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This article reports the effect of H2S exposure on the Fe-based water-gas shift catalysts and the surface
and structural changes upon deactivation. Diffuse reflectance infrared Fourier transform spectroscopy was
used to probe the interaction between reactants and catalyst surface before and after sulfur poisoning.
X-ray photoelectron spectroscopy was used to examine the surface composition and oxidation states of
the fresh and poisoned catalysts. Mössbauer spectroscopy and X-ray diffraction were used to investigate
the bulk changes in the presence of H2S. A mechanism for catalyst deactivation with H2S was proposed
by combining the reaction testing and characterization results.
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. Introduction

Hydrogen production from coal-derived synthesis gas is a
romising route to provide hydrogen feedstock for chemical indus-
ry or for fuel cells. The water-gas shift (WGS) reaction is an integral
tep bridging a fuel gasifier and downstream H2 purification. A
ariety of impurities can be found in the synthesis gas from coal
asification, among which sulfur compounds being the major ones.
nder WGS conditions, sulfur is most likely to be in the form of
2S [1]. Although in industrial operations, large desulphurization
nits are usually installed after the gasifier, up to a few hundred
pm levels of H2S can still be present in coal syngas due to incom-
lete removal [2]. H2S is capable of deactivating WGS catalysts. As
eported by Xue et al. [1], Cu–Zn low temperature WGS catalyst is
xtremely sensitive to H2S and 50 ppm H2S can lead to complete
nd irreversible activity loss. Fe–Cr catalysts are more resistant to
ulfur, but they still exhibit a partial decrease in activity upon sulfur

xposure. Studies of catalyst deactivation in the presence of H2S are
ssential to provide a fundamental understanding of interactions
etween H2S and active sites and how this interaction affects the
atalytic reaction between reactants and catalyst surfaces. Exami-

∗ Corresponding author. Tel.: +1 614 292 6623; fax: +1 614 292 3769.
E-mail address: ozkan.1@osu.edu (U.S. Ozkan).

381-1169/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2009.04.016
nation of deactivation characteristics is an indispensable step in the
design of sulfur tolerant catalysts and in understanding the catalyst
regeneration [3].

Because of the electronic structure of sulfur, it can bond strongly
to transitional metals even at extremely low gas phase concen-
trations. This affinity to metal could cause marked activity loss in
many catalytic reactions [4,5]. Sulfur could influence catalysts by
both physical and chemical adsorption [2–4,6]. H2S could dissocia-
tively adsorb onto catalyst surfaces by splitting into HS− and H+

with the possibility of HS− further breaking down into S2−. Coor-
dinative bonding between H2S molecule and the surface is another
type of physical adsorption [7]. These interactions could block or
inhibit active sites for catalytic reaction and lead to activity loss.
Chemisorption of sulfur occurs through multiple coordination sites,
which could induce surface reconstruction of the metal surface.
This surface rearrangement is particularly detrimental to structure-
sensitive reactions. For example, the carbon formation reaction
during hydrocarbon steam reforming requires a relatively large
ensemble of Ni atoms [8]. Presence of a small amount of sulfur in the
feedstock facilitates surface rearrangement of Ni atoms into smaller

assemblies, which significantly suppresses hydrocarbon decompo-
sition and promotes the reforming reaction [6]. Similar phenomena
were observed in Pt catalytic systems where rearrangement of Pt
particles caused by sulfur facilitates or suppresses certain reaction
pathways [9,10].

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:ozkan.1@osu.edu
dx.doi.org/10.1016/j.molcata.2009.04.016
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There have been extensive fundamental studies on sulfur poi-
oning of metals (review by Bartholomew [4]). Influence of sulfur on
atalytic performance has been widely examined in different cat-
lytic systems, such as hydrogenolysis [9], hydrogenation [5,11–13],
team reforming [6,14,15] and Fischer–Tropsch synthesis [16–21].

