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Abstract: The application of proton-exchange membrane fuel cells (PEMFCs) in maritime transporta-
tion is currently in the spotlight due to stringent emissions regulations and the establishment of a
carbon trading system. However, salt in the marine environment can accelerate the degradation
of proton-exchange membranes (PEM), which are the core component of PEMFCs. In this study,
the effect of the NaCl concentration and temperature on the degradation of Nafion, the benchmark
PEMFC membrane, was analyzed ex situ by accelerated degradation using Fenton’s test. The mem-
brane properties were studied by mass change, fluoride ion emission, FTIR spectroscopy, and tensile
test. The results showed that the degradation of Nafion membranes increased with the increase in
temperature and NaCl concentration. Further studies revealed that Nafion produces C=O bonds
during the degradation process. Additionally, it was found that sodium ions replace hydrogen ions
in degraded Nafion fragments based on analysis of the weight change, and the rate of substitution
increases with increasing temperature. A better understanding of the degradation behavior of Nafion
in salty environments will lead to the advanced manufacturing of PEM for applications of PEMFCs
in maritime transportation.

Keywords: fuel cells; PEMFC; Nafion; marine environment; NaCl concentration; temperature;
degradation; Fenton’s test; maritime transportation

1. Introduction

Excessive emissions of greenhouse gases such as carbon dioxide (CO2), methane
(CH4), nitrous oxide (N2O), chlorofluorocarbons, ozone, etc., due to fossil fuel-sourced
energy consumption are causing global warming and other environmental calamities.
Internal combustion engines fueled by fossil fuels, particularly heavy fuel oil, the least
expensive but dirtiest of the available fuels, power 98% of the world’s ships [1]. The
maritime transportation greenhouse gas (GHG) emissions, including CO2, CH4, and N2O,
grew from 977 million tonnes in 2012 to 1076 million tonnes in 2018 (a 9.6% rise) [2].
This accounts for around 2.9% of the global emissions caused by anthropogenic activities,
and 98% of these are due to CO2 emissions. Moreover, maritime emissions contribute
14% and 16% of the global nitrogen oxides and sulfides emissions, respectively [2,3].
Consequently, the International Maritime Organization (IMO), the United Nations (UN)
agency regulating maritime transport, reached a landmark agreement to reduce GHG
emissions from ships in 2018, prompting researchers to look for an alternative energy
source for marine transportation.

Renewable energy sources such as wind and solar energy indisputably offer cleaner
and more sustainable alternatives to traditional fossil fuels. However, the intermittent
occurrence and uncertainty of these sources create major challenges to their stable opera-
tion as an energy source by end users. Proton exchange membrane fuel cells (PEMFCs),
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which transform the chemical energy of hydrogen into electrical energy only with water
production, present a stable energy source, given the fuels are stored efficiently. Due to its
high compactness and more efficient energy production without releasing pollutants or
CO2, PEMFC is considered a promising cleaner energy source for maritime applications.
Recently, there has been a considerable focus on using PEMFCs as energy sources on
marine vessels. A research vessel called Aranda’s electrical equipment was powered by a
165 kW PEMFC powertrain as part of the European Union’s (EU) Horizon 2020-funded
project MARANDA, which ran from 2017 to 2021 [4]. Another EU Horizon 2020-supported
project, HyShip (2021–2024), aims to design and build an innovative vessel (Topeka) pow-
ered by green liquid hydrogen through a 3 MW-PEMFC integrated with a 1 MWh battery
system. Germany’s Federal Ministry for Digital and Transport-funded project RiverCell
(2015–2022) designed and built a hybrid propulsion system including two PEMFC modules
(90 kW), three diesel generators, and two battery packs to be applied onboard an inland
passenger ship in Germany [5]. The world’s first passenger ship powered by PEMFCs, FCS
Alsterwasser, was unveiled in Hamburg in 2008. It has a 48 kW PEMFC system and can
accommodate 100 people at once [6].

