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bstract

The effectiveness of a commercial activated carbon modified by KOH (KMAC) was evaluated as adsorbent for purifying NOx and SO2, which
re the major contaminants in fuel cell cathode air stream. The N2 adsorption–desorption isotherms of KMAC samples showed that the surface
tructure of the activated carbon was changed significantly by KOH impregnation. The sample of KMAC with a loading of 10.1% KOH by weight

resented the highest adsorption capacities for both NOx and SO2, which were 96 mg g−1 and 255 mg g−1, respectively. A pre-exposure of KMAC
o CO2 caused neither effect on the adsorption of NOx nor on the adsorption of SO2. KMAC could fully protect a 250 W proton exchange membrane
uel cell (PEMFC) stack from 1100 ppb of NOx and 250 ppb of SO2 for about 130 h.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Proton exchange membrane fuel cells (PEMFCs) are being
eveloped as an alternative to the internal combustion engine
ICE) for automotive propulsion in order to reduce fossil fuel
onsumption. One potential problem with PEMFCs however is
hat the cathode catalyst could be poisoned by air contaminants,
specially once emitted from ICE vehicles. There have been
any studies regarding the impact of various air contaminants

1–5]. For example, 1 ppm of NO2 could reduce fuel cell perfor-
ance by 10% while the same concentration of SO2 caused a

5% loss of cell voltage within 100 h [1]. Hundred and forty parts

er million of NOx (NO:NO2 = 9:1) could cause a 30% reduc-
ion in cell voltage within 5 min [2]. However, the effects of CO
nd hydrocarbon (i.e. benzene and propane) were less severe
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han those of NOx and SO2 [4,5]. Furthermore, the performance
f fuel cells could not be fully recovered after poisoning by
Ox or SO2. Therefore, it is a challenge to prevent the cathode

rom the contamination of NOx and SO2 in air when operating
uel cell vehicles in real environment. To date, few studies have
ddressed the critical problem of protecting PEMFCs from air
ontamination.

There are two options for dealing with air contamination
f fuel cells: improvement of catalyst durability and chemical
dsorption. The latter option can be incorporated into a filter
ystem, forming an adsorptive filter. The designing parameters
f an adsorptive filter, including saturation capacity, removal
fficiency and pressure drop, depend on the inlet air proper-
ies (contaminants, concentration and air flow rate), filter design
ptions (packed bed or microfibrous material) and filter foot-
rint (area, thickness and weight) [6]. Obviously, the selection

nd evaluation of adsorbent are key issues for the adsorptive
lter designing.

One effective selection for the adsorbent is activated car-
ons (ACs), which are a well-known high porous and low cost

mailto:jxma@mail.tongji.edu.cn
dx.doi.org/10.1016/j.jpowsour.2007.08.116
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Table 1
Textural properties of commercial activated carbon samples

Samples BET surface
areas, SB

(m2 g−1)

Micropore
areas, SM

(m2 g−1)

SM/SB Total pore
volume, VT

(cm3 g−1)

Average
pore width
(nm)

AC-1 1716.33 492.97 0.29 1.01 2.35
AC-2 905.21 646.64 0.71 0.44 1.93
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aterial. Many studies have investigated the removal of NOx and
O2 by using ACs. It was reported that NOx and SO2 adsorp-

ion capacities are related not only to the surface properties
f ACs, but also to the modification process [7–10]. In addi-
ion, adsorption temperature, surface oxygen functional groups,
pace velocity and adsorption pressure could affect the adsorp-
ion of NOx or SO2 to some extent [11–13]. However, most of
hese studies did not focus on the application in fuel cells. On
he other hand, the co-existence of CO2 on the adsorption of
Ox and SO2 was not investigated, though a high CO2 adsorp-

ion capacity on modified activated carbon (MAC) was reported
14].

In the present work, a series of KMAC samples were prepared
y impregnating activated carbon into potassium hydroxide
olutions at different concentrations. The KMAC samples were
haracterized by N2 adsorption–desorption isotherms and their
ehaviors for the adsorption of NOx and SO2 were studied. In
ddition, the efficiency of KMAC as fuel cell air filter material
as evaluated by connecting a KMAC filled fixed bed reactor

o a 250 W fuel cell stack.

