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bstract

Hybrid membranes composed of chitosan (CS) as organic matrix and surface-modified Y zeolite as inorganic filler are prepared and their
pplicability for DMFC is demonstrated by methanol permeability, proton conductivity and swelling property. Y zeolite is modified using silane
oupling agents, 3-aminopropyl-triethoxysilane (APTES) and 3-mercaptopropyl-trimethoxysilane (MPTMS), to improve the organic–inorganic
nterfacial morphology. The mercapto group on MPTMS-modified Y zeolite is further oxidized into sulfonic group. Then, the resultant surface-

odified Y zeolites with either aminopropyl groups or sulfonicpropyl groups are mixed with chitosan in acetic acid solution and cast into membranes.
he transitional phase generated between chitosan matrix and zeolite filler reduces or even eliminates the nonselective voids commonly exist at the

nterface. The hybrid membranes exhibit a significant reduction in methanol permeability compared with pure chitosan and Nafion117 membranes,
nd this reduction extent becomes more pronounced with the increase of methanol concentration. By introducing –SO H groups onto zeolite
3

urface, the conductivity of hybrid membranes is increased up to 2.58 × 10−2 S cm−1. In terms of the overall selectivity index (β = σ/P), the hybrid
embrane is comparable with Nafion117 at low methanol concentration (2 mol L−1) and much better (three times) at high methanol concentration

12 mol L−1).
2007 Elsevier B.V. All rights reserved.
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. Introduction

Direct methanol fuel cell (DMFC), as a novel energy con-
ersion device, is attractive for transportation and portable
ower generator applications due to its high energy density,
implified system design, convenient storage, recharge and
ransport of fuels [1]. Polyperfluorosulfonic acid ionomer ini-
ially developed by DuPont and successfully used in H2/O2
uel cell, NafionTM, is currently the most commonly utilized
roton exchange membrane (PEM) for DMFCs because of
ts superior chemical stability and high proton conductivity.
owever, one of the main drawbacks of the NafionTM series
embranes is the severe methanol crossover from anode to
athode, resulting in not only a serious reduction in the cell
fficiency caused by methanol–oxygen mixed potential at the
athode, but also a considerable decease in fuel utilization effi-
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iency [2,3]. Alternative PEMs with low methanol permeability
nd high proton conductivity as well as low swelling, low cost
nd low toxicity are certainly expected for DMFC exploit-
tion.

Reduction of methanol crossover through PEMs can be
chieved by two routes: rational selection or invention of mem-
rane materials, and appropriate manipulation of membrane
orphology [4–6]. If a methanol-rejecting and proton conduct-

ng DMFC membrane could be viewed as a H+(H2O)/methanol
eparation media, membrane materials with excellent alco-
ol/water separation ability would be considered as appropriate
andidates. As a matter of fact, in the field of membrane pervapo-
ation for dehydration of alcohols, many hydrophilic polymers,
uch as chitosan and polyvinyl alcohol, have been widely used
ue to their preferential affinity towards water [7–9]. Chitosan
s a polysaccharide prepared by the deacetylation of chitin that
ainly obtained from the crab and shrimp shells [10]. Due to the
nherent characteristics such as hydrophilicity, biocompatibil-
ty, antibacterial properties, remarkable affinity towards certain
ubstances and facile film formation, chitosan has been grad-
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Fig. 1. Schematic illustration of polymer-filled interfacia

ally regarded as a kind of promising material for membrane
abrication.

Herein, chitosan is chosen as the polymer matrix consider-
ng its excellent alcohol-rejecting performance. However, in its
ormal state, chitosan film has very low conductivity and high
egree of swelling [11]. Serious swelling would induce dis-
ntanglement within the polymer matrix, thus facilitating the
ermeation of methanol and water as well as that of the proton
o some extent [12,13], resulting in a loss of H+(H2O)/methanol
electivity. To reduce the swelling degree, chitosan was usually
ither cross-linked with sulfuric acid or other polyelectrolytes
14,15], or incorporated with some inorganic particles such as
ilica, zeolites, zirconia and montmorillonite [16–19]. Among
hese inorganic particles, zeolite, unique for its molecular siev-
ng effect, is attracting considerable research interest due to its
ell-defined open crystal structures with a pore size of several

ngstroms, low cost and flexible configurations.
For polymer–zeolite hybrid membranes, the membrane mor-

