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ABSTRACT

The control of membrane biofouling in the presence of Piper betle extract (PBE) as a biofoul-
ing reducer (BFR) has been investigated. Response surface methodology (RSM) has been
employed to mitigate extracellular polymeric substances (EPS), transmembrane pressure
(TMP) rise-up control, and dye removal in membrane bioreactor. Factors investigated were:
BFR dosage, air flow rate, and hydraulic retention time (HRT). Optimum conditions found to
be BFR of 0.23mg/mg mixed liquor suspended solids, HRT of 30.16 h, and air flow rate of
0.60 l/min, with predicted values as 28.28mg/l of EPS, 24.16 kPa of TMP, and 95.65% dye
removal, respectively. Validatory tests were carried out under the optimum conditions,
which were closely agreed with the predicted values. These results depicted that RSM was
one of the suitable methods to optimize the operating conditions to mitigate fouling in the
presence of a BFR. PBE was verified to mitigate membrane biofouling via inhibiting autoin-
ducers production. Furthermore, it was found that the addition of PBE decreased the amount
of EPS in biocake; whereas the addition of autoinducer increased it. These findings revealed
that PBE could be a novel agent to target quorum sensing, to mitigate membrane biofouling.

Keywords: Response surface methodology; Extracellular polymeric substances; Biofouling
reducer; Quorum sensing

1. Introduction

The textile sector is the third largest foreign
exchange earner in Malaysia after the palm oil and
electronic industries [1]. Approximately 1,500 textile
factories operate in Malaysia [2]. These textile facilities
discharge a large amount of wastewater [3]. Wastewa-
ter dye affects water transparency, gas solubility, and

can be toxic to aquatic organisms [4]. Moreover, most
synthetic azo dyes are toxic and carcinogenic [5]. Tex-
tile wastewater is often treated with physio-chemical
methods, but these methods are generally very expen-
sive [6]. Moreover, the complex molecular structure of
dyes makes them more resistant to degradation via
physio-chemical methods.

Membrane bioreactors (MBRs) have appeared as
a leading technology in wastewater treatment [7].
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However, MBRs are hindered by biofouling, which
reduces membrane life, increases membrane cost,
decreases permeate flux, and ultimately adds extra
cost for membrane replacement. Accordingly, the
mitigation of membrane biofouling is a major prob-
lem and a challenging task [8].

Biofouling is related to the occurrence of microbes,
which can damage the membrane. Bacterial cells can
enclose themselves in the structure of a matrix of
extracellular polymeric substances (EPS) and form gel
layers known as biofilm [9]. Moreover, biofilms are
dynamic in nature, with structures that comprise a
sequential process, in which colonizing bacteria move
to the membrane surface, attach, and then produce a
biofilm via a succession of steps [10]. EPS, which are
produced by bacterial cells, are composed of a variety
of components such as proteins, polysaccharides, and
lipids [11]. EPS are known to be major biofouling
causing substances in MBRs [12]. Indeed, increases in
EPS have been shown to cause reductions in mem-
brane flux in MBRs [13]. However, further research
regarding EPS, their effects on biofouling, and EPS
concentration mitigation is needed for batik wastewa-
ter to fully understand their role in MBR applications.

In conventional experiments, optimization is achieved
by changing a single factor, while keeping others con-
stant. This technique is costly and time consuming. More-
over, possible interaction effects between variables cannot
be assessed, and it will lead to misleading conclusions.

Response surface methodology (RSM) is a type of
technique for designing experiments and building
models and determining optimum conditions for
desirable responses [14]. This technique is applied to
find the optimum operating conditions [15]. This
technique can not only assess the interactions effects
among confirmed operating variables, but also lessen
the number of experiments to be carried out [16].
Recently, RSM has been used effectively to the
optimization of operating conditions in wastewater
treatment [17].

Reactive black 5 has been extensively used in textiles
and printing industry for its fastness to light, perspira-
tion, and repeated washing. Moreover, it cannot be
easily disposed by conventional physical or chemical
methods due to its stable chemical structure [8].