The application of fuel cells in maritime transportation comes with specific challenges.
Unlike the PEMFCs used on land with an ambient environment, PEMFCs in marine condi-
tions are affected by the presence of slaty contaminants. Salts of sodium (Na), potassium
(K), calcium (Ca), and magnesium (Mg) are most abundant in the marine environment,
and hence, their effects on the performance of PEMFCs have been investigated. All investi-
gations in the literature can be divided into three main categories (i) in situ, in which the
contaminants are injected into the fuel cells via the fuel streams; (ii) ex situ, in which the
accelerated degradation of a separated fuel cell component is performed in the presence of
contaminants; and (iii) modeling, in which the degradation behavior and performance of
fuel cells are studied through simulations. The in situ method gives better control for emu-
lating the contamination of fuel cells under actual conditions, whereas an ex situ method
gives a better understanding of the reasons behind performance degradation, which is
crucial for the development of mitigation strategies.

Zhu et al. [7] studied the effects of in situ Mg2+ contamination on PEM fuel cell perfor-
mance and established that performance decreases with increased Mg2+ concentration and
operation time. Qi et al. [8] injected four cations, K+, Ba2+, Ca2+, and Al3+, as contaminants
into the PEMFC and found performance degradation mainly due to an increase in mem-
brane resistance associated with cations replacing protons on the sulfonate groups. The
effect of Ca2+ was probed in situ by injecting the aqueous solution of calcium sulfate into
the cathode of a PEMFC using a nebulizer, and a 5–10 ppm concentration of Ca2+ resulted
in performance and membrane degradation [9]. Among all cations present in marine
water, Na+ has the highest concentration. Therefore, studies investigating the effects of
Na+ have comparatively more coverage in the literature. Zhang et al. [10] used molecular
dynamics simulation to determine how the presence of Na+ and Ca2+ affects the transport
performance of the Nafion membrane. They found that the presence of Na+ and Ca2+

greatly lowers the diffusion coefficients of H3O+ and H2O, and increasing temperature
increases the diffusion coefficients and interaction between the cations and the sulfonic
groups. Hongsirikarn et al. [11] investigated the effect of cations Na+, Ca2+, and Fe3+

on the conductivity of a Nafion membrane and found that these contaminants severely
deteriorated the conductivity. Sasank et al. [12] analyzed the performance of PEMFC under
NaCl environments and determined that NaCl is a more severe contaminant than NOx and
SOx, which are major contaminants for fuel cells operating in land regions. When PEMFC
was run for 48 h in such an environment, they observed a 60% performance reduction as a
result of NaCl vapor poisoning. In another study, when 1 M NaCl solution was injected at
1 mL/min into the cathode side air stream of an operating PEMFC, an irrecoverable 33%
performance loss in ca. 100 h at 0.6 V was observed [13]. However, ex situ investigations
to gain a better insight into the degradation behavior of PEM under salty environments
are crucial for advanced manufacturing of robust PEM to be used in PEMFCs for marine
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transportation. Moreover, the mechanical properties of membranes, which also worsen
with degradation, have often not been given due attention in literature while studying the
effect of different contaminants on fuel cell degradation.

Here, we investigate the effects of NaCl concentration and temperature on the degra-
dation of Nafion by ex situ accelerated degradation using Fenton’s reagents. The membrane
properties after Fenton’s test at different temperatures with various NaCl concentrations are
studied by mass change, fluoride ion emission rate, and FTIR spectroscopy. Furthermore,
the mechanical properties of membranes are examined using tensile testing.

2. Materials and Methods
2.1. Materials

Nafion perfluorinated membrane (NR-212, thickness 50.8 µm), iron (II) sulfate hep-
tahydrate, and sodium chloride (NaCl, a.r.) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Hydrogen peroxide (H2O2, 35 wt%, a.r.) and sulfuric acid (95–97%) were
supplied by Chemlab-Analytical (Zedelgem, Belgium). Ultrapure water (MQ, 18.2 MΩ·cm
@ 25 ◦C) was obtained using the Merck water purification system. All reagents were used
as received.

