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Abstract. Phosphorylated zeolite-A/chitosan composites
were prepared and characterized as an aternative material
for proton exchange membrane fuel cell (PEMFC). Their
applicability was demonstrated by mechanical properties,
swelling property, proton conductivity, methanol per-
meability, and thermal resistance. Chitosan was prepared
from shrimp shell waste by deproteination, deminera
lization, and deacetylation. Chitosan was modified using
zeolite A in the various concentrations. Chitosan
membrane hybrid zeolite A was further modified using
sodium triphosphate (STPP) as phosphorylation and
glutaraldehyde as a cross linker. The SEM results showed
that the membrane had rigid pores. Moreover, this
research stated that phosphorylated zeolite-A/chitosan
hybrid composite as an dectrolyte membrane with
modified natural polymers could be a solution of
environmental and economical fuel cell.

Keywords: chitosan, hybrid, zeolite A, phosphorylated,
PEMFC.

1. Introduction

In the future, the energy sector will face the
economic, geopolitical, technological, and environmental
challenges. The increasing of population growth in
developing countries such as Indonesia will require large
energy supply. At present, about 85% of energy use is
till based on fossil fuels. Based on this phenomenon, the
solution of alternative energy that would be cheap, safe,
and environmental friendly is needed. Fuel cell is one of
novel energy conversion devices which is efficient, non-
polluting, environmentally and economically advanta
geous. Fuel cell requires chemical reaction between
hydrogen and oxygen to produce electricity and water as
byproduct. One type of fud cell is a polymer electrolyte
membrane fuel cell, which can be called a proton
exchange membrane fuel cell (PEMFC). Currently,
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Nafion dominates the market of membrane fuel cell since
the  hydrophobic  polytetrafluoroethylene  (PTFE)
backbone provides thermal and chemical stability and the
hydrophilic sulfonic acid (—SO3zH) provides channels for
proton conduction [1].

Nafion also exhibits the high ion exchange capacity
equal to 0.9 mmol-g™, high proton conductivity with the
valueof 0.1 Scm™, aswell aswater swelling by 33% [2].
However, Nafion is difficult to degrade, expensive, can be
damaged at above 353 K and its conductivity depends on
water [3]. Many approaches have been developed to
increase the cost efficiency and improve the performance
of membrane fud cdl [4, 5].

Chitosan is one of the most common natural
polymers used because of its abundance. Chitosan is a
linear polymer with structural units (2-acetamido-2-
deoxy-f-d-glucose), which is hydrophobic, inert, and able
to degrade in the environment [6]. However, chitosan
membrane exhibits the low proton conductivity (less than
0.1 Scm?), high water swelling up to 55.2% and low
thermal stability. Xiang et al. [7] reported that the
performance of chitosan can be enhanced through
modification using crosslinking agent. Cross link polymer
is where the linear polymers are chemically joined by
covalent linkage.

Modification of chitosan through cross link
technique was used to reduce the water swelling by
sulfonation, phosphorylation, and carboxylation. The
previous research stated the phosphorilated group can
increase the proton conductivity of membrane [8]. Xiang
et al. [7] reported that while chitosan was crosslinked by
sulfonation to form chitosan sulfate, the water swelling
was up to 6 %, proton conductivity was increased up to
0.03 Scm™, and thermal stability increased to 523-593 K.
Overal, the sulfonation of chitosan can enhance the
performance of fuel cell membrane, but the conductivity
proton must be improved in order to become competitive
with Nafion technol ogies.

Hybrid inorganic is one of methods to improve the
proton conductivity of e ectrolyte membrane. Commonly,
this process uses zedlite, bentonite, and CaO to modify the
PEMFC. Chitosan modified bentonite exhibited low
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proton conductivity of 4.86-10° S-cmi. Hybrid inorganic
containing CaO generated the proton conductivity of
CaO-chitosan  hybrid  about  0.0023Scm™  [9].
Interestingly, zeolite A have been used as hybrid
inorganic and the observed membrane was rigid and
produced greater exchange capacity than Nafion, of about
524+003meq-g'[10]. Zeolites ae  hydrated
aluminosilicate minerals that have a negative charge.

