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a b s t r a c t

An understanding of the potentially serious performance degradation effects that trace level contaminants
can cause in proton exchange membrane fuel cells (PEMFCs) is crucial for the successful deployment of
PEMFC for commercial applications. An experimental and analytic methodology is described that employs
gas chromatography (GC) to accurately determine the concentration of impurity species in the fuel and
oxidant streams of a PEMFC. In this paper we further show that the accurate determination of the contam-
inant concentrations at the anode and cathode inlets and outlets provides a means to quantify reactions
of contaminants within the cell and to identify diffusive mass transport across the membrane. High
data accuracy down to sub-ppm contaminant levels is required and was achieved by addressing several
challenges pertaining to experimental setup and data analysis which are both discussed in detail. The
application of the methodology is demonstrated using carbon monoxide and toluene which were injected
olar flow balance
as chromatography

into the cell at concentrations between 1 and 10 ppm and 20 and 60 ppm, respectively. Both impurities
were observed to react in the fuel cell: carbon monoxide to carbon dioxide, and toluene to methylcy-
clohexane. For both contaminants closure of the molar flow balances to within 3% was achieved even at
the low contaminant concentrations. This allowed the extent of both reactions at the applied operating
conditions to be quantified. The presented methodology is shown to be a valuable tool for investigating
the effects and reactions of trace contaminants in fuel cells and for providing critical insights into the

for th
mechanisms responsible

. Introduction

Proton exchange membrane fuel cells (PEMFCs) are energy con-
ersion devices that offer high power densities at low operating
emperatures. These advantages make PEMFCs the most promising
echnology for many transient applications such as fuel cell pow-

red automobiles, back-up power generating units, and portable
evices. While the low operating temperature of PEMFCs allows
uick start-up and rapid response to energy demand, it can also
ause stronger adsorption of contaminants on the anode and cath-

Abbreviations: BOT, beginning of test; EIS, electrochemical impedance spec-
roscopy; EOT, end of test; FC, fuel cell; FID, flame ionization detector; GC, gas
hromatography; GC–MS, gas chromatograph/mass spectrometry; GDL, gas diffu-
ion layer; HOR, hydrogen oxidation reaction; MEA, membrane electrode assembly;
EM, original equipment manufacturer; ORR, oxygen reduction reaction; PDID,
ulsed discharge ionization detector; PEMFC, proton exchange membrane fuel cell;
FPD, pulsed flame photometric detector; PSA, pressure swing adsorption; SPME,
olid phase microextraction adsorption; TCD, thermal conductivity detector; WG12,
SO TC 197 Working Group 12.
∗ Corresponding author. Tel.: +1 808 956 0877; fax: +1 808 956 2344.

E-mail address: gbender@hawaii.edu (G. Bender).
1 Current address: American Air Liquide, Newark, DE 19702, USA.

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.04.028
e associated performance degradation.
© 2009 Elsevier B.V. All rights reserved.

ode catalyst surfaces. This may result in serious degradation of cell
performance even in the presence of trace amounts of fuel or air
contaminants.

Carbon monoxide (CO), which is a common hydrogen (H2) fuel
contaminant has been extensively investigated using ex situ [1–12]
and in situ [13–18] methods with CO partial pressures ranging from
10 to 100 ppm. The existing impurity studies were often accom-
panied by modeling efforts to describe and explain the poisoning
phenomena for CO on the platinum surface [1,19–22]. Recently
developed guidelines for hydrogen fuel quality, however, recom-
mend impurity concentrations far below the values typically used
in these studies [23]. Other anode impurities such as carbon diox-
ide (CO2), hydrogen sulfide (H2S), and ammonia (NH3) have also
been investigated [1,18,24–30]. On the cathode, trace levels of con-
taminants in the feed stream such as sulfur oxides (SOX) and
nitrous oxides (NOX) have been shown to impact the fuel cell per-
formance [5,31–34]. These impurities originate from air pollution
or other challenging environments such as battlefield scenarios

[5,34].

Most of the in situ impurity studies reported in the literature
were performed by injecting impurity containing gas into the anode
or cathode feed stream while monitoring the performance response
of the cell [13–17,19]. In other cases, diagnostic methods includ-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:gbender@hawaii.edu
dx.doi.org/10.1016/j.jpowsour.2009.04.028
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Nomenclature

I cell current (A)
PCell cell pressure (kPaabs)
�H change in enthalpy of solution (J mol−1)
QCBal closure of carbon balance (%)
ci concentration of species i dissolved in liquid

(mol dm−3)
aCO2 conversion factor for CO2 (ppm to mol s−1)
ai conversion factor for impurity (ppm to mol s−1)
F Faraday’s constant (C mol−1)
� flow stoichiometry
˛ fraction of fuel or oxidant in reaction gas stream
k0

H,i
Henry’s constant at reference conditions

(mol dm−3 atm−1)
kH,i Henry’s constant for species i (mol dm−3 atm−1)
R ideal gas constant (J mol−1 K−1)
¯̇ni,in molar flow rate average of carbon containing com-

pounds entering the cell (mol s−1)
¯̇ni,out molar flow rate average of carbon containing com-

pounds exiting the cell (mol s−1)
ṅg,M molar flow rate of clean gas in main gas stream

(mol s−1)
ṅCO2 molar flow rate of CO2 (mol s−1)
ṅi molar flow rate of impurity gas (mol s−1)
ṅg,I molar flow rate of injected impurity/carrier gas mix-

ture (mol s−1)
ṅr,In molar flow rate of reactant gas into FC (mol s−1)
ṅr,Out molar flow rate of reactant gas out of FC (mol s−1)
ṅw,act,In molar flow rate of water actually entering the FC

(mol s−1)
ṅw,Hyp molar flow rate of water entering fuel cell assuming

water trap of equivalent effectiveness placed in feed
stream to FC (mol s−1)

yCO2,ppm mole fraction of CO2 (ppm)
yi,ppm mole fraction of impurity (ppm)
yw,In/Out mole fraction of water in inlet or outlet streams
n number of electrons transferred during electro-

chemical reaction
pi partial pressure of species i over liquid (atm)
� relative humidity
PSat

w (TCell) saturation pressure of water as a function of cell
temperature (kPaabs)

