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Abstract: The optimal operating condition for the total nitrogen (TN) removal in an anoxic/oxic-membrane
reactor (A/O-MBR) was studied by employing response surface methodology (RSM) , which is a statistical
test method for optimizing stochastic processes. The individual and interactive influences of three operating
parameters including dissolved oxygen in aerobic tank (DO), internal mixed liquor recycle rate (IR), and
mixed liquor suspended solids (MLSS) on the TN removal efficiency were evaluated. TN removal efficiency
increased first and then reduced with the increase of DO, IR, and MLSS. Results from RSM indicated that
the three factors had significant interactive influences on the TN removal efficiency. Meanwhile, the
interaction between DO and MLSS had more significant effects on the TN removal efficiency than those of the
other two. The maximum TN removal efficiency was forecasted at 83.34% according to the model when
MLSS was 7926.6 mg/L, IR was 371.8%, and DO was 3.5 mg/L. Under this optimum condition, the
experimental TN removal efficiency was 83.13%, which further confirmed that the optimum strategy was

reliable.
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1 Introduction

Nitrogen removal from wastewater is imperative
because it may cause eutrophication of rivers.
Conventional biological nitrogen removal processes,
such as anoxic/oxic process and sequencing batch
the nitrification-

reactor, are mainly based on

(1 ammonia in

denitrification mechanism Namely,
wastewater is converted to nitrate by nitrobacteria in
aerobic phase, and then the nitrate is converted to
gaseous nitrogen by denitrificans in anoxic phase. In
nitrification-denitrification process, it is necessary to
keep a long sludge retention time to maintain a
sufficient quantity of nitrifying bacteria and
denitrifying bacteria in the reactor for the nitrification
and denitrification reactions, which will increase the

volume of the structure'?’

. In addition, the nitrifying
bacteria with poor flocculability would flow out with
the outflow of the sedimentation tank, causing further
reduction of nitrifying bacteria and affecting the final

total nitrogen (TN) removal rate.
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Anoxic/oxic-membrane bioreactor ( A/O-MBR)
process is a promising process for nitrogen removal in

wastewater >

. It is constructed by the incorporation
of membrane filtration and anoxic/oxic process. The
HRT and SRT of A/O-MBR can be independently
controlled through intercepting microorganisms by
membrane. The mixed liquor suspended solids
(MLSS) in A/O-MBR are higher than that of the
traditional nitrogen removal technology. Compared
with traditional nitrogen removal technology, A/O-
MBR has high nitrogen removal rate, small sludge
yield, and is simple to operate"’’. Dissolved oxygen in
aerobic tank (DO) , internal mixed liquor recycle rate
(IR), and MLSS are the three most significant
influencing factors of A/O-MBR for TN removal. DO
determines the activities of nitrifying bacteria and
denitrifying bacteria, IR determines the amount of
nitrate recycled to anoxic tank, and MLSS determines
the quantity of nitrifying bacteria and denitrifying
bacteria”>™® . Tan and Ng'* investigated the influences
of DO and IR on the TN removal rate of A/O-MBR,
and found that the TN removal rate is jointly affected
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by DO and IR. Xia et al.'® found that TN removal
efficiency decreases when SRT decreases from 10 d to
3 d, and the decrease of biomass concentration with
decreasing SRT may be the main reason that leads to
the decrease of TN removal efficiency. Nevertheless,
these previous researchers adopted “one variable at a
time” to investigate the effects of operating condition
on the TN removal rate of A/O-MBR without
evaluating the interactive effect of various operating
conditions'”!. Therefore, it is requisite to study the
interactive influence of operating conditions on the TN
treatment efficiency of A/O-MBR.

Response surface methodology (RSM) is a valid
statistical method which provides a systematic and
effective policy to investigate the interactions of
conditions that influence the

various operating

process' /. It has been extensively employed to

optimize the condition in wastewater

10-11

operating
disposal """/ As far as we know, investigation on the

interactive influences of operating conditions on the

[ﬁh Agitator

| A/O-MBR

TN removal efficiency of A/O-MBR by RSM has
been rarely reported.

In this study, the influence rules of DO, IR, and
MLSS on the TN removal rate of A/O-MBR were
separately investigated. Then, RSM was used to study
the interactive influences of MLSS, IR, and DO on
the TN removal efficiency, and to optimize the
operating conditions for TN removal. It is anticipated
that the optimum condition from this study will
provide guidance for the application of A/O-MBR in
the future.