In this study, another approach has been developed
to create the PEMFC membrane based on phosphorylated
zeolite-A/chitosan hybrid composite. They were prepared
using various concentrations of zeolite A. The synthesized
membranes were phosphorylated by sodium triphosphate
(STPP) and were crosslinked using glutaraldehyde. The
chemical and physical properties were characterized using
SEM and FTIR analyses, and mechanical test by tensile
test. The performance of fuel cell membrane was
evaluated by proton conductivity, capacity of proton
exchange, water swelling, and methanol permeability test.

2. Experimental

2.1. Materials and Instruments

All chemicals were of analytical grade and used as
received without further purification. Tetraethyl
orthosilicate (TEOS), sodium aluminate (NaAlO,), and
methanol  were purchased from  Sigma-Aldrich.
Hydrochloric acid, sodium hydroxide, glacial acetic acid,
sulfuric acid, and andphenolphthalein indicator were
obtained from Merck. The used instruments were the
tensile test equipment AG-1S 50 KN Autograph, SEM
JEOL JSM-8360LA, FTIR Shimadzu 8400S, JEOL
JDX-3530, and Hand IOKI EIS (Electrochemical

I mpedance Spectroscopy).

2.2. Methods

2.2.1. Preparation of zeolite A

Zeolite A was synthesized based on the previous
research  with the molar  composition  of
3.9Ng;0:1A1,05:1.850,:270H,0 [11]. NaAlO, was
dissolved in water at room temperature. TEOS was added
dropwise in the solution of NaAlO, The mixture was
aged under hydrothermal condition at 373K for 44 h. The
resulting solid was collected, washed and dried. After that
the solid product was calcined at 723K for 4h and
analyzed usng XRD.

2.2.2. Preparation of chitosan

The production of chitosan from shrimp shells
consists of 4 steps. deproteination, demineralization,
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depigmentation and deacetylation. The shrimp shells were
deproteinated with 3.5 % NaOH (w/v) with the ratio of
shrimp shells and NaOH of 1:10 (w/v). This process
resulted in crude chitin and it was demineralized with 2N
HCl with the ratio of 1:15 (w/v). The depigmentation
process was carried out via chitin soaking in acetone for
30min. Then, the chitin was transformed to become
chitosan via deacetylation process using 50 % NaOH with
the ratio of chitin and NaOH 1:10 (w/v). The mixture was
heated at 368 K for 2 h and the resulting material was
called chitosan. Chitosan solubility was determined using
2% acetic acid. The average molecular weight of the
product was determined and it was analyzed using FTIR.

2.2.3. Preparation of phosphorylated
zeolite A/chitosan membrane

159 of chitosan were dissolved in 80 ml of 2 %
acetic acid (w/w). Zeolite was dispersed in solution at
different concentration (40; 60; 80; 100 % (w/w)). The
mixture was irred for 2h a room temperature and
resulted in the white viscous solution. The solution was
then poured on a Petri dish and dried at 318 K. The dried
membrane was soaked with 4 % NaOH solution (w/v),
washed with distilled water, and dried. After that the
membrane was replaced and washed until neutral.

The phosphorylated membrane was prepared by
soaking of chitosan membrane hybrid zeolite A in 2N
STTP solution for 1h. Then the membrane was
crosslinked using 0.05% glutaraldehyde for 1h. The
resulted solid was characterized using Fourier transform
infra red (FTIR), ion exchange capacity test, tensile ted,
differential scanning calorimetry (DSC), and water
swelling test. The methods to determine the ion exchange
capacity and mechanical properties are described by
Wilkinson et al. [12], Vijayaekshmi and K hastgir [13].

