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ABSTRACT

The perspective of this work is to develop a model, which can be used to better understand
and optimize wastewater treatment plants that are able to remove xenobiotic organic
compounds (XOCs) in combination with removal of traditional pollutants. Results from
dynamic experiments conducted with the endocrine disrupting XOC bisphenol-A (BPA) in
an activated sludge process with real wastewater were used to hypothesize an ASM-based
process model including aerobic growth of a specific BPA-degrading microorganism and
sorption of BPA to sludge. A parameter estimation method was developed, which simul-
taneously utilizes steady-state background concentrations and dynamic step response
data, as well as conceptual simplifications of the plant configuration. Validation results
show that biodegradation of BPA is sensitive to operational conditions before and during
the experiment and that the proposed model structure is capable of capturing important
characteristics of the observed BPA removal, thus increasing the potential for generalizing
knowledge obtained from plant specific experiments.

Xenobiotic organic compound

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The influent to a typical municipal wastewater treatment
plant (WWTP) may contain several thousand different xeno-
biotic organic compounds (XOCs) originating from e.g. phar-
maceuticals, chemicals, personal care products and
hormones, which are discharged into wastewater from e.g.
households, hospitals and the industry. In WWTPs, XOCs are
removed by on the one hand physical-chemical processes
such as sorption and volatilization and on the other hand by
biological degradation. Still, hazardous XOCs are being

detected in WWTP effluents in potentially toxic concentra-
tions due to insufficient removal (Press-Kristensen et al., 2007).

Biological degradation is an important removal process in
WWTPs for several XOCs as well as for the estrogenic effect of
wastewater (Jacobsen and Guildal, 2000; Bachman Christian-
sen et al., 2002; Fauser et al., 2003; Tanaka et al., 2003). The
extent of biodegradation of a specific XOC will be a function of
operational conditions (e.g. the plant configuration, the
hydraulic retention time (HRT), the sludge retention time
(SRT)), environmental parameters (e.g. temperature) as well as
of compound-specific parameters (e.g. sorption potential,
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Nomenclature Xg,A concentration of active autotrophic biomass
mg COD1?
bxoc decay rate (d7) (mg . ) . _
BPA bisphenolA Xpu concentration of active heterotrophic biomass
isphenol- 1
mg COD1
HRT hydraulic retention time (d) (mg . ) . . .
. sorption rate (1 mg Vss-1 d’l) Xpxoc concentration of specific XOC degrading bacteria
sor coplt
Rdes desorption rate (d™%) (hg .) .
K solid/liquid partition coefficient (1 g SS?) Xs concentration of slowly biodegradable substrate
d -1
; . (ngCOD1™)
Koxoc  half sactglg';ﬁn coefficient for oxygen Xxoc particulate concentration of XOC (ug COD 1*1)
" LIZE_ ;aturatiol coefficient for XOC (ug GOD 1) Xp concentration of particulate products arising from
L . _
Q): . influent flow rate (m®d? biomass decay (ug COD1 ")
Q“ A ludee fl te (m?d-Y) X0C xenobiotic organic compound (in this paper
w wastage sludge flow rate (m bisoh
g . B 1 phenol-A)
20 Sclji(‘t))llzefoi?e’rgi?aEi?)rrllcs?;:gzo(néuchDCl(’)g ) Yxoc yield coefficient (g COD biomass formed per g COD
XOC (%5 . 9
XOC oxidized
SRT sludge retention time (d) ) .
S5 suspended solids (mg1-) 0 Temperature correction factor (-)
; tempperature ” activited cludge (C) Yaer Fraction of aerobic reactor volume (%)
ThOD  theoretical oxygen demand xoc Maximum specific growth rate (d )
e 3 in index denoting influent
\% total reactor volume (m°) . Lo .\
. . 1 0 index denoting initial condition
VSS volatile suspended solids (mg1™") . . .
Index denoting steady state conditions
degradability). Our ability to optimize and control XOC removal -
2. Material and methods

in activated sludge systems depends on our understanding of
these parameters and how they interact with the removal
processes. Mathematical models describing WWTP processes
are excellent tools for analyzing such interconnections and can
today be regarded as state-of-the-art at both universities and
among practitioners, especially when aiming to generalize
knowledge attained from plant specific experiments.

