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Abstract—Internal concentration polarization (ICP) within the forward osmosis (FO) membrane affects the reduc-
tion of driving force. The magnitude of ICP in the FO membrane was investigated experimentally by measuring water
flux in both spiral wound (SW) and flat-sheet (FS) modules with different draw solutions (sodium chloride, sodium
sulfate, and disodium phosphate). The FO SW module always shows inferior water flux performance to the FO FS
module. The water flux in the FO SW module can be easily estimated by just changing structure parameter. The esti-
mated structure parameter in the FO SW module is 9.1325x10™* m, which is quite higher than 4.2x10™* m in the FO
ES module. The increase of the structure parameter is attributed to the bending of the FO membrane in the SW mod-
ule. It can be concluded that a module design such like SW type is not suitable for the FO process.

Keywords: Forward Osmosis, Internal Concentration Polarization, Spiral Wound Membrane Module, Parameter Esti-
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INTRODUCTION

Forward osmosis (FO) is a phenomenon in which water mole-
cules in a solution of low concentration (feed solution) migrate into
a more concentrated solution (draw solution) by diffusion across a
semipermeable membrane. The driving force for FO is the osmotic
pressure difference corresponding to the concentration difference
between two solutions (draw and feed solution) facing a semiper-
meable membrane. FO has several advantages, such as low energy
consumption due to its spontaneity, and low fouling propensity
compared to a pressure-driven membrane process. Thus, FO has
received growing attention in research and industrial fields [1]. Up
to now; FO has been applied in various ways such as seawater
desalination [2-5], waste water treatment [6-8], power generation by
pressure retarded osmosis (PRO) [9-11], and pharmaceutical pro-
cessing [12,13].

Internal concentration polarization (ICP) is a phenomenon by
which the osmotic pressure of draw and feed solutions within the
membrane porous support layer is decreased or increased by the
migrating permeate water flow from feed solution to draw solu-
tion. To be specific, water from feed solution facing the active rejec-
tion layer (AL-FS mode) migrates into draw solution across the
membrane, the draw solution becomes diluted, and the diluted solu-
tion is rarely stirred within the support layer. On the other hand,
water from feed solution facing the porous support layer (AL-DS
mode) migrates into draw solution across the membrane, the feed
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solution becomes concentrated, and the concentrated solution is
rarely stirred within the support layer. Therefore, the effective osmotic
pressure and water flux decrease. ICP reduces water flux through
the membrane significantly, and it has been one of the main issues
of the FO process [14-17].

The FO membrane intrinsic properties could be expressed as
the water permeability (A), the salt permeability (B), and the mem-
brane structure (S) parameter [18]. Separation performance of each
FO membrane can be quantified with these parameters. Especially,
the S parameter is determined by the membrane porous support
layer thickness, the porosity, and the tortuosity [16,18-20]. When
the membrane porous support layer thickness and tortuosity be-
come larger and the porosity becomes smaller, the S parameter
becomes larger. Since a large S parameter causes significant ICP in
FO membrane, the effective osmotic pressure difference is reduced
extremely compared to FO membrane with small S parameter [21-
25]. Therefore, to quantify the water flux in FO process, it is very
important to know not only A, B parameters but also S parame-
ter in FO membrane as precisely as possible.

To operate a membrane process, membranes must be loaded into
membrane modules. Flat sheet (FS) membrane modules have been
used for laboratory-scale operations [1]. The active rejection area
of an FS module is approximately below 0.01 m’. Since the struc-
ture of an FS module is very simple, it is suitable for a study of the
characteristics of the membrane itself. Spiral wound (SW) mem-
brane modules have been used for large-scale operations [1]. The
active rejection area of SW module is approximately 3-8 m* [26,27].
SW module is suitable for a study of the whole membrane process
combining subsequent processes such as the recovery and recon-
centration of draw solution and also a study of its optimization [1,
27]. A majority of previous studies for FO membrane have been
conducted with FS modules [4,16,28-30]. Several researches for FO
membrane in SW modules have also been done recently to investi-
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gate the actual performance of water flux in industrial scale [26,27,
31,32]. The difference of water flux between FS and SW modules has
been compared in these researches. However, the quantification of
ICP effect in both FO membrane modules has not been investi-
gated. The water flux values and the ICP effects even with the same
FO membranes can be totally different in accordance with the vari-
ous complex factors when different types of membrane modules
are applied to membranes. Therefore, the analysis and compari-
son should be conducted at different types of membrane modules.

