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ABSTRACT

In this study, different PET support fabric based forward osmosis (FO) membranes were prepared
and the optimal casting compositions as well as preparation conditions were investigated. The results
showed that the optimal membrane casting solution compositions were 10.9% wt. CTA, 79.6% wt. sol-
vents (the ratio of 1,4-dioxane and acetone is 6), (1,4-dioxane/acetone = 6/1), and 9.5% wt. additives
(2.0% wt. PVP and 7.5% wt. lactic acid). In addition, the active layer formation was largely dependent
on the thickness and pore size of PET support and the membrane on an 80-pm-thick PET support
fabric with a pore size of 80 pm presented the best performance. Evaporation time, environmental
humidity, annealing temperature and annealing time also played important roles on the membrane
flux and reverse salt flux control. Experimental results found that high environmental humidity and
a relatively low annealing temperature of 45°C was optimal for this work. The optimized membrane
showed lower salt leakage than commercial HTT membrane. This lab-scale FO membrane with high
salt rejection ratio and low back diffusion rate could provide a great option for a method of desalina-
tion and the detail influence of different casting compositions as well as preparation conditions on
membrane performance present significant impacts on the industrial production of FO membrane.

Keywords: Forward osmosis; PET support fabric; Casting compositions; Preparation conditions;
Antifouling performance

1. Introduction

Forward osmosis (FO), driven by the osmotic pres-
sure difference across a semi-permeable membrane,has
been one of the unique and emerging technologies that
can produce both clean energy and water [1]. Compared
to traditional pressure-driven membrane processes, FO
offers recognized advantages including high rejections

*Corresponding author.

to contaminants [2], low membrane fouling [3] and
potentially less operation energy [4-5]. And it has been
planned to be utilized in seawater and brackish desali-
nation [4,6,7], wastewater treatment [8-11], power gen-
eration [12,13], food and pharmaceutical dehydration
[14,15], etc. However, most of these applications are only
in the experimental stage, as a result of the lack of appro-
priately designed and good performance commercial FO
membranes in the current market.
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An ideal FO membrane should contain basic character-
istics of high water flux, high salt rejection and low internal
concentration polarization (ICP) [16]. Currently, the most
widely commercially available FO membrane is fabricated
by Hydration Technology Innovations (HTI. Albany, OR),
which is an asymmetric flat sheet membrane made of cel-
lulose triacetate (CTA) based solution, embedded with a
polyester mesh via the phase-inversion method [17]. HTI
FO membrane exhibits excellent performance with respect
to high water flux and reasonable reverse salt flux; how-
ever, it is still limited due to problems related to severe
ICP [1]. Herein, it is necessary to carry out new explora-
tion and developments in phase inversion and membrane
formation processes and consider their potential practical
applications.

Phase inversion method has been widely used in
membrane preparation. The polymer for the casting solu-
tion rapidly precipitates into surrounding non-solvent in
the coagulation bath, forming a top layer on the mem-
brane with a thin and compact structure and a porous
layer under the top layer; thus, the basic structure of the
membrane is obtained. Cellulose acetate(CA) polymers
with different degrees of acetylation have long served
as a model for the study of phase inversion mechanism
and have been a popular material for various separation
applications [18-22]. Due to the hydrophilic properties
of CA polymers, membranes prepared by these polymers
resist fouling relatively better than the conventional poly-
amide used in the FO process and thus favor a high water
flux [23]. Another important advantage of CA polymers
is that they are noted for their relatively low cost and
environmentally friendly properties. In addition, sup-
port fabric provides mechanical support for membrane
fabrication; meanwhile, its properties (porosity, thick-
ness, pore size, etc.) have a great influence on phase-in-
version-method membrane. Researchers found that the
high porosity support layer exhibited higher water flux
than the low porosity support layer, although they con-
sidered that the porosity had little effect on J_(reverse
salt flux), which was determined by the tightness of the
dense layers [22]. Cellulose triacetate (CTA), as a type of
CA polymer, also presented unique advantage in the pro-
cess of FO membrane formation. However, to our best
knowledge, few researches about the detail influences of
casting compositions as well as preparation conditions
on the membrane performance.

