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a b s t r a c t

Various strategies have been assessed over the years to minimize membrane fouling in MBR. Back-
washing and relaxation, the integral part of MBR operation, have been considered to be effective for 
the control of membrane fouling. In this study, Box–Behnken design (BBD) method was employed 
to investigate the combined influence of permeate flux, backwashing and relaxation duration on 
the performance of MBR. Based on the experimental results, quadratic models for effluent quality 
parameters, namely COD, NH4–N, TN and TP removals were developed and the significance of these 
models was analyzed using the analysis of variance (ANOVA). Trans-membrane pressure (TMP) was 
monitored as the indicator of membrane fouling, and the increase in TMP was used to generate the 
regression model. Quadratic models based on the experimental results depicted that high permeate 
flux, backwashing and relaxation durations can negatively affect the performance of MBR. On the 
other hand, backwashing and relaxation durations were effective to minimize membrane fouling and 
the contribution of each tested variable was as follows: backwashing duration > permeate flux > relax-
ation duration. Since backwashing and relaxation durations negatively affected the removal of bulk 
organic and nutrients, optimization of these variable is vital for efficient performance of MBR. Based 
on the optimization of the variables, optimal backwashing and relaxation durations were 25 and 100 
s, respectively, at a constant filtration duration of 8 min, while optimum permeate flux was 18 LMH. 

Keywords:  Box–Behnken design (BBD); Membrane fouling control; Optimization; Membrane 
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1.Introduction

Membrane bioreactor (MBR) has been studied exten-
sively over the years for wastewater treatment and reuse. 
MBR is superior to conventional wastewater treatment pro-

cesses due to: (i) its compact size; (ii) exceptional quality 
of final product; and (iii) lower sludge yield [1–3]. How-
ever, membrane fouling has been the major constraint in the 
commercial applications of MBR because it abridges the life 
of membrane and also reduces the permeate flux [4–7]. Vari-
ous physical and chemical fouling control strategies such as 
relaxation, backwashing, air scouring and chemical clean-
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ing have been studied over the last few years [1,8–11]. Since 
chemical cleaning and air scouring increase the operating 
cost of the MBR by up to 35 and 10%, respectively [12,13], 
relaxation, backwashing or combination of relaxation and 
backwashing seems to be an efficient as well as a cost-effec-
tive fouling minimization strategy.

Relaxation is the temporary cessation of membrane fil-
tration that reduces the concentration of foulants on mem-
brane surface [12,14,15]. It has been reported that short 
filtration time or frequent relaxation is better to minimize 
membrane fouling. However, frequent relaxation can cause 
critical fouling due to the high instantaneous flux [16,17]. 
Backwashing, another physical method to control mem-
brane fouling, is a process in which permeate is reversed 
back into the membrane [18]. Backwashing is suitable to 
reduce internal fouling of membrane [19]. Backwashing 
durations can be divided in two categories: (i) long back-
wash duration but less frequent; and (ii) short backwash 
duration but more frequent [9,20,21]. Notably, backwash-
ing with water or permeate has been observed to be more 
effective than aeration [22]. In addition, relaxation and 
backwashing durations has been optimized using a hit 
and trail method without incorporating the influence of 
other factors such as permeate flux (Supplementary Data 
Table S1 and S2).

Different experimental design approaches such as fac-
torial design approach or fractional factorial models have 
been applied to optimize the operational parameters of 
wastewater treatment plants [23,24]. Since the influence of 
only two parameters can be assessed in fractional factorial 
models, it is vital to develop three level factorial models 
[1,25]. Response surface methodology (RSM), a statistical 
method for the development of an empirical model based 
on Box–Behnken design (BBD), can be an effective approach 
to: (i) evaluate the performance of composite systems; (ii) 
understand the interaction of parameters; (iii) analyze the 
relationship of an input with an output; and (iv) optimize 
the input parameters [26,27]. In addition, BBD is considered 
to be an efficient technique due to its rotatable design fea-
tures [28]. 

