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ABSTRACT

Currently, there is a growing emphasis on seawater desalination and wastewater reuse
around the world. Reverse osmosis (RO) is typically used for both seawater desalination
and wastewater reuse. As an alternative technology of RO, forward osmosis–reverse osmo-
sis (FO–RO) hybrid system has recently attracted attention. To select suitable membrane
and feed water for this process, the performance of forward osmosis (FO) membrane
according to the types of membrane and feed water quality was evaluated in this study,
including three types of FO membrane (membrane I/II/III) and three types of feed water
(1st/2nd/3rd wastewater treatment plant effluents, WWTP Efs). Despite high structural
parameter, membrane II showed the highest water permeability (5.37 LMH/bar) with high-
est water flux (around 27.1 LMH) using draw solution of 0.5 M NaCl (feed solution: 5 mM
NaCl). In fouling test, there was severe water flux decline when 1st WWTP Ef was used as
feed solution compared to the case when 2nd/3rd WWTP Efs was supplied. Membrane III
showed higher fouling resistance due to its chemistry characteristic compared to membrane
I or II. Due to complex feed water characteristics, FO reversibility was lower compared to
that of a previous study. Therefore, to optimize FO–RO hybrid system, FO membrane per-
formance should be tested with different membrane characteristics and feed water qualities
to develop suitable cleaning or pretreatment method and strategy to increase the reversibil-
ity of membranes.

Keywords: Feed solution; Forward osmosis membrane (FO); Membrane fouling; Structural
parameter; Water flux

1. Introduction

Seawater desalination and wastewater recycling or
reuse are expected to take responsibility for future
water systems in parallel with water quality satisfac-

tion. Markets of desalination and water reuse has
steadily increased [1,2] It is being highly estimated at
technical and economic points [3]. In fact, these
technologies play significant role in quenching water-
related problems.

From the beginning of successful installation of
reverse osmosis (RO) plants in the late 1960s, RO*Corresponding author.
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membrane has been developed over the past 40 years.
It is commonly applied worldwide for seawater desali-
nation and wastewater reuse [4]. RO membrane has
high selectivity for salt (monovalent and divalent
ions). It can remove organic matter and pathogen,
thus producing high-quality water. However, due to
high operating pressure over the osmotic pressure of
feed water, RO process inevitably demands high
energy consumption and expensive equipment with
high fouling propensity [1,5], which can increase the
CAPEX and OPEX of plants. Despite effort to reduce
cost associated with the production of water cost such
as energy recovery device and the development of
high permeable membrane as well as the optimization
of process configuration, RO technology is still
energy-intensive. Therefore, new alternative processes
are needed to make breakthroughs.

As an alternative technology of pressure-driven
membrane, osmotically driven membrane using for-
ward osmosis (FO) has recently received attention in
order to reduce energy consumption during the
desalination process. Like RO membrane, FO mem-
brane has high salt rejection ability with several
advantages, such as high water recovery, high effi-
ciency in salt rejection, low operating pressure, and
low fouling propensity [6]. As a derivation technol-
ogy coming from FO with osmotic dilution mem-
brane process, forward osmosis–reverse osmosis
(FO–RO) has been proposed by Cath research team
[7] and gained wide interests in the last decades. In
particular, FO–RO system is one of the most promis-
ing ones due to its low energy demand compared to
RO [7–9]. In addition, by diluting seawater as draw
solution with impaired water as feed solution before
desalination, the FO–RO hybrid system is an excep-
tionally robust multi-barrier system for treatment of
municipal wastewater. It can produce freshwater at
low cost. In addition, it can make water resource’s
availability higher [7]. However, there are still some
challenges before the commercialization of FO. Most
FO-related studies have been conducted by using
model foulants with exclusive choice of membrane
(i.e. Hydration Technologies Innovations) [5,10–15].
These can raise doubt about the actual efficiency of
FO membrane in real conditions. Prior to commer-
cialization (or scale-up to pilot system), it is neces-
sary to decide which stage effluent from wastewater
treatment plant (WWTP) is appropriate for operating
FO system. In addition, the characteristics of different
types of FO membrane need to be determined. There-
fore, the objective of this study was to compare
membrane fouling phenomenon with three different
FO membranes according to different types of feed
solutions to provide basic knowledge about strategies

to render FO–RO hybrid system sustainable and
feasible in respect to types of membrane and feed
solution.

