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ABSTRACT

Cellulose triacetate (CTA) forward osmosis (FO) membrane was fabricated with a polyvinyl
alcohol (PVA)-modified nonwoven fabric (NWF) as a support material, which helps achieve
a significant improvement in membrane performance. First, a surface modification was per-
formed on the NWF by attaching PVA and glutaraldehyde to the fabric by cross-linking.
Second, a CTA membrane was cast on the surface of the surface-modified NWF by phase
inversion process. Then, the modified NWF and the modified CTA membrane were charac-
terized by infrared spectroscopy, scanning electron microscopy (SEM), and the contact
angle. It was found from the infrared spectroscopy that large quantities of hydroxyl group
on the surface made the NWF more hydrophilic. It was also found from the SEM that, the
PVA was not only attached on the surface of the fabric, but also embedded in the fabric.
With the PVA content of the modified CTA membrane increased, the small sponge-like
pores in the support layer were changed gradually into bigger finger-like pores. After the
PVA modification, the contact angle of the NWF decreased from 116.9˚ to 38.5˚, and that of
the modified CTA membrane decreased from 114.1˚ to 55.8˚, leading to a significant
improvement in hydrophilicity. As a result, the water flux of the PVA-modified CTA FO
membrane in FO mode was greatly improved up to 55 LMH. And the same time the Js/Jw
was only 0.25. It has been calculated that the modified CTA membrane has a porosity of
0.51, and a tortuosity of 0.48, and a structural parameter of 93.65 μm. Compared the
PVA-modified CTA membrane with several other FO membranes, it was found that the
former has a smaller structural parameter and which can effectively reduce the internal
concentration polarization in the support layer, thereby resulting in a significant
improvement in membrane performance.
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1. Introduction

With the world’s population constantly on the rise
and social economy developing nonstop, the strategy
employed by any government or social group to
achieve peace and development in the future will be
closely related to water resources, particularly fresh-
water ones [1]. As new technologies continue to
emerge to reduce the cost of the desalination of sea-
water, more and more countries turn to membrane
desalination to address their water scarcity [2]. For-
ward osmosis (FO) has been used for the desalination
of seawater and brackish water as well as the purifica-
tion of contaminated water sources [3,4]. FO can be
used to dilute the flow of water fed into the desalina-
tion unit so as to reduce the energy consumption.

A research group has recently accumulated a huge
amount of information on the basic principles and
application of FO and revealed that FO may become a
highly favorable option for the desalination of water
and other forms of wastewater treatment [5]. Due to
its many unique advantages, like less energy input [6],
lower fouling tendency, easier fouling removal [7,8],
and higher water recovery [9], FO has become a
promising technology for the production of clean
water. During the FO process, the transfer of water
through a semi-permeable membrane from a solution
under an osmotic pressure to another solution under a
higher osmotic pressure occurs due to the osmotic
pressure difference of its own accord, and no external
energy is required for this form of mass transfer [10].
Over the past decade, FO has been successfully
applied to wastewater treatment [11,12], seawater/
brackish desalination [13,14], food processing [15,16],
pharmaceutical application [17,18], and power
generation [19,20].

FO membranes may be prepared using either of
the following three major methods [21]: (1) Preparing
cellulose membranes through the phase inversion pro-
cess; (2) the interfacial polymerization preparation of
composite membranes; (3) chemical modification of
the membrane surface. Among these methods, the
phase inversion process is the commonest method for
preparing FO membranes.

A typical cellulose triacetate (CTA) FO membrane
has an asymmetric structure, which has a dense active
rejection layer that is responsible for separation and a
porous support layer for better mechanical strength
[22–27]. There is a recent rapid surge of interest in
research into the CTA membranes for FO and/or
pressure retarded osmosis processes that show
promising applications in desalination, energy produc-
tion, and solution concentration [28–31]. Although
excellent performance from the CTA membranes was

reported in many studies for a short period of time,
the membranes still suffered severely from caking,
biofouling [32], and chemical instability [33–35], which
lead to a rapid decline in membrane performance.
Ong et al. [36] studied the fundamentals of engineer-
ing and science towards the formation of CTA mem-
branes for FO applications. Zhang et al. [37] studied
that membranes with an ultra-thin selective layer and
a fully porous support have been fabricated which
show high performance in FO processes. Therefore,
the ideal support layers for FO membranes to enhance
performance would be very thin, highly porous, and
provide a direct path from the draw solution to the
active surface of the membrane.