In this study, the control of membrane fouling in
the presence of Piper betle extract (PBE) as a fouling
reducer has been investigated. RSM has been
employed to control EPS, transmembrane pressure
(TMP) rise-up, and dye removal in MBR by investigat-
ing the single and interactive effects of three
significant operating variables: PBE dosage, air flow
rate and hydraulic retention time (HRT). The
processes were designed in accordance with central
composite design (CCD) and carried out in sub-
merged MBR. Additionally, to verify whether the PBE
addition could mitigate the membrane biofouling
based on quorum sensing (QS) was investigated.

Table 1
The chemical structure and properties of reactive black 5

Chemical structure

Molecular formula C26H21N5Na4O19S6
Molecular weight 991.82

(nm)
Solubility

597
Soluble in water
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2. Materials and methods

2.1. Dye and dye solution

Reactive black 5 (306452, Sigma-Aldrich) was
purchased from Permula chemicals, SDN. BHD.,
Malaysia. Reactive black 5 stock solutions were pre-
pared by dissolving (pH 6.5) 1.00 g of dye into 1 l of
boiling distilled water. The chemical structure and
properties of reactive black 5 are shown in Table 1.

2.2. Preparation of the activated sludge and biofouling
reducer (BFR)

Sludge sample was collected in a sterilized poly-
ethylene bottle from a storage tank of colored batik
effluent (Natural Batik Village, Kuantan, Malaysia).
Sludge collected was initially dried overnight at 40˚C
and then sieved through 2mm mesh sieve to remove
large suspended material from it. In order to make
sludge inoculum, 5 g of sludge was added to 100ml
distilled water, containing 1 g glucose, and the
mixture was a shaken for 24 h on shaker (100 rpm)
incubator at 30˚C before use.

P. betle L. leaves were obtained from Mentakab,
Pahang, Malaysia. Fresh healthy leaves were washed
with distilled water and air dried. Dried leaves were
shredded into small pieces. 100 g of pieces were boiled
in 1 l of deionized distilled water for many hours until
the final volume was 100ml. Further, the extract was
centrifuged at 10,000 rpm to remove sediments. The
supernatant was divided into 1ml aliquots, in micro-
fuge tubes. It was concentrated using a speed vacuum

concentrator. The extracts were weighed into sterile
micro-fuge vials and prepared into stocks of 20mg/
ml, using sterile distilled water as diluents, and steril-
ized by a 0.2lm membrane filter. The PBE (pH 6.5)
was completely soluble in water. The extracts were
dissolved by sonicating the microfuge vials in a
sonicator (DAIHAN) and stored at 4˚C until use.

2.3. Submerged membrane bioreactor (SMBR) system and
operation

Fig. 1 illustrates a laboratory scale ultrafiltration
(UF) MBR system similar to the one used in another
work [18] with slight modifications. All tests
performed in this study were carried out in a SMBR.
The bioreactor had a working volume of 2 l. A loop
shaped polysulfone hollow fiber bundle with an effec-
tive area of 0.05m2 was inserted into the bioreactor.
The specifications of the hollow fiber bundle are
presented in Table 2. The reactor was seeded with acti-
vated sludge (10%) inoculum, and was operated for
around 20days for acclimatization. The synthetic dye
wastewater, having COD concentration of 3,502mg/l
± 010, was fed continuously to the bioreactor. The com-
position of synthetic dye wastewater was as follows;
503mg/l glucose, 1,165mg/l peptone, 834mg/l yeast
extract, 300mg/l urea, 167mg/l KH2PO4, 1,165mg/l
Nacl, 34mg/l MgSO4.7H2O, and 100.5mg/l reactive
black 5 (dye) [8]. The membrane permeate was suc-
tioned out through the hollow fiber membrane by a
peristaltic pump and permeate was collected in a ves-
sel. Other operating conditions are given in Table 3.
The membrane fouling was monitored by the increase
in TMP difference using a vacuum gauge meter. All
experiments were conducted at 25–30˚C.

Fig. 1. The reactor setup: (1) feed tank, (2) hollow fiber
membrane, (3) air splitter, (4) pressure gauge, (5) peristaltic
pump, (6) air compressor, (7) effluent storage tank, (8) air
flow meter, (9) drain valve, and (10) feed pump.