2.2. Methods
2.2.1. Membrane Pretreatment

Nafion membranes were pretreated before accelerated degradation according to the
procedure reported previously [14]. Briefly, the membrane was cut into 2.5 × 2.5 cm pieces
(optimized for sufficient fluoride ion emission to be detected). Then, the membranes were
boiled successively in 3% hydrogen peroxide solution, distilled water, 1.0 M sulfuric acid
solution, and distilled water for 1 h each as a swelling pretreatment. The purpose of the
pretreatment is to enhance the connection between the hydrophilic channels and to provide
protons as counterions to the sulfonate groups [15,16].

2.2.2. Accelerated Degradation via Fenton’s Test

There are two main methods to study the degradation of Nafion membrane by Fenton’s
type reaction. In the first method, called the solution method, membranes are directly
exposed to a solution of hydrogen peroxide and Fe2+ ions. The second method is called the
exchange method, in which Fe2+ ions are introduced into the membranes by ion exchange
before they are exposed to hydrogen peroxide [17]. In our study, the exchange method was
adopted to investigate the effect of NaCl independently. Fe2+ ions were exchanged into
Nafion membranes by immersing the sample into 0.1 M Fe2+ solution for 24 h, followed
by thorough rinsing with ultrapure water before the degradation test [14]. Two sets of
accelerated degradation experiments were designed. First, to investigate the effect of Na+

concentrations, Fe2+-exchanged Nafion membranes were immersed in 20 mL of 30% H2O2
solutions with NaCl concentrations of 0, 10, 20, 30, 35, 40, and 50 g/L. The temperature of
this set of experiments was set at 70 ◦C, which is ca. the optimal operating temperature
of the PEMFC. Second, to investigate the effect of temperature, Fe2+-exchanged Nafion
membranes were immersed in 20 mL of 30% H2O2 solutions at 30, 40, 50, 60, 70, and 80 ◦C
with a fixed NaCl concentration of 35 g/L. The concentration of NaCl in these experiments
was fixed at 35 g/L to resemble the salinity of seawater [18].

2.2.3. Degradation Analysis and Characterization

Nafion membrane degradation was analyzed by (i) measuring the change in mass
of the sample before and after Fenton’s test, (ii) fluoride emission from the membrane
into the solution, (iii) the change in chemical nature by attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR, PerkinElmer, Waltham, MA, USA), and (iv) the
change in tensile yield strength and Young’s modulus. Fluoride emission was measured
by ion chromatography (IC, Metrohm 883 Basic IC plus, Herisau, Switzerland), and a
negligible amount of liquid sample was collected from the solution, diluted properly,
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and measured for fluoride concentration. All IC samples were treated with UV light at a
wavelength of 254 nm for two hours to decompose unreacted H2O2 to avoid interference
with fluoride measurement by IC. Tensile testing was performed with a Deben micro tensile
tester. Membrane samples were cut to a width of 0.5 cm and a length of 2.5 cm, then placed
in the tensile tester. The stress–strain data were generated using a 0–200 N load cell with
the applied strain rate of 2 mm/min at room temperature. Tensile yield strength (σ) and
Young’s modulus (E) were calculated using Equations (1) and (2), respectively:

σe = Fe/A (1)

E =
σe

εe
=

Fe/A
∆L/L0

(2)

where Fe is the force where permanent non-elastic deformation of the sample begins, A
is the cross-sectional area of the sample, and εe is extension per unit length at Fe. εe is
calculated as the ratio of ∆L and L0, where L0 is the initial length of the sample, and ∆L is
the difference in L0 and the length of the sample at the yield point.

