, 4 Unpollwied

)31 Hlightly polluted

Q3. 023 Moderaely polluted

Q2. 01-2. 1 Serigusly polluted

Toxie influences are indicated by use of the suffix 0 {e.g. Q1/0). The relationship
between the quality rating ¢ and water quality parameters is shown in Table 9.20.

The Gammarus: Aseflus ratio

This simple index of organic pollution was devised for non-biotogists by Whitehurst
(1991). All that is required is the ability te distinguish these very familiar organisms from
other river biota, a simplc collecting technique and recording method. Gammarus
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Table 9.18  The Irish quality raving {(}} is based on the relative proportions of characteristic groups of
species indicating specific quality groups

Indicator groups: key taxd

Group A Group B Group () Group I Group E
Sensitive forms Lese senszitive Relutively Tolerant forms Mboat tolerant
forma tolerant forms Jorms
Flecoptera Leectra, Uricladida, Hirudinea, Tubificidae,
(excluding Nemouridac, Ancvlidae, Mallusca Chironomos
Lewcira, Bactidae (rxcluding Neriiidae, {exrinding
Nemouridae), B. rhoduni}, Astncidue, Ancylidae,
Hepageniidace, Leptophlebiidac, Cemrhiecries, Neritidar],
Siphlonuridae Ephemerellidae, Haetiy rhodani, Aseiius,
Ephereridas, Caenidag, Chronomidae
Cased Trichoptera Linnephilidye, {excluding
{excluding Hydropiitidae. Chironomus and
Limnephilidue, Glossosomatidae, Rbeotarytarsuy)
Hvdroptilidee, Uncused Teichoptera,
Clussvsomanidach, Coleaprera.
Odonata (excloding Coenagriidae.
Coenagriidae), Siaglitlue,
Aphrelacheinus, Tipulidag,
Rheotunyviarsies Simutitdae,

Hemipiera (exchading
Apkeforheirs)
Hydracarina

Reproduced [eom Mewman of af, {1992} with permission of the Earopean Commission, Luaxembourg.

TabLg 9,19  Caleuluton of the Irish quality rating (Q) based on the relative proportion of each
group deseribed in Table 9.15

Quality rating () Relative abundanee of indicator groups

A B LN D E

Erodfﬂg sHes
05 4+t +++ ++ - +-
04 ++ e+ 4 +4 -
3 - +- ++4+ +++ ++
02 - - +- 4+ 4+
]| - - - 4+~ 4
Depasiting sifes
05 +— b+t +++ ++ +—
Q4 - - ++++ ++ -

4 - +— ++ +++ 4+
Q
Q2 - - +- +++ 4+
Q1 - - - — 4=+

+++ +: well represcnted ar dominant: +++: sy be common: ++: may be present in
sntall numbers: +=: sparse or absent: —; usnally absent.



TabLE 9.20  Relationship between [rish quality cating (€} and expected water and biologica! quality criteria

Class Clazs A Class B Clain C

Q) ratings 3 ¢ 3—4 7 2 i

Water quality Good Fair Doabtful to fair  Dovbtful Poor Bad

Pollution status Einpolluted L'npollured Slighe Palluiion Moderate pollurion Heavy pollution Cross potlotion
Bindegraduble Absem Absene Absent In advanced stages [eavy load Very heavy luad

OUZULLIC Wastes

BOD

Drissolved vxvgen

Bottom siltarion

Brewuge Tongus’

Algae

Macrophyics

Macro-inverteheates

{fooan Fust arens}

Puotential bencheial
wsts

Caondition

Meorimal, ..
<3 mg/l

Typically ranges
(renn B0 10 120%
of sarmaradion

MNone

Absent

Miverss comimanilies

nol Cxéessive
developroent
Lsually diverse
COTIEELI S,
Drevelopment

Lsually diverse
COTTLIT TGS,
Sensitive species
"Iﬂ}' }'IE COIMIILON

Nigh-qualivy waters

suitable for supply
and all other
fizhenes. High
amenity value

Satislactory

Normal. ie.
=dmg/l

May fluctnare
ubove and helow
A0-120%

None

Abseat

Minlerat: to
abundam
v lopmen s

May be well
developed

Some redurtion in
diversity, densing
ITCEEaNES

Waters of somewhal,

less high quality
chan Q3 bur usable
For substantially
tl‘lfL LELIITY purpnﬁl‘.s

Salisfactory

{lose v or normal

Fluetnates widely

Mav be lighe

Ahsene
Abundam

Ulsually abundant

Sensitive forma
ohscnt or scaree.
Total munbers may
be very high
Lzually gond game
lisheries bt fish ad
risk thie 10 pussible
fluctuations in
dissolved nxvgen.
Suitable for supply.
Modcrate to high
amenity value

Rorderling

of mineralization
May be high at vmes

Fluctuates very whilely.
Poteniial fish kills

May be considerable

Mav be sonall amonnis

Alamdani. May
completely blanker
riverhed

Abundunt. May
completely overgrow
river il blanket algas
allows

Sensitive lorms absent.
Diversiny falls. Toleranc
::'-PBCII.IZ:!'- COLTHNEL

Course Gsheries. Noc
likely to support a
hicalthy game fishers.
Suitahle [or supply
after advanred
trealment

Linsatisfactory

High

Low durimg the
ay. May be zero
al night

Eleavy

U.liua"'y abundan

Mav be abundant

Tolerant formes vnly,

May he abundant

Tolerant forms only

Fish absent or only

sporadically presen,

Mav be used for

low-geade induserial

ahsiraction. [ow
amenity value

Unsavisfaceory

Yery high

Verv low or zerp
ai. all nanes

Heavy and
cormmonly
anascrobic

Usnally abundant

Ranges freom none
10 abusdani

Only the inwt
tolecant types

Only the most
wleram cvpey
UT 1ILTIE:

Fish absent.
Likcly to
produce
nuisance smiells,
Very low or
ZECO WMenity
valne

Linsatisfactory
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pulex normally inhabits well-oxygenated riffle areas of rivers, living betwean stones,
and intolerant of organic pollution. In contrast Aselfis aguaticus is not normally part
of the riffle community, but is associated with depositing silty substratcs. It will, how-
ever, invade tiffte areas during organic enrichment where it often becomes the dom-
inant organism. Therefore, large numbers of Aseffus in riffle areas indicate organic
pollution, with the ratio of Gammaris to Asellus able to successfully highlight areas
suffering from organic enrichmend. There is a strong negative correlation betweaen
BOD, NH,, POy and the ratio, the ratio being highest when these are all low. The
main problem with this index is that distribution of crustaceans is severely restricted
in acid (soft) waters.

9.3.2 DIVERSITY INDICES

Pollution alters community structure by reducing species diversity and increasing the
size of populations within that community. So, unpolluted clean water has a high diver-
sity with mest species present having a low abundance, while polluted dirty water kas
a low diversity with most species having a large or high abundance. Environmental
stress frequently reduces community diversity, Therefore changes in a diversity index,
or any other parameter of community structure, can be used to assess the degree of
environmental stress, assuming that the change in index value is related to the inten-
sity of pollution.

lndices of commurity diversity

There are 3 number of different indices that relate the number of species to the total
nwnber of individuals. For example,

Menhinick’s index:
=S (9.13)
N
Margalef's index:
- 571 (9.14)
log, N

where [ is the diversity index, S is the number of species present and & is the total num-
ber of individuals {Hellawell, 1978). These indices are not independent of sample size so
careful comparative sampling must be carried out. It is theorctically possible for identi-
cal scores o be obtained from quite different communities (Table %.21). In cases of
moderate pellution, diversity may not be reduced significantly aithough there may be a
change in species composition, with more tolerant species replacing less tolerant ones.
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TasLe 9.21  Comparison between different communities with idemtical diversity index values using the
Margalef and Menhinick indices

Commanity  Number of individuals of Toiaf number  Number of  Index value
specive 1{ individueals ;peﬂex Marsalef Monhinick
Ry Ny my y M Fi i

A 20 20 20 20 2u 100 b 0.37 0.5

B 4} 301 10 5 100 B 087 0.5

( 25 1 1 1 1 W a 0.87 (5

Reproduced from Hellaweli {1978) with |Jern|is.-a.ié}|:1 of the Water Research Ceutre ple, Medmenham.

Therefore, diversity indices can miss subtle changes in water quality. This is overcome to
acertain extent by the sequential comparison index {SCI).

The most widely nsed diversity index is the Shanncn-Wiener {i.e. the Shannon
index H'Y);

S . .
H =510, [i’rl (8.15)
i=1 1 n

where #; is the number of individuals of species { and # the total number of individu-
als in the sample and s is the number of species in the sample. The calculation for
each species is added together to give the index H”. A value of i > 3 indicates clean
water while values <1 indicate severe pollution with values rarely exceeding 4.5,
Intermediate values are charaeteristic of moderate pollution (Hellawell, 1986).

ExampLE 9.6  Using the data in Table 9.15 calculate the Shannon-Wiener diversity
index using Equation (%.13).

Species n n/n fog, (ni/n)  —Zindn) log. (n/n)
Asellis agraticis 20 ).3u4 =033 0.367
Buetls rhodand 18 0082 —2.423 0216
Chiroromus ripaniug 12 003¢  -21382% 0.1&7
Dendrocoetum lactewn o 0.025 —J.704 0.093
Ephenercllo ignita 1 00049 5313 0.02¢
Erpobrlelia vetocrdata 2 (1.0009  —4.620 0.046
Crurmenaries pulex 12 0une 1328 0.167
Lymenaea stagaolis 27 0133 2017 n.268
Metrinerenins fypropetricus 38 0187 —1.6% 0313
Thbifex tubifex 8 0039 -3.234 0126
r =203 iF =178

A I value of 1.79 is doubtful to fair quality.
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Frcene 2,11

Example of the caleularion of the 5CIL

Sequential comparison index

This simple diversity index requires ro taxonomic knowledge only the ability 1o dif-
ferentiate between different specimens by shape, size and colour. It estimates rela-
tive differences in biological diversiry by distinguishing runs of individual specimens
in a sample row of individuals of known number. The collected individuals are ran-
domly aligned against the straight edge of a sampling tray and then each current
specimen is compared with the previous one. When a difference is found then this is
classed as the end of a run and so on (Fig. 9.11), The diversity index (DI} is calculated
as a score (D1))

DI, = Number of runs

= 0.1é
Number of specimens (-16)

The main difficulty of this technique is obtaining a random sequence of macro-
invertebrates from the sample. A minimum of 230 individoals should be used to calcu-
late a score. Smaller samples can be used and the animals remixed randomly between
counts to obtain the minimum sample size, although a minimum of 50 individuals
should be used for each count. The closer the score is t0 1.0 the mote diverse the sam-
ple, while the closer to zero the less diverse and so the more polluted the sample
{Hellawell, 1986).
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The number of
replicates (V) of DI,
required 1o give
diversity index
within 10 and 20%
of the true value
with 3% confidence
limits in the caleula-
tion of the SCIL
{Reproduced from
Iellawell [1978)
with permission of
the Water Research
Centre pir,
Medmenham.}
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In order to obtain a mean score within 209 or 10% of the true value with 5% con-
fidence limits, the D, should be repeated between two and eight times, respectively, to
give a mean score (D) (Fig. 9.12). The D1, score is a comparative value within fixed
limits, however some workers have multiplied by the total number of species to give
a third score (¥}, although this needs taxonomic expertise:

DI, = DI, X Number of taxa (9.17)

9.3.3 USING BIOLOGICAL INDICES

Each index provides slightly different information and the selection of indices should
be based on the following factors:

{a) Value factor: amount, type and suitability of information obtained.

{b) Cost factor: actual cost of staff and investment in training including taxonomic
cxpertise — this should include the time to do the collection of samples, sorting
animals and doing the necessary identification and counts.

{c) Accuracy factor; the precision, repeatability and reproducibility of the index (i.e.
the chance of making a mistake, and the effect of such 5 mistake on the overall
value and interpretation of the data; the ability to abtain the same value using
ditferent and/er identical methods and personnel for collection, sorting, identifi-
cation and counting).

Owerall the TBI and Chandler score index are both very useful for water management
purposes, but there are very large differences between the cost factors. For example,
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the TBI can be done in the field and an assessment wade within 30 min, while the
Chandler score index has to be calculated in the laboratory involving full sorting,
counting and identification which could take up to 6h per sample, depending on
experience. Some indices are more appropriate for research, others for routine moni-
toring, others for EIA. However, once a full sort has been made and all the specimens
identified and connted, then all the indices can be vsed with the exception of the S$CI,
for which the original mixed sample is required.

Biological indices have a number of disadvantages. For example, factors other than
pollution can affect the streambed community, such as substrase, alkalinity, and the nat-
ural variation in allochthonous inputs. Industrial pollution may cause different con-
ditions to those caused by sewage so that pollution (biotic) indices are not applicable.
Accurate identification is difficult and time-consuming, especially of certain groups.
Absence of some species may reflect normal life cycle and this may distort seasonal
scores, Natural events, such as severe flooding, can remove macrophytes, organic mater-
ial and even substrate. Quantitative sampling of macro-invertebrates is difficult and
it is important to choose similar substrates when sampling. Pollution {biotic) indices
only respond to organic pollution while diversity indices are wsed to measare non-
organic or unknown pollutants. Diversity indices have been criticized as being poten-
tially unreliable primarily due to season, size of sample and level of identification
(Pinder ez al., 1987). However, other factors also been identified as affecting diversity
indices, such as sampling method, depth of sampling and duration of sampling. The
assumption is made that in more diverse communities a lower probability exists that
individuals chosen at random will belong to the same species. However in practice
species often have a clumped, rather than random distribution due to microhabitat,
breeding or behaviour. Abundance in particular is also readily influenced by extra-
neous factors such as seasonality, within-site variation in substrate characteristics
such as organic content, etc. For that reason the use of species diversity {5) only may
be more indicative of environmental change.

However, because of their relatively fong life cycles macro-invertebrates are
good monitors of the long-term purity of water. Periogic sampling may, therefore, be
more representative than chemical monitoring. Certain groups can give misleading
signals. For example, the snail P#ysa is tolerant of organic pollution but very intoler-
ant of Cu?*. The Plecoptera, on the other hand, are intolerant of organic pollution
but fairly tolerant of heavy metal pellution. So, care must be taken when using indi-
vidual groups as indicators. Almost a1l the bictic indices have been developed exclu-
sively for lotic systems, and often those species that are indicative of clean water in
rivers do not generally live in lentic systems (Section 4.4). Alternative indices using
chironomids or oligochaetes that dominate fine sediments have been developed for
assessing water guality in lakes (Premazzi and Chiaudani, 1992). Ephemeroptera, tri-
choptera and Plecoptera are all sensitive to most types of pollutants just as Diptera
and tubificid worms are tolerant, Therefore, these groups are often used as indicaters
{Rosenberg and Resh, 1993).
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The move towards multivariate analysis and the use of predictive models, such as
RIVPACs and AUSRIVAS (Section 9.3.4), requires a very high level of taxonomic
expertise, being able to identify a wide range of organisms to species level with a high
level of accuracy. This is a reversal of the trend for simpler and more rapid biological
assessment techniques of the past 40 years. Other organisms apart from macre-
invertebrates are also used for assessing water guality and include bacteria, algae,
macrophytes and fish. Macrophytes in particular have been very successful indicators
of river water quality being breadly classified into four groups representing a down-
stream continuum from upland oligosaprobic to lowland eutrophic (Holmes ef al.,
1998). Algae has also been used to assess eutrophication in rivers and lakes (Kelly
and Whitton, 1998). For example, the Algal Abundance Index {AAl) is based on a
semi-quantitative scale that ranks algal abundance or cover as abundant, commeon,
rare or absent. The index is calenlated as:

_ (No. of abundant records X 2) + No. of common records
No. of site visits

AAL X110 (9.18)

Values <20 indicate cligotrophic conditions while =70 indicates hypereutrophication
(Marsden et af., 1997). Keliy (1998} has proposed a more sophisticated index using
diatoms called the Trophic Diatom Index (TDI).

Today a wide range of biochemical, serological and cellular tests have been used to
provide data on biomass, metabaolism, etc. in an attempt to monitor polluticn in fresh-
waters but these all require elaborate techniques, instrumentation and are time con-
suming ( Table 9.22).

9.3.4 MULTIVARIATE ANALYSIS

Indices reduce complex data into single values for ease of analysis and interpretation.
However, full data sets allow for greater undeestanding of the effects and responses
of the biota to changes in water quality. Allowing the relationship between comenu-
nitics, individual species and water guality variables to be explored, thus relating
community modification to environmental change.

There are a number of approaches to multivariate analysis with cluster analysis and
ordination principally used to interpret biological and physico-chemicat data (Norris
and Georges, 1993; Waite, 2000). Two-way indicators species analysis {TWINSFAN)
and detrended correspondence analysis (DECORANA) have become the two most
widely used multivariate methods for analysing benthic commwnity data. Sites can be
arranged into a hierarchy based on their taxonomic composition vsing TWINSPAN,
This allows sites to be clustered identifying species that demonstrate the great-
est difference between sites. Ordination is carried out by DECORANA, which
identifies sites with similar taxonomic composition. Tt then relates the ordinated
gronups tc specific measured physico-chemical variables. An excellent example of their
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Advaniages Sinple 1w Simple 0 perform.
perferm. Relativelv cheap.
Relutively Mo special
cheap. Nu cuipment or
special facilities nreded.
aquipTient Minimal biological
or facilities expereise reynived
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Bacicria Invertebrates, Inveriehrates, Fish, sheilhsh, Fish,
alzue, fish fish planis invertehrates
Operational Early waming Operational Impact sueveys,  Impacl survevs,
surveillance monitering, impaet.  surveillance, early trend early warning
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and animal faceal
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techniques
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=
Toxic wustes,
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organic matter
pollution
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needed. Fast resulrs,
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mrnitering

Toxic wastes,
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advanced
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than for the
chemical
analysis of
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Analytical
equipment
and well-
traingd
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manitoring,
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*For example, biotic indices; Mror exartiple, diversity or similariry indices.
Beproducedd from Chapman (1990) with permission of UNESCO, Paris.
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Figung 9,13 TWINSPAN classification of the percolating filter beds based on macro-invertebirate species.
The indicator species for various divisions are shown. The parentheses near to an indicator species denotes
abundance threshold: 1 = >10017! medinm; 2 = 100017 medium. {Reproduced from Tearner and
Chawner {1998] with permission of the British Ecological Society, Lendon.)

use has been in the vnderstanding of the role of macro-invertebrates in percolating fil-
ters (Section 16.2} (Learner and Chawner, 1998). Using TWINSPAN, detailed species
and abundance lists from 59 separate filter beds were grouped into nine species asso-
ciations (Fig. 9.13). DECORANA ordination was then used to detcrmine the abiotic
variables affecting faunal composition (Fig. 9.14). The study showed that the abiotic
variables most likely to effect faunal composition were organic loading, film accumu-
lation, air temperature, size of media and age of the bed. For the first time it showed
that as all these variables except air ternperature are operator controlled, that the
invertebrate community structure could be medified or even managed. The software
for these two programmes is widely available and has been recently adapted by the
Centre for Ecology and Hydrology in England for use on normal PCs.

The encrmoeus databases thal have been collected over decades by national monitoring
programmes have allowed multivaniate analysis to produce more accurate ways of
assessing water quality and environmental change through biological assessment. Using
environmental data it is now possible to predict the probability of particular species
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Fieune 9.14  DECORANA ordinarion of the percolating fileer beds. The filter-bed
group to which each bed belongs, as classified by TWINSPAN (Fig. 9.13), is indicated
by the numerals. The environmental variables that correlared with the axes are also
shown; the arrows indicare the direction of increasing magnitude. (Reproduced from
Learner and Chewner { 1998) wich permission of ihe British Ecological Society, London. )

making up the community strachire at a particnlar site, Deviation from the predicted
assemblage of species is used as the basis of assessing water quality or impact. This is the
basis of RIVEACS (Section 9.3.1) which is used as the basis for biological zeneral water
quality assessment (GOQAY by both the Environment Agency in England and Wales and
the Scottish Environmental Protection Agency in Scotland (Section 9.5). The latest ver-
sion, RIVPACS TH+, provides site-specific predictions of the macro-invertebrate fauna
in non-impacted situations. It does this for individual seasons (i.e. spring, summer and
autumn) ot for pairs or all three seasons combined. Prediction is based on up to 12 envi-
ronmental vanables {Section 9.3.1). The software produces predicted species lists, as
well as BMWP or ASPT scores, which are then compared with field results, collected
using strict field and laboratory protocols to provide a site assessment. The predictive
software is based on 35 classification groups that have been derived from the macro-
invertebrate fauna recorded at 14 high-quality (pristine) reference sites distributed
throughout the British Isles. In total, 637 species of macro-invertebrate were recorded
at these sites. Similar systems have been developed around the world; one of the most
interactive is AUSRIVAS, which is used in Ausiralia.

9.4 CHeEMICAL DaTta

9.4.1 CHEMICAL INDICES

Many WQI have been developed to analyse chemicat data, and while many require
complex computation there are several that are simple te use (House and Ellis, 1987),
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One of the most weil known was developed for use in Scotland (Scottish Development
Department, 1974). Key variables are selected and given different weightings to pro-
duce a water quality rating table (Table 9.23). From this a rating or score is obtained for
each chemical value:
. 2
3~ Water quality ratings

wolI = =2 (9.19)
100

where # is the number of water quality parameters rated in Table .24,

The weightings ensure that certain parameters affect the overall score more or less
depending on their significance for the water use for which the index has been devised.
An example of the calculation of the WI is given in Table 9.24.

The advantage of a WQI is that it ts more sensitive than the broad classifications used
in some biotic indices. Also by vsing a number of different variables a clear everall pic-
ture of quality is obtained than if simply one or two variables were used for assessment.
They are particularly useful where the river is essentially clean and some idea of the
effect of remedial measures is required. Such indices can be linked very suceesstully to
models and the setting of consent conditions. WQI can be devised for a wide variety
of different water pollution conditions or water uses by using key indicator parame-
ters. For example, for organic pollution particular emphasis would be on BOD, NH,
and dissolved oxygen, for eutrophication the key parameters would be total phos-
phorus, total nitrogen, temperature and dissolved oxygen. An example of a WQI 10
measure the impact of acid mire drainage on surface waters is described by Gray {1996).

9.4.2 MASS BALANCE AND MODELLING

A mass balance approach is used to obtain maximum benefit from a river’s natural self-
purification capacity. The capacity of a river to assimilate waste (i.¢. the waste assimi-
lation capacity (WAC)) provides a link between water quality standards and effluent
ermission standards (fixed by consent). As the river alters both chemically and physically
along its iength then the WAC must be calculated at particular points along the river.
This can be done using simple mathematical models (for example Streeter-Phelps)
or computer simulation models {for example Qual II, ete.) or by using mass balance
(McGarity, 1977). Calculation of the effects of orgamic discharges on the oxygen con-
centration of rivers is discussed in Section 5.3.

The WAC is calcutated as:
WAC = (Cpyx — Goaa } X Fys X 86,4 kg BOD day ™! {9.20)

where Cp5is the maximum permissible BOD {mg1™") which in Ireland is 3mg [~ for
salmonid and 6mgt~’ for cyprinid waters, Cyyy is the background (upstream) BOD



TasLE .23  Weighted water quality rating table for the variables used in the caleulation of the W

Meighted M} ROD, Ammonin  E. coli pH Tatal Or k- Hua, Contduetivity Temperalure
[quaiity %o et frg I~ {mgi™’) {ro. /1 mi) oridiced  phosphate  sofids (sS e i°CJ
rating nitrogen [mgl ) {mg ')
frg 1~}
18 33-109
17 92 110-119
1h 8587 120129
15 4184 130134 0.9
14 THEBO 135159 1.0-1.9
13 Ta-T7 140144  2.0-2.4
12 Ta-T4d 143134 2520 —0.0u 0240
1" -T1  1R5-104 A0-3.4 0,10-0.14 25040
10 BeHE 165170 3.5-3.9 .15=-0.19 1000-39949
u ai—h 180+ 4044 020024 430-THGY 0.5-7.0
A nY-A2 +5-4.% 023029 00014999 004 B0-8.23 0-0.49 000249
7 508 5.0-5.4  0.30-0.3% 100024094 3859 3587 030140 00300050 09
fr S04 5.5-0.1 0,400, 4% EOD0=44 999 5657 B8589 150249 0.060-00% 10-14 50-18%
A 4549 62049 050059 45000-1009099  54-5305 9001 2.50-349 01000120 {519 0—4%: 190-239  0-17.4
E 444 TO-TY9  Dol-(ro9 R0i=110999 3253 9294 350449 0.130-0.170 2020 240-2H0) 17.5-19.4
3 3519 8049 1.00-1.99  140000-24590¢ 3.0-5.1 050949 450549 0180-0.219 30—44 200-379 19.5-21.4
o 25-34 90-99 20299 250000-420990 4549 10.0-104 550690 2200279 1504 380-539 21 529
1 1054 100-149  4.00-000 430000743000 3544 105119 7.00-9.99 02800500 o5-119 40-B3D 249
0 -9 13+ 10+ Tl Qoo+ 034 11.5-14 10+ 0.370+ 120+ 340+ 25+

DO dissolved oxvgen:; B0 H-day BOD; Sus. solids: suspended solids.
Reproduced frozm Nutall {1983) with permission of Enterprise Ireland, Dublin,
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TaeLe 9.24 The calculation of the WQ)I using the rating table {Table 9.23}; in this example the
conductivity value is missing so thar dhe new rotal is 94 which is used o adjust
the caleulation.

Farighile

DG BODs NHAN E. eoli pif TON Ortho-f Sus.  Temper-
xofids  ature

Observed value 52 6 09 17000 T2 122 (.28 13 14
Water queality 6 10 4 i 1 ] 5
raling

Sum (I) of srater quality ratings of the nine variebles = 55,

Correction facier for the missing conductivity rating = 1/0.94.
Equation used to caleulate WQI = (Z water quality ratings)®/100.

Therelore in this exaaple WOL = (55 = (109412100 = 34,2,

BODg: 5-day BOD: DO dissolved oxyvgen: Sus. solids: suspended solids; TON: wtal oxidized

Illl]’[}gﬂ!l.

{mg1™"), Fys is the 95th percentile flow (m*s™'), and 86.4 the factor to convert units
to load per day. Therefore, the WA dictates the poessible development of the river
in terms of organic leading and secondly, how much treatment dischargers must pro-
vide to their waste water in terms of BOD removal prior to discharge.

ExampLe 9.7 Calculate the available waste assimilative capacity of a salmonid
river with a BOD of 1.8 mgl™" and a $5th percentile flow of 0.75m?s™ L.

Using Equation (9.20):
WAC = (3.0 - 1.8) X 0,75 X 86.4 = 77.8kg BOD day™!

The concentration of a pollutant dewnstream of a discharge can be calculated using
the mass balance equation where the river and effluent discharge rates, the concen-
tration of the pollutant upstream in the river and in the effluent are all known:

T=FC+_,F|:

Frf (9.21)

where F is river flow upstream {m’s™"), C is the concentration of pollutant upstream
(mgl™"), { is the effluent flow (m’s™"), ¢ is the effluent concentration (mgl™") and
T is the concentration of pollutant downstream (mgf~1).

Thus the permitted (consent) concentration of pollutant that can be safely dis-
charged can be calculated as:

 _T(F+f)-CF
f {9.22)
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where T is now the water quality standard set for that stretch of river and ¢ the con-
centration permitted to achieve it.

An alternative formula for the calculation of T is:

Fg + (A X Dilution factor)
Dilution factor + 1

T:

(9.23)

where P, is the effluent poilutant concentration, P, is the upstream pollutant concen-
tration (mg 1"} and dilution factor is Fif.

ExampPiLE 9.8  Calculate the downstream BOD concentration (T) of a pollutant
after an effluent discharge using mass balance. The effluent discharge rate {f) is
0.05m’s™! and its BOD (c} 200mgl™. The receiving water discharge rate {F} is
12.5m?s™ ! with a mean BOD (C) of 2mgl™.

{a} Using the standard mass balance Equation {9.21):

T = (125X 2)+ (005> 200y _ 25+10 _
12.5 + 0.05 12.55

28mg!!

(b) Alternatively Equation (9.23) can be used:

200 + (2 X 250) _ 2 8mg ]
250 < 1 )

The toxicity of ammaonia in water depends on its form (i.e. ionized or unionized),
which is controlled by the pH and temperature of the water (Fig. 6.11). Equilibrium
reactions in water control the form that ammeonia takes:

NH, + H,0 ~ NH, + H,O (9.24)
NH, - H;0 — NH} + OH" (%.25)

Unionized (frec or gaseous forms) ammonia (NH;) is most harmful to freshwater life
and to fish in particular. As the pH increases, becoming more alkaline, the greater
the proportion of the total ammonia {NH; + NHy) transformed from the less toxic
ienized form (NH?%) to the unionized form. Critical concentrations of total ammonia
that should not be exceeded in freshwaters at specific temperatures and pH are
given in Table 9.25. As a significant shift in pH can be caused by algal activity (Fig. 4.10,
total ammonia levels should be very low in rivers susceptible to eutrophication
(Table 9.26).
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Concentrations (mg 1™} of wotel ammonia in freshwater that coutain an unionized ammo-
nia eoncentration of 0.02 mg NHy1 ™! (the threshold concentration of 0.02 mg NH;1™!
is the long-term 1oxic ellect level for fish; lethal levels are sbout 10 Umes greater)

Temperature (°C)  plf
6.0 6.5 A I 8.0 &5 g.0%  Gje

3 160 51 16 5.1 1.6 0.53 018 0071
10 110 5 1" 44 1.1 0.36 0.13 0.054
15 73 24 T3 23 07 025 0.09 0.043
20 50 16 51 14 032 013 0.07 0.036
25 35 11 A5 L1 037 013 0055 0.031
A0 25 79 25 08 027 010 0.045  0.028

*Criteria may be unduly low if there is low free carbon dioxide e water.,

The ¢ and [ values for ionized (NH{} and unicnized (NHg) ammonia (mgl™!) set by
the Evropean Community (EC) Freshwacer Fish Directive {78/65%EEC)

Fishery G (gwide) I (mandatory)

NHY, NH, NHY NH,
Balmonid =1.04 = (L005 =1.0 =0.025
Cyprinid =i{).2 =0.005 =1.0 =[).025

Beproduced with permission of the Eurapean Commission, Luxembonrg,

While there has been much commercial interest in the development of computer
simulztion models to examine contaminant behaviour in groundwater, estuaries and
coastal waters, there are few that deal with surface freshwaters. For that reason mod-
elling has centred around four models produced by the US Environmental Protection
Agency. These models are widely available and are used both for regulatory purposes
as well as research.

Enhanced Stream Water Quality Model (QUAL2E) is designed for well-mixcd lakes
and dendritic riverine systems. It can use up to 15 water quality parameters and can
simulaté benthic and carbenaceous oxygen demand, atmospheric reaeration and
their effects on dissolved oxygen dynamics, nutrient cycles and algal production. Its
main use is in the determination of total maximum daily loads (TMDLs) to surface
waters for catchment management. It can be used to model the effects of both point
and diffuse sources of pellution. Water Cuality Analysis Simulation Program (WASPS)
i5 able to simulate and predict the transport and fate of a wide range of contaminants
in surface waters. Starm Water Managemenr Model (SWMM) is the mose widely
used storm water run-eff simulation and predictive model as it also allows water
quality data to be used as well as hydraulic data. It simulates the movement of water
and contaminanis from: surface run-off via the storm water and sewer network 1o the
receiving water. Akan and Houghtalan {2003} give examples of its application and
compare it to the Hydraulic Engineering Center Hydraulic Modelling System (HEC-
HMS) produced by the US Army Corps of Engineers. The final Environmental
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Protection Agency (EPA) model is a watershed hydrology model (Hydrological
Sirmudation Program FORTRAN (HSFF)). This integrates stream water quality with
hydrological data providing a powerful predictive tool. The model requires extensive
real-time climatic data to predict the effects of run-off on receiving waters and sedi-
ment quality.

In the UK, regulatory authorities and water companies primarily use the model
PC-QUASAR to manage river watcr quality. Originally developed by the Centre
for Ecclogy and Hydrology the software can simulate and predict river flow and physico-
chemical quality (i.e. ammonia, BOD, dissolved oxvgen, E. coli, pH, nitrate, tempera-
ture, and a conservative pollutant or tracer). It is also widely used to calculate consent
conditions in order to meet river water quality standards. By providing river flow and
water quality estimates at each reach boundaty ower a period of time, proposed
changes in the river’s use, flow or quality can be assessed.

All these models are widely available and now run on Windows. Although the soft-
ware is largely available as free downloads from the Internet, they do need access to
a manual and techaical support if they are to be successfully employed. As the pro-
grammes are constantly being refined and updated it is advisable to purchase sup-
ported software.

9.5 THE UK GENERAL QUALITY ASSESSMENT CLASSIFICATION SCHEME

The Environment Agency has been developing a new water quality assessment pro-
cedure since the WFD was proposed. The new GQA classification scheme for rivers
uses six GQA grades of quality, A to F, representing very good to bad quality, respect-
ively. Assessment is based on four different GQA methods (i.e. chemical, biological,
nutrient and aesthetic) (Environment Agency, 1998).

Chemical GQA

This is an assessment against chemical standards (i.e. dissolved oxygen, BOD and
ammonia), expressed as percentiles, that should not be exceeded {or fall below in the
case of dissolved oxygen) (Table 9.27). Sites are sampled 12 times a year and the data
collated over a period of 3 years te obtain the required precision of results,

Biological GOQA

Eighty-three groups of macro-invertebrates are used while assessing biological qual-
ity using the BMWP system (Section 9.3,1). Tivo values are used, the number of taxa
and the average score per group (taxon), giving a value out of 10 (i.e. 10 being the
highest quality and low values indicating poer quality}. These numbers are then com-
pared {0 those expected to occur at a similar site but under pristine conditions using
the mathematical model RIVPACS (Section 9.3.1). The ratic of the actual value from
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Standards for the Envirenment Agency chemical GQA of water quality

GQA grade  Deseription  Dissolved oxvgen  BOD Ammenin
(% saturation) {mg i) fng NI-1)
108 pereentile 9th percentile  90th percentile
A Yery mnod a0 2.5 .25
B Good 70 L 06
G Fairly good & 0 1.3
D Fair 20 B 25
L Poor 20 15 9{
F Bad =21 =13 =04

Reprodueed from Environment Ageney (1998) with permission of the Enviconment
Agener. Bristol.

Link between the biological GOA and EQI

Crade EOI

Taxra ASPT
A .85 1.00
B {1.70 A0
G {1.55 a.77
D 0.45 .05
I 0).30) 050
F ()13 =0,50

Reproduced from Environmen Agency (1998} with
permission of the Environment Agency, Brisiol.

sampling compared to the predicted values for both the number of taxa and the aver-
age score per group are known as the ecclogical quality indices (EQI), so an EQI of 1.0
indicates pristine conditions. Using Table 9.28, GOA grades of water quality are allo-
cated with the lowest grade assigned if different (Table 9.29). Two samples are collected
annually one in the spring {(March-May) and the other in the autumn (September—
November). The method used is a 3-min kick samnple vsing a hand-net in shallow water,
or threefive trawls with a medium naturalists’ dredge in deeper water supplemented by
a 1-min sweep with 2 hand-net {Section 9.2.6). Both are follewed by 1-min visual scarch
for animals on the water surface or attached to rocks, vegetation or other material.

Nuirient GQA

Nutrients are assessed on the basis on average values of orthophosphate and nitrate
concentratien in rivers. The selection of phosphate and nitrate classes is difficult due
to wide natural variation of P due to geology and soils, as well as inputs from waste-
waters and surface run-off from agricultural land (Table 9.30). Total reactive phospho-
rus and total oxidized nitrogen are measured using unfiltered samples. The average
is based on monthly samples calculated over a 3-year period, Thus the average value
used for 2004 inctudes data from 2002 and 2003, some 36 samples in all,
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Tave 9.29  GQA scheme for different grades of water quality based on biclosy

TabLE 9.3(

Grade Outline deseription

A very gomd Biology similar 1o {or better than) 1hat expecied for an average and
wipillreed river of this size tvpe and locarion. High diversity of groups,
usually with several species in cach. Rare io find dominaoce of any one
group

B: good Biclogy fuils a litile short of that expected for an unpolluted rver. Small
reduction i the number of groups that are sensitive to polludian. Moderare
ineregse in the number of individuals in the gronps thar (olerae pollution

L2 fairly good Bivlugy worse ilan expected for an nopolluted dver, Many sensitive groups
abwsent or number of individuals redoced. Marked rise in nurabers of
iridividuals in groups that tolerate pollution

i} fair Sensitive groups acaree and contain enly sniall nuombers of individuals,
A range of pollutien tolerant grovups present, some with high nnmbers of
individuals

E: poor Bivlogy resiricted 1o pollution-iolerans species with some groops dominan

in termis of the numibers of individuals. Sensitive groups care or absent

F: hud Biology limited 1o a small mumnber of very toleraat gronpes, sueh as worms,
ntidge laevae, bccies and water hog-louse present in very high numbers,
[n (he worsi case, there may be no lile present

Reproduced from Environment Ageney {1998 with penmission of the Environment Agency,
Brisinl.

Standards for the Environmem Agency nwrient GOA of water quality bused on
orthophosphate and nitrate

Crade Grade linit Description
Average (mg P11} Avernge (mg NOL ™'}

1 <02 <h Very low

2 =02 o (.00 =50 i Laow

3 =006 w1 =10 0 20 Moderately low

4 =0.11002 =20 o M) Moderate

3 =02 1.0 =40 10 40 EHigh

& =1.0 it Very high

Reproduced with periission of the Environmem Ageney. Briswl.

Aesthetic GA

The visual appearance of rivers can be a limiting factor for many vses even though the
chemical and biological quality may be adequate. Aesthetic quality is assessed by exam-
ining both riverbanks (50-m long section, 5 m wide), The type and number of items of
litter are counted and the presence of oil, foam, sewage fungus and orche noted, and
the colour and odour of the water examined. Using Table 9.31 a score {class) is allo-
cated for each category. The tetal score then gives a GOA grade of quality from 1 10 4
(Table 9.32). Note that a different GQA grade of quality is used for agsthetic water
quality compared to the biological and chemical GQA schemes due to its subjectivity.
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Seoring system for the assthetic GQA of water qualicy based on different indicator
categories

Litter fruneher of iteims)

Type of licter Class 1 Class 2 Class 3 Class 4
ariss MNune 2 i} =0
Ceneral 9 39 T4 =74
Sewnge None i) 14 =19
Faeces None 3 12 =12

Odl, sctem, form, sewage flayses ochre [percentape cover)

Class 1 Class 2 Class 3 £lass 4

i 5 25 =25

Colour

huensity Blus/grecn Redfurange Broww/vellow/straw
Colourless Class 1 Class 1 Class 1
Verv pale Class 1 Cllss 2 Class 1
Tale Class 3 Class 3 Class 2
Dark Class 4 Class 4 Class 3

Ccloer

Dediniticns

Group | Teleraned or less indicative of water qualitv. Musty, earthy, woody

Group 1 Indicators of puor gnality. Farmy, disinfectant, gas, ehlorine

Group Il Indicaters of very poor quality. Sewage, polish or cleaning fluids,

anenonii, oily smells. bad egrs (sulphide]

Classificaticn

[eensity of ndoor Croup 1 Group 11 Cromp I
None Class 1 Class 1 Class 1
Faint Class 1 Clasz 2 Class 3
Obwvienas Class 2 Class 3 Claxs 4
Bitromng Class 3 Class 4 Class 4

Reproduced from Environment Agerey {1998) with peraission of the Environment Agency,
Bristol.

The Environment Agency has made significant progress in quantifying the statistical
variability and precision of their data, especially the biological GQA data. This has
resulted in a unique multi-factor assessment procedure of water quality with a realis-
tic approach to precision, resulting in a much greater potential for the use of such
data in river management. Table 9.33 gives an overview of river water quality in
England and Wales.

River Habitat Survey

An important catchment management tool in the UK is the River Habitat Survey,
which is designed to conserve and restore wildlife habitats, including floodplains
(Environment Agency, 1998). 1t is an important part of River Basin Characterization
exercise being carried out under the WFD), providing a detailed assessment of habi-
tat quality indicating where conservation is required and where restoration would be
of most benefit. Developed by the Envirenment Agency the survey is a standardize
system for assessing rivers primatily on the basis of their physical structure. Using
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TabLe .32 Aesthetic GOA classification scheme

Parameter AHocation of pointe for each class
Clavs 1 Olass 2 Class 3 Class 4

Sewage, litier i 4 8 13
Qdnur ] 4 3 12
0il {h 2z & 8
Fuoam f i+ 4 B
Colewr 2 4 B
Sewoge. Tungs n 2 4 B
Farres 2 4 &
Seum n 1 3 B
Gross Lirter ] 1] 1 3
General litter 0 ﬂ 1 3
Oehre ] 1] ] 1

The poims allocated for each parameter are suruned w give the total score. The grade is
then assigned as:

Parameter Altocation of puints Total score
Jor each class

Graide 1 ol 1. 20r 3

Crrade 2 Fair 4.5, 6o T

(Cirade 3 Pror A.% 10 ar 11

Crade 4 Bad =11

Reprodiced from Envirooment Agency {1998) with permission of the Environment Ageney,
Bristol.

TaeLE .33 River water quality in England and Wales based on the Environment Agency

GOA schemes
River length (%) in sach quality grade Total km
A B C i E F
Chemical G0A
195590 17.7 4.1 22.8 144 127 23 34101
149093405 26.8 427 21.3 10.2 81 0. 40277
10949-06 271 aLa 21.2 1.4 i8 1.0 40 304
Hiologicat QA
194) 24,1} 31.0 21.6 9.8 1.3 5.7 3000
JRYEL 34.6 A31.6 18.4 g1 b4 19 375355
Nutriens GOA
194) 4.0 17.7 10.2 13.1 28.0 22,9 23003
13-4 14.7 226 11.0 13.1 273 1.0 34864

standard forms data is collected from 500 m stretches of river channel, which are bro-
ken down into ten 10-m long spot check areas each 50m apart from which specific
data is collected (Table 9.34). Modifications and featurcs missed by the spot checks
are identified by a general overview of the 500 m stretch using the sweep-up checklist.
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Ficupe 9.15

The key features
mzasured at River
Habitat Survey
check points.
{Reproduced from
Environment
Ageney (1998) with
permission of the
Environment
Agency, Bristol.)
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List of features measured at River Habitar Survey check points and during the
sweep-up of endre 200 m channel site

Features recorded At 10 spot-checks In sweep-up

Predominant valley form v
Predvmminant channei subssrace
Prednminant bank maierial

Flow tvpa(s] and aseociared fearures
Channel and bank modifications

Banlface and banktop vegetation stricture
Channel vegetation types

Bank profile {unmodibed and modified)
Bankside rrees and associuted features
Channel habritar, feaiures

Artificial features

Features of special intersst

Land nse v

SRR SSN

RN
R T T

Reproduced from Environment Agency {1998} with permission of the Environmen
Agency, Bristol.

Initially, map based information is gathered including map reference, altitude, slope,
geclogy, height of source and distance from source, et¢. This is followed by a detailed
field survey which records key features of the channel both within the stream and the
barrks, and also land use within 5 m of the banktop (Fig. 9.15}. The data is then used
to generate two scores: a habitat quality assessment (HQA) score and a habitat mod-
ification score {HMS) which is based on the type and extent artificial features have
been used at the site.
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INTRODUCTION TO TREATMENT

All water used for supply originates from the atmosphere as precipitation (rain, snow
and hail). This collects either above ground in rivers, natural lakes, man-made
impounding reservoirs or below ground in aquifers (Chapter 2). Water rapidly
absorbs hoth natural and man-made substances generally making the water unsnit-
able for drinking priot to some form of treatment.

The objective of water treatment is to produce an adequate and continnous supply of
water that is chemically, bacteriologically and aesthetically pleasing. More specifi-
cally, water treatment must produce water that is:

{a) palatable (i.c. no unpleasant taste);

{b} safe {i.e. does not contain pathogens or chemicals harmfnl to the consumer},

{c) clear (i.e. free from suspended solids and turbidity);

{(d} colourless and odourless (i.e. aesthetic to drink);

{¢) reasonably soft (i.c. allows consumers to wash clothes, dishes, themselves, with-
out use of excessive guantities of detergents or soap);

(f) non-corrosive {i.e, to protect pipework and prevent leaching of metals from
tanks or pipes);

(g) low-crganic content (i.e. high-organic content results in unwanted biological
growth in pipes and storage tanks that often affects quality).

The two Eurepean Directives that currently povern the quality of raw water used for
drinking water abstraction, the Surface Water (75/440/EEC) and the GroundWater
{80/6B/EEL) Directives are to be repealed in 2007 and replaced with specific provi-
sipns in the Water Framework Directive {2000/60/EC) (Section 8.1). The original
Dhinking Water Directive (30/778/EEC) was reviged in 1998 (98/83/EEC) setting new
standards for water supplied to consumers (Tables 8.6 and 8.7). Water treatment plants
must be able to produce a finished product of consistently high-quality regardless of

257
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Main water treatinent unit processes

Treaiment categury LUnil process

Intuke

Pre-treaiirent Coarse sUreeIng
Pumping
Hrorage

Fin: screening
Exqualization
Newrralizaton

Aeralion

Chemical pre-trentment

Fritnary trearment Coagulption
Flocculation

Sedimenration

Secondary tremimen Rapid sand Rhration
Slom sand hltration

Disinfection

Advanced treanment Adsorption
Activated carbon

Fe and Mo remmval
Mernbrane procesres
Fluoridation

Distriliiion

how great the demand might be. Like wastewater treatment, water treahment consists
of a range of unit processes, usvally used in series (Table 1(1.1). The cleaner the raw
water, then the fewer treatment steps are required and hence the overall cost of
walter is less. The most expensive operations in conventional treatment are sedimen-
tation and filtration, white water softening can alse be very expensive. Groundwater
is penerally much cleaner than surface waters and so does not require the same
degree of treatment, apart from aeration and disinfection befare supply (Fig. 10.1).
Naturally occurring substances that may need to be reduced or removed in ground-
waters include iron, hardness (if >>300mg 17" as CaCO;) and carbon dioxide (CO3).
Substances originating from humans are becoming increasingly common in ground-
waters, and those requiring treatment include nitrates, pathogens and trace organics,
such as pesticides. Surface water requires more complex treatment due to poorer
quality {Figs 10.2 and 10.3), although the quality of surface waters can be very high
{e.g. upland reservoirs). The selection of water resources for supply purposes depends
not only on the nature of the raw water and the ability of the resource to meet con-
sumer demand throughout the year, but also on the cost of treating the water. Each of
the major unit processes used for water weatment are examined below, although
other water treatment processes used for corrosion control or the removal of organic
compounds and trace elements are discussed in Chapter 20. Known collectively as
advanced water treatment processes, they include softening, ion-exchange, adsorp-
tion, membyane filtration including reverse osmosis and chemical oxidation.
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Sequence

of treatment for
groundwater sources
of {a) excellent
quality and (b) with
moderale concentra-
tions of ivon,

10.1 Unit Processes = 2539

{a) {b)

Borahola Borahola
Asration Aeration
; L
Dizinfaction Rapid sand
fihration
f
Fluoridation
Dislnfection
L) 1
i i
Sarvice raservoir Fluoridation
¥
Dlisirlbudi
isiributicn Service rasenolr
Distribution

10.1 UNIT PROCESSES

The selection of treatment processes used depends on the raw water quality and its
seasonal variability (Stevenson, 1998). Process selection is far more complex than in
wastewater treatment (Chapter 14), although some idea of the key unit processes
vsed for treating particular problems is given in Table 10.2. Pre-treatment may be
required if the water is of poor quality and includes screening (coarse and fine), stor-
age, equalization (often provided by storage), neutralization, agration and chemical
pre-treatment. Normally most waters can be treated solely using conventional unit
processaes without the need for pre-treatment except for screening to remove fish,
natural debris and litter, etc.

10.1.1 PRELIMINARY SCREENING

Large-scale works are rarely close to a suitable source of water (e.g. upland reser-
voirs), therefore raw water must be conveyed to the treatment plant either by pipe or
open conditit/channel, The raw water is screened through a set of coarse screens
{100 mm spacing) to remove gross solids, such as litter and branches, before being
conveyed to the plant. Prior to treatment it is screened again through fine scteens or,
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Ficung 16.2

Typical sequence of
unit treatient
processes for water
abstracted from ()
an upland storage
reservoir and (b) an
upland river, hoth of

good quality.

{a} b)
Upland storage - _ _ Upiand _———
reservolr r ™ rver [™ I
| |
1 ' i :
| I
Microstrainer { Storage I
Teservoir
Lagoon Lagoon
Disi | |
sinfection | 1 ¥ I
L d .. . Rapid gravity §_
F Microsiraining sand fitration -
|
Fluoridation I ! |
1 |
\ |
) . |
Service resarvoir Slow i
5AMmd
! filtration !
————— el
Pigtritnition
¥
Disinfection
3
Fluoridation
1
Senvica reservoir
|
Distribution

if considerable fine solids or algae are present, then micro-straining may be used (i.e.
2 circular drum-type screen made from fine stainless steel mesh with 25000 aper-
turescm 2} before the next stage.

HL1.2 STORAGE

Storage is used primarily for water abstracted from lowland rivers (e.g. the River
Thames serving, London} to improve water quality before treatrment, as weil as to
ensure adequate supplies 3t periods of peak demand (i.e. equalization} (Table 10.3).
There are a number of physico-chemical processes at work during storage that affects
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Lowland fver [ — — — =&

Lagaon

Storage

Fing scraaning

Coagulation
and
flocoulation

{amaliar
sedmmantation

L

Rapid gravity
sand filtration

i

Adsomption
fgranular activaied
carbon filtration)

1
|
|
v Y ¥ ______4

Qisintection

Fluoridation

¥
SOrVICE rosonwir

Ficune 10.3
Typical sequence of
unit treatenent
processes for a low-

land river supply of Y
moderate ta poor Distribution
quality.

water quality. These include sedimentation and ultraviolet (UV) radiation. Long-
term storage encourages focculation and settlement and it is recommended for all
waters with a suspended solids concentration >>50mg 1 ™", Filtratton can only deal
effectively with suspended solids concentration of <<10mg17". Variations in quality
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TabLE 10.2  Selection of unit processes for the removal of specific paramieters

Parameter Waier treaiment process options
Alzae Powdered activaned earbon adsorption, microsoreens,
rapiid Rltration
Colour Artivated carbomn adsorption, coagulation. foccuiation, filteation
Flouring matier Course sereens
Hardness Coagulution, Gltration, lime sofrening
Coliforns
=160 per 100 mi~! Pre-chlorination, coagulation. Glmation pose-clilonination
=20 per 100 ml™! Congulution, hltration pesc-chlorination
<20 per 100m]~! Past-chlorination
Hydrogen snlphide Acration
Fe and Mn Pre-chlorinotion., aerativn, copgulation, filiration
Odour and 1aste Aeration., activated carbon adsorption
Suspended solids Fine screens, microscreens
Tracs organics Activated carbon adsorprion
Turbidity Coagulation, sedimematian, pust-chlorination

TasrLe 10.3  The improvement broughe abour by storage in the quality of warter abswracted from
the River Great Ouse at Gratham, prior to full treatment

Before storage  Afier storage

Colonr (Huzen) 30 3
Turbidite {NTL} 10 1.5
Ammoniacal N fmgl™1) 1.5 0.06
Binchemiral oxygen demand {mgl_l] 4.0 23
Tutal hardness (a1~ 430 280
Presumprive coliforms (100 ml™"} 01 )
Exchrerichia cofi most probable number {100 m] ™) 1700 10
Colony counts (ml™ "y

3 days a 207 S0000 580

2 davs ar 370 15 (HI) 140

Ropraduced from Saxeon (1970} with pernission of the Institution of Water and
Erviromumental Management, London.

caused by floods or surface run-off can be largely eliminated by storage. Exposure to
natural UV radiation destroys some pathogens, colour is bleached by sunlight, while
tastes and odowuss are oxidized by UV, Hardness is also reduced by liberation of CO;
by algae that converts the bicarbonates into carbonates which precipitate out of solu-
tion (Section 3.4).

Problems with storage include atmospheric pollution and fallout, pollution from
birds and algat developrment (if stored for > 10 days). The land requirement is high,
making storage expensive in terms of capital cost. If storage reservoirs are deep they
can become thermally stratified like a natural lake (Section 2.1.2) (Fig. 2.2).
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10.1.3 AERATION

Water from groundwater sources, from the bottom of stratified lakes or reservoirs, or
polluted rivers will contain little or no dissolved oxygen. If anagrobic water is passcd
through the treatment system it can damage filters and adversely affect coagulation.
Therefore water needs to be mechanically acrated before treatment, which is most
casily achieved by using cither a cascade or fountain system. Apart from providing
oxygen for purification and improving overall quality, aeration also reduces the cor-
rosiveness of water by driving off CO; and raising the pH. However, acration alone
cannot reduce the corrosive properties of acid water, neutralization using lime may
also be needed. Aeration also removes Fe and Mn from solution, which affects taste
of water and stains clothes. Iron is only soluble in water at pH </6.5 and in the absence
of oxygen, therefore aeration converts soluble iron inte an insoluble hydroxide form
which can be removed by unit processes. Aeration improves the taste of water by also
stripping out of solution hydrogen sulphide and volatile organic compounds.

