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bstract

Glass fiber entrapped ZnO/SiO2 sorbent (GFES) was developed to remove sulfur species (mainly hydrogen sulfide, H2S) from reformates for
ogistic PEM fuel cell power systems. Due to the use of microfibrous media and nanosized ZnO grains on highly porous SiO2 support, GFES
emonstrated excellent desulfurization performance and potential to miniaturize the desulfurization reactors. In the thin bed test, GFES (2.5 mm
ed thickness) attained a breakthrough time of 540 min with up to 75% ZnO utilization at 1 ppm breakthrough. At equivalent ZnO loading, GFES
ielded a breakthrough time twice as long as the ZnO/SiO2 sorbent; at equivalent bed volume, GFES provided a three times longer breakthrough
ime (with 67% reduction in ZnO loading) than packed beds of 1–2 mm commercial extrudates. GFES is highly regenerable compared with the
ommercial extrudates, and can easily be regenerated in situ in air at 500 ◦C. During 50 regeneration/desulfurization cycles, GFES maintained its

esulfurization performance and structural integrity. A composite bed consisting of a packed bed of large extrudates followed by a polishing layer
f GFES demonstrated a great extension in gas life and overall bed utilization. This approach synergistically combines the high volume loading of
acked beds with the overall contacting efficiency of small particulates.

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

High efficiency desulfurization is critical to maintain the
ctivities of fuel processing catalysts and high-value mem-
rane electrode assemblies in logistic PEM fuel cell systems
1–4]. Metal oxides can be used to remove sulfur species from
as streams [5–13]. Among these studies, zinc oxide (ZnO) is
idely applied to remove sulfur species such as H2S from fuel
ases because of its high-sulfur capacity and favorable sulfida-
ion thermodynamics at moderate temperatures [14]. Traditional
echnology using packed bed reactors, given enough reactor vol-
me, can successfully remove sulfur compounds from several
housand ppm to sub-ppm levels using metal oxide-based sor-

ents [1,2]. Commercial sorbents widely used in packed beds are
f large particle sizes (ca. 1–5 mm), thus they normally demon-
trate low-sorbent utilization and poor regenerability because

∗ Corresponding author. Tel.: +1 334 844 2023; fax: +1 334 844 2065.
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f low contacting efficiency, intra-particle and lattice diffusion
imitations [15]. As a result, packed beds with large reactor sizes
re usually required to achieve low H2S concentrations. In order
o achieve high-efficiency sulfur removal, different approaches
ave been proposed. Rare metals and catalyst washcoats have
een used to avoid one or more of these problems [16–19], but the
urface areas per unit reactor volume still need further improve-
ents. In a logistical fuel cell system, the overall system weight

nd volume are critical concerns. Therefore, the novel sorbent
nd reactor designs with high sorbent utilization, high capacity
nd miniaturized reactors are favored for logistic power systems.

Microfibrous media developed at the Center for Microfi-
rous Materials Manufacturing (CM3) at Auburn University
as demonstrated significant improvements in heat/mass trans-
er and regenerability [20–28]. This generic approach utilizes
icro-sized fibers to entrap sorbent and catalyst particulates into

inter-locked structures with high voidage. Due to the improved

ontacting efficiency, these microfibrous materials can reduce
oth the reactor weight and volume. As for H2S removal, Ni
icrofibrous entrapped sorbents were prepared and demon-

trated a breakthrough time three times longer than a packed

mailto:tatarbj@auburn.edu
mailto:brucet@eng.auburn.edu
dx.doi.org/10.1016/j.jpowsour.2007.08.031
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100 �m are not practically employed in packed beds, let alone
nanosized sorbents. As a compromised design, nanosized ZnO
particles or grains could be loaded on inert support particles,
which can be used in packed beds or entrapped in microfibrous
H. Yang et al. / Journal of Po

ed of commercial ZnO extrudates [3]. However, Ni fiber cannot
ithstand the highly oxidizing atmosphere used during sor-
ent regeneration. New microfibrous entrapped sorbents that
re able to work in both reducing and oxidizing environments
re required. In this study, glass fiber entrapped micro-sized
upported-ZnO sorbent particulates were prepared for regenera-
le desulfurization applications for logistic PEM fuel cell power
ystems.

