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a b s t r a c t
In order to investigate the effect of operating temperature on the reverse solute diffusion, the for-
ward osmosis-only model incorporating the surface charge on solute partitioning is developed to 
obtain the reverse solute flux as a function of operating temperature and draw solution concen-
tration using MATLAB. By comparing the calculated reverse solute flux for bulk draw solution 
concentrations at different operating temperatures, the range of the draw solution concentration at 
the support layer-active layer interface applicable to the constant surface charge density is found. 
The concentration beyond which the surface charge density is not constant, which is caused by 
the variety of the Debye length with the draw solution concentration, decreases with increasing 
operating temperature. The dilutive internal concentration polarization at 45°C is greater than that 
at 25°C due to the greater structural parameter and ratio of the structural parameter to diffusion 
coefficient at 45°C. The lower reverse solute flux at 45°C than that at 25°C is due to the fact that the 
ratio of the effective concentration between 25°C and 45°C outweighs that of the effective solute 
permeability coefficient.

Keywords:  Operating temperature; Reverse solute flux; Surface charge density; Concentration 
polarization

1. Introduction

Forward osmosis (FO) is a kind of membrane separa-
tion technology that utilizes natural osmotic pressure as 
a driving force to make water pass through the membrane 
[1–3]. Compared with large-scale commercialized mem-
brane technologies of reverse osmosis (RO) [4], nanofiltration 
[5], membrane distillation [6] and electrodialysis [7], FO is 
favored by the advantages of free of hydraulic pressure and 
ease of membrane cleaning [8]. FO has gained great atten-
tion in the industries of seawater desalination [9], wastewa-
ter recovery [10], osmotic membrane bioreactor [11], liquid 
food processing [12], etc. The complex reverse solute dif-
fusion transport phenomenon, which is inherently linked 
with the water flux (Jw) and membrane fouling, has received 

growing attention to obtain insight into developing an effi-
cient forward osmosis membrane [13–16].

Extensive research has been conducted on the concentra-
tion polarization and membrane characteristic parameters 
of FO membrane. The membrane characteristic parameters 
of the pure water permeability coefficient (A), solute perme-
ability coefficient (B) and structural parameter (S) [17,18], 
were mostly obtained by the RO-FO based test [19–22]. S was 
gained based on the measured A and B in the RO experi-
ment [23]. Dilutive internal concentration polarization (ICP) 
and external concentration polarization (ECP) were calcu-
lated in term of the experimental membrane characteristic 
parameters together with the physical properties and flow 
conditions of the solution [24,25]. The mechanical damage on 
the thin FO membrane, which is caused by the imposed high 
pressure in the RO experiment, resulted in underestimating 
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B and S [26,27]. The underestimation of B leads to under-
rating the reverse solute flux (Js) while the underestimation 
of S corresponds to underestimating ICP, leads to overrating 
Js. For low concentrations of the draw solution, the opposite 
effects of underestimating B and S on Js were counteracted. 
An increasing dilutive ICP and an unvarying B with an 
increasing concentration of the draw solution contribute to 
overrating Js.

A FO-only model was proposed to improve the accuracy 
of membrane characteristic parameters in the RO-FO based 
test [26,28–30]. Therein, Jw and Js for different draw solution 
concentrations in the FO experiment were nonlinearly fitted 
by the least-square method to obtain the membrane charac-
teristic parameters. As the mere effect of the operation tem-
perature (t) on membrane characteristic parameters were 
considered in the FO-only model, the ratio of B to A (B/A), 
which determines the ratio of Js to Jw (Js/Jw), is constant at con-
stant t. The FO-only model restricts to the constant condition 
where the coefficient of variation (CV) of the experimental 
Js/Jw is less than 10% [26]. The calculated Js was 20% lower 
than the experimental at 25°C for the non-constant condi-
tion where the CV of the experimental Js/Jw is greater than 
10% [31]. As the CV of Js/Jw decreases with increasing t [32], 
the FO-only model may be applicable at t below 25°C.

