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ABSTRACT

Cellulose triacetate (CTA) forward osmosis membranes were prepared by immersion precipi-
tation. Following a standard recipe for the preparation of reverse osmosis membranes, the
concentrations of polymer, additives (lactic acid, methanol), and solvent composition in the
casting solution were investigated with respect to membrane permeation and salt rejection.
The membrane preparation parameters including the evaporation time and the coagulation
bath temperature were investigated as well. A CTA membrane with a quasi double-skinned
morphology was obtained. The CTA FO membrane showed a water flux higher than 10 kg/
m2 h using 2M glucose water solution as the draw solution and 0. 5M NaCl as feed. A NaCl
rejection of 95% was obtained.
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1. Introduction

Forward osmosis (FO), also known as osmosis, is a
natural physical phenomenon [1–3]. In an FO process,
water diffuses across a semipermeable membrane
from a region of higher water chemical potential
(lower osmotic pressure) to a region of lower water
chemical potential (higher osmotic pressure) [4]. The
FO process may require lower energy for pure water
production and the system appears to be more fouling
resistant than RO processes [5]. Moreover, FO shows
a high water recovery rate up to 90% [6]. Potential
applications of FO include seawater desalination,
wastewater treatment [6–9], food and beverage [10,11],

osmotic engine in drug release [12,13], and power
generation [14]. There exist a number of technical bar-
riers that impede FO’s industrial applications. The
major challenges are the lacks of ideal draw solution
and high-performance membranes.

The development of membranes is of key impor-
tance for industrial application of FO. RO membranes
have been tested and a considerably low water flux
was frequently observed. A high-performance FO
membrane is supposed to have the following charac-
teristics [12]:

(1) hydrophilic dense active layer for high rejection
rate and high water flux;

(2) thin porous support layer and high porosity;
(3) high mechanical strength; and*Corresponding author.
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(4) chemically resistant to acid and alkali solutions,
and adaptable to wide pH value.

A commercial FO membrane has been developed by
Hydration Technologies Inc. (HTI), which was believed
to be made of cellulose triacetate (CTA) or a mixture of
CTA and its derivatives. This membrane showed a
higher water flux than commercial RO membrane.
However, the water flux was much low than expected.
For example, Elimelech et al. [15] reported about 80%
lower than expected water permeability using HTI
membrane and ammonia-carbon dioxide draw system.

The much lower than expected fluxes in the FO pro-
cesses are generally ascribed to external and internal
concentration polarizations (ICP), because of the water
transfer causing concentration gradient between the
bulk and near the membrane (external concentration
polarization, ECP) and concentration gradient inside
the membrane (ICP). The ECP can be reduced by opti-
mization of the hydraulic status of the fluids. However,
ICP is mainly controlled by the membrane porous sup-
port structure and membrane orientation [16]. During
FO processes, the solute molecules diffusing inside the
pores of the FO membrane are diluted or concentrated
due to the water transfer, which causes a concentration
difference between that inside of the pores and bulk
solution. Depending on the membrane orientation, two
operation modes are identified as active layer facing the
draw solution (AL-DS mode) and active layer facing
the feed solution (AL-FS mode). In general in AL-DS
mode, less ICP is expected and thereby higher water
fluxes are observed. In the AL-FS mode, because the
draw solution is facing the porous support, solute
reverse diffusion may become significant which further
deteriorate the degree of ICP [17]. To quantify the
degree of ICP, Gerstandt et al. [18] proposed a mem-
brane structure parameter S, as

S ¼ ts
u

ð1Þ

where t, s, and u represent the membrane thickness,
tortuosity, and porosity, respectively. A low S value
indicates a low degree of internal concentration polari-
zation. Accordingly, a good FO membrane should
have a low-membrane thickness, low tortuosity, and
high porosity. Practically, it is difficult to realize since
thinner membrane has a low mechanical strength and
the control of membrane tortuosity and porosity is not
straightforward.