10.1.4 CHEMICAL PRE-TREATMENT

Normally chemical treatment is used as an advanced treatment system after conven-
ticnal treatment has been completed (Section 20.%). Two pre-treatment processes ars
generzally employed. Pre-chlorination is used when there is a high-coliform count in
the raw water due to surface water run-off from agriculture, upstream sewage treat-
ment plant failure or during floods. The process is most successful with low-turbidiry
waters and, as chlorine oxidizes and precipitates iron and mangangse, it is most effi-
cient when these metals are present in low concentrations. Droses are much higher
than for post-chlorinatior, rising to $mgl~'. Activated carbon is used to remove
algae, reduce colour, odour and otganic compounds. As with pre-chborination it may
only be used intermittently. Powered activated carbon (PAC) is added to the water as
a shurry just before coagulation or sand filtration at doses up to 20mgl~". The sand
filter retains the PAC where it adsorbs the problem compounds. The PAC nceds to be
in contact with the water as long as possible so adding it prior to coagulation ensures
the largest possible contact time {Section 20.6). As an alternative to pre-chlorination,
pre-ozonization is also used beth on its own and in conjunction with granular acti-
vated carbon {GAC).

10,1.3 COAGULATION

After fine screcning most of the remaining suspended solids will be colloidal in
nature, such as clays, metal oxides, proteins and micro-organisms. These particles are
extremely small (<10pm) and have negligible sctiling velocities (Table 10.4),
although the exact settling velocity depends on the specific gravity ($G) of the par-
ticles. For example, a 1mm sand particle (SG 2.65) has a settling velocity of
100mm s~ compared to 0.7mms ™" for an alum floc (SG 1.05) of the same size. All
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Tanre 10.4 Setl:ling velocity of particles as a function of size

Particle gize (wm)

Settling velocity (mh™")

1000
100
1
i
01
o

Ly
2
1.3
0.06:3
0.00001
(0000002

Reproduced from Tel:bute (1979) with permission of
Binterworth-Heinemann Led. Oxiord.

Taeie 105 Properties of variety of coagulants

Type of water Alum Ferric salts Polymer
Type 1: high turhidity,  Effective over Ellective over Caticnic polymers usally
high alkalinity pll range 5-7, pH range 6-7. voery cffective. Anionic and
(easiest 10 ecoagulale) Novneed to add alkalinity No nced 1o add alkelinity non-onic may also work
or use coagulant aid or nse coagulant aid

Type 2: high turhidity,
low alkalinity

Twpe 3: low tarbidiny,
high alkalinity

Type 4: low twirhidity,
low alkalinicy
{most difficult 1o
cogagulare)

EMecrive over
pH range 5-7.
May need o add alkalinity
to conirol pll. Coagulant
aid oot needed

Belatively high dise
needed 1o form sulficient
flos. pH near to 7.
Coagulant aid may help

Helatively high dose needed
1o formn sufficient loe.
pH near to 7. Alkalinity
or clay need ra be dosed to
produce 1ype 2 or 3 water

FEffertive over
pH runge 6-7.
May needd (o add ulka|init.1_\r
to contral pll. Coagulant
aid not needed

Relatively high duse nesded
w form sufficient floc.
Coagulant aid may help

Relatively high dose needed
10 form safficient. floe,
pllnear to 7. Alkalivity or
clay need to be dosed 10
produce type 2 or 3 warer

Cationic polvmers nanally
very eflective. Anionic and
noo-iomc may also work

Will nod work well alonue
dne to low tltrhidih_.r_
Adding a clay (0 increase
surhidity may be effertive

Will not work well alone
duc to low turbidicy.
Adding a clay 1o increase
turbidity may be effective

Low turbidity <10NTU; high turbidiey =100 NTU, low alkalinity <50 mg CaCOx; high alkalinity >250mg CaCi0;.

tend to be negatively charged, so colloidat particles generally repel each other pre-
veniing aggregation and settlemnent. Coagulants are used to induce particle agglom-
eration {i.e. coagulation). Selection of a suitable coagulant depends on the nature of
the particles, especially their affinity to adsorb water, and their electrical charge.
Particles arc either hydrophobic {i.e. do not adsorb water} or hydrophilic {i.e. do
adsorb water), and are generally negatively charged making them stable (i.e. remain
in suspension). Altering their charge destabilizes the particles so that they agglomer-
ate and settle. A wide variety of coagulants are available, the most common are alum
{AlS0,), aluminium hydroxide, ferric chloride and ferric sulphate (Table 10.5). The
mechanisms of coagulation are complex including adsorption, neutralization of
charges and entrainment with the coaguiant matrix. The coagulant is added to the
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{a) i
Raw water Raw water
) l
Rapid mixing Coagulant | Rapid mixing
unilt unit
¥ ¥
Floctulation Coaglant e i
4 P Ipcculaticn
tank akt oocurming within
sadimentation tank
b
Sedimentation
tank
' |
Fircure 10.4
D_i_ﬂeren[ a]_'_erna- Sand filtraticn Sand fitration
tives to the addition
of coagulant and
coagulant aids
{polyelectrolyies), | f
fa) is widely used in
the USA and (b} is . Remainder of -t
COMmen practice in water reatment
the UK.

water in a special vessel {coagnlant rapid mixing unit) and rapidly mixed for 20605 to
produce a microfloc. Mixing is achigved by hydranlic jump, jet injection or rapid mix-
ing vsing a propeller or paddie. The mixture is then gently agitated in the flocculation
tank using a mixing rotor in a separate tank for 20-60min to achieve flocculation
where the microfloc grows to form a floc that will readily settle. Owing to the longer
retention times this tank is 50-60 times larger than the coagulant rapid mixing unit, If
the mixing rotor is too fast then the microflocs can be broken up cavsing coagulation
to fait. Often coagulants alone are not adequate to promote satisfactory floc forma-
tion. Coagulant aids, which are polyelectralytes that include a wide range of synthetic
organic polymers, such as pelyacrylamide, polyethylene oxide and polyacrylic acid, are
added o the water after coagulation using a small rapid mixing tank before flocculant
mixing (Fig. 10.4). Lime addition and pH ¢orrection may also be necessary for opti-
mum coagulation and prevention of discharge of coagulant with the finished water,
The flocs are then removed by sedimentation. Coagulation is discussed further in
Section X0.2.
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10.1.6 SEDIMENTATION

Sedimentation in water treatment is different to that employed with wastewater due
to the nature of the solids to be removed. For that reason it is commonly referred to
as clarification. The suspended and colloidal matenial in surface water that resulis in
urswanted turbidity and colour in drinking water is removed by scdimentation once it
has been converted into a settleable form by coagulation. This produces a flocculant
suspension that is removed by a combination of sedimentation and filtration. Where
dense discrete particles are present in surface waters due to flooding then plain sedi-
mentation similar to that used for pomary wastewater treatment is required {Section
14.2). This type of sedimentation is used for type I settling where the particles settle
out individually without any flocculation or coagulation between particles (Section
20.3). In practice where surface waters are subject to high-silt loads during high flows
and flooding, storage reservoirs are used,

Upward flow settlement tanks, callest sludge blanket clarifiers, provide enhanced
flocculation as well as floc separation. Inflowing water enters at the base of the tank
which results in turbulent mixing promoting ticeculation. The water moves upwards
through a zone of suspended sludge expanding or fluidizing it to form a thick layer or
blanket. This affords the floc particles even further opportunity for contact and
aggregation with other particles. A well-defined interiace between the clarified water
and the sludge ensures that the supernatant water overflows continuously to the
decanting channels free of flocs. The density of the sludge blanket is controlled by the
sludge bleed. The upflow blanket clarifier is typical of type III or hindered settlement
(Section 20.3). Settlement is hindered by the upflow velocity of the water resulting in
different zones, with the densest part of the sludge blanket at the top with the high-
est settling velocities and the weakest at the bottom with the lowest settling velocities.

Older and smaller treatment works employ a hopper-bottom-shaped tank (Fig. 10.5).
Newer and larger plants use flat-bottom tanks where the water enters at the base of
the tank in a downwards direction, to create maximum turbulence, via a system of
perforated pipes that ensures even distribution and loading. Water can be pulsed,
rather than loaded continuously, to enhance flocculation and prevent solid accumu-
lation on the tank floor. Clarified water overflows into the decanting channels at the
water surface (Fig. 10.6).

Sedimentation tapks employing lamellar designs are now common. Bundles of
inclined submerged tubes, parallel plates, honeycomb structures or corrugated
ashestos sheeting are included into the settling zone to enhance flocculation and sep-
aration. Parallel compartments are formed by the plates or tubes that act as inde-
pendent settlement chambers. The lamellar media is set at a critical angle that
encourages the floc to settle onto the bottom surface of each passage forming a layer
of studge which then slides down the passage inte a collecting chamber from which
the sludge is removed. The media must have narrow vertical gaps although the width
is irrelevant. The efficiency of separation is greatly enhanced as the baffles prevent



Figure 10.5
Schematic layout of
a hepper-battomed
sludge-blanket
clarifier. (Reproduced
from Casey {1997)
with permission of
John Wiley and Sons
Lxd, Chichester.)

FicuRe 16.6
Schematic layout

of a flac-

bottomed sludge-
blanket clarifier,
{Reproduced from
Casey (1997) with
permission of Jol
Wiley and Sons Ltd,
Chichester.]
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the onset of convection currents making the process less susceptible 10 temperature
than normal sludge blanket clarifiers. Shorter hydrawlic retention times are possible
permitting increased loadings by up to 25%.

Hopper-bottomed tank desizgns set up weak circulation patterns that significanddy
reduce the upfiow rate that can be employed to 1.0-1.5mh ™! In contrast flat-bottom
units provide a true upflow pattern allowing higher upflow rates of between 2 and
4mh~L. The upflow velocity {I,} can be caleulated using the following equation:

.
V= (10.1)

where () is the inflow rate and 4 the plan area of the tank. If the upflow velocity
exceeds the settling velocity then flocs will be discharged with the clarified water. In
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the UK it is ecommon practice fo use a single tank for both flecculation apd settle-
ment, while in the USA separate tanks are used (Fig. 10.4).

Settlement is affected by temperature due te the drag coefficient imposed by the
water. This decreases with increasing water temperature thersby increasing the rate
of seitlement. So as similar particles can take up to twice as long to settle in the win-
ter than in the summer, the design of settlement tanks must take this into account
{Binne ef af,, 2002},

10.1.7 FILTRATION

At this stage only fine solids and soluble material are left in the water, which has a
typical suspended solids concentration of < 10mgl ™. Even micro-strainets aré not
able to retain solids <60 pm, so filtratien is required to remove this residuai mater-
ial. The process of filtration is the most widely used water treatment process. Water
is passed through & porous bed of inert medium, usually silica or quartz sand, from
which small particulate matter is strained. Filters are classified as either slow or
rapid, and can be operated either by gravity or under pressure, where the water is
forced through the medium under pressure, significantly increasing the flow-through
rate (Solt and Shirley, 1991).

Rapid gravity filters

Rapid gravity filters contain coarse grades of sand so that the gaps between the grains
(i.e. the interstices} are comparatively large allowing the water to pass rapidly
through te the underdrains removing only the suspended solids. These filters are usu-
ally open-top units operated by gravity (Fig. 10.7), althongh pressure filters are also
used. Filters are made up of a layer of coarse sand 0.5-L.0mm in diameter and
600 mm deep on top of a 300 mm deep bed of graded gravel of sizes ranging from 12
ta 23 mm, giving an overall depth of 1.9-1.2 m, Sufficient depth above the mediz must
be allowed for an adequate depth of water to provide enough hydraulic head for the
water to pass rapidly through the medinm. The process employs depth filtration
where all the filter medium is invelved in the filtration process so that the quality of
the water improves with depth. Treatment is primarily by physical removal with par-
ticles and crder of magnitude smaller than the interstices in the sand being rctained.
Apart from siraining particles out of suspension, other removal processes include
chemical and physical adserption, sedimentation and adhesion {Metcalf and Eddy,
19591}, For this reason the medium rapidly becomes blocked with retained solids and
needs frequent cleaning. Filtration rates vary between 5 and 10m h~!, giving loading
rates of 5-6m*m?h~! (Thble 10.6). Rapid gravity filters need to be backwashed
every 2060 h depending on loading and suspended solid concentration of raw water,
The filter will normally require backwashing as the head loss across the filter



Fiure 10.7
Schematic iayout of
a rapid graviry sand
filter. {Reproduced
from Casey [1997)
with permission of
Ivhn Wiley and Sons
Lid. Chichester.)
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Comparison of typical design parameters of slow and rapid gravity sand filters

Parameter Slow rend filter Rapid sand fefter
Rate of Eltration (mh™1) 6.08-4.15 310
Loading rate (m*m*h=") < (1 30
Depth of sund {m} 06-110 o-1.0
Cwerall depiby of media {m) 1.0-2.0 0912
Digmneter of sand (mm) 01502 0.-1.0
Mixed media Not possible Possible
Duration of operation 60-100 1-3
between cleaning {days)
Area of particle removal Surfuce of filter Etire deph
Biologicel action Yo No
Pre-treatinent required MNone Coagnlation Hocenlalion

and sedimentalion

approaches 2.5 m. This is done by first scouring with compressed air and then back-
washing with clean water. The sludge produced from these filters requires further
treatment and disposal. The backwash water should not be recirculated back to the
start of the treatment process but discarded due to possible high concentrations of
pathogens. After backwashing there is a short period when the filter produces poor-
quality filtered water (e.g. a rurbidiry of 0.5-1.0 nephelometric turbidity unit, NTU).
This is due to materiat disturbed during backwashing but not being fully flushed our.
S0 as the sand resettles within the filter, once water is again passed through, there is
a period of 30-60min when the interstices within the sand are slowly closing up to
their minimum diameter, It is during this short periad at start up that pathogens and
other particles can find their way through the filter and contaminate the filtered
water. So initially all filtered water should be recycled back to the iniet until the tur-
bidity returns to normal (e.g. 0.1 NTL). When the filter media is backwashed the
media is fluidized, regrading the media according to its density. This allows different
types of mediz to be vsed in the filter in discrete layers to improve performance (e.g.
anthracite}. Pressure units are employed at small treatment plants where they elimi-
nate the need for a separate pumping stage (Fig. 10.8). While high-loading rates are
possible a major disadvantage to operators is that the medium cannot be visually
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Fizure 10.8
Bchematie layout of
{a) a vertical
pressure water filter
and {b) a horizontal
pressure filter.
{Reproduced from
Bolt and Shirley
(1991} with
permission of
Ashgate Publishing
Ltd. Aldershot.)

inspected. Rapid sand filters arc usually employed after chemical coagulation and
sedimentation, and are also used in wastewater treatment for tertiary treatment {Soh
and Shirley, 1991),

Slow sand filters

In ¢ontrast slow sand filters employ a much finer sand of 0.15-0.3 mm in Jdiameter. Slow
sand filters are normally rectangular in plan with a layer of the fine sand up to Lm in
depth laid on a graded layer of coarse sand and pravel to prevent the fine sand block-
ing the system of underdrains beneath (Fig. 10.9). On the surface of the sand a gelati-
nous Jayer develops which is rich in micre-organisms (e.g. bacteria, protozoa, algae)
called the schmutzdecke. Ik is this layer that is largely respomnsible for the treatment of
the water by both physical removal of particles and by the biological treatment of dis-
solved organic matier and nutrients. The top 2 mm is an autotrophic layer, 2 mixture of
algae and nitrifying bacteria, removing N and P and releasing exygen. Below this, het-
erctrophic bacteria dominate where residual erganic matter is removed. The het-
erctrophs extend up to 300mm within the sand layer. Raw water is allowed to flow onto
the surface filter to 2 depth that will provide sufficient hydraufic head to drive it
through the filter to give a hydraulic retention time of about 2h. Design details are
given in Table 10.4. The guality of water is excellent (<1 NTU). However, as the rate of
filtration is very stow (<<0.1m*m?h~"} large areas of filters are required (Example



10.1 Unit Processes = 271

Filtrafion rate
regulation
R k
af:ra et Supernatant watar
Vantilation
r Biological layer
- T
Sand bed
"
Underdrain systom To storage
+— — - |-' ——r
L
Su tam
Supermata Losea  Fiter H
gravel rechargs l, To supply
¥ To drain
{a)

Four openings
0.5 m wide .
per filker \ e————————  9l4mlong (< 341 mwide} ———
A\ a | TWL 225 mm
N = =
Baffled 1__. 1.27m
inkA N Flow {'
chamber '
weir of 25 o L bnacsana i
square bars 675m RS
d RN _~75mm ?E.mmsfhinglal
--'.vl‘- d. o ol --u-...'_'h_.._'-*
LTaNalmmem g b 175mm =T=l=T=T=T=1 14
S DA TN "
: : }"{ s L 225 mm |~ Flow
Inlet / <, Ceniral
Porous concrate collecting chann
underdrain system .
Slotted cover |
slabs over channsl
225 mm arsmm
{b} drain cutlet pips

Ficure 10,9 Schematic layour of a slow sand filter {a) showing constructional detail of typical filter (b}
{Reproduced from (a) Casey (1997} with permission of John Wiley and Sons, Chichester and (b Twort et af.
{1994} writh permiseion of Arncld, London. )
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10.1}. The cost of slow sand filtration is mnuch higher in capital terms compared to rapid
gravity filters. They are also expensive to operate because solids retained at the surface
of the filter increasingly impede drainage and so the top 10-15mm of sand must be
mechanically skimmed off every 2—4 months after the filter has been drained. This
takes some time to complete requiring extra standby filters, The fine sand layer must
also be topped up every few years to maintain an adequate layer of fine sand. This layer
should not be allowed to reduce to <0.5m in depth. Slow sand filtration can be used on
its own to trcat high-quality surface and groundwaters, although if there are turbidity
problems then pre-filtration using either a rapid sand filter or micro-straines is neces-
sary (Fig. 10.2a}. Stow sand filters do not work with coagulants, so there are significant
reductions in the sludge produced compared with rapid sand filters, and require high-
guality raw waters with the low turbidities normally associated with reservoirs and lakes
(< 10NTL), Rapid sand flters have been nsed as roughing filters to increase the load-
ing rate of slow sand filters and to enable them to be used for treating poorer-quality
raw waters. A layer of GAC can also be incorporated between the media layers to
improve performance and to remove frace organics.

Exampere 10.1  Compare the tank dimensions of a rapid gravity sand filter and a
slow sand filter treating 12000 m? of water per day.

{a) Design a slow sand filter to treat 1200 m*day " at a filtration rate of 0.15mh™".
Required tank area = (1200/24) X (1/0.15) = 333m?.
Tanks should not normally excced 200+n? in area, so two tanks are required 17 m
long X 10m wide giving a tota! area of 340 m”?,
The depth of the tank is calculated by allowing 0.5 m for the underdrains, 1.5m
for the height of the hydraulic head (this should be the same as the depth of sand
used but no less than 1.0m), and 1.5m for the depth of sand used (1.0m
of fine sand on 0.5 m coarse sand}, giving an overall depth of 3.5m.
Owverall tank dimensions are 3.3m depth % 17m long X 10t wide. This gives &
total volume for two tanks of these dimensions of 1190 m?.

(b) Design a rapid gravity filter to trear 1200m* day~* at filtration rate of 8mh ™.
Required tank area = (1200/24) X (1/8) = 6.25m?
Tank surface dimensions are 2.5m X 2.5m.

The depth of the tank is calcuiated by zllowing 0.5 m for the underdraing, 1.5m
for the height of the bydraulic head (this should be the same as the depih of sand
used but no less than 1.0m), and 1.0m for the depth of sand used, giving an over-
afl depth of ¢.3m.

Cverall tank dimensions are 3.0m depth X 2.5m Jong % 2.5m wide. This gives 2
total volume for the tank of 18.8 m’.

(c) Comparison of systems: The rapid gravity filter requires a tank 53 times smaller in
area than a slow sand filter to treat the same volume of water each day, While the
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quality of water will be beiter from slow sand filtration, the capital investment is
much greater. In both cases standby filters are required 1o maintain treatment
capacity during either backwashing or scrapping, which significantly influences
cost. In practice there should never be less than four slow sand filters at 2 treat-
ment plant.

Since the middle of the century rapid gravity filters have been used in preference to
slow sand filters, mainly due to cost, land requirement and flexibility of operation.
The increasing problem of pathogenic protezoan cysts (iLe. Crpfosporidium and
Giardia), which are unaffected by chlorination and can break through rapid sand fil-
ters resulting in cutbreaks of disease in the community (Chapter 12), has renewed
interest in slow sand filtration, Sludges from both rapid and slow sand filters must
be disposed of carefully as they are highly contaminated with pathogenic micro-
organisms removed from the raw water. The theory of filiration is considered in
detail by the American Water Works Association (19%90).

10.1.8 BISINFECTION

Water is not sterilized by disinfection. Rather the risk of infection is reduced to an
acceptable level by controlling the numbers of bacteria and viruses by using a disin-
fection method (Section 12.3.3). Three disinfection options are available:

1. Ozone has powerful oxidation properties but kas no residual action to protect the
water duting distribation. Tt also oaidizes colour, taste and odour in the water. A
dose of 1 ppm destroys all bacteria within 1{min, but is far more expensive than
chlorine and has to be manufactured on site.

2. UY¥ radiation is widely used for small planis and individnal houses. Like ozone it
has no residual action and 50 must be used close to the point of use to prevent
tecontamination by biofilm development within the distribution network (Section
11.3) or by pollution due to damaged pipework.

3. Chlorination is not quite as powerful as ozone it has a lasting residval effect mak-
ing it an effective disinfectant of water. It is also relatively easy to handie and cost
effective,

Chlorination is the most widely used disinfection process worldwide. Chlorine reacts
with water to form hypochlorous acid (HOCI) and hydrochloric acid (HCL). The
former is a weak acid which readily dissociates o give hypochlorite ions (OC1™) and
a chemical equilibrivm develops between the associated and unassociated forms, both
of which are disinfectants. Hypochlorite solution is often used as a chlorine source:

1, + H, O « HCL + HOCQ

T 7
H* +CI- H* + 0CI (10.2)
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The degrec of dissociation is pH dependent being suppressed as the pH falls. So if
the pH is =-9.0 then 100% of the Cl; is in the chlorite form, falling to 50% at pH 7.5.
Where the pH is <5.0 then |00% of the Cl; is in the hypochlorous acid form.
Hypochiorous acid is about 80 times more effective than the hypochlorite ion so dis-
infection is more effective under acid conditions. The dosing rate depends on the
rate of flow and the residual required, normelly 0.2-0.5 mg 177 after 30 min. Chlotine
has a strong taste and odour in Jrinking water with average taste thresholds of 0.16
and 0.45mg 17! at pH 7 and 9, respectively (Section 11,2).

Hypochlorous acid and hypochlotite are free chlorine residuals. Chlorine reacts rap-
idly with any reducing agents and organic matter present in water. Therefore residual
chiorine may not last long. Ammonia also reacts with Cly to form chloramines some
of which retain a disinfection potential and are known as cembined chlerine residu-
als. Monochloramines {NH;Cl), dichloramines (NHCl;) and trichloramines (NCl;)
¢an all be formed depending on the relative concentratien of chlorine and ammonia
and the pH;

NH, + HOCl — NH,Q1 + H,0 + H* {10.3)
NHC!, + HOCl — NCl, + H,0 (10.5)

The mono- and di-forms have less effective disinfecting properties compared to the
free residuals but are much longer lasting. Combined residuals require up to 100 times
longer contact time than free residuzls for the same degree of treatment. Ammonia
may be added deliberately to form combined residuals to prevent chlorine from react-
ing with phenols, which can result in taste problems, or with trace organics that are
toodc. In general, the cleaner the water the longer the residual effect.

Breakpoint chlorination is a technigue used to ensure that sufficient free chlorine
remains in the water to offer sufficient disinfection. The free chlorine residual is con-
trolled by altering the chlorine to amenonia weight ratic. The breakpeint chlorination
curve (Fig. 10,10} explains how the process works. Iron and Mn exert a chlorine
demand (a-b) so no residual is produced until this demand is satisfied. Where the
ratio of chlorine to ammeonia is <5:1 at pH 7 or 8, then monochloramine is produced
{b—c). At higher ratios some dichloramine is produced, but as the ratio approaches
7.6:1 the chloramincs are oxidized by the excess chlorine to nitrogen gas resulting in
a rapid loss of combined residual chlorine in water. Above a ratio of 7.6:1 all the
chlorine residual is present as free chlorine residuals.

The disadvantages associated with the chlorination of domestic water supplies such
as the formation of trihalomethanes {THMs) are discussed in Section 11.2.
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10.1.9 FLUORIDATION

Fluoride is a naturally occorring element in many groundwaters, although is gener-
ally rare in surface waters. Where fluoride is considered to be beneficial in the pre-
vention of dental caries water has the Auoride concentration artificially raised to
1mg 17" {Section 11.2). Fluoride must be added after coagulation, lime softening and
activated carbom treatment, as it can be lost during any of these unit processes.
Filtration will not reduce the Auoride concentration provided it is fully dissolved
before reaching the filter. As chlorination has no effect on fluoride, then fluoridation
is normally carried cut on the finished water either before or after chlorination.

Fluorine in its pure elemental state is very reactive and $0 is always used as a com-
pound. Those most widely used for the Auoridation of supplies are ammonivm
fluosilicate {{NH,);SiF;) which comes as white crystals, fluorspar or calcium fluoride
{CaF;) a powder; Auosilicic acid (H;8F;) a highly cormosive hiquid which must be kept
in rabber lined drums or tanks; sodium fluoride (NaF} which is either a blue or white
powder; and sodium silicofluoride {Na;8iF;} which is also either a white or blue pow-
der. All these compounds dissociate (break up) in water to yield fluoride ions (F7),
with the release of the fluoride almost complete, and silicate (5i0,). Silicofluorides
{5iF;) are generally used in water treatment in the British Isles, with sodium silico-
flucride the cheapest and most convenient to use, The reaction that takes place when
it is added to watcr is shown below:

SiF; + 3H,0 — 6F + 6H* + 8i0, (10.6)

The compound is emptied into hoppers and then slowly discharged into a tank by a
screw feed where it is mixed with water to get itinto selution. After pH correction the
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fluoride solution is added to the finished water. Fluoride is removed by precipitation
with calcium and excess atuminium coagulant in the finished water, with the precipi-
tate forming in the distribution system. Care is taken to ensure that the dosage is kept
at the correct level. This is done by monitoring the weight of chemical used ¢ach day
arrd the volume of water supplied. Also flvoride concentration is tested continuously
using an ion-specific electrode and meter to ensure the final concentration is as near
to 1.0mg 1~ as possible.

10.1.10 ADVANCED WATER TREATMENT

Cenventional treatment will nermally produce safe wholesome water as defined in
‘Introduction to treatment’. However, increasing drinking water standards (e.g.
nitrate, chlorinated organics, chiorine-resistant pathogens, taste and edour problems,
ctc.) and the growing demand for exceptionally high-quality water by many industries
{e.g. pharmaceutical, food and beverage, computer manufacture, etc.) has resulted in
many physico-chemical post-treatment processes being employed at water treatment
plants. These include chemical removal by softening {Secticn 20.5), adsorption
(Section 20.6), ion-exchange (Section 20.7), and membrane filtration including
nanofilfration and reverse osmosis (Section 2.8). In order 10 meet the new pesticide
standard of 0.1pgl™! and remove traces of pharmaceutical drugs from drinking
water, GAC filtration (Section 20.6.2} and ozonization are becoming increasingly
common. Membrane filtration and reverse osmosis are equally widespread.

10.1.11 SLUDGE PRODUCTION AND DISPOSAL

Sludges arising from water treatment are very different from those penerated from
wastewater treatment, although water treatment sludges are often richer in certain
pathogens, especially cysts and oocysts. As these sludges are microbially hazardous,
careful final disposal {s vital. The bulk of the sludge can be gither organic matter
derived from the removal of suspended solids and coloor, or chemical in naturg from
the use of coagulants and lime. Sludge arises from a variety of different stages in
water treatment. The origing of solids are;

{a) Suspended solids in raw water, Unlike wastewater treatment the suspended solids
concentration of raw water is not normally measured, turbidity being the normal
measure of solids concentration. The suspended solids concentration (mgl™!)
can be estimated as twice the turbidity value as expressed in NTU.

(t) Colour removal. This is particularly 2 problem where upland sources, which are
fed from peaty soils, are used for supply. The sludge production {mg1~'} is esti-
mated to be 209% of the colour removed in degrees Hazen.

(¢) Dissolved chemicals thai precipitate during treatment. These include dissolved
iron and manganese, and also the reduction of hardness by softening. If iron is
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precipitated as ferric hydroxide then 1.9mg!™! of dry solid {DS) is produced
for every mg 17" of iron removed. Lirne and soda water softening produce signifi-
cant quantities of sludge, which can be calcalated in mg DS per litre of water
softened as:

(lime dese (mgl™'} + 1.26) X (decrease in bardness
(g CaC0;177) — 0.26) X sodium carbonate dose {mgl™)

{d) Conguiation chemicals. When coagulants precipitate as hydroxides then the
shidge production for each mgl~! of metal or coagulant used is Al 2.9mgl™",
Al,O5 1.5mgl™", Fe 1.9mgl~! and FeO, 1.35mgl ™%

(e} Other chemicals. These include chemicals added during treatiment such as pow-
dered activated carbon or bentonite, with the weight added being the weight
added to the sludge.

(f) Biological growth. This is only significant when slow sand filtration is used. It is
not possible to estimate the amount generated, but it is very small.

In 1993 130756 tonmes DS of water treatment derived sludge was produced in the
UK from supplying 16 500 M1d~! of drinking water, with sludge from alum coagula-
flan comprising 44.8% of the total, iron coagulation 32.9%, softening 17%, natural
material 4.5% and other sources, such as solids from GAC adsorption backwashing,
0.8%. The commonest routes for sludge disposal are landfill and discharge to sewer
(Table 10.7). Novel disposal methods inchude: spreading onte agricultural land {nat-
vral sludge) 4.4%, (iron sludge} 26.5%, (softening sludge) 16.8%, {alum sludge)
21.7%; land reclamation (iron stludge) 21.2%; sail conditioning (natural sludge}
3.6%; incorporation into consiructicn materials, such as bricks and synthetic aggre-
gates {alum and iron sludges) 5.8% {Simpson et af., 2002).

Solids concentration is expressed as either weight () of DS per unit volume (v}, that
is IXS (w), or as a propottion of sludge weight that is DS (w/w). For water treatment
sludges the sclids concentration varies from 1 to 50 kg m?, with most Skgm? with a §G
close to 1. Sludge concentration is also expressed as a percentage using wiv, Clasifier

Disposal routes for water treatment shadges in the UK during 1997

Dixposal route Mass
tornes DS %

Landfill {offsire) 01770 a1.3
Landiill (onsite} To6) &4
Foul sewer 20500 246
Transported to sewage treatment plant o052 4.2
Lagoon 2423 2.0
Discharge to surface water 2706 2.8

tNovel methods 11128 U2
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sludges have solids concentration of 0.1-(L8% DS with production rates of 1.8% and
2.2% of volume of water treated for ferric and alum shudges, respectively. Production
rates in excess of 3.5% of the volume treated indicates operational problems, In con-
trast filter wash water generates a weak sludge with 0.03% DS with a production rate
of 3% of volume treated. However, as the level of treatment improves, so the amount
of sludge produced increases.

Water treatment sludges are normally thickened to 5-10% DS before dewatering and
subsequent disposal. Dewatering is normally done with a filter press producing a
strong cake with high-solids content. The technology employed is very similar to that
used for wastewater sludges (Section 21.2).

10,2 WaTER DISTRIBUTION

After treatment the finished water has to be conveyed to consumers. This is achieved
using a netwotk of pipes known as water mains. There are two broad categories of
water main. Trunk mains are the largest and vsed for transporting large velumes of
water from the source to the treatment plant, and from there 1o a service reservoir or
tower. There are no branch or service pipe connections to trunk mains with the water
often at a very high pressure. Distribution mains are the network of pipes that bring
the water from the service reservoir te the consumer's property. These are smaller
and vary in size, The nerwork is highly branched, to which connections to individual
houses are made. Distribution mains form loop systems, which equalize the pressure,
and ensures the water is used rapidly and kept mixed. Spurs or dead ends are used for
cul-de-sacs. These have lower pressurc at the end of the pipework resulting in a
build-up of material, such as debris, animals and fibres at the end. The water tends to
be 0ld which cavses further quality problems. While distribution neteork design and
operational practice varies from country 1o country, the practice employed in the UK
that is described below is very similar to that in other countries.

The distribution network comprises of pipes of vatious sizes canging down from 18 to
6in. New systems use 100 or 150 mm (4-6 inches) nigid pipes, down to 63 or 90mm
which are flexibie. Materials used include iron, asbestos cement {no longer used)
PV (unplasticized polyvinyl chioride) or MDPE {medivm density pelyethylene).
All underground pipes are now colour coded to prevent accidents. Water is blue, gas
is yellow, electricity is black and telephone is grey.

Demand for water, like electricity, varies diurnally therefore it is very expensive to
provide a mains system from the treatment plant to carry maximum flow. This is over-
come by the provision of service reservoirs and water towers. These also provide a
reserve capacity if the éreatment plant or trunk main fails. S8ervice reserveirs ensure
peak demands are met in full while smaller pumps and trunk mains are used which
are capable of coping with average daily flow rather than peak flow, which is 50-8(¥%
preater.
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The size of service reservoirs depend on the population served, but they must provide
storage for at least 24-36h. The larger ones are constructed in concrete, while
smaller ones are made from steel or brick. Such tanks must be watertight and sealed
to ensure quality is protected. Each setvice reservoir serves a water supply zone,
which can supply a maximum of 50000 pecple, and must ensure an adequate
hydraulic head to produce sufficient pressure within mains to push the water up to
household storape tanks (Fig. 10.11). A minimum hydraolic head of 30m is required
for fire fighting. In practice the maxitmun head permitted is 70m, as above this the
loss of water via leaks is very high. Such high pressure also causes excessive wear on
househoid equipment (e.g. taps, stop valves, washing machine valves, ball valves,
etc.} and may even prevent some stop valves from shutting off (e.g. dish washers and
washing machines). Noise in household plumbing, such as knocking and banging,
increases with pressure,

As water is normally fed to the consnmer by gravity in ftat areas, water towers are
required to ensure adequate hydraulic pressure. These tend te serve smaller water
supply areas and are cxpensive to operate due to pumping, even though this is usy-
ally done at night during low electricity demand periods. Flats and office blocks
require their own pumps to supply a sufficient head. The installation, operation and
maintenance of such pvmps are the respensibility of the owner.

Hydrants are required primarily for fire fighting but are also vsed to flush debris out
of the mains. The location of a hydrant depends on the requirements of the water
company and the fire brigade. In the UK water companies have a legal requirement
to locate hydrants wherte the fire brigade require them, although the cost is borne by
the local authority and not the water company. The hydrants are located underground
to protect them from frost and damage, and are tested regularly by the fire brigade.
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The location of hydrants is shown by a vellow plaque with a large black letter H, Two
numbers are shown on the plaque above and below the horizontat bar of the letter H.
The top number refers to the diameter of the main, which is usually 100 mm for a
spur system and 75 mm for loop main. While the lower number is the distance of the
hydrant from the plague in metres which is located dirsctly at right angles to the
plaque. The hydrant cover is also painted yellow.

Unlike the other utilities (i.e. gas, telephene and ¢lectricity) that take responsibility to
cormect their supply within the house, this is not the case with water, The household
plumbing is connected to the mains by means of a service pipe. For a single dwelling
this pipe is <23 mm diameter {usnally 13 mm), white if it serves several dwellings then
a larger diameter pipe is required {>25mm}. The service pipe is separated by a
boundary stop tap into the commurrication and supply pipes (Fig. 10.12). The com-
munication pipe goes from the main to boundary stop tap and is owned and main-
tained by the water company. The supply pipe, which is owned and maintained by the
owner of the property, mns from the boundary stop tap inte the house where there is
another stop tap inside the building. Communication pipes are usually short which is
not always the case with the supply pipe. This may be very long and cross under roads,
across private property and, if old, may ever run under buildings making them very
difficult to locate and repair. In the UK prior to 1974 Local Authorities were respon-
sible for housing and water supply and they often employed joint supply pipes serving
several houses that often passed through the cellars of the houses served (Fig. 10.13).
Major problems have arisen as water usage has increased resulting in the end house
connected having low pressure, As the supply pipe is jointly owned this leads to ser-
ious disputes about paying for maintenance and repair. Joint supply pipes are rarely
nged now, and when they cause problems are replaced with individual supply pipes.

Supply pipes can be of mild steel, iron, copper, lead, polyethylene or uPVC, Lead was
commonly used in older houses because it was flexible but this can resalt in leaching
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Figure 10,13 Examples of ovpical joint supply arrangements where CI? is the eommu-
nication pipe and J5P the joint snpply pipe. (Reproduced from Latham {1990} with
permission of the Chartered [nsditution of Water and Envirommenzal Managerment, London. }

of lead into the water. Water companies are required o replace communication pipes
made out of lead with polyethylene. Grants are available to kouseholders to replace
similar supply pipes. In practice this is done at the same time and can be achicved by
pulling the new service pipe through the old one, In older houses (<1965) the elec-
tricity supply was generally earthed via the service pipe. So if replaced the electricity
supply musi be re-earthed as plastic is a non-conductor of electricity.
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INTRODUCTION

Water problems can arise at four different points in the water supply cycle: at the
resource, the treatment stage, during distribution to the consumer’s houose, and
within the household plumbing system (Table 11.1). The problem of pathogens is
considered separately in Chapter 12. A problem with quality is defined as a failure of
a water supply to meet the minimum standards laid down in the EC Drinking Water
Directive (Section 8.1).

11.1 ProBLEMS ARISING FROM RESOURCE

While the natural quality of drinking water depends primarily on the geology and
soils of the catchment, other factors such as land use and disposal of poliutants are also
inportant. In general, impermeable rocks such as granite are associated with turbid,
soft, slightly acidic and naturally coloured waters. Groundwater resources associated
with hard rock geology are localized and small, so supplies come mainky from surface
waters such as rivers and impounding reservoirs. In contrast permeable rocks such
as chalk, limestone and sandstone produce clear, hard waters (high Ca2* and Mg?*)
which are slightly atkaline. Permeable rocks alsc form farge underground resources
making water available from both surface and groundwater sources (Table 11.2).
Even after treatment the main physico-chemical characteristics of the supply remain.

Wherever people work and live there will be an increase in toxic substances, non-
toxic salts and pathogens entering the water cycle. Industrial contamination,
although more localized, is often more serions. The extensive nature of agriculturc
makes it the most serious threat to drinking water quality, mainly due to the diffuse
nature of such pollution, making it difficult to control. Any material or chemicals that
find their way into the resource may need to be removed before supply, their remova)
generally being technically difficult and expensive. The main contaminants in water
prior to treatment are listed in Table 11,3, As a general rule the cleaner the raw
water, the cheaper the finished water is to produce, and the safer it is to drink. So
where the concentration of these compounds is excessively high then the resource
may be rejected due to the cost of adequate treatment.
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Tame 11.1

TasLE 31.2

TasLE 11.3

Main sources of drinking water contamination

Resource Natural geology

Land use

Polhatirm

Luit process efﬁl:iem:'_l,r
Chericals added to clear water

reatment,

Chemicals ndded for prowerion of consumer

Distribution Muserial of pipes. coating
{rganisms

Contamination

Marcrials of pipework/tank
Contaminarion

Poor installaton

Liome plumbing

CGenerul wacer quality characteristics of four warer resource types commonly used for

supply purposes

Chalk borekole  Lowland river

Uplard river or resereoir

Featy hard Non-peaty hord
rock catchment  rock catchment
pH Elightly MNewtral or Acid Neutral or
alkudine slightly alkaline slighty avidic
Hardness Very hard Moderate o Snfi Soft
very hard
Anumonii Lovw High Low Low
Pollutinn tormally Present Absent. MNormally
ahsent absenr

Microhial ool Very poor Moderately Moderately

quality ool goml
Colour None Low Brown Slight
Taste/mdour  MNone Bud at times None Nane
Sources of drinking water contamination
Rezaurce based Arising from Arising from Arizing from home

waler treatment  distribution system  plambing system

Nitrate Alumninium Sediment Liad
Pesticides Disvolonration Dhiscolouration Cupper
[odustrial solvenis Chlorine Ashestos Zine
Odour and tasee Odour ard 1aste Qdour and asie Odour and taste
Lron Lrun Iron Fibres
Manganese Trihalomcthanes PaH Carrgsion
Hardness Fluoride Animals/hiofilm Pathogens
Pathugens Pathogens rathogens
Alpal toxins Nitrite

Radon and
racdiogactivity
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11.1.1 TASTE AND ODOUR

Water should be palatable rather than taste and odour free, but as people have very
different abilities to detect tastes and adours at low concentrations, this is often dif-
ficult to achieve. Offensive odours and tastes account for the majority of consumer
complaints about water quality. Odour and taste problems can be a very transitory
pltenomenon, so it is unlikely that the standardized monitoring involving taking just
four ar five samples a year will detect all but the most permanent odour and taste
problems.

It is extremely difficult to chemically analyse tastes and odours, mainly because of
the very low concentrations at which many of these chemicals can be detected by
humans. In addition, offensive odours can be caused by 4 mixture of several different
chemicals. The identification of odours and tastes is normally carried out subjectively
by trained technicians or by a panel of testers. Acceptable levels of odour and taste in
drinking water are determingd by calculating odour and taste threshold levels. There
are two widely nsed measures of taste and odour. Both are based on how much a
sample must be diluted with odour- and taste-free water to give the least perceptible
concentration. Threshold number (TN) is most widely used:

A+ 8 (11.1)

whera .4 is the volume of the original sample and B {s the volume of dilutent. So
A + B is the total volume of sample after dilution ta achieve no perceptible odour. So
a sampte with a TN of 1 has no odour or taste,

Dilution number is uscd in the EU Drinking Water Directive:

pN=E {11.2)
4

The two are related as DN = TN — 1. S50 a sample with a DN of 3 has a TN of 4.

Standards for taste and odour are generally the same. In the US, the maximum con-
taminant level (MCL} for odour is 2 TN of 3 {no temperature specified), while the
WHO only requires that the taste and odour shail be acceptable. The EU originally
set a guide DN value of 0 and two MAC values of 2 at 12°C and 3 at 25°C in the first
Drinking Water Directive (80/778/EEC). The problem was that the Directive did not
specify how to inferpret the standard and no methodology was specified. In contrast
the new Drinking Water Directive {98/83/EC) does not set a numerical value, rather
it states that taste must be acceptable to consumers with no abnormal changes. To
help with monitoring there are now several standard methods for assessing taste and
odeur in the UK (Table 11.4) and in the US (ASTM, 1984; APHA, 1998),
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Tamx 11.4

Tame 11.5

Key methods for the assesament of taste and odour in drinking water

The assessment of taste, odonr and related aesthetic probiems in drinking waters 1995,
Blue Book No. 171, Standing Cominities of Analysts, Environmen Agency, [andon,

The Microbiofogy of Dvinking Water 2004, Purt 11: Taste, odonr and related aesthebic
probicms. Blue Book Mo, 196, Standing Coaminittes of Analvsts, Environment Agency,
London.

The Microbiology of Drinking Weader 2004, Pare 12: Methods for the Isolation and Erumeration
nf Micro-organirms Assoctated with Taste, Odowr and Related Aesthetic Problems. Blue Book
N 197, Seanding Committee of Analvstz, Envirmmrment Agency, London.

The chemicals causing specific groups of edours and their possible source

Odeur Odour producing Passible source
componnd
Earthv/musty Ceosmin Actinomyecetes; bluc-green algae

2-Methvlisoborneal
2-Isopropyl-3-methoxy
pyrazine
Muciding
2.3.6-Trichloroanisole
Medicinal or chlarphenglic  2-Chiorphenc] Chlonmation products of phenols
2.4-Dichlorphenal
2.6—Dich|0rphen0l

Oily Msapthelene Hydrocarhnns from road run-off,
Toluene bituminons Hningg in water mains

Fishy, cocked vegewables Dimethyltrisulphide Breakdown of algae and other

or rotten cabbage Dimethidisulphide vegetation

Meibiyl mercapran

¥ruity and [ragrant Aldehydes Ozonation by-products

Reproduced from Geay {1994) with permission of lohn Wiley and Sons Ltd, Chichesrer

Odour problems are categorized according to the origin of the substance causing the
problem. Substances can be present in the raw water, be added or created during
water treatment, arise within the distribution system or arise in the domestic plumb-
ing system. Of course, the quality of the raw water will oftcn contribute to the pro-
duction of adours during treatment and distribution.

It is not always straightforward to identify the source of an odour or taste in drinking
water (Table 11.5). There are seven common ¢auses:

1. Decaying vegetarion: algae produce fishy, grassy and musty ndours as it decays, and
certain species can cause serious organoleptic problems when alive,

2. Moulds and actinorycetes; produce musty, earthy or mouldy odours and tastes;
they tend to be found where water is left standing in pipewerk and also when the
water is warm — they are frequently found ir the plumbing systems of large buildings
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such as offices and flats, but are also associated with water-logged soil and unlined
boreholes.

3. Jron and sidphur bacteria: both bacteria produce deposits which release offensive
odours as they decompose.

4. Iron, manganese, copper and zinc: the products of metallic corrosicn all impart a
rather bitter taste to the water.

5. Sodium chioride: excessive amounts of sodium chloride will make the water taste
initially flat or dull, then progressively salty or brackish.

6. fndustrial wastes: many wastes and by-products preduced by industry can impart a
strong medical or chemical taste or odour to the water — phenolic compounds
which form chlorphenols cn chlorination are a particular problem,

7. Chioringtion: chlorine by itself does not produce a pronounced odour or taste
unless the water is overdosed during disinfection; chlorine will react with a wide
variety of compounds to produce chlorinated products many of which impart a
chlorincus taste to the water,

Musty or earthy odours are commonly reported in drinking water. They are generally
caused by actinomycetes and to a lesser ¢xtent by bluc-green algae and fungi. The
main organic compounds produced which cause such odours are geosmin and
2-methylisoborneocl, and consumer complaints will follow if concentrations of either
of these exceed 8-10ng!™! (Table 11.5). Dimethyl sulphide is also produced by biue-
green algae and although it has a higher odour threshold than geosmin, it produces a
grassy odour which intensifies into a very unpleasant septic/piggy odour with increas-
ing concentration of algal bigmass.

11.1.2 IRON AND MANGANESE

Both iron and manganese are exiremely common metals and are found in large
amounts in soil and rocks, althcugh normally in an insoluble form. However, due to
a number cf complex reactions which occur naturally in the ground, soluble forms of
the metals can be formed which can then contaminate any water passing through.
Therefore, excess iron and manganese are a commen phenomenon of groundwaters,
especially those found in soft groundwater areas.

The solubility of iron depends largely on pH and redox potential, While the normal
level of seluble iron in groundwaters is <1 mgl~! even slight changes in water chem-
istry can lead to significant increases in sofubility of the metal. The natural conditiens
in the majority of groundwaters in the British Isles are on the boundary between sol-
uble (Fe®*) and insoluble iron {Fe(OH),) (Fig. 11.1). Any reduction in pH or redox
potential due to dissolved CO;, presence of humic acids from peaty soils or contam-
ination by organic matter causing deoxygenation will all increase the soluble iron
content of the water. Boreholes allow oxygen to ¢nter aquifers, especially confined
aguifers (Fig. 2.4), and this, combined with the removal of CO; from solution, causes
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Peure 11.1
Phase-stability dia-
gram for the solubil-
ity of iron in
groundwater. Normal
range for UK
groundwaters is
shown by the

dotted line.
{Reproduced from
Clark [1988] with
permission of John
Wiley and Sons Lid,
Chichester. )

Chapter 11 / Drinking Water Contamination

0.5=— \\.
\ Insoluble
.4 — FelOH)4
Soluble
Fe®*
0.3 — b
\
0.2 .
Field of \
most British '

(V)

groundwaters

Gia Fas,;
" Insoluble
. FeCO; |
.
03 |
0.4 =t p——————7 T i
4 5 6 7 8 pH
At 25°C and 1 atmosphere

the iron to precipitate out as ferric hydroxide. This is accompanied by the growth of
iron bacteria that form slimy filamentous colonies that coat the wall of the boreshaoles
and clog screens. Eventually the deposited iron can reduce the supply of water by
reducing the flow into the borehole and by damaging the pump,

Discelouration of water by iron is inconvenient but is only an aesthetic problem. It
becomes more irritating when the iron causes staining of laundry and discolouration of
vegetables, such as potatoes and parsnips, during cooking. But more important is that
iron has guite a low taste threshold for such a common element, giving the water a
strong unpleasant taste, which ruins most beverages, made with the water. High con-
centrations of iton in the water can react with the tannin in tea causing it to turn odd
colours, usually inky black. Iron is so ubiquitous that some will find its way into nearly
all supplies. The taste threshold is about 0.3 mg1~! (300 pgl~") although it varies con-
siderzbly between individuals. The EU Drinking Water Directive sets a maximum
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concentration value of 0.2mgl ™", although ideally this should not exceed 0.05mgl™!
(Table 8.7). The WHO (1993} guideline was set at the higher concentration of 3.3 mgl ™!,
but in the latest review (WHO, 2004) a guice valize has not been set as iron is not of con-
cern to health at the concentrations normally observed in drinking water with water
rgjected on grounds of taste or appearance well below the health-based value is reached.

Manganese is identical to iron in all respects and indeed causes all the same taste and
staining problems. Staining is mote severe than iron, as is the unacceptable taste
manganese imparts to the water. For that reason a much stricter drinking water limit
has been imposed at 0.65mg 1™ (50 pgt™"), the concentration at which laundry and
sanitary ware becomes discoloured grey/back. Although the WHO (2004) has a health-
related guide value of 0.4mgl™!, a much lower value must be set in practice to avoid
consumer complaints. While the major source of manganese in the diet is food, all the
manganese in water is readily bioavailable. However, unless the concentration in drink-
ing water is excessively high, it is unlikely that it will significantly contribute to the daily
intake of the metal. Toxicity is not a factor with manganese as it will be rejected on the
grounds of taste or appearance well betow the health-based value is reached. Excessive
manganese intake does cause adverse physiological effects, particularly neurological,
but not at the concentrations normmally assoctated with water in Europs,

11.1.3 NITRATE

Nitrate is a common component in focd, and the percentape intake from drinking
water is linked directly to its concentration. For example, at concentrations of 10, 50
and 100 mg [~ as NO, the total daily intake from drinking water is 20%, 55% and 71%
on average of the total daily intake, with the rest coming from food. The current EU
limit for nitrate is S0mg1~", which is equivalent to 11.3mg17" as nitrogen {Thhle 8.6).
In the US, there is a mandatory MCL value of 10.0 mg |~ as nitrogen which is equiva-
lent to 44 mg1~! as nitrate {Section 8.1). A new mandatory nitrite standard of D.5mg1™"
has been set in the UK, with a combined nitrate/nitrite parameter also used which is
calculared as:

Nitrate + Nitrite
50 3

which must not exceed 1.0 at the consumer’s tap.

(11.3)

‘The main concern of nitrate in potable supplies is methaemoglobinaemina (IM), or
blue baby syndrome in infants. The nitrate combines with haemoglobin in red blood
cells to form methaemoglobin, which is unable to carry oxygen, and so reduces the
uptake of oxygen from the lungs. Normal methaemoglobin levels in blood are between
0.5% and 2.0% while levels in excess of 10% results in a blue tinge to the skin of
infants. Death is caused when 45-65% of the hacmoglobin has been converted.
Infants <23 months of age have different respiratory pigments that combine more
rapidly with nitrate than baemoglobin making them more susceptible to the
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syndrome, IM i$ primarily associated with bactericlogically contaminated water and is
limited to those on undisinfected well or spring supplies, With $8% of Eurcpeans on
mains supplies, in practice, infantile IM is now almost non-existent. It can, however,
be & rare complication in gastroenteritis regardless of nitrate concentration or intake.
While no direct evidence of nitrate causing the condition has so far been found, very
high nitrate levels in water (>>100mg1~! as NO;) must be considered as potentiatly
bazardous especially to young children, children with gastroenteritis and pregnant
women. Most nitrate is excreted in the urine largely unchanged, while some bacterial
reduction to pitrite ccours in the stomach. Up o 25% of nitrate is recirculated in
saliva during which most is converted to nitrite by bacteria. In the intestines nitrite
reacts in an acidic environment to form N-nitroso compounds with amines and
amides, which may be associated with gastric and bladder cancer {ECETOC, 1988).

