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ma b s t r a c t

3-(3,4-Dihydroxyphenyl)propionic acid (DHPPA) was introduced as a bioinspired multifunctional
modifier to mediate the in situ sol–gel reaction of TiCl4 within chitosan (CS) matrix through metal–
organic coordination. Ultrathin, robust chitosan–titania hybrid membranes were obtained in a facile way.
The morphology, chemical and physical structures, as well as the hydrophilicity and thermal stability of
hybrid membranes were extensively characterized. An ethanol/water mixture was chosen as a model
system to evaluate the swelling resistance property and pervaporation dehydration performance of the
hybrid membranes. The simultaneous enhancement of hydrophilicity and swelling resistance was
achieved due to the presence of numerous carboxyl groups and the stable hybrid structure. The multiple
interfacial interactions between polymeric and inorganic phases, as well as the steric effect of the
bioinspired modifier, led to significant pervaporation performance enhancement of CS membrane. When
the mass ratio of TiCl4 to CS was 14 wt%, the hybrid membrane exhibited the optimal pervaporation
performance with a permeation flux of 1403 g/(m2 h) and a separation factor of 730 for 90 wt% ethanol
aqueous solution at 350 K. The operation stability was also testified in long-term pervaporation
separation test.

& 2013 Elsevier B.V. All rights reserved.
www.s1. Introduction

In the past decades, polymer–inorganic hybrid membranes
have been recognized as a booming research subject and have
promising applications in many membrane processes such as
pervaporation [1–6], gas separation [7–9] and proton exchange
membrane [10–12]. Presently, there are two commonly used
approaches to acquire hybrid polymer–inorganic membranes
according to the incorporation way of inorganic moiety into
polymer bulk: physical blending and in situ sol–gel reaction
[13,14]. Compared to physical blending, the in situ sol–gel reaction
can form covalent bonds between the polymeric phase and
inorganic phase during the hydrolysis and polycondensation
process of inorganic precursor [4,15–18]. Therefore, enhanced
swelling resistance can be achieved [4,15,19–21]. Moreover, the
in situ formation of inorganic particles favors their homogeneous
dispersion within polymer matrix, and inhibits the aggregation of
particles and the formation of nonselective voids [4,22,23].
ll rights reserved.
Conceivably, too fast of a sol–gel reaction rate will generate
inorganic particles with poor uniformity and controllability during
membrane fabrication [3,24,25]. In severe cases, phase separation
within membranes or particle precipitation in membrane casting
solution may occur [22]. To solve this problem, several strategies
have been developed to manipulate the sol–gel reaction rate. One
common method is utilizing chelating agents to occupy part of the
reaction sites on inorganic precursors, realizing the controllable
formation of inorganic particles with small size by decreasing
reaction activity and producing steric hindrance [3,23,26]. For
instance, Yang et al. [3] and Chen et al. [23] employed acetyl
acetone to chelate with Ti atom, which slowed down the hydro-
lysis and polycondensation reaction of tetrabutyl titanate in
polymeric matrix, achieving the homogeneous dispersion of tita-
nia nanoparticles. In these cases, the chelator just played a single
role as an inhibitor of sol–gel reaction. The incorporation of a
multifunctional chelator into the in situ sol–gel reaction would be
more desirable.

The metal–organic coordination existing in the bioadhesion
process has triggered considerable research interest since the
discovery of metal-fortified adhesion phenomenon in marine
organisms [27–30]. It is revealed that the catechol groups of 3,
4-dihydroxy-L-phenylalanine (DOPA) in adhesive proteins play key
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roles in adhesion and can chelate with almost all the transition
metals [27,28,31,32]. Inspired by this phenomenon, various nat-
ural or synthesized catecholic molecules with different functional
groups have been extensively employed to modify metal surfaces
in a facile and efficient way [33–35]. One or more types of
functional groups (such as carboxyl group, amino group, and
sulfonic group) could be introduced into polymer–inorganic
hybrid materials by employing specific catecholic molecules in
the in situ sol–gel process.