So far, many approaches have been utilized for the
FO membrane preparation including phase inversion
[19], interfacial polymerization [20,21], and layer-by-
layer deposition [22]. Although interfacial polymeriza-

tion has shown good potentials for the preparation of
RO type membrane, the membranes prepared as such
are asymmetric, where severe ICP is unavoidable. It is
believed membranes with double skins can help to
reduce or avoid ICP and thus good FO performance is
expected [23]. Although many research works
reported the preparation and performance of the
“double skin” FO membranes, the performance of this
membranes are yet not satisfactory.

For example, Chung et al. [24] have reported the
preparation of double-skinned cellulose acetate (CA)
FO flat-sheet membranes. A prototype double-skinned
CA FO membrane prepared by phase inversion
showed a water flux of 48.2 L/m2h using 5.0M MgCl2
as the draw solution at 22˚C. However, this membrane
showed about a 40% lower flux when the orientation
of the membrane is changed from bottom mode to top
mode. Moreover, a very high solute reverse diffusion
was observed in comparison to many research works,
which hampers its applicability. Recently, Su et al
reported the hollow fiber type of the CA membrane
[25]. In FO tests, the CA hollow fiber membrane with
inner selective layer generates a water flux of 17.1 L/
m2h with 2.0M MgCl2 draw solution and DI water
feed (AL-DS mode). However, the same problems of
very high solute reverse flux remains unsolved.

Overall, cellulose acetate appears to be a good can-
didate for FO membrane preparation with respect to
permeability probably due to its good hydrophilicity.
However, the high reverse solute flux hampers its
application potentials. Improvement in the membrane
structure to reduce the reverse solute flow may help
the development of FO membranes with satisfactory
FO performance.

In this report, we describe the development of FO
membranes from CTA with two compact surfaces. A
dioxane and acetone mixture was used as the solvent.
Lactate and methanol were used as nonsolvents. The
membrane preparation was optimized with respect to
the polymer and additive concentrations and parame-
ters for immersion precipitation. The FO performance
of the membrane was tested using glucose as a draw
agent and NaCl solution as the feed and compared
with HTI membrane in desalination. The underneath
reasons that cause performance difference was
explored, which might help for the development FO
membranes for large-scale applications.

2. Experimental

2.1. Materials

Cellulose triacetate (CTA) was purchased from
Wuxi Institute of Chemical Engineering with an acyla-
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tion degree of 43.3%. Cellulose acetate (CA) was
obtained from Sinopharm Chemical Reagent Co., Ltd.
with an acylation degree of 39.2%. Analytical grade
sodium chloride, glucose, dioxane, acetone, lactic acid,
and methanol are obtained from Sinopharm. Deion-
ized water was used for permeability and rejection
test. Commercial FO membranes were provided by
Hydration Technologies Inc. (HTI).

2.2. Membrane preparation

Dried polymers (CTA or/and CA) were added to
three-necked flask equipped with a mechanical stirrer
containing a premixed solvent of dioxane, acetone,
lactic acid, and methanol at a certain ratio. The solu-
tion was kept at 30˚C and stirred till a homogeneous
solution was obtained. The solution was then stored
in an oven at 30˚C for several hours to de-aerate.
Membranes were prepared by casting the polymer
solution onto a dry clean glass plate and immersed
into a water bath within 3 s at 12˚C if not otherwise
stated. The casting knife was 200 lm. After solidifica-
tion, the membranes were immersed in deionized
water for 24 h before test.

2.3. FO performance test

A lab-scale forward osmosis setup is schematically
shown in Fig. 1. The test cell consists of two rectangu-
lar plastic symmetric half cells with the membrane in
between. The dimensions inside the half cell are
10 cm� 3 cm� 0.3 cm in length, width, and height,
respectively. A 0.5M NaCl aqueous solution about
1.5 kg was used as feed and a glucose solution about
1.7 kg of 2M if not other stated was used as the draw
solution. Both feed and draw solutions were circulated
using gear pumps in a concurrent flow mode to reduce
the strain on the suspended membrane. An optimal

flow rate was set at 3 L/min to reduce the external
concentration polarization. Both feed and draw solu-
tions were maintained at the same temperature by two
thermostatic baths. Electronic thermometers with accu-
racy of 0.1˚C were used to detect the solution tempera-
ture at the inlet and outlet of the module.

