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ABSTRACT

Recent forward osmosis–bioelectrochemical hybrid systems (FO-BESs) have been designed
to simultaneously produce bio-energy and clean water from wastewater. Asymmetric
forward osmosis (FO) membranes are a crucial component for determining FO-BES perfor-
mance, but only cellulose triacetate (CTA NW) membranes in the same orientation have
been applied to FO-BESs. In this work, both CTA NW and polyamide (PA) membranes
were tested in two membrane orientations (active layer facing feed solution or anolyte and
support layer facing feed solution). For an in-depth understanding of the FO membranes,
properties were investigated using scanning electron microscopy, contact angle, impedance
spectroscopy, and proton transport analyses. The electricity generation and water extraction
in FO-BESs having these two FO membranes in different orientations were then evaluated.
Based on membrane characterization, PA seemed to be a proper membrane for the FO-BES
because of higher hydrophilicity, lower membrane thickness, lower mass transfer resistance,
and better proton transfer ability. However, there was no significant current output
difference between the FO-BESs having CTA NW and PA. Rather, in terms of water flux,
the FO-BESs having CTA NW in the support layer facing feed solution orientation showed
better performance.
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Membrane orientation; Polyamide

1. Introduction

Over two billion people currently dwell in
water-stressed regions [1]. To alleviate water scarcity,

seawater desalination and water reuse technologies
have made startling progress over the past few
decades. In particular, reverse osmosis membrane
(RO) technologies are considered the most depend-
able approach among currently commercialized
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technologies, due to their low energy consumption
(3–4 kWh/m3) and high water quality [2]. However,
compared to the use of conventional fresh water
sources, the production cost of RO technologies is still
3.5 times higher, on average [3]. Therefore, to further
reduce the cost (or energy consumption) for seawater
desalination and water reuse, forward osmosis (FO)
processes have been extensively explored; FO
processes utilize natural osmotic pressure, created by
the concentration difference between a low concen-
trated solution (feed solution) and a high concentrated
solution (draw solution) across a double-layered
semipermeable membrane, as the driving force for
water production instead of applying hydraulic
pressure [4].

Furthermore, FO processes have been recently
developed to produce not only clean water, but also
concurrently generate electricity by integrating them
into bioelectrochemical systems (BESs), devices used
to convert bioenergy from organic matter in wastewa-
ter into electricity using electrochemically active bacte-
ria [5–8]. Here, this hybrid system is referred to as
forward osmosis–bioelectrochemical hybrid systems
(FO-BESs).

In the first study of FO-BES, the concept was
investigated via a comparison to a conventional BES
having a cation exchange membrane [8]. Since then,
the influences of draw solutions and biofouling on
membrane surfaces on bioenergy production and
water flux in FO-BESs have been evaluated [6].
According to this previous study, NaCl was appropri-
ate as the draw solution, and it was found that an
acidified draw solution increased electricity genera-
tion. This study also showed that biofouling increased
electricity generation but decreased water flux. In
another study, FO-BESs were tested using real
wastewater [7]. When real wastewater was applied,
FO-BESs showed a maximum power density of
4.5 W/m3 and a water flux of 1.3 LMH. To overcome
these limitations, Werner et al. [5] applied an air-cath-
ode to FO-BESs; according to their results, the water
flux increased up to 4.1 LMH and the maximum
power generation reached 43 W/m3.

In FO-BESs, an FO membrane plays a couple of
important roles. First, the FO membrane prevents
mass transport between the anode and cathode cham-
bers, except for water and protons. The FO membrane
also plays a role in the filtration process for water pro-
duction from wastewater. Thus, the FO membrane
should be considered one of the most significant fac-
tors used to determine the performance of FO-BESs.
However, most previous studies have not focused on
exploring the use of different FO membranes but
focused on only one type of FO membrane in the

same membrane orientation. Thus, this study focuses
on the effect of FO membranes on current generation
and water flux in FO-BESs. Here, two different FO
membranes, cellulose triacetate (CTA NW) and
polyamide (PA), are characterized, and the perfor-
mances of FO-BESs having these two membranes are
then compared in different orientations.