However, to reduce the thickness of the support
layer, most of the CTA FO membranes were fabricated
with polyester mesh as a support material. Although
it can effectively reduce the thickness of the mem-
brane and the internal concentration polarization and
improve the water flux of the membrane, the strength
of the polyester mesh is normally lower than a non-
woven fabric (NWF). Moreover, the polyester mesh
may be easily distorted in the membrane process.
When making the membranes, the support structure
may comprise polyethylene terephthalate or
polypropylene (PP) [38].

PP NWF can be used as a support material for the
membrane, but it is hydrophobic. Like other common
support materials, PP NWF allows limited application
due to its hydrophobic properties. Modification is thus
needed to improve its water flux. It is well known that
polyvinyl alcohol (PVA) can modify the surface of a
PP NWF so as to improve the water flux and the rate
of rejecting. In the chemical engineering circles there
has been thus a great deal of interest in the modifica-
tion of the NWF surfaces to improve their
hydrophilicity and the performance of the membrane.

Surface coating is a usual physical modification
method. It uses some chemical properties of the coat-
ing material, which forms an ultra-thin hydrophilic
coating on the surface without changing the intrinsic
properties of the membrane material following the
surface modification [39,40].

PVA polymer, with its highly hydrophilic and
excellent film-forming properties as well as outstand-
ing physical and chemical stability, is a kind of excel-
lent membrane material for the preparation of a
hydrophilic membrane. PVA can be immobilized on
the NWF surface by dip-coating, and then a PVA-
modified NWF can be formed. A lot of hydroxyl
groups on the molecular chain make the PP NWF
highly hydrophilic with good film-forming properties
and lower resistance to water transportation.
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Acetylization and cross-linking are common ways to
form the PVA membrane. The conventional cross-link-
ing reagent glutaraldehyde (GA) can surface-modifies
a lightly cross-linked PVA hydro-gel. The reaction
between PVA and GA is between the hydroxyl groups
of PVA and the aldhyde to form an acetal bridge, as
shown in Fig. 1 [41].

In this paper, we demonstrate the water flux of the
modified membrane, which has seen obvious improve-
ment on FO process. Innovative modification of the
membrane casting procedure, along with the resultant
effects of these changes in the microstructure of the
membranes, is described. The structural parameters of
the newly modified CTA-FO membranes are compared
to those of commercially available FO membranes.
These performance results are linked to the membrane
structural properties. This paper aims to demonstrate
that the interface modifications of the support layer
can significantly improve the performance of the CTA
membranes, thus providing a basis for further devel-
opment of osmotically driven membranes.

2. Experiment

2.1. Materials

A fully hydrolyzed PVA powder with a degree of
polymerization of 1,700 was obtained from Aladdin
Industrial Corporation of Shanghai, China. GA, a cross-
linking agent, was obtained as a 50% (w/w) aqueous
solution. Methanol, acetic acid, and sulfuric acid were
reagent grades and were used without further purifica-
tion. CTA (Acetyl content: 43–44 wt.%) was purchased
from Acros Organics in this work. 1,4-dioxane and ace-
tone were used as the solvents. Methanol and lactic acid
were used as additives, whereas pure water and 1 M
sodium chloride solution were used as the experimental
material and absorbing liquid, respectively.

2.2. Fabrication of CTA FO membrane by phase inversion

2.2.1. Modification of PP NWF

Before the experiment, the PP NWF should be
soaked in acetone for 24 h to remove any

contamination on the surface of the material. An
aqueous PVA solution was prepared by dissolving the
polymer in deionized water at 95˚C 2 h. 100 ml of var-
ious concentration PVA aqueous solutions were mixed
with a cross-linking solution. The cross-linking solu-
tion consisted 10 vol.% sulfuric acid, 10 vol.% acetic
acid, and 10 vol.% methanol according to a volume
ratio of 1:2:3, with an appropriate amount of GA
thrown in as well. The NWF was quickly immersed in
the cross-linking solution before being placed in a
shaking incubator with a shaking speed of 150 rpm at
50˚C for 1 h to facilitate the cross-linking reaction.
After that, the PVA-modified NWF was allowed to
dry at 70˚C for 1 h in an oven and placed in deionized
water for 24 h to remove any residual cross-linking
agent, PVA, etc.

2.2.2. The preparation of cellulose acetate membranes

Polymer solutions were prepared by dissolving
CTA (13.9 wt.%) in a mixed solvent of acetone
(18.4 wt.%) and 1, 4-dioxane (53.2 wt.%). Methanol
(8.2 wt.%) and lactic acid (6.3 wt.%) were additives,
which were stirred until total dissolution at room tem-
perature before being left to stand until complete
deaeration. Under the condition of a certain tempera-
ture (20˚C) and humidity (above 90%), solutions were
then cast on an unmodified or hydrophilic-modified
PP NWF with a casting knife, followed by immersion
in a tap water bath at 25˚C,1 h. After the removal of
residual solvents, membranes underwent heat treat-
ment 60˚C, 10 min. Finally, the membranes were
stored in a sodium-bisulfite solution (1 mol/L).

