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ABSTRACT

Cellulose triacetate (CTA) based membranes for forward osmosis (FO) have been prepared with
N-methyl pyrrolidone (NMP), acetone, and tetrahydrofuran (THF) as solvents and pore forming
agents by immersion precipitation. Casting composition and preparation conditions including CTA
weight content, NMP/additives ratio, THF/acetone ratio, evaporation time, and coagulation bath
temperature (CBT) were systematically investigated for their effects on membrane structure and FO
performances. A CTA membrane with the dense skin layer on the surface and sponge-like support
layer in the middle was obtained. The CTA membrane showed a water permeability of 10.78 L/(m? h)
(LMH), higher than 8.70 LMH of commercial Hydration Technologies Inc.(HTI) membrane, and a
specific reverse draw solute flux (mass of salt back-diffusion per 1 L pure water produced) of 0.65 g/L,
lower than 1.17 g/L of HTI membrane.
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1. Introduction

Forward osmosis (FO) is a chemical potential-driven
process occurring naturally across the semipermeable
membrane. The driving force comes from the water chem-
ical potential gradient between the feed solution (FS) with
a high water chemical potential (low osmotic pressure) and
the draw solution (DS) with a low water chemical potential
(high osmotic pressure). Water diffuses from the feed side
to the draw side across the membrane. No hydraulic pres-
sure is applied in the FO process. Further preponderances
such as low fouling and better fouling reversibility due to the
low compact fouling layer formed have attracted more and
more attention. Low energy consumption and low fouling
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were ever thought as the two remarkable advantage of FO
compared with other water treatment technology, such as
electric dialysis, reverse osmosis (RO), multistage flash dis-
tillation, and so on, when the draw solute was not need to
be recycled or recovery cost was relatively low [1]. Its poten-
tial applications including water purification [2], wastewater
treatment [2-5], saline and seawater desalination [6], phar-
maceutical production [7], food processing [8], agriculture
and chemical industry [9-11] have been reported. The advan-
tages of FO are manifested in cases where the draw solute is
a process components for the industry, thus the recovery is
not required [12,13].

The membrane with low internal concentration polar-
ization (ICP), antifouling property, high water perme-
ability, and salt resistance is thought to be the ideal FO
membrane. Recently, many research works on the struc-
ture and performance promotion of FO membrane have
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been published [12,14-18]. Although thin-film composite
(TFC) membrane by interfacial polymerization has shown
its several advantages, such as high water flux, better salt
retention, and wide operating pH [19-22], it has the dis-
advantage such as weak chlorine tolerance and fouling
resistance [23,24]. Cellulose triacetate (CTA) is thought
as a suitable polymer for FO membrane due to its easily
getting of raw materials, hydrophilicity, and antifouling
propensity [25]. The commercial FO membrane belonged
to Hydration Technologies Inc. (HTI) is believed to be a
CTA-based membrane with a polyester mesh or nonwoven
fabrics as the strengthening scaffold [26,27]. In recent years,
more research works focused on the development of cellu-
losic-derived polymer FO membrane generally fabricated
by phase inversion. Graphene oxide (GO) was incorporated
into CTA membrane to reduce the water resistance and ICP
for promoting the hydrophilicity of CTA membrane. The
CTA/GO composite membrane showed the water flux high
up to 18.43 L/(m? h) (LMH) and the specific salt reverse flux
low down to 0.22 g/L when deionized (DI) water was FS
and 0.5 M NaCl was DS [14]. Meanwhile, the incorporation
of GO enhanced the antifouling capability of composite
membrane. The CTA membrane with the addition of ace-
tic acid in the solvent system of 1,4-dioxane/acetone exhib-
ited higher water flux of about 20 LMH when 2 M NaCl
and DI water were used as DS and FS [23,24]. Based on
the 0.5-2.0 M MgCl, DSs, the CA membrane casted using
acetone and formamide as the solvent system exhibits the
water flux of 13.57-30.98 LMH with salt leakages in the
range of 0.37-1.26 g/m*/h, respectively [28].

