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ABSTRACT

Forward osmosis (FO) is an emerging process in water industry for wastewater treatment,
water reuse, and desalination. Although many lab-scale studies have been done, the data
generated cannot be directly applied to a real pilot plant due to different membrane config-
uration and operating conditions. In this study, we evaluated commercial spiral wound
forward osmosis (SWFO) elements in various operating conditions (draw solution concen-
tration, flow rate, and element array type). First, we investigated the SWFO special structure
(winding configuration of the draw flow path). Due to the structural characteristics of
SWFO, the draw flow rate showed a high-pressure drop effect because of feed flow rate.
Second, we studied the performance of different element array types. Both sides of flow rate
change influenced the performance of pilot-scale SWFO by reducing concentration polariza-
tion and dilution effect. In addition, according to the type of SWFO element array, the flow
rate had different role in water flux. We propose guidelines for the design and management
of commercial FO processes to carry out element evaluation as directly applicable to pilot
plant. This study can be used as an important reference for engineers in the FO process
field.
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1. Introduction

To overcome or attenuate global warming and
water scarcity crises, enormous efforts and research

studies have been done to identify novel methods to
purify wastewater or seawater at low cost with low
energy consumption [1–3]. Membrane process such as
reverse osmosis (RO), nanofiltration (NF), and ultrafil-
tration (UF) have emerged for water treatment,
desalination, and water reuse because the area for*Corresponding author.
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membrane process installation is compact. In addition,
their removal efficiency is higher than traditional
water treatment processes such as sand filtration or
settling reservoir [2–4].

RO and NF are effective and commercially avail-
able technologies in the water industry [4,5]. However,
pressure-driven membrane processes require expen-
sive capital expenditures (CAPEX) and operating
expenditures (OPEX) because they necessitate high
hydraulic pressure to overcome the source osmotic
pressure with resistance to foulants [2,6,7]. Forward
osmosis (FO) is one membrane process driven by dif-
ferent mechanisms. In the FO process, water is trans-
ported through semi-permeable membrane from a low
concentration solution (feed solution) to a high con-
centration solution (draw solution) creating a differ-
ence in osmotic pressure [8]. The basic FO mechanism
has many advantages such as high water recovery,
low operation pressure, less fouling tendency, and
easy cleaning. For these reasons, FO is widely used in
food, medical, and pharmaceutical industries except
for water treatment [8–11]. In order to influence the
water industry, FO must prove to surpass the current
water purification processes. First, the FO membrane
needs to have high water permeation with superior
salt separation. Second, the FO process should reach
similar theoretical value. Third, FO researchers need
to find a suitable draw solution and fouling control
for FO management. Fourth, the FO process needs to
address problems such as concentration polarization
(CP), cleaning methods, membrane lifetime, and
reverse solute flux [6,12–14].

Many FO membrane and process studies have
been conducted at lab-scale level using a flat sheet
membrane coupon [10,15]. A few studies used a
spiral-wound membrane, however, we still need fur-
ther study at the pilot-scale [11,16–18]. Nevertheless,
lab-scale FO test data cannot be directly applied to a
real pilot plant for water purification. Thus, after com-
mercialized FO element evaluation, it is preferable to
progress to the next step to scale up the FO process.

For the evaluation of commercialized FO elements,
the following need to be considered: (1) there are a few
FO membrane manufacturers, such as Hydration Tech-
nology Innovations (HTI), Porifera, and Toray. (The
HTI spiral wound forward osmosis (SWFO) element
was used in this study); (2) spiral-wound and flat sheet
elements have different configurations and flow path
distance, meaning that different drops in pressure and
permeate flux may develop depending on structural
characteristics [15,19]. Therefore, we determined the
spiral-wound structural characteristic of SWFO through
a pilot-scale apparatus. In addition, we performed com-
parative studies to identify capacities of two types of

array (series and parallel) at various draw solution
concentrations (25,000–70,000 ppm). We also examined
the effect of flow rate change on FO performance. The
aim of this study was to obtain directly applicable data
for real pilot plant to provide basic information to scal-
ing up the FO process.