ith increasing energy demands in recent years, coal-derived syn-
hesis gas has been used as the feedstock for solid oxide fuel cells
SOFC). Effects of H2S on SOFC anode materials have also been heav-
ly investigated [2,22]. However, very few studies on H2S effects
n WGS catalytic system are available in the literature. Although
ulfur-resistant WGS catalysts have been developed for conver-
ion of raw gases from coal or crude oil gasification which contain
ulfur, this molybdenum-based catalyst is only functional when a
ertain amount of H2S (>1%) is present in the feed to sustain the
ctive sites [23–25]. This limitation necessitates research on cata-
yst formulations that are operative both under H2S-free and low
oncentration H2S (<1000 ppm) containing feed. Progress has been
eported by Xue et al. [1] and Hutchings et al. [26–30]. Xue and
is coworkers evaluated a number of WGS catalysts using sulfur
ontaining feed. Co–Cr catalysts demonstrated high WGS activity
oth in the absence and in the presence of H2S (200 ppm) com-
ared with Fe–Cr catalysts. In Hutchings and coworkers’ studies,
o–MnO and CoCr2O4 catalysts exhibited high resistance to H2S up
o 240 ppm. This phenomenon was attributed to Mn and Cr func-
ioning as sacrificial species and protecting the active Co component
n the formulation. The stable spinel structure in CoCr2O4 catalysts
lso makes sulfidation reactions difficult. Sulfate instead of sulfide
pecies were detected on the surface, leading only to a partial activ-
ty loss. This can be explained by the order of poisoning activity
or sulfur species reported by Forzatti et al. [3]: H2S > SO2 > SO4

2−.
owever, there are major drawbacks for Co-based WGS catalysts

ncluding lack of long term stability and methane formation due
o undesired side reactions. Therefore, development of other alter-
ative catalysts for coal-derived synthesis gas application is still
eeded.

In our previous work, we reported development of Cr-free WGS
atalysts (Fe–Al–Cu) that were prepared by co-precipitation and
ol–gel techniques [31–33]. These studies showed that Fe-only cat-
lysts were primarily composed of �-Fe2O3 crystallites whereas
e–Al–Cu comprised both �-Fe2O3 and �-Fe2O3, with the phase
omposition being a strong function of the Al and Cu loadings. In
reshly calcined Fe-based catalyst surface, the iron species is present
n Fe2O3 form and converts to Fe3O4 after reduction. For Cu com-
onent, it starts in CuO form in calcined catalysts and is reduced to
etallic Cu after reduction.
In an effort to acquire an understanding of the effect of H2S

n catalyst surface and structural properties during WGS that
ould assist in sulfur-tolerant catalyst design, this paper exam-

nes a series of Fe-based catalysts and the surface and structural
hanges that they go through as a result of H2S poisoning. The
eactivation characteristics of the catalysts were examined using
ifferent characterization techniques, including diffuse reflectance

nfrared Fourier transform spectroscopy (DRIFTS) to probe interac-
ion of reactants with catalysts before and after sulfur deactivation,
-ray photoelectron spectroscopy (XPS) to examine catalyst sur-

ace composition and oxidation states upon sulfur exposure, X-ray
iffraction (XRD) and Mössbauer spectroscopy to identify structural
hanges.

. Experimental methods
.1. Catalyst preparation

Fe-only, Fe–Al and Fe–Al–Cu catalysts were prepared using a
ol–gel technique, which has been described in detail previously
31,32]. All chemicals were purchased from Sigma–Aldrich. Catalyst
ysis A: Chemical 309 (2009) 63–70

precursors were iron (III) acetylacetonate (C5H8O2)3Fe, aluminum
nitrate (Al(NO3)3·9H2O) and copper nitrate (Cu(NO3)2·3H2O).
C2H5OH and NaOH were used as the solvent and precipitating agent,
respectively. The gelling temperature was maintained at 60 ◦C dur-
ing catalyst synthesis. The pH was kept at 11 and Fe/Al molar ratio
was controlled at 10. For Fe–Al–Cu catalyst, Fe/Cu ratio was kept at
5 in this work. Catalysts were calcined under air at 450 ◦C (ramp
rate = 5 ◦C/min) for 4 h. The BET surface areas of all Fe catalysts
that contained Al were in the range of 50 m2/g, which was close
to the surface area measured for the commercial catalyst used in
this study (56 m2/g). The Fe-only catalyst had significantly lower
surface area (∼20 m2/g).

