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a b s t r a c t

This study evaluated the feasibility of using the secondary effluent as makeup water for cooling 
water. The secondary effluent and the simulated cooling water were used as feed solution (FS) and 
draw solution (DS) in FO process. Ammonium bicarbonate was added into the simulated cooling 
water to promote the osmotic pressure. The tests were studied under different membrane orienta-
tions, temperatures and flow rates using both TFC-FO and CTA-FO membranes, and determined 
in terms of water flux, the permeate recovery and membrane fouling. The considerable permeate 
recovery (18.9% at 20 h) and reversible membrane fouling indicated that the feasibility of using FO 
for cooling water reuse. CTA- and TFC-PRO modes had higher initial water flux, but more significant 
flux decline compared to CTA- and TFC-FO modes. The optimal conditions were determined to be 
25°C and 17.0 cm/s in which the water flux was highest. The results showed that water flux did not 
increase with the temperature when it was above than 30°C. The same situation occurred at the cross 
flow velocity above than 17 cm/s. The fouling of TFC membrane was serious after running 20 h, but 
it could be cleaned well by 1 h simple surface flushing and the water flux could restore nearly 93.8%.
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1. Introduction

Power plants are among the biggest water-consuming 
industries. Of all systems in a power plant, cooling tow-
ers (CT) are the largest water consumers using 60–70% of 
the total fresh water demanded in industry [1,2]. A large 
amount of make-up water is used to keep the water balance 
and cooling water operation at a steady state because a sig-
nificant amount of water is lost by evaporation, wind action, 
leakage and drainage. Drainage loss is called the cooling 
tower blowdown water which constitutes the biggest por-
tion of the feed water loss. It varies greatly with changes 
in source water quality and cooling water treatment [2]. In 
the past, most of blowdown water was discharged directly 

to surface water bodies without any treatment in China 
leading to the waste of water resources and serious envi-
ronmental pollution [3,4]. Thus, these reasons have been the 
primary motivations driving recent research on blow down 
water treatment and reuse [5].

Conventional method for the treatment of blow down 
water is a combination of conventional techniques such as 
coagulation/flocculation, biochemical treatment, and disin-
fection prior to desalination by ion exchange [1]. However, 
ion exchange technology has a number of disadvantages 
such as long treatment time, significant space requirements, 
high running cost, etc. [6,7]. Recently, two major types of 
technologies that are used for blow down water treatment 
and reuse can be classified as thermal process and mem-
brane process. Wang et al. [1] investigated coagulation as a 
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pretreatment of a membrane distillation system, which pro-
moted the water flux of membrane. Zhang et al. [8] studied 
a pilot test of UF pretreatment before RO filtration for cool-
ing tower blowdown water for reuse in power plants. They 
proved that the UF pretreatment can relieve RO fouling. Alt-
man et al. [9] showed that a nanofiltration treatment on a side 
stream of reuse cooling water could decrease water usage 
and discharge in total. But one of main obstacles impeding 
these technologies is membrane fouling simply because 
hydraulic pressure is the driving force in these processes. The 
membrane fouling adversely affects operation costs, energy 
demand, membrane cleaning and lifespan of the membrane.

In the past decade, forward osmosis (FO) has been 
considered as an energy-efficient and economical technol-
ogy [10–13]. FO is a technical term describing the natural 
phenomenon of osmosis: the transport of water molecules 
diffuse through a semi-permeable membrane driven by the 
osmotic pressure difference between the two sides of the 
membrane [12,14]. Theoretically, the FO membrane allows 
only permeation of water molecules while the solution 
or salts molecules are rejected [15]. Due to the absence of 
applied pressure and the small pore radius, FO has some 
potential advantages over current technologies, which can 
be summarized as low energy, low and reversible mem-
brane fouling, and high retention [16,17]. FO performance 
enhances with the increase of temperature. It is assumed 
that cooling water can be a suitable draw solution. The 
cooling water can be diluted after the FO process, which 
can be reused into the cooling circle system. Moreover, the 
temperature of cooling water usually is high, which is bene-
ficial to the water permeation. W. Wendong et al. [18] chose 
rainwater as feed solution and cooling water as draw solu-
tion in FO, and studied the effects of pH and temperature 
on forward osmosis membrane flux. They found that the 
method for cooling water makeup is feasible. The water flux 
increased approximately 10 times when increased the tem-
perature of the draw solution from 3°C to 50°C .However, 
it may not be practicable in many areas with less rainfall. 

