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SUMMARY

There is an increasing interest in the quantitative prediction of the
environmental fate of chemicals and hence in determining their potential for
biodegradation in biotreatment processes.

This report reviews literature on the determination of biodegradation rates and
other kinetic constants and their use in predicting the environmental
concentration of chemicals in aerobic freshwater and in biotreatment processes.
The various mathematical approaches based on Monod, Michaelis Menten and first
order kinetics are discussed and their application to environmental fate models
and biotreatment systems assessed.

It is concluded that current experimental procedures for determining
biodegradation rates produce highly variable kinetic data that are strongly
dependent on test conditions such as temperature, inoculum type, substrate
concentration, nutrient Jlevels and the opportunity for co-metabolism.
Consequently no single test procedure can accurately predict the rate of
degradation of test chemicals in a variety of aquatic environments. The
present methods measure as much the properties of the environmental compartment
as the chemical itself. Experimental data on biodegradation kinetics are
relatively limited. It is recognised that environmentally relevant kinetic
data can only be produced when test methods closely reflect the specific
aquatic environment under consideration.

For data relevant to surface waters further development of test methods will
depend on the use of refined analytical techniques to measure environmentally
relevant levels of test compounds; these techniques are likely to rely on the
use of !“C radiotracers. Biotreatment test procedures may not require such
techniques since higher concentrations of test chemical are used. For
predicting behaviour during treatment by the activated sludge process, an
approach in which the influence of Sludge Retention Time (SRT) and temperature
is studied, is considered to be worth further development.
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In view of the uncertainties in deriving kinetic data and the difficulties ‘of
extrapolation to other environmental compartments, a single pragmatic approach
is recommended. It is suggested that modelling should be based on first order
(half-1ife) kinetics for surface waters and the SRT method for activated sludge
systems. Constants obtained are not universal parameters but apply only to
limited and defined environmental situations. .



A. INTRODUCTION

Many schemes for regulating the production and use of chemicals (EEC, 1967:
1979) require information on their biodegradability so that an estimate of
their 1likely persistence 1in the environment or their potential for
biodegradation in biotreatment processes can be made.

In previous publications (ECETOC, 1983; Blok et al., 1985), the applicability
and limitations of biodegradability test methods given in the QECD Guidelines
(1981) and Annex V of the 6th Amendment (EEC, 1984) were assessed.
Recommendations for improvements were outlined.

It was recognised that, even when improved, current test methods determine only
the percentage elimination of the test chemical after a specified test period
and are not designed for making detailed kinetic interpretations. Whilst
adequate for classifying chemicals as easily degradable or resistant test
results have only a limited value in predicting the actual behaviour and the
degree of persistence of chemicals in the wide variety of environmental
compartments, from treatment plants to the open sea.

An ability to predict environmental fate for chemicals is becoming increasingly
important. An earlier report (ECETOC, 1983) concluded that knowledge of
biodegradation kinetics (the mathematical expression of the rate of breakdown
of a chemical by biological means) in various environmental compartments would
be extremely valuable for predicting fate.

Over the last decade many publications have given data on biodegradation rates
and kinetic constants for selected chemicals in defined environments, notably
constituents in natural waters and biotreatment plants. Limited attempts have
been made to review such data and to investigate whether biodegradation
kinetics and the development of appropriate test methods could have a wider
application in predicting the environmental fate of industrial chemicals.

A Task Force was therefore established to review the present status and future
application of biodegradation kinetics in assessing the environmental fate of
chemicals, under the following Terms of Reference:



review the literature on the determination of biodegradation rates and
kinetic constants, and on the use of this information in predicting
environmental concentrations of chemicals;

critically assess the validity of the various approaches reported;

identify those approaches which might form an acceptable basis for further
development.



B. BACKGROUND

Many studies on biodegradation kinetics have used pure bacterial cultures
growing on single substrates under strictly controlled conditions (Monod,
1949). The mathematical approaches established in these studies have been
shown to apply also in many cases of mixed culture growth (Simkins and
Alexander, 1984).

The application of Taboratory studies to predict biodegradation rates in the
natural environment poses considerable difficulties. Biodegradation in the
natural environment not only depends on the nature and concentration of the
chemicals to be degraded but also on environmental conditions, including pH,
salinity, temperature, redox potential, availability of growth factors and
nutrients, the presence of other substrates and the number of degradative
organisms present.

These conditions vary in different environmental compartments such as soil,
anaerobic or aerobic sediments, freshwater, sea-water and sewage treatment
plants and thus are likely to produce different biodegradation rates in each
environmental compartment. This variability alone has made it difficult for
chemical fate predictions to be transferred from one environmental compartment
to another and may 1imit the application of laboratory derived data unless the
studies have been carried out under conditions relevant to each compartment.

In this report the principles of biodegradation kinetics are reviewed (Chapter
C) and the biodegradation tests that may be used for either freshwater or
sewage treatment are indicated (Chapter D and Appendix 5). The review of test
methods and application of biodegradation kinetics has been confined to aerobic
systems. It is recognised that anaerobic processes may play an important role
in the environment but, to date, few standard test methods have been
established (Birch et al., 1989).

Much data reviewed by the Task Force demonstrated a high variability in
results, often associated with toxicity, volatility or Tow solubility of test
compounds. Whilst recognising that these factors would be significant when
assessing the fate of specific chemicals, the Task Force attempted to confine



the current review to studies on compounds not exhibiting these
characteristics. Most attention was also paid to kinetic data obtained with
mixed cultures and mixed substrates, where biodegradation was indicated as the
major degradative pathway.

Kinetic parameters derived for the breakdown of any chemical would be specific
to the environmental compartment studied. In this report their use in
environmental fate models has been limited to two environmental compartments,
namely freshwater and aerobic sewage treatment plants. Sewage treatment plants
would often be the first compartment exposed to a widely used chemical and
freshwaters represent a major receiving environment for chemicals with a
dispersed end use.

The possibilities and limitations of using biodegradation kinetic data and
their application to predictive models are discussed in Chapter F and overall
conclusions from the review are drawn in Chapter G together with indications
for future work.

Table 1 summarises the most important Titerature used by the Task Force. A
glossary of terms is included in Appendix 1. More specific details relating to
the different chapters are given in Appendices 2 to §.



C. PRINCIPLES OF BIODEGRADATION KINETICS

1. DEFINING BIODEGRADATION KINETICS

The study of biodegradation kinetics enables rates of biodegradation to be
represented by a mathematical expression which may then be used to describe
and predict quantitatively the breakdown of a chemical.

Biodegradation processes have been conveniently grouped into two categories:
primary biodegradation and ultimate biodegradation. Primary biodegradation
occurs when a discrete alteration is made to the structure of a chemical
such that basic physico-chemical properties are lost (OECD, 1984; Larson,
1984).  Primary biodegradation is generally determined by a specific
analytical technique which measures the rate of disappearance of parent
material. Ultimate biodegradation occurs when a chemical is broken down to
simple inorganic molecules such as carbon dioxide (C0,), water (Ho0) and to
biomass. This biomass may in turn degrade leading to complete
mineralisation.

Primary and ultimate biodegradation are in fact, parts of the same
biodegradation pathway. The kinetic principles that govern biodegradation
apply to the whole pathway including biomass formation and decay, and hence
the principles and mathematical approaches described below apply equally to
primary and ultimate biodegradation and mineralisation but will nevertheless
lead to different kinetic values.

A consistent set of symbols has been used in this report. These may differ
from those used in the original literature.

2. MATHEMATICAL APPROACHES TQ BIODEGRADATION KINETICS

Most kinetic models for cell growth and substrate removal have been based on
the classical Monod equation (Monod, 1949) for cell growth or on those uséd
to describe enzyme kinetics, in particular the Michaelis-Menten equation
(Michaelis and Menten, 1913).



Where the model has been based on enzyme kinetics it has normally been
assumed that, whereas cells may be regarded as complex reactors involving
many interactive enzyme-catalysed substrate reactions, one reaction step
will be the slowest. This step will effectively control the overall rate of
the reaction, substrate loss and cell growth. Under these conditions the
rate of cell growth can be represented mathematically in terms of the effect
of substrate concentration on this one enzyme reaction step.

The most commonly applied enzyme/substrate reaction rate equation is. the
Michaelis-Menten expression first developed in 1913 to describe Invertase
catalysed reactions (Michaelis and Menten, 1913).

ko . S
V = meecccacaaa- ‘Et
Kn * S
where V. = reaction velocity
ko = rate constant (second order)
Et = total enzyme concentration
Kn = Michaelis constant
S = limiting substrate concentration
(kz-Et = maximum velocity (Vmax))

The development of this equation and its application to biodegradation
kinetics are described more fully in Section 2.2 below.

Monod (1949) developed a generalised model in which cel]} growth was

described in relation to the concentration of a growth-1imiting substrate
giving the following equation:

Hmax + S

rate of cell growth

=
=
®
-3
(43
-
w
1

Mmax = Max specific growth rate

wy
I

= limiting substrate concentration



saturation constant

viable cell concentration

The application of this equation is described in detail in Section 2.1
below.

It is interesting to note in comparing the above equations, that they may
under certain conditions be analogous, if it is assumed that Ey s
proportional to cell concentration (B) and kp.Ey is the maximum rate the
reaction can proceed (and is commonly written Vp..).

At substrate concentrations << Kyp or <<Ks, the two equations simplify to:

ko . S Emax * O
V= ceemnean - B¢ and rg = ====ce~- .B

Km Ks

Since Ko.Et = Vpax: the ratio Vmax/Km is seen to be a first order rate
constant, whereas ,,Lmax/Ks is a second order rate constant. Since however,

v
max
conditions where growth is significant (i.e. Et is variable) kp/K, is

includes Ey (proportional to viable cell concentration) under

clearly seen as a second order rate constant. In practice under study
conditions where the increase in cell growth during the reaction period is
Tow compared to the starting cell concentration, the expression approximates

9N A A P Y
to a first order constant.

It is worth reiterating that there are certain limitations in applying
either enzyme or growth kinetics to biodegradation of chemicals in the
aquatic environment. Whilst giving valid data under conditions where the
substrate is the sole carbon source and under laboratory conditions with
pure cultures, variations in the natural environment such as alternative
carbon sources, variable substrate concentrations and microbial consortia
can limit the relevance of Jlaboratory-derived constants to practical
situations.

More complicated models have been developed to take into account the
secondary substrates and inhibition effects (Schmidt and Alexander, 1985).



These equations do not give sufficient additional insight to justify the
considerable increase in complexity of the experimental design and therefore
were not considered further in this report.

2.1. Monod Kinetics

Although the Monod model (1949) was developed for pure cultures of
bacteria growing on a single substrate, it also provides a good
approximation with growth of mixed cultures (Simkins and Alexander, 1984).
It gives a good, but indirect, description of the disappearance of the
growth-limiting substrate. This is also the case when little growth
occurs. In addition, simplifications of the model (such as the first-
order approximation) can give a good description of observed
biodegradation patterns under certain specific conditions.

The bacterial growth rate is given by
dB/dt = u.B

where B is the bacterial biomass concentration and p is the specific
growth rate expressed as 1/time. If Y is the yield, i.e. the proportion
of original substrate converted to biomass and which is assumed to remain
constant during biodegradation, the disappearance of substrate is defined

by:
-dS/dt = 1/Y . dB/dt

where S is the substrate concentration. These rates may be calculated by
the Monod equation:

b= Mmax - S/ (Kg + )
leading to
dB/dt = pp...S.B / (Kg+S)

where p... is the maximum specific growth rate and Ks is the substrate
saturation constant (substrate concentration). Hence the disappearance of
substrate may be represented by:



-dS/dt = upa . S.B / ((Kg*S).Y)

This is the generally accepted form of the Monod model. Measuring B can
be difficult (it refers to the number of competent organisms) but it is
not needed for determination of kmax and K¢ and so B/Y may be replaced by
X, the amount of substrate needed to produce a bacterial population
density of B.

