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Abstract—The impact of different parameters on the chemical degradation of the Nafion polymer electrolyte mem-
brane was investigated in detail under different concentrations of Fenton solution. As a consequence of chemical degra-
dation, the performance and durability of the perfluorosulfonic acid-based electrolyte membrane in fuel cells was
studied. Quantitative estimation of fluoride emitted after chemical degradation of the electrolyte membrane is done by
an ex-situ fluoride emission rate-test using a potentiometric with an ion-selective electrode. The concentration of fluo-
ride ions is easily affected by several external factors, such as total ionic strength, pH, temperature, and stirring speed,
which causes many errors while reporting the fluoride concentration. Furthermore, the micromorphology of recast
Nafion membranes before and after FER rest was thoroughly examined by scanning electron microscope (SEM) and
X-ray photoelectric spectroscopy. Here, we report the influence of several external parameters over total fluoride con-
centration during the estimation of fluoride concentration for the proper correlation of the rate of chemical degrada-
tion in polymer electrolytes. This systematic study is beneficial for removing errors while measuring fluoride
concentration and removing the discrepancy present in FER results reported in the literature.
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INTRODUCTION

Polymer-electrolyte membrane fuel cells (PEMFCs) are capable
of being clean power sources for transportation and electricity [1-5].
Though, the extensive application of this clean-energy tool is still
vulnerable to the durability problems of fuel cell electrolyte mem-
brane [6]. As such, membrane durability, to some extent, governs
the durability of PEMFCs. The sulfonic and carboxylic functional
groups (Scheme 1) present on the perfluoro backbone act as pro-
ton-conducting paths and are found to be a starting point for the
chemical degradation of membranes [5,6].

Chemical degradation of PFSA membranes involves radical-
induced decomposition of the polymer structure. The degradation
of polymer electrolytes leads to a reduction in cell performance and
lifetime. The chemical degradation finally results in pin-hole for-
mation of PEMs resulting in fuel cross-over decreasing cell effi-
ciency. Additionally, this tearing of the membrane leads to the
gradual reduction of ionic conductivity, an increase in the total cell
resistance, and the reduction of voltage and loss of output power
[9-11]. The process of chemical degradation is not yet fully under-
stood. Currently; the extent of degradation is evaluated by the emis-
sion of fluoride ions, which are readily quantified with the help of
fluoride ion-selective electrodes [12-15]. The fluoride electrode con-
sists of a sensing element in contact with a solution containing flu-
oride jons, and an electrode potential develops across the sensing

"To whom correspondence should be addressed.

E-mail: song@chonnam.ac.kr

*These authors contributed equally.

Copyright by The Korean Institute of Chemical Engineers.

2057

(0] 0
) 4
F;C \C N \(-)
F, y
(0] °OH
NcF,
| F,

Scheme 1. Scheme showing the radical attack resulting in degrada-
tion of Nafion membrane.

element. The measured potential corresponding to the level of flu-
oride ion in a solution is described by the Nernst equation [16]:

E=E,+Sxlog (a) (1)

where E and E, are the measured electrode potential and a reference
potential, S and (a) are the slope of electrode and activity of fluoride
ion activity in aqueous solution, respectively. The activity or eftec-
tive concentration of free fluoride ion in solution is related to the
free fluoride ion concentration C , by the activity coefficient y :

@

Tonic activity coefficients are variable and largely depend on total
ionic strength, pH, temperature, and Fe’* concentration in the Fen-
ton solution. To understand the rate and extent of membrane deg-
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radation, it is important to precisely control the above-mentioned
parameters to correctly measure the total fluoride emission con-
centration.