. Experimental

.1. Sorbents preparation and characterization

A series of supported-ZnO sorbents were prepared by
ncipient-wetness impregnation, using SiO2 (300 m2 g−1, mean
ore size of 15 nm, Grace Davison) and �-Al2O3 (150 m2 g−1,
ean pore size of 7 nm, Alfa) as supports. The detailed proce-

ure for producing glass fiber entrapped sorbents is described
y way of a sample preparation: 6 g of S2 glass fiber fibers
8 �m diameter) and 2 g of cellulose were added into water and
tirred vigorously to produce a uniform suspension. The suspen-
ion and 18 g of 150–250 �m SiO2 were added into a headbox of
he 1.0 ft2 M/K sheet former under aeration. The preform (1 ft2)
as then formed by vacuum filtration followed by drying on a
eated drum. The glass fiber sheet was pre-oxidized in airflow
or 30 min at 500 ◦C and then sintered for 1 h at a high tempera-
ure, ca. 900 ◦C. The prepared microfibrous entrapped SiO2 was
mmersed into the zinc nitrate solution (2 mol L−1) for 10 min,
nd subsequently vacuum drained and naturally dried overnight.
hen it was calcined in air at 450 ◦C for 1 h.

Powder XRD patterns were recorded on a Rigaku MiniFlex II
nstrument using a scanning speed of 4◦ min−1 and an accelerat-
ng voltage of 40 kV, unless stated otherwise. SEM micrographs
f the GFES were obtained by a Zeiss DSM 940 instrument.
he ZnO loading on support was analyzed by ICP-AES using a
hermo Jarrell Ash ICAP 61 Simultaneous Spectrometer. The
urface areas of the sorbents were measured by N2-BET.

.2. Gas and sample analysis

All gases in this work were purchased from Airgas South, Inc.
wo sulfur source gases were employed in this paper: 2 vol.%
2S–H2 and 60 ppm H2S in a model reformate stream (40 vol.%
O2, 10 vol.% CO, 9 vol.% C1–C3 hydrocarbon, balance H2).
ther challenge gases (e.g., 5050 ppmv H2S–H2) were prepared
y mixing 2 vol.% H2S–H2 with H2. The outlet H2S concentra-
ions were analyzed by a Gow-Mac 550 GC equipped with a
CD detector (H2 as the carrier gas) which was able to measure

he H2S concentration down to 200 ppmv. Gas samples were
njected to the GC every minute by a 6-port-valve with a sam-
ling loop of 50 �L. The whole sampling system was connected
y 1/8′′ tubing, and the pressure drop of this sampling system
as negligible at all experimental conditions. Below 200 ppmv,
he H2S concentrations were measured by a Varian 3800 GC
quipped with a pulse flame photometric detector (PFPD) capa-
le of analyzing H2S at sub-ppmv levels. Gas samples (250 �L)
n low concentration tests were collected and injected manually.
ources 174 (2007) 302–311 303

. Results and discussion

.1. Commercial sorbent evaluation and supported sorbent
esign

In a preliminary experiment, a packed bed of commercial
xtrudates (3/16′′, 16.50 g) containing 90 wt.% ZnO was tested
ith 5050 ppmv H2S in H2 at a face velocity of 20.3 cm s−1 and
00 ◦C. The dimensions of the packed bed were 2.14 cm diame-
er × 3.4 cm thickness. The test result, shown in Fig. 1, suggests
hat 70% ZnO in extrudates was accessible at 400 ◦C. Under the
est conditions in Fig. 1, the packed bed failed to yield a H2S
oncentration lower than 1 ppmv. At a higher breakthrough con-
entration of 50 ppmv (1% of inlet H2S concentration C0), the
reakthrough time read from the breakthrough curve was 40 min,
hich suggests only 8% ZnO reacted with H2S at the break-

hrough under the test conditions. A further analysis showed
hat only the ZnO in a layer of 50 �m (average) from the outer
urface was utilized prior to the breakthrough. ZnO particles
ith a size less than 100 �m should be fully utilized under the

est conditions and the breakthrough concentration. In a similar
tudy performed by Song et al. [2], only 3‰ ZnO was utilized at
.1 ppmv breakthrough in the presence of 20% water. The layer
hickness was calculated to be 0.2 �m (200 nm) in average, indi-
ating that only nanosized ZnO particles could be fully utilized
t the specified desulfurization application.

It is well known that small particle size can reduce the pore
iffusion resistance and enhance the external mass transfer rate.
urther tests on the commercial ZnO sorbents of various parti-
le sizes were performed at 400 ◦C, and the results are shown
n Fig. 2. The saturation capacity of the commercial sorbent
ncreased with a decrease in particle size, and the breakthrough
apacity followed the same trend, but not significantly.