Hence
-dS/dt = dXx/dt = pmaX.S.X / (KS+S)

The Monod model can be applied to batch or continuous systems with certain
simplifications under controlled conditions.

i) Batch system

In a batch system at any time, (e.g. a typical ready biodegradation
test) it is assumed that the sum of the concentration of the substrate
and B/Y is a constant

S+ X =S4+ X,

This is called the conservation equation. where the subscript o means,
concentration at time zero, then we obtain the differential equation

-dS/dt = upay.S. (Sg+Xo-S) / (Kg+S)

This model has been used by Alexander and his group to determine values
of upax and K¢ from single degradation curves. This approach ignores
the cell decay process and may lead to erroneous conclusions at low
substrate or high biomass concentrations. Nevertheless the following
series of simplified models have been used to describe the
biodegradation curve in batch systems under a range of specific
conditions (Simkins and Alexander, 1984; Alexander, 1985).
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Model Conditions Equation*

General Monod none -dS/dt = dmax.(SO+Xo-S).S / (Kg+S)
(batch system)

(V)

%e;o Order Xo>>S, and So>>Kg -dS/dt = Bmax - Xo

I

Monod, no Xo>>S, -dS/dt = Fmax-Xg+S / (Kg+S)

growth

(I1)

Eirs§ Order Xo>>S, and So<<K -ds/dt = umax.XO.S / K¢
IT1

%og;stic So<<Kq -dS/dt = max - (So*Xp-S).S / Kg
18Y

%xponentia] So>>Ks -dS/dt = upay. (Sy*X,-S)
VI)

These equations are approximations from the general Monod (V)

It is possible to determine kmax ©only from fitting the Monod and
exponential models to a biodegradation curve. Ks may be determined only
from fitting the Monod no growth and Monod models. Some of the above
equations give derived parameters, as well as kmax and K¢, which may be
treated as constants.

Model Derived parameter Dimension
|
First Order pmax.XO/Ks 1/time
Monod no growth bmax - Xo concentration/time
Zero Order umax.xo concentration/time
Logistic K time/concentration
g %max/ s /

The relationship between substrate and biomass concentrations under
which these models fit observed conditions is shown in Figure 1. Under
most environmental conditions of low bacterial and substrate
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concentrations, the relevant equations are the first order, logistic
and, less frequently, the Monod models.

Both the biodegradation and bacterial growth rates would be expected to
follow the Arrhenius relationship within the normal temperature range
(0 to 30°C), and this has indeed been demonstrated for nitrilotriacetic
acid (NTA) and linear alkylbenzene sulfonate (LAS ) (Larson, 1980).
This is an exponential relationship which in practice results in an
approximate doubling of these rates with a ten degree temperature
increase (although with activated sludge a doubling for every 14 to 16
degrees has been reported (Roberts, 1990)). In practice this
theoretical assumption does not always hold over wide temperature
ranges due to changes in the populations involved in biodegradation.
The result of this is that all rate related constants (e.9. upay, first
order constant) would show temperature dependency, but other constants
(e.g. Ks) would not.

i1) Continuous Systems

Under conditions of continuous culture, as in biotreatment systems, the
conservation equation

S+ X =S85+ X,
does not apply and the two processes of substrate uptake and biomass
decay must be considered separately. This leads to the development of
the following equation incorporating a biomass decay factor (Birch,
1984) :
dB/dt = B/SRT -S = “max‘seff'B / (KS + Seff) - Kd.B
Kg (1 + Kq.SRT)

Hence Seff S e e mm oo

where S.¢¢ is the equilibrium effluent concentration of substrate, Kg
is the bacterial decay rate in units of 1/time and SRT is the sludge
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retention time (1/dilution rate). In theory then, Ks and Hmax Yalues
determined with the appropriate mixed cultures in batch systems may be
used to predict the effluent concentrations in sewage treatment plants.
When used in this manner it is important to note that the following
three conditions apply:

a) the effluent concentration is independent of the inflow
concentration;

b) the only plant control parameter affecting the concentration of
substrate in the effluent is the mean sludge retention time, which
can be directly related to "load" (an expression relating daily
nutrient input to biomass);

c) for any given effluent concentration there will be a critical sludge
retention time (SRT.) given by

below which the competent micro-organism will be washed out of the
plant and biodegradation will cease.

The application of this model to sewage treatment is discussed further
in Section E 3.2.

2.2. Michaelis - Menten Kinetics

Another generalised approach to enzyme-catalysed reactions kinetics was
put forward by Michaelis and Menten (1913) and is often described as
Michaelis-Menten kinetics. In this approach the rate of growth is
described by reference only to the concentration of rate Timiting growth
substrate. It gives an extremely good approximation when describing the
biodegradation of a trace substrate (sometimes called a secondary
substrate) by a large excess of Competent bacteria which are not growing,



or are growing on an alternative substrate (sometimes called a primary
substrate) when conditions for co-metabolism occur.

Based on enzyme kinetics, substrate uptake is defined by

-dS/dt = v =ko . Ex . S/ ( Ky +S)
where E; is the total enzyme concentration, Ky is the Michaelis constant,
which is the substrate concentration at which the reaction occurs at half

of the maximum rate Vmax (Vmax = kp.Ey).

In bacterial systems E; can be assumed to be proportional to the bacterial
biomass concentration B

Et=k.B
resulting in
-dS/dt =kp . k . B .S/ (Ky+S).

The product of k, and k can be replaced by one new constant ko', leading
to

-dS/dt = ko' B . S/ ( Kp +S)
which is comparable to the Monod equation, or identical, when

ko' = upax / Y and Ky = K.

Where growth is negligible compared to the initial biomass, ko1 .B can be
substituted by V., and the equation becomes

-dS/dt = Vpay - S/ (Ky+ S ).
Where S << K ( e.g. S < 0.1 K, ), then

-dS/dt = Vpay - S / Ky .
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Since Vpay / Kn is assumed to be a constant ki for a given substrate the
equation simplifies to

-dS/dt = ky « S
which is first order kinetics.
Where S >> Kp (e.g. S>10 Km ). the equation becomes

-dS/dt = Vimax -
It is assumed that all enzyme sites are fully saturated with substrate and
thus reaction proceeds at maximum rate independent of substrate
concentration (zero-order reaction).
Between the two extremes of § << Ky and S >> Kpm where significant growth
of biomass occurs mixed order kinetics will be observed producing
sigmoidal substrate removal curves. The changed kinetic orders derived
from a BOD curve under these conditions are illustrated in Figure 2

(Ramalho, 1977).

The Pragmatic Approach - First Order Kinetics

First order kinetic data (shown above derived from the theoretical
Michaelis-Menten equation), have been obtained by many workers adopting
the pragmatic approach of determining loss of substrate from a number of
aquatic environments without taking into account specific theoretical
considerations of cell growth or enzymic activity (Larson, 1979, 1980;
Larson and Games, 1981; Larson and Wentler, 1982; Bourquin and Pritchard,
1985). These data have also been used to develop the concept of a
biodegradation half-1ife (t1/2) which is the time required to reduce the
mass of a chemical to 50% of its original value. The half-life is derived
from the first order reaction constant kq by

tl/2 =1n2/ kl
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This pragmatic approach gives kinetics which are applicable when degraders

are present in excess and when the concentration of substrate is Jow.

A similar approach has also been successfully adopted to describe plug
flow first-order kinetics for fixed film reactors such as laboratory

rolling tubes and trickling filter sewage treatment units (cf Appendix 4).

3. SUMMARY OF MATHEMATICAL APPROACHES

*

The following

scheme

summarises

the mathematical

approaches which are

described more fully in the text (for references see Table 1).

Authors' Approach Order with respect to Overall

Designation* Kinetic Order
Substrate Biomass

GENERAL
MONQD Mo First First Second
MICHAELIS- MM First First Second
MENTEN
SPECIAL CASES
Pseudo-Zero Mo /MM Zero First First
no growth Mo/MM First First Second
Pseudo-First Mo /MM First First Second
Logistic Mo/MM First First Second
Exponential Mo/MM First First Second
PRAGMATIC
First MM First Zero First

The designations given by the authors do not necessarily correspond with the

overall kinetic

order.
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D. METHODS FOR THE MEASUREMENT OF BIODEGRADATION KINETICS

1. CRITERIA FOR REALISTIC BIODEGRADATION TESTS

Biodegradation rates are not intrinsic properties. As indicated earlier
biodegradation rates are greatly affected by environmental and test
conditions. Physical (e.g. temperature, 1ight intensity), chemical (e.qg.
substrate concentration,oxygen availability, pH) and biological variables
(e.g. type and concentration of biomass) all influence kinetics.

To determine biodegradation kinetics that are relevant to natural systems,
it is necessary to use test conditions that mimic as closely as possible
those systems. Substrate concentration and inoculum type, cometabolism,
acclimatisation and temperature merit particular attention.

1.1. Substrate Concentration and Inocula Type

The concentration of substrate in water can have a major effect on
degradation rate: if high it may be toxic and if Tow may not induce the
enzyme systems within the inocula necessary to achieve biodegradation.
Moreover bacteria with different biochemical activity may thrive at
different substrate concentrations. In a comprehensive review of
biodegradation testing Battersby (1989) indicated that "oligotrophic"
bacteria, capable of growing in low nutrient solutions, may be able to
degrade low concentrations of test compound, whereas "eutrophic” bacteria
adapted to higher nutrient concentrations; may not be able to degrade the
same level of test compound.

In studies of phenol degradation in lake water Rubin et al. (1982)
suggested that the rate of biodegradation was high at concentrations of 1
Pg/1-to 1 mg/1, lower between 1 - 100 mg/1 and again higher above 100
mg/1, suggesting oligotroph activity below 1 mg/1 and eutroph activity at
high levels. :

Threshold concentrations below which no degradation occurs have also been
described, e.g. 10 pg/L for 4-nitrophenol (Schmidt et al., 1987), 2 ug/L
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for 2,4-dichlorophenoxy-acetate (Boethling and Alexander, 1979) and
< lpg/L for linear alcohol ethoxylates (Vashon and Schwab, 1982). For
many organic pollutants such levels are typical of those found in the
environment. Other investigators did not observe such thresholds in the
ng range (Larson and Davidson, 1982; Larson et al., 1983). The occurrence
of degradation thresholds therefore seems to be substrate and environment
specific; they may in reality represent a thresholds for inducing relevant
enzymes in unacclimatised systems, rather than biodegradation thresholds.

Co-metabolism and Alternative Substrates

Many ready biodegradability tests have the test chemical as the sole
carbon source. Under these conditions no degradation will occur if the
inocula require a cometabolite or additional carbon source for successful
growth. In natural environments, particularly sewage treatment systems
and post treatment, a variety of other substrates are present, increasing
the opportunity for co-metabolism and growth.

Acclimatisation

Inocula used in biodegradation tests are frequently unadapted
(unacclimatised) to the test chemical or the particular concentration
present. Depending on the test conditions, biodegradation will then be
delayed or may not occur. Conversely, the use of an inoculum fully
P |

adapted (acclimatised) to the test chemical and the concentration present
should give a maximum degradation rate.

