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Abstract

This study investigated the influence of temperature on the performance of forward osmosis (FO) under the condition that
the feed solution (FS) temperature was different from draw solution (DS) temperature. An FO model considering the mass
and heat transfer between FS and DS was developed, and the FO experiment with ammonium bicarbonate solution as DS and
sodium chloride solution as FS was carried out. The predicted water flux and reverse draw solute flux using the developed
model coincided with the experimental fluxes. Increases in the temperature of FS or DS yield corresponding increases in
the water flux, reverse draw solute flux, and forward rejection of feed solute. Compared with increasing the FS temperature,
increasing the DS temperature has a more significant impact on enhancing FO performance. When the temperature of DS
increased from 20 to 40 °C, the specific reverse solute flux decreased from 0.231 to 0.190 mol/L.

Keywords Forward osmosis - Modeling - Temperature - Mass transfer - Heat transfer

Introduction

Seawater desalination is considered to be one of the most
attractive technologies for alleviating water scarcity [1].
However, conventional desalination methods such as reverse
osmosis (RO), electrodialysis, and thermal distillation are
energy intensive. To improve energy efficiency, an emerging
technology named forward osmosis (FO) has been devel-
oped. FO utilizes the natural osmotic pressure difference to
drive the transport of water molecules from feed solution
(low osmotic pressure) to draw solution (high osmotic pres-
sure), thereby eliminating the need for additional hydraulic
pressure. Compared with typical pressure-driven technolo-
gies, FO presents several advantages, including less energy
consumption, low membrane fouling, and high salt rejec-
tion [2]. FO has been applied in the treatment of oil-sands
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tailings water [3], water reuse [4], fertilizer-drawn forward
osmosis desalination [5], and concentrated liquid foods [6].

Temperature is a key factor on the performance of FO. On
the one hand, it influences solution physicochemical prop-
erties such as diffusion coefficient, density, viscosity, and
osmotic pressure. On the other hand, temperature also affects
the performance of FO membrane. Some research about the
influence of temperature on FO has been conducted. Zhao
and Zou [7] investigated the effects of temperature on water
flux, recovery, concentration factor, and membrane scaling.
It was found that the water flux, recovery, and concentra-
tion factor increased with an increase in temperature, but a
higher temperature caused more severe membrane scaling.
Nematzadeh et al. [8] evaluated the effect of temperature on
the performance of FO using sodium bicarbonate as draw
solute and found that water flux and the reverse draw solute
flux increased with increases in temperature.

However, the above research was carried out under the
condition that the temperatures of feed solution (FS) and
draw solution (DS) were the same. In practical desalination
applications, a temperature difference between FS and DS is
inevitable because the temperature of seawater is affected by
sea latitude, vertical depth, and surrounding climate. To date,
only a few studies have investigated the impact of tempera-
ture on FO when there is a temperature difference between
FS and DS. Phuntsho et al. [9] investigated the influence of
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temperature difference on water flux using potassium chlo-
ride as draw solute, and found that only increasing the DS
temperature had a greater impact than only increasing the
FS temperature. Hawari et al. [10] investigated the effects of
FS and DS temperatures on water flux and found that water
flux increased when the DS temperature increased from 20
to 26 °C, and decreased when above 26 °C due to thermo-
osmosis. Besides water flux, there are other factors, such as
reverse draw solute flux, forward rejection of feed solute,
and specific reverse solute flux, related to FO performance.
Investigating the changes in water flux, reverse draw solute
flux, forward rejection of feed solute, and specific reverse
solute flux with temperature is needed for comprehensively
evaluating the impact of temperature on FO performance
when the temperatures of FS and DS are different.

When the temperatures of FS and DS are different, heat
transfer occurs across the FO membrane and boundary lay-
ers, which causes temperature alteration and impacts the
FO performance. The focus of previous FO models is only
mass transfer between FS and DS, and only the study by You
et al. [11] modeled the FO process considering heat trans-
fer. This model was used to predict the water flux, while it
neglected the influence of draw solute reverse permeation,
which played a significant role in water flux drop [12]. We
revised the FO model considering the impact of draw solute
reverse permeation, and the revised model could predict not
only water flux, but also reverse draw solute flux.

