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m anaerobic–anoxic–oxic–oxic
system for strengthening the biological treatment
of coking wastewater: COD removal behaviors and
biokinetic modeling

Xin Zhou, *ab Zeqian Zhanga and Yaxin Lia

High-strength coking wastewater with a high chemical oxygen demand (COD) was efficiently treated by

a novel pilot-scale four-stage biofilm anaerobic–anoxic–oxic–oxic (FB-A2/O2) system. The results

demonstrated that the system played an important role in obtaining an overall COD removal efficiency at

a hydraulic detention time (HRT) of 116 h and over 60% of COD was removed in A2 and O1 reactors. Three

different mathematical models, including the Grau second-order model, modified Stover–Kincannon

model, and the Monod-biological contact oxidation model (Monod-BCO model) were applicable to

describe the COD removal efficiency of the FB-A2/O2 system. Based on a kinetics study and model

evaluation, the Monod-BCO model was demonstrated to be more applicable to COD removal from the

system with an average determination coefficient of 0.9661. According to the Monod-BCO model, the

COD maximum utilization rates for a unit area of carrier for the A1, A2, O1, and O2 units were 0.1685 g

(m2 d)�1, 0.8384 g (m2 d)�1, 0.4654 g (m2 d)�1, and 0.2689 g (m2 d)�1, respectively. The refractory organics

in each reactor were further evaluated by the Monod-BCO model. The results proved that the system had

great potential for treating high-COD coking wastewater. Step-feeding after the A1 reactor was strongly

suggested to further optimize the feeding pattern of the system, depending on the model evaluation.
1. Introduction

Coking wastewater generated from coking, coal gas purication,
liquefaction, and the rening of coal by-products at coke plants1

usually contains a large amount of complicated organic compo-
sitions, thus endangering natural water bodies and threatening
ecological environment and even impacting human health.2 For
biodegradable organic contaminants, the conventional activated
sludge (CAS) process is considered to be an environmental
friendly and low-cost option.3,4 However, compositions of coking
wastewater are ordinarily complicated and can involve many
diverse bio-inhibitory organic compounds, such as long-chain
alkanes, nitrogen heterocyclics (NHCs), and polycyclic aromatic
hydrocarbons (PAHs),1,5,6 which are major obstacles for removing
the oxygen-consuming substances responsible for the chemical
oxygen demand (COD) by the CAS process. Moreover, toxic
inhibition from these bio-refractory organic substances
frequently leads to poor bioactivity, the difficulty of sludge
settling, and weak resistance to loading shocks of the CAS
system.7–10 Therefore, the effluent COD of coking wastewater can
eering, Taiyuan University of Technology,

in@tyut.edu.cn; Tel: +86-0351-6079557

rces and Environment, Harbin Institute of
easily fail to meet the Emission Standard of Pollutants for the
Coking Chemical Industry (GB 16171-2012).11

The above problems can be efficiently solved by biolm
systems since attached bio-reactors provide a favorable living
environment by offering a higher volume loading rate, longer cell
retention time, and more biomass than suspended sludge.12–15

Recently, a lot of attached-growth bio-reactors have been identi-
ed as desirable and steady systems suitable for treating refrac-
tory organic coking wastewater.12,16–21 However, anaerobic and
anoxic stages are indispensable for degrading organic matters
combined with aerobic degradation. Therefore, we successfully
developed a novel pilot-scale four-stage anaerobic–anoxic–oxic–
oxic (FB-A2/O2) system for treating coking wastewater based on
the principle of the multi-stage mixed degradation of organics.22

Unlike other biological treatments, the total system consists of
four separate biolm compartments, which are arranged in
sequence to favorably treat coking wastewater due to the
combination of pre-anaerobic, anoxic and two aerobic processes
for organic mineralization. The nal effluent COD was improved
to a value of less than 100 mg L�1, thus meeting the strict
national coking wastewater discharge standards of China.22

Kinetic modeling is considered to be a feasible and convenient
approach to deeply understand the removal performance, predict
effluent concentration, and to optimize the biological process.23,24

Various models have been reported in previous studies for
This journal is © The Royal Society of Chemistry 2017
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evaluating the biodegradation kinetics in different kinds of treat-
ments of various wastewaters. The Grau second-order substrate
removal model involving only the inuents, effluent concentra-
tion, and the hydraulic detention time (HRT) was applied to eval-
uate COD removal from poultry slaughterhouse wastewater25 and
cassava starch wastewater.26 The Monod model was used to
describe the microbial growth at rst.27 Aerward, it could be
described well for assessing the kinetic characteristics of pollutant
biodegradation.28–32 The Monod-biological contact oxidation
model (Monod-BCO model) was modied by the Monod model.33

Besides describing the biodegradation kinetics, the total area of
carriers and the concentration of refractory organics were also
introduced as variables in the model. The Stover–Kincannon
model originates from describing biomass in a rotating biological
contactor34 and according to previous reports it is capable of pre-
dicting substrate removal for different wastewaters treated by
a biolm reactor.35–41 Different from the Monod model, the
modied Stover–Kincannon model introduces the COD loading
rate (QSi/V) to the model and simplies it by not requiring other
hard-to-measure parameters. Until now, however, a dynamics
model for COD removal of coking wastewater in the aspect of
microbial kinetics was still missing.23,42 Apart from this, the treat-
ability and biodegradation potential of COD removal in each unit
of the multi-stage process needs to be more deeply understood.