Hence, the purpose of this study was to systematically investigate
the effect of several external parameters, such as pH, stirring speed,
size of the membrane, membrane thickness, concentration of Fen-
ton solution, and annealing temperature over the chemical degra-
dation. These factors are vital for fluoride concentration measure-
ment and should be properly fixed while reporting fluoride ion
concentration. Generally, these thermodynamic factors were never
controlled and monitored closely in previous Ex-situ FER meas-
urements, which affects the reliability and reproducibility of the re-
ported studies. Consequently, a series of variable results were re-
ported for Nafion through a separate research study. This system-
atic study is beneficial for removing errors while measuring fluo-
ride concentration. Due to the discrepancies present, it is very difficult
to compare the Nafion-based membrane durability of one study
with another in the area of PEMFC.

EXPERIMENTAL

1. Experimental Materials

Nafion ionomer (1100 EW, 20 wt%) was purchased from Alfa
Aesar Company. 30% of H,O, aqueous solution was purchased from
Dae-Jung chemicals, and FeSO,-7H,0 was purchased from Sigma
Aldrich.
2. Nafion Membrane Preparation

The Nafion membrane was synthesized using the solution cast-
ing technique. The Nafion perfluorinated resin solution (20 w/w %
in water and 1-propanol, >1.00 meq/g exchange capacity) was used.
10 g of Nafion solution was directly cast on Teflon film using a doc-
tor blade (Model number- Imoto 1117/200MM). The resulting cast
solution was dried in a stepwise manner. First, the temperature
was slowly raised to 60 °C where it was held for two hours, then at
80 °C for two hours to bring out homogeneous and uniform dry-
ing of the polymer membrane. Finally, thermal annealing was per-
formed at 100 °C and 160 °C for 30 minutes each. The digital mi-
crometer was utilized to measure the thickness of the membrane
and the thickness of all membranes was ~25+1 um. The membrane
obtained was used for further studies.
3. Fluoride Emission Test

All the potential measurements were at room temperature using
a digital pH/mV meter (Metrohm AG). A combination electrode
was used for pH measurements. The potential measurements with
the membrane electrode were carried out using saturated calomel
as the reference electrode. The fluoride meter was calibrated each
time before measurement using two standard fluoride concentra-
tions, and the slope of the calibrated curve lies in the range of ~—54
to —60 mV per decade. The ex-situ durability test was performed
for 24 hours using 10 ppm Fenton solution (10 wt% H,O, solution
and 10 ppm Fe™) at room temperature. The amount of fluoride
released into Fenton's solution was determined with a fluoride ion
meter. Total ionic strength adjustment buffer (TISAB-IIT) was added
to all collected solutions to provide a constant ionic strength (~1 M).
The fluoride release of the membranes (mg g ') was expressed by
the following equation:
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Fluoride release=

where [F] is the measured fluoride concentration (ppm), Vuion
is the volume of the Fentons solution (ml), and m,,, is the initial
dry weight of the membrane (mg).
4, Parameters for Fluoride Emission Test (FER) Measurement
Nafion perfluorinated resin solution (20 w/w % in water and 1-
propanol, >1.00 meq/g exchange capacity) was used for preparing
membranes for the present study. The pH of the solution was
adjusted to 5 using ammonium hydroxide. The membrane weight
taken for performing the FER reaction was 200 mg and the Fen-
ton solution volume taken was 200 ml (30% H,O, solution and 10
ppm Fe™) in a 250 ml glass beaker. The Fenton solution concen-
tration selected was 10 ppm. The reaction temperature was 80 °C
for performing the FER study. The stirring speed while measuring
fluoride solution was 50 rpm. For measuring fluoride concentra-
tion 50 ml of solution was taken out from the main reaction solu-
tion and a total ionic strength adjustment buffer (TISAB-III) of 5 ml
was added. The sample was annealed at 160 °C for 30 minutes before
FER measurement. The thickness of all the membranes was ~25+
1pm.

RESULTS AND DISCUSSION

The cumulative fluoride emission rate for the Nafion membrane
was studied by varying several parameters, such as the effect of pH,
stirring speed, size of the membrane, the concentration of the Fen-
ton solution, and annealing temperature.

