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a  b  s  t  r  a  c  t

Ceria-supported  catalysts  with  0.38–2.0  wt.%  Pt  have  been  studied  under  high-temperature  water–gas
shift  (WGS)  conditions  with  and  without  20 ppm  H2S  present,  which  is  a typical  level  in  feed  streams
for  WGS  reactors  in  IGCC  power  plants.  The  effect  of  H2S on  CO  conversion  decreased  with  increasing
temperature  in  the  range  573–723  K and  also  with  increasing  Pt content.  A  1 wt.%  Pt  catalyst  exhibited
excellent  stability  during  a 300  h test  at 673  K  and  GHSV  =  7500  l  kg−1 h−1 in  an  H2S-charged  feed  with
steam-to-CO  ratio  2 as  CO  conversion  remained  stable  around  73%.  This  was still  close  to  the  correspond-
ing  thermodynamic  limit  of 78.8%,  which  was  reached  under  sulfur-free  conditions.  The  Pt ionization
degree  in  WGS-tested  catalysts  increased  only  slightly  with  the  H2S  addition  as  the  Pt2+ fraction  grew
from  ca.  40%  to 50%  and  the  Ce  oxidation  states  remained  similar  too.  The  bimodal  pore  structure  of
esoporous ceria
ethanation

the mesoporous  CeO2 was  also  retained  after  WGS  experiments  although  the  effective  surface  area  had
declined  by  nearly  20%  following  the  300  h  test  in sour  syngas.  This  and  the  concomitant  decline  of sur-
face  OH  groups  were  likely  caused  by adsorption  of  H2S  and  subsequent  formation  of  surface  sulfates  and
thus  responsible  for lowering  the  WGS  activity  of  the  ceria  surface  in the  presence  of  H2S. We  propose
that  Pt  centers  can  mitigate  this  effect  through  hydrogen  spillover  in  their  vicinity  thus  maintaining  a
high  WGS  activity  of  these  catalysts  in  sour  syngas.
. Introduction

The conversion of CO to H2 via the water–gas shift (WGS) reac-
ion is an important step in many chemical processes including
he production of H2 from fossil fuels and biomass [1].  It is carried
ut as a two step process with two diverse temperature regimes
n conventional industrial applications [2].  First, most of the CO is
onverted over a promoted ferrochrome (Fe/Cr) catalyst in high-
emperature shift reactors operating typically between 583 and
23 K. Then a more active Cu/ZnO/Al2O3 catalyst is used in low-
emperature shift reactors to further convert the remaining CO
etween 483 and 523 K. Another industrially employed catalyst
ontains cobalt and molybdenum sulfides as the active ingredi-
nts. Catalysts of this type are sulfur-tolerant and can be used in
ulfur-containing “sour” gas streams [3].

The integrated gasification combined cycle (IGCC) is a process
hich cogenerates electricity, chemicals and fuel gases from coal,

esulting in higher efficiency, reduced environmental pollution
nd lower costs [4].  The WGS  reaction is a key step in the IGCC

or adjusting the CO/H2 ratio for CH3OH and NH3 synthesis. In

 typical IGCC power plant the coal-derived syngas is desulfur-
zed to approximately 20 ppm H2S [5,6]. This level is too high for
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conventional low-temperature Cu WGS  catalysts, which are usu-
ally operated in syngas containing less than 0.1 ppm sulfur [6].
High-temperature Fe/Cr catalysts are less sensitive to sulfur poi-
soning, but their already low activity decreases further upon sulfur
exposure [7]. Cobalt and molybdenum sulfides on the other hand
retain high WGS  activity only if they remain totally sulfided, which
requires sulfur levels on the order of 1000 ppm in the feed [8,9].
Hence, none of the WGS  catalysts that are currently in industrial
use is well suited for IGCC syngas and interest in sulfur-tolerant
WGS  catalysts is growing again.

