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b Department of Chemistry, University of Guelph, 50 Stone Road East, Guelph, Ontario, Canada N1G 2W1

Received 11 May 2007; received in revised form 25 June 2007; accepted 26 June 2007
Available online 10 July 2007

bstract

The regeneration of an n-decanethiol-poisoned nickel catalyst by treatment with steam was studied using diffuse reflectance infrared Fourier
ransform spectroscopy (DRIFTS), X-ray photoemission spectroscopy (XPS) and mass spectrometry (MS). The catalytic activity of a Ni catalyst
ontaminated with n-decanethiol (H (CH2)10 SH) before and after regeneration was measured on methane steam reforming at a CH4:H2O ratio

◦
f 1:2 at 700 C and compared to the nickel catalyst. The results show that, although (a) in the regenerated catalyst surface there is no residual
ulfur and (b) the amount of surface carbon is the same as in Ni catalyst, the regenerated catalyst has gained 84% of its catalytic activity. Since all
ulfur is removed, this loss of activity is attributed to structural changes at the surface of the catalyst and to the different nature of the remaining
arbon.

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

Nickel continues to be both a well established and a promising
ew material in several developing fields of applied technology
uch as those arising in catalysis and in fuel cells [1,2]. For
xample, steam reforming, long used in the manufacture of syn-
hesis gases and pure hydrogen from hydrocarbons, is a catalytic
rocess involving ceramic-supported nickel catalysts. Coke for-
ation [3–10] and sulfur poisoning [3,5,9,11,12] are two of the
ajor problems associated with nickel catalysts. The presence

f sulfur collecting on a catalyst surface is known to cause sub-
tantial losses of the catalyst’s activity in many desired reactions,
articularly those utilized in methane steam reforming processes
3]. This loss of activity is due to (1) direct sulfur adsorption on
ickel particle surface(s) which hinders further adsorption of the
eactant molecules and (2) the reconstruction of the Ni surfaces
i.e. sulfur can modify the chemical nature of the active Ni sites
r result in the formation of new compounds which may modify

r decrease the adsorption rates of reactant gases). The presence
f carbon on catalyst surfaces can also cause (a) the blockage
f desirable catalyst pores, (b) the loss of structural integrity of

∗ Corresponding author. Tel.: +1 819 821 7904.
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he catalyst support material [3,5,6,8] and (c) fouling of the cat-
lysts surfaces. Catalyst deactivation may be overcome, at least
artially, through timely regeneration processing.

Relatively few studies, on the regeneration of sulfur-poisoned
nd carbon-poisoned catalysts, have been reported in the liter-
ture. In the case of sulfur deposits, the following processes
ave been studied for their efficiency in the removal of sul-
ur from poisoned nickel catalysts and the restoration of their
ctivity: (a) reduction with hydrogen [12,13] and (b) mild con-
itions oxidation, with oxygen or water [14,15]. The final goal
s the removal of surface sulfur through H2S or SO2 forma-
ion. Efforts made to regenerate sulfur-poisoned Ni catalysts,
sing H2 [15–17] alone, have been largely unsuccessful. One
S Patent [18] proposes the use of H2 to regenerate 15–60%
i/Al2O3 at 700–1100 K, although reportedly, no sulfur is actu-

lly removed by this treatment. In respect of the study of
egeneration using steam reaction, Rostrup-Nielsen [19] have
eported that up to ∼80% removal of the surface sulfur from
i can be achieved at 700 ◦C, being either promoted or unpro-
oted by Mg and Ca, steam reforming catalysts. Aguinaga [13]

ad studied the regeneration of a nickel/silica catalyst, poisoned

y thiophene, through oxidation–reduction treatments use, and
hey report that the sulfur removal efficiency of these methods is
s high as 90% when they are applied to completely deactivated
atalysts.

