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bstract

A two-cell theory is developed to measure proton exchange membrane (PEM) resistance to proton flow during conduction through a PEM fuel
ell. The theoretical framework developed herein is based upon fundamental thermodynamic principles and engineering laws. We made appropriate
orrections to develop the theoretical model previously proposed by Babu and Nair (B.V. Babu, N. Nair, J. Energy Edu. Sci. Technol. 13 (2004)
3–20) for measuring membrane resistance to the flow of protons, which is the only ion that travels from one electrode to the other through the
embrane. A simple experimental set-up and procedure are also developed to validate the theoretical model predictions. A widely used commercial
embrane (Nafion®) and several in-house membranes are examined to compare relative resistance among membranes. According to the theory,

esistance of the proton exchange membrane is directly proportional to the time taken for a specific amount of protons to pass through the membrane.

second order differential equation describes the entire process. The results show that theoretical predictions are in excellent agreement with

xperimental observations. It is our speculation that the investigation results will open up a route to develop a simple device to measure resistance
uring membrane manufacturing since electrolyte resistance is one of the key performance drivers for the advancement of fuel cell technology.

2007 Elsevier B.V. All rights reserved.

; pH

s
T
e
g
a
c
a

t
c
t
t
e
f

eywords: Proton exchange membrane; Electrolyte resistance; Two-cell theory

. Introduction

Environment pollution from fossil fuel combustion has
esulted in health problems in many urban areas and also
ontributed significantly to the accumulation of atmospheric
reenhouse gases, resulting in detrimental global climate
hanges. The increasing consumption of finite fossil fuel
eserves is alarming and provides motivation to search for alter-
ative fuels and energy sources for sustainable development and
nvironmental protection. Fuel Cell (FC), an electrochemical
evice, having almost no emission except for water and heat as
y-product, is a promising candidate for a potential alternative,
enewable, clean and energy efficient power source. Among dif-
erent types of fuel cells [2] – proton exchange membrane fuel

ell (PEMFC) is a good candidate for providing an alternative
nd sustainable clean energy for remote power supplies, potable
ower devices, stationary power generations, automotive power
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ystems and a wide range of transportation applications [3–4].
he commercial success of PEMFCs depends more on their cost
ffectiveness as compared to other energy conversion and power
eneration devices. Cost reduction of PEM fuel cells can be
chieved by enhancing performance, i.e. achieving high-energy
onversion efficiency and power density, and lowering material
nd fabrication costs.

In PEMFCs, a membrane (electrolyte) is required to separate
he chemical reactions at the electro-catalytic porous anode and
athode electrodes [2]. Humidified hydrogen is usually fed at
he anode and humidified air/oxygen is fed at the cathode. At
he anode, hydrogen molecule splits into two protons and two
lectrons. The electrons are directed through an external circuit
or useful electric work before they reach the cathode electrode
or participating in the chemical reactions. The protons travel
hrough the membrane by diffusion to the cathode for the electro-
hemical reactions to take place. Since the important ingredient

f PEM fuel cells is protons which migrate through the mem-
rane, a successful fuel cell membrane must allow protons to
ove freely at a minimum resistance. This requirement has led
any researchers to focus on cation exchange membranes [5].

mailto:sdas@kettering.edu
dx.doi.org/10.1016/j.jpowsour.2007.08.066
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Nomenclature

C concentration [mol m−3]
L length of the membrane [mm]
N flux [mol cm−3 s]
r total resistance [ohms]
R membrane resistance [Ohms]
t time [min]
T total time [min]
w weight of the membrane [g]
ξ solution resistance [ohms]
τ mass transfer coefficient

subscripts
a acid cell
am acid cell–membrane interface
f final
mw membrane–water cell interface
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hese membranes have fixed anionic charges which often per-
it easy proton transport. The most commonly used polymer has

een a perfluorinated sulfonic acid membrane best known by its
rade name Nafion® [6]. The wide acceptance of this polymer
s due to its specific characteristics such as chemically stable
ydrophobic matrix filled with hydrophilic sulfonic acid clus-
ers [5–7]. However, it is important to ensure that the membrane
esistance does not increase excessively with cell current, even
t current densities as high as 3 A cm−2 [8].

