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Preface

This book is primarily written for final year undergraduate civil engineering
students in developing country universities, for post-graduate masters students
in environmental, public health and sanitary engineering, and for practising
engineers working in developing countries or working on wastewater
treatment projects in these countries. The primary emphasis of the book is on
low-cost, high-performance, sustainable domestic wastewater treatment
systems. Most of the systems described are ‘natural’ systems — so called because
they do not require any electromechanical power input. The secondary
emphasis is on wastewater re-use in agriculture and aquaculture — after all, it
is better to use the treated wastewater productively and therefore profitably,
rather than simply discharge it into a river and thus waste its water and its
nutrients. The human health aspects of wastewater use are obviously
important and these are covered in detail, including an introduction to
quantitative microbial risk analysis.

Over the last 30 or so years that I have been working on wastewater
engineering in developing countries, I have been helped by many colleagues
and friends. I particularly wish to express my gratitude to all of the following;:
Professor Richard Feachem (University of California San Francisco and
Berkeley), Dr Mike McGarry (Cowater International, Ottawa), Emeritus
Professor Gerrit Marais (University of Cape Town), Professor Howard Pearson
(Universidade Federal do Rio Grande do Norte), Emeritus Professor Hillel
Shuval (Hebrew University of Jerusalem), Professor Sandy Cairncross and Dr
Ursula Blumenthal (London School of Hygiene and Tropical Medicine),
Emeritus Professor Takashi Asano (University of California Davis), Professor
Marcos von Sperling (Universidade Federal de Minas Gerais), Professor Peter
Edwards (Asian Institute of Technology) and Dr Andy Shilton (Massey
University); and at the University of Leeds: Emeritus Professor Tony Cusens,
Emeritus Professor Donald Lee, Professor Ed Stentiford, Dr Nigel Horan and
Dr Andy Sleigh. Advice on the content of Figure 3.1 was generously provided
by Dr Ian Head (University of Newcastle).

Docendo dedici. Many of my former doctoral students have made major
contributions, including Dr Rachel Ayres, Dr Harin Corea, Dr Tom Curtis, Dr
Martin Gambrill, Dr Steve Mills, Dr John Oragui, Dr Miguel Pefia Varon,
Professor Salomao Silva, Dr David Smallman, Dr Rebecca Stott and Dr Huw
Taylor.
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Finally, but most importantly, I wish to express a lifelong gratitude to
Kevin Newman, Emeritus Professor of Classics at the University of Illinois,
who taught me as a teenager how to think — the greatest gift a teacher can
bestow.
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concentration
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net evaporation
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first-order rate constant for surface reaeration
first-order rate for E coli removal

BOD; length

mass

flow

infectivity constant

solids

temperature

time

volume; velocity

cell concentration

yield coefficient

oxygen consumed

coefficient of retardation; infectivity constant; ratio of oxygen

transfer in wastewater and tap water

ratio of oxygen solubility in wastewater and distilled water

sludge loading factor
dispersion number
porosity

retention time

first-order rate constant for soluble BOD removal

loading rate
specific growth rate
Arrhenius constant
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1

What is Domestic Wastewater and
Why Treat It?

ORIGIN AND COMPOSITION OF DOMESTIC WASTEWATER

Domestic wastewater is the water that has been used by a community and
which contains all the materials added to the water during its use. It is thus
composed of human body wastes (faeces and urine) together with the water
used for flushing toilets, and sullage, which is the wastewater resulting from
personal washing, laundry, food preparation and the cleaning of kitchen
utensils.

Fresh wastewater is a grey turbid liquid that has an earthy but inoffensive
odour. It contains large floating and suspended solids (such as faeces, rags,
plastic containers, maize cobs), smaller suspended solids (such as partially
disintegrated faeces, paper, vegetable peel) and very small solids in colloidal (ie
non-settleable) suspension, as well as pollutants in true solution. It is
objectionable in appearance and hazardous in content, mainly because of the
number of disease-causing (‘pathogenic’) organisms it contains (Chapter 2). In
warm climates wastewater can soon lose its content of dissolved oxygen and
so become ‘stale’ or ‘septic’. Septic wastewater has an offensive odour, usually
of hydrogen sulphide.

The composition of human faeces and urine is given in Table 1.1, and for
wastewater, in simpler form, in Figure 1.1. The organic fraction of both is
composed principally of proteins, carbohydrates and fats. These compounds,
particularly the first two, form an excellent diet for bacteria, the microscopic
organisms whose voracious appetite for food is exploited by public health
engineers in the microbiological treatment of wastewater. In addition to these
chemical compounds, faeces and, to a lesser extent, urine contain many
millions of intestinal bacteria and smaller numbers of other organisms. The
majority of these are harmless — indeed some are beneficial — but an important
minority is able to cause human disease (Chapter 2).

Sullage contributes a wide variety of chemicals: detergents, soaps, fats and
greases of various kinds, pesticides, anything in fact that goes down the kitchen
sink, and this may include such diverse items as sour milk, vegetable peelings,
tea leaves, soil particles (arising from the preparation of vegetables) and sand
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Table 1.1 Composition of Human Faeces and Urine

Faeces Urine
Quantities
Quantity (wet) per person per day 135-270 g 1.0-1.3 kg
Quantity (dry solids) per person per day 35-70 g 50-70 g
Approximate composition (%)
Moisture 66-80 93-96
Organic matter 88-97 65-85
Nitrogen 5.0-7.0 15-19
Phosphorus (as P,O,) 3.0-5.4 2.5-5.0
Potassium (as K,0) 1.0-2.5 3.0-4.5
Carbon 44-55 11-17
Calcium (as Ca0) 4.5 4.5-6.0

Source: Gotaas (1956)

(used to clean cooking utensils). The number of different chemicals that are
found in domestic wastewater is so vast that, even if it were possible, it would
be meaningless to list them all. For this reason wastewater treatment engineers
use special parameters to characterize wastewaters.

CHARACTERIZATION OF DOMESTIC WASTEWATER

As is explained more fully in Chapter 5, wastewaters are usually treated by
supplying them with oxygen so that bacteria can utilize the wastewater
contents as food. The general equation is:

wastewater + oxygen Pacteria o treated wastewater + new bacteria

The nature of domestic wastewater is so complex that it precludes its complete
analysis. However, since it is comparatively easy to measure the amount of
oxygen used by the bacteria as they oxidize the wastewater, the concentration
of organic matter in the wastewater can easily be expressed in terms of the
amount of oxygen required for its oxidation. Thus, if, for example, half a gram
of oxygen is consumed in the oxidation of each litre of a particular wastewater,
then we say that this wastewater has an ‘oxygen demand’ of 500 mg/l, by
which we mean that the concentration of organic matter in a litre of the
wastewater is such that its oxidation requires 500 mg of oxygen. There are
basically three ways of expressing the oxygen demand of a waste:

1 Theoretical oxygen demand (ThOD) — this is the theoretical amount of
oxygen required to oxidize the organic fraction of the wastewater
completely to carbon dioxide and water. The equation for the total
oxidation of, say, glucose is:
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Source: Tebbutt (1998)

Figure 1.1 Composition of Domestic Wastewater

C,H,,0, + 60, — 6CO, + 6H,0

With C=12,H=1and O = 16, C.H,,0 is 180 and 60, is 192; we can thus
calculate that the ThOD of, for example, a 300 mg/l solution of glucose is
(192/180) x 300 = 321 mg/l. Because wastewater is so complex in nature its
ThOD cannot be calculated, but in practice it is approximated by the chemical
oxygen demand.

2

Chemical oxygen demand (COD) - this is obtained by oxidizing the
wastewater with a boiling acid dichromate solution. This process oxidizes
almost all organic compounds to carbon dioxide and water, the reaction
usually proceeding to more than 95 per cent completion. The advantage of
COD measurements is that they are obtained very quickly (within 3 hours),
but they have the disadvantages that they do not give any information on
the proportion of the wastewater that can be oxidized by bacteria, nor on
the rate at which bio-oxidation occurs.

Biochemical oxygen demand (BOD) - this is the amount of oxygen
required for the oxidation of a wastewater by bacteria. It is therefore a
measure of the concentration of organic matter in a waste that can be
oxidized by bacteria (‘bio-oxidized’ or ‘biodegraded’). BOD is usually
expressed on a 5-day, 20°C basis — that is as the amount of oxygen
consumed during oxidation of the wastewater for 5 days at 20°C. This is
because the 5-day BOD (usually written ‘BOD;’) is more easily measured
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than is the ultimate BOD (BOD, ), which is the oxygen required for the
complete bio-oxidation of the waste. (The reason for the seemingly
arbitrary choice of 20°C and 5 days for the measurement of BOD is given
in Chapter 4; see also Baird and Smith, 2002.) The correct concept of BOD
is fundamental to wastewater treatment, and a rigorous treatment of BOD
removal kinetics is given in Chapter 5.

From the foregoing it is apparent that:

ThOD > COD > BOD,, > BOD,

There is no general relationship between these various oxygen demands.
However, for untreated domestic wastewater a large number of measurements
have indicated the following approximate ratios:

BOD/COD = 0.5
BOD,/BOD; = 1.5

The presence of industrial or agricultural wastewaters alters these ratios
considerably.

Wastewater strength

The higher the concentration of organic matter in a wastewater, the ‘stronger’
it is said to be. Wastewater strength is often judged by its BOD, or COD (Table
1.2). The strength of the wastewater from a community is governed to a very
large degree by its water consumption. Thus, in the US where water
consumption is high (350-400 l/person day) the wastewater is weak (BOD, =
200-250 mg/l), whereas in tropical countries the wastewater is strong (BOD,
= 300-700 mg/l) as the water consumption is typically much lower (40-100
I/person day).

The other factor determining the strength of domestic wastewater is the
BOD (= amount of organic waste) produced per person per day. This varies
from country to country and the differences are largely due to differences in
the quantity and quality of sullage rather than of body wastes, although
variations in diet are important. A good value to use in developing countries is
40 g BODj, per person per day (Table 1.3). In Brazil the BOD contribution per
person per day was found to vary with income — poor people produce less

Table 1.2 Wastewater Strength in Terms of BOD; and COD

Strength BOD, (mg/l) COD (mg/l)
Weak <200 <400
Medium 350 700
Strong 500 1000

Very strong >750 >1500
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Table 1.3 Average BOD ; Contributions per Person per Day

USA Developing countries
Personal washing 9 5
Dishwashing 6 8b
Garbage disposal® 31 _
Laundry 9 5
Toilet — faeces 11 11
urine 10 10
paper 2 1¢
Total (average adult contribution) 78 40

Sources: Ligman et al (1974), Mara (1976)

Notes

a Sink-installed garbage grinder

b Includes allowance for food scraps

¢ Cleansing material may not be paper — water, maize cobs and leaves are common alternatives

BOD than richer people (Campos and von Sperling, 1996*)! (further details
are given in Chapter 7). This is undoubtedly true in all developing countries,
but currently data only exist from Brazil.

WASTEWATER COLLECTION

Domestic wastewaters are collected in underground pipes which are called
‘sewers’. The flow in sewers is normally by gravity, with pumped mains only
being used when unavoidable.

The design of conventional sewerage (the sewer system used in
industrialized countries and in the central areas of many cities in developing
countries) is described in several texts (eg Metcalf and Eddy, Inc, 1986) and is
detailed in national sewerage codes (eg for India, Ministry of Urban
Development, 1993). However, it is extremely expensive. A much lower cost
alternative, which is suitable for use in both poor and rich areas alike, is
‘simplified’ sewerage, sometimes called ‘condominial’ sewerage. The design of
simplified sewerage is fully detailed by Mara et al (2001a%).

WHY TREAT WASTEWATER?

Untreated wastewater causes major damage to the environment and to human
health. Almost always, therefore, wastewater should be treated in order to:

reduce the transmission of excreta-related diseases (Chapter 2)
e reduce water pollution and the consequent damage to aquatic biota
(Chapter 4).
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Only if there is a very large available dilution (>500) in the receiving
watercourse can consideration be given to discharging untreated wastewater
(see Table 4.2). For example, the city of Manaus (population in 2000: 1.4
million) in the Amazon region of Brazil discharges its wastewater untreated
via a river outfall into the Rio Negro, a tributary of the River Amazon, which
has a flow of ~30,000 m? per second. The available dilution is >>500 and
therefore the pollution induced is negligible.