The literature about the sour WGS  reaction with less than
100 ppm H2S present is scarce. In that range sulfur has only a minor
effect on the activity of commercial Fe/Cr catalysts as indicated by
a small negative H2S reaction order between −0.2 and −0.3, and in
general the activity is fully restored after removal of the contami-
nant [5,7,10]. For example, Xue et al. reported a 20% decrease in CO
conversion at 623 K after addition of 50 ppm H2S [10] and Hla et al.
observed a similar impact of 33 ppm H2S at 723 K [7].  Boon et al.
carried out a detailed study on the influence of 11–35 ppm H2S on
the WGS  kinetics of a Fe/Cr catalyst between 648 and 748 K and con-
firmed early studies by Bohlbro [11] showing that H2S affects the
reaction orders of all reactants already at these low contaminant

levels [5].  Noble metal WGS  catalysts are interesting alternatives
in this context, because they are much more active than Fe/Cr cata-
lysts and in general more tolerant to poisons such as sulfur [12], but
studies are even rarer. Xue et al. [13] examined the WGS  activity of

dx.doi.org/10.1016/j.cattod.2011.03.050
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:goldbach@dicp.ac.cn
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 1 wt.% Pt/ZrO2 catalyst in the presence of 50 ppm H2S at 573 K. The
O conversion declined after introduction of H2S but remained sta-
le during 4 h and was rapidly and fully restored to its original level
nce H2S was removed from the feed. Luo and Gorte [14] studied
he effect of SO2 on the WGS  activity of Pd/CeO2 catalysts, which
s significantly enhanced due to the redox activity of the rare earth
xide. They observed an activity decline after ex situ poisoning with
O2 and attributed it to formation of cerium sulfates on the cata-
yst surface. These sulfates could be reduced by CO to Ce2O2S, but
he latter – unlike Ce2O3 – could not be re-oxidized by H2O or CO2.
hus the activity loss was  blamed on blocking of the support redox
ycle. The decline in catalyst activity after ex situ poisoning might
e misleading, however, because contaminant levels on the catalyst
ight remain much lower under actual reaction conditions.
Therefore we investigated the effect that H2S has on the WGS

eaction over Pt/CeO2 catalysts at typical IGCC syngas contaminant
evels. These catalysts exhibit much faster WGS  kinetics at high
emperatures than conventional Fe/Cr catalysts and unlike the lat-
er they are not sensitive to air (non-pyrophoric). The activity tests
ere complemented with X-ray powder diffraction (XRD), temper-

ture programmed reduction (TPR), infrared spectroscopy (IR) and
-ray photoelectron spectroscopy (XPS) and CO chemisorption as
ell as N2 adsorption measurements.

. Experimental

.1. Catalyst preparation and characterization

10 g of CeO2 were prepared by precipitation of 150 ml  aque-
us 0.39 M Ce(NO3)6(NH4)2 solution with about 60 ml  aqueous 1 M
NH4)2CO3 solution (both from Shanghai Chemical Reagent Com-
any). The final solution’s pH value was 8–9. The precipitate was
ged for 2 h, washed, dried at 393 K and eventually calcined for 4 h
t 773 K in air. One gram of the resulting CeO2 was impregnated
ith 0.5 ml  aqueous solution of H2PtCl6 (Beijing Chemical Plant,

.0075 g/ml) and 0.6 ml  H2O to obtain a catalyst loading of 0.38%
t. For preparation of catalysts with 1% and 2% Pt, 0.27 and 0.53 ml
f a higher concentrated H2PtCl6 solution (0.0376 g/ml) were used
ombined with 0.83 and 0.57 ml  H2O, respectively. The samples
ere kept for 24 h at room temperature to evaporate the solvent.

hen they were dried overnight at 393 K to remove remaining sol-
ent followed by calcination in air at 773 K for 4 h. Thus Pt was
uantitatively adsorbed by the support. Note that Pt contents are
iven in weight percentages throughout this work.

XRD patterns of the prepared samples were measured in the
ange 5–90◦ on a Philips CM-1 powder X-ray diffractometer (Cu
�, � = 0.1543 nm)  operating at 40 kV and 40 mA.  A NOVA 4000
utomated physisorption instrument (Quantachrome) was  used to
easure N2-adsorption isotherms of the samples at liquid N2 tem-

erature (77 K). About 200 mg  sample were degassed in vacuum at
23 K for 3 h prior to the measurements to remove pre-adsorbed
omponents. The specific surface area was determined from the
inear portion of the Brunauer–Emmett–Teller (BET) plot. The pore-
ize distribution was calculated from the desorption branch of the
dsorption isotherm using the Barrett–Joyner–Halenda (BJH) for-
ula.
CO chemisorption experiments were carried out using an

utochem 2910 instrument (Micromeritics) equipped with a
hermal conductivity detector (TCD). About 200 mg  sample was
educed for 2 h in H2 at 773 K, flushed with Ar for 2 h and then

ooled to 323 K. Then 0.1 ml  pulses of 5 vol.% CO/He were injected
nto the catalyst bed at 323 K until no CO was chemisorbed anymore
nd the chemisorbed amount was calculated from the number of
onsumed pulses.
 171 (2011) 304– 311 305

