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ab s t r ac t
The performance of aerobic granular sludge (AGS) and aerobic flocculent sludge (AFS) under toxi-
cant inhibition was compared in the treatment of synthetic wastewater in an accompanying paper. A 
dual-morphology and multi-bacteria model based on activated sludge model No. 3 (ASM3) is devel-
oped to explain the inhibitory effect of toxic substances on the performance of AGS and AFS in this 
article. In this model, diffusion, storage and growth, endogenous respiration, and biomass decay are 
taken into account. The model is successfully validated with the oxygen uptake rate profiles for the aer-
obic granules in treating synthetic wastewater. The model simulation indicates that AGS showed high 
persistence against the toxic effects compared with AFS. The modeling results explicitly show that the 
oxygen and toxicant penetration depths in the granules play a crucial role in persistence against toxic 
effects. In addition, the model was used to simulate the distributions of microbial populations in AGS. 
The autotrophs are mainly present in the secondary outer layer of granules, and the toxic-degrading 
bacteria are mainly located in the outer layers, whereas the ordinary heterotrophs occupy the granule 
center, with only a small amount in the outer layers.

Keywords: Activated sludge model No. 3; Aerobic granular sludge; Aerobic flocculent sludge; Inhibition

1. Introduction

Aerobic granular sludge (AGS) is considered to be a 
special case of self-immobilized cells composed by biofilm. 
Compared with the conventional activated sludge, AGS has 
many advantages, such as high biomass retention, excel-
lent settleability, dense and strong microbial structure, and 
the ability to withstand high organic loading [1]. AGS has 
been applied to the treatment of various industrial waste-
waters, such as those of dairy [2], soybean-processing [3], 
and slaughterhouses [4], as well as toxic contaminations 
[5–7]. These results indicate that it is possible to use aero-
bic granules in treating toxic organic compounds. However, 

little information can be found on direct comparative studies 
between the tolerance to toxicity of AGS and aerobic floccu-
lent sludge (AFS).

Mathematical modeling is a very useful tool for studying 
complex processes in the activated sludge wastewater treat-
ment system. Model simulation and prediction can help us 
understand the reaction mechanism of biological treatment 
systems. Su and Yu [8] developed a generalized model for 
simulating an aerobic granule-based sequencing batch reac-
tor (SBR) with considerations of biological processes, reactor 
hydrodynamics, mass transfer, and diffusion. A mathemat-
ical model established by de Kreuk et al. [9] can be used to 
describe an AGS reactor, capable of simultaneously removing 
chemical oxygen demand (COD), nitrogen and phosphate 
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Table 1
Kinetic and stoichiometric coefficients used in the established model

Parameter Definition Values Unit Sources

Stoichiometry
YSTO,O2

Aerobic yield of stored product per SS 0.85 g COD g–1 COD [15]

Y
XSTO,NO Anoxic yield of stored product per SS 0.80 g COD g–1 COD [15]

YH ,O2
Aerobic yield of ordinary heterotrophic biomass 0.63 g COD g–1 COD [15]

YH X,NO Anoxic yield of ordinary heterotrophic biomass 0.54 g COD g–1 COD [15]

YA Yield of autotrophic biomass per NO3
––N 0.24 g COD g–1 COD [15]

fXI Fraction of XI in respiration 0.20 g COD g–1 COD [15]

iN SS, N content of SS 0.03 g N g–1 COD [15]

iN XI, N content of XI 0.02 g N g–1 COD [15]

iN ,BM N content of biomass, XH, XA 0.07 g N g–1 COD [15]

YT ,STO,O2
Aerobic yield of stored product per ST 0.85 g COD g–1 COD [15]

YT , ,STO NOX
Anoxic yield of stored product per ST 0.80 g COD g–1 COD [15]

YT ,O2
Aerobic yield of TMX degrading biomass 0.63 g COD g–1 COD [15]

YT ,NOX
Anoxic yield of TMX degrading biomass 0.54 g COD g–1 COD [15]

in a SBR. Ni and Yu [10] developed a model to describe the 
storage and growth activities of denitrifiers in aerobic gran-
ules under anoxic conditions. Kagawa et al. [11] developed a 
model for nutrient removal in an AGS system by coupling a 
reactor-scale model and a granule-scale model. However, 
a mathematical model of the removal and inhibition mech-
anisms of toxic substances by AGS and AFS is still limited.

