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1. Introduction

Acrylamide (AM, C3H5NO) monomer is a chemical compound 
that is used for synthesizing various polymers such as poly-
acrylamides (PAMs), which have been used widely as flocculants 
for water and sewage treatments, adhesives, and others. However, 
it has been documented that AM is a neurotoxicant, carcinogen, 
and hazardous substance, causing irritation and toxicity in human. 
Thus, the AM concentration is limited to 0.05% (w/w) in the 
commercial PAMs, and the PAMs application dosage of less than 
1.0 mg/L is only allowed [1]. The production and application 
of AM such as in the production of PAMs could contaminate 
the environment [1-2]. Due to its adverse effects, the contamination 
of AM in the wastewater must be eliminated. Most of the previous 

studies have focused on microbial isolation and AM bio-
degradation with pure culture of bacteria in the laboratory includ-
ing Arthrobacter sp., Nocardia sp., Bacillus sp., Xanthomonas sp., 
Rhodopseudomonas sp., Rastonia sp., Geobacillus sp., Pseudomonas 
sp., and Rhodococcus sp. [2-4]. Recently, Enterobacter aerogenes 
(E. aerogenes) was reported as a bacterium with high capability 
to biodegrade AM in the culture media at a concentration as 
high as 5,000 mg AM/L [5]. E. aerogenes, formerly known as 
Aerobacter aerogenes [6], is a facultative and mesophilic bacterium 
[7] and is capable to heterotrophically nitrify ammonium nitrogen 
under aerobic condition [8]. Jangkorn et al. [9] conducted the 
experiments to compare AM biodegradations of E. aerogenes, 
mixed culture bacteria, and a mixture of both bacteria in the 
biological wastewater treatment sequencing batch reactor (SBR) 
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systems operating at the solids retention time (SRT) of 10 d and 
hydraulic retention time (HRT) of 24 h.  It was found that E. 
aerogenes, which was reported to biodegrade the AM substantially 
in the laboratory [5], did not biodegrade AM efficiently in the 
SBR wastewater treatment systems.

With amidase as a catalyst of the deamination reaction for 
the AM biodegradation, both ammonia nitrogen and acrylic acid 
(AA) as the biodegradation products were produced [2-4]. Both 
AA and ammonia would potentially contribute organic matter 
and nitrogen to the wastewater, respectively; therefore, carbon 
oxidation of AA and nitrification would be required to meet the 
effluent standards. Jangkorn et al. [9] found that both ammonia 
and AA were considerably accumulated in the SBR activated 
sludge (AS) treatment systems containing E. aerogenes and mixed 
culture bacteria under aerobic condition. They also reported that 
ammonia inhibited the AM biodegradation and nitrification in 
the SBR systems. These findings suggest that AM and its bio-
degradation products are possible to interfere with the carbon 
removal and nitrification in the biological wastewater treatment 
process.

The knowledge of kinetics is essential to evaluate the biological 
degradation of substrates in the biological wastewater treatment 
system. The kinetics of hydrolyzed polyacrylamide (HPAM) bio-
degradation, carried out in the batch experiments containing dif-
ferent initial HPAM concentrations and both Bacillus cereus and 
Bacillus sp. obtained from a sequencing batch biofilm reactor 
(SBBR) under the aerobic condition, revealed that the maximum 
HPAM biodegradation rate (Vmax) and Michaelis-Menten constant 
(Km) were 16.4 mg/L-day and 579 mg HPAM/L, respectively [10]. 
However, the kinetics could not be applied to the AM bio-
degradation due to differences in microorganisms, substrate types 
and concentrations, and biological wastewater treatment systems. 
The kinetics of AM biodegradation under aerobic condition by 
the mixed culture bacteria and E. aerogenes in the biological 
wastewater treatment systems have not yet been reported. In addi-
tion, the effects of AM on the chemical oxygen demand (COD) 
removal and nitrification kinetics as a result of the AM bio-
degradation have not been addressed. This study reported the 
effects of AM on the COD removal and nitrification kinetics of 
both mixed culture bacteria and E. aerogenes in the SBR systems.