Nitrate finds its way into water resources ¢ither by Jeacking into aquifers or as run-off
into surface waters from agricuitural land. There has been a steady build up of nitrate
in both ground and surface waters since the 1940s due to a combination of increasing
fertilizer usage per unit area and more grassland being ploughed up for crop produe-
tion. Nitrate concgntrations in rivers fluctuate more rapidly than groundwaters show-
ing a seasonal pattern with highest concentrations corresponding with periods of
run-off. This is particularly evident in & wet autumn after soil nitrogen levels have built
up over a dry summer. While levels in many rivers have now stabilized due to better
agricultural practice, the levels in many groundwaters continue to rise due to the fime
delay as pollutants move slowly through the aquifer. This also has important implica-
tions for rivers fed by groundwater, As with other pollutants, the concentration of
nitrate in groundwater depends largely on aquifer type. Even if farmers stopped using
nitrogen fertilizers completely, most ground waters would continue to have very high
nitrate eoncentrations for a minimum of 20-30 years. So to ease the pressurc in the
short termn, it will be necessary to remove nitrates from water, which is both expensive
and technically difficult. There is growing interest in the possibility of farmers being
required to pay for advanced water treatment by utilizing the *polluter pays’ principle
to charge for nitrate teached from land. However, the dispersed nature of nitrate leach-
ing makes the implementation of such charges very difficult, The Water Framewortk
Directive provides an integrated river basin management system that allows much
greater control of the pollution of all water resources from land-based sources {Section
7.3). The Nitraie Directive specifies a nsmber of measures for the protection of surface
and ground waters from agricultural nitrate pollution (Section 8.4). The approach
adopted by most countries is a mixture of treatment and resource proiectton strategies.
The approach selected is dictated purely by economics and curiously enough preven-
tion of contamination may be more expensive than removing the nitrate at the water
treatment plant. Ways of removing nitrates from water supplies include:

1. Replacement: expensive as new water mains and a suitable alternative supply is
required. In practice, this option is normally restricted to small and usually iso-
lated contaminated groundwater resources cnly,
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Blending: controlled reduction of nitrate to an acceptable concentration by diluting
nitrate-rich water with low nitrate water. Currently widely practised throughout
Europe, blending becomes increasingly more expensive if the nitrate concentration
continues to rise. Mot only is a suitable alternative supply required, but also facili-
ties to mix water at the correct proportions, While groundwater nitrate concentra-
tions do not fluctuate widely from month to month, surface water nitrate levels can
display large seasonal variations with particularly high concentrations occurring
after heavy rainfall following severe drought periods. Most blending operations
involve diluting contaminated groundwater with river water, so such seasonal vari-
ations can cause serious problems to water supply companies.

Storage: some reroval of nitrate can be achieved by storing water for long periods
of time in large reservoirs. The nitrate is reduced to nitrogen gas by bacteria
under the low oxygen conditions that exist in the sediments of the reserveir, a
precess known as denitrification,

Treatment: the nitrate can be removed by ion exchange or microbial denitrifica-
tion. Both are expensive and contituous operations. Water purification at this
advanced stage is technically complex and difficult to operate condinuously at &
high efficiency level. Also malfunction of nitrate reduction treatment piants can
cause forther water contamination. lon-exchange systems use a resin that
replaces nitrate jons with chloride ions (Section 20.7). While the system is effi-
cient it does produce a concentrated brine effluent that requires safe disposal.
Nitrate removal brings about other changes in drinking water compaosition, and
the long-term implicatiens on the health of consumers’ drinking water treated by
ion exchange is unknown. This is the process in which most water companies are
investing and is now widely in use throughout the UK,

. Selecrive replacement: rather than treating the entire water supply many water sup-

ply companies use a system of identifying those most at risk within the community
from high nitrates, and supplying an alternative supply such as bottled water or
home treatment units. This is by far the cheapest approach for the water industry,
althongh is dependent on legal constraints {i.e. quality standards).

Farmers are encouraged to reduce nitrate contamination by cutting down on ferti-
lizer use, modifying cropping systems and simple control measures {Table 7.6). In
terms of pood agricultural practice this includes the following:

Fallow perieds showld be avoided. The soil should be kept covered for as long as
possible, especially during winter, by the early sowing of winter cereals, inter-
cropping or using straw mulch.

Avoid increased sowing of legumes unless the subsequent ¢rop can utilize the

nitrogen released by mineralization of nitrogen-rich residues.
Grassland should not be ploughed,

. Tillage should be minimized and avoided in the aupumn, Direct drilling should be

nsed whenever possible,
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5. Slopes should, whenever possible, be cultivated transversely to minimize run-oft.

6. Manure should not be spread in autumn or winter, Tt should be spread evenly and
the amount should not exceed crop requirements,

7. Amount of nitrogen fertitizer and manure should be applied at times 3nd in goan-
tities required by plants to ensure maximum uptake. The amount of avaflable
ttitrogen in the soil should also be considered, Computer models are available to
kelp the farmer calculate very accurately the amount of fertitizer required for a
particular crop grown on a specific soil type; alternatively, consultants should be
used to advise con fertilizer application rates. With the increasing problem of
eutrophication in surface waters, and the large residual phosphorus concentra-
tion present in many soils, nutrient management plans should consider both
nitrogen and phosphorus.

11.1.4 ORGANIC COMPOUNDS

With the development of gas chromatography coupled with mass spectremetry it has
become possible to identify hundreds of organic cempounds in drinking water,
Although some are natutally occurring cornpounds, the majority are synthetic such as
pesticides and industrial solvents. Others are synthesized when organic compounds
react with chlorineg during disinfection (i.e. tribalomethanes {THMs)} (Section 11.2.1).
Nearly all organic compounds found in drinking water are toxi¢ and most are also
thought to be carcinogenic, even at very low concentrations (<1 pgl™?).

Pesticides are not only associated with large lowland arable farms but from other
farm-based activities, such as sheep dipping in upland areas. There is a wide range of
other vsers from railway companies to local authorities, forestry groups to the average
gardener to name but z few. This is reflected in the high concentrations of essentially
not-agricultural herbicides found in drinking water, in particular simazine and
atrazine (Table 11.6).

Only five industrial solvents are frequently found in drinking water (Table 11.7),
although pollution by these solvents is very widespread. Contamination is largely
restricted to large industrial cities such as Milan where in 1982 60% of the 621 wells
tested contained chlorinated selvents in excess of 50ugl™!. In the Netherlands
a study of 232 boreholes showed 67% contained trichioroethylene (TCE), 60%
trichloromethane (TCM} and 19% perchloroethylene (PCE). In the US, the prob-
lem is also widespread. In New Jersey, 20% of the 315 wells tested contained indus-
teial solvents with TCE levels in excess of 100 pgi™! in some wells (Loch et af., 1989}
The situation in the UK is reviewed by Riveit er al (1990).

Chlorinated organics have higher deusities but lower viscosities than water, while
aromatic hydrocarbons such as benzene, toluene and fuel oils have lower densitics
but are more viscous. In groundwaters they behave quite differently. The former sol-
vents tend to accumulate in the base of the aquifer with their direction of movement
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Commonest pesticides in European drinking waters are all
herbicides except dimethoate which is an insecticide

Frequently occurring

Atrazine, ehlorlolucon, fsoproturon, MUPA. mecoprop, simazine
Commondy aceurring

2.4.0, dicamba, dichlorprop, dimechoate, linueon, 2,45, T

Major industrial solvents in groundwaters

Sulpent Lieen Notes
TGE: irichlornethylens Solvem. cleaning. Being replaced by TCA
or trichloroethene dry cleaning
PLUE: perchiluroethylene or  Meral cleaning Being replaced by TCA
tetrachloroethene
TéA: methyichloroform or - Meial/plastic cleaning. Less toxic (both acuie and
1.1.1-trichlaroethane meneral sohvent chronic) than TCE and PCE
DCM: dichloromethane ar - Painr siriping, metal cleaning.
methvlene chloride phammacentivals, aerosol
propellonts, acetare flm
TCM: trichlororncithane Flunrocachon synchesis.
or chloroloen pharmaceuticals
Abstracti ,
borsndle.  Source Manitoring
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Ficure 11,2 Behaviow of chlorinated solvents in groundwaters and the interactions
with a pumped extraction berehole and unpumped monitoring wells, (Reproduced
from Rivett ef af. {1990} by permission of the Chartered Institution of Water and
Environmental Management, 1London.}

governed by the slope and form of the base of the aquifer (Fig. 11.2). Some of the sol-
vent dissolves into the water forming distinct plumes governed by the direction and
velocity of the groundwater. The latter hydrocarbons tend to fleat on top of the
groundwater forming pancakes of material. Migration follows the flow of the ground-
water but remaing at the surface of the water table. If the water 1able rises, the
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aromatic hydrocarbons rise with it and are largely retained within the porous unsaty-
rated layer once the water table falls. In this way the movement of these compounds
is restricted resulting in localized pollution while the chlorinated organics can affect
large areas of the aquifer. Further details on groundwater contaminants and their
treatment are given in Mather et g, (1993} and Nyer (1992).

11.1.5 THE FUTURE

In Evrope, only a third or less of supplies come from surface waters, and these are
subject to extensive treatment including extensive storage and bankside infiltration.
In the UK, 75% of all supplies come from surface waters that generally receive only
conventional treatment. Therefore, it is inevitable that the supplies will be more prone
to problems such as colour, iron and aluminium from upland catchments, and taste,
odour and THMs in lowland abstractions after treatment. With dwindling water
resources and ever-increasing demands, it is inevitable that water will have to be
teused over and over again, and that companies will have to exploit water from
resources of poor quality. The most effective way to control these problems is to
prevent contamination of vaw water supplies in the first place. In Europe, this is being
achieved by the introduction of aquifer protection zones, nitrate-sensitive areas and in
tighter controls of disposal of hazardous and toxic wastes through the Water
Framework Directive and the proposed new Groundwater Directive (Section 8.4).

11.2 WareR QuALITY PROBLEMS ARISING FROM WATER TREATMENT

The principle of water treatment is to make raw water safe and palatable to drink.
Dwring treatment a wide variery of chemicals are used. Very occasionally excessive
amounis of these chemicals are added due to poor operation or accidents. However,
small amounts of these chemicals are normally discharged with the finished water
due to the nature of the processes themselves. These include aluminium, iron and
organic compounds used as coagulants, such as polyacrylamide. These are needed to
remove paiticulate matter and with good operational management the carryover
should be negligible. These chemicals cause discolouration as well as odour and raste
problems. The new Drinking Water Dizective sets limit values for all these com-
pounds (Tables 8.6 and 8.7), with a limit set on acrylamide for the first time in drink-
ing water at 0.1 pgl™). This will be difficule for the water industry to achieve as
acrylamide monomer is the active ingredient in polyacrylamide flocculants, which are
used widely to treat drinking water and to dewater sludges in both water and waste-
water treatment. The industry had set a maximum permissible dosing conceniration
of 0.3mgl™! of the flocculant, which must not exceed 0.025% free acrylamide
monomer in its formulation, resulsing in 0.125 g1~} in the finished water assuming
all the acrylamide monomer is dissolved. The Drinking Water Inspectorate has set a
stricter acrylamide monomer limit for polyacrylamide flocculants at 0.02% ensuring
the new drinking water standard can be achieved. The new purity limits in the existing
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standards for polyacrylamides used for the treatment of water for human con-
sumption (BS:EN 1407:1998 Anionic and non-ionic polyacrylamides and BS:EN
1410:1998 Cationic polyacrylamides) came into force on 25 December 2003. Another
factor is that recycled water from sludge treatment will contain all the acrylamide
monomer used during the process, This extra loading rmust also be taken into con-
sideration when calculating flocculant doses. Other chemicals are added deltberately
to water, chlorine to pretect censumers from pathogens and fluoride to help protect
teeth from decay.

11.2,1 CHLORINE AND CHLORINATED ORGANIC COMPOUNDS

Chlorine has a distinctive odour that is responsible for most repotted odour and taste
problems in drinking waters. Although the WHO has set its health-related guideline
valie at S.0mgl~', in practice concentrations are very much lower than this due to
odour and taste problems. Chiorine has an average odour threshold of 0.16 mg[~! at
pH 7and 0.45mgl~" at pH 9, although the ability to detect chlorine in drinking water
varies significantly between individuals, Chloramines, produced when chlorine reacts
with ammonia, are more odorous then free chlorine becoming progressively more
offensive with increasing number of chlorine atoms. The operator has to strike a bal-
ance between the protection of public health by good disinfection and the whole-
someness of water in terms of chlorine taste {Section 10.1).

Phenolic compounds react with chlorine to produce mono- or dichlorphenols, both
of which havg a strong medicinal odour. So objectionable is the odouwr that problems
can oocur even when phenols are present in raw waters at below the current detec-
tion limit. Dichlorphenol has an odour threshold of 2 g™}, and as many phenolic
compounds cccur naturally in lowland rivers such odour problems are 2n unavoid-
able seascnal problem.

A wide range of compounds can be formed by chlorine reacting with natural humic
material or other organic compounds (Table 11.8). THMs are simple, single carbon
compounds which have the general formulae CHX; where X may be any halogen
atom (e.g. chlorine, bromine, fluorine, iodine or a combination of these). While the
risk from THMs is lew, seme are known to be carcinogenic with evidence showing a
link between long-term low-level exposure and rectal, intestinal and bladder cancers.
They are only found in waters that have been chlorinated, with those dependent on
soft peaty water resources or nutrient-rich lowland rivers for supply particularly at
tisk. The EU Drinking Water Directive (98/83/EC) has set a limit value for total
THMs of 100 g1~ {Tables 8.6). Total THMs is calculated as the sum of the four
common THMs in Table 11.9). The World Health Organization (WHO} has set guide-
line values for four THM compounds (Table 11.9), where the guideline value for THMs
i5 that the sum of the ratio of the concentration of each to its respective puideline
vatue should not exceed 1.
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Tasle 11.8  Common disinfection by-products found i drinking water

Chiorine

Trhalomethanes
Chlocoform {trichlarormethane)
Bromolorm [tribromomethanc)”
Bromodichloromethane (BDHCMY®
Dibromoehloromethane [DHOM

Other irthafometluines: chlprinated acetic acids
Monowehloroucete acid (MCA™
Dichloruaceie acid (1DCA)®
Trichloroacetic acid (TCA)

Other tthalometianes: lurkecetanitriles
Lichlorvaceronitrile {DCAN)®
Dibromoacetnnitrile {DBAN)
Bromochloronceiomnirrie [BUANP
Trichloroacetonitrile (TCAN)

(ther
Chloeal hydestst
3-Chloro-4-(dichloromed ol }-5-Tredexy -2{ 5H | - furanooe {MX)*
Chloropicrin®
Chlorophe nols*

Chlurapropamies

(zane
Brogute®
Formaldehyde®
Aeetaldelvde
Non-chlovinated aldehydes
Carboxyvlic acids
Hydrogen peroaide
Cllorine divwile
Chlorite®
Chlarane®
Chlorcmeration
Cyanagen chloride?

“lucloded in the 1993 WHO drinking water guidelines.
Reproduced from Cray (19947} with permission of John Wilev and
Somis Lad. Chichester.

TaeLe 1.2 WHO standards for the common THMs

Cliloroform CHCI, 200 pgl™!
Bromeform CHEBr; 100 pgl™’
Dibronwehlornethane CHECI 100 g -1
Bromodichlaromethane {HBeCl, G0pgi-!?

Reproduced with permission of the Worlil Health
Organizaiion. Geneva,

To prevent by-product formation where there is a high concentration of organic
matter present in the water that could react with chloring, either chlorine dioxide or
chloramination should be used, or if feasible an altcrnative disinfection method
employed (e.g. ozonization or ultraviolet radiation). However, other by-products
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can also be formed with alternative disinfectants (Table 11.8). While granular acti-
vated carbon (GAC) filtration has been vsed to remove chlorinated orpanics, the
general approach is to use coagulation to remove dissolved organic matier before
disinfection (Sections 10.1 and 20.2). Some interesting treatment solulions are
described by Banks (2002}.

11.2.2 FLUORIDE

For decades it has been accepted that the addition of fluoride to water supplies
reduces the incidence of tooth decay in growing children, with ¢ptimum benefit
achieved around 1.0mgl~L. It has also been widely suggested that fluoride is aiso
beneficial to older people in reducing hardening of the arteries and, as fluoride stimu-
lates bone formation, in the treatment of osteoporosis. Today over 250 millien peo-
ple drink artificially fluoridated water. In the US, for example, over half of the water
supplies are fluoridated while in the Republic of Ireland all public water supplies are
fluoridated where the natural levels are belew 1.0mg 1~ No supplies are fluoridated
in Northern Ireland and oniy about 10% of supplies are currently Hluoridated in the
UK (Department of the Environment, 1997). In western continental Europe its use
has been terminated or never implemented, primarily cver health concerns, so
that < 1% of the population drink artificially fluoridated water. Fluoride is found nat-
urally in waters and high natural levels have to be reduced by mixing with low flun-
ride water to bring the concentration te 0.%9mg1™! (Fig. 11.3).

The EU Drinking Water Directive sets limit values for fluoride at 1.5mg 1" at 8-12°C,
or 0.7mgl™! at 25-30°C. This limit value of 1.5mgl™" has been adopted in the UK,
although in the Republic of Ireland a national limit of 1.0mgl™! has been set. The
effects of fluoride vary with temperature, so as the temperature increases the con-
centration permitted in drinking water decreases. Some bottled mineral waters may
also contain high levels of fluoride. The US Envirenmental Protection Agency has set
two standards for fluoride: a primary drinking water standard of 4mgl™~! o protect
against skeletal flucrosis, and a non-mandatory secondary drinking water standard of
2.0mgl! ta prevent dental fluorosis (Section &.1), both of which are under review.
The WHO have set a guide value of 1.5 mgl~, although it stresses that the volume of
water consumed, and the intake of fluoride from other sources, should be considered
when setting pational standards,

While it is clear that the early flueridation campaigns had a significant improve-
ment on the incident on tooth decay, these effects are no longer so obvious within
communities (USEPA, 1991). The primary explanation given being the now wide-
spread use of fluoridated toothpaste, flucride supplements and better dental hygiene
in the community. After the age of 12 vears calcification of tecth ceases so that
fluoride is of no further benefit. Therefore, it does seem more appropriate to pre-
sctibe fluoride medications solely for children rather than this mass-medication
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approach. However, this does disadvantage those children who do not have access to
fluoride medication.

Excess fluoride causes teeth to become discoloured {Huorosis) and long-term expo-
sure results in permanent grey to black discolouration of the enamel. Children who
drink fluoride in excess of 5 mg [~ also develop severe pitting of the ename). With the
increasing exposure of children to fluorids the advantages of water fluoridation may
be outweighed by the risk of Auorosis from over-exposure {Dunning, 1986) (Fig. 11.4).
Fluoride is cumulative and so any long-term effeets of low-dose exposure may well
not be realized vet. Leaks and spillages of fluoride can be very serious and even fatal.
The general effect of moderately elevated fluoride (30-50mg 11} will be mild gas-
troenteritis and possible skin irritation. For these reasons, many water suppliers have
taken the precautionary step of not flucridating water until more research has been
done on the potential long-termn health risks.
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11.3 WATER QUALITY PROBLEMS ARISING FROM THE DISTRIBUTION SYSTEM

Water quality problems are commonly associated with the deterioration of the distri-
bution network. Iron pipes can lead o discolouration of water, elevated iron concen-
trations and sediment problems. Asbestos cement, once widely used for water mains,
releases fibres of asbestos into the water. Concentrations of fibres up to 2 X 1081
are common and, although the USEPA has included asbestos in the Naticnal Primary
Drinking Water Regulations with an MCL set at 7 X 10° fibres 171, there is little evi-
dence of any health risks, which is why no standard has been proposed for Europe,
Both iron and asbestos cement distribution pipes are frequently lined with coal tar or
bitumen that release polycyclic aromatic hydrocarbons (PAHS) into the water. All
distribution mains have resident populations of animals than can cause consumer
complaints but the development of biofilms on the walls can lead to pathogen prob-
lems {Chapter 12) as weil as odour and taste problems.

11.3.1 POLYCYCLIC AROMATIC IIYDROCARBONS (PAHS)

Polycyclic (polynuclear) aromatic hydrocarbons also occur in soot, vehicle exhausts
and in the combustion products of hydrocarbon fuels. They are generaily not very
soluble but are readily adsorbed onto particulate matter resulting in high concentra-
tions where suspended solids are present in water. Nearly all PAHs are carcinogenic,
although their petency varies, the most hazardous by far being benzo(a)pyrene,
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Taece 11,10 Total concentration of PAHs in drinking water is caleulated

from the concemration of six reference compounds

Compound names Alternative nanes ured
used by WHG by Eurvpean Commission
Flucranthene Flunramhene

3. i-Benzofluoranthene Benzo-3.4-fhuoranthenc®
11,12-Benzoflizoranthene Benzo-11,12 -fluoranthena*
Benzo{a)pyrene Benzola)pyrene
1,12-Benzoperylene Benzo-1,12-perylens®
[ndeno-({1,2,3-.d) pyrene Indene-{1.2 3-c-d)-pyrene*

*The reference compounds used in the EU Deinking Water
Dircctive,

PAHs in drinking water are thought to cause gastrointestinal and oesophageal
tumours, however, drinking water contributes only a small proportion (<X0.5%) of
the totat aduls PAH infake. PAHSs are rarely present in the environment on their own
and the carcinogenic nature of individual compounds is thought to increase in the
presence of other PAH compounds.

While there are over 100 PAH compounds, the WHO have listed six reference com-
pounds that should be routinely analysed. These represent the most widely occurring
compounds of this group found in drinking water (Table 11.10}). The E1J has set a
limit value for the sum of the four reference PAH compounds in drinking water at
0.1ggl™, and a separate limit value of Q.01 pgl™? for benzo{a)pyrene. Recent
research has confirmed that flucranthene is not found at concentrations in drinking
water that pose a health hazard, and so the WHO (2004) has only proposed a health
guideline value in drinking water for benze(a)pyrene ai 0.7 pgl™?,

Groundwater sources and upland reservoirs in the UK contain low levels of
PAHs, <50ngl™!, while lowiand rivers used for supply contain berween 40 and
300ng!~! during normal flows, rising to in excess of 1000mgl™' at high flows.
Between 65% and 76% of the PAH in surface water is bound to particulate matier
and so can effectively be removed by physical water treatment processes such as sedi-
mentation, floceulation and filtration. The remainder can be either chermically oxi-
dized or removed by activated carbon. Even when PAH levels in raw water are high, due
to localized industrial pollution, then water treatment can adequately remeve PAH
gompounds to conform to EU limits. Typical concentrations of PAH in drinking
water range from Ingl~!to 11 pgi™L.

PAHSs can arise in drinking water after it leaves the treatment plant. Fluoranthene,
which is the most seluble but least hazardous of the PAH compounds, is occasionally
feund in high concentrations in drinking water samples collected at consumers’ taps.
This is due to leaching from the coal tar and bitumen linings commonly applied to
iron water mains. These linings also contain other PAH compounds which can find their
way into the water supply mains. As the lining ages then small particles become sroded
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from the surface, which are up to 5042 PAH by weight. New bitumen lining materials
also contain PAHs, although these leach at very much slower rates. Conventional
water treatment effectively removes the bulk of the PAH compeunds adsorbed onto
particulate matter, although the majority of PAH remaining is fluoranthene due to
its high solubility. Granular activated carbon can, however, remove 99.9% of the
Auoranthene and any other PAHs remaining in the water (Section 2016), Owing toils
relatively high solubility, fluoranthene is the major FAH to accumulate in groundwa-
ter, The vast majority of breaches of the limit values for PAHs in drinking water is
due to leaching in the distribution system.

11.3.2 ANIMALS AND BIOFILM

Bacteria and fungi are commeon in water mains, They grow freely in the water, and
more importantly form filens or slime growths on the inside of the pipe, which makes
them far more resistant against attack from residual chlorination. Biofilms can sig-
nificantly affect the microbial safety of drinking water {Chapter 12}, while in an oper-
ational sense slime formation is undesirable as it increases the frictional resistance in the
pipes, thereby increasing the cost of pumping water through the system (van der Wende
et al., 1989). Certain bacteria attack iron pipes increasing the rate of corrosion, while
other pipe materials can also be affected. In terms of water quality, microbial slimes
can alter the chemical nature of the water through microbial metabolism, reducing dis-
solved oxygen levels or producing end products such as nitrates and sulphides. Odour
and taste problems have been associated with high microbial activity in distribution sys-
tems, as have increased concentrations of particulate matter in drinking water (Table
11.5). The microbial slimes are also the major food souree for larger organisms that are
normally found in the bottom or at the marging of reservoirs, lakes and rivers.

Many upland rivers contain water of an exceptionally high guality having a low den-
sity of suspended solids and a good microbial quality. Such supplies may only receive
mdimentary treatment, so very small animal species cant enter the mains in large
numbers. Free swimming {planktonic) species, such as Daphnia (water flea), are unable
to colonize the mains, while many of the naturally occurring bottom sediment-
dwelling species (benthic), such as Cvelops, Asloma and Nais, easily adapt to live in
the mains and gven form bre¢ding populations. Those species which give rise to most
complaints arg not necessarily those species which enter the mains in the greatest
numbers from the resource, rather it is those which are able to successfully colonize
and reproduce within the distribution system. Most treated water contains particulate
organic or plant material in the form of algze, although the majority of orgamic matter
present will be in dissolved form (>>83%}). The majority of the animals present are
either feeding off the particulate organic matter or the micrebial slime, which itself is
feeding off the dissolved organic matter. These animals are eaten by carnivores, thus
forming very basic food ¢hains, The density or number of animals in the mains will
increase if there is an increase in organic maiter or algae entering the system from
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the source, while the accummlation of organic material including dead animals provides
a rich source of food and an ideal habitat for many animals. For this reason animals
are often associated with discoloured water and often cause discolouration themselves.
Also, as organic particles tend to accumulate towards the end of spur mains, in cul-de-
sacs for example, then the problem of discolouration, sediment and animals tend to
increase towards the end of the pipework.

The source of water is important in promoting animal growth. Groundwaters contain
less dissolved and particulate organic matter than surface waters, as it is removed by
filtration as the water moves through the aquifer. Alse, far fewer animais naturally
occnr in such waters to replenish or inoculate the mains. The lack of light in aquifers
prevents algal development, which is an important source of organic matter in many
other scurces. It is the eutrophic lowland reservoirs or rivers that have the greatest
potential for supporting large amimal populations, but these particular sources nor-
ntally receive considerable and often complex treatment prior to entering the mains.
Tn practice, it is upland sources, which receive more basic treatment only, that give rise
to major consumer complaints of animals in drinking water. The greater the level of
orgarnic matter in supplies the greater the problems from excessive slime growths in
distribution systems, often made woerse by not having animals present to graze and so
control slime development.

Animals occur in private supplies mainly because the water is being taken either
dirccily from a stream or spring, or from 2 wide borehole or old type of well. Where
wells are used, covering them to exclude the light will ensure that ne algae will
develop and, of course, ensure no frogs can enter to spawn. It streams where the
water is taken from a small chamber built into the strcambed then it is ingvitable that
some animals will be sucked into the pipe when the water is being used in the house.
In both cases it is advisable to fit 2 series of mesh screens over the inlet, starting with
a broad grade and ending up with a narrower grade to ensare both animals and silt
are excluded. Mesh screens on the inlet pipes of wide shallow wells are also advisable.
These screens will, of course, require periodic cleaning, but they will ensure that the
larger species are kept out of the supply. Periodic exarnination of the water storage
tank should also be made for animals and, if present, it should be drained and care-
fully ¢leaned cut ensuring ali the silt and any surface slime growths in the tank are
also removed using a weak sohition of bleach.

All water mains contain animals and to date some 150 different species have been
identified in British water distribution networks. Most of these species are aquatic
and enter the mains from the treatment plant, either during construction or mainte-
nance work, or during a temporary breakdown. The major sources of complaints are
due to truly aquatic species that are able to colonize the mains and successfully breed,
The largest animals regularly reported in British water maing are the water louse
{Asellus) and the water shrimp (Gammarus) (Section 4.3). Once the animal has been
identified then the water supply company may take the Following action depending
on the species. The isolated appearance of a single organism, although potentially
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distressing, should not be taken as a serious indication of a problem. Often animals,
such as dselfis or mussels, are present in very large numbers in water mains without
ever appearing at the consumer's tap and without causing any reduction in water
quality. Conversely, the cresture that falls into the sink frotn the rap may have been
the only one. Incidentalty, animals usually appear at the kitcher tap, or less frequently
end up in the storage tank. If animals appear in taps not directly connected to the rising
main, then the water storage tank should be examined immediately. Whenever pos-
sible invertebrates should be eliminated before they pass into the distribution system.
Once in the distribution network a number of control options are available, Chemical
controls include disinfectants {chlorine and chloramines) and pesticides, such as
pyrthrins and copper sulphate. Physical controls include hydrant flushing, cleaning
and relining pipes, and elimination of dead ends and areas of low flow. In practice,
flushing is used in the first instance and if the problem persists then more drastic
action will be required.

11.4 WateR QuaLITY PROBLEMS ARISING IN HOME PLUMBING SITUATIONS

The majar problems arising within the house are elevated concentrations of lead, cop-
per and zine, edour and taste, fibres from loft insulation, corrosion and pathogens.
However, most home-based problems are associated with corrosion of pipework and
storage tanks leading 1o contamination of water by lead, copper, zinc or iron.

11.4.1 CORROSION

Corrosion usually involves lectrochemistry. The compenents of an electrochemical
¢ell are: an anode and a cathode which are sites on the howsehold pipewark, either
different metals coupled together or the same metal; the external circoit whick is
connecticn between the anode and cathiode {i.e. the pipe); the internal eircuit which
is the conducting solution (i.e. the water). When a cell is formed, oxidation oceurs at the
cathode which is negatively charged. Metal dissolution occurs at the anode releasing
metal into solution {Fig. 11.5). The difference in potential is a major factor in corro-
sion, Potential differences on a pipe of the same material is caused by minute differ-
ences in surfaces caused during manufacture or by stress caused during installation.
Any imperfections result in differences in potential, but major potentia)l differences,
resulting in rapid corrosion, are found when different metals are coupled together.
This is known as galvanic corrosion. The galvanic series is the relative tendency of
metals to corrode and can be used to select suitable metals to couple together. In
decreasing order of corrosivity the metals are manganese, zinc, aluminium, steel and
irom, lead, tin, brass, copper and bronze. The further apart two metals are on this
scale, the greater the potential difference between them if coupled and so the greater
the rate of corresion {e.g. iron pipes will corrode if connected by brass fittings). The
commenest preblem is where a piece of copper pipe is used to replace a section of
lead pipe. The copper pipe becomes a cathode and the lead pipe an anode, resulting in
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Ficune 11.5

Main pathways lead-
ing to the corrosion
of metal surfaces

inl household
plumbing. {Repro-
duced from
Ainsworth et of.
{1981} with per-
mission of WhHe ple,
Medmenham.)

the lead pipe corroding away, releasing metal inte solution. So in household plumb-
ing it is best to use all the same metal (e.g. copper pipes and fittings) or metals very
close on the electrochemical scale {e.g. copper pipes and brass/bronze fittings).

Galvanized steel tanks (steel coated with zinc) are particularly susceptible to corrosion
as any crack or blemish on the surface coating of zine will form a cell. The zinc becomes
the anode and the iron the cathode, and so zinc is leached into the water. Corrosion
of galvanized stegl is increased significantly if coupled with copper tubing (upstream)
and the water is cuprosolvent. The leached copper is deposited in the tank causing
rapid corrosicn. A common problem is where water is returned back to a galvanized
tank by copper overflow pipes (e.g. overflow from a copper hot water cylinder).

The rate of corrosion rapidly increases at higher temperatures and when the water is
acidic. Therefore, corrosion is more pronounced in soft water areas and in the hot
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water circuit of the household plumbing, with copper most at risk. Corrosion can be
controlled by installing sacrificial anodes. These are made out of different metals
depending on the cathode requiring protection. For example, magnesium alloy fitted
onto a steel rod is used to protect galvanized steel tanks, while alurtinium rods are used
in copper cylinders. These corrode instead of existing pipework or tanks. Acidic water
is normally neutralized during treatment to prevent corrosion to consamers” plumb-
ing, while in the UK Water By-laws are used to protect supplies from poor plumbing
(White and Mays, 1989}, By-law 60 does not permit dissimilar metals to be connected
unless effective measures are taken to prevent deterioration (i.e. installation of a sac-
rificial anode} or where deterioration is unlikely to occur through galvanic action.
Metals can be mixed so long as the sequence in downstream order of use is galvanized
steel, uncoated iron, lead and copper. Plastic pipes are now widely used instead of
copper and they can alsa be safely used with any other material.

11.4.2 LEAD

Lead is rarely found in water resources in concentrations in excess of 10pgl™'.
However. in many areas where soft acidic water resources are used elevated lead levels
in drinking waters are contmon. This is because most houses built before 1964 will have
some lead piping and fittings, while houses constructed before 1939 have extensive lead
pipework. Many millions of houses have lead service pipes connecting the house to
the water main (Section 10.2). Lead was widely used for this purpose because being
so malleable it allowed slight movement of the pipework without fracture, rather like
the modem plastic pipes used today. There is currently a major campaipn throughout
the EU to replace lead service pipes,

Plumbosolvency (i.e. the ability of the water to dissoive lead) is strongly affected by
the pH and alkalinity of the water. Below pH %0 the rate of leaching increases rap-
idly sc that at pH 6.5, which is common in many areas receiving soft acidic upland
waters, lead is rapidly dissolved from pipes, Other factors affecting plumbosolvency are
water temperature, contact time between the lead and water, and the surface area of
lead exposed to the water. Lead can also be a shori-term problers in modern buildings.
Tin-lead-scldered joints are widely used to connect copper pipework. This source of
lead does not normally result in a serious increase in lead uptake as it is generally
only the internal pipework that is affected and not the cold-water tap in the kitchen
which is connected directly to the rising main using a plastic pipe. In 1986, the US
Congress banned the use of solder containing lead in potable water supply and
plumbing systems. Only lead-free materials can now be used. Solder is considered to
be lead free if it contains no more than 0.2% lead, while pipes and fittings must not
exceed 8.0% lead. Water coolers {drinking fountains) are commoniy used in schools
in the US, and were found to have lead-lined water reservoirs and lead-soldered
parts. This was leading to ¢levated lead levels in the water. Legislation, in the form of
the Lead Contamination Contrel Act 1988, amended the Safe Drinking Water Act to
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protect children from this exposure by banning the sale or manufacture of coolers
that are not completely lead free.

Lead is odourless, tasteless and colovrtess when in solution, so that even relatively
high concenirations of lead in drinking water are undetectable by the consumer unless
chemically analysed. Lead is not removed by boiling and in fact is concentrated, with
elevated levels found in kettles that are not fully emptied before refilling. The body
readily absorbs lead, with young children, infants and foetuses, which are rapidly
growing, absorbing lead five times faster than adults. Lead attacks the nervous system
resulting in behavioural abnormalities and mental retardation in the young and unbom.
Adults with specific disorders who require increased intake of water or who need
renal dialysis are also at risk. Foetuses are patticularly vulnerable and there is strong
evidence to link stillbirchs with the exposure of pregnant women o high lead levels in
drinking water.

Until the introduction of the new Drinking Water Directive into national legislation
in 2000, the standard for lead was 5(¢ g 1~!. This will be reduced ta the WHO guide-
line of 10 g 1™ within 15 years in a number of incremented reductions by specified tar-
get dates (Section 8.1). The USEFA set the current MCL for lead at 50g]™!in 1975
with no MCLG value specified. In Angust 1988, it proposed an MCLG value of zero
and an MCL value of just 5 pgl™" for water leaving the treatment plant and entering
the distribution system. If the lead level exceeds certain threshold values, so-called
‘no-action levels’, then certain remedial measures must be taken by the supplier. For
example, if the average lead level in the system exceeds 10ugl™! or the pH is <8.3 in
more than 5% of the samples collected at consumers’ taps, then corrasion control is
required. If 5% of these samples exceed 20 pg 1~ then a public education programme
must be instigated to alert consumers to the problem and to what preventative action
should be taken.

Antong the remedial measures that can be taken to reduce lead levels in drinking
walter are:

(a) to reduce the level of lead in the resonrce, although this is rarely a problem;

{b) o alert the consumer of the possibility of high lead levels and to identify those at
risk and what action should be taken to reduce exposure;

{c) to reduce the corrsosivity of water by neutralization;

(d) by lining lead service pipes; or

(¢} by replacing lead service pipes (Gray, 1994).

Lead phosphates are more insoluble than lead carbonate compounids and in practice
the addition of small quantities of orthophosphate (1.5-2.0mg]1 71} into soft waters
produces a substantial reduction in lead solubility. Phosphated waters have extremely
tlat solubility curves over a wide range of pH in soft waters compared to those with
no orthephosphate present (Cardew, 2002).
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11.4.3 COPPER

Copper is normally present in natural waters a low concentrations, except in metal-
literous arcas, Its presence in drinking water is almost always due to the attack of
copper plumbing. Where the water is cuprosolvent the metal is leached from the copper
pipework into solution giving rise to blue coloured water, staining of sanitary warc
and occasionally taste problems. Concentrations in drinking water are generally low
with an astringent taste caused by copper at concentrations in excess of 2mgl~!
(2000 pg17"). Abhove this concentration the consumer will reject the water due to an
astringent taste and so copper rarely causes health problems. Water should not be
drunk from the hot water taps, as the water which is heated in the copper cylinder will
have been in contact with copper for some time at elevated temperatures allowing
maximum corrosion to occur and resulting in levels high ¢nough to cause nausea.
Cuprosolvency occurs with soft acidic waters or with private supplies from boreholes
where free C0; in the water produces a [ow pH. Apart from pH, other important fac-
tors in cuprosolvency are hardness, temperature, age of pipe and oxygen. The inside
of the pipe is protected by a layer of oxides, but water with a pH of <4.5 and a low
hardness of <60mgl™! as CaCO; will result in corrosion. Hot water accelerates the
corrosion rate, although oxygen must be present. If absent then corrosion witl be neg-
ligible regardless of the temperature. Corrosion of pipes can be severe causing bursts
in pipework, usually the hot water pipes, the cendral heating system or the hot water
cylinder. Under such conditions some form of corresion control is recommended.
Raising the pH of the water to 8.0-8.5 overcemes most corrosion problems. Temporary
elevated copper concentrations are a particular problem associated with new plumb-
ing. Unless the water is acidic, then the problem should quickly resolve itself as the
pipework becomes coated with a layer of oxides.

The Drinking Water Directive sets its limit value at 2000 ugl~" while the National
Primary Drinking Water Regulations ir: the US have a threshold value of 1 mgl~! for
copper. In accordance with the 1986 amendment to the Safe Drinking Water Act, the
USEFA have proposed guide (MCLG) and mandatory (MCL) levels of 1.2 mg |~ enter-
ing the distribution system. Corrosion control is required if copper levels at the kitchen
tap exceed 1.3 mgl ™' in 5% of the samples tesied or, as with lead, if the pH is <80 in
more than 5% of the samples tested. In their 2004 guidelines, the WHO have set a
health-based guide value of 2mgl"', but at concentrations above 1mg1~! staining of
laundry and sanitary ware occurs, Copper begins to impart a blue colour to water at con-
centrations above 4-5mg 1", Such water should not be wsed for consumption purposes.
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INTRODUCTION

Microbial contamination is the most critical risk factor in drinking water quality with
the potential for widespread waterborne disease. Illness derived Erom chemical con-
tamination of drinking water supplies is negligible when compared to the number
due to microbial pathogens (Galbraith ef al., 1987; Herwaldt et al., 1992),

CLASSIFICATION OF PATHOGENS

The term pathogenic is applied to those organisms that ¢ither produce or are
involved in the production of & disease. Three different groups of pathegenic micro-
organisms can be transmitted via drinking water to humans; these are bacteriz,
viruses and protozoans. All are transmitted by the faecal-—oral route, so largely arise
either directly or indirectly by contamination of water resources and supplies by
sewage or animal faeces. Tt is theoretically possible, although unlikely, that other
pathogenic erganisms, such as nematodes {roundworm or hockworm) and cestodes
(tapeworm), may also be transmitted via drinking water.

Diseases closely associated with water are classified according te their mode of trans-
mission and the form of infection into four different categories: waterborne, water-
washed, water-based and water-related diseases.

1. Waerborne diseases. These diseases occur where a pathogen is transmitted by
ingestion of contaminated water, The classical waterborne diseases are mainly
low-infective dose infections, such as cholera and typhoid, with all the other dis-
eases high-infective dose infections that include infectious hepatitis and bacillary
dysentery. All waterborne diseases can also be transmitted by other routes, which
permwifs faecal material to be mgested.

2. Water-washed diseases. These include faecal-orally spread disease or disease
spread from one person to another facilitated by a lack of an adequate supply of
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water for washing. The incidence of all these diseases will fall if adequate supplies
of washing water, regardiess of microbial quality, are provided. These are diseases
of mainly tropica! areas, and include infections of the intestinal tract, the skin and
eyes. Most of the intestinal infections are dfarrhoeal diseases responsible for the
high mortality rates among infants in hot climates. The infections of the skin and
mucous membranes are non-faecal in origin, and include bacterial skin sepsis, sca-
bies and cutaneous fungal infections (such as ringworm}. Diseases spread by fleas,
ticks and lice are also included in this category, such as epidemic ryphus, rickettsial
typhus and lonse-borme fever.

3. Water-based infections. These diseases are caused by pathogenic organisms which
spend part of their life cycle in aquatic organisms. All these diseases are caused by
parasitic worms, with the severity of the infection depending on the number of
worms infesting the host. The two commonest water-based diseases are schistoso-
rigsis due te the trematode Schisfosoma spp. and guineaworm, which is the nem-
atode Dracunculus medimensis. Schistosoma worms use aquatic snails as
intermediate hosts and are estimated as infecting as many as 200 million people,
while the guineaworm uses the small crustacean Cyelops spp. as its intermediate
host.

4, Water-related diseases. These are caused by pathogens carried by insects that act as
mechanical vectors and which live near water, all these discases are very severe
and the control of the insect veciors is extremely difficult. The most important
water-related diseases include two viral diseases: yellow fever transmitted by the
mosquito Aedes spp. and dengue carried by the mosquito Aedes aegypri which
breed in water. Gambian sleeping sickness, trypanosomiasis, i5 caused by a proto-
zoan transiitted by the riverine tsetse Ay (Glossing sp.) which bites near water,
while malaria is caused by another protozean (Plasmodium sp.)} which is transmit-
ted by the mosquito 4nopheles sp. that breeds in water (Bradiey, 1993). Climate
change will have a significant effect on the distribution of these diseases, espe-
ctally those in Category 4 (Section 23.2).

STRATEGIES FOR CONTROLLING PATHOGEN
TRANSFER

A barricr approach is the key strategy for controlling the health risks posed by
microbes in drinking waters, This involves the treatment of wastewaters to remove
pathogens as well as the treatment of raw waters, which includes disinfection {Fig. 12.1).
Monitoring water supplies for the presence of specific pathogens is difficult and
largely impractical, so a more indirect approach is adopted where water is examined
for indicator bacteria whose presence in water implies some degree of contamination.
The use of indicator organisms, in particular the coliform group, as a means of con-
trolling the possible presence cof pathogens has been paramount in the approach to
assessing water quality adopted by the World Health Organization (WHO), US
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Environmental Protection Agency (USEPA) and the European Union (EU) (Section
8.1}, This approach is based on the assumption that there is a quantifiable relationship
between indicator density and the potential health risks involved. A water quality
guideline is established {Fig. 12.2) which is a suggested upper limit for the density of
an indicater organism above which there is an unacceptable risk (Cabelli, 1978). An
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exampls is given for determining the risk of indfection from bathing waters in Section
8.2 (Fig. 8.1). Ideally water destined for human consuenption should be free from
micro-organisms; however, in practice this is an unattainable goal.

The extent to which strategies, such as the barrier approach and the establishment of
allowable limits for bacteria in water, have been successful in maintaining water qual-
ity is seen by the dramatic decline in epidemic and endemic waterborne bacterial dis-
eases, such as typhoid fever and cholera, in the more developed regions of the world
{Sobsey et al., 1993).

12.1 WATERBORNE PATHOGENS

TaeLe 12.1

The major waterbome disease-causing pathogens are summarized in Table 12.1 and
are considered below.

12.1.1 PRIMARY BACTERIAL PATHOCGENS
Salmuonella

The various serotypes that make up the genus Selmonells are the most important
group of bacteria atfecting the public health of both humans and animals in Western
Europs; wild, domestic and farm animals often acting as reservoirs of human salmo-
nellosis. Water resources can become contaminated by raw or reated wastewater, as

Bacterial, viral and protozoan disenses generally mransmitted by
contnminated drinking water.

Agent Dizeaae Incubation time
Bacterin
Shigelln spp. Shigellosis 1-T days
Seetreonelli spp.

5. {jrpfn'mun'um Salmonelosis O=T2 |y

& t_‘yjr).ﬁi T!,'phoid fever 1-4 duys
Enterotoxigenic Eschertclia coli Diarrhoea 12-72h
Campylobucter spp. Cuastroenteritis 1-7 daws
Fibrio choferae Caseroenreritis 1-1 days
Firtises
Hepartitis A Vepatits 1543 days
Norwalk-like agent Caastroenteritis 1-T davs
Virus-like particles <27 nm Castrosrueritis 1-T durys
Rotavirus Gastroepheritis 1-2 dlays
FProtozon
liardin lambiig Cranliasis T-10 days
Entamuoebn histolyfica Ameohissis 24 weeks
{ryplosporidinm Crypiosporidioss 310 days

Reproduced from Singh and MeFeters (1992] with permission of Jalkn Wiley

and Sons Lne., New York,
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weil as by effluents from abattoirs and anitnal-processing plants (Gray, 2004). 1t is
commonly present in taw waters but only occasionally isolated from finished waters,
chlotination being highly etfective at controlling the bacteria. Typical symptoms of
salmonellosis are acute gastroenteritis with diarrhoea, and can also be associated
with abdomiral cramps, fever, nausea, vomiting, headache and, in severe cases, even
collapse and possible death. The most serious diseases associated with specific
species are typhoid fever (Selmonelia typhi, S. typhi) and paratyphoid (8. paranyphi
and S, schottuellen’). Salmonellosis carries a significant mortality amongst those
with acquired immuno deficiency syndrome (AIDS} and poses significant problems
in its management,

Shigella

Shigella canses bacterial dysentery or shigellosis and is one of the most frequently
diagnosed cause of diarrhoea in the US. Shigellosis is a problem of both developed
and developing countries, with the eastern Mediterranean countries considered as an
endemic region for the disease. The species of this bacterial genus are rather similar
in their epidemiclogy to that of Safmoneilz except they rarely infect animals and do
not survive quite so well in the environment. When the disease {s present as an epi-
demic it appears 1o be spread mainly by person-to-person contact, especially between
chiidren, shigellosis being a typical institutional discase occurring in over-crowded
conditions. There has been a significant increase in the number of cutbreaks arising
from poor quality drinking water contaminated by sewage. Of the large number of
species (> 40), only 8. dvsenteriae, Shigella sonnel, S. flevneri and §. boydii are able to
cause gastrointestinal disease. . sonrei and 8, flavren account for =90% of isolates,

although it is S. dysenterine type 1 which causes the most severe symptoms due {o the
production of the shiga toxin.

Cholera

While the disease in now extremety rare in the developed world, major waterbome
outbreaks occur in developing countries, war zones and disaster areas. It is still
endemic in many areas of the world especially those which do not have adequate sani-
tation and in particular situztions where the water supplies are continuously con-
taminated by sewage. However, over the past 15-20 years the incidence and spread
of the disease has been causing concern which has been linked to the increasing
mobility of travellers and the speed of travel. An infected person or symptomless car-
rier of the disease excretes up to 10" bacteria daily, enough to theoretically infect 107
people! Up 1o 10°-107 erganisms are required to cause the illness; hence cholera is
not normally spread by person-to-person contact. It is transmitted primarily by drink-
ing contaminated water, but also by eating food handled by a carrier, or which has
been washed with contaminated water, and is regularly isolated from sutface waters
ini the UK and the US. [t is an intestinal discase with characteristic symptoms: that is,
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TaeLE 12,2

sudden diarrhoea with copious watery faeces, vomiting, suppression of urine, rapid
dehydration, lowered temperature and blood pressure, and complete collapse.
Without immediate medical therapy the disease has a >60% mortality rate, the
patient dying within a few hours of first showing the symptoms, although with suit-
able treatment the mortality rate can be reduced to <1%. Vibrio cholerae are natural
inhabitants of brackish and saline waters, and are rapidly inactivated under
unfavourzble conditions, such as high-acidity or high-organic-matter content of the
water, although in cool unpolluted waters the bacterivim will survive for up to
2 weeks. Survival is even greater in estuarine and coastal waters.

12.1.2 OPPORTUNISTIC BACTERMAL PATHOGENS

Opportunistic bacteria are usnally found as part of the normal heterotrophic bacter-
ial flora of aquatic systems and may also exist as part of the normal body microflora
{Table 12.2) (Reasoner, 1992). Thesc organisms are normally not a threat to healthy
individuals but under certain circumstances they can lead to infection in certain
segments of the comommity, in particular newbom babies, the elderly and the
immune-compromised. It is thought that numerous hospital-acquired infections are
attributable to such organisms (D Zuane, 1990). Some of the organisms listed in
Table 12.2 are also considered as primary pathogens, meaning that they are also

Typical cpportunistic bacterial pathogens that ave isolated
from drinking water

Aciretabacter spp.
Achromobacter rylosoxidans
Aeromonas Jydrophifa
Baciflis spp.
Campylehacter spp?
Citrobarter spp.
Enterobacter aerogencs
Enterpbacter ageformerans
Erterabacter cloaeae
Hlavobactenum metangasepticinn
Hesfreinn eafved

Kiebaielin pnenmoniae®
Legianella prewmopils®
Morarello spp.
Myrobacterium spp.
Psendomonis spp- (non-gerugingsa)®
Servatia fonticola

S, fiquefaciens

S, marcescons
Staphylococeus spp?

Fibrio flurudis®

*Indivates that 1he organisie may be 2 primary pathogen.
Reproduced from Reasoner {1992 with permission of
LIS Environmental Protection Ageney, Washingtar, DG,
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capable of being primary disease-causing agen¢s rather than secondary invaders. Of
these organisms, those of particular concern at present include Campyiobacter spp.,
enterotoxigenic Escherichia coli (E. colf), Mveobacteria spp., Legionella preurophila
and aeromonads.

Campylobacter

Campvlobacter is a major cause of gastroenteritis, being more common than
Salmonella. In the US, the annual incidence of this organism is berween 30 and 60 per
100000 of the population (Skirrow and Blaser, 1992). In developing countries, out-
breaks of Campvlobacter enteritis are a major cause of morbidity and mortatity in the
first 2 years of life. While Campylobacter enteritis is essentially a foodborne disease,
with the most important reservoirs of the bacterium being meat, in particular poultry,
and unpasturized milk, watgrhome transmission has been implicated in several large
outhreaks. Waterborne transmissicn of Campylobacter occurs in entreated, contami-
nated waters, in situations where faulty disinfection has occurred or where waters
have been contaminated by sewage or animal wastes {Tauxe, 1992). Household pets,
farm animals and birds are all known to be the carriers of the disease. There is a def-
inite seasonal variation in numbers of Campylobacters in river water, with greatest
numbers occurring in the autumn and winter. Campylobacter jejuni (C. jejuni)
serotypes are common in buman infections and especially common downstreain of
sewage effluent sites, confirming sewage effluents as important sources of C. jefun/f in
the aguatic environment. Gulls are known carriers and can contaminate water supply
reservoirs while they roost. Dog faeces in particular are rich in the bacterium, mak-
ing contamination of surface waters used for abstraction by surface {urban) run-off
an important source of contamination. Canywlobacter can remain viable for
extended periods in streams and groundwaters. Survival of the bacterium decreases
with inceeasing temperature but with survival at 4°C in exccss of 12 months.

Escherichia eoli 0157007

E. cofi 0157-H7 causes hacmerrhagic colitis, hasmolytic-uraemic syndrome and is a
major ¢avse of kidney disease in children. Like C. jefuni, this organism is generally
associated with food, in particular beef and milk, but in recent years has been impli-
cated in a number of watcrborne outbreaks. The number of organisms required to
initiate infection is thought to be <<100.