In the present study, the effects of the organic loading rate
(OLR) OLR on overall COD removal and its removal proportion
in each reactor of the total system were investigated. Also, in
contrast to other studies analyzing the kinetics of coking
wastewater using a single model,23,42 three different mathe-
matical models, including the Grau second-order model, the
modied Stover–Kincannon model, and the Monod-biological
contact oxidation model (Monod-BCO model), were applied to
establish a more simplied and practical mathematical model
for assessing the kinetics of COD removal in our four-stage FB-
A2/O2 system for treating coking wastewater. Finally, optimizing
suggestions for process improvement were further put forward
based on biokinetic analysis and model comparisons.
2. Materials and methods
2.1 COD removal in each reactor

The schematic diagram of the pilot-scale A2/O2 biolm system
was presented in our previous study.22 The characteristics of raw
coking wastewater were shown in Table 1. The conguration of
the A2/O2 system used for COD mass balance is also presented
in Fig. 1. The amount of COD removal in each unit was calcu-
lated in accordance with eqn (1)–(4):
Table 1 Wastewater characterization of raw coking wastewater

Parameters Values

pH 7.5–8.5
COD (mg L�1) 900–1800
BOD5 (mg L�1) 200–370
Ammonium nitrogen
(mg L�1)

150–330

BOD5/COD 0.20–0.28

This journal is © The Royal Society of Chemistry 2017
COD removal in A1 reactor ¼ Q(CA1
� Cin) (1)

COD removal in A2 reactor ¼ Q[(CA1
� CA2

) + R(CO2
� CA2

)]

(2)

COD removal in O1 reactor ¼ Q(1 + R)(CO1
� CA2

) (3)

COD removal in O2 reactor ¼ Q(1 + R)(CO2
� CO1

) (4)

2.2 Substrate removal kinetics

2.2.1 Grau second-order substrate removal model. The
second-order model could be expressed via eqn (5):43

�dS

dt
¼ k1X

�
Se

S0

�2

(5)

Eqn (6) was obtained as follows by integrating and linear-
izing from eqn (5):

S0HRT

S0 � Se

¼ S0

k1X
þHRT (6)

where k1 is a constant of the second-order model (d�1) and X
means the biomass concentration in the reactor (g L�1). When

the term
S0
k1X

is expressed as a constant a, the following equa-

tions of eqn (7) and (8) can be derived:

S0HRT

S0 � Se

¼ aþ bHRT (7)

HRT

E
¼ aþ bHRT (8)

where the values of the constant b and a ¼ S0/(k1X)44 are ob-
tained from plotting HRT/E against HRT, while E acts as the
ammonium nitrogen removal efficiency (%).

2.2.2 Modied Stover–Kincannon model. The modied
Stover–Kincannon model has been successfully used to
determine the kinetic parameters in various attached-
growth reactors for treating different kinds of waste-
water.36,38–41 The maximal COD removal rate in the FB-A2/O2

system can be predicated from the modied Stover–Kincan-
non model at steady state, using the formula illustrated
below:

dS

dt
¼ QðS0 � SeÞ

V
(9)

Furthermore, the modied Stover–Kincannon model can
also be represented as:45

dS

dt
¼ Um1ðQS0=VÞ

k2 þQS0=V
(10)

So, it can be converted to the following equation:
�
dS

dt

��1
¼ V

QðS0 � SeÞ ¼
k2V

Um1QS0

þ 1

Um1

(11)
RSC Adv., 2017, 7, 23714–23726 | 23715
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Fig. 1 Schematic diagram of the pilot-scale A2/O2 biofilm system (A1: anaerobic reactor; A2: anoxic reactor; O1: first oxic reactor; O2: second
oxic reactor; Q: flow rate of the influent; R: nitrifying recirculation ratio).
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where Um1 is the constant maximal substrate removal rate (kg
(m3 d)�1) and k2 means the saturation rate constant (kg (m3

d)�1). The means of the other parameters are represented the
same as before.