Table 2
Membrane and membrane bundle specifications

Membrane Membrane
bundle

Model DL-F/K11-UF

Material Polysulfone

Membrane type Hollow fiber

Pore size 0.03 lm
Surface area 0.05m2

Module

Configuration Loop-shaped hollow
fiber

Fiber outer diameter 600lm
Fiber internal

diameter
300lm

Sampling point Middle
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2.4. Experimental design and optimization

RSM based on CCD was applied to optimize the
experimental conditions for reactive black 5 decolor-
ization, EPS mitigation and TMP control. Three critical
parameters: PBE dosage (x1), HRT (x2), and air flow
rate (x3) were selected as the independent variables
based on the preliminary experiments, and EPS (y1),
TMP rise (y2) and decolorization (y3) were considered
as the dependent variables (responses). Experimental
range and levels of independent variables for reactive
black 5 (dye) decolorization; EPS, and TMP were
presented in Table 4.

Experimental conditions of CCD runs of Design-
Expert� 8.0.7.1 (trial) and responses are presented in
Table 5. In this study, the total number of experiments
with three factors were 20 (=2k+ 2k+ 6), where k is the
number of factors. The first 4 columns show run
numbers and experimental conditions of runs as
arranged by CCD. Performance of the process was
evaluated by analyzing the response of EPS, TMP,
and dye removal. As there are only three levels for
each parameter, the appropriate model is the
quadratic Eq. (1).

y ¼ bo þ
X

bixi þ
X

biix
2
i

X
bijxixj ð1Þ

where y is the response variable, b is the regression
coefficient of the model, x is the coded levels of the
independent variables.

This model is preferred because a relatively few
experimental combinations of the independent
variables are adequate to estimate potentially complex
response function. Analysis of variance (ANOVA) was
executed to obtain the process factors and responses.
The quality of the fit of model was expressed by deter-
mination coefficient R2 and adjusted R2 (R2

adj), and
statistical significance was evaluated by the F-values
and P-values. Model terms were selected or rejected

based on the probability value with 95% confidence
level. Finally, three dimensional response surfaces
were drawn in order to visualize the individual and
the interactive effects of the independent variables.
The desired goals were selected as maximum for dye
removal, while minimum for EPS and TMP. The HRT
and air flow rate were set as minimum, in order to
reduce time and consumption of electrical energy. To
test the validity of the predicted models, additional
three runs were carried out under the optimum
conditions obtained through RSM.

2.5. QS signal compound and testing of PBE for its QS
inhibition efficacy

The QS signal compound; N-hexanoyl-DL-homo-
serine lactone (C6-HSL) [HHL] was procured from
Sigma-Aldrich. Controlling the N-acyl homoserine lac-
tones (AHL)-regulated gene expression gives a novel
way to mitigate unwanted bacterial activity without
killing bacteria. The PBE, was tested for its QS inhibi-
tion efficacy to mitigate membrane biofouling. MBR
was operated for 4 days, and PBE optimum dosage
0.23mg/mg mixed liquor suspended solids (MLSS)
was added in the bioreactor. In the first step, role of
PBE was carried out using specific concentration of
PBE (0.23mg/mg MLSS) and its effect on TMP was
observed. In the last step, a study was carried out that
how QS activity mitigates biofouling of membrane. We
measured the amount of EPSs (mg/g biocake) under
the various operating conditions.

2.6. Analytical

Measurements of reactive black 5 (dye) concentra-
tions were carried out according to the Standard
Methods for the Examination of Water and Wastewa-
ter [19]. The soluble EPS concentrations were analyzed
by physical-chemical extraction method [20]. The
soluble EPS was obtained as the supernatant of the
centrifuged mixed liquor. Soluble EPSs were analyzed
for proteins and polysaccharides, which are the
dominant components in EPS and the sum of polysac-
charides and proteins was taken as the total amount

Table 4
Experimental range and levels of independent variables

Independent variable Factor Range and
levels

xi �1 +1

PBE concentration (mg/mg MLSS) x1 0.20 0.40

HRT (h) x2 30.0 42.0

Airflow rate (l/min) x3 0.60 1.40

Table 3
Operating conditions used for reactor

Conditions

Working volume (l) 2

TMP (kPa) <33

Constant flux (l/m2h) 5.2

Air flow rate (l/min) 0.60–1.40

pH 6.5–7.5

OLR (mg COD/l/day) 2,333.33

HRT (h) 30–42

MLSS (mg/l) 4,451 (±200)
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of EPS [21]. Protein concentration was determined by
Lowry’s method [22] and polysaccharides by the
phenol-sulphuric acid method [23], using glucose as a
standard.