PSat
w (TH) saturation pressure of water as a function of humid-

ifier temperature (kPaabs)
TSat saturation temperature of gas exiting FC (◦C)
TC temperature of fuel cell (◦C)
TH temperature of humidifier (◦C)
T temperature of system (◦C)

i
(
u
a
W
t
b
t
h
o
r
g

depends on the saturation pressure of water in the cell PSat
w (TC ) at
T0 temperature reference (25 ◦C)

ng cyclic voltammetry or electrochemical impedance spectroscopy
EIS were employed to identify and quantify the amounts of resid-
al impurity species adsorbed onto the catalyst surface [16,27,30])
nd to identify the mechanism for the overpotential increase [35].
hile these studies have produced important results pertaining

o the effect of contaminants on fuel cell performance, little has
een done to characterize gas composition during fuel cell opera-
ion with impurity exposure [31,36]. Furthermore, the studies that

ave considered gas stream composition typically analyzed only
ne exhaust gas stream. Conclusions derived with this methodology
elied on the assumption that the compositions of the unmonitored
as streams were known and that interaction between anode and
ources 193 (2009) 713–722

cathode gas streams were negligible although some reports have
suggested otherwise [37,38].

In this paper, we describe an experimental and analytic
methodology that employs gas chromatography (GC) to accurately
determine the concentration of impurity species in the fuel and oxi-
dant streams of a PEMFC. Careful analysis of the carryover of water
from the cell to the GC was essential to be able to quantify gas
concentrations to sub-ppm levels. We show that careful measure-
ment and analysis of contaminants at the inlet and outlet streams
of the anode and cathode allows closure of the molar flow balances
under steady state conditions and provides a means to identify and
quantify reactions within the cell and to estimate diffusive mass
transport across the membrane. Results of experiments with CO
concentrations between 1 and 10 ppm and toluene concentrations
of 20 and 60 ppm in the H2 inlet stream are presented.

2. Experimental

Testing was performed at the Hawaii fuel cell test facility
(HFCTF), a state of the art laboratory for fuel cell testing and research
on single cells and short stacks. The facility has on-site H2 pro-
duction, on-site air supply and purification, and a wide range of
diagnostic equipment. Experiments for this work were conducted
using UTC XTC 800 test stands modified for use with pressurized
cells and Green Light Power FCATSTM G50 series test stations.

Fig. 1 shows a schematic of the gas flow, pressure, and temper-
ature controls of the experimental apparatus used to inject and
sample contaminants in the fuel and oxidant streams of the fuel
cell. While the impurity is only introduced into the anode side for
this work, identical gas sampling ports, pressure and temperature
monitoring points, and back pressure control were also present on
the cathode side of the fuel cell. Notable in Fig. 1 are four distinct
temperature control zones used to ensure accurate control of cell
humidification, gas inlet temperature, cell operating temperature,
and gas temperature at the exit of the fuel cell. The humidification
and temperature control systems had to be optimized and care-
fully controlled to maintain a small signal to noise ratio of the cell
performance data during the 100-plus hour experiments.

As shown schematically in Fig. 1, contaminant gases were intro-
duced into the fuel by injecting a dry H2 stream containing the
contaminant of interest into the main humidified fuel flow. Gas
flows were controlled using digital mass flow controllers from
Brooks or Bronkhorst calibrated with a BIOS International ML-800
dry gas piston flow calibrator, with an absolute accuracy of ±0.2%
of the gas flow. The flow rate of H2 in the main gas stream and
that of the contaminated H2 were metered to maintain both the
desired contaminant level and the appropriate fuel stoichiometry
at the anode. The relative humidity of the combined feed stream
was controlled by increasing the humidifier temperature to com-
pensate for the non-humidified contaminated H2 gas injected just
before the cell inlet.

The fuel and oxidant gases were humidified in control zone
1 (Fig. 1) to the desired relative humidity using the temperature
controlled humidification units provided with the test stations.
Saturation at the exit of the humidifiers was verified over the
applied range of operating conditions using an Optidew vision
chilled mirror hygrometer from Michell instruments. Under sat-
uration conditions at the humidifier, the partial pressure of water
PSat

w (TH) and thus the humidifier temperature (TH) required to main-
tain the desired relative humidity of the mixed gas stream at the
cell inlet (�) is described by Eq. (1). The humidifier temperature
the cell temperature (TC), the neat (ṅg,M) and contaminated (ṅg,I)
molar gas flow rates and the cell pressure (PCell). Saturation pres-
sures were determined with the Antoine equation and values for TH

were iteratively determined using Eq. (1). When there is no impu-
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The analyzer was equipped with a programmable 31 port
auto-sampling valve allowing fully automated sampling from 31
locations on the various test stands. The sampling valve assembly
was heated to 120 ◦C. In addition to its use for the contaminant stud-

Table 1
Detection limits of gas analysis system.

Impurity Detector Detection limit

H2S PFPD 50 ppb
SO2 PFPD 50 ppb
COS PFPD 50 ppb
CO PDID 100 ppb
CO FID 100 ppb
CO2 FID 100 ppb
C H FID 500 ppb
Fig. 1. Schematic of gas flow, pressure and temperature control of ex

ity, the flow of the impurity containing mixture (ṅg,I) becomes zero
nd Eq. (1) simplifies to Eq. (2).

Sat
w (TH)

=
[

� · PSat
w (TC ) (ṅg,M + ṅg,I)

ṅg,M · (PCell − � · PSat
w (TC )) + (� · PSat

w (TC ) (ṅg,M + ṅg,I))

]
PCell

(1)

Sat
w (TH) = �PSat

w (TC ) (2)

To validate the humidification strategy and control, cell perfor-
ance and resistance were monitored while non-humidified neat

ydrogen was injected into the humidified main H2 gas stream. A
ypical gas mixing ratio of 1:20 was used to simulate an impurity
xperiments. Cell performance and cell resistance were found to be
naffected and additional dew point sensor experiments confirmed
he humidification of the gas remained constant when injecting gas
nto the main gas stream.