In developing countries only a small proportion of the wastewater
produced by sewered communities is treated. In Latin America, for example,
less than 15 per cent of the wastewaters collected in sewered cities and towns
is treated prior to discharge (Pan American Health Organization, 2000). Often
the reason for the lack of wastewater treatment is financial, but it is also due
to an ignorance of low-cost wastewater treatment processes and of the
economic benefits of treated wastewater reuse (Chapters 21 and 22); and also
because too many decision-makers appear happy to accept the status quo: the
continued discharge of untreated wastewater with its resultant damage to the
environment and human health. Currently the global burden of excreta-related
disease is extremely high (Chapter 2). Over half the world’s rivers, lakes and
coastal waters are seriously polluted by untreated domestic, industrial and
agricultural wastewaters (United Nations Environment Programme, 2002 *;
Beach, 2001%), and they contain high numbers of faecal bacteria (Ceballos et
al, 2003%*). Effective wastewater treatment needs to be recognized, therefore,
as an environmental and human health imperative.

INVESTMENT IN WASTEWATER TREATMENT

Developing country governments and their regulatory agencies, as well as local
authorities (which may be city or town councils, or specific wastewater
treatment authorities, or more generally water and sewerage authorities), need
to understand that domestic and other wastewaters require treatment before
discharge or, preferably, re-use in agriculture and/or aquaculture. They also
need to act, but first they need to decide where, when and how much to invest
in wastewater treatment (Marifio and Boland, 1999%). Advice on the economic
analysis of investment projects is given by the World Bank (1996%; see also
Kalbermatten et al, 1982%).

Wastewater treatment for re-use in agriculture and aquaculture can be
subjected to classical benefit—cost analysis using discounted cash-flow
techniques to show if the present value of future additional crop yields is more
than the present value of wastewater treatment. However, wastewater
treatment prior to discharge to inland or coastal waters is less easy to analyse.
Central government, with its national perspective, must set national
environmental and environmental health priorities. It can enforce these by
lending money only for wastewater treatment projects that lie within these
priorities. Local authorities can then apply for a loan for a ‘priority’
wastewater treatment project. Generally, and ideally, priority projects should
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be dealt with on the basis of river basin catchment areas, as this is the best
method of integrated water resources management, with central government
deciding which river basin is (or which river basins are) to be protected first,
what level of protection is needed now and how this can be developed to
progressively higher levels of protection in the future.

Wastewater treatment is needed on a truly enormous scale in developing
countries, and the purpose of this book is to show how it can be done at low
cost, and how treated wastewaters can be profitably and safely used in
agriculture and aquaculture — for wastewaters are simply too valuable to
waste.

NOTE

1 An asterix after the year in a reference indicates that the publication referred to is
available on the Internet — see References.
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Excreta-related Diseases

As noted in Chapter 1, one of the principal aims of domestic wastewater
treatment in developing countries is to reduce the numbers of excreted
pathogens to levels where the risks of further environmental transmission of
the diseases they cause are substantially reduced. Wastewater treatment
processes that are especially suitable for use in developing countries, such as
waste stabilization ponds (Chapters 9-13), are often designed specifically for
excreted pathogen removal. Wastewater treatment plant designers need,
therefore, to have a good understanding of excreta-related diseases, the
pathogens that cause them and how the plants they design can remove them.

ENVIRONMENTAL CLASSIFICATION OF EXCRETA-
RELATED DISEASES

A simple list of the 50 or so excreta-related diseases is not helpful to engineers,
nor is one which divides the list into viral, bacterial, protozoan and helminthic
diseases. What engineers (and other non-medical professionals) need is a list
that organizes the excreta-related diseases into categories according to their
environmental transmission route. This type of classification is called an
‘environmental’ classification, and this chapter presents the environmental
classification of excreta-related diseases developed in the early 1980s by
Professor Richard Feachem and his co-workers, mostly at the London School
of Hygiene and Tropical Medicine (Feachem et al, 1983%). In this chapter
Feachem’s classification has been annotated for use by wastewater treatment
and re-use engineers.

Table 2.1 gives an overview of Feachem’s environmental classification of
excreta-related diseases. There are seven categories (originally Feachem et al
had six; Mara and Alabaster, 1995, added the seventh). The first five comprise
the excreted infections — those in which pathogens in the excreta of one person
infect another person or persons. The last two categories are the vector-borne
excreta-related diseases — those excreta-related diseases spread by insects and
rodents.



Table 2.1 Environmental Classification of Excreta-related Diseases

Excreta-related Diseases

9

Category Environmental Major examples Environmental
tfransmission of infection transmission focus
features

| Non-bacterial Non-latent Viral: Personal

faeco-oral diseases Low to medium Hepatitis A and E Domestic
persistence Rotavirus diarrhoea Wastewater
Unable to multiply ~ Norovirus diarrhoea
High infectivity Protozoan:

No intermediate host Amoebiasis
Cryptosporidiosis
Giardiasis
Helminthic:
Enterobiasis
Hymenolepiasis

Il Bacterial Non-latent Campylobacteriosis Personal

faeco-oral diseases Medium to high Cholera Domestic
persistence Pathogenic Wastewater
Able to multiply Escherichia coli
Medium to low infection
infectivity Salmonellosis Crops

Ill Geohelminthiases

IV Taeniases

V Water-based
helminthiases

VI Excreta-related
insect-vector disease

VIl Excreta-related
rodent-vector disease

No intermediate host Shigellosis

Latent
Very persistent

Unable to multiply

Typhoid
Yersiniosis

Ascariasis

Hookworm infection

Strongyloidiasis

No intermediate host Trichurasis

Very high infectivity

Latent
Persistent
Able to multiply

Very high infectivity

Cow or pig

intermediate host

Latent
Persistent

Able to multiply
High infectivity

Intermediate aquatic

host(s)

Taeniasis

Schistosomiasis

Clonorchiasis
Fasciolopsiasis

Bancroftian

filariasis transmitted

by Culex

quinquefasciatus

Leptospirosis

Peri-domestic
Wastewater
Crops

Peri-domestic
Wastewater
Fodder crops

Wastewater
Fish

Aquatic species or
aquatic vegetables

Wastewater

Wastewater

Note: For medical details of all the diseases mentioned see, for example, Chin (2000) and Cook

and Zumla (2002)
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Excreted infections

The successful transmission of an excreted infection depends on the following
factors:

excreted load
latency
persistence
multiplication
infectivity
susceptibility.

The first five of these are properties of the pathogen, and the last is a property
of a potential host (ie the next person in the transmission chain).

Excreted load

Excreted load is the number of pathogens excreted by an infected person, and
it varies widely. For example, a person with cholera (a Category II disease)
may excrete ~1013 cholera vibrios per day. Someone with a light infection of
Ascaris lumbricoides, the human roundworm (Category III), may excrete a
few hundred thousand eggs per day (each female worm can produce up to
~200,000 eggs per day).

The excreted load depends on the state of infection: as the cholera victim,
for example, becomes better, the number of vibrios excreted falls — eventually,
of course, to zero. Another good example is schistosomiasis (Category V):
infected children generally show few clinical signs of the disease but excrete
large numbers of schistosome eggs, whereas adults in the terminal stage of the
disease excrete very few or no eggs.

The number of excreted pathogens in a wastewater depends on the number
of pathogens excreted by infected individuals in the community producing the
wastewater. Generally, numbers of endemic excreted pathogens in wastewater
are a few hundreds or thousands, occasionally tens of thousands, per unit
volume of wastewater considered (generally 100 ml for excreted bacteria, 1 1
for excreted worm eggs and protozoan cysts, and 10 | for excreted viruses —

see Chapters 11 and 12).

Latency

This is the interval between the excretion of a pathogen and it becoming
infective to another person or persons. Many excreted pathogens, including all
viruses, bacteria and protozoa (except Cyclospora), are non-latent: that is,
they are infective immediately upon excretion. Latency is an important
property, therefore, only of the helminths, and all the excreted helminths of
importance in wastewater treatment and re-use are latent. Their latency varies
from a few days to a few weeks, and during this time the worm changes from
a non-infective form to its infective form. This development may occur wholly
in the environment outside the body, as with the geohelminths (Category III),
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or it may take place partly in the environment and partly in an intermediate
host — a cow or pig in the case of the tapeworms (Category IV), or a water
snail and possibly also a fish or an aquatic vegetable in the case of the water-
based trematode worms (Category V).

Persistence

How long an excreted pathogen can survive in the environment outside the
body is the property most indicative of the health hazard it poses. A pathogen
that is very persistent — for example, Ascaris eggs, which can survive for many
months, even years — are a risk in wastewater treatment and re-use. Even
excreted bacteria, which generally survive for only a few weeks, also constitute
a risk in this way.

Multiplication

Some excreted pathogens can, given the right environmental conditions,
multiply in the environment several thousand-fold or several million-fold: for
example, excreted bacteria in food and milk, and the water-based trematodes
in aquatic snails. Thus, a low excreted load can rapidly multiply to increase
the risk of infection. Excreted viruses and excreted protozoa cannot multiply
and, therefore, for them to be able to be transmitted successfully their
infectivity has to be very high.

Infectivity

Knowledge about infectivity — the probability of infection from one organism
— is far from perfect. What information there is has usually come from
volunteer studies: known pathogen doses are given to groups of volunteers
who are then monitored to see if they become infected (and, if they do, they
are then quickly treated). Generally, the volunteers have been healthy adults
from non-endemic areas, and their response is very different from that of
malnourished children in developing countries. Nevertheless, we cannot ignore
infectivity, however imperfect our knowledge. In general terms, we use the
following descriptive categories for the probability of infection from one
organism:

e High infectivity >102
e Medium infectivity 102-107°
e Low infectivity <107,

Quantitative microbial risk assessment (Chapter 21) is used to calculate the
risks of infection and disease that may be associated with wastewater re-use.
Provided the wastewater has been well treated — specifically for pathogen
removal, especially in maturation ponds (Chapter 12) — these risks are very
low indeed.
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Susceptibility

The excreta of one person will cause disease in an infected person, but only if
that person is susceptible. Host susceptibility governs the severity of the
disease: a person may be susceptible or, due to immunization or previous
exposure, be immune or have a varying degree of resistance.

Definition of terms
The terms ‘infection” and ‘disease’ are often used interchangeably, but strictly
they have distinct meanings — an infected person may, or may not, become
diseased, depending on his or her susceptibility to the disease in question.
Incidence and prevalence are two important terms. Incidence is the number
of new cases of a particular disease in a community that occurs in a specified
time period (a week, a month or a year, but there is no relationship between,
say, weekly and annual incidences as all cases in a given year may have only
occurred in a given week). Incidence is generally used for acute diseases (eg
those in Categories I and II below). Prevalence is the number (or proportion)
of people in a community with a particular disease at a specified point in time.
It is used for chronic infections or diseases such as the various excreta-related
helminthiases (Categories III-V below). It is possible to refer to the incidence
of one of these chronic diseases, but this has the meaning given above (and is
useful, for example, when determining reinfection following community-wide
antihelminthic chemotherapy).

Category I: Non-bacterial faeco-oral diseases

The term faeco-oral is used to describe the beginning and end of the excreted
pathogen’s transmission route: it leaves one person in his or her faeces and
enters another person through his or her mouth. This category includes all the
excreted viral and protozoan diseases, and these excreted pathogens are non-
latent, have a low-to-medium persistence, are unable to multiply, have a high
infectivity and do not have an intermediate host. These infections are mainly
spread in a very direct person-to-person way wherever personal and domestic
hygiene is poor. However, those that can survive for several days (the protozoa,
for example) are also important in wastewater treatment and re-use.

The most important viruses in this category are rotaviruses and
noroviruses (until recently the latter were called Norwalk and Norwalk-like
viruses), which are the principal causes of viral diarrhoea in both developing
and industrialized countries. Rotaviruses cause 350,000-600,000 deaths per
year in children under five years old, 82 per cent of which are in developing
countries (Parashar et al, 2003*). Other important diarrhoeagenic viruses are
adenoviruses, astroviruses and other caliciviruses.