Most cellulosic-derived polymer-based FO membranes
were casted by dissolving in 1,4-dioxane solvent system.
But it is reported that 1,4-dioxane can cause liver tumors in
rodents through cytotoxicity and subsequent regenerative
hyperplasia [29] and was classified as “likely to be carcino-
genic to humans” by US Environment Protection Agency
(USEPA) based on toxicological data [30]. Meanwhile, USEPA
recently add 1,4-dioxane on its initial list of 10 “high priority”
chemical substances as part of the 2016 amendments to the
Toxic Substances Control Act. N-Methyl pyrrolidone (NMP)
is rather good to dissolve CTA and other polymers [31-33].
Although research works about oral administration of NMP
up above 500 mg/kg/d to rats shows toxic effects [34], no one
would take NMP by oral administration normally. Another
piece of work on NMP metabolites in plasma and urine from
volunteers after experimental exposure to NMP in dry and
humid air indicated that there was not a statistically higher
absorption of NMP after exposure to NMP in humid air than
in dry air [35]. NMP shows lower toxicity as compared with
1,4-dioxane.

NMP solvent system was used to dissolve CTA poly-
mer effectively to form homogenous solution in this work.
Furthermore, acetone and tetrahydrofuran (THF) were used
as binary mixed pore-forming agent and CTA membranes
with dense selective layer and sponge-like open-cell network
sublayer were successfully prepared. The polymer solution
recipe and preparation conditions including CTA content,
solvent and additive ratio, evaporation time, and coagula-
tion bath temperature (CBT) were optimized. The optimized
membrane performance was compared with the commercial
HTI-CTA membrane. The objective of this research work was

mainly focused on the establishment of appropriate solvent
system for casting CTA FO membrane.

2. Experimental
2.1. Materials

CTA was purchased from Wuxi Institute of Chemical
Engineering, with an acetyl content of 43-44 wt.%. Sodium
chloride, NMP, acetone, and THF are of analytical grade,
obtained from Sinopharm. DI water was used for FO per-
formance test including pure water permeability and salt
selectively rejection test. Commercial FO membranes were
provided by HTL

2.2. Membrane preparation

CTA membranes were prepared by immersion precipi-
tation. Firstly, CTA was dried above 40°C at vacuum oven.
A weighed amount of dried CTA was added to three-necked
flask equipped with a mechanical stirrer containing a pre-
mixed solvent of NMP, acetone, and THF at a certain ratio.
The solution was kept at 30°C and stirred till a homogeneous
solution was obtained, followed by deaeration in an oven
at 30°C for several hours before casting. The polymer solu-
tion was cast onto a dry and clean glass plate using a casting
knife of 150 pm. Then the plate was immersed into a water
bath at different temperatures (0°C-40°C) after exposed in
the air for a certain time. After solidification and peel off, the
membranes were immersed in DI water which was changed
every 4 h for 24 h before test. All the membrane prepared
under the environment humidity of 50%-55% and tempera-
ture of 25°C + 1°C.

2.3. Scanning electron microscopy

The cross-section morphologies of CTA membranes were
characterized using field emission scanning electron micros-
copy (SEM, Sirion 200). 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 vacuum system in the freeze dryer and immediately
kept in liquid nitrogen to maintain a low temperature. After
12 h, the samples were fixed on a specimen stage with the
conducting resin and were coated with a thin gold layer for
SEM imaging.

2.4. Water uptake test

Porosity of the membranes was estimated gravimetrically
using Eq. (1). where ¢ is the water uptake of the membranes.
The membrane with the length of L and the width of b was
wiped quickly, and then was weighed as the wet membrane
mass w,. The membrane was set in the air to dry with the dry
membrane mass of w,, p_ is water density, and t, is the mem-
brane thickness. Water uptake was calculated three times for

each sample and the average value was reported.