Secondary treated municipal wastewater is a reliable 
and easily accessible resource [19]. Nowadays, secondary 
effluent is usually treated by advanced treatment such as 
traditional coagulation sedimentation, membrane treatment 
technology, advanced oxidation treatment and disinfection 
for agricultural irrigation, industrial water and groundwa-
ter recharging [20]. If we can use secondary effluent as the 
make-up water for cooling water in the FO process, it can 
save fresh water resource and reduce the water environmen-
tal pollution. However, there still exists a problem that the 
osmotic pressure of the cooling water is not high enough to 
drive the secondary effluent. In our work, the ammonium 
bicarbonate was added into the cooling water to increase the 
osmotic pressure of draw solution. Ammonium bicarbonate 
has been proved to have highly soluble and capable of gen-
erating high osmotic pressure [13]. As we all know that, the 
diluted ammonium bicarbonate can be easily removed by 
heating above 60°C [21,22]. So ammonium bicarbonate is a 
desirable solute because it can help to raise osmotic pres-
sure and can be easily decomposed into gases which will not 
influence the composition of draw solution. 

In this study, FO was applied to use the secondary efflu-
ent as makeup water for cooling water dilution. The effects 
of membrane orientation, temperature and cross velocity on 

the water fluxes were studied. The performances of two kinds 
of FO membranes the polyamide-based thin-film composite 
(TFC) FO membrane and the cellulose triacetate (CTA) FO 
membrane were measured and compared. Moreover, the fea-
sibility of using FO for cooling water recycling was studied in 
terms of the permeate recovery and membrane scaling. Mem-
brane autopsy was analyzed using scanning electron micros-
copy (SEM) and energy dispersive X-ray spectroscopy (EDS). 
It is envisioned that this study may support the fundamentals 
to the further development of FO in reusing cooling waste.

2. Materials and methods

2.1. Feed and draw solution

The feed solution (FS) in our study was the secondary 
effluent obtained from the Guangda sewage plant in Jinan, 
China. Detail properties of the secondary effluent are pre-
sented in Table 1. The osmotic pressure was measured by 
Freezing Point Osmometer (Germany loser).It can be seen 
that the osmotic pressure of the secondary effluent is from 
0.52 atm to 0.68 atm. Its pH ranges from 7.52 to 7.75 indicat-
ing the secondary effluent is neutral. The draw solution (DS) 
was the simulated cooling water discharged from a power 
plant in Beijing which was consisted of 1.3 g NaCl, 2.5 g 
MgSO4·7H2O and 2.5 g NaHCO3 adding NH4HCO3 (6.3 g) to 
raise its osmotic pressure [23]. Its basic properties including 
pH, osmotic pressure and viscosity were predicted using 
OLI Systems analyzer and are shown in Table 2. With an 
increase in temperature, the pH of DS ranges from 7.59 to 
7.79. The recommended operational pH ranges of TFC-FO 
membrane and CTA-FO membrane is from 2.0 to 12.0 and 
3.0 to 8.0. So both membranes will not undergo structure 
change in the FO processes. The osmotic pressure increases 
with the increased temperature. But the amplitude of the 