The comparison between AGS and AFS in physical, chem-
ical and biological characteristics is of major practical impor-
tance [12–14]. Rafiee et al. [12] investigated the 4-chlorophenol 
inhibition of flocculent and granular sludge SBR treating syn-
thetic industrial wastewater. They observed that aerobic gran-
ules showed high persistence against the toxic effects of the 
xenobiotic compound. Lourenço et al. [13] compared AGS and 
flocculent SBR technologies for textile wastewater treatment. 
They found a better performance of the AGS SBR compared 
with AFS SBR, with respect to detoxification potential. These 
results are in agreement with those in the accompanying paper.

Therefore, the main objective of this work is to establish 
a mathematical model with inhibition kinetics, based on acti-
vated sludge model No. 3 (ASM3). The model was extended 
to two different biomass morphotypes (flocs and granules) 
and multiple microorganisms (autotrophs, ordinary hetero-
trophs and toxicant degrading bacteria). This model is used 
to describe the inhibitory and toxic effects of thiamethoxam 
(TMX) on AGS and AFS. The model can provide useful infor-
mation on the treatment of toxic and refractory wastewater. 

2. Materials and methods

Aerobic granules were cultivated as described in the 
accompanying paper. The batch experiments of COD removal 

by AGS and AFS at different TMX concentrations in the accom-
panying paper were used for model calibration. The mea-
sured oxygen uptake rate (OUR)  profiles for the aerobic gran-
ules were used for model validation. In the OUR experiments, 
the granules were sampled from the SBR and washed twice, 
aerated them continuously to remove the external substrate. 
Then, the granules were transferred to 250 mL Erlenmeyer 
flasks. Two sets of batch tests (TMX concentrations were 0 and 
100 mg L–1) were conducted in this work. The mixed liquid 
suspended solids (MLSS) was kept at approximately 6.0 g L–1, 
and the initial COD, NH4

+–N, and phosphorus concentrations 
were 1,000, 50 and 10 mg L–1, respectively. The dissolved oxy-
gen (DO) concentration was measured with a DO electrode 
(LDO101, HACH Gmbh, Loveland, Colorado). The OUR was 
determined as the rate of change in measured DO concentra-
tion with respect to time using linear regression.

Kinetic and stoichiometric parameters in this model are 
shown in Table 1. The TMX inhibition coefficient, substrate 
saturation coefficient and storage rate constant were cali-
brated by the batch experiments, whereas the heterotrophic 
storage yield coefficient, the heterotrophic yield, the autotro-
phic yield, maximum growth rate and decay coefficient were 
determined as described by Gujer et al. [15]. The model was 
implemented in a combination of MATLAB code (ver. 2009a, 
MathWorks, Natick, MA) as the main algorithm driver.

3. Model development

3.1. Conceptual basis

The model is proposed to describe the inhibitory effect of 
TMX on the COD removal rate of AGS and AFS. The model 

(Continued)
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Parameter Definition Values Unit Sources

Kinetics
Ordinary heterotrophic organisms, denitrification, XH

kSTO Storage rate constant of XH 30 d–1 Determined

ηNOx Anoxic reduction factor of XH 0.6 — [15]

KO2
 Saturation constant for SO2

 of XH 0.2 g O2 m–3 [15]

K
xNO Saturation constant for SNOx

 of XH 0.5 g N m–3 [15]

KS Saturation constant for substrate SS of XH 400 g COD m–3 Determined

KSTO Saturation constant for XSTO of XH 1.0 g COD g–1 COD [15]

µ  H Maximum growth rate of XH 2.0 d–1 [15]

KNH4
 Saturation constant for ammonium, SNH4

 of XH 0.01 g N m–3 [15]

bH ,O2
Aerobic endogenous respiration rate of XH 0.2 d–1 [15]

bH x,NO Anoxic endogenous respiration rate of XH 0.1 d–1 [15]

bSTO,O2
Aerobic respiration rate for XSTO 0.2 d–1 [15]

b
xSTO,NO Anoxic respiration rate for XSTO 0.1 d–1 [15]

Autotrophic organisms, nitrification, XA

µ  A Maximum growth rate of XA 1.0 d–1 [15]

KA ,NH4
Ammonium substrate saturation for XA 1.0 g N m–3 [15]

