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Virus elimination in activated sludge systems: from batch
tests to mathematical modeling
Emma Haun, Katharina Ulbricht, Regina Nogueira
and Karl-Heinz Rosenwinkel

ABSTRACT
A virus tool based on Activated Sludge Model No. 3 for modeling virus elimination in activated
sludge systems was developed and calibrated with the results from laboratory-scale batch tests
and from measurements in a municipal wastewater treatment plant (WWTP). The somatic
coliphages were used as an indicator for human pathogenic enteric viruses. The extended model
was used to simulate the virus concentration in batch tests and in a municipal full-scale WWTP
under steady-state and dynamic conditions. The experimental and modeling results suggest that
both adsorption and inactivation processes, modeled as reversible ﬁrst-order reactions, contribute
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to virus elimination in activated sludge systems. The model should be a useful tool to estimate the
number of viruses entering water bodies from the discharge of treated efﬂuents.
Key words

| activated sludge, adsorption, inactivation, mathematical modeling, virus removal

INTRODUCTION
Apart from organic pollution, nutrients and trace elements,
wastewater also contains pathogens such as bacteria and
viruses. The activated sludge process is known to reduce
the load of pathogens in the wastewater (Fleischer et al.
; Ottoson et al. ; Hewitt et al. ). Still, relatively
high concentrations in the efﬂuent of the biological treatment might pose a risk to public health (Carducci et al.
; Hata et al. ). The viruses adsorb on activated
sludge ﬂocs (Funderburg & Sorber ; Tanji et al. ;
Nakajima et al. ) and are inactivated by the biocenosis
in the biological treatment via active predation, protist grazing and virucidal bacterial extracellular compounds (Kim &
Unno ; Deng et al. ). However, since some of the
virus particles cannot be digested by microorganisms of
the activated sludge and get excreted, active viruses might
apparently be reactivated (Deng et al. ).
Modeling of virus transport and attenuation in soils is
well documented. These models describe the interaction
between viruses and inorganic particles as a ﬁrst-order
reversible adsorption process (Schijven & Hassanizadeh
). Using similar kinetics, Kim et al. () has modeled
virus elimination in activated sludge. Considering the
increasing demand on water quality, mathematic models
can be useful tools to estimate the number of viruses
doi: 10.2166/wst.2014.349
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entering surface water bodies from the discharge of treated
efﬂuents.
The aim of this paper is to upgrade the conventional
Activated Sludge Model No. 3 (ASM3) with a virus tool
that examines the processes inﬂuencing virus elimination
in the activated sludge. The extended model was calibrated
with laboratory-scale batch tests and full-scale measurement
campaigns.

MATERIALS AND METHODS
Mathematical modeling
A mathematical model for virus elimination in activated
sludge systems – virus tool – was developed and integrated
in the ASM3 (Gujer et al. ). Viruses were modeled as
particles due to their negligible chemical oxygen demand
(COD). Four fractions were considered (Figure 1). The
fraction of free viruses in the aqueous phase (Xvir,aq) can
adsorb on the surface of the ﬂocs and generate the fraction of adsorbed viruses (Xvir,ads). The adsorption was
modeled as a reversible ﬁrst-order process, kvir,ads being
the adsorption rate constant and kvir,des the desorption
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Proposed model for virus elimination by reversible adsorption and inactivation processes and stoichiometric matrix. (WWTP sampling points: IN – inﬂuent; AST – activated sludge
plant; EFF – efﬂuent.)

rate constant. Adsorbed and free viruses can both be inactivated by biological processes. The Xvir,aq and Xvir,ads
upon inactivation generate Xvir,aq,in, the fraction of inactivated viruses in the aqueous phase, and Xvir,ads,in, the
fraction of inactivated viruses adsorbed on the ﬂocs,
respectively. The inactivation was also modeled as a
reversible ﬁrst-order process, dvir,aq,in being the inactivation rate constant of free viruses and dvir,ads,in the
inactivation rate constant of adsorbed viruses. The reactivation rate constants for free and adsorbed viruses, dvir,aq,rein
and dvir,ads,rein respectively, account for the reversibility of
the inactivation process. The growth of coliphages, used
as indicator virus, was disregarded in the model because
our previous results indicated a negligible contribution of
this process due to the low concentration of Escherichia
coli (host for the coliphages) in the activated sludge and
the unfavorable environmental conditions (Ulbricht et al.
). Simulations were performed using SIMBA 5.2®.
The model was calibrated with the results from the
laboratory-scale batch tests with activated sludge and
from measurements in a municipal wastewater treatment
plant (WWTP).

