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a b s t r a c t
Quorum sensing inhibition (QSI) has been suggested as a potential solution to suppress the growth of 
biofilm on solid surfaces using pure enzymes or enzyme producing. In this study, three plant-oriented 
organic molecules (cinnamaldehyde, CIN; vanillin, VAN; zingerone, ZIN) were applied as QSIs in 
forward osmosis (FO) membrane system using Pseudomonas aeruginosa PAO1 as a model biofoulant. 
After 36 h of FO operation, all tested experiments with QSIs exhibited the retarded flux decline, and 
resulted in the increase in accumulated permeate volume by 5% (CIN), 21% (VAN), and 15% (ZIN) 
compared with that of control. It was due to the difference in the characteristics of biofilm formed on 
the membrane surface, that the biomass on the unit area of membrane surface with QSIs was decreased 
by 68%, 41%, and 15% in the presence of CIN, VAN, and ZIN, respectively. In the absence of QSIs, 
membrane surface turned more hydrophobic, which hindered the transport of permeate water due to 
the formation of hydrophobic biofilm, while those in the presence of QSIs possessed similar contact 
angle compared with that of the virgin membrane. Furthermore, the amount of extracellular polymeric 
substances per unit area of membrane was reduced significantly in the presence of QSIs. In conclusion, 
the addition of QSIs can be the economically feasible strategy to mitigate biofouling not only reducing 
the amount of biofilm on the membrane surface but also modifying properties of biofilm.
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1. Introduction 

Water reuse and desalination processes have emerged 
as effective solutions to solve the problem of water scarcity 
around the world [1]. In particular, membrane processes 
including nanofiltration (NF), forward osmosis (FO), and 
reverse osmosis (RO) have been widely applied in both 
desalination and water reuse processes and core technol-
ogies including desalting and ultrapure water production 
[2]. Among them, FO is a technology where solvent passes 
through a semipermeable membrane by the osmotic pres-
sure difference between the feed and draw side. In an FO–RO 
hybrid system, where effluent of wastewater and seawater 
enters the feed and draw side of FO, could be operated with 

lower energy consumption compared with an RO only pro-
cess, as the fouling in RO is significantly reduced due to the 
rejection of potential foulants in FO [3]. Although fouling 
in FO is more reversible than RO [4], FO membrane is still 
prone to fouling because effluent of wastewater contains var-
ious foulants such as organics, inorganic salts, colloids, and 
microorganisms. Consequently, for the application of FO–RO 
hybrid membrane processes, extensive pretreatment would 
be required especially to minimize the formation of biofilm, 
or biofouling [5]. 

As a method to control biofilm, the application of phys-
ical cleaning by increasing the cross-flow velocity of the 
feed side has been shown to be ineffective in preventing 
or removing irreversible biofouling [6]. On the other hand, 
chemical cleaning has been utilized as an effective strategy, 
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but long-term usage of cleaning agents was shown to hamper 
the structure of the membrane [7]. Thus, the novel strategy 
which can effectively hinder the build-up of biofouling on 
the membrane surface rather than the precursor removal of 
fouling is strongly required [8]. 

Bacteria are known to communicate with each other, a 
phenomenon known as quorum sensing (QS), using mole-
cules named signal molecules during the formation of biofilm 
[9]. The quorum sensing inhibition (QSI), a concept of bacte-
rial QSI, has been studied in membrane-based water treatment 
systems to mitigate biofouling as the form of pure enzymes 
such as acylase and lactonase, or carrying the enzyme produc-
ing bacteria [10–13]. However, the application of enzymes or 
enzyme producing bacteria is only limited to membrane bio-
reactor, and its economical feasibility and difficulties in main-
taining enzyme producing bacteria are still a hurdle for wide 
application. Recently, plant-oriented organic molecules such 
as cinnamaldehyde (CIN), vanillin (VAN), and zingerone 
(ZIN) have been studied as potential alternative of enzymatic 
QSIs [14]. These plant-oriented organic molecules are known 
to have antibacterial activity at high concentration as well as 
effective in mitigating the formation of biofilm at the con-
centration even lower than growth inhibitory concentration 
[15–17]. Especially, CIN and ZIN have structural similarity 
with signal molecules such as acyl-homoserine lactone (AHL), 
and thus interfere signal molecules binding to the receptors 
[18,19]. In case of VAN, it was shown to degrade AHL with-
out reducing the colony forming units of the bacteria used in 
the study [20]. When plant-oriented organic molecule, espe-
cially VAN, was applied in RO system, it effectively mitigated 
biofouling and also showed reduction in the amount of extra-
cellular polymeric substances [21]. However, the detailed 
mechanism of these molecules has not been elucidated. 

