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a b s t r a c t
An 8-inch commercial spiral wound forward osmosis (FO) module was tested to investigate the effect 
of transmembrane pressure on the performance of the FO membrane. A coupon taken from the FO 
module was tested in a lab-scale FO system to determine water and solute permeability of the mem-
brane. The positive transmembrane pressure enhances the water flux of the FO module, and interest-
ingly the amount of the flux enhancement exceeds the multiplication of the water permeability and the 
transmembrane pressure. This abnormal flux enhancement is caused by the shrunken draw solution 
(DS) channel height, which is clearly verified by the hydraulic tests in this work. The shrunken DS 
channel height makes the effect of external concentration polarization smaller, which should be one 
of the potent reasons for the additional flux enhancement. This finding suggests that an adequate 
transmembrane is effective to operate FO systems using spiral wound modules to extract better per-
formance of the modules.

Keywords: �Forward osmosis; Spiral wound module; Draw solution channel height; Water flux 
enhancement

1. Introduction

Recently forward osmosis (FO) process has been focused 
on as a desalination method [1–3]. Instead of using hydrau-
lic pressure like reverse osmosis (RO) does, FO uses osmotic 
pressure for filtration. Because of its low pressure character-
istics, FO has more advantages than RO in terms of energy 
consumption and low fouling [3–7]. Currently, FO applica-
tions cover not only seawater desalination but also wider 
since areas such as food processing, wastewater treatment, 
microalgae harvesting, and so on [8–13].

Most FO studies focused on the water and salt transfer 
mechanisms through the FO membrane [13–17]. However, 
these results were based on the lab-scale experiments using 
a small piece of the membrane sheet, which is called as a 

coupon. In a real scale FO process, FO modules should be 
adopted instead of coupons. Since the FO membrane area in 
the module is much larger than that in the coupon, the fil-
tration phenomenon should be complicated. The feed solu-
tion (FS) is concentrated and the draw solution (DS) becomes 
diluted as they flow through the FO module. Therefore, the 
FO membrane characteristics with lab-scale experiment can-
not directly indicate the performance of the FO modules.

Previous studies have been conducted to investigate fac-
tors affecting the performance of FO modules [13,18–23]. Lotfi 
et al. [13] tested with thin-film composite (TFC) hollow fiber 
module using fertilizer as DS. Kim et al. [19] tested a com-
mercial spiral wound FO module (HTI, Albany, USA) with 
two different type spacers. Attarde et al. [20,21] tested a com-
mercial spiral wound FO module (HTI, Albany, USA) and 
estimated the modeling results with using the experimental 
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results. Shibuya et al. [22] conducted the FO module test using 
a commercial cellulose triacetate (CTA) hollow fiber module 
(Toyobo, Japan) and compared the theoretical prediction with 
the experimental results. Kim et al. [23] tested two different 8′′ 
spiral wound FO modules: CTA (HTI, Albany, USA) and TFC 
(Toray Chemical Korea, Gumi, Korea).

In the spiral wound FO module, the FS flows in the 
FS channel between the enrolled layers, and the DS flows 
through the central tube into the inner side of the membrane 
enroll. Thus, flow patterns and flow resistance in the FS and 
DS channels should be different and influenced by charac-
teristic module design. Recently, some studies connecting 
operating conditions (e.g., flow rates and inlet pressures) to 
resulting performances (e.g., water flux, reverse solute flux, 
fouling, and cleaning efficiency) of spiral wound FO mod-
ules were introduced to improve the operability of recent 
spiral wound FO modules in real-scale application [18–26]. 
These studies are of critical importance for further FO pro-
cess development since the operation of spiral wound FO 
modules in plants is influenced by several factors such as 
the number of membrane leaves, FS and DS channel height, 
kind of spacers that influence mass transfer and pressure loss 
[26]. Unfortunately, these studies found that the water flux 
in the spiral wound FO module was much smaller than that 
observed in the coupon test.

In order to increase the low water flux in FO, a new FO 
concept named pressure-assisted osmosis (PAO) has been 
introduced [27–29]. In PAO, the applied pressure on the FS 
side of the membrane to improve the water flux through the 
effects of pressure and osmotic pressure [27–29]. By increas-
ing the hydraulic pressure, the water flux was considerably 
enhanced despite of higher ICP [30–31]. Oh et al. [32] sug-
gested the water flux in PAO when pure water is used as FS 
such as:

J A P J Kw D b w= + −( )∆ π , exp( )
� (1)

where A is the membrane water permeability, πD,b is the DS 
osmotic pressure, and K is the solute resistance to diffusion 
within the porous support layer. The water flux in PAO is 
the sum of two independent different flux components: an 
osmotic flux and a pressure-driven flux. As shown in Eq. (1), 
the increased water flux by the applied hydraulic pressure 
decreased the effective osmotic pressure due to enhanced 
ICP, which means that the amount of the flux enhancement 
by applying the hydraulic pressure, P, is supposed to be 
smaller than the multiplication of the membrane permeabil-
ity, A, and P. The model based on Eq. (1) shows a good agree-
ment with a well-controlled lab-scale FO test [32].