2. Materials and methods

2.1. SWFO element and membrane

The commercially available SWFO element (HTI
OsMem™ 2521 FO-CTA-MS-P-3H) was provided by
HTI (Albany, USA) to evaluate SWFO performance.
The SWFO element was made by wrapping one flat
sheet membrane with embedded support. The mem-
brane consisted of a cellulose triacetate (CTA) layer
with an embedded polyester mesh for mechanical
support. It is 50 μm thick [13,20]. The effective mem-
brane area is 0.5 m2. The length and width of the ele-
ment was 0.52 and 0.48 m, respectively. The SWFO
element has a standard diamond-type feed spacer
with thickness of 1.1 mm and a 3H draw solution
spacer 1.5 mm thick. The spacer enhanced the turbu-
lence in flow. It can reduce the CP and the rate of
mass transfer on the surface of membrane [15,17,21].
The SWFO element used in this study had a cross
flow pattern.

The membrane active layer faced the feed solution
while support layer later faced the draw solution
(AL-facing-FS mode). According to its specification
information, the element was capable of enduring a
maximum operating temperature of 43˚C with maxi-
mum side-port pressure of five bars. The maximum
transmembrane pressure (side-port exit pressure
minus end-port feed pressure) was 0.35 bar. The maxi-
mum end-port inlet and outlet pressures were one bar
and 0.15 bar, respectively. The solution pH ranged
from 3 to 8, with maximum NTU of 10. The maximum
tolerable hydraulic pressure of the polyvinyl chloride
(PVC) vessel was 15 bars.

The SWFO element is different from a RO vessel
because FO has different mechanisms compared to RO
[2,3]. As shown in Fig. 1, the SWFO element was
housed in a pressure vessel (AXEON water technolo-
gies, CA) of PVC with four ports. Two ports were for
inlet of feed and draw solution. The remaining two
ports were for outlet of concentrated feed and diluted
draw solution.

2.2. Pilot-scale spiral-wound forward osmosis design

Fig. 2a shows a schematic diagram of the FO–RO
hybrid pilot system. Our pilot system is composed of
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two SWFO elements and one SWRO element. In this
study, we focused on the two SWFO elements system
because the SWFO evaluation must precede the opera-
tion of the FO–RO hybrid system. SWFO elements
were connected in series or in parallel, in two-stage or
one-stage modes.

As seen in Fig. 2b, in the one-stage mode, both
draw solution and feed solution flowed in each side
inlet and flowed out through each side outlet. Both
solutions were then fed back to each tank. In contrast,
in the two-stage mode, the effluent of first FO element
moved directly toward the second SWFO element as

Fig. 1. SWFO PVC vessel with four ports.

Fig. 2a. Schematic diagram of the FO–RO pilot system.

Fig. 2b. Schematic diagram of the one-stage SWFO element.
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shown in Fig. 2c, meaning that the draw solution was
diluted and the feed solution was concentrated one
more time in the second stage of the two-stage mode.
In the one-stage mode, only one osmotic dilution
worked through the single SWFO element. Shortly
after the operation, the retention time and dilution
effect inside the element were different at each stage
mode.

Pressure transmitters, conductivity meter (Orion 4
Star, Thermo Scientific, Albany, USA), flow meter
(feed side), and mass cylinder (draw side) were
installed to measure the pressure, conductivity, flow
rate, and RSF, respectively. An electronic balance
(Portable Bench, CAS, Korea) was installed under the
feed and draw solution tanks to measure water flux.
The flow rate and pressure were controlled with an
inverter installed on both sides of the solutions. All
data were recorded at four min intervals. An agitator
was installed on both sides of the tanks to maintain
the concentration in the tank. The tank volume was
20 L. The experiment was stopped when the volume
of feed solution tank decreased below 50%. At the end
of every experiment, physical cleaning was conducted
to remove salt deposition onto the FO membrane
surface.

2.3. Water flux, reverse salt flux (RSF), and recovery rate
measurement

Eq. (1) was used to calculate water flux:

In Eq. (2), RSF was determined by measuring the
conductivity meter installed inside the feed tank.
RSF was converted to NaCl concentration using a pre-
determined conductivity calibration curve vs. NaCl
concentration.

JS ¼ CtVt � C0V0

At
(2)

In the above equation, the C0 and Ct are the concentra-
tions of NaCl in the feed tank at time (0) and certain
time (t), respectively; whereas V0 and Vt were the
volume of feed tank at time (0) and at time (t),
respectively.

The recovery rate was calculated using the follow-
ing Eq. (3) [9]:

Recovery ð%Þ ¼ QPermeate

QFeed
(3)

where Qfeed and Qpermeate are the feed rate and perme-
ate flow rate (LPM), respectively.

