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Stellingen

1 Het is een verwarrende bezigheid om nieuwe, ongestructureerde biodegradatiemodellen te
ontwikkelen, zolang op basis van experimentele gegevens geen onderscheid met bestaande
modellen gemaakt kan worden.

Kovdrova-Kovar, K., Egli, T. (1998), Growth kinetics of suspended microbial cells: from single-
substrate-controlled growth to mixed-substrate kinefics, Microbiol. Mol. Biol. Rev., Vol, 62,
No. 3, 646-666.

Dit proefschrift.

2 In tegenstelling tot wat Birch (1991) en Van Wilk ef al. (1996} beweren, betekent het feit dat de
concentratic van een milieuvreermnde biodegradeerbare organische stof in het effluent van een
biologische reactor onathankelijk is van de influentconcentratie, niet zonder meer dat de
biodegradatie van dic stof met het Monod model kan worden beschreven,

Birch, RR. (1991), Prediction of the fate of detergent chemicals during sewage treatment, J.
Chem. Biotechn. Biol. 50, 411-422.

Van Wiik et al. (1996), The performance of models in predicting biodegradability in wastewater
treatment plants, Proceedings of the 4" World Surfactants Congress, Barcelona, 3-7 VI,

Dit proefschrift.

3 Volgens Chen en Horan (1998} zijn ulira- en nanofiltratiemembranen te duur voor de zuivering
van papierafvalwater. Echter, zij hebben niet goed gekeken naar de ontwikkelingen van de
afgelopen 15 jaar en houden daardoor geen rekening met de zeer snel dalende prijs en

" toenemende kwaliteit van membranen, en met het positieve effect van hogere temperaturen op de
flux van membranen indien het gezuiverde water wordt hergebruikt.

Chen, W, Horan, N.J. (1998), The treatment of a high-strength pulp and paper mill effluent for
wastewater re-use: ltertiairy treatment options for pulp and paper mill wastewater to achieve
effluent recycle, Env. Tech., Vol 19, 173-182,

4 Confer en Logan (1997) zijn een van de weinigen die beseffen dat ‘*biosorptie’ van organische
verontreinigingen door biofilms de resultante is van een groot aantal deelprocessen (ad- en
desorptie, diffusie, ionenwisseling, bacteriéle opslag, hydrolyse, etc.) en dat kennis over deze
processen en de interactie tussen deze processen onontbeerlijk is voor een goed ontwerp van
biofilmprocessen.

Confer, D.R., Logan, B.E. (1997), Molecular weight distribution of hydrolysis products during
biodegradation of model macromolecules in suspended and biofilm cultures, Wat. Res., Vol.
31, No. 9, 2127-2145.



5 De cnorme hoeveelheid tijd, geld en energie die tot nu toc is gespendeerd aan de praktische
toepassing van de actiefslibmodellen No. 1 en No. 2, waarmee CZV-, stikstof en
fosfaatverwijdering in actiefslibinstallaties wordt beschreven, heeft vooralsnog niet geresulteerd in
het gewenste effect, d.w.z. kleinere en goedkopere installaties en een verbeterde effluentlowaliteit.

6 Er is een duidelijke grens aan de eigen bijdrage die universiteiten aan projecten kunnen leveren.
Die grens wordt vaak overschreden, met als gevolg dat het onderzoek van matige kwaliteit is of
de onderzoekers en laboranten een groot aantal overuren moeten draaien.

7 Er is een directe relatie tussen het weer en de spontaniteit van mensen, De enige uitzondering op
deze regel lijken de Engelsen en leren te zijn.

8 Dat veel bewoners van bejaardentehuizen als gevolg van de bezuinigingen geen koekje meer bij de
koftie krijgen, terwijl menige yup op zijn 30-ste al meer dan een ton op de bank heeft staan, laat
zien dat het met onze beschaving niet best is gesteld.

Stellingen behorende bij het proefschrift “Reliability of models that predict the fate of organic trace
compounds in municipal activated sludge plants” van Hardy Temmink, Wageningen, 25 juni 2001
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Abstract

Temmink, H (2001). Reliability of models that predict the fate of organic trace pollutants in
municipal activated sludge plants, PhD-thesis, Wageningen University, Wageningen: The
Netherlands, 184 pages.

The production, use and disposal of many compounds inevitably leads to their presence in the
environment as organic trace pollutants. Although their concentration may be low, these trace
compounds can present an environmental hazard associated with their toxicity for human beings, their
potential to accurnulate in biota and ecosystems and in some cases their function as a catalyst in the
destruction of the ozone in the stratosphere.

In many cases these orpanic trace compounds enter the sewage systern and will finally appear in
municipal activated siudge plants. Several processes determine their distribution in these plants.
Hydrophobic compounds can partition o the sludge and in this manner may create a potential hazard
associated with sludge disposal. Volatile organic compounds are amenable to air stripping and surface
desorption and therefore are frequently found in the off-gas of activated sludge plants. Whereas
sorption and volatilisation merely rearrange the distribution of compounds among the different
environmental compartments (sludge, air and water), only a destructive process such as biodegradation
can actually remove them from the environment,

During the last two decades several activated sludge fate models have been developed. These models
are used (i) to predict the environmental exposure to specific organic trace compounds expected to
appear in municipal wastewater’s, (ii) to optimise the design and control of treatment plants with
respect to the removal of these pollutants and (iii) to establish limits on treatment plant influent loads
based upon allowable effluent loads. The reliability of these models only has been demonstrated to a
limited extent and therefore their applicability remains uncertain. A validation study may help to gain
some confidence in these models, but also can reveal some of their shortcomings.

Based on an extensive literature review such a validation study was set-up. The fate of three test trace
compounds in a pilot-scale municipal activated sludge plant was investigated: the C,,-homologue of
linear alkylbenzene sulfonate (LAS-C,;), nitrilotracetic acid (NTA) and toluene. The sludge retention
time {SRT) of the plant and influent concentration of the trace compounds were varied. In addition, for
each of the test compounds their biodegradation kinetics by activated sludge were assessed with a
method which was specifically developed for this purpose. The results showed that existing models do
not yield accurate predictions, in particular because the biodegradation kinetics they employ are
incorrect. A generic assessment of the fate of organic trace compounds in activated sludge planis
therefore should not rely on model calculations alone. Still, existing models can be used for a first
screening of new priority compounds or to design field monitoring studies for existing priority
compounds. More accurate models can only be developed if more fundamental research is directed
towards biodegradation of mixtures of organic subsirates by mixed microbial cultures such as
activated sludge.

