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Abstract
Cellulose acetate (CA) is a low cost and readily available material widely used in forward osmosis (FO) membranes. However,
the performance of pure CA membranes is not good enough in salt separation and the traditional modification methods are
generally multistep and difficult to control. In this paper, we reported high performance cellulose acetate (CA) composite forward
osmosis (FO) membranes modified with polyvinyl alcohol (PVA) and polydopamine (PDA). PVAwas first cross-linked onto the
surface of CA membranes, and then PDAwas coated with a rapid deposition method. The membranes were characterized with
respect to membrane chemistry (FTIR and XPS), surface properties comprising wettability (by water contact angle), and osmosis
performance. The modified membrane coated by PVA and PDA shown better hydrophilicity and exhibited 16.72 LMH osmotic
water flux and 0.14 mMH reverse solute flux with DI water as feed solution and 2.0 M NaCl as draw solution and active layer
facing the feed solution. This simple and highly effective modification method makes it as an excellent candidate for further
exploration for FO.
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Introduction

Today, the world is experiencing one of its most severe water
shortages. Membrane separation technology as a favorable
prospect in desalination and sewage treatment has become
the most promising approach to deal with the global water
crises problem [1]. Forward osmosis (FO) is one of the most
potential separation technologies for its green, low cost and
low fouling tendency [2]. FO is an osmotically-driven mem-
brane process, in which water transfers through a semi-
permeable membrane from a lower concentrated feed solution
to a higher concentrated draw solution due to osmotic pressure
difference [3, 4]. It can be applied in various environmental

and industrial applications including seawater desalination [5,
6], municipal wastewater reclamation [7–9], food processing
[10, 11] and industrial wastewater treatment [12–14].

In recent years, FO membranes have been made by the non-
solvent induced wet-phase inversion approach [15–17] and in-
terfacial polymerization (IP) [18–20]. During the phase-
inversion process, the structure of the membrane is controlled
by both the thermodynamics of the casting solution and the
kinetics of transport process [21]. Wang et al. fabricate a
double-skinned cellulose acetate membrane through phase in-
version and thermal annealing; this membrane can mitigate the
internal concentration polarization by preventing the salt and
other solutes in the draw solution from penetrating into the
membrane porous support [17]. However, phase-inversion pro-
cess is hard to reach high performance FO membrane. IP is a
well-established method to prepare the dense and thin active
layer for thin film composite (TFC) membranes with good
perm-selectivity, chemical resistance, and mechanical properties
[22]. Wang et al. fabricated high-performance FO membranes
through the interfacial polymerization reaction on polyethersul-
fone (PES)/sulfonated polysulfone (SPSf)-alloyed porous mem-
brane. The FO membrane achieved a higher water flux of 69.8
LMH when against deionized water [23]. Wang et al. prepared
FO membranes via second interfacial polymerization (SIP).
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They reported that SIP with aliphatic diamine is an effective
strategy to improve the FO membrane performance, such as
high permeability, selectivity and antifouling tendency [24].
But, the cost of IP is high because acyl chloride is used in the
reaction [25–27]. Therefore, a simpler and controllable method
is expected to prepare FO membrane with high water flux and
low solute flux.

Cellulose acetate (CA), as low cost and readily avail-
able material, has been successfully used for the fabrica-
tion of FO membranes [28–30]. However, performance of
pure CA membrane is always not good enough to use in
membrane separation. In this study, we provide a simple,
fast and effective way to make a high-performance FO
membrane with CA as substrate membrane. Polyvinyl al-
cohol (PVA), which is water soluble and nontoxic, was
used to build a dense layer on the surface of CA mem-
brane with crosslinking agent. Then PDA layer was coat-
ed with an accelerated polymerizat ion process .
Morphologies, chemical compositions, hydrophilicity,
permeability and salt rejection of the FO membranes were
investigated. This method to modified high performance
FO membrane can be widely used in source water purifi-
cation and seawater desalination.