In this work, CTA is used as polymeric material for
flat-sheet membrane preparation via the phase inversion
method. Dual additive system-including polyvinylpyr-
rolidone (PVP) as an organic additive and lactic acid as a
non-solvent additive- is introduced into the dope solution
to enhance membrane performance. The effects of the CTA
content, the solvent content ratio (1,4-dioxane/acetone) and
the additive content on the membrane performance were
investigated to confirm the optimized dope solution. Mean-
while, the effects of PET fabric (non-woven) properties of
thickness and pore size on membrane performance are also
studied. This work also reports the effects of preparation
conditions, including evaporation temperature, evapora-
tion time, environmental humidity, annealing temperature
and annealing time, on water flux and reverse salt flux in
the FO process.

2. Materials and methods
2.1. Materials and chemicals

Cellulose triacetate (CTA, 43-49% wt. acetyl) was pur-
chased from Beijing Inno Chem Science & Technology Co.,
Ltd. 1,4-Dioxane, acetone, lactic acid and polyvinylpyr-
rolidone (PVP) were purchased from Sinopharm Chem-
ical Reagent Company. Sodium chloride (NaCl, powder,
>99.5%) was used as the solute of the draw solution. Five
different types of polyester (PET) fabric, which were labeled
P1-P5, were used as support layers for membrane forma-
tion, whose major differences were thickness, pore size and
porosity.

2.2. Membrane preparation

The FO membrane utilized in this experiment was
prepared via the immersion precipitation phase inver-
sion process. Membrane casting solution was prepared by
dissolving CTA (8.9-13% wt.) in 1,4-diaxone and acetone,
with lactic acid and PVP as the pore-forming agents. The
solution was vigorously stirred in a sealed three-necked
flask for 24 h at room temperature (20 + 3°C). After homo-
geneously mixing, the solution was sealed and remained
static for 12-24 h for de-aeration. PET fabric was attached
to a flat and clean glass plate using sticky tape. The solu-
tion was spread on the fabric with a casting knife that was
set at the gate height of 180 pm. The nascent membrane
was evaporated in the air for a certain time, followed by
immediate immersion with the glass plate into deionized
(DI) water for phase separation. After 2 h, the membrane
was immersed in water with a different temperature and
time for the annealing treatment, and then it was stored in
DI water for further measurement.

2.3. Membrane performance testing

The FO membrane was fixed in a transparent organic
glass cell that contained two symmetric channels with
an effective area of 33.6 cm? (the cell is track type, the
long is 11.5 cm and the width is 2.5 cm, elliptical diameter
is 2.5 cm). The FS and DS were introduced and recircu-
lated respectively by variable-speed gear pumps at the
same speed. The FS tank was placed on a hotplate for
stirring, and the conductivity of the FS was measured by
a conductivity meter (Leici- DDSJ-308F, Shanghai Instru-
ment Electric Science Instrument Co. Ltd.) for concentra-
tion conversion. The DS tank was placed on a balance
(UX6200H, SHIMADZU (China) Co. Ltd.) connected to a
computer to automatically record any weight changes. To
eliminate gravitational effects, the FS tank and DS tank
should remain at the same height. All the experiments
were conducted at room temperature, and the FO mem-
branes were tested in FO mode (active layers faced the
feed solution).

Water flux(J, L-m?h", abbreviated as LMH) and
reverse salt flux(J, mol'-m™h™") are basic indicators to eval-
uate membrane performance. In this work, DI water was
used as the FS, and 2 MNaCl was used as the DS for the 1 h
measurement. Water that permeated through the FO mem-
brane from the FS to the DS was calculated by the change
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in the weight of the DS. The amount of salt that diffused
from DS to FS was determined by the conductivity change
in the FS.

Aweight

(LMH) (1)

w

water density X effective membrane area X Atime

B Amol of NaCl
effective membrane area x Atime

(mol-m’zh’l) (2)

s

Both the weight change of the DS and the conductivity
change of the FS were measured and stored on a computer
at 60s intervals.

