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a b s t r a c t

Chitosan (Chs) flakes were prepared from chitin materials that were extracted from the exoskeleton of
Cape rock lobsters in South Africa. The Chs flakes were prepared into membranes and the Chs membranes
were modified by cross-linking with H2SO4. The cross-linked Chs membranes were characterized for the
application in direct methanol fuel cells. The Chs membrane characteristics such as water uptake, thermal
stability, proton resistance and methanol permeability were compared to that of high performance con-
ventional Nafion 117 membranes. Under the temperature range studied 20–60 ◦C, the membrane water
uptake for Chs was found to be higher than that of Nafion. Thermal analysis revealed that Chs membranes
could withstand temperature as high as 230 ◦C whereas Nafion 117 membranes were stable to 320 ◦C
under nitrogen. Nafion 117 membranes were found to exhibit high proton resistance of 284 s cm−1 than

−1 −2 −1
ethanol
ater content
embrane resistance

lectrolyte membrane

Chs membranes of 204 s cm . The proton fluxes across the membranes were 2.73 mol cm s for Chs-
and 1.12 mol cm−2 s−1 Nafion membranes. Methanol (MeOH) permeability through Chs membrane was
less, 1.4 × 10−6 cm2 s−1 for Chs membranes and 3.9 × 10−6 cm2 s−1 for Nafion 117 membranes at 20 ◦C.
Chs and Nafion membranes were fabricated into membrane electrode assemblies (MAE) and their per-
formances measure in a free-breathing commercial single cell DMFC. The Nafion membranes showed a
better performance as the power density determined for Nafion membranes of 0.0075 W cm−2 was 2.7

ase o
times higher than in the c

. Introduction

The growing concerns regarding the environmental degrada-
ion caused by the emissions from combustion engines using fossil
uel has led to increasing development of fuel cells as an alterna-
ive energy sources. Notable among the fuel cells is direct methanol
uel cell (DMFC), which has received much attention in recent years
or its promising qualities. Some of its identified qualities are low
ollution emission, existing infrastructure and propensity to be
perated at low temperature. In a DMFC, methanol is oxidized at the
node in the presence of water to form protons, electrons and car-
on dioxide. While the electrons move through the external circuit

n the form of electric current, the protons are transported through
he proton electrolyte membrane (PEM) to the cathode where they
re reduced in the presence of oxygen to form water. A suitable
fficient fuel cell is tied to good characteristics of the membrane as

ood conductor of proton and provision of a suitable catalyst site
or electrochemical reaction.

The most widely used fuel cell membrane is the standard poly-
er electrolyte membrane known as Nafion 117 [1], having the

∗ Corresponding author. Tel.: +27 169509436; fax: +27 169509796.
E-mail address: petero@vut.ac.za (P.O. Osifo).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.12.093
f Chs MEA.
© 2010 Elsevier B.V. All rights reserved.

structured shown in Fig. 1. Nafion has a polytetrafluoroethylene
(PTFE) chain as a backbone, with flexible perfluoropolyalkylether
(PFPAE) as side chains. The PFPAE side chains are terminated with
sulfonate groups which provide the cationic exchange capacity.
Although, Nafion membranes show good characteristics of ther-
mal stability, high current densities, and high proton conductivity,
it still suffers from a number of disadvantages. For example, Nafion
membrane is quite expensive and it has a high rate of methanol
cross over from anode to cathode in DMFC. Since methanol is used
as fuel in DMFC, its transport from anode to cathode reduces fuel
utilisation and causes a mixed potential in cathode. It will also
polarize the cathode electrode thereby reducing the efficiency of
the cell [2].

Recently, researchers have focused on the use of other mem-
brane materials as possible replacement for Nafion membrane that
can lower methanol permeation. Among many polymer electrolyte
membranes studied, Chs membranes have shown a better perfor-
mance for applications of low temperature fuel cells.