We investigated the magnitude of the ICP in the FO membrane
by experiments with commercially available SW and FS modules,
and a simulation model for estimation of the water flux in the FO
SW module was developed. The experimental results in the FO
SW module were examined with the simulation results from the
newly estimated structure parameter. The estimated structure param-
eter describes the magnitude of the ICP in the FO SW membrane
module. The estimated structure parameter and the developed
model were verified by the experimental data from different draw
solutions (Na,SO, and Na,HPO,). In addition, it was demonstrated
why the structure parameter is changed in the FO SW module com-
paring to the FO FS module.
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MATERIALS AND METHODS

1. FO Spiral Wound Membrane Module

SW4040MS FO membrane module (Hydration Technology
Innovations, U.S.) was used for the FO experiments and the mem-
brane was made of cellulose triacetate (CTA). The FO SW mem-
brane module was loaded onto Champ 4040 tubular pressure vessel
(AXEON water technologies, U.S.). The vessel was made of poly-
vinyl chloride (PVC), and had four ports at two inlets and two out-
lets. Even though the FO SW membrane module was designed by
referring to reverse osmosis (RO) SW membrane module, the de-
tailed design is quite different. Fig. 1 shows schematic representa-
tions and cross-sectional views of each FO and RO SW membrane
module for comparison. Since the FO process requires two inlet
solutions (feed and draw solutions), the design of the FO SW mem-
brane module should be considered for FO membrane to be placed
between feed and draw solutions as much as possible in the SW
module. Thus, the flow path of one inlet solution was designed for
bypassing the inside membrane envelope with centered glue line.
On the other hand, the other inlet solution is pumped into the
outer space between membrane envelope to face the bypassing inlet
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Fig. 1. (a) A schematic representation of RO spiral wound module with feed solution. Spacers are positioned both inside and outside of the
membrane envelopes. (b) A cross-sectional view of the RO membrane envelope. The active rejection layer faces the feed solution on
the outside of the membrane envelope. (c) A schematic representation of FO spiral wound module with feed and draw solution in
counter-current. (d) A cross-sectional view of the FO membrane envelope. The active rejection layer faces to the feed solution on the
outside of the membrane envelope and the porous support layer faces the draw solution on the inside of the membrane envelope (AL-

ES mode).
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solution inside the membrane envelope across the FO membrane.
However, the packing density of the FO SW module is significantly
reduced due to its complex constitution. It causes a reduction of
active rejection area in FO SW module compared to RO SW mod-
ule. The active rejection area of FO SW module is 3.2 m” and that
of RO SW module is 7.4 m* [27]. FO SW module can be operated
with two different types of membrane orientations, AL-FS mode
and AL-DS mode. These operation modes can be changed by
which solution is fed into the inlet central tube line described in
Fig. 1. In this module, when draw solution is fed into the inlet cen-
tral tube line, and feed solution into the spacers between rolled
membrane envelope, this type of module operation is referred to
as AL-FS mode.
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Fig. 2. (a) A schematic representation of the FO flat sheet module
with feed and draw solution. Spacers are positioned on the
active rejection layer and the porous support layer of the
membrane. (b) A cross-sectional view of the FO flat sheet
module. The active rejection layer faces the feed solution
(AL-FS mode).
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2. FO Flat Sheet Membrane Module

An FO FS membrane module manufactured of acrylic panels
was used for the FO experiments and the FO membrane was made
of CTA, which is the same material as the FO SW module. Fig. 2
shows an illustration and flow path of feed and draw solution in
the membrane module. Like the FO SW module, the flat sheet FO
module has two operating modes (AL-FS and AL-DS). Fig. 2 shows
a schematic diagram and a cross-sectional view of the flat sheet
FO membrane module. The active rejection area of the FO mem-
brane is 9 cm’.
3. Chemicals

Sodium chloride (NaCl, 99%; Daejung chemicals, Korea) was
used for feed and draw solute to investigate water flux performance
through the membrane according to operating modes (AL-FS and
AL-DS) in the FO SW module. Disodium phosphate (Na,HPO,,
99%; Daejung chemicals, Korea) and sodium sulfate (Na,SO,, 99%;
Daejung chemicals, Korea) were used as draw solutes and NaCl was
the feed solute to examine water flux performance through the
membrane according to different draw solutes in FO SW and FO
FS modules, respectively.
4. Experimental Set-up