The membrane structural parameter S was calculated
based on Egs. (3) and (4) [24-25].

et

S=K*D,

where A is the water permeability coefficient of the mem-
brane active layer, B is the salt permeability coefficient of
the membrane active layer, K is the resistance to solute dif-
fusion in the membrane support layer, D _is the effective sol-
ute diffusion coefficient in the membrane support layer, @,
is the osmotic pressure of the bulk draw solution, and @, is
the osmotic pressure of the feed solution.

B+ Am,

AT 3)
B+],+Am,

4)

2.4. Analytical tools
2.4.1. Scanning electron microscopy (SEM)

Top surfaces and cross-section morphologies of the
membrane were observed using a SEM (Philips XL 30,
Netherlands). Small pieces of membrane samples were
freeze-dried in a vacuum freeze dryer for 24 h. The dried
membrane samples were fractured by liquid nitrogen and
carefully mounted on a specimen with conductive tapes.
Samples were coated with a layer of gold using a sputter
coater (SCD 005) before SEM observation.

2.4.2. Viscosity measurements

The viscosity of the dope solution was measured using a
digital viscosimeter (NDJ-8S, Shanghai Fangrui Equipment
Co., Ltd., China) at 20°C, and the SP 4 spindle was used

13

with 6 revolutions per minute. Three measurements were
taken, and the results were averaged for each substance.

2.4.3. Solubility parameter of mixed solvent (3, )

The solubility parameter is an important criterion for
measuring the miscibility of the hybrid system.
8, =8,X, +8,%, %)
where x, and x, are molar volume concentration of compo-

nent 1 and 2, and 8, and$, are the solubility parameter of
component 1 and 2.

2.4.4. Porosity

The support fabric porosity (%) is defined as a ratio of
the total pore area to the analyzed area of the material. The
analyzed image is observed by top-surface SEM.

The gravimetric method was utilized to obtain the
membrane porosity by measuring the dry-wet weight of
the membrane. Before measuring the wet weight of the
membrane (m,, g), excess water should be quickly removed
once the membrane is removed from the water bath. Then,
the wet membrane is freeze dried overnight for re-weigh-
ing (m,, g). Thus the water content of the membrane can be
calculated as m, - m,, and the overall porosity, P (%), of the
membrane is obtained using the following equation:

m, —m

pP= 2 %100 (6)
p,a-€

where p_ (0.998 g/cm’) is the water density, a is the effective
area (cm?), and ¢ is the thickness of the wet membrane (cm).

3. Results and discussion
3.1. Effects of polymer and solvents

The miscibility of polymer and solvents in a membrane
solution system significantly affects membrane properties.

Polymer content influences the formation of the active
layer and the pore structure of the FO membrane. In the
solvent system used in this work, both solvents could form
hydrogen bond with CTA, because they had similar hydro-
gen-bonding solubility parameters, as shown in Table 1.

Table 1
Physicochemical properties of polymer and solvents

Compounds  Density = Molecular Vapor Components of Solubility parameter Solubility

(g/mL)  weight (g/mol) pressure/mm (Mpa)/? parameter (Mpa)'/?3
Hg (20°C) Dispersive  Polar Hydrogen-bonding
6D 6P 6H

CTA - - - 15.55 - 10.64 18.84

14-Dioxane  1.03 88.11 27 19.0 1.8 74 20.5

Acetone 0.792 58.08 184 15.5 10.4 7.0 20.1
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1,4-Dioxane is more favored for CTA than acetone because
its ring system was more compatible with the pyranose
rings of CTA [22]. The good hybrid compatibility of the
solution resulted in a strong reaction between the solvents
and the polymer. As a result, the polymer chains separated
and greatly extended in the good solvent system.