In this study, a multifunctional modifier (3-(3,4-dihydroxyphe-
nyl)propionic acid) (DHPPA) was incorporated to mediate the
preparation process of hybrid membranes using chitosan (CS) as
the membrane bulk matrix, and TiCl4 as inorganic precursor. On
the one hand, the strong chelating ability between Ti atoms and
catechol groups on DHPPA inhibited the sol–gel reaction of TiCl4,
and then manipulated the hybrid membrane structure. As a result,
robust and ultrathin membranes were fabricated in a facile
approach. On the other hand, the carboxyl groups on DHPPA could
improve the membrane hydrophilicity and form hydrogen bond
and electrostatic attraction with amino and hydroxyl groups on CS.
The morphology, chemical and physical structures, as well as the
hydrophilicity and thermal stability of the hybrid membranes
were characterized. The pervaporation performance and swelling
resistance of the hybrid membranes were evaluated using ethanol/
water mixture as a model system.
www.sp
2. Experimental

2.1. Materials

Chitosan with a viscosity–average molecular weight of 450,000
(90.2% N-deacetylation degree) was obtained from Jinan Haidebei
Marine Bioengineering Co. Ltd. (Jinan, China). The flat-sheet
polyacrylonitrile (PAN) ultrafiltration membrane with a molecular
weight cut-off of 100,000 was received from Shanghai MegaVision
Membrane Engineering & Technology Co. Ltd. (Shanghai, China).
3-(3,4-Dihydroxyphenyl)propionic acid (98 wt%) was supplied by
Alfa Aesar. Titanium tetrachloride (≥99 wt%) was obtained from
Tianjin Suzhuang Chemical Reagent Factory (Tianjin, China). Acetic
acid (≥99.5 wt%), glutaraldehyde (GA) (50 wt%) and hydrochloric
acid (36–38 wt%) were purchased from Tianjin Kewei Ltd. (Tianjin,
China). Absolute ethanol (≥99.7 wt%) was received from Tianjin
Guangfu Fine Chemical Research Institute (Tianjin, China). All the
reagents were of analytical grade and used without further
purification. Deionized water was used throughout the experi-
ments.

2.2. Membrane preparation

The hybrid membranes were prepared via spin-coating. First,
the PAN ultrafiltration membranes (10 cm�10 cm) were soaked in
deionized water for 2 days to remove glycerin from the surfaces,
and then fully dried. Afterwards, 2 wt% CS solution was prepared
by dissolving CS in 2 wt% acetic acid solution at 80 1C with stirring
for 2 h. Meanwhile, TiCl4 was added into a 2:1 (v:v) water–ethanol
mixture at room temperature and stirred for 2 h, and then DHPPA
was added into TiCl4 solution (the molar ratio of TiCl4 to DHPPA
was 4:1). After stirring for 1 h, a certain amount of the TiCl4–
DHPPA reaction mixture solution was added into CS solution and
stirred at 60 1C for 2 h to accelerate the polycondensation of TiCl4.
Finally, GA was added for further cross-linking (the molar ratio of
CS monomer unit to GA was 60). After filtrated and kept still for
several minutes to remove air bubbles in the solution, the
membrane casting solution was spin-coated on PAN ultrafiltration
membranes to obtain composite membranes. The resulting
m
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membranes were designated as CS–Ti(X)–DHPPA/PAN, where X
represented the mass ratio of TiCl4 to CS (wt%), varying from 0 to
28. For comparison, the membrane without DHPPA was fabricated
and the mass ratio of TiCl4 to CS was chosen at 14 wt%, designated
as CS–Ti(14)/PAN. Moreover, the corresponding homogeneous
membranes were simultaneously prepared by casting the solu-
tions on glass plates for characterization and swelling study,
designated as CS–Ti(X)–DHPPA or CS–Ti(X).