2.2.3 Monod-biological contact oxidation model. A
dynamic model of bio-contact oxidation, based on Monod's
equation, can be used to provide a prediction for the degrada-
tion of COD in this system. According to Hu et al.,33 the
substrate consumption in the reactor is satised by the
following equation according to the material balance:�

�dS

dt

�
V ¼ QS0 �

��
�dS

dt

�
A

� VA þ
�
�dS

dt

�
S

VS þQS

�
(12)

where (�dS/dt)S and (�dS/dt)A are the removal rates of sus-
pended cells and attached cells (kg (m3 d)�1), respectively, VA is
the volume of attached biolm (m3), and VS is the liquid volume
in the reactor (m3).

In this study, the kinetic study of two-step biolm aerobic
systems was at the period of steady state. The suspended cells
accounted for in the biolm reactors were much lower than the
attached ones and the suspended cells could be ignored. Thus,
eqn (12) could be written as:

0 ¼ QS0 �
��

�dS

dt

�
A

� VA þQS

�
(13)

Furthermore, the substrate removal rate by the attached cells
could be calculated by the biolm cells' absolute growth rate
(dx/dt)A and its theoretical yield coefficient YA:

�
�dS

dt

�
A

¼
�
dx

dt

�
A

� 1

YA

¼
ðdx=dtÞA

XA

XA

YA

¼ mAXA

YA

(14)

Then:

QðS0 � SeÞ ¼ mAXA

YA

NAD (15)

where N means the volume of carriers in the xed biolm
reactor (m3) and A is the surface area of the carriers (m2 m�3).

Furthermore, as one of the empirical models for simulating
microbial growth, the Monod model27 has been proven to be
applicable for bio-contact oxidation:33

dS

dt
¼ mmaxSe

k3 þ Se

(16)

Eqn (16) can be deduced as below:

QðS0 � SeÞ ¼ XA

YA

�NAD� mmaxSe

k3 þ Se

(17)
23716 | RSC Adv., 2017, 7, 23714–23726
The removal rate in a unit area of carrier is (g m�2 d�1):

U ¼ QðS0 � SeÞ
NA

¼ Um2Se

k3 þ Se

(18)

1

U
¼ NA

QðS0 � SeÞ ¼
1

Um2

þ k3

Um2

1

Se

(19)

When Se � k3, eqn (18) could be transformed as:

U ¼ Um2Se

k3
¼ KSe (20)

where mA and mmax are recognized as the specic growth rate of
the attached biolm and the maximum specic growth rate

(d�1), respectively. K ¼ Um2

k3
, while Um ¼ ðmmaxÞAXAD

YA
is the

maximum substrate removal rate per area of carrier (g m�2 d�1),
and k3 is the half-saturation concentration (mg L�1).

When non-biodegradable harmful compounds exist in the
wastewater, the concentration of decomposition bio-refractory
substances (Sn) should be reduced. The equation considering
the refractory substance could be converted by eqn (18)
and (19):

U ¼ K(Se � Sn) (21)

1

U
¼ NA

QðS0 � SeÞ ¼
1

Um2

þ k3

Um2

1

Se � Sn

(22)
2.3 Analytical methods

The temperature, pH, dissolved oxygen (DO), and alkalinity in
the inuent and effluent samples in each reactor were analyzed
on a daily basis, while COD, NH4

+–N, and NO3
�–N were

measured weekly. The measurements of COD, NH4
+–N, NO3–N,

and alkalinity were determined according to the standard
methods.46 Temperature and pH were monitored by a pH meter
(WTWMulti340i). The value of DO was monitored via a portable
DO meter (YSI-500).
3. Results and discussion
3.1 Effect of OLR on overall COD removal

The impact of the COD loading rate (QS0/V) (OLR) from the
pilot-scale A2/O2 biolm system along with the effluent COD
concentration and its removal efficiency are depicted in Fig. 2.
As the gure shows, the general trend of COD removal efficiency
increased as the COD load increased from 0.1 kg (m3 d)�1 to
0.25 kg (m3 d)�1, but then obviously decreased with the
increasing OLR. The value of effluent COD decreased to
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Variation of effluent COD concentration, COD removal effi-
ciency, and COD removal rate at different OLRs. (,) Effluent COD
concentration; (-) COD removal efficiency; (�) COD removal rate.

Fig. 3 COD removal ratio of FB-A2/O2 systems at different OLRs
( COD removal in the A1 reactor; COD removal in the A2 reactor;
COD removal in the O1 reactor; COD removal in the O2 reactor).
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98 mg L�1, with a maximum COD removal efficiency of 92.3% at
an optimized OLR of 0.25 kg m�3 d�1. The effluent COD was
able to meet the requirements of the Emission Standard of
Pollutants for Coking Chemical Industry (GB 16171-2012) and
the nal effluent COD concentration in this study was lower
than that in other related studies (Table 2).