BBD requires fewer experiments to study and analyze 
interaction of different independent variables and it has 
been successfully implemented to optimize different waste-
water treatment processes [1,29,30]. For instance, Shim et al. 
[10] optimized the aeration rate as well as the size of beads 
for the physical cleaning of the membrane in MBR using 
BBD model. On the other hand, Fu el al. [1] optimized the 
effect of aeration rate, position and duration to minimize 
membrane fouling in MBR. As per our literature survey, 
effect of permeate flux, relaxation and backwashing dura-
tions on MBR performance and membrane fouling has not 
been evaluated or referred using the BBD model. Moreover, 
the studies outlined in Supplementary Data Table S1 and S2 
reported the optimized relaxation and backwashing dura-
tions based on multiple experiments, and the experiment 
with less fouling was selected as the best option which is 
not a scientific approach.

In the view of the research gaps discussed above, the 
aim of this study was to analyze and evaluate the combined 
influence of different operational parameters such as relax-
ation, backwashing and permeate flux on effluent quality 
and membrane fouling. RSM using Box Behnken experi-

mental design was used to evaluate and optimize the com-
bined influence of different operational parameters. Since 
real domestic wastewater was used in this study, it is also 
expected that the optimized condition will serve as a refer-
ence for full scale installations of MBR. 

2.Materials and methods

2.1. MBR Setup

Lab scale submerged MBR setup was installed to con-
duct this study as shown in supplementary Data Fig. S3. 
The MBR was comprised of a bioreactor (30 L) and a poly-
vinylidene difluoride (PVDF) hollow fiber membrane 
(Hinada, China) having a pore size of 0.2 µm and a surface 
area of 0.68 m2. A sedimentation tank (60 min detention 
time) was provided to remove large suspended impurities 
from the real wastewater before its introduction into the 
bioreactor. Mixed liquor suspended solid (MLSS) concen-
tration was kept at 8–9 g/L during all experiments. The 
bioreactor was also equipped with an air diffuser. Air dif-
fuser was placed at the bottom of the membrane module 
to keep the dissolved oxygen concentration at >4 mg/L. A 
mechanical aerator was also provided to completely mix 
the contents of the bioreactor. The MBR was operated at the 
room temperature and a digital manometer (Model 840086, 
Sper Scientific, USA) was used to measure the trans-mem-
brane pressure (TMP). A peristaltic pump (V-FLO, Model 
BT100M, China) was used to maintain the desired permeate 
flux during membrane filtration and backwashing.

2.2. Analytical methods

Domestic wastewater was collected from the disposal 
point located at the University of Engineering and Technol-
ogy, Taxila. Composite samples of the domestic wastewater 
were tested for the determination of total suspended solids 
(TSS), total solids (TS), total dissolved solids (TDS), bio-
logical oxygen demand (BOD5), chemical oxygen demand 
(COD), total nitrogen (TN), total phosphorous (TP), ammo-
nium nitrogen (NH4

+–N) and pH on daily basis as per the 
procedures described in the Standard Methods for the 
Examination of Water and Wastewater [31]. Characteristics 
of domestic wastewater are presented in Table 1. Perfor-

Table 1
Characteristics of domestic wastewater used in this study

Parameter Nos. Values ± 
standard-
deviation

pH 90 7.5 ± 0.1
Total solids (TS), mg/L 90 850 ± 25
Total suspended solids (TSS), mg/L 90 140.5 ± 26
Biological oxygen demand (BOD5), mg/L 90 260 ± 43
Chemical oxygen demand (COD), mg/L 90 398.6 ± 20
Ammonium nitrogen (NH4

+–N), mg/L 90 31.9 ± 1.5
Total nitrogen (TN), mg/L 90 52.3 ± 2.1
Total phosphorus (TP), mg/L 90 9.1 ± 0.4
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mance of the MBR was evaluated by measuring the perme-
ate COD, TN, TP and NH4

+–N on daily basis for a period 
of 5 d. Membrane fouling was measured based on TMP by 
recording its value at the start and the end of each run. The 
bioreactor was seeded with the activated sludge collected 
from I-9 sewage treatment plant (Islamabad, Pakistan) after 
the acclimatization period of 30 d. MLSS concentration in 
bioreactor was kept at 8–9 g/L. 