2.3. Membrane characterization

Fourier transform infrared spectra (FT-IR) of the TiCl4 solutions
and membranes in the range of 4000–500 cm�1 were recorded on
a BRUKER Vertex 70 FT-IR spectrometer equipped with a horizon-
tal attenuated transmission accessory for solutions and a horizon-
tal attenuated total reflectance accessory for membranes. The
microstructure of membrane matrix and topography of membrane
surfaces were observed by field emission scanning electron
microscope (FESEM) (Nanosem 430) and atomic force microscope
(AFM) (CSPM 5000), respectively. The thickness of the active layer
was obtained through the cross-section image of composite
membrane, on which ten different locations were measured and
averaged to acquire the final result. The titanium element dis-
tribution was recorded by energy-dispersive X-ray spectroscopy
(EDX) equipped on FESEM. The crystalline structure of membrane
was investigated using an X-ray diffraction (XRD) (Rigaku D/max
2500 v/pc) in the range of 3–551 at the scan rate of 51 min�1. The
static contact angle of the membrane was measured at room
temperature by a contact angle goniometer (JC2000C Contact
Angle Meter). To understand the thermal properties of the
membranes, thermogravimetric analysis (NETZSCH TG 209 F3)
was used over the range 40–800 1C using a heating rate of
10 1C min�1 under nitrogen flow. Measurements of positron
annihilation spectroscopy (PAS) using one high-purity Ge detector
were taken in a 22Na slow positron beamline at room temperature
to probe the free volume property of membranes. The energy of
the positrons could be continuously varied in the range of 0.18–
20 keV.

2.4. Swelling studies

The homogeneous membranes with different TiCl4 contents
were weighed and measured after they were dried in a vacuum
oven and then immersed into 90 wt% ethanol aqueous solution at
350 K for 48 h to achieve sorption equilibrium. Subsequently, the
membrane surfaces were wiped with tissue paper then weighed
and measured quickly to obtain the mass and area of the swollen
membranes. All the experiments were repeated three times. The
mass swelling degree (MSD, %) and area swelling degree (ASD, %)
could be calculated by

MSD¼ WS�WD

WD
� 100 ð1Þ

ASD¼ AS�AD

AD
� 100 ð2Þ

whereWS and WD are the mass of the swollen and dry membranes
(g), AS and AD are the area of the swollen and dry membranes (m2),
respectively.

2.5. Pervaporation experiment

Pervaporation experiments were performed on the P-28 mem-
brane module (CM-Celfa AG Company, Switzerland). During the
experiments, the effective membrane area in contact with feed
was 25.6 cm2, and the permeate side of the membrane was kept at
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low pressure (below 0.3 kPa) using a vacuum pump, while the
flow rate of feed was controlled at 60 L/h. When the steady state
reached (about 1 h after start-up), the permeate was collected in
the cold trap immersed in liquid nitrogen and taken out at fixed
intervals. The compositions of feed and permeate solutions were
analyzed by gas chromatography (Agilent4890, USA) equipped
with a thermal conductivity detector (TCD) and a column packed
with GDX103 (Tianjin Chemical Reagent Co., China). The separa-
tion performance of hybrid membranes was evaluated by permea-
tion flux (J, g/(m2 h)), separation factor (α) and pervaporation
separation index (PSI) calculated via the following equations:

J ¼ Q
A t

ð3Þ

α¼ PW=PE

FW=FE
ð4Þ

PSI¼ Jðα�1Þ ð5Þ
where Q is the mass of permeate (g) collected during a time
interval of t (h), A is the effective membrane area in contact with
the feed (m2). P and F represent the mass fractions of water (with
the subscript W) or ethanol (with the subscript E) in the permeate
and feed solutions, respectively.

In addition, the permeance of individual components ((P/l)i,
GPU) (1 GPU¼7:501� 10�12 m3ðSTPÞ=m2 s pa) and selectivity (β)
were calculated by the following equations:

ðP=lÞi ¼
Ji

pi0�pil
¼ Ji

γi0xi0psati0 �pil
ð6Þ

β¼ ðP=lÞW
ðP=lÞE

ð7Þ

where Ji is the permeation flux of component i (g/(m2 h)), l is the
thickness of membrane (m), pi0, pil are the partial pressures of
component i in the feed side and permeate side (Pa), and
pil can be calculated approximately as 0 for the high vacuum
degree in the permeate side. γi0 is the activity coefficient of
component i in the feed liquid, xi0 is the mole fraction of the
component i in the feed liquid, psati0 is the saturated vapor pressure
of pure component i (Pa). The permeation flux of water and ethanol
should be transformed into the volumes under standard tempera-
ture and pressure (STP): 1 kg of water vapor at STP¼1.245 m3

(STP), 1 kg of ethanol vapor at STP¼0.487 m3 (STP) [36]. It should
be mentioned that all the experiments were performed using
90 wt% ethanol aqueous solution, and repeated for three times to
guarantee the validity of experimental data.
www

3. Results and discussion

3.1. Membrane characterization

3.1.1. Formation of hybrid membranes
The chemical reactions involved in the fabrication of hybrid

membranes are: hydrolysis, chelation, polycondensation and inter-
molecular dehydration. First, the hydrolysis of TiCl4 occurred in
the water–ethanol mixture, producing a number of hydroxyl
groups. Then, part of the Ti atoms chelated with the catechol
groups on DHPPA, consuming a certain proportion of hydroxyl
groups. The pH value of TiCl4 solution was around 1.0, which was
suitable for the formation of chelate complex [37]. In the last step,
polycondensation of hydroxyl groups linked with Ti atoms and
their dehydration reaction with hydroxyl groups on CS formed the
cross-linked hybrid structure (Fig. 1).

