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a b s t r a c t
The two different types (flat sheet and spiral wound) of commercial forward osmosis (FO) elements 
with thin film composite membrane were tested to understand the effects of concentrations and cross-
flow velocities of feed solution (FS) and draw solution (DS) on the performance of the element. An FO 
element tester was customized for reliable measurements of water flux and reverse solute flux during 
operation time when the concentration difference between DS and FS was decreased. The test results 
reveal that: (1) the water flux and reverse solute flux increases at higher concentration differences 
between FS and DS, (2) the higher crossflow velocity increases water flux by decreasing the effects 
of external concentration polarization, (3) the pressure differential between the inlet and the outlet of 
the FO element increases at higher crossflow velocities, which may limit the crossflow velocity in a 
full-scale FO design, (4) the flat sheet element exhibits up to 25 LMH of water flux comparable to the 
water flux (30–35 LMH) in the coupon tests, and (5) the spiral wound FO element shows a peculiar flux 
pattern in which the increasing rate of water flux becomes retarded when water flux exceeds a critical 
value maybe because the DS channel in the FO membrane envelop may not allow a flow rate higher 
than a critical value due to complexity in the DS flow direction. 
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1. Introduction

Forward osmosis (FO) process, as a desalination method, 
has been studied intensively in the last decade [1–4]. FO uses 
osmotic pressure for filtration instead of using mechanical 
pressure like reverse osmosis (RO) does. Due to its low pres-
sure characteristics, FO is more advantageous than RO in 
terms of energy consumption and low fouling [4–9]. Recently, 
FO applications cover not only seawater desalination but also 
wider areas such as wastewater treatment, food processing, 
microalgae harvesting, and so forth [10–14]. 

Most of the published papers about the FO process 
focused on the water and salt transfer mechanisms through 
the FO membrane. The internal and external concentration 

polarizations (ECP) are key parameters determining the per-
formance of the FO membrane [2,4,15–20]. However, these 
results were based upon the lab-scale experiments using 
small-sized coupons of FO membranes. In the real-scale appli-
cation, FO membrane elements (or modules) should be used 
instead of the coupons. Since the FO element has much wider 
membrane areas than the coupon, the filtration behaviors 
should be different according to the spatial positions in the 
element. The feed solution (FS) becomes concentrated and the 
draw solution (DS) is diluted as they flow inside the FO ele-
ment. Thus, the coupon-based FO membrane characteristics 
cannot directly interpret the performance of the FO elements. 

The modeling approaches for the FO elements make it 
possible to account for the spatial variations of the filtration 
characteristics [13,14,21]. By modeling the concentrated FS 
and the diluted DS with the consideration of the channel shape 
inside the FO element, the overall filtration performance 
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(i.e., the average water and solute flux) of the element can be 
predicted. However, most of these model-based studies were 
not applicable to a full-scale FO process design by themselves 
because some of them are not verified experimentally and 
some of them need the model parameter estimation proce-
dure using the actual FO element tests [21,22]. Thus, the FO 
element tests are essential to design a full-scale process and 
it is very important to experimentally analyze the character-
istics of FO elements.

There are several studies dealing with the FO element 
tests [10,21–24]. Attarde et al. [21,22] tested a commercial spi-
ral wound element (HTI, Albany, USA) and used the experi-
mental results to estimate the modeling parameter. Lotfi et al. 
[10] tested a self-developed thin film composite hollow fiber 
element using fertilizer as DS. Shibuya et al. [24] carried 
out the FO element test using a commercial cellulose triace-
tate hollow fiber module (Toyobo, Japan) and compared the 
experimental results with the theoretical prediction. Kim et al. 
[23] tested a commercial spiral wound element (HTI, Albany, 
USA) with two different spacers. Most of the FO element tests 
mentioned above reported flux data <10 LMH with 1 M (or 
higher concentration) of DS concentration (NaCl), which does 
not help the full-scale FO application be promising. 

Recently, two commercial FO elements using thin film com-
posite membrane with high flux were developed. One is spiral 
wound type by Toray Chemical Korea Inc. (Gumi, Korea) and 
the other is flat sheet type by Porifera Inc (Hayward, CA, USA). 
In this work, the two FO elements were tested and the factors 
affecting the performance of the elements such as FS and DS 
concentrations, crossflow velocity were investigated. To the 
authors’ best knowledge, this paper is the first one to publish 
the performance of the two FO elements. 