3. Results and Discussion

3.1. Synthesis and Characterization
of Zeolite A

Zeolite A was prepared using NaAIO, as a source
of alumina and sodium oxide, and tetraethyl orthosilicate
(TEOS) as the silica source. Subsequently, the mixture
was stirred for 1 h and heated at 373 K for hydrothermal
process. The process of hydrothermal usually refers to
growth of crystal in the presence of aqueous solvent under
high temperature and pressure. The XRD patterns of
zeolite A was shown in Fig. 1. The characteristic peaks at
20 = 7.16; 13.88; 21.63; 23.98; 27.08; 29.91; and 34.15 of
diffractogram are in a good agreement with the database
Collection of Simulated XRD Powder Patterns for
Zeolites A.
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3.2. Synthesis of Phosphorylated Zeolite-
A/Chitosan Hybrid Composite

There are severa dages in the preparation of
chitosan. Firdly, the process of proteins removal in shrimp
shdls using high concentration of NaOH solution at high
temperature. This process resulted in a change of solid
colour from brownish yelow to reddish yellow. It indicated
that there was termination of chemical bonds between
chitin and proteins, therefore the solubility of the pigment
of shrimp shells was increased. In this research, the yield of
crude chitin obtained was 48.08 %. The second step was
demineraization. This process aimed to remove such
minerals as CaCO; and Cag(PO,),. The obtained resulting
solid from this process was 15.57 %. The third step was
depigmentation used to remove the pigment. The yield
observed was 14.22 %. The last stage was deacetylation, to
break the bonds between acetyl and nitrogen group of chitin
and generate the amine group (NH,). This process was the
gructure transformation from chitin to chitosan [14].

In this research, the solubility test has been done as
an initial test to ensure the formation of chitosan. If the
solid dissolves in 2% acetic acid, it means the solid is
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chitosan. Since the resulted solid was soluble in 2% acetic
acid, in this research we successfully synthesized
chitosan.

FTIR spectra of chitin as well as synthesized and
commercial chitosan are presented in Fig. 2. FTIR spectra
were used to determine the degree of deacetylation (DD)
of chitin and chitosan. Chitin has the absorption peak at
1656.74 and 3446.56 cm’. Table 1 shows peaks of the
amide group at wavenumber of 1654.34 cmi' and the
hydroxyl group of about 3452.34 cmi'. These results are
in agreement with the previous studies [15]. While the
spectra of chitin and chitosan were compared, the
absorption peak of amide groups in chitosan spectra was
decreased. Comparing with commercial chitosan spectra,
the synthesized chitosan had similar pattern. It supported
the results observed from solubility test.

In this study, DD of chitin and chitosan were 66.67
and 75.71 %, respectively. The DD of chitosan increased
with increasing solubility in acetic acid dilution.
According to the viscometry method, the average
molecular weight of chitosan was 552598.9137 g/mal.
Based on the literature, chitosan had the average
molecular weight of about 190000—700000 g/mol [16].
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Fig. 1. Thediffractogram
of the synthesized zeolite A
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Fig. 2. FTIR spectra of chitin (a), chitosan (b)
and commercial chitosan (c)
Table 1

Dataon FTIR spectra of chitosan and synthesized chitosan

L Wavenumber, om™
Typeof vibration Synthesized chitosan Commercia chitosan
OH dtretching 3452.34 3425.34
CH (-CHz-) dtretching asymmetry 2883.38 2921.96
C=0 (-NHCOCHjz-) stretching 1654.81 1658.67
NH (R-NH,) bending 1596.95 1581.52
CN stretching 1153.35 1153.35
C—O (-C-O-C-) dtreching asymmetry 1076.21 1074.28
C-O (-C-O-C-) dtreching symmetry 1035.37 1031.85
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The chitosan hybrid zeolite A phosphorylated
membrane was synthesized by mixing a dope solution of
chitosan, STTP as a phosphorylation agent, and glutara-
Idehyde as a crosslinker. As demonstrated in Fig 3, there
was a difference between chitosan and phosphorylated
zeolite-A/chitosan hybrid membrane. FTIR spectra of
phosphorylated zeolite-A/chitosan hybrid membrane were
revealed at about 472, 892, 1211, 1565, 1648, and
3448 cm*. The presence of hydroxyl group, amide | and
amide Il were confirmed by characteristic bands at 3448,
1565 and 1648 cm™. The intensity of absorption bands
decressed because of the zeolite addition. Those bands
increased with the increase in zeolite concentration. On
the other hand, the absorption bands at 472 and 1080 cmi™*
were typical of tetrahedral building unit (TO,4) of zeolite.
The increase in zeolite concentration decreased the
intensity of absorption bands. This result is in agreement
with the literature data [17]. A peak at 1211 cm™* indicated
the presence of vibration of P-O from TPP. The absence
of peak at 1380 cm™ indicated the crosslink interaction
between glutaraldehyde and chitosan [18].
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Fig. 3. FTIR spectra of chitosan (a) and phosphorylated
zeolite-A/chitosan hybrid compoasite (b)