KA ,O2
Oxygen saturation for nitrifiers 0.5 g O2 m–3 [15]

bA ,O2
Aerobic endogenous respiration rate of XA 0.15 d–1 [15]

bA x,NO Anoxic endogenous respiration rate of XA 0.05 d–1 [15]

TMX degrading organisms, denitrification, XT

kT ,STO Storage rate constant of XT 25 d–1 Determined

ηT x,NO Anoxic reduction factor of XT 0.6 — [15]

KT ,O2
Saturation constant for SO2

 of XT 0.2 g O2 m–3 [15]

KT x,NO Saturation constant for SNOx
 of XT 0.5 g N m–3 [15]

KT Saturation constant for substrate ST of XT 5.0 g COD m–3 Determined

KT ,STO Saturation constant for XT,STO of XT 1.0 g COD g–1 COD [15]

µ  T Maximum growth rate of XT 2.0 d–1 [15]

KT ,NH4
Saturation constant for ammonium, SNOx

 of XT 0.01 g N m–3 [15]

bT ,O2
Aerobic endogenous respiration rate of XT 0.2 d–1 [15]

bT x,NO Anoxic endogenous respiration rate of XT 0.1 d–1 [15]

bT ,STO,O2
Aerobic respiration rate for XT,STO 0.2 d–1 [15]

bT x,STO,NO Anoxic respiration rate for XT,STO 0.1 d–1 [15]

KI TMX inhibition coefficient 90 mg L–1 Determined

De
o2  effective diffusivity of O2 1.58 × 10–9 m2 s–1 [8]

De
TMX effective diffusivity of TMX 2.0 × 10–10 m2 s–1 Determined

Table 1 (Continued)
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developed in this work has 10 model components, as shown 
in Table 2. In this model, the toxic substance TMX and TMX 
degrading microorganisms were added. TMX degrading 
microorganisms are a special kind of heterotrophs and are 
grown by TMX as a single carbon source. The ordinary het-
erotrophic microorganisms represent the other heterotrophs 
except TMX degrading bacteria. The model mainly involves 
19 microbial processes: the process of ordinary  heterotrophic 
microorganisms including aerobic storage and anoxic stor-
age, on SS, aerobic growth and anoxic growth on XSTO, aer-
obic respiration and anoxic respiration of XSTO, aerobic 

endogenous respiration, and anoxic endogenous respiration; 
the process of autotrophic microorganisms including aerobic 
growth, aerobic endogenous respiration, and anoxic endog-
enous respiration; and the process of TMX degrading micro-
organisms including aerobic storage and anoxic  storage on 
ST, aerobic growth and anoxic growth on XT,STO, aerobic res-
piration and anoxic respiration of XT,STO, aerobic endogenous 
respiration, and anoxic endogenous respiration. A stoichio-
metric matrix for particulate and soluble components and 
expressions of the process rates in the model is outlined in 
Tables 3 and 4.

Table 2
Model components

Symbol Definition Symbol Definition

SO2
Dissolved oxygen XH Ordinary heterotrophic microorganisms

SS Readily biodegradable substrate XA Autotrophic microorganisms
SNOx

Nitrate and nitrite XSTO Storage products of ordinary heterotrophic microorganisms

SNH4
Ammonium and ammonia – N XT TMX degrading microorganisms

ST Thiamethoxam XT,STO Storage products of TMX degrading microorganisms

Table 3
Stoichiometric matrix for particulate and soluble components

Bacteria Process Soluble components (mg L–1) Particulate components (g m–3)
SO2

SS
SNH4

S
xNO ST XH XSTO XA XT XT ,STO

Ordinary 
heterotrophic 
organisms

Aerobic storage YSTO,O2
−1 –1 iN SS, YSTO O2,

Anoxic storage –1 iN SS,
Y

XSTO NO,

.
−1

2 86
Y

XSTO NO,

Aerobic growth
1 1
−

YH ,O2

−iN ,BM
1

−
1

YH ,O2

Anoxic growth −iN ,BM Y
Y

H

H

X

X

,

,.
NO

NO

−1
2 86

1
−

1
YH X,NO

Aerobic endoge-
nous respiration

fXI −1 i f iN X N XI I, ,BM − –1

Anoxic endoge-
nous respiration

i f iN X N XI I, ,BM − fXI −1
2 86.