During the membrane fabrication process, the colorless solu-
tion of TiCl4 in the mixture of water and ethanol turned red upon
.co
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the addition of DHPPA. This phenomenon did not occur in the
absence of TiCl4, indirectly verifying the existence of the interac-
tion between TiCl4 and DHPPA. For comparison, TiCl4 solution with
or without DHPPA was heated to 60 1C and stirred for 2 h. It was
observed that no precipitates appeared in the solution with
DHPPA, while white precipitates emerged rapidly in the solution
without DHPPA. These results indicated that DHPPA served as an
inhibitor for the hydrolysis and polycondensation reaction of TiCl4.

3.1.2. Morphology of hybrid membranes
The cross-section morphology of CS–Ti(14)–DHPPA/PAN com-

posite membrane was characterized by FESEM and shown in Fig. 2
(a). It was revealed that the ultrathin active layer of hybrid
membrane was tightly coated on the PAN membrane with a
thickness around 250 nm. The EDX Ti-mapping of the cross-
section of CS–Ti(14)–DHPPA membrane in Fig. 2(b) showed that
titanium element was distributed uniformly in the CS matrix,
indicating the homogeneous hybrid structure.

The surface morphologies of CS control membrane and hybrid
membranes characterized by AFM are shown in Fig. 3. The membrane
surface roughness Sq was measured via a program in the AFM image
processing toolbox. It was clear that the surface roughness increased
with the incorporation of Ti–DHPPA complex into CS matrix (Fig. 3(a–
c)). Abundant gibbosities were distributed homogeneously on mem-
brane surfaces, and became more evident with the increase of TiCl4
content. The results indicated that inorganic particles were formed
uniformly in CS matrix, and became larger with the TiCl4 content
increasing [19]. Comparing Fig. 3(b) with Fig. 3(d), it could be found
that the membranes with or without DHPPA had similar Sq value.
Nevertheless, some big protuberances with the height of 60–80 nm
emerged on the surface of CS–Ti(14)/PAN, implying that the inorganic
particles with heterogeneous distribution and larger size were gener-
ated in the absence of DHPPA.

3.1.3. Chemical and physical structure of hybrid membranes
The FT-IR spectra of TiCl4 solution with or without DHPPA were

compared to analyze the interactions between TiCl4 and DHPPA as
shown in Fig. 4(a). In the presence of DHPPA, the characteristic
peak of Ti–O–C at around 1120 cm�1 emerged, implying the
chelation between Ti atoms and catechol groups on DHPPA.
Meanwhile, a series of adsorption peaks appeared in the range
of 1700–1200 cm�1, which were assigned to the groups on
DHPPA. Fig. 4(b) shows the spectra of CS control membrane and
hybrid membranes. The characteristic peak at 3370 cm�1 in CS
membrane could be ascribed to the stretching vibration of –OH
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Fig. 3. AFM surface topographic images of membranes: (a) CS/PAN, (b) CS–Ti(14)–DHPPA/PAN, (c) CS–Ti(28)–DHPPA/PAN, and (d) CS–Ti(14)/PAN.

Fig. 2. (a) Cross-section morphology of CS–Ti(14)–DHPPA/PAN membrane and (b) EDX of CS–Ti(14)–DHPPA membrane (Ti distribution).
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and –NH2, while the peaks at 1650 cm�1 and 1580 cm�1 corre-
sponded to the stretching vibration of CQO, and bending vibra-
tion of N–H. After the incorporation of Ti–DHPPA complex into CS
matrix, all the above peaks shifted towards the lower wave
number region due to the interactions between the polymeric
phase and inorganic phase. Meanwhile, the peak intensity at
around 700 cm�1 increased apparently, which may be attributed
to the formation of Ti–O–Ti [21]. Compared with other hybrid
membranes, CS–Ti(14) membrane exhibited more prominent var-
iations due to the more residual Ti–OH to interact with CS. Finally,
it should be noted that the characteristic peaks of DHPPA and
Ti–O–C in membranes were overlapped by the peaks from CS.
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Fig. 4. FT-IR spectra of (a) TiCl4 solutions with or without modifier and (b) CS
control membrane and hybrid membranes.

