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Microbial Growth Kinetics of an Anaerobic 
Acidogenic Bioreactor

Yalçın Aşkın Öktem

Abstract  Kinetic evaluation of an acidogenic completely stirred tank reactor 
(CSTR) treating a chemical synthesis-based pharmaceutical wastewater was inves-
tigated. For kinetic modeling of the acidogenic reactor (Monod, Contois, Grau, 
et  al.), first-order kinetic models were used. These models have high correlation 
coefficients in this study. Monod models have shown high correlation coefficients 
(99%) which were used in describing the process kinetics of the anaerobic acido-
genic reactor. Kinetic studies showed that sludge yield (Y) and decay rate (Kd) were 
0.25 mg VSS/mg COD and 0.79 1/day, respectively.
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�Introduction

Pharmaceutical wastewaters are characterized by high dissolved organics and 
changeable amount of salts [1, 2]. The high organic content of chemical synthesis-
based pharmaceutical wastewater makes it especially suitable for processes based 
on anaerobic biotechnology [3]. Anaerobic digestion performance, both in terms of 
removal efficiency and energy recovery, a proper model, as well as dependable 
kinetic and stoichiometric parameters are required. In the literature, there is a gen-
eral compromise on considering the hydrolysis as it is a kinetically limiting step of 
the all process [4]. Microbial kinetics plays a considerable role in the setup and 
operation of anaerobic digesters. Based on the biochemistry and microbiology of 
the anaerobic process for process analysis, control, and design, literature on kinetics 
of degradation was unavailable on chemical synthesis-based wastewater using first-
order, Monod, Contois, and Grau kinetic models. Some researchers have investi-
gated different wastewater treatment performance and its compounds using these 
models [5–9]. For biokinetic modeling of the reactor, Monod, Contois, Grau, and 
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first-order kinetic models were used. These models have shown high correlations at 
studies. Although microbial kinetics of various types of industrial wastewaters has 
been studied, there is still lack of information in the literature about kinetics of 
chemical synthesis-based pharmaceutical wastewaters. In this study, these four 
types of kinetic models for describing the process kinetics of an acidogenic reactor 
chemical synthesis-based pharmaceutical wastewater were compared.

�Materials and Methods

The reactor was made of Plexiglas with an active volume of 5 L. Characteristics of 
the wastewater are given in Table 1.

Inoculation sludge was obtained from an anaerobic reactor in alcohol industry. 
Analytical methods were used to determine reactor performance, and routine analy-
ses were carried out in steady-state conditions. During the operation of the reactor, 
pH, temperature, gas production, and VFA were monitored daily. COD and TS/TVS 
analyses were carried out once every other day. All the analyses such as COD, sol-
ids, pH, etc. were conducted in accordance with the standards methods [10].

�Reactor Operation

Acidification degree was interpreted according to different SRTs, HRTs, and OLRs, 
processing the chemical synthesis-based pharmaceutical wastewater.

Table 1  Wastewater 
characteristics

Parameters Concentration (mg/L)

COD 40,000–60,000
TKN 800–900
PO4-P 3–6
Suspended solids (SS) 800–1000
Volatile suspended solids (VSS) 500–700
Alkalinity (as CaCO3) 900–1000
pHa 7–8

aUnitless
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�Results and Discussion

�Performance of Acidogenic Reactor

Optimum operating conditions for acidification of wastewater were found to be an 
HRT of 12 h, pH range of 5.5 ± 0.1, and OLR of 13 kg COD/m3 day. At this point, 
maximum acidification of 44% was achieved.

�Determination of Microbial Kinetic Constants

For a completely stirred reactor without biomass recycle, the rate of accumulation 
of microorganisms can be shown as:

	

dx

dt
V QX QX XV K XVd r= − + −0 µ r

	
(1)

where dx/dt is the rate of change of microorganism concentration and is measured in 
terms of volatile suspended solids (VSS), Vr is the reactor volume (liter), X0 and X 
are the concentrations of biomass in the influent and the reactor/effluent (mgVSS/L), 
and μ and Kd are the specific growth and decay rates (1/day), respectively.