2. Materials and methods

2.1. FO membranes and FO filtration apparatus

Three kinds of flat-sheet FO membranes were pro-
vided by different manufacturers. Two manufacturers
other than Hydration Technology Innovations (HTI;
Albany, OR, USA) provided membrane I and II. They
did not specify membrane chemical materials. Those
membrane were presumed to be manufactured by
thin-film composite (TFC) polyamide supported by
polysulfone and polyester substances. Membrane III
was provided by HTI typically used in previous stud-
ies for FO test. This membrane is known to consist of
cellulose triacetate layer with an embedded polyester
mesh as support layer.

For FO filtration test, lab-scale cross-flow system
was set up. Custom built flat and frame FO membrane
cell in which FO membrane was located was used.
Schematic diagram of the FO filtration setup is shown
in Fig. 1. The flat and frame FO membrane cell con-
sisted of two symmetric channels (77 mm long, 26 mm
wide, 3 mm deep) with a membrane effective area of
20.02 cm2. The flow rate supplied into FO membrane
cell was controlled by gear pumps (Longer Pump
WT3000–1FA, China) for feed and draw side, respec-
tively. The gear pump’s flow rate was calibrated after
filtration test to prevent flow rate change. A magnetic
stirrer was used to equilibrate ionic strength in the
feed tank. A chiller (CPT Inc., Korea) kept tanks’ tem-
perature constant at 25˚C. A digital balance (AND GF-
6000, USA) located under the draw solution tank was
used to check weight change. It was connected to a
computer to calculate water flux.

2.2. Methodology for the determination of transport and
structural parameters

Transport and structural parameter were deter-
mined using a method recommended by the Elimelech
research team [16]. Briefly, the experiment were per-
formed in four stages. In the first stage, sodium chlo-
ride (NaCl) solution and deionized (DI) water were
prepared as draw and feed solution. Water and solute
flux were measured. The other three stages were per-
formed in a similar fashion while draw solution con-
centration was increased as the stage was stepped up.
The only difference was that feed water was changed
after the end of each stage. However, the feed water
was not changed. Its ionic strength was increased as
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the stage was stepped up. Based on the measurements
of water and solute fluxes, transport and structure
parameters were calculated by using an excel spread-
sheet (Visual Basic) suggested by the Elimelech
research team [16].

2.3. Feed and draw solutions

The feed solution was real wastewater treatment
plant effluents (WWTP Efs). WWTP Efs were collected
from local WWTP located in Suwon, Korea. It was
stored at 4˚C before use. A flow diagram of each
WWTP effluent used as feed water for FO filtration
test is shown in Fig. 2.

The 1st WWTP Ef was filtered through 5 μm car-
tridge filter to remove easily settled particles and sta-
bilize raw wastewater’s concentration. Detailed
characteristics of WWTP Efs is discussed in Section 3.2.
The draw solution was 0.5 M NaCl solution prepared
from sodium chloride (Samchun chemicals, Korea).
NaCl solution at 5 mM was used to adjust ionic
strength of the feed solution according to real WWTP
Ef when baseline test was progressed.

2.4. Membrane baseline and fouling protocol

FO membrane is driven by osmotic pressure (chem-
ical potential) difference between feed and draw solu-
tion as the water in the feed side flow into the draw

Fig. 1. Schematic diagram of the FO filtration setup.

Fig. 2. Flow diagram of each WWTP effluent used as feed water for FO filtration test.
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side across the membrane. As the permeate inflows,
the draw solution is diluted and the osmotic pressure
difference is decreased, thus decreasing the water flux.
The extent of water flux decline induced dilution effect
is dissimilar to the type of membranes due to different
intrinsic transport parameters, different water and
solute permeability (A and B), and different structural
parameter (S). To prevent confusion induced by dilu-
tion effect and gain additional insights on the transport
mechanism in FO system [13], baseline tests were per-
formed. For all FO filtration tests, active layer faced the
feed side (AL-facing-FS) based on FO mode. No spacer
on either side was used in this experiment. Water flux
was monitored with a digital balance and recorded in
real time. To stabilize water permeate, water flux of
the initial 15 min was discarded. Initial volumes of
feed and draw solutions were 2 and 1 L, respectively.
The conductivity of the feed solution was measured at
predetermined time intervals using a conductivity
meter to determine solute flux. Unless otherwise
defined, the following operation conditions were used
for both baseline and fouling test: 8.55 cm/s of cross-
flow velocity for both sides; 25˚C of operating tempera-
ture; duration of base and fouling test (time for 500 mL
of permeate produced).