Myconbacteria

Mycobaeleria spp. are now recognized as being opportunistic pathogens of consider-
able significance that cause a wide range of diseases in humans, including pulmonary
disease, cervical lymphadenopathy as well as localized and soft tissue infections. It is well
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established that Myeobacteria are commonplace in all types of aquatic environments,
including estuaries, ocean water, groundwater, surface water and distribution sys-
tems (Jenkins, 1991). The majority of waterborne mycobacterial autbreaks are attrib-
utable to treatment deficiencies, such as inadequate or internipted chlorination; but
other factors may also influence the growth of this organism in water supplies, such
as pitting and encrustations found inside old water pipes which protect bacteria from
exposure to free chlorine, Mycobacteria can also colonize areas where water is moving
slowly, as in water distribution systems in large buildings, such as blocks of flats, offices
and hospitals, thus continuously seeding the system (Du Moulin and Stottmeier,
1986). Drisease assaciated with these bacteria is steadily rising, particularly among
patients with AIDS,

Aeromonads

Aeromongs spp. have been implicated as the causative agent in a number of water-
borne outbreaks and are considered to be an important, and often faral, cause of
ncn-gastrointestinal illness in immuno-compromised individuals. Aeromonads have
been isolated from both chlorinated and unchlorinated drinking water supplies
occurring in greatest numbers during the summer months. They have also been isol-
ated in waters containing no E. coli and few total coliforms (Schbert, 1951).

Legionella preumophila

The bacterium Legiorella preumophila has been associated with domestic water sys-
tems, especially hot water stored at between 20°C and 50°C, Heat exchangers, con-
densers in air conditioning units, cooling towers and shower heads bave all been
found to be havens for the bacteria leading to bhuman infection. Infection is by inhal-
ation of aercsels from contaminated appliances. The bacteria survive and grow within
phagoeytic cells, multiplying in the lungs causing bronchopneumenia and tissue dam-
age. The bacterium is widespread in natural waters so any water supply can become
contaminated. Legioneila are commonly found in hospital water systems, and hospital-
acquired (nosocomial) Legicnnaires’ disease is now a major bealth problem (Joseph
ef al., 1994).

It appears tha a long retention time, and the presence of key nutrients, such as iron,
provides ideal conditions for the bacterium to develop. Therefore iron storage
cisterns subject to corrosion are particularly susceptible. In addition, water pipes that
are installed alongside hot water pipes or other sources of heat may also permit the
bacteria to develop. Prevention of Legionellz infection is normally achieved by either
hyperchlorination or thermal eradication of infected pipewoerk, although these meth-
ods are not always snccessful or with a permanent effect. The only effective preventa-
tive method has been shown to be the use of ultraviolet (UV) sierilizers as close to
the point of use as possible.
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Tame 123  Some buman enteric viruses and the diseases they cause

Virms gronp Serotypes Some discases caused

Enteropirieses

Folinviruses 3 Parnlysis, asepric meningitis

Caxsackievirus

A 23 Herpungia, aseptic meningitis,
respiratory illness. paralysis,
fever

B 0 Pleurodynia. aseptie meningitis.

perrarditis, congenital heart
disease anomalies, nepheitis, fever
Echovirus 34 Respivarory infertion, asepiic
meningitis, diaerhuea, pericarditis,
miyocardins, fever and rash

Enteroviruses (68-71) 4 Meningitis. resparatory illness

Hepatitis A virus (HAY) Infections hepatitis

Reoviruses 3 Respitatory disease

Rotaviruses 4 CGaswoenteriiis

Adenovineses 41 Respiratury disease, acute
CONpuUNCLivilis, gastinonieitis

Norwall: agent {caleivirus) 1 Gastrovuteritis

Aslroviruses 3 Crastroenteritis

Reproduced from Birron [1994) with permission of Wiley-Liss Inc., New York.

12.1.3 VIRUSES

There are over 120 distinct known types of human pathogenic viruses, Of most con-
cem for drinking water are those which cause gastrointestinal illness (enteric viruses)
which includes enteroviruses, rotaviruses, astroviruses, calciviruses, Hepatitis A
virus, Norwalk virus and other ‘small round’ viruses (West, 1891), However, the
heatth risks presented by these viruses are not just restricted to gastroenteritis
(Table £2.3).

Viral contaminaticn arises when sewage containing pathogenic viruses contaminates
surface and groundwaters that are subsequently used as sources of drinking waters.
Most viruses are able to remain viable for several weeks in water at low temperatures,
50 long as there is some organic matter present. Of most concern in Britain and the
U3 is viral hepatitis. There are three subgroups, Hepatitis A which is transmitted by
water, Hepatitis B which is spread by personal contact or inoculation and which is
endemic in certain countries such as Greece, and Hepatitis C which is a non-A- or
B-type hepatitis virus. Hepatitis A is spread by faecal contamination of food, drinking
water and areas, which are used for bathing and swimming. Epidemics have been
linked to all these sources, and it appears that swimming pools and coastal areas used
for bathing which receive large quantities of sewage are particular sources of infec-
tion. There »s no treatment for Hepatitis A, with the only effective protection being
good personal hygiene, and the proper protection and treatment of drinking water
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(Sectien 13.6). Symptoms develop 15—45 days after exposure, and include navsea,
vomiting, muscle ache and jaundice. Hepatitis A virus accounts for 87% of all viral
waterborne discase outbreaks in the US (Craun, 1985).

Two viruses which have caused recent outbreaks of illness due to drinking water con-
tamination are Norwalk virus and rotavirus (Cubitt, 1991). Norwalk virus results in
severe diarrhoea and vomiting. It is of particular worry to the water industry in that
it appears not to be affected by normal chlorination levels. Also it seems that infec-
tion by the virus only gives rise to short-term immunity while life-long immunity is
conferred by most other enteric viruses. Rotavirus is a major contributor to child
diarthoea syndrome. This causes the death of some 6 million children in developing
countries each year. This is not a serious problem in developed countries due to bet-
ter hygiene, nutrition and health care, Qutbreaks do ocour occasionally in hospitals,
and although associated with child diarrhoea, it can be much more serious if con-
tracted by an adult,

Viruses are usually excreted in numbers several orders of magnitude lower than that
of coliforms (AFHA, 1992). Because they only multiply within living susceptible cells,
their numbers cannot increase once excreted. Once in a cell-free state, their survival
and infectivity in the aquatic environment depends on a variety of biotie (i.e. type of
virus, bacterial and algal activity, and predation by protozea) and abiotic factors (i.e.
temperature, suspended maiter, pH, salinity, UV light penetration, organic com-
pounds, adsorption to suspended matter and aggregation). Temperature is consid-
ered to be the most important factor influencing viral destruction owtside the host
cell, being rapidly inactivated once exposed to temperatures in excess of 50°C.
Suspended solids provide a certain degree of protection for viruses. Adsorption onto
organic matter can prevent inactivation by UV light. Once adsorbed the viruses
can settle from suspension and survive for long perieds in sediments to become
resuspended if the water becomes turbulent.

In practice viruses gencrally pass unaffected through wastewater treatment plants
and 50 will be found in surface waters receiving both treated and untreated sewape
{Gray, 2004). Therefore effective water treatment disinfection is critical to prevent
viruses entering potable water supplies. Enteric viruses have bgen isolated from
drinking waters that have been treated by chlorination or other processes, such as
ozonation and chemical coagulation. Such drinking waters contain chiorine levels
originally thuught to be virucidal {0.1-0.3 mg171). Initially the ability to survive chlor-
ination was thoughl to be due to a lack of contact time with chlorine. It is now well
established that some enteric viruses are more resistant to chlorination than
coliforms. Exposure to over 2mgl™! of chlorine for 30 min is required to inactivate the
infectivity of the Hepatitis A virus, while exposure to as much as 5-6mg1™! chlorine
for 30 min may be required to destroy the infectivity of the Norwalk vifus. It has been
suggested that such resistance may be due to the protective effect of viral aggregation
{West, 1991},
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12.1.4 PROTOZOA

Protozoan pathogens of humans are almost exclusively confined to tropical and sub-
tropical areas, which is why the increased occurrence of Cryprosporidiuem and Giardia
cysts in temperate areas is causing so much coneern. However, with the increase in
travel, cartiers of all discases arc now found worldwide, and cysts of all the major
protezean pathogens occur in European sewages from time to time. Two other
protozean parasites which occur occasionally in the UK ate Entamoeha histolytica
(E. histolytica), which causes amoebic dysentery, and Naegteria fowleri, which causes
the fatal disease amoebic meningoencephalitis,

CGiardia lamblia

Giardin lamblia is a flagellated protezoan that is a significant cause of gastroenteritis
ranging from mild to severe and disabilitating disease with a worldwide distribution
being significantly more common in children than in adules. Cysts are passed from
the body in the stools and are ovoid, 14-16 pm long, 612 pm wide and are quadri-
nucleate. Giardia cysts are relatively resistant to environmential conditions ard are
capable of survival once excreted for long periods, especially in winter.

Transmission of Cigrdig cysts may be by faecal contamination of either bands, food
or water supplies. The disease is a zoonosis and cysts from a human source can be
infective to about 48 different species of animal including pets and vice versa. Cysts
are therefore widely distributed in the environment entering waterways through
sewage or storm water discharges or via the droppings of infected animals. Giardiasis
i3 now established to be one of the mast common causes of waterborme diseases in
the developed world. Most Giardia outbreaks occur in waters where chlorination is
the only form of water treaiment. This resistance to disinfection levels typically used
in water treatment indicates the need for additional treatment barriers. In
recognition of this, recent amendments to the US Safe Drinking Water Act now
requires that all surface waters intended for human consumption must vndergo
filtration to specifically remove cysts and sufficient disinfection to destroy Giardia
and prevent disease transmission. To date no such provisions exist in European legis-
lation. There is no way of preventing infection except by adequate water treatment
and resource protection. Current disinfection practices are generally inadequate as
the s0le barrier to prevent outbreaks. Boiling water for 20 min will kill cysts, while the
use of 1 um pore cartridge filters to treat drinking water at the point of use are also
cifective.

Cysts are generally present in very low densities and so samples must be concentrated
first. This is achieved by using ultra-filtration cassettes or finely wound polypropylene
cartridges (APHA, 1992). As cyst numbers cannot be amplified by in vitre cultivation,
they are generally deteeted by immuno-fluorescence with poly- or monoclonz] anti-
bodies or by direct phase contrast microscopy (Table 12.4).
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TablE 12.4  The standard methods associated with the sampling, isolation and ennmeration of pathogens
in drinking water, recreational waters and sewage shudge in the UK. These are available online from the
Environment Agency

Drinking water
The Micrebiology of Drinking Water 2002 ~ Part {: Water guality and public health, MDW2002({1]. Standing
Committee of Analysis. Environment Agency, |onden.

The Microbinlogy of Drinking Waiter 2002 — Par! 2: Practices and procedires for sampling. MDW2002(2). Standing
Committee of Analvsts, Environment Agency, London.

The Microbialogy of lrinking Water 2002 ~ Part 3: Practices and procedures for inboratories. MDW2002(3).
Standing Committer of Analysts, Environment Agency, Landan,

The Microbiology of Dirinking Water 2002 = Pert #: Practices and procedures for leboratories. MDW2002(3).
Standing Commitiee of Analysts, Environmenr Ageney, London.

The Microbiology 6f Drinking Water 2002 — Part 5: frolation and rrumeration of enterocncel by membrane filiration,
MDW2002(5). Standing Comnitier of Analysis, Enviranment Agency. London.

The Microbiology of Drinking Water 2004 - Par¢ 6: Methods for the selation and evaemeracion af sulphire-reducing
clostridia and Closindiom perfringens iy membrane filtiratron. Blue Book No. 192, Standing Committee of Analvsis,
Environment Agency, London,

The Mir:mbim'ogr afﬂrirtﬁng Haler 2002 — Poart T The enurneration of kelerafraphic bacteria by poer and spreoad
plare techrigiees. MDWE002(7). Standing Commitiee of Analvats. Envirenment Ageney, London.

The Microbiotogy of Drinking Water 2002 ~ Part: Methods for the isplotion and ensmeration of Arromonas and
Piendomenas eerugintose by smembrane pliration. MW 2002(8). Standing Commites of Analysie, Fnvironment
Apency, Londem,

The Microbiotogy of Drinking Water 2004 — Part 9: Methods for the isolation and eneneralion of Snimonefla and
Shivetlea by selective enrichment, mtembrane fiftration and medtiple e maost probable manber technitres. Blue Book
No. 194, Standing Commitiee of Aralysts, Eovironment Ageney, London,

The Microbiolugy of Drinking Water 2002 — Part 10: Methads for the Golation of Yersinin, Vibvio and Compytobacter
by selective enrichment. MDW20U2{10). Standing Comnittes of Analvsts, Environment Ageney, Londos.

The Microbiofogy of Drinkimg Water 2004 « Part 12: Methods for the solation and enmeralion of micro-organisms
resociated with taste, ndoier and refated aesthetic profifens. Blue Book No. 197, Standing Commitiee of Analysis,
Enviconment Agecy, London,

Recreational waiter
The Microbiology of recreadionad ond envirommental waters 2000. Blue Book No. 175, Standing Comenittee of
Analyvsts, Environment Ageney, Loadon.

Sewage sludge

The Microbiology of Sewage Sludge 2003 — Part 1: An averview of the treatment and wee in agriculture of semage
slucge in relation to its inpact on the eavironment ond public healfh, Blue Book No. 188, Standing Unmmitiee of
Analvsis, Environment Agency, Landon,

The Microbwslogy of Sewage Shofge 2003 - Part 2: Practices and procedures for sempfing and sample preparation,
Blue Book No. 189, Standing Commitree of Analysts. Environment Ageney. London.

The Microbictagy of Sewage Shudge 2009 - Part 3: Merhods for the iselation and ennmerativn of Esclierichia coli,
tricfding cerocyfororsgenie Escherichia coli. Bhee Book Ne. 190, Standing Comemittee of Analysrs, Enviconment
Agency, London,

The Micrabipfogy of Sewage Sudge 2003 — Part 3: Mochods for the isolation and onumeration of Salmonellac.
Blue Bock Mo. 191, S1anding Committee of Analvsts, Environmens Agency. London.

The Micrabiofogy of Serage Sludge 2004 — Part 4: Methods for the devection, olation and enumeralion of
Salmone!lae. Blue Book MNa. 195, Standing Commitiee of Analysts. Euviconment Agency, London,




12.1 Waterbome Pathogens = 321

Cryptosporidium parvum

Cryptosporidium parvum is a coccidian protozoan parasite and while the first case of
buman infection was not recorded until ¥978, cryptosporidiosis is acquired by ingest-
ing viable oocysts that are ovoid, between 4 and 6 pm in diameter, and generally
oceur in low mumbers in water. Clinical symptoms of eryptosporidiosis include an
influenza-like illness, diarthoes, malaise, abdominal pain, znorexia, nausea, flatu-
lence, malabsorption, vomiting, mild fever and weight loss. Generally this disease is
not fatal among healthy individuals. However, in young malnournished children, it can
cause severe dehydration and sometimes death (Smith, 1992). In the immuno-
compromised, including those with AIDS or those receiving immuno-suppressive
drugs, and also those with severe malnutrition, cryptesporidiosis can become a life-
threatening condition causing profuse intractable diarrhoea with severe dehydration,
malabsorption and wasting. Sometimes the disease spreads to other organs. These
symptoms can persist unabated until the patient eventually dies. In the UK, cryp-
tosporidiosis is currently the fourth most commonly identified cause of diarrhoea in
which a parasitic, bacterial or viral cause was established (Department of the
Environment and Department of Health, 1990} and is particularly difficult to treat.
Little is known of the exact infectious dose size, but a single oocyst may be enough to
cause infection, although outbreaks of cryptosporidiosis are usually associated with
gross contamination. The organism is not host specific and is capable of infecting
many species of mammal, bird and reptile. Qocysts from humans are infective for
BUMETous mammals.

Studies of water resources in the UK and the US have found that cocysts commonly
occurred in all types of surface water (lakes, reservoirs, streams and rivers) including
pristine waters with densities ranging from 0.006 to 2.5 oocysts [ (Department of
the Environment and Department of Health, 19%0; Le Chevallier er ai, 1991).
Significantly higher numbers of oocysts are found in water resources receiving
untreated or treated wastewaters, while cocysts tend to occur much less frequently in
groundwaters. Oocysts can survive for up to 18 months depending on the tempera-
ture. Most of the cocysts found in both surface and groundwaters are derived from
agricultural sources. Cattle and infected humans can excrete up to 1019 oocysts dur-
ing the course of infection, so that cattle slurry, wastewater from maris and sewage
should all be considered potential sources of the pathogen. The most important out-
break of cryptesporidia in the UJS in recent years occurred in April 1993 in
Milawakee, The water distribution system serving 800000 people was contaminated
by raw water from a river swolten by spring run-cff. In all 370000 people became ill,
4400 were admitted to hospital and approximately 40 died (Jones, 1994).

It has been established that chlorination at levels used in water treatsnent is ineftect-
ive against cocysts while ozone can achieve 90% inactivation at 1ppm of ozone for
5min. The critical factor in water treatment is the recycling of the backwash water
from rapid sand filtration. This water can contain up to 10000 oocysts | ~! with a very
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high chance of resultané break through if recvcled. In practice well-operated treat-
ment processes with proper filtration and disposal of filter backwash water should be
capable of achieving 99% reduction in ococyst concentration {Section 10.1.7). Their
detection in water samples relies on filtration of large volumes of water (100-5001) to
remove cocysts and examination of the concentrate by microscopy. Most methods
available for oocyst detection are adaptations of those used for Giardio detection
(Table 12.4).

12.1.5 CONCLUSION

Human enteric viruses and protozoan parssites possess certain traits, which aid
waterborne transmission and which have contributed to their increase in recent years
{West, 1991). These inciude:

{a) an ability to be excreted in faeces in large numbers during illness;

{b) failure of conventicnal sewage treatment to remove them;

{c) they can survive as an covironmentally robust form or they demonstrate
resilience to inactivation whilst in ant aquatic environment;

{(d) they are largely resistani to common disinfectants used in drinking water
treatment;

{e) most impertantly, they only require low numbers to elicit infection in hosts con-
suming or expased to water,

These factors are compounded by the difficulty of isolating and accurately detecting
these pathogens in both treated and untreated effluents, as well as in both surface
and groundwater resources. For both viruses and protozoa, large sample volumes
must be examined in order to detect small numbers of organisms. Propagation and
identification may take several days. In addition, by the time the outbreak is even-
tually recognized, it is usually long after the initial contamination event and that
water is no longer available for examination. This is particularly the case with proto-
zoan pathogens when a miner operational error during backwashing sand filters may
resuit in the breakthrough of cysts and cocysts inte the treated water.

12.2 MICROBIAL ASSESSMENT OF DRINKING WATER QuUALITY

In order to prevent pathogen transfer to consumers via drinking water, microbial
analysis is required. Chemical analysis can only be used for the assessment of water
treatment efficiency and to monitor compliance to legal standards. Biological exami-
nation of water is used to detect the presence of algae and animals that may affect
treatment or water quality, and to identify possible defects in the distribution network.
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12.2.1 MONITORING PATHOCGENS

Routine monitoring of pathogenic micro-organisms in drinking water is extremely
difficult because:

{a) pathogens are outnumbered by the normal commensal bacterial flora in both
human and animal intestines;

(b) large volumes of water {=21) must be filtered to ensure pathogens are recovered,

(c} isolation of pathogens require specific and complicated tests often using special
equipment;

(d) positive identification may require further biochemical, serological or other tests.

1t is therefore impracticable to examine all water samples on a routine basis for the
presence or absence {P-A) of all pathogens. In order to routinely examine water sup-
plies a rapid and preferably a single test is required. The theory being it is more effect-
ive to examing a water supply frequently using a simple general rest, as most cases of
contamination of water supplies occur infrequently, than only occasionally by a scries
of more complicated tests. This has led to the development of the vse of indicator
crganisms to determine the likelihood of contamination by faeces.

The use of indicator organisms is a widely accepted practice, with legal standards
based on such osganisms. The main criteria for selection of an indicator organism are:

{a) they should be a member of the normal intestinal flora of healthy people;

{b) they should be exclusively intestinal in habit and therefore exclusively faecal in
origin if found outside the intesting;

(c} ideally they should only be found in humans;

(d) they should be present when faecal pathogens are present and only when faecal
pathogens are expected to be present;

(e) they should be present in greater numbers than the pathogen they are intended
to indicate;

(f) they should be unable to grow outside the intestine with a die-off rate slightly less
than the pathogenic organisms;

{g) they should be resistant to natural environmental conditions and to water and
wastewater treatment processes in a manner equal fo or greater than the
pathogens of interest;

(h) they should be easy to isolate, identify and enumerate;

(i) they should be non-pathogenic.

While no organism can meet all these conditions consistently, in temperate regions
E. coli fulfils most of these requirements with other coliform organisms, faccal strep-
tocoecl and Clostridium perfringens also widely used. The EU Drinking Water
Directive {Section 8.1) specifies numerical standards for E. coff and enterococc
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(faecal streptococei) in drinking water; E. cofi, enterococci, Psendormonas aeruginosa
and fotal viable counts of heterotrophic bacteria at 22°C and 37°C in bottled waters
(Table 8.6). Routine {indicator) monitoring is restricted to coliforms, Clostridinm
perfringens and heterotrophic bacteria at 22°C only (Table 8.7}

These three groups are able to survive for different peniods of time in the aquatic
environment. Faecal streptococci die fairly quickly outside the host and their pres-
ence is an indication of recent pollution. E. coli {faccal coliforms) can survive for sev-
eral weeks under ideal conditions and are far more easily detected than the other
indicator bacteriz. Because of this it is the most widely used test although the others
are often vsed to confirm faecal contamination if £, colf is not detected. Sulphate-
reducing clostridia (Closiridium perfringens) can exist indefinitely in water. When
E. colfi and faecal streptococci are absent, its presence indicates remote or intermittent
pellution. It is especially nseful for testing lakes and reservoirs, althiough the spores
de eventually settle out of suspension. The spores are more resistant to industrial
pollutants than the other indicators and it is 2specially usefnl in waters receiving both
domestic and industrial wastewaters. It is assumed that these indicator organisms do
not grow outside the host and, in general, this is true. However, in tropical regions
E. colf in particular s known to multiply in warm waters and there is increasing evidence
that E. coff is able to reproduce in enriched waters generally, thus indicating an ¢le-
vated health risk. Therefore, great care must be taken in the interpretation of results
from tropical areas, so the use of bacteriological standards designed for temperate
climates are inappropriate for those areas. The most widely used identification and
epumeration techniques for indicator micro-organisms in donking waters are sum-
marized below. However, these methods are constantly being refined and updated
with the latest UK standard methods listed in Table 12.4.

12.2.2 HETEROTROPHIC PLATE COUNT BACTERIA

Heterotrophic plate counts (HIPCs) represent the aerobic and facuitatively anaerobic
bacteria that detive their carbon and energy from organic compounds (Teble 12.5).
Certain HPC organisms are considered to be opportunistic pathogens (Table 12.2)
and have been implemented in gastrointestinal illness (Section 12.1.2).

Heterctrophic bacteriz are commonly isolated from raw waters and are widespread
m soil and vegetation, and can survive for long periods in water and rapidly multiply,
especially at summer temperatures. There is also concern that these organisms can
rapidly multiple in bottled waters, especially if not stored properly once opened
{Gray, 1994). The EU Drinking Water Directive requires that there is no significant
increase from background levels of HPC bacteria in either tap or bottled
waters. While HPC bacteria are not a direct indicator of faecal contamination, they
de indicate variation in water guality and the potential for pathogen survival and

regrowth.
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TaplLE 12,3 Example of the HPC bacteria isolated from distribution and raw waters

Orgastism Distribution water Raw water
Totad Percentage Total Percentage
af tofal of tofal

Actinomyeete a7 0.7 0 0
Arthrobacier spp. & 23 2 1.3
Bacilfus spp. 17 4 G 1 0.6
Corynebucterinm spp. 1 5.9 3 1.9
Microcoeens lutens 12 35 o 32
Staphylococcs aureus 2 0.6 0 0
5. epidermidis 18 2.2 g |
Acinetobacter spp. 19 3.5 17 108
Abealigenes spp. 13 3.7 1 0.5
F. meningosepticum 1 2.0 ] 0
Group I¥e 4 1.2 b 0
Croup MS u 2.0 2 1.3
Group M4 2 2.3 2 1.3
Moraxells spp. 1 03 1 0.6
Preudomonay afcaligenes 24 6.4 & 2.5
P cepaciu 4 1.2 iy g
P, fluorescens 2 0.6 0 0
F malle 5 14 I 0
P, maftophilic 4 1.2 o 57
Psevdomonay spp. 10 20 o 0
Aeromonas spp. a3 9.5 25 15.9
Cirrobacter freundil G 1.7 g a1
Enterobacier agelomerens 1 1.2 13 11.5
Escherictin coli 1 0.3 ] 0
Yersinin enterocofifica 3 0.4 10 6.4
CGroup Hk biotvpe ] ] U 1 0.6
Heafria elved ] 0 9 57
Fnterobacter acrogenes 0 0 1 0.6
Enterabacter cloceas 0 G 1 (1X:]
Kivhsiella prewmnonine 1] 0 fi ]
Serrativ figuefariens ] 0 1 0.6
Unidentified 65 187 28 17.8
Toral 347 100 157 007

Reproduced frum Bitton [1994) with permission of Wiley-Liss Ine., New York.

The HPC organisms typically found in raw waters and within water supply distribu-
tion systems are listed in Table 12.5. HPCs are carried cut normally using the spread
plate method using veast extract agar {VEA) and incubated at 22°C for 72h and
37°C for 24 h, respectively. Results are expressed as colony forming units (cfu) per
ml. Counts at 37°C are especially useful as they can provide rapid information of pos-
stble contamination of water supplies (Department of the Environment, 1994).

HPCs have long been emploved to evaluate water quality (Table 12.6) although less
importance is currently placed on HPCs for assessing the potability of drinking water.
It is considered that their value lies mainly in indicating the efficiency of varicus water
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TamE 12,6 Sanitary quality of water based on HPC

Quality Number of bocteria/ml
Excessively pure <10

Yery pure 10-100

Purs 100-1000

Mediocre 100010000

Irmpure 10 000= 100 000

Very impure = 100000

treatment processes including disinfection, as well as the ¢leanliness and integrity of
the distribution system. They are more useful in assessing the quality of bottled
waters, which may be stored for long periods before being sold for consumption. The
US National Primary Drinking Water Regulations now include maximum contami-
nant levels {(MCLs) of na >500cfuml™ for HPCs (USEPA, 1990} although this is pri-
marily to reduce possible interference with the detection of coliforms.

12.2.3 ENUMERATION TECHNIQUES

The exact methods employed to enumerate indicator bacteria are specified by the
legal standards used. Two techniques are principally used, membrane filtration and
the multiple tube methods. The EU Drinking Water Directive specifies that E. coli,
enterococci (faecal streptococci), Preudomonas aeruginosa and Clostridium perfrin-
gens must all be isolated using the membrane filtration method (Table 12.4), although
the muitiple tube method is still widely used for clostridia because cf the need to
incubate under anaercbic conditions,

Coliforms do not only ecour in fagces, they zre normal inhabitants of water and soil.
The presence of coliforms in a water sample does not necessarily indicate faecal con-
tamination, although in practice it must be assumed that they are of faecal origin
unless proved otherwise, The total coliform count measures all the coliforms present
in the sample. However, only £. coli is exclusively faccal in origin with numbers in
excess of 108" of fresh faeces. So it is important o confirm E. cofi is present.
Routine coliform testing comprises of two tests giving the total coliform count and
faecal coliform (£. cofi) count.

Membrane filiration

The membrane filtration method is now widely used for all coliform testing. Known
volumes of water are passed through & sterile membrape filter with a pore size of just
.45 wm (Fig. 12.3). This retains all the bacteria present. The membrane filter is
placed onto a special growth medinm, which allows the individual bacteria to grow
into celonies. Special media, which only allow specific bacteria to grow, are used.
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Water gamgple
Negative last
Membrans No
colonies
Filter
funna| Incubation
— A
TR
Mambrane placed
on culture medium
Typical
coliform
colonies
Posithe tost

For tonal coliforms the membrane filter is placed onto membrane-enriched teepol
medium, which contains the detergent teepol to inhibit non-intestinal bacteria from
growing. A different medium (m-ENDO) is notmally used in the US {APHA, 1992),
The membrane filter on the enlture medium is incubated. During this incubation
period, the nutrients diffuse from the culture medium through the membrane and
the coliform bacteria are able to multiply and form recognizable colonies that can
then be counted. Membranes are incubated at 30°C for 4 h followed by 14h at 37°C
for total coliforms or 14 h at 44°C for E. celi, the colonies of which are a distinctive
yellow colour. Faecal streptococe] are determined using the same technique except
that different ¢ulture media and incubation conditions are required {i.e, membrane
Enterocovens agar medium and incubated for 4h at 37°C followed by 44h at 45°C
with colonies appearing gither red or marcon in colour) (Table 12.4),

Multiple tube

The pringiple of the test is that various valumes of sample water are inoculated inte
a scries of tubes containing a liquid medium that is selective for coliform bacteria
(Fig. 12.4). From the pattern of positive and negative growth responses in the dilu-
tion series, a statistical estimate of the number of coliforms and subsequently E. cofi
can be made. This is called the most probable number {MPN) estimate, which is cal-
culated by reference to probability tables. The MPN is cxpressed as the number of
cells per 100mE of sample. The technique is carried out in two discrete stages. The
first estimates the number of coliforms present on the assumption that all the tubcs,
which show acid and gas preductions contain coliform organisms. Because this
assumption is made, this is known widely as the presumptive coliform count. The sec-
ond stage tests for the presence of £. cofi. The first stage is completed over 48 h, while
the second takes a further 24 h.
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Water
SEMMe

Inoculate 15 lubas: 5 wilh 10 mi of sample, 5 with 1.0 ml of semple &nd 5 with 8.1 ml ol sampla.

RN SRR IRBRERR
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]
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"E, R R TR 18 10 10 1.0 10 1 41 01 01 01
3 frml} {mt) {mil}
A

Lactoze or Taun trypiosa broth

Magative présumplive. R ¥ T | — Aftar 24 h of incubabon,
The abeencs of ges In 350 the tupes ol lastoss broth
brmth tubes indicates are examined for gas
collformes are absont, production.
Irubate an additionsl
244 10 be sure.
2 Negathee Poaltive
[
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fermentation test bite broth ;a‘tsrzﬂf h_uf |n:1_l:ammﬂ?keﬂam
= ram-slaimed a | Slant.
for coliforms. of lauryl If the bactesia are Gram-negati,
{Repraduced from trypiose Mutriant foR-SpOTing rods and produce gas lrom
Prescote et al, brath agar slant lactosa, the compiated test Is positiva,
{1993) with permis- Use coliform colonies
sion of MeGraw- fo inocutete nutrient agar
HHL Mew Ym-k‘) =lant and a broth ube.

The membrane filtration technique is considered to have many advantages over the
muitiple tube method for water testing. These include:

{(a) presumpiive coliform counis are available in a shorter time {18h);
(b} it is a simpler test with less steps:
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(c) there is considerable saving in the laboratory in the amounts of culture media,
labour and glassware required;

(d) laeger volumes of sample may be processed;

{e) it is possible to carry out filtration in the ficld;

(f) false negative resuits due to the development of acrobic and anacrobic spore
bearing crganisms are unlikely 1o occut,

Details of all microbial methods are given in Standard Methods for the US (APHA,
1992) and for the UK in Report on Public Health and Medical Subjects No. 71
(Department of the Environment, 1994), although the latter is now regularly
updated online by the Environment Agency (Table 12.4).

12.2.4 EMERGING TECHNOLOGIES

There are many emerging new technologies for microbial water testing, primarily to
detect coliforms. These are focused on complex biochemical techniques, such as
hybridization and polymerase chain reaction (PCR), gene probe technology and
monoclonal antibody methods, which allow single bacterial cells to be detected
(Gleeson and Gray, 1997). Enzyme detection methods are now widely in use,
especially in field sitvations, Total ¢oliform detection is based on the presence of
iB-galactosidase, an enzyme that catalyses the breakdown of lactose into galactose
and glucose; while £. cofi is based on the detection of B-glucuronidase activigy, These
tests are known as ONPG and MUG methods, respectively, after the substrates used
in the tests and are now accepted standard monitoring methods in the US. These
ONPG-MUG tests can be used to give an MPN value or simply indicate the presence
or absence (P-A) of coliforms or E. coff, These tests will become increasingly import-
ant as there i5 a general swing away from standards based on micrebial density to
those simply based on P-A of coliforms in a sample. The best-known commercial
ONPG-MUG preparations are currently Colilert® {Access Analytical, Branford, CT),
Coliquick® (Hach Co., Loveland, CO} and Colisure® (Millipore Co., Bedford, MA).
The ingredients for these new tests come in powder form (in test tubes for the quan-
titative MPN method and in containers for P-A analysis). A measured amount of
water is added to each tube or container and the powder dissolves into a colourless
solution. The tubes are placed in an incubator for 24 h at 35°C. The solution in tubes
with total coliforms will be vellow which is then exposed to a hand-held fluorescent
light. If the tube contains E. eoli the solution will fluoresce brightly. The specificity of
this method eliminates the need for confirmatory and completed tests.

The coliform test is still widely considered the most reliable indicator for potable
water. However, in recent years there has been growing dissatisfaction with the use
of coliforms as indicator organisms. Recent years have seen increasing reports of
waterbarne outhreaks largely as a result of protozoan and viral agents in waters con-
sidered safe to drink under current legislation, which relies lazgely on the coliform
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test. The major deficiencies identified with the use of coliforms as indicators for
drinking water quality assessment are:

(a} the regrowth of coliforms in aquatic environments,

(b) the regrowth of coliforms in distribution networks;

(c} suppression by high background bacterial growih;

(d} they are not directly indicative of a health threat;

(e} alack of correlation between coliforms and pathogen numbers;
(f) no relationship between either protozoan or viral numbers;

(g) the occurrence of false positive and false negative resuits.

This has been reviewad by Gleeson and Gray {1997),

12.2.5 STANDARDS
EU legislation

In December 1998 the newly revised Drinking Water Directive was published (Section
8.1). As wel!l as complying with new fixed parameters, water supplied under the
Directive will have to be free of pathogenic micro-organisms and parasites in numbers
constituting a danger to public health (Table 8.6}, Although as before there are no
guide values given for specific viruses, protozoans or bacterial pathogens. The New
Directive gives separate maximum permissible concentrations fer the microbial
parameters tor both tap and bottled waters, except natural mineral waters that have
their own Directive. For tap water maximum permissible concentrations are given for
E. coli {0 per 100 ml) and enterococe (0 per 100 mi). For bottled waters the maximum
permissible concentrations are stricter than previously with E. cofi (0 per 250ml) and
enterococct {0 per S0ml). Prseudomonas aeruginosa has alsoe been included for the first
time with a maximum permissible concentration of ¢ per 25¢ml. Maximum colony
counts at 22°C and 37°C are 100 and 20 ml™!, respectively. The microbial parameters
are listed in a new section, Part A, of the Directive, Part B contains chemical param-
eters and Part C indicator parameters. Included in Past C are toial celiforms with a
maximum permissible concentraticn of O per 100 ml for tap waters and ¢ per 250ml
for bottled waters; and aiso included are total bacterial counts (22°C) which must not
show any abnormal change with a maximum permissible value of 0 per ml in tap
waters and sulphite-reducing clestridia at 0 per 100l {Table 8.7). Specific and
detailed notes are given on analysis, inclnding the composition of all recommended
media. The recomimended analyses in the proposed Directive are given in Table 12.7.

US legislation

The USEPA set a MCL based on the P-A concept for coliforms. This revised MCL
came into force on 31 December 1990. The recommended sampling frequency of
water supplies is dependent on the population served. For systems requiring >4(
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TaeLe 127 The recommended microbial methods in the EU Drinking Water Directive
{VB/83/EED)

Tured cofiforms
Membhbrane filiration foltewed by incubation on membhbraae looryl brork for 4k ar 309
followed by 14 h at 37°C. All vellow cotonics ure connted e g:u'dl(‘% of size.

E rofi
Mermbrane filtration follewed by incubation on membrane lanryl broth for 4h a1 30°C
followed by 14 h e 44°C. All vellow colonies are connied mg:lrd|e$ﬁ of size.

Fuecal streptococed
Membrane filication {ollowed by incubation on memhrane Enterococcis agar for 48 h ac
37°C. All pink., eed or maroon colonies which are smooth and conwvex are counted.

Sr.n‘_r}!ﬁ'te- redhu I clustricic

Maintain the sample ac 7370 far 10 min prior o membrane filtration. lncobate on
iryprose—sulphite—cvcloserine agar at 37°C under anaermbin combiions, Coum all black
valonics after 24 ance 48 b ineabation,

Peseudomonas peruginosa

Membeane filieation followed by incobation i a closed container at 37°C on modihed
Kings A broth for 48 L. Count all rolonies which contain green, blue or reddish-brown
pigment and those thar luoresee,

Toral bactoria cotrts
Incubation in a ¥EA lor T2 h &t 22°C and for 24 h at 37°C. Adl colonics 1o be coumted.

Reproduced wirth permission of the Furopean Commission. Laxembourg,

samples pet month, <5% of samples must be total coliform positive. For systems
where the frequency of analysis is <40 samples per month, then no >1 sample per
month may be total coliform positive, If a sample is found to be total coliform posi-
tive then repeat samples must be taken within 24 h. Repeat samples must be taken at
the same tap and also at adjacent taps within five service connections {Section 10.2),
both up- and downstream of the original sample point. If these repeated samples are
also total coliform positive, then the samples must be immediately tested for faccal
coliforms or £. codi. If these prove positive then the public must be informed. A full
detail of the revised coliform nile is given by Berger (1952).

A 100 ml sample bottle must be used in analysing total coliforms using one of the fol-
lowing techniques: 10-tube multiple tube fermentation technique, the membrane fil-
tration technique, the P-A coliform test or the minimal-media ONPG-MUG test.
This P-A eoncept has a number of potential advantages:

(a} Scasitivity is improved because it is more accurate to detect coliform presence
than to make quantitative determinations.

{b) The coneept is not affected by changes in coliform density during storage.

(c} Data manipulation is much improved.

The introduction of new and rapid testing systems will most likely see a similar P-A
coliform test introduced throughout Europe.
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WHO recommendations

The WHO (2004} guidelines for drinking water are perhaps the most important stand-
ardis relating to water quality (Section 8.1). Standards are based solely on the presence
of E. coli or thermotolerant coliforms, which must not be detectable in any 100 ml
sample of water entering or within the distribution system, or in the drinking water
delivered to the consumer (Table 8.8). This simple P-A approach makes water safety
easier to manage with the presence of cither E. colf or thermotolerant coliforms
indicative that faecal contamination is able to enter the supply system. There are no
specific guideline values for other bactetia, or for viruses or parasites. This is becanse
the analytical methods for these organisms are too costly, complex and time consum-
ing for routine laboraiory wse. Instead, guideline criteria are outlined based on the
likely viral content of source waters and the degree of treatment necessary to ensure
that even large volumes of water have a negligible risk of containing viruses. It is con-
sidered that ‘the attainment of the bacteriological criteria and the application of
treatment for virulogical reduction should ensure the water presents a negligible
health risk’ (WHO, 2004).

12.3 REMOVAL OF PATHOGENIC ORGANISMS

Efficient wastewater treatment is critical for the prevention of waterborne disease.
Conventional treatment can only remove up o 80-90% of bacterial pathogens with
tertiary treawment increasing this to =98%. While wastewater disinfection can
increase this to >99.999% there will still be significant numbers of pathogens present
in the final effluent. Dilution and the effects of natural bictic and abiotic factors in
surface waters will reduce the density of pathogens further, although all water
resources can become contaminated from other sources, such as diffuse agricultural
pollution, surface (urban) run-off, and contamination from septic tank systems and
landfill lzachate. Also, with the emphasis of discharge standards for wastewater treat-
ment plants based largely on environmental criteria, efficiency of pathogen removal
is often ignored and usually poor. This places an ever-increasing burden on the final
harrier, water treatment. With increasing concerns over the transfer of antibiotic
resistance between bacteria in biological wastewater treatmment systems and the
increasing accurrence of chlorine-resistant pathogens, microbial discharge standards
for sewage treatment plants are likely, making wastewater disinfection ingvitable,
The effectiveness of water and wastewater treatment in the removal of faecal
coliforms is summarized in Fig. 12.1.

12.3.1 ENVIRONMENTAL FACTORS OF SURVIVAL

All pathogens are able to survive for at least a short period of time in natural waters,
both fresh and saline, and generally this period is extended at cooler temperatures and
if organic pollution is present. In raw sewage 50-75% of the coliforms are associated
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with particles with settling velocities >0.05cms ™1, 5o in conventional primary sedi-
mentation at a treatment plant significant remowvals of enteric bacteria are achievable.
Some idea of the effect of time on the survival of pathogenic micro-organisms can be
obtained by examining the removal efficiency of storage lagoons which are used at
somme waterworks to improve water quality prior to treatment and supply. Up t6:99.9%
reduction of enteric bacteria can be obtained by storage, although this is dependent
on temperaturs, retention time and the level of pollution of the water. For exampie, a
99.9% reduction in pathogenic viruses by storage requires a retention time of 20 days
at 20-27°C but up to 75 days at 4.8°C, Viruses can survive longer than bacteria in nat-
ural waters, with some viruses surviving for up to twice as long as certain indicator
bacteria {Thble 12.8). Temperature is an important factor in the survival of viruses and
at low temperatures (4-8C) survival time will increase.

Both UV radiation and short-wave visible light is lethal to bacteria with the rate of
death related to light intensity, clarity of the water and depth. In the dark the death
tate of coliforms follows first-order kinetics over the initial period; however, preda-
tion by protozoa causes a departure from the log-linear relationship. The death rate
is measured as the time for 90% mortality to ocour {Tgg). In the dark at 20°C the Ty,
for coliforms is 49h while under mid-day sunlight the Ty, is reduced to 0.3 h. The
death rate is also temperature dependent, increasing by a factor of 1.97 for each 10°C
rise in temperature, and is proportional to the total radiaticn received regardiess
if contimzous or intermittent. The amount of radiatien required to kili 90% (S} of
eoliforms is estimated a5 23 cal.cm 2 (11.3 cal.cm 2 for E. cofi). The Sy ratio of faecal
streptococei to coliforms varied from 10 to 40 indicating thai the die-oft rate for fae-
cal streptococei is appreciably slower than for tetal coliforms. The effect of tempera-
ture is far less marked under light conditions and, while variations in salinity have no
effect on death tate, it is substantially slower in fresh and brackish waters. The daily
solar radiation in southern Britain is between 50 to 660 cal. cm ™2 50 there appears to
be ample radiation to inactivate all faecal coliforms. Wavelength is also important
with about 50% of the lethal effect of solar radiation attributable te wavelengths
below 370nm, 25% to near visible UV (370-400nm) and 25% to the blue-green

Effects of temperature on the time (#) required for 99.9% inactivation of enteric
micro-organisms during storage

Species Temperature  Time () Temperature  Time (1)
(*C/ "¢}

Poliovirus 4 27 20 20

Echovirus 4 26 20 16

E cofi i 10 20 7

& faecalis 4 17 phid g

Poliovirus type 1, 2, 3 +—8 27-15 a0-21 420

Coxsackie virus tvpe A2, A9 4-8 12-16 2027 48

Beproduced from Kool (1979} with permission of John Wiley and Sons Lid, Chichester.
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region of the visible specirum {400-500 nm}. The effect of wavelengths >500nm is
negligible. As this die-off rate for coliforms is proportional to the light intensity and
is therefore essentially a first-order relationship, it can be expressed as:

dc
5 = Hhene (12.1)

where C 5 the coliferm concentration at time ¢ at a depth z, and & is a proportional-
ity coefficient, [, the light intensity just below the water surface and a the effective
attenuation coeflicient.

12.3.2 WASTEWATER TREATMENT

The removal of pathegenic micro-organisms is brought about by a combination of
physical, chemical and biological processes. Physically pathogens are removed by
adsorption and settlerment, while the overall concentration is reduced by dilution.
The chemical nature of the wastewater will determing whether the enviropmental
conditions are suitable for the survival or even the growth of pathogens; however, fac-
tors such as hardness, pH, ammonia concentration, temperature and the presence of
toxic substances can all increase the mortality rate of the micro-organisms. Biologically,
death of pathogens can oceur due te a number of reasens including starvation, aithough
predation by other micro-organisms and grazing by macro-invertebrates are import-
ant removal mechanisms. During treatment of scwage the microbial flora changes
from predominately faecal in character to that found in enriched freshwaters.

It is convenient to look at the wastewatet treatment plant as an enclosed system with
inputs and outputs. It is a continuous system 50 the outputs, in the form of sludge and
a final cffluent, will also be continuous. While a comparison of the number of
pathogens in the influent with the final effluent will provide an estimate of overall
removal efficiency, it will not give any clues as to the mechanism of removal. Essentially
pathogens are either killed within the treatment unit, discharged in the final effluent or
concentrated in the studge which will result in secondary contamination problems if
disposed either to agricultural land or inte coastal waters. An estimation of the specific
death rate (—p) of 2 pathogen can be calculated by accurately measuring all the
inputs and cutputs of the viable organism {Pike and Carrington, 1979). All the individu-
als of the population of the pathogen (x), which are assumied to be randomly dispersed
within the reactor, have the same chance of dying within a specific time interval {¢ — £,).
Under steady-state conditions, the causes of death can be assumed to remain constant
in terms of concentration {in the case of a toxic substance) or number (of a predator),
g0 the rate of death will be proportional to the number of survivors (1} of the original
population (x,). This can be represented by 2 first-order, exponential “death’ equation:

X, = X, - eTHih) (12.2)
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The problem with using Equation (12.2) in practice is obtaining aceurate estimates of
the viable micro-organism present in the outputs, especially if the cells have flocculated
or are attached to film debris. The type of reactor is also imporiant in the estimation of
the death rate. In an ideat plug-flow system {e.g. percolating filter) in which first-order
kinetics apply, the fraction of pathogens surviving (x/x,) can be related to the dilution
rate ot the reciprocal of the retention time (¢} according to Equation (12.3):

&

—
p (12.3)

In & continuous-stirred tank reactor {CSTR) the specific death rate is caloulated by
assuming the rate of change in pathogen concentration within the reactor (dr/dr)
equals the input concentration {x,) minus the output concentration (t), minus those
dying within the reacter {—u). So by assuming that the rate of change is zero within
the reactor under steady-state conditions, then:

dx

i dir, — @K — (12.4)

Primary sedimentation

Bacteria and viruses are significantly reduced by primary settlement, with settled
sludge containing the whole range of pathogens found in raw sewape. Owva (eggs) and
cysts of parasites are only significantly removed at this stage in wastewater treatment
plants. Settlement efficiency is dependent on the size and density of the ova and cysts,
and as their free-falling settling velocities are not much greater than the theeretical
upflow velocity, near quiescent conditions are required for optimum removal. The
larger, denser ova of Ascaris fumbricoides and Taenia saginata are more efficiently
remaoved than the smaller cysts of Entamocha spp. The settling velocity of T, saginarg
is about 0.6-0.9mh !, although much less if detergents are present, resulting in 65%
removal after 2h and 89% after 3h settlement,

Aciivaled sludge

The activated sludge process is highly ¢fficient in the removal of pathogenic bacteria
and viruses, achieving a 90% removal efficiency or more {Geldreich, 1972). The major
removal mechanism of bacteria in the activated sludge process is predation by a vari-
ety of amoebag, ciliate protozoa and rotifers. The ciliate protozoa and rotifers feed
only on the frecly suspended bacteria and not on flocculated forms (Curds er 22, 1968)
(Fig. 12.5). Amoebac occur in similar numbers to ciliates and have similar yield coef-
ficient biomass and generation times. They also play a significant role in the removal
of bacieria by predation and are able to feed on flocculated forms as well as the freely
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suspended bacteria. The estimated specific growth rate of E. coli is —7.9 day ™! in the
presence of protozoa compared with +0.12 day ™! in the absence of protozoa, suggest-
ing that E. coli are capable of very slow growth in sewage when ciliates are absent. In
general terms the percentage removal of coliform bacteria is directly related to the
specific shudge wastage rate, with 90% removal at a sludge wastage rate of 0.65 day™!
which rapidly decreases as the wastage rate increases (Pike and Carrington, 1979).

The prime removal method of viruses is adsorption onto sludge flocs, predation hav-
ing a negligible effect on concentration in the liguid phase (Section 20.6). Both
viruses and bacteria are adsorbed according to the empirical Freundlich adsorption
isotherm, where the count of particles adsorbed per unit mass of sludge (¥/m) is pro-
pottional to a power (2) of the count of particles (x) in the liquor at aquilibrium:

L= g (12.5)

This adserption model is for unreactive sites whereas Michaelis-Menten or Monod
kinetics are for reactive sites. However, as Pike and Carrington (1979) point out, the
successtul fitting of an adsorpticn mode] to data may not demonstrate that adsorp-
tion is the only factor operating since, for example, protozoa attached to the acti-
vated sludge flocs and feeding off freely suspended bacteria will quantitatively
behave as a continual adsorption site. Upwards of 9<% of enteroviruses are removed
by the activated sludge process (Geldreich, 1972). Ova and cysts of parasites are able
to survive the activated sludge process and are not effectively removed.

Fixed-film reaetors

Percolating filters are extremely effective in removing pathogenic bacteria with nor-
mal removal efficiencies of >95%. Removal is achieved by similar mechanisms as in
the activated sludge process, except that filters are plug-flow systems with a fixed and
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not a mixed microbial biomass, so that opportunities for contact between pathogens
and adsorption sites in the bicmass are reduced.

Removal of bacteria is directly related to the bacterial count of the sewage and at low-
rate loadings to the surface area of the filter medium, Removal efficiency falls off dur-
ing winter that supggests that maximum removal of pathogens occuss when the film is
most actively growing and under maximum grazing pressure, which is when maximom
availabiliry of adsorpticn sites will occur (Gray, 2004). Ciliate protozoa, rotifers and
nematodes can ingest pathogenic bacteria. However, in percolating filters there is a
much larger range of macro-invertebrate grazers feeding directly on the film and so
indirectly feeding on the pathogens. Once pathogens have been adsorbed otto the
film they are essentially ‘removed’ and their subsequent ingestion by a prazing organ-
ism may not be significant. The major limitation of percolating filtration in the
removak of pathogens is their physical adsorption from suspension. Rotating bio-
logical contactors are also extremely efficient in the removal of pathogenic bacteria,
with median remoeval of E. coff normally >>99.5%. Percolating filtration is not very effec-
tive iny the removal of parasite ova and cysts althovgh the nature of the film does allow
some retention of ova. Geldreich {1972) in a review on waterborne pathogens quotes
removal rates of 18-70% for tapeworm ova and 88-99% for cysts of E. histolytica.

Waste stabilization ponds

All stabilization ponds and lagoons are extremely effective in removing pathogenic
bactetia, viruses and the other parasites. Removal mechanisms include settlement, pre-
dation, inactivation due to solar radiation which is also linked with temperature,
increase in pH due to day-time assimilation of carbon dioxide which can reach in excess
of pH 9.0, and finally antibacterial toxins produced by algae. It is most appropriate to
consider ponds as CSTRS, 50 the survival of pathogens (x/x,) can be calcolated as:

5.1 (12.6)
% [D-el

Ponds are normally in series, so if they have similar dilution rates the survival of
pathogens can be caleulated using the following equation:
1

R 12.7
%, - (uie)l 42D

where # is the number of ponds. A problem arises if the number of ponds in series is
large (i.e. > 5} because then the system behaves more like a plug-flow reactor. In this
case the relationship becomes:

% = exp — (ntd,) (12.8)
X

where ¢, is the dilution rate of the complete system.
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Solar radiation is a major removal mechanism of bacteria and viruses in maturation
ponds. In the UK at a retention time of 3.5 days the remnoval rate of £. cofi was >90%
in the summer but fell to 40% in the winter (60% for faecal streptococei} due to the
seasonal difference in light intensity (Toms et al., 1975). In the British situation
the algal density is rarely sufficient to significantly shift the pH in order to kill the
pathogens, in fact the algae can reduce mortality of bacteria and viruses by reducing
light intensity by shading. The depth is also an important factor with removal rates
reduced with depth.

In tropical and sub-tropical countries the removat of pathogens is as important as
biochemical oxygen demand {BOD) removal is in temperate zones, and in many
countries more s¢. Facultative ponds are very efficient in the removal of pathegens
{Gloyna, 1971) with removal rates of coliform and sireptococci bacteria >99% and
viruses inactivated by light so that >90% removals are achieved. The greater efficiency
of facultative ponds compared with other systems is due to the much longer retention
times, 5o ponds in series achieve greater removals than single ponds. Major removal
mechanisms are the high pH vaiues created by photosynthesis and the higher zoo-
plankton predation rate which is recorded. Anaerobic treatment followed by faculta-
tive treatment gives a higher die-off rate of pathogenic bacteria than z facultative
pond fellowed by & maturation pond in series. Pond systems appear extremely effect-
ive in the removal of parasites due to the long retention time allowing maximum
settlement. Cysts of the protozoans E. histolytica and Giardia lamblig are almost
completely removed, while the helminth parasites, such as Schistosoma, Ascaris,
Enterobius, Ancvlostoma and Trchuris are also effectively removed {Gloyna, 1971},
Maximum removal occurs in the first pand and as the nematode eggs in particular are
highly resistant, extreme care must be taken with the disposal of the raw sludge from
the pond if contamination is to be prevented (Section 18.2).