. Experimental

.1. Adsorbent preparation

Four types of commercial activated carbon samples were
ompared in order to select a suitable type with better surface
nd pore structure. Listed in Table 1 are their textural proper-
ies, measured by BET method (ASAP 2020, Micrometrics). The
ET surface area (SB) and total pore volume (VT) of AC-1 are
uch higher than those of others, but its micropore area (SM)

s slightly lower than those of AC-2 and AC-4. This suggests
hat more mesopores and macropores exist in the AC-1 sam-
le. According to Claudino et al. [11] and Neathery et al. [15],
he adsorption capacities of ACs do not mainly depend on the

icropore area. Furthermore, it is easier for the mesopores and
acropores to accommodate potassium deposited on the acti-

ated carbon surface. Therefore, AC-1 (hereinafter denoted by
C) has been considered to be the best one for KOH modification
nd further experiments.

To remove possibly contained volatiles, AC was first calcined
n a furnace under helium atmosphere at 800 ◦C for 1 h. It was
hen impregnated into KOH solutions at different concentrations

etween 0.1 M and 1 M with stirring at 45 ◦C for 3 h, followed
y dehydration at 100 ◦C for 8 h in a vacuum oven. Next, the
odified samples were activated at 600 ◦C for 1 h with a con-

tant heating rate of 10 ◦C min−1 in He. Finally, five adsorbent

t

t
i

able 2
OH loading and textural characteristics of adsorbent samples

amples KOH loading (wt.%) SB (m2 g−1) SM (m2 g−

C 0 1716.33 492.97
MAC-1 2.2 1474.40 438.73
MAC-2 5.3 1342.27 413.59
MAC-3 10.1 1153.36 337.19
MAC-4 18.3 626.13 193.93
C-3 442.19 421.67 0.95 0.20 1.85
C-4 840.76 588.50 0.70 0.48 2.26

amples (AC and KMACs) were prepared and kept in a des-
ccator to avoid moisture and contaminants. The KOH loading
eights and textural characteristics of all five samples are shown

n Table 2.

.2. Adsorption procedure

The prepared adsorbent was filled in a fixed bed reac-
or (see Fig. 1). Eight thousand parts per million of NOx/N2
NO:NO2 = 9:1) and 7500 ppm of SO2/N2 were fed to the reac-
or. The flow rates were controlled by mass flow meters (Alicat)
nd the concentrations of NOx and SO2 were monitored and
nalysed by a MS gas analyser (IMSQ4-GP, ABB). The adsorp-
ion experiments were operated at ambient temperature at about
5 ◦C.

.3. PEMFC stack testing

The effect of adsorbent on the performance of fuel cell was
nvestigated on a 250 W PEMFC stack. The fixed bed reactor
lled with KMAC-3 was used and connected to the cathode

nlet of the stack. A simulated air contaminated with 1100 ppb of
Ox (NO:NO2 = 9:1) and 250 ppb SO2 was fed into the reactor

nd then to the stack (see Fig. 1). The air stream could also
e skipped over the reactor and fed directly into the stack. The
2 (99.999%) on the anode was humidified and the operating

emperature of the stack was set at 70 ◦C.

.4. Calculation of adsorption

The adsorption capacities and efficiencies of both NOx and
O2 on activated carbon adsorbents can be calculated according
o the following equations.
Theoretically, the effective adsorption time (Ts) is related

o equilibrium adsorption volume (Q), interstitial velocity (u),
nlet volume concentration (C0), adsorption efficiency (η) and

1) SM/SB VT (cm3 g−1) Average pore width (nm)

0.29 1.01 2.35
0.30 0.86 2.34
0.31 0.78 2.34
0.29 0.68 2.35
0.31 0.37 2.38
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with an increase in KOH content. This suggests that the phys-
ical structure of activated carbon was apparently changed by
KOH modification. More detailed textural results of the sam-
ples are given in Table 2. A significant decrease in SB and VT
ig. 1. Schematic diagram of experimental set-up. 1, two-way valve; 2, mass flo
, stainless steel mesh; 8, asbestos; 9, adsorbent; 10, fixed bed reactor; 12, MS g
ump; 18, water tank; 19, MS analyser outlet; 20, H2 outlet; 21, air outlet; 22, a

ross-section area of the fixed bed reactor (A):

s = Q

uC0ηA
(1)

here u = v/ε (v is the superficial velocity of NOx or SO2 and
is the total porosity of adsorbent). Ts can be obtained directly

rom the adsorption experiment. However, because a genuine
dsorption equilibrium is difficult to reach, Ts is defined in this
aper as the interval between adsorption beginning and the time
hen the outlet concentration (C) of NOx or SO2 recovers to
5% of C0.