Keywords . activated sludge, organic trace pollutants, fate modelling, wastewater
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Chapter 1

Exposure assessment of organic trace compounds

The production, use and disposal of many compounds inevitably leads to their presence in the
environment as organic priority pollutants (Figure 1). This did not receive much attention until the
1970s when more sophisticated analytical techniques became available and their presence could be
demonstrated in municipal and industrial wastewater, surface water, groundwater, off-gases and
soil. Although their concentrations may be low, these trace compounds (and synonyms thereof such
as xenobiotic compounds, organic micropollutants, priority pollutants, etc.) can present an
environmental hazard associated with their toxicity for human beings, their potential to accumulate
in biota and ecosystems and in some cases their function as a catalyst in the destruction of the ozone
in the stratosphere.

+ #~| INDUSTRIAL PRODUCTION [~

Recycle Recycle

My USAGE OF
TMENT CHEMICALS

SUSBSTANCES (volatile,
recalcitrant, insoluble)

- DIRECT DISCHARGES
- ACCIDENTAL SPILLS
- LLEGAL DUMPINGS

\ NON-DISAPPEARANCES ‘ ! DISAPPEARANCES j
CHEMICAL/PHYSICAL TRANSFORMATIONS BIOLODGICAL TRANSFORMATIONS
« volatalisation » mincralisation
« adsorption » gometabolism
= oxidation/reduction « accumulation
® others » polymenisation

Fig. 1 Origination, routes and fates of priority pollutants (after Richards and
Shieh, 1986).

To avoid these risks, Commission Directive 93/67/EEC and Commission Regulation (EC) No.
1488/94 require that an environmental risk assessment be carried out on notified new substances
and on existing priority substances. For this purpose a hazard assessment scheme has to be
implemented according to the "7 Amendment" of Directive 67/548/EEC (EC, 1992). Such a
scheme (Figure 2) includes an exposure assessment leading to a predicted environmental
concentration (PEC) and an effect assessment to estimate a no-effect concentration (PNEC). These
PECs and PNECs are to be determined for all three environmental compartments: the aquatic
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General introduction

environment, the terrestrial environment and the atmosphere. Based upon the PEC/PNEC ratio a
decision will be made whether a compound is admissible or not, or to collect more detailed (field)
information.

A

( Release information J ( Effect data J

]

( " Fate and distribution

modeling

Extrapolation 7

Predicted environmental
concentration {(PEC)

Predicted no-effect
concentration (PNEC)

\

(

)

Fig. 2 Hazard assessment scheme {after ECETOC, 1992).

In accordance with the procedure in the other member states of the EC, the Netherlands Substances
Acts (WMS) prescribes that each new chemical be registered at the Department of Housing,
Physical Planning and Environment (VROM) and judged on its admissibility by the Office of
Environmentally Hazardous Compounds (BMS). In support of the admission procedure, the
National Institute of Public Health and Environmental Protection (RIVM) has developed a risk
assessment software package USES 1.0 (Uniform System for the Evaluation of Substances) to
predict the exposure concentrations in the environment (RIVM, 1994). Typical for USES ig a tiered
approach dictated by the availability and accuracy of exposure data (Figure 3).

model Table 1 - Mandatory base-set of compound
calculations properties.

physical-chemical properties
molecular weight
water solubility
tier 2: refined Vapour pressure
octanol-water partitioning coefficient
biodegradation
| . m— result of standardised biodegradability tests*
! accurat%:::mtormg | * according to the guidelines prescribed by the
i OECD (OECD, 1993)

tier 1: screening

tier 3; comprehensive

Fig. 3 Tiers in exposure assessment.




Chapter 1

At the highest tier relevant information comes directly from measurements in the environment
whereas at the lowest tier exposure assessment will have to rely on model calculations using a
minimal set of production and consumption data, combined with the mandatory chemical and
biological compound properties listed in Table 1. Its physical-chemical properties provide essential
information about the distribution of a compound between the different environmental
compartments. For example, water solubility can be used in combination with vapour pressure to
predict the tendency of trace pollutants to escape from water to the atmosphere. Information about
the biodegradability of trace pollutants usually is not available and has to be assessed in
(standardised) biodegradation tests. In accordance with Figure 3 these tests arc organised at
different tiers with ready biodegradability tests carried out under standardised conditions (tier 1),
inherent biodegradability tests carried out under favourable conditions (tier 2) and simulation tests
mimicking realistic environmental conditions (tier 3).

Fate of organic trace compounds in municipal activated sludge plants

In many cases trace compounds enter the sewage system and will finally appear in municipal
activated sludge plants (Figure 4). Examples of such compounds can be found in Table 2. In
contrast to industrial wastewater treatment plants, which usually are designed to remove specific
pollutants, municipal plants have to eliminate the bulk of organic compounds, expressed by the sum
parameter biochemical oxygen demand (BOD) or chemical oxygen demand (COD). More recently
municipal plants also have to comply with stringent effluent demands for nitrogen and phosphorus.

[ o]

volatilisation
households
degradation —
] river
Tl efffuent
activated sludge
plant ] sorption
sludge
disposal

Fig. 4 Distribution of organic compounds in municipal activated sludge
plants.

Several processes determine the fate of organic trace compounds in activated sludge plants. In
particular if they are strongly hydrophobic (with a high octanol-water partition coefficient, K,,) they
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can partition to the sludge flocs and in this manner create a potential hazard associated with sludge
disposal (Petrasek et al., 1983; Hannsh et al., 1986; Klopfer, 1996; Rogers, 1996; Beck ¢t al.,
1996). Typical examples are pesticides, phenols, phthalates and polycyclic aromatic hydrocarbons.
Volatile organic compounds (VOCs) (with a high Henry’s law constant, H) are frequently found in
the off-gas of municipal activated sludge plants because they can be removed by air stripping and
surface volatilisation (Lurker et al., 1982; Namkung and Rittmann, 1987; Thompson et al., 1993).

Table 2 - Examples of organic trace compounds and their concentrations in the influent and
efftuent of municipal wastewater treatment plants (nd = not detected).

influent effluent removal*
organic trace compound pgl! pgl! % reference
Volatile organic compounds
dichloromethane 175 21 88 1
1,2-dichloroethane 130 45 65 H
toluene 85.47 6.2 93 2
benzene 233 nd high 2
cthylbenzene 17.7 0.5 97 2
tetrachloroethylene 16.13 2.1 87 2
1,1,1,-trichloroethane 12.77 29 77 2
trichloroethylene 9.7 0.5 95 2
chlarobenzene 0.47 nd high 2
Surfactants
LAS 5000 40 99 3
DTDMAC 1000 40 96 3
C,;TMAC 82 24 97 3
Phthalates
bis(2-ethylhexyl)phthalate 26.3 717 73 4
diethylphthalate 9.33 nd high 4
dibuthylphthalate 38 nd high 4
dimethylphthalate 093 nd high 4
Polynuclear aromatic hydrocarbons
fluoranthene 0.77 0.076 90 4
naphtalene 0.16 nd high 4
anthracene 0.056 0.009 84 4
Chlorophenols
2,4-dichlorophenal 0.27 nd high 4
2,4,6-trichlorophenol 0.1 nd high 4
pentachlorophenol 0.16 0.27 69 4

reference 1: van Luin and Starkenburg (1985), 2: Namkung and Rittmann (1987),
3: Cowan et al. (1993), 4: van der Spoel ef al. (1990)
* overall removal from wastewater