Model evaluation statistics
Several error indices were used in model evaluation. These
include measured (Mm) and simulated (Ms) mean values
and their standard deviation (σ), the mean error (ME ¼
(Ms–Mm)/Ms), the mean absolute error (MAE), the root
mean square error (RMSE) and the Nash–Sutcliffe
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coefﬁcient (E). RMSE and MAE values of 0 indicate a perfect ﬁt. A ﬁt is considered good when ME < 10%, MAE 
RMSE < 0.5 σ and E is close to 1 (Singh et al. ).
Indicator virus
The somatic coliphages (viruses that infect bacteria) were
used as an indicator for human pathogenic enteric viruses
due to the signiﬁcant positive correlation between both
parameters in the wastewater treatment process (Carducci
et al. ; Selinka et al. ). They were determined
according to ISO10705-2:2000  as plaque-forming
units (PFU).
Activated sludge system
The municipal WWTP under study (approximately 500,000
population equivalent) has a biological treatment for phosphorus and nitrogen removal. The sludge load is about
0.16 kgCOD/(kg mixed liquor suspended solids [MLSS] d)
in winter and 0.25 kgCOD/(kgMLSS d) in summer; the
sludge retention time (SRT) is about 13 d in winter and
11 d in summer. For additional inﬂow and operational
data see Ulbricht et al. ().
Laboratory-scale batch tests
Batch tests were executed to estimate the model’s kinetic
parameters (Figure 1). The reactors (2 l) were ﬁlled with
activated sludge from the nitriﬁcation tank of the
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WWTP, the pH was adjusted to 7.0 and the contents were
aerated and mixed. The concentration of viruses in the
activated sludge was determined both in the mixed
liquor and the aqueous phase. The aqueous phase was separated by centrifugation of the samples at 4,000 g for
10 min at 4 C (Ulbricht et al. ). The viruses in the
aqueous phase represent the free non-adsorbed fraction
(Xvir,aq) and the viruses adsorbed to activated sludge
(Xvir,ads) were calculated as the difference between the
viruses in the mixed liquor and the viruses in the aqueous
phase.
W

Short-term tests
W

In the short-term tests at 20 C, the concentration of biomass
varied between 0 (control) and 6.7 gMLSS/l. The reactors
were spiked with the somatic coliphage PhiX174 to obtain
an initial Xvir,aq around 107 PFU/l. Samples for the determination of Xvir,aq were taken regularly during 2–4 h. To
investigate the inﬂuence of easily degradable organic
carbon on the elimination of viruses, a glucose solution
was added to the reactors to obtain an initial food-to-microorganism ratio of 0.16 gCOD/gMLSS and the tests were
done as previously described.
Long-term tests
In the long-term tests, the elimination of viruses in the activated sludge was studied over 60 d at 12 and 20 C without
initial spiking of coliphages. The initial biomass concentration was 3.7 gMLSS/l. To keep the biocenosis active,
synthetic wastewater was dosed daily to obtain a food-tomicroorganism ratio of 0.16 gCOD/(gMLSS d). Samples
for the determination of Xvir,aq and Xvir,ads were taken
daily.
W
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Estimation of kinetic parameters from batch
experiments
The elimination processes of viruses in activated sludge
were described by a ﬁrst-order reaction (Equation (1)). The
adsorption (k) and inactivation (d) rate constants were
determined by linear regression analysis.
dXvir
X (t)
¼ (k or d)  Xvir ! ln vir
¼ (k or d)  t
Xvir ðt0 Þ
dt

(1)