–1

Aerobic
respiration of XSTO

–1 –1

Anoxic respira-
tion of XSTO

−
1

2 86.
–1

Autotrophic 
organisms

Aerobic growth
1 4 57
−

.
YA

− −
1
Y

i
A

N ,BM 1  
YA

1

Aerobic endoge-
nous respiration

fXI −1 i f iN X N XI I, ,BM − –1

Anoxic endoge-
nous respiration

i f iN X N XI I, ,BM − fXI −1
2 86.

–1

(Continued)
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Bacteria Process Soluble components (mg L–1) Particulate components (g m–3)
SO2

SS
SNH4

S
xNO ST XH XSTO XA XT XT ,STO

TMX  
degrading 
organisms

Aerobic storage YT , ,STO O2
−1 iN SS, –1 YT , ,STO O2

Anoxic storage iN SS, YT X, ,

.
STO NO −1

2 86

–1 YT X, ,STO NO

Aerobic growth
1 1
−
YT ,O2

−iN ,BM
1

−
1
YT ,O2

Anoxic growth −iN ,BM Y
Y

T

T

X

X

,

,.
NO

NO

−1
2 86

1
−

1
YT X,NO

Aerobic endoge-
nous respiration

fXI −1 i f iN X N XI I, ,BM − –1

Anoxic endoge-
nous respiration

i f iN X N XI I, ,BM − fXI −1
2 86.

–1

Aerobic respira-
tion of XT,STO

–1 –1

Anoxic respira-
tion of XT,STO

−
1

2 86.
–1

(Continued)

Table 3 (Continued)

Table 4
Expressions of the process rates

Bacteria Process Kinetics rates expressions

Ordinary heterotrophic 
organisms

Aerobic storage
k

K
K S

S
K S

S
K S

XI

I T

S

S S
HSTO

O

O O

2

2 2
+









 +











 +









  

Anoxic storage
k

K
K S

K
K S

S
K SX

X

X X

I

I T
STO NO

O

O O

NO

NO NO

2

2 2

η
+









 +











 +











 +











S
K S

XS

S S
H  

Aerobic growth
µH

I

I T

K
K S

S
K S

S
K S

X
+









 +











 +













O

O O

NH

NH NH

S2

2 2

4

4 4

TTO

STO STO

/
/

X
K X X

XH

H
H+











Anoxic growth
µ ηH

I

I T
X

X

X X

K
K S

K
K S

S
K SNO

O

O O

NO

NO NO

2

2
+









 +











 +









2


 +











 +











S
K S

X X
K X X

XH

H
H

NH

NH NH

STO

STO STO

4

4 4

/
/

Aerobic endogenous 
respiration b

S
K S

XH H,O
O

O O
2

2

2 2
+













Anoxic endogenous 
respiration b

K
K S

S
K S

XH HX

X

X X

,NO
O

O O

NO

NO NO

2

2 2
+











 +













Aerobic respiration 
of XSTO

b
S

K S
XSTO O

O

O O
STO2

2

2 2

, +













Anoxic respiration of 
XSTO

b
K

K S
S

K S
X

X

X

X X

STO NO
O

O O

NO

NO NO
STO

2

2 2

, +











 +
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Bacteria Process Kinetics rates expressions
Autotrophic organisms Aerobic growth