3. Results and Discussion
3.1. Effect of NaCl Concentration

Fe2+-exchanged Nafion membranes were subjected to an ex situ accelerated degrada-
tion test in 30% H2O2 solutions with NaCl concentrations of 0, 10, 20, 30, 35, 40, and 50 g/L
at 70 ◦C, the optimal operating temperature of the PEMFC. Studies on the degradation
mechanisms of ion exchange membranes in a fuel cell show that a variety of reactive
oxygen free radicals, mostly hydroxyl radicals, attack the polymers and cause the main
damage [14,19]. The objective of the ex-situ accelerated degradation test is to achieve
long-term degradation effects in a shorter amount of time. Hence, Fenton’s reagents are em-
ployed by combining hydrogen peroxide with Fe2+ catalysts to produce radicals according
to the following reactions:

H2O2 + Fe2+ → HO• + OH− + Fe3+

Fe2+ + HO• → Fe3+ + OH−

H2O2 + HO• → HO2• + H2O

Fe2+ + HO2• → Fe3+ + HO2−

Fe3+ + HO2• → Fe2+ + H+ + O2

Changes in Nafion membranes in terms of their mass, chemical nature, and mechanical
properties were monitored after 24 h of Fenton’s test. In addition, fluoride emissions in the
test solution were measured at several time intervals.

3.1.1. Mass Change and Fluoride Emissions

The mass change in the Nafion membrane and fluoride ion emission from the polymer
chain is often associated with chemical degradation [17]. The mass of the membranes
showed a decrease after 24 h of accelerated ex situ degradation in Fenton’s reagent with 0
and 10 g/L NaCl concentrations. At NaCl concentrations higher than 10 g/L, the mass of
the membrane starts to increase as the concentration increases. However, the mass of the
membrane starts gradually decreasing above 35 g/L NaCl concentrations with respect to
the mass of the membranes treated with lower NaCl concentrations (Figure 1a). For the
fluoride emissions, the cumulative fluoride concentration in the test solution continuously
increases with time. The quantitative fluoride emission was found to be higher with higher
NaCl concentrations (Figure 1b). Earlier studies on the ex situ accelerated degradation have
reported only the loss in membrane mass with time at different test conditions mostly due
to fluoride emissions [14,20,21]. In the comparable test conditions without NaCl, a 5% mass
loss was observed, which is in agreement with our findings [17]. However, the increase
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in mass at higher NaCl concentrations, despite continuous fluoride emission, is peculiar.
The three stages in the mass change trend are: (1) a decrease for 0 and 10 g/L NaCl, (2) an
increase for 20, 30, and 35 g/L NaCl, and (3) a stabilizing trend at higher concentrations,
which can be explained by the chemistry of the degradation test. The decrease in the mass
of the membrane in the absence of NaCl is associated with fluoride loss. In the presence of
NaCl, two mechanisms could take place. First, the substitution of Fe2+ in the exchanged
membrane by Na+, owing to its higher reactivity, contributes to mass loss. Second, the
replacement of hydrogen by Na+ in the hydroxyl group of degraded fragments of Nafion
membranes contributes to mass increment. At a low NaCl concentration of 10 g/L, the first
mechanism is dominant, leading to overall mass loss, and as the concentration increases,
the second mechanism becomes dominant even to overcome the mass loss due to fluoride
emission, resulting in membranes with increased mass. The trend towards stabilization
at NaCl concentrations higher than 35 g/L suggests that the sodium ion content of the
membrane reaches saturation. As a result, the replacement hydrogen ions in the membrane
are no longer influenced by the concentration of NaCl.
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Figure 1. The effects of NaCl concentrations on the degradation behavior of Nafion: (a) mass change
(%) with respect to the initial mass of the Nafion membrane after 24 h ex situ Fenton’s test with
different NaCl concentrations; (b) cumulative fluoride concentration (ppm) in the Fenton’s test
solution with time.