2 Materials and Methods

2.1 A/0O-MBR System and Wastewater

A bench scale A/O-MBR with a working volume
of 3.0 L anoxic tank (A) and 9.0 L oxic tank (O)
was operated, which was made of plexiglass (48 cm
in length, 12 cm in width, and 30 cm in height) (as
shown in Fig.1).

Vacuum gauge

Sythetic
wastewater

Internal

Vacuum gauge

Fig.1 Schematic of A/O-MBR

A membrane module was fixed in the oxic tank,
and the membrane flux was set as 5.4 L/(m” - h) by

“

a suction pump with 8 min “on” and 2 min “off”.
One agitator was placed in each of the anoxic tank to
keep sludge mixing. One aeration system was installed
the DO

concentration as experiment needed and the sludge in

underneath the membrane to maintain
a suspended state. The operating temperature was
maintained at around 23-25 C using a heating
element. HRT was 9.26 h. MLSS was controlled as
experiment needed by wasting a certain volume of
sludge mixture from the oxic tank of A/O-MBR once
a day. Except for DO, IR, and MLSS, which were
adjusted according to the requirement during the

- 30 -

operation of A/O-MBR, other operating conditions
remained consistent throughout the study.

Prior to the experiment commencement, the
A/0O-MBR was firstly run for 60 d for sludge
acclimatization.

The inoculated sludge was obtained from Harbin
Wenchang sewage treatment plant. The influent is
synthetic wastewater, whose composition is shown in
Table 1.

Table 1 Composition of synthetic wastewater

- CcoD TN NH,*-N TP
P

(mg/L) (mg/L) (mg/L) (mg/L)
7.3 414.3£24.2  40.5£2.6  40.5+2.6 4.9+0.2
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2.2 Operation of A/O-MBR

After acclimatization, A/O-MBR was operated
under different concentrations of DO (1.5 mg/L,
3.0 mg/L, 4.5 mg/L, and 6.0 mg/L in turn) with
300.0% IR and 6000.0 mg/L MLSS. Then, the
A/0O-MBR was operated at different IRs ( 150.0%,
450.0% , and 600.0% in turn) with 3.0 mg/L DO and
6000. 0 mg/L MLSS. Furthermore, different MLSSs
(3000.0 mg/L, 9000.0 mg/L, and 12000.0 mg/L) were
conducted with 3.0 mg/L DO and 300.0% IR. After

that, a Box-Behnken design''>""

was conducted for
exploring the interactive influences of variables on the
response. DO, IR, and MLSS were selected as
independent variables, and TN removal efficiency
was selected as dependent variable. Influences of
DO, IR, and MLSS on TN removal were studied at
high (+1), middle (0), and low (-1) levels
(Table 2) .

Table 2 Variables and levels employed for optimization

Levels
Variable Symbol
Low (-1) Middle (0) High (+1)
DO (mg/L) A 1.5 3.0 4.5
IR (%) B 150.0 300.0 450.0
MLSS (mg/L) C 3000.0 6000.0 9000.0

Seventeen experiments (as shown in Table 3)
were conducted randomly according to the Box-
Behnken design to avoid system error.

Each experiment was conducted for over 10 d.
Before each test, the A/O-MBR was operated for at
least 30 d to ensure the stability of the system. During
collected

each experiment, the samples were

periodically from the corresponding sampling ports for

analysis.
The experimental values were analyzed
employing the quadratic polynomial model as

follows! ™/ .

Y=A, + Ajx; + Ay, + Ayxy + Allxlz + Azzxz2 +
A33x32 +Apwn, +Apr s + Ay, (1)

where Y is the predicted TN removal efficiency. x,,
%,, and x, are the coded value of DO, IR, and
MLSS, respectively. A, is a constant, A,, A,, and A,
are the linear coefficient, A,,, A,, and A,; are the
quadratic coefficient, and A,,, A,;, and A,, are the

interaction coefficient''®

. The quadratic polynomial
coefficients were obtained through the Design Expert

software.

2.3 Sampling and Analytical Methods

COD, NH;-N, NO,-N, TP, and MLSS were
analyzed based on the Standard Methods''”’. TN
concentration was analyzed with a TN analyzer
(TOC-5000A, Shimadzu, Japan).

3 Results and Discussion

3.1 Influence Rules of DO, IR, and MLSS on

TN Removal

The influence rules of the three significant
operating variables (i.e., DO, IR, and MLSS) on
the TN removal of A/O-MBR were investigated
separately.