hology and polymer–inorganic interfacial property are crucial
o methanol permeation [20]. Researchers found that when the
olymer is in glassy state under preparation or application con-
itions, nonselective or less selective voids are often present at
he interface between the polymer phase and the external sur-
ace of zeolite as shown in Fig. 1(a) [21–23]. It is thus reasonable
o expect a reduction in methanol crossover by improving the
nterfacial morphology. In a previous study, plasticizer was used
o enhance the polymer–inorganic compatibility by increasing
he polymer (chitosan) chain flexibility and thus reducing the
tress arisen during the membrane formation process [24]. In
his study, another approach involving zeolite surface modifica-
ion was introduced in hope to create an additional transitional
hase between polymer and inorganic phase as schematically
llustrated in Fig. 1(b). Two functional organotriethoxysilanes
ither with –SH or –NH2 groups were selected as the modi-
ers due to their capability of co-condensing with the hydroxyl
roups on zeolite surface. Some studies have confirmed the
ffectiveness of use of silane coupling reagents in membrane
reparation for separation and DMFC [25–29]. Sulfuric acid
as used as an effective cross-linker for chitosan matrix to pro-
ibit its excess swelling and, meanwhile, to protonate the amino
roups on chitosan, endowing the polymer with higher conduc-

ivity. In addition, to further increase the membrane conductivity,

ercaptosilane-modified zeolite was further oxidized to attach
dditional –SO3H groups and then incorporated into chitosan
ulk to fabricate the membranes. The chemical and physical

a
a
s
f

hology: (a) voids and (b) transitional phase at interface.

roperties of the hybrid membranes were characterized and their
ethanol permeability and proton conductivity were thoroughly

nvestigated.

. Experimental

.1. Materials and chemicals

Chitosan (CS) with a degree of deacetylation of 91% was
upplied by Zhejiang Golden-shell Biochemical Co. Ltd. NaY
eolite with a Si/Al ratio of 2.50 was purchased from Shang-
ai Xinnian Shihua Co. Ltd. 3-Aminopropyl-triethoxysilane
APTES) and 3-mercaptopropyl-trimethoxysilane (MPTMS)
ere purchased from Power Chemical Corporation. Acetic acid,

ulfuric acid and methanol were purchased locally. De-ionized
ater was used throughout the study.

.2. Surface modification of NaY zeolite

Surface modification of NaY zeolite by organotriethoxysi-
ane was carried out according to the procedure described in the
iterature [30]: NaY zeolite (1.4 g) and NH4NO3 aqueous solu-
ion (700 mL, 1 mol L−1) were mixed under stirring at 80 ◦C for
2 h. The zeolite was then filtered and rinsed with de-ionized
ater till electric neutrality and dried at room temperature fol-

owed by calcination at 500 ◦C for 6 h to fully convert NaY into
Y form.
HY zeolite, APTES and toluene (mass ratio 1:2:20) were

efluxed under stirring at 110 ◦C for 24 h. The zeolite was filtered
nd rinsed with both ethanol and water to remove the silane
esidues. The resulting APTES-modified zeolite was dried and
enoted as H2NY zeolite.

For MPTMS-modified zeolite, the above-mentioned proce-
ure was followed except that MPTMS was used instead of
PTES. The resulting zeolite with –SH groups, denoted as HSY,
as further oxidized at 25 ◦C in 30 wt.% H2O2 solution for 24 h

o convert the –SH groups into –SO3H groups (HO3SY zeolite).

.3. Membrane preparation and pretreatment

Chitosan was dissolved in 2 wt.% aqueous acetic acid to

cquire a 2 wt.% concentration by stirring at 80 ◦C. A desired
mount of zeolite was then added to the above solution and
tirred at 80 ◦C for 2 h followed by dispersion under ultrasonic
or 1 h. After filtration and degasification, the resulting homoge-
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ous solution was cast onto a clean glass plate and dried at
5 ◦C. Next, the membrane was immersed and cross-linked in
mol L−1 H2SO4 solution for 24 h and rinsed with de-ionized
ater. Finally, the membrane was dried at 25 ◦C under vacuum.
ure chitosan membrane and NaY-, H2NY- and HO3SY-filled
hitosan membranes were prepared and designated, respectively,
s CS, CS–NaY(X), CS–H2NY(X) and CS–HO3SHY(X) hence-
orth where X represents the mass content of zeolite.

Nafion117 membrane, used as a reference, was pretreated in
oiling water, 3wt.% H2O2, 1 mol L H2SO4 and boiling water,
lternatively, each for 1 h, to completely remove the impurities
nd fully convert the membrane into H+-form.