Directing at the above-mentioned non-constant condi-
tion, the electrostatic interactions between the membrane 
surface charge and draw solution solute were introduced 
to improve the accuracy of the calculated J in the FO-only 
model [31]. But the poorly calculated Js with its determina-
tion coefficient of 79% occurs for a large zeta potential on 
the membrane surface. The surface charge on the solute 
partitioning was further introduced to the FO-only model 
[33]. It was proved that the variation of the solute partition-
ing in the active layer with the draw solution concentration 
was the key reason for the non-constant condition. Since the 
Poisson–Boltzmann equation, which calculates the surface 
charge density in term of the zeta potential, restricts to low 
concentrations of the draw solution at the support layer-ac-
tive layer interface (Cd,m) [34,35], the high Cd,m in the FO mem-
brane exceeds the applicable range of the Poisson–Boltzmann 
equation. Coday et al. [36] found that the decrease in the zeta 
potential stabilizes till the Debye length, which decreases 
with an increase in the draw solution concentration, 
approaches the hydration radius of ions. The decreasing zeta 
potential with an increasing Cd,m results in the constant sur-
face charge density [31]. Therefore, there exists a critical draw 
solution concentration beyond which the surface charge den-
sity is not constant. As the assumed constant surface charge 
density in the FO-only model [33] was inapplicable to the 
Cd,m beyond the critical one, the effect of the surface charge 
density on Jw and Js was attributed to the membrane char-
acteristic parameters. The inappropriate membrane charac-
teristic parameters further affect the dilutive ICP which is 
the dominating concentration polarization [24]. Thus it is 
important to determine the critical draw solution concentra-
tion for accurately predicting the membrane characteristic 
parameters and concentration polarizations.

Little attention was paid to the effect of t on Js regard-
ing the FO-only model with the surface charge on solute 
partitioning. Compared with B [28–30], effective solute per-
meability coefficient (B*), which is a function of B, average 

partition coefficient (Pm,eff/Pf,m) and correction factor of dif-
fusion coefficient, contributes to reliably predicting Js as the 
electrostatic interactions of surface charges were taken into 
account [33]. The concentration polarization inherently 
relates to S, diffusion coefficient and solution properties 
[24,25]. The effect of t on these factors, which influence 
B* and concentration polarization, act on Js. Although Js is 
small, the effect of t on Js plays an important role in the mem-
brane scaling and Jw [13]. B* increases with an increase in t 
while S, which differs in the hydration radius of the draw 
solute [31], might increase rather than decreasing due to the 
different changing rates regarding the tortuosity and poros-
ity of the support layer with an increasing t. Therefore, the 
recognized fact that Js increases with increasing t depends on 
the draw solute.

The FO-only model, which incorporates the surface 
charge on the solute partitioning, is developed to predict Js 
using MATLAB. By comparing the calculated Js at different 
t and bulk draw solution concentrations, the range of Cd,m 
applicable to the constant surface charge density is deter-
mined and analyzed. Thus, the application range of the 
FO-only model with the surface charge on solute partition-
ing, which has not been taken into account, is define. The 
effect of t on Js is obtained by analyzing B* and concentration 
polarizations.

2. Model

Fig. 1 shows the mass transfer process through the FO 
membrane layer. The membrane transport layer consti-
tutes the draw boundary layer, support layer, active layer 
and feed boundary layer. A one-dimensional steady-state 
mass transfer process through the FO membrane layer is 
modeled with the following assumptions:

• The solute transport across the membrane is normal to 
the area of the active layer.

• There are continuous chemical potentials in the solu-
tion and membrane due to the chemical equilibrium at 
the interface of the solution and membrane [37].

• The surface charge density is constant [31,33].
• The effect of t on the surface charge density is negli-

gible [38].

 
Fig. 1. Mass transfer through the forward osmosis membrane 
layer [30].
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Fitted empirical polynomial equations of the diffu-
sion coefficient (D) and osmotic pressure (π) are given by 
[32,39]:

D a a C a C a C a C� � � � �0 1
0 5
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4
2. .  (1)

� � �� �a C a1 2, ,  (2)

Js within the draw boundary layer, support layer and 
feed boundary layer is expressed by:

J D dC
dx

J Cs w� �  (3)

The density and viscosity of the solution and diffusion 
coefficient of the solute in the boundary layer model are 
assumed to be constant and be equal to those of the bulk 
solution as the concentration differences within the thin 
boundary layer are small.