The equivalent breakthrough time (T*) is proposed based
n the assumption, in which the concentration of NOx or SO2
ncreases to its initial value immediately as breakthrough occurs.
herefore, T* can be calculated according to the following equa-

ion:

∗ =
∫ Ts

0

(
C0 − C

C0

)
dt (2)

Based on Eq. (1), the calculation of adsorption efficiency can
e expressed as

=
∫ Ts

0 (C0 − C)dt∫ Ts
0 C0 dt

(3)

Furthermore, the adsorption weight (Qa) can be calculated

ccording to the following equation:

a = C0T
∗q0M

22.4w
(4)

here q0 is the flow rate of gas mixture, M the molecular weight
f NOx or SO2 and w is the adsorbent weight.
ter (MFM); 3 and 11, four-way valve; 4 and 5, three-way valve; 6, manometer;
lyser; 13, computer; 14, PEMFC stack; 15, electronic load; 16, humidifier; 17,
t; 23, H2 inlet; 24, water inlet; 25, water outlet; 26, MFM control unity.

. Results and discussion

.1. Porosity characterization

Fig. 2 shows N2 adsorption–desorption isotherms for all sam-
les at −196 ◦C. The isotherms behaved a form of type IV
ith a hysteresis loop, indicating the presence of mesopores.
he hysteresis loop in each isotherm occurred at a relative
ressure of approximately 0.4. Therefore, capillary condensa-
ion could start from the pore size of 3 nm [16]. As seen in
ig. 2, N2 adsorption capacity of KMAC decreased evidently
Fig. 2. N2 adsorption–desorption isotherms for AC and KMACs.
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well known that the acidity of SO2 is higher than that of NOx.
Therefore, the interaction between SO2 and KMAC would be
stronger and the adsorption of SO2 became easier than that of
NOx.
ig. 3. Effects of KOH modification on NOx (NO:NO2 = 9:1) adsorption
adsorption temperature = 25 ◦C; flow rate = 60 mL min−1; bed depth = 3 cm).

ould be found when the loading of KOH in KMAC samples was
igh. The relationship between SM and KOH loading showed
similar tendency as SB and VT, and the ratios of SM to SB
ere almost constantly at 0.3. It seems that along with microp-
res, mesopores and macropores were also influenced by KOH
odification.

.2. NOx and SO2 adsorption

Fig. 3 shows the breakthrough curves of NOx adsorption on
C and KMACs. In order to accelerate the adsorption, a high
oncentration of NOx was used in screening the adsorbents. It is
vident that the NOx adsorption profiles behaved differently. On
he breakthrough curve of AC, the concentration of NOx recov-
red soon from a complete adsorption to a level at about 95%
f the inlet concentration (C0), showing only a small amount
f NOx was captured by AC. On the breakthrough curves of
MAC-1 and KMAC-2, the recovery to a relatively stable value
ccurred at about 175 min and they took a longer time for about
00 min to reach a concentration level of 95% of C0. In addition,
here existed a fluctuation on the curves, which may be caused
y the oxidation of NO to NO2 and the additional adsorption
f NO2 [13,17,18]. Since there was no O2 in the gas mixture,
he conversion between NO and NO2 might be promoted by the
urface oxygen species, provided by oxygen functional groups
n KMACs. The samples of KMAC-3 and KMAC-4 showed a
onger breakthrough time for the adsorption of NOx. In this case,
he concentration of NOx was recovered to 95% of C0 after about
00 min.

According to Eqs. (2) and (4), the equivalent breakthrough
ime (T*) and NOx adsorption weight (Qa) of the samples were
alculated and the results are shown in Fig. 4. It can be seen
hat both T* and Qa increased with KOH loading and reached
he maximum on the sample KMAC-3 with a KOH loading of

0.1%. The NOx adsorption weight on KMAC-3 was 96 mg g−1,
hich is 6.4 times of that of AC. Obviously, the modification
f KOH enhanced the NOx adsorption capacity of activated car-
on very significantly. However, when KOH loading exceeded

F
t

ig. 4. NOx adsorption weights and equivalent breakthrough times on AC and
MACs.