Experimental

Materials

CA was purchased from Solvay, US and dried at 80 °C for
24 h. Glutaraldehyde (GA), polyvinyl alcohol (PVA), tris
(hydroxymethyl) aminomethane hydrochloride (Tris), dopa-
mine (DA), 1,4-dioxane, acetone and lactic acid were used
directly and purchased fromAladdin, China. Polythylene tere-
phthalate (PET) fabric was bought from Hangzhou HC
Filttration CO., LTD. Other reagents, such as ethanol and
methanol, were bought from Sinopharm Chemical Reagent
CO., LTD., China and used without further purification.

Membrane preparation and modification

CA membranes were prepared via non-solvent induced
phase separation and further modified with PVA and
PDA by surface coating technology. CA solution was ob-
tained by dissolving CA (14 g) in 1,4-dioxane (57 mL)
and acetone (18.5 mL) at 60 °C. After releasing bubbles,
the solution was casted onto a PET fabric and immersed
into a water bath at room temperature for 2 h to thorough-
ly remove solvents. Then CA membranes were taken out
and dipped into PVA solution at 60 °C for 5 min. After
drying, the modified membranes were further cross-linked
by immersing into GA solution (2 wt%). PVA modified
CA membranes were named CA-V0.5 and CA-V3

respectively, in which the numbers denoted the concentra-
tion of PVA solution. Finally, PDA was deposited onto
CA-V3. Briefly, CA-V3 was immersed into a freshly pre-
pared DA solution (2 g/L) in Tris buffer solution (pH =
8.5, 50 mM) using CuSO4 (5 mM)/H2O2 (19.6 mM) as a
trigger [31]. After 10 min, the sample was washed by
water overnight and dried in a vacuum at 30 °C for 4 h
and named as CA-V3-D.

Membrane characterization

Membrane morphologies were observed by field emitting
scanning electronic microscopy (SEM, Hitachi S-4800,
Japan). The surface chemical compositions of the CA mem-
branes before and after surface modification were analyzed
using attenuated total reflectance Fourier transform infrared
spectra (ATR-FTIR, Thermo-Nicolet 6700, America) and X-
ray photoelectron spectroscopy (XPS, PHI 5300 ESCA
System, Perkin-Elmer Co., America) employing Al Ka exci-
tation radiation (1486.6 eV) and a take-off angle of 45°.

Wettability measurements

The hydrophilicity of the membranes was characterized by wa-
ter contact angle measurements (CA, OCA20, Data physics,
Germany). A piece of 1 × 5 cm2membrane sample was attached
onto a glass slide and 2.0 μL distilled water was dropped onto
the air-side surface of the membrane at room temperature. The
water contact angle decaying with drop age was recorded by
speed optimum video measurement technology. At least five
measurements were averaged to get a reliable value.

FO performance

Deionized water and sodium chloride solution (2 mol/L) were
used as feed solution and draw solution, respectively. Feed
and draw solution reservoirs were placed on weighing

Fig. 1 ATR-FTIR spectra of CA, CA-V3 and CA-V3-D
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balances and were circulated at a rate of 6.5 ± 0.5 L·h−1 in a
closed loop using gear pumps. All the experiments were con-
ducted at 25 °C with draw solution on the active side of the
membrane. The water flux (Jw, L m−2 h−1, abbreviated as
LMH) is calculated from the volume change of the feed or
draw the solution by Eq. (1).

Jw ¼ ΔV
Δt

1

A
ð1Þ

whereΔV (L) is the volume change of feed solution,Δt (h) is
the measuring time interval and A is an effective membrane
area (0.0062 m2).

The salt concentration in the feed water solution was deter-
mined from the conductivity measurement based on the stan-
dard concentration conductivity curve for NaCl. The reverse
salt diffusion (Js, mol m−2 h−1, abbreviated as mMH) from the
draw solution to the feed side was determined from the in-
crease of the feed conductivity using the following Eq. (2):

Js ¼ CtVtð Þ− C0V0ð Þ
Δt

1

A
ð2Þ

where C0 and V0 are the salt concentration and the volume of
the feed at the beginning; Ct and Vt are the salt concentration
and the volume of the feed after t h. The mean data of at least
three tests were reported for each membrane sample.