TPR experiments were carried out using a quartz reactor. The
sample (40 mg)  was  purged with 30 ml/min Ar while heating at a
ramp rate of 10 K/min to 773 K and maintaining that temperature
for 30 min  to remove traces of water. After cooling to room temper-
ature the sample was reduced in a flow of 5 vol.% H2/Ar (30 ml/min)
while heating from 293 to 1173 K at a rate of 10 K/min. The effluent
gas was passed through a cooling trap to condense water produced
during the reduction before it was fed through a gas chromatograph
(SHIMADZU GC-8A) equipped with a TCD to measure H2 consump-
tion. CuO was reduced in the same way  for quantitative calibration
of the consumed H2.

Fourier transform infrared (FTIR) spectroscopy was  performed
on a Bruker EQUINOX 55 instrument with a spectral resolution
of 4 cm−1 to characterize sulfur species adsorbed on the catalysts.
Wafer samples were formed by compressing approximately 50 mg
of the undiluted catalyst powder at a pressure of 0.5 MPa and loaded
into a gastight IR cell. The IR spectrum of the evacuated empty cell
was  used as background. The fresh 2% Pt/CeO2 catalyst and the ones
used in sulfur contaminated syngas were pretreated at 673 K for
30 min  under vacuum to remove airborne surface contaminations
and then cooled to room temperature for the measurement.

XPS spectra of the samples were recorded at room temperature
with a VG Scientific ESCALAB Mark II instrument using Al K� radi-
ation (h� = 1486.6 eV, U = 10.0 kV). The power of the X-ray source
was  100 W and the nominal resolution was better than 0.1 eV. The
background pressure in the analyzing chamber was kept below
7.5 × 10−8 Torr. The Pt 4f, Ce 3d, S 2p, O 1s and C 1s spectra were
acquired and the latter was  set at 284.6 eV and taken as a reference
for binding energy (BE) calibration. The software XPSPEAK was used
to fit the XPS spectra using a mixture of Gaussian and Lorentzian
functions in a 40/60 ratio and a Shirley background.

2.2. Catalytic activity measurements

Catalytic activity measurements were carried out at atmo-
spheric pressure between 573–723 K and a gas hourly space
velocity GHSV = 7500 l kg−1 h−1 using a fixed bed quartz reactor
with an inner diameter of 8 mm.  Temperature was measured with
a thermocouple located in a capillary inside the catalyst bed. A dry
syngas mixture (17.9% CO, 11.4% CO2, 1.8% CH4, 2.0% N2, H2 bal-
ance) and N2 containing none or 250 ppm H2S were combined in a
gas mixing rig. This mixture was fed into a preheater where steam
was  injected with a calibrated syringe pump (Elite P230). The N2
feed rate was always 8 ml/min while the combined feed rates of
the syngas mixture and steam amounted to 92 ml/min. Thus the
H2S contamination level was  fixed at 20 ppm in all sour WGS  tests.
The standard feed mixture contained 67.7 ml/min dry syngas and
24.3 ml/min steam corresponding to a steam-to-CO ratio S/CO = 2.
In a typical experiment, 800 mg  catalyst diluted with 400 mg quartz
was  heated to 723 K in N2 before switching to the reaction mix-
ture. The stability of the catalyst performance was evaluated at
673 K and S/CO = 2 for an extended period of time followed by
measurements at other temperatures and S/CO ratios. Fresh cat-
alyst samples were used for the measurements in both sulfur-free
and contaminated syngas except for the catalyst with the lowest Pt
loading. There H2S was  added at 673 K by switching from pure N2
to the H2S/N2 mixture after the clean syngas tests and the stability
and temperature-dependent activity tests were repeated. The hot,
wet  tail gas was passed through a gas chromatograph (SHIMADZU
GC-14C) equipped with a flame photometric detector (FPD) for sul-

fur analysis before steam was  condensed out in an ice-filled cooling
trap. Then the dry tail gas was passed through a second gas chro-
matograph (SHIMADZU GC-8A) equipped with a TCD for CO, CO2,
and CH4 analysis.
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volume, pore diameter and surface area of the catalyst tested in
sulfur-free syngas were practically identical to those of the fresh
sample, while the surface area was reduced by nearly 20% after the
experiment in H2S-charged syngas. This indicates that none of the

Table 1
Physicochemical characteristics of 1% Pt/CeO2 catalysts tested under different
conditions.