mailto:Nicolas.Abatzoglou@USherbrooke.ca
dx.doi.org/10.1016/j.jpowsour.2007.06.258
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Fig. 1. Four reproducibility tests: methane conversion (%) over Ni cata-
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In the case of undesirable surface carbons, the literature
eports that they are generally highly reactive and may be gasi-
ed by means of reaction with hydrogen, carbon dioxide and/or
team, with nickel as the catalyst [20,21]. Bernardo [22] had
tudied the kinetics of the gasification removal of carbon, pre-
iously deposited on nickel catalysts, by means of carbon’s
eaction with (a) steam, (b) carbon dioxide and (c) hydrogen,
t temperatures in the range of 450–850 ◦C. They reported that,
or these particular reagents and at atmospheric pressure, steam
s the most effective gasifying agent of the group.

The present text describes a study of the catalytic activity
aking place during the steam reforming of methane over a
ure Ni catalyst powder, pre-contaminated with n-decanethiol
H (CH2)10 SH), both before and after the catalyst regenera-
ion. In previously published work of the present authors [36,37]
t has been shown that this Ni powder can be used effectively
s a CH4 steam reforming catalyst but related data regarding
he sulfur and carbon poisoning sensitivity and the regenera-
ion efficiency of such a catalyst, was not then available. The
egeneration of the experimental catalyst was conducted in an
xidizing atmosphere, being confirmed by reference to data
rom infrared spectroscopy (IR) and X-ray photoemission spec-
roscopy (XPS).

. Materials and methods

The catalyst used in this study was a very pure nickel powder.
i powder of this quality is produced by the thermal decompo-

ition of nickel tetracarbonyl [23] and is produced by the Inco
o. (Inco Ni 255). More details on this product can be found
lsewhere [24]. The n-decanethiol (H (CH2)10 SH) (Aldrich,
8%), and methanol solvent (Aldrich, 99%) employed in this
ork are both liquids at room temperature and were used in the

s-received condition.
Thiol contamination of the Ni catalyst was achieved by prior

mmersion of the nickel powder catalyst into 10−3 M solutions
f n-decanethiol/methanol (5 g of Ni in 100 ml of solution) at
mbient temperature; these solutions contained several orders
f magnitude excess thiol compared to the quantities constitut-
ng a monolayer on the Ni powder. The thiol immersion time
as 20 h, after which, all such treated samples were rinsed with

opious quantities of fresh methanol. Finally, the samples were
ried for 12 h at ambient temperature and then used for the char-
cterization and reforming tests. The decanethiol-contaminated
i catalyst is hereafter denoted herein as Ni C10S. Diffuse

eflectance infrared fourier transform spectroscopy (DRIFTS)
as subsequently used to characterize all original and gener-

ted powders and pellets discussed in this paper, using a Nicolet
exus 470 FTIR spectrometer. The resolution was set at 4 cm−1

nd 256 scans were accumulated in an inert atmosphere at room
emperature. The spectra were acquired using a MCT detec-
or. X-ray photoelectron spectra (XPS) of the catalyst samples
ere acquired at ambient temperature, using a Kratos HS sys-
em, fitted with a monochromatized Al K� (hν = 1486.6 eV)
-ray source, and operated at 120 W; a 12 000 �m2 region of the

ample actually being probed. The photoelectron kinetic ener-
ies were measured using a hemispherical electrostatic analyzer,

a
a
e
a

yst as a function of temperature. Reaction conditions: P(CH4) = 10 Torr,
(H2O) = 20 Torr, P(Ar) = 730 Torr. CH4 conversion is defined as follows: CH4

onversion (%) = ((Pin.CH4 Pout.CH4 )/Pin.CH4 ) × 100%.