2.3. Box Behnken experimental design

The impact of permeate flux, relaxation and backwash-
ing durations on MBR performance and membrane foul-
ing was examined at three levels (Table 2), based on the 
literature survey presented in Supplementary Data Table 
S1 and S2. Filtration duration (8 min) and backwashing 
flux (30 LMH) were kept constant during all experiments. 
Quadratic models were developed after 16 experiments 
i.e., 12 trial experiments and 4-center experiments. Purpose 
of experiments at central point was to assess innate vari-
ability and stability of the process [28]. Furthermore, all 

the experiments were randomized to eliminate systematic 
errors (if any). 

After each experiment, the membrane was cleaned 
using three step protocols; (i) cleaning with 40 mL deion-
ized water; (ii) backwashing with 40 mL deionized water at 
a flux of 30 LMH; and (iii) desorbing in a 2% NaOH solution 
with effective chlorine strength of 2.5 g/L for 12 h. 

Design Expert (7.0.0.), an experimental design software, 
was used to create, evaluate and optimize the experimental 
results. Responses were fit in a quadratic polynomial model 
as defined below:

Y X X X Xi i ij i j ii ii= + + +∑ ∑∑β β β β


2
 (1)

In Eq. (1), predicted response and constant model coeffi-
cient are represented by Y and βo, respectively. Linear, qua-
dratic and interactional impacts of the model are expressed 
by βi, βii and βij, respectively. All model coefficients were 
projected by multiple regression analysis. Coefficient of 
determination (R2) was used to assess the fitting quality of 
polynomial equation(s).  

3. Results and discussion 

3.1. Performance of MBR

To evaluate the performance of MBR, removals of COD, 
NH4

+–N. TN and TP were measured on daily basis. Exper-
imental results of these removals were put in the model to 
assess the predicted response (Table 3). Based on the exper-
imental results, 2nd order quadratic equations for COD, 
NH4

+–N, TN and TP removal efficiencies were developed 
as shown in Eqs. (2)–(5).

Table 2
Description of independent variables used in BBD 

Independent variables Symbol Levels

Low 
(–1)

Middle 
(0)

High 
(+1)

Permeate flux (LMH) A 15 20 25
Backwashing period (s) B 0 30 60
Relaxation period (s) C 90 120 150

Table 3
Experimental and predicted removal efficiencies

Run Variable Experimental and predicted responses

A B C COD Removal (%) NH4–N Removal (%) TN Removal (%) TP Removal (%)

Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted

E1 0 –1 –1 85.67 ± 2.1 86.16 72.6 ± 0.7 72.13 82.3 ± 1.4 82.59 64.1 ± 1.9 60.102
E2 –1 0 1 84.88 ± 1.1 84.99 74.4 ± 0.9 74.27 78.34 ± 1.7 78.92 62.67 ± 1.1 62.458
E3 0 0 0 81.03 ± 2.7 81.33 69.8 ± 0.45 69.45 76.4 ± 1.3 76.87 60.76 ± 1.2 60.93
E4 0 –1 1 83.07 ± 1.7 83.64 71.9 ± 1.3 72.13 81.89 ± 1.5 81.97 64.89 ± 1.25 61.058
E5 1 –1 0 80.05 ± 1.5 79.65 65.98 ± 1.5 66.31 78.4 ± 1.1 78.69 62.8 ± 1.8 59.27
E6 –1 0 –1 88.02 ± 3.3 88.21 73.45 ± 0.88 73.99 79.15 ± 0.8 79.52 62.2 ± 2.9 62.142
E7 0 0 0 81.57 ± 3.4 81.33 70.11 ± 1.5 69.45 76.45 ± 3.2 76.87 60.98 ± 1.3 60.93
E8 1 1 0 74.09 ± 4.1 74.77 63.44 ± 2.1 63.53 74.1 ± 2.7 74.77 58.13 ± 0.7 54.09
E9 1 0 1 74.95 ± 2.5 74.77 64.8 ± 1.4 64.25 75.4 ± 1.9 75.04 57.44 ± 2.7 57.498
E10 0 1 1 77.11 ± 2.65 76.62 67.89 ± 0.6 68.35 76.22 ± 1.1 75.93 58.9 ± 2.5 55.578
E11 0 0 0 80.77 ± 1.4 81.33 68.12 ± 0.65 69.45 77.68 ± 0.5 76.87 61.23 ± 1.4 60.93
E12 0 1 –1 82.07 ± 1.22 81.5 69.3 ± 2.2 69.07 77.67 ± 0.33 77.59 60.3 ± 1.9 56.822
E13 –1 –1 0 91.03 ± 2.45 90.35 76.4 ± 1.3 76.33 84.3 ± 1.4 83.63 66.23 ± 1.2 62.97
E14 1 0 –1 79.05 ± 3.1 78.95 65.11 ± 1.1 65.25 77.3 ± 1.7 76.72 57.88 ± 1.88 58.102
E15 0 0 0 81.97 ± 1.9 81.33 69.76 ± 0.95 69.45 76.97 ± 3.1 76.87 60.74 ± 2.5 60.93
E16 –1 1 0 83.17 ± 4.5 83.55 72.6 ± 0.87 72.27 76.8 ± 1.05 76.51 63.15 ± 0.4 59.39
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Y A B C AB

AC BC A
COD = + − − − +

− − + +

81 33 4 87 2 92 1 85 0 48

0 24 0 59 0 25 2

. . . . .

. . . 00 50 0 152 2. .B C+
 (2)

Y A B C AB

AC BC A
NH N4 69 45 4 69 1 71 0 81 0 32

0 32 0 18 0 41
− = + − − − +

− − −

. . . . .

. . . 22 2 20 57 0 40+ +. .B C
 (3)

Y A B C AB

AC BC A
TN = + − − − +

− − − +

76 87 1 67 2 76 0 57 0 80

0 27 0 26 0 22 12

. . . . .

. . . .. .75 0 902 2B C+
 (4)

Y A B C AB

AC BC A
TP = + − − − −

− − − −

60 93 2 25 2 19 0 072 0 40

0 23 0 55 0 17 2

. . . . .

. . . 11 83 0 712 2. .B C−
 (5)

In Eqs. (2)-–(5), predicted removals of COD, NH4
+–N, 

TN and TP are represented by YCOD, YNH4–N, YTN and YTP, 
respectively, while coded values of permeate flux (LMH), 
backwashing (s) and relaxation durations (s) are denoted by 
A, B and C, respectively. It can be observed from Eqs. (2)–(5) 
that all three independent variables have negative impact 
on performance of MBR. Similarly, the interaction of: (i) per-
meate flux with relaxation duration; and (ii) backwashing 
duration with relaxation duration negatively affected the 
removal of COD and nutrients.

Response surface 3D plots for COD, NH4–N, TN and 
TP removal models as a function of permeate flux, back-
washing and relaxation durations provide useful insight 
on the performance of MBR (Fig. 1). The influence of per-
meate flux and backwashing durations was significant on 
COD removal. COD removal increased with the decrease in 
backwashing duration, while it decreased with the increase 
in permeate flux (Fig. 1a-I). Similarly, the increase in relax-
ation durations and permeate flux also negatively affected 
COD removal (Fig. 1a-II). Moreover, increase in backwash-
ing and relaxation durations reduced COD removal (Fig. 
1a-III). Since hydraulic retention time (HRT) reduces with 
the increase in the permeate flux, backwashing and relax-
ation durations, slightly low COD can be expected [11,32]. 

