
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 2
/8

/2
02

6 
4:

14
:1

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Exploring the po
aWater Treatment and Membrane Labo

Engineering, Konkuk University, Seoul 0502

konkuk.ac.kr; Fax: +82-2-450-3542; Tel: +82
bMembrane Research Laboratory, Departm

Institute of Technology, Tiruchirappalli 620

† Electronic supplementary informa
10.1039/c6ra28032c

Cite this: RSC Adv., 2017, 7, 16392

Received 10th December 2016
Accepted 8th March 2017

DOI: 10.1039/c6ra28032c

rsc.li/rsc-advances

16392 | RSC Adv., 2017, 7, 16392–1640
tential of curcumin for control of
N-acyl homoserine lactone-mediated biofouling in
membrane bioreactors for wastewater treatment†

Harshad Lade,a Won Jung Song,a Young Jae Yu,a Jun Hee Ryu,a G. Arthanareeswaranb

and Ji Hyang Kweon*a

Biofouling remains a critical issue in membrane bioreactors (MBRs) for wastewater treatment. Thus,

exploring novel approaches for biofouling inhibition is of crucial importance. Here, effects of curcumin

incorporation in MBR-activated sludge in terms of permeate quality, extracellular polymeric substance

(EPS) concentration, an increase in transmembrane pressure (TMP), and N-acyl homoserine lactone

inhibition in the initial stage of treatment were investigated. Results showed that TMP of the test MBR

(with curcumin) reached a critical level of 40 kPa after 22 days compared to 3 days for the control MBR

(without curcumin). Chemical oxygen demand removal efficiencies from the control and test bioreactors

permeate were 99% and 97%, respectively. Additionally, total phosphorus and nitrogen removal from

both the bioreactors were almost 99%. Quorum sensing inhibition bioassay of MBR-activated sludge

suggests that curcumin addition results in inhibition of short-chain AHLs. EPS analysis of the MBR-

activated sludge showed that curcumin incorporation led to 14% lower EPS content than that found in

the control bioreactor. Confocal microscopy revealed that the lower membrane biofouling in the

curcumin-incorporated MBR occurred because of lower biofilm surface coverage (12% for test vs. 82%

for control MBR) and average thickness (0.2 mm for test vs. 1.2 mm for control MBR). Field emission

scanning electron microscopy images further confirmed the effect of curcumin on biofilm inhibition.

The fouled membrane was characterized using Fourier transform infrared spectroscopy, with proteins

found to be the major constituents. These results show that curcumin could be a promising agent for

controlling quorum sensing-mediated membrane biofouling in MBRs for wastewater treatment.
1 Introduction

The membrane bioreactor (MBR) is a highly efficient hybrid
wastewater treatment technology, which integrates into one
unit the biodegradation of organic and inorganic constituents
by activated sludge and the generation of clean effluent
from mixed liquor using ultra- or micro-ltration (UF/MF)
membranes.1 MBRs have a series of advantages over conven-
tional activated sludge treatment processes such as rapid start-
up, small footprint, high loading rate, complete liquid–solid
separation, low sludge production, short process time for water
release, absolute control of sludge retention time (SRT) and
hydraulic retention time (HRT), production of superior quality
effluent with no suspended solids, thus saving on capital
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expenditure.2–5 However, membrane fouling, which reduces
permeation ux, drives the need for frequent cleaning, resulting
in increased operational cost. This limits the acceptance of
MBRs as primary options for wastewater treatment.4

Fouling in wastewater-treating MBRs can occur via deposition
or adsorption of macromolecules onto the membrane surface,
adsorption onto the pores, or complete pore-blocking.6 Fouling
can also occur because of microbial growth on the membrane
surface due to cell attachment through a self-secreted matrix of
extracellular polymeric substances (EPSs), which results in bio-
cake layer formation and thus pore plugging.4 Among these
fouling mechanisms, biocake layer formation (bacterial biolm)
is considered an important form of fouling in MBRs because it
can signicantly reduce the permeability of membranes.7

Therefore, mitigation of membrane fouling by inhibiting bacte-
rial adhesion and/or aggregation is the rst priority of the
scientic community concerned with the MBR technology.