However, there have been few studies dealing with the 
mechanism of the flux enhancement by the positive trans-
membrane pressure (i.e., the pressure on the FS side is higher 
than that on the DS side.) in the module-scale study. Unlike 
the coupon-based experimental study, it is possible to inves-
tigate the effect of transmembrane pressure on the pressure 
differential of the membrane channel (i.e., the pressure dif-
ference between the inlet and outlet of the channel) in the 
module-size experimental study. The pressure differential 
can be an indicator for the change in the channel height. 
Therefore, this study focused on the effect of transmembrane 

pressure on the DS channel height and its relation to water 
flux enhancement in spiral wound FO module.

2. Methods

2.1. Lab-scale experiment

Lab-scale experiment was carried out to determine water 
and solute permeability (A and B) of the FO membrane. A 
TFC FO membrane coupon was taken from the FO8040 spiral 
wound module (Toray Chemical Korea, Inc). The lab-scale 
FO system is described in Fig. 1. The FO cells have two iden-
tical channels on both sides of the membrane for the FS and 
DS. The channel dimensions are 0.11 m in length, 0.06 m in 
width, and 0.001 m in height. Thus, the membrane surface 
area and cross-sectional area are 6.6 × 10−3 and 6.0 × 10−5 m2, 
respectively. Spacers were installed within both channels to 
enhance the support of the FO membrane as well as the sol-
ute mass transfer by causing turbulence.

Sodium chloride (NaCl) from industrial refined salt (OCI 
Co. Ltd., China) was used as DS. The water and reverse sol-
ute flux (Jw and Js) were measured during the lab-scale exper-
iment. Cross-flow velocities of FS and DS sides were set at 
0.25 m s–1 by the two identical gear pumps (longer pump 
WT3000-1FA). The FO experiment started with deionized 
water of the same temperature (18°C) on FS and DS sides. 
Then, the DS side is changed with the DS of the demanded 
salt concentration in the range of 0.25–1 M as NaCl. When 
a steady state was reached, permeate water flux (Jw) can be 
calculated by weighing DS.

The salt concentration in the FS was also measured in 
3 min intervals and the reverse solute flux (Js) was calculated 
from the change of salt concentration in the feed using the 
following equation:

J
C V J A t

A ts
f,t f w m

m

=
−( )0

� (2)

where t, Cf,t,Vf0, and Am are the elapsed filtration time, salt 
concentration in feed at time t, the initial volume of FS, and 
membrane area, respectively. The experimentally measured 
water and reverse solute flux were used to determine the 

 

Fig. 1. Schematic diagram of FO lab-scale tester.
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water and solute permeability of the tested FO membrane 
based on the methodology introduced in a recent literature 
published by our research group [17].

2.2. FO module experiment

For the FO flux test using the spiral wound module, FS 
and DS concentrations were initially set to 0 and 1 M as NaCl. 
The FS and DS flow rates, and transmembrane pressure were 
set to a desired value by controlling valves in the FO module 
test described in Fig. 2.

DS and FS flowed into the tested FO module and returned 
to their own tanks, which results in diluting DS and concen-
trating FS during the test. The volume of each tank is 400 L. FS 
flow rate (Qf), concentrate flow rate (Qc), feed concentration 
(Cf), concentrate concentration (Cc), DS flow rate (Qd), and 
DS concentration (Cd) can be observed in real time. Pressure 
gauges are located at the inlet and outlet of both channels. 
Input flow rates to the module (Qf and Qd) are adjusted by 
valves. The diluted DS flow rate (Qdd) and concentration (Cdd) 
can be calculated using equation based on the mass balance 
inside the module:

Q Q Q Qdd d f c= + −( )
� (3)

C
Q C Q C Q C

Qdd
d d f f c c

dd

=
+ −( )

�
(4)

The average water flux of FO module (Jw) is determined by:

J
Q Q
Aw
f c

m

=
−

�
(5)

where Am is total membrane surface area of the module. Js is 
calculated based on the mass balance inside the FS channel 
given as follows:

J
Q C Q C

As
c c f f

m

=
−( )

�
(6)

where we neglected the rejection rate of salts in FS by FO 
membrane and only considered the reverse solute flux from 

DS to FS because only one solute, sodium chloride is used in 
this work.