Table 1
Characteristics of the secondary effluent

Secondary effluent

pH 7.52~7.75
TDS (mg/L) 1023~1122
DOC (mg/L) 5.956~6.015
TN (mg/L) 7.47~7.55
TP (mg/L) 0.308~0.316
Calcium stiffness (mmol/L) 2.25~2. 43
Osmotic pressure (atm) 0.52~0.68

Table 2
Properties of DS at different temperatures

Temperature (°C) pH Osmotic 
pressure (atm)

Viscosity 
(mPa·s)

20 7.79507 6.48524 1.05245
25 7.72462 6.60233 0.936646
30 7.65673 6.71621 0.840056
35 7.59135 6.82702 0.758534
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variation is very small, only 5.25% from 20°C to 35°C. More-
over, the viscosity of DS decreases with the increased tem-
perature. All chemicals used in our studies were analytical 
grade, which were obtained from Sinopharm Chemical 
Reagent Co., Ltd. (Shanghai).

2.2. Forward osmosis membrane

Our studies used two kinds of FO membrane: the 
homemade TFC-FO membrane and the commercial 
CTA-FO membrane. The TFC-FO membrane had been ver-
ified possessing high water flux and salt rejection [24,25].  
The CTA-FO membrane was provided by Hydration Tech-
nology Innovations (HTI), Albany, USA. It was made from 
cellulose acetate embedded in a polyester woven mesh and 

owned the general characteristics of asymmetric structure. 
To have a clear observation of the CTA- and TFC-FO mem-
branes, micrographs of both membranes were determined 
using the scanning electron microscope (HITACHI S-520). 
The support and active layers micrographs are shown in 
Fig. 1. More physical and chemical properties of TFC- and 
CTA-FO membranes are presented in Table 3. Contact angle 
were measured using a contact angle goniometer (JC2000C 
Contact Angle Meter, Shanghai Zhongchen Experiment 
Equipments Co. Ltd., China).

There are two different layers of the FO membrane: a 
thick mechanical support layer (SL) and a thin active layer 
(AL). This results in two distinct membrane orientations. 
When the mechanical support layer faces the DS and the 
active layer faces the FS, the orientation is described as the 

100um 100um 

20um 100um 

a1 

a2 

b1 

b2 

Fig. 1. SEM images of CTA- and TFC-FO membranes: (a1) support layer of CTA membrane, (a2) active layer of CTA membrane, (b1) 
support layer of TFC membrane, (b2) active layer of TFC membrane.

Table 3
The comparison of physical and chemical properties between TFC-FO membrane and CTA-FO membrane

Sample Active layer 
material

Contact angle (°) Zeta potential (mv)  at active layer Operating pH

Active layer Support layer

TFC Polyamide 57 65 –28.75 2–11
CTA Cellulose 

triacetate
77 72 16.61 3–8
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FO mode. On the contrary, when the active layer faces the 
DS and the mechanical support layer faces the FS, the orien-
tation is described as the PRO mode.

2.3. Forward osmosis system

The FO system in this study was a laboratory-scale FO 
setup [26]. The diagrammatic sketch of the setup is shown 
in Fig. 2. The effective membrane area of the FO membrane 
unit was 20.0 cm2 (7.7 cm length, 2.6 cm width and 0.3 cm 
depth). Two peristaltic pumps (BT300-2J, Baoding Longer 
Precision Pump CO., Ltd., China. Pump head: YZ1515x) 
were used to adjust FS and DS at the flow rates of 8.5, 17.0, 
25.5 cm/s. A water bath controlled by temperature control-
ler was used to adjust the temperatures of both FS and DS 
at 20 ± 1, 25 ± 1, 30 ± 1, 35 ± 1°C. A weight balance (Satorius 
weighting technology GmbH, Gottingen, Germany) was 
used to record the variation in the DS weight for water flux 
computation. Both of the original volumes of FS and DS are 
1L in our studies. 