Ammonium bicarbonate, which meets the requirements
for an appropriate draw solute, i.e., high solubility, low vis-
cosity, non-toxicity and low cost, is widely employed in FO.
In comparison with other inorganic draw solutes, ammonium
bicarbonate can be easily decomposed into carbon dioxide
and ammonia gas upon heating. In the NH,HCO; FO pilot
process [13], the required water can be obtained by distilla-
tion, and the ammonium bicarbonate can then be recycled
by absorption. Thus, the temperature of DS is different from
that of FS. Investigating the influence of temperature on the
performance of the NH,HCO; FO process with the tempera-
tures of FS and DS being different is significant. To the best
of our knowledge, however, study about the effect of tem-
perature on the performance of NH,;HCO; FO process with
the temperatures of FS and DS being different is very scarce.

Theory

As shown in Fig. 1, there are three mass transfer processes
in FO. First, water molecules in FS diffuse into bulk DS.
Next, the feed solutes permeate into bulk DS due to the lim-
ited rejection of FO membrane. Thirdly, the draw solutes
permeate into bulk FS for the same reason. When there is
a temperature difference between FS and DS, heat current
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Fig. 1 Schematic diagram of FS and DS temperature and concentra-
tion gradients across FO membrane (the active layer faces FS)

is transferred from the high-temperature side to the low-
temperature side.

Mass Transfer
Forward Water Flux

According to the solution—diffusion theory, the water flux
through the active layer of an FO membrane is determined
by the effective osmotic pressure difference across the active
layer, which is given by the following equation [2]:

Ty = A(7p; = 72 (1
where J,, is the water flux (L/(m? h)); A is the water permea-
tion coefficient of FO membrane (L/(m? h MPa)), as deter-
mined by the method reported in [14]; z is the osmotic pres-
sure (MPa); the subscripts D, F refer to DS, FS, respectively;
and variables with the subscript 2 or 3 are at the surface of
active layer or the interface between active layer and support
layer, respectively.

The solution osmotic pressure can be calculated using
Van’t Hoff’s equation, that is

7 = nCRT )
where n is the number of solute ions dissolved in solution;
C is the concentration (mol/L); T is the temperature (K);
and R is the gas constant, which is 8.314 X 1073 kJ/(mol K).
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Reverse Draw Solute Flux

The reverse draw solute flux, J,, is related to the DS concen-
tration gradient across active layer, which can be written as
follows [15]:

J; = B(Cp; — Cpy) 3)
where J; is the reverse draw solute flux (mol/(m? h)); B is
the draw solute permeation coefficient of the FO membrane
(L/(m? h)), as determined by the method reported in [14];

and the variable with the subscript 1 denotes its presence
in bulk FS.

Concentrative External Concentration Polarization (CECP)

Like the majority of pressure-driven membrane processes
[16], feed solutes are retained on the active layer surface as
water molecules flow to DS, which causes CECP. The con-
centration of FS on the active layer surface can be expressed
by the following equation [17]:

co = CFlePeF A
7 Re + (1= Rp)ePer @
3,600,000/, B dg
Pep = ———— = 13,600,000/, = 3,600,000/,
ke Dy She.Dy

where Ry, is the forward rejection of feed solute; Pe [18] is
the Peclet number; & is the mass transfer coefficient (m/s); o
is the thickness of FS boundary layer (m); D is the diffusion
coefficient (m2/s); d is the hydraulic diameter (d=2H [19], H
is the channel height); and Sh [18] is the Sherwood number,
which is calculated as follows:

4o\ 033
Shp =1.85 <ReFScFL—F> (Laminar boundary layer)
F

o)
Shg = 0.04Reg'75Sc2'33 (Turbulent boundary layer) 6)

where Re is the Reynolds number; L is the channel length
(m); Sc is the Schmidt number, as calculated by Sc = /)LD, and

u and p are the dynamic viscosity (kg/(m s)) and density (kg/
m?), respectively.

The diffusion coefficients of sodium chloride solution can
be obtained from Refs. [20, 21].

Internal Concentration Polarization (ICP)

In FO process, the draw solutes diffuse inside the porous
support layer, which causes the draw solution concentration
at the interface between active layer and support layer to be

lower than that at the support layer surface, as is known as
ICP. The reverse draw solute flux inside the support layer
under steady-state conditions can be written as follows [12]:

‘Is :_JWCD+DDe% (7)
dy

where Dy, is the effective diffusion coefficient of DS in sup-
port layer, and is proportional to Dps by Dp, = Post and e
and 7 are the porosity (%) and tortuosity of supp(f)rt layer,
respectively.