2.2. Reaction studies

All reactions were performed with a WHSV (Weight Hourly
Space Velocity) = 0.06 m3 (g cata)−1 h−1 at an absolute pressure of
2 atmosphere. For catalysts evaluation in the presence of H2S, cata-
lysts were first reduced at 350 ◦C for 2 hrs in a clean simulated coal
gas mixture with H2O, CO, CO2, H2 and N2 in 10/10/5/7.5/67.5 rela-
tive proportion. Fresh catalyst activity was measured with the same
feed at 400 ◦C. To achieve steady state catalytic performance, cata-
lysts were kept on stream for at least 10 h. After this, catalysts were
treated in situ with 50 ppm H2S/N2 at 400 ◦C for a certain length of
time (2.5 h in this paper). Catalytic activity was subsequently eval-
uated with the same clean coal gas feed as before sulfur exposure.
Other details about reaction studies can be found in our previous
publications [31–33].

2.3. Diffuse reflectance infrared Fourier transform spectroscopy

A Thermo 6700 FT-IR spectrometer equipped with a DRIFTS cell,
an MCT detector and a KBr beam splitter was used. DRIFT spec-
tra were collected with a 500-scan data acquisition at a resolution
of 4 cm−1 in controlled gas atmosphere and temperature, using an
environmental chamber with Zn–Se windows. For all experiments,
catalysts were first pretreated in He at 450 ◦C for 30 min. This was
followed by a reduction procedure with 10% H2/He at 350 ◦C for
2 h. After reduction, the chamber was purged with He for 30 min
at 400 ◦C and background spectra were collected after the flush-
ing. 2% CO/He was introduced into the chamber for 15 min and a
spectrum was taken. A temperature programmed reaction was per-
formed with 2% CO and 2% H2O (balance: He) starting from 30 ◦C.
Temperature was ramped stepwise up to 400 ◦C. Spectra were col-
lected at 30 ◦C, 100 ◦C, 200 ◦C, 300 ◦C and 400 ◦C after holding at
each temperature for 15 min.

2.4. X-ray photoelectron spectroscopy

XPS was performed using an AXIS Ultra spectrometer, oper-
ated at 13 kV and 10 mA with monochromated Al K� radiation
(1486.6 eV). Two different sulfur treatment conditions were used:
50 ppm H2S/N2 at 400 ◦C for 24 h and 1000 ppm H2S/N2 at 400 ◦C
for 72 h. At the end of the treatment, inert gas (N2) was used to
purge and cool down the reactor. The sample was sealed in N2
before transferring to an Ar-purged glove box/transfer chamber to
eliminate oxygen exposure. Charge neutralizers were used during
spectra collection. All binding energies were referenced to C 1s of
284.5 eV.

2.5. Mössbauer spectroscopy
57Co/Rh �-ray source and a conventional constant acceleration
spectrometer were used for spectra collection. The sulfur treatment
procedure was the same as used for XPS sample preparation, but
with air exposure after cooling down. All spectra were taken at
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Table 2
XPS binding energies (eV) of phases present in Fe-only and Fe–Al–Cu catalystsa.

Phases Region Binding energy position (eV)

Fe2O3 2p3/2 710.9
Fe3O4 2p3/2 710.4
FeO 2p3/2 709.4
Fe 2p3/2 706.6
FeS 2p3/2 711.6
FeS2 2p3/2 706.8

CuO 2p3/2 933.2
Cu 2p3/2 932.0
Cu2S 2p3/2 931.5

O2− 1s 529.9

S2− 2p3/2 161.2
L. Zhang et al. / Journal of Molecular

oom temperature and ambient atmosphere. Isomer shifts are given
ith respect to �-Fe. The integrated areas under each deconvoluted

ignal have been used to obtain the relative populations of differ-
nt iron species. An equal free-recoil fraction for all species was
ssumed for all iron species.