Whereas sorption and volatilisation merely rearrange the distribution of compounds among the
environmental compartments in a wastewater treatment plant (sludge, air and water), only a
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destructive process such as biodegradation can actually remove them from the environment.
Municipal activated sludge plants have a large biodegradation potential, both qualitatively and
quantitatively (Grady, 1985), mainly because the sludge consists of a diverse population of micro-
organisms growing on a complex mixture of carbon sources supplied with the (domestic)
wastewater. At the same time, biodegradation is a very complicated process involving numerous
factors such as the molecular structure of trace compounds, biomass composition, environmental
and operating conditions, the presence of other substances, etc. Besides, biodegradation has to
compete with the abiotic mass-transfer processes sorption an volatilisation. For example, non-
chlorinated readily biodegradable VOCs are effectively eliminated from the wastewater by
biodegradation whereas chlorinated and less biodegradable VOCs are primarily removed by
volatilisation (Kincannon er al., 1983; Melcer ef al., 1992; Bell et al., 1993).

Activated sludge fate models for organic trace compounds

To assess the behaviour of organic trace substances in wastewater treatment plants, the Technical
Guidance Document (TGUD) in support of risk assessment (EC, 1994) advises to use the following
order of preference:

1. Monitoring data - In principal, the results of long-term monitoring studies in which the influent
and effluent concentrations of pollutants are determined could be used for exposure assessment.
For instance, the data in Table 2 can be used to estimate the overall removal efficiency of the
trace compound in a wastewater treatment as well as their distribution to the effluent. However,
relevant information about air stripping, sorption and biodegradation cannot be derived.
Furthermore, the reported removal efficiencies depend on plant operational characteristics (e.g.,
hydraulic- and sludge retention time and aeration intensity), which makes extrapolation of these
results to other plants questionable. Finally, the sludge in the plant the monitoring data were
reported for may have been acclimated to high-volume, site-specific compounds. This may result
in an overestimation of the removal capacity in other treatment plants.

M

Simulation test data - Many tests are described in the literature to simulate, in the labotatory,
the removal of organic compounds by activated siudge. In these tests different analytical
methodologies are used including parent compound analysis, respirometry (e.g. Grady et al,
1989; Brown ef al., 1990; Tabak et al, 1990 and Ellis ef al, 1996) and “C-radiclabelled
techniques (Berg and Nyholm, 1995; Nyholm ef al., 1996; Federle and Itrich, 1997). However,
only the so called Coupled Unit Test (OECD, 1993} is a generally accepted method. In this test
elimination of a compound is determined by changes in dissolved organic carbon (DOC) or
chemical oxygen demand (COD). The main disadvantages of this method are that (i) it is an open
test and therefore is not suitable for volatile compounds and (ii} DOC and COD measurements
cannot be used for the extremely low concentrations of trace compounds that generally prevail in
activated sludge plants.
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3. Modelling - For new substances no relevant monitoring or simulation test data are available and
the first step of an exposure asscssment has to rely on model calculations. For existing
substances it may seem that monitoring data always give more reliable results than model
calculations. However, monitoring data often have a considerable uncertainty associated with
them (temporal and spatial variations, high detection limits, etc.). Consequently, both approaches
should complement each other and modelling is mentioned by the TGUD as a third possibility
for exposure assessment. Although several models have been developed for this purpose (e.g.,
Blackburn et al., 1984; Weber et al., 1987; Namkung and Rittmann, 1987; Govind et al., 1991;
Birch, 1991; Cowan et al., 1993), the TGUD advises to use a revised version of a model called
SimpleTreat (Struijs, 1996). This model is constructed such that the required output (distribution
and concentrations in the effluent, waste sludge and air) can be calculated from the release rate of
a compound into the sewer system and the mandatory base-set of compound properties of Table
1. Figure 5 shows the set-up of an activated sludge plant in SimpleTreat.

air :# i

A N

volatilisation strippin volatilisation
| \ L)
[} ybiodegra- :)‘
water :) j> / ( ?da.rion :)
1 '} i
sorplion sorption
suspended—y - -+ ¥ . ' ]
solids - biodegra-
dation
settled
solids
primary settler aeration tank secandary settler

::) advective transport
~af—= dispessive transport

Fig. 5 Activated sludge plant in SimpleTreat, version 3.0 (Struijs, 1996).

Research objectives and outline of this thesis

The reliability of activated sludge fate models such as SimpleTreat only has been demonstrated to a
limited extent and therefore their applicability remains uncertain. A validation study may help to
gain some confidence in these models, but at the same time can also reveal their shortcomings.
Although it seems logic to focus such a study on one particular model, SimpleTreat for example,
this would ignore that other models employ completely different mathematical equations. In
particular for biodegradation numerous mathematical approaches are used, including those based on
Monod, secondary utilisation and pragmatic first-order kinetics (ECETOC, 1991). Because
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activated sludge fate models are extremely sensitive to the rate of biodegradation, it can be expected
that these differences in the biodegradation kinetics also will generate highly different model
predictions.

The aim of this thesis is to analyse the shortcomings of activated sludge fate models and to develop
scientific knowledge, including the development of a biodegradation test and validation
experiments, which may help further improvement of the various models and their implementation
in practice. Figure 6 presents a general overview of the set-up of this study.

literature review ' Chapter2

- test compounds (EAS-Cy2, NTA, toluene)
- sludge retention lime
- influent concentration

. ! Chapter 4-7
l input parameter ¢
assessment :
simulation % pilot-plant experiment :
biodegradation :
kinetics
Chapter 3

compare fate of test compounds = evaluation
new experiment : Chapter 8

Fig. 6 General set-up of this study.

First, a literature review was carried out (chapter 2) to provide an overview of the mathematical
equations that are used for biodegradation, as well as for sorption and volatilisation which are the
other two important processes determining the behaviour of organic trace compounds in activated
sludge plants. Also, methods to assess the parameters associated with these processes are addressed
in chapter 2 because the accuracy of these parameters is essential for the quality of the model
predictions. Finally, some background information is given about activated sludge fate models that
are proposed in the literature and efforts undertaken to validate these models.

The information produced by the literature review was used to assist in setting up further research.
One important result was that there is a lack of accurate biodegradation tests. Most (standardised)
biodegradation test are not designed to yield kinetic information and extrapolation of their results to
activated sludge plant conditions is difficult and dubious. To overcome these difficulties a new
biodegradation test was developed, which mimics as closely as possible the conditions in the plant
of interest (chapter 3).