The pH of the fluoride-containing solution is an important fac-
tor that can affect the quantitative estimation of fluoride concen-
tration. The ionic form of fluoride ions is sensitive to the pH of
the solution. To precisely detect the emission of fluoride ions, a
concentration of fluoride ions was studied by varying the pH range
from 2 to 5 at 25 °C and 80 °C. The FER experiment was performed
for 24 hours and after the completion of the reaction, the pH was
changed in the range of 2-5 while keeping other parameters con-
stant. The pH adjustment of the solution was done by using dilute
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Fig. 1. Effect of pH on fluoride emission rate measurement at 25 °C
and 80 °C.
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ammonium hydroxide and hydrochloride solution. Fig. 1 shows
the effect of pH on the fluoride concentration emission. It was found
that with an increase in pH from 2 to 5 the value of the fluoride
concentration also changed from 0.0012 mg/g to 0.0092 mg/g for
25°C and from 0.69 mg/g to 1.07 mg/g for 80 °C reaction condi-
tion. This variation in fluoride concentration by changing pH in-
dicates that the transition in the ionic form of the fluoride ion may
be taking place in acidic conditions to HE H,F, and HF, [12].
The change of fluoride ion in other complexions in acidic condi-
tion results in deviation in actual fluoride concentration and it can-
not be detected by fluoride selective electrode. Additionally, when
the pH level is below 3 the concentration of fluoride detected is
much lower than the actual value. This sharp drop in fluoride con-
centration detection may also result from a decrease in radical spe-
cies at this pH, which limits the effective radical attack on the
membrane. At a pH level below 3, the radical generation reaction
could be slowed down because hydrogen peroxide can probably
be stable by acquiring a proton to form an oxonium ion such as
H,O? in Eq. (4):

H,0,+H'—>H,0} 4

Thus, conversion of hydrogen peroxide to its electrophilic oxonium
ion substantially reduces the reactivity, and H;O; reacts very slowly
with ferrous ion. Consequently, the radical generated is much lower
than expected, which may affect the FER study and a deviation
will be observed in the actual fluoride ions concentration.

It was found that the pH of the solution should be fixed in the
range of pH 5 to detect the precise concentration of the fluoride
ions, as at this pH there is no chance for fluoride complex com-
pound forms such as HE H,F,, and HF;. An adequate amount of
radical species will be generated for effective radical attacks during
the FER test.

To study the effect of an increase in the size of the film on fluo-
ride emission concentration, experiments were conducted employ-
ing Nafion membrane doses ranging from 0.2 to 1.0 g. The results
are presented in the Fig. 2(a), where the concentration of fluoride
ion emitted is lower for the higher weight of Nafion film. The de-
crease in fluoride ion concentration with an increase in the weight
of membrane may occur because the C-F bond available may not
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be effectively utilized or participate in Fenton reaction for 10 ppm
Fenton solution at the higher weight of membrane in comparison
to lower membrane weight. Therefore, it might be possible that the
evolution of fluoride ions decreases as membrane weight increases.
Although the amount of the C-F bond increases, the amount of
radical remains constant. Consequently, effective radical attack de-
creases with an increase in membrane amount, resulting in lesser
fluoride emission. Thus, from our measurement, we obtained the
membrane amount to 0.2 g to get a reliable scavenging interaction
for 10 ppm of Fenton solution. Four different membranes having
the major difference between each membrane being thickness was
evaluated towards FER test. The membrane thickness and its ini-
tial fluoride emission are plotted in Fig. 2(b). The fluoride ion release
rate was measured using an ion-specific electrode to indicate the
chemical degradation rate of the membrane. In Fig. 2(b), the mem-
brane having a thickness of 70 pm has a higher FER value, rang-
ing from 1.37 and 0.012 mg/g than membrane having thickness 50,
25, and 10 pum at 80 and 25 °C. The FER value for membrane hav-
ing thicknesses 50, 25, and 10 pm are 1.065 and 0.0092, 1.04 and
0.0055 and 0.86 and 0.0069 mg/g. The obvious distinction of the
FER is between four different membranes having different mem-
brane thickness, which may lead to different hydrogen permeabil-
ity during fuel cell operation condition. Thus, it can be correlated
that the production of fluoride ions after interaction with hydroxyl
radicals and hydroperoxyl radicals increases with an increase in
membrane thickness.