There are four main protozoa that cause diarrhoea: Entamoeba histolytica,
Giardia intestinalis (also called G lamblia), Cryptosporidium parvum and
Cyclospora cayentanensis. The first three are non-latent, whereas Cyclospora
is latent and requires a period of seven to ten days to sporulate into its
infectious form (Relman, 1998). Outbreaks of cyclosporiasis in the US and
Canada during 1996-2000, associated with the consumption of Guatemalan
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raspberries (see Ho et al, 2002%), resulted in a ban on their import into the US
and consequent huge economic losses and unemployment in Guatemala. The
prevalence of cyclosporiasis amongst Guatemalan raspberry farm workers,
especially children under the age of ten, was higher than in non-farm workers
(Bern et al, 2000%). There was an outbreak of cyclosporiasis in south-west
Germany in 2000-2001 associated with the consumption in a restaurant of
salad side dishes prepared with lettuce imported from southern France and
herbs and spring onions from southern Italy (Doller et al, 2002*).

Category ll: Bacterial faeco-oral diseases

The transmission features of the bacterial excreted pathogens are that they are
non-latent, have a medium-to-high persistence, are able to multiply, have a
medium-to-low infectivity and do not have an intermediate host. These
infections can be transmitted in the same direct person-to-person way as
Category I infections, but their greater persistence means that they are even
more important in wastewater treatment and re-use.

The major excreted bacterial pathogens are Campylobacter spp,
diarrhoeagenic E coli, Salmonella spp, Shigella spp and Vibrio cholerae. Most
of the global incidence of bacterial diarrhoea is associated with Campylobacter
and diarrhoeagenic E coli. The two species of Campylobacter pathogenic to
humans are Campylobacter jejuni and Campylobacter coli, and they are often
present in waters and wastewaters (Jones, 2001*). Children are most at risk,
especially those under the age of two years, in whom polymicrobial infection
is common (ie infection with both Campylobacter and one or more other
gastrointestinal pathogens) (Coker et al, 2002*). Guillain—Barré syndrome (the
most common form of acute neuromuscular paralysis) is a potential severe
outcome of C jejuni infection (which is the most usual cause, although it can
be induced, but generally at lower severity, by other non-excreted bacteria and
viruses) (Hadden and Gregson, 2001%).

Most E coli strains are non-pathogenic commensal inhabitants of the
gastro-intestinal tract of humans and most animals. However, diarrhoeagenic
E coli strains are extremely pathogenic; they comprise several types termed
(mainly after their pathogenesis) enterotoxigenic E coli (or ETEC),
enteropathogenic E coli (EPEC), enterohaemorrhagic E coli (EHEC),
enteroaggregative E coli (EAEC), enteroinvasive E coli (EIEC) and diffusively
adhesive E coli (DAEC) (Nataro and Kaper, 1998*; Hunter, 2003*). ETEC is
a very common pathogen (see Chart, 1998%) and is the second most important
bacterial cause of diarrhoea after Campylobacter. EHEC includes E coli 0157,
a virulent serotype causing high mortality in the most vulnerable groups (the
very old and the very young).

Categories I and II are very similar, the only difference being the greater
persistence of the excreted bacteria. Categories III-IV are very different: they
comprise the excreted helminthic infections, the pathogens are all latent and
very persistent, and some have one or more intermediate hosts. An excellent
introduction to helminthic diseases is given by Muller (2001%).
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Category lll: Geohelminthiases
This category contains the geohelminths — the soil-transmitted nematode
worms. The main ones of importance in wastewater treatment and re-use are:

e Ascaris lumbricoides — the human roundworm

o Trichuris trichiura — the human whipworm

e Ancylostoma duodenale and Necator americanus — the human
hookworms.

Their transmission features are that they are latent, very persistent, unable to
multiply, have a very high infectivity and do not have an intermediate host.

They are extremely common pathogens, especially Ascaris and the
hookworms. In low-income areas of developing countries prevalences are often
over 50 per cent (ie over half the population is infected), and prevalences
greater than 90 per cent occur frequently. The number of worms per person
(the ‘worm burden’, a measure of the intensity of infection) can also be high
(Figure 2.1).

Adult female Ascaris worms each produce up to ~200,000 eggs/day, which
leave the body in the faeces, and adult female hookworms each produce
5000-20,000 eggs/day, which also leave in the faeces. Egg numbers in
wastewater can thus be quite high in endemic areas, up to ~3000/1. Fortunately
they are easily removed in several of the wastewater treatment processes
described in this book (Chapters 9-19), and thus compliance with the World
Health Organization’s guideline value of <1 egg/l treated wastewater used for
crop irrigation, or <0.1 egg/l when children under 15 are exposed usually is
not a problem (World Health Organization, 1989%, 2004*; see also
Blumenthal et al, 2000%); further details are given in Chapters 12 and 21.

Category IV: Taeniases

This category contains the two main human cestode worms: Taenia saginata,
the beef tapeworm, and Taenia solium, the pork tapeworm. Their transmission
features are that they are latent, persistent, able to multiply, have a very high
infectivity and have a cow or pig intermediate host. Around 10°-10° eggs are
produced per day by each worm, and these leave the body in the faeces inside
gravid segments of the worm, from which the eggs are released into
wastewater. Taenia eggs are also easily removed in wastewater treatment
processes.

The embryonic form of T solium (the ‘cysticercus’) can enter the brain
where it may induce neurocysticercosis. This is the leading cause of epilepsy in
developing countries (except Muslim and other countries or communities
where pork is not eaten) (Sotelo, 2003%).

Category V: Water-based helminthiases
This category contains all the water-based human trematode worms. There are
several of these, but only three genera are of major importance:
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Figure 2.1 This 4-year old African Girl with a Distended Abdomen was
Given an Appropriate Dose of the Vermifuge Levamisol; Shortly Afterwards
she Excreted the Large Number of Adult Ascaris lumbricoides Worms Shown
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o Schistosoma mansoni, S japonicum and S haematobium, the main human
schistosomes or blood flukes

e Clonorchis sinensis, the oriental liver fluke (found mainly in China, Japan,
Korea and Vietnam)

®  Fasciolopsis buski, the giant human intestinal fluke (found mainly in India,
Bangladesh, Thailand, Cambodia, China, Malaysia, Indonesia, Vietnam,
Laos and the Philippines).

Their transmission features are that they are latent, reasonably persistent, able
to multiply, have a high infectivity, and have one or two intermediate aquatic
hosts — a snail (all three) and then either fish (C sinensis) or aquatic vegetables
(F buski).

Adult female schistosomes produce up to ~1000 eggs/day, adult female
Clonorchis worms up to ~4000 eggs/day, and adult female Fasciolopsis worms
~25,000 eggs/day. The eggs are voided in faeces (or, in the case of
S haematobium, in urine), and they hatch in wastewater to form miracidia,
which then have to enter a specific species of water snail in order to continue
their life cycle. These trematode infections are potentially important in the
aquacultural re-use of treated wastewaters (Chapter 22), but they are easily
removed during wastewater treatment.

Category VI: Excreta-related insect-vector diseases

The only disease in this category important in wastewater treatment and re-
use is Bancroftian filariasis when it is transmitted by the mosquito Culex
quinquefasciatus, which can breed in poorly maintained wastewater treatment
plants (Chapter 14). It is a serious disease caused by the nematode worm
Wuchereria bancrofti. Adult worms live in the lymphatic ducts of humans, and
embryo worms (called ‘microfilariae’) are shed in large numbers into the
bloodstream at night. If a culicine mosquito ingests microfilariae during its
blood meal, they develop inside the mosquito over a period of 10-15 days to
become infective larvae. When the mosquito feeds again, they are introduced
into another person where they develop over 3—-12 months into adult male and
female worms that establish themselves in the lymphatic system, and the cycle
of microfilarial production recommences. After a few years of infection the
lymph glands and lymphatic vessels become partially blocked and swollen as
the lymph cannot drain. This leads to swelling of the genitalia, legs or arms,
and the resulting gross deformity is called ‘elephantiasis’. Bancroftian filariasis
is becoming increasingly common in urban areas that have good water supplies
but poor sanitation — the resulting wastewaters pond in garbage-blocked
stormwater drains and natural drainage channels, so permitting the culicine
vector mosquitoes to proliferate. The solution is to install low-cost simplified
sewerage (Mara et al, 2001a*) and a properly designed wastewater treatment
plant that is well-operated and maintained.
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Category VII: Excreta-related rodent-vector diseases

The only disease in this category of relevance in wastewater treatment and re-
use is leptospirosis, which is caused by the bacterium Leptospira interrogans.
Leptospirosis is primarily a disease of brown rats, and humans become infected
when they come into contact with infected rat urine. The leptospires then enter
the body through damaged skin (a cut or abrasion). In humans the infection
can be asymptomatic with mild (influenza-like) symptoms, or severe — the
severest form is Weil’s disease, and this can be rapidly fatal if not treated;
symptoms include jaundice — skin and eye haemorrhages, and liver and kidney
failure. Sewer maintenance workers are especially at risk, but the disease is
also a potential risk in wastewater treatment and re-use. It is a becoming a
more common infection in India, for example (Chaudhry et al, 2002%).

Emerging infectious diseases

Many excreta-related diseases are ‘new’ diseases — in the sense that their
causative agent is a newly discovered pathogen. These diseases are termed
‘emerging’ infections, and several very important excreta-related pathogens
have only been discovered in the last 30 years (Table 2.2). Some diseases are
‘re-emerging’ as, due to changing circumstances (eg a high HIV/AIDS
prevalence), the pathogens are now able to infect more people more frequently.
Ungquestionably, more emerging excreta-related pathogens will be found, but it
should be relatively easy to assign them to the appropriate category in the
environmental classification of excreta-related diseases given above.

Excreta-related cancers

Long-term infection with some excreted pathogens can induce cancer - for
example, the water-related helminths (Category V): bladder cancer is induced
by Schistosoma haematobium, colorectal cancer by S mansoni and
S japonicum, and bile duct cancer by Clonorchis sinensis (Mara and Clapham,
1997%). Helicobacter pylori, a faeco-oral (and also oro-oral) bacterial
pathogen that causes stomach ulcers, can induce stomach cancer. It is

Table 2.2 Major Excreta-related Pathogens Identified Since 1973

Year Pathogen

1973 Hepatitis A virus

1973 Rotavirus

1976 Cryptosporidium parvum
1977 Campylobacter spp
1979 Cyclospora cayetanensis
1982 Escherichia coli 0157
1983 Helicobacter pylori

1990 Hepatitis E virus

1992 Vibrio cholerae 0139

Source: Satcher (1995*); Favorov and Margolis (1999)
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extremely common, with infection prevalences of 50-80 per cent in developing
countries, and it is the only bacterium to be designated as a known human
carcinogen (International Agency for Research on Cancer, 1994; see also
Engstrand, 2001*; Frenck and Clemens, 2003%).

GLOBAL BURDEN OF EXCRETA-RELATED DISEASES

A ‘snapshot’ of the global burden of all diseases in 1990 is given by the World
Bank-World Health Organization study conducted by the Harvard School of
Public Health (Murray and Lopez, 1996a, 1996b). Table 2.3 lists the global
incidence of diarrhoeal diseases and the global prevalence of geohelminthic
infections in 1990, essentially all of those which occurred in developing
countries. Indeed, diseases due to deficient water supplies, deficient sanitation
and deficient hygiene were together responsible for 7 per cent of all deaths in
the world in 1990, second only to malnutrition, which caused 15 per cent of
all deaths (Murray and Lopez, 1996a). However, by 2000 the proportion of
deaths due to these diseases had fallen to 4 per cent (Priiss et al, 2002%*).
(Deaths from HIV/AIDS are increasing rapidly, especially in Africa — see The
Lancet, 2002%, and are likely to overtake deaths due to deficient water
sanitation and hygiene soon.)