2.4. Membrane characterization

2.4.1. Water flux 

The water flux is calculated as:

J
m

A tW =
× ×
∆
∆ ρ  (1)

where JW refers to the water flux during FO process, L/(m2 
h) (LMH); A refers to the effective membrane area; ∆t refers 
to the measuring time interval; ∆m refers to the measuring 
weight interval of the water which permeates from feed 
solution to draw solution; r refers to the water density.

2.4.2. Reverse salt flux 

The reverse salt flux is calculated as:

J
C V C V

A t
C V J A t C V

A tS
t t t W=
× − ×

×
=

− × × − ×
×

0 0 0 0 0

∆
∆
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where JS refers to the reverse salt flux during FO process, 
g/(m2 h) (gMH); A refers to the effective membrane area; 

∆t refers to the measuring time interval; V0 and Ct refer to 
the initial and final volumes of feed solution, respectively; 
C0 and Ct refer to the initial and final salt concentrations of 
feed solution, respectively.

3. Results and discussion

3.1. Basic FO performance

In order to investigate the feasibility of using cooling 
water as DS in the FO process, the basic FO performance 
including water flux and reverse solute flux were measured. 
The experiments were conducted in both PRO and FO 
modes at 25°C and 17 cm/s using TFC- and CTA-FO mem-
branes. The FS and DS were the secondary effluent and the 
simulated cooling water adding ammonium bicarbonate, 
respectively. The experimental results are shown in Fig. 3. 
Figs. 3a and b represent the water flux and the reverse solute 
flux, respectively. The initial water fluxes on both CTA- and 
TFC-PRO modes (10 and 10.6 LMH) were higher than those 
in FO modes (5.9 and 7.88 LMH). The water flux declined 
about 66.9% and 47.6% of its initial level in CTA-PRO and 
TFC-PRO modes, respectively. While in FO mode, the water 
flux declined about 47.8% and 32.7% of its initial level of 
CTA and TFC membranes less than the flux declined in PRO 
mode. This results attribute to the more serious membrane 
fouling in PRO mode which can induce the permeation drag 
force leading to more rapid flux decline [27,28]. Concentra-
tion polarization (CP) is another main factor lower the flux 
of the process. In PRO mode, the support layer faces the 
feed side leading to the concentrative internal concentra-
tion polarization (CICP). In the feed side, the fouling related 
CICP can create an enhanced osmotic pressure in the fouling 
layer. So the enhanced osmotic pressure within the fouling 
layer reduces the driving force across the membrane, lead-
ing to the significant flux decline. In FO mode, the support 
layer is facing the draw side causing the dilutive internal 
concentration polarization (DICP). However, the fouling on 
the dense and smooth active layer was reversible. The shear 
stress on the smooth membrane surface could inhibit the 
foulants accumulation and reduce the external concentra-
tion polarization (ECP) [29,30]. This phenomenon expounds 
the lower water flux decline in FO mode than in PRO mode.

As shown in Fig. 3b, the reverse solute fluxes on both 
CTA- and TFC-PRO modes were higher than those in FO 
modes. This suggests that the reverse solute flux is directly 
related to the water flux. Although FO mode had lower 
initial water flux than PRO mode, the less significant flux 
decline in FO mode during the experiments cannot be 
ignored. Moreover, it is proven that the membrane fouling 
in FO mode is less serious and more reversible than that 
in PRO mode [31,32]. This suggests that FO mode maybe 
preferable for the secondary effluent desalination to PRO 
mode. So the FO mode is selected in our later study.

3.2. Determination of the optimal operating conditions

Water flux is an important indicator when evaluate the 
FO performance. So in this part, we aimed to determine the 
optimal operating conditions in which the water flux was 
relatively high. The effects of temperature and cross flow 
velocity were investigated in the FO process.