The effect of Fenton solution concentration on the degradation
of the Nafion membrane was evaluated by varying the Fenton solu-
tion concentration from 10 to 50 ppm using the 10% hydrogen per-
oxide solution as shown in Fig. 3. The concentration of fluoride
emission was found to increase with increasing Fenton solution
concentration up to 50 ppm, suggesting the formation of more radi-
cal ions at higher Fenton concentration, resulting in more mem-
brane degradation. The degradation of the Nafion membrane usually
takes place by hydroxyl and hydroperoxyl radicals generated by
the reaction of Fe** or Fe’* with hydrogen peroxide [19] in Egs. (5)
and (6):

Fe’*+H,0,—~>Fe** +HO'+HO (5)
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Fig. 2. (a) Effect of weight of Nafion membrane on fluoride emission rate measurement and (b) effect of Nafion membrane thickness on flu-

oride emission rate measurement.
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Fig. 3. (a) Effect of fenton concentration on fluoride emission rate measurement 25 °C and 80 °C, (b)-(e) XPS Cls, Ols, Fls and S 2s spectra
of different concentration of fenton solution (20, 30 and 40 ppm) at 80 °C and (f)-(i) FESEM image nafion membrane after FER with
different concentration of fenton solution (10, 20, 30 and 40 ppm) study at 80 °C.

Fe’*+H,0,—Fe* +HOO +H' ©)

According to the obtained results, 10 ppm was selected as the con-
centration value and it was used in the rest of the study because
the maximum concentration of radicals generated in fuel cell oper-
ating conditions cannot exceed the radical concentration gener-
ated from 10 ppm solution. When the FER experiment is performed
in high Fenton solution concentration, there is more chance of ex-
perimental error due to the existence of Fe™* in Fenton’s reagent
[20]. The impact of Fenton solution concentration (10, 20, 30, and
50 ppm) on the morphological damage of Nafion membrane was
analyzed using FESEM at 80 °C (Fig. 3(f)-(i)). The monitoring of
membrane damage by the pinhole and crack formation is a very
crucial step for monitoring gas leakage problems leading to cata-
strophic cell failure. Fig. 3(f)-(i) present the FESEM image of Nafion
membrane after FER experiment at different Fenton concentra-
tion. Some cracks are observed in the Nafion after the reaction and
the number of cracks increases with an increase in Fenton solu-
tion concentration. The crack is very small in the case of a 10 ppm
solution; however, the crack is around 20 um in a 50 ppm solu-
tion. This behavior can be related to extent of oxidation reactions
with the amount of reactive oxygen with changing Fenton solu-
tion concentration. Furthermore, XPS analysis was performed to
analyze the impact of the concentration of Fenton solution on the
C-F bond and structure of the Nafion membrane. Fig. 3(b) shows
the C 1s core-level spectra of Nafion membrane at different Fen-
ton concentrations. The peaks at around binding energy value
~284.2¢eV and 2782 €V are the characteristic peaks of carbon pres-
ent in CF, and C-CF or C-C configuration. It was seen that with
increasing the concentration of Fenton solution the intensity of the
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peak at 284.2 eV decreased, subsequently suggesting the oxidation
of fluorocarbon (-CF,n) backbone. On the contrary, the intensity
of the peak at 278.2 eV increased, indicating that the relative con-
centrations of C-C or C-CF configurations increased with increas-
ing Fenton solution concentration. This data suggest that fluorine
atoms are depleted from the Nafion backbone with increasing Fen-
ton solution concentration. Fig. 3(c) shows the O1s core-level spectra
for the Nafion membrane at different concentrations. With increas-
ing Fenton solution concentration, it was observed that the bind-
ing energy peak shifted to lower values. This shift in peak position
may arise from two factors: the formation of the oxo-bonded iron
complex along with the loss of -SO;H groups from the membrane
on the membrane surface. Fig. 3(d) shows the S,, element scan of
different membranes at around 163 eV, and the intensity of this
peak shows very minute variation with peak position remaining
unchanged with increasing Fenton solution concentration. This
pattern suggests loss of sulfur due to oxidation via radical at higher
Fenton concentration. The core-level spectra of F,, for different
membrane is shown in Fig. 3(e), showing a peak at binding energy
value of 684 eV. It can be seen that peak intensity substantially de-
creases with an increase in Fenton solution concentration, suggest-
ing a decrease in fluorine atomic content on Nafion background
with the increase in Fenton solution concentration. Thus, from the
above data, it can be concluded that at higher Fenton solution
concentration environment, the radicals generated may attack fewer
active bonds such as C-O and other side groups in the polymer.
So, to remove this interfering side reaction the Fenton solution,
concentrations must also be kept rather low so that the degrada-
tion mechanisms (or pathways) can be considered as representa-
tive of those occurring during fuel cell operation. A Fenton solution
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Fig. 4. (a) Effect of stirring speed on fluoride emission rate measurement at 25 °C and 80 °C and (b) schematic representation of a gas bubble
attached to fluoride selective electrode at stationary state and stirring state.