2.4. Test conditions of the SWFO element test

The SWFO element test was conducted under vari-
ous operating conditions (Table 1) To analyze FO per-
formance, the solution concentration and array type
were changed under certain conditions. All tests were
carried out at room temperature. DI water and NaCl
solution (Samchun chemicals, Korea) were used as
feed solution and draw solution, respectively.

3. Results and discussion

3.1. Performance of SWFO element compared to flat sheet
FO membrane

Water flux and RSF of flat sheet FO membrane and
SWFO membrane in AL-facing-FS mode (FO mode),
as a function of draw solution, are shown in Fig. 3.
The water flux and RSF increased logarithmically
when the draw solution concentration was increased.
This could be due to CP phenomenon, such as dilutive
internal CP and concentrative external CP [10,22,23].

Interestingly, when the results in Fig. 3(a) and (b)
were compared, water flux in the lab-scale test was

Fig. 2c. Schematic diagram of the two-stage SWFO
element.

JW ¼ Initial feed weight ðkgÞ � Feed weight ðkgÞ
Test time ðminÞ � 60 ðminÞ � Effective membrane area ðm2Þ ð1Þ

24586 S.-J. Im et al. / Desalination and Water Treatment 57 (2016) 24583–24594



twice higher than that in the SWFO element test. This
may be explained by the following: first, no significant
dilution effect occurred in membrane channel in the
lab-scale test compared to that in the pilot-scale test
because SWFO membrane had a long flow path for
draw solution. In addition, the draw solution was con-
sistently diluted along the pathway, thus losing driv-

ing force (osmotic pressure) [12]. Therefore, the
dilution level of the draw solution in the lab-scale
experiment was different from that in the pilot-scale
test. To mitigate this phenomenon, we recommend
that a counter-current flow path may be more efficient
than co-current [12,24].

Second, The SWFO element membrane has a dead
zone [24,25]. This is because the SWFO flow path
inside of the draw solution has a winding structure.
An illustration of the SWFO element is depicted in
Fig. 4 [10]. In this illustration, a dead zone is formed
in the edge of the draw flow path. Because of this
dead zone, the membrane effective area decreased,
thus decreasing the water flux. According to previous
studies [6,10,15], an increased flow rate on both sides
can play a positive role in the water flux due to
reduced CP effect and the enhanced mass transfer
coefficient. However, a spiral-wound membrane
applied in real plant process, can not only form the
dead zone, but also can have different dead zone

Table 1
Operating conditions and specification of the membrane
used in the SWFO element of pilot experiments

Feed flow rate (LPM) 3.3–6.6
Draw flow rate (LPM) 0.35–0.55
Draw solution

concentration (ppm)
25,000–70,000

Feed solution DI water
Draw solution NaCl solution
Array type One stage (parallel array)

Two stage (series array)
Operating temperature (˚C) 21–23
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Fig. 3. Water flux and RSF comparison of two membranes with different shapes and sizes at varying draw solution
concentrations: (a) Lab-scale flat sheet FO membrane test. The flow rate at both sides was 0.4 LPM at 25˚C. The
membrane area was 20.02 cm2 and (b) The SWFO element test. The feed rate and draw flow rate were maintained
constantly at 3.3 and 0.35 LPM, respectively. The membrane area was one m2.

Fig. 4. An illustration of flow path and SWFO component element. Draw solution and feed solution flowed into the main
pipe and space between membranes. Spacers were used both inside and outside the membrane [10,16].
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shape if the flow rate changes. Therefore, different
results between lab-scale and SWFO element test were
found.

Third, the SWFO element had a different water
flux distribution by membrane region because mem-
branes were rolled-up around the main draw solution
pipe with different effective membrane areas (Fig. 5).
In the regions of A and C, only the inner or outer
membrane had contact with the draw solution. How-
ever, in the region of B, both inner and outer mem-
branes contacted the draw solution. According to
previous studies, region B has lower water flux than
region A and C. In other words, SWFO has hetero-
geneity in water flux by region. Therefore, the SWFO
system showed poor performance compared to flat
sheet membranes, suggesting that the SW structure
feature is not suitable for the FO process, consistent
with findings of other studies [9,25].

Fourth, there was difference in test conditions
between the two tests. In the lab-scale test, the flow
rate of both sides of the solution was maintained.
However, in the pilot-scale test, it was impossible to
adjust the flow rate of the draw solution to that of the
feed solution. This will be further discussed in the
next section in detail.