Fig. 2. The schematic diagram of the lab scale FO experimental 
setup.
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3.2.1. Temperature

The influence of temperature on the water flux in the 
FO process was studied by using both TFC-FO and CTA-FO 
membrane at the cross flow velocity of 17.0 cm/s under FO 
mode. The variation of water flux at four temperatures (20, 
25, 30 and 35°C) is shown in Fig. 4. Figs. 4a and 4b represent 
the use of the TFC-FO and CTA-FO membranes, respectively.

Temperature has a remarkable impact on water flux 
of FO process because it will influence the solution phys-
ical and chemical properties [33]. As presented in Fig. 4a, 
the water flux increased from 2.49 to 5.3 LMH when the 
temperature increased from 20 to 25°C. This is in accor-
dance with the results of some previous papers [33,34]. 
It was mainly due to the increased osmotic pressure and 
diffusion coefficient, and decreased viscosity of used 
solutions at high temperature. To be specific, at the feed 
side, the enhanced temperature increased diffusion coef-

ficient and at the same time decreased the viscosity (Table 
2), and then resulted in the improvement of water-trans-
porting kinetics; and at the draw side, the enhanced tem-
perature increased osmotic pressure (Table 2) leading to 
the improvement of driving force. While the water flux 
decreased from 5.3 LMH to 4.45 and 3.67 LMH when the 
temperature increased from 25°C to 30 and 35°C. It may 
be due to the decomposition of the ammonium bicar-
bonate. As proven in some previous papers, ammonium 
bicarbonate begins to decompose when the temperature is 
higher than 30°C [35]. The decomposition of ammonium 
bicarbonate resulted in the decrease of osmosis pressure 
of DS which would directly affect the water flux. Since 
the concentration of DS (12.3 g/L) in our studies was 
low, the enhanced temperature had a little effect on the 
osmotic pressure (as shown in Table 2) and a little decom-
position of ammonium bicarbonate would play a signifi-
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Fig. 3. Variations of water flux and reverse solute flux with time 
at different membrane orientation. (a) water flux and (b) reverse 
solute flux. The temperature: 25°C and cross flow velocity: 17 
cm·s–1.
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Fig. 4 Effect of temperature on the water fluxes (a) TFC-FO 
 membrane and (b) CTA-FO membrane. The cross flow  velocity: 
cm·s–1.
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cant role. So during the FO process at high temperature, 
the osmotic pressure of DS reduced. However, the final 
osmotic pressure of DS cannot be measured by the OLI 
Systems analyzer. So the final osmotic pressure of DS were 
not provided.

Aydiner et al. [36] showed that increasing tempera-
ture to 35°C promoted the water flux but further increase 
to 40°C leading to the reduction of water flux, since whey 
was concentrated with NaCl as draw solution during the 
forward osmosis. Seker et al. [37] found that there was 
linear increase in water flux with increase of temperature 
to 45°C when d NaCl and KCl were as draw solution. 
However, increasing temperature to 30°C the water flux 
increased but after 30°C the water flux reduced using 
NH4HCO3 as draw solution. They concluded that effec-
tive osmotic pressure played a more significant role for 
water flux than the reduction of viscosity of draw solu-
tion by increased temperature. Effective osmotic pressure 
is osmotic pressure between the draw and feed solution. 
Zhao et al. [25] proved that the high temperature will 
lead to high reverse solute flux which hindered the water 
permeation.

Fig. 4b shows the variation of water flux at the tem-
perature 20, 25, 30 and 35°C using the CTA-FO membrane. 
The water flux increased from 2.45 to 2.89 LMH when the 
temperature increased from 20 to 25°C and decreased to 1.9 
and 1.66 LMH at 30 and 35°C. The variation of water flux 
in terms of temperature was different from that using TFC 
membrane. When using TFC membrane, the water at 30 
and 35°C was lower than 25°C, but was higher than 20°C. 
While when using CTA membrane, the water flux at 35°C 
was lowest. The water flux at 20°C was higher than that at 
30 and 35°C. It meant that the TFC membrane had a better 
performance at high temperature compared to CTA mem-
brane using the cooling water as DS. 