The concentration of reactive black 5 (dye) was
determined by measuring the absorbance at 590 nm
with a spectrophotometer (U-1800, HITACHI). Decol-
orization rate of reactive black 5 was calculated as
below:

Decolorization % ¼ A0 � A

A
� 100 ð2Þ

where A0 is influent dye concentration, and A is dye
concentration in the effluent storage tank.

3. Results and discussion

3.1. Overall performance

Twenty CCD runs were executed to investigate
the effect of independent parameters on responses.
The results according to experimental conditions are
presented in Table 5. The observed EPS, TMP, and
dye varied in the ranges of 25.59–41mg/l, 24–
29 kPa, and 93.43–96.46%, respectively. Generally,
first, an increase in PBE dose as a BFR in bioreactor

resulted in decreased in EPS concentration and sub-
sequently decreased the TMP. Secondly, increased
air flow rate in the bioreactor system resulted in
decrease of EPS and TMP, while increased removal
of dye, finally longer HRT resulted in higher
removal of the dye, decrease EPS concentration, and
less elevation of TMP. As can be seen in Table 5,
run 19 specifically gives the best results for EPS and
TMP at 25.59mg/l and 25 kPa, while more than 96%
removal of dye was achieved in the same run at
0.30mg/l of PBE concentration, 1 l/min AR, and
36 h HRT. For mitigation of EPS, four runs (Runs 4,
7, 10, and 19) showed the highest mitigation under
different factor conditions. Run 2, 4, and 14 also
give the least rise of TMP (24 kPa) under different
factor conditions.

3.2. Fitting model and ANOVA

In order to study the effects of three independent
variables on the EPS mitigation, TMP rise and dye
removal were performed according to CCD and the
results along with the experimental conditions were
presented in Table 6. An approximate function of
EPS, TMP, and dye removal based on experimental
results was evaluated and given in Eqs. (3)–(5).

Table 5
CCD with experimental and predicted results

Run no. Factor variables Experimental Predicted

x1 (mg/mg) x2 (h) x3 (l/min) y1 (mg/l) y2 (kPa) y3 (%) y1 (mg/l) y2 (kPa) y3 (%)

1 0.5 36 1.0 41.13 29 93.43 42.53 29 93.44

2 0.3 24 1.0 34.94 24 93.53 35.82 25 93.54

3 0.4 42 0.6 38.01 29 94.64 36.11 29 94.61

4 0.3 36 1.0 26.21 24 96.27 27.03 25 96.26

5 0.3 36 1.8 29.82 26 95.08 30.32 26 95.04

6 0.3 48 1.0 35.03 28 95.08 35.30 28 95.03

7 0.3 36 1.0 26.39 26 96.28 27.03 26 96.26

8 0.4 30 1.4 37.83 26 93.51 36.15 25 93.50

9 0.3 36 0.2 28.12 25 95.15 28.77 24 95.17

10 0.3 36 1.0 26.64 25 96.25 27.03 25 96.26

11 0.1 36 1.0 39.73 28 95.53 39.48 28 95.49

12 0.3 36 1.0 28.37 25 96.3 27.03 25 96.26

13 0.2 30 0.6 31.06 25 95.54 29.68 25 95.51

14 0.3 36 1.0 27.83 24 96.23 27.03 25 96.26

15 0.4 42 1.4 31.94 27 95.12 31.72 27 95.17

16 0.2 30 1.4 35.32 27 94.77 35.62 27 94.82

17 0.4 30 0.6 32.36 26 94.79 32.20 25 94.79

18 0.2 42 1.4 31.74 27 96.46 31.19 27 96.49

19 0.3 36 1.0 25.59 25 96.28 27.03 25 96.26

20 0.2 42 0.6 32.63 26 95.3 33.60 26 95.34
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Table 6
ANOVA of the quadratic models for EPS, TMP, and Dye removal