The gas temperature in control zone 2 near the anode inlet, was
aintained at 2 ◦C above the cell temperature to prevent conden-

ation in the stainless steel tubing, connectors and fittings. The
hermocouple for control zone 2 was located in the gas stream
ithin 6 cm of the cell inlet.

Control zone 3 in Fig. 1 represents the temperature control
egion for the fuel cell. Thermocouples were placed inside the flow-
eld blocks and the temperature control point for the cell was the
athode flow-field. A PID temperature controller with silicon pad
eaters adhered to the endplates of the fuel cell hardware enabled
o control the cell temperature to within ±0.2 ◦C of the selected cell
emperature.

The surface temperature of the exhaust tubing downstream from
he cell (control zone 4), was maintained approximately 10 ◦C above
he cell temperature, to prevent water condensation at the gas
ampling points. Further downstream, past control zone 4, heat
xchanger systems and water traps were installed to condense and
emove most of the effluent water allowing stable pressure control
sing Type 2000 Marsh Bellofram pressure controllers and Tescom
ackpressure regulators.

Fig. 1 also shows the gas sampling lines which were located
pproximately 11 and 5 cm from the fuel cell inlet and outlet ports,

espectively. A small fraction of the total gas flow was diverted
o the gas analyzer flowing through teflon membrane water traps
United Filtration Systems, SM105.221.M1) and ca. 10 m long sulfin-
rt coated 1/16 inch o.d. stainless steel lines before entering the
as analysis system. Needle valves located at the exit of the GC
ental setup including positioning of sampling lines for gas analysis.

were used to control the gas flow to the GC to 50–60 cm3 for
the H2 and 20–30 cm3 for the air stream measured with the Var-
ian intelligent digital flowmeter. Analysis of the samples took
9.5 min. Sample gas was flowed for an additional 6 min to purge
the GC system between samples, allowing sampling approximately
every 15 min.

Careful analysis of the gas sample showed that it was not possi-
ble to remove all the water in the gas sampling lines with the teflon
membrane water traps. Subsequently, a correction to accurately
determine the water remaining in the gas sample was developed.
At low (ppm and below) contaminant levels, this correction was
essential for accurate measurements. Details of this procedure are
described in Section 4.

The gas analyzer consisted of two Varian 3800 gas chro-
matographs which housed a flame ionization detector (FID), a
pulsed flame photometric detector (PFPD), a dual thermal conduc-
tivity detector (TCD) and a pulsed discharge ionization detector
(PDID). The detection limits of the various detectors for species
of interest including several gases commonly used for fuel cell
operation are shown in Table 1. During experiments, calibration
gases from Matheson TriGas were analyzed every 6 h for calibration.
Table 2 lists the calibration gases and their certification accuracy.
Analysis of the GC data showed that the instrument operated well
within its specifications including peak area reproducibility <2%,
calibration reproducibility <±3% and reduction catalyst efficiency
>95%.
3 8

C6H6 FID 500 ppb
C7H8 FID 500 ppb
O2 PDID 10 ppm
N2 PDID 10 ppm
H2 TCD 100 ppm
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Table 2
Calibration gases, impurity concentration and gas certification accuracy.

Calibration gas in H2 balance Impurity concentration
(ppm)

Certification
accuracy (%)

CO/CO2 1 5
10 5
50 2

Toluene (C7H8) 249 2
Benzene (C6H6) 100 2

1000 2

Propane (C3H8) 10 5

Table 3
Cell hardware.

Hardware General

Anode Cathode

Hardware OEM provided [44]
Flow-field 2 channel serpentine 3 channel serpentine
MEA Ion Power (CO exps.)

GORETM PRIMEA® (Toluene exps.)
Area 50 cm2

Catalyst 50% Pt/C 50% Pt/C
L −2 −2
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Table 4
Standard experimental conditions.

Operating conditions General

Anode Cathode

Relative humidity 100% 50%
Stoichiometry 2 2
Fuel/oxidant H2 Air
Backpressure 48.3 kPag

◦

oading 0.4 mg Pt cm 0.4 mg Pt cm
DL SGL-BC25 (CO exps.)

SGL-BC20 (Toluene exps.)
askets 178 �m, Teflon 203 �m, Teflon

es, facility gases such as air, N2, and H2 were injected 3–4 times per
eek to verify their quality.

All trace gases detected by the gas analyzer were measured in
arts per million (ppm). This is an inconvenient unit for directly
uantifying the reaction processes, since the concentration of the
ontaminant species changes with the concentration of the fuel or
xidant gas. For example, at the chosen fuel stoichiometry of 2, 50%
f the H2 reacts in the fuel cell, and the concentration of any con-
tituent that passes through the cell doubles when comparing inlet
o outlet concentration. To quantify the reaction of a contaminant
nd its reaction products, as described in Section 3, the molar flow
ates were used. The molar flow rates were determined from the
oncentrations of the species detected in the gas sample streams,
he total gas flow rates into and out of the cell, and the presence of
esidual water in the gas sample stream. Further details are given
n Section 4.1.

Test procedures used in this work complied with the draft proce-
ures presented at the ISO TC197 working group 12 (WG12) meeting
n hydrogen quality in Honolulu, Hawaii, November 2006 [39].
ll experiments were conducted using 50 cm2 single cell hard-
are with double and triple serpentine flow-fields on anode and

athode, respectively. Ion Power membrane electrode assemblies
MEAs) were used for the CO studies while GORETM PRIMEA® MEA
eries 55102 were used for the toluene studies. Sigracet SGL-BC25
nd Sigracet SGL-BC20 gas diffusion layers (GDLs) were employed,
espectively. Cell geometry, catalyst type, catalyst loading, and gas-
et type and thicknesses were not varied between experiments. The
ardware and materials, and standard operating conditions used in
his work are listed in Tables 3 and 4, respectively.