To date, several methods have been employed to control
membrane biofouling in MBRs, including (i) physical cleaning,
(ii) chemical cleaning, and (iii) pretreatment of the inuent, but
not all are always successful.8 Physical cleaning by means of
relaxation and backwashing can detach a loosely bound cake
This journal is © The Royal Society of Chemistry 2017
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View Article Online
layer from the membrane surface, but is not enough to elimi-
nate all the fouling layers and thus the remaining portions lead
to irreversible fouling.9,10 Chemical cleaning with a strong acidic
or alkaline solution such as sodium hypochlorite can remove
the irreversible fouling, but the chemicals used in this method
can damage the membranes and shorten their lifespan.11

Alternatively, the incorporation of quorum quenching (QQ)
bacteria in MBRs or the application of microencapsulated or
alginate-immobilized QQ enzymes such as N-acyl homoserine
lactone (AHL)-acylase have been tested to see if they inhibit the
attachment of bacteria to membrane surfaces.12–14 Moreover,
incorporation of the quorum sensing inhibition (QSI)
compound vanillin intoMBR for wastewater treatment has been
studied regarding membrane biofouling reduction.15

Because AHLs-mediated quorum sensing (QS) systems are
key in the expression of the biolm-forming phenotype of
Gram-negative bacteria, interference with such signaling
mechanisms, known as QSI, has been suggested as a promising
target for the mitigation of membrane biofouling in MBRs.15,16

Interference with bacterial QS systems can be accomplished by
inhibiting signal molecule synthesis, degrading signal mole-
cules, mimicking signal receptors, or inhibiting AHL/receptor
complex formation.17 QSI strategies, including the incorpora-
tion of QQ bacteria in MBRs and use of encapsulated or
immobilized QQ enzymes that degrade AHLs, have been tested
but do not completely inhibit bacterial colonization and cannot
thus signicantly prevent biofouling over a long period of
time.13,18 Hence, use of natural QSI to interfere with bacterial QS
and inhibit membrane biofouling in MBR for wastewater
treatment has been suggested.15

Several studies describe the QS-mediated anti-biolm
activity of synthetic and natural compounds such as 2(5H)-fur-
anone, 4-hydroxy-2,5-dimethyl-3(2H)-furanone, vanillin, curcu-
min, and (�)-epigallocatechin gallate.19–22 Curcumin, a
diphenolic compound found in turmeric has been reported to
inhibit biolm formation in both Gram-positive and Gram-
negative bacteria.22,23 Additionally, it was equally effective in
Fig. 1 Schematic of the laboratory-scale MBR system (1) feed tank, (2) fe
(6) MBR-test, (7) membranemodule, (8) level sensor, (9) air diffuser, (10) a
data acquisition, (14) suction pump, (15) permeate tank.

This journal is © The Royal Society of Chemistry 2017
eradicating the established biolm of Staphylococcus aureus.23

Curcumin is known to exert antibiolm activity by interfering
with the QS signal molecules.22,24 Previously, we have investigated
the combined effect of curcumin and (�)-epigallocatechin gallate
on inhibition of N-acyl homoserine lactone (AHL)-mediated
biolm formation in nine activated sludge bacteria by CDC bio-
lm reactor study under controlled environmental conditions.22

Looking towards the ability of curcumin to effectively inhibit
AHLs-mediated biolm formation even at low concentration, the
present study aimed to explore its potential further with a pilot
sale MBR containing real MBR-activated sludge and operation
conditions. The activated sludge is known to contain a diverse
group of bacteria, where a lot of bacteria are responsible for
membrane biofouling. Hence, we focused on the effect of cur-
cumin addition on control of membrane fouling as well as water
quality parameters such as chemical oxygen demand (COD), total
nitrogen (TN), and total phosphorus (TP) which are considered
important for evaluating the process. This work is also of great
interest for researchers as it creates a paradigm for future studies
on the use of natural QSI for membrane biofouling control.
2 Material and methods
2.1. Laboratory-scale MBR setup and operation

A laboratory-scale MBR setup consisting of two cylindrical
reactors was used in this study. A schematic of the MBR system
is shown in Fig. 1. Both the reactors were equipped with 0.04 mm
polyvinylidene uoride (PVDF) hollow ber membrane (Zee-
Weed 500, GE-Zenon, USA) modules. The effective ltration
area of the membrane module was 155 cm2. Each reactor was
seeded with 3 L of activated sludge taken from a local MBR
wastewater treatment plant (Guri, Gyeonggi-do, Republic of
Korea) and acclimated to synthetic wastewater (feed) for two
weeks (Table 1). Feed was used to provide a continuous source
of biodegradable organic constituents and avoid any uctuation
in the organic load. Thereaer, the bioreactors were operated
under a constant ux of 25 L m�2 h�1 in a controlled
ed with curcumin tank, (3) feed mixer, (4) feed pump, (5) MBR-control,
ir flowmeter, (11) air compressor, (12) pressure gauge, (13) computer for