�Monod Model

If assumed that the concentration of microorganisms in the influent can be neglected, 
then at steady-state, dx/dt = 0. Equation (1) can be written as follows:

	
µ = +

1

HRT
Kd

	
(2)

The relationship between the specific growth rate and the rate-limiting substrate 
concentration can be expressed by the Monod equation [11]:

	

µ
µ

=
×
+( )

−m

s
d

S

K S
K

	

(3)

where: S: Effluent concentration (mg COD/L), μm: The maximum specific growth 
rate (1/day), KS: Half saturation concentration (Monod constant) (mg COD/L)
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The general expression of Monod kinetic model is given below:

	

− =
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dS
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µmax

	

(4)

Y: Cell yield coefficient (mg VSS/mg COD)
If Eq. (4) is integrated and then reduced, the equation can be written as:
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(5)

If Eq. (5) is linearized, the equation obtained will be:
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(6)

By plotting Eq. (6), the values of μmax and KS can be calculated from the slope and 
the intercept of the line. Figure 1 was plotted for determining the values of μmax and 
KS.

If the rate of change in the substrate concentration in the acidogenic reactor is 
expressed mathematically, this becomes:

	

dS

dt
V QS QS V

dS

dtr= − −0

	
(7)
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Fig. 1  Monod model μmax and Ks

Y. A. Öktem



237

Then, the above equation can be arranged according to Monod equations (4) and 
(7) and defined as follows:

	

Q
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Y HRT
K Xd0
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−( ) = +




×

	
(8)

Equation (8) can be linearized, and then the equation obtained will be:

	

S S

HRT X Y HRT

K

Y
d0 1 1−

×
= × +

	
(9)

where, by plotting, the values of Y and Kd obtained in Eq. (9) can be calculated from 
the slope and the intercept of the line. The values of Y and Kd were determined from 
Fig. 2.

�Contois Model

By applying Contois model to the experimental data, the kinetic constants were 
calculated, and these obtained values of kinetic constants of the model were found 
to be same as the calculated values of the Monod model. The relationship between 
μm and the rate of limiting S concentration can be expressed by the Contois equation 
[12] as follows:

	
µ
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Fig. 2  Monod model Y and Kd
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where B is the kinetic parameter mg COD/mg VSS, BX  =  KS according to the 
Contois kinetics

The general expression of the Monod kinetic model is given below:

	

− =
+( )

dS

dt

XS

Y BX S

µmax

	

(11)

By applying the Contois model given above to Eq. (5), a kinetic evaluation can 
be done. Substituting the Contois expression, Eq. (10), in Eq. (5) gives:
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(12)

If Eq. (12) is linearized, the equation obtained will be:

	

HRT
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(13)

Similarly, the values obtained in Eq. (13) can be used for plotting values of μmax 
and B. The value of μmax can be calculated from the intercept of the straight line, 
while B can be obtained from the slope line. Figure 3 was plotted to determine the 
kinetic values (μmax and B) according to the Contois model.
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�Grau Model

Grau model in Eq. (14) that was established by Grau et al. [13] is that the predicted 
effluent substrate concentration is function of the influent substrate concentration.