Original equipment manufacturer (OEM) provided protocols
ere used for cell build and conditioning. All cells were leak
hecked to verify cell assembly. Following cell conditioning, cell
iagnostics (described below) were performed and required to
atch the typical MEA results before any experiments were ini-

iated. The effect of contaminants was characterized by comparing

2 GORE, CARBEL, GORE-SELECT, PRIMEA and designs are trademarks of W.L. Gore
Associates, Inc.
Temperature 60 C
Current densitya 1 A cm−2

a Standard for constant current hold experiments.

the change in cell voltage under constant current operation in the
presence of an impurity to the cell voltage expected from opera-
tion using neat H2 [40]. Each experiment consisted of three phases:
(i) an initial period operating with neat H2, (ii) operation with a
controlled concentration of contaminant in the H2 fuel, and (iii) a
recovery phase using neat H2.

The initial experiments were conducted to characterize the
effect of trace amounts of CO in the H2 fuel at our standard con-
ditions of 1 A cm−2 and 80 ◦C. However, testing under neat H2
conditions showed unexpected and significant amounts of CO2
on both the anode and cathode side of the fuel cell. CO2 was the
only trace species detected in either gas stream during these tests.
Fig. 2(a) and (b) show the molar flow rates of CO2 at the inlet and
outlet of the cathode and anode, respectively, over a 100 h period
during which each port was sampled at 5 h intervals. Fig. 2(a), shows
that the molar flow rate of CO2 at the cathode fluctuated from 0 to
0.42 �mol s−1. The latter value corresponds to a measured concen-
tration at the cathode inlet of 340 ppm CO2. The time dependence
of the CO2 molar flow rates in Fig. 2(a) and (b) show a strong cor-
relation between the anode outlet and the cathode inlet and outlet
values but no correlation with the anode inlet values. This was inter-
preted as diffusion of CO2 across the membrane from the cathode
to the anode. The maximum value of the molar flow rate of CO2
at the anode outlet, 0.0016 �mol s−1, corresponds to a concentra-
tion of 6 ppm CO2, far below the maximum values recorded at the
cathode.

Subsequent effort to determine the cause of CO2 at the cathode
showed it to be due to incomplete air clean up resulting from inter-
mittent operation of the pressure swing absorption (PSA) system on
the air supply at the HFCTF. The control parameters were changed
to force continuous cycling of the PSA. With this change, the CO2
concentration in the air inlet was reduced to less than 1 ppm and
remained at that value for all studies presented in this work. The
trace amounts of CO2 remaining in the cathode feed stream were
attributed to CO2 coming out of solution inside the gas humidifier
system. These preliminary experiments clearly showed the need
to monitor the gas composition of the inlets and exits of both the
anode and cathode side of the fuel cell to ensure full understanding
of the processes that occur within the cell. They also showed the
importance of thoroughly controlling gas clean-up for successful
closure of the contaminant molar flow balances.

Contamination experiments were performed by injecting fixed
concentrations of CO or toluene into the anode feed stream. Con-
taminant concentrations were measured in both inlet and outlet
streams with a GC. The measured concentrations were converted to
molar flow rates which were used to identify the reaction chemistry
and quantify the extent of reaction within the cell at steady state
conditions. CO was injected at concentrations of 1, 2, and 10 ppm at
an operating temperature of 60 ◦C, while toluene concentrations of

20, and 60 ppm were injected at cell temperatures of 60 and 80 ◦C,
respectively. With exception of the toluene experiment at 80 ◦C all
operating conditions were set to the standard conditions listed in
Table 4.
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for these experiments closed between 97.7% and 100.6%. The closure
of the carbon balance at steady state allowed accurate calculation
of the extent of reaction which increased from 61.7% to 91.3% as the
CO concentration increased from 1 to 10 ppm.

Table 5
Extent of reaction and percentage carbon balance quality for fuel stream impurities.

Temperature
(◦C)

Contaminant and
concentration

Reaction
product

Extent of
reaction

QCBal
ig. 2. (a) CO2 mole fraction fluctuations at the cathode during experiment at 80 ◦C,
nd 1 A cm−2. (b) CO2 mole fraction fluctuations at anode due to CO2 crossover.

. Results

In this section, we summarize the results of experiments con-
ucted to characterize the effects of CO and toluene on cell
erformance while simultaneously identifying the reaction chem-

stry and quantifying the extent of reaction of the contaminant
ithin the cell. As described in the preceding section, this was

ccomplished by carefully measuring the composition of the inlet
nd outlet gases at the anode and cathode. The GC data was cor-
ected for the presence of residual water in the gas sample, a
rocedure that is discussed in Section 4.

Fig. 3 shows the voltage response of the test cell operated at
tandard operating conditions when 1 ppm CO is present in the
node feed stream. CO was injected after 45 h of operation on neat
ydrogen. Injection was performed continuously for 55 h. During

njection, the cell voltage decreased by approximately 175 mV over
he first 35 h at which time the cell voltage stabilized. Once the
ell voltage had stabilized, CO and CO2 concentrations were mea-
ured at approximately 15 min intervals over a time period of about
3 h. Cell recovery was initiated at 100 h by stopping the injection

f CO. During recovery, the cell voltage initially increased rapidly
nd then appeared to asymptotically approach the value prior to
oisoning. After 30 h of recovery (i.e. 130 h into the test), the anode
ad recovered 95% of the change in cell voltage.
Fig. 3. Cell voltage response to exposure of 1 ppm CO at the anode at 60 ◦C and
1 A cm−2 and molar flow rates of CO and CO2 at steady state poisoning conditions.