3.2. Spiral-wound structure characteristics

Many FO tests using flat sheet FO membranes
have been operated at the same flow rate for either
side of solution because the flat sheet type membrane
has a minimal pressure drop [21,22,24]. However, in
the real field of membrane process, SWFO elements
are connected to compose a multi-stage array. The
draw solution is larger than the feed solution at the
end of the element. As mentioned earlier, the SWFO
membrane has special structure configuration com-
pared to the flat sheet membrane. Therefore, it is nec-
essary to identify the effects of the SWFO membrane
structure characteristics on FO performance. In this
section, we investigated the effect of SWFO structure

on the flow rate and pressure on either side of the
solution.

With fixed flow rate of the draw solution, the feed
solution flow rate was changed (Fig. 6(a) and (b)).
This test method was used in other cases in the same
manner (change of draw solution flow rate with a
fixed feed flow rate). When we changed the feed solu-
tion flow rate, the draw solution flow rate decreased
from 0.525 to 0.462 LPM (about 10% decrease,
Fig. 6(a)). When we changed the draw solution flow
rate, the feed solution flow rate dropped from 6.8 to
6.6 LPM (3% decrease, Fig. 6(b)). These results indicate
that the feed solution flow rate changes significantly
affected the draw solution flow rate. However, the
effect of draw solution flow rate change was minimal.
Similar results have been reported in previous studies
[16,26,27]. Figs. 4 and 5 can be used to explain this
result. The draw flow path is spiral, but the feed flow
path is straight. The pressure drop can develop more
severely on the draw side compared to that on the
feed side. Therefore, the feed side solution can pres-
surize against the draw flow path at the end side of
element.

In addition, the pressure of the feed side is always
higher than that of the draw side in SWFO, preventing
excess pressure on the draw side over that of the feed
side (prevention of PRO mode). This feature can also
pressurize the draw flow path. Due to these reasons
induced by structural characteristics and operating
conditions, the feed solution can significantly influence
the draw solution.

We also investigated the relationship between inlet
pressure and flow rate according to the type of ele-
ment array. Results are shown in Fig. 6(c). In this
experiment, a pump inverter controlled only one side
of the flow. Tap water was used as feed solution and
draw solution. Flow rate increased as the inlet pres-
sure increased (inlet pressure was proportional with
the flow rate) for both stage modes. The flow rate
increased on the feed side more than on the draw
side.

For example, when the inlet pressure on the feed
side was adjusted to 0.2 bar, the feed flow rate was
5 LPM. However, the draw flow rate did not reach one
LPM at the same inlet pressure. When the two-stage
and the one-stage modes were compared to each other,
the one stage mode was significantly influenced by the
inlet pressure change, meaning that greater pressure
drop in the two-stage mode interrupted the flow rate
change through the two-stage series connection. In
addition, when we applied the same inlet pressure, the
two-stage mode had a decreased flow rate compared
to the one-stage mode. As mentioned earlier, this result
was due to a high-pressure drop on the draw side.

Fig. 5. Structure characteristics of Winding SWFO mem-
brane.
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Therefore, it was impossible to adjust the flow rate
equally on both sides of the SWFO element.

In general, energy consumption and pressure in
the membrane process have great correlations with

element scale and array type. In most membrane pro-
cesses, multi-stack elements are used for water treat-
ment and desalination [11,16,28]. Therefore, we need
to study element scales and array types in detail.

Fig. 6. Flow rate change curve of the SWFO structure (no osmotic difference between feed and draw sides of the
membrane): (a) feed solution flow rate change, (b) draw solution flow rate change, and (c) comparison of the two and
one-stage modes.
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Fig. 7. Effect of feed and draw flow rates on water flux and recovery rate in the one-stage mode of the SWFO element:
(a) effects of feed flow rate change (5, 6.6 LPM) when draw flow rate is fixed at 0.47 LPM, (b) effects of draw flow rate
change (0.29, 0.62 LPM) when feed flow rate is fixed at 5 LPM. The pressure difference between feed inlet and draw inlet
was maintained at 0.2–0.3 bar (manufacturer’s recommendation). The feed inlet pressure was maintained under one bar.
The draw inlet pressure was maintained under 0.7 bar. All experiments were stopped when the volume of the feed
solution was half reduced.
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3.3. Impact of flow rate change on water flux and recovery
rate–one-stage mode (parallel array)

Water flux has a close relationship with recovery
rate. Increases in water flux and recovery rate can
reduce the membrane area and the requirement for
the total number of SWFO elements in real pilot plant.
This means that high water flux and recovery rates
can reduce CAPEX. In this study, the effect of flow
rate on water flux and recovery rate in the one-stage
SWFO process was evaluated at varying draw solution
concentrations. The water flux and recovery rate
curves are shown in Fig. 7. As shown in Fig. 7(a), the

water flux increased approximately one LMH when
the feed flow rate increased from 5 to 6.6 LPM, consis-
tent with results of previous studies [10,29,30].