Chs is a biopolymeric material that is prepared from chitin

by deacetylation as given in Fig. 2. Chitin is largely found in the
exoskeletons of crustaceans such as crabs, lobsters krill and cray-
fish. Chitin, also known as acetyl-glucoseamine and Chs known as
glucoseamine have acetyl and amine groups attached to C-2 posi-
tions, respectively. The amine (–NH2) groups in Chs are reactive to

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:petero@vut.ac.za
dx.doi.org/10.1016/j.jpowsour.2009.12.093
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Fig. 1. The chemical structure of Nafion 117 membrane.

unctional group that allows for both physical and chemical modi-
cations. In acetic acid, Chs dissolves into gel solution that allows

or physical modifications to form gel beads and membranes. Cross-
inking is used as a chemical modification to render Chs insoluble in
cid media [3], and to ensure good mechanical and chemical stable
embrane. Several cross-linking agents such as glyoxal [4], glu-

araldehyde [5] and sulfuric acid have been proposed because the
ulfate group allows for better proton conductivity [6].

There has been a limited study that provides information
pecifically concerning the fabrication of Chs membrane electrode
ssemblies. In this study, Chs membranes would be prepared, char-
cterized and fabricated into MEA, and the performance will be
easured and compared to Nafion MEA.

. Methods

.1. Materials

Chs flakes were prepared from Cape rock lobsters [7]. Nafion 117
embranes (non-electroplated) were purchased from Ion-Power

USA). The following reagents were obtained from Sigma–Aldrich:
cetic acid anhydride, sulfuric acid (99.8%), hydrochloric acid (32%),
odium hydroxide pellets, potassium bromide, methanol (99%) and
ydrogen peroxide (30%).

The degree of deacetylation (DDA) of Chs was 82 mol%, deter-
ined using the method described by Roberts [8]. The molecular
eights of Chs were determined to be 940 (±4%) kg mol−1 by

ize exclusion chromatography (SEC) according to the method
escribed by Osifo et al. [7].

.2. Membrane preparation

Chs flakes weighing between 1 and 2 g were dissolved in 100 ml
f aqueous acetic acid (1%, v/v) for 24 h. The solution was filtered to
emove impurities. The filtered solution was then cast on a Petri-
ish under atmospheric conditions and left to de-gas overnight.
fter degassing, the Petri-dish containing the Chs solution was
ransferred to a drying oven which was controlled at 55 ◦C for 24 h.
pon removal from the oven, the membranes were cross-linked in
solution of 0.5 M H2SO4 for 24 h. Chitosan cross-linking reaction
ith sulfuric acid is given in Fig. 3. The transparent dried mem-

ranes were washed with distilled water and later immersed in 2 M

Fig. 2. Chitosan prepar
Fig. 3. Cross-linking reaction of chitosan with sulfuric acid.

aqueous solution of sodium hydroxide (NaOH) for 2 min to remove
the residual acid (neutralization) from the membranes. The mem-
branes were then washed in de-ionized water until a neutral pH
was reached. Nafion 117 membranes were pre-treated by boiling
them separately in 3% H2O2 in de-ionized water for over 1 h. The
membranes were further treated separately in 0.5 M H2SO4 de-
ionized water for 1 h. Pre-treatment was done to activate Nafion
117 membrane’s hydrophilic sites. Pre-treated membranes were
continuously rinsed in de-ionized water until a neutral pH was
reached. The thickness of the membranes was measured with an
Electronic Digital Caliper (0–150 mm) and their thickness ranged
between 0.18 and 0.20 mm.

2.3. Membrane water uptake

The membrane water uptake was determined from the differ-
ence in the wet and dry weight of membranes divided by the dry
weight of the membranes [1]. The membranes were first immersed

in de-ionized water at room temperature for 5 days to ensure suffi-
cient water uptake. Upon removal from water, the wet membranes
were blotted-dried using a soft tissue to remove surface droplets
and the membranes were quickly weighed. The wet membranes
were dried at atmospheric conditions for 24 h, and the dried mem-

ation from chitin.
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Fig. 4. Experimental setup of prot

ranes were further dried in the oven for 1 h at 60 ◦C. The effect
f water uptake on re-hydration was studied at different tempera-
ure. This was done by placing dry membrane in distilled water at
0, 60 and 100 ◦C for 1 h, respectively.

