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a  b  s  t  r  a  c  t

Supported  Pt  and  Ru mono-  and  bimetallic  alloy  catalysts,  with  promising  potential  applications  in
biomass  processing,  were  investigated  for  their  tolerance  to sulfur  poisoning  using  the  batch  hydrogena-
tion  of  cyclohexene  to  cyclohexane  in  the  presence  of  thiophene  as  a  screening  reaction.  Compared  to  their
monometallic  counterparts,  the  bimetallic  catalysts  exhibited  higher  turnover  frequencies,  both  in  the
absence  and  presence  of  sulfur.  XRD  analysis  of  changes  in  the  Pt unit  cell  size  suggest  that  the  observed
restructuring  of the  metal  nanoparticles  results  from  increasing  amounts  of  sulfur  species  being  coordi-
edicated to the memory of David Trimm,

n esteemed colleague and valued friend.

eywords:
atalysis
etal nanoparticles

nated to  the  ruthenium  during  poisoning,  leading  to at least  a partial  separation  of  the  alloy.  However,
regeneration  of  the  catalyst  in  pure  H2 at 300 ◦C shows  this  to  be  a  reversible  process.  The  sulfur  toler-
ance  observed  for  catalysts  with  certain  Ru to Pt ratios  might  be  due  to  sulfur  and  hydrogen  intra-particle
spillover.

© 2011 Elsevier B.V. All rights reserved.

ulfur poisoning

. Introduction

The finite nature of our fossil fuel reserves, combined with
ncreasing environmental concerns related to emissions from fossil
uel combustion, make it ever more important to find sustain-
ble and environmentally-friendly energy sources. In particular,
upplies of liquid transport fuels (petrol, diesel, jet fuel) will be
windling rapidly in the next forty years [1].  Biomass is an attrac-
ive alternative source of liquid transport fuels, as it is the only
oreseeable source of sustainable liquid fuels and chemicals [1–5],
nd is more evenly distributed geographically than are fossil fuel
eserves [6].  However, as biomass-based feedstocks have a high
xygen and moisture content, lower thermal stabilities, and higher
egrees of functionality than do petroleum feedstocks, new chem-

cal pathways and catalysts are required for biomass processing
7].  The current “in-principle” approaches for the conversion of lig-
ocellulosic biomass to liquid fuels include gasification (followed
y Fischer-Tropsch chemistry) [2,8], pyrolysis [9,10],  hydrothermal

iquefaction [11,12],  delignification (pulping) followed by saccha-
ification and fermentation [7,13],  and aqueous phase reforming
APR) [1,14].  Supported metal catalysts play an important role

n many of these processes. For example, the gasification of
iomass in supercritical water is improved by metal catalysts
15–20],  and Rioche et al., continuing studies by Chornet et al. on

∗ Corresponding author.
E-mail address: th.maschmeyer@chem.usyd.edu.au (T. Maschmeyer).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.09.014
the steam reforming of bio-oil over Ni-based catalysts [21–26],
found that ceria–zirconia supported noble metal catalysts were
more efficient than alumina supported catalysts [10]. Recently,
Dumesic et al. reported that biomass-derived feedstocks can be
converted to hydrogen [27–33],  and to gaseous [31,34,35],  and
liquid [36–41] alkanes using supported metal catalysts, and that
the processes can be tailored to produce alkanes rather than
hydrogen by tuning the catalyst and H2/CO concentrations in the
reactor.

However, it is expected that the presence in real biomass feed-
stocks of sulfur (present in amino acids such as cysteine and
methionine, and resulting from the uptake of soil nutrients) with
values ranging from 10 ppm to 1000 ppm [42] will significantly
impair catalytic performance, and thus there is a great need to
develop sulfur-tolerant catalysts. For example, Elliot et al. claimed
that the activity of ruthenium catalysts in supercritical water for
the catalytic gasification of wet  biomass is strongly decreased by
the presence of sulfur [43], and Osada et al. found that the adsorp-
tion of sulfur on the catalyst was at least partially responsible for
the decrease in the process rate for the gasification of lignin [44].
Although sulfur tolerance has been widely investigated, both in the
petrochemical and fine chemical industries [45–47],  there has been
little research into improving sulfur tolerance for catalysts involved
in the processing of biomass, such as when using the APR reaction.
Catalysts that combine two  metals are common in indus-
trial applications, and often show superior activity, selectivity,
and sulfur tolerance compared with their monometallic coun-
terparts [29,48–51].  These improvements might be the result