For dynamic biological and chemical activated sludge
processes, the models prepared by the International Water
Association (IWA) Task Group on Mathematical Modelling for
Design and Operation of Biological Wastewater Treatment are
the most widespread (Henze et al., 2000). These models were
developed to describe removal of chemical oxygen demand
(COD), nitrogen and phosphorus and are not concerned with
specific chemical compounds. Therefore, they cannot be applied
directly to establish the fate and transport of XOCs and conse-
quently models for this have been developed and published. An
example of a frequently cited static fate modelis the SimpleTreat
model (Struijs, 1996). Among the dynamic models, they range
from simple first order kinetic models (e.g. Melcer et al., 1994) to
more complex models considering inhibition kinetics (Siegrist
et al., 1989) and metabolic models (e.g. Carvalho et al., 2004).

The aim of this work was to formulate, calibrate and vali-
date a process model for the removal of bisphenol-A (BPA) in
activated sludge systems using data from an experiment
designed to investigate the possible presence of specific BPA-
degrading biomass. BPA is a widely used endocrine disrupting
chemical mainly originating from polycarbonate. During the
model formulation phase, we strived to apply the most simple
model capable of describing the observations as well as
a model that can easily be combined with the traditional
growth-based activated sludge models in Henze et al. (2000).
The perspective is to develop an integrated model structure,
which after calibration can be used for designing and oper-
ating WWTPs removing XOCs in addition to other organic
matter and nutrients.

2.1. The pilot plant

Experiments were performed in a pilot plant placed next to
the Lynetten WWTP receiving a mixture of urban and indus-
trial wastewater from Copenhagen, Denmark. The pilot plant
is operated as the activated sludge system of the full scale
plant and includes one anaerobic reactor, two aerobic/anoxic
reactors operated according to the Biodenipho™ principle (see
Henze et al., 2002) and one secondary clarifier. The influent to
the pilot plant consists of a fixed constant flow with pre-
clarified wastewater from the full-scale plant. The wastage
sludge is taken directly from the aeration basins, i.e. thick-
ening in the settler does not need to be considered for the
calculation of the SRT. Table 1 summarizes the operational
conditions of the plant during the experiments.

Table 1 - Operational conditions of the pilot plant during

the three experiments. SRT = V/Q,,.

Parameter Experiment

Background Dosage Dosage

1 2

Influent flow rate Qi (m>d?) 10 12 10

Wastage sludge Qw (m3d™ 0.43 0.23 0.43
flow rate

Total reactor V (m?) 11.6 11.6 11.6
volume

Sludge retention SRT (d) 27 50 27
time

Fraction of aerobic  vaer (%) 43 39 43
reactor volume

Temperature of T (°C) 13-16 15-16 19-22

activated sludge
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2.2.  Bisphenol-A

Solid/liquid partition coefficients (Kq) for BPA in literature
range from 0.07 1 g SS™* (ECB, 2003) up to 11gSS™* (Clara et al.,
2004). Henry’s law constant for BPA is 1.7 x 10~° (ECB, 2003)
and BPA can thereby be considered as non-volatile in WWTPs.
In Kjglholt et al. (2003) it is concluded that BPA is readily
biodegradable under aerobic conditions and that biodegrada-
tion under anoxic and anaerobic conditions is unlikely. The
theoretical oxygen demand (ThOD) for BPA (C1sH1605) is 2.5 g
O, per gram BPA.