For a high level of OLR (over 0.38 kg m�3 d�1), the COD
removal efficiency decreased dramatically from 90% to 73.1%,
while the effluent COD concentration accordingly increased
considerably. The lower COD removal efficiency indicated that
the attachedmicroorganisms could not ourish at a higher level
of OLR. One possible reason for this was that the biolm could
have become detached by the strong hydraulic shear at a high
level of OLR. On the other hand, the bioactivity of the micro-
organisms was restrained by some refractory organics accu-
mulated at lower HRT.
Table 2 Comparison of COD removal in coking wastewater by various

Process HRT (h)
NLR kg COD
per (m3 d)

CO
(m

Stripping-SBR 115 0.271 20
A–O biolms 60 0.721 20
UBF-BAF 46.7 0.514 18
A1–A2–O-MBBR 103.75 0.248 12
A1–A2–O-MBBR 144 0.973 26
FB-A2/O2 116 0.247 9

This journal is © The Royal Society of Chemistry 2017
The results of the trends of the COD removal rate in the
different OLRs indicated that the COD removal rate rapidly
increased with the increase in COD loading rate. A high corre-
lation coefficient (R2 ¼ 0.9955) was obtained between the COD
loading rate and the COD removal rate, tting well for the
quadratic function. This implied that the total system had
a distinguished capability for organics removal. As a high OLR
was obtained, the tendency of the COD removal rate gradually
became at, implying that the COD removal rate of the system
had reached its threshold. The optimum COD loading rate
seemed within the range of 0.175 kg (m3 d)�1 to 0.380 kg (m3

d)�1 at a HRT of 116 h.

3.2 Effect of OLR on the COD removal in each reactor

In order to investigate the COD removal behavior within the
whole system, the contribution ratio of each bioreactor in the
overall COD removal efficiency at various organic loadings was
determined and the results are shown in Fig. 3. As indicated in
the gure, the OLR also had a signicant impact on COD
removal efficiency, either on the overall removal efficiency or
the COD removal distribution in each reactor. In the A1 reactor,
the average COD removal proportion of the total COD removal
was close to 20%. An excessively high or low OLR increases the
COD removal efficiency in the anaerobic reactor. Yet, as
a pretreatment unit, instead of removing biodegradable COD,
processes

D effluent concentration
g L�1)

Efficiency
(average %) Reference

6 84.1 47
0 91 14
5.3 81.5 20
2 88.6 48
2.8 95.5 21
2.02 92.3 This study

RSC Adv., 2017, 7, 23714–23726 | 23717
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the main purpose of the anaerobic reactor was to enhance the
biodegradability of the wastewater for partial rupturing and
transforming some macromolecular structures, such as PAHs
and heterocyclic compounds into the alkyl, acetic acid, and
other long-chain organics and low molecular fatty acids.9,20,49

Thus, a moderate range of OLR was maintained to enhance the
COD removal efficiency in the subsequent anoxic and two
aerobic stages.

For the A2 reactor, the anoxic unit contributed greatly to the
total COD removal efficiency at lower OLR, especially within the
range of 0.25 kg m�3 d�1 to 0.41 kg m�3 d�1, in which the
removal efficiency of COD could reach over 60%. Such a higher
removal efficiency of COD was also reported by Zhang et al.9 and
Sahariah et al.21 An excessively high COD loading rate would not
be suitable for the anoxic degradation of COD due to an
incomplete HRT.

For the two-step aerobic reactors, the COD removal efficiency
was always higher in the O1 reactor than in the O2 reactor. The
probable reason for this was that the molecular products con-
verted by the anaerobic and anoxic stages were preferentially
utilized and degraded throughout the O1 reactor. Thus, the
remaining COD compositions entering the O2 reactor were
biorefractory organics, which led to its lower COD removal
efficiency. Furthermore, the calculated data showed that the
COD removal efficiency in the two aerobic units at a COD
loading rate of 0.65 kg (m3 d)�1 was higher than at the lower
Se-A1
¼

5:934S0-A1
� 11 457:615þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð11 457:615� 5:934S0-A1

Þ2 � 23:734� ð �8207:615S0-A1
� 3 412 500Þ

q
11:867

(24)
COD loading rate due to the relatively adequate degradation of
organic compounds under longer HRT.
3.3 Kinetic analyses of COD removal in the A1 reactor

3.3.1 Grau second-order substrate removal model. The
coefficients of the Grau second-order substrate removal model
in the A1 reactor were determined by plotting eqn (8). According
to eqn (8), HRT/E is the slope and HRT is the intercept for the
model. As shown in Fig. 4A, a and b were calculated as 329.7721
per day and 35.1395 per day, respectively. The determination
coefficient (R2) of Grau second-order substrate removal in the A1

reactor was 0.8835, revealing the unsuitability of the model.
Such a lower R2 may be due to the complexity of the raw coking
wastewater, which has signicant effects on the biomass
concentration in the A1 reactor because of its variable quality

and toxic and harmful ingredients. Thus,
S0
k1X

cannot be

considered as an absolute constant during the operation and
HRT fails to present a ne linear relationship with the HRT/E.