Although we used DI water as feed solution, we
assumed that a reverse salt diffusion could make a
CECP layer on feed side. When the feed flow rate is
increased, cross-flow velocity shear force can reduce
the CECP layer [1,15,18]. Thus, increased feed flow
rate can have a positive effect on water flux.

However, increased feed flow rate had a negative
influence on the recovery rate in the performance of
the one-stage SWFO membrane. The increased
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amount on the feed side flow rate was higher than
the water flux rate (Eq. (3)). Therefore, the recovery
rate decreased. This is why we need to optimize the
feed flow rate considering both water flux and
recovery rate [15,20]. As shown in Fig. 7(b), the
water flux and recovery rate were also changed
according to the draw flow rate. When the draw
flow rate was increased, water flux increased due to
reduced CP (DECP and DICP) and the dilution effect
[23,31,32]. When the draw solution flow rate was
changed, the recovery rate increased because the
flow rate of the draw solution was not directly
involved in Eq. (3). Therefore, the SWFO element
test was affected by flow rate change on either side,

meaning that FO process engineers must know
the element operating conditions and membrane
structure, because multi-stages element are a routine
configuration in FO pilot plants.

The effect of flow rate change coming from both
sides on water flux at various draw solution concen-
trations is shown in Fig. 8. The x-axis and y-axis repre-
sent the feed solution flow rate and draw solution
flow rate, respectively. Water flux changed from five
to 10 LMH, in accordance with changes in draw
solution concentration. At all concentrations of draw
solution, it was difficult to find consistency. This
phenomenon may be due to the characteristic of
pilot-scale test, making it difficult to maintain test con-
ditions during the SWFO element test.

Despite such inconsistency, we observed that each
optimized point of FO performance in different con-
centrations generally depended on the flow rate. At a
low concentration of 25,000 ppm, the feed flow rate
significantly affected water flux. However, as the con-
centration increased to 35,000–70,000 ppm, water flux
was significantly affected by the draw flow rate. As
shown in Fig. 8(b), when the draw flow rate was at
0.4 LPM, the water flux was maintained at 6.5 LMH at
all feed flow ranges, indicating that the feed flow rate
had little influence on water flux in the one-stage
mode.

3.4. Impact of flow rate change on water flux and recovery
rate: two-stage mode (series array)

The water flux and recovery rate at varying draw
concentrations with different feed and draw flow rates
in the two-stage mode are shown in Fig. 9(a) and (b).
These results showed a similar pattern to those in the
one-stage mode. As expected, increases in both flow
rate and draw solution concentration had positive
effects on water flux. However, the recovery rate
improved only by increased draw flow rate. Flow rate
and concentration are known to have positive effects
on water flux in the FO process because an increase in
concentration and flow rate can cause a higher osmo-
tic pressure difference, thus reducing the CP layer
with an enhanced mass transfer coefficient [23,27].

Water flux in the two-stage mode was lower than
that in the one-stage mode (parallel array). Membrane
length in the two-stage mode was longer than that in
the one-stage mode, causing a significant dilution
effect. In the two-stage mode, two SWFO elements
were connected in series (Fig. 2c), with both sides of
the effluent entering the second SWFO element, indi-
cating that the draw solution concentration of the
second SWFO element was lower than that of the first
SWFO element. Therefore, the osmotic pressure
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Fig. 9. Effect of feed flow rate and draw flow rate on water
flux and recovery rate in the two-stage mode of the SWFO
element: (a) effect of feed flow rate change (3.3, 5, 6.6
LPM) when the draw flow rate was fixed at 0.3 LPM and
(b) effect of draw flow rate change (0.35, 0.42, 0.55 LPM)
when the feed flow rate was fixed at five LPM. The
pressure difference between the feed inlet and draw inlet
was maintained at 0.2–0.3 bar (manufacturer’s recommen-
dation). The feed inlet pressure was maintained under one
bar. The draw inlet pressure was maintained under
0.7 bar. All experiments were stopped when the volume of
feed solution was reduced by half.
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difference (driving force) decreased. The water flux
trend in Fig. 9(a) and (b) showed that the flow rate
increased, which might have reduced the CP layer
and the dilution effect [6,9,10,13,15].