Fig. 5. XRD patterns of CS control membrane, and CS–Ti(14)–DHPPA, CS–Ti(28)–
DHPPA, CS–Ti(14) hybrid membranes.

Fig. 6. S parameter as a function of the positron incident energy for CS/PAN control
membrane, and CS–Ti(14)–DHPPA/PAN, CS–Ti(28)–DHPPA/PAN, CS–Ti(14)/PAN
hybrid membranes.

J. Zhao et al. / Journal of Membrane Science 446 (2013) 395–404 399
The XRD patterns of CS control membrane and hybrid mem-
branes are shown in Fig. 5. CS is a kind of semi-crystalline polymer
exhibiting characteristic peaks at around 8.91, 11.81, 18.71 and 22.61
for the hydrogen bonds among plenty of hydroxyl and amino
.co
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groups on CS chains. After incorporating Ti–DHPPA complex into
CS matrix, no new peaks appeared, verifying that Ti existed in
hybrid membranes in an amorphous form. It could be also found
that the characteristic peaks of CS at 2θ¼8.91 disappeared, while
other peaks were broadened and showed a reduced intensity with
the TiCl4 content increasing. The decrease of CS crystallinity may
arise from the multiple interactions of CS with the Ti–DHPPA
complex, which interfered the ordered packing of polymer chains.

It should be pointed out that the characterization results of
CS–Ti(28)–DHPPA membrane were not presented here because it
was not able to acquire an integral, defect-free homogeneous
membrane at such high TiCl4 content. This can be explained by the
preferential polycondensation of inorganic precursor at high TiCl4
content instead of cross-linking with CS. As a result, cohesive
inorganic domains were formed and then broke up the hydrogen
bonds between CS chains [15,37].

To investigate the effect of Ti–DHPPA complex on the free
volume property of CS membrane, the positron annihilation
Doppler broadening energy spectra were obtained and described
with S parameter. The S parameter is defined as the ratio of the
central part of the annihilation spectrum to the total spectrum,
which decreases if the size or concentration of the positron
trapping cavities decreases, indicating the increased membrane
compactness. Fig. 6 shows the S–E curves for the CS control
membrane and hybrid membranes. It should be noted that the
S values with positron incident energy lower than 4 keV repre-
sented the free volume property of active layer. Comparing the S–E
curves of CS control membrane and CS–Ti(X)–DHPPA/PAN mem-
branes, it was revealed that the membrane compactness first
increased and then decreased with the TiCl4 content increasing.
After incorporating Ti–DHPPA complex into CS matrix, a cross-
linked hybrid structure was formed via multiple interactions
between polymeric and inorganic phases, increasing the mem-
brane compactness. At higher TiCl4 content, the cross-linking
reaction of inorganic precursor with CS weakened for the increas-
ing polycondensation propensity [15,38], leading to a loose mem-
brane structure. Comparing the S–E curves of CS–Ti(14)–DHPPA/
PAN and CS–Ti(14)/PAN membranes, it could be deduced that the
CS–Ti(14)–DHPPA/PAN membrane had a relatively loose structure.
The reason was that the incorporated modifier DHPPA effectively
deterred the densification of CS polymer chains through steric
hindrance effect and suppressing the cross-linking reaction
between CS and inorganic precursor.
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3.1.4. Hydrophilicity and stability of hybrid membranes
The hydrophilicity of the membrane surface was evaluated by

measuring the static contact angle with water as probe liquid. It is
shown in Fig. 7 that the contact angles exhibited a successive
decreasing tendency with the increase of TiCl4 content, implying
the increased hydrophilicity of membrane surface. This was caused
by the carboxyl groups on DHPPA and the residual hydroxyl
groups produced by the hydrolysis of TiCl4, which compensated
the consumed hydroxyl groups on CS in the intermolecular
dehydration process. Compared with CS–Ti(14)–DHPPA/PAN mem-
brane, the CS–Ti(14)/PAN membrane was endowed with a lower
hydrophilicity, because no carboxyl group was introduced, and
meanwhile a larger proportion of hydroxyl groups were con-
sumed, leading to the decreased number of polar groups in
membrane.