Therefore, the objective of this study is to apply 
plant-oriented organic molecules, specifically, CIN, VAN, and 
ZIN in FO membrane process to assess whether these mole-
cules are effective in alleviating biofilm formation with lab-
scale FO membrane system. Furthermore, membrane surface 
properties and foulants remaining on the membrane will be 
analyzed to identify antifouling mechanisms induced by QSIs. 

2. Materials and methods 

2.1. Types of QSIs

Three QSIs (CIN, VAN, ZIN) were purchased as analyti-
cal grade (Sigma-Aldrich, USA). Stock solutions of QSIs were 
made by dissolving each chemical in a DI solution with the 
final concentration of 10 mM.

2.2. FO experimental setup

2.2.1. Membrane and FO cell

FO membrane was purchased (Toray, Japan), and 
stored at 4°C in DI water. FO membrane was cut as a size of 
9.5 cm × 4.5 cm, then placed inside of lab-scale FO cell with 
inner dimensions of 2.60 cm × 7.75 cm × 0.30 cm (W × L × H). 
The FO cell was then located in a lab-scale FO testing setup 
(Fig. 1). The temperature of both feed and draw solution was 
kept 30°C, and the cross-flow velocity of the feed and draw 
solution was maintained at 10 and 7 cm/s, respectively. 

2.2.2. Operating condition of FO system

As a feed solution, the synthetic wastewater effluent was 
prepared with the mixture of salts, phosphate buffer, and 
0.2 mM sodium citrate as a carbon source as reported [22,23]. 
Three QSIs at the concentration of 1  mM and Pseudomonas 
aeruginosa PAO1 2 × 107 cell/mL were then added in the feed 
stream. Osmotic pressure was generated by draw solution of 
0.5 M sodium chloride to simulate seawater. The permeate flux 
was calculated by measuring the difference in the weight of 
the feed solution reservoir using a digital scale (GF-4000, AND 
Co., Japan) placed under the reservoir as shown in Fig. 1.

2.3. Analysis of biofilm

2.3.1. Measurement of contact angle

After operation, the membrane was dried at the room 
temperature in the desiccator. The contact angle of the 
membranes was then measured using a contact angle analyzer 
(Phoenix 300 Plus, SEO Co., South Korea). Five measurements 
were conducted for each sample with sessile drop method, 
and the measured values were averaged.

Fig. 1. Schematic diagram of continuous forward osmosis 
experiment.
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Fig. 2. Changes of permeate flux in the absence and presence of 
QSIs. Note that initial flux (J0) was 31.2 ± 2.4 LMH.
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2.3.2. SEM images

A biofouled membrane was fixed by following the pro-
tocol described elsewhere [24]. In brief, the membrane was 
washed three times with phosphate buffer saline (PBS), and 
then in 3  vol% glutaraldehyde in PBS for 5  h in 4°C. The 
membrane was then washed again with PBS and dehydrated 
stepwise by soaking in 25%, 50%, 75%, and 100% ethanol 
for 10  min respectively. Finally, the fixed membrane was 
observed through a field emission scanning electron micros-
copy (SEM; SU8230, Hitachi, Japan).

2.3.3. Mass and EPS content of biofilm

The biofilm was collected using a silicon knife, and then 
filtrated through 0.2  μm paper filter after vortexing. The 
membrane was then dried at 105°C for 2 h. The difference in 
weight before and after the filtration was defined as the bio-
mass. Extracellular polymeric substances were extracted from 
the collected biofilm through a heat extraction method [25]. 
The carbohydrate and protein parts of EPS were quantified 
through Dubois and Bradford assays, respectively [26]. 

3. Results and discussions 

3.1. Mitigation of biofouling by QSIs

Continuous FO experiments were conducted and relative 
flux (J/J0) was monitored for 36 h in the absence (control) and 
presence (CIN, VAN, and ZIN) of QSIs. According to previous 
studies, major mechanism of flux decline in FO is due to the 

deposition of particulate matters such as colloids and micro-
organism, which induce colloid-enhanced osmotic pressure 
on the surface of feed side [23,27]. In Fig. 2, the decline of 
flux was retarded when QSIs were added in the feed solution. 
Especially, VAN showed significant retardation compared 
with CIN and ZIN. Thus, total permeate flux in the presence 
and absence of QSIs was compared. In Table 1, the total per-
meate flux normalized by that of the control was increased by 
5%, 21%, and 15%, respectively, in the presence of CIN, VAN, 
and ZIN. Therefore, the effectiveness of QSIs in mitigating 
biofouling was shown to be in the order of VAN, ZIN, and 
CIN. This result implies that FO system could be operated 
more effectively in the presence of QSIs such as VAN. 