The molar flow rates of CO and CO2, calculated using the GC data,
for the inlet and exhaust streams of the anode during this period are
also shown in Fig. 3. It is important to note that CO2 was present in
the fuel inlet stream, at a molar flow rate of 0.059 × 10−9 mol s−1. As
described in the previous section, this was attributed to CO2 com-
ing out of solution in the anode humidifier and entering the cell.
The molar flow rate of CO2 in the anode exhaust stream was found
to be almost one order of magnitude higher (0.356 × 10−9 mol s−1)
than that at the inlet, while the molar flow rate of CO at the out-
let (0.182 × 10−9 mol s−1) was significantly lower than at the inlet
(0.475 × 10−9 mol s−1). This change in the molar flow rates of CO and
CO2 from the inlet to the outlet of the anode indicated significant
conversion of CO to CO2 within the cell.

However, in order to quantify the extent of reaction accurately,
the molar flow balance of the contaminant and its reaction products
was required to close at steady state. Closure of the carbon balances
at steady state QCBal was calculated using Eq. (3), where ¯̇ni,out rep-
resented the total molar flow rate of impurity species out of the
electrode and ¯̇ni,in was the total molar flow rate of species into the
respective electrode. A value of one indicates complete closure of
the molar flow balance of carbon at the anode. The average molar
flow rates following voltage stabilization (i.e. between 87 and 100 h
for the experiment shown in Fig. 3) were used to calculate closure.

QCBal =
∑

i
¯̇ni,out∑
i
¯̇ni,in

(3)

For the example experiment shown in Fig. 3, the balance closed
to 100.6%. Table 5 lists the results from CO experiments conducted
at other inlet concentrations of 2 and 10 ppm. The carbon balances
60 1 ppm CO CO2 61.7% 100.6%
60 2 ppm CO CO2 70.3% 98.0%
60 10 ppm CO CO2 91.3% 97.7%
60 20 ppm C7H8 C7H14 98% 100.4%
80 60 ppm C7H8 C7H14 97.0% 96.9%
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below the detection limits of the GC shown in Table 1.
ig. 4. Cell voltage response to exposure of 20 ppm toluene at 60 ◦C and 1 A cm−2

nd molar flow rates of toluene (C7H8) and methylcyclohexane (C7H14).

Table 5 also summarizes the results of two experiments con-
ucted using toluene (C7H8) as the anode contaminant. Similarly,
xcellent closure of the mass balance was found (96.9–100.4%) con-
rming the very high quality of the data. As discussed in more
etail below, the extent of reaction of toluene to methylcyclohex-
ne (C7H14) was even higher than that for CO to CO2. Sample results
ith toluene as the contaminant are shown in Fig. 4 which shows

he cell voltage response and toluene and methylcyclohexane molar
ow rates at steady state for a fuel cell exposed to 20 ppm toluene.
o significant change in cell performance was observed during

oluene exposure. The measured cell voltage degradation rate of
7 �V h−1 was typical for cells operated in this laboratory with pure
ydrogen at identical operating conditions. This suggests that, at the
iven operating conditions, toluene did not act as a poison to the
ell. However, as shown in Fig. 4, the GC analysis of the anode gas
tream shows that a hydrogenation of toluene (C7H8) into methyl-
yclohexane (C7H14) occurred within the fuel cell. The extent of
his reaction (98%) is indicative of almost complete conversion. The
eaction of toluene to methylcyclohexane was verified using solid
hase microextraction absorption (SPME) techniques coupled with
as chromatograph/mass spectrometry (GC–MS).

For both CO and toluene contamination, the near complete clo-
ure of the molar flow balance at steady state implies that the rate of
dsorption of the impurity species is equal to the combined desorp-
ion and reaction rates (oxidation or hydrogenation, respectively).
he significant decrease in cell voltage due to CO exposure implies
igh surface coverage of CO on the catalyst surface, while the signif-

cant extent of reaction of CO to CO2, assuming a negligible amount
f oxygen present at the anode, suggests the primary mechanism
or CO removal from the catalyst surface being the electro-oxidation
f CO to CO2. This reaction requires an oxygen atom which has
een assumed to originate from the discharge of a water molecule
22]. The combined desorption/reaction of CO is sufficiently slow
o result in significant coverage of the Pt active sites hence a signif-
cantly reduced rate of the hydrogen oxidation reaction (HOR) and
etrimental impact on fuel cell performance [1].

For the catalytic hydrogenation of toluene to methylcyclohex-
ne various reaction models have been reported in the literature
uggesting that the rate limiting step may be the addition of
he first hydrogen atom or the first H2 molecule to the aromatic

ing [43], while others suggest comparable rates for the individ-
al reaction steps [43]. While the work here does not provide

nsights into the rate limiting step, the nearly complete conver-
ion of toluene to methylcyclohexane combined with the negligible
ources 193 (2009) 713–722

impact on the HOR of the fuel cell, even at an elevated concentra-
tion of 60 ppm toluene, indicates a rapid hydrogenation–desorption
sequence. Therefore, we assumed that the reaction rate for the
hydrogenation of toluene was consequently much faster than that
of the CO electro-oxidation and it can be expected that the res-
idence time of toluene on Pt was much lower than that of CO.
Additional work is underway to characterize the extent of reaction
under a wider range of operating conditions. These data will be
used to develop models to determine rate constants for the various
reactions involved.

4. Discussion

In order to accurately quantify conversion and reaction pro-
cesses within the fuel cell, the molar flow balance of the
contaminant species and its reaction products must close at steady
state conditions. As shown in this section, the molar flow rate of
each contaminant species entering and exiting the cell in the anode
and cathode streams was calculated from the gas flow rates, the
fuel or oxidant stoichiometry, and the concentration of each of the
trace species at the four sample ports which was measured by the
GC. However, the accuracy of the GC measurement may be affected
by two possible sources of systematic errors: (i) the dissolution of
impurity species into liquid water and (ii) the incomplete removal
of water from the sample stream entering the GC. Both possible
errors were studied and are discussed in this section.