As shown in Fig. 1, the CTA content that was less than
8.9% wt. was dilute to the extent that pin holes were eas-
ily generated to formed effective membrane. Contrarily,
the solution with high CTA content (13% wt. in this study)
easily brought air bubbles into the support layer, and the
resulting casting membrane was defective and in homoge-
neous. | and ] decreased when the CTA content increased
from 8.9% wt. to 13% wt. When the CTA polymers are in
high concentration, the polymer chains are in a high den-
sity and can be easier to aggregate for the possible roll of
the polymer chains. As a result, the pore size of active layer
decreased, and a dense layer formed. Meanwhile, when
the nascent membrane was immersed in the coagulation
bath, the high polymer concentration led to advanced gela-
tion in the polymer/solvent/non-solvent ternary phase,
promoting precipitation while hindering solidification,
which helped to form a dense skin layer [26,27]. The rela-
tively dense top layer then further hindered inter-diffusion
between the solvent (outflow) and the non-solvent (inflow),
which delayed solidification and led to the formation of a
dense skin layer with a small pore size. Comprehensively
considering the properties of the membranes, 10.9 wt.%
CTA polymer was chosen as the optimal polymer content.

The evaporation rates of the solvents during the cast and
outflow to the coagulation bath were known to be signifi-
cant factors in the formation of the membrane top structure.
Solvents that had good volatility and were favorably com-
patible with the polymer helped to form a dense active layer
as the polymer concentration of the membrane top surface
increased with the evaporation and outflow of the volatile
solvents. It was obvious shown that ] and ] increased when
the 1,4-dioxane/acetone ratio increased from 4 to 8 in Fig. 3.
This is the result of a decrease in the total volatility of sol-
vent mixture that occurred due to an increased 1,4-dioxane/
acetone ratio. As shown in Table 1, 1,4-Dioxane and acetone
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9.0 -

85 i\
8.0 é

J ,LMH
J, mol-m”’h”

a

6.5 |- ®

6.0 -

55

5.0 1 s 1 s 1 ) s
9 10 1" 12 13
CTA wt%

Fig. 1. Performance of FO membranes with different CTA weight
concentration contents (% wt.), and 1,4-dioxane/acetone weight
concentration ratios - 7/1, lactic acid - 7.5% wt., PVP - 1.9% wt.

have similar solubility parameters but different vapor pres-
sures. The vapor pressure of acetone (184 mm Hg (20°C)) is
much higher than that of 1,4-dioxane (27 mm Hg (20°C)),
which indicated that acetone is more volatile than 1,4-diox-
ane. Less solvent evaporating from the casting film resulted
in more porous top structures and obtained a relatively high
water flux. Meanwhile, an increase in the 1,4-dioxane por-
tion led to a more soluble solvent system for CTA, as the
mixture solvent solubility parameter (5 ,) decreased (Fig.
2) and became closer to the solubility parameter of CTA
(Table 1). The slow outflow of solvents and the relatively
fast inflow of surrounding water occurred simultaneously
during phase inversion, which delayed de-mixing and
resulted in a porous structure [28]. Solvents whose ratio of
1,4-dioxane/acetone was less than 4 could not completely
dissolve the total CTA polymer content of 10.9% wt. Com-
prehensively, the optimal ratio of 1,4-dioxane/acetoneis 6.

771 4-dioxane |
12 |- m Acetone 426

I-—______.
_\__s.;_\.

1o 7 7 7 7 7 - 24

0.8 -

0.6

1/2
Smix(Mpa)

04

§ 18

4 5 6 7 8 9

Molar volume concentration

0.0

1,4-dioxane/acetone weight concentration ratio

Fig. 2. Molar volume concentration of 1,4-dioxane and acetone
and the solubility parameter of the mixture solvent (5, ) with a
1,4-dioxane/acetone weight concentration ratio of 4 to 8.
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Fig. 3. Performance of FO membranes with different 1,4-dioxane/
acetone weight concentration ratios, CTA - 10.9% wt., lactic acid
-7.5% wt., PVP - 1.9% wt.
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Table 2
Effects of PVP on membrane performance

