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A B S T R A C T   

Biodegradation of man-made chemicals (xenobiotics) in biological wastewater treatment processes is essential to 
avoid the accumulation of these substances with negative effects on the environment and on human health. This 
study investigated the aerobic biodegradation of paracetamol as sole carbon and energy source and compared it 
to a model biogenic substrate (glucose). Batch experiments with unacclimated open mixed cultures from soil 
were carried out with glucose or paracetamol in a range of concentrations (100–2000 mg/L), measuring the rate 
of substrate removal, the acclimation time, the oxygen consumption and the COD (chemical oxygen demand) 
removal. The experimental data were used for kinetic modelling, using several different models based on the 
Monod kinetics with modifications for inhibition or for acclimation. Paracetamol was biodegraded as sole carbon 
and energy source at all concentrations (90–97 % COD removal), with slower degradation rate and longer 
acclimation time than for glucose. From the COD balance, a slightly higher production of microorganisms per 
unit of substrate COD was calculated for paracetamol than for glucose. The kinetic modelling of the experimental 
data achieved a good fit with the simple Monod model, but with different parameters for each substrate con-
centration. Combined fitting of all the experiments with the same set of parameters was attempted, and overall 
the best fitting was observed with a new model that includes an empirical time constant for acclimation. 
Compared to glucose, microbial growth on paracetamol was characterised by lower maximum specific growth 
rate, slightly higher growth yield and higher time constant for acclimation.   

1. Introduction 

Presence of xenobiotics in wastewaters, increasingly caused by ur-
banisation, population growth and industrialisation, is a current global 
environmental challenge. Xenobiotics are human-made chemicals that 
do not occur naturally and are usually synthesised for industrial or 
agricultural purposes [1]. They include a vast and expanding array of 
substances, e.g., pharmaceuticals, personal care products, steroid hor-
mones, pesticides and industrial chemicals. Xenobiotics from different 
sources cause concerns due to their potential toxic effects and the pos-
sibility of accumulation in the environment [2]. The release of xenobi-
otics in the environment can result in long-term adverse effects on 
aquatic flora, fauna and on humans, even when present at low concen-
trations [3]. 

Xenobiotics are usually present in municipal wastewater and in some 

industrial wastewater [4]. In order to minimise the accumulation of 
xenobiotics in the environment, it is desirable to remove them as much 
as possible from wastewater before the treated wastewater is dis-
charged. Some advanced techniques, such as advanced oxidation pro-
cess, adsorption, and membrane separation, are known to remove many 
xenobiotics. However, these techniques have several disadvantages: 
either they do not modify the chemical nature of the xenobiotic sub-
stance but simply transfer it into another phase (adsorption and mem-
brane processes) or they oxidise xenobiotics with usually large energy 
and chemical costs (advanced oxidation). Compared to chemical- 
physical technologies, aerobic biodegradation processes offer some ad-
vantages because they can remove biodegradable xenobiotics by con-
verting them into harmless end products (CO2 and H2O) and are 
relatively cheaper to operate. Aerobic wastewater treatment processes, 
e.g. the activated sludge process, consist of open (undefined) mixed 
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microbial communities and they are only effective if the microorganisms 
are able to metabolise the carbon sources in the wastewater. 

Although many studies have investigated the biodegradation of xe-
nobiotics by pure or open mixed cultures and significant advances have 
been made in the understanding of metabolic pathways [5], an analysis 
of the literature [4] shows that there are several limitations in our 
knowledge of the biodegradation of xenobiotics in biological waste-
water treatment processes:  

- Limited number of studies (e.g. [6–8]) with open mixed cultures and 
xenobiotics as sole carbon sources. In most published studies with 
open mixed cultures removing xenobiotics [9–11], xenobiotics rep-
resented only a minor fraction of the total organic matter. Although 
these studies are representative of actual conditions in biological 
wastewater treatment processes, they do not allow to establish 
whether xenobiotics are removed as primary carbon sources and are 
used for microbial growth or they are just removed by cometabolism 
while the microorganisms grow on biogenic carbon sources [4].  