The removal of helminth {nematode} eggs in stabilization ponds is dependent on
retention (¢b). So for ponds in series (including anaerobic, facultative and matur-
ation) the number of ¢ggs in the final efflient (E;) is calculated using Equation (12.9):

-fal-l-a

where E; is the number of eggs in the raw sewage (1~ 1). Values of R are obtained from
Table 12.9. If E; is >>1 then an extra maturation pond is required. Maturation pond
design is based on the removal of E. cefi or faecal coliforms (Mara, 1996).

E; = E (12.9)

ExaMPLE 12,1 Assuming an egg density of 2000171 in the raw sewage calculate
the final density of eggs in the final effluent after anasrobic lagoon, facultative pond
and maturation pond treatment in series. The retention times in the various ponds
are 5.0, 3.6 and 8.5 days, respectively.
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Taoee 12,9  Estimated values of percentage removal (R} of intestinal
nematode eggs in waste stabilization ponds ar various
retention times (@) in dayvs

L R L R o R
1.0 T4.07 4.0 93.38 a0 99.01
t.2 T6.95 4.2 03,66 25 0916

14 70.01 44 0440 10 91,29
1.6 a0.47 40 04.75 1.5 99,39

1.8 §2.55 4.3 95.25 11 9 48
2.0 4408 a0 05 62 12 ol
22 540 3.0 06,42 13 99,70
24 §7.72 6.0 07.06 14 Ty
2.0 57.85 5 0757 15 no, g2
23 85.89 70 0700 14 40 36

3.0 849.82 75 04,32 17 99,88
3.2 90.68 2.0 48,60 13 L. TH)
3.4 91.45 8.5 G8.82 19 0002
3.6 9216 20 049,43
3.8 9280

Reproduced from Mura {1996) with peemission of John Wiley
and Sons Lid, Chichesier.

Using Table 12.9 to calculate R for each pond and Equation {12.9) then:

£ = 2000|1— | 25:82)|[, - [92:18] |, —[ 2822
100 100 100
= 2000(0.0438)(0.0784)(D.0118)
E; = 0.0817

Digestion

There are very conflicting results relating o the efficiency of anaerobic digestion and
composting to remove pathogens from sewage sludge. Anaerobic digestion certainly
reduces the numbers of pathogens considerably but not always completely, While
many bacteria, fungi and viruses are rapidly killed by air drying such organisms can
survive anaerobic digestion at 20 or 30°C for long periods. For example, S. »nyphi can
survive digestion for 12 days at 20°C or 10 days at 30°C, Ascaris ova N} days at 30°C
and hookworm ova 64 days at 20°C cr 41 days at 30°C. Both the latter ova can also
withstand air drying. Complete destruction of pathogens is only possible by heating
the sludge to 35°C for 2 h or treating with lime.

Slerilization and disinfection methods

Sterilization and disinfection of final effluents to remove any disease-causing organ-
isms remaining in effluents is not widely practised in Europe, but is common in the
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TaslE 1210 Typical chlorine dosages to achieve disinfection of

VAarous wastewaters

Hasteweater Chtorine dose fmg i)
Rawr sewnge 815

Setiled sewage 510

Seeondary treated efflizen 24

Tertiary treated effluent 1-5

Beptie tank efflusnt 12-340

USA, The increasing need to reuwse water for supply after wastewater treatment will
mean that the introduction of such methods o prevent the spread of diseases via the
water supply is inevitable, The two processes are distinct form each other.
Sterilization is the destruction of all the organisms in the final effluent regardless of
whether they are pathogenic or not, white disinfection is the selective destruction of
disease-causing organisms. There are three target groups of organism, the viruses,
bacteria and protozoan cysts, and each is more susceptible to a particular disinfection
process than the other. The main methods of sterilization and disinfection are either
chemical or physical in action. The factors affecting the efficiency of chemical disin-
fectants are contact time, concentration and type of chemical agent, temperature,
types and numbers of organisms to be removed, and the chemical nature of the
wastewater. Typical chlorine doses for wastewaters are given in Table 12.10. Viruses
reguire free chlorine to destroy them and at higher doses compared with enteric bac-
tetia. Chemical disinfection has been discussed in Saction 10.1. The commonest
physical method for removing pathogens is UV radiation, which acts on the cellular
nucleic acids destroying bacteria, viruses and any other organisms present. Although
expensive in terms of energy, such systems can be highly effective and do not affect
receiving water guality. The greatest effect ocours at a wavelength of 265 nm, with
low-pressure mercury are lamps {254 nm) most widely used. The major operational
problem is to obtain maximum penetration of the rays to ensure that even turbid
effluents are fully sterilized. Numerous systems have been evaluated to obtain maxi-
muimn expositre of wastewater to the radiation, but the most effective system to date
is the use of thin-film irradiation (<3mm). UV irradiation is particularly useful in
preventing contamination of lakes and coastal waters with pathogens, which are popu-
lar for bathing. Filtration is also used to remove pathogens from effluents that have
received tertiary treatment (Section 20.8).

12.3.3 WATER TREATMENT
Storage

Bacteria and viruses are significantly reduced when water is stored in reservoirs.
During the spring and summer, sunlight, increased temperature and biological fac-
tors ensure that between 90% and 99.8% reductions of E. coli oconr. The percentage
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reduction is less during the auturnn and winter dug to the main removal mechanisms
being less effective, so expected reductions fall to between 75% and 98%. Lowest
reductions occur when reserveirs are mixed to prevent stratification, The greatest
decline in E. coli and Salmoenella bacteria cccurs over the first week, although the
longer the water is stored the greater the overall reductien. Temperature is an import-
ant factor. For example, poliovirus was reduced by 99.8% in <15 days at 15-16°C
compared with 9 weeks for a similar reduction at 5-6°C. For optimum removal of all
micro-organisms of faecal origin then 10 days retention should achieve berween 75%
and 99% reduction regardless of temperature. Protozoan cysts are not effectively
removed by storage because of their small size and density. For example, the settling
velocity of Cryptosporidium oocysts is 0.5 pms™!, compared with 5.5ums™! for
Gigrdia cysts. So while it would be feasible in a large storage reservoir to remove a
percentage of the Giardia cysts, if the retention time was in excess of 6 weeks, and
mixing and currents were minimal, Cryprosporiditen oocysts would remain in suspen-
sion (Denny, 1991). Salmonella, faccal streptococei and E. coli are excreted in large
numbers by gulls. The presence of gulls, especially in high oumbers, on storage reser-
voirs may pose a serious problem either from direct faecal discharge and/or from
rainfall run-off along contaminated banks.

Unit processes

Bacteria and viruses are removed by a number of unit processes in water treatment,
especially coagulation, sand filtration and activated carbon filtration (Section 10,1},
Coagulation using alum removes about 90% of faecal indicator bacteria, 95-99% of
all vituses and about 60-70% of the total plate count bacteria, although these fignres
vary widely from treatment plant to treatment plant. Other coagulants, such as ferric
chloride and ferric sulphate, are not guite as efficient. The use of polyelectrolytes as
codgulant aids does not improve removal of viruses. Rapid sand filtration is largely
ineffective in removing viruses and bacteria unless the water has been coagulated
prior to filtration. In contrast, slow sand filtration is able to remove up to 99.5% of
coliforms and $7-99.8% of viral particles from water, although performance is gen-
erally worse in the winter {(Denny, 19913, Activated carbon can remove viruses, which
are adsorbed cnto the carbon. This is by electrostatic attraction between positively
charged amino groups en the virus and negatively charged carboxyl groups on the
surface of the carbon. Removal efficiency is very variable and depends on pH (maxi-
mum removal occurs at pH 4.5), the concentration of organic compounds in the
water, and the time the filter has been in operation. Removal rates of between 70%
and B3% are common. However, these filters can become heavily colonized by
heterotrophic micro-organisms. Minute fragments are constantly breaking off the
granular-activated carbon and each is heavily coated with micro-organisms. These
micro-organisms are not affected to any great extent by disinfection, and so can
introduce large aumbers of micto-organisms including pathogens into the distribu-
tion system {Le Chevallier and McFeters, 1990).
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Cysts shonld be removed effectively by coagulation and the addition of poiy-
electrolyte coagulant aids sheuld also enhance removal. Using optimum coagulant
conditions (as determined by the jar test) then 90-95% removal should be possible.
Rapid sand filtraticn is not an effective barrier for cysts unless the water is coagulated
prior to filtration. When used after coapulation thea very effective removal of
Giardia is achieved (59.0-99.9%). The only proven effective method of removing
both Crvptosporidinm and (riardia cysts is by slow sand filtration, with 99.93% and
99.99% of cysts removed, respectively (Hibler and Hanceck, 19903,

Disinfection

Disinfection is absolutely vital to ensure that any micro-organisms arising from fae-
cal contamination of the raw water are destroved (Section 10.1.8). Chlorination is by
far the most effective disinfectant for bacteria and viruses because of the residual dis-
infection effect that can last thronghout the water’s journey through the distribution
network to the consumer’s tap. The most effective treatment plant design to remove
pathogens is rapid and slow sand filtration, followed by chledination or treatment by
pre-chlorination followed by coagulation, sedimentation, rapid sand filtration and
post-chiorination. Both of these systems give =>99.99% removal of bacterial pathogens
including C. perfringens. Chicrine and monochloramine have been found to be inef-
fective against Crypiosporidium oocysts. Ozone at a concentration of about 2mg 17! is
able to achieve a mean reduction in viability of oocysts of between 95% and $6% over
a 10-min exposure period.

The disinfection rate determines the level of destruction of pathogens for a given
period of contact. The death of micro-organisms is a first-order reaction in respect of
time for a given disinfectant and concentration, This is Chick's law and iz used to esti-
mate the destruction of pathogens by a disinfectant as a function of time.

dn

" —kN (12.10)
This can be integrated as:

N = NpH (12.11}
or

ln% - Rt (12.12)

where N is the concentration of viable micro-organisms at time #, Ay the initial con-
centration of viable micro-organisms and X the first-order decay rate. The negative
sign indicates that the number of organisms decreases over time. The persistence of
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pathogens and non-pathogenic micre-crganisms in aguatic environments approximate
to Chick’s iaw which when plotted as In(N/N;) versus ¢ is a straight line {Fig. 12.6}
with the slope being . If —In{N/N;) is plotted against ¢ instead, then the straight
line intercepts 0 and the slope is &, Temperature and salinity particularly affect the
decay constant k for any specific micro-organism, This can be adjusted by using
Equation {12.13) for temperature or Equation (12.14) for both:

kp = kyy X 1.0477-20 (12.13)
kp = kyy X (0.006 X % seawater) X 1.0477-20 (12.14)

The rate coefficient k is redefined io incorporate the effect of a specific disinfectant
at concentration C:

k = k'Cn (12.15)

where » is an empirical constant known as the coefficient of dilution, Equation
(12.12) can be rewritten as:

mY -y (12.16)
i
or
. ral |
log 2 = KL (1217
Ny 2.3

So to determine the level of C7¢ to achieve the objective (N/N):

— N —2.3 N
Ct = —Inf—1 = log| — 12,18
k' [Nn] K g[”n] (1215)
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From Equation (12.18) variations in log{N/Ny) can be related to variations in ("
which is the basis of disinfection practices of drinking water. Where n = I then
log{N{Ny) is proporticnal to Cf so individual rates for C and f need not be specified.
However, where # is not equal to 1 then individual values of C and ¢ are requéred.
Where n < 1 reaction rate {¢) is the most important factor for pathogen inactivation,
while when # = 1 disinfection concentration () is the major factor (Bryant ez ai., 1992).

It is a fact that conventional water treatment cannot guarantee the safety of drinking
water supplies at all times. Outbreaks of waterbome diseases can and do happen,
although very infrequently. With correct operation the chances of pathogenic micro-
organisms causing problems t0 consumers will be reduced even further. The greatest
risks come from private suppiies that are not treated. The installation of a small UV
water stetilizer vnit installed under the sink on the rising main directly to the kitchen
tap ensures microbially safe water. However, the only effective way to destroy proto-
zoan cysts is to physically remove them. This is achieved by using a 1 pm pore-sized
fibre cartridge filter that is placed upstream of the UV sterilizer. The filter will also
increase the efficiency of the sterilization by removing any particulate matter that
may harbour or shield pathogens from the IV radiation.

Wash water and water-treatment studge contain all the pathogens removed from the
water, and 0 must be handled as carefully as any other microbiologically hazardous
waste. It is important that the sludge is net disposed of in such a way as to recontam-
inate the raw water source (Section 10,1,11).
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13.1 CoMPOSITION OF WASTEWATER

‘TabLE 13.1

Wastewater is a complex mixture of natural inorganic and organic material mixed with
man-made substances. It contains everything discharged to the sewer, including mater-
ial washed from roads and roofs, and of course where the sewer is damaged ground-
water will alse gain entry. It is this complex mixture that ends up at the wastewater
treatment plant for purification. In its broadest sense wastewaters can be split into
domestic (sanitary) wastewater also known as sewage, industrizl (trade) wastewaters
and, finally, municipal wastewater which is a mixture of the two. Bt is increasingly
unusual for municipal plants to treat wastewaters from new industries. Most author-
ities charge for treating industrial wastes (polluter pays principle), so it is generally
cheaper for industry 1o freat its own or at least to pre-treat its wastewaters prier te dis-
charge to the local authority sewer in order to reduce costs,

The strength and compositicn of sewage changes on an hourly, daily and seasonal basis,
with the averape strength dependent on per capita water usage, infiltration, surface tun-
off as well as local habkits and diet. The water usage in the US is at least twice as great
than in the UK, which is why the sewage in the US is weaker (Table 13.1).

Sewage is 99.9% water with the material that requires to be removed amounting to
just 0.1% by volume. This solid material is a mixture of facces, food particles, grease,
0ils, soap, salts, metals, detergents, plastic, sand and grit (Fig. 13.1). The organic fraction

Typical raw wastewater composition

Paranteter US (mg ) UK (mgl™)
pH 7.0 7.0

BOD 250 350

LoD 500 700
Snspended sofids 250 404)
Ammoniz nitrogen 30 40

Nitrate nitragen <1 =1

Toral phosphorus 10 14

BOD: biochemieal axygen demand; COD: chemical oxygen demand

44
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raw sewage. Carbohydrates

is composed primarily of proteins, carbohydrates and fats, which reflects the diet of the
community served by the treatment system. The aim of wastewater treatment is to con-
vert this solsd pertion to a manageable sludge (2% dry solids) while leaving only a small
portion in the final effluent (0.003% dry solids).

Carbobydrates have a general formulae (CH jgOs),. Complex sugats are broken
down into simple sugars which in turn arc oxidized into carbon dioxide and water.
The commonest sugars in sewage are glucose, sucrose and [actose, which together
with the minor carbohydrates present represent a significant portion of the BOD,
between 50 and 120mg1™". Volatile acids are also found in sewage (e.g. acetic, pro-
picnic, butyric and valeric), which are responsible for between 6 and 37mgl ™" of the
BOD. If sewage is stored it rapidly becomes anacrobic resulting in sugars rapidly
being converted 1o volatile acids. However, as long as sewage is kept moving it will
maintain a minisnum dissolved oxygen coneentration of 1-2mgl™!. If high concen-
trations of volatile acids are found in sewage then anacrobosis must be suspected.

Proteins are primarily composed, in decreasing proportion, of carbon, hydrogen, oxy-
gen, nitrogen, sulphur and phosphorus, and many other trace elements. For example,
most proteins ate comprised of 16% nitrogen. Proteins are broken down to polypep-
tides, then 10 individual amino acids, fatty acids, nitrogenous compounds, phosphates
and sulphides. Protein is the major source of nitrogen in sewage along with urea, and
before the advent of detergents it was also the main source of phosphorus, The per
capita production of nutrients in the UK is 5.9 g Nday~ and 2.0g P day . The aver-
age concentration of total phosphorus in sewage varies from 5 o 20mg P 1~! (Section
20.5). Urea can be found in concentrations up to 16mg1 ™! in sewage, and is rapidly con-
verted to amnmonia under both aerobic and anaerobic conditions. As a general guide
the concentration of total nitrogen is directly related to the BOD for any specific
domestic raw wastewater. Together carbohydrates and proteins make up 60-807% of
the organic carbon in sewage.

Nitrogen (N} is found in a number of different forms in sewage, as organic nirogen,
ammonia and oxidized nitrogen (nitrite and nitrate). Nitrogen is usually measured as
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Kjeldhal N, which is the sum of the organic N and ammonia N present. Total nitrogen
i5 the sum of the Kjeldhal N and the oxidized N. In raw and settled sewage there is
no oxidized nitrogen present, so the total nitrogen is equivalent to the Kjeldhal N.
The range of ammonia N in settled wastewster is between 41 and S3mgN1t™!, and
16-23 mg N ~! as organic nitrogen, which is equivalent to 57-76 mg N1~ as Kjeldhal N.

Fats is a general term and used interchangeably with lipids and grease. It includes the
whole range of fats, oils and waxes associated with food. Fats are stable compounds and
not readily degraded biologically into faity acids, which are also found in sewage (e.g.
palmitic, stearic and oleic}. They can represent a significant proportion of the BGD of
sewage (40~100mg1~"). Soaps are manufactured from fats reacted with either sodium
or potassium hydroxide to yield glycerol and the salts of particular fatty acids which is
the soap. For example, stearic acid and sodium hydroxide yields glycerol and sodium
stearate (s HasCOONa).

Not ali wastewaters are treatable biologically, and apact from the presence of inhibitory
or toxic material, biodegradability depends largely on the C:N:P ratic of the wastewater
(Section 15.3). The optimum raiio for biclogical freatment is 100:5:1. At this ratio all the
nutrients are utilized for biological growth and are removed from solution. In raw
sewage the normal ratio is much higher at 100:17:5 and for settled sewage 100:19:6. It
can be seen that there is 2n excess of nutricnts in sewage in relation to the carbon as
measured by the BOD test, This resolts in the excess nitrogen and phosphorus being dis-
charged in the final effluent as either ammonia or nitrate and phosphate. Food-
processing wastewaters are often short of nitrogen and phosphorus, while industrial
wastes may be short of organic material (Table 13.2). Where nutrients are limited
wastewaters can be mixed with sewage in order to utilize the surplus or a supplement
in the form of urea {N) or agricultura! grade fertilizer (N and P} can be zdded. Where
supplements are used it may be necessary to disselve them before adding them to the
wastewaker,

Between 1960 and 1980 the worldwide per capita consumption of detergents rose from
3.6 to 6.3 kg per annum, and doubling in the US over the same period from 12.8
to 30.1kg. Since 1965 there has been a ban on the use of hard non-biodegradable
alkyl-benzene-sulphonate (ABS)-based detergents that caused extensive foaming dur-
ing treatment and subsequently in receiving waters. These have been replaced by soft,
biodegradable linear-alkylate—sulphonate (LAS) detergents. To increase the washing
ability of LAS detergents it has been necessary to incorporate builders, which are mainly
polyphosphate compounds. The most widely used is sodium tripolyphosphate which is
responsible for 70% of the phosphate load to treatment plants and whick leads, along
with nitrogen, to eutrophication. The formulation of detergents is complex with the
builder making up as much as 30% of the volume of some washing powders {Table 13.3),
Alternative builders that do not contain phosphates have been introduced although
they are less efficient. Inorganic compounds are usvally too bulky and inefficient {e.g.
sodium berate), while organic builders have been more widely adopted. The most
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Tase 13.2  Typical industrial wastewaler characterisiics

Indusiry Flow BOD Total CoD pH Nitrogen Phosphaoros
suspended
solids

Meat huermirtent  High- High High— Nentral Present  Present

prodiees extremely high cxtremely high

Milk handling Tntermittent  Average—high  Low—average  Average-high  Acid-  Adequate  TPresent

alkaling

Clipese Intermirtent  Fxtremely high  Average— Extremely high  Acid- Deficicne  Presenr

produces exreemcely high alkaline

Aleoholic huermirrenr  Tligh- Low—high High— Alkaline Deficient  Deficient

beverages extrernely high extremely high

Solt drinks luteromttent  Average—hizh  Low—high Average—high - Deficient  Present

Textiles Intermirtent= High Hizh High Alkaline Deficient  Present

continunus

Tanning and  Intermittent  Exiremely high  Extremely high Fxtemely high  Acid- Adequare  Deficient

finishing alkaline

Metal Contimuous— [ow Average—high  Low Avilic  Present  Prescnt

finishing variahle

Fruit and Intermittent  Average— Average— - Acid—  Dehicient  Deficient

vegetables cxtremely high  extremely high alkaline

Paper and Continuous  Avernge— Low=high Low=high Neutral  Deficient  Deficient

allied cxtremelv high (teech.

products pulping)

Pharma- Contiouous—= High Low=high Fligh Acic- Deficient Deficien

ceutical intermiirent alkaline

Plastics and Continucus=  Average=high  Tow-high Average-high  Acid- - -

Tesins variahle afkaline

Reprinluced with permissiom of che Envirommental Protection Ageney, Doblin.

TaeLE 13,3  Typical formulation of a household detergent

Chemical function Example Proportion (%)
Surfacrant LAS 3-15
Builder Soddium tripoly phosphate 0-30
fon cxchanper Zeolite 1ype A (0-25
Antiredeposition agent Palvcarhoxaylir acids -4
Bleaching agent Sochivm perborate 1533
Bleach stabilizer Phosphonate 0.2-1.0
Foam boosier Ethanolamide 1-5
Enzymi: Protease 0.3-1.0
Optieal brightener Pyrazolan derivatives 0.1-1.0
Corrosion inhibitor Sodinm silicate 2=7
Fragrance 0.05-40.3

Reproduced from Hunter of af. {1988) with permission of Selper Ltd, London.
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successful include nitrilotriacetic acid (NTA), polyacrylic acid {PAA) and pelycas-
haxylic acids {(PCAs). However, there is growing concern that NTA i particular, but
also PAA and PCAs may have unacceptable health and environmental risks associ-
ated with their usc, and have been banned in some countries. Since December 2002,
phosphate-based laundry detergents have been banned in Ireland {Gray, 2004).

Raw sewage is rather a turbid liguid with small bus visible particles of organic mate-
rial that readily settle out of suspension. The colour is normally grey to yellow-brown
according to the time of day. Much darker sewage, especially black, indicates anaer-
obosis. Municipal wastewaters may be affected by dyes and other coloured dis-
charges. Domestic wasiewater has a musty odour which is generally non-offensive,
however pungent odours can be produced if wastewaters become anaerobic. Some
common odours are listed in Table 13.4 and their presence can be helpful in identifying
potential operational problems or changes in the influent composition. These odours
are gencrally products of organic degradation, which form volatile, or gaseous com-
pounds that often have very low odour thresholds (i.e. average odour detection limit).
For example, methyl mercaptan (CHySH) and ethyl mercaptan (CsHsSH) have
strong decaying cabbage odours with edour thresholds of 0.0011 and 0.00G19 ppm,
respectively. The temperature of sewage remains several degrees warmer than the air
temperature except during the warmest months, because the specific heat of water is
much greater than that of air, while the pH is generally neutral.

While the nature of wastewaters have changed significantly in recent years, reflecting
the new materials used i the ome and in industry, two new components of wastewater
have been identified as causing major environmental problems in receiving waters, espe-
cially where this water is reused for supply purposes. These are endocrine-disrupting
substances, and health care products. Like may micro-pollutants, neither is effectively

Characteristic odour-producing compounds present in wastewaters; they are primarily
degradation products of nitrogenous or sulphurous compounds, or ether odorous
compotnds such as those associated with chlorine and phenolic wastes

Compounds Geaeral formulae Odonr produced
Mitrogenous

Aminey CHyNH,, (CHgN Fishy

Ammonia NH; Armmoniarcal pungent
Dhnmines NHa{CHa) yNHy, WH3(CH;)sNH; Rouen Nesh

Skatole CpH-NHCH, Faveal, repulsive
Stilphirous

Hvidrogen sulphide L1 Rovten eggs
Mercaptans CH,SIL CHa{CHIS1T Strong desaved cabbage
Orgamic sulphides {CHz oS, CHSSCH;, Roiten cabbuge
Sulphur dioxide S0, Pungent, acidic
Other

Chlorinz Cly Chlorine

Chlorophenal CLCHOH Medicinal phenaolic
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Tank 13.5

removed during wastewater treatment and so are discharged in the final effluent, or
can contaminate groundwaters when sludge is landfilled or spread onto land.

Endocrine-disrupting substances are either natural or synthetic substances that inter-
fere with the normal functioning of the endocrine system, which controls many different
physiological processes. Apart from neurobehavioural, growth and development
problems, the main concern has been the effect endocrine disrupters have on
reproductive processes. Feminization of male fish is increasingly commeon in lowland
rivers in all develeped countries. For example, 100% of roach in the River Mersey
in 2003 showed feminine characteristics. The main endocrine-disrupting substances
found in sewage are the natural female steroid hormones oestrogen and 17B-oestradiol
and the synthetic hormone ethinyl oestradiol from the contraceptive pill, which arise
from the urine of the female pepulation. Oestrogen mimicking compounds from indus-
trial sourees include alkylphenocls (APs) and alkylphenol ethoxlates {APEs}). However,
a much wider group of compounds can also be classed as endogrine-dispting sub-
stances including many pesticides, dioxins and furans and tributyltin {Table 13.5).

Potential endortine-disrupting substances and level of regulatory
control m the UK

Subwstance Statutery control
Pesiicitles

DOT, *Dens; Lindane ACD
Brichlorvos; Endosulphan: B.C.,D

Trifluralin: Demeron-3-
Meth_ﬂ: Dinsethoates: Linuron;

Permeihrin

Fharbicides

Atrazine; Shinazine B.C.D
FPCHs

Pﬂ]}rr.hlnrinﬂtcd biphﬂny]s G

Loxirs anid furﬂnx
FPolychlorinated dibenzofuran; C
Dibienzo-p-dioxim congeners

Antifouliwood presersative

Tribsutyltin B.C.D
Afkyphenals

Nonylphenol None
sotvlphenol ethnxylate None
Octylphenol None
Octylphenol ethoxvlate None
Steroids

Eithinyl vestradiol;

178 oeseradiol; Oestrone Nuonw:

A: EC Dangerous Snbstances Directive [T6/464/EEC) Lisr I substamee;
B: List 1l substance: €: PG prescribed substance, D: Satutory EQSs in
plm‘:e iy 20000,
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While many of these substances are already covered by the EU Dangerous Substances
Directive (Section 8.3), the more commen endecrine-distupting substances are not
controlled. The priority is to develop environmental qualiry standards for these sub-
stances and improve analytical monitoring techniques, Control measures are centred
on reducing their use by industry and significantly reducing or eliminating them from
discharges both from industry and the home to sewerage systems (Environment

Agency, 2000).

The release of pharmaceuticals and personal care products (PPCPs) after their
ingestion, external application or disposal to sewcrs or the surface and ground waters
has become one of the major environmental issues of the decade. Advances in chem-
ical analysis has shown that drugs from a wide spectrum of therapeutic groups, and
their metabolites, as well as personal care products such as fragrances and sun-
screens, are present in both surface and ground waters at low but measurable con-
centrations {ng-pg1™') (Daughton and Ternes, 1999; Debska er af., 2004}, Many of
these compounds are also suspecied endocrine-disrupting substances. The major
route for PPCTs into the aguatic environment is via sewage treatment, where they
are widesprcad. These compounds pass through sewage treatment plants largely
unaltered and as convention water treatment is also ineffective in their removal,
there is a high probability that such compounds can contaminate drinking water {Fig.
13.2). Advanced treatment processes such as ozonaticn, chlorination or adsorption
using activated carbon are required 10 remove these trace contaminants. The diver-
sity and quantity of these compounds that are sold annually poses a major risk to all
aquatic ¢cosystems worldwide, with antibiotics, hormones, analgesic and sedative
drugs, disinfectants, vitamins and many morg all being discharged to surface waters.
The most widely reported compounds of pharmaceutical origin in surface waters are

i Industry I t Human medication | ]Uamﬂnan,' medicatinnl

‘ Wastewaiarsolikd wasie, !stagefsolbdwastel 1 Manure/wastewater |

| WP Landiit | [WWTP  iandtiv| | tand |

Etftuent - Siudge |———
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Commonly ocourring trace conzaminams of pharmacewrical
origin in wastewater and lowland rivers

Acctylsa]i::ylj(: acld
Calline
Carbramazepine
Carboxviboprofen
Chloramphenicol
Ciprofluxacin
Cloiibric acid
Mazepam
Diclofenac
Erythmmy{:iu
17@-estradial
Estrol

Estron
17a-ethiny! estrudicl
Thvdroxyi llupmﬂ*.n

Analgesicfanti-i nﬂnmmamr}-‘
Psvechomoter stimulunes
Analgesic/anti-inflammatory
Analgesicfanti-inNammatory
Antibiotic

Anitibicis

Lipid—luwcring agesil
Pevchiarric

Analgesic/ami-in I'Iummut(:r'_\r
Annbiotic

Estrogen

Estrogen

Esuwrogen

Extrogen
Analgesicfanti-inflammaiory

Ibuprofen Analgesicfant-inflammarary
MNaproxen Analgesic/ant-inflarmmauiory
Norflozacin Ancibiorin

Nonvlphenol Estrogen

Primidone Antiepileptic

Muldi-purpose
Sulphomarmde
Sulphonamide
Sulphonomide

Amtibactenal

Sulirvlic acid
Sulphadizine
Sulphomethoxazole
Sulphonamides

Trimt-.llluprim

given in Table 13.6. The full extent of the presence of such a complex cocktail of
active compounds on aquatic organisms is largely unknown. However, most of these
compounds retain their active ingredient after treatment and discharge into the envi-
ronment. For example, there is increasing evidence that certain pharmaceuticals can
inhibit efflux pumps, the membrane-based active-transport system that removes tox-
icants from inside cells, so making organisms even more vulnerable to toxicity. The
wOrTying issue is that while the effects may be so subtle that they are not recogniza-
ble in r2al time, that they elicit discernible cumulative effects that appear to have ne
obvious cause.

13.2 SeEwace CoLLECTION

There are two basic types of sewerage systems, combined and separate; sewerage
being the network of pipes that collects and transfers the sewage to the wastewater
treatment plant. Sewer pipes are usually concrete and laid 1-3m below ground.
Normally laid beneath cne side of the road, the precise depth of the sewer pipe
depends on the gradient, geology and road surface loading. Pipe diameters vary in the
same way as water mains with individual houses served by 0.15m diameter plastic
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pipes that feed into pipes that get progressively larger as the number of connections
and area served increases. Sewer pipes up to 3m in diameter are commen within
towns, The design of sewerage systems is complex and nermally done by computer
programs that are able to use real-time rain data {Hydraulic Research Laboratory,
1985; White, 1984).

Conthined sewerage is common in most European towns and both surface drainage
from paved areas and sewage are collected together for subsequent treatment. Most
treatment plants are built on the outskirts of towns and so it may take many hours (often
in excess of 612 h) for wastewater from some parts of the sewerage network to reach
the treatment plant depending on the distance the sewage has ro travel. During wet
weather there is a significant increase in flow to the treatment plant due to sorface mn-
off, this mixture is known as storm water. Treatment plants serving combined sewerage
sysiems are designed te treat up to three times the dry weather flow (3DWF), with
storage for up to six times DWF using storm water tanks for about 2h (Section 14.2.4).
Once the storm water tanks are full the excess diluted influent passes directly into the
receiving water, which wili now be in spate, thus minimizing any impact. During storms
the time delay caused by iong sewerage distances to sewage treatment plants can often
be beneficial allowing time for the sewage to become diluted and for the receiving water
to increase its discharge rate to ensure even greater dilution.

Separate sewerage systems overcome the problems of dilution of sewage and fluctu-
ations in the flow to the treatment plant due to climatic conditions. The sewage goes
directly to the treatment plant while surface drainage goes to the nearest watey-
course. This results in a smaller volume, and less variation in flow, of sewage allow-
ing for smaller treatment plants (2DWF) 1o be built. The major drawback is that
surface drainage reaches receiving waters, which are often only small streams, very
quickly before there is time for any significant increase in flow volume to dilute the
incoming surface tun-off resulting in serious lecalized pollution. In addition,
spillages of toxic or inflammable liquids on roads can often be intercepted at the
treatment plants by using the storm water tanks, where they discharge into roadside
gully pots connected to combined sewerage systems. When accidents oceur where
there is a separate system, then the spillage will quickly enter the local watercourse.
[t is not advisable to use sozkaways or percolation areas to dispose of surface run-off
as this can lead fo groundwater contamination. The treatment of diffuse pollution,
including surface run-off, is considered in Section 7.4.

Infilttation of groundwater into damaged sewers is a major problem as it dilutes the
sewage and increases the volume of wastewater for treatment. In cities the high leakape
rates from water mains is 2130 a major source of infiltration water to sewers. If very badly
deteriorated, then up to 805 of the total flow in a sewer may be infiltration water. In the
US, the estimated mean infiltration rate has becn estimated to be 70 m? day~ 'k ! of
sewer {Clark et ai., 1977}. The volume of surface run-off from paved areas can become
very large during periods of heavy rainfall. To supply combined sewers large enough
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Fleure 13.3
FExample of the diur-
nal variation of flow
to A sewage freat-
ment plant.
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to accommodate both maximum surface min-off and discharged has now become
largely unfeasible due to climate change and centralization of treatment systems,
requiring storm water overflows to divert portions of the total flow in excess of 6 or 9
DWF to nearby watercourses via combined sewer overflows {(C50). This practice,
however, is becoming less conumon as it can result in significant potlution of receiving
waters, even though there will be increased flow in the receiving water to dilute the
already diluted wastewater. CSOs also discharge pross solids resulting in toilet paper
and other sanitary material getting tangled up in overhanging riverbank vegetation
causing both a health problem and aesthetic pollution (Section 9.5). The problem with
highly variable surface run-off entering combined sewers and the subsequent need for
sterm water overflows is the major reason for the development of separate sewerage
systems, although the Jatter are moie expensive to construet. The design and construc-
tion of sewerage systems is dealt with by White (1986).

The flow rate to treatment plans i extremely variable and, although such fows fol-
low a basic diurnal patiern (hydrograph}, each plant tends te have a characteristic
flow pattern {Fig. 13.3). Infiliration increases the total volume of sewage without
altering the shape of the hydragraph of the diurnal flow. Storm water, however, can
alter the shape significantly by hiding peaks and tronghs or adding new peaks as the
rainfall causes rapid increases in flow. The volume of water supplied is essentially the
same as the volume of wastewater discharged to the sewer, resulting in the waste-
water hydrograph measured at the treaiment plant being largely parallel to the water
supply bydrograph, as measured at the water treatment plant but with a lag of many
hours. Infiltration and storm water must however be taken into account if one is
being used to estimate the ather.
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Where precise discharge rates are not known simple estimations of flow o sewer can
be made by using the following steps:

(a) Domestic contribution per house {(,) is caleulated using the following equation:
4 = H ¥ Fm? housc day™! {13.1)

where H is the habitation factor per house and F is the mean flow per capita per
day. So assuming an average habitation factor of 4 and & per capita water usage
of 2201 day ** then Oy is:

Qq = 4 X 0.22 = 0.88 m? house day ™!

(b) Industrial contribution {Qy) is estimated as 0.5-2.01s "ha™! for light industry,
1.5-4.01s~tha™! for medium and 2.0-8.0(5~"ha ™' for heavy industry depending
on the degree of recycling and water conservation employed.

(e} The rate of surface run-off depends on aumerous factors including intensity of
rainfall and the impermeability of the area drained. Impermeability is expressed
as a run-off coefficient (C} factor where a watertight surface would have a factor
approaching I while flat undeveloped land would have a factor of 0.1. The peak
rate of run-off (¢ is calculated using the following equation:

0=00278Cidmds (13.2)

where 4 is the area of the drainage area (ha) and { is the rainfall intensity
(em k1), Typical vatues of the run-off coefficient € are given in Table 13.7. The
values are only estimates that vary according to rainfall intensity angd duration,
slope and impermeability. Estimates of percentage cover of cach category is best
done using a geographical information system {GIS). For accurate estimations of
storm water reference should be made to Corbitt (1990).

If wastewaters in sewers become anaerabic then hydrogen sulphide will be produced
by the action of sulphate-reducing bacteria. The slightly acidic gas is absorbed into
condensation water at the top or crown of the sewer where sulphur bacteria (e.g.
Thiobaciflus), which are able to tolerate low pH levels of 1.0, oxidize the hydrogen sul-
phide to strong sulphuric acid vsing atmospheric oxygen:

Thighacillus
H.5 + O, ——— H,50, + energy (13.3)

The strong acid reacts with the lime in the concrete to form calcium sulphate, whick
weakens the pipe leading to eventual collapse. Crown corvosion is particulatly a prob-
lem i sewers that are constructed on flat gradients, in warm climates, in sewers receiv-
ing heated effluents, with wastewaters with 2 high sulphur ¢ootent and in sewers that
are inadequately vented, Corrosion is prevented by adequate ventilation te reduce
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Tamg 13.7  Range of typical ran-off factors (€)

Surface area classification C factor
Specific sudpes
Roofs 0.75-0.95
Asphalt and conerete paved areas 0.70-0.95
Macadam road 0.25-0.60
Cravel drive 0.15-0.30
Parks and cemeteries 0.31-025
Playgrounds 0.200.35
Railway sidings 0.20-0.35
Lawn sandy soil

Flat {slopc < 2%) 0.05-0.10

Average (dlope 2-T%) 20.10-0.15

Stewp {slope > 7%) 1. 15020
Lawns heavy soil

Fla {shope < 2%) 0.13-0.17

dverape (slope 2-7%0) 0.18-0.22

Steep (shope = 7%) 0.25-4.35
General salvees
Business areas

Citv 11.70-0.95

Submrhs 0.50-0.70
Residential

High density 0.60-0.75

Muderate density 0.40-0.60

Low density 0.:30-0.50
Agricultural

Tillage 0A2-0.05

Permanent grasaland

Flat (slope < 2%) 0.10-0.15

Averape (slope 2-T%) 0.15-41.20

Steep (slope > T%) 0.18-0.30
L'nddrveloped land

Flm 0. 100,20

Sloping 0.20-0.40

Bteep rocky slope 0.60-0.40

condensation and expel the hydrogen sulphide, by using nen-corrosive materials such
as polyvinyl chloride (PVC) or vitrified clay, by preventing deoxygenation (which isa
particuar problem in rising mains where the wastcwater is pumped up hill under pres-
sure without the normal air space above the liquid phase), by the addition of pure
oxygen or by using compressed air. Chlorination may be used under exceptional cir-
cumstances to inhibit the sulphate-reducing bacteria. The major problem with designing
combined sewers is allowing sufficient gradiens to maintain a minimum self-cleansing
velocity, preventing anaerobic conditions developing at low flows, while at the same time
avoiding excessively high velocities at high flows. The minimum pipe velocity in a foul
sewer should be (.75 ms™! while the maximum pipe velocity to prevent scouring or
separation of solids from liguids is <3.5ms™' (White, 1986},
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Kerb

Roadside cover

Gully pot

Owverlying liquid ————— =

Settled solids ———— === { \
Ficuee 15.4 \
A roadside gully pot | |

designed to collect \ /
surtacs water and Sewer /
remove gross solids - /

before allowing it to AT 5

drsin into the sewer.

13.3 SurracE RUN-OFF

Rainfzll washes any material deposited on paved areas, such as roads, into the near-
est drain. Roads are drained by the famiitar gully pot (Fig. 13.4), and in the storage
compartment solid material settles and builds up. This material is a mixture of erganic
debris, such as leaves, twigs, animal faeces, and of course oil and other compounds
from vehicles (Pope, 1980). During dry petiods this settled material slowly decays
under anasrobic conditions resulting in a highly polluting anaerobic liquid with a
BOD often in excess of 7500 mgl =1, When the nex storm occurs this stored liquor is
displaced from all the gully pots into the sewer resulting in an initial Aush of highly
contaminated water, which can often cause significant problems at the treatment
plant, ot severe local water pollution depending on the type of sewetage system
employed. The degree of contamination from gully pots depends on:

(a) the imtensity and duration of rainfall;

(b} the length of the preceding dry period;

() seasonal factors, such as temperature, leaf fall, use of road salt;
(d} the effectiveness in cleaning roadside gullies and pots,

Urban dog populations have been citcd as a major source of organic loading to surface
water drains, The dog poepulation of Paris is currently (1996) in excess of five million,
while the streets of New York are fouled by 68 000 kg of faeces and 405000 of urine
from pei dogs daily. An average design figure for Morthern Europe for dog fasces is



362 e« Chapicr 13 / Nature of Waslewater

17gm~? of paved area per year. Dogs are camivores so their faeces are protein rich
resulting in high BOD and N concentrations. Their faeces are also associated with a
wide range of pathogens that are transferable to humans (Chapter 12).

13.4 CHARCING

‘The analysis of sewage is normally limited to BOD, COD, suspended solids and ammo-
nia. From these parametess the polluting strength of wastewaters can be assessed and
charges for treatment levied. Other parameters may be required if the effluent is dis-
charged to a sensitive receiving water or if the sludge is to be used for agriculture.

The mwost widely vsed charging system in Europe is the Mogden formulae. It calculates
the charge for treatment and disposal of sludge by comparing the strength of the waste-
water to normal domestic sewage and then calculating separate charges for collection via
the sewerage network per m® (R}, the primary treatment cost per m® (), the secondary
treatment cost per m* {B), and the cost of treatment and disposal of shulge per m® of
wastewater (§). The cost in pence per m* of wastewater treated (C) is calculated as:

C=R+V+9‘-B+§£Spenccm3 {13.4)

L3

where O, is the COD of the wastewater to be charged compared to O, the average
strength of domestic wastewater and S, is the suspended solid concentration of the
wastewater compared to §, the average concentration in domestic wastewater.
Average values for calculating trade charges by water companies in the UK during
1996/37 were R 15.31p, V 13.80p, O, 542mgl !, B 19.11p, 5, 351 mgl ' and § 12.50p.
There are significant regional variations in charging formulae and charges (Water
Services Association, 1997). Schemes for calculating charges for industrial waste-
water treatment and alse potable water charges in Europe have been reviewed by the
European Commissicn (1996).

The person or population equivalent (pe} is the amount of BOI} or other parameter
produced per person per day. It is calculated as:

-1
o = Average flow (1} X ;&n:erage BOD (mg ™) kg BOD day-!  (13.5)

The pe for BOD in the UK varies from 0.045 for residential areas to 0.077 for a large
industrial city, giving a mean value of 0.055 kg BOD day ™. In the US, the pe values
are 0.052 and 0.063 for domestic wastewater discharged to separate and combined
sewers, respectively. Standard pe values in the US and Canada are 0.77 kg BOD day ™!
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and 0.10kg suspended solids per day. Equation (13.5) can be modified to express
industrial effluents in terms of population equivalents:

_ Mean flow (m* day!) X Mean BOD (mg I”")
0.055 x 10°

(13.6)

13.5 INDUSTRIAL AND AGRICULTURAL YWASTEWATERS

Industrial wastewaters vary considerably in their nature, toxicity and treatability
{Table 13.2), and normally require pre-treatment before discharge to sewer (Section
14.3}. Nemerow {1978) and Eckentelder (1939) give excellent reviews of industrial
wastewater characteristics and their treatment. Food processing and agricultural
wastewaters are vety different to industrial wastewaters, being readily degradable
and largely free from toxicity { Table 13.8).

Animal wastes are a problem when stocking density exceeds the lands capacity 16
absorb the waste or where animals are intensively housed. There is very little dilution
of animal wastes so they are extremely strong orzanically and difficult to treat (Table
13.9), In terms of organic production per animal it is convenient to express waste
load per animal in comparison to humans. So where a human is 1, a cow is equivalent
to 16.4 people, horse 11.2, chicken 0.014, sheep 2.45 and a pig 3.0. It is not possible
to treat animal wastes using conventional wastewater treatment technology due te
the vast dilution required (Weller and Willetts, 1977). In addition, with some animals
that are fed exclusively with artificial feeds, then high concentrations of heavy metals
and antibiotics can occur in the waste. For example, pig feed can contain up to 233
and 300 ppm dry weight of copper and zinc, respectively. Little is retained by the ani-
mal with 70-80% of the copper and 92-96% of the zinc excreted. The organic load

TaeLe 13.8 Comperative strengths of wastewaters from food-processing indusiries

BOL Cob ¥ Suspended pif Populntion
(mg ™) frg ™) {mg =) solids equivalent
gt per m? of
wasie
Brewery 850 17 00 - a0 -0 14.2
Cannery
Citrus 2000 - - TO00 Acid 333
Pea =70 - - 130 Arid a5
Dairy HUO-11100 - 150-250 200400 Avid 10,0167
Diseillerv 7000 10000 - Low - 16,7
Farm 100020400 - S00-1600 1500-3000 T.5-8.5 16.7-533.3
Silage 50 000 - 12 500 Low Acid 8333
Potata processing 2000 3500 - 2500 11-13 333
Pouliry S00-BU0 [ ECB)) - 450-800 0.5-1.0 8.3-133
Slanghterhouse 15002500 - 200-4010) 200 7 25.0
Sugar heet 4502004 603000 - 800-1530 -8 7.5-33.3
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TaBLE 13.9  Averape volume, strength and nutrient content of animal wastes

Animul  Volume of con BOD; N F K Mainture
waste per (mgl!) (mgl?) (kgtonme™') (kgtomne™') (fkgtomme™!)  conlent
adult animal %)

{m’ day ™)

Cow 0.0500 1530000 16160 11.1 1.5 13.4 87

Pig 0.0045 0000 30000 8.9 4.5 4.5 85

Poultry  0.0001 170000 24000 36.0 1.3 154 32T

*Depending on hovsing.

from farm animals is three times that generated by the human population in the UK.
There are serious problems associated with pathogen transfer between animals and
also to humans due 10 poor disposal and handling of animal wastes. The increase in
antibiotic-resistant bacterial pathogens has been linked o the widespread use of
antibiotics in animal feeds.

The dairy industry is the largest agricultural sector in Europe, Wastewaler originates
from a variety of sources. Fluid milk is lost from reception and bottling areas as well
as on the farm via milking parlours and storage areas. European farmers are also
forced to dump millions of litres of milk towards the end of each year due 10 over
productiont on their milk quotas. This rich full-cream milk is particutarly polluting,
with a BOD of up 1o 100000mgl™!, and must be disposed of very carefully and
should not be discharged 1o the sewer in large quantities. Processing plants produce
awide range of wastewater from the manufacture of butter, cheese, evaperated and
condensed milk, milk powder, and other milk products. Wastes include milk, sepa-
rated milk, buttermilk and whey. Washings fram butter and cheese manufacture have
a BOD of between 1500 and 3000mgl™". Whey is acidic while the rest is alkaline,
although as lactose is rapidly fermented to lactic acid on storage most dairy wastes
are acidic. Dairy wastes are rich in lactose (4.5%), protein (3.8%) and fats (3.6%).

Silage liguor is the waste product from ensiling grass. Under anaerobie conditions
the cellulose in grass is broken down microbially to produce simple organic acids,
which reduces the pH preserving the grass. The waste liquor produced is highly pol-
luting with a pH of 4.5 due to the presence of lactic, acetic, propionic and butyric
acids. The wastewater is readily degradable with a high BOD {50000-60000 mgl™1)
and nitrogen (25000mgN[~") concentrations, The veolume of liguor produced is
linked to the moisture content of the grass when ensiled. For example, at dry matter
contents of 10-15, 16-20 and =20%, between 380 and 450, 90225 and <901 of
liguor are produced per tonne of silage, respectively. Silage clamps require leachate
collection systems and the liquor which is highly corrosive to normal concrete is usu-
ally mixed with sturry and spread on land. It cannot be treated conventionally due to
its toxicity to aerobic treatment systems. The introduction of big-bag silage making
avoids large point sources of liquor which is dispersed back directly ic the land and
0 has reduced the problem of water pollution.
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13.6 WORKING WITH SEWACE

Although there is a health risk associated with working with sewage it can be minimized
by careful work practice. The commonest problems are associated with mild to moder-
ate gastroenteritis, although more serious diseases such as leptospirosis { Weil's dis-
ease) and hepatitis have also been associated with sewage (Chapter 12). Asthma and
alveolitis can also be cansed from acrosols produced at sewage treatment plants due to
proteins of living and dead bactetia causing allergic reactions {Gray, 2004).

In the UK, the Health and Safety at Work Act 1974 requires employers to do all that is
reasonably possible to protect employees from the tisks of illness and injury. More
recent legislation including the Control of Substances Hazardous to Health Regulations
{COSHH) 1994 and the Management of Health and Safety at Work Regulations
1993 requires employers to carry out risk assessments of the hazards associated with
employment, and, in the case of working with sewage, this includss the risk of exposure
to pathogenic organisms in sewage, The assessment is used to devise control measures
to eliminate or minimize the risks, which inclndes adequate training and the provision
of personal protective equipment. Similar legislation also exists throughout Eutope
and the US.

Before working with sewage or sewage-related or -contaminated material anyone
involved should make sure that they understand the risks to health and the ways in
which they can pick up infections. First, they should read the Water Services Association
of England and Wales booklet Guidance on the Health Hazards of Work Involving
Exposure 1o Sewage published in 1995. Second, they should seek medical advice to
ensure that they are not especially at risk and obtain any necessary vaccinations. In
Ireland, it is recommended that those working with sewage should be vaccinated for
tetanus, polio, and Hepatilis A and B. In the UK, those in contact with sewage are
required to carry an occupational health information card bearing the name, address
and telephone number of the employers and details of the individual’s work. This is
particularly important where there is a risk of leptospirosis where the flu-like symptoms
are easily overlooked but where early diagnosis is vital.

The British Health and Safety Executive suggest the following good work practices in
order to minimize the risk of infection;

(a) use safe systems of work and wear the protective equipment that is provided;

{b) report damaged equipment and get it replaced;

{c} avoid becoming contaminated with sewage;

{d) avoid breathing in sewage-contaminated dust or spray {i.e. aerosols):

(€) donot touch your face or smoke, ¢at or drink, unless you have washed your hands
and face thoroughly with soap and water;

(f) cleanse all exposed wounds, however smalt, and cover with a sterile waterproof
dressing;

(g} change out of contaminated clothing before eating, drinking or smoking;
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(h) if you suffer trom a skin problem, seek medical advice before working with
sewage;
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14.1 REQUIREMENTS OF TREATMENT

The aims of wastewater treatment are;

(a) to convert the waste materials present in wastewaters into stable oxidized end
products that can be safely disposed of to intand waters without any adverse
ecological effects;

{b) to protect public health;

{c) to ensure wastewater is effectively disposed of on a regular and reliable basis
without nnisance or offance;

{d} to recycle and recover the valuable components of wastewater,

(e} 1o provide an economic method of disposal;

(f) to comply with legal standards and consent conditions placed on dischargers,

A wastewater treatment plant is a combination of separate treatment processes or
units (Table 14.1), designed to produce an effiuent of specified quality from a waste-
water (influent) of known composition and flow rate. The treatment plant is zlso,
usually, required to process the separated solids to a suitable condition for disposal.
By a suitable combination of these unit processes it is possible to produce a specified
final effluent quality from virtually any type of influent wastewater. While treated
wastewaters can be used for groundwater recharge or even be recycled, they are gen-
erally discharged to surface waters, primarily rivers. The amount of treatment
required depends largely on the water quality objectives of the recejving water and
also the dilution capacity available.