The feed solution concentration at the active layer-feed 
interface (Cf,m) and the draw solution concentration at the 
support layer-draw interface (Cd,s), which is obtained by 
integrating Eq. (3), is given by [25]:
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where kf and kd are the mass transfer coefficient of the feed 
and the draw, respectively. The expression equation of 
k [25] is:

k D
dh

=
Sh  (6)

The expression equation of hydraulic diameter (dh) is:
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The Sherwood number (Sh) for the laminar flow can be 
calculated using:
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The Sherwood number (Sh) for the turbulent flow can 
be calculated using:

Sh Sc= 0 04 0 75 0 33. Re . .  (9)

The expression equation of Reynolds number (Re) is:

Re �
�
�
d vh  (10)

The expression equation of Schmidt number (Sc) is:

Sc � �
�D

 (11)

The diffusion coefficient in the support layer is not 
constant as the concentration difference within the thick 
support layer is large. Substituting D in Eq. (1) by Eq. (3), 
the expression is given by [31]:
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The boundary layer conditions of the support layer are:
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As it has been proven that the model with consider-
ing the surface charge has a higher accuracy of predicting 
Js compared to the model without considering the surface 
charge [33], the following is the model with considering 
the surface charge.

Js, which is modified by the diffusion coefficient and 
potential in the active layer [33], is given by:

J B C Cs d m f m� �� �*
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The expression equation of B* is:
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The solute concentration in the active layer [33] is 
given by:
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The relationship equation between the Donnan poten-
tial (ϕ*m) and surface charge density (σ0) [40,41] is:
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The expression equation of Pm,eff/Pf,m [33] is:
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The effective Donnan potential (ϕm
ave) in the active 

layer is expressed by:
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By inserting Eqs. (14)–(15) and (17) into Eq. (13), Js is 
given as:
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As Cd,m is about 100 times of Cf,m, Eq. (20) can be simpli-
fied as:
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Jw, which is modified by the water partition coefficient 
(Pw) [33], is given by:

J APw w d m f m� �� �� �, ,  (21)

The global error (E) is expressed by [26]:
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The water flux determination coefficient (R2
w) and 

solute flux determination coefficient (R2
s) are given by [26]:
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A simplified flowchart of the computation program 
is shown in Fig. 2. Based on input data and initial guesses 
of A, B and S, the program calculates the model fluxes 
of Jw,i

model and Js,i
model by Eqs. (4) and (5), (12), (15), (20) and 

(21). The membrane characteristic parameters of A, B and 
S are optimized by the minimization of E in Eq. (22). R2

w 
and R2

s are calculated by Eqs. (23) and (24).

3. Results and discussion

3.1. Model verification

The commercial CTA membrane using KCl as the draw 
solution and deionized water as the feed solution is calcu-
lated based on the experimental conditions in Table 1 [31,32]. 
The empirical coefficients for D [39] and π [32] of KCl at dif-
ferent t are detailed below in Tables 2 and 3, respectively. 
The density and dynamic viscosity of KCl solution at dif-
ferent operating temperatures and concentrations are shown 
in Table 4 [32]. The calculated membrane characteristic 
parameters as well as R2

w and R2
s, which are based on the 

experimental data of Jw and Js for the bulk draw solution con-
centrations of 0.5, 1, 1.5 and 2, are shown in Tables 5 and 
6, respectively. A comparison of FO experimental and calcu-
lated results is shown in Table 7.

 
Fig. 2. Flowchart of the computation program.

Table 1
Experimental conditions [31,32]

Experimental 
condition

Description Unit Value

L Channel length m 0.077
W Channel width m 0.026
H Channel depth m 0.003
ν Cross-flow m/s 0.085
h Run time h 6
t Operating temperature °C 25°C, 35°C, 