- Lack of quantitative data on the oxygen consumption and production 
of microorganisms associated with microbial growth on xenobiotics. 
Substrate removal, oxygen consumption and microorganisms pro-
duction are key variables that define the performance and sustain-
ability of biological wastewater treatment processes; however, this 
data is usually not available for the biodegradation of xenobiotics. 
Measurement of oxygen consumption and microorganism produc-
tion is only possible when xenobiotics are used as sole carbon sour-
ces. An example of measurement of cell density for growth on 
pentachlorophenol was reported by Stanlake and Finn [12].  

- Lack of kinetic models for the growth, substrate degradation and 
oxygen consumption for open mixed cultures degrading xenobiotics 
as sole carbon sources. Kinetic models are useful for the design and 
optimisation of biological wastewater treatment processes. However, 
only few studies, usually done with pure cultures, have quantified 
the kinetic parameters of microorganisms growing on xenobiotics 
[13,14]. An example of a kinetic study of xenobiotic biodegradation 
by open mixed cultures is the one by Tomei and Annesini [15]. 

Considering these limitations in state of the art, the main aims and 
novelties of this study are the following:  

- To investigate the removal of xenobiotics as sole carbon sources by 
open mixed cultures, to determine the ability of these cultures to 
grow on xenobiotics as primary carbon sources. 

- To quantify the rate of xenobiotic biodegradation and microor-
ganism acclimation, and the oxygen consumption and production of 
microorganisms associated with the biodegradation.  

- To develop a kinetic model for xenobiotic biodegradation, able to 
describe quantitively the processes of microbial growth, substrate 
removal and oxygen consumption.  

- To compare the biodegradation of xenobiotic and biogenic 
substrates. 

This study used paracetamol as model xenobiotic and glucose as 
model biogenic substrates, in a range of initial concentrations. Overall, 
this study contributes to improving our understanding of biodegradation 
of xenobiotics with open mixed cultures. 

2. Materials and methods 

2.1. Wastewaters, chemicals and inoculum 

This study used two different synthetic wastewaters, one with 
glucose and another with paracetamol as the only carbon source. 
Glucose and paracetamol were purchased from Sigma-Aldrich with over 
98 % purity (glucose product code: A0384062 and paracetamol product 
code: A0437381). The concentration of glucose and paracetamol were 

100–2000 mg/L; in both cases, nutrients and micronutrients (prepared 
with deionised water) were added to the wastewater: KH2PO4 (0.5 g/L), 
K2HPO4 (0.5 g/L), NaCl (0.2 g/L), NH4Cl (0.2 g/L), MgSO4.2H2O (0.2 g/ 
L), CaCl2.2H2O (0.0225 g/L) and CH4N2S (0.02 g/L) and micronutrients 
CuSO4.H2O (0.03 mg/L), MnSO4.H2O (0.13 mg/L), ZnCl2 (0.23 mg/L), 
CoCl.6H2O (0.42 mg/L), NaMoO4.2H2O (0.15 mg/L) and AlCl3.6H2O 
(0.05 mg/L). The inoculum was soil from the Craibstone farm in Aber-
deenshire, UK, with a VSS concentration of 0.11gVSS/g soil. The soil was 
homogenised, sieved (150 μm porosity), and then stored in a plastic 
container in a fridge (0–2 ◦C) before inoculation. Soil from the same site 
was used as an open mixed culture inoculum in earlier studies (e.g. 
[7,16]) and its microbial community was analysed by Bartram et al. 
[17]. 

2.2. Reactors set-up and experimental procedure 

The bioreactors were glass vessels with a working volume of 250 mL. 
The bioreactors were stirred at 350 rpm using a 5 mm PTFE coated 
magnetic bar with a raised ring in the middle. VELP Scientific multi- 
magnetic stirrer with 15 stirring positions was used for agitation. The 
runs were carried out at room temperature (23–25 ◦C). 

The bioreactors were operated in batch and duplicate runs were done 
for each substrate concentration (glucose and paracetamol at 100, 200, 
500, 1000 and 2000 mg/L). One experiment, also done in duplicate, was 
set up as a control, without substrate but with the soil and with the 
mineral solution. For all experiments, 1 g/L of wet soil was used. After 
addition of soil and the mineral solution, the experiments were started 
with the addition of the substrate (except for the control experiments) at 
the desired concentration. The dissolved oxygen concentration was 
measured every 1 h. Error bars represent the standard deviation. 