Water flux (J) was calculated as follows:

J ¼ �m

S ��t
ð2Þ

where Dm, S, and Dt are the weight (kg) of water
passing through the membrane, the membrane area
(m2), and the time duration for collecting permeate
(h), respectively.

Salt rejection rate of FO membrane was deter-
mined as follows:

R ¼ 1� Cp

Cf

� �
� 100% ð3Þ

where Cf and Cp are the NaCl concentrations in the
feed solution and in permeate water via diffusion
through the membranes (M). Cp was calculated by the
amount of NaCl diffused into the draw solution
divided by the water diffusing from the feed solution
to the draw solution. In order to determine the salt
passing through the FO membranes, the effect of the
glucose concentration was considered.

The salt concentration was determined by measur-
ing the conductivity of the glucose draw solution
before and after experiment. Because the conductivity
of salt–glucose solution and salt–water solution was
different, calibrating the conductivity in a certain con-
centration of glucose solution would ensure the accu-
racy of the experiments. We measured the
conductivity of a series of solutions of glucose with
predetermined amount of salts. It was found that the
amount of salt added and the conductivity showed a
nearly linear relationship to the salt concentration.
This allowed us to determine the salt rejection in our
FO process via interpolation.

Duplicated tests were carried out in this experi-
ment and average results are reported with standard
deviation lower than 10%.

2.4. Scanning electron microscopy

CTA membranes tend to deform and become brit-
tle upon drying at room temperature. To minimize
the morphological change, the freeze-drying technique
was utilized. Membrane pieces were fractured in
liquid nitrogen and stored in a round bottom flask.
The flask with the membrane was connected to the

Fig. 1. Schematic illustration of the benchscale forward
osmosis (FO) system. 1. FO test cell. 2. Gear pump. 3. Flow
meter. 4. Thermometer. 5. Thermostat. 6. Weighting scale.
7. Feed tank. 8. Draw solution tank.
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vacuum system in the freeze dryer and the flask was
immediately kept in liquid nitrogen to maintain a low
temperature. After 12 h, the flask was disconnected
and the samples were then coated with a thin gold
layer for SEM imaging. For images of low magnifica-
tions, Hitachi TM1000 Scanning Electron Microscopy
(SEM) was used. High-resolution images were
recorded using a Field Emission Scanning Electron
Microscopy (FESEM, Hitachi S-4800).

3. Results and discussion

3.1. Effect of CTA/CA ratio

Cellulose acetate (CA) and cellulose triacetate
(CTA) are very close in chemical structure yet CA is
more hydrophilic than CTA. Their main difference
CTA has a higher degree of acelation than CA. For FO
membrane preparation, we initially tried to make a
blend membrane by varying the weight ratio of CTA/
CA but fixing the total polymer content at 13.8wt.%:
CTA/CA 1/1, 3/1, 7/1, and 1/0. Other components
in the membrane solution were dioxane 55.5wt.%,
acetone 19.1wt.%, lactic acid 3wt.%, and methanol
8wt.%. The FO performance of obtained membranes
was characterized using 2M glucose as the draw solu-
tion and 0.5M NaCl aqueous solution as feed on the
active layer of membrane (AL-FS mode) at 50˚C unless
stated otherwise. As shown in Fig. 2, with the increase
of CA content, the membrane water permeation
increased from about 7 to 14 kg/m2h, but the salt
rejection dropped from 97% to nearly zero (Fig. 2).

CA is more hydrophilic than cellulose triacetate
because of the presence of hydroxyl groups. Literature
work has shown that acylation degree is directly
related to the salt rejection rate and water flux of the
membrane in that higher acylation degree lead to
higher salt rejection rate [26,27]. In comparison, our
results showed similar trend that the addition of CA
helps to improve the membrane permeability however
with the sacrifice of the salt rejection. Similarly, the
double-skinned CA membranes reported by Wang
et al. [24] have shown the same problem as a high
water flux accompanied by a high reverse solute dif-
fusion (salt leakage). We believe that the presence of
hydroxyl groups might be the reason for the salt leak-
age in the FO process, however, membrane structure
and morphological difference may play roles as well.