2.3. Membrane tests in FO

A schematic diagram of an advanced bench-scale
FO membrane test apparatus is illustrated in Fig. 2.
The simplest apparatus for the testing of FO mem-
branes comprises a FO membrane cell, two low-
pressure recirculation pumps (one for the feed and the
other the draw solution. The raw material liquid is
deionized water, and the drawing liquid is 1 mol/L
NaCl solution. The test was conducted at room
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Fig. 1. Mechanism of the cross-linking reaction between PVA and GA on an NWF surface.
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temperature), feed and draw solution tanks, and a
hydraulic system of pipes, tubes, connectors, and
valves. The materials of all the wetted parts should be
corrosion resistant (plastic or stainless steel). The mem-
brane cell usually comprises two flow channels of the
same dimensions, one on each side of the membrane.

During the experiment, the raw material and
drawing liquid in the peristaltic pump flowed on both
sides of the membrane test pool, in the form of cross-
flow flow. The drawing liquid side is connected to the
electronic balance to measure the quality of the raw
material liquid side change, and to calculate the water
flux of the membrane using electrical conductivity
meter measuring absorption of the solute in liquid
conductivity. FO mode was used to measure the per-
formance of the CTA membrane, namely the density
of the membrane is toward feed solution and the
porous support layer is toward draw solution.

2.3.1. Water flux (Jw)

Water flux of the membrane refers to the volume
of water going through the membrane in unit time per
unit area. The unit commonly used is LMH
(L m−2 h−1).

Jw ¼ DW
qw� A� t

(1)

where ΔW (g) is the water quantity through the area
of A (m2) within t (h). ρw is the density of water
(1000 g m–3).

2.3.2. Reverse salt flux Js

Reverse salt flux of the membrane refers to the
amount of salt transferred through the membrane

from draw to feed solution in a period of time. The
unit commonly used is LMH (g m−2 h−1).

Js ¼ ðCtVt � C0V0Þ
A� t

(2)

where Ct and C0 is the concentration of salt in the feed
at the t time and the start of experiment, respectively.
Vt and V0 is the volume of the feed solution at the t
time and the start of experiment, respectively. The
parameter A and t is membrane surface area and the
measurement time, respectively.

Js
Jw

Js=Jw of the membrane reflects the interception capac-
ity of the membrane. Js=Jw relates the water flux, Jw,
and reverse salt flux, Js. The unit commonly used is
LMH (g/L).

2.4. Determination of the membrane characteristic
parameters

The intrinsic water permeability coefficient
(expressed as A) and salt permeability coefficient
(expressed as B) of the membrane were characterized
in the RO test apparatus, according to the procedure
described in an earlier study [42]. The pure water
permeability A and salt rejection were tested at room
temperature with the denser layer facing the feed.
The pure permeability measurements were conducted
with distilled water and transmembrane pressure of
5.0 bar. To measure salt rejection, 200 ppm NaCl
solution was used and the trans-membrane pressure
was 5.0 bar. The concentrations of NaCl in the feed
(Cf) and permeate (Cp) were determined by conduc-
tivity measurements. R was calculated according to
Eq. (2):

R ¼ 1� Cp

Cf
(3)

B was determined by a linear fitting based on Eq. (3)
[22]:

B ¼ Jw
1� R

R

� �
exp � Jw

k

� �
(4)

where k is the mass transfer coefficient for the cross-
flow channel of the RO membrane cell.

Scale 

Draw solution 

Feed solution 
FO membrane 
Membrane cell 

Pump 

Pump Globe valve 

Globe valve 

Fig. 2. Schematic diagram of the laboratory-scale FO
system.
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A was determined by Eq. (4):

A ¼ Jw
DP

(5)

where Δp is the hydraulic pressure applied.

2.5. Porosity ξ

For the measurement of porosity, wet membranes
were taken out from the water bath. Then the excess
water was removed using tissue paper. The membrane
was then weighed (m1, g). Then the membrane was
dried in a vacuum drying oven, and re-weighed (m2,
g). The density of water is ρw (1.00 g/cm3) and the
density of CTA is ρCTA (1.31 g/cm3). The porosity ξ is
then obtained:

n ¼ ðm1 �m2Þ=qw
ðm1 �m2Þ=qw þm2=qCTA

� 100 (6)

2.6. Structural parameter St

The water flux in the PRO mode shows a better
performance than that in the FO mode, which is
attributed to the severer ICP of the latter, as to be dis-
cussed in the following. Dilutive ECP occurs when the
draw solution is placed against the selective layer in
the PRO mode, and the osmotic pressure at the mem-
brane surface πD,m can be obtained with the following
equation:

pD;m ¼ pD;b exp � Jw
k

� �
(7)

where Jw is the experimental water flux, k is the mass
transfer coefficient, and πD,b is the bulk osmotic pres-
sure of the draw solution.