.4. Thermal stability

Two methods, thermogravimetry (TG) and differential scanning
alorimetry (DSC), were used to determine the thermal conditions
f membranes with temperature. This is done to sufficiently obtain
nformation about the heat effects on the membranes.

.4.1. Thermogravimetry (TG)
Membranes were cut to about 9 mm2, and 10–20 mg was

eighed into a platinum pan. Prior to the analysis, the platinum
an was heated under Bunsen burner flame followed by cooling

n a dessicator. The pan containing a sample was loaded in a TG
2050) furnace. TG measurements were conducted at a heating rate
f 10 ◦C min−1 under nitrogen from room temperature to 600 ◦C. As
he temperature increased, a graph of weight loss (%) versus tem-
erature was plotted. The derivative thermogravimetry (DTG) gives
he rate of change in mass as a function of temperature. This anal-
sis gives a series of peaks and the areas under the peaks give the
otal mass-change of the membrane sample. The DTG is more pre-
ise because it allows the reaction temperature with mass loss to
e determined accurately.

.4.2. Differential scanning calorimetry (DSC)
Chs and Nafion 117 membranes were cut to a grain size and

0–20 mg was weighed into aluminium pans. The total mass of the
ample, pan and lid was recorded. The pan was tightly closed by
pplying a pressure of 200–300 kPa. This provided a cold-welded
eal necessary for volatile materials. The sample was then placed
nside a DSC (2010). Scans were conducted under nitrogen at a
eating rate of 10 ◦C min−1 from room temperature to 600 ◦C. As
he temperature increased, a graph of temperature against heat
ow was plotted to determine the glass transition temperature.
his was done because polymers have a higher heat capacity above
lass transition temperature.

.5. Membrane resistance
Proton diffusion tests were conducted on chitosan and Nafion
17 membranes to determine the membrane resistance to proton
ow. Tests were carried out in a two-compartment diffusion cell
onstructed of polyurethane materials manufactured at the Tech-
ology Station of Vaal University of Technology, Vanderbijlpark.
fusion and methanol permeation.

A DC power supply (HY3005D-3) was used to supply voltage to a
motor. A DAWE® stroboscope (1214 B) was used to measure the
motor speed. Fig. 4 shows the schematic setup of proton diffusion
cell. The diffusion cell was immersed in a water bath for tempera-
ture control. Initially compartment A was filled with 300 ml of HCl
(pH = 3.01) and compartment B was filled with an equal volume
of distilled water. The solutions were kept under constant stirring
conditions to avoid any concentration build-up. Three trials were
completed at a stirring speed of 150, 300 and 410 rpm, respec-
tively. The pH in both compartments was recorded with time using
a Eutech cyberscan pH meter (PC 5000).

2.5.1. Determination of membrane resistance
The membrane resistance was determined with Fick’s Law of

diffusion model. In using Fick’s Law of diffusion, the following
assumptions were made: (1) proton flux is established across the
membrane due to concentration difference; (2) the flux across the
membrane reaches a pseudo-steady state over a very short time;
(3) there is no concentration gradient within the compartment
because the solution is well stirred [9]. Fig. 4 was considered as
a system in which there is proton transfer from compartment A to
compartment B.

The total mass flux across the membrane is given as:

N = J + C1V1 (1)

where N is total mass flux, J is the diffusive flux and C1V1 is the
convective flux. For a dilute solution, Eq. (1) yields:

N = J (2)

From Fick’s Law of diffusion:

J = −D
dC

d�
(3)

where D is the diffusion coefficient and dC/d� is the concentration
gradient across the diffusion path.