Prior to both permeability and conductivity measurements,
he membranes were equilibrated in de-ionized water.

.4. Characterizations

The elemental composition and state on the zeolite surface
efore and after modification was compared using X-ray pho-
oelectron spectroscopy (XPS, PHI 1600, Mg K� X-ray source
or excitation).

Nitrogen adsorption–desorption measurements were carried
ut using a Micromeritics Gemini V instrument to compare the
ET surface area, total pore volume and pore size between the
nmodified and modified zeolites.

The FT-IR spectra (4000–400 cm−1) of zeolite before and
fter surface modification and CS, CS–NaY, CS–H2NY and
S–HO3SY membranes were recorded using a Nicolet-740,
erkin-Elmer-283B FT-IR Spectrometer.

The crystalline structures of different zeolites and membranes
ere investigated with a RigakuD/max2500v/pa X-ray diffrac-

ometer (CuK 40 kV, 200 mA). The peak position and area were
xtracted with MDIjade5 software.

The morphology of pure chitosan and hybrid membranes
as observed by scanning electron microscopy (SEM, Philips
L30ESEM). Membrane samples were freeze-fractured in liq-
id nitrogen and sputtered with gold.

.5. Water uptake, methanol solution uptake and swelling
roperty

The water uptake and methanol–water solution uptake of the
ybrid membranes were determined by measuring the mem-
rane weight difference before and after immersion. Membrane
amples were dried under vacuum at 25 ◦C for 24 h and weighted
Wdry) before being immersed in de-ionized water or 50 wt.%
ethanol–water solution at room temperature for 24 h. The wet
embrane was wiped with blotting paper to remove residual
ater from the surface and weighed (Wwet). The uptake was

alculated by the following equation:

ptake (%) = Wwet − Wdry × 100

Wdry

The swelling property was determined by measuring the area
hange of the membrane upon equilibrating the membranes in
ater at room temperature for 24 h. The swelling ratio was cal-

w
c
S
i

urces 173 (2007) 842–852

ulated by the following equation:

welling (%) = Awet − Adry

Adry
× 100

here Adry and Awet are the areas of the dry and wet samples,
espectively.

.6. Ion exchange capacity (IEC)

Ion exchange capacity of the membrane was determined by
titration method. The membranes in H+ form were immersed

n 20 mL of NaCl saturated aqueous solution under continuous
tirring for 24 h to liberate H+. The released amount of H+ in
he solution was back titrated with 0.01 mol L−1 NaOH solution.
he ion exchange capacity (IEC, mmol g−1) was calculated by:

EC = 0.01VolNaOH

Wd

here VolNaOH is the volume of NaOH (L) consumed in titration
nd Wd (g) is the weight of the dry membrane sample.

.7. Proton conductivity

The proton conductivity of the membranes in the transverse
irection was measured in two-point-probe conductivity cells by
he ac impedance spectroscopy method over a frequency range of
–106 Hz with oscillating voltage of 10 mV, using a frequency
esponse analyzer (FRA, Autolab PGSTST20). Prior to mea-
urement, the membrane sample was equilibrated in 0.2 mol L−1

2SO4 for 24 h and then placed between two stainless steel elec-
rodes. The proton conductivity (σ, S cm−1) of the membrane
as calculated by σ = d/RA, where d and A are the thickness and

he testing area of the membrane sample, respectively, and R is
he membrane resistance derived from the low intersect of the
igh frequency semicircle on a complex impedance plane with
e (z) axis.

.8. Methanol permeability

The methanol permeability was determined using a
iaphragm diffusion cell [31]. The cell consists of two compart-
ents with identical volume separated by the membrane sheet.
ompartment A was initially filled with a solution of methanol
nd compartment B with de-ionized water. Both compartments
ere well stirred during the test. The methanol concentration

n compartment B was determined using a gas chromatography
Agilent 6820) equipped with a TCD detector and a DB624 col-
mn. The methanol permeability (P, cm2 s−1) was calculated as
ollows:

= kVL

SCA0
here k is the slope of the curve plotted by concentration in
ompartment B versus time, V the volume of the compartment,
and L the membrane area and thickness, respectively and CA0

s the initial concentration of methanol in compartment A.



H. Wu et al. / Journal of Power Sources 173 (2007) 842–852 845

3

3
m

t
t
n
(
g
m
z
M
z
s
i
t
i
w
(
(
t

Table 1
BET surface area, total pore volume and pore size of zeolites

NaY NH2Y SO3HY

Surface area (m2 g−1) 328.1 168.3 72.8
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Fig. 2. XPS spectra of zeolite surface before and after modification.