Membrane Composition (% wt.) Water flux Reverse salt flux ] (mol-m~h™)
CTA 1,4-Dioxane Acetone  PVP  Lacticacid ] (LMH)
1 109 69.1 115 1 7.5 8.63 +0.16 0.31 +0.05
2 109 68.3 11.3 2 7.5 10.31 £ 0.21 0.35+0.12
3 109 674 11.2 3 7.5 755 +0.19 045 +0.14
4 109 66.5 111 4 7.5 7.06 +0.15 0.36 + 0.17
5 109 65.7 109 5 7.5 6.79 £ 0.23 0.34 +0.11
Table 3 11 09
Viscosity of dope solution with respect to the lactic acid/PVP ~W-Water flux, J,
ratio ﬁ —-@-Reverse saltflux, J, | s
10 - /
Membrane*  Additive composition (%wt.) Viscosity (Pa-S) % il
Lactic acid pvp .
1# 8.4 11 333 5 + 1™ :Z‘E
24 76 19 419 3 / =
5 o5 g
34 6.3 3.2 52.2 M B S
a4 5.7 3.8 60.8 » \ ; o{
5# 48 47 69.2 n / ) ?\ % |
*FO membranes were prepared with 10.9%wt CTA polymers, 79.6% 193
wt. solvents (1,4-dioxane/acetone = 6/1), 9.5% wt. additives.
6 1 1 1 1 02

3.2. Effects of additives

In this study, PVP and lactic acid were used as
pore-forming agents, which played different roles on the
properties of the dope solution and membrane structure.
As shown in Table 2, | and ] exhibited similarly chang-
ing trends that first increased and then decreased slightly,
as the PVP content increased from 1% to 5%. Increasing the
PVP content may result in more porous supporting lay-
ers and the addition of finger-like pores in this layer, thus
decreasing transfer resistance. However, PVP is a type of
non-solvent swelling agent for the dope solution. When it
is in high concentration, it could decrease the proportion of
the solvent and solvent as an important pore-forming agent
in the phase inversion process. There should be a balance
point between PVP and the solvent. Meanwhile, a high PVP
concentration simultaneously decreased the mutual diffu-
sivities among the dope solution components and increased
the viscosity of the solution. Herein, the membrane with 2%
presented the best performance.

Lactic acid was a type of diluent for dope solution,which
could be demonstrated by the viscosity of the casting solu-
tion that increased with the increasing lactic acid content
of the mixture additive (Table 3). The solution with lower
viscosity formed a more porous layer structure when
immersed in the water bath.

In conclusion, the overall membrane casting solution
that was composed of 10.9% wt. CTA, 79.6% wt. solvents
(68.3% wt. 1,4-dioxane and 11.3% wt. acetone, 1,4-dioxane/
acetone = 6/1), and 9.5% wt. additives (2.0% wt. PVP and
7.5% wt. lactic acid) was considered optimal for the pro-
curement of membranes that perform well (Fig. 4).

0 2 4 6 8
Lactic acid/PVP weight concentration ratio

Fig. 4. Performance of FO membranes with different lactic
acid/PVP weight concentration ratios, CTA-10.9% wt., solvents
(1,4-dioxane/acetone = 6/1) - 79.6% wt., additives - 9.5% wt.

3.3. Effects of support fabric

It is commonly accepted that FO membrane performance
is strongly dependent on both the active layer and support
layer characteristics [29]. Until now, numerous efforts have
been made to fabricate high performance thin film composite
(TEC) FO membranes by preparing satisfying support layer
structures [17,29,30]. Although the main role of the support
layers used in the phase inversion method is the mechani-
cal support on membrane formation, it still revealed great
influence on the membrane performance. Thus, the optimal
solution was to cast on five PET support fabrics(P1-5) with
different thicknesses and pore sizes to assess their effects on
membrane structure and performance.

