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Abstract

A series of novel cross-linked highly quaternized chitosan and quaternized poly (vinyl alcohol) membranes
were successfully synthesized to be applied in alkaline direct ethanol fuel cells. Cross-linking was accomplished
using two different cross-linking agents and an additional thermal process to improve both chemical and thermal
properties. Equivalent blends of chitosan and poly (vinyl alcohol) membranes with various degrees of cross-linking
were prepared by using different amounts of glutaraldehyde and ethylene glycol diglycidyl ether as cross-linkers.
To investigate their applicability in direct ethanol fuel cells, the membranes were characterized in terms of their
structural properties, chemical, thermal and alkaline stability, ion transport and ionic properties using following
methods: Fourier transform infrared spectroscopy, nuclear magnetic resonance spectroscopy, scanning electron
microscopy, thermogravimetric analysis, water uptake by mass change, ethanol permeability in the diffusion cell,
back titration method (ion exchange capacity) and electrochemical impedance spectroscopy (anion conductivity).

Despite the high degree of quaternization of the applied materials and regardless of the thin film thickness of
the blend membranes, the novel cross-linked products displayed outstanding mechanical stability. The lower cross-
linked membranes exhibited the best transport and ionic properties with a high anion conductivity of 0.016 S cm™ and
a high ion exchange capacity of 1.75 meq g, whereas membranes with a higher degree of cross-linking performed
superior in terms of reduced ethanol permeability of 3.30:107 cm? s at 60°C. The blend membranes - chemically
and thermally cross-linked - provide excellent thermal stability with an onset degradation temperature above 280°C
and superb alkaline stability in 1.0 M KOH at 60°C for 650 h. Therefore, these composite membranes exhibit high
potential for application as alkaline electrolytes in fuel cells.

Keywords: Annealing; Chitosan; Cross-linking; Direct ethanol fuel
cells; Ethanol permeability; Poly(vinyl alcohol); Quaternized anion
exchange membrane

Introduction

The direct ethanol fuel cell (DEFC) is a promising candidate for
supplying portable applications such as laptops and mobile phones
with electricity from a liquid fuel, i.e., ethanol [1]. In this process, the
chemical energy of ethanol is directly converted into electrical energy.
The development and optimization of the fuel cell components such as
membranes and catalysts is decisive to enhance their power density.

In general, the use of anion exchange membranes (AEMs) in alkaline
fuel cells facilitates: 1. The use of non-noble metals such as nickel,
cobalt, manganese or iron as electro-catalysts [2,3], IL. The reduction of
fuel crossover due to the reversed direction of hydroxide ions (electro-
osmotic drag) compared to proton conductive membranes [4], III. The
suppression of carbonate formation (by substitution of liquid alkaline
electrolyte without mobile cations) [3] and, IV. The simplification
of water management [3]. Due to alkaline conditions, the kinetics of
both ethanol oxidation reaction (EOR) and oxygen reduction reaction
(ORR) are enhanced and the costs of the DEFC components (catalyst
and membrane) might be reduced [2,5].

An applicable AEM will have feasible transport and ion-exchange
capabilities, mechanical and thermochemical stabilities, low degree
of alkaline swelling and minor alcohol crossover. As demonstrated
previously, a successful procedure utilizes blends of two or more
polymers to combine the desirable properties of each component
while reducing the shortcomings of the single polymers to obtain solid
electrolyte membranes for fuel cells with a high quality [6-10].

Several techniques have been employed to prepare various alkaline
anion-exchange membranes for fuel cell application, and distinguished
reviews and original articles are available in literature [3,11-13].
Chitosan constitutes a polymer accessible from alkaline or enzymatic
deacetylation of chitin of fungal or animal origin. The polymer displays
perfect membrane properties and, due to its exchangeable functional
groups, the polymer can easily be modified [14]. Poly (vinyl alcohol)
(PVA) is an inexpensive semi-crystalline polyhydroxy polymer, and
has also excellent film-forming properties and a high density of reactive
chemical functions [15].

A common strategy of introducing ionic conductive groups into
polymeric matrices is the quaternization with a clear preference for
trimethylammonium (-N(CH,),) groups onto the backbone or side
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chains of the polymers [15-21]; this ensures a better chemical stability
than other functional groups such as pyridinium, sulfonium and
imidazolium [22].

Quaternized polymers have a high degree of hydrophilicity
clearly evident in the high degree of swelling, thus resulting in modest
membrane strength. To prepare durable membranes for fuel cells in
alkaline medium with improved chemical and mechanical stability,
suitable cross-linking agents must be chosen to form three dimensional
networks of the water soluble polymers [23,24].