Surface
area
(m2/g)a

Pore
volume
(ml/g)a

Average
pore
diameter
(nm)a

CO/Pt
ratiob

Fresh 57.4 0.116 8.1 0.077
06 B. Liu et al. / Catalysis

The conversion of CO (XCO) and selectivity of CH4 (SCH4 ) are given
y:

CO = [CO2]out

[CO]out + [CO2]out
(1)

nd

CH4 = [CH4]out − [CH4]in

[CO]out + [CO2]out + [CH4]out − [CH4]in
. (2)

[CO]out, [CO2]out, [CH4]in and [CH4]out are the CO, CO2, and CH4
oncentrations before and after reaction, respectively. The ther-
odynamic WGS  equilibrium conversion Xeq,CO was obtained from

he WGS  equilibrium concentrations [CO]eq and [CO2]eq calculated
ith the program Gaseq [15]:

eq,CO = [CO2]eq

[CO]eq + [CO2]eq
(3)

. Results

.1. WGS  activity tests

The temperature dependent WGS  activity of the catalysts is
hown in Fig. 1a at S/CO = 2 and with and without H2S present.
CO increased with Pt loading and approached the equilibrium
urve for both samples with high Pt content above 623 K in the
bsence of H2S. At this point CH4 formation also became noticeable
Fig. 1b) and increased rapidly with temperature and Pt loading.
O conversion was considerably lower over the 0.38% Pt catalyst
nd approached equilibrium only at the highest temperature where
H4 formation became again noticeable (Fig. 1b). The WGS  activity
ropped somewhat after addition of H2S but remained close to the
quilibrium curve for the highly loaded Pt catalysts above 673 K
Fig. 1a). Interestingly, CH4 could not be detected anymore soon
fter H2S addition indicating that the side reaction was completely
uppressed. The effect of S/CO ratio on XCO at 673 K is shown in
ig. 2a. The catalyst with the highest Pt loading reached the equilib-
ium conversion curve at all S/CO ratios. XCO deviated increasingly
rom the curve with decreasing Pt loading and further after addition
f H2S. CH4 formation in uncontaminated syngas declined notice-
bly with increasing S/CO ratio though it did not play a role at the
owest Pt loading (Fig. 2b).

Fig. 3 shows a 300 h stability test of the 1% Pt catalyst in the pres-
nce of H2S at 673 K and S/CO = 2 corresponding with Xeq,CO = 78.8%.
O conversion dropped quickly from 79.7% to 74.7% within 10 h,
nd then further to 73.3% after 100 h, but remained stable at that
evel for another 200 h. CH4 formation fell below the detection level
n less than 20 h. H2S was the only sulfurous species detected by
he FPD and it reappeared practically quantitatively at the reactor
xit after a short induction period. For comparison, CO conversion
as stable at 76.2% with 0.8% CH4 selectivity during 100 h opera-

ion in sulfur-free syngas under otherwise the same experimental
onditions.

.2. Characterization of the catalysts

XRD patterns of the fresh and all WGS-tested catalysts contained
nly reflections due to the characteristic fluorite structure of CeO2.
his suggests that Pt was well dispersed on the catalyst and testing
n sulfur-free and sour syngas did not change that. Results of the
ET measurements and chemical adsorption on fresh and used 1%
t catalyst samples are presented in Fig. 4 and Table 1. The catalyst

xhibited type IV adsorption isotherms with hysteresis loops typ-
cal of mesoporous materials in all tests. Fig. 4b indicates a small
raction of well-defined, 3.7 nm wide pores that stands out from a
road pore distribution with maximum at 9.5 nm.  The formation of
Fig. 1. Temperature dependence of (a) CO conversion and (b) CH4 selectivity at
S/CO = 2 over different Pt/CeO2 catalysts with (solid symbols) and without H2S (open
symbols) present. The dashed lines are guides to the eye.

secondary smaller pores in mesoporous CeO2 materials has been
linked to the sintering and crystallization of ceria nanoparticles
during calcination [16] and the presence of templates with dif-
ferent size during synthesis [17]. Interestingly, the bimodal pore
distribution had not changed significantly after 100 h operation
in sulfur-free or 300 h testing in H2S-contaminated syngas. Pore
WGS  (no H2S) 55.9 0.110 7.9 0.104
WGS  (H2S) 48.2 0.108 9.0 0.083

a BET.
b CO adsorption.
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Fig. 2. Dependence of (a) CO conversion and (b) CH4 selectivity on S/CO ratio over
different Pt/CeO2 catalysts at 673 K with (solid symbols) and without H2S (open
symbols) present. The dashed lines are guides to the eye.