By integrating Eq. (7) across the support layer thickness

(6paty=0, Cp = Cpzandy =6, Cp = Cpy

J —Pe J
CD3 = (CD4 + J_>e( Pepsy) _ S )

where Pep;, = 3,600,000/, K = 3,600,000/,
;—5 = 3,600,000/, Di, K [12] is the solute resistivity coef-
D5

De
ficient (s/m); and S is the structural parameter of support
layer (m), which can be calculated as follows [22]:

S = 6*_T=<%> In
I3 J

w

B + Arps
B+J, ©)

The diffusion coefficients of ammonium bicarbonate solu-
tion can be obtained from Ref. [23].

Dilutive External Concentration Polarization (DECP)

The DS is diluted with solute diffusion and water permea-
tion on the surface of support layer, as known as DECP.
The reverse draw solute flux in the boundary layer can be
written in the same expression as Eq. (7) under the following
boundary conditions:

X = O, CD = CD4

x = dp, Cp = Cps
where J, is the thickness of DS boundary layer; and the
subscript 4 or 5 denotes their presence at the surface of sup-

port layer or in bulk DS, respectively. Cp, can be expressed
as follows:

J J
Cpy =e " <CD5 + J_s> - (10)

w

Heat Transfer

As shown in Fig. 1, heat transfer occurs when there is a
temperature difference between FS and DS, which can be
described by the following equations:

QFZhF(TZ_Tl) (11)
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Op = hp(Ts — Ty) (12)
Q, = hy(T; — T,) — 3,600,000 (c ./ £y, — €, Mp) (T3 — T)

13)

Q, = hy(T, — T;) — 3,600,000(c,yJ\, oy, — €,pJMp) (T4 = T3)

(14)
where Q represents the heat flux (W/m?); h is the heat trans-
fer coefficient (W/(m2 K)); M is the molar mass (g/mol); ¢,
is the specific heat (J/(kg K)); and the subscripts w, a, and
s refer to water, the active layer and support layer of FO
membrane, respectively.

The specific heats of NH,HCO; at different temperatures
can be obtained from Refs. [20, 23, 24].

According to the heat transfer theory, heat transfer remains
the same across the FS boundary layer, the active layer, the
support layer and the DS boundary layer. Therefore, the tem-
peratures on the surface of active layer, the interface between
active layer and support layer and the surface of support layer
can be obtained by combining Egs. (11-14):

heT, + T3 (h, — 3,600,000(c,yJ\, Py — €,/ Mps))

27 hp+ (g — 3,600,000 (Cpdy oy — CopdiMps) )
(15)

. h,Ty + h,T, — (T4 + T,)(3.600,000(c,yJy, Py — € pdMps))

} hy + hy — 2 X 3,600,000(¢ o 2y — €, sMps)
(16)

_ hpTs+ T, (hy = 3,600,000( ¢,y Ty, Py — €,pdMps))
=

hp + (hs - 3,600,000(cpijpw - chJSMDS))
17)
Heat transfer coefficient is presented by Babu et al. [25]:
ANu
h=— 18
7 (18)
A
hy =5 (19)

a

ely, + (1 —e)A

hy=—w %
: 5 (20)

where A is the thermal conductivity (W/(m K)); J, is the
thickness of active layer (m); and Nu is the Nusselt number,
calculated by Babu et al. [25]:

4 1
Nu = 0.332Re /5Pr /3 (Laminar boundary layer) @

4 1
Nu = 0.0292Re /5Pr /3 (Turbulent boundary layer) —(22)

where Pr is the Prandtl number, as defined by Pr = %
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The thermal conductivities of NH,;HCO; and NaCl can
be obtained from Refs. [23] and [26].

Experimental
FO Membrane and Chemicals

The asymmetric FO membrane was obtained from Saehan
(Republic of Korea). The porosity and tortuosity of support
layer were 68.82% and 1.255, respectively, and the thick-
nesses of active and support layers were 1 and 100 um,
respectively. The FS was 0.5 mol/L sodium chloride solu-
tion, and the DS was 1.8 mol/L ammonium bicarbonate solu-
tion. All chemicals were of analytical grade and purchased
from Jiangtian Chemical Reagent Co., Ltd (Tianjin, China).