.6. X-ray diffraction

A 9-sample holder accessory was employed to collect diffraction
atterns. Sulfur-treated samples went through the same procedure
sed for XPS, but with air exposure after cooling down. The X-ray
ource was Cu K� radiation operated at 45 kV and 20 mA. 2� diffrac-
ion angle was varied from 20◦ to 90◦ during the measurement.
nternational center for diffraction data (ICDD) library was used for
rystal phase identification.

. Results and discussion

.1. Catalytic performance in the presence of H2S

WGS catalytic performance comparison of various Fe–Al–Cu cat-
lysts has been reported in our previous publications on the basis
f equal surface area. For each catalyst in this study, fresh and
oisoned catalyst activities were compared to acquire an under-
tanding of deactivation characteristics in the presence of sulfur.
atalysts were poisoned with 50 ppm H2S for 2.5 hrs at 400 ◦C and
he percent activity loss for each catalyst is reported in Table 1.
s shown in Table 1, both sol–gel (SG) prepared Fe–Al–Cu and
ommercial Fe–Cr–Cu catalysts demonstrated a partial activity loss
fter sulfur exposure. However, under these testing conditions, Fe-
nly and Fe–Al catalysts prepared by the SG method were fairly
table. It seems that presence of Cu in the catalyst accelerated
he deactivation kinetics. Fe-based catalysts without Cu in the for-

ulation showed small or no deactivation considering the error
ange. However, pronounced activity drop was measured for Cu-
ontaining catalysts. A 40% decrease in CO conversion was observed
or Fe–Al–Cu catalyst whereas commercial Fe–Cr–Cu lost 30% con-
ersion after it was poisoned. The activity loss variation is consistent
ith Cu doping levels in these two samples. Fe–Al–Cu contains

6 wt% CuO as prepared whereas less than 5 wt% CuO is present
n the commercial catalyst. To acquire an understanding of deacti-
ation characteristics and catalyst surface and bulk changes after
eactivation, extensive characterization studies were performed.
o accelerate the catalyst poisoning, higher H2S concentrations or
onger exposure times were used prior to characterization.

.2. Surface interactions between reactants and catalyst surface
robed by DRIFTS

DRIFTS was employed to examine catalyst surface changes upon
ulfur exposure. CO and H2O temperature programmed reaction

xperiment was conducted on both freshly calcined and H2S-
oisoned (50 ppm H2S, 400 ◦C for 5 h, cooled in N2) Fe-only and
e–Al–Cu catalysts (Fig. 1).

Fig. 1(a) illustrates species evolution with temperature for Fe-
nly catalysts. As seen in the figure, strong gas phase and weakly

Table 1
WGS reaction activity percentage loss for different Fe-based catalysts
upon sulfur exposure.

Catalyst Percentage loss (%)

Fe–Al–Cu-SG 40
Fe–Cr-Cu-Commercial 30
Fe-only-SG 0
Fe–Al-SG 8
S4+ 2p3/2 166.0
SO4

2− 2p3/2 168.0

a Binding energies are given with a precision of 0.1 eV.

adsorbed CO bands were observed at 2180 and 2130 cm−1, respec-
tively. However, there was no CO2 formation until a temperature
of 200 ◦C was reached. At that point, formation of CO2 was seen,
as evidenced by bands at 2360 and 2340 cm−1 [33]. Over the cat-
alyst which was poisoned by H2S (Fig. 1(b)), similar spectra were
observed, the only difference being the somewhat reduced inten-
sity of the CO2 bands. The picture that emerged over the Fe–Al–Cu
catalyst was significantly different. Fresh catalyst showed CO2 for-
mation at temperatures as low as 30 ◦C (Fig. 1(c)). When the catalyst
was poisoned, however, the decrease in the intensity of the CO2
bands was much more pronounced (Fig. 1(d)), signaling a more
severe deactivation effect with H2S.