On the contrary, when the feed solution is facing
against the selective layer in the FO mode, concentra-
tive ECP would happen which gives the osmotic pres-
sure at the membrane surface πF,m by:

pF;m ¼ pF;b exp
Jw
k

� �
(8)

where πF,b is the bulk feed osmotic pressure. The mass
transfer coefficient, k, can be calculated by the follow-
ing equation [43]:

k ¼ ShDs

dh
(9)

where Ds is the solute diffusion coefficient, dh is the
hydraulic diameter, and Sh is the Sherwood number
of a laminar flow in a rectangular channel given by:

Sh ¼ 1:85 Re Sc
dh
L

� �0:33

(10)

Here, Re is the Reynolds number, Sc is the Schmidt
number, and L is the length of the channel. Lee et al.
has developed the following expression to model the
flux under ICP in the PRO application:

Jw ¼ 1

K
ln

ApD;b þ B

ApF;m þ Bþ Jw
(11)

St ¼ Ds

Jw
ln

ApD;b þ B

ApF;m þ Bþ Jw
(12)

The water flux, Jw, using a 1 M NaCl draw solution
and deionized water feed solution was measured with
the membrane in FO mode (i.e. active layer facing the
feed solution). The membrane support structural
parameter was determined using.

Here, K is the solute resistivity for diffusion within
the porous layer given by:

K ¼ St
Ds

(13)

where St is the structural parameter of the membrane
defined by tortuosity, τ, porous layer thickness, t, and
porosity, ε.

St ¼ st
e

(14)

2.7. Characterization

2.7.1 FTIR-ATR

To investigate the chemical changes of the
PVA-modified and the original NWF surfaces, the
surface analyses were performed by using Fourier
transform spectroscopy infrared with attenuated total
reflection (FTIR-ATR). The FTIR/ATR spectra of the
PVA-modified and the original NWF were measured
by a Nicolet IS 10 instrument (Thermo Scientific
Nicolet, USA). Prior to the measurements, the samples
were dried in a vacuum chamber at 75˚C for 24 h.

P. Guan and D. Wang / Desalination and Water Treatment 57 (2016) 27505–27518 27509



2.7.2. Scanning electron microscopy (SEM)

Cross-sectional and topographical phase morpholo-
gies of the PVA-modified and original NWF were
inspected by scanning electron micrograph (SEM)
using a Hitachi S-4800 scanning microscope. The
NWFs which were dried at room temperature were
kept in liquid nitrogen and fractured. All samples
were coated with a thin gold layer using sputter
coater.

2.7.3. Contact angle

The static contact angles of the PVA-modified and
the original NWF were measured to quantify the
change in hydrophilicity using an optical contact angle
measuring system OCA20 (Data Physics Instruments
GmbH, Germany). An ultra-pure water drop (10 μL)
was added to a dry sample in an ambient atmosphere
and humidity by a micro-syringe, which was then
observed through a traveling microscope fitted with a
goniometer eyepiece. The data shown represent an
average of over five measurements performed on five
different areas of the same sample.

3. Results and discussion

3.1. Effects of PVA on NWF properties

3.1.1. Characterization of the modified NWFs by
ATR-FTIR

Surface hydrophilicity was determined by changes
in the chemical element and composition of the NWF
surface. Here, we investigated the topography and fol-
lowed the chemical changes of PVA-modified and
original NWF surfaces to uncover the origin of the
hydrophilic-modified surface. Fig. 3 compares the IR
spectra of modified NWF (graphs b, c) with that of an
unmodified NWF (graph a).