2. Materials and Methods

2.1. Experimental Data of AM Biodegradation Studies in 
SBR Systems

Substrate removal data from the AM biodegradation studies during 
the reacting periods of the SBR systems [9] were used to evaluate 
the COD removal and nitrification kinetics, the AM biodegradation 
kinetics, and effects of AM on the both COD removal and ni-
trification kinetics. Two SBR biological wastewater treatment sys-
tems containing mixed culture bacteria and E. aerogenes called 
as AM-1 and AM-2 were used for degrading AM in the synthetic 
wastewater containing organic matters indicated as total chemical 
oxygen demand (TCOD) of about 400 mg COD/L, ammonium 
nitrogen of about 43.5 mg N/L, and phosphorus of about 7-8 

mg P/L [9]. E. aerogenes was isolated and cultured from the 
Department of Biochemistry (Burapha University, Thailand) and 
mixed culture bacteria was taken from a pilot-scale Modified 
Ludzack-Ettinger (MLE) wastewater treatment system running in 
the Department of Chemical Engineering (Burapha University) 
for biological nitrogen removal. AM was fed to the AM-1 and 
AM-2 systems at the concentrations of 100, 200, 300, and 400 
mg AM/L along with other carbon sources to obtain the TCOD 
of 400 mg COD/L during the first, second, third, and fourth weeks 
of experiments, respectively. AM was used as a sole carbon source 
during the AM feeding concentration of 400 mg AM/L. The total 
nitrogen of synthetic wastewater containing both AM and ammo-
nium nitrogen was not measured in this study, but could be 
calculated from the stoichiometric relationship between AM and 
ammonia. According to the stoichiometric molar ratio of AM to 
ammonia (1:1), complete AM biodegradation could contribute 
nitrogen in the wastewater at the concentrations of 19.7 [(100 
mg AM/L / 71.08 mg AM/mmole) × 14 mg N/mmole], 39.4, 59.1, 
and 78.7 mg N/L when AM was added the concentrations of 
100, 200, 300, and 400 mg AM/L, respectively. Other two SBR 
systems referred to as Control-1 and Control-2 systems containing 
mixed culture bacteria and E. aerogenes, respectively, were used 
as the control systems, feeding with only synthetic wastewater 
without any AM substitution. Each SBR system, with a working 
volume of 3.0 L, was operated with two cycles per day at the 
nominal HRT of 24 h, the operating SRT of 10 d, and the temper-
ature of about 28oC. Upon achieving the quasi-steady state con-
ditions, the biomass concentrations in the Control-1, Control-2, 
AM-1, and AM-2 systems were about 2,648 ± 172, 266 ± 8, 
2,663 ± 139, and 295 ± 30 mg VSS/L, respectively.

2.2. Determination of Kinetic Parameters

Several mathematical expressions are available including first-or-
der, Monod growth, co-metabolisms, second-order, and 
Michaelis-Menten kinetics to describe the kinetics of bio-
degradation in aquatic environment [11]. However, the Monod 
model is widely used for a single bacterial species growing on 
a single limiting substrate resulting in the microbial growth. When 
substrate concentration (S) is several times greater than the half 
saturation coefficient (KS), the Monod equation is simplified to 
the zero-order rate expression. However, when the substrate con-
centration is much less than the KS, the biodegradation rate can 
be approximated by the first-order equation. In the wastewater 
treatment practices, wastewater typically contains a mixture of 
several organic substrates and is measured as the nonspecific 
substrate parameter such as COD or BOD. Monod model is still 
applicable to evaluating the biodegradation kinetics of nonspecific 
substrate parameters for the mixed culture bacteria [12]. Alexander 
[13] proposed the integrated Monod equations consisting of six 
biodegradation kinetic models; among them, three biodegradation 
models are used for non-growing microorganisms including 
zero-order, first-order, and Monod (no growth) models as shown 
in Eq. (1)-(3), respectively. Monod kinetic model for non-growing 
microorganisms was appropriate for this study because the SBR 
systems were controlled at the SRT of 10 d; thus, approximate 
constant biomass concentrations were obtained. It is known that 



Environmental Engineering Research 24(2) 309-317

311

the net daily sludge production or bacterial growth is limited 
to about the one tenth of total biomass because of the controlled 
operating SRT of 10 d.