FTIR data of phosphorylated zeolite-A/chitosan
hybrid membrane also showed the decreasing of peak
intensity at 3367, 1664, 1564 cm* because there was an
increasing of hydrogen bond between hydroxyl and amine
group of chitosan toward the hydroxyl surface of zeolite.
Ma and Sahai [19] reported that the functional group of
phosphorous acts as a crosdinker and increases the acidity
of zeolite; therefore they can enhance the hydrogen bond
in chitosan molecule. The interaction of crossinked
chitosan-zeolite with glutaradehyde-STPP can be
described by interaction between silanol group of zeolite
and C6 of chitosan. It resulted in chitosan-zeolite. After
that, the protonation of acid towards amide of chitosan
produced an ionic bond between phosphor as anion and
protonated amide of chitosan (-NH5") as cation [15]. The
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interaction of crosdinked chitosan-zeolite  with
glutaradehyde-STPP is shown in Fig. 4.
Fig. 5 demonstrates the experimental results

concerning stress, strain, and Young's modulus of the
synthesized phosphorylated zeolite-A/chitosan hybrid
membrane. The data show that zeolite A concentration of
about 40-80 % is able to improve the stress properties of
membrane due to the rigid framework structure of zeolite.
The similar pattern was found for the Y oung's modulus
value. Decrement of Young's modulus strength of
membrane with 100 % of zeolite A is due to formation of
spaces in membrane which lead to rupture of its structure.
Strain of composite decreased by the increase in zeolite
amount. High crystallinity and zeolite dense-packed
structure makes phosporylated zeolite-A/chitosan hybrid
membrane more rigid. However, the increase of zedlite
content up to 80 % lead to higher strain. Probably zeolite
does not bind chitosan by C6 atom via hydrogen bonding
which makes the bond longer. Plasticity of membrane
disappears due to formation of strong bond between
zeolite and chitosan. This feature is beneficial especially
on application of composite as fuel cel membrane. So,
using 80 % concentration of zeolite A, the membrane was
rigid, strong, with low easticity. It is in agreement with
previoudly reported data[10].

The capacity of ion exchange was examined using
acid base titration. The capacity of ion exchange increased
with increasing amount of zeolite. It was found that the
negative charge of zeolite and negative phosphorous
group of chitosan acted as ion exchange agent. The
negative charge developed high affinity of water
possessing high ion exchange capacity and proton
conductivity. The properties of water swelling are shown
in Fig. 6. The high concentration of zeolite decreased the
water swelling properties due to the adsorbent properties
of zeolite. These results are better than those for nafion.

The SEM andyss showed that phosphorylated
zeolite-A/chitosan hybrid membrane had the rigid pores
and hollow cross section (Fig. 7). The methanol permea:
bility of the synthesized membrane was better than that of
nafion. It had the rate flux of about 0.0007505 kg/m’h
while nafion — about 1.30kg/m’h. The methanol
permesbility decreased because London dispersive force of
membrane decreased toward methanol and crosdinking of
glutaraldehyde is able to rgect the flow of methanal.
Unfortunately, this membrane disables achieving the high
proton conductivity like nafion. This membrane only
generated the proton conductivity of about 3.2:10* S/em.
Based on DTA analysis, the boiling point of chitosan and
phosphorylated zeolite-A/chitosan hybrid as PEMFC
membrane were 400.6 and 415 K, respectively. The length
of chain of chitosan influenced its boiling point. The boiling
point of PEMFC increased because the contribution of
hybrid zeolite could improve the membrane s crystallinity.
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Fig. 4. The crosslinked interactions between chitosan and glutaraldehyde (a) [18],
chitosan and TPP (b) [21], chitosan and zeolite (c) [22]
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4. Conclusions