Both chitosan and PV A can be cross-linked by various dialdehydes
such as glyoxal (GO) or glutaraldehyde (GA) [25,26], and by epoxide
compounds such as epichlorohydrin (ECH) or ethylene glycol diglycidyl
ether (EGDGE) [27]. Another cross-linking system for chitosan and
PVA-derivatives  represents  1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and N-hydroxysuccinimide (NHS) as catalyst.
These compounds have been successfully used for wound dressing
and biomedical applications as non-poisonous and biocompatible
cross-linking systems [28]. Dialdehydes react with the alcohol groups
of PVA and amine groups of chitosan to form stable acetal and imine
bonds, respectively. The epoxide compounds form networks with the
hydroxide and amine groups of the polymers by opening the epoxide.
The carbodiimide compounds, in combination with a catalyst, cross-
link primary amines to yield amide bonds. In addition, the cross-
linking can be supported by thermal treatment (annealing) [29], which
can improve the thermal and chemical properties of the composite
membrane.

Preparation of quaternized PV A/chitosan with the aforementioned
cross-linking agent GA has been reported to improve the mechanical
stability and the electrochemical performance [20,21], whereas the
chemical stability of the membranes was not reported although, at
present, this constitutes a critical parameter for alkaline DEFCs. By the
use of GA, only a limited degree of quaternization (DQ) of chitosan
(DQ less than approximately 35%) is allowed in order to obtain a
three dimensional network with sufficient chemical properties [30].
To obviate this limitation, at first the synthesis of quaternized PVA
and quaternized chitosan with a DQ of 2.6% and 39%, respectively,
was performed; afterwards, quaternized chitosan nanoparticles
were introduced into the composite membrane to increase the ionic
conductivity [31].

To the best of our knowledge, this research is the first attempt to
synthesize composite membranes on the basis of highly quaternized
chitosan (DQ higher than 80%) and quaternized PVA by cross-linking
with two different agents and an additional annealing process. The aim
of the present work was to improve the performance of the membrane
in highly alkaline media by a novel cross-linking strategy for the
membrane with improved chemical and thermal properties. GA and
EGDGE were alternatingly introduced to the membranes, in which
the amount of the first crosslinking agents was varied and the second
cross-linker was constant. The cross-linked membranes have been
characterized by Fourier transform infrared spectroscopy (FT-IR),
scanning electron microscopy (SEM) and thermogravimetric analysis
(TGA) techniques. Water uptake, anion conductivity, ion-exchange
capacity (IEC) and ethanol permeability were measured as a function
of the degree of cross-linking under alkaline conditions. Studies on
chemical stability of the differently cross-linked membranes were also
reported.
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Experimental
Materials
Chitosan, poly (vinyl alcohol) (PVA), (2,3-Epoxypropyl)

trimethylammonium chloride (EPTMAC), ethylene glycol diglycidyl
ether (EGDGE), glutaraldehyde (GA, 25 wt.-% content in distilled
water) were supplied in p.a. quality by Sigma-Aldrich Handels GmbH,
Austria, and were used without further purification. PVA had a degree
of polymerization of 1600 and a hydrolysis degree of 97.5-99.5 mol%.
Chitosan had a degree of deacetylation of 92%.

Preparation of HTCC

N-[(2-Hydroxy-3-trimethylammonium)propyl] chitosan chloride
(HTCC) was prepared based on a method similar to those already
described elsewhere [32]. Briefly, chitosan (3.0 g, 18.6 mmol) was
dispersed in deionized water at 80°C. EPTMAC (11.3 g, 74.4 mmol)
was added to chitosan suspension. After reaction for 4 h at 80°C, the
reaction solution was poured into cold acetone and stirred overnight in
arefrigerator. The white precipitated product was collected by filtration
and dried at 60°C.

Preparation of quaternized PVA

Quaternized PVA (QPVA) was prepared by a method similar to
those described elsewhere [33]. Briefly, PVA (3.0 g, 66.7 mmol) was
dissolved in deionized water under stirring at 95°C. Then 2.0 M KOH
solution (2.5 g, 4.5 mmol) and EPTMAC (5.0 g, 32.9 mmol) were
added. The reaction was allowed to proceed for 4 h at 65°C while
stirring. Then the mixture was deposited and washed three times by
anhydrous ethanol. The product was dried at 60°C in vacuum to obtain
white solid quaternized PVA (QPVA).

Preparation of the cross-linked quaternized Chitosan/QPVA
membrane

QPVA was dissolved in deionized water under stirring at 90°C
for one hour in order to prepare a 5 wt.-% solution, and the pH-value
adjusted to 5.0 with 1.0 N HCI solution. To this solution, a prescribed
amount of 10 wt.-% GA was added under stirring (Table 1). After
dissolving HTCC in 1 wt.-% acetic acid solution, yielding a 5 wt.-%
solution, a prescribed amount of 10 wt.-% EGDGE in ethanol was
added (Table 2). The mixture was stirred at 60°C for 1 h. QPVA (5 g)
and HTCC (5 g) were mixed and filtered with a 5 um PTFE membrane
filter. The solution was coated onto the surface of a plexiglass petri dish
and dried at 60°C overnight. Afterwards, the membrane was dried at
130°C for 2 min.