RSC Adv., 2017, 7, 16392–16400 | 16393
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Table 1 Composition of the synthetic wastewater used in this study

Substance Concentrations (g L�1)

Glucose 0.4
Yeast extract 0.014
Bacto peptone 0.115
(NH4)2SO4 0.105
KH2PO4 0.022
MgSO4$7H2O 0.032
FeCl3$6H2O 0.0001
CaCl2$2H2O 0.003
MnSO4$5H2O 0.003
NaHCO3 0.256

Table 2 Operating conditions of the lab-scale MBR system

Parameter Value

Working volume (L) 3
Membrane ltration area (cm2) 155
pH 6.9–7.3
DO (mg O2 per L) 3.6–4.3
Temperature (�C) 28 � 1
HRT (h) 8
SRT (days) 30
Filtration ux (L m�2 h�1) 25
Aeration intensity (L min�1) 2
Feed COD (mg L�1) 550
Permeate COD (mg L�1) 10–20
MLSS (mg L�1) 6000 � 300
Seeding sludge GURI WWTP
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temperature environment at 28 � 1 �C, with the pH of MBR-
activated sludge maintained between 6.9 and 7.3. An HRT and
SRT of 8 h and 30 d, respectively, were set as the optimum
operating conditions based on a previous study.15 Water level
sensors placed inside the reactor, which actuated feed pumps,
controlled the HRT of both MBRs. A mixed liquor suspended
solids (MLSS) concentration of 6000 � 300 mg L�1 was main-
tained in the MBRs throughout the experimental period. The
MBR contents were aerated continuously by providing air at
2.0 L min�1 through air diffusers placed in the bottom of the
reactor, away from the membrane module. This was to (i) mix
the MBR-activated sludge completely and (ii) provide oxygen for
the biological process. The one-half minimum inhibitory
concentration (MIC) of curcumin as determined against MBR-
activated sludge bacteria, i.e., 150 mg L�1 curcumin was
added to the feed tank and then pumped to the test MBR.22 The
feed contents were kept well mixed with overhead stirrer mixers
(PL-S10, Techno Lab-system, Seoul, Korea). Permeate was
collected at a constant ux (25 L m�2 h�1) from outside to the
inside of the membrane ber via suction by a peristaltic pump
(GT-150D, Green Tech Co. Ltd., Gyeongsangbuk-do, Korea).
Membrane fouling was assumed as the function of trans-
membrane pressure (TMP) increase over time, as monitored by
a digital pressure transducer (ZSE40AF-01-R, SMC Corporation,
Tokyo, Japan). The TMP data was averaged within a 24 h interval
to clearly show the difference between control and test MBR.
The ltration was stopped aer TMP rose to the critical level of
40 kPa.15 Common practices to control membrane fouling, i.e.,
periodic suction relaxation and backush, were skipped to
reach fouling more quickly. Detailed operating conditions of
the lab-scale MBR experiment are given in Table 2.
2.2. Activated sludge and permeate quality analyses

The MBR-activated sludge and permeate quality parameters
such as COD, MLSS, TN, and TP were determined according to
the Standard Methods described by the APHA.25 Dissolved
oxygen (DO) concentration was measured directly by using a DO
probe inserting into the bioreactor cylinders (HI 9146, Hanna
Instruments Inc., Woonsocket, RI, USA). The pH and sludge
temperature were measured in situ employing a digital pH
meter (Orion 5 star, Thermo Fisher Scientic, Waltham, MA,
USA). All analyses were performed at least in duplicate.
16394 | RSC Adv., 2017, 7, 16392–16400
2.3. Detection of QSI in MBR-activated sludge