FO Experiment

Figure 2 presents the schematic diagram of the FO experi-
mental apparatus. It consisted of two stainless steel cells
separated by an FO membrane. The length of the channel
on the cell was 80 mm, the width was 40 mm, and the thick-
ness was 3 mm, giving an effective area of 0.0032 m?. The
DS in the tank labeled as DS1 was heated by heater/cooler
circulator, and flowed through the valve, pump, flow meter
and pressure gage into the FO cell finally. In FO cell, the
water molecules in FS were transported to DS driven by
the osmotic pressure difference. The dilutive DS flowed
through the pressure gage and valve into the tank labeled as
DSS5. The FS in the tank labeled as FS1 flowed into the tank
labeled as FS5 in the same way. In the experiment, four tanks
(DS1, DS5, FS1, FS5) were open, and four thermometers
were placed in each tank to detect the solution temperatures.
The FS and DS flowed through the two channels in the FO
cell at a rate of 8.5 cm/s.

During each experimental period, the masses of FS in the
tanks labeled FS1 (mgg;) and FS5 (mpgs) were detected by
scale (XP32001LDR, Shanghai, China), respectively. At the
end of each experiment, FS in the FS5 tank was collected
to measure volume (V) with graduated cylinder, and the
concentration of draw solute (Cpy;) in it was analyzed by the
portable parallel analyzer (SL1000, HACH, USA). In addi-
tion, DS in the DS5 tank was collected to detect the concen-
tration of feed solute (Cgs) by ion chromatography (Thermo
iCAP 7400, China). To ensure the accuracy of results, each
experiment was repeated three times.

Evaluation of FO Performance
The performance of FO was evaluated by water flux (J,,)

[27], the reverse draw solute flux (J,) and the forward rejec-
tion of feed solute (Rg) [28], defined as:



Influence of Temperature on the Performance of Forward Osmosis Using Ammonium Bicarbonate... 575

Fig.2 Schematic diagram of the Flow meter Pump Valve
FO experimental apparatus
] (<
Valve
—<l————

®— Pressure gage —@

(P> Pressure gage —(P)

= =
=R

&

Scale Scale

B

Heater/cooler circulator

Pump Valve

Flow meferf - g g <]
—

D>
Valve
DS% DS1
Heater/cooler circulator
] Am (a)
w = 23) T0F A dpgio psagre=7-92 (L h MPa))
pAmAt 9 V¥ Apgysecpsagec=8-11 (LU h MPa))
81 ® Arsipcpsaoc=834 (L(m*h MPa)
7 _ CoiVe 24) =7}
STOA AL £ 6}
=
%ot
0.5 — Cgs 4
RF - 0.5 X 100% (25) 3r Apsroec-psaoec=1-42 (LIm’ h MPa))
: 2F @ irsoc psa0oc="-61 (LA(m* h MPa))
where Am is the mass change of FS, calculated by 02 04 06 08 10 12
Myp—Mpg—Mggs, and my is the initial mass of FS; At is the (b) AP (MPa)
time interval; and A, is the area of FO membrane. o S T —
9r V' Apgrpec.nsasec=T-76 (L' h MPa))
8 @ Agiocnsiec=T93 (L' h MPa))
Results and Discussion i r
£ 6
. 2
Influence of Temperature on Membrane Permeation o0
Coefficients ar
3l B o0cpsaoec=T-42 (LA h MPa))
®  Argrecpsasec=7-31 (LAm' h MPa))
Fixing the DS temperature at a baseline (20 °C), the pure 2r

water flux as a function of additional hydraulic pressure at
increased FS temperature (from 20 to 40 °C) is shown in
Fig. 3a. Fixing the FS temperature at a baseline (20 °C), the
pure water flux as a function of additional hydraulic pressure
at increased DS temperature (from 20 to 40 °C) is shown in
Fig. 3b. The slopes of these fitting lines represent values of
water permeation coefficient at different temperature gra-
dients, and the result indicates that the water permeation
coefficient increases with an increase in the FS or DS tem-
perature, which is consistent with previous research [29].
It should also be noticed that, by only increasing the FS
temperature, the water permeation coefficient is higher than
that by only increasing the DS temperature. Because the
active layer of FO membrane is very dense, it is the main
controlling factor in water flux. By only increasing the FS
temperature, the temperature on the surface of active layer

02 04 06 08 10 12
AP (MPa)

Fig.3 Pure water flux as a function of additional hydraulic pressure
when a DS temperature was fixed at 20 °C, and b FS temperature was
fixed at 20 °C

(T,) was higher than that by increasing the DS temperature
only. And the water viscosity was lower and the water dif-
fusion coefficient was larger at higher temperature, causing
a larger water flux.