2. Materials and methods

2.1. Reactor construction

Cube-shaped BES reactors having two chambers
(chamber volumes: 200 mL each) were constructed.
The two chambers were separated by a proton
exchange membrane (PEM; working area = 5 × 5 cm;
Nafion 117, Dupont Co., USA). The anodic electrodes
were carbon felt (5 cm × 5 cm; 6 mm thickness;
Morgan, UK) that were attached to a perforated
stainless steel plate using conductive silver paste; the
cathodic electrodes were perforated stainless steel
(5 × 5 cm; 1.5 mm thickness; Labco Co., South Korea),
coated with 0.5 mg Pt/cm2 [9]. An Ag/AgCl reference
electrode (195 mV vs. SHE; Microelectrode, USA) was
installed in each chamber to measure each electrode
potential. The BES reactors were inoculated with
anaerobic digester sludge (20% v/v) obtained from
the Gwangju Municipal Wastewater Treatment Plant
in South Korea, and acclimated using artificial
wastewater (pH 7), comprised of sodium acetate
(200 mg/L), PBS (6,000 mg/L), nutrients, and trace
mineral and vitamins, at an external resistance of
100 Ω for 2 months [10]. PBSs (50 mM, pH 7) were
used for these operations. For FO-BES operations, a
PEM in the BES reactors were replaced with FO
membranes after the 2 months’ acclimation period.

2.2. FO membrane preparation

For this study, two types of FO membranes were
prepared, CTA NW (Hydration Technologies, Albany,
OR) and PA (Woongjin Chemical, South Korea), and
these membranes were tested in two orientations:
active layer facing the feed solution (AL-FS) and
support layer facing the feed solution (SL-FS). During
FO-BES operation, AL-FS denotes the anode chamber
facing the active layer and SL-FS denotes the anode
chamber facing the support layer.

2.3. FO membrane characterization

Scanning electron microscopy (SEM; S-4700,
Hitachi, Japan) was used to observe the morphology
of each FO membrane. The relative hydrophobicity of
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each FO membrane was determined by measuring the
contact angle using a goniometer (Phoenix 300,
Surface Electro Optics Co., USA).

To analyze the electrical properties of the FO mem-
branes, a two-compartment electrodialytic cell, divided
by an FO membrane (0.79 cm2) was prepared [10]. The
working volume of each compartment was 150 mL.
One pair of platinum-coated titanium electrodes was
inserted at the edge of each compartment to feed cur-
rent into the system, and a pair of Ag/AgCl Luggin
capillary reference electrodes was installed near the
membrane–solution interface to monitor the potential
changes across the sample membrane. The impedance
spectra were measured using a potentiostat (Autolab
PGSTAT 30, EcoChemie, The Netherlands) under both
static and dynamic conditions, over a frequency range
from 10−1 to 105 Hz. The static condition displayed no
osmotic pressure difference across the FO membrane.
For this condition, the two compartments of the elec-
trodialytic cell were filled with the same concentration
of NaCl solution (0.01 M). In contrast, there was an
osmotic pressure difference across the FO membrane
under the dynamic condition. For the dynamic condi-
tion, one chamber (feed side) contained 0.01 M NaCl
solution and the other (draw side) contained 0.5 M
NaCl solution.

For the proton transport test, a two-chamber abi-
otic cell separated by a square FO membrane (working
area: 5 × 5 cm) was used. One chamber was filled with
160 mL of PBS (50 mM, pH 4) and the other was filled
with 160 mL NaCl solution (600 mM, pH 7). The NaCl
solution chamber was equipped with a pH meter
(Orion 3-star, Thermo Scientific, USA) to monitor the
pH changes by time.

2.4. FO-BES reactor operations

The FO-BESs were operated in batch mode at an
external resistor of 100 Ω at room temperature (25˚C)
for 24 h. At the end of each fed-batch cycle, the ano-
lyte (feed solution) and catholyte (draw solution) were
replaced with new solutions after rinsing each cham-
ber with deionized water. For these experiments, the
anolyte was the artificial water used for acclimation
and the catholyte was artificial seawater that was pre-
pared by dissolving 35,000 mg of NaCl in 1 L of
deionized water. Artificial wastewater (165 mL) was
purged with nitrogen to remove dissolved oxygen
before filling the anode chamber. To maintain a con-
stant anolyte volume in the anode chamber during
each fed-batch cycle, oxygen-free deionized water was
directly supplemented to the anode chamber from a
reservoir (Fig. 1). During each fed-batch cycle, 500 mL

of artificial seawater was recirculated from the
catholyte and an external reservoir using a peristaltic
pump (Masterflex, USA) at a flow rate of 10 mL/min.
Each chamber was stirred using a magnetic bar at
300 rpm.