In order to investigate the relationship between the DS 
channel height and the transmembrane pressure, hydraulic 
tests were carried out with FO module tester. The hydraulic 
test started with pure water of the same temperature (18°C) 
on the FS and DS tanks. The pure water was provided by a 
bench-scale reverse osmosis (RO) system with tap water as 
RO feed and a 4-inch seawater RO membrane (RE4040-SHN, 
Toray Chemical Korea). Sodium bisulfite was used to the 
tap water to remove free chlorine from tap water to preserve 
the polyamide RO membrane. The hydraulic tests were per-
formed in various combinations of the FS and DS flow rates 
and transmembrane pressures. The inlet and outlet pres-
sures of the FS and DS channel were measured to calculate 
transmembrane pressure and pressure differential during 
the tests. The negative transmembrane was avoided because 
it can damage the glue line of the DS channel in the spiral 
wound FO module.

3. Results and discussion

3.1. FO membrane properties

Water and solute permeability (A and B) are two main 
properties of an FO membrane. As discussed in section 2, 
we determined A and B values by the FO method developed 
in our previous study [17]. For the FO method, an FO mem-
brane coupon of the spiral wound module was tested and 
both water and solute flux (Jw and Js) data were obtained. 
First, A is determined to minimize the errors between the 
experimental and modeling data for water flux as shown in 
Fig. 3(a). The determined value for A is 1.65 × 10–11 m s–1 Pa–1 
at 18°C. Once A is obtained, B is calculated using the relation-
ship between A and B, such as:

B J J R TAs w g= ( / )β
� (7)

where the value of Js/Jw can be calculated using water and 
solute flux obtained experimentally; β is the van’t Hoff 
coefficient (e.g., β = 2 for NaCl); Rg is the universal gas 
constant; and T is the absolute temperature [17]. Fig. 3(b) 
shows the experimental and modeling data for solute flux, 
where the modeling data were calculated by Eq. (7) using 
the determined B value (=4.26 × 10–7 m s–1). The experi-
mental solute flux matches the modeling value fairly well. 
The match between the experimental and modeling data 
shown in Fig. 3 means that the determined A and B val-
ues can express the FO membrane characteristics very 
well. The determined A value is used to analyse the effect 
of transmembrane pressure on the water flux of the spiral 
wound FO membrane module, which will be explained in 
section 3.2.

3.2. Effect of transmembrane pressure on water flux of the spiral 
wound FO module

Fig. 4(a) shows the water flux data of the spiral wound FO 
module as a function of DS concentration when transmem-
brane pressure exists or not. The water flux in the module 
is smaller than that observed in the coupon test as shown in Fig. 2. Schematic diagram of FO module tester.
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Figs. 3(a) and 4(a). In the module, the osmotic pressure dif-
ference between DS and FS decreases because DS and FS are 
diluted and concentrated, respectively. In addition, the effect 
of module shape on the DS and FS flow (e.g., dead-zone and 
uneven flow distribution) may prevent DS from drawing water 
out of FS.

As shown in Fig. 4(a), the operation with transmembrane 
pressures of 0.69–0.91 bar results in higher water flux than 
the FO operation without transmembrane pressure. The 
water flux difference ranges from 8.8 to 9.9 LMH. In both 
cases where transmembrane pressure is exerted or not, the 
water flux increases at higher DS concentrations because the 
osmotic pressure difference between DS and FS increases. In 
the case of zero transmembrane pressure, the duplicate mod-
ule tests were carried out to find out whether the experimen-
tal results were reproducible or not.

The most suspected reason for the water flux difference 
observed in Fig. 4(a) is the increased water flux by transmem-
brane pressure (i.e., AΔP), which is linearly proportional to 
the water permeability of FO membrane, A. Thus, it is com-
pared with the actual water flux difference (ΔJw) between the 
cases with and without transmembrane pressure as shown in 
Fig. 4(b). Interestingly, AΔP is smaller than ΔJw, which means 
that the increased water flux by transmembrane pressure 
(AΔP) is not enough to explain the reason why the exis-
tence of transmembrane pressure raises the water flux. What 

are  other possible reasons why the water flux is enhanced 
by transmembrane pressure in the spiral wound FO mod-
ule? If the transmembrane pressure is positive, the pressure 
in the FS side is higher than that in the DS side. Thus, there 
is a chance that the DS channel is compressed by the posi-
tive transmembrane pressure, which makes the DS channel 
height shrunken, which will be discussed in the next section.