2d / dS t k  (1)

1d / dS t k S   (2)

2 sd / d / ( )S t k S K S    (3)

The k2 in both Eq. (1) and (3) is the zero-order rate constant 
and maximum biodegradation rate constant with a unit of mg/L-h. 
In Eq. (2), k1 is the first-order rate constant with a unit of h-1.

Microsoft Excel with linear regression analysis was used to 
analyze for the zero-order and first-order kinetic models and the 
fitness was indicated by the coefficient of determination or 
R-squared (R2) value. The graphical plots of substrate concen-
tration versus time and the natural logarithm of substrate concen-
tration versus time according to the integral forms of zero-order 
and first-order approximations as listed in Eq. (4)-(5), respectively, 
were used to evaluate the zero-order and first-order kinetics, 
respectively.

o 2S S k t   (4) 

o 1exp( )S S k t   (5)

In Eq. (4) and (5), So is the initial substrate concentration (mg/L).
The Monod kinetic parameters of KS and k2 according to Eq. 

(3) were estimated by the parameter estimation method of a com-
puter software AQUASIM with the version of 2.1 g [14], which 
is widely used simulation and identification of aquatic system. 
The secant method of AQUASIM estimated the k2 and KS by 
minimizing the Chi-square (2) value, which is the sum of the 
squares of the weighted deviations between each experimental 
data point and the corresponding model prediction. The 2 was 
used as a value to indicate the goodness of fit in AQUASIM. 
The substrate concentrations predicted at different time from esti-
mated parameters were compared with the experimental substrate 
concentrations. The accuracy of prediction was indicated by the 
R2-square value.

3. Results and Discussion

3.1. Nitrification and COD Removal in Control SBR Systems

The experimental results at the quasi-steady state conditions from 
Jangkorn et al. [9] revealed that the autotrophic nitrification in 
the Control-1 system was almost completed at the removal effi-
ciency of 98.4 ± 0.6% as the results of existing nitrifiers at the 
SRT of 10 d and operating at the relative high temperature of 
about 28oC. E. aerogenes in the Control-2 system nitrified hetero-
trophically ammonium nitrogen at the removal efficiency of 65.8 
± 26.5%. The heterotrophic nitrification is typically conducted 
by heterotrophic bacteria; however, energy for ATP production 

could not be conserved for cell growth [15]. However, a large 
variation of ammonium concentrations in the Control-2 system 
was found; therefore, the quasi-steady state conditions with respect 
to the nitrification could not be achieved. Nitrification in the 
Control-2 system reduced significantly during the third and fourth 
weeks of experiments.  It was presumed that less energy was 
available for heterotrophic nitrification due to the accumulation 
of inorganic polyphosphate in the cells of E. aerogenes. Harold 
[16] reported that the accumulation of inorganic phosphate was 
resulted from the competition between polyphosphate and nucleic 
acid pools for intracellular phosphorus in non-growing cells. 
Jangkorn et al. [9] explained that the growth of E. aerogenes in 
the Control-2 system was limited as a result of operating SRT 
of 10 d; thus, only one-tenth of total biomass was replaced each 
day with the new growth. Limited growth conditions of E. aero-
genes possibly resulted in the accumulation of intracellular poly-
phosphate granules. The experimental results also indicated that 
both Control-1 and Control-2 systems had approximately the same 
COD removal efficiencies of 81.1 ± 0.9 and 79.3 ± 1.6%, 
respectively. 