4.1. Species solubility in water

The amount of contaminant capable of dissolving into liquid
water was estimated using Henry’s Law given in Eq. (4), which
was valid since the system was held at constant temperature and
pressure and the impurity species were present in small amounts
[41,42]. Expressed in the form of Eq. (4), Henry’s law defined the
ratio of the concentration of a species ci dissolved in a liquid to the
partial pressure over the liquid of the same species pi to be related
by Henry’s constant kH,i. This constant was dependent on the system
temperature as given in Eq. (5) where �H represented the change
in enthalpy of solution, R the ideal gas constant, T the system tem-
perature, T◦ the reference temperature (25 ◦C for this case), and k0

H,i
the value for Henry’s constant at reference conditions.

kH,i = ci

pi
(4)

kH,i = k0
H,i exp

(−�H

R

(
1
T

− 1
T0

))
(5)

The Henry’s constants for various fuel cell contaminants at prac-
tical operating temperatures were calculated and listed in Table 6.
Constants were typically determined at a particular temperature by
averaging two literature values for k0

H,i
and (−�H/R) from Sander

[42]. With this data, the concentration of the impurities that could
dissolve in the product water was estimated with Eq. (4), assum-
ing liquid water production at the cathode as the only source of
liquid water, and assuming full access to this water for dissolution
of anode and cathode impurities. At cell operating temperatures of
60 ◦C, a cell current density of 1 A cm−2, and impurity concentra-
tions of 10 ppm, the highest reduction in CO and CO2 concentration
that could occur were 0.17 and 4.01 ppb, respectively. For 60 ppm
toluene and methylcyclohexane, the respective values were and
59.46 and 0.60 ppb, respectively. All these values were significantly
Impurity species dissolution into liquid product water therefore
did not have any measurable effects on the results presented in this
work. However, since Henry’s constant is temperature dependent
and for CO and SO2 varies at the same temperatures by approxi-
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Table 6
Henry’s law constants for solute species in liquid water as a function of temperature (units: mol dm−3 atm−1) [42].

T (◦C) O2 H2 SO2 Benzene Toluene MCHa CO CO2

25 1.3E−03 7.8E−04 1.4E+00 1.6E−01 1.5E−01 9.6E−03 9.7E−04 3.5E−02
60 7.7E−04 6.6E−04 5.1E−01 3.8E−02 3.7E−02 3.7E−04 6.1E−04 1.5E−02
7 E−02
8 E−02
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Both data sets were fitted to a single empirical equation, which was
applied for data correction and accounted for the presence of water
in the gas sample stream. This enabled an accurate determination
of the molar flow rates of the impurities and CO2.
0 6.7E−04 6.3E−04 4.0E−01 2.6
0 5.9E−04 6.0E−04 3.2E−01 1.9

a MCH = methylcyclohexane.

ately three orders of magnitude (Table 6), dissolution of impurity
pecies should be considered on a case by case basis.

.2. Impact of water in the GC sample stream

In addition to dissolution of contaminants into liquid product
ater inside the cell, incomplete water removal from the gas sam-
le stream was investigated as another source of systematic error.
ny gas sample analyzed by the GC in this work consisted of a mix-

ure of the reactant gas, CO2, water vapor, and the injected impurity
i.e. toluene or CO). Accurate quantification of the impurity species
n the gas streams required quantification of all the species in the
as stream. This presented a challenge because although the GC had
etection limits for CO2, CO, and hydrocarbons in the ppb range
Table 1), calibration curves were based on dry gas standards and
he ability of the GC to quantify the concentration of water was lim-
ted to a percentage resolution. Since more accurate quantification
f water was required for this work, water traps were introduced
nto the GC sample stream, as shown in Fig. 1, to reduce the amount
f water entering the GC to negligible amounts and measure the
oncentrations of impurities in the dry gas. As shown in Fig. 5(a),
owever, due to these water traps, the mole fraction of water enter-

ng the GC (yw2 ) was not equivalent to the mole fraction of water
ntering the cell (yw1 ). Instead, the GC data represented mole frac-
ions that would exist if an identical water trap was placed upstream
f the cell, as shown in Fig. 5(b). To determine the exact impurity
olar flow rates from the concentrations measured by the GC, the

mpact of the water trap on the GC measurement was determined.
n the following Section 4.2.1, the strategy to identify the effec-
iveness of the water traps at different operating conditions and
o correct the measured concentrations of CO2, CO, toluene, and

ethylcyclohexane for the presence of water in the sample stream
s described. Subsequently in Section 4.2.2, the essential calcula-
ions are discussed in more detail.

.2.1. Correction method
Fig. 6 shows the concentrations of CO measured with the GC

uring constant injection of 1 and 2 ppm CO while increasing the
mount of water in the sample stream by increasing the humidifier
emperature. When humidifier temperatures exceeded approxi-

ately 65 ◦C, the mole fractions of CO were observed to decrease
ignificantly and non-linearly. The data indicates that the amount of
ater entering the GC via the sample stream was not constant and
ot negligible, but increased with the amount of water in the main
as stream. With increasing amounts of water in the GC sample
tream the measured concentration of CO and CO2 decreased from
heir respective concentrations entering the cell. Since the effec-
iveness of the water trap used in this work was not improved by
ubmerging it in an ice bath, the presence of water entering the GC
eeded to be accounted for. This was accomplished in three steps:
1. Fitting the data in Fig. 6 and assuming that the change in CO
concentration was only caused from additional water passing
the water trap and entering the GC.

. Obtaining an empirical relationship between the amount of
water entering the cell if an identically effective water trap was
2.6E−02 1.6E−04 5.5E−04 1.2E−02
1.9E−02 7.6E−05 4.9E−04 9.8E−03

placed in the feed stream (known from GC data and fit) and
the actual amount of water entering the fuel cell (known from
humidifier temperature and gas flow rates).

3. Determining the actual amount of water entering the GC, cor-
recting the concentrations measured by the GC to dry gas values,
and calculating the actual molar flow rates of the impurity and
CO2 in the gas streams.