Traditional design of treatment plants in the UK and Ireland is based on the Royal
Commission standard effluent, which has a biochemical oxygen demand (BOD) of
20mg1~! and a suspended solid concentration of 3¢mg ™!, This effluent quality causes
no deterioration in receiving waters so long as there is at least an eight-fold dilution
of clean water available. Most European plant design before 1990 was based on or
near this final effluent standard, It is normal to quote final effluent quality as two
numeric valves, the BOD first and the suspended solid concentration second. So the

J68
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FProcess

Deseription

Fhysiced unst processes
Balancing

Screening

Sedimentation
Floracion

Hydrocyclone

Filtration

Centrifugatinn

Reverse namosis

Ultrafiltration

Micro-hlration

Where 1the flow of wastewater produred is variable over rime, balancing tanks are used to ensare a constant flow and ronsistent
quality of wastewater is pumped lorward for treatment. This reduces bath the capacity and cost of treatment

Sereans remoyve large particles from wastewster. [Jsed early in treatment to protect ocher treatment processes. Screens can he
stationary, vibrating or votating druins

Special tanks 10 separate organic and inorganic solids from lignids

Small air bubbles introduced a1 the base of a tank become attached to suspended particles and Hoot, The particles are then
skimned off the surface as a shadge. Used extensively in dairy, paper, meat packing and paint industries

Removal of dense particles (e.g. sand, grit and glass) from wastewaters is achieved as iv enters a conical tank tangenrially. As
The wagtewater spirals throngh che cank, pardeles are theowen againse che wall hy cemrifugal forces and Fall 1o the base {poine)
of the cone from where they can be removad

Treated wastewater can he passed thraugh a fine media filter {¢.g. sand} in arder to further reduce suspended solids
concentration [<20mg 171}, High-performance filters using synthetic fibres 10 remove particles beeween 1 and 500 pm

frem triged wastewater or [roess strearis

Separation of sotids from liquids by rapid rotation of the mixture in & special tapered vessel. Solids are deposited as a thick
slndge (20-23% dry solids) either againse the inner wall or at the base. Widely used in pharmaceutical, pulp, paper. chemical
and food industries. and for dewatering sewage sludge

Under pressure { 15003000 kPa) water is driven throngh a semi-permeabls membrane with extremely small pores 1o
voncentrate jons and other particles in solution and to purify the water. Csed 10 remove and recover contaminams from process
walers before discharge to sewer

Similar to reverse osmuosis, Particles of §1.005-~0.1 pm are removed as they are forced through a micro-porous memmbrane at
pressures np 3000 kPa. Used for cemoval and recyeling of colloidal material including dves, oils, paints and even proteins
from cheese and whey from wastewaters. Able to remove the smallest micro-organisms including viruses and pyrogenie
macromobeciles

Sirnilar to uleraGleration except used 1o recover large partietes (0.1-5 wm) at lower pressures (100-400 kPa}. Widely used in
food and drink industry, Micco-porous filters ran alsa be used for the disinfection of process waters and effluems

(Continued)
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Procesa Description
Adsorption Activated carbon or synthetic resins are used 1o remove contaninants by adsorption from Liguids. Used primarily for ihe

Chemitcal neit priocesses
Meutralizaiion

Precipitatiarn
Yom-exchange

Oxiclation realoction

Binlagiced unit provesses
Avtivaied slodge

Biological filteation

Stabilization poimls

Anacrobie digestion

removal of organics from indusitial provess and wasrewaters

Mon-neutcal wasrewaters are mixed either with an alkali (e.g. NaOH) or an acid {eg. 504010 brng the pl [ as close o
nentral as possible 10 protect freatment processes. Widely used in chemical, phaemacewtical and wanning industries

Dissolved inorganic components can be removed by adding an aeid or alkali, ur by changing the temperature, by precipitation
as o wolid. The precipitate can be removed by sedimentavion. flowation or ether solids removal process

Removal of dissolved inorgarnic ions by exehiange with another ion attached to a eesin colurnm, For example, Ca an Mg ions
can replace Ma jons in a resin thereby reducing the hardness of the woter

Lnorganic and organie materials in indusical process waders can be made less wxic or less volatile by subtructing or adding
electrons between reactants {e.g. aromatic hydrocarbons, cranides, el.)

Liguid wastewater is aerated 10 allow micro-organisms to uiilize organie polhading matter {(953% redueton). The micrebial
biomass and treatcd effluent ars separated by sedimentation with a portion of the biomass (slodge) recurned o the acration
ik t seed the incoming wastewater

Wastewaler is distributed over a bed of inerr medinam on which miceo-organisins develop and ufilize the organic marcer
present. Aecution oceurs through wamesl vendlacion and the salids are wotr recurned to the filier

Large lugoons where wastewwier is stored for long periods 1e allow » wide range of micro-organizsms to breakdown organic
matier. Many different types and designe of ponds incloding acraied. non-aerated and snaerohic punds. Some designs rely on
algae 1o provide vxvgen lor baceerial breakdown of arganic maner. Shudgs is nor crwirned

Used for high-strength organic effluents (e.g. pharmaceutical, food and drink industries). Wastewster i stomd in g sealed
tank which excludes oxygen, Anverobic bacteria breakdown orgenie martor into methane, carbon dioxide and organie acids,
Final effluzm still requires further treatment as has a high BOD. Also used for the stabilization of sewamre sludge at a
concentration of 2-7% solids
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TabLe 14.2  Guide 1o the required dilution for various levels of treatment employed prior to the
implementation of the Urban Waste Water Treatment Direetive

Ratin of receirving Required stundard Treatment level required

waler to efffuent {mg i~7)

=4 BOD 20 55 30 At least secondary and possibly tertiary
150-300 BOMN 100 55 60 High-rate bielogical treatment
200500 BOD 240 55 150 Primury sedimentation only

500 Raw sewage Screening only '

Royal Commission standard is 20:30), with plants also constructed to higher or lower
standards, Cost is a major factor and the stricter the final ¢ffluent standard the more
expensive treatment becomes. More relaxed standards apply where there is a large
dilution available or where the assimilative capacity of receiving waters is high. In
coastal and estuarine waters there is a vast dilution so effluent standards can be
relaxed further (Table 14.2).

This dilution-based approach to effluent disposal has been superseded by the intro-
duction of the European Union {EL]) Urban Waste Water Treatment Directive
(91/271/BEC). Secondary treatment is now mandatory for all inland towns and for
those discharging to estuaries with a population equivalent (pe) in excess of 2000, and
for towns with a pe >>10000 discharging to coastal waters regardless of receiving water
assimilative capacity {Section 8.3} (Fig. 14.1). New minimum treatment standards have
been set for treatment plants, or alternatively minimum percentage reductions must be
achieved within sensitive catchment areas (Table 14.3). Inland waters generally require
tailor-made standards with particular regard to nutrient concentration to prevent
cutrophication. Butrophication is no longer a problem only of lakes as many rivers
and coastal waters are showing significant enrichment with subsequent algal blooms
(Section 8.2), Effluent discharge licences are now set for a wide range of chemical
variables, according to receiving water usage and its existing assimilative capacity.
Under the EUJ Urban Waste Water Treatment Directive, where receiving waters are
subject to eutrophication {i.e. waters classificd as sensitive}, then minimum effluent
standards for total nitrogen and phosphorus have been set {Takle 14.3). The Directive
should not be seen in iselation but rather as a part of the integrated river basin man-
agement plan required by the Water Framework Directive (Section 7.3). In the US
secondary treatment is also mandatory for wastewater treatment with minimem stand-
ards of <30mg1 ! BOD and <30)'mgl™! suspended solids as monthly averages.

14.2 Basic UNIT PROCESSES

Wastewater treatment is & mixture of settlement and either biological or physico-
chemical processes (Table 14.1), The action of treatment is one of scparation of
scttleable, suspended and soluble substrate from the water by various sorption
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TaeLe 143 Requirements for discharges from wastewater trearment plants under the Urban Waste
Water Treatment Directive {91/271/EEC) - values for total phosphorus and nitrogen
only apply to discherges =10 000 pe discherging to sensitive waters (Le. those subject
ta eurrophicstion)

Paraneter Minimum Minimam percentage
concentration reduction

BODs, 26 mg 0171 0-90

Chemical oxygen demand 125 mg ;17! 15

Suspended solids 35 mgl™! G0

Total phosphorus TmgPl™1 80
2mgP17E 80

Toral nitrogen 10mgN [~ T80
15mgiN1-k 70-50

210000-100000 pe.

b 106 000 pe.

processes to form particles large encugh to be removed from suspension by settle-
ment. The concentrated particles form a sludge, which then must be processed sepa-
rately and disposed of, which can in itself be a major problem, The exact nature of the
sludge is dependent on the processes used as well as the nature of the influent waste-
water. Successful treatment of wastewaters require a combination of unit processes,
the selection of which is dependent upon the nature of the wastewater itself.

In terms of treatment plant design, unit procssses are ¢lassified into five groups or
functions:

1. Prelimingry treatment, The 1emoval and disintegration of gross solids, the removal
of grit and the separation of storm water. Qil and grease are also removed at this
stage if present in large amounts (Fig. 14.2), Industrial wastewaters may require
pre-treatment before rendered suitable for discharge to sewer or further treat-
ment (Section 14.3).

2. Primary (sedimentation) treatment. The first major stage of treatment follkowing
preliminary treatment, which usually involves the removal of settleable solids,
which are separated as sludge.

3. Secondary {biclogical} treatment. The dissclved and colleidal organic matter is oxi-
dized by micro-organisms.

4. Tertiary treatment, Further treatment of a biologically treated effluent to remove
remaining BOD, suspended solids, bacteria, specific toxic compounds or nutri-
ents to enable the final effluent to comply with a standard more stringent that can
be achieved by secondary treatment alone,

5. Studge treatment. The dewatering, stabilization and disposal of sludge.

Depending on the quality of the final effluent required, not all the stages will be
required. For example, preliminary treatment is only generally given to those
wastewaters permitted to be discharged to coastal waters via long sea outfalls, to
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Crude
wastewater

Coarsa soreasns

Primary traatmearnt

Ficure 142  Bummary of prelimimary wastewater treatment processes.

ensure that floating debris and gross solids are not washed back onto the beach.
Primary treatment is given where effluent is discharged to an estuary, with sludge often
dumnped at sea from special vessels. The acceptability of the practice of disposing of
unfreated or primary treated wastewater to coastal waters is becoming increasingly
untenable intermationally. Secondary treatment is given to all effluent discharged to
inland waters. While tertiary treatment is often required if water is abstracted for
public supply downstream of the discharge, where eutrophication is a problem, or
discharge is to either a lake or groundwater. So the degree of treatment is dictated by
the dilution factor, However, with the grewing urbanization the maxim ‘the solation
to pollution 15 dilution’ is no longer appropriate {Table 14.2) and all wastewaters
should receive full treatment regardless of the dilution available in the receiving
water. Within Europe the Urban Waste Water Treatment Directive reflects this new
policy, and secondary and tertiary treatment are becoming increasingly important if
the problem pathogens, that are becoming increasingly common in our recreational
and supply waters, are to be intercepted (Chapter 12) and eutrophication reduced.

All wastewater treatment plants arc based on the generalized layout in Fig. 14.3. The
basic unit processes are outlined below. More detailed descriptions of biological and
physico-chemieal unit processes are given in following chapters.
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14.2.1 SCREENS

Inclined parallel rows of steel bars physically remove larger solids that may cause
blockage of pipework ar damage to pumps. For most domestic plants these are spaced
20-30 mm apart. Floating solids, paper, plastic, woed, etc. are all removed. The removed
solids, known as screenings or rakings, are very unhygenic due to faecal matter and
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Tame 144  Typical size range of screens used in wastewarer rrearment

Category Spacing (mm) Application

Caoarse screens =10 Reincval of large marerial

Fine screens 1.5-140 Lised bs substitute for primary sedimentation
for extended aceation plants

Very fine screens 0.2-1.5 Used &s substiture for primary sedimentation,
Used in conjunction with series of larger screens

Micro-screens 0.001-0.3 Efllueur polishing. Treatment of inert quarry
washings

so are normally bagged and then either incinerated or landfilled. Alrernatively,
screenings are passed through a comminuter, which macerates it into small particles
and discharges it back into the influent channel. Using a 25-mm screen 0.06m? of
screening will be produced per hour per 10000 pe treated, These coarse bar screens
are nsed most at sewage treatment plants. However, fincr screens made from stain-
tess steel wedpe wire mesh are widely used in industrial treatment for removing fine
inert and osganic solids (Table 14.4). The mesh is normally empioyed in the form of
a tetating drum.

14.2.2 GRIT SEPARATION

After screening all the large gross material has been removed. The next stage is to
remove the mineral aggregate {sand and gravel) and other dense material, such as
glass, metal and dense plastic fragments. The grit needs to be removed to prevent
silting and pump damage. Vortex separators {hydrocyclones) and detritors are the
most commonly used systems, and both are based on sedimentation.

Vortex separatoss such as the Pista grit trap are very compact. Wastewater enters a
vortex-shaped tank tangentially and the separation of the grit by centrifugal force is
assisted by a rotating paddle. The grit is flung against the outer wail of the tank and
falls to the lower chamber where it is remnoved by air lift pumnp to a drainage area for
disposal {Fig. 14.4).

Detritors are high rate, shallow settiement tanks designed to remove particles of
0.2 mm diameter with a specific gravity of 2.65 and a settling velocity of 0.02ms L Tt
is 2 square tank with a wide inlet channel with vertical pivoted deflector baffles
angled to ensure an even distribution of flow across the tank. Retention time within
the tank is only 30605 with the settled grit removed continuously to a peripheral
sunp by a rotary scraping mechanism (Fig. 14.5). The velocity of the wastewater is
mainiained at 0.3ms ™! to ensure only the dense particles are removed and that all
the organic solids remain in suspension. The material remaoved by the detritor is
washed in the classifier (cleansing channel), which is an inclined ramp up which a
reciprocating rake pushes the grit against a counter flow of effluent. The grit collects
in a disposal unit from whese it s landfilled.
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14.2.3 OTHER PRELIMINARY PROCESSES

At normal domestic and municipal wastewater treatment plants screening and grit
sepatation is all that is normally necessary. However, if there are excessive amounts
of fats, oils or grease in the influent then flotation may be required (Section 20.4)
after grit separation. Equalization may subsequently be necessary where there is
excessive diurnal variation in either fiow rate or raw water quality 1o the treatment
plant (Section 20.1). Removal efficiencies are not applicable to preliminary treat-
ment processes and the strength of raw (crude) wastewater is measured after this
level of treatment but before primary sedimentation.



378 +» Chapter 14 / Introduction to Wastewater Treatment

Ficure 14.5

Oudling design of a
detritor or square
horizomal-llow grit
chamber.
(Reproduced from
Metcalf and Eddy
{1991) with permis-
sion of MeGraw-
THIl, New Vork.)

14.2.4 STORM WATER

The design of treatment plants is based on dry weather flow (DWF). The DWF is the
‘average daily flow to the treatment plant during seven consecutive days without rain,
following 7 days during which the rainfall did not exceed 0.25 mm in any one day’, When
it rains the surface water generally finds its way to the wastewater treatiment plant via
the sewer. Apart from diluting the wastewater, there are physical constraints at the
plant on the volume of wastewater that can be treated. Most treatment plants are
designed to fully treat 3DWF, with any excess stored in extra settlement tanks known
as storm water tanks. The maximum How to the treatinent plant will be twice this with
the excess flow (>-6DWF), now highly diluted, discharged dirgctly to the receiving
watet. So the storm water tanks act as a buffer between the treatment plant and the
receiving water. It is normally the first few hours after a storm that the wastewater is
at its strongest and, as this is retained in the storm water tanks, it is important that
this stored water is treated before final discharge. The excess wastewater is diverted
to the storm water tanks using a simple overflow weir after it has passed through the
screens and grit separation. The stored wastewater undergoes settlement in the
storm water tanks before it is returned to the inlet for full treatment.

The maximum flow of wastewater to the treatment plant can be more accurately esti-
mated as:

(PG + I+ E) + L36P + 2E m*day™’ {14,1)

where P is the population served; (7, the average per capita wastewater production
(m3ca~'day~ ') which is normally taken as being between 0.12 and 0.18 m*ca ' day 7,
7, the infiliration rate (m>day~") and E, the industrial effluent {m*day~'). The DWF
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here is represented by (PG + 7 + E) so that the maximnm flow to receive full
secondary treatment is (3G + [ + 3E) where the infiltration component remains
constant {White, 1986).

14.2.5 PRIMARY SEDIMENTATION (PRIMARY TREATMENT)

All the wastewater is passed through 2 specially constructed sedimentation tank at
such a velacity that the fine solids settle ount of suspension by gravity. The seitleable
solids form a sludge in the base of the tank which can be removed as primary sludge.
The hydraulic retention time (HRT) is usvally a minimum of 2h at 3DWE Primary
treatment can reduce the BOD by 30-40% and the suspended solids concentration
by 40-70%, while up to 50% of faecal coliforms are also removed at this stage.
Removal of suspended solids is by a number of physical processes that occur simul-
taneously within the tank, such as flocculation, adserption and sedimentation (Casey,
1997). The overflow from the tank is called settled sewage and contains fine sus-
pended (colloidal) and dissolved material only. In order to facilitate servicing, treat-
ment plants require more than one sedimentation tank.

Primary sedimentation tanks clarify sewage by flotation as well as settlement, Any
suspended matter which is less dense than water, such as oil, grease or fat will rise to
the surface and form a scum. Skimmer blades attached to the scrapper bridge push
the scam across the surface of the tank to where it is discharged into a special sump
or a mechanically operated skimming device which decants the scum from the sur-
face. While primary sedimentation tanks are designed to remove both floating and
settleable material, special flotation tanks may be required before the primary settle-
ment stage if large amounts of floatable material are present in the wastewater
{Section 20.4). Remaval efficiency depends on the nature of the wastewater and in
particular the proportion of soluble organic material present, which can severely
affect BOD removal. Some industrial wastes (e.g. food-processing wastewaters) may
contain higher proportions of settleable organic matter resulting in BOD removals at
the primary sedimentation stage in excess of 60-70%. A retention time of 2-3h at
maximum flow rate for primary sedimentation is adequate to allow almost all set-
tleable solids to settle 1o the bottom of the tank, but is not long enough for septic con-
ditions to result. However, at flows below DWF, septicity of the sludge can occur due
to the extended retention time.

Overflow rates vary between 16 and 32m*m~2day ™', with 24 m*m ~2day ! the com-
monly used value for design. The accumulated sludge density is influenced by the
overflow rate forming a dense sludge at koadings of <24 m?m~?day~! with the scrap-
ers enhancing consolidation, or a dilute sludge at >32m*m™?duy™! as the extra
hydraulic movement inhibits consolidation (Section 20.3). At higher averflow rates
the turbidity of the effluent will increase, especially during periods of maximum flow.
Turbid effluents from primary tanks are also caused by excessive weir loadings,
which should not exceed 120m*m~'day~! for plants receiving <4000m*day ' or



380 »

Ficuge 14.6
Upward-flow
primary
sedimentation tank.
{Reproduced from
Casey {1997) with
permission of John
Wiley and Sons Lied,
Chicester. )

Fleuge 14.7
Horizomal-flow
rectangular primary
sedimentation tank.
{Reproduced from
Casey (1997} with
permission of John
Wiley and Sons Ld,
Chichester.)

Chapier 14 / introduction (¢ Wastewater Treatment

180 m*m ™! day~! at flows of >4000my day~! if solids are not to be carried over the
final effluent weir.

There are three main types of sedimentation tanks: upward flow, horizontal low and
radial Aow. Upward-flow settlement occurs as sewage moves upwards through the tank
causing flocculation to increase the size of the particles (Fig. 14.6). Owing to the
nature of these tanks they do not have a scraper, with the sludge which collects at the
base being removed by hydrostatic pressure. Such systems are used at small treat-
ment plants and are either conical (45° slope} or pyramidal {60° slope) in ¢ross sec-
tion with an upward velocity >1.5mh !, As these units need to be deep, they are
difficult 1o construct. Horizontal-fiow settlement occurs as wastewater moves along a
channe] with a length to width ratio of 3-4:1 (Fig. 14.7). The floor is sloped {1:100)
towards a sump where sludge is collected by a travelling bridge scraper that moves
along the entire length of the tank. Such tanks have a minimum depth of 2m, a sur-
face loading of 30 m*m™*day ! and a weir loading of 300 m*m~!day~ 1. The inlet and
outlet weirs are usuaily the full width of the channel to ensure as little turbulence

CQutist weir ~ Inlet stilling chamber
|7 r Scum board

Dasludging pipe

Effluent
chanmel

nflow

Outflow

|— Flight scraper
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within the tank as possible. Such units are very compact often constructed sharing
side wails, but are found at large plants only. Radial-flow settlement tanks are circu-
lar (5~-50m in diameter} with a central feed for the wastewater. The floor slopes into
a central sump where the sludge is gathered by a rotating scraper moving at
1.5-2.5mmin" %, Settlement occurs as wastewater moves up and out, with an opti-
mum upward velocity > 1.5 ms ™!, minimum side wall depth of 2 m and a sarface load-
ing of 30m’m~2day ! (Fig. 14.8). The overflow weir tuns around the periphery of
the tank giving low weir loadings of <220m*m~'day~'. In comparison secondary
sedimentation tanks can have a lower retention time (1.5 k) and higher surface load-
ing rates (SLR) {40 m* m~2day '} than primary sedimentation tanks.

The surface overflow rate (SOR) required for a specific primary total suspended
solids {TS$Ss} removal {between 30% and F0% removal) can be estimated using the
following equation:

SOR (m*m~2day~!) = 185 — (2.5 X TSS removal {%)) (14.2)

Similarly the SOR required for a specific primary standard five-day BOD test
{BOD;) removal (between 20% and 40% removal) can be estimated using the
Equation (14.3):

SOR (m*m~2day™!) = 182 — (4.6 X BOD; removal (%)) {14.3)

There is little difference between the efficiency of horizontal- or radial-fiow units for
primary settlement and selection is normally based on constructional costs or plant
configuration. For example, a circular tank of the same volume and surface area as a
rectangular ¢ank usnally costs less to build. However, if a gronp of tanks are required,
then rectangular tanks are normally used with common dividing walls which are not
only cheaper to construct than individuval circular tanks, but also take up considerably
less space. Except at very small rural plants, there is always more than one primary

Centre-pivited rotaling I
access bridge :
. .F__i__i__-lﬁ—[mve unft

Scum beard Skimmer plada+

Difusion box —

Support column —

Sludge pipe —
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sedimentation tank to allow for maintenance, with the flow divided equally between
the tanks.

Basic design parameters for primary sedimentation tanks can be calculated as shown
below.

ExamprLE 14.1 Design a circular primary sedimentation tank to achieve a 60%
reduction of TSSs for a wastewater flow rate ((2) of 6000 m*day ! and with a peak-Aow
factor of 2.5. Equation (14.2) is used to estimate the SOR which i5 35 m*m~2day™!
which also gives a 32% BOD reduction { Equation (14.3)).

{a) Calculate surface area {4) of tank required:

Q
A= ——
SOR (14.4)
@ = 171.4m!?
a5

(b) Calculate diameter (d) of circular tank usingA = 7>
d=148m
{¢} Caleulate tank volume (1) with a side wall depth (d')of 3 ny:
V=Ad =174 X 3 =514m’

(d} Calculate HRT in hourts:

HRT = ~
0 6000

(e) Calculate peak-flow SOR {m*m~2day~!):
peak flow factor X ¢ _ 2.5 X 6000

A 17114
= 87.5m”* m? day™’

SOR =

Primary sludge production is calculated as;
Wy = (0 X TSS x Fkgday ! {14.5)

where Wy, is the quantity of sludge produccd as dry solids (kg day™!); O, the through
flow rate (m*day~'); TSS, the total suspended solids concentration (mgl™*) and F,
the fraction of solids removed.
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ExampPLE 14,2 A wastewater treatment plant serving a pe of 30000, a per capita
flow rate of 2301day ', an influent TSS concentration of 350mg1~! and with a TSS
removal efficiency of 60%. Calculate the flow to the plant, the quantity and volume
of sludge produced each day.

{a) Flow to plant:

230

= pe X per capita flow = 30000
Q=pexp P [1(](](]

= 6900m?* day!
{b) Shudge quantity as dry solids (W) (kgday ') (Equation (14.5));

3
Wy, = O X TS8 X F = 6900 x 350 % 0.6 X %]

= 1449 kgday™’

Alternatively Wy can be expressed per unit volume of wastewater treated
(kg m’day™'):

0 6900

{c) The volume of sludge dry solids produced (V) per day is:

where p, is the density of liquid sludge which can be estimated to be the same as
water at 1000 kg m”.,

The particle density of sludge is approximately 1700kgm ™ so the exact density of
sludge depends on the selid content and is calculated by mass balance. For example,
a studge with a 5% solids content has a density calculated as:

PsVs = Py + Pp¥p (14.6)

where (p,v,) is the deasity and volume of liquid sludge, (p,v,} is the density and vol-
ume of water, and (p,vp) is the density and volume of sludge particles present:

poX— = 1000 x — | + kpg m?
: 100 s

100 05 1700 x 5
100

Ps =950 + 85 = 1035kg m®
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The volume of liguid sludge produced depends primarily on its water content,
although the nature of the solids alse has a minor influence. The specific gravity of
the dry solids in sludge varies depending on the relative portion of organic {volatile)
and mineral {fixed) material present. This is calculated by using Equation (14.7);

Wee . W _ W
Sdspw Sfpw S\rpw

(14.7)

where Wy; is the weight of dry solids produced, S, is the specific gravity of solids, p,
the density of water, W is the weight of mineral solids, S; is the specific gravity of the
mineral solids, B, is the weight of organic solids and 8, is the specific gravity of the
organic solids.

ExampLe 14.3 I a sludge containing 95% water is comprised of solids of which
3(% are mineral with a specific gravity of 2.5 while the remainder are organic with a
specific pravity of 1.0, then the specific gravity of all the solids is calculated as;

2 AL ER par
Se 28
1
Sy = — = 1.22
* 082

The specific gravity of water is 1.0, so with a 95% water content the specific gravity of
the liquid sludge (S,) is:

1 _ 005, 095

- I =00
s, 122 1.0
1
= —=1.i1
S = 509

The volume of liguid sludge (V) produced can be calculaied accurately once the spe-
cific gravity of the sledge is known using Equatior (14.8):

W
prsIPS

V= (14.8)

where P, is the percentage solids expressed as a decimal.
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ExamrLr 14.4  Using the examples above where the weight of primary sludge pro-
duced each day is 1449kg day ™', the specific gravity of the sludge is 1.01 and the per-
cendage of dry solids is 5%, then the daily volume of primary sludge (V) is:

p o= 1489 01 %005 = 287 m3 day™!

100Q

Approximations of sludge velume can be made using per capita sludge production
rates given in Table 21.1.

14.2.6 BIOLOGICAL (SECONDARY) TREATMENT

After primary treasment the settled wastewater enters & specially designed reactor
where it is mixed or exposed to a dense microbial population under aerobic condi-
tions. Micro-organisms, mainly bacteria, convert soluble and colleidal organic matter
into new cells (Chapter 15). All that is required is to separate the dense microbial
biomass from the purified wastewater. This is done by secondary settlement tanks.
The sludge from secondary settlement is very different from primary sludge, being
composed mainly of biological cells rather than gross faecal solids {Section 21.1).
There are many different biological unit processes (Table 14,1} including fixed film
reactors (Chapter 16), activated sludge systems (Chapter 17) and stabilization ponds
(Chapter 18).

14.2.7 SECONDARY SEDIMENTATION

Secondary sedimentation tanks separate the microbial biomass produced in the bio-
logical treatment unit from the clarified effluent.

The biological growth which is flushed from percolating filters is known as humus and
comprises of well-oxidized particles, mainly in the form of dense microbial film, living
invertebrates and invertebrate debris, which all readily setite. The volume of sludge pro-
duced is much less comparsd with the activated sludge process. The sludge will form
a thin layer at the base of the sedimentation tank, rarely exceeding 0.3m in depth, if
the tank is regularly desludged twice a day. The SOR can be up to 32 m* m~?day ! with
a similar weir depth and loading as a primary sedimentation tank.

Settlement of activated sludge is more variable as the flocs are light and more buoy-
ant than solids from percolating filters, which reduces their settling velocities. This is
made worse by denitrification at the centre of the tiny sludge flocs which results in
small bubbles being produced which buoy up the clusters of particles. This results in
a thick sludge blanket that can often take up half of the tank volume at peak flows.
Therefore a rapid and continuous method of sludge removal is necessary. This is
achieved by not normally having a central sumnp as in a primary sedimentation tank
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but a floor slope of 30° to the horizontal, which allows the sludge to be quickly and
centinuously withdrawn, Another common method of removal is to have numerous
uptake tubes attached to the scrapper which forces the sludge up and out by the
hydrostatic pressure. Rapid withdraw is achieved across the entire bottom of the tank
which ensures that the retention time of solids seitling at the periphery of the tank is
no grezter than at the centre, reducing the age of the floc and the chance of gas pro-
duction resulting in reduced settleability. Sludge removed by this method encourages
a vertical, rather than horizontal, movement in the tank that encourages flocculation
and increases sludge density (Section 20.3). Other problems cauvsing reduced set-
tleability of activated sludge effluents are discussed in Section 17.7.

The volume of effluent from a primary sedimentation tank can be considered as
being equivalent to the influent, as the volume of sludge withdrawn from the tank is
negligible compared with the total velume of wastewater. However, in a secondary
settlement tank receiving activated sludge the influent is equivalent to the effluent
pius the returned sludge. In this case, the overflow of effluent is used for design pur-
poses and not the influent, which includes recirculation. Secandary and primary sedi-
mentation tanks are similar in design except that special attention is paid to the large
volume of flocculant particles in the liquid. Secondary sedimentation tanks are
between 3 and 3 m in depth. The capacity of tanks receiving activated sludge effiuents
is usually based on an HRT of 1.5-2.0h at maximum flow rate. The maximum rate of
flow will be ADWF plus 1DWF for returned sludge, which will give a DWF retention
time of 6-8h, the same capacity as a primary sedimentation tank. With activated
sludge it is critical that sufficient sludge thickening oceurs in order to maintain suffi-
cient biomass (mixed Liquor suspended solid {MLSS) in mgl™") (Section 17.2.1) in
the aeration tank. The sludge-logding rate controls sludge thickening in secondary
sedimentation tanks. SOR (Equation (14.3)) should be between 20 and
40m*m~2day ", While SLR should be between 50 and 300kg m~*day ™%

MLSS

SLR = SOR *|1

(14.9)

. RAS]

where RAS is the returned activated sludge {m*day™!) and Q the influent flow rate
(m*day™!). Settleability of activated sludge in secondary settlement tanks is meas-
ured using the sludge volume index (8VI) (Section 17.2.3), which is linked to the
SLE. The higher the SVI the lower the SLR.

14.2.8 TERTIARY TREATMENT

This is used when the standard 20:30 effluent is not sufficient. Main methods are:
prolonged settlement in lagoous, irrigation onto grassiand or via percolation areas
(land treatment), sttaining through a fine mesh, or filtration through sand or gravel.
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Disinfection is used where pathogens are a problem, for example, where a discharge
is close to a bathing area. Chiorination of effluents is widely used in the US, while in
Europe ozonation or ultraviclet {UV) trearment is used in preference as they cause
less environmental damage. Chlorine will oxidize any organic matter remaining in
wastewater before it acts as a disinfectant. So residval BOD may have to be semoved
prior to chlorination. Methods for disinfection are similar to those used for potable
water (Section 10.1) but the chlorine dose required is usually 10-15 times more than
for potable waters (White, 1992). Non-chemical disinfection using membrane filira-
tion is also used. Nutrient removal is normally incorporated as part of the biological
unit process {Section 18.4), but can be added as a tertiary or advanced treatment
process, usually in the form of chemical treatment (Section 20.5).

14.2.9 SLUDGE TREATMENT

Sludge acts as a liquid when it contains >>909% water, below this it becomes increas-
ingly plastic. Primary sludge is 95-96% water while secondary sludges vary according
to the process wsed. For example, waste activated sludge may be as high as 98.5%
water, Therefore there is a need 1o treat the sludge further to reduce the water con-
tent and so reduce the volume of sludge that must be ultimately disposed. Treatment
of sludge follows a general sequence:

(a) water content reduced by seme form of thickening;
(b} then it is dewatered using chemical addition;
{c) final disposal.

Between stages (a) and (b) slodges may be stabilized to control anaerobic breakdown
occcurting on storage. This is achieved by anaerobic digestion, aerobic digestion or
lime addition (pH >11). Final disposal routes include land spreading (sacrificial
land, land reclamation, agricultural use or forestry), landfill, sea disposal (from
pipeline or ship but now illegal within the EU}, or incineration. This is considered in
detail in Chapter 21.

Depending on the wastewater to be treated specialist unit processes may be required
to deal with particular problems, such as heavy solids (coarse and fine screening),
high grease content (flotation) {Section 20.4} and high organic load (high-rate sec-
ondary treatment) (Table 14.1).

14.3 PRE-TREATMENT OF INDUSTRIAL WASTEWATERS

Pre-treatment of industrial wastewaters is often necessary 10 prevent damage 1o sewers
or the ireatment processes employed, as well as to protect the health and safery of
staff. This is done at source and is achieved mainly by flow balancing, neutralization,



383

* Chapler 14 / Iniroduction to Wastewater Treatiment

Ficure 14.9
Main industrial
pre-treatment
oplions,

and fat and/or oil separation, although specific cecalcitrant, toxic or dangerous pollu-
tan{s may be recovered and either treated on site or sent off for specialized treat-
ment, normally incineration. Some further treatment options are shown in Fig. 14.9,
Waste minimization, spillage management and strict environmental management,
coupted with increasing on-site wastewater treatment, have sipnificantly reduced the
problems at rnunicipal treatment plants receiving industrial wastewaters. Increasing
use of environmental management systems (EMSs) is resulting in industry moving
away from end-of-pipe treatment to preventative strategies involving recycling, reuse
and preduct substitution. While the concept of zero discharge is widely embraced, in
practice few industries have been successful in eliminating the production of all
wastewater tequiring disposal after treatment (Chapter 23).

The treatment of wastewater is largely dependent on biclogical processes, which are
susceptible to toxic compounds. Table 14.5 gives typical inhibition threshold concen-
trations for mumicipal activated sludge systems. However, where such compounds
are continnously discharged to a particular treatment plant then the micro-organisms
gradually become acclimatized to significantly higher threshold concentrations. It
is important that all wastewaters arc screened before treatment or disposal to sewer
to ensure that they are biodegradable and amenable to the treatment provided
(Section 15.3).

While toxicity is the major factor associated with the trearment of industrial waste-
waters, excessive temperatures or variable hydraulic discharge rates are also impor-
tant. Excessive amounts of oil or fats, acidic or alkaline wastes, suspended solids,
explosive or flammable materials, volatile and oderous compounds, and corrosive
gases all need to be controlled on-site before further treatment is considered.
Examples of pre-treatment options for organic-based industrial wastewaters pricr
to discharge are given in Table 14.6. The main physico-chemical unit processes
are explored in Chapter 20 while the bivlogical unit processes are discussed in
Chapters 15-19.

.| Organic - - - " -
" compounds w Oridation a Adsomtion -
Inclustrial Heawvy Oxidationar ¢ | Chemical m=i Firation »-
wastewaler T metalz | | reduction ") precipitation |
. ) _| Air stripping -
=  Ammonia et [ ry -
]
Ta conventional
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TasLk 145  Typical inhibition threshold concentrations of common ions and
organic compounds for municipal activated sludge

TagLE 14.6

Substance fufhibition threshold for
activated wludge fmg ™"}

Ladminm 1-10

Tonal chromium 1-100

Chromium 11 10-50

Chromium ¥1 1

Copper 1

Lursaned 0.1=-2.0. 10=160

Nickel 1.0-25

Finr 0.3-3.0

Arsenic 0.1

Merinry 0.1-1, 2.5 as Hg(Il)

Silvar 1.25-5.10

Cyanide 0.1-5

Armmonia 430

Indine 10

Sulphids 10

Anthracene G1UA]

Benzene 100-500. 125500

2-rhloraphennl 3

Ethylbenzens 200

Penigchincophenol 0.95, 50

Phenal 30200, 200

Tolaene 200

Surfactants 100500

Reprodloced from Water Environment Federatinn {1094 with per-
missicn of the Warer Enviroument Federation. Alexoaedria. Vieginia.

Pre-trestment steps [or typical indusiial wasiewaters

Induatry

Typical pre-treatment fechnologies

Food-processing daices
Meat, ponlicy, and hsh

Fruit and vegerable
Rreweries and distilleries
Pharmareuricals
Organic chemicals

Plastics and resins

Equalization. biological rreawnen, retnoval of sdey

Bercening, gravity separation, (loration, coagulation
precipivation, Biclugical weaomnet

Sereening. equalization, graviry scparation,
nentrulization, hiclogical treatment. coaguiation/
precipitation

Sereening, centrifugation, bivlogical treatment

Equalization, neutralization, coagulation, solvent extrastion,
gravity separation, biological treatment

Gravity separation, Hotation, eqnalization, neutralization.
coagulation, axidaiion, biological rreatment, adsorption

Cravily separation, Qoetion, equalization, chernical
oxidation. solvent extraction. adsorption. biologiral
Ireatmen

Leather tanning and finishing  Screening, gravity separation, flotation. coagulation,

nentralization, hiological treatmeni

Reproduced from Water Environment Foderation {1994) with permission of the Water
Environnient Federaton, Alexandria, Virgiia,



390

Chapter 14 / Introduction to Wastewater Treatmenit

14.4 DESICN oF WASTEWATER TREATMENT PLANTS

14.4.1 SELECTION OF PROCESSES

The selection of specific unit processes depends not only on the nature of the waste-
water, including degradability and treatability by selected processes, but also discharge
requirements. Other important factors are environmental impact, land availability,
projected life of plant design and cost. All the relevant factors in process selection shouid
be considered, although their relative importance will vary due to social, environmental,
political differences as well as technological availability and expertise. Considerations
and selection procedure will vary according to whether the treatment plant serves an
urban or rural catchment, or in a developed or non-developed country (Metealf and
Eddy, 1991). Suggested puidelines in the form of algerithms to aid process selection for
phiysico-chernical, biological and solid separation processes are given in Figs 14.10-14.12.
These are based on simple yes/no responses and so should be used in conjunction with
moere detailed accounts of the application aod suitability of wnit processes, such as Casey
(1997) or Metcalf and Eddy {1991). There may also be special factors that fall outside
these algorithms that will require tertiary unit processes to be installed in the design,
which {swhy it i3 0 important that all factors are considered at the start of the selection
process. For example, discharges at coastal sites close to bathing beaches may require
disinfection in order to comply with the EU Bathing Water Directive (Section 8.2).

Physico-chemical processes are used where the wastewater is not biodegradable and
is usually employed by industries on-site prior to discharge to sewer (Fig. 14.10). The
problem of toxic compounds in organic wastewaters is complex o solve. In this case
bicdegradability should be tested by carrying cut treatability tests for both aerobic
and anaerobic treatment. Toxic materials should be traced back to their source and
removed prior o contamination by organic tnatter or other process streams. Figure
14.10 ailows a very high Jegree of treatment to be achieved, therefore process selec-
tion is controlled by effluent quality objectives as the more complex and extensive the
treatment the moze expensive it becomes.

Solid separation is the most widely used approach to wastewater treatment and all treat-
ment plants incorporate some solid separation processes. Process selection depends
on particle size and density, suspended solid concentration, presence of oils or fats,
and finally the organic nature of the wastewater and colloidal particles {Fig. 14.11).

Selection of biclogical treatment processes depends on the erganic strength of the
wastewater, its relative biodegradability and the location of the treatment plant (Fig.
14,12). Highly degradable wastewaters, such as those from sugar beet processing,
confectionery manufacture, distilling and brewing are not successfully treated by
conventional trickiing filter or completely mixed activated sludge systems. Nutrient
removal is required at plants discharging to sensitive receiving water, while compact
systems may be required if fand is at a premium {e.g. at coastal locations or high popu-
lation density areas, such as Japan).
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Raw Significant variation .i" YES o
wasiewater wastewalsr compogition = Equalizaion tank
and’or flow rate
NO e
Is pH Eo;t_said;?ranga YES Neuiralization
N l = l
Sedmentation
Safilsable solds YES X
present - {eoagulatr?n may
b raquirad)
NO e |
Metals present that can be YES Charnical
axidized or reduced chemically - precipitallon
NO L { Sedimantation |
Matals present that can ba YES
oxidized alectrachemically —————={_Elscirochemicsl catl |
NO
Trace organic compounds or YES Adsorption using
surfactants requiring removal activated carbion
NO I
Trace metals or gther Inorgands YES )
rmaterial racuiring removal *1 Beverse ssmosis
Frcure 14,10 I
Process selection NO (=
algorithm for
physico-chemical Discharge
treatment.

Selection of treatment systems for small communities and individual bouses is dis-
cussed in Chapter 22. Sludge treatment and disposal options are examined in
Chapter 21.

14.4.2 EXAMPLE OF TREATMENT PLANT

‘The majority of wastewater treatment plants are purely domestic serving a population
of <20000pe. They tend to follow the basic design criteria outlined int Fig. 14.13. Major
cities are served by large municipal treatment plants often treating the wastes from
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Ficure 1411
Pricess selection
algorithm for solidy
rePmoval in waste-
water treatment.

Raw
wastawatar

Contalns large discreta particles, | YES Coarse or
plasties, sanitary material, eic. medium screens
NO [ '
Containg dense particles such YES Detritor or
as gril, sand, glass, ate. hydnogyclone
NO :
Contalns discrate YES Fine screens or
particles =0.5mm micrpsirainer
ol ]
NO ¢
Significant quantities YES DAF, oil-water
of fat'oil present saparaion
NG | T
Significant variation in wastewater | YES . i
composition andior fiow rate Equalizalion tank
|
MO '
Seltisable sofids pressnt YES .| Sedimentation (coagulants
P may be required)
NO 1-': !
Wastewater or colloidal sclids YES Activated sludge {fine
primarily organic in nature solids adsorbed on to
microbial blomasas}
1
Sedimantalion
NO !
ls suspendad solids YES Canirituge or
content =>1000 mg I—1? hydrocyclons
NO !
Is suspended soliis YES
content 220 <100 mgl=? Sand filter
m |
YES ]
Particle size range 20-500 pm High pertormanca fliter
T
NO
YES .
Particle size ranga 0.1-5.0 pm Micrafitiration
1
NO
YES —
Panicke size range <0.1 pm Witrafikration
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Raw wastewatsr |
Slgnrﬁcarﬁ varation | yEs
in composition ......_...[ Equalization tank I
anlfar flow rate l
NO
R I s
YES
BOD >800 mg |- E»{ Anaerabic lreatrnenl-l
o i YES YES
BOD =500mg ! Is i:r:xg;ﬁ;&??dlly Biotowar

NO ml
| BOD <300mg 1! l—l{}—'- Activated siudge -

Activated sludga, parcalating
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required subjgct to
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Ficure 14.13
Typical layout of
snzll sewage rreat-
ment plant serving a

population of
20000 or less.

Graat Primary Biclogical
Sc:'een sepration settlernent pracess
wastawater Screaned -~
wastewaier w/
Rakings {screenings) Grit for Primary sludge
for disposal dispasal far disposal
Secondary
satflemant
Final - N S
effluant
Tertiary
treatiment
Secondary
giudge

pepulations =1 000 000. The Po-Sangone wastewater treatment plant (Totino, Italy)
treats the sewage from a pepulation of 1500000 and the wastewater from over 1800
industries in the Piedment region representing a total population equivalent of 3000 000
(Fig. 14.14a). The site covers 150 ha and serves a catchment area of 315 km? with an
average daily flow of scwage of 550000 m*day ', The wastewater passes through 20mm
spaced screens that are held in a specially constructed building so that the air can be
deoadorized by seid basic-washing to prevent odour problems at site (Fig. 14.14b), with
a maximum of 2500¢m? of air per hour treated. Combined grit removal and flotation
follows prior to prirnary sedimentation by 12 radial-flow tanks each 52 m in diameter
with a retention time of 2.5 h at 3DWE. Biological treatment is by 18 plug-flow activated
shudge tanks using diffused air with 2000 diffusers per tank, Secondary settlement
requires 1R radial-flow tanks with rapid sludpe withdrawal using extraction bridges. Iron
coagulants are added to the recirculated sludge for the removal of phosphorus. The
effluent passes into the River Po aiter effluent polishing using multilayer filtration {i.c.
gravel, sand and earbzon). The plant is also equipped with effluent disinfection by sodium
hypochlorite that can be used in emergencies. Sludge treatment includes thickening by
six covered thickening {picket fence) tanks, which increases sludge solids from 2 to
5% (Fig. 14.14c}. Sludge is then stabilized by anaerobic digestion using three heated
mesophilic digesters (35°C) each with a volume of 12000m?, each followed by an
unheated secondary digestion tank. After digestion the sludge is thickened in six
covered thickening (picket fence) tanks before conditioning using lime and ferric
chloride prior to dewatering using eight filter presses each with 140 plates. The sludge
¢ake has a dry solids concentration 37-42% and is disposed to landfill. The air from the
pre- and post-thickening tanks, as well as the filter press house, is deodorized using
acid-base washing. The biogas from the digesters is used to generate electricity to
operate the plant while the heat recovered from the cooling water and exhaust gases of
the engines are used to heat the digesters. The performance characteristics of the
plant are summarized in Table 14.7.



Ficurk 14,14 The Po-Sangone wastewater treatment plant in Torino, Italy. fa} Plan layount of plant, {b) water process flow diagrams and

(c} shodge process flow diagram. Fastewrater Treatment: 1. storm water overfiow: 2. screening: 3. grit removal; 4. primary sedimentation; 5. asra-
vien tanks; &. secondary sedimentation: 7. emetgency chlorination: 8. filtration; 9. effluent outfall. Sludge treatment: 10. raw sludge thickeners;
11. digestion tanks; 12, digested sludge thickenets; 13. power house, 14. biogas storage; 15. lier press house; 16. transformer seation. A and B
are administrative areas. (Reproduced by permission of Ing. Paolo Roinano, General Manager, Azienda Po Sangone )



Ficuke 14.14  (Continued)



Fiovre 14.14  (Continued)
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Tabe 14,7  The influent and treated (tertiary) effluent quality at the large municipal Po-Sangene
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15.1 PROCESSES

After preflimicary and primary treatment wastewater still containg significant amounts
of colloidal and dissolved material that needs to be removed before discharge. The
problem for the engineer is kow to convert the dissolved material, or particles that are
too small to settle unaided, into larger particles o that a separation process can remaove
them. This is achieved by secondary trearment. Chemical treatment using coagulants
will deal with a portion of the celloidal solids, but a large portion of the pelluting mate-
rial will be unaffected. Also, the cost of continuous chemical addition and the problem
of disposing of large quantities of chemical shidge makes this option normally unattrac-
tive {Section 20,2). Alternatively biclogical treatment can be used. This utilizes naturally
OCCUTTINg MicTo-0rganisms to convert the soluble and colloidal material into 4 dense
microbial biomass that can be readily separated from the purified liquid using conven-
ticnal sedimentation processes. As the micro-organisms are literally using the dissolved
and colloidal organic matter as food (substrate), the total volume of sludge will be far
less than for chemical coagulation. In practice, therefore, secondary treatment tends to
be a biological process with chemical trcatment used for toxic wastewater treatmeant.

A precise definition of secondary treatment is given by the Chartered Institution of
Water and Environmental Management (IWEM) as:

the treatment of sewage, usuzlly after the removal of suspended solids, by bac-
teria under aercbic conditions during which organic matter in solution is
oxidized or incorporated into cells which may be removed by settlement. This
may be achieved by biological filiration or by the activated sludge process.
Sometimes termed aerpbic biological treatment.

(IWEM, 1992)

The Municipal Wastewater Treatment Directive (Section 8.3) defines secondary
treatment more broadly as ‘treatment of municipal wastewater by a process involving

799
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biological treatment with a secondary settlement’. So secondary tr¢atment is a bio-
logical process where settled sewage enters a specially designed reactor where under
aercbic conditions any remaining organic matter is utilized by micro-organisms. The
reacter provides a suitable environment for the microbial population to develop and
as long as oxygen and food, in the form of settled wastewater, are supplied then the
biological oxidation process will continue. Biological treatment is primarily due to
bacteria, which form the basic trophic level in the reactor food chain. The biological
conversion of soluble material into dense micrebial biomass has essentially purified the
wastewater and all thai is subsequently required is to separate the micro-organisms
from the treated effluent by settlernent. Secondary sedimentation is essentially
the same as primary sedimentation except that the shudge is comprised of biological
cells rather than gross faccal solids (Section 14.2.7).

Methods of purification in secondary treatment units are similar to the ‘self-
purification process’ that occurs naturally in rivers and streams, and involves many of
the same organisms {Section 5.3). Removal of organic matter from settled wastewaters
is carried out by heterotrophic micro-organisms, predeminately bacteria but alse occa-
sionally fungi. The micro-organisms breakdown the organic matter by twe distingt
processes, biological oxidation and biosynthesis, both of which result in the remaval
of organic matter from sclution. Oxidation or respiration results in formation of min-
eralized end products which remain in solution and are disckarged in the final efflu-
ent (Equation (15.1)), while biosynthesis converts the colloidal and seluble organic
matter into particulate biomass (new cells} which can then be subsequently removed
by settlement {Equation {15.2}). If the food supply, in the form of organic matter,
becomes limiting then the microbial cell tissue will be endogencusly respired {auto-
oxidation) by the micro-organisms to obtain energy for cell maintenance (Equation
(15.3)). All three processes occur simultaneously in the reactor and can be expressed
stoichiometrically as:

(a) Cuxidation:

COHNS + O, + Bacteria = CO, + NH, + Other end products
{Organic matter) + Energy (15.1}

{4) Biosynthesis:

CQOHNS + O, + Bacteria — CsH,NO, (15.2}
{Organic matter) {New cells)

{c) Anto-oxidation:

CsH,NQ, + 50, — 5C0, + NH, + ZH,0 + Energy (15.3)
{Bacteria}



Ficure 15.1
Reladonship
herween the natural
micrebial communi-
ties in rivers and the
developrment of (A)
percolating (trick-
ling] filters and

B) activated

sludge processes,
{Reproduced from
Mudrack and Kunst
{1987 with permis-
sion of Addison
Wesley Longman
Ltd, Harlow)

15.1 Processes * 401

In natural waters soluble organic matter is principalty removed by oxidation and
bicsynthesis, but in the intensified microbial ecosystem of the biological treatment
plant adsorption is perhaps the major removal mechanism, with material adsorbed
and agglomerated onto the dense micraobial mass. The adsorptive property of the
microbial biomass is particularly useful as it is also able 1o remove froim solution non-
biodegradable pollutants present in the wastewater, such as synthetic organics,
metallic salts and even radioactive substances. The degree to which each removal
mechanism contributes to overall purification depends on the treatment system used,
its mode of operation and the composition of the wastewater.

In nature, heterotrophic micro-organisms occur either as thin films (periphyton)
growing over rocks and plants, or in fact over any stable surface, or as individual
or groups of organisms suspended in the water {Fig. 15.1). These natural habitats
of aquatic heterotrophs have been utilized in wastewater treatment to produce two
very different types of biological units, one using attached growths and the other
suspended microbial growths. The design criteria for secondary treatment units
are selected to ¢reate ideal habitats to support the appropriate community of organ-
isms responsible for the purification of wastewater, s0 attached and suspended micro-
bial growth systems will require fundamentally different types of reactors. Both
treatment systems depend on a mixed culture of micro-organisms, but grazing
organisms are alse involved so that a complete ecosystem is formed within the
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Ficure 15.2
Comparison of the
focd pyramids for
fixed film and com-
pletely mixed
SYSLEImS.
(Reproduced from
Wheanley (1983)
with permission of
Blackwell Svience
Lid, Oxford.)

reactor, each with distinct trophic levels. In its simplest form the reacter food chain
comprises:

Heterctrophic bacteria and fungi

l

Holozoic protozoa

|

Rotifers and nematodes

l

Insects and worms

Owing 1o the nature of the reactor, suspended growth processes have fewer trophic
levels than attached growth systems (Fig. 15.2). Thess man-made ¢cosystems are
campletely controlled by operational practice, and are limited by food {organic load-
ing) and oxygen (ventilation/aeration) availability.

Chemical and environmental engineers have been able to manipulate the natural
process of self-purification, and, by supplying ideal conditions and unlimited oppor-
tunities for metabolism and growth, have intensified and accelerated this biologicat
process to provide a range of secondary wastewater treatment systems. However, a
numbet of basic criteria must be satisfied by the desipn. In order to achieve 2 rate of
oxidation well above that found in nature, 2 much denser biomass in terms of cells
per unit volume must be maintained within the reactor. This will result in increased
oxygen demands, which must be met in full so as not to limit the rate of microbial ox-
dation. Essentially this is done by increasing the air—water interface. The wastewater

Suspanded
and cisscived and disscived
organic matler organic matter

Biclogical fllter Activated sludge
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containing the polluting matter must be brought into contact for a sufficient period
of time with a dense population of suitable micro-organisms in the presence of excess
oxygen, to allow oxidation and removal of unwanted material to the desired degree.
Finally, inhibitory and toxic substances must not be allowed to reach harmful con-
centrations within the reactor.

The main methods of binlogical treatment rely on acrobic oxidation, although anoxic
and anaercbic treatment is also widely employed (Chapter 19}. To ensnre that oxida-
tion proceeds quickly it is important that as much oxygen as possible comes into con-
tact with the wastewater so that the aerobic micro-organisms can breakdown the
organic matter at maximum efficiency. Secondary ireatment units of wastewater
treatment planis are designed to bring this about,

Cxidaticn is achieved by three main methads:

1. By spreading the sewage inte a thin film of liquid with a large surface area so
that all the required exygen can be supplied by paseous diffusion (e.g. percolating
filter).

2. By acrating the sewage by pumping in bubbles of air or stirring vigoronsly {e.g.
activated sludge).

3. By relying on algae present fo produce oxygen by photosynthesis (e.g. stabilization

poud).