µA
I

I T A A

K
K S

S
K S

S
K S+









 +











 +











O

O O

NH

NH NH

2

2 2, ,

4

4 4



XA

Aerobic endogenous 
respiration b

S
K S

XA
A

A,
,

O
O

O O
2

2

2 2
+













Anoxic endogenous 
respiration b

K
K S

S
K S

XA
A A

AX

X

X X

,
, ,

NO
O

O O

NO

NO NO

2

2 2
+











 +













TMX degrading  
organisms

Aerobic storage
k

S
K S

S
K S S K

XT
T

T

T T T I
T,

, /STO
O

O O

2

2 2
+











 + +









2

Anoxic storage
k

K
K S

S
K S

S
KT T

T T

T
X

X

X X

, ,
, ,

STO NO
O

O O

NO

NO NO

2

2 2

η
+











 +













TT T T I
TS S K
X

+ +









2 /

Aerobic growth
µT

T T

T T

T

S
K S

S
K S

X X
K

O

O O

NH

NH NH

STO

S

2

2 2, ,

,

,

/
+











 +













4

4 4 TTO STO+









X X
X

T T
T

, /

Anoxic growth
µ ηT T

T T T
X

X

X X

K
K S

S
K S

S
K,

, , ,
NO

O

O O

NO

NO NO

NH2

2 2
+











 +













4

NNH NH

STO

STO STO4 4
+











 +









S

X X
K X X

XT T

T T T
T

,

, ,

/
/

Aerobic endogenous 
respiration b

S
K S

XT
T

T,
,

O
O

O O
2

2

2 2
+













Anoxic endogenous 
respiration b

K
K S

S
K S

XT
T T

TX

X

X X

,
, ,

NO
O

O O

NO

NO NO

2

2 2
+











 +













Aerobic respiration of 
XT,STO

b
S

K S
XT

T
T, ,

,
,STO O

O

O O
STO2

2

2 2
+













Anoxic respiration of 
XT,STO

b
K

K S
S

K S
XT

T T
TX

X

X X

, ,
, ,

,STO NO
O

O O

NO

NO NO
ST

2

2 2
+











 +











 OO

Table 4 (Continued)

3.2. Diffusion of components

For all of the components involved in the biochemical 
reactions, the first step is their diffusion into the interior of 
granules before the reaction. Thus, the concentrations of 
the components at different distances from the center of the 
granule are also very different. In this model the granules are 
sliced up, and the concentration of each slice is regarded as 
constant. The mass balance of component i for a slice of one 
granule can be written as follows [8]:

∂
∂

=
∂
∂

+ ⋅
∂
∂

±
S
t

S
r r

S
r

k
D

i i i i

e
i

2

2

2
  (1)

with boundary conditions:

S S r R
S
r

r

i
sur
i

i
i

= =

∂
∂

= =

,

,0 δ

where δi is the penetration depth of component i into the 
granule, in which the gradient of the component concentra-
tion vanishes by symmetry, and r is the distance of the slice 
from the granule center.

3.3. Inhibition kinetics

The Monod model described the growth of microorgan-
isms under the single substrate. In the presence of toxic sub-
stances, microbial growth will be inhibited, so the modified 
Monod model was used. As a type of toxic refractory sub-
stance, TMX has a noncompetitive inhibition effect on the 
growth of microorganisms in the granular sludge, and the 
kinetic expression is described as follows [16]:

r
S

K S S
K

S
T

I

=
+ +











µmax

( ) 1  (2)
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where μmax is the maximum specific growth rate; KI is the 
inhibition coefficient; S is the substrate concentration; ST is 
the TMX concentration; and K is the saturation constant for 
substrate S.

 In addition, the TMX degrading microorganisms in 
the reactor that utilize TMX as a single substrate for growth 
will engender substrate inhibition, and the kinetic expression 
is as follows [16]:

r S

K S S
K

T
T T

T T
T

I

=
+ +

µ
2  (3)

where μT is the maximum specific growth rate of the TMX 
degrading microorganisms, and KT is the saturation constant 
for substrate ST.

4. Results and discussion

4.1. Model calibration and validation

The model calibration is based on a comparison between 
the model predictions and the experimental results with the 
same input model parameters. In the experiments, COD 
concentrations in the influent remained at 1,000 mg L–1. The 
results of batch experiments and the corresponding model 
predictions are illustrated in Fig. 1. The TMX inhibition coef-
ficient was calibrated by the batch experiment, and the value 
is determined to be 90 mg L–1.

As shown in Fig. 1, although the COD removal rate 
decreased as the TMX concentrations increased from 0 to 
500 mg L–1, and the COD removal efficiency of AGS was 
higher than that of AFS. In addition, with the increase in the 
TMX concentration, the superiority of AGS is more obvious. 
When the TMX concentration reached 500 mg L–1, the COD 
removal rate of AGS could remain at 57.8%, while that of AFS 
only reached approximately 20%. In general, the ability to 
bear the TMX toxicity of AGS is better than that of AFS. This 

is in accordance with the experimental results of Uygur and 
Kargi [17] and Rafiee et al. [12]. They found that aerobic gran-
ules, in comparison with suspended flocs, showed high per-
sistence against the toxic effects of the xenobiotic compound. 