(wo_wl)/pw

Water uptake =
P Lxbxt,x 10™*

x100% 1)
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2.5. FO performance test

The prepared membranes were tested in a laborato-
ry-scale FO setup, as shown in Fig. 1. The test cell consists
of two rectangular plastic symmetric half cells with the
membrane in between. The dimensions inside the half cell
are 10 cm in length, 3 cm in width, and 0.3 cm in height. 2 L
DI water was used as FS and 0.5 M NaCl aqueous solution
was used as the DS. Both FS and DSs were circulated using
gear pumps. The concurrent FS and DS flow was adopted
to reduce the strain on the suspended membrane. The flow
rate determined to be 1.8 L/min after optimization test to
reduce the external concentration polarization. A circula-
tor maintained both FS and DSs at 25°C + 0.5°C. Electronic
thermometers with accuracy of 0.1°C were used to detect the
solution temperature at the inlet and outlet of the module.

FO performance generally was assessed under the FS
mode (the FS faced the dense selective layer and the DS faced
the support layer) over 1 h, by measuring permeate water
flux (J)) and reverse solute flux (J). Calculated data were
taken after initial stabilization period of about 10 min. Water
flux was calculated by the weight change of the DS due to the
water permeation as follows:

] = Am ”
TS xAtxp, @)
where ] is the membrane water flux (kg/m?/h) (in this report
same as L/m?/h), Am is the weight of water passing through
the membrane (kg), S, is membrane area (m?), and At is the
duration for collecting permeate (h).
In FO processes, reverse solute flux of FO membrane
was defined as the amount of NaCl permeating from the DS

to the FS per unit membrane area per unit time, showed as
], as follows:

A(C,x V)
I S, x At ®)
where C, and V, are the salt concentration and the volume of
the feed at the end of the FO tests, respectively. The A(C, x V)
is the change of the amount of the salt before and after the test,
or the salt diffuse from the DS back to the feed. Duplicated
test were carried out in this experiment and average results
are reported with standard deviation lower than 10%.
Specific reverse draw solute flux (SRSF) was defined as
the amount of NaCl diffused into the FS from DS when pro-
ducing per liter pure water, showed as ] /], (g/L).

SRSF = ;—s (4)

v

2.6. Membrane structure parameter

In FO process, the solute resistivity K can be determined
according to the following equation:

k| Ll Ao+ B (5)
]v AnFeed+]v+B

where n, and m,_, represent the osmotic pressure of the
FS near the membrane surface and the bulk DS, respec-
tively. A represents the pure water permeability coefficient
and B represents the solute permeability coefficient of the

Fig. 1. Schematic diagram of the FO system. (1) membrane module; (2) feed solution container; (3) thermostatic bath; (4) conductivity
transmitter; (5) stirrer; (6) draw solution container; (7) digital balance; (8) gear pump; (9) flowmeter; (10) data collection and analysis
system. Effective area of the FO membrane cell: 24 cm? cross-flow velocity of the feed and draw solutions: 25 cm/s; temperature of

the feed and draw solutions: 25°C + 0.5°C.
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CTA membrane. They were determined using a RO test
setup (Sterlitech Corporation) using the standard protocol
described by Cath et al. [36].

The membrane structural parameter (S) is a product of
the solute resistivity (K) and the solute diffusivity (D), and is
determined by membrane thickness (t), membrane tortuos-
ity (1), and membrane porosity (¢) [36].

S=KD=12" (6)

3. Results and discussion
3.1. Effect of CTA content

Different CTA content membranes with the constant ratio
of NMP/additives (1:1.3) and acetone/THF (1:1.5) were pre-
pared and tested. The FO performance characterization of
CTA membranes was carried out using DI water as the FS
and 0.5 M NaCl aqueous solution as the DS under the mode
of active layer facing the FS. Fig. 2 shows the FO performance
of membranes prepared by varying the CTA weight fraction
from 12 to 16 wt.%.