In systems where the micro-organisms are attached, a stable surface must be avail-
able. Suitable surfaces are provided by a range of media such as graded aggregate or
moulded plastic and even wooden slats, retained in a special reactor, en which a
dense microbial biomass layer or film develops. These reactors are generally categor-
ized as fived-film reactors, the most widely nsed type being the percolating or trickl-
ing flter {Fig. 16.1). Organic matter is removed by the wastewater as it Aows in a thin
layer aver the biological film covering the static medium. Oxygen is provided by nat-
ural ventilation, which moves through the bed of medivm via the interstices supply-
ing oxygen tc all parts of the bed. The oxygen diffuses into the thin layer of
wastewater 1o the acrobic micro-organisms below (Fig. 16.2). The final effluent not
only contaits the waste products of this biclogical activity, mainly mineralized com-
pounds such as nitrates and phosphates, but also particles of displaced film and graz-
ing organisms flushed from the medinm. These are separated from the clarified efflvent
by settlement, and the separated biomass disposed as secondary sludge(Fig, 15.3), The
design and operation of fixed-film reactors are dealt with in detail in Chapter 16.

I suspended growth or completely mixed system processes the micro-organisms are
either tree-living or flocculated to form small active particles or flocs which contain a
variety of micro-crganisms including bacteria, fungi and protozoa. These flocs are
mixed with wastewater in a simple tank reactor, called an aeration basin or tank, by
aerators that not only supply oxygen but also maintain the microbial biomass it sus-
pension to ensure maximmm contact between the micro-organisms and the nutrients
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Ficuge 15.3
Schematie layour of

& fixed-film reactor,

FicURE 15.4
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in the wastewater. The organic matter in the wastewater is taken out of solution by
cantact with the active suspended biomass. The purified wastewater contains a large
quantity of micro-organisms and flocs, The active biomass is separated from the clari-
fied effluent by secondary settlement, but if the biomass was disposed of as sludge the
concentration of active biomass in the aeration basin would rapidiy fall to such alow
density that little purification would occur, Therefore, the biomass, called activated
shudge, is returned to the reactor to maintain a high density of active biological solids
ensuring a maximum rate of biological oxidation (Fig. 15.4). Excess biomass, not
required to maintain the optimm microbial density in the reactor, is disposed of as
surplus sludge (Table 21.1). The design and operation of completely mixed systems is
examined in detail in Chapter 17.

Apart from the oxidation of organic {carhonaceous} material by heterotrophs,
ammonia ¢an also be oxidized during wastewater treatment by autotrophic bacteria,
a process known as nitrification. Nitrification can take place in the same reactor as
carbonaceous oxidation, either at the same time or in different areas or zones of the
reactor, or it can take place separately in a specially constructed reactor. The process
is a two-step bacteriological rcaction that requires considerable oxygen. In the first
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step ammonia is oxidized to nitrate by bacteria of the genus Nitrosorronas, which is
further, oxidized to nitrate by bacteria of the genus Nitrobacier. This is considered in
detail in Section 16.3.2.

ZNH, + 30, — 2ZNO, + 4H* + 2H,0 + Energy {15.4)

2N03 + 02 - 2N03 + E-T'le-'l'g}" [155}

The microbial biomass with the reactor transforms the organic matter in the settled
sewage by biophysical processes (flocculation and adserption) and biochemical
processes (biological axidation and synthesis) to produce a variety of end products.
Some of these are soluble or gasecus end products such as nutrient salts or carbon
dioxide from oxidation processes or soluble products from the lysis of the micro-
crganisms comprising the film. The remainder is present as solids that require sepa-
ration from the final effluent. The mechanisms for adsorption and subsequent
absorption are the same for all bacterial systems and are discussed in Section 17.1.

Biological wastewater treatment differs from more traditional fermentation
processes, such as the production of bakers' yeast, in a number of important ways.
Principally wastewater treatment is aimed at removing unwanted material while the
commeicizl fermentation processes are all production systems. These production
fermentations use highly developed, specialized strains of particular micro-
Crganisms to synthesize the required end product, while in wastewater treatment a mix-
ture of micro-organising are used. These are largely self-selecting with nearly all the
organisms that can centribute to substrate removal welcome. Unlike commercial fer-
menters, wastewater reactors are not aseptic and because production fermenters
require highly controlied conditions they are more complex and comparatively more
expensive than those used in wastewater treatment.

Although the TWEM definition stresses that aerobic systems should be used, and this
has traditionally been the case, the EU places no such restrictions in its definition.
The secondary treatment phase may comprise of other biological systems, both 2er-
obic and anaerobic, or incorporate a mixture of several systems. Among the more
unusual biclogical systems used for municipal treatment that fall outside the fixed
film or completely mixed categories are aerobic and anzerobic lagoons, reed beds,
wetlands and land treatment (Chapter 18). In practical terms the water industry is
conservative in the selection of wastewater technology, choosing those systems for
which there is pienty of design and operational data available, so that they can be
assured that the process will be both adequate and reliable. For that reason treat-
ment process selection is often limited to a straight choice between fixed-film and
completely mixed systems (Table 15.1), which are dealt with fully in Chapters 16 and
17, respectively. However, there are many other processes available that are often
selected for unusual locations or more difficult wastes (Chapters 18-20).
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TasLe 15.1  Comparison of the activated sludge and percolating filter processes

Activated sladpe

Pereolating filtration

Capital cost
Ares of land

Operating cost
Influence of weather

Technical conteol

Nature of wastewater

Hydrostatic head

Nuisanoe

Finzl efftueny quality
Secondary sludge

Encepy reguiccment

Synthetic detergents

Rabustness

[ow

Low: advantageous where land
availability is restricted or expensive

Lligh

Works well in wet weather, slightly
worse i dry weather, less affected
by low winter temperatures

High: the enicrobial activity can
be elosely contrelled: requires
skilled and contnuons operation
Bensitive to 1oxic shocks, changes in
loading and wrade wastewaters;
leads to bulking problems

Srmull: low puinping requirement,
suitable for site where available
hydraulic head is limiced

Low odour and e flv problems.
Moise may be o problem both
it urban and rural areas

Poor niwification buc low in suspended
solids except when bulking

Large volumns, high water content,
difficult 1o dewater, less siabilized
High: required for zeraiion, mixing
and maintaining sudge floes in
suspension and for recveling shudge
Passible laming, especially

with ditfusers

Mot very robust, high dogree of
nuintenance o molors, not
possible to vperate without

power supply

High

Larze: 10 times more area required

Low

Works well in summer but possible
ponding in winter

Little possible except process
modifications, Does not reguire
continuous or skilled operation

Strong wastewaters satislaclory, able
to withstand changes in loading and
woxic discharges

Large: sile must provide nalural
hydraulic heed otherwise pumping
i required

Moderate vdour and severe fly
problem in summer passible. Quiet
in operation

tHighly nitrified, relarively high
suspended solids

S"lﬂ" \"l’.lll.,l"ll‘}.J |i-*..5&' wATEL. ]'l‘%hl}’
srahilized

Low: natural ventilation, gravitational
flow

Litde foam

Very sturdy, low degree of
imaintenance, possible to operate
withont power

15.2 KINETICS

15.2.1 BACTERIAL KINETICS

In terms of substrate removal, the rate of carbonaceous oxidation, nitrfication and
denitrification depends on the rate of microbial growth, and in particular the rate of
bacterial growth. This is best flustrated by observing the development of a microbial
population with time in batch culture. When a small inoculum of viable bacterial cells
are placed in a closed vessel with excess food and ideal environmental conditions,
unrestricted growth occurs. Monod (1949} plotied the resultant microbial growth
curve from which six discrete phases of bacterial development can be defined
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(Fig. 15.5). The microbial concentration is vsuvally expressed as either the number of

ce

lls per unit volume or mass of cells per unit volume of reactor. However, it is not

possible to directly translate one set of units from the other since the size of the cells
and the creation of storage products by cells dramatically affects the mass but not the
number of cells (Fig. 15.6),

The tag phase represents the acclimatization of the organisms to the substrate; how-
ever, depending on the size and degree of adaptation of the inoculum to its new envi-
ronment, the lag phase may be very short or even absent. Cells only begin to divide
when a sufficient concentration of the appropriate enzymes have built up, but once
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division has started the population density of bacteria rapidly increases. In the accel-
eration phase the generation time decreases and there is a discernible increase in the
growth rate leading to the exponential or log phase. In this phase the generation time
is minimal, but coustant, with a maximal and constant specific growth rate resulting
in a rapid increase in the number and mass of micro-crganisms. This is the period
when the substrate conversion is at its maximum rate. The rate of metabolism and in
particular the growth rate is limited only by the microbial generation and its ability to
process substrate. The exponential phase continues until the substrate becomes limi-
ting. This produces the declining growth phase where the rate of microbial growth
rapidly declines as the generation time increases and the specific growth rate
decreases as the substrate concentration is gradually diminished. It is at this stage
that the total mass of the microbial protoplasm begins to exceed the mass of viable
cells, since many of the micre-organisms have ceased reproducing due to substrate-
limiting conditions (Fig. 15.6). In batch situations the accumulation of toxic metaba-
lites or changes in the concentration of nutrients, or other environmental factors
such as oxygen or pH can also be responsible for the onset of the declining growth
phase. The microbial growth curve flattens out as the maximum microbial density is
reached, with the rate of reproduction apparently balanced by the death rate. This is
the stationary phase. Now the substtate and nutrients are exhausted and there is a
high concentration of toxic metabolites. It has been suggested that the majority of
cells remain viable during this phase but in a state of suspended animation, without
the necessary substrate or environmental conditiens to continue to reproduce. The final
phase is the endogenous or the log-death phase. The substrate is now completely
exhausted and the toxic metabolites have become unfavourable for cell survival. The
microbial density decreases rapidly with a high micro-organism death rate resulting
in the rate of metabolism and hence the rate of substrate removal also declines. The
total mass of microbial protoplasm decreases as cells utilize their own protoplasm as
an energy source {endogenous respiration), and as cells dic and lyse they release
nutrients back inte solution that can be utilized by the remaining biomass; although
there ig a continued decrease in both the number and mass of micro-organisms.

The microbial growth curve is not a basic property of bacterial cells but is a response
to their environmental conditions within a closed system. Because biological treat-
ment processes are normally continucus flow systems it is not directly applicable,
although it is possible to maintain such systerms at a particular growth phase by con-
trolling the ratio of substrate to microbial biomass, commonly referred to as the food
to micro-organism ratio {f/m). The £/m ratio maintained n the aeration tank in an
activated sludge system controls the rate of biclogical oxidation as well as the volume
of microbial biomass produced by maintaining microbial growth either in the log,
declining or endogenous growth phase. The type of activated sludge process can be
defined by the ffm ratio as being high rate, conventional or extended. For example, at
a high £/m ratio micro-organisms are in the log-growth phase, which is characterized
by excess substrate and maximum rate of metabolism. At low f/m ratios the overall
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metabolic action in the aeration tank is endogencus, with the substrate limiting
microbial growth so that cell lysis and resynthesis occurs. There is growing interest in
the development of baich treatment systems that correspond mote closely to the
basic microbial growth curve model {Section 17.4).

15.2.2 RATES OF REACTION

The rate at which components of wastewatet, such as organic matter, are removed
and the rate at which biomass is produced within a reactor are impottant criteria in
the design and calculation of the size of biological reactors. The most useful method
of describing such chernical reactions within a biological reactor is by classifying the
reaction on & kinetic basis by reaction order. Reaction orders can differ when there
is variation in the micro-organisms, the substrate or environmental conditions, so
they must be measured experimentally.

The relationship between rate of reaction, concentration of reactant and reaction
order (n) is given by the expression:
Rate = {Concentration)* (15.6)

or more commonly by taking the log of both sides of the equation:

log Rate = » log{Concentration} (15.7)

Equation (15.7) is then used to establish the reaction order and rate of reaction. If
the log of the instantanecus rate of change of the reactant concentration at any time
is plotied as a function of the log of the reactant concentration at that instant, then
a straight line will result for constant order reactions and the slope of the line will
be the order of the reaction (Fig. 15.7). The rate of reaction is independent of the

Boecond-order

First-order

Rate (log)

Lero-ordar

Substrate concantration {log)
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Ficure 15.8
Arithmetical plot of
a zero-onder
reaction.

G

Slope = -k

Substrate concentration (C)

Time (1)

reactant concentration in zero-order reactions, which results in a horizontal line
when plotted, The mate of reaction in first-order reactions is directly proportional to
the reactant concentration and with second-order reactions the rate is proportional
to the concentration squared.

In practice, it is simplest to plot the concentration of reactant remaining against time
in order to calculate the reaction rate. Zero-order reactions are linear when the plot
is made on arithmetic paper (Fig. 15.8), following Equatior {15.8):

C—Cy =kt (15.8)

where C is the concentration of reactant (mgl™!) at time 1, C is the constant of inte-
gration {mg1~1) which is catculated as C = Cpat ¢ = 0 and & the reaction rate constant
(mg!~lday™!). First-order reactions proceed at a rate directly proporticnal to the
concentration of one reactant, so that the rate of reaction depends on the concentration
remaining, which is decreasing with time. The plot of variation in concentration with
time on arithmetic paper does not give a linear response but a curve. However, first-
order reactions follow Equation (15.9%

1n{c—g] -kt (15.9)
or
[G] _ A
log' 81 = 3% (15.10)

so that a plot of log C (the log of the concentration of the reactant remaining) against
time will give a linear trace (Fig. 15.9). Second-order reactions proceed at a rate pro-
portional to the second power of the concentration of a single reactant and obey the
function:

—=—=kt (15.11)
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=

Time {t

with arithmetic plot of the reciprocal of the reactant concentration remaining (1/C)
against time giving a linear trace, the slope of which gives the value of k (Fig. 15.10).

For any set of valoes C and £, such as the rate of removal of organic matter as measured
by biochemical oxygen demand {BOTY) at regular intervals, the reaction rate equations
can be tested by making the appropitate concentration versus time plots and noting any
deviation from linearity. It should be noted that while fractional reaction orders are
possible it is normal for an integer value for reaction order to be assumed.

15.2.3 ENZYME REACTIONS

The organic matter in wastewater is utilized by micro-organisms in a series of enzym-
atic reactions. Enzymes are proteins or proteins combined with either an inorganic
or low-molecular-weight orgunic molecule, They act as catalysts ferming complexes
with the organic substrate, which they convert to a specific product, releasing the
original enzyme to repeat the same reaction. The enzymes have a high degree of sub-
strate specificity, so a bacterial cell must produce different enzymes for each sub-
strate utilized. Two types of enzymes are produced: extra-cellular enzymes which
convert substrate extra-cellularly into a form that can be taken into the cell for fur-
ther breakdown by the intra-cellular enzymes which are involved in synthesis and energy
reactions within the cell. Normally the product of an enzyme-catalysed reaction
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Figugr 15.11

The rate of enzyme-
catalysed reactions
as presented by the
Michaelis—Menten
cquation.

immediately combines with another enzyme vntil the final end product required by
the cell is reached after a sequence of enzyme—substrate reactions.

The gverall rate of biological reaction within a reactor is dependent on the catalytic
activity of the enzymes in the prominent reaction. I it is assumed that enzyme-
catalysed reactions involve the reversible combination of an enzyme (£) and substeate
£5)in the form of a complex (E5) with the irreversible decomposition of the complex
to a product (£ and the free enzyme (£), then the overall reaction can be written:

E+S.:’2 ES—% . E+p (15.12)

where &y, k; and k, represent the rate of the reactions. Under sieady-state conditions
the various rate constants can be expressed as:

btk _ g 15.13)
. m {

where K, is the saturation or Michaelis constant. The Michaelis-Menten equation
allows the reaction rate of enzyme-catalysed reactions to be calculated;

r = LeoulS] (15.14)
Ky + 1951

where r is the reaction rate, R, is the maximum reaction rate at which the product
is formed {mg1~'day~") and § is the substrate concentration (mgl~1). If this equa-
tion is plotted graphically (Fig. 15.11) it can be seen that the rate of an enzyme-
catalysed reaction is proportional to the subsirate concentration at low-substrate
concentrations (first order) but as the substrate concentration increases the rate of

i

o

Reaction rate {A}

;k" —— e -

Subsirate concaniration
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reaction declines, finally becoming constant and independent of the substrate con-
centration (2ere order), In practical terms this is seen when a batch reactor is started
and no further substrate is added. Initially the rate of reaction is only restricted by the
ability of the enzymes to utilize the substrate, which is in excess, so the reaction kinet-
ics are zero order. However, as the substrate is utilized the reaction begins to become
substrate-limnited resulting in fractional-order reactions until the substrate concen-
tration is so low that the rate of reaction becomes tofally limited by the substrate con-
centration and so first-order kinetics result. First-order kinetics are assumed when
[8] = K. From Fig. 15.11, it can be seen that the saturation constant K, is equal to
the substrate concentration when the reaction rate is equal to (Rp.,/2).

Most biclogical wastewater treatment systems are designed to operate with high micre-
organism concentrations, which results in substrate-limiting conditions. Therefore, the
majority of wastewater treatment processes can be described by tirst-order kinetics.

15.2.4 ENVIRONMENTAL FACTORS AFFECTING GROWTH

A number of environmental factors affect the activity of wastewater microbial
populations and the rate of biochemical reactions generally. Of particular importance
are temperature, pH, dissclved oxygen, nutrient concentration and inhibition by
toxic compounds, Tt is possible to control all these factors within a biological treat-
ment system, except temperature, to ensure that microbial growth continues under
optimum conditions. The majority of biological treatment systems operate in the
mesophilic temperature range, growing best in the temperature range 20-40°C.
Aeration tanks and percolating filters operate at the temperaiure of the wastewater,
12-25°C, although in percolating filters the air temperature and the rate of ventila-
ticn can have a profound effect on heat loss. The higher temperatures result in
increased biological activity, which in turm increases the rate of substrate removal.
The increased metabolism at the higher temperatures can aiso lead to problems of
oxygen limitations. Generally activated shidge systems perform better than percolat-
ing filters below 5-10°C, although heterotrophic growth continues at these tempera-
tures, However, the practice in colder climates of covering filters and controlling the
rate of ventilation, thus reducing heat loss within the filter bed, has largely overcome
this prablem. Van't Hoff's rule states that the rate of biological activity doubles with
every 10°C rise in temperature within the range 5-35°C, The variation in reaction
rate with temperature is represented by the modified Arrhenius expression:

ky = kgp $T°H0 (15.15)

where T is the temperature (°C}, & is the reaction rate constant at temperature T
(day™1), ky is the reaction rate constant at 20°C (day™!) and 4 is the temperature coef-
ficient, There is a rapid decrease in growth rate as the temperature increases above 35°C
which falls to zere as the temperature approaches 45°C. Anaerobic digestion tanks are
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normally heated as near to the optimum temperature of the mesephilic range as pos-
sible (35-37°C). The pH and dissolved oxygen concentration in a biological reactor can
be: contrelled to any level by the operator. The optimum pH range for carbonaceous
oxidation lies between 6.5 and 8.5. At pH > 9.0 microbial activity is inhibited while at
pH < 6.5 fungi dominate over the bacteria in the competition for the substrate.
Fluctuations in the influent pH at¢ minimized by completely mixed aeration reactors
that offer maximum buffering capacity. If the buffering capacity is not sufficient to main-
tain a pH within the acceptable range, then pH adjustment will be required. Anaerobic
bacteria have a smaller pH tolerance ranging from pH 6.7-7.4 with optimum growth at
pH 7.0-7.1. A dissolved oxygen concentration between 1 and 2mg 1~ is sufficient for
active aerobic heterotrophic microbial activity, although optimum growth is dependent
on sufficient essential nutrients and trace efements being present. Apart from organic
catbon, nitrogen and phospherus, true elements such as sulphur, iron, caleium, mag-
nesium, potassium, manganese, copper, zine and molybdenum must also be available
for bacterial metabolism. Normally all these nutrients and elements are present in
excess in sewage although they may bave to be supplemented in industrial wastewaters
where nitrogen and phosphorus are normally only present in low concentrations, It is
desirable to maintain a BOD:N: P mass ratio of 100:5:1 to ensure maximum microbial
growth (Section 13.1). Toxic compounds, such as phenol, cyanide, ammonia, sulphide,
heavy metals and trace organics, can totally inhibit the microbial activity of a treatment
plant if the concentration exceeds threshold limits for the micro-organisms. However,
constant exposure to low concentrations of these substances result in the microbial
community becoming acclimatized and increasing the concentration which they can
tolerate. Completely mixed aeration tanks are able to dilute shock toxic 1oads reducing
the influent concentration to the fnal effluent concentration, while in filiers the contact
time between the micro-organisms and the toxic material is relatively short.

153.2.5 KINETIC EQUATIONS OF BACTERIAL GROWTH

The various growth phases on the microbial growth curve (Fig, L5.5) can be represented
quantitatively. The net microbial growth rate (mgl~'day ') can be expressed as:

% - X -k X {15.16)
where X is the concentration of micro-organisms (mgl™"), « is the specific growth
rate (day 1), k4 is the endogenous decay coefficient (day~') and ¢ is the time in days.
The integrated form of this equation when plotted on semi-log arithmetic graph
paper results in a straight line, hence the term logarithmic growth phase. The equa-
tion assumes that all the micro-organisms are viable and while this may be true for a
test-tube culeure, it cannot be the case for a wastewater treatment unit with long
retention times. It is, however, assumed that a constant fraction of the organisms
within the biological ireaiment nnit will remain viable.
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Exponential growth will continue so long as there is no change in the composition of
the biomass and the environmental conditions remain constant. In a batch reactor a
change in environmental conditions will inevitably occur, normally substrate limita-
tion, which will cause a change from exponential growth into the declining growth
phase. The most commonly used model, relating microbial growth to substrate uti-
lization, is that of Monod. He observed that the growth rate dX/dr was not only a
function of organism concentration but also of some limiting substrate or nutrient
concentration, He described the refationship berween the residual concentration of
the growth-limiting substrate or nutrient and the specific growth rate of biomass (p)
by the classical function that takes his name:

)
K +S§

K= B —ky (15.17)

where g, is the maximum specific growth rate at saturation concentration of
growth-limiting substrate (day™'), § is the substrate concentration {(mgl™') and X, is
the saturation constant {mg1~') which is the concentration of limiting substrate at which
the specific growth rate equals half of the maximum specific growth rate (u = 1,/2).

From this relationship it can be seen that specific growth rate ¢an have any value
between zero and p, provided that the substrate can be held at a given constant value.
This is the basis for all continuous flow treatment processes in biological wastewater
treatment in which micro-organisms are continuously cultivated, but the overall rate of
metabolistn is controlled by the substrate concentration. When plotted, the Monod
rclaticnship between specific growth rate and the growth-limiting substrate concentra-
tion {(Fig. 15.12) has the same form as the Michaelis-Menten equation which describes
the rate of reaction of an enzyme with the substrate concentration. Figure 15.12 shows
that the microbial growth rate increases as the availability of substrate increases until
the maximum specific growth rate is achieved, at which point a factor other than sub-
strake, such as generation rate or a specific nutrient, becomes growth limiting.

P e

Specific growth rate (4]
=
3

Subsirate concentration
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The specific growth rate of the equation of microbial growth under exponential
growth conditions dX7dr = p can be replaced by the Monod function so that:

a _ 53X
& "Ka+s

(15.18)

where the growth rate (dXids) is directly proportional to substrate concentration
{first order), When the substrate concentration is much larger than K, the expression
for growth rate reduces to:

dx
T = HaX (15.19)

where the growth rate is independent of substrate concentration {zero order).

The organic carbon as measured by BOD or chemical oxygen demand {COD) is
usually considered to be the rate-limiting substrate in aerobic wastewater treatment
systems, although the growth rate of the micro-organisms can also be controlled by
other substances, such as ammonia, phosphate, sulphate, iron, oxygen, carbon dioxide
and light. In low-substrate concentrations the rate of mass transfer into the cell may
also control the rate of growth, The thickness of microbial flocs or film may be orders
of magnitude greater than the size of an individual micro-organism, sa the rate of
mass transfer may limit growth under certain conditions. However, the Monod func-
tion can still be used if K, is considered as a variable dependent upon the degree of
mixing in the reactor.

In nearly all biclogical wastewater treatment systems the retention time of micro-
organisms is such that the endogenous phase occurs. Some unit processes, such as
oxidation ditches, are designed to operate specifically in this phase, The basic equation
for microbial growth can be modified to incorporate endogenous decay:

d'X — p—
S kX (1520)

where k&, is the specific endogenous decay rate which includes endogenous respiration,
death and subsequent lysis. The specific endogencus decay rate &, is of little significance
when the retention time is short, being an order of magnitude less than u. However,
when the system is operated in the endogenious growth phase, &y is important in the cal-
culation of the net amownt of micro-organisms produced and the oxygen utilization rate.

The mass of organisms produced is related to the mass of substrate consumed, using
the expression:

4y _ 18] (15.21)
dt []
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where X is the concentration of micro-orgacisms, § is the concentration of substrate,
Y is the yield coefficient and ¢ is the time. The yield ceefficient is a function of the
species of micro-crganisms present, the type of substrate and environmental condi-
tions. However, it is usnally assumed to be constant for a given biclogical treatment
process treating a specific wastewater. The yield coefficient is determined experi-
mentally, and so such factors as formation of storage products (i.e. glycogen and
poly-p-hydroxybutrate), temperature, pH and the variation in the fraction of viable
cells, all of which can significantly affect the coefficient, must be taken into account.
This is done by ensuring that the experimental conditions under which the coefficient
is measured are the same as those encountered in practice, or by taking into account
the factors used in the model of yield. BOD or COD are usually used as a measure of
substrate concentration and volatile suspended solids as an index of organism
concentration. Yield coefficient is expressed as mass (or meole) of organism preduced
per mass (or mole) of substrate consumed. Similar relationships can be established
for the utilization of other substances such as oxygen or light energy, or the formation
of products such as methane or ¢arbon dioxide.

The expression of yield can be combined with the constant growth rate equation
(dX/dt = nX) to give the rate of substrate utilization:

a8 ky (15.22)
& v

When the amount of substrate utilization for cell maintenance is expected to be sig-
nificant, that is at high temperatures, long residence times and high cell concentra-
tions, the above equation should be modified:

= -%X - KnX (15.23)

where K, is the specific maintenance coefficient.

Kinetic consiants should be determined experimentally using bench or pilot scale
methods. However, due to the biological and chemical nature of such experiments
the wastewater engineer and designer often prefer to rely on data presented in the
literature. The variation in the kinetic constants quoted in the literature, due to the
vanation in wastewater quality and environmental conditions, is large. For example,
Y = 0.350.45mg volatile suspended solids mg COD™!, k; = 005010 day~!,
k, = 25-100mg1™! and up, = 3.5-10.0 day™!, so clearly kinetic analysis can cnly be
performed with any degree of confidence on experimentally collected data, The use
of bacterial kinetics in the design of secondary wastewater treatment systems is excel-
lently reviewed by Ramalho (1977).
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15.83 TrEATARILITY, ToX1CITY AND BIODEGRADABILITY ASSESSMENT

Itis vital to know that wastewaters discharged te the treatment plant are non-toxic to the
biological phase of the process, and are able to be removed and broken down. New
industrial wastewaters should always be fully investigated in terms of their treatabil-
ity, toxicity and bicdegradation before they are accepted for discharge to sewer.

Treatability of a substance is defined as the amenability of that subsiance to removal
during biological wastewater treatment without adversely affecting the performance
of the treatment plant.

Toxicity, or the extent to which a substance adversely affects micro-organisms, is most
likely dependent on the concentration of micre-organisms present (i.e. #/m ratio).
Therefore, tests must be conducted at various concentrations of inoculum and to
quantify the toxic effects of a substance as an ECy;, (i.e. the concentration of the sub-
stance giving 50% inhibition of the control) (Section 6.1).

Biodegradation can be defined as the breakdown of a substance by micro-nrganisms.
Pritnary biodegradation is the alteration of the chemical structure of a substance
resulting in loss of a specific property of the substance. Ultimate biodegradation is
the complete breakdown of a substance to cither fully oxidized or reduced simple
molecoles and the formation of new cells.

Screening or indicative methods for wastewaters can all be carried out relatively quickly
uging standard equipment in the wastewater laboratory. These methods are categorized
as either biochemical or bacterial tests. They are alternative methods to continuons
simulation tests using experimental pilot plants. In practice, experimental pilot plants
are more time consuming and costly, but often provide information that can be more
easily transferred to full-scale treatment plant operation {Kilroy and Gray, 1995).

Biochiemical tests are based on the measurement of the activity of specific metabolic
products of micre-organisms. While used for the determination of microbial biornass
and microbial activity, they can also be used for toxicity screening. Enzymatic assays
(e.z. dehydrogenase, beta-galactosidase and in vitro urease activity) are used specifically
to measure cellular activity while adenosine triphosphate (ATF) assays give an indi-
cation of live hiomass.

Bacterial tests to assess the effect of a toxicant rely on the inhibition of some easily
measured micrebial activity, These include:

1. Assays based on the measurement of growth inhibition and viability of bacterial
cells. Since growth is the summation of cellular processes, it reflects toxic effects
on numercus biological functions {e.g. Sprffum volutans bioassay, bacterial
growth inhibition, bioluminescence}.

2. Assays based on the mhibition of oxygen uptake by bacterial cells. Aerobic
bacteriz require oxygen for cell maintenance, growth and division. The rate of
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oxygen uptake (ie. the respiration rate) responds rapidly to the presence of
inhibitors and measurements have the advantage of speed and simplicity. Loss
of respiration signifies death of a eeil and as such is a measure of acute toxicity.
However, cells may still respire even after they have lost the ability to grow or
divide (i.e. active but not visble}. Therefore, short-term respiration assays do not
identify effects on growth and cell division that may become obvicus after several
generations {e.g. manometry, electrolytic respirometry, direct measurement of
dissolved oxygen, microbial oxygen electrode screening tests).

3. Assays based on substrate utilization (e.g. modified OECD screening test
(MOST), modified semi-continuous activated sludge {SCAS) test, glucose uptake).

4. Assays based on carbon dioxide production {e.g. the Sturm test).

The most widely used toxicity and biodegradability tests in water technology are
summearized below,

15.3.1 THE ACTIVATED SLUDGE RESPIRATION
INHIBITION TEST

The activated shidge respiration inhibition test uses a mixed population of micro-
organisms collected from the activated sludge sewage treatment process. Acrivated
sludge respires rapidly in the presence of synthetic sewage, and the addition of a texic
concentration of a chemical results in a decrease in the respiration rate proportional
to the toxicity of the foxicant, The activated sludge respiration inhibition test
(OECD, 1934) involves incubating unacclimated samples of activated sludge mixed
liquor from 2 municipal treatment plant. Activated shudge is continuously zerated
with a feed substrate in the presence of varying concentraticns of the test chemical
for 30min. The ECy is the concentration of test chemical {as a percentage dilution}
required to reduce the respiration rate (g O, h~") by 50%, and is calculated by com-
parison with an uncontaminated control. The mixed liquor suspended solids {M155)
concentration should be maintained at 3000 mg1~! and the respiration rate expressed
as the specific oxygen uptake rate in mg O, g~ ! MLSS h™'. Diluted synthetic sewage
is added to aerated activated sludge and the axygen utilization measured using an
oxygen probe placed in the sample, which is continuously stirred in a standard BOD
bottle. The oxygen concentration is recorded every 155 or continvously using a chart
recorder over a total period of 30min.

The concentration of dissolved oxygen is plotied against time and a regression ling
fitted. The respiration rate of the test samples and controls are calcnlated from the
slopes (concentration of oxygen over time), Percentage inhibition is plotted for each
dilution using the equation:

% inhibition = <~ (i‘c_ Roe) 100 (15.24)
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where R, is the respiration rate of the control, R, is the respiration rate of the test
sample and R, is the respiration rate of the physico-chemical uptake at the test dilu-
tion {i.e. no activated shidge added). The percentage inhibition values {xr-axis) are
then plotted against the various dilutions of the test chemical {y-axis) and the 50%
inhibition point calculated from the slope of the regression line, Poor reproducibility
due to the varying nature of the activated sludge inoculum used should be taken into
consideration when using this test. To some extent this is a treatment-plant-specific
assessment procedure. The 30-min Polytox® taxicity procedure overcomes this prob-
lem by using a standard bacterial preparation in place of the activated sludge, signifi-
cantly improving reproducibtlity (Elnabarawy er al., 1988).

15.3.2 THE BOD INHIBITION TEST

One of the simplest ways of assessing the toxicity of a test chemical is to measure the
effect on oxygen utilization by heterotrophic micro-organisms grown on a known,
readily degraded substrate as measured by the standard 5-day BOD test. The most
widely used standard substrate is a mixture of glutamic acid and glicose (UK
Standing Committee of Analysts, 1982). The percentage inhibition is calculated for a
range of dilutions of the test chemical by comparing the oxygen uptake to the test
chemical-free controls. The BOD test is carried out using standard methods (UK
Standing Comumittee of Analysts, 1988). The test substances and standard substances
are dissolved in the BOD dilution water, The standard substrate is made op of

0.15g17! glucose and 0.15g17" glutamic acid, which has a calculated BOD of
220mg 1!, A standard bacterial seed {e.g. Bioseed®) should be used instsad of settled
sewage. Percentage inhibition is calenlated osing the following equation:

BOD, - BOD

% inhibition = L X 10 (15.25)
BOD,

where BOD, is the BOD of the control solution and BOD, is the BOD of the test
solution. Percentage inhibition is plotted against the dilution of the test chemical
with the ECs caleulated from the slope of the plot.

15.3.3 THE MICROTOX® BIOASSAY TEST

The Microtox® bioassay test, developed by Beckman Instruments Incorporated, is
baged on the measurement of the light emitted by a lyophilized luminescent bacterium
Photobacterium phosphoreum. On exposure 1o toxicants the light cutput is reduced in
proportion to the toxicity of the test substance. Intensity of the light cutput is also
dependent on several external factors including temperature, pH and salinity. In
order to minimize these factors the test is conducied to a high level of standardization,
This is achieved by using a fresh freeze-dried bacterial inoculum for each set of tests,
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standard sterile diluent and chemicals, and a standard test apparatus that controls
the test temperature at 15°C. The end point of the Microtox® test is the concentration
of the test chemical, expressed as the quantity required to reduce light production by
P phosphoreum by 50% (ECsq} from the base level after incubation intervals of 5 and
15 min with reference to the light emission from the test chemical-free control. The
whole assay is highly automated and produces results with low variability. nitial
screening tests are carried out in order to determine the most suitable concentrations
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treatment plants to screen wastewater entering the plant for toxicity, to identify
sources of potential contaminants and to check the treatability of new dischatges.
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16.1 Tue Basis oF THE PROCESS

In fixed-film reactors, the microbizl! biomass is present as a film, which grows over the
surface of an inert 2nd sclid medium. Purification is achieved when the wastewater
is brought inte contact with this microbial film. Because the active biomass is largely
retained within the reactor, there is no need te recirculate any displaced biomass to
maintain a sufficient density of micro-organisms, as is the case with completely mixed
systems (Section 15.1). The required contact between the film and wastewater is
achieved in most fixed-film reactors by allowing the wastewater to pass over the sta-
tionary medivm cn which the film has developed. However, it is not essential for the
medium to be stationary, and in more recently developed reactor systems (e.g. rotating
biological contactors (RBCs), flnidized beds, etc.} the medium itself moves through
the wastewater (Section 16.4.1). Fixed-film reactors can be designed as secondary
treatment processes to partially treat (high-rate systems) or fully treat (low-rate sys-
tems) either screened or more generally settled wastewater (Bruce and Hawkes, 1983),
While they are normally aerobic, for carbonaceous removal and nitrification, anoxic
and anaerobic filters are used for denitrification (Section 18.4.1} and for treating
moderately strong organic wastewaters, respectively (Section 19.3). While anoxic and
anaerobic filters are submerged reactors, that is, the media is permanently submerged
under the wastewatet, submerped agrobic filters are Jess common as they require a
diffused aeration s¥stem to maintain a suificient oxygen concentration within the
reactor. However, submerged aerobic filters are particalarly useful where loadings
are intermittent and where difficulty occurs in maintaining the minimum wetting load-
ing in order to prevent the filter dryittg up and so the film dying. Fixed-film systems
are now primarily used for the treatment of industrial wastewaters, they have a num-
ber of distinct advantages over the activated sludge process for the treatment of domes-
tic wastewaters, especially for smaller populations (Table 15.1).

16.2 PERCOLATING FILTERS

The most widely used fixed-film reactor is the percolating filter, also known as the
biological or trickling filter. In its simplest form it comprises of a bed of graded hard
material, the medium, about 2.0m in depth {Fig. 16.1). The settled wastewater is
spread evenly over the surface of the bed by a distribution system, which can be used

£23
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Ficime 16.1  Basic constructional features of 2 conventional percelating filter:

1. foundation flonr, 2, feed pipe: 3. retaiming wall; 4. effluent changel; 5. ventilation
pipe; 6. distributor arm; 7. rotary seel; 8. jets; 9. main bed of medium; 10. base layer
of coarser medium; 11. drainage tfles; 12. ceneral well for effluent collestion.
(Reproduced from Bruce and Hawkes {1983) with permission of Acadernic Press
Ltd., London.)

to regulate the volume and frequency of application of the wastewater. The filter has
a ventilating system to ensure free access of air to the bed, which passes through the
interstices or voids of the medimm ensuring all parts of the filter have sufficient oxygen.
The movement af air is normally by natural deaft, and, depending on the relative tem-
perature difference between the air and inside the filter, can be in an upward or down-
ward direction. The treated effluent passes through a layer of drainage tiles, which
supports the medium and flows away to the secondary settlement tank {Gray, 2004).

16.2.1 FILM DEVELOPMENT

The microbial film takes 3-4 weeks to become established during the summer and up
to 2 months in the winter, Only then has the filter reached its maximum purification
capacify, although nitrification will tzke longer to become established. Unlike many
industrial wastewaters, it is not necessary to seed domestic wastewaters treated by per-
colating filters as all the necessary micro-organisms are present in the sewage itself,
with the macro-invertebrate grazers either flying onto the filter or entering the sewer
via storm water run-off and subsequently colonizing it. The micro-organisms quickly
form a film over the available medivm. However, the film only develops on the sur-
faces that are receiving a constant supply of nutrients, so the effectiveness of media
to redistribute the wastewater within the filter, to prevent channelling and te pro-
mote maximum wetting of the medium is an important factor affecting performance.
The film is a complex comrpunity of bacteria, fungi, protozoa and other mesofauna,
plus a wide diversity of macro-invertebrates, such as enchytraeids and lumbricid worms,
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dipteran fly larvae and a host of other groups which all actively graze the film (Fig.
15.2) (Curds and Hawkes, 1975; Hawkes, 1983).

The organic matter in the wastewater is degraded aerobically by heterotrophic micro-
organisms which dominate the film. The film has a spongy structure, which is made
more porovs by the feeding activities of the grazing fauna that are continually burrow-
ing through the film. The wastewater passes over the surface of the film and 1o some
extent through it, although this depends on film thickness and the hydraulic loading
(Fig. 16.2). In low-rate filters a large proportion of the wastewater may be flowing
through the film matrix at any one time, and it is the physical straining action of this
matrix, which allows such systems to produce extremely clear effluents. Another advan-
tape is that the greater the proportion of wastewater that flows through the film the
greater the micro-organism-wastewater contact time, which is kmown as the hydranlic
retention time (HRT). The higher the bydraulic loading the greater the proportion of
the wastewater passing over the surface of the film, which results in alower HRT and a
slightly inferior final effluent. The first stage of purification is the adsorption of organic
nutrients onto the film. Fine particles are fiocculated by extra-cellular polymers secreted
by the micro-organisms and adsorbed onto the surface of the filin, where, along with
organic nutrients which have been physically trapped, they are broken down by extra-
cellular enzymes secreted by heterotrophic bacteria and fungi. The soluble nutrients
in the wastewater and resulting from this extra-cellular enzymmatic activity are directly
absorbed by the film micro-organisms and synthesized.

Oxygen diffuses from the air in the interstices, first into the liguid and then into the
film, Conversely, carben dioxide and the end produets of aerobic metabolism diffuse
in the other direction. The thickness of the film is critical, as the oxygen can only diffuse
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for a certain distance through the film before being utilized, leaving the deeper areas
of the film either anoxic or anaerobic (Fig. 16.2). The depth to which oxygen will pene-
trate depends on a number of factors, such as composition of the film, its density and
the rate of respiration within the film itself, and has been estimated to be between
.06 and 4.00 mm. The critical depth is approximately 0.2 rm for a predominately bac-
terial film increasing to between 3 and 4 mm for a fungal film. Only the surface layer
of the film is efficient in terms of oxidation, s0 only 4 thin layer of film is reguired for
efficient purification; in fact the optimum thickness in terms of performance efficiency
is only 0.15 mm. This means that in design terms it is the total surface area of active
film that is important and not the total biomass of the film (Hawkes, 1983).

The film accumulates and generally becomes thicker over time during filter operation.
This is due to an increase in microbial biomass from synthesis of the waste and also
due to accumulation of particulate material by flocculation and physical entrainment,
where the accumulation rate exceeds the rate of solubilization and assimilation by the
micro-organisms. Where the wastewater is largely soluble, such as food-processing
wastewaters, most of the film increase will be due to microbial growth. Whereas with
domestic wastewater that has been poorly settled the accumulation of solids may
account for the major portion of the film accumulation., Once the film exceeds the crit-
ical thickness an anoxic and subsequently an anaerobic environment is gstablished
below the aerobic zone. As the thickness continues to increase most of the sciuble nutri-
ents will have been utilized before they can reach the lower micre-organisms, forcing
them into an endogenous phase of growth. This has the effect of destabilizing the film
as the lower micro-orpanisms break up, resulting in portions of the film within the fil-
ter becoming detached and washed away in the wastewater flow, a process known as
sloughing. Although thick-film growths do not reduce the efficiency of the filter,
excessive prowths can reduce the volume of the interstices, reducing ventilation and
even blocking them completely, preveniing the movement of wastewater, Severe
clogging of the interstices is known as ponding and is normally associated with the
surface of the filter cansing Jarge areas of the surface to become flonded.

The accumulation of fitm within a filter bed follows a seasonal pattern, being low in
summer due to high metabolic and grazing rates but high in the winter due to a reduced
microbial metabolic rate and a reducticn in the activity of the grazing fauna. As the
temperature increases in the spring there is a discernible sloughing of the film, which
has accumulated aver the winter months {Fig. 16.3). Temperature has been shown to
be an important factor in film accurnulation and below 10°C the rate of film accumula-
tion increases rapidly. At higher temperatures a greater proportion of the biochemical
oxygen demand (BOD) removed by adsorption is oxidized so fewer solids accumulate.
The rate of oxidation decreases as the temperature falls, although the rate of adsorption
remains unaltered. Therefore, at the lower temperatures there is a gradual increase
in solids accumulation that eventually results in the filters becoming clogged {Fig.
16.4). In the warmest months the high microbial activity may exceed the rate of adsorp-
tion, thus reducing the overall film biomass. The grazing fauna also play a significant
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FICURE 16.3  Seasonal variation in the temperature of sewage applied to a percolating

fileer and the proportion of void space in the filter filled with film and water.
()} Monthly average temperatuce of applied sewage, (b} monthly average proportion
of voids filled with film measured using nentron scattering, (Reproduced from Bruce

ef al. (1967) with permission of the Chartered Institution of Water and Environmental
Management, London. }
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role in reducing the overall film biomass by directly feeding on the film, converting it
into dense faeces that are flushed from the filter in the ¢ffluent, The spring sloughing
of the accumulated film is pre-empted by the increased activity of the grazers, which
loosen the thick film from the medium, and once the film has become detached it strips
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Tamr 16.1

accumulated film from other regions of the bed as it is washed out. Although grazers
suppress maximum film accumulation and maintain minimuem film accumulation for
a long period after sloughing, it is temperature that primarily controls film accumu-
tation. While hydraulic loading in low-rate filters is of little significance compared to
the action of macro-invertebrate grazers in controlling film, as the hydraulic loading
increases, as is the case after modifications to the process, such as recirculation or dou-
ble filtration, then physical scouring of the film by the wastewater becomes increas-
ingly important. In high-rate filters, especially those employing modular plastic media,
the high-hydraulic loading ¢ontrels the film development by scouring the film from
the smooth surfaced media as it reaches critical thickness (Hawkes, 1983).

The finai effluent contains a small amount of solids that are removed by settlement
prior to final discharge. The solids comprise of Aocculated solids, detached fragments
of the accumulated film and the grazing fauna, and finally fragments of their bodies
and faeces. These solids are collectively known as humus and like ali secondary solids
they require further treatment after settlement. The mode of operation will influence
the nature of the bumus sludge. High-rate operation will produce a humus sludge
mainly comprised of floceulated solids and detached fragments of film, while a low-
rate filter sludge contains a large proportion of grazing fauna and animal fragments.
Sludges containing animal fragments and prazing fauna will be more siable than
sludges from high-rate systems where the grazing fauna is absent ot reduced, The
praduction of humus varies seasonally with mean production rates for low-rate filters
between .20 and 0.25kg humus per kg BOD removed, varying from ¢.1kgkg ™' in
the summer to a maximum of 0.5 kg kg ~! during the spring sloughing period. In high-
rate systems a greater volume of sludge is produced due to the shorter HRT resulting
in less mineralization. The humos production does not vary seasonally to the same
extent with a mean production rate of 0.35 kg kg ™}, although this is dependent on the
nature of the influent wastewater. Sludge production is much less compared with
activated sludge, being more stabilized and containing less water (Table 16.1),
although as loading increases the mode of purification in percolating filters
approaches that of the activated sludge process and the sludge alters accordingly,
both in quality and quantity, Separation takes place in a secondary settlement tank

Typical sludge volumes and characteristics from secondary treatment processes
compared with primary sludge

Sowrce Folume (Fper  Dry solids (kg per  Moisture
head per day)  head per day) vontent (%)
Primnary sedinenation 1.1 0.03 95.5
Low-zaw: pereolating filtration 0.23 AR 93.9
Higli-rate percolating filtrmion 0,30 0.m& 4.0
Actvated sludge (wasred) 2.4 0.6 98.5

Reprodiced from Open University {1975) with permission of the Open University Press,
Mileon Keynes.
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traditionally called a humus tank. They are similar in principle to primary settlement
tanks, although often of different design. For example, deep square tanks of small
cross-sectional area with an inverted pyramid bottom with a maximum upflow rate of
«1mh ™! are common {Section 14.2). Percolating filters usually achieve high levels of
nitrification, so a long sludge retention time within the humus tank may give rise fo
anoxic conditions and problems of denitrification resulting in the carry over of sludge
in the final effluent. High-rate sludges are more susceptible to denitrification than
low-rate sludges that are more stabilized and so exert less of an oxygen demand
within the settlement 1ank. Temperature is also important with gas production much
heavier during the summer, While the bulk of the solids settle easily, there is a frac-
tion of fine solids, which do not and are carried out of the humuws fank in the final
effluent. These fine solids are responsible for a significant portion of the residual
BOD in the final efflnent, so if a high-quality effluent is required some form of tertiary
treatment may be necessary. The residual BOD can be successfully removed by any
tertiary treatment process, such as microstraining, sand filtration, uptlow clarification
ot land treaiment (Chapter 20) {Gray, 2004).

16.2.2 DESIGN AND MODIFICATIONS

The loading to percolating filters depends on the physical characteristics of the
medium and the degree of film accurmulation. Hydraulic loading is expressed in cubic
metres of wastewater per cubic metre of filler medium per day, although surface
loadings or irrigation rates in cubic metres of wastewater per square metre of filter
surface are occasionally used instead of volumetric loadings. Organic loading is
expressed as kg of BOD per cubic metre of filter medium per day. These loadings are
used to ditferentiate between low-rate (<3m*m>day™!, <0.6kgBODm™>day™ ")
and high-rate (=3m*m~*day ', »0.6 kg BOD m*day 1) filters. The criginai design
was for complete treatment using cne filier with the wastewater passing through it only
once, producing a 20:30 efluent and full nitrification. This is achieved by using minerai
medium of a2 nominal size of 37.5-50 mm loaded organically at <0.1 kg BOD m > day ™!
and hydraulically at <0.4 m*m~?*day~! (Fig. 16.5a). Conventional single-pass filtration
can alzo be used to partially treat wastewater by using a larger nominal sized mineral
filter medium (>63mm), 1zndom plastic medivm, or more commenly modular
plastic medium and leading at very high organic and hydraulic loadings. The high
voidage of such medium prevents ponding and heavy accumulation of film. Almost
any degree of partial treatment is possible (¢.g. 1kgBODm *day™" will permit
80-90% BOD removal, while 3-6kgBODm 3day' will permit 50% BOD
removal), although there is no nitrification. Often referred to as roughing or high-
rate treatment it is used to remove large weights of BOD prior to discharge where
there is a large dilution available or to a low-rate secondary treatment process,
Where it is followed by a low-rate filter, it is known as two-stage filtration (Fig.
16.5d). This system is used for the ireatment of strong organic wastewaters where a
high-quality final effluert is required. The first stage removes 70% of the BOD while
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the second stage polishes the effluent producing a 20:30 fully nitrified effluent,
Loading rates for the first stage are between 1.6 and 2.3kgBODm “*day~! and
0.04-0.12 kg BODm~3day ™" for the second stage.

There are a number of modifications to the criginal design. Recirculation dilutes the
incoming wastewater with returned final ¢ffluent. This is used to dilute strong indus-
trial wastewaters, and the higher hydraulic loading has a flushing effect on the top
section of the filter encouraging a thinner more active film and ensuring better uti-
lization of the medium. This allows the loading to be increased to between (.15 and
0.2kg BOD'm ™3 day™! with little effect om final effluent quality and only a slight reduced
nitrification efficiency. When the organic material in the influent is soluble and read-
ily oxidized, such as food-processing wastes, then the organic loadings can be as high
43 0.5-0.6kg BOD m~ day ™). Recirculation ratios of effluent to influent for domestic
scwage is 1:1 or 2:1, but for strong industrial wastcwaters it can be as high as 25:1
{Fig. 16.5b). The actual recirculation ratio can be calculated by estimating the BOD
of the diluted influent fed to the fileer {8,

_ (95, +25)
T e o) (s.1)

where the flow rate (@) and the BOD (5) are known for the influent (i) and the treated
effluent (r). The recycle ratio R, is (,:(%;, and the equation can be rearranged as:

5 = (S + ReSp) (16.2)
(1+R)
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As the effluent BOD in low-rate systems is usualily very low, §, can be estimated as:

5, = —X
{1+ R)

(16.3)

Recirculation of unsettled effluent from the filter is common otherwise excessive
humus tank ¢apacity would be required. For example, a 1:1 recirculation ratio would
double the flow to the humus rank. The low substrate conditions at the top of the fil-
ter encourage bacteriat growth rather than fungal development (Pike, 1978).

There are a number of sirple empirical models that can be employed in the design
of percolating filters (CIWEM, 2000). The most widely used medel is that prepared
by the U5 National Research Council {National Research Council, 1946):

_ 100
E=
1+ 0.448W/VF

(16.4)

where E is the efficiency of BOD removal inclusive of recirculation and sedimentation
(%), W is the BOD loading rate (kgday ™1}, I the filter volume (m®) and F the recircu-
lation factor {i.e. the average number of passes through the filter) (Equation (16.5)):

_ 1+R
= (174_ 107 (16.5)
where:
R = % (16.5)

and @, is the recircutation flow {Imin "'} and  is the wastewater flow (lmin ).
Equation (16.4) can be used to caleulate the volume of mineral filter media required by:
(4} calculating the required BOD removal efficiency (E}):

influent BOD — required effluent BOD
influent BOD

E=

(16.7)

{b) calculating the recirculation factor (F} using Equation (16.5);
{c) caleulating the influent BOD loading rate (#):

W = BOD;; X P X population served X 1075 (kg day~") (16.8)

where BOD; is the influent BOD) (mg ™1y and P the per capita flow rate {lca~'day™").
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Using Equation {16.4) the volume of filter media (¥} required for the desired BOD
removal efficiency using a certain recirculation factor can be calculated. Where a sec-
ond filtration stage is used the removal efficiency of this stage (F4) is calculated using
Equation {16.%), where #" is the second-stage BOD loading rate (kgday ™) and E, is
the fractiomal efficiency of BOD remaoval of the first filtration stage inclusive of recir-
culation and sedimentation.

100

Ez =
1+ (0.448/1 - E\WWIVF (16.9)

Alternating double filtration (ADF) employs two identical filters loaded in series {Fig.
16.5¢). Using a coarser medium {63-75 mm) to allow for higher hydraulic and organic
loadings there is a rapid and heavy development of film in the first filter. After 1-2
weeks the sequence of loading is reversed to prevent clogging in the first filter, put-
ting the micro-organisms under foad-limiting conditions forcing them into endoge-
nous respiration reducing overail film biomass but at the same time retaining a
bealthy and active film. In this way both filters have periods of high and low crganic
loading allowing higher rates of treatment, reducing sludge production and prevent-
ing ponding. For demestic sewage a 20:30 effluent can be achieved at loadings of
<1.5m*m ™ day™! and <0.24 kg BOD m~*day~\, although much higher loadings are
normal. No nitrification is possible.