Results and discussion

Surface chemistry

Figure 1 shows the ATR-FTIR spectra of CA, CA-V3
and CA-V3-D. Compared with the original CA mem-
brane, the peak at 3407 cm−1 (-OH resonance
vibrations) of CA-V3 increases obviously. It verified
the existence of PVA coating on the membrane surface.
For the modified membrane of CA-V3-D, the peak at
1653 cm−1 (C=C resonance vibrations in aromatic ring)
of CA-V3-D increases, while the peak at 3407 cm−1

decreases. The results confirmed that PDA has been
coated on the membrane.

XPS was utilized to further study the chemical com-
position of the CA substrate and modified composite
membranes. The wide scans and C 1 s core-level spectra
are shown in Fig. 2. In comparison with the wide scan

Fig. 2 Wide XPS spectra and C
detailed spectra of (a, b) CA, (c, d)
CA-V3 and (e, f) CA-V3-D

Table 1 Elemental compositions of CA, CA-V3 and CA-V3-D

Sample C (mol %) O (mol %) N (mol %) O/C

CA 62.36 37.64 – 0.60

CA-V3 70.05 29.95 – 0.43

CA-V3-D 70.08 24.45 5.47 0.35
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spectrum of CA and CA-V3, there is a new N 1 s signal
at about 400 eV in the wide scan spectra of the CA-V3-
D membrane surface. C 1 s core-level spectra of the
membranes were collected and curved-fitted as shown
in Fig. 2. C 1 s core-level spectrum of CA membrane
is curved-fitted into C-C/C-H, C-O and C=O peaks at
about 284.7, 285.8 and 288.8 eV, respectively. After

coating PVA, the C=O peak in the core-level spectrum
of CA-V3 has disappeared, indicating PVA layer has
been covered on the membrane surface completely.
When DA was further deposited onto the membrane sur-
face, C=O peak reappears as shown in Fig. 2f. The ele-
mental molar percentages are shown in Table 1. It can be
seen that the elemental contents of O in the membrane

Fig. 3 SEM images of (a) the top
surface of CA, (b) the bottom
surface of CA, the top surface of
(c, d) CA-V0.5, (e, f) CA-V3 and
(g, h) CA-V3-D
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surface of CA, CA-V3 and CA-V3-D are 37.64, 29.95
and 24.45 mol%, respectively. Meanwhile, the O/C ratio
of CA-V3 decreases from 0.60 to 0.43 compared with
CA which attributes the coating of PVA. Further, it drops
down to 0.35 when PDA introduced onto the membrane.

XPS results confirmed that PVA and PDA were success-
fully covered on CA membranes.

Morphologies of the membranes

The surfaces morphologies of CA, CA-V0.5, CA-V3 and CA-
V3-D have been shown in Fig. 3. As shown in Fig. 3, the top
surface of CA is flat and smoothwithout obviousmicrospores.
And it can be found that there are some pores at the bottom
surface of the membrane. After surface modification, the sur-
faces of the membranes became irregular. Specially, after de-
position of DA, plenty of PDA particles appeared on the mem-
brane surface [32–34]. In addition, the cross-section structure
of CA, CA-V3 and CA-V3-D are imaged in Fig. 4. It can be
seen a dense top layer and a finger-like structure. The thick-
ness of top layer for CA membrane is about 0.3 μm. After
modification, a new coating layer can be seen and the thick-
ness of the coating layer for CA-V3 and CA-V3-D is about
0.04 and 0.06 μm, respectively. The interior of cross-section
displays microspores structure and there are plenty of particles

Fig. 4 Cross section SEM images of (a, a1, a2) CA, (b, b1, b2) CA-V3 and (c, c1, c2) CA-V3-D
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Fig. 5 The typical curves of water contact angle decaying with drop age
for CA, CA-V0.5, CA-V3 and CA-V3-D
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on the pore walls of the modifiedmembranes. The phenomena
indicated that the surface and internal pore walls of CA mem-
branes were modified by PVA and PDA via surface coating
technique.