Based on the results from Figs. 1 and 2, the nanosized parti-
les would achieve complete utilization during desulfurization.
lthough the use of small particles promotes the mass trans-

er, it also introduces high pressure drop and bed channeling
n packed beds, and sorbent particles with diameter less than
Fig. 1. Desulfurization performance of a commercial ZnO-based sorbent.
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Fig. 3. Supports screening.

Table 1
Calculated grain size at different calcination temperatures using Debye–Scherrer
equation

Calcination T (◦C) Grain size (nm)

350 1.25
450 2.90
6
7

C

Z
r
e

3

pared and their H2S adsorption performances are displayed in
Fig. 4. It shows that the H2S adsorption capacity increased
with the ZnO loading to 33 wt.% and then dropped dramati-
cally with the ZnO loading up to 50 wt.%. The above results
ig. 2. Breakthrough curves of commercial ZnO sorbents with different size,
nd breakthrough curve of ZnO/SiO2 sorbent is shown for comparison.

edia. Supports with high porosity, small size and large surface
rea will be favored due to the reduced pore diffusion resistance
nd improved the intrinsic volumetric reaction rate. In addition
o supporting ZnO, the inert support particles can stabilize ZnO
9,10], keep ZnO highly dispersed, inhibit the grain growth, and
hus yield stable performance with extended service life.

.2. Supported ZnO sorbents

.2.1. Support screening
Three typical supports, SiO2, Al2O3 and activated carbon

articles (ACP), are widely employed in industries. ACP will
eact with oxygen during the regeneration of the spent sor-
ent; therefore, SiO2 (40–60 mesh) and �-Al2O3 (40–60 mesh)
ere chosen as supports for further evaluation. ZnO/SiO2 and
nO/Al2O3 sorbents were prepared at different calcinations tem-
eratures and tested for H2S removal at 400 ◦C. These two
upports, according to preliminary experimental results, have
egligible adsorption sulfur capacities at 400 ◦C.

Fig. 3 suggests that the H2S adsorption performance of a
upported ZnO sorbent strongly depends on the type of sup-
ort and calcination temperature. As shown in Fig. 3, SiO2 and
l2O3 supported ZnO sorbents demonstrated comparable sul-

ur capacity at a calcination temperature of 300 ◦C. However,
he results at the calcination temperature of 500 ◦C are quite
ifferent. After calcination at 500 ◦C for 60 min, H2S satura-
ion capacity of SiO2-supported ZnO sorbent remained almost
nchanged, but that of �-Al2O3-supported ZnO demonstrated a
ramatic reduction. It is well known that the surface of �-Al2O3
s quite reactive, but the surface of SiO2 is very inert. Above
00 ◦C, a strong association or solid reaction between ZnO and
-Al2O3 took place and an inactive “ZnAl2O4-like” compound
as formed. The solid reaction was accelerated by the increase

n calcination temperature leading to a rapid deactivation of �-
l2O3-supported ZnO sorbent. Because ZnO-based sorbents are
sually regenerated at a temperature above 500 ◦C, the result in
ig. 3 indicates that the Al2O3 supported ZnO sorbent will not

aintain its performance after regeneration. Therefore, SiO2
as chosen as the appropriate support for ZnO.
The calcination temperature also affects the performance of

iO2-supported ZnO sorbent (ZnO/SiO2). As shown in Table 1,
00 2.98
52 3.60

alcination time was 1 h.

nO grain size increases with the calcination temperature and
egeneration temperature. Therefore, low calcination and regen-
ration temperatures are always preferred to retard grain growth.

.2.2. ZnO loading effects
ZnO/SiO2 sorbents with different ZnO loadings were pre-
Fig. 4. ZnO loading ratio effects.
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ndicate that the optimal ZnO loading of ZnO/SiO2 for high
2S adsorption capacity is ∼33 wt.% when zinc nitrate is used

s the precursor of ZnO. ZnO utilization decreased sharply from
3% to 24% with an increase in ZnO loading in the range
f 25–50 wt.%. The sorbent with a high capacity and the sor-
ent with a high ZnO utilization can be employed for different
pplications.

.2.3. Glass fiber screening
As stated earlier, microfibrous entrapment can further

nhance the sorbent performance. For instance, Ni fiber
ntrapped sorbents demonstrated a two to threefold longer
reakthrough time for H2S removal with 67% reduction in sor-
ent loading, compared with 1–2 mm commercial extrudates.
owever, Ni fiber was oxidized in the presence of oxygen dur-

ng regeneration, and the sinter-locked network collapsed after
0 adsorption/regeneration cycles [3]. Therefore, other microfi-
rous materials that can withstand the highly reducing and
xidizing environments and high temperatures (T > 600 ◦C) will
e considered as alternatives to Ni fibers. Glass fibers may be
he most suitable fiber for this application. Several glass/ceramic
bers and their properties and chemical compositions are listed

n Table 2.
Based on their thermal properties and availability, E- and

-type glass fibers were selected to fabricate the microfibrous
edia. Preliminary test results suggested that S2 fiber (an
type glass fiber, 8 �m diameter × 6 mm length, Advanced

lassfiber Yarns LLC) was able to be sintered above 900 ◦C,
s shown in Fig. 5. E glass fiber (10 �m diameter × 6 mm
ength, Owens Corning) was able to be sintered around
00 ◦C.