The results from experimental work proved that the 
water permeation was susceptible to temperature when 
the temperature was low (<30°C). But when the tempera-
ture reached 30°C, the enhanced temperature would have 
a negative influence on the water permeation due to the 
decomposition of ammonium bicarbonate. The water flux 
at 25°C was highest compared to the water flux at other 
temperatures. So the temperature of 25°C was selected in 
our following work. 

3.2.2. Cross flow velocity

The impact of cross flow velocity on FO water flux was 
investigated at temperature 25°C under FO mode in this 
part. The variation of water flux with time at three cross 
flow velocities (8.5, 17.0 and 25.5 cm/s) is shown in Fig. 5. 
Figs. 5a and 5b represent the use of TFC-FO and CTA-FO 
membranes, respectively.

As shown in Fig. 5a, the water flux increased from 3.67 
LMH to 5.3 LHM when the cross flow velocity increased 
from 8.5 cm/s to 17.0 cm/s. The increased water flux 
 suggested that higher cross flow velocity would allevi-
ate the external CP in the active layer and promote the 
water permeation across the membrane, which was in 
agreement with the study conducted by McCutcheon 
and Elimelech [38]. While when the cross flow velocity 
increased from 17.0 cm/s to 25.5 cm/s, the water flux 

decreased from 5.3 LMH to 3.24 LHM. This was a sur-
prising situation. Phuntsho et al. [39] showed that the 
water flux increased when the cross flow rate between 8.5 
and 17.1 cm/s and beyond this optimum cross flow rates 
the influence of cross flow is insignificant. Xu et al. [40] 
also convinced this opinion. They argued that varying 
cross flow rate alter thickness of mass transfer bound-
ary layer at the surface of the membrane. At higher cross 
flow rates, the boundary layer becomes thinner leading 
to the higher mass transfer rate and reduced concentra-
tion polarization. Further increasing the flow rate did not 
promote water flux because of the reduced feed recov-
ery rate at higher flow rate. Seker et al. [37] concluded 
that increasing the flow rate more than optimum cannot 
 promote water flux mainly because the flow rates have 
more effect on external concentration polarization than 
internal concentration polarization. Due to the absences 
of pressure, the external concentration polarization has a 
little influence in the FO process.
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Fig. 5. Effect of cross flow velocity on the water fluxes (a) TFC-FO 
membrane and (b) CTA-FO membrane. The temperature: 25°C.
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Fig. 5b shows the variation of water flux at the cross flow 
velocity 8.5, 17.0 and 25.5 cm/s using the CTA-FO mem-
brane. The experimental results showed that water flux 
increased from 2.77 LMH to 3.08 LHM when the cross flow 
velocity increased from 8.5 cm/s to 17.0 cm/s and water flux 
decreased from 3.08 LMH to 2.26 LHM when the cross flow 
velocity increased from 17.0 cm/s to 25.5 cm/s. The water flux 
variation is the same as the study using TFC-FO membrane.

Results from experimental work demonstrated that, 
when cross flow velocity was low (8.5–17 cm/s), water flux 
increased with the increased cross flow velocity. However, 
when the cross flow velocity increased above some level 
(17–25.5 cm/s), water flux decreased with the increased cross 
flow velocity. In our study using three cross flow velocities, 
water flux was highest when the cross flow velocity was 17.0 
cm/s. So the cross flow velocity 17.0 cm/s was our choice.

3.3 Feasibility analysis of using the secondary effluent  
as makeup water for cooling water

In order to further confirm the feasibility of using the 
secondary effluent as makeup water for cooling water in FO 
process. In this part, experiments were conducted in terms 
of the permeate recovery and membrane scaling.