As for the cross-sectional morphologies, both mem-
branes showed asymmetrical structures consisting of selec-
tive layers on the top and bottom sides, embedded polyester
(PET) fabric for support and a sublayer between the top
surface and the support fabric. Indeed, the existence of
the support fabric might alter the regular structure of sub-
layer to some degree. The membrane sublayers were softer
when the solution coating on the support fabrics with larger
pores. One reason might be that the dope solution more eas-
ily penetrated and aggregated in larger pores, resulting in a
decrease of solution in the sublayer. Inversely, the PET fab-
rics with smaller pores present relatively poor permeation
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of casting solution,led to a double layer or even a multilayer As shown in Table 4 and Fig. 6, membranes marked with
sublayer structure, as shown in Fig. 5(¢’) and (d’). In other = M3, M4, and M5, which had smaller porosity support fab-
words, the PET fabrics with smaller pore scan increase the  ric, showed a poorer | than that of membrane M2. In fact,
resistance to water and solute molecule transmission. The there exists a trade-off between the support layer properties
support layer characteristics are listed in Table 4. (thickness and pore size) and the membrane performance.

Det WD Exp f———— 100pm
SE 73 0

otMagn Det WD Bxp f——————4 5;m
76 0

6000x

AccV SpotMagn Det WD E&p ———— 1 5um

100KV30 6000x SE 75 0

AccV SpotMagn Det WD Bp ——— | 5m n Det WD Exp p—————r] 1004m

100kV30 6000x SE 74 0 . 6 0

potMagn~ Det WD Exp |—— | 400 /m

SE 76 0

Fig. 5. Surface and cross-sectional SEM images of FO membranes with different support fabrics: (a) M1, (b) M2, (c) M3, (d) M4, (e)
M5, (a”) M1, (b)) M2, (¢') M3, (d’) M4, (¢”) M5.
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Eil:reaiteristics of support fabrics and membrane without and with support layers
No. 1 No. 2 No. 3 No. 4 No. 5
P1 M1 P2 M2 P3 M3 P4 M4 P5 M5
Thickness (um) 100 180 80 130 69 130 58 130 64 130
Porosity (%) 41 64.2 41 65.5 36 64.6 30 72.1 23 79.5
Pore size* (um) 100 - 80 60 - 42 - 32 -

“The average pore size of support fabric.

P1-5 referred to support fabrics with different thickness and pore sizes.

M1-5 referred to FO membranes prepared by optimized dope solution casting on PET support fabric with different thickness and pore sizes.

i - 120 while, the increasing thickness of the support layer brought
I —. oz resistance to water transmission, and as a result, | decreased.
° J, w
1M - poresize - Considering that the thick support layer led to severe ICP
o8 problems and decreased water flux, along with support fab-
0 rics with large pores that could easily cause defective mem-
I B branes, the desired fabric material used for membrane support
pp
= 8 / o g layer should be have a small thickness and an adequate pore
S of N> / q04 E g size. High surface porosity at the support layer interface of
o , Er” g the TFC membrane may improve the osmotic water flux [17].
ail K qo3 = - To summarize, the membrane revealed the best performance
A / L0 by casting the dope solution on a 80-pm-thick PET support
4 {02 fabric with apore size of 80 um.
7ol
Joa I 20
o , . . . . 3.4. Effects of membrane preparation conditions
60 70 80 90 100

Thickness, pm

Fig. 6. Performance of membranes with PET fabrics with different
thicknesses and pore sizes, CTA - 10.9% wt., solvents - 79.7% wt.
(1,4-dioxane/acetone = 6/1), lactic acid - 7.5% wt., PVP - 1.9% wt.

Table 5
Effects of evaporation time on membrane performance

Evaporation time (the time gap between the membrane
casting and the phase inversion) has a strong effect on the for-
mation of the membrane structure, particularly the top sur-
face (active layer), which imparts separation characteristics to
the membrane [31]. The appropriate evaporation time offered
enough time for solvent evaporation, resulting in an increase
in polymer concentration on the top surface of membrane,
and thus, the formation of amore compact active layer.