Fig. 3. 300 h stability test over 1% Pt/CeO2 catalyst in the presence of 20 ppm H2S
at 673 K and S/CO = 2.
Fig. 4. (a) N2 physisorption isotherms and (b) pore size distributions of fresh and
used 1% Pt/CeO2 catalyst samples (lines are guides to the eye).

reaction conditions affected the structure of the CeO2 support itself
although some surface sites appear to be blocked due to adsorption
of sulfurous species.

Table 1 lists nominal CO/Pt ratios for the 1% Pt catalysts derived
from CO chemisorption. These values are frequently used for deter-
mining the metal particle size on catalysts but the method can be
misleading if the metal is supported on redox materials such as
CeO2 because of strong metal–support interaction (SMSI) [18] and
reactive adsorption of CO at hydroxyl groups on the reduced ceria
surface [19]. The latter effect leads to an underestimation of the
metal particle size while the SMSI reduces the activity of Pt towards
CO and results in too large particle size estimates. This was also the
case in the present study. The CO/Pt ratios in Table 1 would sug-
gest Pt particle sizes between 10 and 15 nm, which are clearly too
large as the absence of Pt reflections in the XRD patterns implies
Pt particles smaller than 5 nm.  Hence the larger CO/Pt ratios after
the WGS  tests reflect the larger concentration of hydroxyl groups
on the reduced ceria surface and possibly also changes in the SMSI
rather than an unlikely decrease of the Pt particle size under WGS
conditions. In this context it is interesting that the nominal CO/Pt
ratio after the sour WGS  test was 25% lower than that obtained

after the sulfur-free WGS  test. This is consistent with the decline of
surface hydroxyl groups during the sour WGS  reaction detected by
XPS (vide infra).
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Fig. 6. FTIR spectra of the fresh 2% Pt/CeO2 catalyst (grey trace) and after 100 h test-
ig. 5. (a) H2-TPR profiles of 1% Pt/CeO2 catalyst samples after WGS  testing and
alcined CeO2 support and (b) of the fresh catalyst and the WGS-tested catalysts
fter calcination at 673 K in air for 2 h.

Fig. 5a shows the H2-TPR profiles of the 1% Pt catalysts used in
GS tests together with that of the CeO2 support and Fig. 5b the

orresponding profiles of the fresh and the calcined WGS-tested
atalysts. The two broad H2 consumption peaks of the support
Fig. 5a) stem from the reduction of bulk ceria (above 900 K) and
urface ceria (400–850 K) [20]. Addition of Pt does not affect the
eduction of bulk ceria but the surface ceria reduction peak is
eplaced by a narrow peak with a small low-temperature shoulder
fresh Pt catalyst in Fig. 5b). The shoulder can be attributed to the
eduction of PtO to metallic Pt, which promotes CeO2 surface reduc-
ion very efficiently yielding the intense reduction peak between
00 and 450 K [21]. These Pt-related features had disappeared after
he WGS  tests while H2 consumption peaks reappeared between
00 and 900 K (Fig. 5a). However, the latter were much weaker
han the corresponding one of the unpromoted support and they
aried with H2S, peaking around 820 K in the absence and at 750 K
n the presence of H2S.