A delay in the onset of detectable biodegradation may be due to: i) the
time needed for the induction of enzymes; ii) the time needed for a
genetic change (e.g. plasmid transfer) to occur; iii) the time for small
populations of competent organisms to multiply sufficiently for detectable
biodegradation to occur; or iv) the preferential degradation of other
organic compounds before the chemical of interest. Other possibilities
have been discussed by Wiggins et al. (1987).
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Whether a test system should be preacclimatised to the test material, or
the concentration present, depends on the type of information required
from an investigation.

Temperature

Whilst biodegradation and bacterial growth rates might be expected to
approximately halve with every 10°C decrease in temperature, there is
evidence that wunder certain circumstances a change in temperature,
particularly a reduction from 15 - 20°C to 5 - 8°C, can result in a severe
reduction in the biodegradation rate of some chemicals (e.g. linear alky]
phenolethoxylates) which is out of all proportion to the temperature fall
(Stiff et al., 1973). 1In the porous pot used as a model activated sludge
sewage treatment plant, a similar effect was found for nonylphenol
ethoxylate; the critical SRT showed a steep increase from less than 2 days
at 11° and 15°C to approximately 6 days at 7°C (Birch, 1991).

Overview

It is evident from the above that tests Tikely to yield useful results
will be those most closely reproducing the conditions in the environment
under consideration. For example, if the biodegradation kinetics of a
chemical continuously present in an environment are to be evaluated, tests
should use acclimatised inocula, vrealistic substrate concentrations,
additional substrate sources where appropriate and a suitable temperature
regime. Where the effect of a chemical spillage on an environmental
compartment not previously exposed to the chemical is to be evaluated,
then the wuse of an unacclimatised inoculum and higher substrate
concentrations may be more appropriate. It should be appreciated that
relatively simple laboratory test systems cannot be expected to give
precise data on the behaviour of chemicals in a large and complex
environment.
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2. READY- AND INHERENT BIODEGRADABILITY TESTS

The current tests adopted by the EEC as tests of ready and inherent
biodegradability are performed under strictly defined conditions (OECD,
1981; EEC, 1984, 1988). These operating conditions do not mimic any natural
environment. Levels of inorganic nutrient, substrate and temperature are
elevated compared to the natural environment and the inocula are of
different types. The differences are summarised in Table 2. Thus the
strictly controlled conditions of the tests severely limit their application
in determining relevant biodegradation kinetics. Even though they are
designed to measure the extent of biodegradation, kinetic constants are
sometimes derived from these systems.

At best the tests offer a simplistic "ranking" procedure for assessing
different chemicals and produce differing rates for the same chemical, due
to solubility/toxicity problems, lack of co-metabolism and variable inocula
source and activity. The kinetics data generated from these tests are thus
more likely to be related to the limitations of the test system or of the
range of microorganisms introduced than to any specific characteristic of
the test chemical.

3. LABORATORY TESTS WHICH SATISFY CRITERIA FOR KINETICS STUDY

Tests which are likely to give realistic kinetic data must be capable of
mimicking the environmental compartment into which the test chemical is to
be discharged. Consequently it is not appropriate for the tests to have
predefined conditions attached to them. Rather, the conditions should be
modified to suit the particular circumstances of the study.

Two types of test systems are considered further: those simulating surface
waters in which the biomass is relatively Tow, and those simulating sewage
biotreatment systems in which the biomass is high. Both systems may be
modelled experimentally with batch tests and the activated sludge sewage
systems may also be modelled with continuous (or semi-continuous) tests. In
the latter case, hydraulic and sludge residence times may optionally be
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controlied. More details about these test systems and the fixed film
systems are given in Appendix 5.

Tests Simulating Surface Waters

Batch  incubation s normally used to simulate surface-water
biodegradation. The surface water of interest is sampled and used as
quickly as possibly for testing. Incubations are carried out as closely
as possible under the conditions of the sampling site, particularly with
respect to temperature and dissolved oxygen. If the test is prolonged the
sample will change as bacteria grow, nutrients are used and the pH changes
so that results have less relevance to the environmental conditions.

This method has been used extensively to derive first order kinetics data
on chemicals in a range of natural waters; for river water (Larson and
Games, 1981; Larson and Davidson, 1982; Larson and Wentler, 1982;: Larson
et al., 1981; Larson, 1984; Hales and Ernst, 1991), for estuary water
(Larson et al., 1983; Pfaender et al., 1985) and for groundwater (Ventullo
and Larson, 1985). Second order kinetics data can be obtained by also
measuring the number of bacteria present in the original water sample.
kmax @nd K¢ have also been obtained (Alexander 1981, 1985; Jones and
Alexander, 1986; Schmidt and Alexander, 1985; Schmidt et al., 1985, 1987;
Simkins and Alexander, 1984, 1985; Simkins et al., 1986; Hales and Ernst,
1991).

It is important to note that most of these studies were conducted using
14C radiolabelled test chemicals, this being the most effective means of
following biodegradation at low test substance  concentrations.
Alternatively a suitable sensitive analytical method may be used. The
cost of developing such analytical methods or synthesising radiolabelled
chemicals may limit the widespread application of these studies.

Tests Simulating Sewage Systems

Four types of tests are used for assessing biodegradation in sewage
treatment systems. In order of increasing complexity, they are (i) the
batch activated sludge test, (ii) the semi-continuous activated sludge
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test (SCAS) (iii) the continuous activated sludge test (CAS) with a) semi-
continuous or no sludge wastage or b) the continuous activated sludge test
with continuous sludge wastage and iv) tests simulating trickling filter
sewage systems (cf Appendix 4). All of these systems have been used to

derive kinetics data.

i)

The batch system resembles the surface water test systems in its
principles and has the same weaknesses. It normally generates
first-order degradation kinetics data because of the high biomass and
has been used extensively on a range of substances (Gilbert and Lee,
1980; Larson, 1979, 1980: Larson and Payne, 1981; Larson and Perry,
1981; Sullivan, 1983). Second order kinetics data can be obtained
from this method by measuring the number of bacteria present in the
inoculum and at time of sampling by procedures outlined by Hobbie et
al. (1977) and Lebmicke et al. (1979).

The semi-continuous system has been modelled and used to derive
first-order biodegradation constants (Games et al., 1982).
Modifications include the modified SCAS approaches of Larson (Larson
and Wentler, 1982).

iii) a) The CAS system with semi-continuous or no sludge wastage js based

on the OECD confirmatory test guideline but should preferably use
real sewage. This system has been used very widely to simulate
the biodegradation kinetics in real-life sewage treatment. Many
variations and modifications exist (Painter and King, 1978; King
et al., 1980; Streuli, 1980; OECD, 1981; Wierich and Gerike,
1981; EEC, 1982, 1984; Holman and Hopping, 1986).

b) The CAS system with continuous sludge wastage (to give SRT
control) is based on the WRC Porous Pot System (Painter and King,
1978); alternatively a modified OECD method (CAS) may be used.
Its main feature is the ability to derive Ks and up.. by measuring
equilibrium effluent concentrations in plants with SRT controlled
at different values (Birch, 1984, 1991; Cech and Chudoba, 1988;
Chudoba et al., 1989a-b).
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iv) High rate plastic packed towers and conventional trickling filter
sewage treatment systems are simulated in the laboratory by two types
of test:

a) The rotating tube system (Gloyna et al., 1952) which is now an UK-
Dept. of Environment (HMSO, 1982) biodegradability assessment
test. The test has been used to develop plug flow first order
kinetics, combining a first order biodegradation constant with one
taking into account mass transfer limitations (Roberts, 1985). A
similar approach has been used by Namkung et al. (1983);

b) Laboratory scale trickling filters were used to derive first order
kinetic constants using the Monod approach where K¢ >> § and zero
order kinetics where Ks << S (Eckenfelder, 1966; Kornegay and
Andrews, 1968).

When relevant test conditions are used, simulation tests can
satisfactorily predict the fate of chemicals in sewage or industrial
treatment plants but extrapolation of data to a wide range of
temperatures and to low concentratijons may be of uncertain validity
(Hales, 1991).

4. FIELD STUDIES IN ENVIRONMENTAL COMPARTMENTS

Field studies, establishing kinetic data in the actual environmental
compartment of concern, are the ultimate evaluation procedures and may be
necessary with certain large tonnage chemicals in order to validate
laboratory data obtained wusing test methods which simplify the
biodegradation processes occurring in the environment. So far few field
studies have been performed because they are expensive and difficult to
perform and the findings obtained are usually difficult to interpret as a
result of the complex interactions of and the continuous changes in field
parameters. Moreover results are inevitéb]y site specific. Some river
water studies have been done in situ (Lewis et al., 1986), but these are
rare.
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Depending on the results of laboratory tests, more refined estimates of
chemical fate and removal by sewage treatment may be required from field
studies. There are two approaches: i) the chemical is dosed to a sewage
treatment plant or, ii) where the population served by the plant (e.g. for a
housing development or small community) is provided with a prototype product
containing the chemical of interest. This kind of confirmatory information
can only be obtained for primary biodegradation, using a suitable analytical
method to measure environmental concentrations. Data are available for
detergent chemicals using primary settlers (Eckenfelder, 1966; King et al.,
1980), trickling filters (Baumann et al., 1979; King et al., 1980) and
activated sludge plants (Hopping, 1978: Sykes et al., 1979; King et al.,
1980; Matthijs et al., 1989).
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E. FATE MODELS WHICH USE BIODEGRADATION KINETICS DATA

1. INTRODUCTION

The fate models described below are designed to predict the exposure level
of a chemical as a function of time in a particular environmental
compartment. Biodegradation kinetics data generated in laboratory
experiments serve as only one input parameter for these models, which also
require other parameters (e.g. physico-chemical properties). The number and
complexity of these input parameters vary with the complexity of the model.

In surface waters where active biomass concentration is Tow, other input
parameters such as diffusion, volatility etc. may be likely to be more
important for the prediction of environmental concentrations. In sewage
treatment systems where active biomass concentration is high, biodegradation
is frequently the rate limiting process. Biodegradation kinetic parameters
can be of value when such models are used to predict effluent
concentrations.

2. FATE MODELS SIMULATING SURFACE WATERS

Models which can be used for assessing the distribution and concentration of
chemicals in the aquatic environment are in a state of active development.
Methods range from pragmatic half-1ife approaches used in simple partition
or dilution models needing only a few input parameters, to involved
procedures, which encompass many different processes and therefore need more
input parameters which characterise the system and the substance under
consideration.

In mathematical models of rivers, a first order treatment may be
appropriate. It should be noted that the first order constant is a derived
parameter equivalent to tmax - Xo/Ks (cf Chapter C). It has the dimension of
1/time and so its reciprocal is proportional to the half-life of the test
chemical. Different quantities of competent organisms may be found in
rivers. However, if the concentration of organisms, proportional to Xor 18
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determined, then ;Lmax/Ks may be calculated and is known as the "second
order" decay constant. Use of this constant combined with data on
concentrations of competent organisms should enable estimation of half-1ives
for a particular substrate in a range of rivers.

One of the simpler models uses first order kinetics as described in Chapter
C. It relates the biodegradation half-life (t1/2) of a chemical to its
residence time (Chemical Residence Time, CRT) 1in a particular environment
(Woltering et al., 1987). The CRT is defined as the time available for
biodegradation to occur within a specific environment before environmental
organisms or man (via drinking water) can be exposed, e.g. the transport
time between two locations (Shimp et al., 1990). These authors have so far
applied this model to rivers, ground water, soil, and estuaries.