Fig. 3(a) and (b) show schematic diagrams of FO SW and FO
FS experimental system, respectively. To measure operating vari-
ables such as flow rate, pressure, conductivity, and temperature in
the FO SW module experimental system, some measuring devices
such as flow rate sensors (2536 Roter-X paddlewheel; Signet, US.),
pressure sensors (12780449 A-10; WIKA, Germany), conductivity
sensors (3-2822-1; Signet, US.), and temperature transmitters (TSG;
Sensys, Korea) were installed in the pipelines and tanks. Circula-
tion pumps (MX-1350-MH; CHEONSEI, Korea) were used. Indi-
cators such as flow rate indicators (8550; Signet, US.), pressure
indicators (HD-1200-N; HYUNDALI power system, Korea), and
conductivity indicators (8860; Signet, US.) display the measured
variables in real time. The data from the indicators were gathered
to the data acquisition hardware (Labjack U12; ezDAQ, Korea).
The data acquisition hardware was connected to a programing tool
(LabVIEW; National Instruments, US.) in a computer, and the
programing tool could save and organize the data. Feed and draw
solution were recirculated to each tank consistently.
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Fig. 3. Schematic diagram of FO experimental system (a) with FO SW module, (b) with FO FS module.
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In the FO FS module experimental system, circulation pumps
(Masterflex L/S; Cole-Parmer Instrument Company, US.) were
used. The mass water flux measured from balances (Ranger 7000;
OHAUS, US.) were collected using programing tools (Balance talk;
OHAUS, US.) into computers. Temperatures of solutions in each
tank were controlled by the jacketed temperature control system
with circulators (Lab Companion RW-0525G; Jeio Tech, Korea).

5. Experimental Procedure

Circulation pumps were used for consistent circulation of feed
and draw solutions in both FO SW and FO FS modules. The oper-
ating pressure was fixed at 1-1.1 bar. The flow rates of feed and
draw solutions at the inlet and outlet of the FO SW and FO FS mod-
ules were 18.2-184 and 8.2-8.4 L/min, and 100 mL/min, respec-
tively. Since the draw solution enters the central tube of the FO SW
module and then flows through in the membrane envelope, the
flow of the draw solution should overcome more flow resistance
than that of the feed solution. Therefore, the flow rate of the draw
solution in the FO SW module was set to become smaller than
feed flow rate [27]. The operating time was 25 minutes for the FO
SW module and 30 minutes for the FO FS module. To examine
the effect of operating mode (AL-FS and AL-DS), NaCl with de-
ionized (DI) water was used as draw and feed solution in both FO
SW and FO FS module. The concentrations of draw solutions were
061, 0.71, 0.81, 1.01, and 1.21 mol/L and feed solution were 0, 0.1,
0.2, 0.4, and 0.6 mol/L. The concentration difference between feed
and draw solution was fixed as 0.61 mol/L for investigating how
much the magnitude of concentration polarization would be influ-
enced by the concentrations of draw and feed solutions. The oper-
ating temperature was 20-21 °C. In addition, to examine the effect
of other draw solutions, Na,SO,, and Na,HPO, with DI water were
used as draw solutions, and NaCl with DI water was used as feed
solution in both FO SW and FO FS module. The draw solutes
were selected for suitable candidates of hybrid FO, crystallization,
and RO hybrid system. The concentration of draw solutions was
the saturated solubility of each Na,SO, and Na,HPO, solution at
30 °C, which was 2.46 and 1.27 mol/L, respectively. The concentra-
tion of feed solution was 0.61 mol/L, which was selected to mimic
the concentration of seawater. The operating temperature was 30-
31°C.

The water flux in the FO SW module was determined by mea-
suring the draw flow rate at the inlet and outlet of the FO SW mod-
ule and the level difference of the feed and draw solutions in each
tank between before and after operation. The water flux in the FO
FS module was determined by measuring the weight of feed or
draw solutions in each tank. The salt flux in the FO SW and FO
FS modules was measured from the conductivity of feed and draw
solutions in each solution tank. A portable conductivity meter
(YK-2005WA; Lutron Electronic Enterprise, Taiwan) was used in
the FO FS module; a conductivity sensor in each tank was used in
the FO SW module.