0.1%, as in the case of KMAC-4, the NOx adsorption capac-
ty decreased. One of the reasons could be that some pores in
C might be blocked by KOH deposition and aggregation. The
ata of SB and VT of KMAC-4 in Table 2, which decreased
ignificantly, provided additional evidence. Therefore, SB and
T could be the surface fingerprint of KMAC for NOx adsorp-

ion capacity and should be controlled moderately during KOH
odification.
The breakthrough curves of SO2 adsorption on AC and

MACs are plotted in Fig. 5. In comparison to the breakthrough
f NOx, the breakthrough of SO2 took place more slowly. For
nstance, the breakthrough of SO2 on AC started at 50 min after
he introduction of SO2 and the start point of breakthrough
or the KMAC samples needed much longer time. However,
t was easier for the breakthrough of SO2 to reach a concen-
ration level of 95% of C0 than that in the case of NOx. It is
ig. 5. Effects of KOH modification on SO2 adsorption (adsorption tempera-
ure = 25 ◦C; flow rate = 60 mL min−1; bed depth = 3 cm).
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ig. 6. SO2 adsorption weights and equivalent breakthrough times on AC and
MACs.

The calculated T* and Qa of SO2 for all samples are shown in
ig. 6. The effects of KOH loading on T* and Qa of SO2 adsorp-

ion are similar to those of NOx. Of all the samples, KMAC-3
ad the best performance for SO2 adsorption. The Qa of SO2
n KMAC-3 was 255 mg g−1, which is 2.7 times of that of
C. Therefore, KMAC-3 was recognized as the most effective
dsorbent and adopted in the subsequent experiments.

.3. Effect of CO2

Usually, air contains about 350 ppm of CO2. Since CO2 is
cidic in nature, its co-existence may affect the adsorption of
Ox and SO2. In order to reveal the effect of CO2, the adsorbent
MAC-3 was exposed to air for 24 h to establish a saturated

tate of CO2 adsorption. Then, the breakthrough behaviors of
Ox and SO2 on the CO2 pre-treated sample were investigated.
he results are shown in Fig. 7.

Fig. 7a shows the effect of CO2 on the breakthrough of NOx.
t can be seen that a desorption of CO2 took place as soon as NOx

as introduced into the adsorption reactor and a maximum of
O2 occurred at the time of 135 min. The desorption of CO2 was

topped at the time of about 300 min, where the breakthrough
f NOx turned into a flat stage. The phenomenon indicates that
Ox replaced the adsorbed CO2 due to a stronger interaction
ith KMAC-3. Furthermore, it was found that the adsorption

apacity, Qa was almost the same as that without the co-existence
f CO2, providing the evidence of a complete replacement of
O2 by NOx.

The effect of CO2 on the adsorption of SO2 is shown in
ig. 7b. Obviously, a replacement of CO2 by SO2 occurred.
owever, unlike the adsorption of NOx, the desorption of CO2
as delayed for about 170 min. The possible explanation to the
henomenon is that SO2 is a much more acidic gas and can
nd more sites on the adsorbent surface in addition to the sites

ccupied by CO2. In comparison of the breakthrough curve in
ig. 7b to that of KMAC-3 in Fig. 5, it is evident that the adsorp-

ion capacity of SO2 was not influenced by the co-existence of
O2.

w
2
m
i

ig. 7. Breakthrough curves of NOx (a) and SO2 (b) adsorption on KMAC-3
ith CO2 presence (adsorption temperature = 25 ◦C; flow rate = 60 mL min−1;
ed depth = 3 cm).

.4. Pressure drop testing

Prior to the investigation of the feasibility of using
MAC-3 to protect PEMFC stack from NOx and SO2, pressure
rop caused by KMAC-3 in the adsorbent reactor was tested at
ifferent inlet air pressure and flow rates. Fig. 8 shows the tested
nd calculated results according to the modified Ergun equa-
ions [19]. It can be found that the influence of inlet air pressure
n the pressure drop was insignificant. However, it increased
ith the increase of air flow rate approximately linearly. The

ndependence of pressure drop on the inlet pressure is due to
ess change of air viscosity in the range between 1.0 bar and 2.5
ar.