In recent years many fate models have been developed, which permit a
calculation of a concentration or the distribution between different
environmental compartments. Two typical representatives of these approaches
are EXAMS (Exposure Analysis Modelling System) (Burns et al., 1981) and
QWAST (A Quantitative Water, Air, Sediment Interaction Fugacity Model)
(Mackay et al., 1983a, b). The EXAMS and 12 other water models were
reviewed by OECD (1989). Several of thse models are not relevant to this
report as they do not consider biodegradation. Others require an extremely
large number of parameters to characterise the environment and are
applicable only to very specific situations. Two of these methods remain:
EXWAT (Exposure of Surface Water Bodies) (Brueggemann and Muenzer, 1987) and
MEXWA (Model of Exposure Assessment in Water) (not published so far). The
latter also take biodegradation into account (Tike EXAMS and QWASI) in
assessing the partition and fate of a chemical in rivers. All models need a
lot of input data such as substance release, physico-chemical properties,
river geometry and degradation kinetics. None of the models use Monod
kinetics for the description of biodegradation. QWASI, EXWAT and MEXWA use
first order reaction kinetics data (considering only substance concentration
as a variable), whereas EXAMS can also apply second order equations. It is
implied for all these models that the substance concentration can be kept so
low that neither insolubility nor adverse biological effects (inhibition,
toxicity) will occur. It is assumed that preacclimatised bacteria are
present, enabling further biodegradation without any lag time.
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More details about these models are given in Table 3.

. MODELS SIMULATING THE FATE OF CHEMICALS IN SEWAGE PLANTS

These simulation models have been developed for determining the design of
treatment plant based on organic load removal (usually expressed as BOD)
from a sewage flow of given volume and strength and to determine the effects
of SRT and temperature on removal of a chemical from an activated sludge
unit.

In principle the same models should be applicable equally to specific
chemicals and total organic carbon, provided they are based on satisfactory
experimental data and not extrapolated beyond the experimental range.

Inevitably all models have to make a number of gross simplifications
regarding, for example, micro-organism type, chemical complexity and the
composition of the waste water. These simplifications can give reasonable
approximations in practice but require a pragmatic approach. Details of the
problems requiring such simplification are described by Simkins et al.
(1986) and Namkung and Rittmann (1987).

3.1. Activated Sludge Systems

3.

1

.1. IAWPRC and GFM Models. The most generally accepted approach is that of
the IAWPRC (International Association on Water Pollution Research and
Control) Task Group (IAWPRC, 1986, 1987) and features the organisation
of various interlinking bioprocesses as a matrix of stoichiometric and

kinetic equations. This matrix can be simplified or extended to suijt
the specific requirements or to satisfy the complexity of the system
under consideration.

A simplification of the IAWPRC approach is given by Namkung and Rittmann
(1987) as the General Fate Model (GFM). It is based on a mass balance
for a substance within a completely mixed aeration tank consisting of
the influent as the only input and having the outputs of effluent and
surplus sludge taking into account biodegradation, sorption and
volatilisation.
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The resulting equation can be easily solved, when assuming steady state
conditions. The necessary input data are:

i) sewage plant parameters: wastewater flow rate, substance
concentration in influent, gas volumetric flow rate, temperature,
wasted sludge flow rate, volatile solids concentration, active cell
concentration;

ii) substance  parameters: water solubility, vapour  pressure,
octanol/water partition coefficient, volume of aeration tank,
biodegradation rate constant. The Tlatter parameter may be the most
difficult to obtain.

By analogy to EXAMS a biodegradation rate constant is used in the GFM
model which depends on the bacterial density. The rate constant is
described elsewhere as a second order rate constant but in this model it
is called an apparent first order rate constant. The application of the
model is very simple.

Both the IAWPRC model and GFM are based on Monod kinetics for the main
biodegradation processes.

The SRT Model. A further application of Monod kinetics to laboratory
scale activated sludge units has led to consideration of Sludge

Retention Time (SRT) as the controlling factor in chemical removal from
sewage treatment plants. Data have been reported for nitrification
(conversion of ammonia to nitrite and nitrate) (Painter and Loveless,
1983) and more recently for the biodegradation of specific organic
chemicals (Birch, 1984; Cech and Chudoba, 1988).

The laboratory studies required to determine the effect of SRT and
temperature on the removal of a chemical from an activated sludge unit
and an approximation method for establishing critical SRT values, where
limited data are available, were given by Birch (1984, 1991). An
important conclusion is that the Kpm and ppay can be determined for a
given chemical under biotreatment conditions. The  effluent
concentration may be calculated for each SRT and is not affected by the
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influent concentration. Data supporting this approach are provided by
the author.

Cech and Chudoba (1988), whilst giving no theoretical justification for
the use of the SRT concept, produce data demonstrating its use in
determining the removal of four organic chemicals in a laboratory
activated sludge unit.

3.1.3. Qther Models. The literature also contains references to various models
not based on Monod kinetics. These are used either in special cases or
as pragmatic models to suit unusual processes and are not considered

applicable to the general case of the fate of chemicals in sewage
treatment processes. For example, Simkins et al. (1986) reviewed the
applicability of the "one and a half" order models of Brunner and Focht
(1984) to mineralisation kinetics in sewage.

Where simple cases are considered the derivation of biodegradation
constants from simple respirometric tests may suffice but in more
difficult cases extensive testing may be required. A comprehensive
model was attempted by Giona and Annesini (1979) but the correlations
developed have not been adequately established.

3.2. Fixed Film Reactors

Trickling filters in which effluent is aerobically treated by flowing over
a biological slime attached to an inert support media, represents one of
the oldest forms of sewage treatment.

Mass transfer limitations associated with heavy slime formation in such
systems, frequently give overall reaction rates of % to 1 and first order
kinetics are often assumed (Hills and Mecklenburgh, 1981).

Early trickling filter designs using slag or coke support media were
Joined in the 1960's by organised plastic’ packing support media and random
plastic packings both offering greater control over void space, surface
area and freedom from blockage.
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Increased interest in trickling filter (fixed film reactor) application to
sewage and industrial waste treatment led to the development of a large
number of models to describe biodegradation in fixed film reactors
(Eckenfelder, 1966; Kornegay and Andrews, 1968; Roberts, 1985). Al
derive either first order or zero order kinetic constants dependent on
substrate concentration. Many include functions to describe sorption,
mass transfer and volatility effects.

Of all the varied (although basically similar) approaches, one involving a
combination of a biochemical rate constant and a mass transfer constant
has given a satisfactory approach from which, if all other test conditions
are constant, the biochemical reaction terms can be determined and
compared for different compounds (Roberts, 1985) .

The details of this approach and a summary of other trickling filter
models are given in Appendix 4.
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F. UTILITY OF BIODEGRADATION KINETICS

1. INTRODUCTION

Previous chapters of this report have indicated the basis for biodegradation
kinetics, the methods used to obtain laboratory data and the way such data
can be applied to predicting the fate of a chemical in a number of natural
environments using models of increasing complexity.

The following conclusions are evident from the data reviewed. The utility
of the kinetic data derived increases the closer the laboratory studies
mimic the actual environment. First order and pseudo-first order reaction
constants are widely used in natural water models with good results. Second
order rate constants can likewise be successfully applied to sewage
treatment plant models.

The Timitations of this approach and the alternatives are discussed further.

2. RIVERS, ESTUARIES AND MARINE ENVIRONMENTS

2.1. First order Kinetics

At the simpliest level, if all that is needed is an estimate of the rate of
biodegradation of a particular substance within a specific particular
environment this can be determined reasonably accurately by sampling the
water and, while fresh, adding a sample of the test material at a
realistic concentration. If biodegradation is fairly rapid, first order
kinetics will adequately describe the rate of biodegradation. This
approach may well be the most suitable for studying the biodegradation of
secondary substrates in bacterial populations found post-sewage-treatment
and has been applied successfully in studying biodegradation of individual
organic chemicals in rivers (Larson, 1980; Larson and Payne, 1981; Larson
and Perry, 1981: Larson et al., 1983; Larson, 1984; Shimp et al., 1990),
estuaries (Vashon and Schwab, 1982; Larson et al., 1983; Larson and
Ventullo, 1986); and in marine environments (Shimp et al., 1990).
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Results from such studies are used to predict test substance half-lives
appropriate to the specific test conditions in which they were derived.
This half-1ife is obviously not an intrinsic property of the chemical
since widely varying values can be obtained for the same chemical in
different environmental situations.

Fate Models using Biodegradation Kinetics Data

A more complex approach to determine the transport and loss of a chemical
involves the use of models requiring more than a consideration of
biodegradation rates. From the four fate models reviewed in this report
EXAMS is most broadly used, whereas 1ittle experience exists on the use of
QWASI, EXWAT and especially MEXWA. The different approaches have been
developed with different objectives. MEXWA, QWASI and particularly EXAMS
give an assessment of absolute concentrations of a chemical in a defined
environment, whereas EXWAT was primarily designed for the comparative
assessment of environmental hazards of existing chemicals. EXAMS is the
most refined of these models and one of its advantages is its ability to
use second order biodegradation kinetics data (the others use only first
order kinetics). Hence the degradation velocity of a chemical can be
related not only to the substance concentration but also to the
concentration of the active biomass. Additional merits of EXAMS are the
optional consideration of the influence of temperature on degradation
kinetics and the possibility of calculating simultaneously the fate and
transport behaviour of a chemical and its transformation products.

2.2.1. Sensitivity of Fate Models to Variations in the Input Parameters. Only

a few papers have been published on the influence of parameter changes
on the model outputs. Most of them used EXAMS for different substances
in rivers or lakes.

Slimak and Delos (1982) showed that the surface-to-volume ratio (depth)
and the turbulence of a river had the largest effect on the fate
calculations of the relatively volatile tetrachloroethylene.  The
behaviour of pentachlorophenol in coastal plain rivers was most
influenced by changes in the photolysis rate coefficient, whereas
calculations for phenol were most sensitive to changes in the
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biodegradation rate constant. Honeycutt and Ballantine (1983) found
that changes of the input Tload influence to a large extent the
calculated results of the concentration of the insect growth inhibitor
CGA-72662 in water and sediments of ponds/lakes. Reinert et al. (1987)
ascertained that changes of the dilution rate (flow) had a large effect
on calculation of the half-life of the herbicide endothelial in a lake.

Brueggemann and Muenzer (1987) found, when using EXWAT, that the
dilution rate (flow), the biodegradation rate, the Henry-constant and
the octanol/water partition coefficient Koc represented the most
important parameters for describing the fate of o-chloronitrobenzene in
a river,

Therefore, it can be concluded that with respect to the substance and
ambient environmental conditions no single parameter has an overriding
influence on the model results in all cases. When one or two major
processes are operative, the variability of the obtained results is
closely related to the accuracy of the relevant inputs.

Transferability of Kinetics Data taken from Laboratory Tests to the Fate

Models. A few publications show a more or less successful application
of fate models to the environmental behaviour assessment of different
chemicals in surface water systems, for example Games (1982), Rodgers et
al. (1983), Pollard and Hern (1985), Holysh et al. (1986), Reinert and
Rodgers (1986), Brueggemann et al. (1987) and Schramm et al. (1988).

Two groups, Games (1982) and Holysh et al. (1986), used EXAMS or QWASI
respectively, to calculate the concentration of LAS in a small river
downstream from a municipal sewage treatment plant. They found a fairly
good correspondence between the measured and calculated concentrations
by wusing only an arbitrary set of parameters like dispersion
coefficient, sediment-water mass transfer coefficient and effective
sediment bed depth. However, both groups wrongly used a rate constant
determined by Larson and Payne  (1981) which described the
14C0,-evolution velocity of only partly (ring) labelled LAS incubated in
river water, as a first order biodegradation rate constant of the parent
substance. They also used a rate constant, determined in water systems
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containing only 0.5 g/1 of sediment as the sediment degradation rate
constant.