The incidence of excreta-related diseases shows little sign of decline,
especially in developing countries, but also in industrialized countries — for
example, in England the annual incidence of infectious intestinal disease from
all causes (but mainly food-borne diarrhoea) is 0.2 per person (Wheeler et al,
1999%), much lower than the incidence of diarrhoea in developing countries
(1.3/person/year, Table 2.3), but even so is very high. In developing countries
diarrhoea is still a major killer: some 1.3 million children under the age of five

Table 2.3 Global Diarrboeal Disease and Geohelminthiases Statistics for

1990
Disease Number Remarks
Diarrhoea 4,073,920,000 episodes 56% in children aged 0-4
94% in developing countries
Ascariasis 61,847,000 persons with 73% in children aged 5-14
high-intensity infection All'in developing countries
Trichuriasis 45,421,000 persons with 79% in children aged 5-14
high-intensity infection All'in developing countries
Human 152,492,000 persons with 84% in adults aged 15-59
hookworm high-intensity infection All'in developing countries
infection 36,014,000 persons with 72% in adults aged 15-44
anaemia All'in developing countries

Note: The world population in 1990 was 5.3 billions, of which 3.9 billions (74%) were in developing
countries
Source: Murray and Lopez (1996b)
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die from it each year (ie one diarrhoeal-disease child death every 25 seconds).
More insidiously, diarrhoea in infancy is associated with ‘stunting’ (a medical
term for low height-for-age, ie impaired growth) and also with poor cognitive
function (ie impaired mental development) in later childhood (Berkman et al,
2002%). Children under the age of five years form only 10 per cent of the
world’s population, yet they bear at least 40 per cent of the total global burden
of environmental — including excreta-related — disease (World Health
Organization, 2002%).

Geohelminthic infections are extremely common: approximately one-third
of the world population — some 2 billion people — has intestinal worms (Chan,
1997%*). These worms eat their food before they do, so contributing to
malnutrition and hence retarded growth and impaired cognition. In the case of
the human hookworms, which hook into their hosts’ stomach wall and drink
their blood, anaemia is common, and women of child-bearing age can lose
more blood in this way than through menstruation.

Wastewater treatment engineers, and more generally tropical public health
engineers, have an extremely important role in reducing the environmental
transmission of excreta-related diseases and, by so doing, in greatly
contributing to socio-economic development in developing countries. This
contribution is potentially enormous: Pearce and Warford (1993) quote data
for 1979 (with the implication that more recent data did not exist): in that
year some 360-400 billion working days in developing countries were lost
from water- and excreta-related diseases that kept people from work. Valuing
a working day lost at only US$0.50, these countries therefore lost US$180-200
billion in that year and, as the GNP of all developing countries was then
US$370 billion, output was below potential production by as much as 33-35
per cent. Of course, good wastewater treatment is only one of the means
tropical public health engineers have to combat excreta-related diseases, but it
is an important one. Treatment combined with productive re-use (Chapters 21
and 22) contributes even more directly to socio-economic development.
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Essential Microbiology and Biology

INTRODUCTION

Wastewater treatment and re-use engineers need a good understanding of
wastewater microbiology for two reasons: first because wastewaters contain
micro-organisms that cause human disease (Chapter 2), and secondly because
most wastewater treatment processes are microbiological (we generally use the
term ‘biological wastewater treatment’ to reflect this, but we should say
‘microbiological wastewater treatment’). Wastewater treatment engineers also
need to understand the effect of untreated, partially treated and fully treated
wastewaters on the biology — really, the aquatic ecology — of the receiving
watercourse.

This chapter provides an introduction to the important groups of micro-
organisms in wastewater treatment and reuse: viruses, bacteria, algae,
protozoa and helminths (more detailed information is given in, for example,
Mara and Horan, 2003). It concludes with a brief description of a simplified
technique for the biological assessment of tropical freshwater quality using
aquatic micro-invertebrates.

What are micro-organisms?

Micro-organisms (often simply called ‘microbes’) are small single-celled
organisms: viruses, bacteria, micro-algae and protozoa. To see them we need
to use a microscope. (Helminths are multicellular animals and therefore not
microbes, but we include them in the general topic of tropical sanitary
microbiology, although this should be more properly described as tropical
sanitary microbiology and parasitology.)

Micro-organisms are the ancestors of all organisms that exist (or have
existed) on Earth, and they are the most numerous of all organisms: a handful
of soil contains many hundreds of billions of microbes, mostly bacteria — more
than the world’s stock of plants and animals (‘macro-organisms’). Micro-
organisms are relatively simple life forms, but it is a mistake to think of them
as ‘primitive’ — they are complex biochemical ‘machines’ which serve us well
(they are the prime movers in the biogeochemical cycles of oxygen, carbon and
nitrogen, for example, without which no life would exist), but which can also
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serve us badly (the Spanish influenza pandemic of 1918-1919, for example,
killed ~40 million people; Brainerd and Siegler, 2003*). Fortunately only a few
micro-organisms serve us badly.

Nomenclature

The naming of organisms follows strict international rules. Each organism is
given two Latin names (both of which are written in italics): the first (which
always commences with a capital letter) denotes the organism’s genus, and the
second (which does not) its species. Thus the common mammalian gut
bacterium Escherichia coli belongs to the genus Escherichia and its specific
epithet (ie species name) is coli. The organism is often referred to as E coli (ie
the generic name is abbreviated to its initial letter, sometimes to its initial two
or occasionally three letters to avoid confusion). Similar genera are grouped
into families. Escherichia coli belongs to a family of gut bacteria called the
Enterobacteriaceae (bacterial family names have the distinctive ending ‘aceae’,
and are not italicized).

We can refer only to the genus - for example, Escherichia. We can also
refer to an unnamed species of this genus as Escherichia sp, or to more than
one unnamed species as Escherichia spp. More informally, we can refer to
some important (usually medically important) genera as, for example,
salmonellae (for Salmonella spp), shigellae (Shigella spp) and vibrios (Vibrio

spp)-

Singulars, plurals and adjectival forms
The singular, plural and adjectival form of types of microbes are mainly Latin
or Greek, as follows:

Bacterium, bacteria; bacterial
Virus, viruses; viral

Protozoon, protozoa; protozoan
Alga, algae; algal.

It may seem pedantic to introduce these points of grammar, but few engineers
use these terms correctly (and there is no real excuse for this — not even
‘microbiological ignorance’).

Domains of life

Modern evolutionary biologists now consider a ‘Tree of Life’ with three
‘Domains’: the Bacteria, the Archaea and the Eukarya (Woese et al, 1990; see
also Gupta, 2000*). This three-domain paradigm (Figure 3.1) shows how all
living organisms derived from a single common ancestor (long since extinct or
at least as yet undiscovered). Both the Archaea and the Bacteria are
prokaryotes — that is, they are single-celled organisms which do not have a
clearly defined cell nucleus. The first cell (or cell-like entity) emerged more
than 4 billion years ago, and the Bacteria developed from the ‘last universal
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ancestor’ (ie a descendent of the first cell) roughly 3 billion years ago. The
evolutionary development that set the Bacteria apart from these earlier cells
was that of an essentially rigid, completely enclosing, external cell wall (termed
a ‘sacculus’, basically the microbial equivalent of an exoskeleton) which
enabled them to withstand a high internal osmotic pressure (ie it prevented the
cells from rupturing) (Koch, 2003). The Archaea evolved from the last
common ancestor (or one of its non-Bacterial descendents) later; they are a
very important group for wastewater engineers as they include the methane
producers. The Archaea and the Bacteria thus comprise the micro-organisms
that we have for the past 120 years or so called ‘bacteria’.

All other life forms (ie all fungi, plants and animals — including ourselves)
are eukaryotes (ie their cells have a clearly defined nucleus) and they form the
third domain: the Eukarya, which also evolved from the last common ancestor,
probably after the Archaea. The domain Eukarya includes the familiar
kingdoms of Animalia, Plantae and Fungi (with the helminths within the
Animalia), and also the green algae and the protozoa.

This modern view of the Tree of Life emphasizes the huge importance of
the microbial world, not only in sheer numbers but also in the ecology of Earth
and in the evolution of Life.

The microbes of importance to wastewater treatment engineers come
mainly from the Bacteria, some from the Archaea, and some from the Eukarya
(eg the pathogenic protozoa — Chapter 2; and the green algae that are the
‘workhorses’ of facultative and maturation waste stabilization ponds -
Chapters 9, 11 and 12). Some higher Eukarya are also important — for example
the pathogenic helminths (Chapters 2 and 21) and the plants used in
constructed wetlands (Chapter 17).

Good introductory texts on microbiology are Heritage et al (1996, 1999).
Suitable reference texts on environmental microbiology are Hurst et al (2001)
and Bitton (2002), and on water and wastewater microbiology Water
Environment Federation (2001) and Mara and Horan (2003).

VIRUSES

Viruses are extremely small (~20-200 nm) parasitic microbes which can
reproduce only by invading a host cell whose reproductive processes they
redirect to manufacture more viruses. The structure of viruses is extremely
simple: they comprise a core of either DNA or RNA surrounded by a protein
‘coat’ (or ‘envelope’).

Once an infectious virus enters a host cell, the virus replicates itself
hundreds or thousands of times; these new viruses leave the host cell and in so
doing destroy it — and it is the death of these cells that causes disease in the
host. Viruses are mostly very specific in their choice of host — plant viruses
cannot invade animal cells, for example. Domestic wastewater contains many
human viruses, including the rotaviruses and noroviruses that are the major
viral causes of diarrhoea (Chapter 2).
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certainty. For simplicity the bacterial domain, in particular, is presented in only the barest outline.
The Gram-negative phylum Proteobacteria has five classes (alpha to epsilon) and contains a very
large number of the micro-organisms of importance to wastewater treatment engineers — for
example, the enteric bacteria (coliforms, E coli, salmonellae, shigellae, vibrios, etc), most of the
important chemoheterotrophs (eg the ‘BOD (biochemical oxygen demand) removers’) and
chemo-autotrophs (including most of the nitrifiers), and some phototrophs (the purple bacteria,
the Chromatiaceae). Other important bacterial phototrophs are the Cyanobacteria and the
Chlorobi (containing the Chlorobiaceae). The phylum Bacteroidetes, also Gram-negative,
contains the Bacteroides-like anaerobes and the Cytophaga-Flavobacterium complex of aerobic
heterotrophs. There are two main phyla of Gram-positive bacteria: the Firmicutes (including
Bacillus spp and Clostridium spp) and the Actinobacteria (eg Nocardia spp, implicated in
foaming).

/

Cyanobacteria

Figure 3.1 The Tree of Life with its three Domains

Bacterial viruses are called ‘bacteriophages’ and these can be used to model
viral die-off in waste stabilization ponds (Chapter 12).

Viruses do not fit into the three-domain Tree of Life shown in Figure 3.1 —
their evolutionary position is not yet fully understood. They may possibly be
prokaryotes that have evolved from intracellular parasitic forms (ie
prokaryotes that could only reproduce inside the cells of a eukaryotic or
prokaryotic host) to become the ‘simple’ packets of RNA or DNA that they
are today. (There is one other group whose evolutionary position is also not
understood: the prions, which are protinaceous infectious particles that cause
diseases such as the spongiform encephalopathies — scrapie in sheep, ‘mad cow
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disease’ and human Creutzfeldt-Jacob diseases, including ‘kuru’ and new
variant CJD.)

BACTERIA AND ARCHAEA

Although the Bacteria and Archaea are as different, in evolutionary terms,
from each other as they both are from the Eukarya (Figure 3.1), they are
considered together in this section since they are both prokaryotic and their
growth follows the same rules. In general (and unless otherwise indicated) the
terms ‘bacterium’, ‘bacteria’ and ‘bacterial’ are used in this book to refer to
both the Bacteria and the Archaea — strictly speaking, of course, it would be
better to refer to them as prokaryotes (but sometimes scientific exactitude can
be too confusing, or at least too obfuscatory).