3.3.2 Modied Stover–Kincannon model. By applying the
modied Stover–Kincannon model in the A1 reactor, the values
of k2-A1

and Um1-A1
were obtained as 6.5257 kg (m3 d)�1 and

0.2313 kg (m3 d)�1, respectively, as shown in Fig. 4B. A
23718 | RSC Adv., 2017, 7, 23714–23726
correlation coefficient of 0.9461 was obtained, conrming
a closer t for predicting COD removal of the A1 unit in this
study. For the use of the modied Stover–Kincannon model in
the A1 reactor, the expression developed to assume the effluent
COD concentrations was as follows:

Se-A1
¼ 0:2313S0-A1

6:5267� QS0-A1

VA1

(23)

3.3.3 Monod-biological contact oxidation model. The
Monod-BCO model was used to describe the COD removal rate
of the unit area of carrier in the A1 reactor. At rst, Sn needed to
be evaluated by the X-intercept before calculating the kinetic
constants due to the refractory compounds in the raw waste-
water. Thus, a value of Sn-A1

of 1050 mg L�1 was obtained from
Fig. 4C. Furthermore, the kinetic constant for COD removal in
the A1 reactor was determined from the slope line of 1/U and 1/
(Se � S0) using eqn (22). Here, Um2-A1

and k3-A1
were determined

as 0.1685 g (m2 d)�1 and 2433.2204 mg L�1 from Fig. 4D, and
a correlation coefficient of 0.9347 was achieved. Compared to
the Monod-BCO model applied in other reactors, the relatively
lower value of R2 may be due to the presence of refractory
organics. The effluent COD concentration in the effluent was
predicted by this model using eqn (24):
3.4 Kinetic studies in the A2 reactor

3.4.1 Grau second-order substrate removal model. As
shown in Fig. 5A, the parameters of the Grau second-order
model were calculated by plotting HRT/E versus HRT. It was
observed that R2 was 0.9859, demonstrating that it was much
more suitable for describing the COD performance in the A2

reactor than in the A1 reactor. Moreover, a and b were 7.4102 per
day and 3.1057 per day, respectively.

3.4.2 Modied Stover–Kincannon model. Fig. 5B illustrates
that the R2 correlation coefficients for the modied Stover–
Kincannon model in the A2 reactor was 0.9989, which demon-
strated that the most favorable linear relationship was between

V
QðS0 � SeÞ and

V
QS0

among the four reactors. It was probable

that the refractory compounds were obviously reduced or con-
verted through hydrolysis in the A1 reactor. Accordingly, suffi-
cient and steady amounts of biodegradable COD were utilized
by the denitrifying bacteria. The crucial parameters for the
modied Stover–Kincannon model were conrmed, depending
on eqn (11). The saturation value constant (k2-A2

) and maximum
utilization rate (Um1-A2

) were calculated as 0.9522 kg (m3 d)�1

and 0.3385 kg (m3 d)�1, respectively. The equation for
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Substrate removal model plots for COD removal in the A1 reactor ((A) the Grau second-order model; (B) the modified Stover–Kincannon
model; (C) Sn calculated; (D) Um and k calculated).
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predicting the effluent COD concentrations of the A2 reactor
obtained from the modied Stover–Kincannon model was as
follows:

Se-A2
¼ 0:3385S0-A2

0:9522� QS0-A2

VA2

(25)

3.4.3 Monod-biological contact oxidation model. Fig. 5C
was used to determine the refractory organics Sn-A2

, which was
calculated to be 105.6 mg L�1. Moreover, plots of 1/U vs. 1/(Se �
Sn) are shown in Fig. 5D. The maximum rate of substrate
Se-A2
¼

1:193S0-A2
� 7088:008þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð7088:008� 1:193S0-A2

Þ2 � 4:771� ð �1888:008S0-A2
� 549 276Þ

q
2:385

(26)
utilization Um2-A2
and the saturation concentration (k3-A2

) of the
Monod-BCO model were 0.8384 g (m2 d)�1 and 1686.5360 mg
L�1, respectively. Compared with the values obtained by the
Monod-BCO model in the A1 reactor, it can be seen that the
maximum COD utilization rate in the A2 reactor was about 5
This journal is © The Royal Society of Chemistry 2017
times higher than in the A1 reactor. This may be attributed to
the substantial reduction of refractory substances Sn, from
1050 mg L�1 to 105.6 mg L�1 in the A1 reactor. On the other
hand, along with the accumulation of NOx–N during the steady-
state period in the anoxic stage, aromatics compounds with
bicyclics and polycyclics were mineralized by the high concen-
tration of denitrifying bacteria, utilizing NOx–N as substrates.50