On the other hand, the influence of permeate flux and 
backwashing duration was also significant on NH4–N 
removal. NH4–N removal increased with the decrease in 
backwashing period and it decreased with the increase in 
permeate flux (Fig. 1b-I). Similarly, the increase in the relax-
ation duration and permeate flux also negatively affected 
NH4–N removal. However, there is no significant difference 
in minimum and maximum removal of NH4–N (Fig. 1b). 
Notably, increase in permeate flux, relaxation and back-
washing durations can deteriorate TN and TP removals in 
MBR (Fig. 1c,d). Tested variables and their interaction can 
negatively affect the performance of MBR because the time 
lost to relaxation and backwashing results in high instan-
taneous flux that results in short HRT and high organic 
loading rate. Indeed, Habib et al. [11] observed a 5–10% 
reduction in COD removal following an increase in the 
relaxation duration from 0 to 2 min. Similarly, Mohd et 
al. [33] achieved approximately 5 and 15% less removal of 
COD and TP, respectively, at a HRT of 4 h compared to that 
achieved at a HRT of 12 h. In another study by Wang et al. 
[32], TP removal was reduced by 30% at a low HRT of 6 h 
compared to TP removal observed at 8 h. 

Backwashing has been reported to effectively minimize 
the formation of cake-layer on the surface of the membrane 
[19]. It may adversely affect the growth of slow-growing 

autotrophic bacteria (e.g. ammonia oxidizing bacteria), that 
required anoxic/anaerobic conditions, because their abun-
dance was reported to be higher (60%) in the inner part of 
the cake layer compared to the bulk activated sludge [34]. 
In line with this, quadratic models correctly predicted the 
negative influence of backwashing duration on the removal 
of NH4

+–N, TN and TP (Fig. 1). 

3.1.1. Statistical analysis of models

Impacts and statistical significance of independent vari-
able and their interactions on responses (Table 4) were ana-
lyzed by using the coefficient of determination (R2) and the 
F-test [10,35]. The regression models of COD, NH4–N, TN 
and TP were highly significant (p-value < 0.01). Significance 
of all quadratic models can also be confirmed by comparing 
the lack of fit and the pure error (Table 4). It was observed that 
the lack of fit was greater than 0.05, meaning that all models 
were statistically significant (Table 4). Similarly, adjusted R2 

of TP (0.977), COD (0.972), NH4–N (0.954) and TN (0.925) 
removals further validated the significance of the model and 
suggested that the quadratic models could not explain only 
2.26, 2.83, 4.62 and 7.52% variations, respectively [36]. 

Adjusted R2 for each model was compared with coef-
ficient of determination (R2) and a strong correlation was 
found. Correlation between R2 and adjusted R2 indicates 
the presence of insignificant terms in all quadratic models 
[37]. R values should be close to unity for better correlation 
between experimental and predicted results [38,39]. Coef-
ficient of determination (R2) for COD, NH4–N, TN and TP 
removal were 98.87, 98.15, 96.99 and 99.10%, respectively. 
Thus, it can be concluded that experimental and predicted 
results were in agreement. 

p-values provide information about the significance of 
each coefficient and their interaction. A coefficient is sig-
nificant if the p-value is less than 0.05, while p-value less 
than 0.01 is for extremely significant coefficient [37]. For 
COD and TN removal models, all the variables (A, B and C) 
showed significant impact i.e., p < 005. On the other hand, 
independent variable B was not significant for NH4–N and 
TP removal models (Table 4). Interaction of A with B, A with 
C and B with C were also not significant for COD, TP and 
TN removal models, respectively. Notably, linear, cubic and 
2FI models were also significant (Table 4). 

It has been recommended that the adequate precision 
(AP), a ratio of predicted results and the standard deviation 
among predicted results, must be greater than 4 to ensure 
model significance and authority [37,40]. In this study, AP 
values for TP, COD, NH4–N and TN removal models were 
30.14, 26.55, 20.27 and 15.25, respectively (Table 4). Coeffi-
cient of variance (CV) indicates the reproducibility of the 
model and its value of less than 10% is desirable [40]. All the 
models in this study were reproducible because CV values 
were 0.62, 0.91, 0.94 and 1.14% for TP, COD, TN and NH4–N 
models, respectively. 