The acylation degree of CTA is 43.3% and for CA
is 39.2%. Such a slight variation may lead to the sig-
nificant change in the phase separation behavior dur-
ing immersion precipitation, both thermodynamically
and kinetically. The resulted membrane morphology
and structure is most probably different: for example,
a slightly more hydrophilic CA membrane may lead
to a more swollen and loose skin layer, thus the mem-
brane permeability is high but at a low rejection rate.
Detailed research on this issue will be published soon.
Our membranes based on solely CTA materials
showed high NaCl rejection and acceptable water flux.
Thus, in the following paragraph, CTA, instead of
CTA/CA blend, will be used as the polymer for FO
membrane preparation.

It should be noted that the operation mode in our
case is AL-FS mode. It is known that for FO processes,
due to severer ICP in the AL-FS mode, it normally
shows much lower flux and rejection than AL-DS
mode [17]. Since it is our objective to find a suitable
FO membrane with less ICP, we have adopted the
AL-FS mode for further optimization of the perfor-
mance of the membrane.

3.2. Effect of CTA concentration

In this part, the effects of CTA content were inves-
tigated on flux and salt rejection. Fig. 3 shows CTA
concentration between 11.8 and 15.8wt.%. Fig. 3
shows the effect of CTA concentration on the FO per-
formance. Surprisingly, neither the water flux nor the
salt rejection varied much with respect to the viscosity
change. Solution viscosity was measured and nearly
10 times increase in the solution viscosity was
observed when the CTA concentration increased only
4wt.%. However, since the CTA membrane has rela-
tively dense skin layers which controls the permeation
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Fig. 2. CTA/CA membrane FO fluxes and NaCl rejection
as a result of CTA/CA ratio. AL-FS mode; casting
composition: dioxane/acetone: 2.9/1; lactic acid: 3wt.%;
methanol: 8.6wt.%; evaporation time: 0 s; water bath
temperature: 12˚C.
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and separation characteristics of the membranes, the
11.8wt.% CTA in the polymer solution is probably
enough to form a dense skin layer. Moreover, CTA is
relatively hydrophilic. The phase inversion process of
CTA solution may be different from hydrophobic
polymers in water, thus the viscosity difference might
play less significant role. Therefore, a high viscosity
does not necessarily correspond to a dense membrane
skin layer, or low water permeability. In further inves-
tigations, the CTA content was fixed at 13.8wt.% with
the solution viscosity of around 30,000 cp.

3.3. Effect of acetone

By maintaining the total dioxane and acetone per-
centage at 74.6wt.% and varying their ratio, the effect
of the acetone concentration on the membrane perfor-
mance was investigated. Methanol and lactic acid
were 8 and 3wt.%, respectively. As shown in Fig. 4,
with the increase of the acetone content from 13 to
25wt.%, a slight decrease in water flux was observed
(from 8 to 7 kg/m2h). The rejection rate changed sig-
nificantly. At low acetone content, the rejection rate
increased with acetone concentration, and a maximum
was observed at approximately 19.1wt.%. Thereafter,
the rejection rate declined.

In general, the membrane flux and rejection are in
a trade-off relationship: high flux correlates to low
rejection rate. In this case, it can also be seen that with
the decrease of water flux, higher salt rejection rates
are observed as well. However, the effects in salt
rejection rate are more pronounced. The membrane
flux/salt rejection is related to the membrane mass

transfer resistance and eventually the subtle mem-
brane structure. How acetone/dioxane ratio affects
the membrane structure is not clearly understood.
Since acetone is highly volatile, the time after casting
and before immersion precipitation is critical for con-
trolling the membrane performance as discussed
below.