Two different series of HTCC/QPVA membranes were prepared.

Membrane b< Molar ratio of GA to Degree of cross-linking

membrane [mmol mmol] QPVA [%]
HTCC/QPVA-a 0.20/2.2 9.1
HTCC/QPVA-b 0.30/2.2 13.7
HTCC/QPVA-c 0.45/2.2 20.4
HTCC/QPVA-d 0.60/2.2 274
HTCC/QPVA-e 0.90/2.2 411
HTCC/QPVA-f 1.10/2.2 50.3

aAll membranes were prepared using a same kind of HTCC and QPVA, the
degree of quaternization (DQ) was 90.4% and 9.0%, respectively, determined by
elemental analysis.

®The molar ratio of EGDGE to composite membrane was 0.3/2.2 mmol mmol-,
having a degree of crosslinking (DC) of 13.1%.

°The thickness of membranes was 45 nm, +/- 3 nm dry state.

Table 1: Cross-linking conditions for HTCC/QPVA composite membrane with GA.
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Membrane ¢ Molar ratio of EDGE to Degree of cross-linking
membrane [mmol mmol-] HTCC [%]
HTCC/QPVA-1 0.20/2.2 8.8
HTCC/QPVA-2 0.30/2.2 13.1
HTCC/QPVA-3 0.43/2.2 19.7
HTCC/QPVA-4 0.60/2.2 26.3
HTCC/QPVA-5 0.90/2.2 39.4
HTCC/QPVA-6 1.10/2.2 49.5

aAll membranes were prepared using a same kind of HTCC and QPVA, the
degree of quaternization (DQ) was 90.4 % and 9.0 %, respectively, determined
by elemental analysis.

°The molar ratio of GA to composite membrane was 0.3/2.2 mmol mmol-,
having a degree of crosslinking (DC) of 13.7%.

‘The thickness of membranes was 35 nm, +/- 4 nm dry state.

Table 2: Cross-linking conditions for HTCC/QPVA composite membrane with
EGDGE.

In the first series, the membranes were cross-linked with varying
amounts of GA, while the amount of the second cross-linking reagent
(EGDGE) was maintained constant. These series are referred to as
HTCC/QPVA-i(i=a,b, ¢ d, eandf).

In contrast to the aforementioned membrane series, the HTCC/
QPVA-j(1,2,3,4,5and 6) membranes were cross-linked with varying
amounts of EGDGE, while the concentration of GA remained constant.

Methods

Degree of membrane cross-linking: The degree of membrane
cross-linking for QPVA and HTCC with glutaraldehyde (GA) and
ethylene glycol diglycidyl ether (EGDGE), respectively, was calculated
according to Equation 1 [34].

0,
0%V gy | MW,
0,
5 /{) x VQ*PGZ ymer / MWQ—PDI lymer

where DC (%) is the molar ratio of GA/EGDGE to the composite
membrane in repeat units, V Agent is the volume (mL) of cross-linking
agent (GA or EGDGE, 10 wt.-%), VQPUIYWr is the volume (mL) of
quaternized polymer solution (QPVA and HTCC, 5 wt.-%), M, Agent
is the molecular weight of GA (100.12 g mol"') and EGDGE (174.19
g mol), respectively. M, . is corresponding to the averaged
molecular weight of HTCC/QPVA monomers (228.80 g mol™).

DC(%) = x100% (1)

Water uptake: Water uptake of the membranes was carried out
by measuring the change in mass of the membranes before and after
hydration. The membranes were immersed in distilled water at room
temperature (RT) for 24 h. Then the surplus water was wiped with filter
paper and weighted immediately. The percentage water uptake W was
calculated using the following relation (Equation 2):

)= 2= 100 2

W (%
m,
where m_ is the mass [g] of wet membrane and m, is the mass [g] of
dry membrane.

Ion exchange capacity (IEC): The ion exchange capacity (IEC) was
measured by back titration. Therefore, membranes (0.2 g) were soaked
in 1.0 M KOH for 24 h, washed with deionized water and equilibrated
with 40 mL of 0.01 M HCI standard solution for 24 h, followed by
potentiometric titration with 0.01 M NaOH standard solution. 40 mL
of 0.01 M HCI standard solution was used as blank sample. The IEC
value was calculated by the following Equation 3:

Vblmzk -V,

membrane

— ( ).CHCI

%1000 3)

n,

where V,  and V__were the consumed volumes [mL] of the
NaOH solution for the blank sample and the HTCC/QPV A membrane
sample, respectively, C,, , was the concentration [M] of HCI solution,
and m, is the mass [g] of dry membrane sample.