In the fouling test, after 500-mL permeate was pro-
duced, solutions at both sides were replaced with new
ones for consecutive fouling test. As the end of the
second filtration test, physical cleaning was conducted
using DI water to evaluate FO membrane reversibility.
For the physical cleaning, 1 L DI water was circulated
at both sides with 25.65 cm/s cross-flow velocity for
30 min. After the physical cleaning, a new set of
fouling test was proceeded.

2.5. Calculation of water flux (Jw) and solute flux (Js)

Water and reverse salt flux (RSF) were determined
using the following equations:

Jw ¼ Vt;2 � Vt;1

At
(1)

Js ¼ CtVt � CoVo

At
(2)

where Jw was the water flux of a membrane (L/m2/h),
Js was the RSF of a membrane (mmol/m2/h), Vt was
the volume of draw tank at time t, Vo was the volume
of draw tank at time 0, Ct was the concentration of the
draw solute in the feed tank at time t, Co was the con-
centration of the draw solute in the feed tank at time 0,
A was the membrane area (m2), and t was operating

time. The concentration of the draw solute in the feed
tank was determined using predetermined calibration
curve of NaCl. The conductivity was measured and
converted to NaCl concentration.

2.6. Measurements

2.6.1. Solution characteristics

pH meter (Professional Plus, YSI, USA) and con-
ductivity meter (Orion 4 Star, Thermo Scientific, USA)
were used to measure pH and conductivity in the
solution. Chemical oxygen demand and total organic
carbon were measured using a water testing kit and
spectrophotometer (Hach, DR 6000, USA) and TOC
analyzer (TOC-L, Shimadzu, Japan). UV absorbance at
254 nm was measured with a spectrophotometer (DR
6000, HACH, USA). A fluorescence spectrophotometer
(Shimadzu, Spectrofluorophotometer RF-5301pc,
Japan) was used to identify organic components in
WWTP Efs using a 1 cm cuvette. The DOC concentra-
tions in WWTP Efs were diluted and adjusted to
1 mg/L for comparison of EEMs among samples.
Ultrapure water’s EEM was used to subtract a roman
scatter peaks from that of other samples. For every
FEEM measurement, roman scattering peak of
ultrapure water was measured.

2.6.2. Characterization of virgin membrane

To identify virgin membrane characteristics,
FESEM/EDX (JSM-7600F, JEOL, Japan) and FTIR (Bru-
ker IFS-66/S, Bruker, Germany) analysis were per-
formed. The EDX was equipped with FESEM to
analyze elements and their relative compositions in
the virgin membrane. The voltage used for the mea-
surement was 15 kV (resolution: 1.0 nm) which pro-
vided high spatial resolution. The magnification was
adjusted at both 500–5,000 times. The working dis-
tance was 8.0 mm. To identify functional group char-
acteristics of the virgin membrane, FTIR measurement
was performed using attenuated total reflection (ATR).
The resolution of the ATR-FTIR spectrometer was bet-
ter than 0.1 cm−1. The wavenumber accuracy was
0.01 cm−1 with a scan rate of 110 scans/s.

3. Results and discussion

3.1. Membrane characterization

3.1.1. SEM/EDX and ATR-FTIR analyses

SEM/EDX and ATR-FTIR analyses were performed
to identify the morphology, element compositions, and
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functional groups of all three membrane. SEM images
of the three virgin membranes (membrane I/II/III) are
shown in Fig. 3. The typical feature of the TFC mem-
brane is that its active layer has a ridge-and-valley
structure (Fig. 3(a) and (b)). In contrast, membrane III
showed a smoother surface (Fig. 3(c) and (d)). Mem-
brane III is known to have lower mean roughness
(~36 nm) compared to typical polyamide RO or FO
membranes (~105 nm) based on AFM measurements
[13,17–19]. Despite its higher mean roughness which is
prone to be fouled, TFC membrane with innovative
modification in the support layer structure can have
better performance in respect to water flux and salt
rejection as well as chemical resistance in FO process
[20].