concentration of 10 ppm should be applied for obtaining the most
effective and reliable result for defining the durability of electrolyte
membrane using the ex-situ FER approach because in 10 ppm of
solution the amount of Fe** is appropriate to efficiently catalyze the
decomposition reaction of H,0, in free radicals and ensure signifi-
cant membrane degradation without producing other interfering
reactions.

Furthermore, a stationary condition for emitted fluoride concen-
tration measurement is the most unfavorable condition for FER
measurement because air bubble formation takes place around the
measuring electrode, which causes significant deviation in concen-
tration measurements. The results are shown in Fig. 4(a). The fig-
ure shows the impact of stirring speed while performing FER at
25°C and 80°C. It was observed that stirring has a very small
impact on the FER result and this impact can bring around 0.04%
and 4.9% error at 25°C and 80 °C in the results. Such moderate
speed gives a good homogeneity for the mixture suspension, while
high speeds may lead to a swirling flow with surface vortex forma-
tion and poor F ions distribution. Thus, for obtaining a reliable
and reproducible FER result the stirring speed should be main-
tained above 50 rpm. The results discussed above and the possible
reasons behind them have been elaborated on in Fig. 4(b). When
the fluoride ion-selective electrode was dipped into a fluoride-con-
taining Fenton solution, air bubbles were formed at the interface
of the fluoride selective electrode, resulting in the formation of the
concentration gradient. These are bubbles of gases that form a par-
tially negatively charged cloud around the electrode. Due to this
partial negative cloud, electrostatic interactions occur between the
negatively charged electrode and negatively charged F~ ions in the
solution. As a result of this interaction, a concentration gradient is
created that limits the kinetics of fluoride interaction with elec-
trodes, which overall leads to a deviation from the actual fluoride
ion concentration detection as shown in Fig. 4(b). Hence, to over-
come this issue, fluoride concentration is measured while stirring.
As a result of stirring while measuring, forced convection is cre-
ated at the electrode-solution interface, which will remove the phe-
nomenon of air bubble formation. Consequently;, no concentration

gradient is developed and the fluoride concentration detected is
reliable and reproducible in every sense. Hence, we have maintained
a stirring speed above 50 rpm as the selected stirring speed for all
measurements.