Based on the concentration proﬁles obtained from the
short-term tests (Xvir,aq, t), the adsorption rate constant
(kvir,ads) was estimated from the ﬁrst part of the curve (0 to
1 h) corresponding to a sharp decrease of Xvir,aq. Afterwards, Xvir,aq continues to decrease though very slowly,
and from this second part of the curve (1 to 4 h) the inactivation rate constant of free viruses (dvir,aq,in) was estimated.
Based on the concentration proﬁles obtained from the
long-term tests for free (Xvir,aq, t) and adsorbed (Xvir,ads, t)
viruses, the inactivation rate constants for free (dvir,aq,in)
and adsorbed (dvir,ads,in) viruses were estimated from the
ﬁrst part of the curves (0–11 d at 20 C and 0–20 d at
12 C) corresponding to a decrease of Xvir,aq and Xvir,ads,
respectively. Afterwards, both curves attain a plateau (inactivation rate ¼ reactivation rate) from which the
reactivation rate constants for free and adsorbed viruses,
dvir,aq,rein and dvir,ads,rein, respectively, were estimated
according to Equation (2) (Schijven & Hassanizadeh )
W

W

dvir,aq,rein ¼ 

dvir,ads,rein

dvir,aq,in

Xvir,aq (t0 )
1
Xvir,aq (teq )

and

dvir,ads,in

Xvir,ads (t0 )
1
Xvir,ads (teq )

(2)

¼

Full-scale measurement campaigns
Full-scale measurement campaigns were done in summer
and winter; for description see Ulbricht et al. ().
The results obtained in summer under dry weather conditions (13 days between August 2011 and September
2011, average water temperature of 20 C) were used to
calculate the mass balance for viruses under dry weather
conditions. In winter, a diurnal cycle of the concentration
of viruses was recorded on 24 February 2011 (average
water temperature of 12 C). The sampling points are
depicted in Figure 1.
W

W
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RESULTS AND DISCUSSION
Laboratory-scale experiments results
The short-term tests without biomass (control) and with a
biomass concentration up to 1.5 gMLSS/l showed a similar
low reduction in the concentration of viruses. In contrast, in
the tests with a biomass concentration higher than
1.9 gMLSS/l the viruses in the aqueous phase were reduced
by two orders of magnitude (Figure 2 right).
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Concentration proﬁles of coliphages in the aqueous phase (left) and adsorption- (kvir,ads) and inactivation-rate constants (dvir,aq,in) of coliphages in short-term tests (right).

The concentration proﬁles of viruses have two phases:
an initial sharp decrease probably due to adsorption of the
viruses on the ﬂocs is followed by a slow decrease which
might be attributed to inactivation by biological processes
in the activated sludge (Figure 2 left). This behavior is consistent with results from previous studies (Usrael ; Kim
et al. ). An average kvir,ads of 78.2 d1 and an average
dvir,aq,in of 18.2 d1, both with a standard deviation less
than 5 d1, were determined by linear regression analysis,
for a biomass concentration between 1.9 and 5.3 gMLSS/l
(Figure 2 right). Contrary to earlier ﬁndings (Usrael ;
Kim et al. ), we found no apparent inﬂuence of the biomass concentration in the range usually present in WWTPs
in the adsorption/inactivation rate constants. The addition
of glucose as a source of easily degradable organic carbon
to the short-term tests had no effect on the adsorption
and inactivation of viruses for the investigated food-tomicroorganism ratio of 0.16 gCOD/gMLSS.
In the long-term tests, both free and adsorbed viruses
were reduced by one order of magnitude at 12 C and up

Figure 3
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to three orders of magnitude at 20 C (Figure 3 middle
and right). The decrease of the virus concentration happened in two phases at both temperatures: an initial
decrease probably due to inactivation by biological processes is followed by a plateau with a nearly constant
concentration (inactivation ¼ reactivation). At 20 C, the
ﬁrst phase lasted 25 d and the inactivation rate constants
of free (dvir,aq,in) and adsorbed (dvir,ads,in) viruses were
0.25 and 0.20 d1, respectively. At 12 C, the ﬁrst phase
lasted only 11 d, dvir,aq,in and dvir,ads,in being 0.24 and
0.22 d1, respectively. In the second stage, at 20 C,
the reactivation rate constants (Equation (2)) of free
(dvir,aq,rein) and adsorbed (dvir,ads,rein) viruses were
0.0006 and 0.0008 d1, respectively. At 12 C, dvir,aq,rein
and dvir,ads,rein were 0.009 d1 for free viruses and
0.008 d1 for adsorbed viruses. According to these results,
the inactivation rate constants are not signiﬁcantly inﬂuenced by temperature. In contrast, the reactivation rate
constants at 12 C were circa 10 times higher than those
at 20 C.
W