dx.doi.org/10.1016/j.cattod.2011.09.014
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:th.maschmeyer@chem.usyd.edu.au
dx.doi.org/10.1016/j.cattod.2011.09.014
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f electronic perturbations (produced by metal–metal bond-
ng, or by changes in the number of available active sites on
he surface of the catalyst) or structural changes leading to

ore edge-sites, kinks, defects, etc., or smaller particles [51].
ecently, Azad and Duran proposed a mechanism for sulfur
oisoning on Pd–Re catalysts for steam reforming of sulfur
laden logistic fuels (diesel, gasoline, jet fuel) [52,53].  They pro-
osed that palladium was able to transfer the sulfur onto the more
eadily sulfidable rhenium. This ‘spillover’ of sulfur onto rhenium
llows palladium to remain active for longer. Similarly, hydrogen
pillover can occur on bimetallic catalysts, and has been reviewed
xtensively [54,55]. Based on these two spillover phenomena we
nvisaged the development of a bimetallic catalyst such that one
etal would act preferentially as the hydrogenation catalyst and

he other would interact preferentially with sulfur-containing com-
ounds. Coupling these functions with hydrogen spillover to the
etal-coordinated sulfur species, may  enable hydrogen to cleave

he sulfur metal bond to effectively regenerate the catalyst.
In the work reported here, platinum was chosen as it displays

igh activity for the hydrogenation reaction, whereas ruthenium
as selected as studies have shown that it possesses a higher

ffinity for sulfur than does platinum [56]. The acidic, mesoporous
iAlTUD-1 was used as the support material since it is well-
stablished that noble metals immobilised on acidic supports are
ore sulfur-resistant than they are on other supports [50,57–63].

he mesoporous TUD-1 structure family was chosen because of its
haracteristic large surface area, high thermostability, and tunable
ore sizes.

Common techniques used to synthesise metal nanoparticles
nclude vapour phase techniques [64], sol–gel methods [65], sput-
ering [66], and co-precipitation [67]. The synthesis of bimetallic
anoparticles is complicated because of the challenges of control-

ing composition and size distribution [68]. The microemulsion
ethod is an established alternative that can address these prob-

ems, and which has been used in the preparation of metal [69,70],
etal sulfide [71], and metal halide nanoparticles [72]. The final

ize of the nanoparticles is controlled by the size of the aqueous
roplets, stabilised by the surfactant at the water/oil interface [73].
he size of the droplets are controlled by the water-to-surfactant
atio [68,74].

The hydrogenation of cyclohexene serves as a useful screening
eaction because it is very sensitive to sulfur and because hydro-
enation reactions are important steps in the conversion of biomass
n various processes [75]. Herein, we report the results of stud-
es probing the performance of bimetallic alloy Pt–Ru catalysts as
ompared to their monometallic counterparts during the hydro-
enation of cyclohexene at room temperature in the presence of
hiophene as a sulfur poisoning model.

. Materials and methods

.1. Materials

The following reagents were used as received: tetraethy-
ene glycol (TEG), polyethylene glycol dodecyl ether (Brij®

0, Mn ∼ 362 amu), hydrogen hexachloroplatinate(IV) hydrate
H2PtCl6·5H2O), decane (all Adrich), aluminium isopropoxide,
ydrazine hydrate (N2H4·H2O) (both Ajax), ruthenium trichloride
rihydrate (RuCl3·3H2O) (Strem), n-heptane (APS), cyclohexene
Prolabo), and tetraethylorthosilane (TEOS) (Alfa Aesar). Absolute
thanol (Merck) and acetone (Redox) were analytical grade and

ere used as received. Deionised water was processed using a
illi-Q (Millipore) Ultrapure Water System. 2-Propanol, purchased

rom Ajax, was dried over calcium hydride (Aldrich) for 24 h, dis-
illed under N2, and stored under N2 over dried 3 Å  molecular
day 178 (2011) 164– 171 165

sieves. Thiophene (Merck) was  purified by passage through neutral
alumina.