2.3. Sampling and analyses

Grab samples were collected from the (pre-settled) influent
and effluent with a 2-litre jug made of polypropylene. One-
litre blue-cap bottles were used as containers. Sodium azide
(2.5g) was added as preserving agent. The samples were
stored at 15 °C less than 3 weeks before extraction. BPA was
extracted and quantified by liquid-liquid extraction with
di-isopropyl ether. BPA-d6 was used as internal standard.
Analyses were done using GC-MS. All analyses were con-
ducted with non-filtered samples, e.g. the presented results
represent the total (soluble + particulate) BPA concentration.
The sampling and analysis procedure is further described in
Press-Kristensen (2007).

2.4.  Experimental protocol

The experimental results have been grouped into three data
sets: one set (Background ) that is assumed to represent steady-
state conditions (constant average daily means) of the plant
and two data sets with constant flow but with dynamic step
changes of the influent BPA concentration (Dosage 1 and
Dosage 2). The operational conditions of the pilot plant during
the three experiments are given in Table 1.

Background: Thirty-nine influent and 19 effluent samples were
collected and analysed for total BPA concentration. The
results from these are summarized in Table 2.

Dosage 1: The influent wastewater was continuously spiked
with 10 g BPA per day, which together with the background
levels corresponds to a total influent BPA concentration of
842 pg1~'. Ninety-one grab samples were collected from the
effluent during 46 days and analysed for total BPA concen-
tration. The experimental results are shown as dots in Fig. 1.
Dosage 2: The influent wastewater was continuously spiked
with 10 g BPA per day, corresponding to a total influent BPA
concentration of 1009 ug17*. Forty-six grab- and flow-propor-
tional samples were collected from the effluent during 34 days
and analysed for total BPA concentration. The experiment had

Table 2 — Results from the Background experiment. SD:

standard deviation. Measured influent and effluent total
BPA concentrations in pg BPA1™%,

Mean Minimum Maximum SD Median
Influent 8.7 5.5 19 3.2 7.9
Effluent 4.1 1.0 11.1 2.8 3.4
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Fig. 1 - Calibration of BPA model based on the Background
and Dosage 1 experiments. Dots: Measured effluent BPA
concentrations. Dashed line: Estimation i. Solid line:
Estimation ii.

been preceded by continuous addition of 1g BPAd ™" over
60 days. This corresponds to a total influent BPA concentra-
tion of 109 pg 17, The experimental results are shown as dots
in Fig. 2.

3. The model
3.1. Rationale

The step response to Dosage 1 (Fig. 1) shows that the measured
effluent BPA concentration converged towards the influent
concentration after approximately 5days. The delay in the
response is to a large degree explained by the dilution process
and thus the experimental results suggest that removal
processes in the fast dynamic region, such as sorption and
volatilization, are not dominant for the fate of BPA. This is in
accordance with the chemical properties of BPA given above.
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Fig. 2 - Evaluation of BPA model by simulating the Dosage 2
experiment. Dots: Measured effluent BPA concentrations.
Solid line: No preceding BPA dosage. Temperature
corrections according to the heterotrophs (Xg ) of ASM1.
Dashed line: Temperature corrections according to Xg .
Dotted line: Temperature corrections according to the
autotrophs (X5 ») of ASM1. Dashed-dotted line: Fitted
temperature corrections.
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The subsequent BPA removal increases during 40 days until
the measured effluent concentrations were at the same level
as during the Background experiment. Despite the high SRT of
the period (50days), it was judged that new steady state
effluent concentrations had been obtained after 46 days and
the experiments were ended. Regarding the removal, which
increases over time, it is logical to assume that the biomass
capable of degrading BPA in the system also increases. The
most simple explanation is growth of specific heterotrophic
organisms of the activated sludge. The observed biodegrada-
tion during the Background experiment (Table 2) is consistent
with the assumption that such degraders are naturally
present in the activated sludge. The results from a number of
batch experiments (Press-Kristensen, 2007) showed that if this
explanation is true, the growth is carried out under aerobic
conditions; no biological degradation was observed during
anoxic or anaerobic conditions. Based on the above consid-
erations the WWTP process model used in Lindblom et al.
(2006), which includes aerobic biodegradation and sorption/
desorption, has been considered as hypothesized below.