Figure 4 shows the variation of the NH,HCO; permea-
tion coefficient with FS or DS temperature when the tem-
perature of DS or FS was fixed at 20 °C. The NH,HCO,
permeation coefficient increases with increasing FS or DS
temperature, and only increasing the temperature of FS
plays a more significant role than only increasing the DS

@ Springer
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Fig.4 Variation of NH,HCO; permeation coefficient with FS or DS
temperature

temperature. The biggest obstacle to the NH,HCO; flux
is also the active layer of FO membrane. Compared with
only increasing the DS temperature, the temperature of
the active layer was higher when only increasing the FS
temperature. The higher temperature, the larger NH,HCO;
diffusion coefficient and the lower NH,HCO; viscosity, the
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higher NH,HCO; flux, and the larger NH,HCO; permea-
tion coefficient.

Influence of Temperature on Membrane Structural
Parameter

The membrane structural parameter (S) can be theoretically
calculated by Eq. (9) using the water permeation coefficient
(A), the NH,HCO; permeation coefficient (B), the NH,HCO;
diffusion coefficient (Dps), the NH,HCO; osmotic pressure
(7mps), and water flux (J,). Figure 5 shows the variation of the
membrane structural parameter with the temperature of FS
or DS. It was found that the membrane structural parameter
decreased with an increase in the FS or DS temperature,
which could be explained by the fact that the membrane
porosity increased with an increase in the FS or DS tem-
perature [30]. According to Eq. (9), the higher support layer
porosity, the lower membrane structural parameter.
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Fig.5 Variation of the membrane structural parameter with a FS temperature, and b DS temperature
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Fig. 6 Comparison between the predicted water flux and experimental water flux when a DS temperature was fixed at 20 °C, and b FS tempera-

ture was fixed at 20 °C
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Influence of Temperature on FO Performance

Figure 6a shows the comparison between the predicted and
experimental water flux data at the increased FS temperature
(from 20 to 40 °C) when the temperature of DS was fixed
at 20 °C. Figure 6b shows the comparison between the pre-
dicted and experimental water flux data at the increased DS
temperature (from 20 to 40 °C) when the temperature of FS
was fixed at 20 °C. The results demonstrated that the current
model had a good accuracy of FO water flux.

Figure 6 also shows the effect of increasing FS or DS
temperature on water flux in FO process. The water flux was
enhanced significantly as increasing FS or DS temperature,
and increasing the temperature of DS only played a more
significant role than increasing FS temperature only. The
percentage increase in water flux was 15.74% as increasing
FS temperature from 20 to 40 °C, while it was 47.46% as
increasing DS temperature from 20 to 40 °C. The water flux
was determined by the water permeation coefficient and the
effective osmotic pressure difference based on Eq. (1). As
shown in Fig. 3, when the FS temperature increased from
20 to 40 °C, the percentage increase in water permeation
coefficient was 12.40%, while it was just 6.87% when the
DS temperature increased to 40 °C. When increasing the
DS temperature, the NH,HCO, diffusion coefficient is larger
and the NH,HCO; viscosity is lower, thereby resulting in a
higher NH,HCO; concentration and osmotic pressure at the
interface between active layer and support layer (7p3). By
increasing the FS temperature from 20 to 40 °C, the per-
centage increase in the effective osmotic pressure difference
(mp3 — 7py) Was 3.68%, while it was 42.00% as increasing
the DS temperature to 40 °C. These results indicated that,
compared with increasing the FS temperature, increasing the
DS temperature was more significant to enhance the effec-
tive osmotic pressure difference, and a similar conclusion
was obtained from Ref. [9]. In conclusion, the product of the
water permeation coefficient and effective osmotic pressure

(a)
24
T,=20°C
22+t
20} " .
= L]
s 18F 8 .
e
£ 16f
=7 ®  Experimental reverse NH,HCO, flux
141 ® Predicted reverse NH,HCO, flux
1 2 1 1 1 1 1
20 25 30 35 40
Ty CO)

difference (the water flux) at increased DS temperature was
higher than that at increased FS temperature.