6. Modeling

The water and salt flux through the membrane in the typical FO
process can be described as the proportionality of the difference in
osmotic pressures between feed and draw solutions as follows [33]:

J,=A(A7—AP) 1)

]FB(CD_ CF) (2)

where ], is the water flux, J; is the salt flux, A is the difference in

bulk solution osmotic pressures, AP is the difference in applied pres-

sures, Cp, and C; are the concentration of draw and feed solution,

and A, B are the water and salt permeability; respectively. The osmotic

pressure can be expressed as the modified van't Hoff equation:
CRT
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e 3
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where N,,, is the ionization number in the water, R is the gas con-
stant, C is the concentration of solute, T is the temperature, and
M, is the molecular weight.

Concentration polarization should be considered in membrane
process modeling since it is the main reason for decrease in effec-
tive osmotic pressure difference across the membrane compared to
the bulk osmotic pressure difference. There are two types of con-
centration polarization, external concentration polarization (ECP)
and ICP. The ECP can be expressed as [33]

k:S}é ~hD ©
Sh=1.85(Resc51L—th'33 (laminar flow) @)
Sh=0.04Re*”’Sc** (turbulent flow) (8)

where 7 is the osmotic pressure, subscript F and B is the feed and
draw solution, subscript m and b is the membrane surface and bulk
solution, respectively, k is the mass transfer resistance, Sh is the
Sherwood number, D is the diffusivity, d,, is the hydraulic diame-
ter, Re is the Reynolds number, L is the length of the channel, and
Sc is the Schmidt number. The ICP can be also modeled as fol-
lows [33]:

 Crn=Cpuexp(-K-],)

(P

Cp n=Cp (AL-FS mode) )

, m

CF, -C o CD,m_CF, hexp(K'Iw)

m=Cp,m B (AL-DS mode) (10)
1+(K)[expa<-1w)—1]
(tr_s

"De D (1)

where K is the salt resistivity to diffusion inside the porous support
layer, S is the structure parameter, t, 7, and ¢ are the thickness, tor-
tuosity; and porosity of the porous support layer, respectively.

For calculating water flux, the difference of effective osmotic pres-
sure, which is described as the difference between 7, and 7,
should be estimated. However, water flux should be necessary to
calculate Cg,, and Cp, ,,, in Egs. (9) and (10). It means that the equa-
tions in the models are implicit, so the models should be solved
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iteratively and numerically. In this study, one-dimensional mass
balance equations were solved with an iterative procedure for ICP
and ECP equations simultaneously until satisfying the tolerance.
The mass balance equations of the FO process can be derived as
follows [34]:

gc%:—nll—[;nlw 5

where u is the linear velocity and H is the channel height.
7. Parameter Estimation

We assumed the SW module can be modelled as large flat-sheet
membrane module. Since the membrane material is CTA in both
the FO SW and FO FS modules, the water permeability and salt
permeability can be assumed as the same in both modules. Thus,
the only influenced parameter according to the type of membrane
module is the structure parameter. The membrane parameters
such as A, B and S were already obtained from the reference [35].
From the S parameter in the reference, the new S parameter, which
is appropriate to the FO SW module, was found by using parame-
ter estimation with the experimental data from the FO SW mod-
ule. The parameter estimation was carried out by using the built-
in function “fminsearch” in MATLAB. The objective function was
to minimize root mean square error between the experimental data
and simulation results.

RESULTS AND DISCUSSION

1. Comparison of Water Flux in the FO SW and FO FS Modules

The water flux in the FO SW and FS modules was measured,
respectively, as shown in Fig. 4. Fig. 4(a) shows the water flux val-
ues in the FO SW and FS modules at 0 mol/L (feed concentra-
tion) and 0.61 mol/L (draw concentration) as changing operating
modes, and Fig. 4(b) at the conditions of 0.6 mol/L (feed concen-
tration) and 1.21 mol/L (draw concentration). The feed and draw
concentrations were designed to investigate how much the effect
of concentration polarization would be severe as increasing the
concentration of the feed and draw solutions while maintaining the
bulk osmotic pressure difference. The water flux values in the FO
SW module were always smaller than the FS FO module. Espe-
cially, the water flux in AL-DS mode in the FO SW module was
significantly decreased from 8.464 L/m’h to 3.093 L/m’h with in-
creasing the feed and draw concentrations, even though compared
to any other results such as the flux in AL-FS mode and all of the
results in the FO FS module. As increasing the feed and draw con-
centrations, the magnitudes of ECP and ICP increased, so the water
flux was reduced. However, the reduction ratio in the FO SW mod-
ule was higher than that in the FO FS module. It reveals that the
magnitude of concentration polarization in the FO SW module