. Results and discussions

.1. Characterization of zeolite before and after
odification

XPS spectra of zeolite before and after surface modifica-
ion are presented in Fig. 2. Compared with HY zeolite in
he binding energy range of 390–410 eV (Fig. 2(a) right), a
ew peak clearly appears at 399.1 eV after APTES-modification
Fig. 2(b)) which attributes to the nitrogen element in the –NH2
roup and confirms the successful mercaptosilane grafting. The
ass content of nitrogen on the surface of APTES-modified

eolite calculated from XPS data is 2.5%. In the case of
PTMS-modification, compared with the spectrum of the HY

eolite in the range of 165–175 eV (Fig. 2(a) left), a new inten-
ive peak at 163.6 eV which attributes to the sulfur element
n –SH group can be clearly observed (Fig. 2(c)). After fur-
her oxidation in H2O2, the intensity of the peak at 163.6 eV
s remarkably decreased while another new peak at 168.8 eV,

hich is attributed to the sulfur in –SO3H group, appears

Fig. 2(d)) and increases with the increase of oxidation time
data not shown). After 24 h oxidation, the total mass con-
ent of sulfur is 2.50%, of which 2.37% comes from –SO3H

h
g
c
t

ig. 3. Schematic illustration of interfacial interaction existed in modified-zeolite
embranes.
otal pore volume (cm3 g−1) 0.156 0.061 0.027
ore size (nm) 0.674 0.450 0.464

roups, indicating that 94.8% –SH groups has been oxidized
nto –SO3H.

The surface area, total pore volume and pore size of zeolites
re listed in Table 1. A noticeable reduction in all the above
hree values after the modification indicates that the conden-
ation between the silanol groups and the hydroxyl groups on
eolite surface indeed blocks the zeolite pores to certain extent.
his blockage effect becomes more pronounced in the case of
O3HY zeolite than NH2Y zeolite, probably due to the further

ntra- and inter-molecule condensation during the oxidation pro-
ess. The decreased pore size, still big enough for free transport
f water and proton, is supposed to be a favorable factor for
ethanol barrier performance.

.2. Membrane formation and morphology

The compatibility between the polymer and the surface of the
norganic filler is a key issue in determining the final membrane
roperty and performance. To improve the interfacial morphol-
gy in hybrid membrane, a transitional phase is expected to be
reated between the organic and inorganic phases, mitigating
r eliminating the nonselective voids. In this study, functional
rganosilanes were used to modify the zeolite surface and cre-
te the desired transitional phase. The aryloxy groups (RO–,

CH3 or CH3CH2) at one end of the silane can be hydrolyzed
nto silanol groups (Si–OH) and then co-condensed with the

ydroxyl groups (–OH) on the zeolite surface. The functional
roups (H2N–(CH2)3– in APTES, HS–(CH2)3– in MPTMS)
an render the zeolite desirable surface properties. As illus-
rated in Fig. 3, after modification, the organosilane “arms”

-filled chitosan membranes (a) CS–H2NY membranes and (b) CS–HO3SY
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remains unchanged after modification. The intensity of the band
at 3440 cm−1 decreases notably after silane modification as a
result of the consumption of the zeolite hydroxyl groups by
condensing with the silanol groups. The distinct peaks of the
ig. 4. Cross-section SEM images of pure chitosan and zeolite-filled chitosan me
20%)

–CH2–CH2–CH2–Si≡) were grafted onto the zeolite surface
ith specific functional groups (–NH2 or –SO3H) linked to

t the end of these “arms” like “hands”. When these modified
eolite were blended with the rigid glassy chitosan, the –NH2
r –SO3H groups were expected to grasp the polymer chains
round them via hydrogen bonds or acid-base ionic interaction
ormed with the –OH and –NH2 groups on chitosan. Thus, a
ransitional phase with a somewhat flexibility due to the propyl
hains was generated, leading to a better compatible interface.

Fig. 4 presents the cross-section SEM images of chitosan and
ybrid membranes. While the pure chitosan membrane shows a
oid-free dense structure (Fig. 4(a)), voids around the unmodi-
ed NaY zeolite particles can be clearly observed in the CS–NaY
20%) hybrid membrane (Fig. 4(b)). Much better interfacial mor-
hology was obtained after zeolite modification as shown in
ig. 4(c) and (d), confirming an improvement in compatibility
etween the organic polymer and inorganic filler by means of
ilane modification. It should be mentioned that, the CS–HO3SY
ybrid membrane displays better interfacial morphology than
S–H2NY hybrid membrane.