2.2. Catalyst preparation

The SiAlTUD-1 support was prepared using an adaptation of
the method described by Simons et al. [76]. Aluminium isopropox-
ide (6.28 g, 30.7 mmol) was  added to a mixture of ethanol (36 mL,
617 mmol), anhydrous 2-propanol (34 mL,  445 mmol), and TEOS
(26 mL,  117 mmol) at 45 ◦C, and the mixture was  stirred until all
components dissolved. TEG (26 mL,  151 mmol) was added, followed
by the dropwise addition of a solution containing ethanol (36 mL,
617 mmol), anhydrous 2-propanol (34 mL,  445 mmol) and water
(6 mL,  333 mmol). This mixture was  stirred at RT for 30 min, then
aged without heating or stirring for 6 h. The resultant white gel
was  dried at 70 ◦C for 21 h, then at 98 ◦C for 2 h after which time the
dry material was heated under autogeneous pressure at 165 ◦C in a
Teflon-lined autoclave for 8 h. The template was removed by wash-
ing the material in a Soxhlet extractor (Büchi Extraction System
(B-811)) using warm ethanol for 3 h. The white solid obtained was
dried at 60 ◦C before being calcined at 600 ◦C (ramp rate 5 ◦C min−1)
for 10 h.

The Pt–Ru, Pt, and Ru nanoparticles were prepared using the
water-in-oil microemulsion method [77,78]. Two microemulsions
were prepared separately, each containing 80.5% (v/v) n-heptane,
16.5% (v/v) Brij® 30, and 3% (v/v) aqueous phase of either the
metal salt precursor solution/s or the reducing agent solution.
The aqueous phase of the first microemulsion consisted of either
H2PtCl6·5H2O solution (0.1 M)  or RuCl3·3H2O solution (0.1 M)  or
both (each at 0.1 M).  The aqueous phase of the second microemul-
sion consisted of N2H4·H2O solution (2.5 M). All the solutions were
made using deionised water. The microemulsions were stirred sep-
arately for 15 min, before the hydrazine microemulsion was  added
to the metal salt microemulsion. The combined microemulsion was
stirred until the metal cations of the precursors had been reduced
to the metals, at which time a colour change occurred and the
nanoparticles could be isolated by precipitation with acetone fol-
lowed by centrifugation (72 h–3 weeks).

The Pt–Ru and Pt on SiAlTUD-1 catalysts, denoted as Pt1Ru1.5
and Pt, respectively (subscripts indicate the relative molar ratios),
were prepared by stirring the SiAlTUD-1 with the appropriate
nanoparticle suspension. In a typical example, the nanoparticle sus-
pension (89 mL)  was  added to the support material (700 mg), and
the mixture stirred for 24 h. The solid was  isolated by centrifuga-
tion, washed with warm ethanol for 3 h using the Soxhlet extractor,
and dried at 60 ◦C overnight. The powder was heat-treated at 450 ◦C
(ramp rate 5 ◦C min−1) for 2 h under N2. A Pt/Ru on SiAlTUD-1 mixed
monometallic catalyst, denoted as Pt1/Ru1, was also prepared in the
same manner, by combining Pt and Ru nanoparticle suspensions
with the support as described above.

The Ru (Ru), Ru–Pt (Pt1Ru3), and Pt–Ru (Pt1.5Ru1) catalysts
could not be reduced as described. In these cases the combined
microemulsion solutions were stirred with the support material
before the metal salts were reduced. In a typical example, the com-
bined microemulsions (89 mL)  were added to the support material
(700 mg), and the mixture was stirred for 24 h. The suspension
was  then centrifuged to isolate the solid, which was washed for
3 h with warm ethanol using the Soxhlet extractor, and dried at
60 ◦C overnight. The powder was calcined in air at 350 ◦C (ramp rate
5 ◦C min−1) for 10 h, followed by heat-treatment for 0.5 h under H2.

2.3. Characterisation
Powder X-ray diffraction (XRD) measurements were made using
a PANalytical X-Pert PRO MRD  X-ray diffractometer equipped
with a PIXcel detector, and using Ni-filtered CuK� radiation (�av
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.5419 Å). Initial analyses were performed using the PANalytical
ighScore software [79]. A Micromeritics ASAP 2020 Accelerated
urface Area and Porosity analyser was used to measure the N2
dsorption/desorption isotherms of the samples at 77 K. Before
nalysis, samples were degassed at 200 ◦C. Transmission electron
icroscopy (TEM) images were recorded digitally with a Gatan

low-scan charge coupled device (CCD) camera on a Philips CM120
iofilter electron microscope operating at 120 kV. A Varian Vista
X ICP-AES equipped with a CCD detector was used to measure
lemental compositions.