The QSI potential of curcumin against AHLs-mediated pheno-
type expression in the known AHLs-decient biosensor strain
Chromobacterium violaceum CV026 was investigated using an
agar plate cross-feeding bioassay.15 For this, AHLs were extrac-
ted from the MBR-activated sludge using an equal volume of
acidied (0.1% acetic acid) ethyl acetate.26 The resultant AHLs
extracts were then streak inoculated onto Luria-Bertani (LB)
agar (BD-Difco, Franklin Lakes, NJ, USA) plates containing C.
violaceum CV026. Aer incubation for 24–48 h at 28 �C, the
plates were observed for formation of violet color along the
biosensor strain.
2.4. EPS extraction and quantication

To investigate the impact of curcumin addition on membrane
fouling, EPS from mixed liquor was extracted as described
previously.27 Briey, a 25 mL aliquot of the MBR-activated
sludge was centrifuged (8000�g for 6 min, 4 �C). The resul-
tant supernatant was ltered through a 0.22 mm membrane
lter and the subsequent ltrate was used for soluble EPS
measurements directly. The sludge pellet le inside the
centrifuge tube was resuspended in a 0.85% (w/v) NaCl solution
to its original volume for the loosely bound EPS measurements.

EPS in the membrane surface biocake layer were extracted as
follows. First, the membrane modules were removed from the
reactor tanks and washed with tap water. Next, the membrane
bers were cut into small pieces (1 cm) and the biolm was
detached from the membrane surface by sonication (60 min).
Thereaer, the extraction of EPS was carried out via a modied
thermal method.28 Finally, protein and polysaccharide concen-
trations in the EPS were determined by the Lowery method with
bovine serum albumin as the standard29 and the Anthrone
method with glucose as the standard, respectively.30
2.5. Membrane biolm characterization by confocal laser
scanning microscopy (CLSM)

Membrane surface biolm morphology and quantication
analysis were carried out using CLSM. The fouled membrane
modules were taken from both MBRs and the membrane bers
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 TMP profiles of control (w/o curcumin) and test (with curcumin)
MBRs under continuous operation.
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were cut into small pieces. Care was taken to retain the foulant
layer xed on the membrane surface. The membrane pieces
were washed twice with deionized sterile water to remove non-
adherent bacteria and stained with 3 mM SYTO 9 green uo-
rescent stain (Molecular Probes, Life Technologies, Grand
Island, NY, USA) in accordance with the manufacturer's
instructions. Confocal images were obtained using a confocal
laser scanning microscope (LSM710 upright confocal micro-
scope, Carl Zeiss, Oberkochen, Germany) equipped with a diode
laser and 10� water-immersion objective (NA: 0.95). A
minimum of 20 stacks was collected for each sample with a slice
thickness of 1.2 mm to get a representative portion of the bio-
lm. Reconstruction of the image stacks was performed with
Zen 2009 soware. Finally, the quantication of biolm in
terms of surface coverage and biomass thickness was per-
formed in the MATLAB-mediated soware COMSTAT v1.1.31

2.6. Field emission scanning electron microscopy (FESEM)

The surface and internal morphologies of the fouled membranes
were investigated using a eld emission scanning electron
microscope (Inspect F, Thermo Fisher Scientic, Hillsboro, OH,
USA). First, wet fouled membranes were freeze-dried (�80 �C) for
20 h without chemical xation. For cross-sectioning, the freeze-
dried membranes were kept in liquid nitrogen for 10 min and
fractured into small pieces (1 cm) using a clean, sharp razor
blade. Membrane pieces were then mounted on stubs by carbon
double adhesive tape and sputter-coated with a thin layer of
platinum for 1 min at 45 �C. Thereaer, surface and cross-
sectional views of the membrane were imaged at different
magnications.

2.7. EPS analysis by Fourier transform infrared spectroscopy
(FTIR)

Characterization of the organic foulant within the EPS depos-
ited on the membrane surfaces was conducted using FTIR
(Nicolet iS 10 FTIR Spectrometer, Thermo Fisher Scientic,
Waltham, MA, USA). The fouled membranes were cut into small
pieces and washed thrice with deionized sterile water to remove
residual compounds. Aer drying at 25 � 1 �C in the dark for
5 h, the FTIR spectra of the membrane pieces at wave numbers
ranging from 400–4000 cm�1 were acquired by compiling 16
scans at a resolution of 4 cm�1, in transfer mode.