2.5. Experimental measurements and calculations

The weight changes of the reservoir connected to
the cathode chamber for the catholyte recirculation
were measured using a digital scale in order to calcu-
late the water flux through the FO membrane. The
anode and cathode potentials and overall cell voltage
were measured using a multimeter (Keithley Instru-
ments, USA) at 10-min intervals. For both the anolyte
and catholyte, the pH was measured using a pH
meter, and the total dissolved solids (TDS) and
conductivities were determined using a TDS meter
(EC-40 N, iSTEK, South Korea) at the start and end of
every fed-batch cycle. The current (I) was determined
using = U/Re, where U is the measured voltage, and
Re is the external resistance. The coulombic efficiencies
(CE) were calculated using CE = (∫Idt/FbMv) × 100,
where F is Faraday’s constant (965,485 C/mol e−), b is
the mole of electrons theoretically generated from
acetate (8 mol e−/mol acetate), M is the acetate
concentration (mol/L), and v is the liquid volume.
The current density (ID) was determined using
ID = I/A, where A is the area of the anode electrode
[11]. Finally, the water flux through the FO membrane
was calculated using J = ΔV/At, where ΔV is the cath-
olyte (draw solution) volume change (L), A is the
membrane working area (m2), and t is the time (h).

3. Results and discussion

3.1. Morphology of FO membranes

The cross-sectional views of two FO membranes
(CTA NW and PA) were observed by SEM (Fig. 2).
The two FO membranes had an asymmetric structure
that was composed of an active layer and a support
layer. In the figure, CTA NW has a smooth active
layer surface, whereas PA has a ridge-valley active
layer surface, which is a typical characteristic of PA
membranes formed during interfacial polymerization
[12,13]. In addition, the PA active layer has a thin
sponge-like structure on top of a finger-like structure.
According to a previous study [12], the finger-like
structure reduces the mass transfer resistance; the fin-
ger-like morphology has low tortuosity. Here, how-
ever, the active layer of CTA NW seems to be dense
and less porous. The support layers of both CTA NW
and PA are nonwoven fabric, and the measured thick-
nesses of these membranes are about 160 and 80 μm,
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respectively. Based on the membrane structures and
thicknesses observed by SEM, CTA NW may have a
higher structural parameter (S), which is defined as
S = (tsτ)/ε, where ts is the membrane thickness, τ is the
membrane tortuosity, and ε is the membrane porosity
[14]. Note that S is proportionally correlated with
internal concentration polarization (ICP), which
reduces the FO performance [13].

3.2. Hydrophobicity of FO membranes

Contact angle measurements were conducted to
determine the hydrophobicity of both the active and
support layers of each FO membrane (Table 1). The
active layers of CTA NW and PA displayed a similar
contact angle, but the support layer of PA had a lower
contact angle (84.17) than that of CTA NW (96.60).
This difference indicates that the CTA NW support
layer is more hydrophobic, and this greater hydropho-
bicity prevents the support layer from being fully wet.
Consequently, effective water transport through the
FO membrane can be obstructed, which would then
aggravate the ICP [15]. In addition, the hydrophobic
support layer can limit the access of electrolytes to the
membrane surfaces [16]. We thus posit that better
mass transport occurs through PA, as it has a more
hydrophilic characteristic.

3.3. Electrical properties of FO membranes

To further investigate both the mass transport
behavior through the FO membranes and electrical
characteristics of the FO membranes, impedance spec-
troscopy analyses were conducted. Fig. 3 presents the
impedance magnitude as a function of frequency for
CTA NW and PA under static conditions (feed solu-
tion: 0.01 M NaCl; draw solution: 0.01 M NaCl) having
no osmotic pressure, and dynamic conditions (feed
solution: 0.01 M NaCl; draw solution: 0.5 M NaCl)
having an osmotic pressure difference across the
membrane. Black star symbols indicate the baseline,
which are the impedance spectra for the 10 mM NaCl
solution with no membrane. Under static conditions,
impedance values analogous to the baseline were
observed in the impedance spectrum measurements of
CTA NW and PA at a high frequency range. Gener-
ally, at a high frequency range, the impedance spectra
are attributed to the electrolytes and membranes [17];
thus, this result indicates that not all membranes
significantly affect the impedance. On the other hand,
at the low frequency range, the impedance value for
CTA NW was much larger than for PA under static
conditions. Impedance values at a low frequency
range are caused by ion diffusion and mass transport
[17]; here, CTA NW clearly has a higher mass transfer
resistance than PA.