However, the actual maximum substrate removal rate per area
of carrier was 0.1044 g (m2 d)�1, which was only 12.45% of the
predicted Um2-A2

, implying that the A2 reactor possessed better
COD removal potential.
3.5 Kinetic studies in the O1 and O2 reactors

3.5.1 Grau second-order substrate removal model. The
Grau second-order substrate removal model was also applied to
perform the COD removal in the two aerobic reactors (Fig. 6A
and 7A). The values for the constant a in the O1 and O2 reactors
RSC Adv., 2017, 7, 23714–23726 | 23719
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Fig. 5 Substrate removal model plots for COD removal in the A2 reactor ((A) the Grau second-order model; (B) the modified Stover–Kincannon
model; (C) Sn calculated; (D) Um and k calculated).
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were 15.7352 per day and 47.4110 per day, respectively, while
the values for constant bwere 3.4153 per day and 2.7484 per day,
respectively. The higher correlation coefficient (R2 ¼ 0.9527 �
0.9701) achieved highlighted the validity of this model in both
the O1 and O2 reactors.

3.5.2 Modied Stover–Kincannon model. When the COD
removal kinetics of the O1 and O2 reactors was plotted by the
modied Stover–Kincannon model (Fig. 6B and 7B), best-t
lines of 0.9743 and 0.9835 were obtained, respectively.

For the O1 reactor, from the slope and intercept, the
kinetic parameters for COD removal were calculated as the
maximum utilization rate Um1-O1

of 0.0454 kg (m3 d)�1 and
the saturation value constant k2-O1

of 0.3561 kg (m3 d)�1. For
the O2 reactor, the model parameters evaluated were Um1-O2

of
0.0308 kg (m3 d)�1 and k2-O2

of 0.2188 kg (m3 d)�1, respec-
tively. Instead of the A2 reactor with the maximum COD
removal rate of 0.3385 kg (m3 d)�1, the COD removal effi-
ciency of the O1 and O2 kinetic indexes decreased obviously,
suggesting that the anoxic reactor signicantly contributed to
COD removal of the whole system. Based on the curves in
Fig. 6B and 7B, the COD concentration in the effluents from
the O1 and O2 reactors by this model were simulated via
utilizing eqn (27) and (28):
23720 | RSC Adv., 2017, 7, 23714–23726
Se-O1
¼ 0:0454S0-O1

0:3561� QS0-O1

VO1

(27)

Se-O2
¼ 0:0308S0-O2

0:2188� QS0-O2

VO2

(28)

3.5.3 Monod-BCO model. The Monod-BCO model coeffi-
cients in the O1 reactor were obtained from Fig. 6C and D. The
value of Sn-O1

taken from Fig. 6C was 144.12 mg L�1 based on
eqn (21), while the numerical computation of k3-O1

and Um2-O1

were estimated as 27.337 mg L�1 and 0.464 g (m2 d)�1, respec-
tively. The diagram displayed good co-linearity as the R2 was
0.9728. Compared to the estimated value of Sn-A2

obtained in the
A2 reactor, the concentration of Sn-O1

increased slightly. One of
the probable explanations for this was that some chemical
bonds belonging to macromolecular organic substances were
not broken entirely while other organics were transformed at
the same time. Zhang et al.9 also reported that some refractory
substances concentration in coking wastewater increased aer
the anoxic reactor. In the O2 reactor, the corresponding values
of Sn-O2

, k3-O2
, and Um2-O2

were 49.167 mg L�1, 1951.0162 mg L�1,
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Substrate removal model plots for COD removal in the O1 reactor ((A) the Grau second-order model; (B) the modified Stover–Kincannon
model; (C) Sn calculated; (D) Um and k calculated).
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and 0.2689 g (m2 d)�1, respectively (Fig. 7C and D). The corre-
lation of determination was 0.9853, thus proving the good
availability of the application of the Monod-BCO model for the
removal rate of COD in the O2 unit. The predicted effluent
concentration of COD in the O1 and O2 reactors could be given
by eqn (29) and (30), respectively:
Se-O1
¼

2:144S0-O1
� 64:403þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð64:403� 2:144S0-O1

Þ2 � 8:576� ð250:264S0-O1
� 45 349:760Þ

q
4:288

(29)

Se-O2
¼

3:720S0-O2
� 12 276:499þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð12 276:499� 3:720S0-O2