For a well stirred solution, the concentration of solution in the
bulk will be the same on the solution–film interface. Rearranging
Eq. (3) and integrating over a film thickness � on the feed side, gives:

J1 = D

�
(C1 − C1�) (4)

where C1 is the concentration of solute in the bulk solution on the

feed side of the membrane as shown in Fig. 5, C1� is the concentra-
tion of the solute on the film side adjacent to the membrane. Eq.
(4) can be written in the form of mass transfer coefficient as:

J1 = k1(C1 − C1�) (5)
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Fig. 5. Concentration profile across a film layers and membrane.

here D/� = k1, the film mass transfer coefficient on the feed side.
he reciprocal of k1 is the film mass transfer resistance. On the per-
eate side of the membrane, the mass flux across the membrane

s characterized by the boundary layer to give:

2 = k2(C2� − C2) (6)

here k2 is the mass transfer coefficient on the permeate side of the
embrane, C2� is the concentration of solute of the film side adja-

ent to the membrane and C2 is the bulk solute concentration on
he permeate side of the membrane. If the membrane resistance is
, for a steady state system, the flux is a constant therefore, J1 = J2 = J.
he overall mass transfer coefficient, K, is the sum of the individual
esistances, thus:

1
K

= 1
k1

+ � + 1
k2

(7)

If the stirring rates are equal k1 = k2 = k

1
K

= 2
k

+ � (8)

or the purpose of this experiment, Fig. 5, C1 bulk = CA for compart-
ent A and C2 bulk = CB for compartment B. Therefore from Eqs. (3)

hrough (8), the total molar flux can be represented as:

= K(CA − CB) (9)

Rewrite Eq. (9) to determine the mass transfer coefficient for
ompartments A and B.

A
dCA

dt
= −KA(CA − CB) (10)

B
dCB

dt
= KA(CA − CB) (11)

If the density of the solution does not change significantly:
A · CA + VB · CB = constant (12)

t t = 0, all the solutes present must remain in its respective com-
artment. Thus differentiating Eq. (12) and integrating combining

able 1
atalyst deposition onto Chs and Nafion 117 membranes.

Sample Membrane Catalyst Initial mass

1 Chs Pt/C 0.1181 (±5
2 Nafion 117 Pt/C 0.1166 (±5
3 Chs Pt Ru/C 0.1125 (±5
4 Nafion 117 Pt Ru/C 0.1192 (±5
Sources 195 (2010) 4915–4922

with Eqs. (10) and (11) yields:

In
[

CA(t) − CB(t)
CA(0) − CB(0)

]
= −K · A

[
1

VA
+ 1

VB

]
t (13)

Having known VA, VB, and A from experimental measurements, K
can be determined from the slope of the plot of Eq. (13). The mem-
brane resistance � is determined according to the method used by
Welty et al. [10]. The value of K is obtained at different rotational
speed (ω), and the inverse of K is plotted against 1/ωn. The value
of n, which in most cases ranges between 0 and 1 is use to get the
best straight line. The intercept of the straight line is equal to �.

2.6. Methanol permeability

Methanol permeability through Chs and Nafion 117 membranes
was measured using the experimental set-up of Fig. 4. Initially one
compartment of the cell was filled with 200 ml of 8 M MeOH. The
other compartment was filled with an equal volume of water. Both
compartments were stirred continuously at a constant speed of
150 rpm. At a regular time interval, 4 ml of the solution in both
compartments was collected and methanol concentration was ana-
lyzed with a Varian Gas Chromatograph (Cp-3380). The effect of
concentration on methanol permeability was studied by increas-
ing MeOH concentration to 12.5 and 18 M. The effect of temperature
on methanol permeability was investigated at 20 and 60 ◦C, respec-
tively.

2.7. Fabrication of MEA

2.7.1. Preparation catalytic inks
Catalytic carbons of 20 wt% Pt/XC-72 for the cathode and 40 wt%

PtRu/XC-72 for the anode were purchased from ETEK. The anode
and cathode inks were prepared by mixing the catalytic carbons
with distilled water and isopropanol (20 parts distilled water to 80
parts isopropanol) to form a thick paste. The mixture was sonicated
and the catalyst particles were dispersed in ionomer solution (5 wt%
in lower aliphatic alcohols, Ion-Power Inc.). The electrode catalytic
inks were sprayed on 3.3 cm2 carbon paper (TGPH-09, Toray) and
they were dried in the air.