3.1.1. Kinetics of nitrification
Both k2 and KS Monod kinetic parameters including Chi-squared 
and R-squared values were obtained from the parameter estimation 
of AQUASIM and are listed in Table 1. It was found that the 
k2 of 16.8 mg N/L-h and KS of 33.2 mg N/L were obtained with 
the R2 of 0.999 for the autotrophic nitrification of mixed culture 
bacteria in the Control-1 system. The maximum specific ni-
trification rate of mixed culture bacteria, calculated by dividing 
k2 by the biomass concentration, was 0.15 mg N/mg VSS-day. 
The KS was significantly higher than the typical values of half 
saturation coefficient (less than 1.0 mg N/L) [17]. It was reported 
that the KS of ammonia-oxidizing bacteria (AOB) could be in 
the range of 1-100 mg N/L, depending on the dominant group 
of microorganisms in the system [18]. However, the phylogenetic 
group of the mixed culture bacteria has not been identified in 
this study.

Table 1 indicates that the k2 of E. aerogenes in the Control-2 
system was approximately the same as the mixed culture bacteria. 
However, the maximum specific nitrification rate of E. aerogenes 
was 1.53 mg N/mg VSS-day, suggesting that E. aerogenes nitrified 
at a higher rate than mixed culture bacteria. Furthermore, the 
KS of E. aerogenes was much higher than the mixed culture bacteria, 
indicating that E. aerogenes has low affinity for heterotrophic 
nitrification [19]. It could be implied that the first-order reaction 
should provide the best goodness of fit for heterotrophic ni-
trification in the Control-2 system. The first-order reaction rate 
calculated from the slope of the linear regression of natural loga-
rithm transformed ammonium concentrations values over time 
was 0.099 h-1 with R2 value of 0.988. It appears that the ammonium 
concentrations were best fitted with the first-order reaction. As 
reported by the experimental results that the quasi-steady state 
condition with respect to the nitrification in the Control-2 system 
was not achieved due to the accumulation of intracellular poly-
phosphate granules. Further biodegradation kinetic evaluations 
for each week of experiments in the Control-2 system with Monod 
(no-growth) and first-order kinetics as listed in Table 2 reveal 
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that the Monod (no-growth) model kinetic parameters could be 
identified only during the first two weeks of experiments. 
Subsequently, it appears that the KS increased considerably with 
time from the simulations during the last two weeks of experi-
ments, suggesting that the affinity of E. aerogenes for the ammo-
nium decreased significantly with time due to the accumulation 
of polyphosphate granules in the cells and less energy was available 
for heterotrophic nitrification. The first-order approximation is 
better for the kinetic model. The heterotrophic nitrification during 
the last two weeks was inhibited as shown by the decrease of 
first-order rates as shown in Table 2.

3.1.2. Kinetics of COD removal
Table 1 reveals that the KS values of Monod kinetic model for 
the COD removal in the Control-1 and Control-2 systems were 
significantly high. It is noted that the unit of KS for COD removal 
is mg COD/L and is typically high [20]. Furthermore, the influent 
COD concentration of 400 mg COD/L was not significantly greater 
and lesser than the KS; thus, the Monod model was best to describe 
the kinetics of COD removal in the Control-1 and Control-2 
systems. It is notable that E. aerogenes was capable to degrade 
the organic matters at a slightly higher k2 than the mixed culture 
bacteria although the concentration of E. aerogenes (~ 266 mg 
VSS/L) was considerably less than the concentration of mixed 
culture bacteria (~ 2,648 mg VSS/L). The maximum specific COD 
biodegradation rates of mixed culture bacteria and E. aerogenes 

were 0.65 and 7.62 mg COD/mg VSS-day, respectively. It is sug-
gested that E. aerogenes degraded COD at a higher rate than the 
mixed culture bacteria. However, the KS values in Table 1 indicate 
that E. aerogenes had lower affinity for the synthetic wastewater 
than the mixed culture bacteria from the Control-2 system.