It should be noted that the upcoming model formulation is
one of several possible hypotheses and that other biological
models are possible as well. At low concentrations such as
during the Background experiment, a mixed substrate growth
model (co-metabolism) might be closer to reality. The forma-
tion of non-biodegradable or slowly-biodegradable metabolic
intermediates, instead of complete mineralization as
proposed here, or metabolization of BPA by nitrifying biomass
(Kim et al., 2007), are also possible mechanisms not consid-
ered by the proposed model.

The experimental data shown in this paper establish the
presence and growth of BPA-degrading biomass. The used
data do not contain information about the behaviour of this
biomass on other substrates, nor about relevant metabolites.
What is clear from the experimental and modelling results
though, is that the mechanism, by which the removal capacity
for BPA is introduced in the biomass, is due to growth and not
due to the activation of enzymes that are non-constitutively
present in the biomass. The time constant of the latter process
is much faster than what is observed here (Roels, 1983).

In Lindblom et al. (2006) it was assumed that the BPA-
degrading biomass could also use readily biodegradable COD
as an energy and carbon source. The experience from this

simulation study was however that the relation between the
influent concentration of specific XOC degrading bacteria and
traditional heterotrophic microorganisms was a very uncer-
tain and sensitive model parameter. This approach cannot be
motivated here; only under special situations (e.g. absence of
other COD sources in the influent) such a more complex
model would lead to a better system description. A simple
single substrate growth-based model is instead formulated,
serving as a first step towards understanding the optimal way
of describing the removal of BPA in engineered activated
sludge systems.

3.2. Model formulation

The proposed XOC model is here shown as an add-in to the
activated sludge model ASM1 (Henze et al., 1987). The struc-
ture is however general and possible to integrate with other
ASMs as well. It includes three additional model components
(formulated in COD units) and four additional processes, as
summarized in the matrix notation of Table 3. The three
components are the soluble concentration of (non-dissoci-
ated) XOC, Sxoc (ug COD 17%), the particulate concentration of
XOC, Xxoc (ug COD17%) and a third component describing the
concentration of specific XOC degrading bacteria, Xp xoc (1g
COD17?%). The COD of an XOC is assumed to equal its ThOD.

3.2.1. Removal to solids

Although a majority of previously published models for XOCs
in WWTPs assume instant equilibrium between the concen-
tration of sorbed and soluble XOC, chemical equilibrium is not
attained instantaneously. To allow for possible slow estab-
lished equilibria, the distribution of an XOC between the water
phase and the activated sludge is therefore described with two
reverse processes. The structure mimics the one of Jacobsen
and Arvin (1996), as well as the way chemical phosphorus
precipitation is described in ASM2d (Henze et al., 1999).
Sorption is modelled as a mixed second order expression
including a sorption rate ko (lmg VSS~* d %), the concentra-
tion of soluble XOC and the concentration of volatile sus-
pended solids VSS (mgl™). VSS is calculated from the
particulate COD components of ASM1 assuming an average
COD/VSS ratio of 0.75. Sorption to inorganic particulate
material is not considered. Desorption is assumed to be

Table 3 - The proposed model in matrix notation. VSS is calculated from the particulate COD components of ASM1

assuming an average COD/VSS ratio of 0.75.

i Component— 1 2 3 4 Process rate |
j Process | So Sxoc Xxoc X3pxoc
. . 11— Yxoc 1 ~ SO SXOC
1 Aerob'lc growth of specific Vroc Yo 1 Hxoc* (Ko.xoc = So) . (Kxoc T Sxoc) Xp xoc
organisms on XOC
2 Decay of specific organisms -1° bxoc* Xz xoc
3 Sorption of XOC =il 1 Rsor *Sxoc * VSS
4 Desorption of XOC 1 =1 Rges * Xxoc
Oxygen Soluble XOC Sorbed XOC Specific XOC Kinetic parameters: sixoc, bxoc, Koxoc,
[e-CODm ™ [gCODm™®] [gCODm ? degraders Kxoc, Rsors Raes
[gCODm~?]