The cathode hydrophobic diffusion layer ink was prepared as
follows: 15 wt% carbon black (Vulcan XC 72, Chemiphos) was dried
and grounded using a mortar and pestle. A 50 ml of isopropanol
was added to 1 g of carbon black and mixed on a magnetic stir-
rer followed by ultrasonication until smooth slurry was formed.
After 5 min of stirring, a perfluoropolyalkylether (PTFE) suspen-
sion (Werk Gendorf 84504 Burgkirchen, Dyneon) was added to the
slurry. The slurry was then sprayed onto a carbon cloth and dried
in air. The coated carbon cloth was later sintered at 335 ◦C for 2 h.

2.7.2. Membrane electrode assemblies
Chs and Nafion membranes (4.4 cm2) were removed from water

and the surface water was removed with a soft tissue. The elec-

trolyte membrane was immediately sandwiched between the
coated carbon paper electrodes (3.3 cm2). The membrane with the
coated carbon paper was then hot pressed by applying a weight of
about 1800 kg with a Pasadena Hydraulics press (Q-240C) at opti-
mum temperature of 60 ◦C (Chs membrane) and 110 ◦C (Nafion 117

(g) Final mass (g) Catalyst deposited (g)

× 10−3) 0.1468 (±5 × 10−3) 0.0287 (±3 × 10−3)
× 10−3) 0.1375 (±5 × 10−3) 0.0209 (±2 × 10−3)
× 10−3) 0.1279 (±5 × 10−3) 0.0282 (±2 × 10−3)
× 10−3) 0.1447 (±5 × 10−3) 0.255 (±2 × 10−3)
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Table 2
The dependence of membrane water uptake on drying temperature.

Membrane % water content

Drying condition Re-hydration condition
P.O. Osifo, A. Masala / Journal of

embrane) for 3 min. Layers of Pt/C catalyst on the cathode and
t/RuC on the anode were transferred from the carbon paper to
he membrane. The amount of Pt/C and PtRu/C deposited onto the

embranes was determined by measuring the mass of paper before
nd after deposition as shown in Table 1. The membranes were
lso directly sprayed with the catalysts in order to compare hot
ressing to electrospraying. However, catalytic deposition through
lectrospraying was not successful for chitosan and Nafion 117
embranes. Chitosan membranes are highly crystalline in their

ried form and as a result the sprayed Pt/C and PtRu/C catalytic lay-
rs would detach from the membrane surface when immersed in a
ixture of water and methanol. The pressure effects on fabrication
ith hot pressed ensured the membrane and catalysts remained

ntact.

.7.3. Single cell testing
Different MEA’s (commercial Nafion 117 membrane, hot pressed

afion 117 membrane, and Chs membrane) were tested in a
ree-breathing commercial single cell DMFC (5.5 cm2). DMFC per-
ormance tests were conducted under atmospheric conditions with
M methanol concentration. The current voltage (I–V) experi-
ental data were obtained from a Mobile Dyesol testing station

onnected to a testing cell fitted with an internal electronic load.
he initial open circuit voltage (OCV) was recorded after stabiliza-
ion using a digital multimeter. A graph of the cell voltage versus
he current density was plotted in order to determine the cell per-
ormance. The current density is calculated as follows:

� = I

Am
(14)

nd also the plot of the power density versus the current density
as plotted. The power density is calculated as follows:

� = V · I� (15)

here I� is the current density (A cm−2), I is the current (A) and
m is the membrane active area (cm2) and P� is the power density
W cm−2).

. Results and discussion

.1. Membrane water uptake

The membranes water uptake determined at various tempera-

ures is presented in Table 2. Chs membranes were found to have
igher water content than Nafion 117 membrane. Chs is highly
ydrophilic with a hydroxyl (OH−) and the amino (NH2) groups
n its backbone. The hydrophilic groups cause the swelling on Chs
embrane [11].

Fig. 6. TG, DTG and DSC thermograms for Chs membrane under nitrogen.
20 ◦C 60 ◦C 30 ◦C 60 ◦C 100 ◦C

Chs 60.1 65.1 58.3 58.4 58.8
Nafion 117 24.2 30.1 28.1 30.1 27.8

There was a significant weight loss when the membranes were
further dried in an oven at 60 ◦C for 1 h. An increase in water content
of up to 65% for Chs membranes was found. In the case of Nafion 117,
the water uptake was 30.1%, which was less than that of the Chs
membranes. Nafion membrane has hydrophobic groups on their
backbones and hydrophilic groups on their sulfonate heads [12].
Their hydrophobicity was extremely high due to the presence of
the sulfonic acid group on hydrophilic side chain which reduces
the water uptake.