FO membrane belongs to salt-rejecting membrane
as in nanofiltration and RO. In FO transport mecha-
nism, internal concentration polarization (ICP) phe-
nomenon induced by support layer is known to be
able to significantly influence water and solute trans-
port mechanism [14]. However, the active layer of
membrane also plays a significant role in deciding
water and solute flux [21]. Thus, it is important to

know the characterization of membrane’s active layer.
ATR-FTIR technique is a useful method to identify the
relative amounts of polymeric species by detecting
functional groups of the material. This method has
been widely applied in the membrane research area to
determine foulants and modification of the membrane
[22,23]. Therefore, ATR-FTIR measurement was per-
formed to compare the chemical compositions among
the three membranes. The ATR-FTIR spectrum for the
three virgin membranes was in the range of 800–
2,000 cm−1 (Fig. 4). The spectrum of membrane III
showed peaks at wavenumber of 1,034 cm−1 (C–O),
1,215 cm−1 (C–C–O), and 1,738 cm−1 (C=O), which
were reported in a similar fashion in a previous study
[24]. As mentioned earlier, membrane I and II were
thought to be polyamide. The spectrum of membrane
I and II showed typical polyamide (active layer) peaks
at wavenumber 1,650 and 1,541 cm−1, indicating amide
function group 1 (a primary amine, C–N=O) and
group 2 (a secondary amine, C–N–H), respectively. In
addition, membrane I and II showed polysulfone (sup-
port layer) peaks corresponding to wavenumber of
1,487, 1,503, and 1,584 cm−1 [22]. Therefore, these two

Fig. 3. SEM micrographs of virgin membrane I (a), membrane II (b), and membrane III (c and d). Magnification of 5,000
times for (a), (b), and (d) or 100 times for (c).
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membranes are confirmed as PA-based ones. As
expected, active and support layers of membrane I
and II consisted of the same materials (polyamide and
polysulfone) that their spectrum showed the same
trend. Although their spectrums looked similar, they
were clearly different in the intensity of absorbance.
To compare the relative compositions between mem-
brane I and II, the ratio of active to support layer was
compared. Wavenumber 1,584–1,650 cm−1 correspond-
ing to active and support layers were chosen based on
previous study [22]. Compared to membrane II, mem-
brane I had a higher height ratio at I1650/I1584 of 2.593
compared to that of membrane II at 0.351. Within the
framework of solution-diffusion model, water perme-
ability is inversely associated with nonporous mem-
brane active layer’s thickness (l) since porous support
layer has tiny impact on a transport mechanism [21].
Therefore, our results indirectly suggested that the
active layer of membrane I was thicker than that of
membrane II and that the water permeability of mem-
brane I might be smaller than that of membrane II.
This opinion will be discussed again in Section 3.1.2
(Table 1).

3.1.2. Transport and structural parameters of FO
membranes

Transport and structural parameters were deter-
mined to identify the FO performance in the operat-
ing range of the FO–RO hybrid system. Results are
summarized in Table 1. Based on a previous study, to
lower the CAPEX and attain economic feasibility, the

water flux is the most important variable in the
FO–RO hybrid system [9]. FO membrane with higher
water permeability (A >5 LMH/bar) and lower struc-
tural parameter (S < 100 μm) is preferred for economic
feasibility [9]. Water permeability is determined by
characteristic of membrane’s active layer, while the
structural parameter is determined by the characteris-
tic of the membrane’s support layer. Water permeabil-
ity and ICP developed in the support layer can
significantly affect water flux. Thus, it is essential to
optimize the membrane’s active and support layers to
maximize the performance of FO membrane. Based
on our results, membrane III showed the lowest water
permeability with the highest structural parameter
among the three membranes. As expected, it had the
lowest water flux (9 LMH) in baseline test. In con-
trast, membrane I had the highest water permeability
while membrane II had the lowest structural parame-
ter. These membranes were expected to have better
performance than membrane III. Considering the con-
figuration of FO–RO hybrid system, the FO process
was placed before RO process to lower the osmotic
pressure. In this configuration, seawater was supplied
for FO membrane as draw solution. Assuming that
the osmotic pressure of feed water could be ignored,
the osmotic pressure difference between the feed
solution and the draw solution was around 25 bar. As
a result of baseline test, despite its higher structural
parameter, membrane II had water flux at around
28 LMH, while membrane I had water flux at
18 LMH (Fig. 6). Based on water flux, membrane II
appeared to be more suitable and feasible than the
other two.