Shape, size and structure

Bacteria and Archaea are small, just a few micrometres (um) in size, and their
mass is around a picogram (pg — ie 10712 g), although some ‘giant’ bacteria do
exist (for example, Thiomargarita namibiensis is 100-300 um in diameter;
Schulz, 2002), and they come in several different shapes (Figure 3.2). To see
them we need to use a microscope; for our engineering purposes a light
microscope is sufficient, with an oil-immersion x100 objective lens and a x10
eye-piece to give a magnification of x1000. Unless we use a phase-contrast
microscope, we need to stain the bacteria before looking at them under the
microscope. The staining procedure most commonly used is the Gram stain
(devised in 1884 by Hans Christian Gram, a Danish bacteriologist); illustrated
details of the procedure are given by the University of Leicester (2002%). Gram-
positive bacteria appear purple and Gram-negative bacteria red when stained
according to this procedure. This difference is very important, not just as a
staining technique, but because Gram-positive and Gram-negative bacteria are
different in a much more fundamental way: Gram-positive bacteria have a cell
wall structure comprising a single membrane (so they are called ‘monoderms’),
whereas Gram-negative bacteria have a double-membrane cell wall structure
(‘diderms’). All Archaea are Gram-positive and so, in evolutionary terms,
Gram-positive Bacteria are closer to the Archaea than Gram-negative Bacteria
are (Gupta, 2000%).

Environmental requirements

Bacteria vary widely in their environmental requirements and preferences. For
example, some bacteria can only grow in the presence of oxygen — the ‘obligate
aerobes’; some can only grow in its absence — the ‘obligate anaerobes’; and
some can grow in both its presence and in its absence, although growth is
better in its presence — the ‘facultative anaerobes’ (or simply ‘facultative
bacteria’). Most bacteria cannot use carbon dioxide as a source of cell carbon,
but some can (and prefer to do so); those that cannot are termed ‘heterotrophs’
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Figure 3.2 Common Bacterial Shapes (cocci are ~1 wm in diameter, and
bacilli are typically 1 x 3—-6 wm)

and those that can are ‘autotrophs’. Some bacteria can photosynthesize, and
these are either ‘photoheterotrophs’ or ‘photo-autotrophs’; however, most
bacteria cannot photosynthesize and they are therefore either
‘chemoheterotrophs’ or ‘chemo-autotrophs’.

Temperature is a very important environmental parameter. Most bacteria
grow well in the temperature range 15-40 degC and are termed ‘mesophils’;
some grow best at lower temperatures — the ‘psychrophils’; and some require
much higher temperatures (some even close to the boiling point of water) — the
‘thermophils’. In wastewaters in tropical and subtropical regions most bacteria
are, as would be expected, mesophilic.

The pH of the environment in which bacteria grow is another important
environmental parameter. Most bacteria prefer near neutral or slightly alkaline
conditions, around pH 6.5-8.5; some can tolerate pH >9 (eg Vibrio cholerae,
the causative agent of cholera); and some generate very acid conditions (eg
Thiobacillus thioparus which produces sulphuric acid at pH <2 and so causes
rapid sewer crown corrosion in warm climates).

Salt is an environmental parameter of importance, for wastewater
treatment engineers, only in that freshwater and faecal bacteria cannot grow
in very saline waters (the sea, for example; this is relevant when treated
wastewaters are discharged into coastal waters — Chapter 4). Marine bacteria,
in contrast, are ‘halophils’.

Domestic wastewater fortunately contains roughly the right balance of
nutrients for bacterial growth —a BOD:N:P ratio of ~100:5:1. The presence of
industrial effluents can alter this ratio and the wastewater may need nitrogen
and/or phosphorus supplements.
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Bacterial growth kinetics

Bacteria grow by binary fission: a cell divides into two daughter cells. These
grow and each divides into two more cells; so the sequence of cell numbers
originating from one cell is 1, 2, 4, 8, 16 and so on, reaching 2" after n
divisions. The rate of growth (ie the number of divisions per unit time) depends
on many factors in the immediate environment of the dividing cells, as
described above. Often one factor is growth-limiting; this could be oxygen (for
aerobes), temperature (which is why we store food in a refrigerator), a suitable
source of carbon (or nitrogen or phosphorus, or an essential micronutrient
such as a vitamin), or too low or too high a pH.

If a bacterium takes T minutes to divide into two, then it takes »T minutes
to multiply to 27 cells. This type of growth is logarithmic (or exponential) and
it is described by the equation:

N, = Njexp(ut)
(3.1)

where N, and N, are the number of cells present at time t (minutes) and
initially, respectively; and u is the specific growth rate, which has units of
reciprocal time (usually day~!, but here minute™!). The term ‘exp’ means ‘e to
the power of what follows in brackets, where e is the base of Naperian
logarithms (denoted ‘In’) and equals ~2.7183.

If t = T (which is the doubling, or mean generation, time), then from

equation 3.1 with N = 2N;:

u = (In2)/T = 0.69/T
(3.2)

The bacterial growth curve

If we introduce a few bacteria into, say, a litre of soluble waste, and if no
further additions of waste are made, the bacteria will typically exhibit four
distinct phases of growth (Figure 3.3). The first is the lag phase, during which
time cell numbers do not increase; the bacteria are, however, internally active,
manufacturing if necessary any intracellular catalysts (‘enzymes’) that they
may require in order to be able to oxidize the waste. Next comes the
exponential phase in which logarithmic growth occurs; during this phase the
bacteria lay down food reserves within their cells which they may use when
there is little or no food left in their environment. The bacteria are now
growing as fast as they are able to in the waste; equation 3.1 is therefore
rewritten as:

N = Nyexp(w,,.2)

where w__is the maximum specific growth rate.
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Figure 3.3 The Bacterial Batch-culture Growth Curve (axis numbers are
illustrative only)

The exponential phase ceases, often abruptly, either because the supply of an
essential nutrient has been exhausted or because there has been an
accumulation of toxic end-products of bio-oxidation (an example of the latter
is the accumulation of acid that is an end-product of the bio-oxidation of
sugars; the pH falls to a growth-inhibiting level). In the ensuing stationary
phase the number of new cells is approximately balanced by those that die, so
that the cell population does not change. When the death rate exceeds the
growth rate, the culture enters the death phase and the population steadily
declines. During both the stationary and death phases there is a substantial
proportion of cells which neither die nor subdivide; they exist by utilizing the
intracellular food reserves laid down during exponential growth, a process
known as ‘endogenous respiration’. When a cell has depleted its food reserves,
it starts to oxidize itself; this process, known as ‘autolysis’ (ie self-destruction),
leads of course to death.

Continuous culture

The microbiological processes used for wastewater treatment operate
continuously, 24 hours a day for 7 days a week and 52 weeks a year, rather
than as a batch process. Bacterial growth in a continuous reactor occurs at a
rate less than the maximum growth in batch culture — that is w <u__ . The
value of u depends on the value of the growth-limiting substrate; this may
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often be the wastewater strength, expressed in terms of BOD (Chapter 1), but
it could be another parameter (such as ammonia, if nitrification is being
considered — see later in this chapter). The Monod equation is used to
determine the value of u:

(3.4)

where L is the BOD in the reactor, mg/l; K, is the Monod ‘half saturation’
constant (= the value of L when w = /2), mg/l; and b is the endogenous
decay rate, which has the same units as u, usually day~'.

First-order BOD removal kinetics (Chapter 5) are generally used for
microbiological reactor design, rather than equation 3.4, although the latter is
used in activated sludge design and also for nitrification in aerated lagoons
(Chapter 20). Monod kinetics have recently been applied to facultative waste
stabilization ponds (Kayombo et al, 2003*).

Equations 3.2 and 3.4 combined are important in reactor design, as they
give the minimum cell retention time in a continuous-flow microbiological
reactor at which cell growth is balanced by the number of cells leaving the
reactor. If the cell retention time is less than this, then the cells will be
exponentially ‘washed out’ of the reactor and reactor failure quickly ensues.
Wastewater treatment engineers have to ensure that the cell retention time in
the treatment units they design is longer than this minimum value.

Anabolism and catabolism

Bacteria oxidize wastes to provide themselves with sufficient energy to enable
them to synthesize the complex molecules such as proteins and polysaccharides
which are needed to build new cells. Thus bacterial metabolism has two
component parts: catabolism (‘breaking down’) for energy and anabolism
(‘building up’) for synthesis. The verbal ‘equation’

wastes + oxygen _Pateriag oxidized waste + new bacteria
is instructive but oversimplified in that the anabolic and catabolic reactions
are not distinguished; nor is there mention of autolysis, which is an important
form of catabolism. The following three equations describe these processes
separately:

o Catabolism

CHON+O, bacteria () CO, + H,O + NH, + energy
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e Anabolism

C,H,O,N + energy bacteria o), CH,NO, (ie bacterial cells)
*  Autolysis

C,H,NO, + 50, baceriagy 5CO, + NH; + 2H,0 + energy

As a general guide ~1/5 of the available BOD is used in catabolic reactions and
~2/3 in anabolic reactions (Figure 3.4). The equation for autolysis does not
proceed to completion since approximately 20-25 per cent of the cell mass is
resistant to bacterial degradation.

Bacteria in wastewater treatment

Wastewater contains many billions of bacteria, and most of these are faecal
bacteria. However, these bacteria, once outside their normal habitat (ie when
they are in the ‘extra-intestinal’ environment), are unable to survive for very
long. This is because they are outcompeted by the large numbers of
saprophytic bacteria which grow naturally and profusely in the nutrient-rich
aquatic environment of a microbiological wastewater treatment reactor. These
‘saprophytes’ obtain their energy, cell carbon and other essential nutrients from
the organic and inorganic compounds in the wastewater. They are very well
adapted to this environment, whereas the faecal bacteria are not — and so they
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Note: In areal (finite time) continuous microbiological reactor some of the organic matter (ie
BOD) in the influent escapes oxidation; in batch culture at infinite time the unmetabolized fraction
is zero.

Figure 3.4 The Catabolic, Anabolic and Autolytic Reactions of Aerobic
Microbiological Oxidation
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die, some quickly and some more slowly (the kinetics of faecal bacterial die-
off is important in the design of maturation ponds — Chapter 12).

The most commonly isolated saprophytic bacteria in aerobic
microbiological treatment systems are Gram-negative, facultative,
heterotrophic rods. They mostly belong to the genera Achromobacter, Bacillus,
Flavobacterium, Pseudomonas and Zooglea, together with the non-faecal
coliforms (see below); all these bacteria are Proteobacteria (Figure 3.1).

Nitrification

Nitrification is the oxidation of ammonium to nitrate, which is done by two
groups of obligately aerobic autotrophic proteobacteria. First ammonium is
oxidized to nitrite by the ammonium oxidizers — for example, Nitrosomonas
spp and Nitrospira spp:

NH:; +1.50, - NO, + H,0 + 2H*

The nitrite so produced is then oxidized to nitrate by the nitrate oxidizers,
typically Nitrobacter spp, with the oxygen atom added to the nitrite ion
coming from water (rather than from molecular oxygen):

NO; + H,0 — NOj (= NOO,) + 2H*

A more descriptive equation for overall nitrification, which shows the
formation of nitrifying bacterial cells (C;H,NO,), is the following (Horan,
1990):

NH* +1.830, + 1.98HCO_ — 0.021C;H,NO, + 0.98NO + 1.04H,0 +
1.88H,CO,

This shows that 1 mole of ammonium-N (ie 14 g N) requires 1.83 moles of
oxygen (58.6 g O,) for nitrification — that is the nitrification oxygen demand
is 4.2 g O, per g ammonium-N. However, this equation does not take into
account the fact that the oxygen used in the oxidation of nitrite to nitrate
comes from water, not molecular oxygen. To allow for this, 0.98H,0O must be
added to each side of the equation:

NH* +1.340, + 1.98HCO7, + 0.98H,0 — 0.021C;H,NO, + 0.98NO, +
2.02H,0 + 1.88H,CO,

This equation shows that the nitrification oxygen demand is 3.1 g O, per g N.
Most process engineers use 4.2 g O, per g N, but this overestimates the actual
nitrification oxygen demand by around 35 per cent.

The above equations show that only 0.021 mole of nitrifying bacterial cells
are produced per mole of ammonium-N nitrified, or 0.17 g of cells per g N
nitrified. This very low yield reflects the fact that nitrifying bacteria grow very
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slowly (see Chapter 20). The equations also show that the nitrification of 1
mole of ammonium-N consumes 1.98 moles of bicarbonate alkalinity, or 8.6 g
of HCO, per g N nitrified. Expressing alkalinity in its usual unit of CaCOy; is
equivalent to 7.1 g CaCOy alkalinity per g N nitrified (1 g of alkalinity as
CaCOj, = 1.22 g HCO;,). If the wastewater to be nitrified does not contain this
amount of alkalinity, then alkalinity must be added (usually as sodium
bicarbonate); otherwise the reaction will stop (and not restart until sufficient

alkalinity is added).