Another portion of the catalysts used in the WGS  tests was cal-
ined for 2 h at 673 K in air before they were subjected to H2 TPR.

ig. 5b shows that the H2 consumption features between 600 and
00 K of the WGS-tested catalysts had disappeared following cal-
ination except for a minor peak at 750 K from the catalyst used
n sour syngas. This indicates that the latter peak does not result
ing in syngas containing 20 ppm H2S (black trace). The succession of small, narrow
bands superimposed on the spectra between 1300 and 2000 cm−1 is likely due to
gaseous H2O trapped accidentally in the instrument.

from surface ceria reduction. Very similar TPR reduction features
were observed between 673 and 823 K after treatment of sulfated
Pt/CeO2 materials in a reducing atmosphere consisting of 2.5% H2,
10% CO2 and 10% H2O in N2 and attributed to the reduction of sul-
fate species [22]. This identification is supported by IR spectra. The
spectrum of the 2% Pt catalyst, which had been tested for 100 h in
sour syngas, is shown in Fig. 6 together with that of the fresh sam-
ple. The absorption bands at 1189 and 1391 cm−1 can be assigned
to bulk sulfates and surface sulfates [23,24],  respectively, with the
latter clearly the dominant species, while that at 1517 cm−1 is likely
due to surface carbonate [14]. The amount of deposited sulfur can
be estimated from the difference between the TPR profiles of cata-
lysts tested with and without H2S present in the temperature range
573–823 K (Fig. 5b) [22], assuming a H2/SO4

2− ratio of 4 for the sul-
fate reduction (e.g. SO4

2− + 4H2 → S + 4H2O + 2e−). The 0.5 �mol H2
consumption difference corresponds to 0.01 wt.% S on the 1% Pt cat-
alyst after the 300 h stability test and less than 0.2% of the total H2S
that was passed through the catalyst bed.

Fig. 5b also shows that the two Pt-related reduction peaks were
restored after calcination of the WGS-tested catalysts albeit with
varying intensities. The low-temperature shoulder of the fresh cat-
alyst had turned into the dominant H2 consumption feature after
operation in sulfur-free syngas while the total H2 consumption
below 550 K remained very close to the value for the fresh catalyst
(12 �mol). On the other hand both peaks had rather low intensities
after the sour WGS  test corresponding only to 5 �mol  H2 consumed
altogether. This indicated that part of the ceria surface had been
deactivated after H2S exposure, which is consistent with the results
of the BET and CO chemisorption measurements.

Fig. 7 shows the Pt 4f XPS spectra of the as prepared and 100 h
WGS-tested 2% Pt catalysts and Figs. 8 and 9 the corresponding O
1s and Ce 3d spectra. Table 2 summarizes binding energies and rel-
ative concentrations of species derived from fitting of the Pt and O
spectra. The Pt spectra could be well reproduced by two  sets of spin-
orbit doublets (4f7/2 and 4f5/2 with an intensity ratio of 4:3) which
can be assigned to Pt0 and Pt2+, respectively [25,26].  The Pt was  in
a mixed valence state after the WGS  tests and the Pt2+ fraction was

somewhat larger after the reaction with H2S present. The O 1 s XPS
spectra can be resolved into a main peak and a shoulder, which are
attributed to lattice oxygen in ceria and surface hydroxyl species
[27]. The OH concentration had grown after WGS  testing although
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Fig. 7. Pt 4f XPS spectra of (a) the fresh 2% Pt/CeO2 catalyst, (b) one tested in H2S-free
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Fig. 8. O 1s XPS spectra of (a) the fresh 2% Pt/CeO2 catalyst, (b) one tested in H2S-free
syngas, and (c) one tested in syngas with 20 ppm H2S.
yngas, and (c) one tested in syngas with 20 ppm H2S.

t did not increase as much in the presence of H2S as in its absence.
his suggests that the surface hydroxyl groups are involved in the
eaction that produces the sulfate species detected by IR. Unfortu-
ately, S 2p XPS signals could not be clearly detected due to the
ery small sulfur amounts trapped on the 2% Pt catalyst after the
00 h WGS  test. Ce 3d XPS spectra of mixed valence ceria materi-
ls can be very complicated on the other hand due to the presence
f 10 strongly overlapping transitions from six Ce4+ and four Ce3+

tates [28]. The spectra obtained in the present study (Fig. 9) are not
ell resolved and very similar and thus do not lend themselves to

traightforward interpretation. The leading peak at 882.0 eV is con-
istent with literature values for the dominant v transition of the
e4+ states in Pt/CeO2 catalysts [25,29].  The weak intensity gains
round 885 and 904 eV in spectra of the WGS-tested catalysts are
n the range where the Ce3+-related v′ and u′ transitions occur [29]
nd thus might indicate a small and similar increase in that oxida-
ion state after WGS  reaction both in the presence and absence of
2S.
able 2
inding energies and atomic fractions x of Pt and O species in 2% Pt/CeO2 catalyst
ested under different conditions.