2. Methods

2.1. FO elements

In this work, two FO elements were tested and named 
“A” and “B” for convenience. A schematic diagram of “A” ele-
ment is shown in Fig. 1(a) [24]. FS and DS channels are sepa-
rated by a flat membrane sheet. Each DS channel is separated 
by impermeable layer. The area of thin film composite FO 
membrane is 7 m2 and the dimensions of FS and DS channels 
are listed in Table 1. Pressure at any port in the “A” element 
must not exceed 1 bar and transmembrane pressure should 
be <0.2 bar. The flow directions of FS and DS are perpendic-
ular to each other.

“B” element is a spiral wound type as shown in Fig. 1(b). 
FS flows into the FS channel (like the feed channel in a spi-
ral wound RO element) and DS flows into the central tube 
first and then is introduced to the DS channel by several 
holes. Each membrane sheet is separated by the FS spacer 
and the sheets with the spacers are glued together as shown 
in Fig. 1(b) [23]. The area of thin film composite FO mem-
brane is 15.3 m2 and the dimensions of FS and DS channels 
are shown in Table 1. 

2.2. FO element test

In order to test the two FO elements, an FO element tester 
was setup as shown in Fig. 2. The two elements, “A” and “B” 

are installed in the tester and the element desired for test-
ing can be selected by valve control. FS and DS flow into the 
tested FO element and re-circulated to their own tanks, which 
results in concentrating FS and diluting DS during the test. 
The volume of each tank is 400 L. FS flow rate (Qf), concen-
trate flow rate (Qc), feed concentration (Cf), concentrate con-
centration (Cc), DS flow rate (Qd), and DS concentration (Cd) 
can be monitored in real time. Pressure gauges are located 
in front of each FO elements. Input flow rates to the element 
(Qf and Qd) are controlled by valves. The diluted DS flow rate 
(Qdd) and concentration (Cdd) can be calculated based on the 
mass balance inside the element using:
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Table 1
Dimensions of FS and DS channels for the FO elements [25]

FO element “A” “B”
FS DS FS DS

Thickness (cm) 0.071 0.038 0.081 0.162
Width (cm) 34.45 30.80 125.5 50.8
Void fraction (%) 60 95 60a 95a

The number of channels 34 66 12 12
Cross-sectional area (cm2) 49.98 73.57 73.19 93.81

aAssumed values.

 

 

Fig. 1. Schematic diagram of elements: (a) “A” element and (b) 
“B” element [23,25].
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The average water flux of FO element (Jw) is calculated by:

J
Q Q
Aw
f c

m

=
−

� (3)

where Am is total membrane area of the element. Reverse sol-
ute flux (Js) is calculated based on the mass balance inside the 
FS channel using:

J
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m

=
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Sodium chloride (NaCl) from industrial refined salt (OCI 
Co. Ltd., China) was used as draw solute and pure water was 
used as FS at the start of the FO element test. The pure water 
was produced by a bench-scale RO system with tap water 
as RO feed and a 4-inch seawater RO membrane (RE4040-
SHN, Toray Chemical Korea). Sodium bisulfite was added 

to the tap water to remove free chlorine and protect the RO 
membrane [26]. 

At the start for every test, DS and FS concentrations are 
set to 1 M as NaCl and 0 M, respectively. During the test DS 
is diluted and FS becomes concentrated, and thus the concen-
tration difference between DS and FS decreases with time, 
which makes it possible to investigate the effect of FS and DS 
concentration on the performance of FO elements. In order to 
see the effect of FS and DS crossflow velocities, various com-
binations of FS and DS flow rates were tested. 

3. Results and discussion

3.1. Basic analysis of FO element tests

In a general FO element test using FO element tester as 
shown in Fig. 2, DS is diluted and FS is concentrated during 
operation, which causes the decline of water and solute flux 
with time. Fig. 3 shows the results of a duplicate set of FO 
element tests using “A” element. The diluted DS and concen-
trated FS during the operation come from two reasons: (1) DS 
is diluted and FS is concentrated while passing through their 
own channels, and (2) the diluted DS and concentrated FS 
are returned to their own tanks after passing through the FO 
element. The first reason accounts for the difference between 
Cd (or Cf) and Cdd (or Cc) as shown in Figs. 3(a) and (b), and 
the second reason induces the decline of Cd (Fig. 3(a)) and the 
increase of Cf (Fig. 3(b)). The sudden increase of FS concen-
tration in Fig. 3(b) comes from sodium chloride spiked into 
the feed tank. As shown in Fig. 3(c), water flux decreases with 
time because FS is concentrated and DS is diluted (i.e., the 
difference between DS and FS concentrations decreases with 
operation time). The highest flux observed is 25 LMH at 1 M 
(as NaCl) of DS concentration, which is comparable with the 
flux (30–35 LMH) in the coupon test [25].