Fig. 9 shows the ratios of pressure drop to inlet air pressure
Rpd) of KMAC-3 at different air flow rates. It is clear that the
igher the inlet air pressure, the lower the relative pressure drop

ill be. At the inlet pressure of 1.5 bar, the highest Rpd is about
.5%. The influence of such level of pressure drop on the perfor-
ance of a 250 W stack was investigated and will be discussed

n the following section.
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Fig. 8. Tested and calculated pressure drops of

.5. PEMFC stack testing

The application of KMAC-3 as an adsorptive filter material
or protecting fuel cells was evaluated. The experiment was
arried out on a 250 W PEMFC stack (see Fig. 1). The con-
entrations of NOx (NO:NO2 = 9:1) and SO2 are 1100 ppb and
50 ppb, respectively. KMAC-3 was filled in the fixed bed reac-
or and connected to the cathode inlet of the stack. The inlet

ir pressure was set at 1.5 bar. The decrease of stack voltage
aused by the pressure drop was only about 20 mV (see Fig. 10).
herefore, the effect of pressure drop resulted by the reactor was
egligible.

ig. 9. Influences of air pressure and flow rates on pressure loss for KMAC-3
bed depth = 3 cm).

b

f

F
(
s

C-3 in the fixed bed reactor (bed depth = 3 cm).

Fig. 10 also shows the measurement of stack voltage when
Ox and SO2 contaminated air was fed directly into the cathode
f the stack. In neat air case, the stack voltage declines from 3.9 V
o 3.7 V within 80 h and kept a steady state at about 3.65 V till the
nd of experiment. In contaminated air case, the voltage declined
harply from 3.9 V to about 2.7 V within 30 h. Thereafter, no
urther decrease in stack voltage was observed. Therefore, the
y 30.7% when no protesting measure was taken.
Fig. 11 shows the efficiency of KMAC-3 in protecting stack

rom the poisoning of NOx and SO2. In the first 130 h, the stack

ig. 10. Influences of NOx, SO2 and air pressure drop on stack performance
air pressure = 1.5 bar; bed depth = 3 cm; air flow rate = 30 L min−1; current den-
ity = 280 mA cm−2).
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ig. 11. V–t curves of 250 W stack with NOx and SO2 filtration (air
ressure = 1.5 bar; bed depth = 3 cm; air flow rate = 30 L min−1; current den-
ity = 280 mA cm−2).

erformance was the same as that under neat air, showing that the
tack was not affected by the contaminants. During this period of
ime, the breakthrough of NOx and SO2 on KMAC-3 might not
ccur, because the concentrations of NOx and SO2 used in this
xperiment were much lower than those used in Figs. 3 and 5. In
he second stage from 130 h to 160 h, the stack voltage declined
lightly. The decrease was about 1.6%. At this stage, the break-
hrough of NOx and SO2 might occur, though the desorption of
Ox and SO2 was insignificant. After 160 h, the decline became
at. The same observation existed in Fig. 10, too. However, when

he filtration was by-passed, i.e. NOx and SO2 were introduced
gain into the stack directly, the voltage dropped rapidly to about
.7 V. Obviously, KMAC-3 was an efficient adsorbent and could
e used in fuel cell air filter.

. Conclusions

A commercial activated carbon modified by KOH was used
o remove NOx and SO2 in air at ambient temperature (25 ◦C)
nd its potential application in fuel cell air filter was evaluated.
he following conclusions can be drawn:

1) The adsorption capacities of activated carbon for NOx and
SO2 could be affected by surface structure and more signifi-
cantly by KOH modification. Activated carbon loaded with
10.1% KOH by weight (sample KMAC-3) showed the best

property and the adsorption weights for NOx and SO2 were
96 mg g−1 and 255 mg g−1, respectively.

2) The co-existence of CO2 did not cause any effect on the
adsorption of NOx and SO2 on KMAC-3.

[

[

[

urces 175 (2008) 383–389 389

3) The pressure drop caused by air flowing through the adsor-
bent was about 2.5% at an inlet air pressure of 1.5 bar and led
only to a decrease of 20 mV in voltage for a 250 W PEMFC
stack.

4) Directly feeding a contaminated air with 1100 ppb NOx and
250 ppb SO2 to the 250 W stack caused a decrease in voltage
by 30.7%. When a reactor filled with KMAC-3 adsorbent
was used before the stack, the performance of stack did not
change any more within 130 h. Therefore, KMAC is a type
of potential filter material for protecting PEMFC from the
poisoning by NOx and SO2.
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