45°C
σ0 Surface charge density C/m2 –9.8 × 10–4

Table 2
Empirical coefficients for diffusion coefficient of KCl at 
different operating temperatures [39]

t (°C) a0 × 10–9 a1 × 10–9 a2 × 10–9 a3 × 10–9 a4 × 10–9 R2

25 1.99 –0.74 1.16 –0.65 0.15 0.99
35 2.45 –0.84 1.28 –0.71 0.15 0.99
45 2.96 –1.14 1.77 –0.88 0.14 0.99
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It could be seen in Table 5 that S at 35°C and 45°C is 2.32 
and 2.74 times of that at 25°C, respectively while A and B 
at 35°C and 45°C were less than 1.70 times of those at 25°C. 
The parameters of A and B regarding the active layer directly 
affect Jw and Js. The influence factor on Jw and Js in the sup-
port layer is the ratio of S to D (S/D). A, B and S, which 
are obtained simultaneously in the computation program, 
exert equal weights on Jw and Js. The variation of S with an 
increasing t is greater than that of A and B as D increases 
with the increasing t.

R2
w and R2

s at 25°C, 35°C and 45°C in Table 6 are up to 
96% except R2

s at 45°C. A comparison of the calculated Js 
with the experimental one at different t is presented in 

Fig. 3. The comparison in Fig. 3 indicates a good agree-
ment between the predictions and experimental data. The 
deviation occurs for a bulk draw solution concentration 
of 1.5 M at 45°C shown in Fig. 3c. It could be seen that the 
measured Js for 1.5 M approximately equals to that for 1 M. 
As Js increases with an increase in the bulk draw solution 
concentration, the underestimated Js for 1.5 M accounts for 
the deviation. R2

s at 45°C increases from 86.9% to 95% if the 
underestimated Js for 1.5 M is not taken into account, and 
the recalculated R2

s is within the acceptable range. The good 
agreement demonstrates that the experimental membrane 
characteristic parameters in Table 5 can accurately describe 
the inherent properties of the FO membrane.

In order to determine the Cd,m range applicable to the 
constant surface charge density, Jw and Js for the bulk draw 
solution concentration of 3 M are obtained by extrapolating 
from the experimental membrane characteristic parameters 
in Table 5. The relative deviations of Jw and Js between the 
experimental data and predictions are shown in Table 8. 
It can be found that the relative deviation of Js at 35°C and 
45°C is obviously greater than that at 25°C. This implies 
that Cd,m for the bulk draw solution concentration of 3 M 
at 35°C and 45°C is beyond its range applicable to the 
constant surface charge density.

The reason for the critical draw solution concentra-
tion, beyond which the constant surface charge density is 

Table 3
Empirical coefficients for osmotic pressure of KCl at different 
operating temperatures [32]

t (°C) a1,π a2,π R2

25 46.86 –0.81 0.99
35 48.66 –1.64 0.99
45 49.96 –1.91 0.99

Table 4
Density and viscosity of KCl solution at different operating 
temperatures and concentrations

t (°C) Cf,b (M) ρ × 103 (kg/m3) μ × 10–3 (kg/(m·s))

25

0.0 0.998 0.892
0.5 1.021 0.891
1.0 1.042 0.887
1.5 1.064 0.892
2.0 1.086 0.895
3.0 1.129 0.912

35

0.0 0.995 0.723
0.5 1.017 0.726
1.0 1.039 0.733
1.5 1.060 0.740
2.0 1.082 0.748
3.0 1.125 0.768

45

0.0 0.991 0.597
0.5 1.013 0.604
1.0 1.035 0.614
1.5 1.056 0.624
2.0 1.077 0.635
3.0 1.120 0.657

Table 5
Calculated membrane characteristic parameters at different 
operating temperatures

t (°C) A (L/m2·h·bar) B (L/m2·h) S (μm)

25 0.26 0.32 90.0
35 0.33 0.24 209.3
45 0.44 0.41 247.1

Table 6
Determination coefficients at different operating temperatures

t (°C) R2
w (%) R2

s (%)

25 97.8 96.0
35 99.8 97.7
45 99.2 86.9

Table 7
Comparison of forward osmosis experimental and calculated 
results

t 
(°C)

Cf,b 
(M)

Jw
exp 

(L/m2·h)
Jw

model 
(L/m2·h)

Js
exp 

(mmol/m2·h)
Js

model 
(mmol/m2·h)

25

0.5 5.98 5.32 97.2 94.7
1.0 9.86 9.16 162.0 184.1
1.5 12.12 12.33 248.4 262.8
2.0 15.16 15.08 363.6 333.9
3.0 19.23 19.75 471.6 460.4