W

W

W

W

W

W

W

Experimental and simulated results of the short-term tests at 20 C (left); long-term tests at 12 C (middle) and 20 C (right). The markers are the experimental data and the lines
the model results.
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Xvir,ads). In the long-term test at 12 C, the model undersimulated Xvir,ads for a time higher than 15 d, resulting in a poor
ﬁt according to the statistical criteria (ME ¼ 55%, E ¼
0.74). A decrease in biomass concentration observed in
the batch test along the 60 days could have inﬂuenced the
experimental results and accounted for the gap between
measured and modeled data.
The diurnal cycles of Xvir,aq and Xvir,ads in the activated
sludge tank (AST) in winter were simulated with two different kinetic parameter sets (Table 1, Figure 4). A sensitivity
analysis of the model parameters indicated that Xvir,aq is
affected by the hydraulic retention time and the adsorption
rate constant (kvir,ads). Consequently, a higher kvir,ads (parameter set (a)) contributes to a lower ﬂuctuation in Xvir,aq
and hence to a better adjustment of the model to the experimental results (for Xvir,aq: ME ¼ 3.7% and E ¼ 0.24; for
Xvir,ads: ME ¼ 1.7% and E ¼ 0.41). Furthermore, Xvir,ads is
affected by the SRT and the inactivation rate constants.
With the parameter set (b), dvir,aq,in is 10 times higher than

The kinetic parameters used in the simulations are given in
Table 1. In the long-term tests designed to study the inactivation and reactivation of free and adsorbed viruses,
adsorption plays a minor role compared to the short-term
tests where viruses were initially spiked. As shown in
Table 1, the values of the adsorption/desorption rate constants of long-term tests are considerably lower than the
ones of the short-term tests. The experimentally determined
values for the inactivation and reactivation parameters in
long-term tests were not signiﬁcantly different from the calibrated values.
Model predictions of Xvir,aq and Xvir,ads in short- and
long-term tests ﬁt the measured values at 20 C well
(Figure 3), according to the statistical criteria presented
above (for Xvir,aq in the short-term test with 3.2 gMLSS/l:
ME ¼ 5.8% and E ¼ 1.00; in the long-term test: ME ¼ 7.2%
and E ¼ 0.96 for Xvir,aq, and ME ¼ 1.7% and E ¼ 0.41 for
W

|

70.6

W

Modeling of the experimental results

Table 1

|

Kinetic parameters used in the model (*)

Long-term tests

Full-scale diurnal cycle

Short-term tests
Parameters [d1]

20 C

kvir,ads

79

kvir,des

1

dvir,aq,in

18

W

Full-scale steady-state
W

12 C

W

W

W

W

20 C

20 C

12 C (a)

12 C (b)

0.85

0.92

90

64

25

0.01

0.02

0.9

0.5

0.2

1.0

1.3

0.7

7

dvir,aq,rein

0.0008

0.01

0.0008

0.0008

0.01

0.01

dvir,ads,in

9

0.2

0.25

1.06

0.7

0.8

dvir,ads,rein

0.001

0.015

0.001

0.001

0.015

0.015

18

(*) The distinct formats used to depict the data correspond to the different methods by which they were obtained: underline: experimentally determined in short-term tests; italic: experimentally determined in long-term tests and further calibrated; bold: curve ﬁtting of the model to the experimental results.