Stoichiometric parameter: Yxoc

a Decay of specific XOC degraders produces Xg and Xp (in ASM1).
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proportional to the concentration of particulate XOC in a first
order manner with a desorption rate kges (d%). For a vessel
without inflow, outflow or other reactions the ratio ksor/Rges
will equal Xxoc (Sxoc-VSS)™! at equilibrium, i.e. be propor-
tional to the K4 value, which can be used for calibration. The
dynamics can be assumed to be fast if no other information is
available.

3.2.2.  Removal by biological degradation

Degradation of BPA is assumed to be performed by a specific
population of the microbial community, Xg xoc (1g COD17Y),
which possesses the genetic capability to metabolize the XOC
under aerobic conditions and utilize it for growth. In
the proposed model the BPA specialists grow with Sxoc as the
single substrate with growth rate determined by the
maximum specific growth rate ixoc (d~%) and half saturation
coefficients Kxoc (ng COD 1Y) and Ko xoc (mg —COD17Y). The
decay follows the same 1% order kinetics as in ASM1, with
decay rate byoc (d71). The degradation process will finally
depend on the yield coefficient Yxoc (g COD biomass formed/g
COD oxidized).

4. Model parameter tuning

The data from the Background and Dosage 1 experiments were
used for calibration of the model parameters. The Dosage 2
data were subsequently used for model validation.

4.1.  Simplifying the plant configuration

Although average daily means can be assumed to be constant
in the Biodenipho™ system, it is never at steady state from
a mathematical viewpoint. This, together with the sometimes
long SRT (50 days during the Dosage 2 experiment) of the plant
involves that for every model parameter set to be evaluated,
a long (time-consuming) dynamic simulation needs to be
done. Therefore, to estimate the parameters in this paper the
plant configuration was mathematically simplified to a che-
mostat with a constant inflow and outflow Q;, (m® d™?), a total
volume V (m®) and wastage sludge flow rate Q, (m*d ™). By
including the processes shown in the matrix (Table 3) the
following three model equations are obtained:

ds ; *Yaer
X0 . (Sxocin —Sx00) ~ 2221 Xy o — o Soc- VSS
+Rdes * Xxoc (1)
dX. w
d_);oc = Rsor*Sxoc* VSS — (kdes + Qv) *Xxoc (2
dXp, Qw
:;31;( <= (Nxoc *Yaer — bxoc — 7) + Xp xoc (3)
with
xoc = Hixou(Sxoc) = B (ﬂ) @
xoc xoeioxoc *0¢"\ Kxoc + Sxoc

The Monod function for oxygen (So/(Koxoc+ So)) was
replaced by a parameter for the fraction of aerobic volume,

Yaer (). It was thus assumed that the Monod-term was one
under aerobic conditions and zero else. The relatively low
concentrations of suspended solids in the influent
(=100 mg17?) and effluent (=5-10 mgl1~?) of the pilot plant
and the K4 value for BPA states that the soluble form of BPA in
the sampled streams is dominating and therefore particulates
in the influent and effluent have been neglected in the model.
Compared to the full system model, the equations consider
neither the transient concentrations of the Biodenipho
process nor any dynamics governed by the settling process. It
is assumed that these simplifications do not have a significant
impact upon the results and conclusions. In the following, the
measured operational parameters Qin, Qyw and V were adopted
as given in Table 1. y,er Was calculated based upon informa-
tion of the phase operation of the Biodenipho process during
the periods.