.4. Catalytic activity

The hydrogenation reaction was performed in a two-necked,
ound bottom 50 mL  glass Quickfit flask, fitted with Suba-Seal stop-
ers and equipped with a magnetic stirrer at RT. Cyclohexene
160 �L, 1.58 mmol) and decane (200 �L, 1.03 mmol, internal stan-
ard) were added to ethanol (25 mL). The mixture was stirred at a
ate of 400 rpm for 5 min  in air and a sample (∼0.10 mL)  was taken.
he catalyst (100 mg)  was added to the reaction vessel, the mix-
ure was stirred for 10 min, and a sample (∼0.10 mL)  was  taken.
he reactor was purged through a cannula with H2 provided from

 balloon, filled in-house, to replace the air in the reaction vessel,
dmitted through a septum cap fitted to one arm of the reactor,
nd the reaction was run under 1 bar H2 with stirring at 400 rpm
or 4 h. Samples (total 8–12, each ∼0.10 mL)  were taken at regu-
ar intervals using a syringe through a septum cap fitted to one
rm of the reactor. During sulfur poisoning reactions, thiophene
0.02 �L or 0.20 �L, in 1.0 mL  ethanol, equivalent to a thiophene
ontent of 45 ppm or 450 ppm (v/v), or a sulfur content of 57 ppm
r 560 ppm (mol/mol) in 160 �L cyclohexene) was added through

 septum cap fitted to one arm of the reactor, after admitting H2 to
he reactor. All samples taken from the reactor were centrifuged to
solate the catalyst, the supernatant was diluted with ethanol, and
he progress of the reaction was analysed using gas chromatogra-
hy (Shimadzu GC-17A Gas Chromatograph equipped with a BP21
olumn – 30 m × 0.25 mm I.D.; 0.25 �m film thickness; J & W Scien-
ific - and a flame ionization detector, using Ar as the carrier gas). For
atalyst regeneration experiments, the catalyst was  isolated from
he reaction mixture by centrifugation, and dried in air for use in
ubsequent reactions. Additionally, for the regeneration reaction
ith heat treatment, the catalyst was heat-treated under H2 for 1 h

t 300 ◦C (ramp rate 5 ◦C min−1).

.5. Normalisation

As the TEM micrographs and bulk XRD patterns indicated similar
etal particle sizes across the catalyst batches, it was  assumed that

he metal dispersion was relatively equal across all samples. There-
ore, the catalytic results were calculated as turn-over-frequencies
TOF) from the number of moles of product (cyclohexane) at 10%
onversion, and then normalised per mole of platinum (as deter-
ined by ICP-AES) per unit time (using the formula TOF = [mol

yclohexane]/[mol Pt] × time). It should be noted that in all cases
he mass balance was >90%.

. Results and discussion

.1. Characterisation

The acidic, mesoporous, aluminosilicate SiAlTUD-1 used as the

atalyst support, was synthesised according to the literature [76].
ts BET surface area of 587 m2 g−1, total pore volume of 1.1 cm3 g−1,
nd maximum pore size of 15 nm are in close agreement with
he literature values of ∼600 m2 g−1, 1.1 cm3 g−1, and 15 nm,
day 178 (2011) 164– 171

respectively [76]. Analysis of the product using ICP-AES gave the
silicon to aluminium ratio (Si:Al) as 4.4:1, consistent with the 5:1
composition of the starting gel mixture.

The following six catalysts were prepared using this support
material, i.e. in addition to a pure ruthenium (Ru) and a pure plat-
inum (Pt) catalyst, a mixed monometallic catalyst (Pt1/Ru1) was
prepared by first separately reducing the platinum and ruthenium
monometallic precursor solutions and subsequently mixing the
resulting suspensions in the immobilisation step. Three bimetal-
lic alloyed catalysts (Pt1Ru3, Pt1Ru1.5, and Pt1.5Ru1) with different
ruthenium and platinum ratios were also prepared. As outlined in
Section 2, not all catalysts could be directly reduced in the water-in-
oil microemulsion, therefore two  different strategies were followed
to reduce and immobilise the metal nanoparticles onto the support
material. The first group of catalysts consists of Pt1Ru1.5, Pt, and
Pt1/Ru1, which were directly reduced with hydrazine in the water-
in-oil microemulsion and immobilised onto the support, followed
by a heat treatment under nitrogen to remove all organic material.
The second group consists of Ru, Pt1Ru3, and Pt1.5Ru1. For these cat-
alysts it was necessary to immobilise the metal precursors in a first
step by impregnation from solution, followed by calcination and
subsequent hydrogenation. The physical properties of all catalysts
are presented in Table 1.