3.3. Surface changes characterized by XPS

XPS provides surface composition and oxidation state changes
upon sulfur exposure. The Fe 2p, S 2p and O 1s regions of the spec-
tra for Fe-only catalysts after experiencing different treatments are
illustrated in Fig. 2. Binding energy positions for possible phases
are tabulated in Table 2. As shown in the Fe 2p region (Fig. 2(a)),
Fe3O4 was observed on reduced catalyst surface with 2p3/2 bind-
ing energy located at 710.4 eV. Two H2S treated catalysts were
examined. Fe-only-50 ppm and Fe-only-1000 ppm represent Fe-
only catalysts with exposure to 50 ppm H2S at 400 ◦C for 24 h and
1000 ppm H2S at 400 ◦C for 72 h, respectively. This latter treat-
ment, which involved significantly higher H2S concentration than
those found in coal gas streams that underwent desulfurization,
was employed to obtain noticeable changes on catalyst surface after
poisoning. As shown in Table 2, peak positions in the 2p region for
Fe species are very close to each other, which create challenges for
phase identification. For Fe-only-50 ppm sample, a peak centered
around 710.5 eV was detected. Possible iron phases include Fe3O4
located at 710.4 eV (2p3/2) due to surface reduction by H2S and unre-
duced Fe2O3 located at 710.9 eV (2p3/2) [34]. The peak at 706.8 eV
could be attributed to FeS2 [34]. Reactions that take place during
this process could be

FeOy + yH2S → FeSy + yH2O[35]

The actual reactions that occur are believed to be more com-
plex as discussed later. In Twigg’s review on WGS catalysis, FeS is
reported as a result of Fe3O4 sulfidation by H2S in reducing atmo-
spheres [36].
Fe3O4 + H2 + 3H2S → 3FeS + 4H2O

Samples used in our XPS analysis were pretreated under diluted
H2S flow, with no H2. Therefore, instead of dominant FeS, other
sulfides or oxysulfides species may be formed. This can be sup-
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Fig. 1. DRIFT spectra during CO and H2O temperature programmed reaction: (a) fresh Fe-only catalyst; (b) Fe-only catalyst after poisoning with 50 ppm H2S; (c) fresh Fe–Al–Cu
catalyst; (d) Fe–Al–Cu catalyst after poisoning with 50 ppm H2S.

Fig. 2. X-ray photoelectron spectra for Fe-only catalysts after exposure to different concentrations of H2S: (a) Fe 2p region; (b) S 2p region; (c) O 1s region.
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orted by S 2p region analysis (Fig. 2(b)), which provides a better
nderstanding of the sulfidation process. The peaks at 162.3 eV and
61.2 eV correspond to 2p1/2 and 2p3/2 binding energies from S2−,
espectively, which implies existence of FeS (Fe 2p3/2 at 711.6 eV)
n poisoned samples. Different explanations can be found in the
iterature for the peak at 163.5 eV. In Paál et al.’s studies on sulfur
oisoned Pt catalysts [10], it was suggested that elementary sulfur
ith a 2p3/2 binding energy located around 164 eV could be present

n the sulfide entities. Bromfield and Coville [37] examined sulfided
ischer–Tropsch Fe catalysts using XPS and observed similar S 2p
pectra as shown in our work. The second doublet around 163.0 eV
n their work was ascribed to a different type of S2− or elemental
ulfur caused by decomposition of polysulfide species. A deconvo-
ution of the S 2p spectra of the Mo-containing catalysts by Andreev
t al. [23] suggested presence of subsulfides (S2−x

2−: 160.7 eV-2p3/2,
61.7 eV-2p1/2), sulfides (S2−: 161.8 eV-2p3/2, 162.7 eV-2p1/2), disul-
des (S2

2−: 162.6 eV-2p3/2, 163.5 eV-2p1/2) and elemental sulfur
S0: 163.5 eV-2p3/2, 164.5 eV-2p1/2). Oxysulfide species were also
eported with the S 2p region in 162.3–163.2 eV range [25], which
ere formed by a partial replacement of sulfur in the sulfidation
roduct with oxygen atoms. Therefore, the S 2p region of our Fe-
nly poisoned catalysts could possibly consist of sulfide, subsulfide,
xysulfide and elemental sulfur species. Presence of subsulfides
FeS2) can be further supported by Fe 2p region analysis, which
howed FeS2 band at 706.8 eV.