Apart from an aciivated sludge system (aerated bioreactor and a settler to retain the biomass in the
system), most municipal wastewater treatment plants include several pre-treatment steps (primary
settler, grit removal, screens, etc.) and facilities to treat excess sludge (thickeners, digesters, etc.).

8
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Although it is recognised that these process units all may have an effect on the removal of trace
pollutants, the (acrated) bioreactor generally is considered the most important treatment unit in this
regard. For that reason it was decided to focus this study entirely on the bioreactor.

Although in a way it is a model itself, it was decided to use a pilot-scale activated sludge plant for
the experiments rather than to collect monitoring data in a full-scale plant because (i) the conditions
in a pilot-scale plant can be more conveniently manipulated , (ii) test compounds can be discharged
without having to wotry about detrimental effects on plant performance with respect to
conventional wastewater parameters like COD, N and P and (iii) a pilot-scale plant can be covered
which facilitates off-gas sampling. As they may have an important effect on the actual fate of the
test compounds, the operational parameters of the pilot-plant (sludge retention time, hydraulic
retention time, COD loading rate, release rate of the test compounds, aeration intensity) were varied
in the experiments.

Activated sludge fate models are extremely sensitive to the physical-chemical properties and the
biodegradability of trace compounds. Because these properties vary strongly among trace pollutants
it is necessary to investigate a large number of test compounds. Initially, a validation matrix was
constructed consisting of 17 test compounds possessing different volatility, hydrophobicity and
biodegradability. Unfortunately, a lack of reliable and accurate analytical techniques forced us to
reduce this number to three compounds only: the C,-homologue of linear alkylbenzene sulfonate
(LAS-C,,) which is a highly sorptive compound, toluene which is a volatile compound and
nitrilotriacetic acid (NTA) to represent the class of non-sorptive and non-volatile compounds.
Monitoring sessions to assess the behaviour of LAS-C,,, NTA and toluene in a pilot-scale activated
sludge plant are described in chapters 4. 5 and 6, respectively. In addition, the biodegradation
kinetics for these compounds were determined using the new biodegradation test mentioned earlier.
The results were used to check the model equations employed by existing activated sludge fate
models, to obtain an impression of the reliability of these models and to identify model
imperfections that neced improvement and further research.

During the monitoring sessions the test compounds were discharged at a constant rate, i.e., their fate
was determined under "steady-state” conditions. Tn reality the influent concentration of trace
compounds fluctuate in time and this may have a strong impact on the average removal efficiency
that can be achieved. For that reason the dynamic behaviour of the test compounds was investigated
in a number of step discharge experiments. The results of this part of the investigations are
described in chapter 7.

Finally, all the results obtained in this study are assembled and evaluated in chapter 8 In this
chapter also some directions are given for future research activities.
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Introduction

To reduce the risks associated with the use, production and disposal of organic compounds, EC
regulations require that an environmental risk assessment be carried out on notified new substances
as well as on priority existing substances. An important element of this risk assessment is an
estimation of the environmental exposure, leading to a predicted concentration (PEC) for the aquatic
and terrestrial environments and the atmosphere. In industrialised countries consumer products, and
in many cases also industrial waste products, enter the environment after passing through municipal
wastewater treatment plants. Hence, a prediction of the fate of individual (trace) organic compounds
in these plants with a mathematical model would be a useful element of an initial exposure
assessment of notified new chemicals for which no environmental monitoring data are available.
For existing (priority) chemicals such a model could be used to help interpreting field monitering
data which often are incomplete or have considerable uncertainty (temporal and spatial variations,
high detection limits, etc.) associated with them. Finally, local water authorities could use an
activated sludge fate model to estimate the effect of industrial or polluted groundwater discharges to
their wastewater treatment plants.

Domestic wastewater usually is treated by activated sludge systems (Figure 1). Here, a certain
portion of a trace compound may be effectively eliminated from the environment by biodegradation
whereas the remainder is released into the environment with the treated wastewater, the (dewatered)
waste sludge or the off-gas. The distribution between these pathways is largely determined by the
physical-chemical and biodegradation properties of the target compound and by the operational
characteristics of the plant.

: off-gas ;
« i
W - 2 3 4 e treated
sewage i I wastewater
‘ N /( \\\_.
o
air |
e reenanae e neteensennens ' foens of this
chapter
digester ‘waste sludge
supernatant 5

—m= dewatered
sludge

Fig. 1 Municipal activated sludge plant (1 mechanical treatment, 2 primary settler, 3
bioreactor, 4 secondary settler, 5 sludge digestion and dewatering).

The main objective of this literature review is to provide information on (i) the relevant processes
determining the fate of organic trace compounds in activated sludge plants, (ii) mathematical
equations that can be used to predict the rates at which these processes proceed, (iii) methods to
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assess the model parameters, (iv) existing activated studge fate models and (v) studies that have
been undertaken to validate these models.

It is emphasised that this review is not in any way complete because several restrictions were
applied. First, although the sewer system, mechanical (pre-)treatment steps (e.g., grit removal and
primary settling) and sludge treatment all may have an effect on the behaviour of organic trace
compounds in wastewater treatment plants, it is assumed that the most relevant processes only take
place in the bioreactor (Figure 1). A second assurnption is that this bioreactor is completely mixed
and aerated. It is recognised however that other hydraulic regimes are employed as well. Also,
contemporary municipal wastewater treatment plants consist of aerated and non-aerated
compartments to accommodate biological nitrogen and phosphorus removal .

Figure 2 shows a hierarchical diagram of the processes that can take place in an aerated bioreactor
and which have an effect on the behaviour of trace compounds. Of these processes, biodegradation
and the mass-transfer processes volatilisation and sorption will be included in this review. Abiotic
conversion processes such as photolysis and chemical oxidation/reduction are not considered
because for most compounds they are of minor importance as compared to biochemical oxidation
by micro-organisms (CEC, 1993).

”femoval PIOCESses
I
] physical phase transfer I
[

| abiotic ‘ | bindegradation I
" E
free surface { stripping ¢ photolysis * aerobic
* hydrolysis * anaerobic
® oxidation
surface bubble ® reduction
aeration aeration L primary

ultimate

mineralisation

Fig. 2 Hierarchical diagram for removal processes in a bioreactor (after CEC, 1993).

Sorption

The literature provides ample evidence that (non or slowly biodegradable) organic trace compounds,
in particular if they are strongly hydrophobic, can be taken up by activated sludge from the
wastewater and in this manner accumnulate in the sludge at concentrations which are several orders
of magnitude greater than influent concentrations (Hannah and Rossman, 1982; Petrasek ef al.,
1983; Hannah ef al., 1986; Klépfer, 1996; Rogers, 1996; Beck et al., 1996). Typical examples are
pesticides, phenols, phthalates and polycyclic aromatic hydrocarbons.
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Sorption is a complicated process determined by several compound specific properties such as
water solubility, acidity, molecular size and polarity, but also by sludge and environmental
characteristics such as the organic carbon content of the sludge and the pH (Haigh, 1996). A
detailed description of sorption mechanisms is beyond the scope of this review but an excellent
overview is given by Weber er al. (1991).