2.3. Analytical methods 

Hach HQ40d oxygen meter coupled with a Hach probe was used to 
measure dissolved oxygen concentration. Whatman 1822-047 Grade 
GF/F glass fibre filter paper of 0.8 μm pore size was used to filter the 
sample. Soluble COD was measured before and after filtration using COD 
Cell Test kits (Merck), according to the manufacturer's instructions. VSS 
measurements were carried out according to the previously described 
procedure [16]. The bioreactor's oxygen mass transfer coefficient (kLa), 
used in the mathematical model, was measured with the dynamic oxy-
gen absorption method as described in the literature [18,19]. 

2.4. Data analysis: acclimation time, biodegradation rate and COD 
balance 

The acclimation time was defined arbitrarily as the time required for 
the oxygen concentration to drop by 2 mg/L and was measured from the 
dissolved oxygen concentration in each experiment. The biodegradation 
rate was calculated as the initial substrate concentration divided by the 
time elapsed from the start of the experiment to the start of the increase 
in dissolved oxygen concentration, which was taken as indication of 
complete substrate removal [20]. 

The COD balance was used to calculate the fraction of the initial 
substrate COD that was left as residual at the end of each experiment or 
was converted to microorganisms or was oxidised. The equation used for 
the COD balance was: [18]. 

S0 = S+ΔX+( − ΔO2)

In this equation, all terms are in COD units. S0 represents the initial 
concentration of substrate at the start of the experiment, S the final 
soluble COD, ΔX represents the produced microorganisms and ( − ΔO2)

the oxygen consumed at the end of the experiment. In using this equa-
tion, the terms S0 and S were measured as soluble COD at the start and 
end of the test, ( − ΔO2) was calculated by integrating the oxygen con-
sumption over the length of the experiments, ΔX was calculated as the 
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difference. The ratios S
S0
, ΔX

S0
,
(− ΔO2)

S0 
were used to calculate the fraction of 

the initial substrate that respectively was left as residual, was converted 
into microorganisms or was oxidised. 

2.5. Mathematical model and parameter fitting 

Several mathematical models were developed. All the models were 
based on the rate equations for biomass growth, endogenous metabolism 
and substrate removal shown below. In the kinetic model, the concen-
tration of microorganisms (X) was expressed as their dry weight, while 
the concentration of substrate (S, glucose or paracetamol) was expressed 
in COD units. The use of COD in the mathematical model was due to the 
need of using the COD balance for the differential equation representing 
the mass balance for oxygen during the batch tests (Eq. (10) shown 
later). 

Biomass growth: rX

(
kg

m3⋅d

)

= μX (1)  

Endogenous metabolism: rend

(
kg

m3⋅d

)

= − bX (2)  

Substrate removal: rS

(
kgCOD

m3⋅d

)

= −
rX

YX/S
(3) 

In these equations, μ (d− 1) is the specific growth rate, X (kg/m3) is 
the biomass concentration, b (d− 1) is the parameter for endogenous 
metabolism, and YX/S (kg/kgCOD) is the growth yield. 

The models were different in the equation used for the specific 

growth rate μ. Model A used the simple Monod equation (μ =
μmaxS
KS+S

)
, 

where S is the substrate concentration, expressed in kgCOD/m3 for all 
models. Model B included substrate inhibition according to the Hal-

dane's empirical model 
(

S
KS+S+S2

KI

)

[21]. Models C and D were new 

models which accounted for acclimation using an empirical term 
(
1 −

e− t
τ) with the parameter τ to account for the time required for the mi-

croorganisms to completely acclimate to the substrate and therefore to 

Fig. 1. Glucose: experimental data of dissolved oxygen (DO) vs time. Blue points: experiments with the substrate; white points: control experiments. The error bars 
indicate the standard deviation of the two duplicate experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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reach their maximum growth rate μmax. In Model C, τ was independent 
on the initial substrate concentration, while in Model D it was dependent 
on it (C0, expressed in kg/m3) according to the empirical equation τ =

τ0Cα
0. Therefore, in Model D the acclimation term took the form: 

(
1 − e− t

τ0Cα
0

)
. In all models, a term to account for oxygen limitation was 

added; this was important to simulate the experiments where very low 
oxygen concentration was reached. The oxygen limitation term took the 
form of: CO2

KO2+CO2 
where CO2 is the dissolved oxygen concentration, and 

KO2 is an empirical parameter. The variable μ was expressed, therefore 
by the following equations in models A-D: 

Model A: μ =
μmaxS

KS + S
CO2

KO2 + CO2
(4)  