3 Results and discussion
3.1. Membrane fouling monitoring

Biocake layer formation and pore blocking reduce the permeate
ux across membranes by increasing the resistance of the entire
membrane.32 This leads to an increase in TMP or decline in
permeate ux. Hence, membrane fouling in accordance with
TMP variations was monitored for 30 days as shown in Fig. 2.
Here, the activated sludge MLSS concentration was maintained
at 6000 � 300 mg L�1 for better lterability. The TMP proles of
the bioreactors were compared, with the results suggesting that
the control MBR took 3 days to reach a critical TMP of 40 kPa.
The TMP proles of control MBR with an expanded x axis are
This journal is © The Royal Society of Chemistry 2017
shown in Fig. S1–S3.† Contrarily, the curcumin-incorporated
MBR did not show much increase in TMP within that period;
rather, it took 22 days to reach the critical level at which a QSI
effect would be expected. This conrms the inhibition of
membrane biofouling in the curcumin-incorporated MBR. Nam
et al.15 similarly observed a noticeable TMP increase within 3 days
of control MBR operation, whereas the MBR incorporated with
the natural QSI compound vanillin showed a delay in TMP
increase for 27 days. Piper betle extract has been reported to delay
an increase in TMP during continuous MBR operation.33 More-
over, Kim et al.12 reported a similar observation where an MBR
with QQ bacteria-entrapped macrocapsules showed a more
delayed increase in TMP prole than the control bioreactor in
continuous operationmode. It was suggested that this rapid TMP
jumpwas due to the deposition of EPS on themembrane surface,
which blocks membrane pores and forms a biocake layer on the
membrane surface. This is supported by the observation of the
membrane modules in the present study (Fig. 3), in which the
membrane bers from the control MBR (Fig. 3a) had a denser
biolm layer, whereas only a small amount was observed on the
curcumin-incorporated membranes (Fig. 3b).
3.2. Treatment performance

For treatment of wastewater, the removal of COD and nitrogen
are considered important parameters for evaluating the
process. The water quality parameters were measured daily
until the TMP of control MBR reached a critical level of 40 kPa
and given as mean. As shown in Table 3, the COD removal
efficiencies of the control and curcumin-incorporated MBRs,
operated at an HRT of 8 h, were 99% and 97% respectively,
indicating effective wastewater treatment. Additionally, at the
sustained MLSS concentration of 6000 � 300 mg L�1, nitrogen
and phosphorus removals from the permeates of both MBRs
were almost 99%. As compared to the control MBR permeate
quality, the COD removal efficiencies were similar (99% for
control and 97% for test), which demonstrated that even though
the addition of curcumin in the test MBR increased the inuent
COD, the permeate COD fell within the permissible limit.
Additional research, however, is needed to screen efficient QSI
RSC Adv., 2017, 7, 16392–16400 | 16395
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Fig. 3 Photographs of the membrane module from the (a) control
MBR (w/o curcumin) and (b) test MBR (with curcumin). The membrane
modules were removed when the TMP of the control MBR reached
40 kPa.

Fig. 4 QSI activity of MBR-activated sludge extract in AHLs-deficient
biosensor strain C. violaceum CV026 from the (a) control MBR (w/o
curcumin) and (b) test MBR (with curcumin). The opaque growth
indicates inhibition of violacein pigmentation in C. violaceum CV026.
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that will not increase the inuent organic load but will inhibit
membrane biofouling.
3.3. Detection of QSI activity in MBR-activated sludge

Because AHLs-mediated QS is known to regulate expression of
the biolm-forming phenotype in Gram-negative bacteria, its
inhibition in curcumin-incorporated MBR sludge was thus
evaluated using the known biosensor strain C. violaceum CV026.
As shown in Fig. 4, the activated sludge extract from the
curcumin-incorporated MBR inhibited violacein pigmentation
in C. violaceum CV026. On the other hand, the sludge extract
from the control MBR displayed violet coloration along the C.
violaceum CV026 inoculation line. These observations suggest
Table 3 Water quality parameters of the MBRsa

Parameters

Control MBR

Activated sludge Perm

COD (mg L�1) 1810 � 10.0 18 �
TP (mg L�1) 813 � 4.0 4 �
TN (mg L�1) 774 � 3.5 0.22 �
a Values are given as mean � SD, obtained from three replicates.