	
µ

µ
=

×
−m

d

S

S
K

0 	
(14)

Acidogenic reactor is a complete stirred reactor and behaves as a chemostat reac-
tor; therefore, θc and θ have the same values. According to the Grau model, for 
determining kinetic constants, Eq. (14) is reduced and linearized, and then the 
obtained equation is shown below:

	

S
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K
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(15)

The values obtained in Eq. (15) can be used for plotting values of μmax and Kd. 
Similarly, the value of Kd can be calculated from the intercept of the straight line, 
and μmax can be obtained from the slope line of Fig. 4.
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�First-Order Kinetic Model

Finally, using the first-order model, kinetic constants were determined. Effluent 
substrate concentration (S) is calculated by the first-order model. According to θc 
and maximum substrate utilization rate k (mg COD/mg VSS day), the first-order 
kinetic model [14] expressions are as follows:

	
µ =

×
−

−
k S

S S
Kd

0 	
(16)

	
− =
dS

dt
kS

	
(17)

If Eq. (17) is integrated and rearranged for estimating effluent S concentration, it 
can be written as:

	
S

S

k
=

+
0

1 θC 	
(18)

the effluent biomass concentration under steady-state condition and Eq. (16) is used 
to plot 1/E values versus μ values. The values of k and Kd are obtained in Fig. 5.
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Fig. 5  First-order kinetic model
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�Overall Evaluation of Applied Kinetic Models

By the application of the Monod kinetic model to the experimental data, μmax 
and KS were found to be 0.845 1/day and 55 mg COD/L, respectively, at high 
correlation (R2 = 0.96). Y and Kd were found to be 0.25 mg VSS/mg COD and 
0.79 1/day, respectively, at the highest correlation (R2  =  0.99) in this study. 
Substrate utilization rate was calculated as 3.37 mg COD/mg VSS day. In the 
application of the Contois model, the Contois kinetic constant (B) was found to 
be 5.72 mg COD/mg VSS for each hydraulic retention time. In the application 
of the Grau model, Kd and μmax were determined as 0.60 1/day and 0.096 1/day, 
respectively, at low correlation (R2  =  0.87). Lastly, according the first-order 
kinetic model, k and Kd were found to be 6.05 mg COD/mg VSS day and 6.37 1/
day, respectively. All the kinetic constants in this study found in accordance to 
the four different biokinetic models for best describing the acidogenic reactor 
are given in Table 2 as compression in the literature studies. The Monod model 
was found to be more assembled than the other kinetic models according to (Y) 
0.25  mg VSS/mg COD and (Kd) 0.79 1/day, respectively. On account of the 
wastewater structure, these values were higher than the given literature values. 
A big part of the wastewater includes dissolved organics (approximately 70%) 
and is reduced to VFAs. Chemical synthesis-based pharmaceutical wastewater 
also contains large amounts of simple form alcohol, such as isopropyl alcohol, 
ethanol, etc. Since the hydrolyze phase of this wastewater takes a very short 
time, Y coefficient is slightly higher than the literature values [15–21]. On the 
other hand, (μmax) 0.43 1/day was calculated by the Contois model and this value 
to more appropriate than the Monod model. The reason was using the equation 
proposed by the Contois, the specific growth rate is considered as a function of 
the growth-limiting nutrient in both input and effluent S concentration by using 
an empirical constant, which was related to the microbial population [11]. The 

Table 2  Kinetic constants for acidifier

Substrate

Y kd μm k B
mg VSS/mg 
COD 1/day 1/h 1/day 1/h 1/day

mg COD/mg 
VSS

Confectionary [15] 0.31 1.56 0.065 64.8 2.7 – –
Glucose [16] 0.17 6.1 0.254 30 1.25 – –
Glucose [17] 0.625 0.41 0.017 – – – –
Carbohydrate [18] 0.14–0.17 6.1 0.254 7.2–30 0.3–1.25 1.33 –70.6 –
Ice cream ww [19] 0.21 0.013 0.001 0.92 0.039 – 0.481
Lactose [20] 0.23 – – –
Beef extract [21] 1.74 0.072 32.6 1.358
Monod (this study) 0.25 0.79 0.033 0.84 0.035 3.37
Contois 10.38 0.433 5.723
Grau 0.60 0.025 0.096 0.004
First order 6.05 0.25 6.37
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Monod and the Contois models are more aptly than the other kinetic models, 
especially when it comes to treating chemical synthesis-based pharmaceutical 
wastewater.
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