Water flux ] decreased from about 10.78 to 7.73 LMH.
This is due to higher content of CTA induced higher poly-
mer distribution and then increased the resistance of water
molecular permeating the CTA membrane. So, water flux
decreased with increasing CTA content in the casting mem-
brane solution. The specific reverse solute flux (J/]) is the
ratio of reverse solute loss per unit permeate water, reflects
the membrane selectivity. The less SRSF value indicates
higher reject rate and better selectivity. The SRSF is thought
to be closely related with the dense layer of membranes.
More compact is the dense layer, the SRSF value is less, which
accounts for that better salt rejection rate may work in the
application. As seen in Fig. 2, the SRSF varied slightly when
the CTA weight fraction was between 12 and 15 wt.%. But
when CTA content reached at 16 wt.%, the SRSF decreased
sharply from about 0.65 to 0.50 g/L. That is to say the selec-
tivity of the CTA membrane was promoted by a large mar-
gin as the polymer content increased to 16 wt.%. This may

15 0.80
| |
1al v Sy Jo0.75
J0.70
13} X 1
Jo65
enf Ty —4 T )
o - Joeo <
€ 1 2
D I @ 40.55 >
= \@ ],
=710 A Jos0 —
9l D\@ J0.45
sl 5 Jo0.40
Jo3s
7F
1 1 1 1 1 0.30
12 13 14 15 16

CTA weight fraction (%)

Fig. 2. Effect of CTA weight fraction on | and J/]. NMP/
additives = 1:1.3; THF/acetone = 1:1.5; CBT 27°C; evaporation
time 20 s.

be explained by that enough polymer chain can be conjunct
with others to form enough dense layer with high selectivity
and then salt molecular permeating across the membrane per
unit hour showed a sharply decrease when the CTA content
is increased enough to 16 wt.%.

3.2. Effect of NMP/additives

CTA is hard to be dissolved because its high acetyl con-
tent about 43—44 wt.%. NMP is a better solvent for CTA and
is more friendly to research worker and environment com-
pared with dioxane with stronger toxicity and carcinogenic-
ity [29], which is usually used for CTA solvent. In this section,
by fixing CTA content at 12 wt.%, THF/acetone at 1:1.5 and
varying the NMP/additives from 1:2.3 to 1:0.8, different CTA
membranes were prepared. FO performance of these mem-
branes was characterized in FS mode.

The effects of NMP ratio in the casting solution were
investigated on water permeability and SRSF as shown in
Fig. 3. The water permeability increased obviously from
about 8.0 to 15 LMH when the NMP/additives ratio var-
ied from 1:2.3 to 1:0.8. NMP has the biggest dispersive and
dipole-dipole solubility parameter, as seen in Table 1, so
NMP was the best solvent for CTA among the system.

The compatibility between the ring system of NMP and
the pyranose ring of CTA molecular is the reason for it [37].
Stronger interaction between the solvent and polymer can
form when higher content of NMP is used in the casting
solution. When a pristine membrane is immersed into the
coagulation bath, the nonsolvent will diffuse into the poly-
mer matrix and the solvent in the matrix will diffuse out
to the coagulation bath because of the chemical potential
difference. Stronger interaction between the solvent and
polymer decelerates outflow of the solvent, and so indi-
rectly promotes the inflow of nonsolvent to the matrix. In
this case, the casting solution can reach liquid-liquid phase
separation at lower polymer concentration [37] and the cor-
responding membrane porosity is higher. In other words,
the membrane prepared using higher content of NMP will
show higher water flux in the FO test. This is the reason that
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Fig. 3. Effect of NMP/additives on the forward performance of
membrane. THF/acetone = 1:1.5; CTA content 12 wt.%; CBT 27°C;
evaporation time 20 s.
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Table 1
Solubility parameter of liquids at 25°C and polymer [38]

Compounds 0, (MPa)'? o, (MPa)'? 0, (MPa)'? Solubility parameter (MPa)2 d
THF 16.8 5.7 8.0 194

Acetone [37] 15.5 104 7.0 20.1

NMP 18.0 12.3 7.2 23

CTA [37] 15.6 - 10.4 18.8

the water permeability is increasing with the arising NMP
content.