3.2. Kinetics of Nitrification, AM and COD Removals in 
Experimental SBR Systems

Jangkorn et al. [9] reported that both AM-1 and AM-2 SBR systems 
completely removed the AM only at the dosages of 100 and 200 
mg AM/L. However, the COD removal efficiencies in the AM-1 
system decreased considerably after the AM addition as compared 
with the Control-1 system because amidase was required for mixed 
culture bacteria to degrade AM. The efficiencies subsequently 
increased with time in the AM-1 system after mixed culture bacteria 
were acclimatized with AM. As the AM concentrations increased 
to 300 and 400 mg AM/L, the AM removal efficiencies decreased 
considerably due to the inhibition of the free ammonia nitrogen 
(FAN). The FAN as one of the AM biodegradation products was 
accumulated in the SBR systems due to the failures of autotrophic 
and heterotrophic nitrifications in the AM-1 and AM-2 systems, 
respectively. The FAN also inhibited autotrophic nitrification of 
mixed culture bacteria. The accumulation of intracellular poly-
phosphate inhibited the heterotrophic nitrification of E. aerogenes. 
The FAN was reported as an inhibitor of amidase [21].

Table 1. Monod (no-growth) Kinetic Models for Nitrification and COD Removal of Control-1 and Control-2 Systems

Reactions SBR System Parameter Value R2 Chi-squared (2)

Nitrification Control-1 k2 16.8
0.999 27.0

KS 33.2

Control-2 k2 16.9
0.998 7.3

KS 142.6

COD Control-1 k2 71.6
0.996 14.4

KS 230.3

Control-2 k2 84.4
0.996 22.8

KS 324.7

Table 2. Monod No-growth, Zero-, and First-order Kinetic Models for Nitrification in the Control-2 System during Each Week of Experiments

Types Week No. Parameter Value R2 Chi-squared (2)

Monod (no-growth) 1 k2 5.3
0.999 2.5

KS 8.6

2 k2 8.9
0.996 17.5

KS 23.3

3 * - - -

4 * - - -

First-order 1

k1

0.18 0.968 -

2 0.20 0.977 -

3 0.08 0.966 -

4 0.03 0.944 -

* indicates unidentified kinetic parameters.
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3.2.1. Kinetics of AM biodegradation
It can be seen from Table 3 that the AM biodegradations of mixed 
culture bacteria and E. aerogenes followed the Monod no-growth 
model at the AM concentrations of 100 and 200 mg AM/L. From 
the Monod kinetic parameters in Table 3, it was found that the 
maximum AM biodegradation rate (k2) and half saturation co-
efficient (KS) of E. aerogenes were higher than the mixed culture 
bacteria. The maximum specific AM biodegradation rates of mixed 
culture bacteria and E. aerogenes were 0.23 and 2.51 mg AM/mg 
VSS-day, respectively, at the AM feeding concentration of 100 
mg AM/L. At the AM concentration of 200 mg AM/L, the maximum 
specific AM biodegradation rates of mixed culture bacteria and 
E. aerogenes increased to 0.37 and 4.04 mg AM/mg VSS-day, 
respectively. It appears that E. aerogenes degraded AM at a greater 
rate than mixed culture bacteria. Furthermore, E. aerogenes had 
less affinity for AM than mixed culture bacteria, suggesting a 
binding strength between amidase and AM of mixed culture bac-
teria was greater than E. aerogenes. Furthermore, both k2 and 
KS parameters in both AM-1 and AM-2 systems increased as the 
AM concentrations increased in the wastewater from 100 to 200 
mg AM/L; in other words, the fraction of AM to other carbon 
sources increased in the synthetic wastewater. Subsequent addi-
tion of AM at higher dosages, the Monod no-growth kinetic parame-
ters could not be identified in the AM-1 and AM-2 systems at 
the AM feeding concentrations of 300 and 400 mg AM/L. To 
compare the Monod kinetic parameters between different AM 
concentrations, the initial AM concentrations during the AM feed-
ing concentrations of 300 and 400 mg AM/L were used as upper 
constraints for the parameter estimations of AQUASIM. It was 
found that the KS values of all SBR systems were equal to the 
upper constraint concentrations used during the estimations. Fig. 1 
summarizes the changes of Monod kinetic parameters (KS and 
k2) and the ammonium concentrations obtained at the end of 
reacting period of 10 h with different AM feeding concentrations. 
The results of parameter estimation as shown in Fig.1 indicate 

a

b

c

Fig. 1. Changes of (a) k2 and (b) KS Monod kinetic parameters and 
(c) ammonium concentrations at the end reacting period with 
different acrylamide concentrations.