The results of hydration temperature on water uptake are pre-
sented in Table 2. There are no significant changes in the water
content of the membranes with re-hydration temperature. What
is interesting is that, the Chs membranes were able to withstand
mechanical degradation at boiling temperatures, and this is per-
haps due to the ionic interaction between the amine group and the
sulfate ions during cross-linking.

3.2. Thermal stability

3.2.1. Thermogravimetry
The weight loss and the derivative weight loss thermograms for

Chs and Nafion 117 membranes are shown in Figs. 6 and 7, respec-
tively. The thermograms show several decomposition steps. The
first decomposition stages for Chs membrane are between 220 and
230 ◦C while those of Nafion 117 are at 330 ◦C. TG curves show
a gradual weight loss of 16% at 240 ◦C for Chs membrane. This
decomposition step is attributed to water leaving the membrane
[13]. At higher heating temperature, a second decomposition step
was observed around 290 ◦C with a 42% weight loss, and a third
decomposition step was observed between 280 and 450 ◦C with a
60% weight loss for Chs membrane. At temperatures above 450 ◦C,
Chs membrane continued to decompose until about 70% weight
loss was observed at 580 ◦C. Chs membrane did not completely
lose their weight at this temperature range. The DTG curve of Chs

◦
membranes shows the maximum decomposition rate of 2% per C
at 280 ◦C with a weight loss of 30%.

The TG thermogram of Nafion 117 membrane also shows several
decomposition steps. There was a gradual weight loss of 10–15% at
temperature between 30 and 330 ◦C, which is attributable to water

Fig. 7. TG, DTG and DSC thermograms for Nafion 117 membranes under nitrogen.
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Fig. 9. The change in hydronium ion concentration in compartment A and compart-
ment B with time through Nafion 117 membranes.

tance versus the inverse of the mixing speed to the power n as
shown in Fig. 11. The � for Chs- and Nafion membranes are given
in Table 4. Nafion 117 membrane had a high � when compared
to chitosan membranes. This is associated with Nafion 117 mem-

Table 3
Comparison of proton diffusion properties of Chs- and Nafion 117 membranes.

Membrane Speed (rpm) K (cm s−1) J (×10−6 mol cm−2 s−1)

Chs- 150 0.0022 1.74
ig. 8. The change in hydronium ion concentration in compartment A and compart-
ent B with time through Chs membranes.

vaporating from the membrane. The next decomposition stage
ith a weight loss of 20% was observed at ranges between 300

nd 430 ◦C and associated with the desulfonation process (i.e. the
oss of –SO3H groups) [6,14]. At temperatures above 430 ◦C, Nafion

embranes continue to decompose until about 99.5% was lost at
90 ◦C. This weight loss is attributed to the decomposition of the
erfluoropolyalkylether (PFPAE) side chains and the polytetrafluo-
oethylene (PTFE) chains on its backbone [1]. The DTG thermogram
f Nafion 117 membranes showed a maximum decomposition rate
f 2.3% per ◦C at 430 ◦C and the weight loss in this step is 44%.
G scan shows that Nafion 117 membranes have better thermal
roperties than Chs membrane primarily because their main chain
ecomposes at 430 ◦C while their initial decomposition occurs at
30 ◦C, which is higher than that of Chs.

.2.2. Differential scanning calorimetry
Fig. 6 shows the DSC thermogram for Chs membrane, and it

epresents the endotherm between 30 and 140 ◦C. The endotherm
s attributed to the water leaving the membrane. An exotherm is
bserved at 280 ◦C. According to Ge et al. [15] the exotherm is
elated to the membrane starting to crystallize whereas Mukoma
t al. [2] associated the exotherm to the glass transition tempera-
ure. Immediately after the exotherm, an endotherm is indicated at
80 ◦C. This endothermic transition is associated with the polymer
tarting to melt before it decomposes above 280 ◦C. It was evident
hat the heating temperature significantly affected the structure of
hs membrane.