The Pt to Ru ratios for the bimetallic alloyed catalysts, deter-
mined by ICP-AES (Table 1), cover a broad range from 1:1.6 for
Pt1Ru1.5 to 1:2.6 for Pt1Ru3 to 1.4:1 for Pt1.5Ru1, and the mixed
monometallic Pt1/Ru1 catalyst exhibits a metal ratio of 1:1. All
metal ratios are in good agreement with those expected from the
concentrations of the starting precursor solutions. Nitrogen sorp-
tion measurements of the catalysts, listed in Table 1, indicate a
general decrease in surface areas and pore volumes compared with
the unmodified support material. The surface areas and pore vol-
umes were calculated to be between 390 to 500 m2 g−1 and 0.9 to
1.1 cm3 g−1, respectively. The decrease in the surface area of the
material compared to that of the pure silica can be attributed to the
heat treatment of the support material during the immobilisation
step and to the immobilisation itself [80]. A general trend is not
apparent between metal loading and surface areas. As expected,
the pore size of silica is not affected by the immobilisation process.

As shown in Fig. 1a, the XRD patterns of all samples display the
typical reflections for platinum or ruthenium, indicating the pres-
ence of the metal nanoparticles, and in the case of the bimetallic
samples, the formation of a Pt–Ru or Ru–Pt alloy. All supported
nanoparticles have retained small particle sizes, generally below
15 nm,  except Pt1.5Ru1, which has a particle size of 20 nm, as deter-
mined using the Scherrer equation. It can be deduced from the XRD
pattern that the sample Pt1Ru3 exhibits the hcp crystal structure
characteristic of ruthenium which is also observed in the pure cat-
alyst Ru, which, for the Pt1Ru3 sample, is consistent with its high
ruthenium content (Pt to Ru ratio of 1:2.6). However, extrapolating
from the Pt–Ru equilibrium phase diagram of bulk ruthenium and
platinum (reported only for T ≥ 500 ◦C) [81], reflections attributable
to the fcc phase of platinum might also be expected to be observed
in the XRD pattern in the present case as in this range both metals
are immiscible (at least at T ≥ 500 ◦C) [82,83]. Although a second
phase could not be detected in the XRD pattern, the intensities
of the reflections observed are relatively weak and broad due to
the nature of the supported nanoparticles. In the literature differ-
ent observations have been reported, for instance, Chu et al. could
detect both phases in the XRD data of ca. 13 nm Pt–Ru nanoparti-
cles with the same metal ratio [84]. In contrast, Pan et al. published
results of alloyed Pt–Ru nanoparticles, again with the same metal

ratio, where only a twinned fcc structure could be detected indi-
cating the threshold between the fcc and hcp structures [85].

When the platinum content is slightly increased as in cat-
alyst Pt1Ru1.5, the catalyst exhibits the fcc crystal structure
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Table 1
Physical properties of the unloaded support and all catalysts.

Catalyst Metala (wt.%) Pt (mol.%) Ru (mol.%) a (Å) � (Å) SBET (m2 g−1) VPore (cm3 g−1)

SiAlTUD-1 0 – – – – 587 1.10
Rub 0.50 0 100 2.7098 0.0005 437 1.03
Pt1Ru3

c 0.06 28 72 2.7133 0.0016 451 1.00
Pt1Ru1.5

b 0.20 38 62 3.8905 0.0005 497 1.11
Pt1.5Ru1

b 0.10 59 41 3.9178 0.0001 399 0.90
Ptc 1.79 100 0 3.9199 0.0001 455 0.91
Pt1/Ru1

c 1.73 49 51 3.9153 0.0001 388 0.95

a Total metal loading.
b Immobilised followed by reduction with hydrogen.
c Reduced with hydrazine followed by immobilisation.