3.3. Effect of transmembrane pressure on the DS channel height

In order to find out if the DS channel height in the spiral 
wound FO module is shrunken by the positive transmem-
brane pressure, we have collected the pressure differential 
data in the DS channel with various cross-flow velocities 
and transmembrane pressures. Fig. 5 shows the pressure dif-
ferential (ΔPd) in the DS channel as a function of the cross-
flow velocity (Ud,avg), which is the average of the inlet and 
outlet cross-flow velocity values in the DS channel. For the 
FO module experiments to obtain the results in Fig. 5, pure 
water was used to make FS and DS in order to avoid water 
flux by osmotic pressure difference between FS and DS. 
As shown in Fig. 5(a), the pressure differential data exhib-
its a scattered pattern over a second-order regression curve 

Fig. 3. The comparison between the experimental and modeling 
data: (a) water flux and (b) solute flux.

Fig. 4. Effect of transmembrane pressure on water flux in the 
spiral wound FO module: (a) water flux data as a function of DS 
concentration with/without transmembrane pressure, and (b) the 
comparison between water flux difference (=ΔJw) in (a) and pure 
water flux due to transmembrane pressure (AΔP).
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(R2 = 0.97). In Fig. 5(b), the ΔPd data were categorized into the 
three groups according to the transmembrane pressure range 
(e.g., ΔP = 0–0.9 bar, 1–1.9 bar, and 2–2.9 bar). As a result, 
the categorized ΔPd data are well arranged over the corre-
sponding second-order regression line, which means the 
transmembrane pressure (ΔP) should play an important role 
to determine pressure differential (ΔPd) in the DS channel.

Eq. (7) is a linear regression model for ΔPd with one 
independent variable, the square of the average cross-flow 
velocity in the DS channel (Ud ,avg

2 ) and the model equation is 
obtained using Microsoft Excel 2010:

∆P U Rd d= + =0 0192 0 0921 0 9522 2. . .,avg   ( ) � (8)

We can make a better regression model in terms of the 
coefficient of determination (R2) by introducing another inde-
pendent variable, the transmembrane pressure (ΔP) such as:

∆ ∆P U P Rd d= + + =0 0213 0 135 0 0458 0 9742 2. . . .,avg   ( )
� (9)

where the p value for ΔP is 1.41 × 10–6, which means the prob-
ability that the coefficient of ΔP becomes zero is extremely 
low, and thus ΔP should affect the change in ΔPd. In Eq. (8), 
the coefficient of ΔP is positive (e.g., 0.135), which means the 
positive transmembrane pressure causes the increase in ΔPd.

The higher the transmembrane pressure (ΔP) is, the 
higher pressure differential in the DS channel (ΔPd) becomes. 
This pattern is clearly described in Fig. 5(b) and in the pos-
itive coefficient of ΔP in Eq. (8) as well. The pressure differ-
ential in a closed channel changes when cross-flow velocity 
or channel dimension is changed. If the cross-flow rate, 
length, width, and friction factor of the DS channel are main-
tained constantly, the increase in the pressure differential 
can be explained by the decrease in the DS channel height. 
This hypothesis is well supported by the fact that the trans-
membrane pressure perpendicular to FO membrane sur-
face should not affect the changes in the friction factor, the 
width and length of the DS channel. If the DS channel height 
is shrunken by the positive transmembrane pressure, the 
abnormal flux increase observed in Fig. 4(b) (i.e., ΔJw > AΔP) 
can be related to the decreased external concentration polar-
ization (ECP) due to the increased cross-flow velocity by the 
shrunken DS channel height with the same cross-flow rate as 
explained in Fig. 6.

4. Conclusions

In this work, the effect of the transmembrane pressure 
on the DS channel height and water flux in spiral wound FO 
module was investigated. The increase in transmembrane 
pressure results in the flux enhancement of the FO module, 
and interestingly, it exceeds the expected flux enhancement 
calculated by the multiplication between the water perme-
ability and the transmembrane pressure. One of the potent 
reasons for this abnormal flux enhancement is the shrunken 
DS channel height due to the applied hydraulic pressure, 
which is clearly verified by the hydraulic tests using the FO 
module. The shrunken DS channel height makes the ECP 
effect smaller and the flux higher. Using this finding, it is sug-
gested to operate the real-scale FO system with an adequate 
transmembrane pressure to compensate the performance of 
the FO module in the system.
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Fig. 5. The pressure differential (ΔPd) in the DS channel as a 
function of the average cross-flow velocity (Ud,avg) in the channel 
(Exp. and Reg. mean experimental and the regression model 
data, respectively.).

Fig. 6. The conceptual schematic for the effect of positive 
transmembrane pressure on the permeate flux in the spiral 
wound FO module.
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