As shown in Table 5, both | and | decreased with the

Membrane Evaporation Annealing |, J.(mol-m- increase in evaporation time. Comprehensively considering
time (s) temp (°C) (LMH) h) the balance of | and |, the optimal evaporation time was

confirmed as 30 s, and the membrane presented a high | of

6 0 60 IL71£0.210.51+0.11 437 4 0,18 LMH and a reasonable ]. o 0.31 + 0.07 1%101].%2
7 30 60 10.31 £0.18 0.31 +0.07 h under this condition. As we known, acetone can be evap-
8 60 60 9.64+0.25 0.29 +0.13 orated in the air, and then leads to the denser surface layer.
9 90 60 860+ 011 023+ 0.05 But compared with the inter-diffusion between solvents

The detail balances can be described into three aspects: (a)
the membrane performance changed along with the trend of
the pore size when the support fabric thickness was below 70
pm, implying that the pore size significantly influenced the
membrane properties when the support fabric was thin; the
sublayer structure was tighter with increasing pore sizes; (b)
the thickness and pore size had a combined influence on the
membrane performance when both of them had moderate
values (thickness of 69-80 um, pore size of 36—41pm); and (c)
J,, decreased dramatically, while J, changed mildly, when the
thickness exceeded 80 pm and the pore size increased, which
may have occurred because the relatively over large pore size
had little effect on the dense layer formation that would deter-
mine salt rejection, resulting in the invariability of J; mean-

and water molecules, the inter-diffusion is not very drastic
in the air. Herein, the evaporation time should control in a
reasonable range.

Environmental humidity can also have a great influ-
ence of membrane performance. Fig. 7 clearly reveals that
the values ] presented an obvious increase along with the
humidity, while the ] presented a reverse trend with that
of J . The hydrophilic CTA polymer would tend to aggre-
gate at the liquid-air interface on the top surface to form an
active layer with a small pore size under a high humidity
environment. Simultaneously, the loss of solvents through
evaporation was reduced in higher humidity conditions.
However, it would consume much energy to reach to the
higher humidity. Therefore, there might a balance point
between the membrane performed and the energy con-
sumption and 70% humidity was chosen as the optimal
condition in this study.
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Fig. 7. Effects of environmental humidity on FO membrane per-
formance.

Annealing treatment can help to convert the side
chains of the cellulose acetate molecules from intra molec-
ular to intermolecular hydrogen bonds, resulting in a
reduction in the membrane pore size [32]. In this study,
J. decreased when the annealing temperature increased
from 30 to 90°C,while | first increased from 30°C to 45°C
and then decreased from 45°C to 90°C. The membrane
performed best at an annealing temperature of 45°C
(Fig. 8a). At annealing temperatures between 30-45°C,
residual chemicals that were trapped in the membrane
pores were released, resulting in a large pore size of the
top surface. The residual solvents and additives were
completely released when the membrane was annealed at
45°C, resulting in the highest | and a reasonable ] . Simul-
taneously, low thermal energy provided by low ahnealing
temperatures slightly shrank the membrane pores. The
combined action of released chemicals and pore shrink-
age changed the membrane pore size such that they were
large enough to allow water to pass through while reject-
ing salt molecules. High annealing temperatures offered
no beneficial effects for removing chemicals [22]. The rel-
atively high thermal energy provided by the high anneal-
ing temperature had a significant effect on the formation
of membrane properties, and hydrogen bonding between
the polymer chains was enhanced, which led to smaller
membrane pore sizes and more compact skin layers. As
aresult, /| and ] decreased as the annealing temperature
increased from 45°C to 90°C, respectively.

Membranes not receiving annealing treatment exhib-
ited poor salt-rejection performances, as shown in Fig. 8b.
The J_ of the annealed membrane was increased by 157%
when compared with the membrane that was annealed
at 45°C for 10 min. However, when the membrane was
annealed for 50 min, poor salt rejection occurred, which
was similar to the annealed membrane. Membranes per-
formed differently when annealing time increased from
10-30 min; the | decreased, and J increased when mem-
branes were annealed at 45°C. Solvents and additives
embedded within the membrane gradually washed out as
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Fig. 8. Effects of annealing temperature and annealing time on
membrane performance: (a) annealing temperature (membrane
was annealed for 10 min), (b) annealing time (annealing tem-
perature was 45°C).

the annealing time increased from 10-30 min; therefore,
membrane pores were large enough to allow more salt
molecules to pass through, and the | increased. Mean-
while, thermal energy slightly shrank the membrane pore
size, reducing the amount of water through the mem-
brane at each interval. Annealing times that exceeded
30 min provided slight assistance in improving the mem-
brane structure; the excessive annealing time even dam-
aged the inner structure of the membrane and led to poor
performance.