35

0.5 6.41 6.51 56.3 56.9
1.0 10.76 10.70 109.6 108.7
1.5 14.22 13.96 167.4 151.7
2.0 16.90 16.68 190.3 189.0
3.0 21.27 21.14 274.0 252.6

45

0.5 8.32 8.35 126.0 103.2
1.0 13.53 13.46 207.0 186.3
1.5 17.24 17.35 216.0 253.3
2.0 21.41 20.53 308.9 310.2
3.0 27.18 25.56 443.1 403.3
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inapplicable, is the variety of the Debye length with Cd,m. As 
the CTA membrane surface is mainly composed of non-ion-
ogenic hydroxyl and acetoxy functional groups, accumu-
lating anions on the membrane surface leads to a negative 
zeta potential [42]. Cd,m applicable to the Poisson–Boltzmann 
equation is restricted to a relatively narrow range [34,35]. 
The zeta potential stabilizes till the decreasing Debye length 

approaches the hydration radius of the potassium ion with 
an increase in Cd,m [36]. The constant zeta potential leads to 
a decreasing surface charge density with a further increase 
in Cd,m [43]. The decreasing surface charge density results 
from the enhancing effects of binding potassium ions in the 
diffusion layer to the anions in the Stern layer [32,44,45]. 
Therefore, the critical draw solution concentration corre-
sponds to the maximum Cd,m for the constant surface charge 
density.

ϕ*f,m is the dominating factor of Js in Eq. (20) as ϕ*f,m is 
much greater than ϕ*d,m and ϕm

ave due to the fact that Cd,m is 
two orders of magnitude larger than Cf,m, and that Deff/D0 
hardly changes with the bulk draw solution concentration 
[33]. Thus, a decrease in the surface charge density results 
in an increase in Js due to decreasing ϕ*f,m. The phenomenon 
that the decreasing surface charge density occurs for the 
bulk draw solution concentration of 3 M at 35°C and 45°C 
is proved in Fig. 3b and c by the fact that the calculated Js, 

 

 

(a) (b)

(c)

Fig. 3. Comparison of the experimental and calculated Js at different t (a) 25°C, (b) 35°C and (c) 45°C.

Table 8
Relative deviations of the Jw and Js at different operating tem-
peratures for 3 M

t (°C) Relative deviation of Jw (%) Relative deviation of Js (%)

25 2.7 2.4
35 0.6 7.8
45 4.3 9.0
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which is obtained by the constant surface charge density, is 
apparently less than the experimental one.

The calculated Cd,m at different t for the bulk draw solu-
tion concentration of 2 M and 3 M is compared in Fig. 4. 
As it is proved in Fig. 3 that all of the calculated Cd,m are 
less than their corresponding critical draw solution con-
centrations except the ones for  3M at 35°C and 45°C, it is 
inferred in Fig. 4 that the critical draw solution concentra-
tion at 25°C is greater than 1.69 M, and that the critical one 
is in the range of 1.04 to 1.33 M at 35°C and 0.94 to 1.18 M 
at 45°C, respectively. Compared with the constant surface 
charge density, the surface charge density for 3 M is extrap-
olated by the experimental Js, decreases by 49% at 35°C 
and 79% at 45°C, respectively. Compared with at 35°C, the 
greater decreasing percentage of the surface charge den-
sity at 45°C, which is positively correlated with the differ-
ence between the critical draw solution concentration and 
Cd,m [38], together with the lower Cd,m, results in the lower 

critical draw solution concentration. This can be explained 
by the fact that a decrease in the Debye length with increas-
ing t [36] contributes to decreasing the critical draw solu-
tion concentration at the condition of the close size between 
the Debye length and hydration radius of solute ion.

3.2. Effect of concentration polarization on Js at different operating 
temperatures

An ideal forward osmosis process requires high water 
flux, low reverse solute flux and low fouling characteristics. A 
low Js contributes to decreasing membrane fouling [46], thus 
enhancing Jw. A comparison of the calculated Jw and Js at 25°C 
and 45°C is shown in Fig. 5. It can be seen that Js at 45°C is 
lower than that at 25°C, and that the difference increases with 
increasing bulk draw solution concentration. This is contrary 
to the recognized fact that Js increases with increasing t due to 
the combing effects of increasing solute permeability coeffi-
cient [24] and decreasing concentration polarization [32].