Fig. 7 shows the relationship between the molar flow rate of
water entering the cell assuming a water trap was placed upstream
of the cell and the actual molar flow rate of water entering the cell.
Fig. 5. Schematic of the impact of the water traps in the gas sample streams on the
experiment: (a) experimental (real) situation and (b) measured situation. The mole
fraction of water entering the GC yw2 differs from the actual mole fraction of water
entering the cell yw1 . A hypothetical water trap in the inlet stream is used to calculate
the molar flow rates of the impurity species entering the fuel cell from the GC data.
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ig. 6. Measured CO concentration vs. humidifier temperatures for 1 and 2 ppm CO
sing constant flow rates for CO injection and main gas stream.

Fig. 8 shows the effectiveness of the water trap vs. molar flow
ate of water present in the mixed gas stream. The water separator
as least effective when molar flow rates of water corresponded

o conditions near saturation at ambient temperatures. This was
xpected, since the temperature differential between the gas sam-
le stream and the water separator were small. The data in Fig. 8

ndicated that for molar flow rates of water ranging from 100 to
00 �mol s−1 above 80% of the water was removed from the gas
ample stream. However, since more water entered the water trap,
ore water also passed through the water trap and entered the
C. At even higher molar flow rates the relative amount of water

emoved by the water trap declined for both experiments at differ-
nt rates. The slight deviation of the data sets was attributed to data
ollection during ramping of the humidifier temperature.

The impact of implementing the corrective equation is shown
n Fig. 9, which compares the corrected data previously shown in
ig. 2(a) with the uncorrected data for the cathode outlet. The uncor-

ected data indicated a loss of CO2 at the cathode. However, the
ajority of the apparent loss shown in Fig. 9 was artificial and was

n fact due to water entering the GC. Only a small portion of CO2
0.0016 �mol s−1) was exiting the cathode flow stream by diffus-

ig. 7. Molar flow rate of water calculated from GC data plotted vs. the actual molar
ow rate of water entering the fuel cell for 1 and 2 ppm CO injection.
Fig. 8. Water separator effectiveness vs. molar flow rate of water entering the fuel
cell for 1 and 2 ppm CO injection.

ing to the anode as shown by Fig. 2(a) and (b). This emphasizes
the importance of implementing the corrective equation for the
presence of water entering the GC so that accurate results can be
obtained.

4.2.2. Corrective equation
In this subsection, the equations that were applied to correct the

GC data and calculate the actual molar flow rates entering or exiting
the cell are derived and discussed. Eq. (6) shows that the concen-
tration of a species in a gas stream in units of ppm, ys,ppm can be
expressed by the molar flow rate of this species ṅs multiplied by
1 × 106 and divided by the sum of all the molar flow rates ṅj in the
gas stream. Solving this equation for the molar flow rates in units of
mol s−1 of either an impurity or CO2 yields Eq. (7) or Eq. (8), respec-
tively, where ṅi and ṅCO2 were the molar flow rates of the impurity
and CO2, respectively, and ai and aCO were conversion factors used

to convert the concentrations measured by the GC for the impurity
yi,ppm and for CO2 yCO2,ppm from ppm to full scale. ṅw,Hyp was the
flow rate of water into the fuel cell with a hypothetical water trap
identical to the water trap in the GC sample stream had been placed

Fig. 9. Fluctuations of CO2 molar flow rate at the cathode prior to (-�-) and after
(-�-) correction for the presence of water in the GC sample stream.
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Table 7
Humidifier temperatures and outlet saturation temperatures at standard operating conditions and cell temperatures of 60 and 80 ◦C.

Cell temperature (◦C) Electrode Inlet relative humidity (%) Humidifier temperature TH (◦C) Outlet saturation temperature TSat (◦C)

60 Anode 100 60.0 63.2
6
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8
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0 Cathode 50
0 Anode 100
0 Cathode 50

n the feed stream of the cell. ṅw,Hyp was the only unknown in Eqs.
7) and (8), and needed to be determined to correct the GC data
or the water in the gas sample stream. The molar flow rates for the
eactant gas streams at the cell inlet ṅr,In and outlet ṅr,Out in units of
ol s−1 were calculated from the selected reaction stoichiometry �

sing Eqs. (9) and (10), respectively, where ˛ was the known frac-
ion of the fuel or oxidant in the gas stream (e.g. in normal air ˛ is
qual to 0.21), I the cell current in the experiment, n the number of
lectrons transferred during the electrochemical reaction at either
he anode or cathode (i.e. two for the HOR and four for the oxygen
eduction reaction (ORR)), and F Faraday’s constant.

s,ppm = 1 × 106 · ṅs∑
jṅj

(6)

˙ i = ai

1 − ai · aCO2

· [ṅr,In/Out + ṅw,Hyp + (ṅr,In/Out + ṅw,Hyp) · aCO2 ]

(7)

q. in units of mol s−1.

˙ CO2 = aCO2

1 − aCO2 ai
[ṅr,In/Out + ṅw,Hyp + (ṅr,In/Out + ṅw,Hyp) · ai] (8)

here ai = yi,ppm/(1 × 10−6 – yi,ppm); aCO2 = yCO2,ppm/(1 × 106 −
CO2,ppm).
q. in units of mol s−1.

˙ r,In = �I

nF˛
(9)

˙ r,Out = (� − ˛)I
nF˛

(10)

The unknown ṅw,Hyp was determined by solving Eq. (7) to obtain
q. (11) and using the data of the measurements shown in Fig. 6,
hich quantified the impact of water on the experimental results.

he molar flow rate of CO into the cell ṅCO was known from the
elected flow rates of the injected gas stream and the main gas
tream. The values for aCO in Eq. (11) were determined by fitting
he GC data when plotted vs. the calculated actual amount of water
˙ w,act,In entering the cell, while values for aCO2 were taken directly
rom the experimental results.