O 1s spectra of the same catalysts are plotted in Fig. 2(c). The O
s spectra at 529.9 eV could be assigned to oxygen from iron oxides
hereas the peak at 532.4 eV is indicative of oxygen from surface

Ox species [38], which is a result of interaction between H2S and
ron oxide species on the surface. There are marked differences in O
s intensities from sample to sample. With 50 ppm H2S exposure,
nly a small portion of the surface is sulfided (evidenced from low
2p signals) and the Fe 2p and O 1s regions that do not display

n apparent intensity decrease. With long time exposure to a much
igher concentration of H2S, sulfidation products dominate the sur-

ace. A replacement of surface oxygen by sulfur atoms takes place
uring sulfidation. Therefore, only a weak oxygen signal from iron
xides was detected and surface SOx species, also with very weak
ignals in Fig. 2(c), were seen as a result of partial substitution of
urface oxygen by sulfur.

Similar XPS spectra were collected over Fe–Al–Cu catalysts

Fe/Al = 10, Fe/Cu = 5, SG preparation). The Fe 2p regions in Fig. 3(a)
xhibit the same features as the corresponding Fe-only catalysts,
ut with variations in intensity. More iron oxides and less FeS2 were
bserved on the sample treated with 1000 ppm H2S. Examination

ig. 3. X-ray photoelectron spectra for Fe–Al–Cu catalysts after exposure to different conc
ysis A: Chemical 309 (2009) 63–70 67

of the Al 2p regions for Fe–Al–Cu catalysts (results not included)
did not show any noticeable intensity variations between fresh and
poisoned samples, suggesting that the interaction between H2S and
Al2O3 is insignificant. In Ziolek et al.’s studies where H2S adsorption
on metal oxides [7] was examined, a small amount of sulfur adsorp-
tion (∼0.2 wt% sulfur) was detected on Al2O3. This discrepancy
could possibly be caused by H2S adsorption conditions employed
in their work, in which ∼2.8 volume% H2S was adsorbed onto bulk
Al2O3. The Cu 2p region (Fig. 3(b)) for sulfided samples is speculated
to be a mixture of metallic Cu (932.0 eV-2p3/2) and Cu2S (931.5 eV-
2p3/2) [34]. X-ray photoelectron spectra of the Cu 2p region cannot
provide the resolution required for clear differentiation. However,
presence of Cu2S was confirmed by characterization results pre-
sented in the following sections. For the S 2p region (Fig. 3(c)),
in addition to possible sulfide, subsulfide and oxysulfide species
in poisoned Fe-only catalysts, a low intensity peak around 168 eV
appeared, which is caused by sulfate species. Sulfate species may
be formed as a result of sulfide species oxidation. This could occur
either during the H2S treatment step using neighboring surface
oxygen or due to a surface phase rearrangement between sulfur
and oxygen atoms under H2S lean conditions [22]. O 1s region also
implies formation of SOx as discussed earlier.

The reduction–oxidation cycle has been discussed in our previ-
ous publication on Fe-based catalysts [33]. The active phase for WGS
is Fe3O4 (magnetite), which has an inverse spinel structure that can
be represented as (Fe8

3+)A(Fe8
3+Fe8

2+)BO32. “A” and “B” represent
tetrahedral and octahedral sites, respectively. During the reaction,
the electron transfer between Fe2+ and Fe3+ in the octahedral sites
in Fe3O4 promotes CO oxidation and H2O reduction reactions to
produce CO2 and H2. Cu can play a dual role, by providing active
sites (possibly with higher intrinsic activity) and by improving elec-
tron transfer properties between Fe2+ and Fe3+ during WGS. As
can be seen from declining surface oxygen coverage and rising
surface sulfur coverage, when catalysts are exposed to H2S, sul-
fur could replace oxygen in iron oxide structure. Although change
in surface Fe signal intensity is not very pronounced, formation of
FeSx species diminishes WGS performance. More importantly, sul-
fur could interact strongly with Cu promoter and form Cu2S. Once
Cu on the surface is poisoned, it possibly acts as an inert diluent
and does not function as a promoter any more, which explains the
marked activity loss for Cu-containing catalysts (Table 1). Lahtinen