Table 3. Parameters of Monod No-growth Model for Acrylamide and COD Removals in the AM-1 and AM-2 Systems

System A
Acrylamide COD

B Value R2 2 B Value R2 2

AM-1 100 k2 25.9
1.000 28.5

* - - -

KS 23.4

200 k2 40.8
1.000 150.2

k2 43.9
1.000 19.1

KS 34.9 KS 68.4

300 * - - - * - - -

400 * - - - * - - -

AM-2 100 k2 30.9
1.000 4.1

* - - -

KS 28.4

200 k2 49.6
1.000 100.2

* - - -

KS 50.3

300 * - - - * - - -

400 * - - - * - - -

* indicates unidentified kinetic parameters; A is acrylamide concentration (mg AM/L); B is Monod kinetic parameters.
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that both k2 and KS increased with the AM concentrations in 
all SBR systems during the AM feeding concentrations of 100-300 
mg AM/L. It possibly explains that the addition of AA from the 
AM biodegradation into the wastewater produced a more complex 
nature of mixed substrates, which the microbes had low affinity 
(high KS) with these mixed substrates [19]. Furthermore, when 
the proportion of AM increased in the synthetic wastewater, the 
amount of amidase increased accordingly so higher values of 
k2 for AM utilization were achieved. However, when AM was 
fed at the concentration of 400 mg AM/L in the AM-1 and AM-2 
systems, the KS tremendously increased with the significant de-
creases of k2, suggesting that the AM biodegradation was inhibited.

The experimental results revealed that the ammonium consid-
erably accumulated during the AM feeding concentration of 300 
mg AM/L in the AM-1 and AM-2 systems, resulting in the FAN 
remaining in the systems. It was explained from the experiments 
that the small fraction of the FAN in the solutions reduced the 
affinity of microorganisms for AM. It is unlikely that the AM 
biodegradation was inhibited due to the toxicity of AM as substrate 
inhibition. It was evident from the batch studies [9] that both 
the mixed culture bacteria and E. aerogenes without AM acclimati-
zation could remove AM at the removal efficiencies of 65.2 and 
73.7%, respectively, at the AM concentration of 400 mg AM/L 
without any other carbon sources. Also, it was reported that E. 
aerogenes could be cultured in the media with the AM concen-
tration of 5,000 mg AM/L without any inhibition [5]. However, 
the accumulation of ammonium has not been reported in any 
AM biodegradation studies in the culture media. For the parameter 
estimations of both k2 and KS during the AM feeding concentrations 
of 300 and 400 mg AM/L, Table 3 indicates that both parameters 
could not be identified because KS increased tremendously. It 
suggests that the AM biodegradation rate approaches the first-order 
approximation.

The first-order approximations by the linear regressions of 
graphical plots between AM concentrations and time for the AM 
biodegradations of AM-1 and AM-2 systems feeding with different 
AM feeding concentrations of 100, 200, 300 and 400 mg AM/L 
were evaluated and are illustrated in Fig. 2(a) and 3(a), respectively. 
The graphical plots of first-order approximation for the AM bio-
degradation at the AM concentrations of 100 and 200 mg AM/L 
reveal the failures of fitting data points to the linear lines. The 
concave-down profile between natural logarithm of concentration 
and time generally indicates that the Monod kinetics was applied. 
As listed in Table 3 at the AM feeding concentrations of 300 and 
400 mg AM/L, the Monod kinetic parameters could not be identified 
and the first-order reaction was suggested for the AM biodegradation 
as the KS increased considerably due to the FAN inhibition. The 
first-order rates for AM biodegradation at the AM feeding concen-
trations of 100, 200, 300, and 400 mg AM/L of the AM-1 and AM-2 
systems could be obtained from the slopes of straight lines in Fig. 
2(a) and 3(a), respectively. It is noted that the R2 values of lower 
than 0.90 were obtained from the first-order approximations of 
AM-1 and AM-2 systems at the AM concentration of 400 mg AM/L 
because the linear lines were approaching horizontal level, indicat-
ing that very low biodegradation was obtained. The data points 
lied exactly on the linear lines. Furthermore, it is confirmed that 
the FAN inhibited the AM biodegradation because the first-order 

a

b

Fig. 2. Natural logarithm of concentration versus time of first-order re-
actions for (a) acrylamide and (b) COD removals in the AM-1 
system at the acrylamide concentrations of 100, 200, 300, and 
400 mg AM/L.