3.1.2. Changes in Chemical Properties

To investigate the effect of the NaCl concentration on the chemical structure of Nafion
membranes, FTIR analysis was conducted. The FTIR spectra of Fenton’s tested Nafion
membrane show peaks at ~1720, ~1100, ~1020, and ~970 cm−1 associated with C=O stretch-
ing, CF2 stretching, S–O stretching, and C–O–C stretching, respectively (Figure 2) [14,17].
Proton conduction is an essential property of PEM used in PEMFC, which is achieved
by proton-hopping and diffusion mechanisms [22]. In the proton-hopping mechanism, a
proton hops from one hydrolyzed site (−SO3H groups) to another site through the mem-
brane, whereas in the diffusion mechanism, protonated water (H3O+) diffuses across the
aqueous medium in response to the electrochemical difference. The change in the chemical
structure of the membrane greatly affects both mechanisms, leading to deteriorated proton
exchange, and hence a decline in the PEMFC performance. The FTIR peak associated
with S–O stretching of sulfonic acid (SO3H) groups, which are mainly responsible for the
proton conduction of the Nafion membrane, shows a declining trend with an increasing
NaCl concentration (Figure 2a). The reduced transmittance peaks of the sulfonic group at
higher NaCl concentrations suggest the deterioration of this group. Earlier studies have
shown that transmittance peaks of the sulfonic group could be enhanced by crosslinking
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these groups using UV irradiation, resulting in improved proton hopping, and hence better
proton conductivity of the membrane [22,23]. The location and width of the transmittance
peak associated with the S–O stretching of the sulfonic acid (SO3H) group are sensitive
to the presence and type of counteractions due to an induced polarization of S–O dipoles
in the sulfonate group by the electrostatic field of the adjacent cation [24]. CF2 bonds
located in the main chain are responsible for providing mechanical and thermal stability.
The transmittance peak associated with CF2 stretching shows a declining trend. A similar
decreasing trend can be seen in the transmittance peaks of C–O–C bonds (Figure 2a). The
reduced transmittance peaks associated with CF2 and C–O–C bonds indicate the decline in
the relative content of these bonds in the material, as suggested by the fluoride emission
data [25]. Interestingly, the peaks associated with C=O at wavenumber ~1720 cm−1 show
an increasing trend with increasing NaCl concentrations, indicating enhanced content of
this functional group (Figure 2b). Previous studies have suggested that degradation of
Nafion membranes could occur via main chain unzipping and side chain scission in the
presence of hydroxyl radicals to generate C=O bonds [26].
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Figure 2. FTIR spectra of Nafion membranes after ex situ accelerated degradation in the presence of
different NaCl concentrations: (a) for wavenumber ranging from 900–1150 cm−1; (b) for wavenumber
ranging from 1550–1750 cm−1.