Probability distribution plots of residuals as well as plots 
of predicted and actual results are good indicators to check 
the significance and adequacy of any model [41]. In this 
study, probability plots (Supplementary Data Fig. S4 and S5) 
suggested that the predicted and experimental results were 
in strong agreement for all models, thereby validating the 
significance of quadratic models presented in Eq. (2-5).
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Fig. 1. Response Surface 3D plots for the removal of: (a) COD; (b) NH4–N; (c) TN; and (d) TPas a function of: (I) permeate flux and 
backwashing durations at a relaxation duration of 120 s; (II) permeate flux and relaxation durations at a back washing duration of 
30 s; and (III) backwashing and relaxation durations at a permeate Flux of 20 LMH.
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3.2. Membrane fouling

Effect of permeate flux, backwashing and relaxation 
durations was assessed and TMP was monitored as an 
indicator of membrane fouling (Table 5). Based on the 

experiment, a 2nd order quadratic equation was established 
accordingly as follows;

Y A B C AB

AC BC A
TMP = + + − − +

+ + − +

16 73 1 03 5 09 0 34 0 00

0 15 0 38 0 55 2

. . . . .

. . . 44 32 0 372 2. .B C+
 (6)

In above equation, predicted TMP is represented by 
YTMP, whereas coded values of operational parameters such 
as permeate flux (LMH), backwashing (s) and relaxation 
durations (s) are denoted by A, B and C, respectively. It can 
be assessed from Eq. (6) that the increase in permeate flux 
showed negative impact on membrane fouling. High per-
meate flux has been linked with rapid membrane fouling 
[42,43]. In line with previous studies[8,11,19], backwash-
ing and relaxation exhibited positive impact on membrane 
fouling. On the other hand, the interaction of permeate flux 
with backwashing period did not show any influence on 
membrane fouling.

The significance of the TMP quadratic model was ana-
lyzed using F-test and ANOVA (Table 6). The regression 
model of TMP was observed to be highly significant (p < 
0.01). Adjusted R2 (99.36%) and R2 (99.74%) values were 
compared and found to be in good agreement. It was also 
observed that only 0.64% variations cannot be explained by 
TMP model. p-values can be used to further validate the 
significance of model coefficients and variables. All the 
regression variables were significant except for the interac-
tion of flux and backwashing. Based on the results (Table 6), 
backwashing duration was the most influencing variable to 
control membrane fouling compared to other parameters. 
Influence of independent variables on TMP was as follows: 
backwashing duration (B) >permeate flux (A) >relaxation 

Table 5
Experimental and predicted trans-membrane pressure

Run Variable Experimental and predicted responses

A B C TMP (KPa)

Experimental Predicted

E1 0 –1 –1 27.00 27.23
E2 –1 0 1 15.00 15.03
E3 0 0 0 16.80 16.73
E4 0 –1 1 25.60 25.79
E5 1 –1 0 26.80 26.62
E6 –1 0 –1 16.00 16.01
E7 0 0 0 16.56 16.73
E8 1 1 0 16.20 16.44
E9 1 0 1 17.40 17.39
E10 0 1 1 16.60 16.37
E11 0 0 0 17.20 16.73
E12 0 1 –1 16.50 16.29
E13 –1 –1 0 24.80 24.56
E14 1 0 –1 17.80 17.77
E15 0 0 0 16.36 16.73
E16 –1 1 0 14.20 14.38