rates decreased significantly as the AM concentration increased 
in the synthetic wastewater more than 200 mg AM/L in the AM-1 
and AM-2 systems.

In summary, Monod no-growth model could describe the ki-
netics of AM biodegradation by mixed culture bacteria and E. 
aerogenes at low AM concentrations of 100 and 200 mg AM/L. 
Higher AM in the synthetic wastewater resulted in the trans-
formation of kinetic model from the Monod no-growth model 
to first-order approximation due to the FAN inhibition. The kinetic 
evaluations of first-order approximation for AM biodegradation 
indicate that E. aerogenes was superior to the mixed culture bac-
teria for the AM biodegradation.

3.2.2. Effects of AM on the kinetics of COD removal
The kinetics of COD removal by different microorganisms were 
evaluated at different fractions of AM in the synthetic wastewater. 
The results of Monod kinetic parameter estimations are listed 
in Table 3. For the AM-1 system containing mixed culture bacteria, 
it indicates that Monod kinetic parameters at the AM feeding 
concentration of 100 mg AM/L could not be identified because 
the KS was considerably high, indicating very low affinity of mixed 
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a

b

Fig. 3. Natural logarithm of concentration versus time of first-order re-
actions for (a) acrylamide and (b) COD removals in the AM-2 
system at the acrylamide concentrations of 100, 200, 300, and 
400 mg AM/L.

culture bacteria for COD as a result of AM addition. It was found 
from the experimental results [9] that the COD removal efficiencies 
increased with time because the acclimatization of mixed culture 
bacteria to the AM addition was required. Amidase was required 
for the mixed culture bacteria to biodegrade the AM. After the 
mixed culture bacteria was acclimatized with AM, the COD re-
moval kinetics could be best described by the Monod no-growth 
model during the AM feeding concentration of 200 mg AM/L 
(k2 = 43.9 mg COD/L-h, KS = 68.4 mg COD/L). Significant reduc-
tions of both k2 and KS were obtained as compared with the 
Monod kinetic parameters for the COD removal in the Control-1 
system (k2 = 71.6 mg COD/L-h, KS = 230.3 mg COD/L). It appears 
that the ability of mixed culture bacteria to scavenge the COD 
was improved as indicated by the reductions of both KS and 
k2 [19]. However, when the AM concentrations increased in the 
synthetic wastewater to 300 and 400 mg AM/L, respectively, the 
substrate affinity of the mixed culture bacteria decreased sig-
nificantly again. It explains that the additions of both AM and 
AA from the AM biodegradation in the wastewater at higher load-
ings, creating a different composition of mixed substrates, reduced 

the affinity of mixed culture bacteria for the mixed substrates. 
In addition, the FAN began to inhibit the AM biodegradation 
at the AM concentration of 400 mg AM/L. The Monod kinetic 
parameters could not be identified, indicating that the first-order 
model was best described for the COD removal in the AM-1 system.

In contrast to the AM-1 system, the substrate affinity of E. 
aerogenes for COD decreased suddenly as both AM and AA in-
creased in the synthetic wastewater. It means that there were 
some changes in the physiological states of E. aerogenes cells 
when the AM and AA increased in the synthetic wastewater [19]. 
As the AM concentration increased incrementally to 400 mg AM/L, 
the KS increased considerably, resulting in the transformation 
of Monod kinetic model to the first-order model as the effects 
of FAN inhibition began to inhibit the AM biodegradation.