Source Sum of squares Degree of freedom Mean square F value Prob > F

EPS (mg/l)

Model 409.72 8 51.21 29.670 <0.0001

x1 9.287 1 9.287 5.3804 0.0406

x2 0.267 1 0.267 0.1551 0.7012

x3 2.379 1 2.379 1.3784 0.2652

x21 306.92 1 306.92 177.809 <0.0001

x22 114.35 1 114.35 66.247 <0.0001

x23 9.943 1 9.943 5.760 0.0352

x1x3 1.970 1 1.970 1.141 0.3083

x2x3 34.81 1 34.819 20.172 0.0009

Residual 18.98 11 1.726

Lack of fit 13.46 6 2.244 2.031 0.2269

Pure error 5.52 5 1.104

R2 = 0.955, R2
adj = 0.923, R2

pred = 0.810, adequate precision = 17.58

TMP (kPa)

Model 41.39 9 4.59 10.44 0.0005

x1 1.56 1 1.56 3.54 0.0890

x2 10.56 1 10.56 23.98 0.0006

x3 0.56 1 0.56 1.27 0.2848

x21 22.90 1 22.90 52.02 <0.0001

x22 2.73 1 2.73 6.20 0.0320

x23 1.05 1 1.05 2.38 0.1532

x1x2 1.12 1 1.12 2.55 0.1410

x1x3 3.12 1 3.12 7.09 0.0237

x2x3 1.12 1 1.12 2.55 0.1410

Residual 4.40 10 0.44

Lack of fit 1.57 5 0.31 0.55 0.73

Pure error 2.83 5 0.56

R2 = 0.903, R2
adj = 0.8173, R2

pred = 0.6376, adequate precision = 10.42

Dye removal (%)

Model 18.01 8 2.25 1,325.62 <0.0001

x1 4.21 1 4.21 2,479.52 <0.0001

x2 2.25 1 2.25 1,328.71 <0.0001

x3 0.01 1 0.018 11.12 0.0066

x21 5.07 1 5.07 2,989.12 <0.0001

x22 6.11 1 6.11 3,599.40 <0.0001

x23 2.12 1 2.12 1,250.40 <0.0001

x1x3 0.17 1 0.17 104.18 <0.0001

x2x3 1.70 1 1.70 1,001.76 <0.0001

Residual 0.018 11 0.001

Lack of fit 0.015 6 0.002 4.21 0.06

Pure error 0.003 5 0.0006

R2 = 0.992, R2
adj = 0.99, R2

pred = 0.99, adequate precision = 110.48

M.F. Siddiqui et al. / Desalination and Water Treatment 51 (2013) 6940–6951 6945



y1 ¼ 27:03þ 0:76x1 � 0:13þ 0:39x3 þ 3:49x21

þ 2:13x22 þ 0:63x23 þ 0:2x1x2 � 0:50x1x3

� 2:09x2x3 ð3Þ

y2 ¼ 24:91þ 0:31x1 þ 0:81x2 þ 0:19x3 þ 0:95x21

þ 0:33x22 þ 0:20x23 þ 0:38x1x2 � 0:62x1x3

� 0:37x2x3 ð4Þ

y3 ¼ 96:26� 0:51x1 þ 0:38x2 � 0:034x3 � 0:45x21

� 0:49x22 � 0:29x23 � 0:15x1x3 þ 0:46x2x3 ð5Þ

In Eq. (3), y1 is the EPS mitigation, in Eq. (4), y2 is
the TMP rise, and in Eq. (5), y3 is the dye decoloriza-
tion efficiency, respectively. While, x1, x2, and x3 are
corresponding coded variables of PBE dosage, HRT,
and air flow rate, respectively.