Experimental data of the OUR at the TMX concentra-
tions were 0 and 100 mg L–1 are employed for model veri-
fication. The simulating results are shown in Fig. 2. Two 
different phases can be distinguished in the OUR profiles. 
The first phase (high OUR) is related to the consumption of 
external substrate, while the second phase (low OUR) corre-
sponds to the storage polymer production consumption [18]. 
Moreover, the OUR was decreased distinctly in the presence 
of TMX. The good agreement between the experimental and 
simulated results suggests the validity of the model estab-
lished in this work.

4.2. Model simulation of oxygen and TMX diffusion

The oxygen penetration depth in aerobic granules plays 
a crucial role in the conversion rates of different components 
and thus on the overall nutrient removal efficiency [9]. As a 
type of toxic refractory substance, the TMX penetration depth 
is also important, directly affecting the inhibitory effect. The 
simulated oxygen concentration profiles in aerobic granules 
are shown in Fig. 3(A). For flocs and granules with a radius 
less than 0.50 mm, oxygen can diffuse into the center of 
the granules. For granules, oxygen diffusion is the limiting 
step for oxygen utilization, and the microbial reaction rate 
decreases due to the low oxygen concentration in the interior 
of granules [19]. The simulated TMX concentration profiles in 
aerobic granules are shown in Fig. 3(B). For 1.5 mm granules, 
the TMX concentration decreases to 0 at 1.0 mm from the 
surface; for smaller AGS and AFS, TMX can diffuse into the 
granules center. Fig. 3(C) shows the simulated TMX profiles 
at different concentrations. The TMX diffusion in the gran-
ules is obviously restricted. When the TMX concentration is 
500 mg L–1, it can just diffuse into the center of the granules, 
and the restriction of TMX diffusion reached a maximum. 
The TMX inhibition in the outer layers is stronger than in 
the center of the granules. However, there is no limitation 

Fig. 1. Model calibration results of the COD removal efficiency 
for AFS and AGS during the treatment of synthetic wastewater 
in the presence of TMX.

Fig. 2. Model validation results of the OUR profiles for the aero-
bic granules in treating synthetic wastewater.



S. Zhang et al. / Desalination and Water Treatment 62 (2017) 145–154152

of diffusion of AFS. These results support the phenomenon 
that the COD removal rate of AFS decreased sharply and that 
of AGS fell slowly in Fig. 1. The ability to tolerate the TMX 
toxicity of AGS is better than that of AFS [12].

To understand how the diffusion of oxygen and TMX 
affect the COD removal rate, this study simulated the COD 

removal rate for AFS and AGS with different particle sizes, 
considering the TMX diffusion or oxygen diffusion, respec-
tively, and considering the diffusion of both oxygen and 
TMX (Fig. 4). Line-1 (only TMX diffusion) and Line-2 (dif-
fusion of both oxygen and TMX) are relatively close, which 
indicates that the influence of oxygen diffusion on the COD 
removal rate is relatively weak under toxicant inhibition. 
Line-3 (only oxygen diffusion) showed a downward trend, 
and has a larger gap with Line-2. This shows that the small 
granules and flocs are superior to large granules at COD 
removal when there is no effect from TMX diffusion, and 
TMX diffusion has a great influence on the COD removal 
rate. With the increase in the size of granules, the limitation 
of TMX diffusion becomes more obvious, and it was possi-
ble that the granules’ special structure provided protection 
against the diffusive toxins. The large granules are dominant 
on the COD removal under toxicant inhibition. The oxygen 
diffusion limitation is adverse to the COD removal, whereas 
the TMX diffusion limitation benefits the COD removal and 
plays a leading role in this process.

4.3. Model simulation of microbial specific growth rate

The effects of bioparticle size and TMX on the microbial 
growth in aerobic granules, expressed as the microbial spe-
cific growth rate, were further investigated (Fig. 5). When 
there is no TMX inhibition, the autotrophs have to grow 
under oxygen-diffusion-limitation conditions, which slows 
the nitrification process [20]. The ordinary heterotrophs can 
grow in the granule center by using NO3

––N as the electron 
acceptor, and they can also grow on the outer layers, where 
they use DO as an electron acceptor [21]. In addition, the 
oxygen saturation constant of ordinary heterotrophs is rela-
tively low. Therefore, the specific growth rate of autotrophs 
in the granules center is almost zero, whereas ordinary het-
erotrophs have a higher specific growth rate in the granules 
center and outer layers. In the presence of TMX, the specific 

Fig. 3. Model simulation results of: (A) Oxygen concentration 
profiles (DO = 6 mg L–1); (B) TMX concentration profiles (TMX 
= 300 mg L–1) of AFS and AGS with different particle sizes; and 
(C) TMX at different concentrations profiles of AGS (radius = 
1.5 mm).