et al. studied influence of sulfur poisoning on CO adsorption on
Co (0 0 0 1) surface. It was revealed from their work that adsorp-
tion of CO on sulfur-exposed surface decreases significantly. More
importantly, a redistribution of CO adsorption sites on the surface

entrations of H2S: (a) Fe 2p region; (b) Cu 2p region; (c) S 2p region; (d) O 1s region.
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s induced by the presence of sulfur [39]. It is possible that sur-
ace changes upon exposure to sulfur may decrease the available CO
dsorption sites in our work as well. Additionally, hindrance of elec-
ron transfer in the redox cycle greatly decelerates the progression
f the WGS reaction.

.4. Phase composition and oxidation states examined by
össbauer spectroscopy

Mössbauer spectroscopy was used to examine catalyst composi-
ion and iron oxidation states in the bulk phases. 1000 ppm H2S/N2
as used to poison Fe–Al–Cu (Fe/Al = 10, Fe/Cu = 5, SG preparation)

atalysts at 400 ◦C for 72 h. This is the same procedure used prior
o XPS analysis. However, unlike the XPS analysis, samples were
xposed to air after H S treatment and spectra were collected under
2
mbient atmosphere. Spectrum for the freshly calcined Fe–Al–Cu
as been discussed previously [31,32] and is included here for
omparison (Fig. 4(a)). Fresh Fe–Al–Cu consists primarily of small
romoter substituted �-Fe2O3 particles, with a small portion of

ig. 4. Mössbauer spectra of: (a) freshly calcined Fe–Al–Cu catalysts; (b) Fe–Al–Cu
atalysts poisoned with 1000 ppm H2S/N2 at 400 ◦C for 72 h.
Fig. 5. X-ray diffraction pattern of commercial FeS after air exposure.

large �-Fe2O3 particles (>20 nm). All spectra were deconvoluted to
fit different iron species. Hyperfine parameters obtained from the
fits (for both freshly calcined and H2S-poisoned Fe–Al–Cu catalysts)
are listed in Table 3. Integrated area for each species is used to obtain
its relative abundance. The spectrum of the poisoned Fe–Al–Cu cat-
alyst shown in Fig. 4(b) has been fitted with one doublet and five
sextets. The doublet has been attributed (as reported previously
for calcined Fe–Al–Cu) to superparamagnetic substituted �-Fe2O3
or partially to �-Fe2O3 small particles. The presence of a valleri-
ite type phase, which is a hydroxysulfide of Fe and Cu cannot be
totally excluded since it is characterized by a signal with ı = 0.45
and � = 0.55 [40]. This signal, which is the major one and accounts
for 60% of the iron atoms, should correspond to unreacted iron oxide
species (promoter) as observed in calcined catalysts. This also sug-
gests that a majority of the iron oxide particles remain intact even
after exposure to high concentrations of H2S (1000 ppm). The three
sextets characterized by internal magnetic field, respectively, cor-
responding to 30.4, 26.1 and 23.1 T and presenting approximately
equal relative intensities are assigned to Fe1−xS with pyrrhotite type
structure [41]. The sextet with the largest internal magnetic field
and the negative quadrupolar splitting can also unambiguously be
attributed to large particles (>20 nm) of �-Fe2O3 [42]. Presence of
�-Fe2O3 is not surprising as evidenced from XRD analysis in the fol-
lowing section. The last sextet with an internal magnetic field equal
to 35.3 T has been attributed to the phase CuFeS2 with chalcopyrite
type structure [40].

FeS is extremely air sensitive and decomposes readily to FeSx

and �-Fe2O3 even at room temperature, as seen in XRD analysis
on commercial FeS reference (Fig. 5), which also explains why no
stoichiometric FeS was detected in the poisoned sample. Fe1−xS is
probably formed as a result of coordination environment changes
among Fe, S and O atoms [41].