ANOVA results of the quadradic models pre-
sented in Table 6, indicated that the model equations
can adequately be used to describe the EPS mitigation,
TMP rise control, and dye removal under a wide
range of operating conditions. As can be seen, the
model F-values for EPS, TMP, and dye removal were
evaluated as 29.68, 10.45 and 1325.53, respectively.
These values indicate the quadradic models are signif-
icant. An adequate level of precision, measures the
signal to noise ratio and a ratio greater than 4 is desir-
able. In the obtained quadradic models of the EPS,
TMP, and dye removal, the ratios of 17.58, 10.42, and
110.48 indicated an adequate signal for the models to
be used to navigate the design space. For all models,
p> F values less than 0.05 indicate that the model
terms are significant and hence these quadradic func-
tions can be applied for successful prediction of future
responses for EPS mitigation, TMP control, and dye
removal. The obtained lack of fit F-values of 2.03, 0.55,
and 4.22 indicate the insignificance for EPS, TMP, and
dye removal, respectively. Fit of the model can be
judged by correlations coefficients. The values of cor-
relation coefficients of R2 and R2

adj were evaluated as
0.95 and 0.92 for EPS mitigation (Fig. 2(a)), as 0.90 and
0.81 for TMP control (Fig. 2(b)) and as 0.99 and 0.99
for dye removal (Fig. 2(c)). These regression values
imply that the regression models fits to the experi-
mental values well, and it can provide an excellent
explanation of the relationships between the indepen-
dent variable and the response.

3.3. Adequacy check of the model

Good adequacy can ensure that the approximating
model provides an adequate approximation to the real
system [24]. The diagnostic plots shown in Fig. 2(a–c)
were used to estimate the adequacy of regression
models. The actual and predicted EPS mitigation,
TMP rise, and dye removal were shown in Fig. 2(a–c).
The actual value is a measured value for a particular
run, and the predicted value is evaluated from the
model. In designed experiments, R2 is a measure of
the amount of reduction in variability of the response
obtained by independent variables in the model. R2

adj

is preferred to be used to determine the fit of a
Fig. 2. Actual and predicted values of (a) EPS, (b) TMP,
and (c) dye removal.
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regression model, as it does not always increase when
variables are added. The values of correlation coeffi-

cients of R2 and R2
adj were evaluated as 0.95 and 0.92

for EPS mitigation (Fig. 2(a)), as 0.90 and 0.81 for TMP
control (Fig. 2(b)), and as 0.99 and 0.99 for dye
removal (Fig. 2(c)), which shows good agreement
between the predicted values and the experimental
values, hence implies that the proposed model has
adequate approximation to the actual value.

Residuals indicate how well the model satisfies the
assumptions of ANOVA, whereas the internally stu-
dentized residuals measure the standard deviations

separating the actual and predicted values [7]. The
normal percent probability vs. studentized residual
graphs for responses y1, y2, and y3 yielded fairly
straight lines (Fig. 3(a–c)), showing normal distribu-
tion of the data. The residual plots indicated a normal
distribution, as no response transformation was
needed and there was no apparent problem with
normality in all cases.

3.4. Optimization conditions and response surface analysis

Optimization of simultaneous EPS mitigation, TMP
control, and dye removal was conducted to determine
the optimum factor conditions, applying the approxi-
mate models in Eqs. (3)–(5). The desired goal for each
operational condition was preferred as minimum for
HRT and air flow rate to reduce time and consump-
tion of electrical energy. Through the optimization
program (Design-Expert� 8.0.7.1 trial), the individual
desirability was combined into a single number and
then searched to maximize the model (Eqs. (3)–(5))
functions. The optimized conditions under specified
goals were obtained to a level of desirability of 0.890
at 0.23 of PBE dosage (mg/mg MLSS), 0.60 of air flow
rate (l/min), and 30.17 HRT (h). At these optimized
conditions, 28.27mg/l of EPS, 24 kPa TMP rise, and
95.65% dye removal were predicted using Eqs. (3)–(5),
respectively.

The obtained Eq. (3) was used to visualize the
effects of experimental parameters on EPS mitigation
under optimized conditions, as depicted in Fig. 4(a–g).
The interaction of air flow rate and BFR dosage at
optimal HRT of 36 h is shown in Fig. 4(a). EPS concen-
tration apparently increased with increasing air flow
rate, while a different trend was found when PBE
dosage was increased from 0.20–0.27mg/mg MLSS,
the concentration of soluble EPS decreased and having
a minimum concentration (27.25mg/l) at the BFR dos-
age of 0.27mg/mg MLSS. The decrease in soluble EPS
can be attributed to the flocculation process in which
soluble foulants are entrapped [24]. The decrease in
soluble EPS would have a positive effect on
membrane permeability, because soluble EPS could
provide a protective gel matrix for bacterial cells and
can induce the blockage of membrane pores.