Model B: μ =
μmax S

KS + S + S2

KI

CO2

KO2 + CO2
(5)  

Model C: μ =
μmax

(
1 − e− t

τ

)
S

KS + S
CO2

KO2 + CO2
(6)  

Model D: μ =
μmax

(
1 − e− t

τ0Cα
0

)
S

KS + S
CO2

KO2 + CO2
(7) 

The parameters of models A-D were adjusted to fit the experimental 
data. In the parameter fitting the following approach was followed. The 
parameters KS and KO2 were held fixed in all cases to the values of 0.005 
kgCOD/m3 and 0.0002 kg/m3 respectively. These values are within the 
typical ranges reported in the literature for these parameters, which 
have relatively minimum effect on the model results and therefore could 

Fig. 2. Paracetamol: experimental data of dissolved oxygen (DO) vs time. Blue points: experiments with the substrate; white points: control experiments. The error 
bars indicate the standard deviation of the two duplicate experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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not be reliably estimated based on the experimental data. The kinetic 
parameters that were adjusted to fit the experimental data were: μmax, 
YX/S and b for all models, KI (for Model B), τ (for Model C), τ0 and α (for 
Model D). In addition, the initial concentration of microorganisms able 
to metabolise the substrate, X0, was also a parameter adjusted to fit the 
experimental data. Initially, each experiment was modelled individually 
with Model A, obtaining in different general parameters in each case. 
Then a combined fitting of all experiments for the same substrate with 
the same set of parameters was attempted with models A-D. For the 
individual fitting, the average values of the parameters and the upper/ 
lower confidence intervals were calculated using Microsoft Excel. 

The rate Eqs. (4)–(7) were used in the mass balances of biomass, 
substrate and dissolved oxygen Eqs. (8)–(10): 

Biomass balance:
dX
dt

(
kg

m3⋅d

)

= rX + rend (8)  

Substrate balance:
dS
dt

(
kgCOD

m3⋅d

)

= rS (9)  

Oxygen balance:
dCO2

dt

(
kg

m3⋅d

)

= 1.42(rX + rend)+ rS + kLα
(
C*

O2 − CO2
)

(10)  

C*
O2is the saturation concentration of dissolved oxygen, and CO2 is the 

concentration of oxygen under working conditions. kLa is the mass 
transfer coefficient, measured under the experimental conditions as 
described in Section 2.3. C*

O2 was assumed to be equal to the dissolved 
oxygen concentration measured in the control experiments and was 
therefore time dependent. 

Model simulations and parameter fitting were done by solving Eqs. 
(8)–(10) and by finding the parameter values that minimised the 
objective function 

∑
(CO2exp – CO2sim)2 were CO2exp and CO2sim represent 

the experimental and simulated, respectively, oxygen concentrations at 
the same time interval during the experiments. The simulated oxygen 
concentration was obtained as solution of the differential Eq. (10). The 
∑

symbol indicates that the objective function was obtained as the sum 
considering all experimental data points with a given substrate. The 
system of Eqs. (8)–(10) was solved numerically in Microsoft Excel using 
the finite difference method with a Δt (time interval) of 0.0001 d. 
Parameter optimisation was done with the Excel add in Solver using the 
GRG nonlinear optimisation method. 

3. Results and discussion 

3.1. Experimental study 

Figs. 1 and 2 show the dissolved oxygen profiles in experiments with 
glucose and paracetamol at different initial concentrations. In all cases, 
biodegradation of the substrate was observed, as indicated by the 
decrease in oxygen concentration below the levels observed for the 
control. This indicates that the decrease in oxygen concentration 
resulted from the microbial metabolic activity due to the substrate 
added and not to endogenous metabolism or to the consumption of other 
carbon sources that might have been present in the inoculum. 

The point at which oxygen concentration starts increasing again in-
dicates a much slower oxygen consumption by the microorganisms, 
which is usually associated with the complete removal of the primary 
carbon source. The profiles for glucose and paracetamol are 

Fig. 3. Effect of initial glucose and paracetamol concentration on the accli-
mation time. For the experiments with multiple substrate spikes, each data 
point represents the acclimation time for each spike. Data points overlap when 
the acclimation time is the same. 