In this study, the preparation and characterization
of phosphorylated zeolite-A/chitosan hybrid for PEMFC
were accomplished. The optimum performance was
conducted by mixing chitosan dope solution with 80 % of
zeolite A, by 0.5N STTP as phosphorylation agent and
0.05% glutaraldehyde as crossinker. The presence of
zeolite improves the mechanical properties of
phosphorylated  zeolite-A/chitosan  hybrid composite
membrane (stress of 1055.3 N/nv’, strains of 0.0466 and
Y oung modulus of 22633.78 N/m?).

Upon the performance, this membrane exhibited
the swelling properties of about 26.5%, proton
conductivity of 3.2 10 Slem, methanol permeability of
about 0.0075005 kg/m?h, capacity of cation exchange of
1.0449 meg/g, thermal resistance of about 415K, and
rigid pore. Interestingly, the resulting PEMFC exhibited
low methanol permeability and high ion exchange
capacity exceeding nafion and proton conductivity of the
membrane. Therefore, the phosphorylated zeolite-
Alchitosan hybrid composite membrane has potential to
be used as an environmental friendly and effective proton
exchange membrane.
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DPOCOPOPUIBOBAHI HEOJIIT-A/XITO3AHOBI
KOMITIO3UTH SIK TPOTOHOOBMIHHI
MEMBPAHHI ITAJIMBHI EJIEMEHTH

Anomauin. Bucomoeneno  gocghopunvosani  yeonim-
AlXimo3anosi KoMRO3UMU Ma ROKA3AHO MONCIUBICb IX SUKOPUC-
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MaHHA AK AIbIMEPHAMUBHO20 MAMepiany ONid NPOMOHOOOMIHHUX
memOpannux nanueHux eremenmie (ITIOMIIE). Taxy moociugicmo
NPOOEMOHCIMPOBAHO MEXAHIYHUMU BIACIMUBOCTNAMU, GLACMUBICHIIO
00  HaOyXauHsa, NPOMOHHOK  NPOGIOHICHIO,  MEMAHONLHOIO
NPOHUKHICTNIO ma mepMiyHo cmitikicmio.  [{enpomonysanHam,
Oeminepanizayiclo ma Oeayemuiio8aHHsIM 00EPIHCAHO XIMO3aH 3
6I0X00i6 pakonodibnux kpeeemok. IIposedeno 1io2o moougikysanms
3 6UKOpUCManHam yeonimy A 6 pisnux Konyenmpayisx. JJooamkoge
MOOUQIKY8AHHS  NPOBEOCHO 3  GUKOPUCMAHHAM — mpugocganmy
nampiio (T®OH) six pocghopunoronoeo azenmy ma 2nymapanvoezioy
SK 3UUBAIOY020 azeHmy. 3a pe3ynbmamami. CKaHylouoi eleKmpoH-
HOI' MIKDOCKORNII 6CMaH06IIEHO, WO MEMOPAHA MA€ JHCOPCMKI NOPU.
THoxkazano, wo @ochopunvosanuii yeonim-Alximosan 2iopuoHuil
KOMRO3um sK elekmponimua memopana 3 Moougikosanumu
NPUPOOHUMU NONIMEPAMU MOHCE CIAMU DIUEHHAM eKONO02IUHO20
Ma eKOHOMIUHO20 NATUBHO20 elleMeHMd.

Kniouosi  cnoea.
gocghopunvosanuii, IOMIIE.

ximosan,  2ibpuo, yeonim A,