4.2. Sorption parameters

We applied kges =1000d™" and kg, =0.5 1lmgVvss—td?,
which gives results that are in accordance with both the
experimental results in Fig. 1 and with other sludge analyses
(Press-Kristensen, 2007). The chosen sorption parameter
values correspond to a K4 0f 0.51g 1 VSS, i.e. approximately to
the mid-point of the wide range of the literature partition
coefficients. It is however noted that choosing even the
highest reported literature value for K4 (11 g~ SS) would result
in less than 7% of the influent BPA load being removed by
sorption in the Dosage 1 experiment, i.e. the choice of sorption
parameters are not very sensitive to the following results.

4.3. Biological process parameter estimation

For the determination of the biological process parameters,
the rate of the sorption-desorption process was assumed to
have a small effect and thus immediate sorption equilibrium
was assumed. With dXxoc/dt =0, Eq. (2) was then used to
express Xxoc as a function of Sxoc and Qy:

Rsor* VSS

Xxoc = W *Sxoc (5)

which, if inserted to Eq. (1) gives:

ds . .
ci{toc = %'SXOC.H} — A+Sxoc — %'XB,XOC (6)
with

Qi |, Reor'VSS+Qu/V

A s
v kdes + Qw/v

%)
where the first term in A accounts for disposal with the
effluent and the second term for removal with the wastage
sludge.

With the above assumptions the model consists of Eq. (3)
and Eq. (6), where the parameters fixoc, Kxoc, bxoc and Yxoc
need to be given numerical values. If as here, step response
data are used for calibration, the initial conditions S, and
X$ xoc must be evaluated as well. Although we strived to apply
the simplest model capable of describing our observations, the
remaining parameters of the Monod model are correlated and
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the current experiments not extensive enough to allow
a separate identification of all new parameters. Therefore, as
will be explained below, some were assumed to be known
while others were estimated from the data of the Dosage 1 and
Background experiments simultaneously.

Yxoc Was assumed to be 0.67 g cell COD formed g COD*
oxidized, which corresponds to a typical yield for aerobic
oxidation of organic matter; yields for aerobic degrading
organisms do not vary strongly and are in the range of 0.55-0.7
(Henze et al., 2000, 2002). It was assumed that data did not
contain information enough to differentiate fixoc from bxoc,
and therefore the decay rate at 15°C was assumed to be
0.05d"%. With these assumptions, four parameters still
needed to be fitted:fixoc, Kxoc and the initial conditions S%..
and X§ xoc-

If steady-state conditions (indexed with * below) are
known, this information can be included in the estimation
procedure as follows: From Egs. (3) and (4), it is seen that the
modelled steady state effluent concentration (Syq) is solely
a function of the biological process parameters and sludge age
(e.g. not dependent on the influent concentration). For a fixed
value of Sy, Egs. (3) and (4) can be used to express Kxoc as
a function of uxoc:

Kxoc = Kxoc (fixoc) = (% - 1) *Skoc 5

Hxoc > 7bxoc = Qu/V (8)
Y aer
where the constraint is included to not allow negative Kxoc
values. The steady state specific biomass concentration will
depend on the influent (Syy.;,) and effluent steady-state
concentrations, i.e. the steady state XOC removal. From Egs.
(6) and (4) we have:

YXOC Q * %
tixoc (Skoc) ”Yaer. <V'Sxoc_in - A-Sxoc>
)
Thus, if it is assumed that the effluent XOC concentration prior
to a step dosage equals the effluent steady state concentration,
Axoc can be estimated by minimizing the sum of squared errors
between simulated (Egs. (3) and (6)) and measured effluent
concentrations, with Kxoc replaced with Eq. (8) and X$ 4o with
Eq. (9). By following these steps, the maximum growth rate is
estimated from the high concentration XOC data during dosage
while the half-saturation constant is found from the low
concentration data during normal conditions.