3.2. Feed solution characterization

3.2.1. Primary properties of WWTP Ef

The primary properties of WWTP Efs are summa-
rized in Table 2. As the treatment level was stepped
up, the quality of WWTP Ef was improved. After the
raw wastewater was treated by biological process, the
values of COD, DOC, and UV254 were dramatically
decreased.

3.2.2. FEEM analysis

With high sensitivity and selectivity, fluorescence
spectroscopy has been applied as monitoring and fou-
lants identification tool [25,26]. To obtain data on
which components were in WWTP Ef, FEEM analysis
was performed. The EEMs for the WWTP Efs are
depicted in Fig. 5. FEEM matrix can be divided into

Fig. 4. ATR–FTIR spectrum of the three virgin membranes
I, II, and III in the range of 800–1,800 cm−1.
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five regions. The corresponding excitation/emission
wavelength and substances are as follows [27]:

(1) Region I, II: Ex/Em < 250 nm/< 350 nm,
aromatic protein.

(2) Region III: Ex/Em <250 nm/> 350 nm, fulvic
acid-like materials.

(3) Region IV: Ex/Em 250–280 nm/< 380 nm,
soluble microbial by-product-like.

(4) Region V: Ex/Em > 280 nm/> 380 nm, humic
acid-like organics.

As seen in Fig. 5, all WWTP Efs contained aromatic
protein, fulvic acid-like materials, soluble microbial by-

product-like (SMP), and humic acid-like organics. No
distinct differences in WWTP Efs’ characteristics were
found among stages. However, the intensities of region
I, II, and IV were increased in 2nd/3rd WWTP Efs
compared to that of 1st WWTP Ef. The part of the frac-
tions contained in 1st WWTP Ef might be non-
detectable substances by FEEM measurements. The
existing substances in WWTP 1st might be converted
into detectable one by going through biological process
(microbiological activity). SMP and aromatic protein
had dominant percentage of the fluorescence in WWTP
Efs as reported in a previous study [28]. Based on this
result, the fouling mechanism might be different due
to the transition of WWTP Ef characteristics.

Table 1
Calculated parameters (A, B, and S) for the three membranes

Membrane type Water permeability A (LMH/bar) Solute permeability B (LMH) Structural parameter S (μm)

Membrane I 1.27 0.944 70.6
Membrane II 5.37 0.961 235
Membrane III 0.818 0.618 334

Table 2
Primary properties of each WWTP Ef

Content 1st WWTP Ef 2nd WWTP Ef 3rd WWTP Ef

COD (mg/L) 129 (filtered w/5 μm) 15 10
DOC (mg/L) 27.20 4.58 4.96
UV254 (cm

−1) 0.454 0.106 0.101
Conductivity (μS/cm) 667 488 510
pH 6.74 6.57 6.87

Notes: Values of the loadings chosen as proposed by B4 Method.

Fig. 5. EEMs of all WWTP Efs. (a), (b), (c) 1st, 2nd, and 3rd WWTP Ef, respectively (Normalized to 1 mg/L C).
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3.3. FO cell test

3.3.1. Baseline test

In the FO process, draw solution was diluted as
feed water was permeated through FO membrane to
the draw solution side. FO permeate can decrease
under no foulants condition due to dilution effect,
causing confusion between fouling and FO permeate
reduction when fouling test is performed [13]. To dis-
tinguish the two, prior to fouling test, baseline test
was performed to determine whether the extent of
permeate reduction was from the dilution effect. The
water flux decline curves vs. volume of permeate for
the three membranes are shown in Fig. 6. The x-axis
was in unit of volume to compare water fluxes among
membranes at the same level of dilution factor and to
equalize the amount of convective particle moving
toward the membrane. This can be used to compare
fouling resistance among membranes with different
initial water fluxes [29]. All three membrane showed
different initial water flux (membrane II > I > III) with
declining slopes. The driving force (osmotic pressure)
can be hindered by several phenomena such as ICP,
external concentration polarization, and reverse salt
diffusion in the FO process [9,30]. These major phe-
nomena are greatly associated with transport and
structural parameters, which is why the three mem-
branes used in this experiment have different declin-
ing slopes of water flux. When the water flux decline
is compared among membranes with different intrin-
sic parameters, plotting by a normalized flux (Jw/Jo,
here Jo: initial water flux) along the Y-axis can cause
erroneous interpretation. This is why flux unit

(Jw: LMH) is plotted along the Y-axis, not a dimen-
sionless unit (normalized flux: Jw/Jo), in all articles.