The TN removal efficiency first increased and
then decreased with the increase of DO from
1.5 mg/L to 6.0 mg/L (Fig.2(a)). In this study,
the nitrification was not limited because the NH;-N
and NO,-N contents are very low in the effluent.
Thus, the difference of the TN removal efficiency
under different DOs was mainly caused by the
denitrification process. When DO was increased from
1.5 mg/L to 6.0 mg/L, the dissolved oxygen in the
anoxic tank was found increased from 0.1 mg/L to
0.7 mg/L. Under a high DO condition, IR would
carry more dissolved oxygen to the anoxic tank and
consume the COD in the anoxic tank, resulting in less
COD for denitrification"*’ .
experiment that when the DO was increased from
1.5 mg/L to 6.0 mg/L, the COD concentration in
anaerobic tank was decreased from 55.3 mg/L to

It was verified in the

49.1 mg/L. Meanwhile, DO in anoxic tank would
kinetically ~ affect the denitrifying bacteria'*’.
Therefore, when DO was at 3.0 mg/L, the TN
removal rate was higher than those of other DO
conditions.

Changes of the TN removal efficiency with IRs
showed similar trend with DOs (Fig.2(b) ). When IR
was low, the NO;-N in the aerobic tank could not be
timely reduced to nitrogen and led to the low TN
removal rate. There are two reasons that result in the
low TN removal efficiency under high IR. First, the
anoxic environment in the anoxic tank was destroyed,
which in turn affected the activity of denitrifying
bacteria. This was verified when the IR was 300% and
600% , the DO in the anoxic tank was found to be
0.3 mg/L and 0.5 mg/L, respectively. Second, high
NO;-N concentration in IR would exceed the reducing
capacity of the denitrifying bacteria in the anoxic tank

<31 -
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and could not be reduced adequately, which would
affect the final TN removal efficiency. When the

IR was 300%, the TN removal efficiency was
79.63%.
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Fig.2 TN removal efficiency with different conditions

Effect of MLSS on the TN removal efficiency
with 3.0 mg/L DO and 300.0% IR is presented in
Fig.2 (c). Results showed that the TN removal rate
first increased and then decreased with increasing
MLSS. Under low MLSS, there are two reasons
leading to the low TN removal efficiency. For one
thing, there were not enough denitrifying bacteria to
reduce the nitrate which could affect TN removal. For
another, the dissolved oxygen in IR could not be
consumed timely, resulting in the high dissolved
oxygen concentration in the anoxic tank and in turn
affecting the activity of denitrifying bacteria. It was
proved that when the MLSS was increased from
3000.0 mg/L  to 12000.0 mg/L, the
oxygen in the anaerobic tank was found decreased
from 0.4 mg/L to 0.1 mg/L. Under high MLSS, the
SMP concentration in the sludge was high, which

dissolved

would affect the activities of nitrifying bacteria and
denitrifying bacteria, leading to the decrease of the
final TN removal efficiency' '’ .

The above studies implied that DO, IR, and
MLSS influence the TN removal efficiency of A/O-
MBR. Furthermore, these factors had substantial
relationship, making it imperative to optimize them
for improving the TN removal rate.

3.2 Analysis of Variance and Model Fitting

The optimum operating condition and the
interactive influences of DO, IR, and MLSS on the
TN removal rate were investigated using the Box-
Behnken design of RSM as shown in Table 3. In order

to obtain the optimum operating condition to realize

.32,

the maximum TN removal rate, a quadratic
polynomial model was built and is expressed as

Y =80.04 + 2.24A + 5.84B + 4.87C + 1.57AB +

5.40AC + 2.15BC - 10.734> - 8.03B° -
5.86C° (2)

The A, B, Cin Eq.(2) were coded as (-1, O,
1).

Analysis of variance (ANOVA) of mode for the
TN removal rate was completed and the results are
shown in Table 4.

The F-value for TN removal was 182.44 and the
probability value was less than 0.0001, attesting that
the model was significant and there was only 0.01%
chance that the F-value would occur on account of
noise' "’ The R? of the model for TN removal was
0.9958, implying that 99.58% of the variability in the
response could be explained by Eq.(2)"*'"*'. The adj
R* was 0.9903, which was close to R*> (0.9958),
indicating that the actual and the predicted TN
removal efficiencies fitted well'®” . The P-value less
than 0.0500 implied that the corresponding term was
significant'>'’. The P-value of the linear terms (4, ,
A,, and A;) , the quadratic terms (A,,, A, , and A;;) ,
and the interaction terms (A,,, A,;, and A,;) were all
below 0.0500, indicating that all of these terms were
significant and the model was appropriate. In this
study, the adequate precision of 32.896 implied an
adequate signal, and this model could be employed to
navigate the design space''*’. The P-value of the lack
of fit was 0.1282, suggesting that this model was

adequate' >’ .