Furthermore, the soil degradation rate constant used by Holysh et al.
(1986) was derived in an even more doubtful manners: they used data from
Kawashima and Takeno (1982) to extrapolate a first -order degradation
rate constant, although the latter authors had observed only 12 to 23%
mineralisation of radiolabelled LAS in several soils within 12 days.
Taking this into account it has to be considered that the fairly good
agreement between measured and calculated LAS-concentrations may have
resulted from the values selected for other important parameters like
dispersion coefficient, sediment-water mass transfer coefficient and
sediment bed depth.

Therefore data presented in these publications do not seem adequate to
validate the river models used. For this purpose these parameters will
have to be determined in independent experiments using material from the
environment under consideration and well known reference substances for
model calibration purposes.

The above observations serve once again to underline the need for all
degradation rate constants to be determined from experiments closely
related to the environmental compartments under consideration. Not only
substance and active biomass concentrations but also pH and temperature
have to be considered. Models 1ike EXAMS wusing second order
biodegradation kinetics suppose that the active biomass concentration
within a compartment or its segments remains constant. Therefore it is
important to ensure that in experiments to obtain kinetic parameters the
biomass concentration is constant throughout. As it is the
concentrations of the parent material that are of concern, the substance
concentrations have preferably to be followed by specific analysis
rather than summary or product evolution parameters 1ike COD, DOC, BOD,
dissolved radioactivity or C0,. For this reason, when using radioactive
material, it is important to recognise that the position of the labelled
'*C can strongly influence the numerical value of the rate constants
calculated from radioactivity measurements.



-34-

2.3. Sewage Treatment Systems

First order kinetics have been employed successfully in determining
biodegradation constants from batch activated sludge studies (Lee and
Ryan, 1879; Pritchard et al., 1979; Johnson, 1980; Larson and Payne, 1981;
Paris et al., 1981; ) and can also be used to predict the biodegradation
of secondary substrates in the continuous activated sludge process (Games
et al., 1982). In both cases sorption and volatilisation constants for
the test chemical should be taken into account.

In the General Fate Model (GFM) (Namkung and Rittman, 1987), a pseudo-
first order approach is used. Here the first order rate constant kg is
substituted for kmax/Ks in the second order equation giving:

-dS/dt = - ky . By . S

This model gives a good, pragmatic estimate of biodegradation and removal
of secondary substrates in the continuous activated sludge process. A
disadvantage of this approach is that it predicts that effluent
concentration is proportional to influent concentration. Observations of
real-life sewage treatment plants show that this is not the case (Matthijs
et al., 1989); instead the concentration of effluent increases dis-
proportionally to and to a lesser extent than increases in the influent
concentration, until the influent concentration reaches a value at which
break-through occurs. The use of a second order rate constant which is
dependent on both substrate and microbial concentration would produce a
more realistic model.

Pseudo-first order kinetics are also used in fixed film (trickling filter)
models and have been successful in predicting the fate of test chemicals
in such systems under closely defined conditions of temperature and test
substance concentration (Roberts, 1985).

Perhaps the most successful and comprehensive approach to activated sludge
modelling is based on Monod kinetics and is known as the SRT approach. In
this the critical control parameter is taken to be the sludge retention
time (SRT). Other parameters affecting effluent concentrations refer to
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the competent degrading bacteria and the substrate affinity constant (Ks),
the decay rate (Kq) and the maximum specific growth rate (ug.,) (Birch,
1984, 1991). As with all other models there is a high level of
temperature dependency (working mainly through kmax) - For biodegradable
materials, effluent concentration is predicted to be independent of
influent concentration. Compared with other approaches- the SRT approach
demands a more extensive test programme to determine the critical
parameters,
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G. CONCLUSIONS AND RECOMMENDATIONS

The mathematical treatment of biodegradation kinetics has produced a wide range
of kinetic models based on either Monod or Michaelis-Menten equations. These
models have been successfully applied in describing the biodegradation rates of
chemicals in laboratory systems under a range of specific conditions.

Where biodegradation is the dominant factor influencing the fate of a chemical
these models were also successfully applied to surface waters. They differ
from the more complex simulation and fate models in using only a few biokinetic
parameters and do not take into account additional physico-chemical properties
of the substance or test system.

Selection of the most appropriate kinetic models will depend mainly on the
nature of the chemical under test, its concentration, the diversity and densify
of microbial population and the type of environmental compartment. It is
recommended to use first order kinetics (half-1ife) for surface waters derived
from studies conducted under relevant environmental conditions. Second order
SRT approach should be used to model activated sludge systems.

Kinetic constants obtained cannot be regarded as universal parameters and will
change if test conditions change. They only apply to a restricted and defined
environmental situation. Realistic kinetic constants can therefore only be
reliably obtained when tests are used which closely mimic the environmental
compartment under consideration.

Future work should be aimed at improving recovery and analytical techniques for
surface water tests and optimising the number and range of studies needed to
derive temperature related kinetic constants from SRT studies.

Great care should be taken when using biodegradation kinetic data in exposure
modelling.



-37-

| _ _ _ | | _ _ |

| | 8 | 4 | | s | Y6ty | Seuowopnasd / asn 3jeJisgns pax juw| | | 2861 ‘'udZinyyl1q pue JapJleH|
| Vs | 2 | sv | 1 | s | 0001 | asoomB] z | W | 8861 ‘nel pue oey|
| v 3 | sy | H | H | oz-t | ssval | w | 1661 ‘sajey|
| v | | I W' | 1 | H | 1 - 1000 | VINl 21 | W | 661 ‘3sus3 pue sajeq|
| vs “vy ‘¥ | 8 | sy | H'1 | ] | 02-10 | sjueydeyuns opuotleaf | | w | 2861 ‘"1e 32 saweg|
| | | | | | | SUO13BJIIUITU0I |BILWLOL LAUT| | | 6261 ‘304
| | | | | | | SUC|3EJ3U22U0T JBIUBINIOL 1AUR Bul]]apow Yiew| | | 2961 ‘"1e 32 uosyouq|
| | | | | | _ | | | 2861 ‘Bul1uils pue uojjeq|
| vs | | s*'3 | H | # | 2’0 | snotser}l || | 2861 ‘"1e 13 adiuy|
| | | | | | | SO133Ul) OU “SUCIlEJIUAIUOD I| | | L86L ‘*1@ 33 sueuj|
| | | | | | | S3133ULy ou ‘yiMoub adesuns| | | 8461 ‘*1@ 18 uUoluaiso]|
| vs | 2 | sv | H | W | 68 | Jousydosotyatp-4'z| L | Ww | Q6861 ‘18 33 eqopnyj|
[ vs | 3 ﬁ sy | H _ W | ogi - 05 | VIN ‘P1o® oljiuesins ‘sutjoydiow| | | wW | 26861 ‘1@ 13 eqopnyj|
| | | | | | | $213aul) ou ‘siuawipas pue gys| | | 9861 ‘uasuaisiiy|
| ¥ | 8 | sy | 1 | H | oot -0z | (13pow uoL31qiyut suepley) sjouayd| z | W | 0661 *"1e 13 umoug|
| 201 | 8 | sv | 4 | W | oog - oot | ai1sen jeraisnpul| 2z | W | 2861 ‘daujey pue eyeug|
_ _ _ | | _ | uotiepe.bap 3(qotaeuy| | | 9861 ‘uoljays pue phog|
| VS | | 41 | H | W | 10°0 | seAliealusp -uaboley pue SUOQUed0JpAY ‘snotdeal A 5861 ‘J9mnog|
_ I I I _ I _ [ | _ 2861 ‘"1e 33 doysig|
_ vs | 2 | sv | H | W | s2-5 | VIN "Jousyd-y)-1p ‘sjuerseyuns| | | 1661 ‘y3d1a|
_ vs | 3 _ sv | H _ W | s2-s5 | ouayd 1d-1p ‘viN ‘03vi] . | W | ¥861 ‘ya418|
_ _ | _ _ | | | _ _ 1861 ‘"1® 33 Auuag|
| vs | I s | | W | | sajejeyiyd/sapioiasad ‘snotsea| z | W | 0861 ‘"1e 12 uuewybneg|
_ I | _ | _ | | | | 086l ‘suing pue uuewybneg|
I I I I _ I _ I _ _ 6861 ‘Aqsiaiieg|
_ i | | 4 ‘w3 | 1 I W I _ Soliewose snottea| 2'L | WH | £86L ‘Japusesd pue mawo)oyideg|
| Vs | | 4 | H | W's | ost-5¢6 | satjousydolojyo Ajutew ‘snotdea| 2 | W | 9861 ‘"1e 13 3af.aueg|
| | | | I | | 938J UoL3epesBapolq/d 601 uvso| | ‘s | | 6861 ‘"1e 33 zejeq|
| | | | | | | SWSLUEBJo 40 UoLjEJaunua ‘sdy3auly of| | | 8861 ‘"18 313 uossapuy|
I _ | | I | | mataaul 21 | W | 86l ‘4apuexa)y|
| | | | | | | M31A3J UoLlepeabapolq ‘sa1lauly op| | | 1861 ‘Japuexaiy|
_ oo I wm | [ os | | snotJea| | | 2861 ‘"1e 33 uoijay|
_ _ I I _ | _ | | !

l(@)stshieuy] (2) adkr | (9) “dwod | (g) "auod | () adA1 | (g) -ouod | I @ | w

|poyisw 1531 |poyian 3sai| -uodlAug | ssewolg | wnynsouj | aoueisgns | 12afgns Jo adA3 aaueysqns | J9pag | 13pon| (31ep) sJoyiny |