March, 2017
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Fig. 4. (a) The water flux values from experimental results in the FO
SW and FS modules at 0 M (feed concentration) and 0.61 M
(draw concentration) as changing operating modes at 20-
21 °C. (b) The water flux values from experimental results in
the FO SW and FS modules at 0.6 M (feed concentration) and
1.21 M (draw concentration) as changing operating modes
at 20-21 °C.

was much more severe than that in the FO FS module. It was also
confirmed from the water flux in AL-DS mode. There was no ICP
effect on the feed side in AL-DS mode when the feed concentra-
tion was 0M in AL-DS mode, which is attributed to no concen-
tration in the feed solution. When increasing the feed concentration
from 0 mol/L to 0.6 mol/L, a significant reduction of water flux ap-
peared due to the appearance of ICP on feed side. However, com-
paring the results in the FO SW and FO FS modules, the reduc-
tion of water flux in the FO SW module was considerably higher.
From these results, it is concluded that the concentration polariza-
tion, especially ICP, highly occurred in the FO SW module than
in the FO FS module. In addition, Table 1 shows the list of the
water flux values from experimental results of the same FO SW
module from other previous studies for comparison with the results
in this study [26,27,32]. The water flux values from the experimen-
tal results of this study are comparable with the references. And,
Table 2 shows the list of the water flux values from experimental
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Table 1. The list of the water flux values from experimental results in the FO SW module with draw solution (NaCl) and feed solution (DI
water) in operating modes (AL-FS and AL-DS) from other references

) Concentration (mol/L) Water flux Temperature
Operating mode - - - 2 o References
Draw solution (NaCl solution) Feed solution (DI water) (L/m’h) O
0.23 4.2
0.44 7.1
2 2

0.66 0 9.3 0 (27]
0.85 10.9
0.5 4.7

0 20 26

AL-FS 1.1 8.2 [26]

0.1 1.7
03 3.6

0 22-24 [32]
0.5 58
0.8 64
0.61 0 5.16675 20-21 In this study
0.1 2.1
0.3 4.6

0 22-24 32

AL-DS 0.5 6.2 [32]

0.8 8
0.61 0 8.46451 20-21 In this study

results of the same FO FS module from other previous studies,
which are also comparable with our experimental data [16,29,35,36].
2. Parameter Estimation for the FO SW Model

Since the ICP effect in the FO SW module appears much higher
than in the FO FS module, the previously reported FO membrane
parameters from CTA membrane do not match with the FO SW
module, even though the membrane material of the FO SW mod-
ule is same as that of the FO FS module. As described in the pre-

vious section, the model for the FO SW module was developed as
a large FS module, which has only different structure parameter
from the FO FS module. To describe various conditions of feed
and draw solution concentrations and to maintain the bulk osmotic
pressure difference, the experimental conditions were designed as
changing the feed concentration from 0 to 0.6 mol/L while main-
taining the difference of concentration between draw solution and
feed solution at the value of 0.61 mol/L.

Table 2. The list of the water flux values from experimental results in the FO FS module with draw solution (NaCl) and feed solution (DI
water) in operating modes (AL-FS and AL-DS) from other references

. Concentration (mol/L) Water flux Temperature
Operating mode 5 o References
Draw solution (NaCl solution) Feed solution (DI water) (L/m’h) (°O)
0.25 5.6
0.75 11.1
1.5 16.9
. 22-24 16

2 001 20.2 (1]
3 229
55 30
0.25 5
0.5 6.2

AL-FS 0.7 7.5
0.9 0 8.6 18 [29]
1 94
1.5 11.2
525 17
05 0 7.8 25 [35]
1.5 0 8.1 20 [36]
0.61 0 9.273 20 In this study
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Table 2. Continued

Concentration (mol/L) Water flux Temperature
Operating mode ) o References
Draw solution (NaCl solution) Feed solution (DI water) (L/m’h) (O
0.25 8.1
0.5 17
0.75 21
! 0.01 28.2 22-24 [16]
1.5 ' 34.2
ALDS 2 433
3 48.3
4 55.7
05 134 25 (35]
15 15.5 20 [36]
0.61 11.42 20 In this study
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Fig. 5. (a) The water flux values from experimental results in the FO
SW module and simulation results with the S parameter (4.20
%10 m) as changing operating modes at 20-21 °C. (b) The
water flux values from experimental results in the FO SW
module and simulation results with the S parameter (9.1325x
10"* m) with changing operating modes at 20-21 °C.