A successful membrane must not only conduct protons, but
lso have minimum resistance to prevent ohmic losses as well
s efficiently prevent fuel transport through it to minimize the
uel loss, best known as fuel cross-over [2]. One of the key
erformance drivers for PEM fuel cell is the resistance of the
embrane [2]. Because electrolyte is the medium through which

rotons produced at one electrode migrate to the other electrode
n order to complete the electric circuit. The passage of ions
ithin a phase of finite resistance gives rise to a voltage loss

eferred to as ohmic polarization [2]. Regardless of whether one
onsiders the membrane to be the solid polymer in a proton
xchange membrane (PEM) fuel cell, a high-temperature ioni-
ally conductive oxide in a solid oxide fuel cell (SOFC) or an
cid-soaked matrix in phosphoric acid fuel cell (PAFC), mem-
rane resistance is an important metric for fuel cell performance
2–4]. This article illustrates the development of a theoret-
cal framework to efficiently measure membrane resistance
ithin a fuel cell based on rigorous science and engineering

aws.
Various experimental techniques are used for measurement of

embrane resistance [9–10], such as: (i) current interrupt (iR),
ii) AC resistance, (iii) electrochemical impedance spectroscopy
EIS), and (iv) high-frequency resistance (HFR). Unfortunately,

embrane resistance cannot be measured directly by conven-

ional DC methods when installed in a fuel cell, nor can DC
ethods isolate electrolyte resistance from polarization resis-

w

∇
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ance [2]. The experimental methods mentioned above are not
ccurate enough with each having advantages and disadvan-
ages [2,10] and also complicated to implement at the membrane

anufacturing stage. This study, therefore, explores a simple
quipment requirement and measurement technique supported
y a rigorous theoretical model to measure the membrane resis-
ance at the manufacturing level.

The membrane resistance is a particularly important mea-
ure of single fuel cell (or fuel cell stack) electrical performance
ince it quantifies internal cell losses. It is desirable to mon-
tor membrane resistance during membrane development and

anufacturing of fuel cell stacks because ohmic losses generate
aste heat that must be removed from the fuel cell, resulting

n a decrease in overall electrical efficiency. In addition, since
he fuel cell current densities are quite high compared to other
lectrochemical processes, even a very low ohmic resistance
milliohm) has a significant effect on over all fuel cell effi-
iency [2]. The resistance offered to proton flow in a fuel cell
s primarily due to the membrane [11]. Besides membrane, the
lectrode–membrane interface also has a contribution to the over
ll cell resistance. But compared to the membrane resistance to
rotons flow, the interface resistances are very negligible [2–4].
ence, the main objective of this study is two-fold: (i) to develop
correct theoretical framework eliminating ambiguities in pre-
ious model [1] to measure the resistance of a proton exchange
embrane based on proton flow, as it is the only ion that migrate

rom one electrode to the other, and (ii) to develop a cost effec-
ive simple equipment set-up for the accurate validation of the
heoretical model by experiment. The organization of this paper
s as follows: details of theoretical model development are dis-
ussed in Section 2, experimental set-up is addressed in Section
, results and discussions are given in Section 4. Concluding
emarks are finally presented in Section 5.

. Theoretical model to measure membrane resistance
ased on proton flow

We use the profiles of protons flow between two cells to mea-
ure the resistance of proton exchange membrane. A schematic
f protons flow profile through the proton exchange membrane
n the conductivity cell (electrolyte phase) together with the con-
entration profiles of protons in the acid and water phases are
resented in Fig. 1. To minimize the complexity of the mathemat-
cal model, we assume that the protons concentration gradient
an be approximated by a single-step linear difference between
he concentration at the cells and interfaces. Therefore, the molar
ux of protons in the acid cell towards the membrane can be
xpressed as the mass transfer coefficient in the acid, τa, multi-
lied by the concentration gradient [12]:

= τa∇Cac, (1)

N = τam(Ca − Cam), (2)
here

Cac = (Ca − Cam)

ξa
, (3)
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Fig. 1. Schematic of concentration profiles of protons in the acid and water
cells. Ca is the proton concentration in bulk of acid phase, Cw is the proton
concentration in bulk of water phase, C is the proton concentration on the
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nterface of acid and membrane phase, Cmw is the proton concentration on the
nterface of membrane and water phase, R is the resistance of membrane to
roton flow. All the concentrations, C′s, vary with time.

am = τa/ξa denotes the modified mass transfer coefficient.
ere, we considered solution resistance to protons flow in

cid cell, ξa, for accurate calculation of resistance which was
eglected in [1].