Denitrification
Denitrification is the reduction of nitrate to nitrogen gas. It is an anaerobic (or
at least an anoxic) reaction achieved by many species of anaerobic and
facultative heterotrophic proteobacteria, including those in the genera
Achromobacter, Alcaligenes, Micrococcus, Pseudomonas and Thiobacillus.
Nitrate may not always be reduced to N, — a variety of nitrogen-based gases
may be produced.

The equation for denitrification with, for example, methanol as the carbon
source is (Horan, 1990):

NO™, + 1.08CH,OH + 0.24H,C0; — 0.06C;H,NO, + 0.47N, +
1.68H,0 + HCO;

This equation shows not only that oxygen is not required for denitrification,
but also (and more importantly) that bicarbonate alkalinity is generated as a
result of denitrification — nearly half the alkalinity consumed by nitrification is
regenerated by denitrification; this is important in combined
nitrification—denitrification systems (as now practised, for example, in the
‘enhanced pond systems’ in Melbourne, Australia — Chapter 9).

Photosynthetic bacteria

Purple and green anaerobic phototrophs are found in facultative ponds (see
‘Purple ponds’ in Chapter 11). In this habitat they are important as they
oxidize sulphides entering the facultative pond from the preceding anaerobic
pond (or sewer), and they thus protect us from odour and the pond algae from
the toxic effects of sulphides. They do not produce oxygen during
photosynthesis (as do algae — see below and Chapter 11) as they oxidize
sulphides to sulphur, rather than water to oxygen.

Anaerobic digestion

Anaerobic digestion is a very important process in wastewater treatment in
warm climates. It occurs in anaerobic ponds (Chapter 10) and UASBs (Chapter
18) as the major process in conjunction with sedimentation, and it also occurs in
primary facultative ponds (Chapter 11) and constructed wetlands (Chapter 17).
Anaerobic digestion is achieved by obligately anaerobic bacteria and it is
essentially the conversion, under anaerobic conditions, of settled wastewater
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solids to ‘biogas’ — that is methane and carbon dioxide. Biogas is a valuable fuel

which, at large plants (eg the modern waste stabilization ponds at Melbourne,

Australia — Chapter 9), can be profitably recovered to generate electricity.
Anaerobic digestion proceeds in four stages:

1 Hydrolysis: The hydrolysis of complex wastewater organics (such as
proteins, polysaccharides and fats);

2 Acidogenesis: the anaerobic oxidation of fatty acids and alcohols and the
fermentation of amino acids and carbohydrates to volatile fatty acids (eg
butyrates and propionates) and hydrogen gas;

3 Acetogenesis: the conversion of butyrate and propionates to acetates; and

4 Methanogenesis: the conversions of acetates, and hydrogen and carbon
dioxide, to methane.

Many anaerobic and facultative bacterial species are responsible for Stage 1,
such as Bacillus, Clostridium, Proteus, Micrococcus, Staphylococcus and
Vibrio.

The acidogens, responsible for Stage 2, include Butyrovibrio, Clostridium
and Eubacterium; they convert sugars to volatile fatty acids:

CH,,0, (glucose) + 2H,0 — 2CH,;OO0H (acetic acid) + 4H,

When the concentration of H, becomes high glucose is converted into
propionic and butyric acids:

CH,,0, + 2H,0 — 2CH,;CH,COOH (propionic acid) + 2CO, + 2H,
CH,,0, — CH;(CH,),COOH (butyric acid) + 2CO, + 4H,

These acids are converted in Stage 3 to acetic acid by, for example,
Synthobacter and Synthrophomonas:

CH,CH,COOH + 2H,0 — CH;COOH + CO, + 3H,
CH,(CH,),COOH + 2H,0 — 2CH,COOH + 2H,

Stage 4 is the conversion of acetates to methane and carbon dioxide, and of
hydrogen and carbon dioxide to methane:

CH,COOH — CH, + CO,
CO, + 4H, - CH, + 2H,0
The methanogens are all Archaea of, for example, the genera Methanothrix,

Methanosarcina and Methanococcus. They are very slow growing, with
generation times of ~24 hours — much longer than the bacterial groups
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involved in Stages 1-3 — and methanogenesis is thus the rate-limiting stage in
anaerobic digestion. The methanogens are also more sensitive than the other
groups to environmental stress (eg too low a pH) and, in high-sulphate
wastewaters, they are outcompeted by sulphate-reducing bacteria, such as
Desulfovibrio spp, for hydrogen and acetate (which the sulphate-reducers use
in their reduction of sulphate to sulphides — Chapter 10).

Overall the anaerobic treatment of domestic wastewater in warm climates
is extremely advantageous, and high removals of BOD (70-80 per cent) at
short retention times (8-24 hours) are achieved in anaerobic ponds and
UASBs.

Faecal indicator bacteria

The concept of faecal indicator bacteria was developed in the late 19th century
to assess the efficacy of water treatment: if bacteria of exclusively faecal origin
are found in a water, then we know that the water has been polluted by faeces
and that it may, therefore, contain pathogenic faecal bacteria (ie those in
Category II, Chapter 2). Conversely, if treated drinking water is shown not to
contain any faecal indicator bacteria, then it is unlikely to contain any
pathogenic micro-organisms. Of course, with wastewaters the situation is
different: we know that wastewaters are faecally polluted — they contain faeces
and faecal micro-organisms, including faecal pathogens of most, if not all, of
Categories I-V. We use the numbers of faecal indicator bacteria in wastewaters,
therefore, not to indicate faecal pollution, but to indicate faecal pathogen
removals in wastewater treatment processes, and to estimate the health risks
in wastewater re-use (Chapters 21 and 22). This works very well for faecal
bacterial pathogens, quite well for faecal viral pathogens, but not at all well
for faecal protozoan and helminthic pathogens.

The requirements for an ‘ideal’ faecal indicator bacterium, as applied to
wastewater (rather than drinking water), are that:

it should be exclusively faecal in origin,
its numbers in wastewater should be greater than those of faecal viral and
bacterial pathogens,

® its removal in wastewater treatment processes should be close to that of
faecal viral and bacterial pathogens, and

e it should be simple and inexpensive to count its numbers reliably and
accurately.

As might be expected, no bacterium always meets all these requirements, but
one comes very close: one (and only one) of the coliform bacteria, namely
Escherichia coli.

Coliform bacteria
The early water bacteriologists identified the coliform group of bacteria as
faecal indicator organisms. This group was considered in two parts: ‘total
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coliforms’ and ‘faecal coliforms’, with the former comprising both non-faecal
and faecal coliforms. It was originally considered in this way because counting
faecal coliforms was initially a two-stage process: first the number of total
coliforms in a drinking water sample was determined and then, if any of these
were present, the number of faecal coliforms was determined (many water
bacteriologists still use the same basic procedure today). However, with
wastewater, it is only the faecal coliforms that are relevant (it is basically
meaningless to report total coliform numbers in wastewaters, especially
tropical and subtropical wastewaters).

Almost all coliforms, faecal and non-faecal alike, oxidize the disaccharide
lactose with the production of acid and gas at 37°C (human body temperature)
in the presence of bile salts (which are used to inhibit non-intestinal bacteria,
although it is now more common to use a surface-active agent, such as Triton
X100, with similar growth-inhibiting properties). Lactose comprises equal
proportions of the two monosaccharides glucose and galactose, and only
coliform bacteria possess the enzyme B-galactosidase which enables it to break
down galactose. Thus the modern definition of a coliform bacterium is one
that possesses -galactosidase (or, strictly speaking, the gene that codes for this
enzyme). Only faecal coliforms can break down lactose to acid and gas at the
higher temperature of 44°C. However, this is true only in temperate regions
(and even there not always true); in tropical and subtropical regions some non-
faecal coliforms can produce acid and gas from lactose at 44°C, and some true
faecal coliforms may not produce any gas from lactose (ie they are
‘anaerogenic’). Thus the concept of faecal coliforms is not strictly applicable in
warm climates, although the majority of acid and gas producers at 44°C are
indeed faecal in origin. Even so, it is now considered much better to count
non-faecal coliforms (due to the small proportions of false positives and false
negatives — that is non-faecal coliforms growing at 44°C, and some faecal
coliforms either not able to grow at this elevated temperature or unable to
produce gas from lactose, respectively), but rather to count the single coliform
bacterium that really is exclusively faecal in origin. This bacterium is
Escherichia coli.

Escherichia coli

The early water bacteriologists counted (or, more correctly, tried to count)
the bacterium then known as Bacterium coli communis (Smith, 1895 — this
is the earliest reference to a faecal indicator bacterium). In fact, it was the
difficulty of counting only this bacterium that led, in the early 20th century,
to the use of total and faecal coliforms to assess the quality of drinking
waters, as these could be counted with at least reasonable reliability.
Bacterium coli communis is now called Escherichia coli. Like all coliforms,
E coli has the enzyme pB-galactosidase but, uniquely amongst the coliforms, it
also has the enzyme f-glucuronidase (which it uses to break down
glucuronate to glucose and uronic acid). Modern media to detect or count E
coli contain a chromogenic substrate to detect this enzyme and thus give the
resulting colonies of E coli a distinct colour (usually blue or purple); several
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such media are commercially available (eg ‘Chromagar E coli’, on or in which
E coli forms blue colonies when incubated at 37°C for 24 h; Chromagar,
2002*). Given the ease with which specifically E coli counts can be obtained,
it is now time (especially in warm climates, but also in temperate climates) to
cease counting faecal coliforms and to determine only the numbers of E coli.
This removes the problem of faecal coliform counts including some non-
faecal coliforms since E coli is an exclusively faecal micro-organism (and the
only faecal coliform currently so recognized — see Edberg et al, 2000%;
Leclerc et al, 2001%).

In this book references to faecal coliforms in standards and guidelines (eg
those of the Council of the European Communities and the World Health
Organization) have been replaced by references to E coli. This permits a better
interpretation of the intent of these standards and guidelines (and it is to be
hoped that future revisions of them will use E coli rather than faecal
coliforms). However, when reported results of faecal coliform numbers
(obtained experimentally or from monitoring programmes) are referred to,
this change is not made and the reported designations of faecal coliforms and
‘FC numbers’ are retained.

PROTOZOA

Protozoa are single-celled eukaryotes. A few are important human pathogens
- Giardia, Cryptosporidium, Cyclospora and Entamoeba, for example, are
major excreta-related pathogens which are consequently present in domestic
wastewaters (Category I, Chapter 2). (The genus Plasmodium contains the
malaria parasites, but malaria is a water-related, rather than an excreta-related,
disease.) However, most protozoa are non-pathogenic and very widely
distributed in nature.

The protozoa can be conveniently classified into three groups: amoebae,
ciliates and flagellates. The last two groups are important in wastewater
treatment: flagellates in the class Zoomastigophora are present in very large
numbers in wastewater treatment processes, as are many species of ciliates.
Flagellate biomass is generally higher than that of the ciliates, although there
is a greater species diversity of the latter.

Flagellates generally grow heterotrophically; in wastewater treatment
reactors they are thus in competition with the more efficient bacterial
heterotrophs. The ciliates display a wider range of morphology and nutrition:
some are ‘free-swimming’, others are ‘crawling’ organisms, and yet others have
a stalk which attaches to particulate material (such as an activated sludge floc)
(Figure 3.5). Ciliate nutrition is mainly by ‘phagocytosis’ — that is they engulf
other microbes (bacteria, algae and other protozoa) and digest them
enzymatically (an early form of ‘eating’ as we know it).

Protozoa have been extensively studied in conventional wastewater
treatment processes such as activated sludge and biofilters (Chapters 19 and
20). A healthy protozoan population in activated sludge aeration tanks
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Figure 3.5 Five of the Commonest Ciliated Protozoa Found in Wastewater
Treatment Works: (a) Chilodonella uncinata, (b) Opercula microdiscum,
(c) Aspidisca costata, (d) Trachlophyllum pusillum and (e) Carchesium
polypinum; (a) and (c) are crawling ciliates, (b) and (e) stalked ciliates and
(d) a free-swimming ciliate

significantly improves the treatment efficiency — effluent suspended solids
concentrations are ~70 per cent less with ciliated protozoa than without them.