Fig. 3(d) shows reverse solute flux calculated using Eq. (4) 
during the test. Interestingly, the reverse solute flux data 
obtained after spiking NaCl into the feed tank are scattered 
in disorder. This is because the fluctuations of conductivity 
measurements exceed the actual reverse solute transfer rates 
when feedwater conductivity is higher than a critical value 
(e.g., ~200 µS/cm in this test). Below the critical feedwater 
conductivity (observed within 50 min of operation time in 
this test), the reverse solute flux couples with water flux and 
decreases with time because the difference between DS and 
FS concentrations decreases with operation time. This result 
provides one important tip when analyzing reverse solute 
flux: FS concentration should be near zero (or less than a crit-
ical value) to obtain reliable reverse solute flux data. 

3.2. Effect of concentration and crossflow velocity

Since the difference between DS and FS concentrations 
plays a major role to determine the water and solute flux 
of an FO element, it should be better if these flux data are 
expressed as a function of Cd – Cf. It is clearly seen that the 
water flux increases at larger Cd – Cf values as shown in 
Fig. 4(a). The water flux increases at the faster FS and DS 
crossflow velocities because of two possible reasons [13]: 
(1) the increased ECP resulted from the increased crossflow 
velocity leads to the increase in the actual osmotic pressure 

Fig. 2. Experimental setup for FO element: (a) flow diagram and 
(b) picture of the FO element tester.
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difference between DS and FS, and (2) the degrees of concen-
trated FS and diluted DS become smaller at higher crossflow 
rates of FS and DS, respectively (e.g., Cd – Cdd decreases at 
higher DS crossflow rates, and Cd – Cf differs from the actual 
difference between DS and FS). In order to minimize the 

effect of the second reason, it would be better if water flux is 
expressed as a function of the difference between the actual 
DS and FS concentrations in the FO element like:

DS FS concentration (actual) dd− =
+

−
+C C C C

d f c

2 2
� (5)

Therefore, the flux difference according to crossflow 
velocity in Fig. 4(b) should come from the ECP effect only. 
In Fig. 4(a), the average increase in water flux is 2.8 LMH 
as FS and DS crossflow velocities increase by 1.8 times (i.e., 
from the lowest to the highest values in Fig. 5(a)). The aver-
age increase in water flux in Fig. 3(b) is 2.5 LMH, which is 
regarded as pure effect of ECP and it covers almost 90% 
(@ 2.5/2.8) of total effects. 

In order to achieve the same water flux, the more concen-
trated DS is needed when DS and FS crossflow rates become 
smaller. By analyzing data in Fig. 4(a), 0.15 M (on average) of 
additional sodium chloride is needed to maintain the same 
water flux when FS and DS crossflow velocities are decreased by 
1.8 times (i.e., from the highest to the lowest values in Fig. 4(a)).

Fig. 4(c) shows the reverse solute flux as a function of 
Cd – Cf. In the case of the highest DS and FS crossflow veloc-
ities (5.21 and 7.67 cm/s, respectively), we were not able 
to access the reliable reverse solute flux data because the 
starting conductivity of FS exceeded 270 µS/cm at the test, 
which is higher value than the feedwater conductivity in the 
“meaningless” zone (<200 µS/cm) in other two cases. Again, 
it can be said that it is very important to control the staring 
feedwater conductivity to near zero in order to obtain reverse 
solute flux data. As shown in the two reliable data groups 
(i.e., 4.08 cm/s (DS) – 6.01 cm/s (FS) and 2.94 cm/s (DS) – 
4.34 cm/s (FS)) in Fig. 4(c), it is found that the reverse solute 
flux increases at higher Cd – Cf and crossflow velocity values 
like the water flux patterns as shown in Fig. 4(a) or (b).

Although higher crossflow velocity is beneficial to the 
performance of FO elements, it should be noticed that the 
pressure differential (ΔP, the pressure difference between 
inlet and outlet of the FO element) increases at higher cross-
flow velocities as shown in Fig. 4(d). Especially for the case 
of “A” element, the applied pressure is limited to 1 bar at any 
entry of the element so that special caution is needed. 