Following the parameter estimation methodology derived
above we assumed that, in a first estimation attempt (esti-
mation i), the measured mean XOC concentrations of the
Background experiment reflected steady state influent and
effluent concentrations, and that the influent concentration
were representative also for the period prior to Dosage 1. Kxoc
was expressed with Eq. (8) with Sy, being the mean Back-
ground effluent concentration (4.1ugl™!) and operational
parameters according to the Background experiment. The
initial specific biomass concentration was calculated from Eq.
(9) with Sy..;, being the mean Background influent concen-
tration (8.7 ugl™") and operational parameters according to
Dosage 1.

X5 xoc = XE_Xoc(ﬁxoc) =

5. Results and discussion
5.1. Calibration results

The results of the first estimation (i) of the parameter nxoc on
the step response data can be seen as the dashed line in Fig. 1.
The values of the estimates are given in Table 4 (column i). The
estimated maximum specific growth rate (0.47 d™%) and the
assumed decay rate (0.05d™?) reveal similar kinetic charac-
teristics of the specific BPA degraders as those of the slow
growing nitrifying bacteria in ASM1. An aerobic sludge
retention time above 13 d is required to support growth of BPA
degrading bacteria, which means that growth on BPA will
always be with simultaneous nitrification. Since Xz xoc
constitute a very small fraction of the biomass, it has little
relevance whether the BPA degraders are autotrophic or
heterotrophic. The simulated effluent BPA concentration
shows a reasonable fit to the experimental data considering
the time required to reach a new steady-state effluent
concentration.

The two data clouds between t =7.5d and t = 20 d cannot
be explained with the model proposed here and therefore
these data have been excluded from the objective function in
the optimization algorithm. We studied time series data of
flow rates and temperature as well as both plant laboratory
and on-line suspended solids and water quality concentration
data to come up with an explanation for the trend of low BPA
concentrations in this period. This attempt failed and we can
only conclude that there are a number of uncertainties, for
example uncertainty in the observations, e.g. in the sampling
and analytical procedures, uncertainty in the input data, e.g.
in data on plant operation settings or in the dosage equip-
ment, and/or uncertainty in the hypothesized model
structure.

One interpretation of the results of estimation i is a too
high estimate of fixoc, which can be seen as a steeper slope of
the simulated degradation compared to the measured data
during t = 20 d to t = 45 d. The reason for this is that the initial
biomass concentration proposed by the results of the Back-
ground experiment (83 ung COD 1%, Eq. (9)), require a maximum
growth rate of this estimated magnitude to accurately predict
the time to reach the new steady state. Therefore, in a second
attempt (estimation ii) we evaluated whether improvement of
the fit could be obtained by allowing a different initial biomass
concentration than the one following from Eq. (9). Kxoc was
still calculated as in i, which ensured an estimate in accor-
dance with the Background effluent concentration results, but

Table 4 - Results from biological process model

parameter estimation on step response data of Dosage 1
for T = 15°C.

Parameter Estimation

i ii
ixoc (dil) 0.47 0.34
Kxoc (ng COD17Y) 13 6.8
X9 voc (ng COD 1Y) 83 666
S%c (ng COD 1Y) 10 10
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in this case both fixoc and X§y,c were estimated from the
data. '

The results of the estimation (ii) of the parameter uxoc and
X3 voc on the step response data can be seen as the solid line in
Fig. 1. The values of the estimates are given in Table 4 (column
ii). The results show a different and perhaps better fit than (i)
considering the slope of the step response. The estimate gave
a lower fixoc (0.34d7%), a lower Kxoc (6.8ug COD1™?) and
a significantly higher value of X9 ;. (666 ng COD 17%). From Eq.
(9), it can be calculated that an influent BPA concentration of
around 100 pg1~? would be required to generate such a high
specific biomass concentration, alternatively the yield would
have to be 5.4. None of these explanations are feasible and the
estimation results in (ii) cannot be obtained by simulating the
model with measured BPA concentrations as input. A multiple-
substrate model, where the specific biomass grows on both the
XOC and on other substrates (e.g. readily degradable substrate,
Ss in ASM1), would be required to simulate this phenomenon.