March, 2017

as previously reported [35], the parameters do not represent the
flux behavior in the FO SW module appropriately. One of the rea-
sons why full-scale module shows less water flux than lab-scale is
that the full-scale membrane module would experience a reduc-
tion of driving force within the module itself because of the large
amount of water permeation [36]. Even considering the driving
force reduction in the simulation, the mismatch between experi-
mental data and simulation results cannot be explained, as shown
in Fig. 5(a). However, with changing membrane structure parame-
ter as well as full-scale simulation, the experimental results could
be appropriately described by a simulation approach. From param-
eter estimation, 9.1325x10* m was obtained as a structure param-
eter of the FO SW module. As shown in Fig. 5(b), the behavior of
water flux in the FO SW module is represented by simulation quite
appropriately, regardless of the concentrations and operating modes.
It can be concluded that the model for the FO SW module can be
easily formulated by just changing the structure parameter from
the model for the FO FS module. Since a rigorous simulation for
the FO SW module is quite difficult and requires very long com-
putational time [33], this simple approach for the model of the FO
SW module could be utilized effectively.
3. Validation of the FO SW Model from Different Draw Solutes
To validate the developed FO SW model, the water flux was meas-
ured by changing draw solutes, which were selected as draw solute
candidates for operating hybrid FO, crystallization and RO pro-
cess reported in our previous study [3]. The selected draw solutes
were sodium sulfate (Na,SO,), and disodium phosphate (Na,HPO,),
and were mixed with DI water. The test conditions of water flux
measurement were the saturated concentrations of draw solutions
of each draw solute (2.45 mol/L for Na,SO, and 1.27 mol/L for
Na,HPO,) and seawater concentration of feed solution (0.61 mol/
L for NaCl). The temperature in each solution and experimental
equipment was fixed at 30 °C. As the solubility of draw solutions is
quite high and the ionization number is 3, the assumption that draw
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Fig. 6. (a) The water flux values from experimental results in the FO SW and FS modules with the saturated draw solutions at 30 °C. (b) The
water flux values from experimental results in the FO SW module and simulation results with the S parameter (4.20x10™* m) with the
saturated draw solutions at 30 °C. (c) The water flux values from experimental results in the FO SW module and simulation results
with the S parameter (9.1325x10* m) with the saturated draw solutions at 30 °C.

solutes were completely ionized in water would not be satisfied. In
this study, the ionization numbers at each saturated draw solution
were obtained from experiment with the FO FS module. The ion-
ization number was determined as 2.3 in both sodium sulfate and
disodium phosphate.

Fig. 6(a) shows the water flux values from experimental results
in the FO SW and FS modules with each draw solution with satu-
ration concentration at 30 °C. As in the previous section, the water

flux values in the FO SW module were smaller than the FO FS mod-
ule. The simulation results with membrane parameters of the FO
FS module are shown in Fig. 6(b). The water flux from simulation
with the FO FS module membrane parameters was overestimated
compared to the experimental values. However, the simulation re-
sults with the FO SW module membrane parameters obtained from
previous section estimate much accurate water flux as displayed in
Fig. 6(c). The results imply that the developed FS SW model and

Table 3. The list of the water flux values from experimental results of the same FO SW module with different draw and feed solutions in AL-

FS mode from other references

Operating mode Concentration (mol/L) . Water Zﬂux Temlzerature References
Draw solution Feed solution (L/m’h) O
Nhco, Gapmon gy MM 08 . 27
AL-FS ﬁggz E(l)i ﬁ; DI water (0 M) Z:;L 20 [26]
EZSHCI);‘O(?'(?;;/II)VD NaCl (0.61 M) ;;T 30-31 In this study
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Table 4. The list of the water flux values from experimental results of the same FO FS module with different draw and feed solutions in AL-

FS mode from other references

Operating mode Concentration (mol/L) Water flux Temperature References
P s Draw solution Feed solution (L/m’h) (O
NH,HCO; (6 M) NaCl (0.5 M) 229 50 [4]
MgCl, (0.15 M) 35
MgCl, (0.4 M) 49
MgCl, (0.6 M) 55
DI M 1 2
AL-FS MgCl (0.8 M) water (0 M) 6.1 8 29
MgCl, (09 M) 7
MgCl, (1.4 M) 7.6
Na,S0, (2.46 M) 17.44057 ,
Na,HPO, (127 M) NaCl (0.61 M) 51053 30 In this study