Ciliated protozoa have recently been shown to be responsible for some of
the removal of Cryptosporidium oocysts in constructed wetlands (Chapter 17)
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(Stott et al, 2001%, 2003*). Laboratory tests showed ingestion rates of >50
oocysts per hour by Paramecium, although isolates from constructed wetlands
ingested 4-10 oocysts per hour. The role of ciliated protozoa in waste
stabilization ponds (Chapters 9-12) has yet to be determined.

ALGAE

The micro-algae in facultative and maturation waste stabilization ponds
(Chapters 11 and 12) are single-celled Eukarya. The cells are green as, like the
leaves of higher plants, they contain large amounts of chlorophyll, the pigment
that captures light energy in photosynthesis. The algae use this energy to fix
carbon dioxide which is their main source of carbon (so algae are photo-
autotrophs), although they can grow photoheterotrophically on simple organic
compounds (such as acetate). During photosynthesis oxygen is produced from
water, and in facultative and maturation ponds this is the main source of
oxygen used by the bacterial heterotrophs in the ponds for the removal of
BOD. The algae, when they are photosynthesizing rapidly, induce a high pH in
the ponds (especially in maturation ponds); the pH can rise to >9.4, which is
critical for faecal bacterial die-off in ponds. Further details are given in
Chapters 11 and 12.

HELMINTHS

Helminths (worms) are important because a few of them cause disease
(Categories III-V, Chapter 2) and because a group of them are highly tolerant
of pollution and oxygen depletion in freshwaters (see below). All worms fall
into one of three types: nematodes (roundworms), cestodes (flatworms) and
trematodes (flukes). Many, especially those that are pathogenic, have quite
complicated life cycles, often both in and outwith the human body, but despite
this they are extremely successful human parasites: around one-third of the
world’s population (ie ~2 billion people) is infected with one or more worms.
As a result, worm egg numbers in wastewaters in developing countries (in
which almost all the worm infections occur) are generally high — up to a few
thousand/l in newly sewered communities, although over time (as the
opportunities for reinfection decrease as a result of more and more
communities being sewered) the numbers decline to <1000 and eventually to
<100 or even <10/1.

Egg numbers in treated wastewaters must be reduced to very low levels
when the treated wastewaters are used for crop irrigation and/or fish culture
(Chapters 4, 21 and 22). For crop irrigation the number of human intestinal
nematode eggs (ie those of the geohelminths — Category III, Chapter 2) should
be <1/ or, if children under the age of 15 are exposed, <0.1/1. For fish culture
trematode eggs (ie those of the water-based helminths — Category V) must be
absent as these worms multiply tens of thousands of times in their first
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intermediate aquatic host (an aquatic snail), and thus the eggs from one person
can potentially infect many hundreds of people.

Well illustrated on-line reference texts include Muller (2001%*) for human
worm diseases and Ayres and Mara (1996%) for counting the numbers of
human intestinal nematode eggs in wastewaters.

FRESHWATER MICRO-INVERTEBRATES

Invertebrates are animals without backbones and in clean unpolluted streams,
rivers and lakes there are many different types of small invertebrates. These may
be present as adult and juvenile forms, or only the latter (such as larvae and
nymphs). Some of these ‘micro-invertebrates’ are very sensitive to aquatic
pollutants, and some are very tolerant of pollution. We can therefore use the
micro-invertebrate fauna of a freshwater to assess its ‘health’ — that is to
determine biologically the extent of pollution. The number of different micro-
invertebrates present can be used to develop a ‘biotic index’ of freshwater quality
(and this is used to complement physicochemical water quality — Chapter 4).

A large amount of work has been done on assessing freshwater quality in
this way, mainly in industrialized countries (eg Welch, 1992; Wright et al,
2000; Adams, 2002; Greenwood-Smith, 2002), with much less application in
developing countries (Madhou, 2000; see also Girgin et al, 2003*). In many
cases there is very little or no information on micro-invertebrates in unpolluted
waters in developing countries; and, even though many waterbodies are
seriously polluted, there is not much information on the biological quality of
polluted waters. Dudgeon (2002%) details the adverse impacts of human
activities on aquatic biodiversity in monsoonal Asia: pollution, excessive
exploitation (ie overharvesting), and conversion of riverine wetlands to
agriculture have led to dramatic decreases in biodiversity — fewer riverine birds,
endangered turtle populations, declining fish populations, and so on.

Biotic index for tropical freshwaters

A simplified biotic index for tropical and subtropical freshwaters is presented
by Van Damme (2001%). Ten groups of micro-invertebrates are used, and these
are placed into three categories based on their sensitivity to, or tolerance of,
pollution (Figure 3.6 and Table 3.1). The presence and relative abundance of
members of these groups in a water sample define an approximate biotic index
(on a scale of 0-10, with 0 indicating gross pollution and 10 indicating
excellent water quality) (Table 3.2).

Procedures for sampling and analysis (ie micro-invertebrate identification
using a stereoscopic microscope) are given by Van Damme (2001*) and also in
Standard Methods (American Public Health Association, 1998). The
procedures are very simple and require only minimal equipment — indeed
obtaining biotic indices as described by Van Damme is a very good biology
class project for secondary school students and university engineering students
(see De Pauw et al, 1999).
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Indicator Group I: Macroinvertebrate groups highly sensitive to oxygen depletion/pollution
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Source: Van Damme (2001*)
Figure 3.6 Micro-invertebrates Used to Assess the Biological Quality of
Tropical Waters
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Table 3.1 Micro-invertebrate Groups Used to Assess the
Biological Quality of Tropical Waters

Indicator group Sensitivity to

oxygen depletion

Micro-invertebrates

| High

Il Moderate

] Low

Damselfly nymphs

Freshwater mussels

Water beetles, water bugs, hog lice
Dragonfly nymphs

Freshwater snails

Shrimps and crabs

Leeches, flatworms

Mosquito larvae

Hoverfly maggots

Oligochaete worms

Source: Van Damme (2001%*)

Table 3.2 Simplified Biotic Index for Tropical Waters

Biotic index Water quality Micro-invertebrate groups present?
9-10 Excellent Many Group |

7-8 Good Some Group |

5-6 Marginal No Group I, many Group |l

3-4 Bad Some Group I, some Group Il
0-2 Very bad Only Group |lI

Note: @ See Table 3.1
Source: Van Damme (2001*)
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Effluent Quality

WASTEWATER TREATMENT OBJECTIVES

Wastewater treatment must be done for a specified purpose — for example, to
produce an effluent suitable for agricultural or aquacultural reuse (or both), or
to produce an effluent that can be safely discharged into inland or coastal
waters. Wastewater treatment plant designers have to know what is going to
happen to the effluent — re-use or discharge — before they design the plant, as
the effluent quality requirements will vary accordingly.

Effluent quality requirements, often termed effluent quality standards, are
set by regulatory agencies that are empowered by legislation to make such
regulations — environmental protection agencies, for example. The regulations
that these agencies make are legally binding on the authority responsible for
wastewater treatment. Regulatory agencies have a duty, either explicitly
defined in the governing legislation or at any rate implicitly, to set sensible
regulations. Unfortunately, in many developing countries not all such
regulations are as sensible as they should be (Johnstone and Horan, 1994,
1996%), and this also occurs in industrialized countries (Dolan, 1995; Mara,
1996%). Wastewater treatment engineers need to understand how effluent
quality standards should be set properly so that, if necessary, they can have a
rational dialogue with the regulatory agency to ensure that it does not impose
standards that are too high. This is extremely important since compliance with
standards that are too high requires an unnecessary expenditure of money
(generally on inappropriate high-tech wastewater treatment systems — see von
Sperling and Chernicharo, 2002*), and the people who ultimately pay this
unnecessarily large amount of money are the local people who generate the
wastewater that is treated to too high a standard. Incomes fall, and falling
incomes mean poorer health, even deaths. In the US, for example, Miller and
Conko (2001*) report that one death is estimated to result from every US$7.25
million spent on regulatory costs through this income effect. As these authors
note, ‘the expression “regulatory overkill” is not merely a figure of speech’.

If a regulator insists on a very strict national standard for one or more
parameters prior to river discharge, wastewater treatment may be so expensive
that no city can afford to treat its wastewater. From the regulator’s perspective
this is a self-defeating situation: treatment plants are not built and the regulator
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has no effluents to regulate. As regulators are meant to protect the
environment, this is a truly nonsensical situation: no treatment plants means
continued discharges of untreated wastewater, and hence unabated freshwater
pollution, continued risks to human health, and no environmental protection
whatsoever.

WASTEWATER RE-USE

Using treated wastewaters for crop irrigation or for fishpond fertilization is a
very sensible thing to do, especially in water-short areas. However, it must not
cause any excess transmission of excreta-related disease, and therefore the
wastewaters must be treated to an appropriate microbiological quality. A
detailed discussion on what constitutes an appropriate microbiological quality
is given in Chapter 21 for agricultural re-use and in Chapter 22 for
aquacultural re-use. Here only the basic principles are addressed.

The re-use of untreated wastewaters in agriculture or aquaculture is known
to cause an excess transmission of certain excreta-related diseases, especially
those in Categories II, IIl and IV — the bacterial and geohelminthic diseases,
and the water-based trematode diseases (Chapter 2). Thus treatment to remove
faecal bacterial pathogens and human intestinal nematode and trematode eggs
from the wastewater is essential — but removal to what degree? The answer to
this question is that they must be removed to a level which does not cause
excess disease in the people working in the wastewater-irrigated fields or
wastewater-fertilized aquaculture ponds, or in those who consume the
wastewater-irrigated crops or wastewater-fertilized aquacultural produce (fish,
for example). The next question is obvious: what is the level that does not
cause excess infection? Expressed another way, this question means: what are
the safe minimum microbiological requirements for wastewater treatment?
The answer to this question is certainly #ot the United States Environmental
Protection Agency (USEPA)/United States Agency for International
Development (USAID) requirement that, for wastewater-irrigated salad crops
and vegetables eaten uncooked, treated wastewaters should contain zero E coli
per 100 ml (Environmental Protection Agency, 1992), since this is the
bacteriological requirement for drinking water and therefore a good example
of regulatory overkill.

The World Health Organization has produced guidelines for the
microbiological quality of treated wastewaters used in agriculture and
aquaculture (WHO, 1989%, 2004 *; see also Blumenthal et al, 2000%). These
are:

1 for ‘restricted’ irrigation — that is the irrigation of all crops except salad
crops and vegetables eaten uncooked:
<1 human intestinal nematode eggs/l (reduced to <0.1 eggs/l when children
under 15 years are exposed), and
<103 E coli/100 ml.
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The nematodes are Ascaris, Trichuris and the human hookworms (Chapter 2).

2 for ‘unrestricted’ irrigation — that is including salad crops and vegetables
eaten raw:
=<1 human intestinal nematode eggs/l (also reduced to <0.1 eggs/l when
children under 15 years are exposed through their fieldworker-parents
bringing home ‘unrestricted’ produce directly from the fields), and
<1000 E coli/100 ml.

The epidemiological and experimental evidence for these guidelines is reviewed
in Chapter 21, which also gives risk calculations, based on quantitative
microbial risk analysis procedures, to support the E coli guideline of
=<1000/100 ml for unrestricted irrigation.

3 for aquacultural re-use:
zero viable trematode eggs/l of treated wastewater, and
<1000 E coli/100 ml of aquaculture pond water.

The trematodes of importance are Schistosoma spp, Clonorchis sinensis and
Fasciolopsis buski. The rationale for these guidelines is given in Chapter 22.

The risks to public health when these guidelines are applied are extremely
small, and certainly less than the World Health Organization’s (2003%)
tolerable risk of infection of 10~3 per person per year — that is it is considered
acceptable if one person in every 1000 becomes infected in a 12-month period
from consuming salad crops and vegetables irrigated, or fish from fishponds
fertilized, with wastewater treated to these guideline levels (see Chapter 21).