We further assume that the resistance offered to protons
ow by the proton exchange membrane can be modeled as
esistor, with resistance R, which has a potential difference of
Cam − Cmw) across the membrane (see Fig. 1). We assume that
he number of protons leaving the acid cell per unit time equals
he molar flux of protons through the membrane i.e. flow of pro-
ons satisfy the steady state condition. Thus, according to Ohm’s
aw, V = IR, we obtain:

R = Cam − Cmw, (4)

here the molar flux (proton flow – similar to electron flow), N,
s analogous to the current flow.

Similarly for the water cell, we assume that there is no
ccumulation of protons in the membrane, i.e. the steady state
ondition is maintained, then we obtain:

= τw∇Cwc, (5)

N = τmw(Cmw − Cw), (6)

here

Cwc = (Cmw − Cw)

ξw
, (7)

w is the mass transfer coefficient in water phase, τmw =
w/ξw is the modified mass transfer coefficient between
embrane–water interface and water phase, and ξw represents

olution resistance to protons flow in water cell which was
eglected in [1].

Adding Eqs. (2) and (6), we obtain
am − Cmw = (Ca − Cw) − N

(
1

τam
+ 1

τmw

)
, (8)

here Ca and Cw are function of time.

i
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Substituting Eq. (8) into Eq. (4), we get,

r = (Ca − Cw), (9)

here

=
(

R + 1

τam
+ 1

τmw

)
(10)

enotes the total effective resistance offered by the membrane,
he acid-membrane and the water–membrane interfaces.

Since Ca = Ca(t), we can write the molar flux of proton con-
entration in the acid cell as

= −dCa

dt
. (11)

As the steady-state condition is maintained throughout the
ystems, the rate of loss of protons from the acid cell must be
qual to the rate of gain of protons in the water cell. Thus, we
btain,

dCa

dt
= dCw

dt
. (12)

Substituting Eq. (11) in Eq. (9) we get,

r
dCa

dt
= Ca − Cw. (13)

Using Eq. (12), Eq. (13) can be written as(
dCw

dt

)
= Ca − Cw. (14)

Differentiating Eq. (14) once with respect to time, t, we get:

d2Cw

dt2 = dCa

dt
− dCw

dt
. (15)

Using Eq. (12), Eq. (15) can be reduced as:

d2Cw

dt2 + 2

r

dCw

dt
= 0. (16)

The Eq. (16) represents a second order ordinary differen-
ial equation which can be solved easily [13] for the proton
oncentration in the water cell, Cw(t).

Let

w(t) = eqt (17)

e a trail solution [13] of Eq. (16) rather than the one assumed
n [1]. Using Eq. (17), the general solution of Eq. (16) can be
btained as [13]:

w(t) = c1 + c2e
−(2/r)t , (18)

here c1 and c2 are the arbitrary constant, which can be deter-
ined from the limiting case.
Let the value of Cw(t) at time t = 0 be C0 and the value of Cw(t)

t time t = ∞ be Cf. The values of C0 and Cf can be determined
rom the experiment. Substituting values of Cw(0) and Cw(∞)

n Eq. (18) we can find the values of c1 and c2. Thus, the final
olution becomes

w(t) = Cf

(
1 −

[
Cf − C0

Cf

]
e−t/(r/2)

)
. (19)
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Fig. 2. Membrane resistance test apparatus: two-cell method. Acid cell, water
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Eq. (19) implies that the protons concentration in the water
ell increases with time and attains its final value. The Eq. (19)
an be written in a closed form as:

= B(1 − Ae−t/τ), (20)

here A, B are constants and τ = r/2 serves as a time constant.

t time t = r

2
, (21)

rom Eq. (19), we obtain:

w(t) = Cf

(
1 − 0.3679

[
Cf − C0

Cf

])
. (22)

The Eq. (22) is correctly derived and eliminated numerical
rror in Eq. (23) of reference [1]. The values of C0 and Cf can be
etermined using a simple experiment described in the following
ection. In Eq. (22), the right hand side is completely known.
hus, the value of Cw(t) can be easily found.