.2.4. Properties of sorbents
Sorbents were characterized by X-ray diffraction (XRD) and

canning electron morphology (SEM). The SEM images of S2-
lass fiber entrapped ZnO/SiO2 shown in Fig. 5 suggest that
he glass fibers partially melted during sintering and formed a
inter-locked fibrous network, which entrapped the SiO2 partic-
lates. This network holds the particles and keeps them from
eing carried away by the gas flow. The XRD patterns of glass
ber entrapped sorbents, ZnO/SiO2 sorbents and ZnO extru-
ates are shown in Fig. 6 for comparison. The XRD pattern of
nO extrudates (pattern c in Fig. 6) demonstrates strong ZnO

eaks at 2θ values of 31.2◦, 34.0◦ and 35.8◦, indicating the exis-
ence of large ZnO grains. Glass fiber entrapped sorbent and
nO/SiO2 sorbents only show three humps at the correspond-

ng 2θ positions. This suggests that ZnO in these two sorbents

m
i
fi
e

able 2
roperties of several glass fibers

A-type C-type D-type E

ensity (g cm−3) 2.44 2.52 2.11 2.
oftening point (◦C) 705 750 771 84
nnealing point (◦C) 588 521 65
train point (◦C) 552 477 61

urtsey of Owens corning [29].
Fig. 5. Morphologies of S2 glass fiber entrapped ZnO/SiO2.

ay not have good crystallinity, provided the ZnO grains are

n very small sizes. The grain sizes of ZnO extrudates and glass
ber entrapped ZnO/SiO2 sorbent estimated by Debye–Scherrer
quation were 17 nm and 5 nm, respectively.

-type ECR-type S-type AR-type R-type

58 2.72 2.46 2.7 2.54
6 882 1056 773 952
7 810
5 760
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loading reached 0.8 g and face velocity reached 9.9 cm s−1. All
packed beds in this set of tests had the same stoichiometric
saturation time (τs) of 12 min and the same residence time of
0.075 s (GHSV = 8100 h−1). The breakthrough curves are shown
ig. 6. XRD patterns of (a) GFE SiO2, (b) GFE ZnO/SiO2, and (c) commercial
xtrudates.

Other physical properties of glass fiber entrapped ZnO/SiO2
orbents were calculated and are shown in Table 3. The glass
bers occupy only 3 vol.%. Glass fiber entrapped ZnO/SiO2 sor-
ents have a high-void fraction of 75 vol.%, which is about 2–2.5
imes higher than that of a typical packed bed. As a result, the
nO loading in the GFES (13 wt.%) is much less than that of

he commercial ZnO extrudates (90–95 wt.%).

.3. Pressure drop test

Zinc oxide extrudates were crushed and sifted into the desired
izes. The ZnO particles of each size range were loaded in a
uartz reactor (10 mm diameter) and made into a packed bed
ith bed thickness (L) of 5 cm. Pure H2 was passed through the
acked bed at room temperature, and the total pressure drops
�Pt) at various face velocities were measured. The pressure
rops introduced by the setup including the packing materials
�Ps) were also measured at the same velocities. The pressure
rop generated by the packed bed (�P) equals �Pt minus �Ps.
he pressure drop per unit bed thickness (�P/L) of the packed
ed at each face velocity was then calculated and plotted in
ig. 7. GFES was tested at the same conditions, and the data are

lso shown for comparison.

As shown in Fig. 7, the pressure drop increased with an
ncrease in face velocity for every packed bed. Packed beds
f smaller particles yielded higher pressure drop than larger

able 3
roperties of glass fiber entrapped ZnO/SiO2 sorbent

omponent wt.% vol.%

nO 12 N.A.a

iO2 66 22a

iber 22 3
oid N.A. 75

a ZnO was supported in the pores of SiO2, and it did not change the size of
iO2.