3.4. Evaporation time

Acetone is highly volatile and its evaporation rate
is influenced by both environment humidity and
temperature. The ambient conditions at 25˚C and a
relative humidity of 60% were maintained throughout
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Fig. 3. CTA membrane FO fluxes and NaCl rejection as a
result of CTA concentration. AL-FS mode; casting solution
composition: dioxane/acetone: 2.9/1, lactic acid: 3wt.%,
methanol: 8.6wt.%, evaporation time: 0 s, water bath
temperature: 12˚C.
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Fig. 4. CTA membrane FO fluxes and NaCl rejection as a
result of different acetone concentration. AL-FS mode; cast
solution composition: CTA: 13.8wt.%; dioxane and
acetone: 74.6wt.%, lactic acid: 3wt.%; methanol: 8.6wt.%,
evaporation time: 0 s, water bath temperature: 12˚C.
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Fig. 5. CTA membrane FO fluxes and NaCl rejection as a
result of evaporation time. AL-FS mode; cast solution
composition: CTA: 13.8wt.%, dioxane: 55.5wt.%, acetone:
19.1wt.%, lactic acid: 3wt.%, methanol: 8.6wt.%, water
bath temperature: 12˚C.
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this investigation. Fig. 5 shows the effect of the
evaporation time on membrane performance. With an
increase in evaporation time, the membrane flux
rapidly increased and rejection rate drastically
declined. Reports have shown that the evaporation of
acetone has two contradictory effects on membrane
characteristics [28]: (1) evaporation of acetone
increases the number of aggregation pores in the
membrane surface and (2) excessive evaporation
results in pores reunion, hence the numbers of pores
decreases and the pore size increases. As seen in
Fig. 5, the membrane flux increases almost linearly
with the increase of evaporation time. The results
indicate that 40 s of evaporation might have caused
aggregation pore reunion and thereby low salt
rejection.

3.5. Effect of lactic acid and methanol concentration

Fig. 6 shows the effect of lactic acid concentration
on membrane properties. With the increase of lactic
acid content, the membrane flux increased rapidly.
The membrane rejection showed a different scenario:
at lactic acid concentration lower than 3wt.%, the
rejection were in the range between 95% and 98%;
with further increase in the lactic acid concentration,
the rejection declined. Kastelan-Kunst et al. [29,30]
found that the lactic acid acts both as a proton donor
and a proton acceptor because of the its carbonyl and
hydroxyl groups. It can thus form chain-like structure
with adjacent CTA molecules and a loose superamo-
lecular network in the solution which leads to a selec-
tive layer of high porosity, high flux, and low rejection
rate. With the increase of lactic acid concentration,

both the size and number of pores increase, and thus
higher flux and lower rejection rate are observed.

Fig. 7 shows the effect of methanol concentration
on membrane properties. Without methanol addition,
the flux was about 1.4 kg/m2h, at 10wt.%, the water
flux was about 7 kg/m2h. With the increase of metha-
nol concentration, the membrane flux appeared to
increase almost linearly. Similar to lactic acid, the
rejection rates initially increased slightly and then
declined with the further increase of methanol. How-
ever, the salt rejection of the CTA membrane stayed
above 95%. The role of methanol and lactic acid are
similar: both are nonsolvents and pore-forming
agents. When the methanol concentration exceeded
10wt.%, in the casting solution, insoluble transparent
particles or gels were observed. This observation
agrees with Duarte et al. [27] and Vásárhelyi et al.’s
findings [31].

Table 1 lists the dispersive (dd), dipole–dipole (dp),
hydrogen bonding (dh), and total (dsp) solubility
parameters for each chemicals and materials used in
the final polymer solution for the preparation of a FO
membrane. The dsp of cellulose triacetate is 18.8
(MPa)1/2, which is very similar to the total solubility
parameter for dioxane (20.5MPa1/2) and acetone
(20.1MPa1/2). The solubility parameters of methanol
(29.7MPa1/2) and lactic acid (34.1MPa1/2) are signifi-
cantly higher than that of CTA, thus behaves as the
nonsolvent for the polymer. The Hansen solubility
parameter values listed in Table 1 indicate that ace-
tone and dioxane are good solvent to CTA due to the
close dispersive interaction between the solvent and
polymer. However, the large difference in hydrogen
bonding between CTA and methanol and lactic acid
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Fig. 6. CTA membrane FO fluxes and NaCl rejection as a
result of lactic acid concentration. AL-FS mode; cast
solution composition: CTA: 13.8wt.%, dioxane/acetone:
2.9/1, methanol: 8.6wt.%, evaporation time: 0 s, water bath
temperature: 12˚C.
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Fig. 7. CTA membrane FO fluxes and NaCl rejection as a
result of methanol concentration. AL-FS mode; cast
solution composition: CTA: 13.8wt.%, dioxane/acetone:
2.9/1, lactic acid: 2wt.%, evaporation time: 0 s, water bath
temperature: 12˚C.
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may explain that the two are nonsolvents to CTA.
Based on the contribution of the concentration ratio,
the summation of the total solubility parameters of
the mixture solvent was 18.8MPa1/2, which is the
same as that of CTA. During the experiment, it has
been noticed that slightly higher concentration of the
methanol or lactic acid would lead to an instanta-
neous gelation of the polymer solution. Therefore, the
content of methanol and lactic acid must be carefully
controlled during the solution preparation. With this
composition, the effect of the coagulation bath temper-
ature on the membrane performance is investigated.