S2133uly uollepedbapolg uo aun3eda3l jedidutdd 4o Adeumng
1 318vL



-38-

I
I
_
_
I
I
_
I
I
I
I
_
I
_
_
|
I
_
_
_
I
_
_
_
!
I
_
I
_
I
_
_
I
_
I

| _ | _ | _
_ 3 | SY _ H _ W " ybiy | ¢ssazoud abpn|s pajeat3oe Jo} jepow) LUHm:wawm:_ b4 W o 6861 ‘smaupuy pue auoynped|
_ 2 _ Sy _ H _ W _ ybty +nmmwuo;n abpn)s PaleAllde Joj apow) gw«mzuummx_ 2 W | 686L "T1e 319 COLLO_
3 | 2’8 | * | I | W | yb1y | spuod Ul JajeMaisem AJauuei|gz - | 0661 ‘21017 pue tbueN|
| 2 | Sy | H | W | | spunodwod oiuebso ajtzejoa| | | w | 2861 "uuewlyiy pue Bunywep|
vy | 2 | sv | H | W | L0 | louaydosojyoeauad| | | W | £86L “*1@ 13 Soou|
_ I _ | _ | 19POK Y3moug| | W | 6961 ‘pouo|
jor | 2 | sv | H _ W I oor | soluebso| 2z | W | 6861 ‘ueaubo pue eiuew|
_ | | | | | $13pow A3 1oebny| | | 1861 ‘uosialled pue Aeyoeu|
| _ _ _ | _ $13poW A3 1oebny| | _ 6461 ‘Aexden|
i 8 I 4 | 1 | W | o8- 1070 | " fjoueing fjosaug-d fjousyd fasoonis] | | ww | g86L "1e 32 simal|
| 1 | 4 | 1 [ W’s | oL-10 | 10s243-d 138G-%'2 ‘430 ‘dn] 2L | wWH | 7861 ‘*1e 32 simaq|
vs | g | 4 | 1 | W | €0 - 170 (d30) 2381843ud)1A43210 “(ah) UoiyresediAyaon] 27 | | 1861 ‘wiol pue siHa7|
Vs _ 8 | 3 _ 1 | W I (] | 380-%72 ‘aWa-v'e) »'2°L | | 8861l ‘d1311eg pue sima|
s | g | sv | H | W | oot -0z | (19pouw uoiitqiyut auepiey) sjousyd| gz | | 0661 ' 1ysmopuemaT|
| | _ _ _ _ POYIBN JBQUNN-219eqO1d-1SOK-Iv| | | | 6261 ‘*1e 12 axdtwys|
vi | g | 3 | 1 | W | 6 - €000 | vinl L | wW | 9861 ‘011NIUIA pue uosieq|
vy | e | 4 | 1 | N | t*0 - L06°0| sjueideydns Juolzea| | | W | €861 ‘uoysep pue uos.ieq|
d | 1 | 4 | 1 | W | o8-s | 203210 fovid Isvil . | | 1861 ‘AJJa4 pue uos.ed
SYaN-11 ‘i 8 | 4 | 1 | W | oL - so00 | svil . | | L86l ‘dukeq pue uosuei|
vy | o} | Mo | 1 | W | - too0 | sjuabuazag ‘vinl L | W | %961 ‘uosieq|
va | g | 4 | 1 | W | 05 - s00 | VIN sv1 lovWasa fovis| . | | £86| ‘uosuteq|
vy | a | 4 | 1 | W | ot - <00 | VIN ‘siuejoejuns !asoonyg 1 | ww | 0861 ‘uosdeq]
va ‘vs | 2’a | F | I | S | s- 100 | 23e3308 WNIPOS 3PLI0|yD BUIAYIDW| . | | Y861 ‘*18 12 oysejod-iedeq|
vy | | | w4 | 1 | W 1910-0-2000-0] PLoe 21103419 ‘auiueje)jAuayd proe aweinyg| | we | 2861 “-1e 313 ppe’|
vs | g | 4 _ 1 _ W | 270- 10| 10saa3-d !380-%°'2| 2‘L | _ 4861 ‘"1e 32 Biyjox|
Vs | 2’ | 4 | 1 | W | s0 - sz70 | Jousydosoiysejuad| , | W | 8861 ‘Jatey pue ex2a)y|
_ a | sy | H | W [ ysiy | 19pow wjo1q| _ | 6861 ‘uepins pue wiy|
vs | 8 I sv's | H _ W | o9t - 02 | (19pow uoiyqiyut auepien) jousydodoiyo-9| z | | 0661 ‘"1 13 Apsuuay|
vd | 8 | d | 1 | W | 1 -- so00-0] ouaud| 2L | W | 9861 ‘Japuexaly pue sauor|
unod 1}aa| o] | W | 1 | W | ool - 50 | 9500n19-q ‘10432416 ‘ajeyoey| . | 4 | 2961 ‘yoseuuer|
_ 3 | sv | H | W | _ S19pow 1¥s jo maraadl . | W | 2861 ‘uasqoder|
Vi | g _ 4 | 1 | W | 0ooL-1000-0] sowuebio]  { | WM | 6861 ‘"1e 13 Bueny|
_ _ | _ | | #3uersyad pue -dusjut o13aury :s3s93 -Bapoiq) | W/ | ¥861 ‘@a[Jaueg pue piemoy|
| | | | | | SPOYIaW JO SISSAUNEIM 4O MILA3L| [ | 5861 ‘puemon|
_ I | _ _ _ _ I _
[()stshreuy| (2) adA1 | (9) “duwod | (g) "du0d | (4) adha | (g) -ouod | | @ | w
|Poyasw 31s3y [poyiay 3sal| -uoJiAu3z | ssewoig | wnjnsouj | aoueisgns | 10algns Jo adAy aoueysqns | 43pio | 13pou| (21ep) sdoyiny |

(73u00) | 378Vl



-39-

I | _ | | | _ | |

! vs | g | | 1 I s ] 00t | Jousydosoyya-g| 2 | W | ‘Apean pue uojajduway|
I vy | 8 | ns | H _ W | 009 - 1070 | sojuebso| | | Wi | 8861 ‘*1e 12 1jopuins|
_ va | g I 4 | 7 | W _ Pooooo o | sotuebio| | | _ 2861 ‘"1e 312 oey-eqqns|
[ ¥ I a | mo+sv | H | H [ -¢0 | sueYIaI01Yd1d] ‘aud1AYIBI0 YL 2°L | WW/W | 0661 *‘°12 33 pueiss|
| vs | g | - | 1 | W | so | spuod Uy seplwe| z | | 6861 '2312110) pue usais|
| vi | g | sv | 1 | W ! so | touayd| z | W | 8861 ‘ouetnig pue 1a3iads|
| vi | g | 4 | 1 | W | to | jousydoazu-df | | | ¥86L ‘°1e 33 ulreds|
| va | g I sv | 1 | W | €0°0-5000°0| sotuebto| 2z | W | 9861 ‘*1e 15 supjuis|
| vi | ! [ sv’s | 1 | w's | io | sowuebio| 2L | WW/M | S861L ‘Japuexaiy pue sulyuis|
| va | 1 | sv ‘g | 1 | W's | oL-10 | aieozusq wnipos| 2°y | W | ¥861 ‘43puexaly pue supyuis|
| vs ‘vy | g | 4+s 's | 1 | W [ Mo} | Jousyd ‘juerdeyuns opuorzea| | | ww | 8861 ‘6unoj pue duiys|
| vs vy ‘¥ | g | 3 | 1 | W | o0z -co00| ptoe apozuaq| | | wW | 2861 '6Bunoj pue dutys|
| vs ‘va ‘¥ | 8 | sv | b _ W I :od _ (21q013eUR) SJ21s2 1e)eyiyd| I | ¥86L ‘"1e 33 uoljays|
| vs | 1 | s | 1 | W | Mo | sisAjeue sJa3sa aje)eyiyd| [ | 6261 ‘*1e 13 z3uemyds|
| vs ‘va ‘¥ | g | sv'1 | 1 | s [ nop | 1ouaydosztu-d| 175 | W | 2861 ‘"1 13 1piwyos|
bovs 'y | 8 | sv ‘4 | 1 | s | Mo} | 9soom6 ‘asoutqede “qoudyd| 24’y | W | S86L “*1e 33 Iptuyos|
I va 'y | 1 | sv ‘s | 1 | wW's | oy | sowebuo| 21' | W | SB6L ‘Japuexaly pue 1piwyds|
| | 2 | sv | H | W | oooL - 09 | ssojem aysen| 2z | W | 6861 ‘ues|
| va 'y | 1 | sv'sa | w"1 | W | svesy | satjewose| 2'L | WW/W | 2861 “*18 33 uigny|
] vs | 8 | Fi | 1 | H | | T° autjoutnb ‘sjouayd| 2‘L | WW/m | ¥861 ‘"1@ 33 sJaboy|
i oo 9 | 4 | 1 | W | | sowuebsol | | WA | 2861 ‘mewojoylses pue sapudejd|
| v | | | | | |  Buijunos uolje))1iuLds uL uotjeledaud adues) | | 1161 ‘Buad|
| vs | g I s'a | 1 | W _ | $2 LweuApousay | _ _ 0861 ‘nojaed|
| | | | | ] | 31ed "u63poiq/aJnionuis Jejnoajow favso] 2°L | WW/W | 0661 ’'SJ3A0g pue suosied|
| vs | g | %3 | 1 | i [ | sowuebsofl 2L | W | 2961 ‘puei¥orJis pue suosded|
| vs | 1 I 4 | 1 [ W I | sptoeololyd yo ssasaf 2y | W | y861 ‘*1@ 13 s)ied|
I vs | 8 | 4 | 1 | W | _ stouayd| 2t | W | €861 ‘1@ 12 stied|
| vs | 8 | sv's | w1 | W _ _ sjouayd| 2y | W | qzgsl ‘"1e 32 stued|
| vs ‘va ‘¥ | ] | sva | w1 | W | | sotuebaof 21y | W | 82861 ‘1@ 13 siued|
_ vs | g | 1 _ 1 | W | t-100 | sapratasadl 2z | W | 1861 ‘*18 1a syued|
_ _ [ _ _ _ | I 2 | W | Sg6L “Buly pue Jajuled|
_ I I | | _ _ | _ | I
[(@)sisAieuy| (2) adAL | (9) -dwoy | (5) *suea | (%) adA31 | (g) *ouod | I @ | i |
|Poylan 3sa1|poyraw 3sap| -uosiaug | ssewoig | wmndour | adueysgns | 123(qns Jo adA3} ajueisgns | 4apio | 19poK| (aiep) sdoyiny |

("3u02) | 318Vl



-40-

9pLJo1yd wniuocueAylawLJ) jAJeals VLS

g Pide 23133%e1430) 143N VIN
uotyeded)Aylapn dW

23BU0} NS BUIZUaqlAN|e Jeauld N2

338} 1NSAX0yla joyodie Jeaul Sav1

93214Ax0y1> Joyoaje Jeaut EA]

POYIaW SYEW Palitll]-30UlJa44a3u]  SYEW-1I

SplJojyd wniuouwe 1AY3auLa] JA2apoq JvKid

3pi401yd wniuowweAylawiplAieastiq JVWASA

ajejeyaydiAyiaig d3a

SpPL401Yo wniuowwejAylawt 431438 VLD

a1e)4AxoyiarAuou)Laspog 603212

aje1AxoylaAiday)Aa3pog 203210

123153 1Ayzaw p1oe a1330eAxouaydoloyyoLg-4*e INQ-9’2
42153 1Ayl9Ax0Ing proe d113deAxouaydodolysia-9‘2  380-%‘2

SsisAjeue dij102ads = ys ‘aALloEOLIpRY = WY ‘AJojeaidsal = y : (8) Isnonuljuoad = ) ‘y’neq =g : () liayjo = , ‘uajem auLJenyss = 3
‘493714 BULYYOLIY = 4L ‘abpn|s pajeAalioe = Sy ‘133BM punoib = pg ‘Jajem Bulaew = | ‘JuswIpIs = S ‘Ja3em Ysadi = 4 2 (9) 4Bty = H ‘UOLIRIIUBIUOD MO] = 7 : (s)
{24m o paxiw = W ‘wsiuebJo 21buts =g : (9) !y/6w : (g) ‘49430 =  '4apuo puz = 2 ‘uapuo ISL = | 2 (2) ‘USIUBW-SL1PBYDIW = WN 'POUOH = i : (1) :=sa3joN

I | I _ _ | |

| va | 8 _ 4 | 1 | p | b | s1eaay ‘asoom)al | | §961 ‘31qqoH pue 1yB1Lim|
| LER ] | no | 1 _ n I L - 10070 | sotuebuo| 2°L | WW/W | §861L ‘uosiel pue 0jjnjuap|
I L2 | 8 I 3 | 1 | W | ool - Loo°ol SIVT V1| 2L % | WW/W | 2961 ‘gemyas pue uoysep |
| ] | 8 | me's | 1 ; W _ l _ soluebso| | | | /861 ‘nageg pue aeuysiea|
_ | | | _ | _ | | | _
[(@)sishreuy| () adAy | (9) “dwos | (g) -ouod | (9 adha | (£) -2uod | | @ | w | |
|poylen 353y |poyian 1s31| -uosiAu3z | ssewoig | wnynoou; | aoueysgng | 103fgns 4o adAl agueisqns | 23pso | 13pou| (3iep) ssoyiny |

(73u02) | 378VL



(sJ035e3u02 1e2160]161q Buijelod ‘siaijlLy But132143 *6°3) s3uoddns piios pue 1233ew 21endilJed 01 PaYILIIY yeus
96PN|S PAIBALIIY L.,