3.3. Comparison between two FO elements

Fig. 5(a) shows the comparison between “A” and “B” ele-
ments during the element test with 1.0 M NaCl solution as 
DS and pure water as FS. Both elements show the increase in 
water flux at larger Cd – Cf values. However, the increasing rate 
of water flux in the case of “B” element is evidently smaller 
than that in the case of “A” element. In the lower Cd – Cf val-
ues, “B” element shows better performance than “A” element 
in terms of water flux. For example, water flux (14.9 LMH) 
of “B” element at 0.40 M of Cd – Cf value is much higher than 
that (8.57 LMH) of “A” element at the same condition and the 
flux difference between the two elements becomes smaller 
at higher Cd – Cf values. Finally, water flux (18.82 LMH) of 
“B” element is outrun by that (20.57 LMH) of “A” element 
at 0.98 M of Cd – Cf value. The flux pattern of “B” element 
is quite strange when the flux data at 0.4 and 0.98 M of Cd 
– Cf values are compared (i.e., 14.9 LMH (0.40M) vs. 18.82 

Fig. 3. A full set of FO element test results (FS crossflow velocity 
= 6.01 cm/s, DS crossflow velocity = 4.08 cm/s, FO element = “A”, 
and temperature = 23°C): (a) DS concentration, (b) FS concentra-
tion, (c) water flux, and (d) reverse solute flux. 
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LMH (0.98M)). Water flux increases from 0 to 14.9 LMH as 
Cd – Cf value increases from 0 to 0.40 M, but it increases by 
additional 3.72 LMH as Cd – Cf value increases by 0.58 M (i.e., 
from 0.40 to 0.98 M). Experimental errors may be suspected. 
However, as shown in the duplicate testing results (Fig. 5(b)), 
the flux patterns of “A” and “B” elements in the second test 
are almost the same as those in the first test (Fig. 5(a)). In 
addition, the reverse solute flux data in Fig. 5(c) mean that 
there is no defect of FO membrane sheets in both “A” and “B” 
elements during the test. 

In the region where Cd – Cf value is smaller than 0.40 M 
in Fig. 5(b), the flux increasing pattern of “B” element is sim-
ilar to that of “A” element. This result implies that something 
weird happens in “B” element when Cd – Cf value is higher 
than 0.40 M (or, water flux is higher than 14 LMH). One prob-
able hypothesis for this weird performance of “B” element is 
that the DS channel in the FO membrane envelope may not 
allow a DS flow rate higher than a critical value due to the 
complexity in the DS flow direction as shown in Fig. 1(b). 
More tests should be carried out to clearly explain the pecu-
liar flux pattern observed in “B” element. 

4. Conclusions

This paper provides experimental results using two dif-
ferent types of commercial FO elements (flat sheet and spiral 
wound types) with thin film composite membrane. Effects of 
concentrations and crossflow velocities of FS and DS were 

investigated and a brief comparison between the two FO ele-
ments was carried out. The key findings are summarized as 
follows:

•	 The water flux and reverse solute flux increase at higher 
concentration differences between FS and DS. 

•	 The reverse solute flux cannot be obtained when feed 
conductivity is high enough to produce fluctuation in 
measurement. 

•	 The water flux and reverse solute flux increase at higher 
crossflow velocities mostly due to the smaller effects of 
ECP. The effect of concentrated FS and diluted DS during 
operation affect much less than ECP. In the case of the flat 
sheet module tested at 23°C, water flux increases by 2.8 
LMH if FS and DS crossflow velocities are increased by 
1.8 times, and 0.15 M of additional DS (NaCl) is needed 
to maintain the same water flux if FS and DS crossflow 
velocities are decreased by 1.8 times.

•	 The pressure differential between the inlet and the outlet 
of the FO element increases at higher crossflow velocities, 
which may limit the crossflow velocity in a full-scale FO 
design. 

•	 The flat sheet element exhibits up to 25 LMH of water 
flux with 1.0 M as NaCl of DS concentration, which is 
comparable with the water flux (30–35 LMH) in the cou-
pon tests.

•	 The spiral wound FO element exhibits a peculiar flux pat-
tern in which the increasing rate of water flux becomes 

Fig. 4. Effect of FS and DS crossflow velocity on the performance of “A” element at 23°C: (a) Jw vs. Cd – Cf, (b) Jw vs. DS–FS concentration 
(actual), (c) Js vs. Cd – Cf, and (d) ΔP vs. crossflow velocity (U).
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retarded when water flux exceeds a critical value (e.g., 
~14 LMH in the test presented in Fig. 5). The DS channel 
in the FO membrane envelop may not allow a flow rate 
higher than a critical value due to complexity in the DS 
flow direction. 

This work focused on the methodology to analyze a typ-
ical FO element test and provided some interesting findings 
discussed above. On the basis of the accomplishment of this 
work, a model-based approach to quantitatively characterize 
FO elements should be carried out in future works in order to 
design a full-scale FO system. 
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