The first-order approximations of the COD removal in the AM-1 
and AM-2 systems were evaluated from the slopes of straight 
lines in Fig. 2(b) and 3(b), respectively. It was found that the 
COD removal rates were much lower than the AM biodegradation 
rates because the COD is a non-specific parameters to represent 
the mixed substrates in the synthetic wastewater. The first-order 
rates also indicate that E. aerogenes could remove the COD at 
faster rate than the mixed culture bacteria as a result of less 
interactions among microorganisms in the pure culture.

3.2.3. Effects of AM on the nitrification kinetics
The experimental results revealed that ammonium was accumu-
lated in both AM-1 and AM-2 systems due to the AM bio-
degradation [9]; thereby, nitrification kinetics could not be de-
termined because both nitrification and ammonium production 
occurred simultaneously. To evaluate the effects of AM loadings 
on the nitrification kinetics indirectly. Jangkorn et al. [9] proposed 
to employ the nitrate production rates to represent the hetero-
trophic and autotrophic nitrifications of E. aerogenes and mixed 
culture bacteria, respectively. It is noted that the studies were 
conducted in purely aerobic systems so that denitrification was 
negligible and nitrite and nitrate were remained constant in the 
solution. They found that the nitrate and nitrite productions of 
both mixed culture bacteria and E. aerogenes followed the zero-or-
der kinetics as indicated by the average R2 value of 0.97.

Table 4 lists the zero-order nitrite and nitrate production rates 
of both mixed culture bacteria in the Control-1 and AM-1 systems 
and E. aerogenes in the Control-2 and AM-2 systems. It could 
be interpreted from the nitrite and nitrate production rates in 
Table 4 that the nitrification rates in the AM-1 and AM-2 systems 
were greater than the nitrifications in the Control-1 and Control-2 
systems. It explains that both microbes increased ammonium 
in the solution from the AM biodegradation, increasing the ni-
trification rates of both bacteria as compared with the control 
systems. However, when the AM concentrations increased from 
100 mg N/L to 300 mg N/L, the ammonium nitrogen concentration 
increased dramatically, but the nitrite and nitrate production rates 
of the mixed culture bacteria in the AM-1 system decreased 
gradually. In contrast, the nitrate production rates of E. aerogenes 
in the AM-2 system increased. It was explained by Jangkorn et 
al. [9] that nitratation in the AM-1 system was inhibited by the 
FAN, but heterotrophic nitrification of E. aerogenes in the AM-2 
system was not affected by this inhibitor. At the AM concentration 
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of 400 mg AM/L, both AM biodegradation and autotrophic ni-
trification were inhibited by the FAN, reducing the nitrification 
rates in the AM-1 system. The accumulation of intracellular poly-
phosphate of E. aerogenes reduced the nitrite and nitrate pro-
duction rates in the AM-2 system.

4. Conclusions

Three biodegradation models including Monod no-growth, 
zero-order and first-order kinetic models were employed to eval-
uate the effects of AM loadings on the AM and COD removals 
and nitrification kinetics of the mixed culture bacteria and E. 
aerogenes in the biological wastewater treatment systems. The 
nitrification, AM biodegradation, and COD removal of both mixed 
culture bacteria and E. aerogenes were best described by the Monod 
kinetic model. The first-order expression was selected for the 
heterotrophic nitrification of E. aerogenes with the accumulation 
of intracellular polyphosphate granules. The transformation of 
Monod kinetics for AM and COD removals to the first-order kinetics 
due to the FAN inhibition occurred at high AM concentration 
400 mg AM/L. The kinetics indicated that E. aerogenes biodegraded 
the AM and COD at higher rate than the mixed culture bacteria. 
At the AM concentrations of 100-300 mg AM/L, both heterotrophic 
and autotrophic nitrification rates increased due to the addition 
of ammonia from the AM biodegradation. At higher AM loading, 
the FAN inhibited the autotrophic nitrification and reduced the 
nitrification rates. On the other hand, the accumulation of intra-
cellular polyphosphate reduced the heterotrophic nitrification 
rates.
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