Table 6
Statistical analysis (ANOVA) of TMP model

Variables YTMP
SS df MS F p

A – Permeate flux 8.405 1.000 8.405 66.434* 0.0002
B – Backwash period 207.061 1.000 207.061 1636.632* 0.000
C – Relaxation period 0.911 1.000 0.911 7.203** 0.0364
AB 0.000 1.000 0.000 0.000NS 1.0000
AC 0.090 1.000 0.090 0.711NS 0.4313
BC 0.563 1.000 0.563 4.446* 0.0795
A2 1.221 1.000 1.221 9.651** 0.0209
B2 74.736 1.000 74.736 590.721* 0.000
C2 0.555 1.000 0.555 4.387** 0.0811
Model 293.5421 9 32.61579 257.7983* 0.000
Linear 216.3775 3 72.12583 11.10715* 0.0009
Cubic 293.910 12.000 24.492 187.6338* 0.0006
2FI 217.030 6.000 36.172 4.21302** 0.0269
Residual 77.271 9.000 8.586 – –
Lack of fit 76.880 6.000 12.813 98.160NS 0.0016
Pure error 0.392 3.000 0.131 – –
Core error 294.301 15.000 – – –
Adequate precision 45.653
CV (%) 1.89

SS: sum of squares; df: degree of freedom; MS: mean square; CV: coefficient of variance  
*significant at 1% level, **significant at 5% level, NS: not significant 
“–“: not applicable
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duration (C). Adequate precision and CV values of 45.69 
units and 1.89%, respectively further validated the signif-
icance of the TMP model. 

Probability distribution plots of residuals (Supplemen-
tary Data Fig.S6a) in addition to the plots of predicted and 
actual results (Supplementary Data Fig.S6b) were devel-
oped to check the adequacy of the TMP model. It is clear 
from probability plots that the experimental and predicted 
TMP were close to the straight line, thereby proving the 
normal distribution of results. 

Response surface 3D plots for TMP model show that 
backwashing and relaxation durations caused rapid mem-
brane fouling after a certain duration (Fig. 2). Moreover, 
TMP increased abruptly beyond the permeate flux of 20 
LMH (Fig. 2a). Notably, TMP reduced with the decrease 
in permeate flux but the increase in relaxation period ini-
tially showed positive effect on TMP (Fig. 2b). Interestingly, 
increase in backwashing duration and decrease in relax-
ation duration reduced resultant TMP (Fig. 2c). It is not 
possible to compare the results of this study with the pre-
vious studies because integrated effects of permeate flux, 
backwashing and relaxation durations on membrane has 
not been studied. 

3.3. Model optimization 

Based on earlier discussion, it is clear that each vari-
able and their interactions may have a distinct influence 
over each response. Hence, permeate flux, backwashing 
and relaxation durations were optimized to achieve: (i)
optimal treatment efficiency; and (ii) efficient reduction in 
membrane fouling (Table 7). All effluent quality parameters 
were given equal significance and optimized for maximum 
removal efficiency. TMP was the indicator of membrane 
fouling and its value was set at minimum for the purpose 
of optimization (Table 7). TMP was given the highest signif-
icance compared to other parameters. Recommended per-
meate flux, backwashing and relaxation durations based 
on model optimization were 18 LMH, 25 and 100 s, respec-
tively. The predicted optimized responses for TMP, COD, 
NH4–N, TN and TP removal efficiency were 17.47 KPa, 
88.87%, 74.44%, 80.36%, and 62.52%, respectively.

Predicted values of input variables were also examined 
experimentally to validate the predicated results (Table 8). 
It was observed that the predicted and experimental values 

Table 7
Description of responses for optimization

Parameters Target Lower 
limit

Upper 
limit

Significance

COD removal 
efficiency (%)

Maximum 85 90 +++

NH4–N removal 
efficiency (%)

Maximum 70 76.4 +++

TN removal 
efficiency (%)

Maximum 78 84 +++

TP removal 
efficiency (%)

Maximum 60 66 +++

TMP (KPa) Minimum 15 20 +++++

Fig. 2. Response Surface 3D plots for TMP as a function of (a) 
permeate flux and backwashing durations at a relaxation du-
ration of 120 s; (b) permeate flux and relaxation durations at a 
backwashing duration of 30 s; and (c) backwashing and relax-
ation durations at a permeate Flux of 20 LMH. 
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Table 8
Predicted and experimental responses based on optimized variables 

Optimized variables Values COD (%) NH4–N (%) TN (%) TP (%) TMP (KPa)