A1ddns Jajem jo ssaupaey uo Juspuadaq .,

N30 suoijeldea ajqedaplsuo) »

-41-

Jajsuwedeq
$1s9) puepuels jesidA)

I _ | I | _

ranuPyoRllY | I _ _ I I
»unS2014 _ | | | | |
J1uoiyueld | payoe1ly | payoelly | $2014 | Jtuolyueld | uot3eindod jetqoustw Jueuiwopald |
_ | | I _ I

(sx 3 xewrd mo1) | (s¥ 3 xeurf moy) | (sx 3 xeurd moj) | (sy g xeur/ Moy) | (s 3 xewr ysty) | |
dlydoyyobilg | 2airydouzobiio |  oiydoszobrio | atydoszobryp | dtydoaing | paJnosey susiuebip |
| _ _ _ | _

JLweuiq | JlweuAq | Jweudq | Jiweuiq | J13e31s | waysAs jo auniep |

| _ _ _ | _

w82 -2 | 2e-82 | og-12 | 8L-02 | s2-22 | Hd |
_ _ _ _ | _

200-_§00H | 202-_£O0JH | 200-_§O3H | 202- £OOH | _0dH- _vodzH | wa3sAs 1aj4ng |

_ _ | _ | |

T | wwly - 10> | awfosg - | W g | wwy-goo | eluouwe 4O UOI3EBJIUIIUOY) |

| | | _ _ |

WU 270 | «wfz0-¢00 | awloz-9© | wizo-20 | g8-90 | 21eydsoyd jo uorjeszusouoy |

| | | | _ _

0 -8 | Bpost-¢ | Bpbz-2 | 2,2 -02 | a,s-02 | a6ued aunjessdws) |

| | | | _ _

_ _ _ [ (3uasqe Ajjeuiwou) | I

1260002 | s1/26ug-¢0| yi/26ugz -y | 172 Buw goz | 1/3 Bu | | saiea3sqns sayio jo uoiiesjussuoy |
I | I | _ |

} /6u-6rl> | 1/6r(-6u | 1/6r-Bu | /86w gg - o) | w/BwgoL -z | yesweys 3133YiuAs o uoiiediuasuo] |

| | _ I _ |

juawieady | | | sisa3 uotjejnus | | |
abemag | JajeM eas | Jajem 4aaLy | abpn)s paileat)oy | sisay Buiusauog | |

| | I

| _ |

SUOLIIPUOD 1BIUMOILAUD (ed1dA)

(6861 'Agsdaijeg 13148)
SUOL3LpUO] JBjUAWIOJLAUT Dilenby ueadoung 1821dAL yitm suoilipuod 3sa) A31)1qepeabapotg pJepuels 1ed1dA] jo uosiiedwo)

2 318vi



-42-

|
I
|

I
_ S§J13std43joeaeyd JoA Ll
I
_

I _ |
_ I |
' | 216uls ‘elep eowRY2-091sAyd | 1ea13h eue ]
(686L) @230 | @ieipawsazur | ISd14 SNonuL3uoa ‘elep asunos | 2 | JBA LY | VMX3NW
..... e D e
| | | | SluswlJedwod Judwipas | | [ |
| | | | pue pinl4 jo A43swoab | | | |
| | | | “satysiuszoeseys 183U LAUS | | | |
(2861) Jazusny | a3etpswdajuy | | | ‘elep 1821WRY3-0015Ayd | 1est3hjeue | | (AytoeBny) |
pue uuewsbbanug | Butusadsss | 1S4y |  snonuijuos | ‘g3ep 224n0S | L | J3ALY | 1yAx3 |
U, R R S, S ] ] EECENR SRR
| | | | so13stu230edeyd JerUBWKIO 1AUS| | | |
| | | | ‘ejep 1e21waYy-031sAyd | jestzkjeue | aye) | (AyitoeBny) |
(€861) "1e 33 Aexden | ajeipawsaiur | Isaiy | snonuijuos | ‘elep asunos | L | JaA L | IsvMo |
e [T (s e [— | PR OOV S -e-|
| I I asnyitp | _ _ _ _
[ I | =;digme | wa1sAs I I | I
| | | 2)Buls | so13stu330e00Y0 1BIUBWUO S LAUS | | | |
| | | pueditwiaur | ‘elep 1edtways-031sduyd | 1eatdawnu | [(26°2 uotsaaa)y |
(186L) “1e 12 suung | sjerpawsajul | puoodas | snonuijues | ‘sBuipeo] jesiwsyd | g7 1 | sadAy snotuea | SWvX3 |
| | _ | _ _ | |
I I I _ | I I |
| | sassasouy | i | senbruysap | | |
| uoiiesatiddy | woijepessag 30 | | (Jolew) ] uoLinjos | | |
ERTENEYER | 40 13A3 | Japag uorjoeay | 294n0s | e3eq nduj | | swa3sAs olienby| 19pPon ]
I I _ I I _

/ suolsuawlq
1

I

eJ{1BUBYIEY

S]9pOW 231B4 43BN 3JB}INS

€ 318Vl



l_og'olnlllal bacteriarst

-43-

FIGURE 1

Kinetic Models as a Function of Initial Substrate Concentration
and Bacterial Cell Density (Simkins and Alexander, 1984)
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FIGURE 2

Relationship between BOD Rate and Substrate Concentration

First order reaction: /
V=K [S] t::::::%

Slope; K=Vpyax 7Kg /
il =K, [s]=S J///z‘)

LT
[SI=s
S = Limiting substrate concentration
v = Reaction velocity in day -1
Vmax = Maximum velocity
K = Saturation constant
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I. APPENDICES
APPENDIX 1
GLOSSARY OF TERMS

Abiotic Degradation. Degradation of a substance not resulting from the
action of any living organism.

Acclimatisation. The process by which a test system is modified by exposure
to a material which enables it better to degrade that material. This may be
caused by bacterial growth, selection of competent bacteria, mutation of
bacteria or other processes.

Biodegradability. The ability of an organic substance to undergo
biodegradation, hence “inherently biodegradable" and "readily biodegradable".
See Biodegradation.

Biodegradation. Molecular degradation of a substance, resulting from the
complex action of 1iving organism.

Biodegradation kinetics. The mathematical expression of the rate of
biodegradation derived through the study of systems in which biodegradation
is taking place.

Biomass. The total mass of living organisms in a defined area or volume of
habitat.

BOD (Biochemical Oxygen Demand). The amount of oxygen consumed by micro-
organisms when metabolising a substrate.

COD (Chemical Oxygen Demand). The amount of oxygen consumed during oxidation
of a substrate with hot acid dichromate or other strong oxidants. It
provides a measure of the oxidisable matter in a given solution.

Complete mineralisation. A theoretical concept involving complete breakdown
of an organic compound into inorganic compounds. However, over the time-
scale of a biodegradability test, ultimate biodegradation rather than
complete mineralisation will be observed because a proportion of the
compounds will be utilised for the synthesis of new cell material. 1In
practice, these natural products will themselves eventually undergo
biodegradation and the terms ‘ultimate biodegradation" and "complete
mineralisation" are often used interchangeably.

Critical Sludge Retention Time. The critical sludge retention time (SRTC) is
the SRT below which the competent micro-organisms will be washed out of
sewage treatment plants and biodegradation will cease.
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Degradation. The reduction of the complexity of a chemical substance to form
simpler molecules by physical, chemical and/or biological processes,

Exposure. The presence in the environment, i.e. the availability at a site
or location where effects might be observed. The concept includes elements
of both concentration and time.

Half-1ife. The time necessary to reduce the concentration- of a chemical to
half the starting value.

Load. Is usually expressed as the food to microorganism ratio or as the
ratio of the daily nutrient input to the existing biomass in the sewage
plant.

Persistence. The ability of a substance to remain in the environment in a
chemically unchanged state.

Primary Biodegradation. A discrete alteration to the structure of a chemical
such that basic physico-chemical properties are lost.

Sludge retention time (SRT). The mean age of the sludge in a biodegradation
system.

Ultimate Biodegradation. A transformation of a chemical to its inorganic
constituents such as carbon dioxide (C0,) and water (H,0).
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APPENDIX 2

LIST OF SYMBOLS

biomass conc. / substrate conc.

T T n
|Symbol | Definition | Dimension |
L | | :
| | | |
B | bacterial biomass concentration | bacterial biomass amount/ volume |
Ey | total enzyme concentration enzyme amount / volume |
k | rate constant 1/ time ]
ky | first order rate constant 1/ time |
| ko | second order rate constant 1 / (time . biomass concentration) |
| K4 | bacterial decay rate 1/ time |
K | Michaelis constant substrate concentration |
Koc | octanol-water partition dimensionless |
] | coefficient |
| K saturation constant substrate concentration
" specific growth rate 1/ time
kmax | maximum specific growth rate 1/ time
rB | cell growth rate biomass concentration / time
|S Timiting substrate concentration| substrate amount / volume
Seff equilibrium effluent substrate amount / volume

|  concentration
SRT | critical sludge retention time | time |
SRT | sludge retention time time |
t | time | time |
|t1/2 | half life | time |
|v | reaction velocity (rate) | substrate concentration / time
|Vmax | maximum reaction velocity | substrate concentration / time
| X | B/ Y (Simkins and Alexander) | substrate concentration
|Y | yield coefficient | dimensionless

| |

| I
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APPENDIX 3

USEFUL EQUATIONS

1. SUBSTRATE DISAPPEARANCE

In addition to the differential forms of the Monod equation and its
simplifications the integral forms may be useful in curve fitting substrate
disappearance data. These are as follows:

V  General Monod Ks-1n(S/Sy) = (SO+X0+KS).ln(X/Xo)-SO+XO.umaX
I Zero Order S = So-lupax-Xol -t
IT Monod, no growth K .1n(S/Sy)+S-Sy = ~[ugax-Xol -t

III First Order S

So-eXP(-[hpax Xo/Ks] 1)

IV Logistic S = e

w
|

VI Exponential = So*tXo(l-exp. (kpay-t))

where square brackets surround a constant value (cf. Simkins and Alexander,
1984).

2. PRODUCT APPEARANCE

First order product curves can be expressed as:
P =Py (1 -exp (-kgt))

Where P, is the maximum amount of product produced and P is the product at
time t.

In a similar way, first order kinetics can be applied to CO, evolution
curves by using the integrated form of the generalised form of the logistics
function first described by Richards (1959).

The equation describing the production of CO, is:
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P =Py (1-b.exp (-kt)) -1/n

Where: P is the percentage of CO, observed at time t (days)
Po is the upper asymptote of CO, production (percent)
b  is a coordinate scaling factor associated with the constant of
integration (dimensionless)
n is an empirical constant.
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APPENDIX 4
MODELLING A ROLLING TUBE OR TRICKLING FILTER

General Case

37 % 00t £ R;;g at steady state for a "mature" filter
S A
then K (n 59 + (Sg-Sp) = %T§§-§ oy Kornegay Type Model (1968)
0
if First order kinetics, Kg >> S
then d§ _uwfxlés §_
iz = TFTT K
. S -u Ac.Z
(n &= Jmax.3r” Eckenfelder type (1966)
Sy K F
7
or e = ex 2 Ky = uméxAE Ky = Tz
S PR N
if Zero order kinetics, S >> Kg
ds  MmaxPs
then az = ‘-E--'
MmaxAs -2 kg
S0 = S¢ = =t=pmt-- K2 = bmaxhs,  Kp = o-2-
Nomenclature
Ag = MWetted surface area of packing or rolling tube (m?)
F = Flowrate (m3/hr)
Ks = Monod coefficient (kg/m?)
S = Substrate concentration (kg/m3)
Z = Packed depth or rolling tube length (m)

Maximum specific growth rate (kg/hr)
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A different approach, implying first order kinetics (Kg >> S) can be made
following the Grady-Lim model, adapted by Roberts (1985).

ds  Kp-S _
here 3 T TR Kp = overall mass transfer coefficient
1 1 ] Kg = biochemical reaction term
where -- = -- + -. K = liguid ph f
K K K iquid phase mass transfer term
m L B L
a a = coefficient describing mature biomass
and Kg = - m = exponent dependent of concentration
s .