Hydrophilicity of membranes

The water contact angles (WCA) of CA, CA-V0.5, CA-
V3 and CA-V3-D are shown in Fig. 5. Compared with
CA, WCA of CA-V0.5 changes little; WCA of CA-V3
becomes lower. In addition, the hydrophilicity of CA-
V3-D further increases owing to the introduction of hy-
drophilic PDA on the membrane surface. For the dynamic
contact angle of water, WCA of all the membranes de-
creases significantly in the first 10s and then declines
slowly. After 120 s, WCA of the membranes are 67.77,
61.38, 54.93 and 47.12°, respectively. The results

indicated that the hydrophilicity of the modified mem-
brane has been improved by the hydrophilic groups and
CA-V3-D shown the best hydrophilicity for the introduc-
tion of PDA.

FO performance of membranes

Figure 6 gives water flux (Jw) and reverses salt flux (Js) of
CA, CA-V0.5, CA-V3 and CA-V3-D. The Jw and Js
changes little with the increase of texting time and reach
a stable state in 40 min. As shown in Fig. 6a, the PVA
layer may affect the permeability of the membrane and
made a decline of the water flux. CA-V3 shows a reduced
water flux (11.66 LMH) than that of pristine CA mem-
brane (16.10 LMH). However, when PDA was introduced
on the surface, the water flux of CA-V3-D increased to
16.72 LMH. The reverse salt flux of CA, CA-V0.5, CA-
V3 and CA-V3-D is 0.44, 0.28, 0.15 and 0.14 mMH,
respectively. The illustration of the membranes was
shown in Fig. 7. It can be seen that pure CA has poor
property of salt and water rejection. After coating of PVA,
PVA was crosslinked into a dense network with GA as the
crosslinking agent. The dense layer can effectively in-
crease the salt rejection but the water flux also decreased.
However, when introduced PDA layer, the hydrophilicity
of the membrane show a noticeable improvement, the wa-
ter flux and reverse salt flux all improved compared with
pure CA membrane.

Fig. 6 The osmotic water flux (a) and reverse salt flux (b) of CA, CA-
V0.5, CA-V3 and CA-V3-D

Fig. 7 Illustration for the modification of CA FO membranes

Fig. 8 The Js/Jw (mol L −1) value of CA, CA-V0.5, CA-V3 and CA-V3-D
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Specific salt flux, Js/Jw, is a metric that is used to deter-
mine the amount of draw solute lost per unit of water that
crosses the membrane. Lower Js/Jw is desirable to prevent
the loss of solutes [35, 36]. The Js/Jw of the membranes is
shown in Fig. 8. It can be seen that Js/Jw of PVA modified
membranes is lower than that of CA and it reduced from
0.0265 to 0.0195 and 0.0129 mol L−1. Specifically, Js/Jw of
CA-V3-D achieves 0.0085 molL−1, which is 3 times lower
than that of CA. This can prove that surface coating of PVA
and PDA is an effective way to prevent losing the draw sol-
ute. A comparison of the FO performance of membranes
synthesized in this work with some commercial membranes
reported in literature is tabulated in Table 2. An ideal FO
membrane shall possess high water flux and salt rejection.
As compared with the reported CA membranes listed in the
table, CA-V3-D synthesized in this work achieves compara-
ble higher water flux and better salt rejection. NaCl rejection
of CTA-NW, CTA-ES, TFC-ES made in Hydration
Technologies Inc. (HTI) is only 68.7, 82.34 and 51.78, re-
spectively. Due to its high FO performance, CA-V3-D is
considered as an excellent candidate for further exploration
as a membrane for FO.

Conclusion

High performance FOmembranes weremade via a simple and
effective method by introduction PVA and PDA layers on the
surface of CA. PVA layer can effectively enhance the salt
rejection but the osmotic water flux of the membrane had a
little reduction.When hydrophilic PDA layer was further coat-
ed, the membrane shows the best FO performance with 16.72
LMH osmotic water flux and 0.14 mMH reverse solute flux
and Js/Jw of it is 3 times lower than that of pure CA. The
modified membrane shown better properties compared with
some commercial membranes. This simple way to fabricate
FO membrane may have wide application prospect in the
wastewater treatment and water purification.
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