The HRT has a significant impact on mixed liquor
as the change in HRT alters the organic loading rate
(OLR). The shorter the HRT, the highest is the OLR. A
change in HRT alters the biomass characteristics in
the activated sludge system, which in turn changes
the propensity of MBR fouling. Fig. 4(b) illustrates the
response of EPS mitigation to the interaction of HRT
with air flow rate at optimum PBE dosage of
0.3mg/mg MLSS. The minimum EPS achieved at

Fig. 3. The internally studentized residuals and normal %
probability plot for (a) EPS, (b) TMP, (c) dye removal.
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HRT of 33 h and air flow rate of 0.6 l/min with a con-
centration of 27.05mg/l. However, the increase in
HRT from 33 to 36 h showed an increase in EPS con-
centration (27.0531.22mg/l). Fig. 4(b) also shows that
with an increase of HRT from 33 to 44 h increased the
EPS concentration. Previous literatures demonstrated
that the overgrowth of biomass could result in much
more release of EPS, and did great harm to membrane
permeation [25]. Thus, it can be concluded that the
increase of EPS concentration in MBR was mainly
resulted from the over growth of bacteria [25]. It was
also found that with increasing air flow rate, the EPS

concentration was also increased, which might be due
to the breakage of sludge flocs and higher production
of EPS [26].

Fig. 4(c), shows TMP rise as it interacts with HRT
and BFR dosage at optimal air flow rate of 1 l/min,
BFR dosage and airflow rate at optimal HRT of 36 h
(Fig. 4(d)) and the effects of HRT and air flow rate at
optimal PBE dosage of 0.30mg/l (Fig. 4(e)). Fig. 4(c)
shows that with increasing PBE dosage from 0.2 to
0.3mg/mg MLSS, the TMP rise was decreased, but
when PBE dosage was further increased, the TMP
started increasing. However, when HRT was

Fig. 4. Response surface for EPS (a)–(b), TMP (c)–(e), and for dye removal (f)–(g).
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increased from 30 to 33 h, TMP rise decreased and fur-
ther increase in HRT increased the TMP. Fig. 4(d)
shows that minimum rise of TMP was obtained at
0.3mg/l PBE dosage and 30 h HRT. With increasing
PBE dosage from 0.2 to 0.25mg/l, the TMP was
decreased. The rate of TMP increase is a key factor in
assessing membrane filterability in submerged MBR
systems because it is directly associated to the extent
of membrane fouling. Membrane fouling was thus
reduced considerably by BFR dosage of 0.3mg/l PBE
dosage. Fig. 4(e) shows that the lowest increase in
TMP was found at HRT of 30 h, while a further
increase in HRT increased the TMP. Moreover, the
same trend was found for air flow rate and the lowest
TMP rise was found at flow rate of 0.60 l/min.

Fig. 4(f) shows dye removal with air flow rate and
PBE dosage at HRT of 36 h. Initial increase in PBE
dosage enhanced the dye removal (96%), while a
further increase in PBE dosage from 0.30–0.40mg/mg
MLSS decreased the dye removal to 95%. At optimum
concentration of PBE, the bacterial growth was
controlled, but when the PBE concentration was fur-
ther increased, it also reduced the dye removal, which
might be due to the fact that the bacterial growth was
inhibited. Moreover, increase in air flow rate from
0.6–1.0 l/min increased the% of dye removal. While,
further increase in air flow rate decreased the % of
dye removal. Fig. 4(g) shows the interaction between
HRT and air flow rate at the optimal PBE dosage of
0.30mg/mg MLSS. Increased in HRT from 30 to 36 h,
increased the dye removal, while a further increase in
HRT decreased the dye removal. The dye removal
efficiency slightly increased as HRT increased from 30
to 36 h, due to the lower ORL. Moreover, highest dye
removal was found at 0.6 l/min of air flow rate. The
increase in air flow rate decreased the dye removal,
which might be due to the fact that at higher air flow

rate, breakage of microbial flocs occurred, which
reduced the dye removal performance of MBR.