The SRSF shows increasing trend with the augment of
NMP content in the system as seen in Fig. 3. The ] /] exhibits
the least value of 0.41 g/L when the ratio of NMP/additives
was fixed at 1:2.3 but the water flux is only 7.93 LMH. Water
permeability and SRSF increased when more NMP was used
in the casting solution. This can be explained by that good
solvent for polymer can induce the liquid-liquid phase sep-
aration at lower polymer concentration in the matrix [37,39].
Accordingly, the polymer content in the dense layer is also
lower and the compactness of selective layer is worse. So, salt
flux and | /] both increased. Another reason for the increas-
ing of SRSF with NMP content is that acetone and THF have
greater saturated vapor pressure of 49.14 and 15.20 kPa than
NMP of less than 0.133 kPa at 15°C [40]. Decreasing ace-
tone and THF content results in less solvent evaporation
and hence a lower polymer concentration on the membrane
surface. Consequently, a less dense skin layer was formed,
leading to a higher SRSF.

3.3. Effect of THF/ACT

The membrane casting solution contains two high vol-
atile components: acetone and THF, which affects the pore
structure and FO performance seriously. Fig. 4 shows FO
performance of membrane casted using different ratio of
THF and acetone. The water flux and SRSF both display ris-
ing trend with the decreasing THF ratio. That means that
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Fig. 4. Effect of THF/acetone on the forward performance of
membrane. S/NS = 1:1.3; CTA content 12 wt.%; CBT 27°C;
evaporation time 20 s.

THEF is beneficial to improve the compactness of skin layer
and salt rejection capacity of membrane.

Generally, membranes with a more porous top layer
would be obtained due to instantaneous liquid-liquid
demixing, whereas membranes with a dense skin layer
would be obtained following delayed demixing [39].
Formation of a dense skin layer requires a high polymer
content before liquid-liquid phase separation. THF has the
lowest mutual affinity with water as compared with acetone
and NMP (Table 1), both have the carbonyl in the molecule.
Consequently, addition of THF into the solution contributes
to the delayed demixing [41].

The compactness of the skin layer and the pore con-
nectivity are decided by the polymer-rich phase and poly-
mer-poor phase. On one hand, high THF ratio allows more
solvent (such as NMP and acetone) to diffuse out of the
polymer solution. On the other hand, there is more time
for CTA polymer molecular chain entanglement and for the
polymer-rich phase to grow up at high THF ratio because of
promoted delayed liquid-liquid demixing. Based on above
reasons, more compact skin layer was formed at high THF
ratio leading to lower ]/] value. The cross-section photo-
graphs of membranes with different ratios of THF and ace-
tone are shown in Fig. 5. The CTA membranes with skin layer
of a certain depth have been obtained in accordance with the
PAS characterization of CTA membrane by Ong and Chung
[42]. The pore connectivity would be sacrificed as shown in
Figs. 5(c1) and (c2) corresponding to the high THF ratio. The
connectivity is promoted when acetone ratio is increased as
shown in Figs. 5(c3) and (c4). The morphologies in Figs. 5(a4),
(b4), and (c4) show the CTA membrane has a fully porous
open-cell network structure in the sublayer and a relatively
dense skin layer, which can support the research works of
Ong and Chung [42]. The water permeability increased as
the THF content is reduced due to the improved pore con-
nectivity. At reduced THF content, weakened instantaneous
liquid-liquid demixing leads to less compact skin, SRSF
increased following a decrease of THF content.

3.4. Effect of evaporation time

The pristine membranes were set in the environmental
temperature and humidity of about 25°C and 50%-55%,
respectively, for varied evaporation time from 3 to 60 s
before they were immersed into the coagulation bath. Fig. 6
shows the effect of the evaporation time on the water flux
and SRSF. The water permeability increased from 9.33 to
13.54 LMH as the evaporation time extended, due to the
increase in the membrane porosity as shown in Appendix.
The ] /] increased from 0.60 to 0.76 g/L as the evaporation
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Fig. 5. Morphology of CTA membranes prepared with different ratio of THF and acetone of 1:0, 1:1.5, 1:1.7, and 1:2. (al-a4)
cross-section; (b1-b4) magnification of skin layer edge marked with black circle on (a); (c1-c4) magnification of sublayer marked with

blue circle on (a).
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Fig. 6. Effect of evaporation time on the forward performance

of membrane. S/NS = 1:1.3; CTA content 12 wt.%; THF/
acetone = 1:1.5; CBT 27°C.

time increased from 3 to 60 s. The effect of evaporation time
on membrane characteristics can be analyzed from two
respects: (1) to increase the number of aggregation pores on
the membrane surface and (2) excessive evaporation results
in aggregation pores reunion, hence the numbers of pores
decreases and the pore size increases [43], as shown in the
cross-section (Fig. 7).