Pt0 4f7/2 Pt2+ 4f7/2 Lattice O OH

BE (eV) x (%) BE (eV) x (%) BE (eV) x (%) BE (eV) x (%)

As prepared 71.6 11 73.2 89 529.2 89 531.2 11
WGS  (no H2S) 71.6 60 73.2 40 529.5 65 531.2 35
WGS  (H2S) 71.6 50 73.0 50 529.4 73 531.1 27
Fig. 9. Ce 3d XPS spectra of (a) the fresh 2% Pt/CeO2 catalyst, (b) one tested in H2S-
free syngas, and (c) one tested in syngas with 20 ppm H2S.

4. Discussion

The study by Xue et al. on a 1% Pt/ZrO2 catalyst [13] is the only
previous work on the performance of Pt catalysts under sour WGS

conditions that we  are aware of. They reported results from rela-
tively short experiments (4 h) at just one temperature, i.e. 573 K,
according to which CO conversion dropped from 58% to 44% at
GHSV = 15,000 l kg−1 h−1 after addition of 50 ppm H2S to a feed mix-
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ure of 20% H2O, 15% CO, 5% CO2 and 5% H2 in N2. For comparison,
CO declined from 67% to 61% over our 1% Pt/CeO2 catalyst at that
emperature after adding 20 ppm H2S to a much less N2-diluted
eed (8% vs. 55%) with a large H2 excess while S/CO was also 50%
igher and the residence time twice as long in our experiments.
he current study demonstrates that these noble metal catalysts
etain a high activity also at higher temperatures under these con-
itions. The 300 h test further shows that this activity can be well
aintained at typical IGCC syngas H2S contamination levels as CO

onversion became stable after ca. 100 h. This suggests that an
quilibrated state was reached and catalyst deactivation came to

 standstill after an induction period.
It is well established that CO conversion over the here studied

atalysts involves both the Pt centers and the ceria surface with CO
xidation proceeding on the ceria surface [19,30–32].  The role of Pt
s to promote the surface reduction of ceria to generate active OH
roups [30,31]. It has been also proposed that it assists the dehy-
rogenation of reaction intermediates like formate and carbonate
19,32]. Details of the reaction mechanism and the relative impor-
ance of intermediate species are still under debate with the rate
imiting step likely depending on reaction conditions [32]. It has
een proposed that carbonate decomposition is the critical step
t low temperatures and high CO2 concentrations while formate
ecomposition dominates the kinetics at intermediate tempera-
ures and high water concentrations [32]. At high temperatures
n the presence of high H2O concentrations and under conditions

here the catalyst surface is mainly in an oxidized state, the decom-
osition of these intermediates should be very fast so that redox
rocesses involving the ceria surface could be rate determining
32].

The relatively low stability of PtS likely plays a significant role
n the good H2S tolerance of these noble metal catalysts. Xue et al.
eported that the formation of PtS was inhibited on the zirconia
upported catalyst under WGS  conditions [13] and neither did we
btain evidence for the formation of this or another sulfurous Pt
ompound. Thus, sulfidation of the catalytic noble metal centers
an be dismissed as cause for the WGS  activity loss after H2S intro-
uction. It is not clear whether the slightly larger Pt2+ fraction is
elated to the deactivation during sour WGS  testing but we note
hat the WGS  activity of certain Pt/CeO2 catalysts has been found
o increase with ionization degree [33].

However, the surface characteristics of the ceria support are cru-
ial for the WGS  activity of Pt/CeO2 catalysts too. Luo and Gorte [14]
ttributed the WGS  activity decline of Pd/CeO2 catalysts after ex situ
oisoning with SO2 to blocking of the support surface redox cycle
ue to irreversible formation of Ce2O2S. We  found no evidence for
erium oxysulfilde rendering this particular deactivation scenario
mprobable for Pt/CeO2 under the conditions of the present study.
nstead, the lower catalyst activity in the presence of H2S could be
elated to the decrease of the CeO2 surface during sour WGS  test-
ng. From the N2 adsorption measurements it is clear that the pore
rchitecture of the mesoporous ceria was very well preserved after
oth sulfur-free and sour WGS  testing. Simultaneous blocking of
mall and large support pores due to collapse or sulfurous deposits
an be practically excluded as the cause for the diminished surface
rea following sour WGS  therefore. It is more likely that some (cat-
lytic) adsorption sites disappeared on the CeO2 surface in the latter
ase because of irreversible sulfur adsorption and/or reactions with
he contaminant.