3.1.3. Changes in Mechanical Properties

The degradation of Nafion causes changes in both the morphology and structure of
the membranes. Therefore, a decrease in the physical properties, especially the mechanical
properties of the membrane, is expected [17,27]. Yield tensile strength is the maximum
stress that can be applied to a ductile material before permanently deforming it. The yield
strength of Nafion membranes that undergo Fenton’s test for 24 h decreases with increasing
NaCl concentrations in the test solution (Figure 3a). Young’s modulus of a material is a
fundamental property of the material that cannot be changed at a particular temperature
and pressure unless the material degrades and density changes, which makes Young’s mod-
ulus an important parameter in studying material degradation. As the NaCl concentration
increased from 0 to 50 g/L in the Fenton’s test solution, Young’s modulus of the membranes
decreased by only about 6.5% in a 24 h accelerated degradation test (Figure 3b). The degra-
dation of Nafion membranes is caused by the attack of hydroxyl radicals, which results in
the unzipping of the main chain and scission of side chains, leading to fewer chain entangle-
ments and a lower molecular weight of the polymer chains. This, in turn, can increase the
mobility of the chains when mechanical loading is applied, and a lower Young’s modulus
is observed. The amount of CF2 bonds in the main polymer chain decreases with increasing
NaCl concentration, as shown in the fluoride emission data (Figure 1b) and FTIR spectra
(Figure 2a), and C–O–C bonds’ breakage could be an explanation of why Young’s modulus
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decreases with increasing temperature and NaCl concentration. An earlier study indicated
that the introduction of cations into the Nafion membranes by ion exchange could increase
Young’s modulus of the membrane [28]. However, in our study, membranes underwent
an accelerated degradation test after ion exchange. Thus, even though there could be a
possibility of an increase in Young’s modulus due to cation exchange, the decrement caused
by degradation is higher. Moreover, Young’s modulus of Nafion membranes is influenced
by the ionic radius of the cation and increases with increasing ionic radius [29]. Sodium
ions have a relatively small ionic radius among alkali metals, so the effect of introducing
sodium ions into the Nafion membranes on Young’s modulus is not significant compared
to that due to degradation caused by hydroxyl radicals.
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Figure 3. Mechanical properties of the membrane after ex situ degradation test with Fenton’s reagent:
(a) tensile yield strength (MPa) of membranes tested in the presence of different NaCl concentrations;
(b) Young’s modulus (MPa) of membranes tested in the presence of different NaCl concentrations.

3.2. Effect of Test Temperature

To investigate the effect of temperature, Fe2+-exchanged Nafion membranes were
subjected to an ex situ accelerated degradation test in 30% H2O2 solutions with fixed NaCl
concentrations of 35 g/L at temperatures 30, 40, 50, 60, 70, and 80 ◦C. Hydroxyl radicals
are produced in Fenton’s test solution according to the reactions mentioned in Section 3.1.
Changes in Nafion membranes in terms of their mass, chemical nature, and mechanical
properties were monitored after 24 h of Fenton’s test at different temperatures. In addition,
fluoride emissions in the test solution were measured at several time intervals.

3.2.1. Mass Change and Fluoride Emissions

At a temperature of 30 ◦C and a NaCl concentration of 35 g/L, the membrane shows a
decrease in mass after 24 h of degradation in Fenton’s test. However, with the increase in
temperature, the mass of the membrane does not show a greater decrease; on the contrary,
it shows an increasing trend (Figure 4a). The trend of mass change is similar to that
with an increasing NaCl concentration (Section 3.1.1), though at a higher temperature, the
mass change is more severe compared to a higher NaCl concentration. As discussed in
Section 3.1.1, in the presence of NaCl, two mechanisms are associated with mass change of
the membrane. First, the substitution of Fe2+ in the exchanged membrane by Na+ due to
its higher reactivity contributes to mass loss. Second, the replacement of hydrogen by Na
in the hydroxy group of degraded fragments of Nafion membranes contributes to a mass
increment. At low temperatures, the first mechanism is dominant and, along with fluoride
emission, results in the mass loss of the membrane. In contrast, at higher temperatures,
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the fluoride loss is severe (Figure 4b), and so is the degradation and formation of hydroxy-
containing fragments. Consequently, as the temperature increases, the second mechanism
becomes dominant, resulting in membranes with increased weight. Moreover, studies have
shown that the increase in temperature can increase the interaction between the cations
and the functional groups in the membrane while limiting their interaction with water
molecules [3].
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Figure 4. The effects of temperature on the degradation behavior of Nafion: (a) mass change (%)
with respect to the initial mass of the Nafion membrane after 24 h ex situ Fenton’s test at different
temperatures; (b) cumulative fluoride concentration (ppm) in the Fenton’s test solution with time;
the horizontal axis of the graph is not linear.