Fig. 4. Effect of initial glucose and paracetamol concentration on the biodegradation rate. For the experiments with multiple substrate spikes, each data point 
represents the biodegradation rate for each spike. Data points overlap when the rate is the same. 
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qualitatively similar. However, for paracetamol, oxygen drops less than 
for glucose. For example, in the experiment with 100 mg/L of carbon 
source, the oxygen concentration drops to a minimum of 0.0 and to 2.2 
mg/L for glucose and paracetamol, respectively. The lower drop in ox-
ygen concentration for paracetamol indicates a slower oxygen con-
sumption rate with this substrate. The slower oxygen consumption rate 
with paracetamol indicates that the microorganisms used in this study 
biodegraded paracetamol more slowly than glucose. This was quantified 
later in this study by measuring the substrate removal rate (below in this 
section) and the maximum specific growth rate (Section 3.2 Mathe-
matical model). The experiments with multiple spikes were carried out 
to investigate the biodegradation of the substrates after microorganisms 
had already completely removed the first addition and were therefore 
acclimated. These experiments indicated a faster removal rate for both 
substrates than under the initial conditions. This indicates complete 
acclimation of the microorganisms to the carbon source after the first 
substrate addition and that, once microorganisms are acclimated to 
these substrates, they are able to remove them without any lag phase. 
For both glucose and paracetamol, the oxygen concentration remained 

at low level for longer times in the experiments at higher initial con-
centrations. This was due to the longer time required for microorgan-
isms to completely remove higher initial concentrations of the 
substrates. 

Fig. 3 shows the acclimation time for both substrates as a function of 
the initial concentration. The acclimation time is always longer for 
paracetamol than for glucose. For both substrates, the acclimation time 
increases as the initial substrate concentration increases; however, the 
effect of the substrate concentration is more evident for paracetamol 
than for glucose. Indeed, for glucose, there is only a modest increase in 
the acclimation time in the 200–2000 mg/L concentration range. Note 
that the definition used in this study for the acclimation time is based on 
the initial drop in oxygen concentration, which is not expected to be 
affected by increasing substrate concentrations unless higher substrate 
concentrations become inhibiting or affect the rate at which microor-
ganisms acclimate to the substrate. Fig. 3 also shows that the acclima-
tion time is greatly reduced after the first substrate addition in the 
experiments with multiple substrate spikes at the same 100 mg/L 
concentration. 

Fig. 5. COD balance: Oxygen consumption, amount of microorganisms produced and residual COD of various concentrations of glucose (A) and paracetamol (B).  
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Fig. 4 shows the biodegradation rate of glucose and paracetamol. As 
expected, the biodegradation rate for both substrates increased with the 
substrate concentration. The biodegradation rate was higher for glucose 
than for paracetamol. For both glucose and paracetamol, the biodegra-
dation rate increased considerably after multiple spikes of the substrate. 

Fig. 5 shows the COD balance, i.e., the fraction of the initial COD of 
the substrates glucose (A) and paracetamol (B) that ended up as oxygen 
consumed, microorganisms and residual COD in the liquid phase by the 
end of the experiments. Fig. 5 shows almost complete removal of the 
COD for both carbon sources in all experiments. For the highest tested 
concentrations (1000 and 2000 mg/L), the COD removal was slightly 
lower than for the lower concentrations, but it was still higher than 90 
%. The contribution of oxygen consumption to the COD balance was 
slightly lower for paracetamol than for glucose. In general, the contri-
bution of oxygen consumption tended to decrease as the initial con-
centration of the substrate increased. The largest contribution to the 
COD balance was the production of microorganisms, for both glucose 

and paracetamol. 
To the best of our knowledge, most of the studies published on 

paracetamol degradation focused on pure strains in batch reactors. 
Apart from our earlier study [7], there is no evidence in the literature 
that paracetamol can be degraded by open mixed culture as a sole car-
bon source. In addition, there is virtually no evidence in the literature 
about which fraction of the biodegraded paracetamol is used for mi-
crobial growth, as we investigated in this study. Zhang et al. [22] stated 
that three pure bacterial cultures (Stenotrophomonas sp and two 
belonging to Pseudomonas sp) were able to degrade paracetamol as sole 
carbon, energy and nitrogen source with higher removal of paracetamol 
by the consortium of the three cultures than by the individual strains. 
For an initial paracetamol concentration of 400 mg/L, the consortium 
achieved a paracetamol removal (measured as TOC, total organic car-
bon) of 97 %, vs the 65, 85 and 86 % removal of the three individual 
strains. The consortium also performed better than the individual strains 
in removing higher concentrations of paracetamol, up to 4000 mg/L. 