orking in constant pass energy mode. The background pressure
n the analysis chamber was maintained at below 2 × 10−8 Torr.
urvey scans (0–1200 eV) and high-resolution Ni 3p, S 2p, C 1s
nd O 1s spectra were obtained at pass energies of 160 eV and
0 eV, respectively. Correction for charging effects was achieved
y referencing all values of binding energies with respect to the O
s core-level spectrum in NiO (BE ≈ 529.1 eV [25]). The uncer-
ainty in the peak position was estimated to be ±0.2 eV for all
pectra. The analysis of the measured Ni 3p, S 2p, C 1s and O
s high-resolution spectra envelopes was performed by curve-
tting synthetic peak components, using XPSPEAK41. The raw
xperimental data were used without preliminary smoothing.
aussian–Lorentzian product functions and Shirley background

ubtraction procedures were used to approximate the line shapes
f the fitting components. Quantification of the carbon atomic
ercentages was obtained from the integration of the C 1s core-
evel spectra with application of the appropriate corrections for
hoto-ionization cross-sections. In this study, for each experi-
ent, we tested at least two samples. For example, Fig. 1 shows

he methane conversion for four experiments of steam reforming
n the same conditions. These experiments use the same cata-
ysts and they serve to prove the reproducibility and the statistical
rror of the reported results.

The description of the experimental setup, and the protocols
mployed for the catalytic activity measurement, can be found
lsewhere [24].

. Results and discussions

.1. Catalyst contamination

DRIFT data for the n-decanethiol adsorbed on Ni at ambi-
nt temperature in the C H stretching bands were recorded

nd are presented in Fig. 2. The data show both methyl
nd methylene C H stretching peaks. Mode assignments for
ach peak are also listed on the same figure. Peak positions
re ∼2850 cm−1 (υsymmetric, CH2), ∼2918 cm−1 (υantisymmetric,
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ig. 2. DRIFTS spectra of the as-prepared decanethiol-contaminated Ni catalyst
37].

H2), ∼2930 cm−1 (υsymmetric, CH3 FR+) and ∼2955 cm−1

υantisymmetric, CH3), respectively [29,30]. The relative inten-
ities of these various peaks, their peak positions and the
eaks widths, are remarkably similar to those of alkanethiol
onolayers, as adsorbed on planar Au(1 1 1) substrates [26,27],

uggesting that the local environment for these adsorbates
n the Ni surface is a rather well ordered one, despite the
ong-range disorder implicit in the use of powdered surface
ubstrates. The spectra of the thiol-contaminated Ni powder
id not exhibit significant intensity in the peak associated with
he symmetric stretching mode of the terminal methyl groups
∼2875 cm−1). This result is similar to that obtained in the study
f self-assembled monolayers, formed on metallic nanopar-
icules [28,29], for which this peak is either very weak or
bsent.

Fig. 3(a) and (b) shows the XPS spectra of the C 1s and S 2p
inding energy regions, respectively, for decanethiol (Ni C10S).

rom an analysis of the near-surface atom compositions, the
xistence of two forms of sulfur S 2p, located at 162.7 eV and
68 eV, was confirmed (Fig. 3b). The first peak corresponds to
hiolates [30–32], while, the second peak is typical of sulfonates

o
a
c
o

Fig. 3. XPS spectra (a) carbon C 1s and (b) sulfur S
ig. 4. Gas composition and temperature profiles vs. time on-stream for
team reforming with an unsupported Ni catalyst. Reaction conditions:
(CH4) = 10 Torr, P(H2O) = 20 Torr, and P(Ar) = 730 Torr.

32,33]. This is in good agreement with the findings obtained in a
tudy of the wetting properties for self-assembled monolayers of
-alkanethiols on copper surfaces [34]. In the case of the carbon
1s spectral region (Fig. 3a), two peaks can be distinguished.

he first peak, located at ≈288.7 eV, is attributed to C O. This
riginates from the Ni catalyst powder, being commercially
roduced by the thermal decomposition of Ni(CO)4 [23]. It is
ot known at this time if the residual chemisorbed CO affects
he binding of the thiols to the Ni powders. The second peak,
bserved at ≈284.5 eV, is attributed to graphitic (i.e. aliphatic)
arbon, originating from the decanethiols chemisorbed on the
atalyst surface. This assignment is consistent with adsorbed
hiolate [30,31,35].