F
v

ig. 7. Pressure drop per unit bed thickness at different face velocities for several
esulfurization sorbents. Tested at room temperature using H2 as challenge gas.

article beds. For example, the 100–140 mesh (105–149 �m)
articles yielded over 30 times larger pressure drop than the
articles of 40–60 mesh (250–400 �m). The pressure drop per
nit bed thickness of GFES (100–200 �m SiO2 particles in 8 �m
brous matrix) was two times greater than that of 40–60 mesh
250–400 �m) particles, and it is only 1/3 of that of 60–80 mesh
177–250 �m) particles at the same face velocity. It should be
oted that both SiO2 particle and fiber in GFES were smaller than
he 60–80 mesh particles in the packed bed. The low-pressure
rop over the GFES resulted from the high voidage (75 vol.%)
f GFES.

.4. Desulfurization test

.4.1. High sulfur concentration test
In this study, all the ZnO/SiO2 sorbents were tested at 400 ◦C

ith the challenge gas of 2 vol.% H2S–H2. In the experiment
m:v”, 0.1 g of ZnO/SiO2 sorbent was loaded in the reac-
or with a bed thickness of 2 mm at a gas face velocity of
.2 cm s−1. In the following experiments, the amount of sor-
ent loaded and the face velocity were doubled till the sorbent
ig. 8. Breakthrough curves for 2 vol.% H2S–H2 challenge gas at various face
elocities (effects of glass fibrous media).
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Table 4
Comparison between GFE and commercial ZnO extrudatea

Sorbent GFE ZnO/SiO2 80–100
mesh ZnO

1–2 mm ZnO

Total weight (g) 0.2 0.55 0.55
ZnO content (mg) 34 495 495
Breakthrough timeb (min) 540 350 180
ZnO Utilization at BTc (%) 74.1 3.3 1.7

a Tested at equivalent bed volume of 0.53 cm3 (1.62 cm diameter × 0.25 cm
t

1–2 mm commercial extrudates. Compared with that of ZnO
particles (80–100 mesh, 149–177 �m), the breakthrough time
is 1.5 times longer. ZnO utilization in GFES was 75%, which
is 14-fold higher than that of 1–2 mm extrudates.
ig. 9. Breakthrough capacity of ZnO/SiO2 sorbent at different face velocities.
ested at 400 ◦C.

n Fig. 8. GFES containing 0.1 g of ZnO/SiO2 sorbent was
lso tested at the velocity of 1.2 cm s−1 for comparison. The
reakthrough sulfur capacities at 1% C0 breakthrough for all
xperiments are shown in Fig. 9.

Due to the symmetry of the breakthrough curves, t1/2, the time
o reach 0.5 C0, is close to the bed saturation time, τ. Therefore
1/2 is used as the approximation of τ. As shown in Fig. 9, all
he breakthrough curves pass around the same point (11.6, 0.5)
n the time-C/C0 plane, indicating the consistency of the satura-
ion capacity. Moreover, the t1/2 (or τ) is very close to τs. This
uggests ZnO in ZnO/SiO2 and GFES is completely accessible.
t is a clear trend that the breakthrough curves become sharper
ith an increase in the face velocity of the challenge gas. The
reakthrough capacity in each experiment was calculated and
lotted in Fig. 9. The breakthrough capacity increases signif-
cantly in the low face velocity range. After the face velocity
eaches 5 cm s−1, the capacity slowly approaches 0.37 g H2S/g
nO, about 90% of the theoretical capacity, which suggests that

he unutilized ZnO is less than 10% and a further increase in
he face velocity is not necessary at this GHSV. The break-
hrough curve of GFES shows that the breakthrough capacity
ncreased about 50% compared with the packed bed experiment
m:v” in which the same type of sorbent (ZnO/SiO2) with the
ame amount of ZnO was loaded. The only explanation for this
mprovement is the enhancement due to the using of glass fiber

edia.

.4.2. Low sulfur concentration test
Similar tests were performed at a low-H2S challenge con-

entration. The adsorption with a H2S challenge of 60 ppmv in
model reformate stream (60 ppm H2S–10 vol.% CO–40 vol.%
O2–9 vol.% C1–C3 and H2 balance) with 30 vol.% steam
dded at 400 ◦C was studied over both GFES and the
ommercial extrudates. The face velocity was 3.9 cm s−1

GHSV = 27500 h−1 based on dry gas). The breakthrough
2S concentration was defined at 1 ppm. The results are
ummarized in Table 4. GFES with a thickness of 2.5 mm
ielded a breakthrough time of 540 min. At an equivalent bed
olume, GFES provides a three times longer breakthrough time
ith a 67% reduction in sorbent loading than packed bed of