Ethanol permeability: The ethanol permeability was measured by
a diffusion cell comprising two compartments [21]. The membrane
was clamped between the two compartments. One compartment was
loaded with deionized water and the other with 1.0 M ethanol solution.
The solutions in each compartment were agitated with magnetic
stirrers. And the concentration of permeated ethanol was measured by
refractive index (Smartline RI Detector 2300 Knauer).

Anion conductivity: The membrane resistances of five HTCC/
QPVA-(2-6) membranes with different degrees of cross-linking of
EGDGE (2: 13.1%, 3: 19.7%, 4: 26.3%, 5: 39.4% and 6: 49.5%) and
five HTCC/QPVA-(b-f) membranes with different degrees of cross-
linking of GA (b: 13.7%, c: 20.4%, d: 27.4%, e: 41.1% and f: 50.3%)
were determined by means of electrochemical impedance spectroscopy
(EIS) using a Gamry Reference 600 Potenstiostat and a Conductivity
Clamp (Bekktech BT110 LLC, Scribner Associates, Southern Pines,
NC, USA). For the measurements, a piece of each membrane (b-f and
2-6) in size of 2.5 x 1.0 cm (in dry state) was alkalized in a 1.0 M KOH
solution for approximately 24 h. After alkalization, the membrane
was rinsed with ultra-pure water (~18 MQ cm) and then immersed in
ultra-pure water for another 24 h. Finally, the full hydrated membrane
sample was incorporated into the four electrode configuration of the
conductivity clamp and placed into ultra-pure water. The conducted
measuring procedure has been reported previously [35-37].

In short, all measurements were carried out at RT in potentiostatic
mode and 5 points per decade were recorded. At the beginning of each
measurement, the open circuit potential (OCP) was recorded for 50
seconds. Afterwards a sinusoidal alternating current (AC) voltage
of 50 mV was applied in a frequency range of 0.1 - 10 000 Hz. The
resulting sinusoidal AC current was used to measure the impedance
Z of the membrane. The frequency-independent measured resistance
R, of respective membrane was determined from the high frequency
range (HFR) intercept in the corresponding Nyquist plots. The real
membrane resistance R was calculated using Equation 4 under
consideration of the electrolyte resistance R ,,, . (Table 3) [35-37].

1 1 1

—= - — @)
Rtol R RUPW. after

safter

membrane

For calculating the in-plane anion conductivity (see Equation
5), the thickness T of the respective membrane was measured in wet
state by using a micrometer screw (10-fold determination) (Table 3).
The parameter d denotes the distance between inner sense electrodes
(=0.425 cm) of the conductivity clamp; while W is the width of the
membrane in wet state (Table 3) [35-37].

membrane R ] T ] W

membrane

Membrane characterizations: The chemical stability in alkaline
medium was evaluated by immersing the membranes in 1.0 M KOH
solution at 60°C for different periods of time. The compactness and
appearance of leaks of the membranes was visually observed. The
chemical stability of the membranes in alkaline medium was also
investigated by monitoring the ethanol permeability as a function
of immersion in 1.0 M KOH solutions at RT for 24 h and 168 h. The
structure of the chemically cross-linked composite membranes was
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Membrane *Rypwpefore [2] bRUPW,after [Q] R, [Q] R .o [Q] d [cm] T [cm] Wicm] ©°p[Q-cm] o [mS-cm™]
HTCC/QPVA-b 243796 254656 4752 4842 0.425 0.0065 1.2 89 11.22
HTCC/QPVA-c 219702 229570 6600 6796 0.425 0.0051 1.2 97 10.30
HTCC/QPVA-d 228244 239416 6272 6441 0.425 0.0058 1.2 105 9.48
HTCC/QPVA-e 210739 233521 6392 6572 0.425 0.0070 1.2 130 7.68
HTCC/QPVA-f 199585 230983 7031 7251 0.425 0.0063 1.2 129 7.73
HTCC/QPVA-2 235029 237083 4564 4654 0.425 0.0047 1.2 62 16.09
HTCC/QPVA-3 219180 279603 9787 10143 0.425 0.0032 1.2 90 11.09
HTCC/QPVA-4 257922 253250 7521 7751 0.425 0.0038 1.2 83 12.09
HTCC/QPVA-5 213628 227102 8658 9001 0.425 0.0035 1.2 89 11.21
HTCC/QPVA-6 269105 268272 7791 8024 0.425 0.0046 1.2 104 9.66

alnitial resistance of ultra-pure water (UPW)
Resistance of ultra-pure water (UPW) after measurements
°Resistivity of membrane

Table 3: Determined anion conductivities of all cross-linked HTCC/QPVA membranes resulting from adjacent measuring parameters.