After PVA modification, a thin hydro-gel layer of
PVA was created on the surface of the NWF, which
could be confirmed by an FTIR/ATR spectroscopy
analysis. In graph (a), the peaks observed at 2,917 and
2,850 cm−1 correspond to the symmetric and asymmet-
ric stretching vibration of C–H; the peaks observed at
1,376–1,457 cm−1 correspond to the symmetric and
asymmetric bending vibration of C–H. Comparing the
PVA-GA cross-linking-modified NWF (graph b) to the
unmodified NWF (graph a), the three new absorption
peaks are shown in graph (b). The absorption peak at
about 1,135 cm−1 for the C–O–C group can be attribu-
ted to the formation of an acetal ring and ether link-
age as a result of the reaction between the hydroxyl
groups of PVA and GA at the NWF surface. The

absorption peak at about 1,720 cm−1 for the carbonyl
group can be attributed to ester carbonyl group
formed from the esterification reaction between PVA
and acetic acid. The distinct broad absorption peak at
about 3,445 cm−1 is for the OH group, which was due
to the stretch of the hydrogen bond with OH group.
Comparing the PVA-modified NWF (graph c) to the
unmodified NWF (graph a), the only new absorption
peak is shown in graph (c). The distinct absorption
band at about 3,340 cm−1 was due to the stretching
vibration of OH group of PVA, but the PVA is easily
lost. The GA-PVA cross-linking modification is
therefore not easy to lose compare to only PVA
modification.

3.1.2. Surface properties of the NWFs and CTA
membranes (water contact angle)

The measurement of the contact angle between
ultra-pure water and an NWF surface is one of the
easiest ways to characterize the hydrophilicity of NWF
surface. When water is applied to the surface, the
outermost surface layers interact with the water. A
hydrophobic surface with low energy gives a high
contact angle with water, whereas a wet high-energy
surface allows the drop to spread, i.e. gives a low con-
tact angle [44]. Such changes in hydrophilicity are
reflected in contact angles of such modified NWFs
and CTA membranes. The contact angle data were
collected for PVA-modified NWF as well as CTA
membrane (as shown in Table 1) and the results are
shown in Figs. 4 and 5.

4000 3500 3000 2500 2000 1500 1000

wave numbers(cm-1)

a
b

c

Fig. 3. FTIR-ATR spectra of NWF (a) unmodified, (b)
PVA-GA modified, and (c) PVA modified.
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Fig. 4 depicts the variant dependence of static con-
tact angle (SCA) of the PVA-modified NWF at the
concentration of 0, 0.05, 0.1, 0.3, 0.5, and 1.0 wt.%
PVA. The plot indicates the SCA of the samples
underwent a significant change. For the unmodified
NWF, the surface is strongly hydrophobic and the
measured water contact angle was 117˚. However,
after surface modification, the water contact angle
declines gradually to 42˚ with the increase of PVA
concentration. This means the NWF surface is some-
what hydrophilic after the immobilization of PVA.
Therefore, the hydrophilicity increase for the NWF
mentioned above is mainly due to the PVA hydro-gel
immobilized on the NWF surface.

Fig. 5 depicts that the contact angle of the modified
FO membrane and that of the modified NWF are con-
sistent. With the increase in PVA concentration, the
water contact angle becomes smaller. The size of the
contact angle is mainly determined by the modified
support material layer. Since the thin separation layer
is about 5–10 μm, and more hydrophilic nonwoven
makes it easier for water infiltration. Water contact
angle therefore decreases with the increase in PVA
concentration.

3.1.3. Scanning electron microscopy (SEM)

Firstly, SEM was employed to examine the surface
and the cross-section structure of PVA-modified NWF.
The SEM pictures show the NWF surface became
smoother by cross-linking with PVA (Fig. 6(d)) com-
pared with the micrograph of the unmodified NWF
(Fig. 6(e)). It is also seen that the surface porosity was
somewhat reduced because the PVA hydro-gel cov-
ered the unmodified surfaces of the NWF. The surface
of the PVA-modified NWF is shown in Fig. 6(c). In
comparison with the micrograph of the unmodified
NWF (Fig. 6(a)), it is obvious that modified NWF is
denser and smoother. Fig. 6(a), (b), and (c) shows the
top surface of the modified NWF. With the increased
concentration of the PVA, the SEM pictures show that
the NWF surface became smoother by cross-linking
with PVA. As a result, more O–H is absorbed on the
surface of the NWF surface. The hydrophilic of the
modified NWF are significantly improved. Fig. 6(b)
shows the cross section of the modified NWF. It can
be seen that the circumferences of the NWF are coated
with PVA and the void space between the fibers is
reduced. Coverage of the void space may be continu-
ous when the fibers are closely packed. Not only
PVA–GA covered the surface of the NFW, but also it
impregnated in pores of NWF. The NWFs were modi-
fied, which means the surface of the NWF is some-
what hydrophilic.

Several experiments were conducted to study the
effect of PVA modification on the structures of the
membranes. It can be seen from the scanning electron
micrograph of membrane surface (Fig. 7) that the sur-
face of cross-linking PVA-modified CAT membrane is
smooth and flat. A very thin top surface layer was
also observed in Fig. 8. With the increase in the con-
centration of PVA, more pores were seen in Fig. 8.
Fig. 8 showed that with the increase of the concentra-
tion of PVA, the pore structure of the support-layer
gradually changed from sponge-like pore to bigger
finger-like pore structure.