Using Eq. (22), the profiles of protons flow in the water cell,
w(t), can be plotted as a function of time, t, from which the
alue of t corresponding to the calculated value of Cw(t) can be
etermined. Let the value of t be T. Hence, we obtain from Eq.
10) and (21):

=
(

R + 1

τam
+ 1

τmw

)
= 2t = T, (23)

here r has the units of time. Physical interpretation of Eq. (22)
long with Eq. (23) is that to attain a particular value of Cw(t)
.e. a specific amount of concentration of protons in the water
ell, the total time required will be r. The greater the value of r,
he longer time the membrane would take to allow those specific
umbers of protons to pass into the water cell. It implies that r
rovides the measurement of the resistance of the membrane
ased on proton flow and r is directly proportional to the total
ime, T. Since the same experimental set-up and conditions are

aintained in all the experiments to determine the values of C0
nd Cf, as required in Eq. (22), the value of [(1/τam) + (1/τmw)]
emains constant throughout. Hence, the value of r depends only
n R (according to Eq. (23)) i.e. the resistance of the membrane.
n this simple way, we can measure the resistance offered to
rotons flow by each individual proton exchange membrane.

. Experimental set-up and procedures

According to Eq. (22), to find the values of C0 and Cf, which
ltimately leads to the calculation of membrane resistance, R,
he following experimental set-up and procedures are followed.

.1. Set-up procedures

As shown in Fig. 2, the experimental set-up consists of two
ells. The proton exchange membrane is placed in the PEM
older between the two cells. Silicone grease was applied around

he outer edge of the PEM holder to ensure that transfer of
rotons from one cell to the other could not occur without pass-
ng through the PEM. First, same amount of de-ionized water
as added to each cell. Then cells were allowed to equilibrate

(

(

ell and test membrane sections are labeled and indicated by arrow sign. pH
eter is attached into each of the cells and pH is recorded at a regular time

nterval through the monitor.

o that the water on each side of the membrane achieved the
ame depth. A pH meter was fitted into each cell and a moni-
or connection with pH meter was then established within each
ell on either side of the membrane to accurately record the
H readings. The pH meter must be quite accurate to detect
mall changes in the pH of the two cells. As soon as the pH
eters have reached in equilibrium, few drops of de-ionized
ater were added to the left cell and few drops (number of
rops are same for both cases) of concentrated HCl solution were
dded to the right cell simultaneously. This procedure ensures
he volume of liquid in each cell remained the same so that
here would be no liquid forced through the membrane by pres-
ure difference (i.e. avoided pressure driven flow). In this way,
e obtained, one acid cell containing concentrated HCl solu-

ion (20% HCl) and a water cell containing de-ionized water.
he pH and temperature of both cells were recorded immedi-
tely. Since protons will move from the acid cell to the water
ell there would be a negative gradient in the concentrations of
rotons. Thus, theoretically, protons must try to make their way
cross the membrane to migrate to the water cell. Therefore, pH
eadings of both acid cell and water cell were then acquired at a
egular time interval for at least 90 min or longer if possible. All
easurements were carried-out without stirring under quiescent

onditions.