Fixing the DS temperature at 20 °C, the comparison
between experimental and predicted reverse NH,HCO;
fluxes at increased FS temperature (from 20 to 40 °C) is
shown in Fig. 7a. Fixing the FS temperature at 20 °C, the
comparison between experimental and predicted reverse
NH,HCO; fluxes at increased DS temperature (from 20 to
40 °C) is shown in Fig. 7b. The results showed that the cur-
rent model was accurate in reverse NH,;HCO; flux predic-
tion. In addition, it also showed that the reverse NH,HCO;
flux increased as increasing the FS or DS temperature, and
the effect of only increasing the DS temperature was greater
than that of only increasing the FS temperature. The percent-
age increase in reverse NH,HCO; flux was 8.28% as elevat-
ing FS temperature from 20 to 40 °C, and 21.65% while ele-
vating DS temperature from 20 to 40 °C. It can be explained
as follows. According to Eq. (3), the reverse NH,HCO; flux
is positively correlated with the NH,;HCO; permeation coef-
ficient and the concentration difference between Cp; and
Cp,- According to Fig. 4, when the FS temperature increased
from 20 to 40 °C, the percentage increase in the NH,HCO;
permeation coefficient was 10.87, and 5.52% while elevating
DS temperature from 20 to 40 °C. According to Egs. (8) and
(10), the concentration difference between Cpy; and Cpp; was
2.72% by increasing the FS temperature from 20 to 40 °C,
while 20.56% by increasing the DS temperature from 20 to
40 °C. Therefore, the product of the NH,HCO; permeation
coefficient and the concentration difference between Cp; and
Cp, (the reverse NH,HCO; flux) at increased DS tempera-
ture was higher than that at increased FS temperature.

Fixing DS temperature at 20 °C, the variation of NaCl
rejection with FS temperature (from 20 to 40 °C) is shown
in Fig. 8a. Fixing FS temperature at 20 °C, the variation
of NaCl forward rejection with DS temperature (from 20
to 40 °C) is shown in Fig. 8b. The NaCl forward rejec-
tion increased with the increase in FS or DS temperature

(b)
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T.=20°C
221 ° s .
20t ]
= ]
=18+ 8
g
= 161
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E
1.4t
) ®  Experimental reverse NH,HCO, flux
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Fig.7 Comparison between the predicted and experimental reverse NH,HCO; fluxes when a DS temperature was fixed at 20 °C, and b FS tem-

perature was fixed at 20 °C
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Fig.8 Variation of NaCl rejection with a FS temperature, and b DS temperature

due to the dilution phenomenon, which has been exten-
sively discussed in pressure-based membrane processes.
And the increase in DS temperature also played a more
significant role in NaCl forward rejection than that in FS
temperature. The percentage increase in the NaCl forward
rejection was 0.42% as only increasing the temperature
of FS from 20 to 40 °C, and 1.15% as only increasing
the temperature of DS from 20 to 40 °C. This difference
is due to the higher water flux when only increasing the
temperature of DS.

The most important criterion in designing FO system
is the ratio of reverse draw solute flux to water flux,
known as specific reverse solute flux (SRSF). A lower
SRSF represents better FO performance. Figure 9a shows
the variation in SRSF with FS temperature (from 20 to
40 °C) when the DS temperature was fixed at 20 °C, and
Fig. 9b shows the variation of SRSF with DS temperature
(from 20 to 40 °C) when the FS temperature was fixed at
20 °C. The SRSF decreased from 0.231 to 0.216 mol/L
by only increasing the FS temperature from 20 to 40 °C,
and the percentage decrease was 6.44%. In comparison,
the SRSF decreased to 0.190 mol/L by only increasing the

0.24 + T3 =20°C

20 25 30 35 40
T (°C)

Fig.9 Variation of SRSF with a FS temperature, and b DS temperature
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DS temperature to 40 °C, and the percentage decrease was
17.50%. It indicates that, compared with increasing the
FS temperature, increasing the DS temperature is more
beneficial to reduce SRSF.

Conclusion

In order to investigate the influence of temperature on the
performance of FO when the FS temperature was different
from the DS temperature, a FO model considering the mass
and heat transfers between FS and DS was developed. Using
NH,HCOj; solution as DS, and NaCl solution as FS, relevant
FO experiments were carried out. The predicted data using
the current model coincided with those obtained from FO
experiments.

When the temperature of FS or DS increased, water flux,
forward rejection of feed solute, and reverse draw solute
flux increased as well. When the FS temperature increased
from 20 to 40 °C, the percentage increases in the water flux,
the reverse NH,HCO; flux, and NaCl forward rejection
were 15.74%, 8.28%, and 0.42%, respectively, and 47.46%,

(b)

0.24

0.22
0.20
0.18
0.16

SRSF (mol/L)

0.14
0.12

0.10

20 25 30 35 40
7,5 (°C)



Influence of Temperature on the Performance of Forward Osmosis Using Ammonium Bicarbonate...

579

21.65%, and 1.15% while increasing the DS temperature
from 20 to 40 °C. Unilateral strengthening the DS tempera-
ture is more beneficial to improve FO performance.
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