Sorption equilibrium

Tsezos and Bell (1989) have shown that the majority of organic trace compound uptake by biomass
is located in the cell interior, although an appreciable amount can be found in the cell wall and cell
membrane. Based on this observation, Wang ef al. (1993) suggested that sorption is a two step
process with (i) adsorption of the compound from the bulk liquid onto the surface of the siudge and
(ii) partitioning of the compound between the aqueous phase and the organic matter in the sludge.
To describe these phenomena they developed a combined adsorption-partition equilibrium model.
The first step of adsorption onto the sludge surface is represented by a Langmuir equation and the
second step of partitioning in the organic matter by a linear equation:

S
q=q,+q, =q,mkm+KpS 0}

with q, q,, Qg and g, the total uptake by the sludge, uptake by adsorption, maximum uptake by
adsorption and partitioning uptake, respectively (ug-g™), k the ratio of the adsorption rate constant
to the desorption rate constant (-), K, the sludge-water partition coefficient and S the liquid-phase
concentration of the trace compound (ug-1™).

Wang et al. (1993) also showed that for strongly hydrophobic compounds partitioning uptake will
dominate whereas for compounds of low hydrophebicity adsorption uptake will dominate. Usually,
for the generally low concentrations of trace compounds in activated sludge systems it is assumed
that only (linear) partitioning is important (Bell and Tsezos, 1987, Urano and Saito, 1984; Dobbs et
al., 1989, Jacobsen et-al., 1993, Kordel ef al., 1997). Equation (1) then can be reduced to:

q=K.S @)

44
Sorption kinetics

The rate of sorption of trace compounds to activated sludge is determined by several processes
including diffusion of the compound through the liquid film surrounding the sludge flocs, diffusion
through the pores in these flocs, adsorption onto the sludge-water interface and finally uptake by the
biomass. In activated sludge fate modelling sorption usually is considered to be an instantaneous
equilibration process. Considering typical hydraulic retention times (HRTs) in activated sludge
bioreactors of 8 hours or longer, several (batch-type) sorption studies would support this
assurnption. For example, Matter-Miiller (1979) determined the kinetics of sorption of several trace
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compounds to activated sludge and observed that an equilibrium already was achieved within 7 to
20 minutes, Dobbs er al. (1989) measured the kinetics of chlorobenzene and 1,1-dichloroethylene
sorption and observed an equilibration time of about 30 minutes. Jacobsen ef al. (1993) reported the
equilibration of a number of chlorinated phenols to be within 2 hours. The time required to reach a
sorption equilibrium for a number of surfactants was investigated by Kerr and McAvoy (1993) and
was within 30 minutes.

Sometimes, for extremely hydrophobic compounds and at short HRTs, sorption and desorption may
be sufficiently slow as to invalidate the use of equilibrium models and their rates also have to be
taken into account. The most simple kinetic model is a one-box model in which sorption and
desorption are assumed to be reversible processes and their overall rate is a first-order function of
the concentration difference between the sludge and the liquid phase (Matter-Miiller, 1979;
Liljestrand and Lee, 1991):

o =k G- ) ®

p

where r,,, is the (volumetric) rate of sorption (ug-1"-h™") and k,, is the sorption rate constant (h).
Unfortunately this simple one-box model cannot explain sorption and desorption behaviour with an
initial rapid rate followed by a much slower rate observed by Dobbs ef al. (1989) for activated
sludge. This initiated the development of numerous twe-box medels in which the sorbent (the
sludge) is divided into two separate boxes, One box is an easily accessible exterior part and the
other box a slowly exchanging interior part. However, it is virtually impossible to estimate unique
values for the three parameters that arc required (exchange rate constants between the bulk and
between the first and second box and the fraction of the total sorption capacity taken by the first
box). Moreover, extrapolation to different conditions is difficult because these parameters cannot be
related to the physical properties of the sorbent (the sludge) and sorbate (the organic compound).

To avoid similar problems, associated with sorption to suspended river sediments, a different
approach was followed by Wu and Gschwend (1986). They proposed a radial diffusion model with
only one fitting parameter, the effective diffusity:

8S(r) _ 58(r) 2388(r)
5t = Derl 5! 1 or

] @

with S(r) the total local volumetric compound concentration (pg-1"), D, the effective diffusity
coefficient (m*h™), t the time (h) and r the coordinate in the direction of transport (m).

In this model sorption is assumed to be limited by intrapartical diffusion. The effective diffusity D4
is related to the sorbent properties and to the hydrophobicity of the compound. Stronger
hydrophobicity will slow down the sorption process. With this model sorption and desorption
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behaviour of several compounds to suspended river sediments could be described. An application of
this model for sorption by activated sludge has not been investigated.

Sorption parameters

Partition coefficient - The linear sludge-water partition coefficient K, of trace compounds can be
determined directly in batch sorption experiments with activated sludge that are spiked with
different amounts of the target compound.

As an alternative, the (obligatory) standard test to determine sorption and desorption of organic
chemicals to soil could be used (OECD, 1993). From the results of this test the sorption coefficient
K. can be calculated, which is the amount of trace compound taken up per unit weight of organic
matter in the soil. Kordel et al. (1997) compared the K, for soil with the K, for activated sludges
from different origins. They concluded that they are comparable because in both cases organic
matter is the most important constituent determining sorption. Only at extremely low values of K
the sorption capacity to seil is somewhat higher because soil contains more inorganic constituents
(clay, ferric oxides, etc.) to which polar compounds may adsorb.

Another promising test method could be the HPLC-screening method (OECD, 1993) (Kdrdel et al.,
1993; Kiirdel et al., 1997). In this method the retention time of an organic compound on a HPLC
column is related to its sludge-water partition coefficient. The main advantage of this method is that
no quantitative analytical method is required.

An even less elaborate, but probably also less accurate method, is to estimate the sludge-water
partition coefficient K, from known trace compound and sludge properties. Blackbumn ef a/. (1984)
used an empirical relationship with the octanol-water partition coefficient K, the lipid weight of
the biological solids and the density of the lipids:

K = —owl (3)

with f; the lipid weight fraction of biclogical solids (g-g™) and p, the density of the lipids (g-1").
Other workers proposed to use an empirical relationship with the K, and/or the fraction of organic
carbon f,, of the sludge. Table 1 shows some examples of these relationships and Figure 3 shows the
K, these relationships would predict for a number of selected trace pollutants.

Table 1 -Empirical relationships between the linear sludge-water partition
coefficient K, the octanol-water partition coefficient K,,, and the organic
carbon content of sludge f,, (K, in l-g" suspended solids).