Permeate flux = 18 LMH 
Backwashing duration = 25 s 
Relaxation duration = 100 s

Predicted 88.87 74.44 80.36 62.52 17.47

Experimental 89.5 ± 1.7 72.38 ± 1.4 81.8 ± 0.9 56.2 ± 3.7 16.37

were in agreement except TP removal efficiency. Interest-
ingly, TMP was further reduced to 16.37 KPa during the 
experimental validation of predicted conditions. Therefore, 
it can be concluded that response surface methodology 
was successful for the optimization of permeate flux, back-
washing and relaxation duration that are integral operating 
parameters of MBR. 

4. Conclusion

Permeate flux, backwashing and relaxation durations 
are important operating parameter of MBR because of their 
influence on the performance of MBR as well as on mem-
brane fouling. These process parameters were optimized 
successfully using Response Surface Methodology (RSM). 
Box–Behnken design (BBD) was employed to: (i) predict 
responses; and (ii) evaluate the influence of permeate 
flux, backwashing and relaxation durations on membrane 
fouling. All independent variables negatively affected the 
performance of MBR, while backwashing and relaxation 
durations were found to be effective for membrane fouling 
control. All models were statistically significant as validated 
through F-test, p-value, adequate precision, coefficient of 
variance (CV) and coefficient of determination (adjusted R2 
and R2). Since all models were significant and reproducible, 
predicted responses were optimized. Optimized values for 
permeate flux, backwashing and relaxation durations were 
18 LMH, 25 s and 100 s, respectively. Since this study was 
conducted on a lab scale submerged MBR, testing of this 
model for pilot scale MBR is recommended for future work.
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Table S2
 Backwash scenarios used by different researchers

Installation type Membrane Backwash/Filtration Permeate flux Author(s)

Lab Scale Hollow Fiber 0.66 min / 8 min 24.5 LMH Wu et al. 2008
Lab Scale Hollow Fiber 0.5 min / 60 min 73.5 LMH Ye et al. 2010
Lab Scale Flat Sheet 0.5 min / 8 min Variable Qaisrani and Samhaber 2011
Lab Scale Ceramic 2 min / 30 min Variable Hwang et al. 2009)
Pilot Scale Hollow Fiber 0.75 min / 10 min 25 LMH (Jiang et al. 2005)
Pilot Scale Hollow Fiber 1.25 min / 15 min 30–50 LMH (Raffin et al. 2011)
Full Scale Hollow Fiber 0.5–1 min / 6–12 min 10–25 LMH (Zsirai et al. 2012)

Table S1
Relaxation scenarios used by different researchers

Installation type Membrane Relaxation/Filtration Permeate flux Author(s)

Lab Scale Hollow Fiber 20 s / 440 s 21 LMH Wu et al. 2008
Lab Scale Hollow Fiber 0.5 min / 8 min 20 LMH Annop et al. 2014
Lab Scale Hollow Fiber 15 min / 145 min Variable Hong et al. 2002
Lab Scale Rotating 2 min / 8 min 47.5 LMH Zuo et al. 2010
Pilot Scale Hollow Fiber 1 min / 9 min 17.5–25.7 LMH Oh et al. 2012
Pilot Scale Flat Sheet 1 min / 9 min 10–15 LMH Guglielmi et al. 2008
Full Scale Flat Sheet 1 min / 9 min 15–25 LMH Dalmau et al. 2015

Fig. S3. The lab-scale MBR setups.

Supplementary Data
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Fig. S4. Probability plots of residuals for (a) COD removal efficiency, (b) NH4–N removal efficiency, (c) TN removal efficiency, and 
(d) TP removal efficiency.
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Fig. S5. Correlation between actual and predicted results for (a) COD removal efficiency, (b) NH4–N removal efficiency, (c) TN re-
moval efficiency, and (d) TP removal efficiency.

 

Fig. S6. Diagnostic plots (a) Probability plots of residuals for TMP model, (b) Predicted versus Actual results.