As for the fluoride emission, the cumulative fluoride concentration continuously
increases with time at all temperatures, as was the case with different NaCl concentrations
(Figure 4b). However, the extent of fluoride emission is much greater at higher temperatures.
Several studies have highlighted that the emission rate of fluoride ions remains constant
with reaction time [17,21,30], whereas some indicated that the concentration of fluoride
ions in solution increases exponentially with reaction time and reaches saturation after
230 min and 120 min at 90 ◦C and 95 ◦C, respectively [31]. In our study, we found that
the rate of fluoride emission is independent of the reaction time after the first hour of the
degradation test. There could be several causes of differences in kinetics. We used H2O2
with stabilizers, which causes the hydroxyl radicals to be released slowly, unlike the one
without the stabilizers, which reacts strongly. Some researchers have concluded that after
a period of time, the solution is saturated with fluoride ions, and due to the absence of
stabilizers, H2O2 is rapidly consumed. Kundu et al. [17] chose to change the H2O2 solution
every 24 h when performing a 96 h Fenton’s test for the degradation of Nafion membranes
and reported that the rate of release of fluoride ions did not change with the change in
reaction time.

3.2.2. Changes in Chemical Properties

As mentioned in Section 3.1.2, proton conduction is an essential property of PEM
used in PEMFC, which is achieved by proton-hopping and diffusion mechanisms [22]. It is
believed that at low to medium temperatures (25–55 ◦C), proton hopping predominates,
whereas diffusion mechanisms predominate at higher temperatures (85 ◦C). Therefore, the
study of chemical changes in the membrane at different temperatures could provide insights
into both the proton conduction and degradation behavior. The FTIR peak associated with
S–O stretching of sulfonic acid (SO3H) groups shows a declining trend as the temperature
of Fenton’s test increases (Figure 5a). The transmittance peak associated with CF2 stretching
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shows a declining trend with increasing temperature. A similar decreasing trend can be
seen in the transmittance peaks of C–O–C bonds (Figure 5a). The peaks associated with
C=O at wavenumber ~1720 cm−1 show an increasing trend with increasing temperature,
indicating greater content of this functional group (Figure 5b). The reduced transmittance
peaks associated with CF2 and C–O–C bonds and enhanced peaks associated with C=O
indicate the chemical degradation of the membrane, as explained in Section 3.1.2.
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Figure 5. FTIR spectra of Nafion membranes after ex situ accelerated degradation at different
temperatures: (a) for wavenumber ranging from 900–1150 cm−1; (b) for wavenumber ranging from
1550–1750 cm−1.

3.2.3. Changes in Mechanical Properties

The yield tensile strength of the Fenton-tested Nafion membranes decreases as the
temperature of the accelerated degradation test increases (Figure 6a). The effect of NaCl
concentrations on yield strength is the same as that on Young’s modulus, and it is the same
case with temperature. The Young’s modulus of the membrane decreases with increasing
temperature (Figure 6b), possibly due to both these mechanical properties being influenced
by the physical crosslinking effect that occurs in the ionic clusters [17]. Based on our study,
it could also be deduced that high temperature has more severe effects on mechanical
properties and chemical degradation compared to high NaCl concentrations.
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Figure 6. Mechanical properties of the membrane after ex situ degradation test with Fenton’s reagent:
(a) tensile yield strength (MPa) of membranes at different temperatures; (b) Young’s modulus (MPa)
of membranes tested at different temperatures.
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4. Mechanism of Degradation

Using all observations made in our study, the degradation mechanism of Nafion in the
presence of NaCl can be proposed. In the first step, the Nafion membrane is ion-exchanged
with Fe2+, which is replaced with Na+ during the Fenton test in the presence of NaCl
(Figure 7). This was referred to as the first mechanism that causes mass loss among two
mechanisms that are responsible for the mass change of Nafion membranes (Section 3.1.1).
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Figure 7. The schematic mechanism of ion exchange of Nafion membrane with Fe2+ followed by
replacement of Fe2+ with 2 Na+ during Fenton’s test in the presence of NaCl.