3.3.1. The permeate recovery

The permeate recovery of the secondary effluent was 
investigated at different operating time (5, 10 and 20 h) at 
25°C and 17.0 cm/s using TFC-FO membrane. A weight 
balance (Satorius weighting technology GmbH, Gottingen, 
Germany) was used to record the initial weight of FS and 
the amount of the increased weight in DS. The permeate 
recovery is calculated as:

R
M

M
=

∆

0

 (3)

where R is the permeate recovery; ∆M is the amount of the 
increased weight in DS; M0 is the initial weight of FS.

Table 4 showed the results of the calculated permeate 
recovery at different operating time (5, 10 and 20 h). The 
permeate recovery was 5.3%, 13.1% and 18.9% at the oper-
ating time was 5, 10 and 20 h. The value of 10 h was 7.8% 
higher, while the value of 20 h was 13.6% higher than that 
of 5 h. Susan J. Altman et al. [9] studied using side-stream 
membrane treatment of cooling tower water to reduce water 
usage. The results showed that the average water recovery 
was 23% and the maximum savings in make-up water usage 
was 16%. In our test, when the operating time was 20 h, the 
permeate recovery can get 18.9%. So the permeate recov-
ery was considerable compared to previous studies. Fig. 6 

presents the variation of water flux at the operating time 
of 10 and 20 h. The water flux decreased rapidly with the 
increased of time in the experiments. The final water flux 
at 20 h was 4.725 LMH, and compared to the initial water 
flux 7.13 LMH it dropped 2.405 LMH. The results explained 
that the water flux has been decreasing with the increase 
of time. Thus in the actual application, adding salts to DS 
is necessary to ensure the systems of continuous operation. 

3.3.2. Membrane scaling

To further study the feasibility of using FO for cooling 
water recycling, membrane fouling was discussed in this 
section. Membrane fouling is correlated to the foulants 
deposition, concentration polarization and reverse solute 
diffusion, so it is a complex problem. Membrane fouling can 
reduce the permeate water flux, water recovery and perme-
ate quality which leads to high operating cost and shortened 
membrane life [41]. Therefore, the research on membrane 
fouling is very necessary for the practical application. The 
original virgin and used membranes were taken out from 
the membrane cell and analyzed by SEM. In order to keep 
the fouling intact, membrane samples after FO run were 
instantly flash-frozen in liquid nitrogen and subsequently 
were dried 3–4 h in a vacuum oven. The membrane used 
in this test was TFC-FO membrane. The results are shown 
in Fig. 7. Figs. 7a1, b1 and c1 represent the active layer and 
7a2, b2 and c2 represent the support layer. The membranes 
under operating time of 5 and 20 h were compared with 
the pristine membranes. Figs. 7a2, b2 and c2 show that the 
support layer were almost the same. In the FO process, the 
pure water permeated from feed to draw solution. In the 
FO mode, the concentration of salt in the support layer of 
the draw side was diluted and it would relieve the mem-
brane scaling. So the support layers were nearly similar. 
Figs. 7a1, b1 and c1 clearly show that the active layer in 5 h 
was fouled slightly and the active layer in 20 h was fouled 
severely. Membrane fouling in FO mode was caused by the 
deposition of foulants from feed solution onto the active 

Table 4
The permeate recovery at different operating time

Time 5 h 10 h 20 h

M0 (g) 1000 1000 1000
∆M (g) 53 130.6 189
R 5.3% 13.1% 18.9%

0 2 4 6 8 10 12 14 16 18 20 22
3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

A
ve

ra
ge

 w
at

er
 fl

ux
 /(

LM
H

)

Time/(h)

 10 h
 20 h

Fig. 6. Variation of water flux with time. The temperature: 25°C 
and cross flow.
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layer surface and the subsequent formation of the “cake 
layer”. In our tests, HCO3

– was contained in DS and it could 
pass through the membrane to the FS side. In the FS, HCO3

– 

and Ca2+ bound to CaCO3 precipitation and deposited on 
the membrane surface. On the long term fouling behavior 
the fouling was governed by foulant-deposited-foulant 
interaction. So with the increase of time, membrane fouling 
will become more and more serious. 