Figure 4

|

W

Experimental (marks) and simulated (lines) values of Xvir,aq and Xvir,ads in the inﬂuent and AST of the full-scale WWTP (water temperature about 12 C) with two sets of kinetic
parameters (Table 1).
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with parameter set (a), leading to a lower concentration of
Xvir,ads (for Xvir,aq: ME ¼ 22.2% and E ¼ 8.04; for Xvir,ads:
ME ¼ 29.6%, E ¼ 1.97).
Next, the extended model was used to simulate the
effects of different scenarios on the steady-state concentration of viruses in the AST.
(1) Standard: actual conditions in the full-scale AST (kinetic
parameters presented in Table 1 under ‘Full-scale steadystate’ column): Xvir,aq/Xvir,ads ¼ 0.62/0.38 in the inﬂuent,
SRT ¼ 11 d.
(2) No reactivation: dvir,aq,rein ¼ dvir,ads,rein ¼ 0.
(3) Only free viruses in the inﬂuent: Xvir,ads ¼ 0.
(4) Only adsorbed viruses in the inﬂuent: Xvir,aq ¼ 0.
(5) Low SRT: 9 d.
(6) High SRT: 21 d.
The model – scenario (1) – was able to reproduce the
concentrations of COD and N (data not shown) as well
as Xvir,aq and Xvir,ads (compare ASTM and scenario (1) in
Figure 5(a)). As shown in Table 1, the calibrated value of
the adsorption rate constant (kvir,ads) is higher for the fullscale plant than for the short-term test. We cannot account
for these results; it can only be suggested that the batch
tests, despite being a useful tool to obtain an estimation
of the parameters, are an oversimpliﬁcation of the processes in a full-scale plant.

Figure 5
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To better compare the different scenarios, the logarithm
of the difference between the output (Xvir,aq and Xvir,ads) of
scenario (1) and the output of scenarios (2)–(6) was calculated and depicted in Figure 5(b). The reactivation of free
and adsorbed viruses signiﬁcantly affects the concentration
of viruses in the AST: Xvir,aq and Xvir,ads are about 4.0 and 6.0
logPFU/l higher in scenario (1) compared to scenario (2),
respectively (Figure 5(b), (1) and (2)). The distribution of
viruses between the ﬂocs and the aqueous phase in the inﬂuent also affects the quality of the efﬂuent: a higher inﬂuent
Xvir,aq produces a higher Xvir,aq and a lower Xvir,ads in the
AST (scenario (3)). Conversely, a higher inﬂuent Xvir,ads produces a lower Xvir,aq and a higher Xvir,ads in the AST (scenario
(4)). These results suggest that it is important to evaluate the
distribution of viruses in the inﬂuent between the adsorbed
and aqueous phase to better calibrate the model. Finally,
increasing the SRT produces an efﬂuent with a lower quality:
Xvir,aq and Xvir,ads are about 4.6 and 6.7 logPFU/l higher in
scenario (6) compared to scenario (1), respectively. The
opposite effect was observed for scenario (5). These simulation results suggest that there is an optimal SRT for the
elimination of viruses. At the optimum, the rate of the inactivation of viruses equals the rate of enrichment through the
recirculation of sludge.
The virus tool describes the elimination of viruses in the
activated sludge by reversible adsorption and inactivation

(a) Measured and simulated concentrations Xvir,aq and Xvir,ads (b) relative effect of the different scenarios in relation to the standard scenario on Xvir,aq and Xvir,ads in the AST.
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processes. The results of the modeling study suggest that the
concentration of free viruses in the efﬂuent of the AST is
mainly affected by the adsorption rate and the hydraulic
retention time, followed by the inactivation/reactivation
rates. Furthermore, an appropriate regulation of the SRT
can improve elimination of viruses in the AST.

CONCLUSIONS
In this study a mathematical model describing virus elimination in biological systems – virus tool – was developed and
integrated in the ASM3. The virus tool considers six kinetic
processes describing the adsorption and desorption of
viruses to activated sludge ﬂocs as well as the inactivation
and reactivation of free and adsorbed viruses.
The extended model was used to simulate the fate of viruses
in batch tests as well as in a municipal full-scale WWTP. Currently, the virus tool provides the three crucial factors that
inﬂuence the elimination of viruses. These are the concentration of viruses, the hydraulic retention time and the SRT in
the AST. The extended model should be a useful tool to estimate the number of viruses entering surface water after
passing the WWTP. Further investigations of the inﬂuence of
the temperature and the sludge load and the contribution of
free and adsorbed viruses to the elimination kinetics are
necessary.
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