-1
| K .s" 1| dz
R + --c Lt ds = - -2
Integrating
-K, .a 1 Ko7 ]
. _ e L Z | om-
if m=0 §; = exp l-RL;a . J = exp [ F I Eckenfelder type
and
. KL Se -k Z
if m=1 -3 (Se=Sp) = 1n §; = --s- Kornegay type

From laboratory experimental data, K| « F1/3 for low irrigation rate
e F1/2 for high rates

Given 5-10 data points from a statistical design run for a test compound from a
rolling tube or model trickling filter evaluation, Kg the biochemical reaction
term can be determined and interpreted by comparison with other compounds
(Roberts, 1985).
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APPENDIX 5

EXPERIMENTAL METHODS PRODUCING DATA MEANINGFUL FOR BIODEGRADATION KINETICS

This appendix gives a brief description of test designs which have successfully
been used to derive meaningful kinetics in realistic systems. -

1. BIODEGRADATION IN NATURAL WATERS (RIVER WATER DIE AWAY TEST)

In this method various low concentrations of !“C-labelled test material are
added to river, lake, estuary or even sea water. Testing is conducted in 1
or 2 litre Erlenmeyer flasks containing 250 ml to 1 1 of natural water
sample. No additional nutrients are added to the system for the duration of
the experiment.

The ultimate biodegradation of the test material is determined by using
'4C-labelled derivatives, and analysing the amount of '4C-labelled co,
produced and/or the amount of !“C-label remaining in the water.

Less usually the primary biodegradation of unlabelled test material may be
determined by specific analysis.

Three variations on this theme have been used in determining ultimate
biodegradability:

i) The "Alexander" method involves incubating !“C test material in surface
water without any CO, trapping. Periodically, small samples of the
medium are taken and centrifuged and acidified; these samples are then
scintillation counted. By difference, the amount of radiolabel
converted to C0,, incorporated into bacteria and remaining in solution
may be calculated.

ii) As in (i) the !“C test material is incubated in surface water, but in a
Gledhill flask (Gledhill, 1975). In this sealed apparatus an open
reservoir, side arm or well containing alkali is included in the body
of the flask. The alkali is periodically removed, replaced with fresh,
and the '%CO, produced is determined by scintillation counting of the
alkali. Hence the amount of radiolabel incorporated into CO, may be
calculated. In addition the medium may be sampled and treated as in
(i) to give additional information.

iii) As in (i) and (ii) the test material is incubated in surface water.
Air is bubbled through the sealed test vessel and then through alkali
traps. The first alkali trap is periodically removed and the second
moved along and replaced with a fresh trap. The '4C0, produced is
determined by scintillation counting of the alkali. Hence the amount
of radiolabel incorporated into C0, may be calculated. In addition the
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medium may be sampled and treated as in (i) to give additional
information.

2. ACTIVATED SLUDGE TEST SYSTEMS

2.1

Biodegradation - Batch Activated Sludge Test

The principle of this batch system is identical to that described in the
previous sections.

i)

i)

iii)

This variation has not been used to date for activated sludge,
however, variations (ii) and (iii) have been used:

In this version the Gledhill flask (Gledhill, 1975) (figure A5-1) is
again used. The open reservoir or well containing alkali is now
suspended over (normally) 0.5 1 of activated sludge from a
predominantly domestic sewage treatment plant, in a 2 1 Ehrlenmeyer
flask or equivalent. This activated sludge can either be used
directly, or acclimatised to the test chemical in a Tlaboratory
semi-continuous activated sludge test for a period of 2 weeks to
several months (Saeger, 1983). The sludge is usually sieved through
a 2 mm screen to remove large solids, then adjusted with water to
2000-3000 mg-1 mixed liquor suspended solids (MLSS) .

The activated sludge is spiked with a realistic concentration of
'“C-labelled test material and shaken. No additional nutrients are
given to the system for the rest of the experiment. Sampling is
achieved by removing the old KOH and replacing it with new KOH.
During sampling the activated sludge is aerated vigorously with
oxygen for 5 minutes.

The ultimate biodegradation of the test material is determined by
measuring the '“C0, trapped in the KOH by scintillation counting
(Larson, 1980). Biodegradation kinetics information is obtained by
analysing the '“C0, evolution data using non-linear regression
models (Larson, 1979; Larson and Payne, 1981; Larson and Perry,
1981).

Primary biodegradation can also be followed, by taking samples of
the activated sludge over time and analysing with a specific
analytical technique, e.g. HPLC with 14C-detection (Howard et al.,
1975).

An air flow through version of this method has also been used to
derive first order kinetics (Sullivan, 1983).
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Second order kinetics data can be obtained from this method by
measuring the number of bacteria present in the inoculum and at time
of sampling by a procedure outlined by Hobbie et al. (1977).

2.2. Biodegradation and Removal - Semi-Continuous Activated Sludge Test

2.3.

The semi-continuous activated sludge test (OECD, 1981) is a simulation of
the most common secondary wastewater treatment process, the aerobic
reactor. In the OECD guidelines this test is described as a test of
inherent ultimate biodegradability. This test can not only measure the
biodegradation but also the removal of a chemical in this system. Removal
can be defined as the ability of the apparatus to remove the test chemical
from wastewater. This is achieved by the combination of the mechanisms
of: biodegradation, adsorption (to activated sludge or other suspended
material), volatilisation, precipitation, hydrolysis and oxidation.

In this method activated sludge from a sewage treatment plant is placed in
a semi-continuous activated sludge (SCAS) unit (figure A5-2). The test
compound and settled domestic sewage are added and the mixture is aerated
for 23 hours. The aeration is then stopped, the sludge allowed to settle
and the supernatant liquor is removed. The sludge remaining in the
aeration chamber is then mixed with a fresh aliquot of test compound and
sewage and the cycle is repeated (Snow, 1965; Saeger, 1983).

Normally ultimate biodegradation is determined by measuring dissolved
organic  carbon  (DOC-analysis) in the daily effluent samples.
Biodegradation kinetics are determined by analysing the amount of DOC
daily during acclimatisation. A half-1ife may be obtained from the time
to 50% removal. Instead of or as well as DOC analysis, !“C-labelled
materials may be used and biodegradation kinetics can be determined by
analysing the amount of !4C label remaining after evolution of (€0, -
non-linear regression may be used for more sophisticated analysis. '“C is
a more specific analytical procedure than DOC. The equations are
described in Larson (1979), Larson and Payne (1981), Larson and Perry
(1981). A third alternative is for primary biodegradation to be followed
by specific analysis.

Biodegradation, Removal and Treatability - Continuous Activated Sludge
Test

The continuous activated sludge test (also called the QECD confirmatory
test) is a laboratory scale model of a sewage treatment plant (Fig. A5-3).
It can measure the biodegradation, removal and treatability of a chemical.
Treatability can be defined as the ability of a chemical to be removed
under the operating conditions of a specific sewage treatment process,
whether by biodegradation or by another removal mechanisms.

The main weaknesses of the method as described in the QECD guidelines, are
the use of a poor artificial sewage, the absence of sludge retention time
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control and a disproportionately short sludge residence period in the
settler. These issues may be addressed by using a domestic sewage feed,
wasting the solids daily or continuously, and pumping the sludge
intermittently or more slowly back into the aeration basin.

Activated sludge, taken from a real sewage treatment plant, is put in a
laboratory-scale, completely-mixed-flow aeration basin. The model is run
with a continuous flow of settled sewage and test chemical, and the
treated effluent passes “through a settler before exiting. Activated
sludge is continuously or semi-continuously removed directly from the
aeration basin, in order to maintain MLSS in a range of 2000-3000 mg-1.

The level of test material in effluent is determined, as are the MLSS,
sludge wastage rate and level of test material in influent. Together with
flow rate data a mass balance is performed (Namkung and Rittmann, 1987)
and a first order biodegradation constant may be calculated.

2.4. Biodegradation and Treatability - Continuous Activated Sludge Test with
Sludge Retention Time (SRT) Control

Any continuous activated sludge model can be used which provides a
completely mixed system, facilitates the continuous wastage of a
representative fraction of the mixed liquor and ensures that uncontrolled
losses of solids in the effluent are insignificant. An OECD Confirmatory
vessel can be used, but can present problems as there is a need to assume
a constant proportion of the sludge solids are in the settler at any one
time to enable the SRT to be calculated. A modified version of the WRC
porous pot procedure (Fig. A5-4) is preferred, as this makes the separate
control of SRT relatively easy (Fig. A5-5) (Birch, 1984). In this method
the solids are prevented from exiting with the effluent by a porous liner
and may be easily, continuously wasted through the base.

Typically, a series of plants would be run with all parameters identical
except for the SRT. The level of test material is analysed in the
effluent of each plant. Plotting the SRT against the effluent
concentration enables the K. and ax of the system to be estimated using
the model detailed above. The cr??1cal sludge retention time may also be
estimated if the results span the appropriate range. Note that the
effluent concentration is predicted to be independent of the influent
concentration, and that the MLSS and active micro-organisms will self
adjust at equilibrium.

3. BIODEGRADATION AND TREATABILITY - SIMULATION OF BIOLOGICAL FILTRATION

Simulation of biological filtration in the laboratory uses a rotating tube
apparatus originally described by Gloyna et al. (1952). A layer of
microorganisms, similar to those on the surface of biological sewage
treatment filters, is encouraged to grow by the continuous supply of sewage,
on the inner surface of slowly rotating perspex tubes.
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The apparatus (Fig. A5-6) consists of a bank of perspex tubes 305 mm Tong by
50 mm internal diameter. These are supported at each end on rubber-rimmed
wheels at an angle of 1° to induce a mean residence time of 125 +/- 12.5 sec
for the effluent in the tubes. The tubes have an outside 1ip approximately
5 mm deep to retain their position on the wheels and an internal lip of 5 mm
at the influent end to retain the liquid.  Their internal surface is
roughened by abrasion with coarse wire wool. The wheels rotate continuously
at 18 +/- 2 rpm and the apparatus is housed in a laboratory maintained at
18° to 25°C.

The tubes are usually commissioned for 2 to 6 weeks prior to the trial
period by feeding the tubes with sewage and sewage plus test material, to
the control and test tubes respectively, at a rate of 250 +/- 25 mi/h.  No
inoculum is normally required and sludge wastage occurs naturally by
excessive biomass slime breaking away from the surface and draining out of
the tube with the final effluent.
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FIGURE A5-1

The Batch Activated Sludge Test Apparatus

IW 1k | SEALED

TOP

CLASS
TUBE

N\

SCREW CAP

SMALL
OPENING
FOR
SAMPLING

o i
: :J KOH

GLEDHILL FLASK

R L B T P e, ACTIVATED
L R N R e RN TS SLUDGE




-68-

FIGURE A5-2

The Semi-Continuous Activated Sludge Test Apparatus
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FIGURE A5-3

The Continuous Activated Sludge Apparatus
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FIGURE A5-4

WRC Porous Pot
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FIGURE A5-5

POROUS POT WITH SRT CONTROL
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FIGURE A5-6

PLAN VIEW
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