.3. FT-IR spectra

The FT-IR spectra of Y zeolite before and after modifica-
ion and that of chitosan and zeolite-filled chitosan membranes
re shown in Fig. 5 and Fig. 6, respectively. The frame-

ork infrared spectrum of NaY is in good agreement with

he data reported in literature [32]. The bands at 1049 cm−1

vas), 723 cm−1 (vs) and 457 cm−1 (T–O band) are assigned to
he three lattice modes associated with internal vibrations of
nes. (a) Chitosan, (b) CS–NaY (20%), (c) CS–H2NY (20%) and (d) CS–HO3SY

he (Si, Al) O4 tetrahedral unites which designated as TO4 in
he framework of Y zeolite and are structure-insensitive. The
tructure-sensitive vibrations due to external linkages between
etrahedrals are found at 1158 cm−1 (vas), 795 cm−1 (vs) and
80 cm−1 (double six-rings). A characteristic strong and broad
and at around 3440 cm−1 corresponds to O–H stretching
ibrations of the hydroxyl groups. No obvious changes in the
haracteristic wavelength range of Y zeolite (450–1500 cm−1)
re observed, indicating that the framework chemical structure
Fig. 5. FT-IR spectra of Y zeolite before and after modification.
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ig. 6. FT-IR spectra of chitosan membrane and zeolite-filled chitosan mem-
ranes.

ulfonic group (1420–1310 cm−1 and 1235–1145 cm−1) [33]
ttributing, respectively, to the asymmetric and symmetric SO2
tretching vibration bands can not be discriminated because they

re overlapped with the peaks of TO4.

For pure chitosan membrane, the characteristic bands
t 3400 cm−1, 1650 cm−1 and 1550 cm−1 are attributed to
ydroxyl group, amide I and amide II groups, respectively. The

s
g

f

ig. 7. XRD patterns of zeolite and zeolite-filled chitosan membranes (a) Y zeolite
ybrid membranes and (d) CS–HO3SY hybrid membranes.
urces 173 (2007) 842–852 847

ands at 1070 cm−1, 1380 cm−1 and 1160 cm−1 are due to the
–O stretching, –CH2 bending and asymmetric stretching of
–O–C [34]. The band at 1150 cm−1 attributes to the sym-
etric vibration band of S O S. The intensity of the bands at

400 cm−1, 1650 cm−1 and 1550 cm−1 decreases in the hybrid
embrane spectrum because of the interaction between the

OH, –NH2 groups on chitosan and the –OH, –NH2 and –SO3H
roups on zeolite. The two bands at 1070 cm−1 and 1027 cm−1

n the pure chitosan membrane merge into one and shift to
022 cm−1 in the zeolite filled membranes due to the overlapping
f Si–O band with the C–O stretching band.

.4. XRD analysis

Fig. 7(a) shows the XRD patterns of Y zeolite before and
fter modification. It can be seen that the surface-modified zeo-
ite keeps the identical characteristic peaks with the unmodified
aY zeolite, which suggests that the surface-modified zeolite
isplay the same crystalline structure with the original NaY
eolite. After surface modification, some characteristic peaks of
eolite become weaker, and an obvious amorphous crystalline

tructure appears at 15–30◦ which is due to the presence of
rafted silane coupling agent chains on the zeolite surface.

According to Chen et al. [35], chitosan has two crystal forms:
orm I has the major crystalline peaks at 11.2◦ and 18.0◦, while

before and after modification, (b) CS–NaY hybrid membranes (c) CS–H2NY
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orm II has major peaks at 20.9◦ and 23.8◦. The chitosan mem-
rane prepared in this work seems to contain both of the two
rystal forms: form I (11.5◦, 18.8◦) and form II (21.5◦, 23.9◦)
s shown in Fig. 7(b). The broad peak appears at around 20◦
s attributed to the partly crystallized polymer chains. It can be
een from Fig. 7(b) and (d) that the intensity of the characteristic
hitosan crystal peaks decrease with the increase of zeolite con-
ent. This indicates that zeolite surface modification enhances
he interaction between zeolite and chitosan matrix and destroys
he interaction among chitosan molecules. In CS–HO3SY mem-
ranes, the amorphous crystalline peak at 15–30◦ becomes
arrower and stronger with increasing the HO3SY content. This
ight be explained that the stronger interaction between the

SO3H on the zeolite and the –NH2 on the chitosan destroys
he original crystal structure of chitosan, and reconstructs into
more ordered structure which may lead to a better separation
erformance.