.2. pH measuring process

a) At the beginning of the experiment, the pH of both the acid
cell and water cell are measured.

b) Once the experiment is started, the measurement of pH is
done at a regular interval (every 2–5 min) of time.

c) The experiment is terminated after recording sufficient read-
ings.
d) The final value of pH in each cell (acid and water) is
recorded.

e) The concentration of protons is obtained using the relation:
[H+] = 10−pH.
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.3. Measurement of proton transfer

To ensure protons are passing from acid cell to the water
ell, initial proton conductivity tests were performed by mea-
uring the pH at each cell for a long time period without
lacing any membrane. In principle, the pH of the acid cell
hould increase due to the loss of protons while the pH of
he water cell should decrease due to receiving of protons.
nitial test confirms the change in pH at each of the cells indi-
ating that protons are migrated from acid cell to the water
ell. Next, keeping the same initial concentration of protons
n both the acid and water cells, commercial proton exchange

embrane Nafion® [6] and several prototype in-house SAS
styrene–acrylonitrile–vinylsulfate) membranes were experi-
ented using the same experimental set-up and experimental

onditions. The membrane is placed between two-sided PEM
olders as shown in Fig. 2. The pH and temperatures of both
ells are recorded during entire experimentation at a regular
ime interval for a period of at least 90 min or longer wherever
ossible.

. Results and discussions

To validate the theoretical model to measure membrane resis-
ance to protons flow, according to Eq. (22) to determine C0 and

f, we conducted experiment based on two-cell model devel-
ped here. Initial proton transfer measurement is conducted
sing the apparatus set-up and procedures mentioned above.
ig. 3 represents the change of pH in water cell as a function of
ime without placing membrane between the two cells in order
o test diffusion rate of protons (conduction of protons). Fig. 3
hows a complete profile of change of pH in the water cell which
learly displays three distinct phases – an induction phase repre-

ig. 3. Experimental results for the change of pH in water cell as a function
f time with no membrane to determine the rate of diffusion of protons. Linear
egression equations at each of the three distinct phases: induction phase, transfer
hase and equilibrium phase, are shown in the onset. Slope of the curves indicate
he rate of change of pH in each phase.
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enting the time taken for the acid to diffuse into the de-ionized
ater to release protons up to the moment of time to start transfer
f protons from acid cell to water cell i.e. total time taken to gain
rst proton into the water cell; a proton transfer phase wherein
rotons started passing rapidly into the water cell – lowering the
H of the water cell, and an equilibrium phase wherein the pH of
he initially water-only cell was lowered approximately to that
f the initially acidified cell. The proton transfer phase is used
o determine the concentration of protons (i.e. total amount of
rotons transferred) into the water cell per minute and the time
rom initiation of proton transfer into the initially water-only cell
ill attainment of the equilibrium pH between the two cells. In
ig. 3, the curve consists of three distinct segments for the rate
f change of pH as a function of time: an initial slightly nega-
ive slope in induction phase, a greater negative slope in proton
ransfer phase, and finally a slightly negative slope in equilib-
ium phase. We divided the profile of pH obtained in Fig. 3 into
hree separate curves, one for each region of different slope,
nd a linear regression line is fitted to each curve segment with
orresponding linear equations. Let the regression lines be

1 = m1t + d1, (24)

2 = m2t + d2, (25)

nd

3 = m3t + d3, (26)

espectively, in three phase regions. Here, slopes m1, m2, and m3
epresent the rate of change of pH in water cell at each of the three
istinct phases; induction phase, transfer phase and equilibrium
hase, respectively. We can now calculate the concentration of
rotons at each of the phases via the relation:

oncentration of protons, [H+] = 10−pH. (27)

The strongly negative slope curve, in transfer phase, repre-
ents the maximum rate of proton transfer per minute and it can
e obtained by using Eqs. (25) and (27). The two intersections
f the three curves given in Eqs. (24)–(26) will provide the indi-
ation of transfer phase slope start and end time. Thus, we can
alculate slope start time, induction time, as:

1 = d2 − d1

m1 − m2
, (28)

nd the slope end time, equilibrium time, as:

2 = d3 − d2

m2 − m3
. (29)

To test the resistance of the proton exchange membrane,
e placed the membrane between the two cells as shown in
ig. 2 and followed the procedures discussed in Sections 3.1–3.3.
eeping the same initial concentration of protons in the acid and
ater cells, widely used Nafion® [6] membrane and several pro-

otypes in-house SAS membranes were examined using the same

xperimental set-up and conditions. Fig. 4 represents the rate of
hange of pH in water cell for different membranes tested here
s a function of time. As mentioned above, since we maintained
ame initial concentrations of protons in the cells at the time of
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Fig. 4. Experimental results for the change of pH in water cell as a function
of time with different membranes. Linear regression equations at each of the
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hree distinct phases: induction phase, transfer phase and equilibrium phase, are
hown in the onset. Slope of the curves indicate the rate of change of pH in each
hase.