Þ2 � 14:881� ð �7076:499S0-O2
� 255 668:400Þ

q
7:441

(30)
From the values of the maximum COD utilization rate
obtained by the Monod-BCO model and the modied Stover–
Kincannon model, it could be seen that in contrast with the
This journal is © The Royal Society of Chemistry 2017
O1 reactor, Um in the O2 reactor was relatively low, which
may be due to the presence of autotrophic nitrifying bacteria,
such as nitrobacter, nitrococcus, nitrosomonas, and nitro-
sococcus, holding predominance in the microbial community
structure in the second aerobic reactor.51 On the other hand,
the inhibitory effects of the refractory organics on
microorganisms were largely reduced in the O2 reactor owing
to preferential removal of the macromolecules in the rst
aerobic reactor.
RSC Adv., 2017, 7, 23714–23726 | 23721
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Fig. 7 Substrate removal model plots for COD removal in the O2 reactor ((A) the Grau second-order model; (B) the modified Stover–Kincannon
model; (C) Sn calculated; (D) Um and k calculated).
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3.6 Model verications and kinetic comparisons

As discussed above, three kinetic models were implemented to
develop a suitable model for COD removal efficiency of a multi-
step biolm system. The crucial parameters obtained from the
models are summarized in Table 3. It could be observed that the
modied Stover–Kincannon model and the Monod-BCO model
held more advantages than the Grau second-order substrate
model in predicting organics removal in the whole system.
Although the Grau second-order substrate removal model was
proven to have affinities with the modied Stover–Kincannon
model and they converted to each other when Um was equal to
k,52 it did not perform well in the A1 reactor. The modied
Stover–Kincannon model has been widely used in various
reactors treating different kinds of wastewater.53,54 In this study,
it also was used as a tting precision model to describe COD
removal of each unit in this system, partially owing to the
addition of COD loading rate (QSi/V) to the model. Hence, it is
capable of predicting substrate removal under any loading
conditions. Furthermore, the Stover–Kincannon model did not
need to consider additional hard-to-measure parameters for
substrate removal prediction.53

Table 4 gives a comparison of the kinetics results between
this study and other related studies by two models. In the
23722 | RSC Adv., 2017, 7, 23714–23726
modied Stover–Kincannon model, from the table, it can be
seen that the maximum COD removal rate (Umax) and the
saturation constant (KB) in this study were much lower than in
other studies due to the presence of recalcitrant organics in
refractory coking wastewater, similar with the value reported by
Sponza et al.However, similar kinetic parameters were obtained
with other related studies when utilizing the Monod model,
which was the most applicable model in our study.
3.7 Process optimization via kinetic modeling

Although both the modied Stover–Kincannon model and the
Monod-BCO model gave high correlation coefficients (R2 >
0.95), the Monod-BCO model was shown to be a bit more
appropriate for the description of COD removal under actual
conditions as the Monod-BCO model not only describes the
biodegradation kinetics53 but also contains the total area of
carriers and refractory compounds in its calculations. Also, the
obtained Monod-BCO model could be utilized to optimize the
process of the FB-A2/O2 system treating coking wastewater. The
value of the half-saturation constant (k) could represent the
substrate affinity, whichmeans a higher COD removal efficiency
when higher k values are obtained. The k values obtained by the
Monod-BCO model of a biolm for the A1, A2, O1, and O2
This journal is © The Royal Society of Chemistry 2017
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Table 3 Summary of kinetic constants in the different reactors

Reactors Models Kinetic constants Unit Values R2
Average error between the
measured and predicted values

A1 Grau second-order substrate
removal model

a d�1 329.7721 0.8835 —
b d�1 35.1395

Modied Stover–Kincannon model Um1 kg (m3 d)�1 0.2313 0.9461 45.736
k2 kg (m3 d)�1 6.5257

Monod-BCO model Um2 g (m2 d)�1 0.1685 0.9347 10.302
k3 mg L�1 2433.2204

A2 Grau second-order substrate
removal model

a d�1 7.4102 0.9859 —
b d�1 3.1057

Modied Stover–Kincannon model Um1 kg (m3 d)�1 0.3385 0.9989 96.387
k2 kg (m3 d)�1 0.9522

Monod-BCO model Um2 g (m2 d)�1 0.8384 0.9717 0.2202
k3 mg L�1 1686.5360

O1 Grau second-order substrate
removal model

a d�1 15.7352 0.9701 —
b d�1 3.4153

Modied Stover–Kincannon model Um1 kg (m3 d)�1 0.0454 0.9743 1.523
k2 kg (m3 d)�1 0.3561

Monod-BCO model Um2 g (m2 d)�1 0.4654 0.9726 41.488
k3 mg L�1 27.3370

O2 Grau second-order substrate
removal model

a d�1 47.4110 0.9527 —
b d�1 2.7484

Modied Stover–Kincannon model Um1 kg (m3 d)�1 0.0308 0.9835 15.997
k2 kg (m3 d)�1 0.2188