The concentration polarization, which tends to reduce 
the effective osmotic pressure difference in FO process, 
includes the dilutive external concentration polarization 
(DECP) on draw side, dilutive ICP in the support layer, and 
concentrative external concentration polarization (CECP) on 
feed side shown in Fig. 1. Compared with the dilutive ICP 
and DECP, the CECP is negligible. The effective concentra-
tion of solute transport across the active layer of the mem-
brane is the concentration difference within the active layer 
of the membrane due to the Donnan potential. The propor-
tions of the DECP, dilutive ICP and effective concentration 
are quantified by Eqs. (25)–(27) [47]:
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�

�
�

C C
C C
d b d s

d b f b

, ,

, ,

100  (25)

Dilutive ICP �
�

�
�

C C
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, ,

, ,

100  (26) 
Fig. 4. Profiles of Cd,m at different t for 2 M and 3 M.

 

(a) (b)

Fig. 5. Profiles of calculated (a) Jw and (b) Js at 25°C and 45°C.
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The proportion profiles with respect to the bulk draw 
solute concentration at 25°C and 45°C are presented in 
Fig. 6. It is shown in Fig. 6a that DECP at 45°C is greater 
than that at 25°C. The variation of DECP with t is consistent 
with the prior experimental results of Bui et al. [24]. With an 
increase in t, a notable increase in Jw causes by the increas-
ing diffusion coefficient of water molecules, results in obvi-
ously increasing DECP while a slight increase in Js due to a 
decreasing mass transfer resistance of the draw solute in the 
draw boundary layer causes a marginally decreasing DECP 
[48]. The outweighing effect of Jw on DECP accounts for the 
increasing DECP.

It is found in Fig. 6b that the dilutive ICP at 25°C is less 
than that at 45°C, which is inconsistent with the experi-
mental result [20,24]. It is due the fact that the calculated 
S, which represents the mass transfer resistance in the sup-
port layer, based on the calculated data in Table 5 increases 

with increasing t. The fact is proved by the Xie’s et al. FO 
experimental results [49]. An increase in the porosity (ε) with 
the increasing t [50] contributes to accelerate the solute diffu-
sion through the support layer. An increase in the tortuosity 
(τ) due to the thermal expansion effect results in increasing 
solute transport length. According to the correlation of τ and 
ε [28], the enhancing rate of τ outweighs that of ε, which 
accounts for the increasing S. The ratio of S to D (S/D), which 
is the determining factor of the dilutive ICP [24], at 45°C is 
found to be 1.84 times of that at 25°C based on the calcu-
lated S in Table 5 and calculated diffusion coefficients [39]. 
Thus, the dilutive ICP at 45°C is strengthened.

It can be seen in Fig. 6c that the effective concentra-
tion at 25°C is greater than that at 45°C, and that the ratio 
of the effective concentration between the 25°C and 45°C 
increases from 1.17 for 0.5 M to 1.36 for 2 M. This phenome-
non is contrary to the previous results that the total concen-
tration polarization decreases with increasing t [17,21]. The 
increasing ratio is due to fact that the great Jw at 45°C results 
in the high increasing gradients of dilutive ICP and DECP 
compared with at 25°C. According to the B* in Fig. 7, the 

 

 

(a) (b)

(c)

Fig. 6. Profiles of concentration polarizations and effective concentration at 25°C and 45°C (a) dilutive external concentration 
polarization, (b) dilutive internal concentration polarization and (c) effective concentration.
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calculated ratio of B* between 25°C and 45°C almost keeps 
to be 1.27 for different bulk draw solution concentra-
tions. It accounts for the low Js at 45°C that the ratio of the 
effective concentration outweighs that of B*.

4. Conclusions

The FO-only model incorporating the surface charge on 
solute partitioning is developed to obtain the reverse draw 
solute flux as a function of operation temperature and bulk 
draw solution concentration. The accuracy of the mathemat-
ical model is proved by the good agreement between the cal-
culated results and experimental data.