Fig. 1. Experimental setup of the FO-BES.
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Under dynamic conditions, impedance values at
the high frequency range are lower than those under
static conditions, and impedance magnitudes accord-
ing to membrane type and orientation were also simi-
lar to each other. It is believed that the utilization of a
higher conductivity electrolyte (0.5 M NaCl) reduced
the impedance magnitudes, but it was not the
membrane that mainly contributed to the changes in
impedance at high frequency range. In other words,
the ohmic resistances of the two FO membranes are
nearly identical. The dynamic condition also showed

lower impedance values at the lower frequency range;
water and diffusive solute transport actively took
place to maintain the mass balance across the FO
membrane. Consistent with the static conditions, CTA
NW showed greater impedance values than PA under
dynamic conditions; the ionic species and water could
not quickly transfer through CTA NW as it had a
higher S value and more hydrophobic support layer.

In addition, membrane orientation seemed to affect
the impedance magnitude for CTA NW at the lower
frequency range. The impedance magnitude of CTA
NW AL-FS was higher than for the CTA NW SL-FS,
implying that improved mass transport and ion diffu-
sion occurs through the CTA NW SL-FS. These results
correspond to the higher water flux and reverse solute
flux that were obtained from the test for the CTA NW
SL-FS than for the CTA NW AL-FS [13]. The mass
transport and ion diffusion differences ascribed to
membrane orientation are likely due to the ICP pat-
tern difference. In the CTA NW AL-FS, the dilution
effect of the draw solution occurs in the porous sup-
port layer matrix [18]; the dilutive ICP reduces the
accessibility of ionic species to the membrane surface
and effective osmotic pressure, which is the driving
force of water flux. In contrast, rather than dilutive
ICP, concentrative ICP occurs in the CTA NW SL-FS,
in which the draw solute increases at the boundary
between the active and support layers [19]. The ICP in
the CTA NW SL-FS is generally smaller than for the
CTA NW AL-FS; therefore, a higher flux and ion
diffusion were obtained in the CTA NW SL-FS [19].
However, in terms of PA, membrane orientation did
not significantly affect the impedance magnitude at
the lower frequency range; the lower membrane thick-
ness and the increase in the hydrophilic support layer
of PA might reduce the ICP phenomena.

Fig. 2. Cross-sectional SEM images of (A) CTA NW and
(B) PA.

Table 1
Contact angle analyses of active and support layer surfaces
of CTA NW and PA

CTA NW PA

Active 66.10 ± 3.73 68.27 ± 4.25
Support 96.60 ± 4.75 84.17 ± 0.79

Fig. 3. Impedance magnitude of two-chamber electrodia-
lytic cells equipped with CTA NW and PA in different
membrane orientations as a function of frequency under
static (with no osmotic pressure) and dynamic (with osmo-
tic pressure) conditions.
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3.4. Proton transport through FO membranes

One of the main reasons electricity generation
deteriorates in BESs is the pH gradient between the
anode and cathode chambers because of the poor pro-
ton transport ability of the cation exchange membrane,
which is a representative separator in BESs [9]. The
proton transport through CTA NW and PA in different
membrane orientations was evaluated in a two-cham-
ber abiotic cell (feed solution: 0.05 M PBS at pH 7;
draw solution: 0.6 M NaCl at pH 7). Fig. 4 shows the
pH changes in the draw solution. Regardless of the
membrane orientation, the most active proton transport
occurred through PA. However, in terms of CTA NW,
the SL-FS orientation displayed a better proton trans-
port ability than the AL-FS orientation, which is consis-
tent with the results of impedance measurements
under dynamic conditions.

3.5. Electricity production in FO-BESs

The current generated was measured during FO-BES
operation with CTA NW and PA in different orienta-
tions, including AL-FS and SL-FS (Fig. 5). During the
first batch cycle, similar maximum ID were observed in
the FO-BES with PA in SL-FS (561.2 mA/m2) and with
CTA NW in SL-FS (559.2 mA/m2). The FO-BES with
PA in AL-FS displayed a slightly lower maximum ID
(503.0 mA/m2), whereas the FO-BES with CTA NW in
AL-FS recorded a much lower maximum ID
(374.7 mA/m2). The reason why the FO-BES with CTA
NW in AL-FS showed the lowest maximum ID during
the first batch cycle is likely due to severe dilutive ICP.
The CTA NW membrane has a thick nonwoven porous
support layer, leading to a degradation of electrolyte
species mobility [17].