It has been already reported that membrane annealing at high
temperature has a significant impact on water channel free vol-
ume, backbone mobility; crystallinity, and proton conductivity. From
point of view of the high quantity of water uptake, mechanical prop-
erty, and proton conductivity, high-temperature annealing of Nafion
membranes is helpful for their application in the industrial PEM-
FCs. However, no report suggests the impact of membrane anneal-
ing on chemical durability [21]. Fig. 5(a) shows the relationship
between fluoride emission rates with varying annealing tempera-
tures of the membrane from 100 to 160 °C at 25°C and 80 °C.
Nafion membrane annealed at 100 °C has a lower fluoride emis-
sion rate in comparison to 150 °C annealed Nafion film, and a simi-
lar trend is obtained when the reaction is performed at 25 °C and
80 °C. This result suggests that the fluoride emission rate is depen-
dent on annealing temperature and it increases with an increase in
temperature. It was further found that the fluoride emission rates
had a very small decrease or almost no change as the temperature
was increased from 150 °C to 160 °C. Thus, we fixed 160 °C as the
annealing temperature for FER measurement. The results discussed
above and the possible reasons behind them have been elaborated
on in Fig. 5(b). Being thermally annealed above this transition tem-
perature, Nafion molecular chains retain sufficient mobility to rear-
range and pack themselves to form crystallites. The crystallites acting
as physical cross-links always reduce the mobility of Nafion molecu-
lar chains, thereby suppressing the swelling and water uptake of
overall Nafion membranes. During the water adsorption process,
water molecules may prefer to bind to the sulfonic acid groups
(-SO;H) via hydrogen bonds to form the hydronium ions (-SO5
(H;0)"). In the present study, results suggest that FER increases
with an increase in annealing temperature, which may be attributed
to the low quantity of water inside the water channel or it can be
said that the degree of dryness is much higher around the sul-
fonic acid group. Thus, radical ions can easily approach the polar

Korean J. Chem. Eng.(Vol. 38, No. 10)



2062
(a) z PH. :5 B anealing temp. factor{reaction temp. 25°C)
E 0011 [ Weight : 0.2g [l 20¢aling temp. factor(reaction temp. $0°C)
- ppm : 10ppm |
= stirring : S0rpm
~ hickness : 25 1.06
o thickness : 25pm 0
= 0010 f
T
° 0.79
o0 .
g
= 2
S 0009 b <)
= ]
£ |
= |
> 0.008; 1
=2 L]
= o008 ;
3 )
= Yo' .: *,
100 120 140 160

Anealing temp. of film(°C)

L5

0.9

0.6

0.3

0.0

A. Kumar et al.

(b) -SO,H -SO,H
Fluorocarbon Backbone Fluorocarbon Backbone
Water Bigcluster size 1 WakeE Low F-emission
-SO;H -SO;H

(1) Without High temperature Annealing

N
Fluorocarbon Backbone 'z L fuorocarbon Backbone
© Water = small clustersie - Water =
: 3 S soldonwrun IS HoP omon
RS 7\
M AN
-SO,H -SO,H

(11) With High temperature Annealing

Fig. 5. (a) Effect of annealing temperature on fluoride emission rate measurement and (b) schematic representation of water channel un-

annealed and annealed nafion membrane.

(a) g w:g:"o'zg |-reaction temp. factor |
pH : 5

1.2
= .
= ppm : 10ppm 1.06
= stirring : S0rpm
—
:n anealing : 160°C
= thickness : 2§
E 0.6 | thickness 1m
°
o0
g
=
2
2 041
ks
2 0.13
-g 0.009 0.036
S 00
=~

20 40 60 80

Reaction temp.(OC)

Cls Scan

—— 20°C 10ppm
—— 40°C 10ppm
—— 60°C 10ppm
—— 80°C 10ppm

(b)

Intensity(a.u.)

280
Binding Energy(eV)

— 20°C 10ppm
—— 40°C 10ppm
—— 60°C 10ppm
— $0°C 10ppm

Fls Scan

(d)

S2p Scan

(e)

Intensity(a.u)
Intensity(a.u.)