tarting experiment for each of the membrane case, the initial
H was same for each case as can be seen from Fig. 4. In Fig. 4,
e can see that the variations of three distinct phases for each
f membranes; induction phase, transfer phase and equilibrium
hase, as a function of time. It is due to the resistance of each
embrane offered to the protons flow while it passes through the
embrane. From Fig. 4, we can see clearly that the induction

ime varies for different membranes. Induction time has great

mpact on power supply from fuel cell during start up [2]. We
alculated the rate of change (slope) of pH profiles for each of
he tested membrane, using Eqs. (24)–(26), whose pH profiles in
ater cell is displayed in Fig. 4. Fig. 5 shows the rate of change

ig. 5. Slopes of pH profiles in water cell as a function of time with different
embranes. SAS membranes show very sharp decrease of slopes in the transfer

hase as compared to Nafion® 212 membrane.
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f pH profiles in water cell obtained in Fig. 4. In Fig. 5, we can
ee that a steady constant slope at the induction phase, a sig-
ificant slope variations in the transfer phase as protons started
igration from acid cell to water cell to equilibrate the negative

radient created in the water cell, and finally a steady constant
lope in the equilibrium phase which signals the attainment of
seudo-equilibrium in slopes between the acid cell and the water
ell. These characteristics of slopes of pH profiles in water cell
scertain that how the proton conduction is taking place between
he two cells.

From Fig. 5, we see that the very sharp decrease in slopes
or both of the SAS membranes throughout the transfer phase as
ompared to Nafion® 212 membrane. Using the rate of change
f pH in water cell in Fig. 5 and the relation given in Eq. (27) we
alculated moles of protons migrated across the membrane and
btain the accurate concentration of protons per minute for each
f the membranes. Fig. 6 represents the concentration profiles of
rotons flow as a function of time in water cell for various mem-
ranes obtained experimentally by placing membrane between
he two test cells and the corresponding results obtained using
he theoretical model, Eq. (22). For theoretical calculation, we
sed values of C0 and Cf obtained experimentally through the
ate of change of pH as shown in Fig. 5. In Fig. 6, experimental
esults and the theoretical results are indicated in parentheses.

e can see an excellent agreement between the experimental
nd theoretical profiles of protons flow (see Fig. 6) in all of
he three distinct phases – induction phase, transfer phase and
quilibrium phase. The peak of the protons flow profiles repre-
ents the maximum rate of protons transfer. Among the profiles
f protons flow for different membranes, SAS type 1 PEM has
he highest peak and Nafion® 212 has the lowest peak, as can

e seen from Fig. 6. It means that the SAS type 1 PEM able
o transfer maximum number of protons at a moment of time
han the Nafion® 212 membrane. Comparing results presented

ig. 6. Concentration profiles of protons flow in water cell as a function of time
ith different membranes. Symbols represent theoretical model predictions, Eq.

22). Solid-, dashed- and dotted-lines represent experimental results for different
embranes.
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Table 1
Comparison of proton transfer capacity and time required for protons to cross the membrane

Membrane type Maximum protons transfer
capacity (mol min−1)

Average protons transfer
capacity (mol min−1)

Minimum time required
for protons to cross the
membrane (min mol−1)

Average time required for
protons to cross the
membrane (min mol−1)

Experiment Theory [Eq. (22)] Experiment Theory [Eq. (22)] Experiment Theory [Eq. (22)] Experiment Theory [Eq. (22)]

Nafion® 212 1. 0593 1.0590 1. 0321 1.0321 0.9440 0.9443 0.9689 0.9689
SAS type I 1.8140 1.8121 1.7632 1.7631 0.5513 0.5518 0.5671 0.5672
SAS type II 1.7174 1.7166 1.6707 1.6707 0.5823 0.5825 0.5985 0.5986

Both experimental and theoretical results are presented.