In the case of Nafion membrane, the DSC curve shows a broad
ndothermic peak between 30 and 250 ◦C as shown in Fig. 7. This
s validated by the work of Mukoma et al. [2] who also observed an
ndotherm at 110 ◦C. The exothermic peak above 500 ◦C shows the
ecomposition of the main polymer chains. The DSC thermogram
learly shows that Nafion 117 membrane possesses better ther-
al properties than Chs membrane since the main polymer chain

ecomposes above 520 ◦C.

.3. Membrane resistance

The overall mass transfer resistance and the membrane resis-
ance were determined for Chs- and Nafion 117 membranes at
0 ◦C. This was achieved by completing three trials at mixing speeds

f 150, 300 and 410 rpm for each membrane. Figs. 8 and 9 show the
ependence of the hydronium ion concentration on time for Chs-
nd Nafion 117 membranes, respectively. The decrease in concen-
ration with time observed in compartment A is associated with the
oss of hydronium (H+) ions as they diffuse through the membrane
Fig. 10. The change in flux (J) with time through Chs and Nafion 117 membranes at
20 ◦C.

into compartment B. This in turn increases the H+ concentration in
compartment B.

Table 3 gives the values of K and the total mass flux at differ-
ent mixing speeds. As the speed increased, the boundary layer was
reduced and the film resistance decreased thereby increasing the
value of K. The change in flux (J) through Chs- and Nafion mem-
branes at 150 rpm; 20 ◦C, is given in Fig. 10. It was observed that the
flux increases with speed until a pseudo-steady state was reached.

The membrane resistance (�) to proton flow was determined
from the y-intercept of the plot of the overall mass transfer resis-
300 0.0025 2.64
410 0.0027 2.73

Nafion 117 150 0.0006 0.49
300 0.0011 1.02
410 0.0012 1.12
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Table 6, the performance deteriorated with time. Since tests were
conducted on a passive DMFC, it is possible that over time a concen-
ig. 11. Determination of the membrane resistance for Nafion 117 membranes.

rane’s hydrophobicity which reduces the water uptake in the
embranes thereby minimizing the mobility of protons through

he membrane.

.4. Methanol permeability

The influence of methanol feed concentration on permeabil-
ty is shown in Table 5. It was found that permeability increases

ith increase in methanol concentration. The permeability val-
es at 8, 12.5 and 18 M MeOH are 3.02 × 10−6, 3.22 × 10−6 and
.92 × 10−6 cm2 s−1 respectively for Chs membrane. Similar trends
ere found for Nafion 117 membranes. These results indicate

ess methanol permeability through Chs membrane than through
afion 117 membranes [16].

The permeability at temperatures of 60 ◦C was determined, and
he results are in parenthesis given in Table 5 for Chs membrane.
he methanol permeability was found to increase with increase
n solution temperature. These results were found to be higher

hen compared to the permeability found at 20 ◦C for the same
embrane. Kreuer [17] also found an increase in methanol perme-

bility with an increase in temperature with Nafion and sulfonated
olyetherketones membranes.

.5. MEA performance
Prior to cell assembly, Chs MEAs were hydrated to prevent them
rom breaking; Chs membranes usually shrink after drying due to
heir hydrophilic nature. Figs. 12 and 13 show the performance of
passive single cell air breathing DMFC under atmospheric condi-

ions and 1 M methanol was tested for Chs MEA, and Nafion 117

able 4
etermination of the membrane resistance for Nafion 117 and Chs-membranes.

Membrane n � (s cm−1)

Chs 0.8 205.7
Nafion 117 0.8 284.3

able 5
omparison of methanol permeability properties of Chs and Nafion 117 membranes
t 20 ◦C, and permeability at 60 ◦C is in parenthesis.

Membrane
type

Thickness
(cm)

Permeability (×10−6 cm2 s−1)

8 M 12.5 M 18 M

Chs 0.020 3.09 (3.46) 3.22 (4.36) 3.92 (5.62)
Nafion 117 0.018 3.90 5.03 8.26
Fig. 12. Plot of cell voltage against current density for a DMFC fed by 1 M methanol
under atmospheric temperature with Chs MEA and Nafion 117 MEA.