Unlike the first batch cycle, during the second and
third batch cycles, regardless of membrane types and
orientations, similar maximum IDs (CTA NW AL-FS:
558.1 and 566.5 mA/m2; CTA NW SL-FS: 559.2 and
571.1 mA/m2; PA AL-FS: 520.0 and 545.5 mA/ m2; PA
SL-FS: 567.9 and 573.5 mA/m2) were observed in the
FO-BESs, although PA displayed a better proton trans-
port ability and smaller mass transport resistance in
the membrane characterization experiments.

In addition, the maximum ID increased as the FO-
BES batch cycles were increased. For example, the ID
of FO-BES with PA AL-FS in the second batch cycle
increased slightly relative to the first batch cycle.
These increases in maximum ID are opposite to the
water flux (Fig. 7), which decreased with further batch
cycles, possibly due to membrane fouling as it
increases ion transport through the FO membrane. In
a previous study, a FO-BES with a fouled FO mem-
brane showed a higher current density than for a vir-
gin FO membrane, although a FO-BES having a fouled
FO membrane had no water flux [6]. However, few
studies on the relationship between membrane fouling
and salt flux have been explored; further studies are
required to clarify this phenomenon.

As shown in Fig. 6, in terms of the CE, except for
the first batch operation of the FO-BES CTA NW AL-
FS (24.3%), approximately a 35.4% CE was observed
during all the batch operations. The CE of the FO-BES
was comparatively lower than reported in previous
studies, which used the same reactor design (65%)
[20]. This finding may be attributed to the unfavorable
transfer of acetate from the anode to cathode cham-
bers through all FO membranes observed during the
FO-BES operation. Preventing the leakage of acetate
through FO membranes would be one of the main
challenges for future FO-BES.

Fig. 4. pH changes in NaCl solution used as draw solution
in two-chamber abiotic cell for proton transport test.

Fig. 5. Current output in the FO-BESs having two different
FO membranes during the three batch cycles.
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3.6. Water flux through membranes in FO-BES

Water flux was measured during FO-BES operation
(Fig. 7). The FO-BES having a CTA NW AL-FS had the
lowest water flux (0.57–0.23 LMH), followed by PA
SL-FS (0.81–0.64 LMH), PA AL-FS (1.02–0.70 LMH),
and CTA NW SL-FS (1.13–0.84 LMH). The reason for
the lowest water flux in the FO-BES having CTA NW
AL-FS can be explained by the severe dilutive ICP.
The intriguing aspect of this result is that a higher
water flux was observed in the FO-BES with CTA
SL-FS than with PA, even though PA was expected to
have a lower S value in the membrane characteriza-
tion experiments. The inner environment of the
FO-BES is more complicated than typical FO processes
due to additional installations, such as electrodes; as
such, the water flux might be affected by other factors.

4. Conclusions

In this study, CTA NW and PA FO membranes
were characterized, and the performances of FO-BESs
having these two membranes were compared. CTA
NW had a larger thickness than PA, and the support

layer of CTA NW was more hydrophobic than that of
PA. These properties of CTA NW led to a larger S
value, which reduced ion diffusion and mass trans-
port. The electric properties determined by impedance
spectrum measurements were consistent with informa-
tion derived from the physical properties of the mem-
branes. It was also found that dynamic conditions (i.e.
the presence of osmotic pressure) reduced the mass
transport resistance across the FO membranes. The
results of the electrical property determination con-
firmed that there were no considerable differences
between the CTA and PA membrane ohmic resis-
tances, though the CTA NW AL-FS had the largest
mass transfer resistance. Increased active proton trans-
port was observed in the PA AL-FS and SL-FS. Based
on the membrane characteristics, the FO-BESs with the
PA AL-FS and SL-FS seemed to achieve better current
generation and a higher water flux. However, during
actual operation of the FO-BES, current generation
was not significantly affected by membrane type or
orientation. Moreover, the FO-BES having the CTA
NW SL-FS showed the highest flux; based on the over-
all findings, CTA NW in AL-FS orientation is recom-
mended for the better performance of the FO-BES. The
reason for the difference in the result between the
characterization test and actual FO-BES operation may
be attributed to the more complex internal environ-
ment of the FO-BES due to the presence of microor-
ganisms and electrodes, aeration to the cathode, and
gas generation (methane and carbon dioxide) in the
anode. Therefore, for a further understanding of
internal phenomena in FO-BESs having different FO
membranes in different orientations, an investigation
into these variations is required.
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