(a) (b)
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Fig.7. (a) A cross-sectional view of the spiral wound membrane module loaded into a tubular vessel. (b) An expanded cross-sectional view

of the membrane envelope.

estimated parameters could be applied even to other draw solu-
tions. Tables 3 and 4 show the list of the water flux values from ex-
perimental results of the same FO SW and FO FS modules with
different draw and feed solutions in AL-FS mode from other ref-
erences [4,26,27,29]. The experimental results in this study are com-
parable to the other references.
4. Discussion about Changing Structure Parameter in the FO
SW Module

Fig. 7(a) shows a cross-sectional view of the rolled FO SW mem-
brane module loaded into a tubular vessel, and Fig. 7(b) shows an
expanded cross-sectional view of the membrane envelope. To in-
crease packing density of the SW module, the membrane enve-
lopes are rolled around the central tube and loaded into the tubu-
lar vessels. This kind of structure is very effective for enhancing
space utilization in full scale operation, but it is not suitable to the
FO process. Thats because the structure of the rolled membranes
has different shape with the structure of flat membranes. As the
membrane is bent in the SW module, the membrane support
layer is shrunk and pressed as shown in Fig. 7. The inner pores of
the membrane, especially in the porous support layer, are pressed
and closed, and the membrane porous support layer thickness can
be thicker as compared with the membrane support layer when
the membrane was stretched out. In addition, since the membrane

March, 2017

has more curves than before, the tortuosity related to the length of
the curves becomes larger. Therefore, when the membrane is rolled,
the membrane structure parameter value becomes larger, and the
larger structure parameter also causes a reduction of the water
flux. That's why the effect of the ICP appears high in the SW module
compared to the FS module.

Even though the water flux reduction in the FO SW module
can be explained by changing structure parameter, it is not the only
reason for this phenomenon. Due to the complex structure in the
FO SW module, the flow line in membrane envelopes is not sim-
ple. Thus, the FO SW module should be modelled by a very com-
plex discretization procedure [33], or simulated by computation fluid
dynamics (CFD) program with concerning the structure parame-
ter change as well. However, this kind of approach is so complex
that it cannot be easily implemented to estimate water flux in the
FO SW module. In this study, all the effects which are attributed
to the reduction of the water flux would be lumped into the esti-
mated structure parameter. Although this kind of the lumped param-
eter approach does not estimate the water flux in the FO SW module
based on the detailed simulation of all the effect, it could be suc-
cessfully applied into the FO SW module for estimation of water
flux with the satisfied accuracy. Moreover, the experimental results
also revealed that the SW module is not suitable for the FO pro-
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cess. Thus, a full scale module for the FO process should be de-
signed with the direction not to bend the membrane, for exam-
ple, plate and frame module.

CONCLUSIONS

The magnitude of internal concentration polarization in the FO
SW membrane module was analyzed. Experiments in the FO SW
membrane module and FO FS membrane module were conducted
as changing operating modes and draw solutions. Experimental
results were estimated by simulation results from the FO flux model.
The water flux values in the FO SW module were smaller than
the FS FO module from experimental results, regardless of the
same and different feed and draw solutions. Even though the driv-
ing force reduction within the FO SW module was considered in
the simulation, the water flux in the FO SW module could not be
estimated. However, just by estimating new structure parameter
(9.1325x10 " m), all of the experimental data even with different
draw solution (Na,SO, and Na,HPO,) can be successfully esti-
mated by the simple 1-D simulation approach. Since the structure
parameter is affected by the porous support layer thickness, the
tortuosity; and the porosity of the membrane, it can be concluded
that the structure of the support layer would be changed as mak-
ing the FO SW module. In the SW module, membrane envelopes
are rolled around the central tube line, and the membrane sup-
port layer is bent. The flection causes the membrane porous sup-
port layer thickness to become larger, and the membrane porosity
becomes smaller, which is attributed to the increase of the struc-
ture parameter. However, the membrane in the FS module is kept
flat, so it does not seem to affect the support layer thickness, the
tortuosity; and the porosity of the membrane. Therefore, to oper-
ate the FO process effectively, the FO membrane should not be
bent like the SW module. Furthermore, a plate and frame module
is recommended for the FO process since the module has higher
active layer area compared to the SW module, and the larger capac-
ity can be handled.
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