characterized by Fourier transform infrared spectroscopy (FT-IR). The
infrared spectrometer (Bruker Tensor 27) was used to obtain spectra
in the range from 4000 to 600 cm™ with a wavenumber resolution
of 4 cm™. Nitrogen microanalysis was performed by elemental
analysis (Multiprobe UHV-surface-analysis system, Omicron
Nanotechnology). Thermal gravimetric analysis (TGA) was conducted
using a TGA/DSC system (NETZSCH STA 449, Germany). Samples
were heated from 25 to 600°C at a heating rate of 10°C min™ using a
flow of 20 mL min™ nitrogen as inert gas. The morphology of composite
membranes was evaluated using a JEOL JSM 5600 scanning electron
microscope (SEM) operating at 5 kV. The membranes were fractured
in liquid nitrogen and sputtered with gold, then examined at 2000-fold
magnifications. '"H-NMR measurements were performed on a nuclear
magnetic resonance spectrometer Bruker Avance spectrometer at 300
MHz Ultrashield. QPVA powder was dissolved in 0.1-0.3 vol.% D,0
and stirred at 85°C for 1 h. HTCC powder was dissolved in 0.1-0.3
vol.% CD,COOD/D,0.

Results and Discussion
Membrane preparation

For the quaternization of PVA and chitosan, the reagent EPTMAC
was used. Figures 1 and 2 shows the "H-NMR spectra of QPVA and
HTCC. The peak at 3.1 ppm was attributed to the methyl protons
of the quaternary ammonium salt group. According to 'H-NMR
spectra, successful quaternization of chitosan and PVA was confirmed.
The nitrogen content of the quaternized polymers was measured
by elemental analysis and the calculation of DQ was performed as
described elsewhere [19,32]. The degree of quaternization of the
resulting quaternized chitosan and QPVA was 90.4% and 9.0%,
respectively.

Cross-linking HTCC/QPVA membranes

As mentioned in the experimental section, the novel composite
membranes were prepared from chitosan and PVA via quaternization
and cross-linking, whereas cross-linking represents the most important
step. The hydrophilicity of HTCC and QPVA was increased by
introducing quaternary ammonium groups. To reduce water solubility
of polymers and to increase chemical, mechanical and thermal
stability, the composites were cross-linked in order to form three
dimensional polymer networks. The effect of degree of cross-linking
on the membranes structure and the chemical/physical properties were
investigated. In this work we used GA and EGDGE to cross-link the
polymer membranes. The amount of the first crosslinking agents was
varied, whereas the amount of the second cross-linker was constant.

H1 Ha, b, ¢, -N*(CHa);

(_}ﬂ

5.0 45 40 35 30 25 20 15 ppm

Figure 1: 'H-NMR spectrum of QPVA (DQ: 9.0%).

-N*(CHa)y

Figure 2: 'H-NMR spectrum of HTCC (DQ: 90.4%).

It is well known that GA is a common cross-linking agent for PVA
and chitosan. The network formation takes place between the hydroxide
groups of PVA, the amino groups of chitosan and the aldehyde groups
of GA. However, a high degree of quaternization (DQ) of the chitosan
induced a limitation of free amino groups, which basically caused GA
to not work efficiently enough to cross-link the polymer and therefore
less mechanically and chemically stable composite membranes were
obtained. According to literature [38] higher cross-linked networks can
be achieved by reduction of the degree of quaternization of chitosan.
Nevertheless a reduction of DQ results in a decrease of ionic exchange
capacity and a weaker specific anion conductivity of the membrane.
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For the anion conductivity to be as high as possible, a second cross-
linking agent - EGDGE - was used in this work. Due to the presence
of two reactive epoxy groups, EGDGE facilitates the cross-linking
reaction with two amino groups of two different quaternized chitosan
molecules and two hydroxyl functions of two PVA molecules during
drying process [39]. This covalent linkage allowed the preparation
of HTCC/QPVA composite membranes with quaternized chitosan
with a DQ higher than 80%. In addition to cross-linking by GA and
EGDGE, PVA exhibits hydroxyl groups which are capable of forming
hydrogen bonds with the hydroxyl groups of HTCC, thus completing
the formation of the polymer network as shown in Figure 3.

The cross-linking conditions for these membranes are summarized
in Tables 1 and 2. In the present study, all cross-linked membranes were
prepared using HTCCs and QPV As with a DQ higher than 80% and 5%,
respectively. The stability of the membranes toward alkaline media was
observed visually from physical appearance (fragmented membranes)
of the membranes after immersion in 1.0 M KOH solution for a certain
period of time. With a cross-linking density, lower than the selected
value, highly swollen membranes with poor mechanical properties
were obtained leading to unexaminable membranes. By increasing the
amount of cross-linker, the membranes became more stable with an
optimum range of 0.3/2.2 mmol mmol" for GA and 0.43/2.2 mmol
mmol! for EGDGE. The alkaline stability of these membranes sustained
on average for 650 h in 1.0 M KOH solution at 60°C. Higher amounts
of GA or EGDGE with a molar ratio of 0.6/2.2 mmol mmol™ caused the
membranes to exhibit less mechanical characteristics and crumbling
behaviour due to the formation of rigid structure with poor hydration.
Comparably to EGDGE, the membranes cross-linked by GA exhibited
less mechanical strength. The higher cross-linked membranes were
merely stable in 1.0 M KOH solution at 60°C for 290 h. It is possible
that, by raising the amount of cross-linker, the bond cleavage between
HTCC/QPVA and GA/EGDGE increases, thus leading to a binding of
water molecules to the polymers. Consequently, the networks became
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! \
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Figure 3: lllustration of cross-linking of HTCC and QPVA by |) ethylene glycol
diglycidyl ether (EGDGE) and Il) glutaraldehyde (GA).