3.5. Crystal phases examined by XRD analysis

XRD was used to provide information on crystal phases present
for calcined and poisoned catalysts. Freshly calcined and H2S-
poisoned catalysts (50 ppm H2S (400 ◦C, 24 h) and 1000 ppm
(400 ◦C, 72 h)), which are the same as the samples for XPS and Möss-
bauer analysis, were examined. XRD patterns are shown in Fig. 6(a)

for Fe-only catalysts and Fig. 6(b) for Fe–Al–Cu catalysts.

The dominant crystal phase for calcined Fe-only catalyst is �-
Fe2O3. For the Fe-only-50 ppm catalyst, Fe3O4 phase was observed,
which results from �-Fe2O3 reduction. No sulfur-related phases
were detected. As reported in the literature [43], when H2S concen-
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Table 3
Mössbauer parameters derived from the sample spectra collected at 25 ◦Ca.

Sample Splitting Relative intensity (%) ı (mm/s) �, ε (mm/s) H (T)

Fe–Al–Cu-SG (Fe/Al = 10, Fe/Cu = 5) Doublet 84 0.34 0.80 0
Sextet 16 0.34 0.00 47.2

Fe–Al–Cu-SG-H2S (Fe/Al = 10, Fe/Cu = 5) Doublet 60 0.33 0.65 0
Sextet 11 0.69 0.07 30.4
Sextet 9 0.66 0.08 26.1
Sextet 9 0.68 0.18 23.1

ar dou

t
b
s
a
d
a
a
s
c
F
a
a
r
a
f
w
F
s

F
(

Sextet 9
Sextet 2

a ı: isomer shift (referred to �-Fe), � and ε: quadrupolar splitting in a quadrupol

ration is low, only surface sulfide species will be formed because
ulk sulfide is not thermally stable. However, Fe-only catalyst poi-
oned by 1000 ppm H2S demonstrates the presence of both FeS2−x
nd �-Fe2O3, which are likely products from iron sulfide species
ecomposition in air, as shown in the XRD pattern in Fig. 6. It is
lso noted that the diffraction lines for this catalyst are narrow
nd intense, implying that large crystals are generated during the
ulfidation and oxidation process. Calcined Fe–Al–Cu catalysts are
omposed of �-Fe2O3 phase whereas Fe–Al–Cu-50 ppm consists of
e3O4 crystallites. After exposure to 1000 ppm H2S, Fe–Al–Cu cat-
lysts contain multiple crystal phases: �-Fe2O3, �-Fe2O3, FeS2−x
nd Cu2S. This provides complementary information to Mössbauer
esults and confirms some of the assignments as well. Both iron
nd copper sulfided crystallites were detected. Another observation

rom XRD patterns presented in Fig. 6 is that larger �-Fe2O3 crystals
ere formed on poisoned Fe-only catalyst compared to poisoned

e–Al–Cu catalyst. This result was clearly confirmed by Mössbauer
pectroscopy showing only 2% of iron species to be of larger �-Fe2O3

ig. 6. X-ray diffraction patterns of freshly calcined and sulfur poisoned catalysts:
a) Fe-only catalyst; (b) Fe–Al–Cu catalysts.
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blet and in a magnetic sextet, respectively, H: internal magnetic field.

particles in Fe–Al–Cu catalysts after H2S treatment (Table 3). This
could be explained by the presence of promoters that can prevent
or minimize aggregation of iron species to form large crystallites.

4. Summary

A series of Fe-based catalysts were evaluated for WGS reac-
tion and characterized after they were exposed to H2S. Catalysts
exhibited activity loss to different extents. Cu-containing catalysts
were more sensitive to H2S and showed faster deactivation kinetics
compared to Cu-free samples. Characterization results suggest that,
upon sulfur exposure, catalyst surface oxygen is partially replaced
by sulfur, leading to pronounced changes in Fe and Cu coordination
environment. Catalyst activity loss can be attributed to changes in
the surface active sites induced by FeS, CuFeS2 and CuS2 forma-
tion, impeding the redox electron transfer cycle during WGS, with
Cu being more susceptible to H2S poisoning and contributing more
severely to initial activity loss.
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