16.3 OPERATIONAL PROBLEMS OF PERCOLATING FILTERS

All systems have problems, although percolating filters are surprisingly rehiable and
problem free. However, the most reported problems are media-related, such as pond-
ing and poor performances during winter, also inhibition of nitrification and fly
nuisance (Hawkes, 1983). Nitrification is also discussed in Section 18.4.

16.3.1 PONDIN(:

Performance is generally refated to the specific surface area of the medinm provided
that film accumulation does not result in blocking of the interstices, The ideal medium
shiculd have a high specific surface area for the maximum development of fikm, high
voidage to permit the movement of air and large interstices to prevent ponding
(Table 16.2). However, selecting a medium is a compromise between the conflicting
requirements of a high surface arca, which requires a relatively fine grade of filter
media, and large voids which are obtained with coarser grades of media. Smaller
grades of medium produce better effluents but the interstices tend to fill with film in
the winter and bleck the flow of wastewater through the filter (ponding), which
results in a loss of performance. Surface texture is also important with rough mineral
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Tape 16.2  Main requirements for a percolating filter medium

Strong criough to take weight of medium and accumulated
Blm without deforming or heing crushed

Chemically non-reactive

Durability {mininmnm life of 20 vears)

High surface aren

High voidage

Large interstices

Varied ecological niches

[

Qaygen limiting
E
g
-]
£ Substrate limiting
a
1.8

Rate of oxidation

Ficure 16.6  Rate of oxidation in relation te the depth of a percolating filter indicating
where oxygen and substrate concentration are wajor limiting factors. {Reproduced
from Tebbutt (1979) with permission of Butterworth-Heinemann Ltd., Oxford. )

medium, such as clinker and blast furnace slag having a specific surface area up o
17%% greater than smooth minerat medium, suct: as granite or gravel. In performance
terms smoother medinm is marginally less effective than rough surfaced medium,
although the latter is more susceptible 1o excessive accumulation of solids which
shears from smeoth medium more readily (Gray, 2004), In practice, as the fiim devel-
ops many of the smaller boles in rough texiured medium become filled with film and
organic debris, se that the surface area of such medium tends to approach that for
smooth medivm types. Rougher surfaced mineral medium does provide a greater
range of niches for the flora and fauna of filters, resulting in & greater diversity of
species, as well as allowing greater hydraulic loadings to be applied before the film is
sheared off. So performance will vary seasonally according to the medium used, with
larger grades producing a better effiuent in the winter, whereas the smaller grades
perform best in the summer. Because the maximuin availability of food occurs at the
surface of a filter, it is here that maximum film accumulation and oxidation occurs. In
fact the bulk of the active biomass of the filter is located in the top third of the reac-
tor. Consequently, the rate of oxidatien is limited at the top of the filter by the avaijl-
ability of oxygen, with the food in excess, while lower down the food becomes limiting
(Fig. 16.6). Using terms more associated with the activated sludge process, the
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food/micro-crganism (f/m} ratic decreases with depth, although the rate of decrease
rapidly slows as the density of active micro-organisms also falls. In addition, the
micro-organisms alter their growth rate with depth from rapid logarithmic growtl: at
the top to endogenous respiration at the base, Filters are plug-flow reactors and so
bands of different micro-organisms occur through the bed, with maximum het-
erotrophic activity at the top and nitrification at the bottom.

Random plastic medium overcomes many of the problems of conventional mineral
medium by having a high specific surface area (up to 330m?m™> for Flocor RC),
large interstices and a high voidage (>%0%), almost double that for similar grades of
blast furnace slag, This allows much higher organic loadings to be applied to filters
without the risk of ponding. Such media has also been successfully used to up-rate
existing filters by replacing the top 500900 mm laver of mineral with plastic medium,
although ponding ¢an occur at the interface (Gray and Learner, 1984). Several prob-
lems are associated with plastic medivm: first, the lack of bulk density in relation to
mineral meinm, resulting in plastic filters unable to retain heat (rather like a storage
heater). Tn a random plastic fitter the temperature inside the bed is very close to the
air temperature, while mineral medium can be over 10°PC higher than the air temper-
ature during winter. This rapid temperature fluctuation in random plastic filters
reduces the rate of biological activity and suppresses nitrification. A fungus
Subbaromyces splendens {8. splendens), not yet isolated from the natural environ-
ment, colonizes plastic medium, Fungi are a common component of the film in the
upper regions of percolating filters and are associated with strong sewages and indus-
trial wastewaters. However, 5. splendens grows extensively at all depths on random
plastic medium, especially those treating weak domestic sewage and some industrial
wastewaters. It forms rather large dense growths, that can block the large interstices
in random and modular plastic medium at the surface, but more commonly cause
pending at the centre or towards the base of the filter. As random and modular plas-
tic medium are often housed in prefabricated structures above ground, and which are
often much taller than conventional mineral filters, when ponding occurs at depth
and the filter fills with liguid, the increase in total bulk density causes such units to
structurally fail (Gray, 1983). This has been a particular problem in food and phar-
maceutical wastewater treatment installations. Film accumulation and ponding can
also be controlled by changing the mode of operation by using recirculation or ADF,
Controlling the frequency and duration of dosing can also control ponding effectively
{Hawkes, 1983).

16.3.2 NITRIFICATION

In low-rate single-pass filters containing 50 mm stone medium, virtually full nitrifica-
tion can be obtained throughout the year with a specific ammonia removal rate of
berween 120 and 186 mg m™~2day™! when loaded at 0.1kg BODm>day™!, resutting
in a final effluent low im ammonia but rich in nitrate. In a percolating filter nitrifying
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bacteria tend to become established later than heterotrophs, with Mitrosomenas spp.
established before Nirrobacter spp., as ammonia is abundant (Section 15.1). The first
sign of nitrification in a filter is the production of nitrite rather than nitrate. The mum-
ber of nitrifying bacteria and the level of nitrifying activity both increase with depth,
resulting in the upper level of single-pass filters being dominated by heterotrophs and
the lower section containing a proportionately higher number of nitrifying bacteria.
The reason for this apparent stratification is due to a number of factors, The
autotrophic bacteria responsible for nitrification are slow growing compared to het-
grotrophs and have an even more reduced growth rate in competitive situations. So
in the upper layers of the filter, where there is abundant organic matter, the het-
erotrophs will dominate. Nitrifiers are extremely sensitive to toxic compounds in the
wastewater, especially heavy metals, and so the presence of such compounds will
limit the growth of the bacteria until the compounds have been removed from the
wastewater by adsorption by the heterotrophic film as it passes through the filter bed.
Research has shown that the process is also inhibited when the oxygen concentration
in the influent wastewater is limited. Nitrifving bactetia are strict aerobes and so wilt be
inhibited by reduced aerobic conditions caused by high heterotrophic activity and, as
nitrification is a high-oxypen-consuming process, adequate supplies of air are required.
While organic matter does not directly inhibit nitrification, the nitrifying bacteria
need to be attached to a stable surface, which suggests inhibition may be due to com-
petition for space. When loadings are increased, extending the depth of heterotrophic
activity, nitrifying bacteria are overgrown and climinated by the quicker growing
heterotrophic bacteria. Nitrification is virtually eliminated by hydrzulic loadings
of domestic wastewater of >2.5m*m—*day~! due to enhanced heterotrophic growth
extending throughout the depth of the bed and effectively pushing the nitrifying
organisms out of the filter. Temperature also has a marked influence on nitrification
and the Jarge fluctuations in temperatyre seen in random plastsc filters account for the
low degree of nitrification which occcurs with such media. Aithough the threshoid
temperature for the process is 10°C, with domestic wastewater rarely falling 1o below
12°C {normal annual range 12-18°C}, a few degrees reduction in the temperature
below 10°C is likely to have a disproportionate reduction on nitrification. This is
¢learly seen in comparative studies between mineral and plastic medium filters where
the high voidage of the plastic medinm allows a greater degree of ventilation and
large divrnal changes in temperature similar to the air temperature (Bames and
Bliss, 1933).

Ammonia is not only removed by nitrification, but alse by volatilization: of free ammo-
nia and by metabelism inte new cellular material, At times of low film accumulation,
when the grazing fauna population is still large, the ammonia concentration in the
final effluent will be high. This increase in the ammonia concentration is due to the
excretion products of the grazing fauna. The oxygen profite formed by diffusion through
the film results in nitrate ions being lost by denitrification as gaseous pitrogen from
the anoxic zone near the biomass-medium interface.
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16.3.3 FLY NUTSANCE

Many of the dipteran flies form dense swarms as they emerge from the filter bed,
and for most chironomids swarming is a prelude to mating. The numbers of flies
emerging can be so large that from a distance it has the appearance of smoke coming
from the filters. Emergence is affected by ternperature, light intensity and wind
velocity, Ensects will not fly unless the temperature is above a threshold value, for
example, 10°C for Pxychoda alternata, 7-8°C for Hydrobaenus minimus, 4°C for both
Metriocnemus spp. and Sylvicoia fenestralis. For every 1. 2°C rise in temperature above
the threshold value up to 24°C the number of Sylvicols flies in flight doubles. Diel
periodicity is observed for all the species with the peak of emergence for P alternata
and Psychoda severini in the carly afternoon, 8. fenestralis at dusk and a smaller peak
at dawn. Wind velocity is an important factor with swarms quickly broken vp and
individuals unable to fly if the wind is too strong, In essence the stronger the fly the
greater the wind velocity it can withstand, with 5. ferestralis able to withstand velocities
up to 6.7 ms™ L. At the treatment plant the density of flies can be problematic making
working conditions unpleasant as flies are drawn into the mouth and nostrils, and
are caught in the eyes. None of the commonly occurring fties, including S. fenestalis,
bite. However, although harmless the large size and intimidating appearance of
S. fenestralis does alarm people resulting in frequent complaints from nearby residents.
Psychodid flies are found up to 1.6km away from the treatment plant, although this
does depend on the direction of the prevailing wind, Sylvicoln are found in quite large
numbers vp to 1.2 km, while few reach farther than 2.4 km from the plant. However,
flies are well known 1o cause both aesthetic and public health problems to those
living or working close to freatment plants with F alternata, F! severini, S. fenestrafis,
H. minimus and Metriocnemus hygropetricus the main nuisance species. In general
P alternata comprises on average >B80% of the total annmal emergence of flies from
percolating filters (Hawkes, 1983).

Three control optiens are available for remedying fly nuisances. Physical methods
have been least successful and are not recommended. These include flooding filters
1o climinate fly species; covering the surface of the medivm with a layer of finer
media (13-19 mm) to a depth of 250 mm which reduces the numbers of adult Psychoda
and Sylvicola emerging, but results in severe ponding during the winter; and finally
enclosing filters which is rather expensive and may not always be successful due to the
need for air vents that allow flies access and escape. The most widely adapted control
method is the use of chemical insecticides. Currently the two insecticides most widely
used for controiling filter flies are Actellic (pirimiphos methyl} and Dimilin {(difluben-
zuran) which are 0-2-diethylamine-6-methylpyrimidin-4-yl, 0-(-dimethy! phospho-
rothioate and 1-(4-chlorophenyl}-3-(2,6-diflucrobenzoyl) urea, respectively. However,
neither appears particularly effective against 8. ferestralis. Limited control can be
obtained by changing the operational practice of the plant; for example, by limiting
the amount of film accumulation, especially at the surface, by reducing the £/m ratio
or by using one of the modifications, such as recirculation, double filtration or ADE
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Increasing the hydrauvlic loading may also make it more difficult for dipterans to
complete their life cycles in the filter. Continuous dosing using nozzles prevents
emergence and severely reduces the available surface area for the flies to fay eggs.
Biological control using the entomopathogenic bacterium Bacitlus thuringiensis var.
israelensis is successfully used to control filter fties. The bacterium, which is commer-
cially available as Teknor®, is effective against fly larvae only and does not affect
other filter fauna or performance, although it is comparatively expensive.

16.4 OTHER FIXED-FILM REACTORS

Figuge 16.7
Rotating biological
CONtactor.
{Repraduced from
Mann {1979} with
permission

of WRe ple,
Medmenham. )

16.4.1 ROTATING BIOLOGICAL CONTACTORS

The basic design of rotating biological contactors {RBCs) consists of a series of flat or
corrugated discs, normally made out of plastic, 1-3m in diameter and mounted on a
horizental shaft. This is driven mechanically so that the discs rotate at right angles to
the flow of scttled sewage. The discs, which are spaced 20-30 mm apart, are placed in
3 contoured tank that fits fairly closely to the rotating medium so that up to 40% of
their area is immersed and are slowly, bat continuously, rotated. Some RBC designs
incorporate primary settlement, but ali allow for secondary settlement (Fig. 16.7).

The flow of wastewater through the tank, and the action of the rotating medium, pro-
duces a high hydraulic shear on the film ensuring efficient mass transfer from the lig-
vid into the film as well as preventing excessive film accumulation. Discs ate arranged
in groups separated by baffles to minimize short circuiting, to reduce the effect of
surges in fiow and to simulate plug flow. The spacing of discs is tapered along the
shaft to ensure that the higher film development in the initial stages of the processes
do not cause the gaps between discs to become blocked. The speed of rotation varies
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from 0.75 to 1.0revmin~!, although the velocity of the medium through the waste-
water should not exceed 0.35 ms™ L. Fast rotation speeds may cause excessive stough-
ing of the filmi, while too slow rotaticn may Iead to insufficient aeration and allow
settlement of film in the aeration section.

These is usually a small head loss of between 10 and 20 mm between each compart-
ment. As the discs rotate they alternatively adsorb organic nutrients from the waste-
water and then oxygen from the atmosphere for oxidation. Any solids in the treated
wastewater are separated out in the settlement zone before discharge.

The discs being wetl balanced along the drive shalt, and being of light-weight plastic,
require little energy to rotate them, so that only small motors are required. For example,
a 0.3kW motor is sufficient to operate a 300 population equivalent unit. An electric
motor is not always necessary to drive the rotor. Air can be sprayed into the rotating
medium from below and to one side of the borizontal shaft to induce movement. The
liquid movement and asymmetric buoyancy from the air collecting on one side of
the medium induces it to rotate. This system also prevents the risk of anaerobiosis in
the first compartiment or RBC unit, where they are used in series for large populations.

RB{ units are covered with glass-reinforced plastic (GRP) or plastic shrouds to pro-
tect the medium and film from the weather, as weli as to reduce the load on the
maotor turning the rofor due to wind. Coversing insulates the system reducing heat loss
and increasing the rate of oxidation, allowing their use even in the coldest climates.
The cover also reduces noise, eliminates fiy nuisance and controls odour to some
extent. RBCs can serve single farnilies and huge cities. Larger units are generafly not
covered but housed in vented buildings and are operated in series.

Loading varies according to manufacturers’ specifications and is expressed as 3 sar-
face organic loading (2 BOD m~?day™!). Both sides of the discs, including the free
and immersed portions, are measured in the calculation. T ensure a 20:30 effluent
the loading rate of settled sewage should not exceed 6gBOD m2day™". For good
roughing treatment this loading rate can be inereased by a factor of 10. Low-rate per-
cotating filters require significantly lower surface Ioading rates of between 1.0 and
1.2gBOD m~2day ™! in arder to achieve a similar 20:30 effluent. Depending on the
crganic loading nitrification can occur, but towards the end of the system. Owing {o
the plug-flow nature of the process there is a tendency for nitrite to accumulate in the
compartment where nitrification first occurs. The nitrogen oxidation rate is similar to
that in percolating filters at approximately 1 g NHz-Nm~?day ! (Pike, 1978).

Odour is associated with organic overload, septicity caused by thick-film develep-
ment or septicity of settled sludge. Final effiuent can be recuculated to reduce
organic overload or a second tank installed in parallel. Sepiicity can be controtled by
more frequent desludging of the settlement zone. A common problem, especially at
hotels and restaurants, is grease covering the discs and film reducing the biological
activity of the biomass and reducing oxygen transfer leadirg to septicity and odour.
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Efficient grease traps only partially control this problem, which requires imore care-
ful usage and disposal of fats at source.

Like septic tanks, RBCs have a small head loss (< 10¢mm) and so are low form struc-
tures, This combined with green covers makes them inconspicuous and ideal for hotels,
golf courses and other amenity areas where screening may be a problem. The main
advantages of RBCs over traditional fixed-film reacters are no ponding, complete
wetting of the medium, unlimited oxygen, low land area requirement (< 10% than for
low-rate filtration}, low sludge preduction, excellent process control, ease of operation,
high BOD removal, good nitrification, no distribution preblems, no recirculation
required, good settleability of sludge, low fly nuisance, inconspicuous, low noise and
low adour. Disadvantages include cost, loss of treatment during power loss, frequent
motor and bearing maintenance, and problem of excessive film buitd up on discs after
power failure resulting in damage and possible failure of the motor when restarted.

16.4.2 SUBMERGED AERATED FILTERS

More widely kmown as biological aerated filters (BAFs) the active film grows over a
support medium that is completely submerged in wastewater with oxyeen supplied by
diffusers at the base of the reactor. Qwing o the high specific surface area of the
media, large weights of film can develop making these filters very etficient. The low
shear exerted on the film results in lictle natural sloughing so the film builds up rap-
idly requiring regular backwashing to prevent the medium becoming blocked. Flow
in BAFs is rot dependent on gravity and so can be either in an upward or downward
direction.

Like percolating filters media selection is based on specific surface area, surface
roughness, darability and cost. A wide range of media is available although most is
plastic. Moduolar plastic media similar to that vsed in high-rate percolating filters
(biotowers) can be used in both upflow and downflow systems, as can randem granu-
lar media which forms a layer at the base of the reactor (Fig. 16.8). This media ranges
from 2 to 10 mm in diameter and includes pumice stone, expanded shale and plastics.
Larger media is used for carbonacecus oxidation as larger interstices are needed for
Alm development. Smaller media can be used for nitrification where the film devel-
opment is significantly less. A rough surface ensures adequate biomass is retained dur-
ing backwashing for rapid recovery of full biological activity. Fleating media can only
be used in upflow reactors and is made out of plastics with a specific gravity of <1.

Acration is provided by lateral aeration pipes with sparge holes up to 2mm in dia-
meter, Additional acration capacity is required for air scouring the medivm during
backwashing, Owing to the pressure, the air supplied is usually warm which increases
the rate of oxidation, especially during the winter.

As the biomass accumulates on the random media the head loss across the filter
in¢reases and may eventually become completely blocked. Regular backwashing is
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required to remove the excessive film (daily for carbonaceous and monthly for nitri-
fying BAF systems). The influent is cut off and the media expanded to release exces-
sive film and interstitial solids by increasing the air flow by two to three times the
normal rate. Final effluent is introduced with the air to scour and wash away the
loose biomass and solids. The air is then switched coff and the water continues w
backwash the filter medium. Finally the water is also switched off and the medium is
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allowed to settle before the reactor is restarted. There is a short recovery period dur-
ing which the effiuent is normally turbid due to solids loss. Modular media does not
require backwashing although settled solids are oceasionally drained through a sump
teap in the base of the reactor. This is also necessary with floating media systems.

The high concentration of biomass and high oxidation rates can produce high-
guality effluents with low suspended solids concentrations, as well as removing large
weights of BOD per unit volume. Normal organic loading rates fall between 0,25 and
2.0kg BOD m~* day~!. Nitrification is possible at low organic loadings, although, due
to the regular backwashing required for carbonaceous systems, it is normal 10 have
separate reactors for nitrification. Solids removal from efffuents is usually achieved
by the use of physical filters of similar design using a smaller smooth medium, which
also needs regular backwashing (e.g. twice a day).

These fully enclosed systems allow a high degree of operational control, and there is
little odour or fly nuisance associated with them. They are normally used for the
treatment of industrial wastewaters but, due to their compactness and high efficiency,
they are becoming increasingly popular for domestic sewage treatment.

16.4.3 FLUIDIZED BEDS

These processes use even smaller media, such as sand (0.2-2.0mm diameter), glass
or anthracite, which provides a very high specific surface arga compared to other
media {>3000m?m™%), allowing considerable biomass to develop equivalent to a
mixed liquor suspended solids (ML3S) concentration of up to 40000 mg|~" (Section
17.2.1}. Porous media is also wsed to allow the biomass to grow inside as well on the
surface of the media (e.g. reticulated polyester foam pads), A high density of bicmass
is maintained without the need for recirculation, however this results in a very high
oxygen demand that can only be satisfied by the use of pure oxygen.

Oxygen is injected into the influent siream as it enters the base of the reactor giving
an oxygen concentration approaching 100 mg =, The expansion of the media is con-
trolled by the rate of wastewater input, ensuring that treated effluent can be removed
from the reactor above the expanded layer without loss of media or solids, A sec-
ondary settlement tank is normaliy employed but is not absolutely necessary as all the
solids can be retained within the reactor by careful control of the upflow system ({Fig.
16.9). The filn-coated medivm is regularly removed and cleaned by passing it
through a hydrocione where a high shear strips away any attached microbial growth.
The cleant medium is then returned but the sludge must be treated further before dis-
posal. Designed for strong wastewaters, especially where the loading may be variable,
the system has a short HRT (15-20min) and a high BOD removal rate {>95%).
When used for nitrification only, then a wastewater with a 20mgl~! ammonia con-
centration can be reduced by 9925 in 11 min at 24°C.
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FicURE 16,9
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Fluidized beds are highly compact systems, but expensive to run due io the cost of
pure oxygen and the greater use of pumps. They produce no odour or fly nuisance
and produce a concentrated sludge (10%% dry solids). Apart from aerobic carbonz-
ceous oxidation and nitrification, such beds can also be operated in an anoxic or
anaerobic mode. Anoxic beds are used for denitrification while anaerchic beds,
which expand rather than fluidize, are used to convert carbonaceous wastes inio
gaseous end products that require a pas-liquid separation stage.

16.4,4 NITRIFYING FILTERS

All the above designs of fixed-film reactors can be used solely for the oxidation of
ammeonia (nitrification), They are similar to normal filter design except smaller grades
of media can be vsed as minimum development of heterotrophic film will cccur as
the wastewater has already passed through a carbenaceous oxidation stage. The nitri-
fying bacteria are very slow growing and produce minimal microbial biomass so that
ponding or excessive film accumulaticn does not occur (Section 16.3.2). Where a
standard percolating filter design 15 used then up to 120g of ammonia—nitrogen can
be oxidized per m® of medium per day depending on the specific surface area of the
medium (Barnes and Bliss, 1983).

Barmcs, D. and Bliss, P I, 1983 Biofogical Contrel of Nitrogen in Wastewater Treatmend,
E. and E N. Spon, London.

Bruce, A. M. and Hawkes, H. A., 1983 Biclogical Blters. In; Cords, C. R. and Hawkes, H. A,
eds, Ecological Aspecis of Used-water Treatment: 3. The Processes and Their Ecology, Academic
Press, London, pp 1-111.



Further Reading + 443

Bruce, A. M., Truesdale, G. A. and Mann, H. T, 197 The comparative behaviour of replicate
pilot-scale percolating filiers, Journal of the Instinition of Public Health Engineers, 6, 151-75.

CTWEM, 2000 Binlogical Filtranon and Fixed Film Processes. Chartered Tostitution of Water
and Enviconmental Management, London.

Curds, C. R. and Hawkes, H. A. (eds}, 1975 Ecological Aspects of Used-water Treatment: 1. The
Organismy and their Ecology, Academic Press, London.

Gray, N. E, 1983 Ponding of a random plastic filter medium due to the fungus Subbaromyces
splendens Hesseltine in the treatment of sewage, Water Research, 17, 1295-302.

Gray, N. E, 2004 Biology of Wastewater Tteattrient, 2nd edn, Imperial Collepe Press, London.

Gray, N. F and Leamer, M. A., 1984 Compararive pilot-scale investigation into uprating the
performance of percolating fileees by partial medium replacement, Waer Research, 18, 408922,

Hawkes, H. A., 1983 The applied significance of ecological studies of aercbic processes. In:
Curds, C. R. and Hawkes, H. A, eds, Ecological Aspecis of Used-water Treatment: ). The
Processes and their Ecology, Academic Press, London, pp 173334,

Mann, H. T, 1979 Sepiic Fanks and Small Sewage Treatment Plants, Technical Report 107,
Water Research Centre, Stevenage.

National Research Council, 1946 Trickhng filiers {in sewage treatment at military installa-
ons), Sewage Works Journal, 18 (5).

Open University, 1975 Environmaental Control and Public Health, Unit 2, PT272, Open
University Press, Milton Keyoes.

Bike, E. B., 1978 The Design of Percolating Filters and Rowary Biological Contactors, Including
Detarls of International Practice, Technical Report TR93, Water Research Centre, Stevenage.

Tebbutt, T. H. Y., 1979 FPrincipler of Water Quality Comrof, Pergamon Press, London.

FurTHER READING

Gray, N. F., 2004 Biofogy of Wastewater Treatment, 2nd edn, Imperial College Press, London.
Qasim, S. R 199 Bastewarer Treatment Plants: Planning, Design and Operation, Technomic
Publishing, Lancaster, PA.



17.1 THE ProcEss

The activated sludge process relies on a dense mictobial population being in mixed
suspension with the wastewater under aerobic conditions. With unlimited feod and
oxygen, extremely high rates of microbial growth and respiration can be achieved
resulting in the utilization of the organic matter present to either oxidized end prod-
ucts {i.e. COq, NOs, SOy and POy) or the biosynthesis of new micro-organisms
(Section 15.1). The activated studge process relies on five inter-related components:
the reactor, the activated sludge itself, the acration/mixdng system, the sedimentation
tank and the retumned sludge (Teble 17.1 and Fig. 17.1). However, there is an
increasing interest in replacing the sedimentation tank unit with either an internal or

Tamk 17.1

Main components of all activated sludge systemns

1,

The reactor: This can be a tank, lagoon or direh. The main criteria of a reactor are that
the comtents cun be adequately mized and aerated. The reactor is also known as the
arration wank or basin

Activated shuddge: This is the microbial bionass within the reactor which is comprised
mainly of bacterin and other microfauna and flora. The sludge is & floceulant suspension
of these organisms and is ofien referved 1o as the mixed liquor. The normal concen-

tration of mixed liquor expressed as suapended solids {(MLSS) is between 2000 and
5000 mgl™!

. Aerntion/miving system: Aeration and muxing of the activated sludge and incoming

wastewnler are essential. While these tasks can be performed independemndy they
are nonnally carried out wsing a single system, either surface aeration or diffused
air is used

. Sedisentation tonk: Final setlement (or clarification) of the activated sludge displaced

trom the aeration tank by the incoming westewater is required. This separates the micro-
hial hinmass froms che created effluent

Returned shudge: The serded activated shudge in the sedimentation tank is recveled back
tor the reactar 10 maintain the microbial population ar a required concentration in order
to ensure continuation of treatrmnent

444



17.1 The Process * 445
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Fictme 17.1  Schematic diagramn of the activated sludge process where A is the surface
area of the sedimentation tank, ¥ is the zeretion tank volume, S is the subsirate {food)
concentration, (3, is the influent flow rate, §, is the rerurned activated sludge (RAS)
flow rate, Q. is the waste activated sludge (WAS) flow rate, X is the aeration tank MLS3
cencentration, X, is the RAS suspended solids concencration, X, is the effluent sus-
pended solids concentration and X, is the WAS suspended solids concentration, which is
normally equal 10 X,

external membrane filtration unit to separate the solids from the final effluent
(Section 20.8.5),

Remaoval of organic matter (substrate) in the activated sludge process comprises of
three mechanisms:

{a) adsorption and also agglomeration onto microbial flocs,
{b) assimilation which is the conversion to new microbial cell material,
{c) mineralization which is complete oxidation.

The predominant removal mechanism can be chosen by specific operating condi-
tions. For ¢xample, conditions favouring assimilation removes substrate by precipi-
tating it in the form of biomass, which results in a higher proportion of the cost
required for sludge separation and disposal {high-rate activated sludge}. Under con-
ditions favouring mineralization the volume of biomass is reduced under endogenous
Tespiratory conditions. This results in lower sludge handling costs but higher aeration
costs. Currently the higher cost of sludge treatment and disposal favours plants oper-
ating with low sludge production. The relationship between substrate (food) concen-
tration and sludge biomass (micro-organisms) concentration is a fundamental one in
activated sludge operaticn (Fig. 17.2). In the activated sludge plant the mass of
micro-organisms multiply rapidly in presence of oxygen, food and nutrients. After
maturation, the micro-organists are developed to assimilate specific waste (log growth
phase), which is the period of maximum removal. Then under substrate-limiting
conditions, the micro-organisms enter a declining growth phase leading eventually to
auto-oxidation (or endogenous respiration). In practice activated slndge processes
operate towards the ead of the log phase and in the declining/stationary growth
phases {Section 15.2.1),
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Frcune 17.2
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{Beproduced from
Winkler {1981) with
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Chichester.!

Concentration of sludge/subsatraie

17.2 Process CoONTROL

A number of parameters are used to operate activated sludge planis. Those most
impaortant in process contrel can be categorized as:

(a} biomass control,
(k) plant loading,

(c) sludge settlezbility,
(d) sludge activity.

These are considered in detail below.

17.2.1 BIOMASS CONTROL
Mixed liguor suspended solids

The concentration of suspended solids in the aeration tank, commenly known as the
mixed liquor suspended solids {MLSS) concentration, is a crude measure of the bio-
mass available for substrate removal. It is the most basic operational parameter and is
used to calculate other important operating parameters. Expressed either in mgl™! or
gm™3, some of the MLSS may be inorganic, so by burning the dried sludge at 500°C in
a muffle furnace the MLSS can be expressed as the mixed liquor volatile suspended
solids (MLVSS) which is 2 more accurate assessment of the organic fraction and hence
of the: microbial biomass. However, neither the MLSS nor the MLVSS can distinguish
between the active and non-active microbial fraction, or the level of sludge activity.
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TabLe 17.2  Comparison of loading and operational parameters for different activated sludge treatment rates

Treatment Retention BOD loading Sudpe loading  Studge  Sindge Application
raie period (k) per capacity {(ffm) fkg BOD  oge (d) production kg
(kg BOD m~d™") kg~idY dry sludge
per kg BOD
remsed
Conventinnal H5-14 0.4-1.2 n2-0.3 31 0,208 Conventienal freatment

for medinm and large
works to produee 20-30
efflueni wih or sithont
nitriliearion depending
on loading within range
High 12 =20 =y | G205 0810 For pre-ireatment or

pariigl trearment

| 2472 =03 = .1 »=5-n 04 Extended aeration for
full 1rearment o1 small
works, Effluent highly
stabilized but may
aontiin ne solids

Heproduced from Hawkes (1983 ) with permission of Academic Press Lid, London,

Other methods must be vsed if an accurate estimation of microbial activity is required
{e.g. biochemical assessment), although for routine operational control the MLSS is
sufficient. The normat MLSS range is 1500-3500mgl ™! for conventional activated
sludge units, rising to 8000mg1~! for high-rate systems (Table 17.2}. The MLSS con-
centration is controlled by altering the sludge wastage rate. In theory the higher the
MLSS concentration in the acration tank, then the preater the efficiency of the process
as there is a greater biomass to utilize the available substrate. However, in practice,
high operating values of MLSS are limited by the availability of oxygen in the aeration
tank and the ability of the scdimentation unit to separate and recycle activated sludge,

Sludge residence time or sludge age

The sludge residence time (SKT) is the time in days that the microbial sludge spends in
the activated shudpe process (Equation (17.1), both within the aeration tank and while
being scparated or returned. The SRT {1,) is caleulated by using Equation (17.2):

SRT = Total amount of sludge solids in the system (17.1)
Rate of loss of sludpe solids from system
£ = rx (17.2)
(QuXy) + (LX)

where V' is the volume of liquid in the aeration tank {m”}, X, is the MLSS in waste
stream (mg1~"), X is the MLSS (mgl™"), Q, is the effluent discharge rate (m?® day ™),
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Q,, is the sludge wastage rate {m> day~') and X, is the suspended solids concentration
in the efffuent (mg1~'). If the proportion of microbial cells in the MLSS is assumed ¢on-
stant, then the SRT can be referred to as either sludge age or the mean cell residence
time (MCRT). In practice, if the amount of sludge in the aeration tank is constant
(VX) then the sludge wastage rate ({},,X},) is the net sludge production of the system
in kg DS day ™.

SRT is the operaticnal factor giving control over shidge activity and is controlled by
aftering the sludge wastage rate. A low SRT {<0.5 days) produces 2 sludge with a
high growth rate as used in high-rate units for pre-treatment cor partial treatment,
which produces a high velume of waste sludge. A high SRT (0.5 days} produces a
low growth rate sludge, as in extended aeration systems, which produces a low vol-
ume of sludge which is more stabilized. Conventional activated sludge has an SRT of
34 days, which gives good settling propertics. Long sludge ages in excess of 6 days
result in poor settling properties.

17.2.2 PLANT LOADING
Four loadings are used in the design and operation of activated sludge.
Volumetric loading is the fow of wastewater in retation to the aeration tank capacity.

This is also known as the hydraulic retention time (HRT):

[~ w24

HRT = (17.3)

where IV is the total liquid capacity of the aeration tank (m?) and Q is the rate of flow
of influent wastewater to the tank (m’ day™!). Expressed in hours, HRT does not take
into account the flow of recycled activated sludge to the aeration tank, which can be
25-50% of the overal] flow. Thetefore, the actual HRET is much less than calculated
by Equation {17.3). For that reason it is known as the nominal retention time,

The HRT must be long enough to allow the required degree of adsorption, floceula-
tion and mineralization to occur. In conventional plants the HRT is 5 h at dry weather
flow (DWF). During a storm when the loading increases to 3 DWF with maximum
recycle of shudge (1.5 DWF), the actual HRT may be as short as 1 h.

The recycle ratio () is the returned activated sludge flow rate ((};) divided by the
influent flow rate (Q):

o
=L (17.4)
T

Typical ratios are 0.25-0.5 for conventional sysiems, and between 0,73 and 1.5 for
extended aeration.
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Organic loading is the biochemical oxygen demand (BOD) load in relation to the
tank capacity. As the organic content of wastewaters vary then loading (OL) should
be expressed as kg BOD per unit aeration tank volume:

L= 2XBOD . BOD m-? day! (17.5)
V% 1000

For conventional units this is #.4-1.2kg BOD m™*day"!, while for high rate >2.5,

and for extended aeration <0.3kg BOD m™~*day™'.

As the biomass is actively removing the organic substrate in the wastewater, it follows
that the BOD loading should be related to the volume of biomass in the aeration tank
(i.e. shadge loading). The sludge lcading is normally referred to as the food (f) to
micro-organism {m) ratio:

[ _ Organic loading rate _ 2 X BOD
m Volume of biomass

kg (BOD) kg (MLSS) day~!  (17.6)

When the f/m ratic is high the micro-organisms are in the log growth phase with excess
food, maximum rate of metabolism and large removal of BOD. However, under
these conditions, the micro-crganisms do not form flocs but are dispersed mzking it
difficult te settle and recycle the biomass (sludge). Because food is in excess, not all
the substrate is used and so will be lost in the final ¢ffluent resulting in 2 high BOD
(e.g. high-rate systems). In contrast, with low ffm ratios the micro-organisms ate in a
food-limited environment, even though the rate of metabolism may be high when the
recycled micre-organisms are first mixed with the incoming wastewater. Once fooed is
limiting, the rate of metabolism rapidly declines uctil the micro-organisms are in the
endogenous respiration phase with cell lysis and resynthesis taking place. Therefore,
almost complete axidation of substrate occurs preducing a high-quality effluent, low
BOD, good flocculation and sludge settlement.

Onerall, the lower the t/m ratio, the lower the rate of metabolism and the greater the
BOD removal and shidge settleability (Fig. 17.3). However, as removal efficiency
increases s0 does the overall oxygen demand of the system and so the overzall cost of
BOD removal.

Floc load is used to measure the organic loading over a specified period of time at the
point where the influent wastewater to the aeration tank mixes with the returned bio-
mass. It can be expressed in terms of BOD or chemical oxygen demand (COD)
(mgl ™) in relation to the MLSS (g1~") concentration:

COD per unit of time at point of mixing
MLSS per unit of time at peint of mixing

Flog load =

mg CODg~' MLSS

{17.7)
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FiGcure 17.53
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17.2,3 SLUDGE SETTLEABILITY

Most problems associated with the activated sludge process involve poor settleability.
Therefore, a rapid assessment method is vital to ensure good separation in secondary
settlement so thai the final effluent has a low suspended solids concentration, and that
sufficient biomass is returned to the aeration tank. Twoe indices are widely used, the
sludge volume index (5¥1) and the stirred specific volume index (88VI), The SV1 is
measured by filling a 1-1 graduated cylinder with mixed liquor and allowing it to settle
for 30 min. The volume of settled sludge (¥} is then measured in mi and MLSS inmg 1~

V% 1000 mlg! (17.8)
MLSS

SVI =

A good sludge should have an SVI <80mlg™! and a very good one around 50mlg™",
An SVI > 120mlg™! indicates poor settling properties. The SVI test is severely
affected by high MILSS concentrations with virtually ne settlement occurring at con-
centrations >4000 mg 1!, Also, due to the quiescent conditions in the SVT test, sedi-
meniation proceeds past the hindered settlement stage in which all the sludge flocs
are evenly distributed (type III settlement); transitional or even compression settle-
ment phases may have started (fype IV) making the test less representative of actual
sedimentation tank conditions (Gray, 2004). These problems are overcome by using
the SSVI, which is now widely used, especially where a more accurate assessment of
sludge settlament is required. It is measured using & special settling celumn 0.5 m
deep and 0.1m in diameter, with settlement impeded by a wire stirrer rotating at
1revmin~' {Fig. 17.4). This test reproduces the non-ideal sitvation found in sedi-
mentation tanks where the SVI is measured under complete quiescence {White, 1973),
The S8VI is calculated by pouring approximately 3.51 of homogeneous mixed liquot
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into the cylinder tc the 50cm level. The stirrer is connected and the height of the
siudge interface in the column measured (#,). After 30min the height of the sludge
imterface is measured again {f;} and the SSVI calculated as:

1005 gt (17.9)
(1]

S5VI =

where €, is the initial concentration of suspended solids (per ccnt w/w) (ie
(MLSS (g11)/1000) X 100) (DOE, 1985). In terms of SSVI a good sludge has a
value <120mlg™!, while a sludge with poor settleability has a value >200mlg1.

17.2.4 SLUDGE ACTIVITY

It has not proved possible to mode] activated sludge systems accurately due 1o being
unable to relate bacterial numbers directly to performance. The problem has been in
differentiating viable and nom-viable cells, and estimating levels of activity due to the
age of the cell. Bicchemical analyses are used for research purposes to assess the effect
of overloading and toxic substances. Analyses used include adenosine triphosphate
{ATP), which measures number of viable cells, and enzymatic activity, which measures
the level of activity {Wagner and Amann, 1997), Dehydrogenase activity using triphenyl
tetrazolium chloride (TTC) that is reduced to a red dye triphenyl formazin {TF) is also
widely used, as dehydregenase enzymes are readily extracted and measured using
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a spectrophotometer (Section 15.3.4). The response of dehydrogenase to changes in
the activated studge is both rapid and sensitive. However, none of these methods are
simpie ¢ carry out and are generally expensive (Coackley and O'Neill, 1975).

The simplest and mos{ direct measurement of sludge activity is the specific oxyger
consumption or uptake rate (SOUR). It can be measured in either in the feld or the
taboratory by filling a BOD bottle with mixed liguor and using an oxygen electrode
fitted in the bottle to measure the fall in oxygen concentration over time:

i —1 i1
SOUR ~ Oygen depletion {mgt7 min')) o 3 o1 -t (17.10)
MLVSS (g)

17.3 MobEs or OPERATION

By using different combinations of the main operating parameters, various different
rates and degree of treatment are possible. This Hexibility in design, allowing operation
over a wide range of loadings to suit specific treatment objectives, is the major advantage
of the activated sludge process over other treatment systems. While primarily designed
1o remove carbonacecus BOD, with switable operational control and plant medifica-
tions it can also achieve nitrification, denitrification and phoesphorus control (Section
18.4). Depending on sludge foading then activated sludge plants can be categorized as
high-rate, conventional or extended aeration, although the delineation between these
categories is by po meeans precise and these terms are nsed in their broadest sense.

17.3.1 AERATION

This is a major operational vanable. The main functions of aeration are;

{a) to ensure an adequate and continuous supply of dissolved oxygen (DO) for
biomass;

{b) to keep the biomass in suspension;

{c) to mix the incoming wastewater with the biomass, and to remove from solution
excess carbon dioxide resulting from coadation of orgamic matter.

Two aeration systems are generally employed, although there are other method
available (e.g. sparges}. Surface aeration is where aeration and mixing is achieved b
the use of blades or vanes that are rotated at speed. The aerator retates either abo
a vertical or horizontal shaft (Fig. 17.5) and is positioned at or near the surface of tl
tiquid. The action of the biades causes considerable turbualence resulting in enhanc
oxygen transfer. Diffused aerators supply oxygen, which is supplied direcily to t
aeration tank via a sevies of diffuser domes (Fig. 17.6). The air is pomped under p1
sure that causes considerable tusbulence and hende mixing. The size of the pore
the diffuser controls both the size and the number of the air bubbles and so the
~f nwvpen sransfer (Gray, 2004),
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17.3.2 AERATION MANAGEMENT

There is an optimum immersion depth for maximum aeration efficiency. The power
consumpticn increases linearly with immersion of the aerator, but the oxygenation
does not. After £5% (mmersion ar most plants the acrator is not able to give any
appreciable increase in oxygenation capacity (OC), although if fully immersed the
power consumption will increase by a further 30% (Fig. 17.7). With the influx of
modern agratfors there is less technical data available, Therefors, although expensive,
aeration equipment should be tested, using the unsteady-state sulphite test, when
commissioned to ensure that it complies with the specification and to determing the
optimuun immersion depth. This means that the stop limit on the overflow weir can
be adjusted to coincide with the apex of the curve,
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The oxygen demand of the mixed liquor varies during the day, so it is vital that
oxygen (or redox) control is used within the aeration tank. In this way the oxygen
supplied can be matched to the demand preventing overaeration. Where the plant is
operaied at design loading, the inclusion of oxygen control can reduce the overall
power consumption by as much as 40% (Fig. 17.8). An undesirable design feature is
the us¢ of a single vertical agrator in a deep tank, resulting in the aerator never being
able to be turned off due 1o the problem of re-suspending the mixed liguor once it
has settled. The separation of the mixing and aeration functions by using a paddle
system and diffusers, respectively, is the preferred design for most plants allowing the
costly acration to be switched off while still maintaining the mixed liquor in suspen-
sion, unless several mechanical agrators can be included within the aeration tank.
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17.3.3 OXYGEN TRANSFER

There are two methods employed to test the oxygen transfer rate and overall
ctiiciency of aeration systems. Steady-state techmiques measure the amount of
oxygen required to achieve a mass balance between supply and utilization by the
mixed liquor during normal operation, although constant operating and loading
conditions are required. Steady-state methods are only used for completely mixed
systems. Unsteady-state techniques are more commonly used and measure the rate
of change of DO concentration during the reaeration of deoxygenated clean water,
The water is deoxygenated by adding sodium sulphate in solution with cobalt chlor-
ide to catalyse the deoxgenation reaction. Once all the unreacted sulphite has been
utilized the test can be carried out. Using a number of D) probes positioned
throughout the tank, the asrator is switched on and the DO cencentration monitored
over time until the water is saturated with oxygen or steady-state DO conditions are
achieved (Fig. 17.9).

Using the DO readings, a graph of log. of the DO deficit (C; — C) is plotted apainst
time for each probe, only using DO values betwecn 209 and 80% saturation. The
slopes of these praphs are then used to calculate separate values for the oxygen transfer
rate (K a) at temperature T

Koa(ry = 3¢ 105, (G C) 4o
L= (€~ )

(17.11)

where C, is the saturated DO concentration (mgl™"), C; and C; are the DO concen-
trations (mg1~1) at times £, and ¢, {min), respectively. The mean (K| a) value is taken
as the (K, a) for the whole system. The OC of the aeration system is calculated using
the following equation:

OC = K a(Ty XV x C{TyX 10 kg h™! (17.12)

DO concentration
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where Iis the volume of water used in the test, T is the temperature of the water and
C«T) is the oxygen saturation concentration of clean water at test temperature 7.
The transfer rate coefficient (X a} is dependent on temperature and is expressed at
a standard temperature of 20°C {i.e. (K a)5q). Therefore, it must be converted using:

(KLa)y = (K a)y(1.024)7-20 (17.13)

where T'is the temperature at which (K a} is measured {Section 6.3).

The values for (K} a) obtained using clean water by this method will be higher than
those obtained using activated sludge, The impueities in wastewater have significant
effects on K a. For example, both fatty and surface active materials such as deter-
gents reduce the rate of oxygen transfer. However, detergents and fatty acids when
present as soaps (pH > 6) are able to increase K| a by preventing bubble coalescence,
thus maintaining the mean bubble size at a lower level than if such chemicals were
absent. This increases the total interfacial area thus increasing the overall mass trans-
fer of oxygen. These two opposing effects rarely cance! each other out and so must be
considered in the calculation of Kpa. Other impurities in water can also alter X, a;
therefore the effects of all impurities must be calculated together by measuring the o
factor (IWPC, 1987):

o factor = (K a) wastewater (17.14)
(K a) clean water

The value of K, a varies for each type of wastewater and also the duration of aeration.
For example, o varies from 0.3 at the beginning of the aeration period for domestic
sewage to 0.8 after 4h aeration. Typical o values for mixed liquor vary from 0.46
to (L62. The impurities in wastewaters wilt also affect the oxygen saturation concen-
tration compared with clean water at the same temperature. This is adjusted by the
B factor where:

€, in wastewater (17.15)

B factor = —2—
{, in clean water

The 8 value normally approximates to 0.9. Once the ¢ and B factors are known for a
patticular wastewatey, then the clean water test results can be used to predict the
expected field resulés. Details of testing aerators, including a worked exampie, are
given in IWPC (1987).

Aeration efficiency in terms of mass of oxygen transferred to the mixed liquor per
unit of energy expended is expressed as kg O, kWh~!, An estimate of agration effi-
ciency can be made by measuring the oxygen demand (OD) exerted by carbonaceous
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oxidation and nitrification, taking inte account the flow rate, influent and effluent
BOD concentrations using the following equation:

OD = 0.08644,[0.75(BOD, — BOD, )|

-4
4 3B XN X Owss XV | 44w, — Nykgday!  (17.16)
s

where g, is the mean flow rate of settled influent (1s~'), BOD is the mean BOD of the
influent (i) and effluent (e} (mgl™"), Cpuss is the mean MLSS concentration
{mg1™}}, Vis the aeration tank volume {m*), and & is the mean emmonia concen-
tration in the influent (i) and effluent () (mgl~"). The calculated oxygen demand
can be converted to aeration efficiency by dividing by the daily power consumption
(kW hday™"). While this assessinent is not as accurate as standard petformance tests,
it does allow an excellent comparison between plants without the prohibitive expense
of in situ tests (Chambers and Jones, 1988).

17.3.4 THE USE OF PURE OXYCEN

The use of pure oxygen instead of air results in oxygen transfer occurring much more
quickly increasing the potential rate of BOD removal. The amount of oxygen in
mixed liquor can be increased by a factor of 5 by using pure oxypen. Two systems
are available, enclosed systems using surface aerators {e.g. Unox) or open systems
using diffusers, The aeration tank capacity is reduced and the HRT redueced from
6 to 3h. The best system in the non-industrial context is Vitox developed by BOC
Lid. Oxygen is pumped directly into the aeration tank via an expansion nozzle or is
added to the influent line using a venturi. Advantages are that it can be used with
existing aeration tanks without any extra tank construction or modification. It can
be used to replace an existing acration system or be used to supplement it by
providing extra oxygen at peak flows or when seasonal overloading occurs. So it is
ideal for uprating overloaded plants on a temporary or pertnanent basis, In compari-
son to expanding a plant by the construction of new aeration tanks, uprating the
£xisting tanks using Vitox can be as little as 15% of the cost. The saving in capital
cost is likely to be offset by significantly higher operating costs, that is why these sys-
tems are generally employed where lfand availability is restricted or land costs are
prohibitively high.

17.4 AERATION TaANK DESICN
17.4.1 TANK CONFIGURATION

Aeration tank design tends towards gither plug flow or completely mixed (Fig. 17.10).
In a plug-flow reactor the influent and returned sludge are added at one end of an
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elontgated rectangular acration tank. Typical dimensions are 6~10m wide, 30-100m
long, 4-5 m decp. As biomass proceeds down the tength of the tank:

{a) treatment occurs, the degree depending on retention time;

(b} the microbial prewth curve is discernible as in batch systems with sludge activity
high at the infet, but [ow at the ocutlet;

{(c) there is rapid removal initially but becoming progressively stower;

{d) adiscernible BOD> gradient is formed.

Disadvantages of plug-flow systems include:

(a) DO deficiency occurring at the inlet where oxygen demand is greatest;

(b} oxygen is usually in excess at the outlet where oxygen demand is least;

{c} as toxic and shock loads are not diluted or buffered, they pass through the tank
as a discrete plug, often resulting in serious effects on performance.

Advantages include:

(a) no short circuiting within the acration tank, although baffies can increase the
HET even more;

{b) plug-flow systems produce sludges with good settleability.

In completely mixed systems, the influent wastewater and returned siudge are imme-
diately mbed and instantly diluted giving a uniform lcading throughout the aera-
tion tank.

Adwvantages include:

(2} minimizing the effects of toxic and shock loads;

(b) plug-flow MLSS concentrations are between 2000 and 3000 mgl1~%, while com-
pletely mixed MLSS concentrations are much higher at 3000-6000mgi™! per-
mitting higher BOD loadings.
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Aeal plug-flow using a

CEGE Do
— Sludge retum 2
e
—
Effiuent
Ideatizad plug-flow using Lnits
Ficoee 17.11 with surface aerators in Geries
The oxidation ditch ~ 'Mfluent
with a single rotor is
close to the idealized e
design of a !
] n] < fu) o e Effluent
plug-flow reactor > Effluen
generally used in the | """
treatment of

wastewarer.  Sludgs relum

Disadvantages include:

(a) possible short circuiting in the aeration tank;
(b) alow density sludge is produced;

(¢} poor settleability;

(d) no nitrification possible,

These disadvantages can be overcome by using aeration tanks in series, which is
approaching plug flow in design (Fig. 17.11).

17.4.2 COMPLETELY MIXED REACTORS

Using Fig. 17.1, mass balance equations for biomass production {Equation (17.17)}
and substrate {food) utilization {(Equation (17.20)) in activated sludge can be developed
{Benefield and Randall, 1980}

dX
Qoo + V= = (G~ Q)X + QX (17.17)
[nilucat Eiamatss_ Efluent Wasied
biemass production Tomass hiomass

Using the Monad function (Equation (15.17)) for the specific growth rate of biomass,
Equation {17.17) can be rewritten as:

HMS-X - 1 -
15 X l (Qy — G )X, + Qu X, (17.18)

5

O Xy +V
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If the biomass in the influent and ¢iflueni are negligible {i.e. X; = X, = 0), then:

B = 2.4, + ky

K +5 VX

dS —
Qd t V= = & -0.)% + G,X,
Influent Subsirate Effluent Wasted
pubistrabe consamed subsirate subatrale

Using the equation for substrate utilization from Section 15.2:

a5 _ 1 pnSX
d YK +S

1 pnSX

Y K +5

£

iy =V = {C — )5 + CuSy

{17.19)

(17.20)

(17.21)

(17.22)

The substrate in the aeration basin is equal to that in the secondary settlement tank
and in the effluent (i.c. § = §,, = 5.}, so Equation (17.22) can be rearranged as:

ﬁ‘i:%(su_s)
E+8 VX

By combining Equations {17.19}) and (17.23) then:

Qwa =% -
T + & V?({Sﬂ 5)

The HRT of the influent in the aeration basin (¢} is:

v
¢Qn

The MCRT in the acration basin {¢.) is derived from Equation (17.2) as:

VX

(¢} = 0.X.

(17.23)

(17.24)

(17.25)

(17.26)
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As a fragtion of the biomass from the sedimentation tak i returned 10 the aeration
basin ¢, > $, Equation (17.24) becomes:

_1_+kd=

1
S5 -S 1727
& P ( )

M|

So the MLSS in the zeration basin {X) can be calculated as:

x=%y
¢

M] (17.28)
1+ ke,

The ffm ratio is determined from Equation {17.6) using the notation in Fig. 17.1 as:

f_S 7.26

mial (17.29)
f_o_ 5 _2% (17.30)
m  (Vig)X VX

EXaMPLE 17.1 Calculate the aeration basin volume (I}, the HRT (). the volume
of sludge wasted each day (0,,), the mass of sludge wasted each day (¢, X, ). the fraction
of sludge recycled 0/ and the {/m ratic for a completely mixed activated s