fragile and instable. All prepared membranes underwent an additional
heat treatment at 130°C for two minutes (annealing) after basic drying
at 60°C overnight. The membranes showed less elastic properties in
dry condition, but a higher alkaline stability in 1.0 M KOH solution
at 60°C. A chemical stability for 650 h of all cross-linked membranes
was obtained.

Fourier transform infrared spectroscopy (FT-IR)

The FT-IR spectra of the composite membrane HTCC/QPVA and
the cross-linked membranes with GA (0.6/2.2 mmol mmol '), EGDGE
(0.6/2.2 mmol mmol"') and GA/ EGDGE (each with 0.6 mmol) are
shown in Figure 4. The two peaks at 840 and 1250 cm™ in the spectra
of the composite membranes are characteristics of C-N bonds. The two
signals at 1560 and 1650 cm™ for quaternized chitosan are assigned to
the N-H bending of primary and secondary amines, respectively [40].
A strong absorption band at 1440 cm™ was recorded, corresponding
to the C-H bending of trimethylammonium groups, which shows the
introduction of quaternary ammonium salt groups on the backbones
of chitosan and PVA, respectively [30]. A broad band around 3300
cm! was attributed to the hydroxyl groups. It is also noted that a new
absorption peak at 2870 cm for the cross-linked membranes was
observed, corresponding to -CH, bending with QPVA and HTCC
cross-linked by EGDGE and GA.

Water uptake

Membranes used as electrolyte in fuel cells work well within
an optimum region for water uptake. The presence of water affects
the ionic properties and the chemical and mechanical stability of
the membranes. The concurrent swelling is related to the amount of
polymer cross-linking agents, the thickness of the dry membrane and
the hydrophilic properties due to the quaternary ammonium groups.
It is possible that membranes exhibiting too high water uptake restrict
the preparation of membrane electrode assembly (MEA) by decreasing
contact between the active layer of the electrodes and the membrane.
Studies are currently carried out on the assembly of MEA with novel
HTCC/QPVA membranes and will be published at a future date.

Allmembranes were prepared using the same kind and composition
of HTCC and QPVA with a DQ of 90.4% and 9.0%, respectively.
The amount of ammonium groups of the composite membranes
was approximately the same. The thickness of the membranes in dry
state varied in a small range between 35 and 45 nm. In this work, the
dominant parameter concerning water uptake was the degree of cross-
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Figure 4: FT-IR spectra of HTCC/QPVA and cross-linked HTCC/QPVA
membranes.
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linking. The water uptake of the composite membranes cross-linked
with GA and EGDGE is given in Figure 5.

A high initial water uptake rate of the composite membranes with
a small amount of the first cross-linking agent was obtained (nota
bene: The second cross-linking agent was constant). It was found that
with an increase in DC percent, the water uptake of the membranes
gradually decreased from around 198% to 98%. This is a consequence
of the formation of cross-linked structures with more GA or EGDGE
as cross-linking reagents. According to the results, adding GA in the
range between DC of 10% and 50% causes an increase in cross-linking
of the composite membrane, evidenced by lower water uptake. The
differences in water uptake can be directly attributed to the varying
strong interactions in the polymer matrix by the cross-linkers.
The swelling properties of the dried (60°C) and the heated (130°C)
membranes remained the same over the whole examined range.

Ion exchange capacity (IEC)

The IEC of anion exchange membranes describes the amount of
exchangeable ammonium groups in the membrane, whereby a high
IEC basically corresponds to high anion conductivity. The IEC of the
composite membranes as a function of amount of cross-linking agents
(GA and EGDGE) are given in Figure 6. The results indicate that, at
a constant DQ, an increase of the amount of cross-linkers leads to a
gradually decreased IEC of the HTCC/QPVA membranes. The highest
IEC value is reached at a cross-linker amount of 8.8% (EGDGE)
and 9.1% (GA), respectively. While the amount of quaternary
ammonium groups (R-N*(CH,),) in composite membranes remained
constant, the measurable differences observed among IECs can only
be associated with the formation of micro-structural modifications
of the membranes. A higher water uptake in membranes generates
transferring channels and creates a better clearance for ammonium
ions, whereas a high amount of cross-linking agents increases the
polymer density and restricts the mobility of the polymer functional
groups and the ion transport. It is also noted that between DQ of 10%
and 25%, the IEC of the EGDGE-series of membranes is to a lesser
extent higher than to the IEC of the GA-series of membranes. The
composite membranes exhibit the same behaviour in terms of water
uptake and ion exchange capacity. In addition, the alkaline stability of
the cross-linked membranes was measured in terms of ion-exchange