To elucidate the structural difference of biofilm in the 
absence and presence of QSIs, biofilm on FO membrane sur-
faces were further analyzed by SEM and fluorescent micro-
scopic images. As shown in Fig. 3, FO membranes without 
QSIs possessed more developed and dense structure of 
biofilm compared with those of QSIs (CIN). In contrast, the 
number of bacteria deposited on the membrane was signifi-
cantly reduced in the existence of QSIs. As discussed in our 
previous study, deposition of microorganism and subsequent 
formation of biofilm layer on FO membrane surface hindered 
the back-diffusion of concentrated salts by cross-flow mixing 
[23]. Thus, we can conclude that the hindered deposition and 
inhibited growth of P. aeruginosa resulted in the modification 
of biofilm structure with QSIs in the solution. Moreover, the 
fully developed biofilm contributed to an increase in the 
hydrophobicity of membrane surface as shown in Table 1. 
These observations were also correlated with a decrease in 
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Fig. 3. SEM (top) and fluorescence (bottom) images of FO membrane surface. (a) and (d) Virgin membrane, (b) and (e) control, (c) and 
(f) with QSI (cinnamaldehyde). Note that fluorescence images were taken after 21 h of operation.

Table 1
Properties of virgin and fouled membranes with and without QSIs

Virgin Control CIN VAN ZIN

Relative flux after 36 h (J/J0) 1 0.49 0.63 0.72 0.62
Contact angle (°) 30.0 ± 5.0 61.0  ± 1.0 52.9 ± 2.5 27.4 ± 3.5 49.9 ± 5.0
Mass of biofilm (g/m2) – 4.23 1.35 2.52 3.59
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the amount of biocake in the presence of QSIs compared with 
the absence of QSIs, which discussed in the next section.

3.2. Characterization of biofilm

3.2.1. Contact angle and amount of biofilm

To identify the changes in the membrane surface prop-
erties, the contact angle of virgin and biofouled membranes 
were measured. As shown in Table 1, there were clear dif-
ferences in contact angles between the virgin and fouled 
membranes, where fouled membranes turned hydrophobic. 
However, in the presence of QSIs, the surface of FO mem-
brane was more hydrophilic, and interestingly, the decrease 
of flux was strongly correlated with the increase of contact 
angle. In particular, the contact angle of VAN specimen was 
almost as same as that of virgin membrane. This is in accor-
dance with the previous result that the total permeate flux 
was the highest in the presence of VAN. 

The amount of biocake remaining on the membrane 
without QSIs was 4.23  g/m2, and it was decreased by 68%, 
41%, and 15% in the presence of CIN, VAN, and ZIN, respec-
tively. It has been reported that the biofilm formed on FO 
membrane process is much weaker than that of RO mem-
brane process due to the lack of hydraulic pressure across 
the membrane [28]. Although the amount and thickness of 
the biofilm cannot induce a significant hydraulic resistance, 
thicker biofilm layer on FO membrane surface can hinder the 
back-diffusion of concentrated salts accumulated in the bio-
film layer [29]. Thus, the mechanism of biofouling mitigation 
in the presence of QSIs was shown to be not only to alter the 
biofilm hydrophobicity, but also to be effective in mitigating 
the formation of biofilm on the membrane. 

3.2.2. Properties of EPS

EPS, a typical biopolymer that is known to enhance 
structural stability of biofilms and further lead to irreversible 
fouling. The amounts of both the carbohydrate and protein 
parts of EPS per unit area were quantified after the biofoul-
ing experiments. As shown in Fig. 4, the protein part of EPS 
decreased by 5%, 30%, and 42%, and the carbohydrate part 
was reduced by 38%, 41%, and increased 5% in the presence 
of CIN, VAN, and ZIN, respectively. In the previous study, 
protein part of EPS was shown to play crucial roles in embed-
ding cells and forming clusters and further resulted in the 
quick growth of biofouling layer, and carbohydrate fractions 
played stabilizing the biofilm structure by forming a scaffold 
within the fruiting-body structure [30]. Consequently, these 
results corresponded to the results from permeate flux data, 
that the amount of biofilm was significantly weaker in the 
presence of QSIs than control due to the deficit of structural 
building block of biofilm such as EPS. In our results, specifi-
cally, the amount of protein part of EPS was reduced signifi-
cantly in the presence of QSIs. Therefore, QSIs were proven 
to be effective in mitigating biofilm formation. 

4. Conclusions

In this study, the applicability of economic QS inhibitors 
such as CIN, VAN, and ZIN in mitigating biofilm formation 
on an FO membrane surface was verified. The propensity 

for declining flux was delayed and the total permeate vol-
ume was increased significantly in the presence of QSIs. The 
mitigation of biofouling was induced by the change in the 
membrane surface properties, where the contact angle of 
the fouled membrane in the presence of QSIs became more 
hydrophilic compared with that in the absence of QSIs. 
Moreover, the amount of biocake and EPS was significantly 
reduced in the presence of QSIs. In conclusion, the addition 
of QSIs to the feed water which is prone to membrane bio-
fouling is effective to mitigate biofilm formation, thus an 
effective strategy in FO–RO hybrid system. 
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