Fig. 4. Model simulation results of the COD removal efficiency 
for AFS and AGS with different particle sizes. Line-1: DO = 
6 mg L–1, TMX diffusion; Line-2: DO and TMX diffusion; Line-3: 
DO diffusion, TMX = 300 mg L–1.
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growth rate is mainly affected by TMX diffusion. In the outer 
layer of granules, the specific growth rate of autotrophs and 
ordinary heterotrophs decreased due to TMX inhibition. 
With an increase in the distance from the granules center, 
for autotrophs or ordinary heterotrophs, the gap of the spe-
cific growth rate between treatments with and without TMX 
becomes larger. This shows that as the distance from the 
center of granules increases, the TMX inhibition becomes 
stronger.

4.4. Microbial population distribution in the aerobic granules

Due to the difference in the specific growth rates, the 
microbial distributions in the granules are also different. 
The model simulated the microbial population distribution 
in AGS after 30 d, as shown in Fig. 6. The AGS radius is 
1.5 mm in the SBR reactor; biomass growing beyond this limit 
is removed by detachment [22]. The initial concentration of XH 
is 700 g m–3; XA is 150 g m–3; XT is 150 g m–3; and the microor-
ganisms are uniformly distributed within the granules in the 
initial state. The simulated TMX degrading bacteria distribu-
tion is illustrated in Fig. 6(A). TMX degrading bacteria were 
grown by TMX as a single substrate, and TMX mainly exists 
in the outer layer of granules. Therefore, the TMX degrading 
bacteria were mainly located in the outer layers. The auto-
trophs have a higher oxygen saturation constant and have to 
grow only on the outer layers of the aerobic granules to meet 
their essential requirements for DO. However, because of the 
intensive inhibition by TMX in the outermost layers, the auto-
trophs are mainly distributed in the secondary outer layer of 
granules (Fig. 6(B)). Although the ordinary heterotrophs can 
grow well in aerobic and anoxic conditions, the outer layer 
of granules has a stronger TMX inhibition. Therefore, the 
ordinary heterotrophs occupy the granule center, and there is 
only a small amount in the outer layers (Fig. 6(C)). The simi-
lar results for the microbial population distribution in aerobic 
granules is also reported by Beun et al. [23].

Compared with the loose AFS, the compact structure 
and large size of AGS protect the microbes within granules 

from toxic inhibition. However, there is no oxygen diffusion 
limitation in AFS, which exist in AGS. Therefore, AGS has 
a good potential in treating toxic and refractory wastewa-
ter, and AFS is more suitable for the treatment of non-toxic 
wastewater.

5. Conclusions

In this study, a dual-morphology and multi-bacteria 
model is developed to describe the inhibitory effect of TMX 
on the COD removal rate of AGS and AFS in the treatment 

Fig. 5. Model simulation of the specific growth rate as a function 
of the radius (r) of the aerobic granules.

Fig. 6. Model simulation of microbial population distribution in 
the aerobic granules: (A) TMX degrading microorganisms; (B) 
autotrophic microorganisms; and (C) ordinary heterotrophic 
microorganisms.
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of simulated wastewater. ASM3 was modified with the toxic 
substance TMX, and biochemical reactions under aerobic and 
anoxic conditions, including hydrolysis, storage and growth, 
endogenous respiration, and biomass decay, were taken into 
account. The validity of the model is verified with the OUR, 
and the results show that TMX has a significant inhibition 
effect on the OUR for the aerobic granules. The model sim-
ulation indicates that AGS, in comparison with AFS, showed 
high persistence against the toxic effects of the xenobiotic 
compound TMX. The TMX diffusion limitation is a benefit 
to COD removal and plays a leading role in this process. The 
compact structure of granules is a protection barrier against 
the diffusive toxins of TMX. The large granules have a good 
potential for treating toxic wastewater. In addition, the auto-
trophs are mainly located in the secondary outer layers of 
granules, and the TMX degrading bacteria are mainly located 
in the outer layer of granules, whereas the ordinary hetero-
trophs occupy the center of the granules and are in the outer 
layers only in small amounts.
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