The presence of the two sulfur chemical states, thiolates and
ulfonates, on the catalyst surface, along with the CH2 and
H3 stretching bands (characterized by infrared spectroscopy, as
escribed above), shows that the room-temperature adsorption

f the n-decanethiol molecules takes place through the sulfur
tom and not through the carbonaceous chain. Our XPS results
orroborate with the DRIFTS results and confirm the adsorption
f the decanethiols on the catalyst surface by the sulfur site [37].

2p of the as-prepared Ni C10S catalyst [37].
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.2. Catalytic test

The steam reforming of methane (CH4 + 2H2O → CO2
4H2, CH4 + H2O → CO + 3H2) was used to test the catalytic

ctivity of the n-decanethiol-contaminated Ni catalyst, and was
hen compared to that of a Ni catalyst. The reforming tests, as
escribed previously [24,36], were conducted at a CH4/H2O
atio of 1:2 to ensure chemical equilibrium and high conversion
ields, whilst avoiding any limitations related to the reaction
inetics. Fig. 4 presents the partial pressures of H2, CH4, CO2
nd CO in the exit gas, over time and temperature. The onset of
ydrogen production is at ∼325 ◦C; H2 production increases as
he temperature increases, the maximum yield being obtained
t 500 ◦C. As the temperature was increased, from 500 ◦C to
00 ◦C, hydrogen production remained constant and was stable
or over 13 h at T = 700 ◦C. Fig. 5 shows the deactivation for the
-decanethiol-contaminated Ni catalyst. It is clearly seen that
atalysts remain inactive at any temperature between ambient
nd 700 ◦C. In a previous study [37], the authors have shown
hat the deactivation is due mainly to carbon deposition of the
unsaturated” type.

Fig. 6 presents representative IR spectra for n-decanethiol,
dsorbed on Ni, and tested for the steam reforming of methane.
he data have being recorded at two different temperatures,
3 ◦C (n-decanethiol adsorbed on Ni), and 700 ◦C (same Ni
fter steam reforming at 700 ◦C). This data shows the existence
f significant surface modifications occurring during the steam
eforming of methane. An analysis of the possible assignment
f the individual absorption bands to the corresponding bond
onfiguration was undertaken. At low frequencies, the spectrum
ecorded at 23 ◦C shows the presence of bands characteristic of
-decanethiol adsorption on Ni (ν(C S), δ(CH2) and δ(CH3)),
nd the presence of sulfonates [37–41]. The IR spectra of the
amples tested for methane steam reforming at 700 ◦C (expo-

ure of 13 h at this temperature) show, in addition to the bands
bserved at 23 ◦C, the appearance of new bands, correspond-
ng to characteristic groups of unsaturated compounds [38–41].
t high frequencies, the spectrum recorded at 700 ◦C shows the

ig. 5. Gas composition and temperature profiles vs. time on-stream for
team reforming with Ni C10S catalyst. Reaction conditions: P(CH4) = 10 Torr,
(H2O) = 20 Torr, and P(Ar) = 730 Torr.

l
d
p
[

Fig. 6. DRIFTS spectra of Ni C10S recorded at 23 ◦C and 700 ◦C.

resence of bands ν(CH2) and ν(CH3) also present at 25 ◦C. The
resence of the last two bands at 700 ◦C can be explained as fol-
ows: the heating of the decanethiol-impregnated Ni powder up
o 700 ◦C during the reaction of steam reforming is characterized
y the partial pyrolysis of the adsorbed layers. The pyrolysis pro-
eeds through the creation of CxHy species at the surface of the
i, precursors of C C and aromatic groups through dehydro-
enation. The pyrolysis products passivate more aggressively
he Ni surface because the double and aromatic bonds geometry
llows the molecules to lie parallel to the surface and thereby
eactivate it much more efficiently than the linear saturated
hiols, which are anchored vertically on the Ni surface. More
etails can be found in published work of the authors [42]. Fig. 7
resents IR spectra for Ni catalyst used for the steam reforming
f methane. A comparison of Figs. 6 and 7 shows that all bands
n Fig. 6 coming from n-decanethiol adsorbed on the Ni cata-

yst are absent in Fig. 7. It can be concluded that the catalytic
eactivation was caused by high surface carbon coverage, and
ossibly, by the presence of sulfur also, as described previously
37].