N L
630 3

Binding Energy(eV)

) N
165 75

Binding Energy(eV)

155

Fig. 6. (a) Effect of reaction temperature on fluoride emission rate measurement (b)-(e) XPS Cls, Ols, Fls and S 2s spectra of different reac-
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with of different reaction temperature (25 °C, 40 °C, 60 °C and 80 °C) for 10 ppm fenton solution.

group and the rate of chemical degradation is much higher as com-
pared to the film annealed at low temperatures [22]. Whereas in
low temperature annealed sample the water content inside the chan-
nel is high and the polar group is covered with a higher number of
water molecules. As a result, the radical ions cannot easily approach
the sulfonic group, resulting in a decrease in fluorine emission. This
annealing temperature, however, helps to increase the polymer
crystallinity, which improves the mechanical strength and conduc-
tivity significantly, as it brings the membrane to a stable equilib-
rium state [23].

October, 2021

The effect of reaction temperature on the fluoride emission rate
study of the Nafion membrane was studied at 25 °C, 40 °C, 60 °C,
and 80 °C with 10 ppm Fenton solution at pH=>5.0. The results are
demonstrated in Fig. 6. It was found that temperature exerts an
intense effect and the rate of fluoride emission was accelerated dras-
tically with a temperature rise. The concentration of fluoride emit-
ted rose from 0.009 mg/g to 1.06 mg/g as a result of increasing
temperature from 25 °C to 80 °C after 24 hours. Typical XPS stud-
ies of Nafion membrane after performing FER study with chang-
ing temperature were performed at 25 °C to 80 °C. The Cls core
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level XPS spectra (Fig. 6(b)) for the 25 °C samples showed less mod-
ification compared to the XPS spectrum at 80 °C, suggesting a lower
degree of degradation. However, Cls core level XPS spectra of 80 °C
showed a reduction in the intensity of carbon bands, suggesting
enhancement in polymer degradation with increasing tempera-
ture. Fig. 6(c) shows the Ols core-level spectra for the Nafion mem-
brane at the different reaction temperatures. With increasing reaction
temperature, the binding energy peak shifted to lower values. This
shift in peak position suggests the loss of -SO;H groups from the
membrane on the membrane surface. Fig. 6(d) shows the S,, ele-
ment scan of the different membrane at around 163 eV, and the
intensity of this peak showed very minute variation with peak posi-
tion remaining unchanged with increasing reaction temperature.
This pattern suggests loss of sulfur due to oxidation via radical at
the higher reaction temperature. The core-level spectra of F,, for
different membrane is shown in Fig. 6(e), showing a peak at bind-
ing energy value of 688 eV. It can be seen that peak intensity de-
creases drastically with an increase in reaction temperature, sug-
gesting enhancement in Nafion background degradation with an
increase in reaction temperature. Fig. 6(f)-(i) presents the FESEM
image of the Nafion membrane after the FER experiment at the
different reaction temperatures. Morphology evolution differs con-
siderably with increasing temperature in comparison to unreacted
Nafion membrane. The size and appearance of cracks increase with
an increase in reaction temperature. This significant enhancement
of fluoride emission, which is directly proportional to Nafion mem-
brane degradation, is mainly arising because higher temperatures
increase the rate of reaction for the Fenton reaction. By increasing
the temperature of the Fenton solution, hydrogen peroxide reacts
more rigorously with ferrous ions, increasing the generation of oxi-
dizing species such as HO and HOO ' radical.

CONCLUSION

This study revealed that the detection of fluoride concentration
is highly sensitive to the solution’s total ionic strength. The ionic
strength is dependent on several parameters, such as pH, stirring
speed, size of the membrane, the concentration of Fenton solution,
and the annealing temperature. To obtain a reliable and reproduc-
ible fluoride emission rate result, it is important to fix these parame-
ters in the area of PEMFC to examine the durability of the electrolyte
membrane. The used measurement conditions for the fluoride emis-
sion experiment were: the solution pH should be fixed at 5 to 5.5,
the weight of membrane 0.2 g, Fenton solution concentration 10
ppm, stirring speed 50 rpm, 80°C for reaction conditions, and
annealing temperature of 160 °C. It is essential to have the above-
provided parameters to be seriously considered to evaluate the life-
time of the Nafion-based electrolyte membrane, and this study will
help to decrease the discrepancy present in the FER result reported
in the literature in the area of PEMFC.
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