The dense layer of 20 s is deeper than that of 30 s from
the morphology as shown in Figs. 7(b1) and (b2). This means
that the rejection of membrane deteriorated as evaporation
time was extended, resulting in increased SRSF. The pore size
and porosity both increased obviously with evaporation time
as seen in Figs. 7(cl) and (c2), in accordance with the poros-
ity characterization result as shown in Appendix. This also
explains the enhanced permeability as the evaporation time
is extended. The highly evaporative character of THF than
both acetone and NMP will lead to less THF left in the pris-
tine membrane as the evaporation time is extended. Similar
to the results in Section 3.3, less THF would lead to higher
water flux and lower rejection.
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Fig. 7. Morphology of CTA membranes prepared via different evaporation time of 20 and 30 s. S/NS = 1:1.3; THF/acetone = 1:1.5;

CTA content 12 wt.%; CBT 27°C.

3.5. Effect of coagulation bath temperature

FO performances of CTA membranes prepared at dif-
ferent CBT were investigated. The results are illustrated in
Fig. 8. As the CBT increased from 3°C to 27°C, water flux ]
increased from 6.69 to 10.78 LMH. The ] /] decreased from
1.48 to 0.56 g/L when the CBT varied from 3°C to 37°C. This
indicates the compactness of skin layer is enhanced in the
high temperature water bath. Fundamentally, this is because
relatively higher temperature would cause a shrinkage of
voids between nodule aggregates [28]. It is speculated that
low temperature is not benefit for CTA molecular chain con-
junction because the supplied energy for molecular motion
is too low. So, there were much large spaces between intra-
molecular CTA chain and large voids between polymer
aggregates in the membrane [44]. These large voids supplied
channels for salts easily passing through the membrane
from draw side into feed side. Consequently, the effect of
osmotic pressure difference, which is the driving force of
water migration from the feed to the DS, was decreased,
resulting in the low water permeability [42]. At higher CBT,
polymer molecular chains more easily connect by hydrogen
bond and coalescence of polymer aggregates takes place. The
voids between polymer aggregates shrink and the compact-
ness of skin layer is enhanced [45]. Resistance of salts passing
through the membrane and effect of osmotic pressure differ-
ence are both increased. Due to the above analysis, the salt
leakage decreased and water permeability increased with
increasing CBT can be explained.

However, water flux | decreased to 9.24 LMH when the
CBT was elevated to 37°C. The SRSF of 0.56 g/L is rather
low as the coagulation bath is 37°C, which states much few
salt leakage happened. In other words, the compactness of
skin layer is further promoted due to the further shrink-
age of the voids between polymer aggregates, which can
be supported by the research of Su et al. [28,45]. A higher
temperature benefits the rearrangement of the CTA chains
at the skin layer before the CTA chains are completely fixed
by gelation [46]. So the salts migrated into the membrane
but they mostly could not pass through the skin layer result-
ing in more severe ICP. This is the reason for the decline of
water permeability.

3.6. Performance of CTA membranes in the FO

The optimized polymer solution composition was
fixed at 12 wt.% CTA, the weight ratio of NMP and addi-
tives at 1:1.3, the weight ratio of THF and acetone at 1:1.5.
The solution was casted onto a glass plate followed by the
evaporation for 20 s and then immersed into the coagula-
tion bath at 27°C. The CTA membranes prepared under
above conditions were tested in the FO process in FS mode
when 0.5, 1.0, 1.5, and 2.0 M NaCl solution were used as
the DS and DI water as the FS. The water flux and SRSF,
as listed in Table 2, both increased with increasing DS con-
centration. The reason is that the net driving force across
the membrane is enhanced for both water and NaCl at high
concentration of DS.
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Fig. 8. Effect of CBT on the forward performance of membrane, ],
and J /] . S/NS =1:1.3; CTA content 12 wt.%; THF/Acetone = 1:1.5,
evaporation time 20 s.