Monod-BCO model Um2 g (m2 d)�1 0.2689 0.9853 1.009
k3 mg L�1 1951.0162
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reactors were 2433.2204 mg L�1, 1686.5360 mg L�1, 27.3370 mg
L�1, and 1951.0162 mg L�1, respectively. Compared with the
previously reported values for coking wastewater treatment,23,59

our system had signicantly higher substrate affinity in this
study. The average k value obtained in this study was
1524.527mg L�1, which was higher than the COD concentration
in raw coke plant wastewater. It was certicated that the pilot-
Table 4 Kinetic comparisons of this study and other related studies

Model Wastewater Process COD mg L�1 O

Modied
Stover–
Kincannon

Distillery spent wash Anaerobic
xed lm
bioreactor

11 000–19 000 5

2,4-DCP wastewater UASB 3000 3
Weak industrial
wastewater

UASB 704.55 � 54.33 0

Coking wastewater Anaerobic 900–1800 0
Anoxic
Oxic-1
Oxic-2

Model Wastewater Process COD mg L�1 O

Monod 2,4-DCP wastewater UASB 3000 6
Tobacco-waste
leachate

SBR 500–3000 0

Coking wastewater Anaerobic 900–1800 0
Anoxic
Oxic-1
Oxic-2

This journal is © The Royal Society of Chemistry 2017
scale A2/O2 biolm system had a maximum potential of COD
removal efficiency; that is, the effluent COD concentration set
by the system could be much lower than the presented result.
Moreover, the actual average COD removal rate per area of the
carrier could not completely reach the predicted Um value in the
system (only about 19.18% of the Um). This may partially be
attributed to an undesirable substrate distribution, especially in
LR kg m�3 d�1 Umax kg m�3 d�1 KB kg m�3 d�1 References

–20 2 1.69 55

.6–36 0.008 0.0346 56

.8052–0.049 1.502 2.924 57

.16–0.65 0.2313 6.5257 This study
0.3385 0.9522
0.0454 0.3561
0.0308 0.2188

LR kg m�3 d�1 Umax kg m�3 d�1 KB mg L�1 References

–34 2.73 560 56
.25–1.50 3.26 5450 58

.16–0.65 0.6571 2433.2204 This study
3.2698 1686.536
0.1098 27.337
1.0487 1951.0162
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the O2 reactor. Uneven organics provision led to a decreased
utilized rate of the carbon source. Moreover, many studies have
reported that some non-biodegradable organic compounds, like
NHCs, in anaerobic or aerobic units tend to be easily mineral-
ized under anoxic conditions. From this perspective, the
potentials of the A2, O1, and O2 reactors' degradation for COD
might not be made full use of in single-feeding systems, since
all raw wastewater only directly ows into the anaerobic tank.
To ensure the combined biodegradation of organics under
different redox conditions to enhance the process for COD
removal, a step-feeding process is expected to be an alternative
option. However, studies on the ow distributed ratio within
each reactor also should be further optimized in any step-
feeding process in the future.
4. Conclusion

In this study, the COD removal characteristics and biokinetics
models of this were investigated utilizing a pilot-scale FB-A2/O2

system effectively treating high-strength coking wastewater.
Some conclusions were drawn, as listed below:

(1) The COD removal rate increases and then attens with
the increase in the inuent COD loading rate. The maximum
COD removal efficiency achieved was 92.3% with an effluent
COD concentration of 98 mg L�1 at an OLR of 0.25 kg (m3 d)�1.
The results indicated that the anoxic and rst oxic units played
signicant roles in removing the COD from coking wastewater.

(2) The modied Stover–Kincannon model and Monod-
biological contact oxidation model were proven to be appli-
cable to estimate the COD removal performance in each unit.
Model validation demonstrated that the Monod-BCO model
tted better for COD removal, even though the modied Stover–
Kincannon model had a higher correlation coefficient. Accord-
ing to the Monod-BCO model, The theoretical COD maximum
removal rates (Um) of the A1, A2, O1, and O2 units were 0.1685 g
(m2 d)�1, 0.8384 g (m2 d)�1, 0.4654 g (m2 d)�1, and 0.2689 g (m2

d)�1, respectively, and a large amount of refractory substance
(Sn) could be decreased through utilizing the system.

(3) The system also showed great substrate affinity, whereby
the corresponding k values of each rector were 2433.2204 mg
L�1, 1686.5360 mg L�1, 27.3370 mg L�1, and 1951.0162 mg L�1,
respectively.

(4) Step-feeding aer the A1 reactor was suggested to opti-
mize the system on the basis of the Monod-BCO kinetic model
in this study.
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