F
a

hickness).
b Breakthrough time at 1 ppmv H2S breakthrough.
c BT: breakthrough.
ig. 10. XRD patterns of GFE ZnO/SiO2 and commercial extrudates. (a) Spent,
fter regeneration in air at (b) 600 ◦C for 1 h and (c) 500 ◦C for 3 h.
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XRD patterns of GFES and the commercial extrudates are
hown in Fig. 9 (fresh sorbents) and Fig. 10 (spent sorbents). The
esults in Fig. 10 suggest that no ZnO crystal existed in the spent
orbent of GFES, and it was completely converted into ZnS. In
xtrudates, ZnO grains had a size of 17 nm, which is three times
arger than those in GFES. In addition, the commercial extrudate
ample had a BET surface area of ∼25 m2 g−1, which is 10% of
hat of GFES. This suggests that most ZnO crystals were buried
nside the bulk, and ZnO in GFES was highly dispersed. The
ize of the extrudates was around 1 mm, six times larger than
hat of ZnO/SiO2 particles in GFES. These differences suggest
he mass transfer resistances in extrudates due to lattice diffusion
nd pore diffusion should be much higher than those in GFES.
s a result, ZnO grains in ZnO extrudates were not completely

ccessible to H2S, and ZnO still existed and demonstrated strong
nO peaks as shown in Fig. 10.

.5. Regeneration test

.5.1. Single cycle test
The nano-dispersed nature of ZnO and the use of small

ize support particulates significantly improved the desulfuriza-
ion performance; they should also improve the regenerability
f GFES. Satisfactory regenerability corresponds to high-
egenerable capacity and short regeneration time. Table 5
ompares the GFES with packed beds of the commercial
nO extrudates and ZnO particles (80–100 mesh). From the
reakthrough time (capacity) recovery percentage of GFES at
ifferent regeneration conditions, it is safe to conclude that
igher regeneration temperature and longer regeneration time
ields higher recovery percentage. This conclusion is also true
or commercial ZnO sorbents. Under the same regeneration con-
itions (in air at 500 ◦C for 1 h), GFES, as expected, provided
0 times higher capacity recovery compared with the packed
ed of the commercial extrudates. Under these conditions, the
ed made of ZnO particles (80–100 mesh) also demonstrated
ood performance with ∼60% capacity recovered. However, the
reakthrough times of the bed were only 50% of those of GFES
ested under the same conditions.

Regeneration time is an important concern for reactor design,

specially for a system consisting of several reactors—one reac-
or is doing desulfurization and the others are being regenerated.
or a shorter regeneration time, fewer reactors are required for
ontinuous operation. For example, if the breakthrough time of a

fi
w
fi
s

able 5
apacity recovery percentage (C.R.) after regeneration at 500–600 ◦C in aira

orbent GFE ZnO/SiO2 80–1

B.T.b (min) C.R.c (%)c B.T.b

resh 540 – 350
h Regn.@600 ◦C 400 74 220
h Regn.@500 ◦C 410 76 210
h Regn.@500 ◦C 300 56 60

a Absorption experiment was carried out at 400 ◦C and 3.9 cm s−1 face velocity in
b Breakthrough time at 1 ppmv breakthrough for H2S.
c Percentage of capacity recovered, defined as: 100 (breakthrough time of regenera
ources 174 (2007) 302–311

xed bed desulfurization reactor is 1 h and the regeneration time
or each reactor is 3 h, then four identical reactors are required. If
he regeneration time can be reduced to 1 h, then only two reac-
ors are required, and the total desulfurization reactor volume (or
eight) is reduced to 50% of that in the earlier scenario. From the

egeneration tests of GFES, the best regeneration condition for
he sorbents is at 600 ◦C for 1 h. This condition yielded a good
alance between regeneration time and recovery rate. Therefore,
FES were regenerated at this condition for the following cyclic

ests.
To reveal the nature of this significant difference in regener-

bility, XRD analyses were carried out on spent samples before
nd after regeneration at 500–600 ◦C. The spent samples were
ollected when the outlet H2S concentration reached 60 ppmv
the same as inlet concentration). As shown in Fig. 10, cubic ZnS
as the only detectable phase on the spent GFES. After regen-

ration at 600 ◦C for 1 h or at 500 ◦C for 3 h in air, the ZnS phase
ompletely disappeared and the ZnO phase appeared again. In
he case of ZnO extrudate, ZnO was the predominant phase
or the spent 1–2 mm commercial extrudates. ZnS phase was
till detectable after 1 h regeneration at 600 ◦C in air (confirmed
y XRD using a scanning speed of 0.1◦ min−1 and a sampling
nterval of 0.01 min). The comparison above suggests the sup-
orted sorbent design facilitates the regeneration. In Fig. 10, the
egenerated GFES demonstrated a sharp ZnO peak with a cor-
esponding grain size of 12 nm. Compared with the grain size
5 nm) of fresh sorbent, this is a significant increase.