3.5. Model validation and experimental confirmation

To test the predicted model, additional three runs
were carried out under the optimum conditions
obtained through RSM. In these confirmatory runs,
simultaneous mitigation of EPS, TMP rise control and
dye removal were found at 28.91mg/l (EPS), 24.77
24.16 kPa (TMP), and 95.83% (dye removal), respec-
tively, showing the accuracy of the model approach
(Eqs. (3)–(5)), compared with the respective values of
28.28mg/l (EPS), 24.16 kPa (TMP), and 95.65% dye
removal obtained using the models.

3.6. Role of PBE to mitigate biofouling based on QS

It has been observed that the addition of PBE
decreased the TMP rise in MBR (Fig. 5), which shows
that PBE can mitigate biofouling. Therefore, further
experiments were carried out to study the role of PBE
in biofouling. In the first step, HHL, which was identi-
fied as major AHL by TLC (our own study), was
added (1mg/l) to the bioreactor. It was found that
with the addition of HHL, the TMP increase was
rapid compared to the control (Fig. 5). Though, PBE
and HHL were added at once to the bioreactor, it was
observed that PBE cannot mitigate the increase of
TMP, which also verifies that the PBE cannot inacti-
vate the AHL. Moreover, when PBE alone was added
the increase of TMP became slower, which implies
that PBE mitigated the production of AHL.

In the last step, a study was carried out that how
QS activity mitigates biofouling of membrane. We

Fig. 5. TMP profiles: verification for biofouling mitigation
by QS (PBE: 0.23mg/mg MLSS, HHL: 1mg/l).

Fig. 6. Evidence for membrane biofouling mitigation by
QS: quantitative analysis of EPSs in biocake in the MBR
under various operating conditions (Reactor operation
time: 4 days, PBE: 0.23mg/mg MLSS, HHL: 1mg/l).
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measured the amount of EPSs (mg/g biocake) under
the various operating conditions (Fig. 6). It was found
that with the addition of HHL; the increase of EPS
(200.18mg/g biocake) was rapid compared to the con-
trol. The addition of PBE in bioreactor decreased the
EPS concentration (60.84mg/g biocake), whereas the
addition of an autoinducer in bioreactor increased
(199.78mg/g biocake) it. However, when PBE and
HHL were added to bioreactor at the same time, it
was observed that PBE cannot control the HHL activ-
ity, which further confirms that PBE controlled the
production of AHLs. These results suggested that QS
can be mitigated by controlling EPS concentration, but
also shows a proof for the relationship between
biofouling and QS.

4. Conclusion

The optimization of simultaneous EPS mitigation,
TMP rise, and dye removal in MBR was studied
using RSM based on CCD in the presence of a BFR.
Regression models were proposed to describe the
effects of independent variables and their interactions
on EPS, TMP, and dye removal. ANOVA indicated
the proposed regression models for EPS, TMP, and
dye removal to be satisfactory fitted, with R2 of 0.95,
0.90, and 0.99, respectively. The optimum conditions
for EPS, TMP, and dye removal were PBE dosage of
0.23mg/mg MLSS, air flow rate of 0.60 l/min, and
HRT of 30.16 h, respectively, with predicted EPS,
TMP, and dye removal of 28.28mg/l, 24.16 kPa, and
95.65%, respectively. Moreover, confirmatory results
were closely agreed with the predicted values. This
study clearly showed that RSM based on CCD was
one of the suitable methods to optimize the operat-
ing conditions to mitigate EPS, TMP, and dye
removal in the presence of a BFR. PBE was verified
to mitigate membrane biofouling via inhibiting AIs
production. Furthermore, it was found that the addi-
tion of PBE decreased the amount of EPS in biocake;
whereas the addition of HHL increased it. These
findings revealed that PBE could be a novel agent to
target AHLs for control of membrane biofouling.
Further work can be carried out to isolate and purify
the active compound of PBE to target the QS to
mitigate membrane biofouling.
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