3.3.2. Fouling test

The water flux decline curves for 1st, 2nd, and 3rd
WWTP Efs are shown in Figs. 7–9, respectively. As
shown in Table 2, the fouling potential of 1st WWTP
Ef was the highest. The water flux decline for the 1st
WWTP Ef was the most remarkable one compared to
that of the other two (2nd and 3rd WWTP Efs).

3.3.2.1. 1st WWTP Ef. In Fig. 7, compared to baseline,
the foulants contained in the 1st WWTP Ef caused
severe water flux decline in both membrane I and II.
Different from other research studies that used model
foulants as feed water, real WWTP Ef was used in this
experiment. It is known that complex feed water can
cause various fouling [31], including organic, inor-
ganic, particulate, and biological fouling. In addition,
the mechanisms of water flux decline in the FO pro-
cess is known to be more complicated due to ICP and
RSF than that in the pressure-driven membrane pro-
cess [5,13]. Because of this convoluted situation in the
identification of fouling mechanism, it is hard to
clearly understand the fouling phenomenon. Thus, we
focused on which membrane had greater fouling resis-
tance and discussed the possible reason why that hap-
pened in this experiment. It is commonly known that
lower initial flux and membrane roughness can reduce
the extent of fouling in both pressure-driven and
osmotically driven membranes [13,32–35]. In line with
previous studies, membrane III showed the lowest
fouling propensity without apparent flux reduction
while membrane I and II showed higher initial water
flux (membrane I: 18.6 LMH; membrane II: 27.1 LMH;
membrane III: 9.1 LMH). The higher the initial flux is,
the larger hydrodynamic drag force toward membrane
and the higher concentration of polarization and com-
paction will be [23]. We can also concatenate this phe-
nomenon with the critical flux concept developed by
Field and coworkers which was first applied for
microfiltration [36]. A range of applications using salt-
rejecting membranes have used this concept, such as
RO, NF, and FO [13,37,38]. According to the critical
flux concept, under the condition when the initial
water flux is above the critical flux, foulants will start
to deposit on membrane surface and water flux will
start to decline. In the critical flux concept, the fou-
lant-membrane interaction can significantly affect the
critical flux [39,40]. In addition, the chemistry charac-
teristics (roughness, membrane morphology, pore size
and zeta potential) of membrane’s active layer can

Fig. 6. Water flux (Jw) decline curve for membrane I/II/III
in baseline test.
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significantly influence the critical flux [34,39,41–45].
Different from membrane III, membrane I and II were
thought to be PA-based membranes with higher
roughness than CTA membrane. The reason why
membrane I had the highest fouling resistance might
be due to its lowest initial flux and membrane charac-
teristics. Therefore, the 1st WWTP Ef contained more
foulants, causing severe water flux decline, which was
not a suitable source of feed water for membrane I or
II, but it was suitable for membrane III.

Interestingly, for both membrane I and II, a stable
water fluxes parallel to baseline were observed as the
water flux was declined due to foulant deposition
onto the membrane as shown in Fig. 7. The disparity
of stable fluxes between membrane I and II was rela-
tively narrower (around 7–10 LMH for membrane I
and II) compared to that of initial fluxes. To under-
stand this phenomenon, it would be helpful to

approach it with the concept of limiting flux. From
one of the limiting flux-related-models, the surface
interaction based model is known to work well with
dilute and stable solutions rather than concentrated or
unstable solutions. Limiting flux is governed by fou-
lant-fouled membrane interaction rather than foulant-
clean-membrane or membrane properties [34,39,46]. In
this experiment, because the same feed water was
supplied for the fouling test, it was reasonable to
expect similar limiting flux between membrane I and
II. Although FO membrane is known to have higher
fouling resistance, the feed water quality should be a
key factor when designing a FO–RO hybrid system.