16396 | RSC Adv., 2017, 7, 16392–16400
that the reduced membrane fouling by the curcumin-
incorporated MBR was QS-mediated, which decreased the
accumulation of EPS on the membrane surface and thus
delayed an increase in TMP. This is in agreement with
a previous study in which curcumin was reported to inhibit
short-chain C4 and C6 homoserine lactone (HSLs)-mediated
biolm formation in Gram-negative bacteria.22 Siddiqui et al.33

investigated the role of Piper betle extract in mitigation of QS-
mediated membrane biofouling and found the addition of the
extract in MBR-activated sludge delayed the increase in TMP by
inhibiting the production of autoinducers.
3.4. Quantication of EPS from activated sludge and
membrane surface

EPS are excreted by bacteria and considered a major factor that
causes membrane biofouling.34 The main components of EPS
are polysaccharides and proteins.35 The functions of EPS-
proteins and EPS-polysaccharides in the biolms are associ-
ated with adhesion, aggregation, sorption of organic
compounds and inorganic ions, and enzyme activity.36,37 EPS
not only adhere to the membrane surface but also contribute to
irreversible fouling, which is not removed by aeration and
backwashing.38 Results of the EPS analysis from the activated
sludge during the early stage of MBR operation (3 days) suggest
that incorporation of curcumin led to a 14% lower EPS content
compared to the control bioreactor sludge, but that the amount
of biocake on the membrane surface was lower by 29% (Table
4). A relatively lower EPS concentration in the sludge and on the
membrane surface of the curcumin-incorporated MBR during
the early stages of operation might be attributed to a QSI effect.
Test MBR

eate Activated sludge Permeate

1.5 2035 � 10.0 67 � 1.52
0.6 818 � 3.05 5 � 0.5
0.01 778 � 3.0 0.23 � 0.01

This journal is © The Royal Society of Chemistry 2017
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Table 4 Residual polysaccharide and protein concentrations representing the amount of EPS in MBR-activated sludge and membrane surface
biocakea

Constituent

Control MBR Test MBR

Sludge Biocake Sludge Biocake

Protein (mg L�1 & *mg cm�2) 72 � 2.0 *478 � 6.0 60 � 2.0 *138 � 4.0
Carbohydrates (mg L�1 & *mg cm�2) 15 � 1.0 *114 � 2.0 13 � 1.0 *34 � 2.0
EPS (mg L�1 & *mg cm�2) 87 � 3.0 *592 � 8.0 73 � 3.0 *172 � 4.0

a Values are the mean of three replicates� standard error of mean (SEM). *Membrane biocake. The membrane modules were removed when TMP
of the control MBR reached 40 kPa.
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It has been reported that EPS play a crucial role in membrane
biofouling,39 and the 14% lower EPS concentration through
curcumin incorporation could be related to mitigation of
biofouling. This is consistent with a previous study in which
vanillin addition reduced the EPS concentration by 16% and
31% of MBR-activated sludge and membrane surface biocake,
respectively.15 Moreover, many previous studies on bacterial
QQ-MBRs reported reduced EPS concentrations in QQ-
MBRs.9,18,40,41 The current ndings revealed a direct impact of
curcumin incorporation on EPS concentration and conse-
quently a lower TMP in the test MBR.
Fig. 5 Reconstructed 3D images of typical CLSM of the biofilm that remai
(w/o curcumin) and (b) test MBR (with curcumin). The membrane modu

This journal is © The Royal Society of Chemistry 2017
CLSM image analysis provides information regarding bio-
lm morphology and distribution of the biocake layer on the
membrane surface. As shown in Fig. 5, the membrane from the
control MBR (Fig. 5a) was very green, whereas a dispersed
and lower intensity of green color was observed on the
curcumin-incorporated bioreactor membrane (Fig. 5b), indi-
cating reduced biofouling. CLSM images were analyzed to
quantify the structural parameters, which showed signicantly
thicker biolm (1.2 mm) on the control reactor membrane
surface than on that of the test bioreactor (0.2 mm) (Table 5).
Additionally, much higher surface coverage (82%) was observed
ned attached to the PVDFmembrane surfaces from the (a) control MBR
les were removed when TMP of the control MBR reached 40 kPa.
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Table 5 Quantification of the biocake formed on the membrane
surfacea

Constituents Control MBR Test MBR

Surface coverage (%) 82 � 2.0 12 � 0.5
Mean thickness (mm) 1.2 � 0.1 0.2 � 0.05

a Values are the mean of three replicates � SEM.
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compared to that of the test bioreactor membrane (12%). Bio-
lm formation of such a thickness with more surface coverage
would result in a signicant increase in TMP in 3 days. These
observations suggest that the curcumin incorporation likely
limited the biolm formation on the membrane surface.
3.5. FESEM analysis of membranes