capacity. For this purpose, the membranes were immersed in 1.0 M
KOH solution for 168 h at 25°C. The composite membranes showed
80% - 90% of their initial IEC due to the degradation of ammonium
groups by namely Hofmann elimination and nucleophilic substitution
(41,42] (Figures 7 and 8).
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Figure 6: lon exchange capacity (IEC) of the cross-linked HTCC/QPVA

membranes vs. the degree of cross-linking; alkaline treatment for 24 h and
168 h in 1.0 M KOH solution at 25°C.
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Figure 7: Thickness of the cross-linked HTCC/QPVA membranes (left: b-f
with GA; right: 2-6 with EGDGE) in wet state.
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Figure 5: Water uptake of the cross-linked HTCC/QPVA membranes vs.
degree of cross-linking.
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Anion conductivity

Figure 9 shows the anion conductivity of the HTCC/QPVA
membranes as a function of the degree of cross-linking after being
hydrated for 24 h at RT using electrochemical impedance spectroscopy
(EIS). During EIS measurements, the synthesized anion exchange
membranes typically conduct hydroxide ions (OH") but also to a very
small extent carbonate/hydrogen carbonate ions (CO,*/HCO;,) since
the used measurement setup was open to air. Air contains approximately
0.04% carbon dioxide (CO,), which reacts with hydroxide ions to form
carbonate [5].

The anion conductivities of all cross-linked membranes range from
7.7-107 to 1.61-10% S cm’. It was observed that the anion conductivity
decreases with increasing cross-linking density of EGDGE and GA,
respectively (Figure 9, right). The highest anion conductivity of the
HTCC/QPVA membranes cross-linked with EGDGE and GA was
achieved with a cross-linking density of 13.1% and 13.7%, respectively
(Figure 9, right). The thickness of the cross-linked HTCC/QPVA
membranes with GA (51-71 um) and EGDGE (32-47 pm) does not
influence the resulting anion conductivity (Figure 7 and Table 3).

According to the results, the IEC and the anion conductivity are
determined by the water uptake of the membrane. A high IEC, which
is attributed an increased number of quaternary ammonium groups
and high water content, results in high anion conductivity due to high
migration of anions.

When the DQ of the materials is constant, the IEC, the water uptake
and the anion conductivity show a similar trend (Figures 5, 6 and 9).
With increasing cross-linking density, which is indirectly correlated to
water uptake, the structural anion transport channels alter to narrow
microscopic membrane pores, creating a higher resistance for the
anions and additionally the active amount of the free ammonium ions
are reduced.

Ethanol permeability

Figure 10 shows the ethanol permeability of the cross-linked
composite membranes by EGDGE as a function of degree of cross-
linking (DC) at 20°C, 40°C and 60°C after immersing the membranes
in 1.0 M KOH solutions at RT for 24 h and 168 h. The ethanol
permeability decreases with increasing DC of the membranes. The
cross-linking agent EGDGE formed compact structures and a high
resistance for ethanol diffusion, which caused a continuously lower
ethanol crossover. The ethanol permeability increases with increasing
temperature. The average ethanol permeability of the cross-linked
composite membranes was 3.17-10% cm?s! at 20°C, 1.99-107 cm? s™! at
40°C and 5.21-107 cm?® s at 60°C. Figure 10 shows also the influence
of alkaline treatment for 168 hours at RT on the ethanol permeability
of the cross-linked membranes. With increasing duration of alkaline
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Figure 9: Membrane resistance R _ . (left) and anion conductivity o (right)
of the cross-linked HTCC/QPVA membranes vs. the degree of cross-linking.

treatment of the membranes from 24 h to 168 h, the results of the
ethanol permeability were not changed at 20°C and were slightly higher
at 40°C. These data indicate that the cross-linked membranes have low
ethanol permeability and hence a higher tolerance toward ethanol as
reported by other studies [21]. However at a temperature of 60°C, an
increase of ethanol diffusion of about 20% was obtained for pre-treated
membranes, due to induced degradation in alkaline medium [38].

A linear correlation of the results between a degree of cross-
linking of 20% and 50% were obtained (Figure 10). Lower cross-
linked membranes (DC < 20%) showed less homogeneous structure.
Therefore, the diffusion for non-aqueous media (1.0 M EtOH) varied
and the results were out of the linear region of the permeability
measurements.