In this experiment, after the 2nd batch fouling test,
physical cleaning was conducted to find out the
reversibility of FO membrane. Fouling layer in FO pro-
cess is known to be loose and sparse due to the absence
of hydraulic pressure compared to pressure-driven

Fig. 7. Water flux (Jw) decline curve for the 1st WWTP Ef in the fouling test: (a) membrane I, (b) membrane II, (c)
membrane III.
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membrane. Around 100% reversibility by physical
cleaning has been reported when model colloidal fou-
lant is used [5,47]. However, our results showed a rela-
tively low reversibility (around 70% for both membrane
I and II based on initial water flux). Unlike other stud-
ies, we used real WWTP Efs as feed water for the FO
process. Therefore, various fouling mechanisms might
have occurred rather than one. This phenomenon might
be attributed to feed water characteristics. The raw
WWTP Ef may contain sticky substances such as
extracellular polysaccharide (EPS) substances, making
fouling layer sticky and compact which could disrupt
the efficiency of physical cleaning.

3.3.2.2. 2nd/3rd WWTP Efs. The water flux decline
curves for the 2nd and 3rd WWTP Efs are shown

in Figs. 8 and 9, respectively. The 2nd and 3rd
WWTP Efs contained similar amount of COD, DOC,
and UV254. The decline curves for water flux
showed similar behaviors when the 2nd and the
3rd WWTP Efs were used as feed water for both
membrane I and II. Although membrane II had
higher initial flux, the water flux decline of mem-
brane II was negligible, unlike membrane I. In the
light of critical flux concept, the foulant-membrane
interaction and membrane’s chemistry characteristics
can significantly affect the critical flux [34,39,41–45].
Since membrane I and II showed the different
chemistry characteristics of membrane active layer
as shown in Section 3.1.1, this dissimilarity in criti-
cal flux might be due to characteristics of the mem-
brane’s active layer.

Fig. 8. Water flux (Jw) decline curve for the 2nd WWTP Ef in the fouling test: (a) membrane I, (b) membrane II.

Fig. 9. Water flux (Jw) decline curve for the 3rd WWTP Ef in the fouling test: (a) membrane I, (b) membrane II.
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Interestingly, the efficiency of physical cleaning
was negligible compared to the case when the 1st
WWTP Ef was used as feed water. As shown in Fig. 5,
the intensities of region I, II, and IV appeared to be
increased to a certain degree after biological treatment.
SMP and aromatic protein substances produced dur-
ing biological process are known to be able to signifi-
cantly influence membrane fouling more than NOM
substances [48,49]. In addition, it has been reported
that SMP concentration is proportional to fouling irre-
versibility in the MBR process [50]. Considering these
previous results, SMP and aromatic protein contained
in the 2nd and 3rd WWTP Efs might have caused irre-
versible fouling. Therefore, the degree of irreversibility
in the 2nd and 3rd WWTP Efs was higher than that of
the 1st WWTP Ef.

4. Conclusions

This study demonstrated the FO membrane charac-
teristics and its performance by the type of FO mem-
branes and feed water quality. Three FO membranes
used for this study had different characteristics with
different water flux, fouling propensity, and reversibil-
ity. When choosing FO membrane with high water
flux for the FO–RO hybrid process, it is essential to
consider the intrinsic membrane parameters because
water flux changes depending on operating condition,
such as dilution factor and osmotic pressure of feed
water in the FO process. Despite high structural
parameter, membrane II showed the highest water
permeability. In this study, we used real WWTP Ef as
feed water for the FO process. In case of the 1st
WWTP Ef, severe water flux decline occurred for both
membrane I and II except for membrane III. This was
attributed to chemistry characteristic and hydrody-
namic force of the FO membrane. In case of the 2nd
and the 3rd WWTP Efs, no severe water flux decline
was developed. The efficiency of physical cleaning
was negligible compared to the case of the 1st WWTP
Ef. It is thought that SMP and aromatic protein con-
tained in feed water might have caused low reversibil-
ity. Our results imply that, to commercialize FO–RO
hybrid process and raise its feasibility, FO perfor-
mance needs to be tested in real conditions using vari-
ous FO membranes to select the best one under
corresponding conditions. In addition, to raise the
cleaning efficiency, the method and strategy of chemi-
cal cleaning or pretreatment for commercial FO mem-
brane should be optimized considering its chemical
resistance and mechanical strength.
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