The cross-section of PVA-modified CTA membrane
was investigated as shown in Fig. 8. A very thin top

0.0 0.5 1.0

40

60

80

100

120

w
at

er
 c

on
ta

ct

PVA Concentration/%

Fig. 4. Changes in contact angle of NWF surface with PVA
concentration.
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Fig. 5. Changes in contact angle of CA membrane-modified
surface with PVA concentration.
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surface layer was also observed in Fig. 8(b). The SEM
images of Fig. 8(c)–(f) showed that with the increase
in PVA concentration, the pore structure of the sup-
port layer was changed gradually from sponge-like
pores to bigger finger-like pores, which significantly
made the water flux increasing.

3.2. Parameters of modified CTA membranes

The performance of FO membrane is characterized
by FO water flux, reverse salt flux, Js/Jw, as well as

the water flux and retention rate in case of reverse
osmosis. In FO tests, when the separation layer of
membrane faces the side of raw material liquid, it is
FO mode; when the separation layer of membrane
faces the side of absorbing liquid, it is PRO mode.
Figs. 9a–9c are relevant schematic diagrams showing
the changes of water flux, reverse salt flux and Js/Jw
along with the changes of PVA content under FO and
PRO mode of PVA-modified CTA membranes, respec-
tively. It could be seen from the figures that, under
PRO mode, PVA-modified CTA membrane has higher

Table 1
Contact angles of the NWFs and CTA membranes

Species Contact angle of NWFs (˚) Contact angle of CTA membranes (˚)

Unmodified 116.5 ± 0.8 113.8 ± 1.7
0.05 wt.% PVA modified 59.9 ± 0.3 66.5 ± 0.7
0.1 wt.% PVA modified 51.5 ± 0.3 70.2 ± 1.1
0.3 wt.% PVA modified 38.7 ± 0.4 55.5 ± 0.6
0.5 wt.% PVA modified 41.5 ± 0.2 59.1 ± 0.5
1.0 wt.% PVA modified 41.4 ± 0.4 59.3 ± 0.5

Fig. 6. The top surface of PVA-modified NWF made from varying the concentration of PVA (a) PVA: 0 wt.%, (b) PVA:
0.1 wt.%, (c) PVA 0.3 wt.%, magnified × 500, (d) Scanning electron micrograph of the cross section of the unmodified
NWF magnified × 2.0 k, PVA: 0 wt.%, and (e) Scanning electron micrograph of the cross section of the PVA-modified
NWF magnified × 2.0 k, PVA: 0.3 wt.%.

27512 P. Guan and D. Wang / Desalination and Water Treatment 57 (2016) 27505–27518



water flux, lower reverse salt flux and relatively low
Js/Jw. Under FO mode, diluted concentration polariza-
tion occurs, while diluted internal concentration polar-
ization has greater influences on water flux than
concentrated internal concentration polarization. So
water flux is relatively low. The direction of solvent
diffusion is opposite to that of water permeation, and
under PRO mode, for relatively high water flux, the
resistance for reverse diffusion of NaCl is relatively
big, and the reverse salt diffusion flux is relatively
low.

The research surveys the influence of the PVA con-
tent on the performance of FO membrane. It could be
seen from the figure that, PVA-modified membrane
has a greatly raised water flux, and an obviously low-
ered reverse salt flux. Along with the increase in PVA
content, the performance of PVA-modified membrane
presents the trend of “rise first and drop then.” This is
related to the improved hydrophilicity of membrane
brought by PVA modification, and its trend is accor-
dant with the change trend of membrane contact angle

(Figs. 3 and 4). The performance of the PVA-modified
CTA membrane was improved when the pore of the
PVA-modified CTA membrane changed from sponge-
like pore to big finger-like pore structure (Figs. 7 and
8). These results corresponded well with the structural
characteristics of the membranes and their substrate as
discussed in last sections.