5.2. Validation results

The dashed line in Fig. 2 shows a simulation of the Dosage 2
experiment with the parameter estimates from i above and
current operational parameters, i.e. it can be viewed as
a model validation scenario. In the validation scenario, the
model was initiated by first adding 1 g BPA per day to the
influent during 60 days followed by no addition during
14 days. The final values were then used as initial values to the
subsequent simulation, which is shown in Fig. 2, with addition
of 10 g BPA per day. This initialization/simulation procedure
mimicked the experimental procedure.

It should be recalled that Figs. 1 and 2 show step responses
of identical inputs; it is (a) the history of the activated sludge
before the step changes and (b) the operational conditions
that cause the varying outputs of Dosage 1 and Dosage 2. To
separate the influence of these two factors, the solid line in
Fig. 2 shows a simulation where the initialization procedure
was not applied. Thus, by comparing this simulation with the
dashed line in Fig. 1, it can be seen that the higher tempera-
ture and the higher aerobic retention time of Dosage 2
(compared to Dosage 1) both are factors that had a significant,
but not sufficient, impact on explaining the variations of the
two measured step responses.

In the model validation simulation (Fig. 2, dashed line),
temperature effects were taken into account by multiplying the
growth and decay rates from i with a temperature correction
factor ¢°T where AT was set to 5°C and the temperature
correction factor ¢ first was set to be 1.072 for both parameters
(this is the factor used for heterotrophs in ASM1).

One more simulation with ¢ set to 1.111 for growth and
1.116 for decay (this is the factor used for autotrophs in ASM1)
was made and is shown as the dotted line in Fig. 2. As
expected, the temperature correction factors are influential
model parameters. To describe the experimental data even
better temperature corrections of 1.18 (both parameters) were
needed, a scenario which is shown as the dash-dotted line.

The validation does not give a perfect fit. Several months
elapsed between the calibration and validation experiment
and thus the microbial populations present in the sludge may
have changed, leading to a different response. Overall,

however, the model seems to provide an acceptable descrip-
tion of the data, with a similar dynamic behavior as during the
calibration period.

The sources of uncertainty mentioned in the calibration
section are equally relevant for this validation phase. It is
indeed also possible that the formulated model is too simple
and neglects mechanisms, which from our data are not
possible to establish, that possibly would give better valida-
tion results. Monitoring of the sludge or isolation of specific
BPA-degrading organisms in new experiments is necessary to
in more detail elucidate the mechanism of growth of the BPA-
degrading population.

6. Conclusions

In this paper, the assumption that biological growth plays an
important role in BPA removal has been shown to hold when
comparing experimental data with a growth-based process
model. The presented single-substrate model is the simplest
one among the ones tested that allows describing the time
evolution of the increase in the observed BPA-degradation
capacity, which is consistent with a slow in-growth of an
organism that is initially present in only small numbers. In the
paper it has moreover been shown that processes with faster
dynamics, such as sorption and volatilization, are not domi-
nant for the fate of BPA. The hypothesized model was shown
to be capable of describing observed effects of operational (e.g.
sludge and hydraulic retention time) and environmental
parameters (e.g. temperature) on the removal processes.
Thereby, the possibilities for improved design and operation
of WWTPs, removing XOCs in addition to traditional WWTP
pollutants like organic matter and nutrients, are enhanced.

For application of the proposed model and parameter
estimates to natural wastewater environments with low BPA
concentrations, the results must be extrapolated. It should
then be considered that the BPA concentrations during the
dosage experiment were significantly higher than during
normal WWTP operation and that some parameter values
have been assumed as fixed in the calibration.

Further experiments in combination with possibly more
complex model formulations and parameter sensitivity anal-
yses may throw light on the behaviour of the established
specific BPA degraders at low concentrations.
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