The thermal stability of CS control membrane and hybrid
membranes were evaluated by TGA (Fig. 8) in the range of
40–800 1C. The entire thermal degradation process included three
major weight loss stages: the first stage for the evaporation of
residual water in the membrane (40–150 1C), the second stage for
the deacetylation and depolymerization of CS (200–350 1C), and
the third stage for the residual decomposition of CS (350–800 1C).
Among them, the degradation behavior of CS in the second stage
was the foremost to evaluate the thermal stability of the mem-
brane. From the curves in Fig. 8, it could be deduced that the initial
degradation temperatures for CS control membrane and CS–Ti
www.sp

Fig. 7. The static water contact angles on the membrane surfaces.

Fig. 8. TGA curves of CS control membrane and CS–Ti(14)–DHPPA, CS–Ti(28)–
DHPPA, CS–Ti(14) hybrid membranes.
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(14)–DHPPA, CS–Ti(28)–DHPPA hybrid membranes were 198.2 1C,
220.7 1C, and 207.6 1C, respectively. After incorporating Ti–DHPPA
complex into CS matrix, the multiple interactions including
covalent bonds, hydrogen bonds and electrostatic attractions
between polymeric and inorganic phases inhibited the mobility
of CS polymer chains, exhibiting an increased thermal stability.
With the continuous increase of TiCl4 content, the decrease of
covalent bonds led to a weaker inhibition for the mobility of CS
polymer chains, and a decreased thermal stability compared with
CS–Ti(14)–DHPPA membrane. Comparing the TGA curves of CS–Ti
(14)–DHPPA and CS–Ti(14) membranes, it could be found that the
CS–Ti(14)–DHPPA membrane showed a relatively low initial
degradation temperature. This phenomenon was caused by the
reduced hydroxyl groups linking with Ti atoms resulting from the
Ti–catechol chelation.

Swelling is a common phenomenon for hydrophilic membranes
in aqueous solution, and has critical impacts on the structure and
performance of membranes. Mass and area swelling degrees of
membranes after immersed in 90 wt% ethanol aqueous solution at
350 K for 48 h were evaluated to reflect the membrane structure
stability as shown in Fig. 9 [39]. It was noted that both the mass
and area swelling degrees decreased at first with the addition of
Ti–DHPPA complex, and then increased at higher TiCl4 contents,
while the CS–Ti(14) membrane exhibited the minimum mass and
area swelling degree. The variation tendency could be primarily
ascribed to the varied strength of interactions between polymeric
and inorganic phases and the consequent polymer chain mobility
as described in TGA characterization. Together with the static
contact angle data, it could be concluded that the enhanced
hydrophilicity and swelling resistance were obtained simulta-
neously for the hybrid membranes at appropriate TiCl4 content.
.
m3.2. Pervaporation experiment

3.2.1. Effect of TiCl4 content and modifier
In order to explore the effect of incorporating Ti–DHPPA

complex on the pervaporation performance of membrane, CS
control membrane and hybrid membranes with different mass
ratios of TiCl4 to CS were fabricated and evaluated with 90 wt%
ethanol aqueous solution at 350 K as shown in Fig. 10. It is
revealed in Fig. 10(a) that the permeation flux decreased slightly
at the beginning and then increased, while the separation factor
increased significantly at first and then decreased with the
mass ratio of TiCl4 to CS varying from 0 wt% to 28 wt%. When
the TiCl4 content was lower than 14 wt%, a favorable membrane
. 9. Mass and area swelling degrees of CS control membrane and hybrid
mbranes.
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Fig. 10. The pervaporation performance of CS control membrane and hybrid
membranes.

Fig. 11. (a) Effect of operation temperature on the pervaporation performance of
CS–Ti(14)–DHPPA/PAN membrane, (b) Arrhenius plots of permeation flux for
separating ethanol/water mixture by CS–Ti(14)–DHPPA/PAN membrane.

Table 1
Permeance and selectivity of CS–Ti(14)–DHPPA/PAN membrane under different
temperatures.