Mi and Elimelech proved that simple surface flush-
ing could remove the deposited foulants from the fouled 
FO membrane and restore the water flux [42]. Thus mem-
brane cleaning is required when the membrane fouling is 
severe. The fouled membranes after operating 5 and 20 h 
were cleaned using DI water on both the feed and draw side 
of the membrane at the same cross flow velocity of fouling 

experiment (17 cm/s) for 1 h. The results of SEM analysis are 
shown in Fig. 8. Figs. 8a and 8b represent the cleaned mem-
brane with the operating time of 5 and 20 h, respectively. It 
can be seen that the foulants on the membrane (operating 
5 h) surface were almost completely removed. There were 
little foulants on the membrane (operating 20 h) surface 
compared to Fig. 7c1. The EDS analysis results are shown 
in Table 5. C and O were main raw materials of the pristine 
membrane. The active layer of TFC membrane was fouled 
with CaCO3. Compared to the fouled membrane, the CaCO3 
in cleaned membrane was almost removed. The water flux 
with time (20 h) using the cleaned membrane (operating 20 
h) is presented in Fig. 9. It is clear that the water flux of the 
pristine membrane and the cleaned membrane had almost 
the same trend. The final water flux was 4.43 LMH using 

 a1 

a2 c2 

c1 

b2 

b1 

Fig. 7. SEM images of TFC-FO membrane. (a1 and a2) active layer and support layer of the pristine membrane. (b1 and b2) active lay-
er and support layer of the membrane after operating 5 h. (c1 and c2) active layer and support layer of the membrane after operating 
20 h. The temperature: 25°C and cross flow velocity: 17 cm·s–1.

b a  

Fig. 8. SEM images of the cleaned membrane. (a) cleaned membrane with operating time of 5 h and (b) cleaned membrane with 
operating time of 20 h. The temperature: 25°C and cross flow velocity: 17 cm·s–1.
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the cleaned membrane, and it was 6.2% lower than the 
final water flux (4.73 LMH) using the pristine membrane. It 
meant that 1 h simple surface flushing the membrane after 
running 20 h could get significant effect and the water flux 
restored nearly 93.8%. The small differences were due to 
the fact that the simple flushing could remove the foulants 
on the membrane surface effectively, there were still some 
foulants in the holes of the membrane. These foulants were 
hard to be removed through simple flushing and hindered 
water going through the membrane leading to the reduced 
water flux [43]. These results confirmed that the membrane 
fouling was reversible in the FO process and simple surface 
flushing could remove the foulants effectively. The cleaned 
membrane could remain high performance efficiency.

4. Conclusion

In this study, the application of FO was investigated 
using the secondary effluent as makeup water for cooling 
water. The results showed that, the initial water fluxes on 
both CTA- and TFC-PRO modes (10 and 10.6 LMH) were 
higher than those in FO modes (5.9 and 7.88 LMH).While 
in FO mode, the water flux declined about 47.8% and 32.7% 
of its initial level of CTA and TFC membranes less than the 

flux declined (66.9% and 47.6%) in PRO mode. This phe-
nomenon mainly attribute the permeation drag force as 
well as the concentration polarization. The water flux did 
not increase with the temperature when it was above than 
30°C. The same situation occurred at the cross flow velocity 
above than 17 cm/s. The optimal conditions were deter-
mined to be 25°C and 17.0 cm/s in which the water flux 
was highest. When the operating time reached 20 h, the 
permeate recovery could get 18.9%. The fouling of TFC-FO 
membrane was serious after running 20 h, but it could be 
cleaned well by 1 h simple surface flushing. Through 1 h 
flushing the water flux could restore nearly 93.8%. The 
SEM-EDS results also confirmed the conclusion. The over-
all performance demonstrates that FO is feasible to recycle 
cooling water. 
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