By comparing the calculated reverse solute flux at dif-
ferent operation temperatures and bulk draw solution con-
centrations, the range of the draw solution concentration 
at the support layer-active layer interface applicable to the 
constant surface charge density is found. The critical draw 
solution concentration, which is caused by the variety of 
the Debye length with the draw solution concentration 
at the support layer-active layer interface, decreases with 
increasing operating temperature.

The dilutive external concentration polarization at 45°C 
is greater than that at 25°C due to the outweighing effect 
of water flux against the slight effect of reverse solute flux. 
The dilutive internal concentration polarization at 45°C is 
greater than that at 25°C due to the greater structural param-
eter and ratio of structural parameter and diffusion coeffi-
cient at 45°C. The lower reverse solute flux at 45°C than 
that at 25°C is due to the fact that the ratio of the effective 
concentration between 25°C and 45°C outweighs that of 
the effective solute permeability coefficient.
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Symbols

A —  Pure water permeability coefficient, L/m2·h·bar
B — Solute permeability coefficient, L/m2·h
B* —  Effective solute permeability coefficient, 

L/m2·h
C — Solution concentration, M (mol/L)
Cd,b —  Bulk draw solution concentration, M (mol/L)
Cd,s —  Draw solution concentration at the support 

layer-draw interface, M (mol/L)
Cd,m —  Draw solution concentration at the support 

layer-active layer interface, M (mol/L)
Cf,m —  Feed solution concentration at the active 

layer-feed interface, M (mol/L)
Cf,b —  Feed solution concentration in the bulk solu-

tion, M (mol/L)
Cm —  Concentration near the surface of active layer, 

M (mol/L)
C*m —  Solute concentration inside active layer, 

M (mol/L)
C*d,m —  Solute concentration at inside of active lay-

er-draw interface, M (mol/L)
C*f,m —  Solute concentration at inside of active lay-

er-feed interface, M (mol/L)
dh — Hydraulic diameter, m
D —  Diffusion coefficient of the draw solution, m2/s
Deff — Effective diffusion coefficient, m2/s
D0 — Reference diffusion coefficient, m2/s
E — Global minimum error
Jw — Water flux, L/m2·h
Jexp

w,i — Experimental value of water flux, L/m2·h
Jw

nexp,  — Mean experimental water flux, L/m2·h
Jmodel

w,i — Prediction value of water flux, L/m2·h
Js — Reverse draw solute flux, mol/m2·h
Jexp

s,i —  Experimental value of reverse solute flux, mol/
m2·h

Js
nexp,  —  Mean experimental reverse solute flux experi-

mental, mol/m2·h
Jmodel

s,i —  Prediction value of reverse solute flux, mol/
m2·h

k — Mass transfer coefficient, m/s
kd — Mass transfer coefficient of the draw, m/s
kf — Mass transfer coefficient of the feed, m/s
n — Number of forward osmosis experiments
Pw — Partition coefficient of water
Pm,eff/Pf,m — Average partition coefficient
R — Ideal gas constant (=8.314), J/mol·K
Re — Reynolds number
R2

w — Determination coefficient of water flux
R2

s —  Determination coefficient of reverse solute flux
S — Structural parameter, μm
Sc — Schmidt number
Sh — Sherwood number
T — Absolute temperature, K
t — Operation temperature, °C

 
Fig. 7. Profiles of B* with respect to bulk draw solution con-
centration at 25°C and 45°C.
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Greek

αi —  Empirical coefficient of diffusion coefficient
αi,π — Empirical coefficient of osmotic pressure
δa — Thickness of the active layer, μm
ε — Porosity of the support layer
ε0 — Vacuum permittivity
εr — Relative permittivity
μ — Viscosity, kg/(m·s)
π — Osmotic pressure, bar
ρ — Density, kg/m3

σ0 — Surface charge density, C/m2

τ — Tortuosity of the support layer
τ — Viscosity, mPa·s
ϕ*m — Donnan potential, mV
ϕ*f,m —  Donnan potential at inside of active layer-feed 

interface, mV
ϕ*d,m —  Donnan potential at inside of active layer-draw 

interface, mV
ϕave

m — Effective Donnan potential, mV
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