Scanning electron microscopy (SEM)

The SEM images for the surface of the annealed membranes cross-
linked by GA and EGDGE are shown in Figure 11. The composite
membrane without cross-linking shows less compact structure and
possible phase separation (Figure 11a). In the network cross-linked by
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Figure 10: Ethanol permeability of the cross-linked HTCC/QPVA membranes.
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Figure 11: SEM photographs of HTCC/QPVA membranes (a) without cross-
linking (b) cross-linked by GA with an amount of 0.6/2.2 mmol mmol-' (c) cross-
linked by EGDGE with an amount of 0.6/2.2 mmol mmol' and (d) cross-linked
by GA/EGDGE with an amount of each 0.6/2.2 mmol mmol-'.
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GA, a more homogeneous structure was obtained (Figure 11b). The
morphology of the HTCC/QPVA membrane cross-linked by EGDGE
is shown in Figure 11c. The surface is flat and homogenous and appears
denser than the membrane cross-linked by GA. The combination of the
cross-linkers EGDGE and GA with an amount of each 0.6/2.2 mmol
mmol’ decreases the uniformity of the membrane structure (Figure
11d). A less compact structure was obtained, which may be attributed
to an overloading with cross-linker that caused the membrane to
become less stable. The results indicate that the polymers are combined
well with both GA and EGDGE as cross-linking agents, but the amount
of the agents must be selected within an optimal range.

The bright dots on SEM images can be attributed to debris
originating from sample particles. As the membrane samples were
slightly brittle and can crumble into pieces to a certain extent and, in
addition, the samples were not prepared in a cleanroom environment,
such particles are frequently observed. Nevertheless, we do not expect
that this would affect the experimental results and data interpretation
presented in the manuscript.

Thermogravimetric analysis (TGA)

The thermal degradation behavior of the HTCC- and QPVA-
powder and HTCC/QPVA composite membranes cross-linked by
EGDGE is shown in Figure 12. The decrease at around 100°C is due to
the bonded water evaporation of 7.5% of all materials. Pure chitosan
is thermally not stable enough and starts to degrade continuously at
around 120°C due to the breakdown of side chains and backbone. By
addition of QPVA the composite membrane is stable up to 280°C.
The quaternized PVA powder shows the same thermal gravimetric
properties as the composite HTCC/QPVA membrane cross-linked
with EGDGE. This indicates that the thermal stability of the membrane
is mainly determined by QPVA.

Two stages of thermal degradation were found for the cross-linked
membranes. The onset temperature of degradation (T,) of the first
stage is about 260°C, and the degradation temperature of the onset of
the second stage is about 380°C.

Figure 13 shows the TGA curves of the composite membranes
cross-linked by EGDGE and GA as well as with a thermal annealing
process. In addition to the evaporation of the bonded water, there are
two more weight loss regions. The second weight loss occurs within a
range of 260-320°C due to the degradation of quaternary ammonium

\Weight loss / wt.%

)

Temperature / °C

Figure 12: TGA curve of (a) chitosan powder, (b) QPVA-powder and (c) HTCC/
QPVA composite membrane.
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Figure 13: TGA curve of H-TCC/QPVA membranes cross-linked by (a) GA, (b)
GA annealed, (c) EGDGE and (d) EGDGE annealed.

groups. The weight loss of the membranes cross-linked by EGDGE and
GA is about 35% and 45%, respectively. At the third stage at 320-420°C,
the degradation is attributed to the break of the C-C backbone of the
main polymer chains. The TGA curves for membranes cross-linked by
GA and EGDGE were somewhat different in the region between 260-
420°C. The decomposition of membranes cross-linked with GA occurs
rapidly up to 300°C due to the loss of fewer cross-linked hydroxyl
groups of the membrane matrix [43]. At this third stage, the weight loss
of the membranes cross-linked with EGDGE was slower. It is possible
that the cross-linking reaction with EGDGE has formed more stable
membranes with increased thermal stability. The total weight loss of
the membranes cross-linked by EGDGE and GA is about 75% and
85%, respectively. The degradation effects of the membranes that were
annealed for 2 min at 130°C were less pronounced than of the dried
membranes, which can be explained by the formation of stronger three
dimensional networks.

Conclusion

Two series of novel quaternized chitosan/PVA membranes cross-
linked with different cross-linking agents were successfully prepared.
After subjecting the as-prepared membranes to an additional annealing
process, the resulting membranes were characterized toward suitability
for direct ethanol fuel cells. The composite membranes showed excellent
transport and ionic properties for anions and concurrently a low
ethanol permeability. The combined cross-linking strategy enhanced
the chemical and thermal stability, as well as the long-term stability in
alkaline environment. Furthermore, the developed membranes exhibit
a high water uptake leading to superior anion conductivity. The cross-
linked and annealed HTCC/QPV A membranes were stable in alkaline
solution for 650 h at 60°C and showed less chemical degradation
affecting ethanol crossover and ion exchange capacity.

This study demonstrates that the developed novel cross-linked
membrane systems meet the benchmark of contemporarily applied
membrane technology. Future investigations will focus on the
screening of additional polymers to be applied as a high quaternized
membrane matrix.
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