Table 2
Comparison of induction time and relative resistance among membranes examined

Membrane type Induction time (time
required to start transfer
proton) [Eq. (28)]

Minimum relative membrane
resistance

Average relative membrane
resistance

Rank of membrane
based on low to high
relative resistance

Experiment Theory [Eq. (23)] Experiment Theory [Eq. (23)]

Nafion® 212 87.6045 1.71 1.71 1.76 1.76 SAS type I
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SAS type I 15.0915 1 1
SAS type II 29.9235 1.06 1.06

oth experimental and theoretical results are presented.

n Fig. 6, we see that both of the SAS type PEMs are able to
ransfer higher number of protons at a moment of time than the
ommercial membrane Nafion® 212.

To determine the relative resistance among membranes, we
alculated the proton transfer capacity and time required for
ach individual membrane to allow a specific amount of pro-
ons to pass through it. Table 1 represents both experimental
nd theoretical results of maximum and average proton trans-
er capacity as well as minimum and average time required for
ach of the membranes examined here. Maximum proton trans-
er capacity is determined using the highest peak slope shown
n Fig. 6. On the other hand, average proton transfer capac-
ty is calculated using the average slope in the entire transfer
hase of protons concentration profiles displayed in Fig. 6. We
hen multiply the proton transfer capacity by 6.02 × 1023 (Avo-
adro number) to obtain the exact number of protons transferred
hrough the membrane per minute. The values thus obtained can
hen be inverted to obtain time required per mole of protons and
ime required per proton, respectively, to pass through the mem-
rane. We can see from Table 1 that the experimental results for
ifferent quantities agree well with the corresponding theoreti-
al predictions. Comparing results among different membranes
t can be seen that the SAS type membranes have higher protons
ransfer capacity, for both the maximum and average, than the
eer Nafion® 212 membrane. SAS type membranes also took
ess time to allow a specific amount of protons to pass through it.
sing the calculated results in Table 1, we calculated the induc-

ion time and relative resistance of the membranes, which is
resented in Table 2. The induction time and relative resistance
f membranes are calculated according to Eqs. (28) and (23),
espectively. Comparing calculated results in Table 2, we can see

hat the SAS type I membrane took the lowest time and Nafion®

12 membrane required highest time to start of transfer of pro-
on. The SAS type I membrane started proton transfer within as
ittle as 16 min whereas Nafion® 212 did not begin to transfer

t
i
e
e

1.03 1.03 SAS type II
1.09 1.09 Nafion® 212

rotons even after 87 min. For the case of relative resistance, we
an see that Nafion® 212 membrane has 71% higher resistance
ompared to SAS type I membrane. Once again, for determining
elative resistance among membranes, the experimental results
re in excellent agreement with the results obtained from theoret-
cal model as can be seen from Table 2. Based on the low to high
elative resistance we can rank among membranes. As per our
ested membranes, SAS type I has the rank 1 and Nafion® 212
as rank 3. Thus, using the developed two-cell model and sim-
le experimental set-up described here, we can measure relative
esistance of membranes at the time of manufacturing.

. Conclusions

A corrected version of two-cell model [1] for measuring the
esistance offered by the proton exchange membrane to protons
ow has been developed theoretically and validated experimen-

ally. Detailed experimental set-up to validate the theoretical
odel has also been described. According to the theory devel-

ped here, the resistance of the proton exchange membrane is
btained in terms of the time required by the membrane to permit
certain number of protons to pass through it. A simple second
rder differential equation describes the entire process com-
letely. Maintaining same experimental set-up, initial conditions
nd assuming steady state flow condition for entire duration of
he experiment, the proton exchange membrane resistance can
e determined by setting the concentration of protons in water
ell, Cw(t), to a constant as per Eq. (22). Comparison of the
alues of resistance for different membranes thus obtained will
ive an idea of the membrane which functions most efficiently in
erms of proton transfer capacity and resistivity. The results for

hree different types of proton exchange membranes examined
n this study show that the theoretical model predictions are in an
xcellent agreement with the experimental observations. Since
lectrolyte resistance is one of the key performance drivers for
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he advancement of fuel cell technology, this investigation may
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