MEA. The initial OCV after 1 h of wetting was 338 and 483 mV (Dig-
ital Multimeter) for Chs MEA and Nafion 117 MEA, respectively.

As shown in Fig. 12, the maximum current density for Chs MEA
and Nafion 117 MEA was 0.22 and 0.56 A cm−2 respectively and the
maximum power density was 0.0274 and 0.0747 W cm−2 respec-
tively. Under similar experimental conditions, it can be seen that
better performance can be achieved with Nafion 117 membranes.

Due to the lower methanol permeability of Chs membranes, it
was expected that they would perform better than Nafion 117,
but this was not the case because proton conductivity also plays
an important role in the performance. The high OCV attained for
Chs membrane is mainly associated to the lower methanol per-
meability, but its lower performance is primarily due to its low
ionic conductivity [1]. The maximum power density for commer-
cial Nafion 117 membranes was 0.698 W cm−2, which is higher than
that of the Nafion 117 membranes fabricated in the laboratory. This
result suggests that either the fabrication technique or the amount
of catalyst loading was not sufficient. An exact explanation for this
behavior is yet to be found.

A further investigation was performed on Chs MEA over a 68 h
period and results were noted after 1, 48 and 68 h in order to study
the effect of time on the DMFC performance. As can be seen from
tration build-up would occur and some methanol might evaporate
causing the performance to deteriorate.

Fig. 13. Comparison of power density against current density for DMFC fed by 1 M
methanol at atmospheric conditions with Chs- and Nafion 117 MEAs.
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Table 6
Measured values of current density and cell voltage for Chs membrane over time.

Time (h) OCV (V) Current density (A cm−2) Power density (W cm−2)
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(2002) 231–242.
1 338 0.220 0.0274
48 247 0.137 0.0144
68 207 0.130 0.0177

. Conclusion

Chs and Nafion 117 membranes were characterized in terms
f the thermal stability, water uptake, membrane resistance and
ethanol permeability. The TG and DSC thermograms have shown

hat Nafion 117 membranes have good thermal properties over Chs
embranes since they initially decompose at 330 ◦C without losing
lot of weight. Chs membranes decomposed at 240 ◦C hence it lost
ore weight than Nafion 117. This proves that Nafion membranes

xhibit better thermal properties as opposed to Chs membrane.
The water uptake of chitosan membranes was three times

igher than that of Nafion 117 membranes hence indicating a
etter proton transport through the membrane. This finding was
upported by the lower membrane resistance to proton transport
ound for chitosan membranes than that for Nafion 117 mem-
ranes. The methanol permeability through Chs membranes was

ess than that of Nafion 117 membranes. Permeability increases
ith increase in concentration and temperature for all membranes.

he permeability of Nafion 117 membranes was high when com-
ared to Chs membrane. Hot pressing was suitable for depositing
atalyst layers of Pt/C and PtRu/C on Chs membrane. Hot pressing
owever had negative effects on Chs MEA because the membranes

ost their retained water very quickly. With comparison to the com-
ercial MEA, hot pressed Nafion 117 membranes exhibited a very

ow performance hence it can be suggested that the fabrication
echnique needs further improvement. Although the performance
f Chs MEA was however very low when compared to Nafion 117
embranes, it was found to be suitable membranes for fuel cell

pplications.
To improve performance of chitosan membranes, further work

s required in order to study and optimize the quality of chitosan

embranes. Therefore it is suggested that:

The hydrophilicity of chitosan membranes must be reduced. The
possibility of blending PTFE and chitosan will render chitosan
hydrophobic which will increase their ionic conductivity.

[
[

[
[

Sources 195 (2010) 4915–4922

• Chitosan membranes performance is also dependent on ionic
conductivity; therefore, adding a composite material such as
methane-diphosphonic acid may increase its conductivity [18].

• The method of MEA fabrication can be re-investigated and the
effect of catalyst loading on the DMFC performance must be stud-
ied.

• The modified MEA can also be tested on a PEMFC and results
compared to the DMFC to determine the highest performance
that can be achieved.
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