Fig. 1. XRD patterns (a) of all catalysts, (b) in the range of 37–43 2� showing the
(1  1 1) reflection of platinum and (c) in the range of 40–48 2� showing the (1 0 1)
reflection of ruthenium with (A) Ru, (B) Pt1Ru3, (C) Pt1Ru1.5, (D) Pt1.5Ru1, (E) Pt and
(F)  Pt1/Ru1. Patterns of references are JCPDS 00-001-1190 for platinum (�) and JCPDS
00-006-663 for ruthenium (�) [86,87].
characteristic of platinum, rather than the hcp crystal structure
of ruthenium, which is in good agreement with the literature
[82,83,88].  The XRD patterns of catalyst Pt1.5Ru1 and the pure cata-
lyst Pt show the typical platinum patterns, as expected due to their
high platinum content. However, due to a small reflection at 44
degrees in 2� in the XRD pattern of catalyst Pt1.5Ru1, the presence of
an additional minor Ru phase cannot be completely excluded. In the
case of the mixed monometallic catalyst Pt1/Ru1, in which the two
separately reduced monometallic platinum and ruthenium suspen-
sions were mixed prior to the immobilisation, the resulting XRD
pattern reveals mainly the Pt reflections. Nevertheless, reflections
of the ruthenium phase can also be found, indicating its presence.

To evaluate the bimetallic character of these catalysts, the (1 1 1)
reflection of platinum (Fig. 1b) and the (1 0 1) of ruthenium (Fig. 1c)
were analysed. In Fig. 1b it is obvious that with increasing ruthe-
nium content (Pt < Pt1.5Ru1 < Pt1Ru1.5) the (1 1 1) reflection shifts
to higher 2� values. Thus, the lattice constants for these catalysts
decrease from 3.9199 Å for pure platinum in catalyst Pt to 3.9178 Å
for Pt1.5Ru1 and down to 3.8905 Å for Pt1Ru1.5 (Table 1). This result
reflects the fact that more ruthenium, which has a smaller atomic
radius than platinum (rRu = 1.34 Å vs rPt = 1.38 Å), is being incorpo-
rated in the platinum lattice, and is consistent with alloy formation.
Interestingly, catalyst Pt1/Ru1 also shows a small shift to higher 2�
values, displaying a lattice constant of 3.9153 Å. This smaller lattice
constant indicates a slightly alloyed character, which might arise
during the final heat treatment. However, as the shift to lower 2�
is only slight, in spite of the relatively high ruthenium content, it
is likely that most of the ruthenium does, indeed, exist in a sepa-
rate phase. In the case of catalyst Pt1Ru3, a small but obvious shift
towards smaller 2� values is observed, which indicates the incorpo-
ration of the larger platinum into the ruthenium lattice. The lattice
constants were calculated to be 2.7098 Å for the pure Ru catalyst
and to be 2.7133 Å for Pt1Ru3. This result, in combination with the
lack of a second phase, indicates at least partial alloy formation,
which is contrary to the phase diagram of the bulk materials but in
agreement with the work of Pan et al. However, due to the nature
of the XRD data set a second platinum phase cannot be completely
excluded. All other XRD results of the bimetallic alloyed catalysts
are in good agreement with the trends observed in studies of Pt–Ru
and Ru–Pt alloys with various compositions [82,84,89].

The TEM micrographs of the catalysts, presented in Fig. 2,
reveal a good dispersion of the nanoparticles on the surface of
the supports. It is apparent that the nanoparticles have retained
their spherical shape, dispersion and a narrow size distribution
(12–15 nm). The main exception, Pt1.5Ru1 (Fig. 2d), has a slightly
larger particle size of approximately 20 nm,  which is in good agree-
ment with the size obtained from the XRD analysis.
3.2. Catalytic activity

The turn-over-frequencies (TOF) were determined at 10% con-
version to minimise distortions due to batch conditions and
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ig. 2. TEM micrographs of the catalysts prepared: (a) Ru, (b) Pt1Ru3, (c) Pt1Ru1.5, (

ariance of metal loading between catalysts. They are sum-
arized in Table 2. All alloy catalysts exhibit higher activity

han the non-alloyed catalysts. Ruthenium alloys are more sul-

ur tolerant than pure platinum or a mixture of supported
latinum/ruthenium nanoparticles. Ruthenium on its own is
ot active. At 57 ppm of added sulfur there appears to be a
rend that shows the greater the ruthenium component of the
5Ru1, (e) Pt and (f) Pt1/Ru1. The nanoparticles are highlighted with white circles.

alloy the greater its sulfur tolerance. However, at low activ-
ity in the presence of 560 ppm sulfur this trend becomes less
clear.
The close to linear conversion with time (Fig. 3) for the alloys as
compared to pure platinum are consistent with a hydrogen/sulfur
spillover equilibrium having been established. The study of the
alloyed catalysts reveals that the platinum to ruthenium ratio plays
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Table 2
TOF results of the hydrogenation of cyclohexene in ethanol at RT under 1 bar H2.