Journal of Harbin Institute of Technology ( New Series) , Vol.27, No.5, 2020

Table 3 Response surface at various operating conditions

Code value Real value Response
Run
X, X, X, X1 X2 X3 Y
1 1.5 300.0 9000.0 -1 0 1 59.9
2 1.5 450.0 6000.0 -1 1 0 63.2
3 4.5 150.0 6000.0 1 -1 0 56.2
4 3.0 300.0 6000.0 0 0 0 79.8
5 3.0 300.0 6000.0 0 0 0 80.6
6 4.5 300.0 3000.0 1 0 -1 56.2
7 4.5 450.0 6000.0 1 1 0 69.9
8 4.5 300.0 9000.0 1 0 1 76.1
9 3.0 150.0 9000.0 0 -1 1 62.8
10 3.0 450.0 9000.0 0 1 1 79.9
11 1.5 150.0 6000.0 -1 -1 0 55.8
12 1.5 300.0 3000.0 -1 0 -1 61.6
13 3.0 300.0 6000.0 0 0 0 79.7
14 3.0 150.0 3000.0 0 -1 -1 56.7
15 3.0 300.0 6000.0 0 0 0 79.2
16 3.0 450.0 3000.0 0 1 -1 65.2
17 3.0 300.0 6000.0 0 0 0 80.9
Table 4 ANOVA of response surface quadratic model for TN removal efficiency
Source Sum of square df Mean square F-value P-value
Model 1646.56300 9 182.951400 182.443200 <0.0001
A 40.05125 1 40.051250 39.939990 0.0004
B 272.61130 1 272.611300 271.853900 < 0.0001
C 190.12500 1 190.125000 189.596800 < 0.0001
AB 9.92250 1 9.922500 9.894936 0.0163
AC 116.64000 1 116.640000 116.316000 < 0.0001
BC 18.49000 1 18.490000 18.438640 0.0036
A? 484.99600 1 484.996000 483.648700 < 0.0001
B? 271.66760 1 271.667600 270.912900 < 0.0001
c? 144.46440 1 144.464400 144.063100 <0.0001
Residual 7.01950 7 1.002786
Lack of fit 5.08750 3 1.695833 3.511042 0.1282
Pure error 1.93200 4 0.483000
Cortotal 1653.58200 16
The predicted versus the actual plots for TN predicted values were forecasted by the proposed
removal efficiency are presented in Fig.3. The quadratic polynomial model, while the actual values

- 33 .
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were determined by the results of the 17 experiments.
It can be seen that the predicted values and the actual
values were close to the straight line, indicating a
satisfactory correlation between the experimental and
the predicted values > .

81.00

74.25

T

Predicted
N
)
in
=)
T

60.75-

54.00

1
54.77 61.31 67.84

Actual

1
74.37 80.90

Fig.3 TN removal efficiency for predicted and actual
plots

3.3 Interactive Influences of DO, IR, and
MLSS on TN Removal Efficiency
The response surface plot for the interactive
influences of DO and IR on the TN removal efficiency
with MLSS at zero level is presented in Fig.4(a)'*’.
As shown in Fig.4(a), when DO increased from
1.5 mg/L to 3.2 mg/L, TN removal rate increased
and then reduced, and the possible cause might be the
high dissolved oxygen in IR which disrupted the
anoxic environment in the anoxic tank and then
reduced the activity of denitrifier'™ . Fig.4(b) shows
the contour plot for the interactive influence of IR and
DO when TN removal efficiency was set as response.
The elliptic characteristic indicated a significant
interactive influence between DO and IR. Previous
studies found that elliptical contours will be obtained
if there is an interaction between two variables'” .
The long axis of the ellipse along with the IR axis
implied that IR was more influential than DO in this
study. The cause might be that nitrification could
occur when DO was higher than 1 mg/L and the DO
in the aerobic tank of A/O-MBR in this study was
higher than 1.5 mg/L. Therefore, compared with IR,
TN  removal was influenced less
significantly by DO. With the increase of IR from
150.0% to 356.4% , TN removal efficiency increased
progressively and then decreased. This was attributed
to the fact that a high IR would bring abundant
dissolved oxygen from the aerobic tank to the anoxic
tank and then deteriorated the activity of denitrifying
«34 .

efficiency

bacteria. Either high DO or high IR would lead to
excessive dissolved oxygen in the anoxic tank, which
would reduce the TN removal efficiency. When
MLSS was 6000.0 mg/L, the optimum DO and IR
were 3.2 mg/L and 356.4% , respectively. Under this
condition, TN removal efficiency reached the highest
value of 81.29%.