Relation reference

log(K,) = 0.67-log(K,,)-2.369 Bell and Tsezos (1987)

log(K,} = 0.58-logK,)+og(f,.)-1.86 Dobbs et al. (1989}

log(K,) = 0.82log (K. ) Hog(f,}-2.98 Schwarzenbach and Westall (1985)
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log(K,)

2 Bell and Tsezos (1987)
—o—

Dobbs et al. (1989}

—.

Schwnrzenbach and Westall {1985)
—

log(K...)

Fig. 3 The sludge-water partition coefficient K, as a function of the octanol-
water partition coefficient K, { a . of 0.4 was assumed).

According to Schwarzenbach and Westall (1985) a correction should be applied for ionic
compounds because only the non-ionised fraction is available for sorption. Given a certain pH and
the dissociation constant pK,, this fraction equals:

1

1+ 10®H-PK,) ©
Rate constants - Hardly any attention has been paid to the estimation of sorption rate parameters.
Although the rate parameters in one-box and two-box models may be estimated from experimental
data, the validity of the one-box model of equation (3) is questionable and it is impossible to find
unique parameters for the two-box model. The effective diffusity D,gin the radial diffusion model
of Wu and Gschwend (1986) of equation (4) can be estimated from batch sorption experiments, but
this value cannot be extrapolated to other compounds and systems. Therefore, they correlated D, to
sorbent and sorbate properties:

D, s

D, =——2—
K (I-gp,

f(z.0) )

where D, is the pore fluid diffusity coefficient (m*h™), ¢ is the porosity of the sludge floc (-) and p,
is the density of the sludge (g:1"). D is corrected for turtuosity (1) and constrictivity (c) effects by
f(t.c). It is unclear whether this relationship can also be applied to activated sludge.
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Volatilisation

Volatile organic compounds are frequently detected in the influent of municipal activated sludge
plants (Lurker et al., 1982; Petrasek et al., 1983; Dunovant ef al., 1986; Namkung and Rittmann,
1987; Melcer et al., 1992; Bell er af, 1993; Thompson, 1993). They can be removed from the
wastewater by air stripping and surface volatilisation, and once transferred to the atmosphere they
may constitute an environmental hazard. Air stripping and surface volatilisation also may be
competing with the other relevant processes, in particular with biodegradation. For example, several
workers found that readily biodegradable non-chlorinated compounds are mainly eliminated by
biodegradation whereas for less biodegradable chlorinated compounds volatilisation constitutes the
most important removal mechanism (Kincannon et al., 1983; Dunovant ef al., 1986; Melcer ef al.,
1992; Bell ef al., 1993).

Air Stripping

Although in aerated bioreactors air stripping and surface volatilisation occur simultaneously, air
stripping usually is considered to be the dominant mechanism. In activated sludge systems air
stripping can be caused by (sub-surface) bubble aeration or by surface aeration. In the following
only bubble aeration will be described.

Using the two-film model of gas-transfer (Skelland, 1974) as a starting-point, Matter-Miiller er al.
(1981) developed a rigorous mechanistic model describing the transfer of a volatile compound to an
air bubble as it rises to the surface. In their model it is assumed that the rate of mass-transfer is
controlled by the liquid film resistance:

1 i 1 i
_K: = k_: + kg_H = IﬂT (8)
where K is the overall mass-transfer coefficient (m-h™), k; is the liquid phase mass-transfer
coefficient (mrh™), k, is the gas phase mass-transfer coefficient (mh') and H is Henry’s law
constant, defined here as the concentration in the gas-phase over the concentration in the liquid
phase at equilibrium (-).
If it is assumned that (i) the bulk liquid is completely mixed, (ii) a series of air bubbles rises through
the liquid as a plug-flow and (iii) pressure and volume changes in these bubbles can be neglected,
the liquid concentration of the compound in equilibrium with the gas concentration in the rising air
bubble S* (in pg-1") over the bulk liquid concentration S (also in ug-1") equals:

S (oph K2V,
S =i-¢ with o= HQg (9

with t the time (h), 7, the total contact time between the air bubbles and the liquid (h), a the
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interfacial area per unit of volume (m*m™), V, the liquid volume (I) and Q, the gas flow rate (I-h™).

Figure 4 shows examples of batch stripping of three volatile compounds. This clearly demonstrates
the importance of the a factor in equation (9). For high values of o (Iow H or long t,) the bubbles
will become saturated with the compound whereas for low values of @ (high H or short ©,) they will

not.
fraction of saturation (S*/S)

1 ~

)
# 1 A-dichlorobenzene (H=0,14, 0o=14,0)
’ P

081
061 " \etrachlorethyleme (He1.06, 0=2.0)

04!
17
021
I
1,1-dichlorcethylene (H=15.7, ¢=0.14)
1 1

0T — T
0 0.2 04 0.6 08
fraction of contact time (t/t,)

Fig. 4 Liquid concentration in equilibriumn with gas phase (5*) over

bulk liquid concentration (S} as function of the contact time of a rising

air bubble (t/1,) (V=300 I, Q,=4000 I'h", H and K a were taken from
Matter-Miller ez af., 1981).

The volumetric rate of stripping r,, (in pg-1™h™) can be derived from equation (9) by substituting
the concentration in the gas phase S, (in pg") for SH when the air bubble leaves the liquid phase

att=t,
QS,(t=1,) QH
ro= ==L _(1-¢™)8 10
For high values of o (¢t » 1) this reduces to:
QgH
I, = S 11
=y an
(12)
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K, and a often are often lumped as a cornbined characteristic of the trace compound and the
agration equipment.

Surface volatilisation

Apart from air stripping trace compounds can also be exchanged at the interface between the bulk
liquid and the atmosphere at the surface of aeration tanks. This is called surface volatilisation ot
surface desorption. Although this process is often ignored, Kyosai and Rittmann (1991) have shown
it to be an important process if the air bubbles quickly saturate with a compound. As was explained
previously this would be the case for compounds with a low Henry’s law constant and/or long air
bubble contact times t, (Figure 4). For example, Kyosai and Rittmann (1991) reported that 17 to
60% of the total transfer rates can come from surface volatilisation in the order tetrachloroethylene
(H=0.895) < carbontetrachloride (H=1.152) < trichloroethylene (H=0.419) < chloroform (H=0.159).
Similar to stripping, the rate of surface volatilisation, r,, {in pg1"h™} can be derived from the two-
film theory:

Ko]as .
I =—V,—(S_S ) (3)

BUV

Where a, is the surface area of the aeration tank (m’) and K, is the overall mass-transfer coefficient
(m*h™"). The ratio between a, and V, is equivalent to the reciprocal height of the aeration column 1/h.
Furthermore, if the air above the aeration tank is continuously renewed it can be assumed that S
equals zero. The rate of surface volatilisation then reduces to:

r,, = S (14)