In addition to not harming human health, treated wastewaters should not
harm the crops, and thus they should meet the physicochemical quality
requirements for all waters used for irrigation given by the Food and
Agriculture Organization (Ayers and Westcot, 1989%). For treated domestic
wastewaters, the most important of these are: electrical conductivity, sodium
absorption ratio, boron concentration, total nitrogen concentration and pH.
The precise values of these parameters depend on the types of crops being
grown as different crops have different sensitivities to them. Details are given
in Chapter 21.

DISCHARGE TO INLAND WATERS

If a treated wastewater is discharged into a river it exerts a demand on the
oxygen resources of the river. This removal of dissolved oxygen (DO) for
wastewater oxidation must be balanced by an addition of oxygen. The most
important source of oxygen for reoxygenation of the river is the atmosphere:
there is a mass transfer of oxygen from the atmosphere across the water surface
to the river water below. The rate of this transfer is proportional to the oxygen
deficit in the water (ie the difference between the oxygen saturation
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Figure 4.1 The Dissolved Oxygen Sag Curve



Effluent Quality 45

concentration and the actual DO concentration). Thus the DO removal that
occurs below the point of discharge actually stimulates an increased rate of
supply of oxygen from the atmosphere. This competition between
deoxygenation and reoxygenation results in a DO profile which typically
shows a distinct ‘sag’ some distance below the point of discharge (Figure 4.1).
In order to prevent the river becoming anaerobic, there must be an adequate
DO reserve at all points along the river. Analysis of the oxygen sag curve
provides a convenient method of determining the degree of treatment that
should be given to the effluent before it is discharged, so as to ensure that the
lowest DO concentration that occurs is not less than the minimum required to
maintain the river water quality at the desired level.

DO sag curve analysis

The first analysis of the DO sag curve was made by Streeter and Phelps (1925)
for the Ohio River in the US; full details are given in Phelps (1944). For a single
wastewater effluent discharged into a long river with a reasonably constant
flow regime, the DO sag curve results from the competition between DO
demand and DO supply. The former is due to the ultimate BOD (biochemical
oxygen demand) of the wastewater effluent, and the latter comes primarily
from reoxygenation through surface reaeration by the oxygen in the
atmosphere.

The DO deficit (D, mg/l) is defined as the difference between the oxygen
saturation concentration (ie its solubility) in the river water at the river water
temperature and the actual DO concentration in the river water. The DO
demand due to the ultimate BOD of the effluent increases the deficit, and the
DO supply by reaeration decreases it. Thus, using the general format of
equation 5.1, the Streeter—Phelps equation is:

dD/dt = k,L — k,D
(4.1)

where D is the DO deficit at time of flow # (ie assuming a constant velocity of
flow in the river, at a given distance downstream of the effluent discharge
point), mg/l; k, is the first-order rate constant (base e) for BOD removal in the
river, day™'; L is the ultimate BOD of the effluent-river-water mixture at time
t, mg/l; and k, is the first-order rate constant (base e) for surface reaeration,
day~1.

Equation 4.1 can be integrated to yield:

_ kil

D=
kyk,

( e kit _ gkt ) + DO e—kzt
(4.2)

where D, and L are the values of D and L at ¢ = 0 (ie at the point of
discharge).
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The most important point in the sag curve is the maximum DO deficit,
called the ‘critical’ deficit, D_ (Figure 4.1). At this point in the curve dD/dt is
zero, so from equation 4.1:

D_=k,Llk,
(4.3)

The time (or distance) at which D_ occurs is z_, given by substituting equation
4.3 into equation 4.2:

o= 1 1nkz[1_l%(kz-kl>]
koky Ry Ly

(4.4)

The value of k, can be estimated from the following equations (Melching and
Flores, 1999%):

e ‘Pool and riffle’ streams with a flow O < 0.556 m¥/second:

kz — 517(US)0'574Q_0‘242

(4.5)
¢ Pool and riffle streams with Q > 0.556 m?3/s:
kz — 596(US)0.528Q—0.136
(4.6)
¢ ‘Channel-control’ streams with O < 0.556 m?/s:
kz - 88(US)0.313H—0.353
(4.7)
¢ Channel-control streams with O > 0.556 m?/s:
kz — 142(US)0‘333H_0'66W_0'243
(4.8)

where v is the average streamflow velocity in the length of stream considered,
m/s (range used for the derivation of equations 4.5-4.8: 0.003-1.83 m3/s); S is
the slope of the water surface, m/m (range: 0.00001-0.06 m/m); Q is the
stream flow, m3/s (range: 0.0028-210 m?/s); H is the average stream depth
calculated from the continuity equation H = Q/(vW), m (range: 0.0457-3.05
m); and W is the average stream top width, m (range: 0.78-162 m). Equations
4.5-4.8 were derived from observations on 500 reaches in 166 streams and
rivers throughout the US.
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A ‘pool and riffle’ stream alternates between pools (deep areas, with a
nearly horizontal water surface at low flows) and riffles (shallow, high-velocity
areas); bed material is sand and gravel in the size range 2-246 mm. ‘Channel-
control’ streams are characterized by reasonably uniform, steady flow with
width-to-depth ratios often >40 and water-surface slopes of <0.04; the
‘control’ can be achieved by hydraulic structures (eg weirs or dams).

In the case of treated wastewater discharges to lakes, k, values depend on
wind speed (but not on fetch, which is the horizontal wind-water-surface
contact distance), as follows (Gelda et al, 1996%):

k, = a(U,)P/H
(4.9)

where o is a constant determined by model calibration; U, is the wind speed
at a height of 10 m above the lake surface, m/s; § is a constant (taken as 1 for
U, = 3.5 m/s and 2 for U, > 3.5 m/s); and H is the mean lake depth, m.

Limitations of the Streeter-Phelps equation

The simple Streeter-Phelps equation given above considers only a single point
discharge, one oxygen sink (the BOD of the river—effluent mixture), and one
oxygen source (surface reaeration). In practice there may be more than one
discharge, or the river may receive diffuse pollution from, for example,
agricultural run-off. Additionally, plants in the river or growing on its banks
may supply oxygen by photosynthesis. However, the most important
additional factor to consider, especially in rivers in developing countries, is the
so-called ‘benthic’ oxygen demand. This is the amount of oxygen used by the
bacteria in the bottom mud of the river which, due to earlier discharges of
untreated wastewater, can often be very high. Dobbins (1964) took this into
account, and his version of the Streeter—Phelps equation modified for benthic
demand is:

dD/dt = (k, + ky)L - k,D
(4.10)

where k; is the first-order rate constant for oxygen consumption (ie BOD
removal) in the bottom mud, d-!.

Dobbins also developed an equation for D which took into account the
other factors mentioned above, but it is really too complicated to use - it is
now much better to use one of the commercially available computer models
for river water quality, for example, MIKE 11 (DHI Software, 2002*) or River
Water Quality Model 1 (Shanahan et al, 2001*, IWA Task Group, 2001).

The above, essentially introductory, discussion on dissolved oxygen supply
and demand in a river subject to effluent discharges assumes first order
kinetics. In practice this assumption is satisfactory for the in-river processes of
DO supply and demand, but much less satisfactory for the determination of
the ultimate BOD of the effluent (ie as determined by equation 5.4). This point
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is considered in more detail in Chapter 5, but it should be noted that an error
of underestimation of the ultimate BOD of an effluent results in a
corresponding underestimation in the oxygen demand of the river—effluent
mixture, and thus introduces error into estimates of the dissolved oxygen
balance in the river downstream of the effluent discharge point.

Index of physicochemical river water quality

Regulators generally classify rivers to assess their water use for various
purposes (eg potable supply or irrigation) on the basis of their physicochemical
quality. An early attempt at this, based on a single parameter, is given in Table
4.2 below. A more comprehensive river water quality index is used by the
Environment Agency (for England and Wales): it is based on eight parameters
(dissolved oxygen, nitrification-suppressed BOD, total and unionized
ammonia, pH, hardness, dissolved copper and total zinc), with maximum
values specified for each parameter for each of five classes of river water
quality, which range from RE1 (highest quality) to RES5 (lowest). The
maximum values are specified on a percentile basis (eg a 95-percentile
requirement means that only 5 per cent of samples are allowed to be above the
specified maximum). Full details are given in Martin (2002*) and UK
Legislation (1994%*).

Of course, river water quality indices and classifications developed in
industrialized countries are not directly applicable to rivers in developing
countries, but they may serve as a general guide. Madhou (2002), for example,
has proposed a river water quality index for Mauritius by adapting
industrialized country indices for local conditions.

‘Minimal’ water quality index

Working on the Suquia River in central Argentina, Pesce and Wunderlin
(2000%) proposed a very simple river water quality index, which they
designated WQImin. It is based on only three parameters: dissolved oxygen,
mg/l; total dissolved solids (ie salts in solution), mg/l; and turbidity, NTU (ie
turbidity units, dimensionless). WQImin, which has a score range of 0-100
(grossly polluted to extremely high quality), is defined as:

WQI . = Cpo * Crps + Crurp

min = 3

(4.11)

where CDO, CTDS and CTurb are the ‘normalized unit values’ for dissolved
oxygen, total dissolved salts and turbidity, respectively, as given in Table 4.1
for ranges of individual measured parameter concentrations. WQI . was
found to correlate well with more comprehensive indices which included 20
parameters, although it was recommended that one of the more complete
indices be evaluated a few times each year, with WQI . being used for routine
analysis (once or twice per month).



Effluent Quality 49

Table 4.1 Normalized Unit Values for Dissolved Oxygen, Total Dissolved
Salts and Turbidity Used to Calculate WQI

min

DO Concentration Total dissolved salts Turbidity (NTU) Normalized unit
(mgl) concentration (mg/l) value (C)
=75 <100 <5 100
>7.0 <500 <10 90
>6.5 <750 <15 80
>6.0 <1000 <20 70
>5.0 <1500 <25 60
>4.0 <2000 <30 50
>3.5 <3000 <40 40
>3.0 <5000 <60 30
>2.0 <10,000 <80 20
=10 < 20,000 <100 10
<1.0 >20,000 >100 0

Example: Suppose the DO concentration was measured as 6.8 mg/I, the Total dissolved salts
concentration as 790 mg/l and the turbidity as 16 NTU. Thus Cpq = 80, Crpg = 70 and Cy,) =
70; and WQI_;, = (80 + 70 + 70)/3 = 73.

Source: Pesce and Wunderlin (2000*)

Effluent standards

It is administratively more convenient to enforce an effluent standard rather
than a stream or river standard. The local regulatory agency should select
quality standards for wastewater effluents which ensure that rivers do not
become unsuitable for their present use or intended purpose. The best known
and most widely (and usually inappropriately) applied effluent standard is the
so-called 20/30 Royal Commission standard’ (ie <20 mg BODS/l and <30 mg
SS/1). The United Kingdom Royal Commission on Sewage Disposal of
1898-1915 was appointed to consider appropriate methods of sewage
treatment and disposal in the United Kingdom (it is necessary to stress ‘the
United Kingdom’ because the Commissioners’ recommendations were meant
to apply only to this country, although they are often indiscriminately applied
to other countries in different climatic zones — see Johnstone and Norton,
2000). The Commissioners classified British rivers on the basis of their 65 °F
(ie 18.3°C) BODy, as shown in Table 4.2. The Commissioners chose a 65 °F
BOD because the long-term average summer temperature in the UK is 65 °F
and they chose 5 days as this gave the most reliable and consistent BOD test
results. (The standard BOD; test is now conducted at 20°C rather than
18.3°C.)

If an effluent is discharged into a river, a mass balance of BOD at the point
of discharge (Figure 4.2) yields:

LrQr + LeQe = Lm(Qr + Qe)
(4.12)
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Table 4.2 The UK Royal Commission’s Classification of River Water Quality

River classification BOD, (mg/l)
Very clean <1
Clean 2
Fairly clean 3
Doubtful 5
Bad >10

where L is BOD, mg/l (= g/m3); Q is flow, m*/day; the subscript r refers to the
river just upstream of the point of discharge; e refers to the effluent; and m
refers to the river—effluent mixture just downstream of the point of discharge.
Now if the effluent is diluted with eight volumes of clean river water (ie if
Q,/Q. = 8 and Lr 