.5. Membrane water uptake, methanol uptake and swelling

Fig. 8 shows the water uptake and methanol solution uptake
f the hybrid membranes. In this study, 50 wt.% methanol/water
olution uptake of hybrid membranes was measured. Both the
ater uptake and methanol solution uptake of hybrid mem-
ranes decrease with the increase of zeolite content. This is
ttributed to the addition of the zeolite particles that are less
ydrophilic than the chitosan polymer and also to the rigidi-
cation of polymer chains caused by the filling of inorganic
articles. When the zeolite content is lower than 30%, the water
ptake and methanol solution uptake of CS–NaY membranes is
igher than that of pure chitosan membrane. Our previous work
as confirmed that the unselective voids exist at the interface of
rganic matrix and inorganic particles increase the free volume
f chitosan membrane and thus more water or methanol can be

tored in these voids [24]. Under the same zeolite content, the
ater uptake of different hybrid membranes follows such order:
S–NaY > CS–H2NY > CS–HO3SY. The decrease trend of the
ater uptake for modified-zeolite-filled membrane is owing to

ig. 8. Water uptake and methanol solution uptake of zeolite-filled chitosan
embranes.
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Fig. 9. Swelling degree of zeolite-filled chitosan membranes.

hat the surface modification of zeolite strengthens the adhesion
etween the polymer and the zeolite particle, thus generating a
oid-less or void-free structure. Comparing the water uptake data
nd methanol solution uptake data, it can be seen that the water
ptake of hybrid membranes is much higher than the methanol
olution uptake of hybrid membranes with the same zeolite con-
ent, indicating that hybrid membranes have priority to adsorb
ater molecules over methanol molecules.
For chitosan membrane, methanol crossover depends greatly

n the membrane swelling, and obviously, low swelling degree
s favorable for hindering methanol permeation. As shown in
ig. 9, the swelling degree was significantly lowered by the
ddition of modified zeolites. The possible reason may be
hat incorporation of inorganic components and the transitional
hase generated between the polymer matrix and inorganic par-
icle effectively restrict the stretching of the polymer chain in
queous solution.

.6. Ion exchange capacity (IEC)

Ion exchange capacity (IEC) is an indirect and reliable
pproximation of the proton conductivity [14]. The IEC values of
ll the membranes prepared in this study are listed in Table 2. The
ristine chitosan shows an IEC value of 0.174 mmol g−1, much
ower than that of Nafion117 membrane (0.886 mmol g−1). The
EC values of zeolite-filled hybrid membranes are slightly lower
han that of chitosan membrane and decrease with increasing
eolite content. Compared with unmodified NaY-filled CS–NaY
embrane and APTES-modified H2NY-filled CS–H2NY mem-

rane, CS–HO3SY hybrid membranes show higher IECs due to
he presence of additional –SO3H groups on zeolite.

.7. Methanol permeability

Fig. 10 shows the methanol permeability as a function of
ethanol concentration for zeolite-chitosan hybrid membrane,

hitosan membrane and Nafion117 membrane. One notable

bservation is that the methanol permeability of Nafion117 is
uch higher than that of chitosan membranes, confirming the

ppropriate choice of chitosan as an excellent methanol bar-
ier. Furthermore, that the methanol permeability of Nafion
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Table 2
IEC values (mmol g−1) of Nafion117, chitosan and zeolite-filled chitosan hybrid membranes

Membrane Zeolite content

0 (%) 10 (%) 20 (%) 30 (%) 40 (%) 50 (%) 60 (%)

Nafion117 0.886
CS 0.174
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S–NaY 0.106 0.098
S–NH2Y 0.115 0.111
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ncreases with the increase of methanol concentration makes
afion an even poorer methanol barrier at higher methanol

oncentrations. Chitosan and zeolite-filled chitosan membranes
how just a completely reverse trend, that is, the higher the
ethanol concentration is, the better methanol-rejecting abil-

ty the chitosan-based membranes exhibit. The difference in the
hemical and physical structure between Nafion and chitosan
an account for this distinct difference in methanol permeation
ehavior.