Fig. 7. DRIFTS spectra of Ni recorded at 700 ◦C after steam reforming.
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Fig. 9. Gas composition and temperature profiles vs. time on-stream for steam
reforming with Ni C10S catalyst following the steam regeneration treatment.
Reaction conditions: P(CH4) = 10 Torr, P(H2O) = 20 Torr, and P(Ar) = 730 Torr.

Fig. 10. Methane conversion (%) over Ni catalyst, Ni C10S catalyst follow-
ing regeneration and at thermodynamic equilibrium during methane steam
H. Oudghiri-Hassani et al. / Journa

.3. Catalyst regeneration

The regeneration process was performed in an attempt to
emove both carbon and sulfur from the Ni catalyst, using the
team treatment. The protocol involves a thermal treatment of
he n-decanethiol-contaminated Ni catalyst up to 1050 ◦C (expo-
ure of 0 h at this temperature) at a temperature ramp rate of
◦C min−1 under a previously water saturated, pure Ar car-

ier gas. Water saturation was achieved by bubbling pure Ar
hrough a controlled temperature water bath. Fig. 8 presents
he DRIFTS spectrum of the thermally treated Ni catalysts
urfaces. All previously observed bands associated with the
-decanethiol adsorbed on the Ni catalyst, tested for steam
eforming of methane at 700 ◦C, disappear; and a new band,
ocated at 1047 cm−1, appears. The latter can be attributed
o superoxo-species (Ni O). Natile [43] had reported that the
alcination of NiO powder at 973 K induces the appearance
f a new peak at 1048 cm−1, attributed to the formation of
eroxo/superoxo-species.

The CH4 catalytic steam reforming activity of the so treated
atalyst was tested. Fig. 9 shows the activity of the n-decanethiol-
ontaminated Ni catalyst, treated by steam over time and
emperature, by following the partial pressures of H2, CO, CO2
nd CH4. The onset of hydrogen production is now at about
00 ◦C instead of 325 ◦C for the Ni powder catalyst. H2 produc-
ion increases as temperature increases, and the maximum yield
as obtained at 530 ◦C instead of the 500 ◦C value for the Ni
owder catalyst. As the temperature increased from 530 ◦C to
00 ◦C, hydrogen production was constant, and remained stable
or over 2 h at T = 800 ◦C. The methane conversion over Ni C10S
reated in steam at T = 700 ◦C was 85 ± 2% compared to 94 ± 2%
ver the Ni catalyst and 100% for the theoretical prediction (ther-
odynamic equilibrium) (Fig. 10). The increased temperature

or the onset of H2 production, and the slight decrease of the

ethane conversion, relative to a Ni catalyst (e.g., the data of
igs. 4 and 10), seems to be due to the sintering of the loose
i powder or to other structural changes. XPS analyses were

arried out to confirm the cleansing of the catalyst surface.

ig. 8. DRIFTS spectra of Ni C10S after steam regeneration treatment as
escribed in the text.
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eforming, as a function of temperature. Reaction conditions: P(CH4) = 10 Torr,
(H2O) = 20 Torr, and P(Ar) = 730 Torr. CH4 conversion is defined as follows:
H4 conversion (%) = ((Pin.CH4 Pout.CH4 )/Pin.CH4 ) × 100%.