3.6. Coagulation bath temperature

Water is used as the coagulant and the coagulation
bath temperature effects were studied on the CTA
membrane FO flux and salt rejection (Fig. 8). With the
increase in water bath temperature from 1 to 20˚C, the
membrane flux rapidly decreased from 9.5 to 6.0 kg/
m2h. The rejection rate increased from 70% to 90%
and stayed unchanged in the range of 12˚C and 20˚C.
In general, the flux and rejection change correlates
each other well in that a higher flux corresponds to a
lower salt rejection. It is well known that the coagula-
tion bath temperature is a key parameter in determin-
ing the membrane properties which affects the phase
inversion thermodynamics and eventually the mem-
brane structure. The bath temperature affects not only
the exchange rate of the solvent–nonsolvent, but also
the motion of the polymer chains. Thermodynami-
cally, a higher temperature favors the quick motion of
the polymer chains which enables the rearrangement
of the polymer chain at the skin layer before the CTA
chains are completely fixed by gelation or glassifica-
tion. However, it has been shown detrimental effects:
high temperature has resulted in lower water perme-
ability [32].

Fig. 9(a–d) shows the SEM photos of the cross-
section of the CTA membranes prepared at various
coagulation bath temperatures. It can be seen that
the CTA membrane has a typical three-layered
sandwich structure: two relatively dense skin layers
and a mid-layer with macrovoids. It was interesting
to observe that the size of the voids increase with
the water bath temperature. No clear changes in
dense selective layer were found. The top and bot-
tom surfaces are quite dense. At a magnification of
30 k, uneven surface with nodules is observed at
both top and bottom surfaces (Fig. 9(e and f)). No
clear pores are visible in both surfaces, but the bot-
tom surfaces appeared to be rougher than the top
surface. The cause of this difference is not yet
clear, however, may be related to the difference
between the water phase and the glass casting
plate.

Table 1
Hansen solubility parameters of chemicals and materials using the polymer solution [34,35]

Chemicals and materials dd (MPa1/2) dp (MPa1/2) dh (MPa1/2) dsp (MPa1/2)

Cellulose triacetate 15.6 – 10.6 18.8

Dioxane 19.0 1.8 7.4 20.5

Acetone 15.5 10.4 7.0 20.1

Lactic acid 17.0 8.3 28.4 34.1

Methanol 15.1 12.3 22.3 29.7

Mixture solvent – – – 18.8

Note: dd: dispersive parameter; dp: polar parameter; dh: hydrogen bonding parameter; dsp: total solubility parameter.

Mixture solvent is the solvent used for preparation of the polymer solution. The compostion of the polymer solution was: CTA: 13.8wt.

%, dioxane: 59.4wt.%, acetone: 15.2wt.%, lactic acid: 3wt.%, methanol: 8.6wt.%. The calculation of the total solubility parameter is based

on summation of the concentration ratio multiplying with the solubility parameter of each chemical.
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Fig. 8. CTA membrane FO fluxes and NaCl rejection as a
result of water bath temperature. AL-FS mode; cast
solution composition: CTA: 13.8wt.%, dioxane: 59.4wt.%,
acetone: 15.2wt.%, lactic acid: 3wt.%, methanol: 8.6wt.%;
evaporation time: 0 s.
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Overall, to prepare a high flux CTA membrane
with relatively high rejection, a water bath at a low
temperature is preferred.