The decline of both the amount of surface oxygen (Fig. 5b) and
he related fraction of surface hydroxyl groups (Table 2) under
our WGS  conditions provide a clue about the catalyst deactiva-

ion mechanism in the presence of H2S. It has been proposed that
ridging hydroxyl groups on the partially reduced ceria surface
re the catalytically active sites in Pt/CeO2 WGS  catalysts [30,31].
hese OH groups are typically defect-associated and form via dis-
 171 (2011) 304– 311

sociative water adsorption. Their concentration depends on the
equilibrium between water and competing species at vacant oxy-
gen ion sites on the ceria surface [32]. H2S has certainly a strong
affinity towards these oxygen vacancies and likely interferes signif-
icantly with hydroxyl formation there. The resulting thiol groups
are apparently susceptible to oxidation resulting in the formation
of surface sulfates (Fig. 6). Note that ceria surface sulfate species are
rather stable in reducing atmospheres at the temperatures covered
in this study [22,24]. Experiments with pre-sulfated CeO2 materials
showed that complete reduction of these species depends strongly
on the surface characteristics and can take several days at 673 K in
H2 atmosphere [24].

Pt promotes the generation of active hydroxyl groups [30,31]
and it could also mitigate the inhibition of OH  formation on the
ceria surface if H2S is present. Pt lowers the sulfate reduction tem-
perature and accelerates the process significantly, though complete
removal of SO4

2− still remains a matter of hours at the tempera-
tures investigated here [24]. Nevertheless, Pt destabilizes sulfates
and it is plausible that it impedes their formation and H2S adsorp-
tion in its neigborhood under WGS  conditions. Pt maintains higher
surface hydrogen concentrations in its vicinity through hydrogen
spillover, which could slow down the dehydrogenation of H2S
on the CeO2 surface facilitating H2S redesorption before a thiol
group can form. Thus oxygen vacancies would remain accessi-
ble for H2O and a dynamic equilibrium would result between OH
and SH groups nearby Pt centers. In this way  the catalytic activ-
ity of the ceria surface could be preserved to a significant degree
around the Pt centers as observed in the sour WGS  experiments.
Note that this mechanism can also account straightforward for
the improvement of sulfur tolerance with catalyst Pt loading if
the Pt center density increases in parallel, which is a reasonable
assumption [34].

5. Conclusion

Ceria-supported Pt catalysts exhibit excellent activity for WGS
conversion of sour syngas containing sulfur levels typical for IGCC
power plants. CO conversion over a catalyst with 1% Pt stabilized at
ca. 73% (Xeq,CO = 78.8%) within the first 100 h of a 300 h test at 673 K
and S/CO = 2 in syngas charged with 20 ppm H2S. This suggests
that S-induced catalyst deactivation comes to a halt within that
time span. After 300 h less than 0.2 wt.% of the total sulfur passed
through the catalyst bed had been trapped on the Pt/CeO2, equaling
0.01 wt.% of the catalyst. The Pt and Ce oxidation states of catalysts
tested in sulfur-free and sour syngas were similar, and neither was
the bimodal mesopore structure of the support affected by those
tests, showing that the catalyst architecture remained intact under
all experimental conditions. The initial deterioration of the CO con-
version during the 300 h test can be linked to the parallel decline of
the surface area, the total amount of surface oxygen and the fraction
of surface OH groups caused by competitive adsorption of H2S and
subsequent formation of sulfates on the CeO2 surface during sour
WGS. These processes are probably hindered in the neighborhood
of Pt species due to hydrogen spillover keeping the catalyst highly
active for WGS  reactions even in the presence of H2S. This renders
Pt/CeO2 catalysts promising alternatives to Fe/Cr catalysts for sour
WGS, in particular if very high catalyst activities are required as
in WGS  membrane reactors. Those are currently intensely stud-
ied as a means to pre-combustion CO2 capture in natural gas-fired
power stations [35]. The efficiency of such membrane reactors can

be vastly improved by incorporation of catalysts with faster WGS
kinetics [36] and the availability of sulfur-tolerant catalysts will be
critical for the implementation of these novel reactors in coal-based
power generation schemes.
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