.5.2. Multiple cycle tests
Fig. 11 shows the desulfurization/regeneration cycle test

esults for the GFES. All of the desulfurization tests were con-
ucted at 400 ◦C using the same experimental condition as
escribed in Table 5; all regeneration experiments were car-
ied out at 600 ◦C for 1 h in situ in an airflow of 200 mL min−1

STP). Fig. 11 suggests that a significant breakthrough time
capacity) drop occurred after the first regeneration, and break-
hrough times (capacities) remained almost unchanged through
0 absorption/regeneration cycles. Grain sizes of ZnO were cal-
ulated from the XRD pattern and are shown in Fig. 12. The
rain size increased drastically from 5 nm to 12 nm after the

rst regeneration, and increased to 15 nm after the 50th cycle
hich is not a significant change compared with 12 nm after the
rst cycle. This grain growth is a common phenomenon for most
orbents that are regenerated at high temperatures. It is also well

00 mesh ZnO 1–2 mm ZnO

(min) C.R.c (%)c B.T.b (min) C.R.c (%)

– 180 –
63 100 56
60 80 44
17 10 5.5

the present of 30% steam, using 60 ppmv H2S challenge in a model reformate.

ted sample/breakthrough time of fresh sample test).
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Fig. 11. Breakthrough time vs. regeneration cycle numbers.

nown that the grain size increases significantly after the first
egeneration. Undoubtedly, the significant increase in ZnO grain
ize after the first regeneration cycle resulted in severe lattice dif-
usion resistance, which in turn decreased the ZnO utilization,
s observed in the reduction in breakthrough time for GFES.
he ZnO grains did not grow above 15 nm possibly because the
mall pores of the SiO2 support inhibited grain growth and made
nO grain highly dispersed. As a result, the breakthrough time
f GFE ZnO/SiO2 during the multiple-cycle tests was stabilized
round 400 min, as shown in Fig. 11. Moreover, the SEM image
n Fig. 13 shows that the sinter-locked micro-glass structure of
he microfibrous sorbent remained robust without any rupture
fter 50 regeneration cycles. This suggests that the glass fiber
edia has good thermal and structural stability for regenerable

pplications.
.6. Composite bed

Although microfibrous entrapped sorbents, as mentioned ear-
ier, demonstrated high ZnO utilization and high contacting

ig. 12. XRD patterns of (a) GFE SiO2 carriers and GFE ZnO/SiO2 sorbents:
b) fresh, and after (b) 1st regeneration cycle and (c) 50th regeneration cycle.
egeneration was carried out in air at 600 ◦C for 1 h in each cycle.

c
w
5
a
a
b
2

y
a
A
t
c

Fig. 13. Structure integrity after 50 cycles (SEM image).

fficiency, they do not have high ZnO loadings and their sto-
chiometric sulfur capacities are low. As a result, microfibrous
ntrapped sorbents may not be directly applied to remove H2S at
igh concentrations, but their high contacting efficiency allows
hem to be applied in low-concentration H2S removal. For exam-
le, microfibrous entrapped sorbents can be used as a polisher
o remove trace H2S from a packed bed. This unique approach
ffers opportunities for higher absorption capacity design by
ncorporating microfibrous entrapped sorbents as a polishing
orbent layer to back up a packed bed. This approach is described
s a composite bed, as shown in Fig. 14.

The desulfurization performance of a packed bed and the
orresponding composite bed is shown in Fig. 15. The tests
ere conducted in a quartz tube reactor (diameter 2.14 cm) with
000 ppmv H2S–H2 challenge gas at a face velocity of 10 cm s−1

t 400 ◦C. The polishing layer was made of GFES (0.9 g) with
thickness of 5 mm and a ZnO loading at 13 wt.%. The packed
ed was made of 3/16′′ extrudates (11 g) with a bed thickness of
.2 cm. The composite bed had an overall thickness of 2.7 cm.