The performance of the optimal lab made membrane
was compared with the commercial HTI membrane at dif-
ferent DS concentration (Table 6). HTT membrane showed
good water flux but high reverse salt flux, while the opti-
mal membrane in this work showed better salt rejection
performance and reasonable water permeation. The ratio
of reverse salt flux to water flux (J /] ) reflected salt selec-
tivity. Membrane with small value of ] /], possessed good
performance. The | /] value of optimal lab made membrane
was smaller than HTT membrane, which implied its better
selectivity. According to the calculation, the support layer
structural parameter, S, of this FO membrane is 651 pm.
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Table 6
Performance comparison of commercial HTI membrane and optimal lab made membrane
Membrane? DS concentration (M) Osmotic J,(LMH) J, (mol-m™=h) 1/, (M)
pressure
HTI membrane 1 47.0 10.1 0.53 0.053
2 106.6 15.0 0.66 0.044
Lab made membrane 1 47.0 6.7 0.16 0.024
2 106.6 111 0.33 0.030
*membranes were tested in FO mode(active layers faced the feed solution).
4. Conclusions PVP —  Polyvinylpyrrolidone
In summary, different asymmetric flat-sheet FO mem- 1[3)55 B giii{féﬁi?gn
branes w1th various PET support fabr.lc ‘were obtained by ICP — Internal concentration polarization
the phase inversion method. The detail influences of cast- PET — Polyester
ing compositions and preparation conditions on membrane i —  Water flux (L-m2h-, LMH)
performance were investigated. The major contribution of ]’" —  Reverse salt flux (m(;l~m’2-h*1)
this investigation can be concluded as below: A —  Solubility parameter
3 . —  Solubility parameter of mixed solvent
(1) The results of dual solvents showed that the optimal 8, —  Dispersive solubility parameters
ratio of 1,4-dioxane/acetone is 6. In addition, dual 8, —  Polar solubility parameters
additive systems including PVP and lactic acid have 8, —  Hydrogen-bonding solubility parameters
great influence on | and ] . And their concentrations X —  Volume concentration of component
should be control in reasonable range. pwo —  Water density (g-cm™)
(2) The thickness and pore size of PET support fabric 5 —  Membrane effective area (cm?)
had combined effects on membrane structure and ¢ —  Thickness of the wet membrane (cm)
performance. Membranes based on larger pores sup- A —  Water permeability coefficient of the mem-
port fabrics were smoother as well as high water flux brane active layer (m-h™-atm")
and lower reverse salt flux. B —  Salt permeability coefficient of the mem-
(3) Appropriate evaporation time offered enough time brane active layer (m/h)
for solvent evaporation and it plays an important K —  Resistance to solute diffusion in the mem-
role on the membrane performance control. Gen- brane support layer (s/m)
erally, increase devaporation time will lead to the Ds —  Effective solute diffusion coefficient in the
decrease of water flux and. reverse salt flux. Envi- membrane support layer (m?s™)
ronmental humidity and the time and temperature S —  The support layer structural parameter of
of annealing treatment can also influence the mem- the membrane (um)
brane performance in some degree. P1-5 —  Support fabrics with different thickness and
(4) The optimized membrane was tested with 2 MNaCl pore sizes
as DS and DI water as FS in FO mode, which exhib- M1-5FO —  Membrane prepared by optimized dope
ited a 11.1 LMH water flux and 0.33 mol-m=h! solution casting on PET support fabric with
reverse salt flux. The optimal lab made membrane different thickness and pore sizes.
performed lower salt leakage and better membrane  TFC —  Thin film composite
selectivity than commercial HTI membrane. P —  Supolysulf one
MPD —  m-phenylenediamine
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