Table 2
Performance of laboratory-made CTA membrane in the FO
process

Results Draw solution concentration (M)
0.5 1.0 15 2.0
J,(LMH) 10.78+0.32 16.10+0.25 21.38+0.63 24.35+0.46
J/J,(g/l) 0.65+0.03 091+0.02 128+0.08 141+0.14
Table 3

FO performance comparison between commercial and laboratory-
made CTA membranes

Membrane J,(LMH) /] (g/L) DS/FS

HTI-CTA [37] ~5.25 ~3.01 1 M KBr/0.1 M NaCl
HTI-CTA [14] ~6.10 - 0.5 M NaCl/DI water
HTI-CTA® 8.70 1.17 0.5 M NaCl/DI water
HTI-CTA [46] ~3.7 - 2 M glucose/0.5 M NaCl
Laboratory- 0.5M NaCl/DI water
made CTA 10.78 0.65

FO performance of the membrane is tested at the laboratory.

The performance of the optimized laboratory-made CTA
membrane was compared against commercial CTA mem-
branes under FS mode as listed in Table 3. The water flux
of laboratory-made CTA membrane was about 24% higher
than the highest value of selected HTI-CTA membrane.
Meanwhile, the SRSF ]/] of laboratory-made CTA mem-
brane was about 45% lower than that of HTI-CTA. Current
tailor-made CTA membranes showed better performance
than the commercial CTA membranes.

The membrane structure parameters of between labora-
tory-made CTA membrane and commercial HTI-CTA mem-
brane are shown in Table 4. The A value of the CTA membrane
was 0.67 L/m? h bar, slightly lower than that of commercial
membrane, 0.79 L/m? h bar, but the structure parameter of
the tailor-made CTA membrane was 372 mm, below that of

Table 4
Structure parameters of prepared CTA membranes.

Membrane Water permeability A B value S value
(L/m*h/bar) (107 m/s) (mm)

Laboratory-made 0.67 2.74 372

CTA

HTI-CTA 0.79 2.39 421

FO test conditions: 0.5 M NaCl as the draw solution and DI water as
the feed.

HTI CTA membrane (421 mm). The low S value of current
CTA membrane indicates that the ICP of the laboratory-made
CTA membrane is less than commercial membrane. Further
improvement in the performance of CTA FO membrane could
be followed by addition of nanoparticles and other additives
into the dope solution to increase the pore connectivity. We
will report out further results in the next paper.

4. Conclusions

An asymmetric CTA membrane for FO process was
prepared and systematic investigation was carried out on
the preparation conditions, membrane morphology, water
uptake, pure water permeability, and SRSF. It was found that
water flux and SRSF decreased with increasing CTA content,
while they increased with ascending of NMP/additives ratio
and THF/acetone ratio. The results indicated that THF and
acetone played important roles in affecting the membrane
structure and FO performances. Acetone benefited the water
flux but reduced the salt resistance. When the ratio of THF/
acetone was increased over 1:1.7, pure water permeability
and SRSF would increase more rapidly due to the macrop-
ore seen in SEM morphology of membrane cross-section and
more defect in the skin layer. Prolonged evaporation time
led to higher water flux but low salt resistance due to the
loss of volatile pore forming agents. Higher temperature of
coagulation bath led to less SRSF. While bath temperature
induced different effects on the pure water permeability
because release of solvent and additives from the polymer
matrix and rearrangement of polymer chain happened in
different extent when the CBT was below or above 27°C.
The laboratory-made CTA membrane showed higher water
permeability and better salt resistance than the commercial
HTI-CTA membrane.
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