As shown in Fig. 15, the bed of the commercial extrudates
ielded a broad breakthrough curve and a breakthrough time
round 33 min at 1 ppmv breakthrough as indicated in Fig. 16.

fter adding the polishing layer at the end of the packed bed,

he breakthrough curve became sharper at low outlet H2S con-
entrations, and the composite bed yielded a breakthrough time

Fig. 14. A composite bed.
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ig. 15. Breakthrough curves of a 2′′ thick packed bed of ZnO extrudates and a
omposite bed (the packed bed followed with a 5 mm polishing layer).

round 185 min at 1 ppmv breakthrough. The breakthrough time
ncreased six times by adding the thin polishing layer at 25 vol.%
f the packed bed, and the sulfur capacity per unit volume of
eactor increased by 4.5 times. If the regeneration time for the
omposite bed is less than 3 h (180 min) and the composite bed
an be regenerated for unlimited times, then two composite beds
an continuously provide H2S-free reformates.

It is obvious that GFES cannot add two times higher satu-
ation capacity to the packed bed due to the low ZnO weight
oading. However, GFES can reduce the H2S concentration in
he gas flow from the packed bed, which was much less than
000 ppmv, to lower concentrations (less than 1 ppmv). The
olishing layer did not capture more sulfur than the packed
ed, but it was able to capture the H2S at low concentrations
ore efficiently than the extrudates. Increasing the volume of

he extrudate bed can also extend the breakthrough time by six
imes. However, due to the poor contact efficiency of big extru-
ates, a large amount of extrudates is required, which is a penalty
n logistic power systems. In this case, the thin polishing layer
ith high contacting efficiency is the best choice to increase the
reakthrough time (capacity) without significant increase in the

eactor volume.

The polishing layer can improve the breakthrough time
capacity) more significantly, if the breakthrough curve of the

ig. 16. Breakthrough curves of a 2′′ thick packed bed of ZnO extrudates and
composite bed (the packed bed followed with a 5 mm polishing layer) in

ogarithmic scale.
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acked bed is broader or the breakthrough concentration is
ower, e.g. the desulfurization for reformates, in which CO, CO2
nd water yield broad breakthrough curves. As shown in Fig. 16,
f the breakthrough is defined as 1% of challenge H2S concen-
ration (50 ppm), the breakthrough time of the packed bed and
omposite bed are 150 min and 220 min. This is only a 1.5 times
mprovement at 50 ppm breakthrough, compared with the six
imes improvement at 1 ppm breakthrough. This phenomenon
an also be explained by the service time equation [30].

n

(
C0

C
− 1

)
= K(τ − t) (1)

here C0 is the H2S concentration in the challenge gas, C the
2S concentration at outlet of a packed bed, K is an experimental

onstant, τ the saturation time of the bed and t is the onsite time.
ccording to Eq. (1), at a very low H2S concentration, C can be

xpressed as

n(C) = ln(C0) − K(τ − t) (2)

q. (2) suggests the plot of ln(C0) versus t in the low-H2S
oncentration region should be linear. Extending the line of
n(C0) − t plot to lower concentrations (ca. 0.1 ppmv), yields

breakthrough time at a new breakthrough concentration, as
hown in Fig. 16. By adding the polishing layer (5 mm thickness)
t the end of the packed bed of ZnO extrudate (2.2 cm thick-
ess), Fig. 16 predicts the improvements at 200 min, 152 min
nd 70 min for 0.1 ppmv, 1 ppmv and 50 ppmv breakthrough,
espectively.

. Conclusions

Glass microfibrous entrapped ZnO/SiO2 sorbent was
esigned and prepared for reformates desulfurization for
ogistic PEM fuel cell systems. It consist of 3 vol.% glass
bers, 22 vol.% entrapped 150–250 �m ZnO/SiO2 sorbent
articulates and 75 vol.% void. The microfibrous media made
t possible to employ small sorbent and catalyst particulates in
esulfurization process without introducing high-pressure drop
nd channeling. ZnO was nano-dispersed on the high-surface
rea SiO2 support. This combination made the ZnO accessible
uring the desulfurization process, and also facilitated the
egeneration of spent sorbent (ZnS/SiO2) at 500–600 ◦C. Glass
ber solved the issues encountered in regeneration of Ni fiber
ntrapped ZnO/SiO2. The glass fiber matrix was inert to most
educing and oxidizing environments and demonstrated good
tructural integrity after 50 desulfurization/regeneration cycles.

Due to the low ZnO loading, GFES can work indepen-
ently for low-concentration H2S removal. It also can be
pplied as a polisher in composite bed design approach.
he combination of high-sulfur capacity of extrudates in a
acked bed and high-contacting efficiency of microfibrous

ntrapped sorbents demonstrated significant improvements
n the overall bed capacity and efficiency, compared with
he packed beds alone. This approach provides a solution
o minimize the volume of reactors in logistic fuel cell
pplications.
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