In this experiment, DI water was used as feed
solution, which can result in negligible CECP. How-
ever, reverse solute diffusion inevitably occurs in the
FO process, leading to the increased ionic strength of
the feed solution. Therefore, alternation of feed flow
rate can improve the mass transport coefficient, thus
increasing the water flux.

In the one-stage mode, the recovery rate was
reduced by 15–20% when the feed flow rate increased.

Thus, we estimate that the recovery rate in the
two-stage mode can decrease when the feed flow rate
is increased, similar to the one-stage mode. However,
the ratio of the recovery rate decrease with feed flow
rate change in the two-stage mode was lower than
that in the one-stage mode, with a decrease of approx-
imately 30%. As mentioned above, water flux in the
two-stage mode was lower than that in the one-stage
mode due to the fact that recovery rate could be
affected by the dilution effect and permeate flow rate
(Eq. (3)).

In addition, the fixed draw flow rate was different
in the two tests. In the one-stage mode, the draw flow
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rate was 0.47 LPM. In the two-stage mode, the draw
flow rate was 0.3 LPM. The lower water flux was
attributed to draw flow rate (Fig. 6). Therefore, in the
process using the SWFO element, flow rate can signifi-
cantly affect pressure drop, water flux, recovery rate,
dilution effect, and CP.

We further studied the flow rate effects in the
SWFO element test by comparing water flux as a
function of the feed/draw flow rate and draw solu-
tion concentration (Fig. 10) [13,24,27,33]. Across all
draw solution concentrations, water flux was gener-
ally low under the conditions of low feed rate and
draw flow rate. In both tests, the effect of the draw
flow rate on water flux was more obvious compared
to feed flow rate because the dilution effect was mini-
mum with a low water flux. In contrast, as the draw
concentration increased, the water flux was more
dependent on feed solution than draw solution
(Fig. 10(b), (c), and (d)).

In addition, the membrane support layer is an
unstirred layer unaffected by flow rate or reduced
DICP [15,17]. However, in this study, ionic strength in
feed solution was found to be an important factor for
water flux, which is in agreement with previous
reports [2,11]. Although DI water was used as feed
water, the ionic strength increased with RSF. This test
lasted until concentration rate reached two ionic
strengths of nearly 3 mS/cm at the end of the test.
RSF was increased as a function of concentration gra-
dient [23,34]. Thus, it is expected that the RSF will
increase when the draw solution concentration
increases [23,34].

In element scale SWFO test, the water flux and
RSF significantly diluted the draw solution, resulting
in concentrated feed solution. High RSF at a high
draw solution concentration might have caused CECP
on the membrane surface layer. The feed flow rate
might have affected the removal of the CECP layer. In
the two-stage mode, both sides of solution stayed
inside the element longer than in the one-stage mode.
Therefore, the ionic strength of the feed side signifi-
cantly increased. Consequently, the increase in flow
rate of the feed solution affected water flux at high
draw concentrations.

4. Conclusions

In this study, we found that the results from a lab-
scale test could not be directly applied in a pilot-scale
plant. The effect of element structural characteristics,
array, and flow rate on SWFO performance was deter-
mined. We summarized the results as follow:

(1) A spiral-wound element is different from a flat
sheet membrane in structural configuration,
causing a significant pressure drop due to its
draw flow path, which was longer and more
tightly wound than the feed flow path. In addi-
tion, the effective membrane area was reduced
due to formation of dead zone area.

(2) The increased flow rates on both sides of the
membrane had a positive effect on the mem-
brane surface by increasing shear forces (mass
transfer coefficient), thus reducing the effect of
dilution CP.

(3) Based on the results of our tests according to
the types of array (one- and two-stage modes),
solution retention time was different due to
SWFO structural characteristics. In the two-
stage mode, a long retention time and
increased ionic strength significantly affected
FO performance, which was why the feed flow
rate affected water flux more than the draw
flow rate.

Therefore, before commercialization, a pilot-scale
test regarding operating conditions such as draw solu-
tion concentration, flow rate, and the type of element
array, must be conducted.
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