Catalyst TOF (s−1 c)

0 ppm Sg 57 ppm Sg 560 ppm Sg

Rua,d 0 0 0
Pt1Ru3

a 63.3 9.8 1.8
Pt1Ru1.5

b 23.0 8.9 3.3
Pt1Ru1.5

e 24.9 – –
Pt1Ru1.5

f 4.7 – –
Pt1.5Ru1

a 34.7 6.4 2.3
Ptb 1.4 0.3 0
Pt1/Ru1

b 1.9 0.4 0

a Immobilised followed by reduction with hydrogen.
b Reduced with hydrazine followed by immobilisation.
c At 10% conversion, TOF = [mol cyclohexane]/[mol Pt] × time.
d Catalyst was  completely inactive for the reaction studied.
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Fig. 4. XRD patterns of Pt1Ru1.5 catalyst (A) before sulfur poisoning, (B) after sulfur

to an internal restructuring of the particle, which suggests that
e After exposing to 560 ppm S, recycling and reduction under hydrogen.
f After exposing to 560 ppm S, recycling and drying in air at RT.
g Equals a proportion of 45 ppm or 450 ppm thiophene in 160 �L cyclohexene.

 crucial role for the catalytic performance and needs further inves-
igations.

To determine the influence of sulfur poisoning on the alloy char-
cter of the bimetallic catalysts, the Pt(1 1 1) reflection in the case
f Pt1.5Ru1 and Pt1Ru1.5 and the Ru(1 0 1) reflection for Pt1.5Ru1 of
he XRD powder patterns were monitored before and after the cat-
lytic reaction with 560 ppm sulfur (Figs. 4 and 5). This comparison
nvolves the catalyst having been isolated from the thiophene-
ontaining solution after the flow of hydrogen was  stopped. Fig. 4

A and B) illustrates that after poisoning Pt1Ru1.5 with 560 ppm
ulfur the Pt(1 1 1) reflection shifts towards lower 2�. This shift
ndicates that the catalyst loses some of its alloy character, par-
ially separating into two metal domains, and the lattice constant

ig. 3. Plot of cyclohexene conversion (�), formation of cyclohexane (�), and mass
alance (�) (a) in the presence of 560 ppm sulfur and (b) in the presence of 0 ppm
ulfur but after being exposed to 560 ppm sulfur, isolated and re-used (without being
e-conditioned by heat treatment under hydrogen) for catalyst Pt1Ru1.5.
poisoning with 560 ppm sulfur and (C) after regeneration with heat treatment under
H2. The solid line indicates the reflection position in the absence of sulfur and the
dotted line, that in the presence of sulfur.

increases accordingly to 3.9060 Å. This value is between the lattice
constant of the catalyst before poisoning (3.8905 Å) and the lattice
constant of pure platinum (3.9199 Å) [89]. This result suggests that
the ruthenium has been sequestered in the presence of thiophene,
maybe in the form of ruthenium sulfide or a ruthenium–thiophene
complex. The coordination of sulfur to ruthenium would lead
ruthenium is acting as a sulfur trap. The observed shift of the reflec-
tions in the XRD patterns is consistent with studies by Menegazzo
et al., who  observed similar shifts, in their investigations of sulfur

Fig. 5. XRD patterns of (a) Pt1Ru3 and (b) Pt1.5Ru1 (A) before and (B) after sulfur
poisoning with 560 ppm sulfur. The solid line indicates the reflection position in the
absence of sulfur and the dotted line in the presence of sulfur.
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oisoning on Pd–Au catalysts [90]. They attributed the shift to the
ormation of palladium sulfide, which could be confirmed by the
resence of an additional palladium sulfide reflection, although
o additional reflections could be observed in the present case.
owever, Menegazzo et al. used sodium sulfide (not thiophene)
s sulfur source to poison the catalyst. It should be noted that this
hift cannot be observed when 57 ppm sulfur is used to poison the
atalyst.