Fig. 6. Experimental data and model simulations for glucose. Individual fitting of each experiment. Comparison between experimental data (blue points) and model 
simulation (grey line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 7. Experimental data and model simulations for paracetamol. Individual fitting of each experiment. Comparison between experimental data (blue points) and 
model simulation (grey line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Kinetic parameters and objective functions for the Monod model (model A) with individual fitting for each experiment. Units: μmax and b d− 1; YX/S kg/kgCOD; X0, 
substrate and oxygen concentration kg/m3. (Obj Func = Objective function).   

Glucose Paracetamol 

μmax YX/S b X0 Obj Func μmax YX/S b X0 Obj Func 

Init. subs. Conc. 100  7.23  0.48  0.41 3.1⋅10− 4 6.47⋅10− 6  2.23  0.55  0.16 4.4⋅10− 3 1.03⋅10− 5 

200  3.69  0.46  0.15 4.4⋅10− 4 9.21⋅10− 5  0.95  0.55  0.04 1.7⋅10− 2 2.73⋅10− 5 

500  4.96  0.48  0.034 5.1⋅10− 5 5.21⋅10− 5  0.68  0.60  0.045 2.9⋅10− 3 1.35⋅10− 4 

1000  2.15  0.50  0.038 1.8⋅10− 3 4.51⋅10− 5  0.76  0.57  0.017 1.3⋅10− 2 3.29⋅10− 4 

2000  1.57  0.55  0.025 6.3⋅10− 3 5.99⋅10− 5  0.61  0.56  0.013 2.2⋅10− 2 1.91⋅10− 4 

Spike  1.94  0.40  0.14 6.5⋅10− 3 2.72⋅10− 4  0.37  0.55  0.045 8.9⋅10− 2 4.08⋅10− 4 

Total objective function     5.28⋅10− 4     1.10⋅10− 3 

Average value of the parameters  3.59  0.48  0.13 0.0026   0.93  0.56  0.05 0.029  
Upper 90 % confidence value  5.24  0.52  0.24 0.005   1.43  0.58  0.094 0.052  
Lower 90 % confidence value  1.59  0.43  0.00 0.000   0.33  0.55  0.004 0.0013   
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Overall, the extent of paracetamol biodegradation by the consortium of 
pure cultures by Zhang et al. [22] was in line with the paracetamol 
biodegradation observed in this study with open mixed cultures, which 
contributes to reinforcing the evidence of better biodegradation of 
recalcitrant compounds by mixed cultures than by pure cultures, as 
already observed by Zhang et al. themselves and by other authors 
[23–25]. Zur et al. [26] investigated paracetamol degradation by several 
strains isolated from activated sludge, obtaining the best results with 
Pseudomonas moorei KB4 which removed up to 50 mg/L of paracetamol. 
In the same study, the authors also observed that the activated sludge 
was able to remove after acclimation up to 100 mg/L of paracetamol in 
24 h, but observed no microbial growth on this substrate. While the 
paracetamol biodegradation rate observed by Zur et al. [26] with 100 
mg/L was in the same order of magnitude of what we observed in this 
study, differently from the authors we showed the ability of open mixed 
cultures to grow on this substrate. Chopra and Kumar [13] isolated from 
activated sludge five strains able to metabolise paracetamol as sole 
carbon and energy source. All the isolated strains were able to remove 
paracetamol at initial concentrations 100–2000 mg/L, although usually 
not completely in the time length of their experiments (20 d). Similarly 
to the other studies cited above, Chopra and Kumar also observed better 
paracetamol removal by the microbial consortium than by the individ-
ual strains. In studies with open mixed cultures under conditions typical 
of biological wastewater treatment processes, high removal of paracet-
amol was observed in several studies [27–29], however in these studies 
paracetamol and other pharmaceuticals were only added at μg/L con-
centration while most of the COD consisted of biogenic carbon sources. 
Therefore, these literature studies, differently from our study, did not 
indicate whether paracetamol was being degraded for metabolism or co- 
metabolism. 