After incorporating Y zeolites into chitosan, the methanol
ermeability was further decreased. This decrease may be
ttributed to the following two reasons: (1) the dispersion of
norganic particles increase the methanol permeation path length
nd tortuosity while the strong hydrophilic nature of Y zeolite
Si/Al = 2.50) presents much more priority for water molecules
raveling through the pores; (2) the incorporation of the rigid
eolite causes local rigidification of chitosan matrix and com-
resses the volumes between polymer chains, thus reducing the
embrane swelling and methanol uptake.
The effect of zeolite modification on the methanol bar-

ier property can also be clearly found. Compared with the
S–NaY membrane, the silane chains grafted on zeolite particles

n CS–H2N and CS–HO3SY membranes enhanced the com-
atibility between zeolite and polymer. The transitional phase

reated at the inorganic-polymer interface fills up the small voids
nd connects the two phases much closer. The reduction in
eolite pore size and total pore volume after modification is
nother favorable factor in increasing the water/methanol selec-

ig. 10. Methanol permeability of membranes vs. methanol concentration.
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ivity. Comparing the two modification treatments, CS–HO3SY
embrane shows a little better methanol-rejecting performance

ecause the –SO3H groups on the modified zeolite surface
an form stronger interactions with the –NH2 groups of chi-
osan than in the case of –NH2 modification. The methanol
ermeability of different kinds of the hybrid membranes
ith same zeolite content decreases in the following order:
S–NaY > CS–H2NY > CS–HO3SY.

Fig. 11 shows the methanol permeability as a function of
eolite content for zeolite-filled chitosan membranes at dif-
erent methanol concentrations (2 mol L−1 and 12 mol L−1).
he methanol permeability of the hybrid membranes decreases
ith the increase of zeolite content when the zeolite content

s less than 40%, and reaches the lowest at zeolite con-
ent of 40% for all hybrid membranes. The decrease trend
s consistent with the assumption that methanol molecules
referentially move through the polymer phase while passing
round the inorganic particles. At the methanol concentration of
mol L−1, the CS–HO3SY (40%) shows a methanol permeabil-

ty of 9.04 × 10−7 cm2 s−1, less than 1/3 of that of Nafion117
nder the identical condition. When the methanol concentra-
ion is increased to 12 mol L−1, the methanol permeability of
S–HO3SY (40%) is further reduced to 3.90 × 10−7 cm2 s−1,

ess than 1/10 of that of Nafion117. The methanol permeability
ncreases with the increase of zeolite content higher than 40%
ue to the nonuniform dispersion and aggregation of zeolite
articles in the membrane.

.8. Proton conductivity

The proton conductivity of membranes synthesized in this
tudy is listed in Table 3 and compared with Nafion117. The
roton conductivity of Nafion117 has been reported in many ref-
rences [36–38], but the data are not always in consistency due to
ifferent test methods and conditions. In our test, Nafion117 (full
ydration) shows a proton conductivity of 6.91 × 10−2 S cm−1

hile the pure cross-linked chitosan membrane (full hydration)
hows a proton conductivity of 2.61 × 10−2 S cm−1. Although
he proton conductivity of hybrid membranes decreases with
he increasing of zeolite content, it still can keep at an accept-
ble level (>1.5 × 10−2 S cm−1). The proton conductivity of CS
embrane mainly attributes to the high content of –NH2 and
OH groups in the polymer. The proton transport in chitosan may
ccur in two mechanisms [14,6,39,40]. The first is by Grotthus or
jump” mechanism, according to which the protons pass down
he –OH groups or the ionic cross-linking SO4

2− and –NH3
+
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Fig. 11. Methanol permeability of zeolite-filled chitosan membranes vs. zeolite content at methanol concentration of (a) 2 mol L−1 and (b) 12 mol L−1.

Table 3
Proton conductivity (×10−2 S cm−1) of Nafion117, chitosan and zeolite-filled hybrid membranes

Membrane Zeolite content

0 (%) 10 (%) 20 (%) 30 (%) 40 (%) 50 (%) 60 (%)

Nafion117 6.91
CS 2.61
CS–NaY 2.30 2.13 1.91 1.91 1.77 1.70
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the better methanol barrier performance of chitosan. The chi-
tosan membrane, CS–NaY (10%) membrane and CS–H2NY
(10%) membrane exhibit higher selectivity than Nafion117 at
S–H2NY 2.09 1.94
S–HO3SY 2.58 2.39

roups by jumping from on site to another [40]. The second is
alled a vehicle mechanism, assuming that the protons transfer
n the form of complex like H3O+ or CH3OH2

+ by combining
ith the solvent molecules. Therefore, the vehicle mechanism is
ighly dependent on the amount of water or methanol molecules
n the membrane. In this study, incorporation of zeolite signifi-
antly reduces the water uptake and methanol uptake of chitosan
embrane, thus decreasing the proton conductivity to a certain

xtent. For CS–HO3SY hybrid membrane, the –SO3H groups
nteract with –NH2 groups, the resulting –SO3

− and –NH3
+

educe the energy barrier to the proton transport [40,41], leading
o an increase in proton conductivity. In particular, CS–HO3SY
10%) membrane shows conductivity as high as 2.58 S cm−1

hich is comparable with acid cross-linked pure chitosan mem-
rane. It is reasonable to believe that an even higher conductivity
an be obtained if more –SO3H groups are grafted on the zeolite
urface, and this investigation is under further exploration.