˙ w,Hyp =
(

(1 + aCO2 )−1
[(

ṅCO

aCO

)
− (1 + aCO2 )ṅr,In/Out

])
(11)

In Fig. 7 ṅw,Hyp is plotted vs. ṅw,act,In, the actual molar flow rate
f water into the cell. Both data sets were fitted to a single empir-
cal equation given by Eq. (12), which related ṅw,Hyp to the actual
mount of water ṅw,act,In entering the cell. ṅw,Hyp could then be
etermined from system operating parameters. ṅw,act,In was given
y Eqs. (13) and (14) where yw,In represented the mole fraction of
ater in the fuel cell inlet stream, PSat

w (TH) the saturation pressure
f water at the humidifier temperature and PCell,In the pressure of
he cell at the inlet. In the inlet case, the molar flow rate ṅIn equals
he flow rate of clean gas in the main gas stream that passes through

he humidifier.

Eqs. (12)–(14) are also valid for the outlet case, where ṅOut

quals ṅr,Out which considered the stoichiometry of the reaction
nd was described by Eq. (10), and PCell,Out was the outlet pres-
ure. The hardware used in this work had a negligible pressure drop
45.8 66.6
80.0 81.5
64.0 80.2

of approximately 3 kPa across the anode at the employed operat-
ing conditions, and the value of PCell,Out was therefore used for all
calculation in this work. However, the pressure drop across a fuel
cell hardware depends on channel length and cross-section, flow
rate, humidification, and other operating conditions. For a signifi-
cant pressure drop the pressure driven flow rate of the gas sample
streams at the inlet and the outlet will differ. This results in different
molar flow rates of water into the water traps that can be accounted
for by using appropriate values and the same method shown in this
work.

Also, in the outlet case of Eqs. (12)–(14), the saturation tempera-
tures of the exit gases TSat were found to differ from the temperature
of the humidifier TH over a range of operating conditions such
as humidifier temperature, flow rates, and inlet relative humid-
ification. Table 7 lists the inlet relative humidity, the humidifier
temperature and the resulting saturation temperature at the cell
exit for cell temperatures of 60 and 80 ◦C and otherwise standard
operating conditions. At the cathode exit the saturation temper-
atures increased significantly indicating an increased presence of
water in the cathode exhaust stream. For the purpose of gas stream
analysis, the fuel cell hardware had to be considered as a second
humidifier system running at the saturation temperature of the
anode or cathode exit gas. The mole fraction of water in the fuel cell
outlet was thus calculated with Eq. (14) and TSat. Consequently, for
accurate gas analysis the saturation temperatures at the GC sample
ports were determined for several operating conditions before indi-
vidual correction of anode and cathode outlet data when saturation
temperatures exceeded 65 ◦C.

ṅw,Hyp = −10.22894 + 18.13477 exp

[
ṅw,act,In/Out

217.13476

]
(12)

Eq. in units of �mol s−1.

ṅw,act,In/Out =
[

yw,In/Out

1 − yw,In/Out

]
· ṅIn/Out (13)

yw,In/Out = PSat
w (TH/Sat)

PCell,In/Out
(14)

Substituting Eq. (12) into Eq. (7) or Eq. (8) yielded the desired
corrective equation. This equation converts the concentration mea-
sured by the GC into a molar flow rate while correcting the
measured GC data for the amount of water in the gas sample stream.
The correction was employed for species quantification at the anode
and cathode inlet and outlet. This was done for this work when-
ever humidifier temperatures exceeded 65 ◦C. As shown in Fig. 6, at
lower temperatures ṅw,Hyp did not affect GC values and was there-
fore neglected when converting the mole fractions measured by the
GC into molar flow rates.

5. Conclusions
An experimental and analytical methodology has been devel-
oped that employs on-line gas chromatography (GC) to identify
and quantify the reactions of trace contaminants in PEMFCs. Careful
design of the experimental setup and evaluation of the measured
data for systematic errors allowed the quantification of impurity gas
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pecies to sub-ppm levels. This enabled (i) the quantification of con-
ersion processes inside the fuel cell during exposure to ppm-level
ontaminant concentrations at steady state poisoning conditions,
nd (ii) the detection of species permeating through the membrane
lectrode assembly (MEA). The method was employed for studying
he effects of 1, 2, and 10 ppm CO, and 20 and 60 ppm toluene in the
node feed stream at 60 and 80 ◦C operating temperatures.

Accurate closure of the molar flow balance of the contaminants
nd their reaction products at steady state was achieved within
3% of complete closure. This proved the validity of the methodol-
gy and required consideration of two possible sources of errors:
i) The solubility of the impurities in water was considered for
his work and determined to be negligible. For future work, impu-
ity dissolution has to be considered on a case by case basis. (ii)
he successful closure of the molar flow balance at temperatures
bove 65 ◦C required the correction of the measured GC data. At
hese operating temperatures increased amounts of water passed
hrough the water traps that were placed in the gas sample stream
nd decreased the concentration measured by the GC. An equa-
ion was derived that corrects for residual water in the GC sample
treams above 65 ◦C and converts the concentrations measured by
he GC into molar flow rates. This enabled accurate quantification
f impurity gas species to sub-ppm levels at all typical operating
onditions.

Application of the measurement methodology to the inlets
nd outlets of the anode and cathode electrodes, allowed low
evel fuel contaminants to be tracked and quantified within the
uel cell system. This was demonstrated by identifying the reac-
ion and quantifying the extent of reaction of CO to CO2 and
oluene to methylcyclohexane in the anode feed stream. The
aster hydrogenation of toluene resulted in complete conversion
o methylcyclohexane at the catalyst surface with negligible inter-
erence on fuel cell performance, while the slower CO conversion to
O2 resulted in poisoning of the anode and significant degradation
f cell performance.

Additional work is underway to use the developed methodol-
gy to characterize the extent of reaction under a wider range of
perating conditions and contaminants. The method is expected
o be applicable to studying the reactions of other gaseous fuel and
ir contaminants, such as other hydrocarbon species, H2S, COS, SO2,
nd mixtures of selected or all detectable species. To close the molar
ow balance for species that are highly soluble in liquid water, such
s SO2, the method may require additional effluent water collection
nd analysis. Closure of the molar flow balance at steady state as
hown in this work also enables the study of non-steady state poi-
oning and recovery processes. This work is in progress and will be
resented in future publications.
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