Our study shows that the acclimation time for glucose is faster than 
for paracetamol. This can be explained considering that acclimation is 
affected by the substrate's chemical nature, physical state, and concen-
trations. To the best of our knowledge, there is no quantitative investi-
gation reported in the literature about the effect of substrate 
concentration on the acclimation time. Our study indicates that higher 
substrate concentrations can delay the acclimation of the microorgan-
isms and that this effect is more important for paracetamol than for 
glucose. In an earlier study by our group [30] we observed that for open 
mixed culture the nature of the substrates and their concentrations are 
more important in determining the acclimation time than the type of 
mixed culture (inoculum from soil vs anaerobic digester were compared) 
and measured longer acclimation time for C12-C20 hydrocarbons than for 
more readily biodegradable substrates like glucose, ethanol and acetic 
acid. Comparing the acclimation times measured in this study with those 
in our earlier study, which were measured at a fixed substrate 

concentration (0.5 g/L), this study extends the range of substrates and 
concentrations investigated: for glucose, the acclimation time was 1 d in 
[30] while in this study it was 12 h for the lowest concentration (100 
mg/L) and increased up to 28 h for the highest concentration (2 g/L); 
paracetamol was not investigated in [30], but the values measured in the 
present study (22–60 h) are not too different from those reported in that 
study for C12-C20 hydrocarbons (2–4 days). 

3.2. Mathematical model 

The first step in the kinetic modelling of the experimental data was 
the individual fitting (i.e., with parameters optimised separately for 
each experiment) of each experiment with the Monod model (Model A). 
Figs. 6 and 7 show the comparison of the model and the experimental 
data for each experiment for glucose and paracetamol, respectively. 
Table 1 shows the optimum parameter values calculated for each 
experiment. Generally, the model is able to describe the experimental 
data well, although, especially for paracetamol, the fitting is less good 
for the experiments with multiple spikes. This is probably due to the 
higher complexity of the microbial response in these experiments 
compared with the experiments when the substrate was only fed once. 
Generally, in most cases, the fitting is worse in the final part of the ex-
periments when the substrate is completely removed and the oxygen 
concentration increases. In this final part of the experiments, the model 
generally predicts a faster increase in oxygen concentration than it is 
experimentally observed. This may be due to the difficulty in simulating 
the complex phenomenon of endogenous metabolism, which is respon-
sible for oxygen consumption when the carbon source is completely 
removed. Table 1 shows that the optimum values of the model param-
eters were different for each experiment. Generally, the μmax values were 
higher for glucose than for paracetamol. The average μmax value was 
3.59 d− 1 for glucose and 0.93 d− 1 for paracetamol. Although the stan-
dard deviation of these values is considerable, these values are different 
with a degree of confidence of at least 90 %. The average YX/S value was 
higher for paracetamol (0.56 kg/kgCOD) than for glucose (0.48 kg/ 
kgCOD) and these values were different with a degree of confidence of 90 
%. The values of b and X0 were very variable for the different experi-
ments and their average values for glucose and paracetamol were not 
found to be significantly different. 

The second step in the kinetic modelling was the attempt to com-
bined modelling, i.e., all the experiments for each substrate with the 
same set of parameters. This was attempted with various versions of the 
Monod model: without modifications (Model A), modified for inhibition 
(Model B), for acclimation (Model C) and for acclimation dependent on 
the initial substrate concentration (Model D). Fig. 8 shows the objective 
function for the different models for combined fitting, compared with 

Fig. 8. Objective function for the different models and modelling approaches.  
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the individual fitting with the Monod model. Overall, in all cases, the 
fitting was considerably worse than for the individual fitting with the 
simple Monod model. This indicates that probably the experiments were 
affected by daily variations in biomass response, which could be better 
accounted for by using a simple model with different values of the ki-
netic parameters, rather than by a more complex model with the same 
set of parameters. Model D gave a marginally better combined fitting 
than the other models. The comparison of experimental data and model 
simulations for Model D is shown in Fig. 9 and 10, and the parameters 
that gave the best fitting are reported in Table 2. Generally, for both 
glucose and paracetamol, the experiments with initial concentrations 
200, 500, 1000 and 2000 mg/L are described quite well, while there are 
major discrepancies in the model description of the experiments with 
100 mg/L with only addition and with multiple spikes. As stated above, 
these discrepancies between the model and the experimental data are 
probably due to daily variations in the microbial response and in the 