3.7. FO performance of CTA membrane

The properties of the CTA membrane with sand-
wiched structure were characterized in comparison
with the commercial HTI flat-sheet membrane. An
aqueous 0.5M NaCl solution was used as the feed
and a 2M glucose solution was used as the draw
solution. In FO tests, both AL-DS mode and AL-FS

mode were carried out [33]: as can be seen in Fig. 10,
the CTA membranes showed twice as high water flux
(15.2 kg/m2h) as the HTI membrane (7.5 kg/m2h) in
the AL-DS mode and a slightly higher rejection rate
for NaCl. In the AL-DS mode, NaCl solution is in
direct contact with membrane porous support layer
(or the layer opposite to the skin layer). In the AL-DS
mode, concentrative internal concentration polariza-
tion occurred, thus a concentration gradient of NaCl
inside the pores and the bulk feed solution is built up.
Eventually, the loss of effective osmotic pressure and
low draw efficiency are resulting in. In AL-FS mode,
the CTA membrane showed a flux of 7.6 kg/m2h,
which was nearly 50% of that at AL-DS mode, and
the HTI membrane showed a flux of 3.35 kg/m2h,
only 40% as that in AL-DS mode. This result indicates
that the CTA membrane has a slightly lower degree of
ICP than HTI membrane, which may be due to the
denser bottom surface than HTI membranes. In AL-FS
mode, the glucose solution was in direct contact with
the CTA membrane bottom surface, dilutive ICP is
expected leading to lower effective osmotic pressure
than AL-DS mode [17].

The higher than HTI membrane flux may be
understood by the different membrane morphology.
Ideally, the two perfectly dense skin layers in the
CTA membrane can effectively avoid ICP with
improved draw efficiency. The macrovoids allow
quick diffusion of the water, thus high water perme-
ability. In reality, although a double-skinned structure
is observed for the CTA membrane, it appeared that
the diffusion of salt and/or glucose into the substruc-
ture still took place given the lower than 100% salt
rejection. Taking this CTA membrane as a model, we
are currently working on novel draw solutes with
bulky structure in order to improve the FO efficiency.
By avoiding the penetration of the draw solute into
the porous structure, much higher flux may be
achieved.

4. Conclusions

In this paper, a systematic investigation was car-
ried out on the preparation of cellulose triacetate
membranes. Parameters were investigated including
polymer blend ratio, concentrations of the solvents,
nonsolvents, and the polymer content in the dope
solution with respect to the membrane performance in
FO process. It was found that addition of cellulose
acetate improved membrane flux but led to low rejec-
tion. CTA concentration in the polymer solution had
little impact on membrane flux and rejection rate
within the range of investigation. At an appropriate
concentration, lactic acid and methanol could
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Fig. 10. Comparison of water fluxes and NaCl rejections of
the HTI’s FO membrane and our CTA membrane. Q0:5 M
NaCl on active layer (AL-FS mode); P0:5 M NaCl on sup-
port layer (AL-DS mode).

Fig. 9. SEM images of CTA membrane. (a-d) cross-section
view at different water bath temperature. (a) 1˚C, (b) 6˚C,
(c) 12˚C, (d) 20˚C. (e and f) Top surface and bottom
surface of (b) at 30 k magnification, respectively.
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significantly improve FO fluxes without much loss in
the rejection rate. Furthermore, extended evaporation
time reduced rejection rate due to loss of acetone and
relatively lower water bath temperature led to high
water permeability but low rejection.

The CTA membrane showed higher flux than com-
mercial HTI membranes. Morphological study indi-
cates that the CTA membrane showed a three layer
structure consisting of two dense skin layers and a
very open mid-layer, which may explain its high FO
flux. Further improvement in membrane performance
will be focused on the preparation of ideal double-
skinned membrane and evaluate its performance in
combination with bulky draw solutes.
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