There are mainly two ways of Nafion degradation caused by hydroxyl radicals: the
main chain unzipping process and the side chain scission process. The main chain un-
zipping process starts from weak end groups such as –CF2COOH, –CF2H, and –CF=CF2
that are generated during the polymer manufacturing process [20]. After initial contact
with a hydroxyl radical, a COOH group is formed, from which the main chain unzipping
starts (Figure 8) [27]. The process is initiated by the extraction of carboxylic hydrogen
by HO•, followed by the fragmentation of the intermediate radical species to produce a
fluoro-radical [32]. The other products of this degradation process of Nafion are CO2, HF,
and a carboxylic group containing fragments. The H in the carboxylic group is replaced by
Na+, and this process causes the increment in the mass of the membrane, which is referred
to as the second mechanism responsible for the mass change of the Nafion membrane in the
presence of NaCl (Section 3.1.1). HF is produced by CF2 bond breakage, and therefore, the
intensity of FTIR transmittance peaks associated with the CF2 bond decreases. Similarly,
the intensity of FTIR transmittance peaks associated with C=O increases because of the
carboxylic group containing degraded fragments.

In the side chain scission process, the carbon-oxygen-carbon (C–O–C) group decom-
poses. If a suitably stable radical can be produced, a variety of radical substitution reactions
for the breakdown of the C–O–C group may be conceivable. At the increased free radi-
cal concentration, the C–O–C group is attacked and most likely generates a fragmented
fluoro-radical. The other product of this decomposition finally produces a carboxylic group
containing fragments (Figure 9). As in the first process, H in the carboxylic group could
be replaced by Na+, and this process causes an increment in the mass of the membrane.
This process of Nafion degradation is more complex, since the reaction is moderate and
only noticeable after long-term operation. Moreover, the side chain scission process can be
initialized during extremely dry conditions, although the degradation can be propagated
through the unzipping process during moderately wet conditions [26]. According to our
FTIR spectra observations (decrement in the intensity of peaks associated with CF2 and
C–O–C), both processes of degradation are likely to occur in our experiments. Given the
FTIR spectra show a decrement in the intensity of transmittance peaks of S–O groups, a
radical attack on sulfonic acid moiety is expected.
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5. Conclusions

We investigated the effects of NaCl concentration and temperature on the degradation
of Nafion membrane by ex situ accelerated degradation using Fenton’s reagents. We found
that the mass of the membrane does not consistently decrease with different NaCl concen-
trations, as it does in Fenton’s test in the absence of NaCl. The mass of Fenton’s tested
membranes increases in the case of a high NaCl concentration and high temperature. Mass
changes of the membrane are associated with the H ion replacement by Na+ in the car-
boxylic group containing degraded fragments. The cumulative fluoride ion concentration
in the test solution continually increases with time with an increasing NaCl concentration
and temperature at a constant rate of emission from the membrane with time. The FTIR
spectra revealed that the intensity of peaks associated with CF2, C–O–C, and S–O decreased
as the NaCl concentration and the temperature increased. The decrement in peaks asso-
ciated with these bonds suggests the radical attack via main chain unzipping, side chain
scission, and attack on the sulfonic acid moiety. The intensity of the FTIR peak associated
with C=O increases with increasing NaCl concentration and temperature, indicating in-
creased degradation. The yield tensile strength and Young’s modulus of Nafion membranes
both decrease with increasing temperature and NaCl concentration, which is attributed
to the degradation of the Nafion membranes resulting in the detachment of side chains,
causing a decrease in the molecular weight of the polymer and a reduction in entanglement.
Comparatively, increasing temperatures showed a more severe effect on the degradation of
the membrane than increasing NaCl concentrations. Nevertheless, the presence of NaCl
accelerates the degradation of Nafion, and for the advantageous applications of PEMFCs in
marine transportation, membrane systems that are more resistant to salty conditions could
be envisioned.
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