Volatilisation parameters

Only the non-ionic fraction of a compound is amenable to volatilisation and a correction similar to
equation (6) has to be applied. Two essentially different methods can be used to obtain the
volatilisation parameters:

1. Relate the parameters to a known mass transfer rate for oxygen - The K a of a trace
compound can be correlated to the K a of oxygen, which usually is a known parameter for acration
systems (e.g., Hsieh er al., 1993):

K,a D v,
W= =()" = () (15
Kagag, Do, Voo,

with y a relational parameter, D the diffusion coefficient (m®h™) and v, the critical molar volumne
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(I'mol™"). The power constant n is dependent on the mixing conditions of the liquid, with a value
ranging between 1 for laminar conditions and 0.5 for turbulent conditions. In systems with bubble
aeration usually a value of 1.0 is applied (Matter-Miiller et al., 1981; Bielefeldt and Stensel, 1999).
For § several values have been reported which all are in a range of '/,;<6<%, (Matter-Miiller ef al.,
1981; Kyosai and Rittmann, 1991).

When establishing the rate of air siripping (equation 10), it was assumned that mass-transfer is
controlled by the liquid film resistance. However, this is valid only for compounds with a Henry’s
law constant greater than 1.2 (Hsieh et al., 1993). For other compounds the gas film resistance has
to be taken into account as well according to:

Vo=y——f (16)

where ,, is the modified y (equation 15) taking gas film resistance into account {(-). Although k,
and k, are dependent on the air flow rate, according to Hsieh ef al. (1993} the ratio k /k, in equation
(16) is independent of the air flow rate with an average value of 2.9.

The K a5, of an aeration system in an activated sludge plant can be measured (ASCE, 1984) or can
be estimated from a mass-balance for dissolved oxygen (Roberts et al., 1984):

R
K =
ola()z ehA02

(17)
with R, the oxygen demand of the wastewater (mg O,71"), 8, the hydraulic retention time (h) and
AQ, the difference between the actual and saturation concentration of oxygen (mg O,1").

The overall mass-transfer rate K, in surface volatilisation is calculated with equation (8) from the
individual transfer rates in the liquid and gas phase k, and k,. MacKay e al. (1985) reported values
of k=0.1 mh" and k=10 m-h’, Alternatively, similar to stripping, the transfer rate in the liquid
phase can be related to a known surface transfer rate for oxygen.

2. Use an empirical relationship - Blackbumm er al. (1984) used a more empirical approach, Based
on observations with several trace compounds at various air flow rates, they found that the first-

order stripping rate constant k. was a function of Henry’s law constant and of the air flow rate
according to:

ko = b B (18)
1

where the air flow rate Q, is in I'h", the liquid volume V| is in | and H is dimensionless. For ¢ and x
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they found values of 1.8 and 1.05, respectively. Hsich et al. (1993) found a similar relationship with
values for ¢ and x of 2.9 and 1.04, respectively. Remark that strictly speaking air stripping in this
approach is the sum of air stripping and surface volatilisation. Also, an application of equation (18)
for systems other than the one the stripping parameters were assessed for is doubtful because ¢ and
x depend on the aeration equipment that is used.

Effect of other contaminants on volatilisation of trace compounds

The presence of contaminants can have an effect on air stripping and surface desorption. For
example, oil, salts and surfactants change the rate of stripping by + 50%, depending on the nature of
the contaminant (Truong and Blackburn, 1984). Particularly interesting is the effect of surfactants
as these have two opposing effects: they decrease the mass-transfer coefficient by producing a
"skin" around the air bubbles but at the same time they enhance mass-transfer by decreasing the size
of the air bubbles which is accompanied by a larger interfacial surface area. Lurker ef al (1984)
found that the stripping rate of hexachlorobicycloheptadicne (Hex-BCH) increased with an
increasing concentration of the detergent linear alkylbenzene sulfonate. Matter-Miiller ez al. (1981)
however did not find a significant effect of this same detergent on the stripping rate of
tetrachloroethylene. Differences in the experimental set-up may have caused these different
observations,

Biodegradation

The mass transfer processes of sorption and volatilisation merely distribute compounds among the
different environmental compartments whereas biodegradation can effectively reduce the rate at
which these compounds are released into the environment. Municipal activated sludge plants exhibit
a large biodegradation potential, both qualitatively and quantitatively (Grady, 1985). Because
activated sludge fate models are extremely sensitive to the rate of biodegradation, they also require
an accurate input of these rates. A theoretical approach using quantitative structure biodegradability
relationships (QSBRs) to estimate biodegradation rates from the molecular structure (Desai et al.,
1989; Tabak et al., 1990; Tabak ef al., 1992; Tabak and Govind, 1993; Okey and Stensel, 1996) is
promising but far from a practical implementation (Struijs, 1995). Hence, we still have to rely on a
more experimental approach, using the results of standardised biodegradation tests. These tests, and
extrapolation of their results to activated sludge plant conditions will also be described in the
following.

Basic concepts of biodegradation

Organic compounds can be classified as biodegradable, persistent or recalcitrant (Bull, 1980). In
contrast to recalcitrant compounds which are resistant to any degree of biodegradation, persistent
compounds may be inherently biodegradable but fail to undergo biodegradation given a specified
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set of conditions. If a compound is classified as biodegradable, different levels can be distinguished
(ECETOC, 1991): (i) primary biodegradation refers to the alteration of the structure of the parent
compound such that its basic physical-chemical properties are lost; (ii) in ultimate biodegradation
the compound is broken down entirely to simple inorganic molecules such as CO,, H,0 and CI' and
to biomass and finally, (iii) the biomass that is formed may in turn degrade leading to complete
mineralisation. Although from an environmental point of view ultimate biodegradation may be the
most important process, it is the rate of primary biodegradation that is required in exposure
assessment.

Biodegradation requires the presence of capable bacteria and the proper conditions for their growth.
Growth depends on energy and clectrons 1o synthesise new biomass and maintain existing biomass
(Figure 5). Both are generated by the oxidation of an electron-donor and the reduction of an
electron-acceptor. For instance, in activated sludge plants the wastewater biochemical oxygen
demand (BOD) can be considered as a lumped electron-donor and the oxygen supplied by aeration
as the main electron-acceptor. Because both are essential for growth they are called primary
substrates. Oxidation of the electron-donor yields electrons which are transferred to the electron-
acceptor to generate the internal energy carrier ATP. This energy is used for cell synthesis and
maintenance.

{e.g., BOD) -,

D, & NADH

o ADP+P, ATP Ara
€ \\ //
nutrients - --’Eiomas‘s‘ T biomass

. Synthesis "\ maintenance

Fig. 5 Electron and energy flows in a bacterial cell {D=organic electron-donor, A=
inorganic electron-acceptor) (after Rittmann, 1992).