Membrane surface and internal morphologies were character-
ized by FESEM and images of such are shown in Fig. 6. The outer
surface and cross-sectional views of virgin PVDF hollow ber
membrane are presented as a reference (Fig. 6a and a1). It can be
seen from Fig. 6b that the membrane from the control bioreactor
appears to have a thick fouling layer over its entire surface.
Additionally, the highlighted areas in the cross-sectional view
show the presence of biolm inside the membrane pores indi-
cating irreversible fouling (Fig. 6b1). Irreversible fouling is the
strong attachment of polysaccharide-like organic matter inside
membrane pores that cannot be removed by physical processes,
e.g., backwashing or vibrations.42 Hence, the rapid increase of
TMP in the control bioreactor was attributed to both reversible
and irreversible fouling. The membrane from the test, i.e.,
curcumin-incorporated bioreactor was also investigated and it
Fig. 6 FESEM images of the membrane surfaces of the (a) virgin PVDF, (b
membrane cross sections of the (a1) virgin PVDF, (b1) control MBR, and

16398 | RSC Adv., 2017, 7, 16392–16400
had a signicantly thinner biolm layer, making it similar to the
virgin PVDF membrane surface morphology (Fig. 6c). However,
the cross-sectional view of the test bioreactormembrane does not
show the presence of biolm, suggesting the beginning of outer
surface, i.e., reversible, fouling only. These results conrm that
the incorporation of curcumin inMBR-activated sludge inhibited
membrane biofouling during the initial stages of operation.
3.6. FTIR analysis of membranes

To obtain more insights into bacterial membrane fouling, the
polysaccharide and protein contents of the EPS from the
membrane surface were characterized by FTIR analysis. Deter-
mining the chemical composition of the membrane surface
biolm layer is useful for understanding the fouling phenomena.
Fig. 7 presents the FTIR spectra of the surfaces of the virgin PVDF
hollow ber, control bioreactor, and test bioreactor membranes.
The virgin PVDF and curcumin-incorporated MBR membranes
had similar proles with no considerable difference in their peak
intensities, suggesting absence or a negligible amount of biolm
on the test bioreactor membrane [Fig. 7a and c]. The FTIR
spectrum of the control bioreactor membrane exhibited peaks at
the 1695 and 1570 cm�1 wavelengths associated with the protein
secondary structures of amide I and amide II respectively
[Fig. 7b], indicating the presence of proteins on the membrane
surface.43 The presence of a giant peak at the wavelength of 1035
cm�1 attributed to C–O stretching of alcohols, demonstrates the
existence of polysaccharides or polysaccharide-like substances,
which are major components of the EPS of biolm.44 It is evident
from this peak pattern that proteins and polysaccharides were
the main organic components deposited on the control biore-
actor membrane surface. Thus, the curcumin incorporation in
) control MBR (w/o curcumin), and (c) test MBR (with curcumin) and the
(c1) test MBR.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 FTIR spectra of the (a) virgin PVDF, (b) control MBR (w/o curcumin), and (c) test MBR (with curcumin) membranes. The membrane
modules were removed when TMP of the control MBR reached 40 kPa.
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MBR-activated sludge has signicantly increased the retardation
of biolm formation on the membrane surface.
4 Conclusions

Here, two parallel submerged MBRs (with and without curcu-
min) were operated at a sustained MLSS concentration of 6000
� 300 mg L�1 for 30 days. The incorporation of curcumin into
the MBR-activated sludge maintained the ltration capacity of
the hollow ber membranes for a longer time by reducing
biofouling via a low level of EPS content and a delayed increase
in TMP. Permeate analysis indicating that organic load removal
was not affected by the addition of curcumin. The inhibition of
C. violaceum CV026 violacein pigmentation from curcumin-
incorporated MBR sludge extract proved that the reduced
membrane fouling was QS-mediated, which decreased the
accumulation of EPS on the membrane surface. Overall results
of the study showed that curcumin was highly effective in
controlling membrane biofouling. However, further efforts
should be made to screen out the active component of curcu-
min, so that using curcumin will not increase inuent organic
load, but will mitigate QS-mediated membrane biofouling.
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