To test if the sulfur poisoning and Pt–Ru alloy internal restruc-
uring is reversible, a Pt1Ru1.5 catalyst, previously operated in the
resence of 560 ppm sulfur, was heat-treated under hydrogen for

 h at 300 ◦C. Upon heat treatment, the XRD powder pattern (C in
ig. 4) shows that the reflection has shifted back towards higher
� and the lattice constant (3.8891 Å) has almost reached is for-
er  value. This observation would be consistent with the catalyst

eturning to its original Pt–Ru alloy form, suggesting that the sulfur
s no longer coordinated to the ruthenium, which has been incor-
orated back into the platinum lattice. Hence, there appears to be a
ynamic alloy/de-alloying process occurring during the poisoning
nd regeneration processes. To verify that the catalyst was  indeed
egenerated, it was subsequently tested for its hydrogenation activ-
ty in the absence of sulfur, yielding a TOF of 24.9 s−1, which is
omparable to the TOF before poisoning (TOF of 23.0 s−1, Table 2).
his reversibility is consistent with the suggestion made above as
o the occurrence of hydrogen/sulfur spillover in situ explaining the
ulfur tolerance of the alloy catalyst to some degree. To underpin
his suggestion, in an additional experiment the Pt1Ru1.5 catalyst,
gain exposed to 560 ppm sulfur, was isolated and re-used in a sub-
equent hydrogenation reaction in the absence of added thiophene,
ut this time without being re-conditioned by heat treatment under
ydrogen. The catalyst yielded a TOF of 4.7 s−1 which is higher
han the TOF achieved in the presence of 560 ppm sulfur (TOF of
.3 s−1, Table 2), as shown in Fig. 3a and b. If the sulfur species
ad been adsorbed irreversibly on the catalyst surface, no sub-
equent improvement in the activity of the catalyst would have
een observable. However, as the catalyst did regain some activ-

ty, this result suggests that the sulfur poisoning is a dynamic and
eversible process. The precise fate of the thiophene (simple equi-
ibrium or conversion into eventually H2S) will be elucidated with
urther experiments using very precise vibrational spectroscopic
echniques that can deal with the very low surface coverages. How-
ver, under the relatively mild screening conditions used here, one
ould not assume full decomposition to H2S, and we found no

vidence of this gas being present.
In the case of Pt1Ru3 no observable shift could be found (Fig. 5a),

espite it being severely poisoned. This lack of shift could be
ttributed to the high content of ruthenium in Pt1Ru3 that results in
he hcp crystal structure, making the segregation of ruthenium out
f the alloy impossible to observe. Contrarily, in the XRD patterns
f Pt1.5Ru1 (Fig. 5b), a slight shift towards lower 2� is observed. This
RD result indicates the internal restructuring of the Pt–Ru alloy,
imilar to the restructuring observed for Pt1Ru1.5, although the shift
owards the (1 1 1) reflection of pure platinum is less pronounced
or Pt1.5Ru1 than for Pt1Ru1.5. A reason can be that Pt1.5Ru1 had a

uch higher relative platinum content (Table 1) and therefore a
maller initial shift after the incorporation of the ruthenium into
he lattice than Pt1Ru1.5. Whereas the lattice constant of Pt1Ru1.5
fter poisoning is 3.9060 Å, indicating a partial separation of the
lloy into metal domains, the lattice constant of Pt1.5Ru1 after poi-
oning is 3.9214 Å (c.f. the lattice constant of platinum of 3.9199 Å).
hus, the XRD pattern after poisoning suggests that Pt1.5Ru1 no
onger displays any alloyed character, and the Pt–Ru appears to

ave completely separated into two metal domains, limiting the
vents of hydrogen and/or sulfur spillovers.

In combination with the catalysis results there appears to be
 correlation between the presence of an alloy character after

[
[

[
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poisoning with sulfur and the activity of the catalysts. The catalyst
that is least poisoned (Pt1Ru1.5) exhibits only partial alloy separa-
tion, whereas the catalyst which displays greater overall poisoning
(Pt1.5Ru1) exhibits complete alloy separation.

4. Conclusion

Improved sulfur tolerance in the catalysis of cyclohexene hydro-
genation is observed for catalysts consisting of bimetallic Pt–Ru
nanoparticles supported on a high surface area mesoporous Si/Al
support of the TUD-1 type. This sulfur tolerance, observed for
certain Ru to Pt ratios, might be due to sulfur and hydrogen intra-
particle spillover. Regeneration of sulfur poisoned catalysts by
heating in hydrogen after the reaction has been demonstrated. This
is consistent with the operation of an in situ self regeneration pro-
cess during the reaction. To get a better understanding of the (self-)
regeneration processes in situ EXAFS studies are being pursued.
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