Figs. 9a and 9b depicts the dependence of the FO
water flux, the PRO water flux and Js/Jw on the con-
centrations of 0, 0.05, 0.1, 0.3, and 0.5 wt.% PVA. (1 M
NaCl as draw solution in FO and PRO mode). With
the increased concentration of PVA, the water flux
first increases before decreasing. Meanwhile, the
reverse salt flux first decreases before increasing. With
the increase in PVA concentrations from 0 to 0.3 wt.%,
the amount of immobilization degree of PVA on NWF
surface was increased gradually (Fig. 6), leading to an
increase in the water flux with increasing PVA
concentration. Interestingly, the increase in water flux
at the concentration of 0.3 wt.% PVA was more
noticeable than those of 0.05 and 0.1 wt.%. However,

Fig. 7. The top surface of PVA-modified CTA membranes made from varying the concentration of PVA: (a) PVA: 0 wt.%,
(b) PVA: 0.05 wt.%, (c) PVA: 0.1 wt.% PVA, (d) PVA: 0.3 wt.%, and (e) PVA: 0.5 wt.%, magnified × 5.00 k.
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Fig. 8. (a) Scanning electron micrograph of the cross section of the unmodified CTA membrane, magnified × 500, (b)
Scanning electron micrograph of the cross section of the 0.3 wt.% PVA-modified CTA membrane, magnified × 500; The
cross section of PVA-modified CTA membranes made from varied the concentration of PVA, (c) PVA: 0.05 wt.%, (d)
PVA: 0.1 wt.%, (e) PVA: 0.3 wt.% PVA, and (f) PVA: 0.5 wt.%, magnified × 5.00 k.
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Fig. 9b. Variation of CTA membrane reverse salt flux with
PVA concentration.
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the water flux was decreased a little at PVA concen-
tration between 0.3 and 0.5 wt.%. These observations
might be attributed to the cross-linked degree of PVA
and GA. Cross-link of PVA and GA forms hydro-gel
matrix. When quality fraction of PVA is too small,
cross-linked degree is small, and hydro-gel matrix is
relaxed. Water is not contained easily. However, when
quality fraction of PVA is higher, cross-linked degree
is also higher. There may be some crystal domain for-
mation in the hydro-gel matrix, which results in the
smaller space of hydro-gel matrix. This implies that
the osmotic permeability of PVA-modified membrane
is significantly influenced by the pore structure and
wettability of the substrate, which are related to the
concentration of PVA. More open macro voids and
wettability of membrane substrate layer is beneficial to
reduce mass transfer resistance in the FO process.
These results corresponded well with the structural
characteristics of the membranes and their substrate as
discussed in last sections. First, from SEM, with the
increased concentration of PVA, the structure of the
pores changes from spongy pore structure to finger-
sized holes. 0.3 wt.% PVA-modified CTA membrane
has the largest finger-sized pores, the highest number
of pores in the membrane. Second, from the water
contact angle, with the increased concentration of
PVA, the contact angle decreases gradually. The
0.3 wt.% PVA-modified CTA membrane has the
smallest water contact angle. Fig. 9b shows the reverse
salt flux among the membranes. The 0.3 wt.% PVA-
modified membranes showed the lowest reverse salt
flux, indicating an active top layer formed in the
membrane was dense and homogeneous without
leakage.

Feed solution: deionized water; draw solution: 1 M
NaCl; liner flow rate: 2.4 cm/s; temperature: 25˚C.

To quantify the effect of the structure of modified
substrate on the FO performance and understand the
contribution of the active layer and substrate layer to
the permeability, illustration may be done based on
membrane performance parameters. The water and
solute permeability coefficients (A and B) and struc-
ture parameter (St) as well as the ratio of tortuosity (τ)
to porosity (ξ) of the membranes were calculated from
the RO experimental data, and the results are pre-
sented in Table 2. Adding an appropriate amount of
PVA to the casting solution improved the performance
of the modified CTA membrane. The addition of a
small amount of PVA (0.05–0.1 wt.%) led to slightly
reduced structural parameter, whereas the addition of
PVA (0.1–0.3 wt.%) significantly decreased the tortuos-
ity of substrate pores, while porosity increased as
shown in Table 2. This resulted in a higher permeabil-
ity of membrane but at the expense of selectivity. PVA
has a positive effect on the permeability of the sub-
strate, indicating that the hydraulic resistance of the
FO membrane would decrease. The pure water perme-
ability (A) was significantly improved, following the
increase of the PVA loading from 0 to 0.5 wt.%. How-
ever, higher concentration of PVA (0.5 wt.%) only
leads to a slight improvement in the pure water per-
meability (A). When the concentration of PVA is
0.3 wt.%, A is the highest and B has the smallest
value. Therefore, the significant change in water per-
meate flux may be due to the increase in porosity and
the decrease in tortuosity as can be confirmed through
the SEM. Fig. 8 shows the SEM images of the cross
sections of the PVA-modified membrane. It indicates
that all substrates show a typical asymmetrical struc-
ture consisting of a skin layer.

3.3. The contrast between the different membrane
parameters

Unmodified CTA membrane has a rather high A
value, and even though the membrane is of relatively
small thickness, its St is still relatively big thanks to
the support of NWF; as for the CTA membrane modi-
fied with PVA (0.3 wt.%), modification makes the A of
membrane increased obviously and even higher than
that of TFC-FO membrane, and meanwhile, it makes
St lowered obviously, indicating that modified mem-
brane has smaller internal concentration polarization,
and so, has better performance in permeating process.