R

TN removal efficiency(%)
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=
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(b) Contour plot
Fig.4 Influence of DO and IR, and the corresponding
interaction with TN removal efficiency

Fig.5(a) shows the response surface plot for the
interactive influence of DO and MLSS on TN removal
efficiency with IR at zero level. It can be seen that the
interactive influence between DO and MLSS on TN
removal rate was significant. When MLSS increased
from 3000.0 mg/L to 7577.5 mg/L, TN removal rate
increased and then reduced. The biomass in the anoxic
tank was high with higher MLSS, indicating that the
dissolved oxygen brought by IR was quickly
consumed in the anoxic tank and the activity of
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denitrifying bacteria was not affected. Therefore, the
TN removal efficiency increased when MLSS
increased from 3000.0 mg/L to 7577.5 mg/L. Fig.5
(b) shows the contour plot for the interactive 83.00
influence of MLSS and DO when TN removal
efficiency was set as response. Based on Fig.5(b), a
remarkable elongated maxima along with the MLSS
axis indicates that MLSS was more influential than
DO in this study. When IR was 300. 0%, at
7577.5 mg/L MLSS and 3.4 mg/L DO, TN removal
efficiency achieved its highest value of 81.58%.
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7500 Fig. 6 Influence of MLSS and IR and the
% corresponding interaction with TN removal
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7 6000
=
3 It can be seen from Fig.6(a) and Fig.6(b) that
4500 o TN removal efficiency was influenced more
S s significantly by MLSS, compared with IR. This might
o be because that TN removal was mainly completed by
3000 ) ] ) .
150 225 300 375 450 biological nitrogen removal in A/O-MBR and the
A:DO(mg/L) . . . . . .
biomass relating to biological nitrogen removal in
(b) Contour plot A/0O-MBR was proportional to MLSS. Meanwhile, it
Fig. 5 Influence of DO and MLSS and the . . .
ding int " th TN | was influenced greatly by the interaction between IR
corresponding interaction wi remova ..
efﬁciell)lcy 8 and MLSS. TN removal efficiency reached a peak

value (82.50% ) at 364.5% IR and 7487.7 mg/L
The response surface plot and the homologous MLSS.

counter plot of TN removal efficiency ( Fig.6(a) and The elliptic characteristic in Fig.5(b) was more
Fig.6 (b)) were obtained with DO maintained at significant than those in Fig.4 (b) and Fig.6 (b),
3.0 mg/L, while IR and MLSS were changed within which implies that the interaction between DO and
the range of the test. MLSS had more significant influence than those of the

.35.
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other two. It was confirmed by Eq.(2), which shows
that the coefficient of AC was greater than those of
AB and BC.

3.4 Optimization and Verification

The optimum operating condition for TN removal
efficiency was predicted from the model obtained
from RSM with 7926.6 mg/L MLSS, 371.8% IR,
and 3.5 mg/L DO.

A 30-d check test was conducted withthe A/O-
MBR to validate the optimum condition ( MLSS:
7926.6 mg/L, IR: 371.8%, and DO 3.5 mg/L)
obtained from RSM. The TN removal rate from the
experiment under the optimum condition was
83.13%, while the predicted TN removal efficiency
under this condition was 83.34%, implying that this
optimum strategy was reliable.

Two other 30-d experiments were conducted to
validate the accuracy of the model with two operating
conditions of A/O-MBR (i.e., MLSS: 9000.0 mg/L,
IR: 300.0%, DO; 4.5 mg/L and MLSS: 3000.0 mg/L,
IR: 300.0%, DO: 1.5 mg/L). The corresponding
TN removal rates of A/O-MBR under the above two
conditions were 75.52% and 61.27%, respectively.
The predicted TN removal efficiencies under the two
conditions were 75.96% and 61.74%, respectively.
The results verified the accuracy of the model from a

mathematical point of view.
4 Conclusions

The TN removal efficiency of A/0O-MBR
increased first and then decreased with increasing
DO, IR, and MLSS, respectively, which implies that
RSM is a valid and practicable approach to optimize
TN removal efficiency. The model obtained from
RSM illustrated that the interaction between DO and
MLSS had more significant influence on TN removal
efficiency than those of the other two. Under the
optimum condition (MLSS: 7926.6 mg/L, IR: 371.8%,
and DO: 3.5 mg/L), the experimental TN removal
efficiency was 83. 13%, which was close to the
predicted value of 83. 34%, suggesting that this
optimum strategy is reliable.
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