Table 1 provides the relative intensities of the total carbon
nd the total sulfur with respect to the total Ni for: the nickel

owder catalyst; the powder of Ni C10S; the Ni catalyst after
9 h in the steam reforming process at 700 ◦C; the Ni C10S
fter 13 h in steam reforming at 700 ◦C; the Ni C10S after its

able 1
rea ratio of carbon and sulfur on nickel calculated for the various samples

mployed in this work

atalyst sample Relative C 1s
intensities (%)

Relative S 2p
intensities (%)

ickel powder 58.5 0
i C10S powder 98.5 10.9
i catalyst after 79 h of steam
reforming at 700 ◦C

27 0

i C10S catalyst after 13 h of steam
reforming at 700 ◦C

59.5 5.1

i C10S catalyst after steam
regeneration and steam reforming

25 0
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Fig. 11. XPS spectra (a) carbon C 1s and (b) sulfur S

team treatment, followed by steam reforming. For the carbon,
he coverage ratio of the Ni by carbon increases with the adsorp-
ion of the n-decanethiol on Ni; this coverage is 58.5% for Ni
atalyst (due to atmospheric carbon) and 98.5% for Ni C10S.

decrease of the C 1s area coverage percentage from 58.5%
o 27% and 98.5% to 59.5% after the use of steam reforming
or both catalysts shows that there is little or no deposition of
arbon in the case of Ni, and a partial elimination of carbon in
he case of Ni C10S. However, in the case of Ni C10S treated
hermally in Ar/steam and followed by steam reforming, the C
s) area coverage percentage dropped to 25%; a value similar
o that obtained after 79 h in steam reforming at 700 ◦C for the
i catalyst. In the case of sulfur, the coverage ratio of the Ni by

ulfur increases with the adsorption of the n-decanethiol on Ni;
his coverage is 0% for powder of Ni and 10.9% for Ni C10S.

decrease of the S 2p area coverage percentage from 10.9%
o 5.1% after the use of steam reforming for Ni C10S catalysts
hows a partial elimination of sulfur. However, in the case of
i C10S treated thermally in Ar/steam and followed by steam

eforming, the S 2p area coverage percentage dropped to 0%.
esides, in the case of the Ni catalyst tested for 79 h in steam

eforming conditions at 700 ◦C the area coverage percentage
as 0% as expected. Fig. 11(a) and (b) shows the XPS spectra
f the C 1s and S 2p binding energy regions, respectively, for
i C10S catalyst surface after its steam treatment. These results

onfirm that the treatment with steam on the Ni C10S permits
n apparently complete removal of the sulfur and a decrease of
he area coverage percentage of the carbon from the catalyst.
evertheless, it is not yet known whether the various carbon
eposits (coverage) reported in this work are of the same nature.
hus, it is probable that, even if the carbon coverage percentage

s the same, some types of carbon deposits are more prone to
nhibit the catalytic activity than others.

. Conclusion
In this paper, the topic of the steam regeneration of an unsup-
orted Ni catalyst, contaminated with n-decanethiol, has been
tudied. The catalyst was obtained by immersion of the nickel [
Ni C10S catalyst after steam regeneration treatment.

owder in solutions of n-decanethiol/methanol at ambient tem-
erature. The steam reforming of methane at a CH4:H2O ratio of
:2 was employed to test the catalytic activity of the catalyst. The
egeneration process is based on an oxidative removal of carbon
nd sulfur from the catalyst with heat treatment up to 1050 ◦C
n steam. It was shown that, following its regeneration process,
he catalyst has recovered some 84% of its catalytic activity. The
urface analysis of the regenerated Ni powder surface shows that
here was no residual sulfur, and that the quantity of the carbon
resent on the regenerated surface, reported as percentage of sur-
ace coverage by carbon, was similar to that obtained after 79 h
n the steam reforming of the nickel catalyst at 700 ◦C. Since
ll sulfur is thereby removed, this loss of activity is attributed
o structural changes at the surface of the catalyst. Finally, the
ature of the carbon deposits must be further studied in order to
nderstand whether its nature can also play an important role on
he catalysts loss of activity.
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