A comparison of membrane performance and
structural parameters in this paper with other
membranes published in literature is listed in Table 3.
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Fig. 9c. Variation of CTA membrane Js/Jw with PVA
concentration.
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In comparison with the CTA membrane, it is obvious
the unmodified CTA membrane has bigger A, smaller
membrane thickness and smaller St. But in comparison
with the unmodified CTA membrane, it is evident that
the modified CTA membrane has bigger A and B, a
slightly thicker membrane and much smaller St. The
PVA (0.3 wt.%)-modified CTA membrane has bigger
A and B, but the St is the smallest compared with the
HTI membrane. In comparison with the PVA
(0.3 wt.%)-modified CTA membrane and the TFC
membrane, it is obvious the PVA (0.3 wt.%)-modified
CTA membrane has similar A and B and smaller St.
Obviously, our membrane possesses much lower St
value than others. The effective modification of PVA
reduces the St value of the membrane performance,
thereby reducing the ICP and gets a better CTA
membrane.

4. Conclusion

The data presented in this paper demonstrate that
PVA has a significant effect on the flux behavior of
the FO process. The propylene NWF was modified by

PVA, then CTA membrane was prepared through
phase conversion using a modified NWF as a support
material. Through infrared analysis, hydroxyl groups
were found on the surface of NWF. SEM characteris-
tics show that, the adding of PVA makes the pore
structure of membrane support layer change from
sponge to bigger finger structure. Contact angle
characteristics show that, the contact angle of both
modified NWF and modified CTA membrane is obvi-
ously reduced, indicating that their hydrophilicity is
improved. The performance test of FO membrane
shows that modified CTA membrane has obviously
improved water flux, and also smaller relative salt val-
ues (Js/Jw). The calculation shows that, modified CTA
FO membrane has an increased porosity (ξ), obviously
decreased pore tortuosity parameter (τ), and an obvi-
ously lowered structure parameter (St). This is because
that, the interface between FO membrane support
layer and NWF, through modification with PVA, has
better hydrophilicity, makes the exchange of solvent
and water easier during membrane formation, brings
about instantaneous phase conversion during forma-
tion of support layer, and increases the proportion of

Table 2
Summary of calculated intrinsic separation properties and structural parameters of different PVA-modified CTA
membranes

PVA
concentration
(%)

RO
model
Jw

RO
model
R

FO
model
Jw

Water
permeability
A
(LMH bar−1)

NaCl
permeability
B (LMH)

Membrane
thickness
(μm)

Porosity
(%) Tortuosity

Structural
parameter
St (μm)

0 8.2 0.97 10.0 1.64 0.222 90 35.04 5.1348 1,318.86
0.05 11.0 0.965 22.5 2.20 0.335 92 46.49 2.0700 409.98
0.1 12.3 0.983 40.0 2.46 0.175 96 49.96 0.8425 161.89
0.3 13.5 0.95 55.0 2.70 0.573 101 51.38 0.4764 93.65
0.5 13.0 0.972 25.0 2.60 0.304 106 48.75 1.7441 379.24

Notes: FO mode: feed solution: Deionized water; draw solution: 1 M NaCl.

RO mode: When measuring the pure water flux, feed solution: Deionized water; when measuring the rejection, feed solution: 200 ppm

NaCl. ΔP is 5 bar. The linear velocity is 2.4 cm/s.

Table 3
FO performance and structural parameters of different membranes

Membrane
Water permeability A
(LMH bar−1)

NaCl permeability
B (LMH)

Membrane
thickness (μm)

Structural
parameter St (μm) Refs.

PVA (0.3%)-modified
CTA membrane

2.70 0.573 110 93.65 This
work

HTI membrane 0.67 0.400 – 678.00 [45]
TFC membrane 2.56 0.400 – 670.00 [19]
CA membrane 0.72 0.220 ~250 2,500.00 [19]
Unmodified CTA

membrane
1.64 0.222 95 1,318.86 This

work
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finger pores. Meanwhile, the improvement of interface
hydrophilicity reduces water transmission resistance,
and raises the water flux of final membrane.

This PVA-modified membrane outperformed the
commercial HTI membranes and among others in
terms of minimizing the structural parameter which is
the direct indicator of internal concentration polariza-
tion. Our modified CTA membrane has shown lower
St parameter compared to other membranes previ-
ously fabricated. Thus, modification of FO membranes
with PVA is a promising approach for high perfor-
mance FO membrane development.
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