Temperature (K) (P/l)W (GPU) (P/l)E (GPU) Selectivity

303 2149 7.94 270
313 2305 4.68 493
323 2606 3.48 749
333 2930 3.89 753
343 2879 3.69 780
350 3041 3.58 849

J. Zhao et al. / Journal of Membrane Science 446 (2013) 395–404 401
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compactness and swelling resistance was obtained through the
modified sol–gel process and steric hindrance effect of DHPPA. In
addition, the hydrophilicity of hybrid membranes increased, favor-
ing the preferential sorption of water molecules on membrane
surfaces. The combination of favorable membrane compactness,
increased swelling resistance and hydrophilicity resulted in the
remarkable enhancement of separation factor and the slight
variation of permeation flux. It is shown in Fig. 10(b) that the
ethanol flux exhibited a more significant reduction than water
flux, implying the improved ethanol resistance of CS membrane
after incorporating Ti–DHPPA complex. When the mass ratio of
TiCl4 to CS was higher than 14 wt%, the loosened membrane
structure and decreased swelling resistance rendered lower diffu-
sion resistance for permeate molecules, leading to the increased
permeability and decreased selectivity. Accordingly, both water
flux and ethanol flux increased rapidly.

In order to evaluate the function of DHPPA in improving the
separation performance of the hybrid membranes, the membrane
prepared in the absence of DHPPA with the TiCl4 content of 14 wt%
(CS–Ti(14)/PAN membrane) was tested in pervaporation experi-
ment with 90 wt% ethanol aqueous solution at 350 K. Fig. 10(a)
shows that the CS–Ti(14)–DHPPA/PAN membrane had higher
permeation flux and separation factor than CS–Ti(14)/PAN mem-
brane for the favorable compactness and increased hydrophilicity.
Fig. 12. The long-time pervaporation performance of the CS–Ti(14)–DHPPA/PAN
hybrid membrane.
3.2.2. Effect of operation temperature
Pervaporation experiments under different temperatures ran-

ging from 303 to 350 K were carried out employing CS–Ti(14)–
DHPPA/PAN membrane. It is shown in Fig. 11(a) that both
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Table 2
Comparison of pervaporation performance of chitosan-based hybrid membranes for dehydration of ethanol.

Hybrid membrane Temperature (K) Water content
in feed (wt%)

Thickness of
active layer (μm)

Pervaporation performance Reference

Permeation flux (g/m2 h) Separation factor PSI (105)

CS–Ti–DHPPA/PAN 350 10 0.25 1403 730 10.23 This work
CS–APTEOS 323 15 18 900 600 5.39 [40]
CS–TEOS 353 10 45 284 460 1.30 [41]
CS–TBT 353 10 – 340 196 0.66 [3]
CS–HZSM5 353 10 25 231 153 0.35 [42]
CS–MWNT/PAN 333 10 3.27 340 573 1.94 [43]
CS–HY zeolite 298 10 – 353 102 0.36 [44]
CS–POSS1 303 10 30–40 30 373 0.11 [45]
CS–POSS2 303 10 30–40 28 306 0.09 [45]
CS–S-silica 343 10 30 410 1102 4.51 [46]
CS–TiO2 353 10 – 287 207 0.59 [3]
CS–S–HZSM5 353 10 – 279 274 0.76 [47]
CS–H14P5 303 10 40 110 35,991 39.59 [2]

APTEOS: 3-aminopropyl-triethoxysilane; TEOS: tetraethoxysilane; TBT: tetrabutyl titanate; MWNT: multiwalled carbon nanotubes; POSS: polyhedral oligosilsesquioxane; S-
silica: silica functionalized with sulfonic acid groups; H14P5: H14[NaP5W30O110].
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permeation flux and separation factor kept increasing with the
increase of operation temperature. The impacts of operation
temperature on pervaporation process included three aspects:
the mobility of permeate molecules, the membrane structure,
and the interactions between permeate molecules and membrane.
In general, permeation flux would increase at higher temperature
for the higher mobility of permeate molecules, loosened mem-
brane structure, and increased driving force. In contrast, the
separation factor may exhibit a quite different trend. In this study,
the apparent activation energy for the permeation of water and
ethanol in the range of 303–350 K were calculated from the slope
of the best-fit lines shown in Fig. 11(b) according to the following
equation:

Ji ¼ Ai exp � Ei
RT

� �
ð8Þ

where Ji, Ai, Ei, R and T represent the permeation flux, pre-
exponential factor, apparent activation energy, gas constant and
feed temperature, respectively. The higher apparent activation
energy of water (49.90 kJ/mol) compared with ethanol (28.75 kJ/
mol) implied the higher temperature sensitivity of water permea-
tion over ethanol permeation, which consequently caused the
increase of separation factor. In order to analyze the impacts of
temperature on pervaporation performance, the permeance (driv-
ing force-normalized form of permeation flux) and selectivity are
calculated and listed in Table 1. With the increase of temperature,
the water permeance kept increasing, while ethanol permeance
decreased notably at first and then fluctuated slightly. It could be
deduced that the increase of water flux was attributed to the
combined effect of increased driving force and loosened mem-
brane structure. With regard to ethanol, the loosened membrane
structure had minor impact on the increase of the permeation flux.
The continuous increase of selectivity indicated the enhanced
ethanol resistance with the increase of operation temperature.
w
3.2.3. Long-term operation stability
The long-term operation stability is a vital factor for the

industrial application of membrane. Fig. 12 shows the long-term
pervaporation performance test of the CS–Ti(14)–DHPPA/PAN
hybrid membrane up to 280 h for 90 wt% ethanol aqueous solution
at 350 K. During the entire test, the permeation flux and water
content in permeate remained almost unchanged, demonstrating
the favorable operation stability and implying the desirable
structural stability of the hybrid membranes.
.co
m3.2.4. Comparison of pervaporation performance of chitosan-based

hybrid membranes
Chitosan, as a biopolymer, has been widely used in water-

related membrane processes such as pervaporation dehydration,
proton exchange membrane in fuel cell, as well as ultrafiltration
for its high affinity towards water, adhesiveness, excellent film-
forming and chemical resistance properties. Table 2 summarizes
the pervaporation performance of chitosan-based hybrid mem-
branes for the dehydration of ethanol reported in the literatures. It
can be seen that the membrane in this work possessed an
ultrathin active layer and the consequent high permeation flux,
which was essential for the industrial application of membrane.
Meanwhile, a favorable separation factor was also obtained.
m

4. Conclusion

Ultrathin, robust chitosan–titania hybrid membranes were
obtained in a facile way by introducing DHPPA as a bioinspired
multifunctional modifier to mediate the in situ sol–gel reaction of
TiCl4 within CS matrix. DHPPA played the following four roles:
(1) retarding the sol–gel reaction of TiCl4 to realize the uniform
formation of inorganic particles with small size throughmetal–organic
coordination interaction between DHPPA and titanium; (2) deterring
the densification of hybrid membrane structure through steric hin-
drance effect together with suppressing the cross-linking reaction
between polymer and inorganic precursor to prevent the decrease in
membrane permeability; (3) forming hydrogen bonds and electro-
static attractions with CS polymer chains to improve the interfacial
compatibility between polymeric continuous phase and inorganic
dispersed phase; (4) enhancing the hydrophilicity of hybrid mem-
brane via the plenty of carboxyl groups on DHPPA to facilitate the
preferential sorption of water molecules on the membrane surface. As
a result, the hybrid membranes exhibited higher swelling resistance,
separation performance, as well as long-term operation stability. The
hybrid membrane exhibited the optimal pervaporation performance
with a permeation flux of 1403 g/(m2 h) and a separation factor of 730
for 90 wt% ethanol aqueous solution at 350 K when the mass ratio of
TiCl4 to CS was 14 wt%.
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Nomenclature

Symbols

A membrane area (m2)
E apparent activation energy (kJ/mol)
F mass fractions in feed solution (wt%)
J permeation flux (g/m2 h)
l membrane thickness (m)
P mass fractions in permeate solution (wt%)
P/l permeance (GPU)
Q mass of permeate (g)
Sq membrane surface roughness (nm)
t time interval (h)
W mass of membrane (g)
X mass ratio of TiO2 to CS (wt%)

Greek letters

α separation factor
β selectivity
γ activity coefficient
θ diffraction angle (deg)

Subscripts

D dry membrane
E ethanol
S swollen membrane
W water

Abbreviations

ACR area change rate
MCR mass change rate
PSI pervaporation separation index
www
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