Energy generation and bacterial growth can be reduced or even completely stopped by decoupling
or primary substrate inhibition. In decoupling the generation of energy via ATP is blocked. From
Figure 5 it can be deduced that this would result in a decreased biomass yield or an increased
maintenance requirement. In primary substrate inhibition the inhibitor reduces the oxidation of the
electron-donor or reduction of the electron-acceptor because a chemical analogue of the primary
substrate binds to the reaction site of the responsible enzyme (competitive inhibition) or a site
different from the reaction site making the enzyme a poor catalyst (non-competitive inhibition).

In contrast to BOD, which is abundantly present in domestic wastewater, the concentration of trace
organic compounds may be too low to provide sufficient energy and electrons to support growth
and maintenance. In this case their biotransformation is dependent on the presence of other
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(primary) substrates. This situation is referred to as secondary utilisation (Kobayashi and Rittmann,
1982), fortuitous biodegradation (Knackmuss, 1981) or gratuitous biodegradation (Slater and Bull,
1982). Remark that compounds which are degraded by secondary utilisation could be primary
substrates as long as they are present in sufficient quantities. On the other hand, so called co-
metabolic compounds can provide no energy at all: they can be degraded but there is an obligatory
need for primary organic substrates.

All the steps in biodegradation are controlled by enzymes. Metabolic control operates to regulate
enzyme formation and activity with the main purpose to conserve carbon sources and energy when
the bacteria would not really benefit from having the enzyme present. These enzymes, called
inducable enzymes are not synthesised unless their substrates are present. Induction seems to be an
"on"” and "off" phenomenon and a certain threshold substrate concentration is required before
biodegradation is initiated (Boethling and Alexander, 1979; Alexander, 1985). In contrast to
inducable enzymes, constitutive enzymes are always produced. Consequently, if the "natural”
substrate for these enzymes is present in sufficient amounts to produce all of the necessary electrons
and energy, there no longer is a need to induce the enzymes which would be required to metabolise
the organic trace compound of interest, even when it is available in a sufficiently high
concentration. This phenomenon is referred to as catabolic repression.

Apart from control of enzyme svnthesis also enzymes activity may be controlled. For instance, if
bacteria all of a sudden find themselves in an environment rich in substrate they may reduce the
activity of inducable enzymes, which results in a decreased biodegradation rate. Together with the
phenomenon of catabolic repression this leads to the conclusion that for a proper operation with
respect to removal of organic trace compounds, carbon sources have to be continuously supplied
while at the same time substrate-limited conditions should be maintained. Activated sludge system
which are operated at long sludge retention times (SRTs) usually provide such conditions (Grady,
1985).

All of the above concentrated on single species in the presence of an organic trace compound and
possible other organic substances. However, in activated sludge systems a mixed-culture is grown
and therefore also interspecial relations have to be considered because the ultimate biodegradation
of a compound may require the combined effort of a consortium of micro-organisms having
different enzymes. Van Ginkel (1996) gives an example for the biodegradation of linear
alkylbenzene sulfonates (LAS). The alkyl chain of LAS is biodegraded by combined w/fB-oxidation
to vield sulphophenyl alkanoates (SPCs). These SPCs are subsequently degraded by other bacteria
through desulphonation and ring opening. Another important phenomenon in mixed-cultures is the
possibility to exchange genetic information (plasmids) between the different species. These
plasmids contain the information to produce enzymes for partial or even complete degradative
pathways. An example of the latter category is the TOL plasmid for toluene and xylene degradation
(Kellogg et al., 1981).

The charactetistics of bacterial populations are largely determined by the conditions imposed upon
them. Therefore, also the operating characteristics of activated sludge plants and in particular the
SRT have to be considered. It was already mentioned earlier that plants operated at long SRTs offer
the best opportunity for induction of those enzymes that are necessary for degradation. The SRT
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dictates the selection of micro-organisms as well as their physioclogical state. In selection some
members of the population will be favoured over others. At long SRTs and corresponding lew
substrate concentrations "oligotrophic” organisms will dominate which have high affinity enzymes
but relatively slow maximum growth rates (Dijkhuizen and Hartle, 1983; Chiu er al., 1972,
Battersby, 1990). On the other hand, at short SRTs "eutrophic" organisms will dominate which have
low affinity enzymes and fast growth rates. This selection mechanism not only depends on the SRT
but also is determined by the hydraulic characteristics. For example, Cech ef ai. (1984) and Ellis et
al. (1996b) have shown that the growth rate and affinity of mixed-cultures grown in completely
mixed reactors is considerably lower than in plug-flow reactors.

In mixed-cultures not only selection but also the physiological condition of single species is
important. Several studies {Chudoba ef al., 1992; Ellis ef al., 1996b) indicate that at low substrate to
biomass ratio's insufficient energy is produced for cell multiplication and the cells will store the
substrate as polymers. At high substrate to biomass ratio's when cell multiplication is possibie, the
population is allowed to develop in an optimal way.

Finally, some attention should be directed towards adaptation or acclimation of activated sludge to
trace compounds. Very often it is observed that the onset of biodegradation is preceded by a certain
period of acclimation. There are several possibilities to explain this phenomenon: (1) induction of
the proper enzymes, (2) mutation and genetic exchange, (3) growth of a population towards
sufficient numbers to allow detection of biodegradation (Spain et al, 1980; Thouand ef al., 1996)
and (4) preferential usage of other organic substances before the compound can be degraded (de-
repression) (Kuiper and Hanstveit, 1984; Nyholm ef al., 1984).

Biodegradation Kinetics

To predict the degradation of trace compounds their rate of biodegradation should be quantified by
a mathematical equation. A multitude of such equations exists. In the following a classification is
used with Monod kinetics, secondary utilisation kinetics and pragmatic first- and second-order
kinetics. Table 2 provides a summary of the most important kinetic models.

Monod kinetics - Initially, the Monod model was developed to describe pure cultures growing on a
single, growth-limiting substrate. In many studies it was shown that the Monod model also can
provide a good approximation for the degradation by mixed-cultures of single pollutants such as
ammonia or of a lumped group of substrates such as BOD. An excellent example of this application
of the Monod model is the Activated Sludge Model No. 1 (ASMI1) developed by Henze et al.
(1987). When applied to activated sludge processes, two important characteristics of the Monod
model are that (i) a certain minimum SRT is required to obtain growth and (ii) the effluent
concentration is dependent on the SRT but not on the influent concentration. These characteristics
were verified in several studies. Using porous pots reactors, Birch (1991) investigated the effect of
the SRT on the effluent concentration of a number of compounds. In particular for nitrilotriacetic
acid (NTA) and nonylphenol ethoxylate the dependency of the effluent concentration on the SRT
was fully in agreement with the Monod model.
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