.9. Selectivity (β = σ/P)

In membrane separation processes, the efficiency for sepa-
ating two components is usually evaluated by selectivity that
s defined as the ratio of the permeation flux of the two com-
onents. In DMFC application, the H+/methanol selectivity can
e expressed in the form of β = σ/P, i.e., the ratio of proton

onductivity to methanol permeability. The expression of β can
e deduced from Nernst–Plank equation and Fick’s law which
escribes the proton flux and the methanol flux, respectively
42]. In general, membranes with higher selectivity are more
1.75 1.61 1.51 1.63
2.12 2.07 1.90 1.94

esirable for DMFCs [17,40]. Fig. 12 shows the selectivity
f Nafion117, pure CS and zeolite-filled chitosan membranes
zeolite content 10%), which is based on their conductivities
nd methanol permeability measured at room temperature. The
electivity of Nafion117 decreases gradually with the increase
f methanol concentration while the chitosan-based membranes
repared in this study exhibit a reverse trend, that is, the selectiv-
ty becomes increased at higher methanol concentrations due to
Fig. 12. Selectivity vs. methanol concentration.
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Fig. 13. Selectivity of zeolite-filled chitosan membranes vs. zeolite

igher methanol concentration (>6 mol L−1). In particular, the
S–SO3HY (10%) membrane shows a comparable selectivity
ith Nafion117 (2.20 × 104 S s cm−3) at methanol concentra-

ion of 2 mol L−1 and higher selectivities than Nafion117 in
he rest of the whole range of higher methanol concentra-
ion under study (2–12 mol L−1). It is worth noting that the
S–SO3HY (10%) membrane has the highest selectivity (β

rom 2.21 × 104 S s cm−3 at 2 mol L−1 to 4.28 × 104 S s cm−3

t 12 mol L−1) among the hybrid membranes, chitosan mem-
rane and Nafion117 owing to its enhanced proton conductivity
nd lowered methanol permeability. The effect of zeolite content
n the selectivity is illustrated in Fig. 13. When the zeolite load-
ng is less than 40%, the selectivity of CS–NaY and CS–H2NY
ybrid membranes keeps almost constant. As the zeolite con-
ent goes higher than 40%, the selectivity decreases due to the
orse barrier properties caused by poor dispersion of zeolites

n the membrane. The CS–HO3SY membrane with a zeolite
ontent of 40% has the highest selectivity (2.3 × 104 S s cm−3

t 2 mol L−1, 5.3 × 104 S s cm−3 at 12 mol L−1, the latter
eing 3.1-fold higher than Nafion117 under the identical
ondition).

. Conclusions

NaY zeolite was modified using silane-coupling agents
APTES and MPTMS) and then incorporated into chitosan
ulk to fabricate a methanol barrier proton conductive mem-
rane for DMFC. An improved organic–inorganic interfacial
orphology was obtained by creating a transitional phase

etween the polymer and the zeolite particle, leading to
educed methanol permeation. The CS–HO3SY membranes pre-
ented more resistance to methanol crossover than CS–H2NY
nd CS–NaY membranes. Although their proton conductiv-
ty was lower than that of Nafion117, higher selectivity index
β = σ/P) was obtained for the hybrid membranes, especially at
igher methanol concentrations. Furthermore, the CS–HO3SY
embranes showed higher selectivity than Nafion117 in the
nvolved methanol concentration range (2–12 mol L−1) due to
he increased proton conductivity arising from the introduction
f –SO3H groups and the increased methanol resistance aris-
ng from a better compatibility between organic and inorganic
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nt at methanol concentration of (a) 2 mol L−1 and (b) 12 mol L−1.

hases. Considering the high selectivity, low cost, environmental
enignity as well as facile fabrication, these modified-zeolite-
lled chitosan hybrid membranes, CS–HO3SY membranes in
articular, offer an encouraging promise for DMFC develop-
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