more complex response when microorganisms are subject to multiple 
substrate spikes. Considering the parameters of Model D which gave the 
best fitting, shown in Table 2, it is confirmed that the removal of para-
cetamol is characterised by lower μmax (0.43 vs 0.99 d− 1) and slightly 
higher YX/S (0.57 vs 0.53 kg/kgCOD) than the removal of glucose, as 
observed earlier for the simple Monod model with individual fitting. As 
expected, the best-fit values of μmax are different, for both glucose and 
paracetamol, in the model with acclimation compared with the simple 
Monod model used in the individual fitting, however, what matters 
more is the confirmation of the general evidence of a significantly lower 
μmax for paracetamol than for glucose. It is also noteworthy that, ac-
cording to the best-fit parameter values in Model D, the effect of the 
initial concentration of the substrate on the acclimation time is more 
important for paracetamol than for glucose. This is shown by the higher 
value for the parameter α for paracetamol (0.31) than for glucose (0.14) 
and qualitatively matches the trends of the acclimation time observed in 

Fig. 9. Combined modelling with Model D for glucose. Comparison between experimental data (blue points) and model simulation (grey line). Best fit parameters in 
Table 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 3. 
In the literature, while there are many studies on the kinetic pa-

rameters of microbial growth for glucose or other readily biodegradable 
substrates for pure or mixed cultures, to the best of our knowledge there 
are only very few published studies on the kinetic parameters for 
paracetamol and they usually refer to pure cultures [13,14]. Table 3 lists 

Fig. 10. Combined modelling with Model D for paracetamol. Comparison between experimental data (blue points) and model simulation (grey line). Best fit pa-
rameters in Table 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Kinetic parameters obtained in the combined fitting with model D. Same units as 
in Table 1 and τ0 d− 1, α adimensional.  

Substrate μmax YX/S b X0 τ0 α Obj. func. 

Glucose  0.99  0.53  0.032  0.071  0.98  0.14 1.88 × 10− 3 

Paracetamol  0.43  0.57  0.016  0.11  0.89  0.31 1.69 × 10− 3  

Table 3 
Selected values of the kinetic parameters μmax and YX/S in literature studies with 
open mixed cultures compared with the values found in this study. a individual 
fitting with simple Monod model; b combined fitting with Model D.  

Substrate μmax 

(d− 1) 
YX/S 

(kg/kgCOD) 
References 

Glucose 5.5–23 0.52–0.66 [31] 
Glucose 6.2 – [32] 
Glucose 1.57–7.23 0.48–0.55 This studya 

Glucose 0.99 0.53 This studyb 

Paracetamol – 0.51 [7] 
Paracetamol 0.37–2.23 0.55–0.60 This studya 

Paracetamol 0.43 0.57 This studyb  
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the μmax and YX/S values from selected literature studies with open 
mixed cultures. For glucose, the literature values for μmax vary in a wide 
range, depending on the type of culture and on the process conditions, 
while the YX/S values are generally less variable. In general the values for 
μmax calculated in this study for glucose are within the ranges reported in 
the literature, although at the lower end. The values for YX/S are within 
the literature range. To the best of our knowledge, there is no published 
study reporting the maximum growth rate on paracetamol for open 
mixed cultures. The only literature report of YX/S values for paracetamol 
is the earlier study by this research group, where a YX/S value of 0.51 kg/ 
kgCOD, in good agreement with this study, was calculated from SBR 
studies. 

4. Conclusions 

Paracetamol can be metabolised by open mixed cultures as sole 
carbon and energy source, at all concentrations investigated in this study 
(100–2000 mg/L). The metabolization of paracetamol was almost 
complete in all cases, with over 90 % removal of the soluble COD in all 
cases and, based on the COD balance, conversion to microorganisms was 
the main removal mechanism. However, paracetamol biodegradation 
was slower and with a longer acclimation time than glucose biodegra-
dation by the same microorganisms. The maximum growth rate was 
lower for paracetamol than for glucose while the growth yield for 
paracetamol was slightly higher. 

Overall, we believe that the results in this paper contribute to a better 
and more quantitative understanding of biodegradation of xenobiotics 
in biological wastewater treatment processes. After due verification with 
other systems, substrates and microorganisms, the mathematical model 
developed in this study can be incorporated in existing models of bio-
logical wastewater treatment processes, leading to an improved design 
and to performance optimisation. 
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