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Abstract

This work is a comparative study on low-temperature steam reforming of jet fuel over Rh and Rh–Ni loaded on CeO2-modified Al2O3 support
in the absence and presence of different amounts of organic sulfur. Rh loaded on CeO2–Al2O3 support can promote reforming of sulfur-free or
desulfurized jet fuel at <520 ◦C with >97% conversion to syngas and CH4. However, monometallic Rh/CeO2–Al2O3 catalyst deactivates by S
poisoning. During the reforming of liquid fuel with >10 ppmw S, catalytic activity rapidly decreases when the amount of sulfur in the fuel flown
over the catalyst reaches the level corresponding to a Sfuel:Rhsurf atomic ratio of 0.28–0.30 (for which the amount of surface Rh is based on H2 and
CO pulse chemisorption analysis). Methane formation is even more sensitive (than conversion) to sulfur poisoning. At a Sfuel:Rhsurf ratio of 0.15,
methane selectivity over the Rh/CeO2–Al2O3 catalyst begins to decline. Addition of Ni by co-impregnation into the Rh/CeO2–Al2O3 catalyst
leads to much higher sulfur tolerance. Ni acts as a protective and sacrificial metal for Rh in the Rh–Ni/CeO2–Al2O3 catalyst. Ni surface saturation
of sulfur was found to occur at a Sfuel:Nisurf ratio of 0.59–0.60, corresponding to a Sfuel:Rhsurf ratio of 1.1 for 2% Rh–10% Ni/CeO2–Al2O3.
The bimetallic Rh–Ni/CeO2–Al2O3 catalyst allows for successful low-temperature reforming of a JP-8 jet fuel containing 22 ppm sulfur for 72 h
with >95% conversion. TPR and XPS analysis reveals close Rh–Ni metal–metal interactions. The presence of Ni increases the temperature for
Rh reduction in TPR, whereas Rh helps maintain Ni in a reduced state in an oxidative atmosphere.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Fuel processing has become an important subject in catal-
ysis research for fuel cells [1–4]. The demand for on-site and
on-board syngas and hydrogen production is increasing with
growing interest in hydrogen energy and fuel cells for the sup-
ply of cleaner and more efficient electric power supply [1–4].
Steam reforming of logistic fuels, such as jet fuel and diesel
fuel, is a viable and effective means of syngas and hydrogen
production for solid-oxide fuel cell and proton-exchange mem-
brane fuel cell, respectively, due to the existing infrastructure
and high energy density of these fuels. Along with the advan-
tages of using liquid hydrocarbons for portable and stationary
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fuel processors are some major challenges, as discussed in a
recent review [3].

Industrial hydrogen production is generally conducted by
steam reforming of natural gas over supported nickel catalysts
[5–7]. Numerous studies have been conducted on strategies for
processing conditions and catalyst formulations to minimize
carbon formation during steam reforming [8–12]. However, the
use of higher hydrocarbons that contain aromatics can pose a
threat of carbon formation during steam reforming both on the
catalyst and before the catalyst bed [13]. One approach to min-
imizing carbon formation on the catalyst is by using noble met-
als, such as Ru and Rh, which do not produce carbon filaments
due to poor carbon solubility in the metal [13]. Another ap-
proach is to first perform low-temperature steam reforming (or
prereforming) to reform the higher hydrocarbons to methane,
hydrogen, and carbon oxides, followed by high-temperature
reforming of the reformate into hydrogen and carbon oxides.

http://www.elsevier.com/locate/jcat
mailto:csong@psu.edu
http://dx.doi.org/10.1016/j.jcat.2005.12.010


310 J.J. Strohm et al. / Journal of Catalysis 238 (2006) 309–320
Prereforming of liquid hydrocarbons can significantly reduce
the risk of carbon formation from pyrolysis of the fuel before
it reaches the catalyst bed. Then the reformate can be heated to
reforming temperatures above 700 ◦C with minimal risk of car-
bon formation [13,14]. This high-temperature reforming step
can be done either inside the solid oxide fuel cell stack or in a
separate reformer system.

Another major challenge in the reforming of logistic fu-
els is the inherent sulfur content, which can range from about
300–3000 ppm or higher. Sulfur can be removed via deep
desulfurization using novel hydrotreating catalysts or by deep
adsorptive desulfurization [15–27]. Sulfur-free fuels, such as
Fischer–Tropsch diesel, currently are not widely available;
hence on-board or on-site desulfurization and sulfur-tolerant re-
forming catalysts are necessary [3]. Much work has been done
to better understand the sulfur poisoning of Ni-based reforming
catalysts [14,28–31] and Rh-based catalysts [32–34]; however,
a highly active sulfur-tolerant steam-reforming catalyst has not
yet been developed.

The objectives of this work are to study the catalytic ef-
fectiveness and deactivation behavior of Rh-based catalysts for
low-temperature steam reforming of liquid fuels using model
and real jet fuel as the feedstock in the absence and presence of
organic sulfur, and also to explore ways to improve the sulfur
tolerance of Rh-based catalysts by investigating the role of Ni
addition toward developing a highly active and sulfur-tolerant
catalyst for the steam reforming of logistic fuels. The impact
and role of Ni as a modifier to retard the sulfur poisoning of Rh
are examined.

2. Experimental

2.1. Catalysts

γ -Al2O3 (UOP LaRoche VGL-15) was used for prepar-
ing 20 wt% CeO2–Al2O3 (Ce–Al) by wet impregnation of
Ce(NO3)2 followed by calcination at 550 ◦C. For the Rh load-
ing, Rh(NO3)3 was wet-impregnated onto the prepared Ce–Al
support. Our preliminary work indicated that the Rh catalyst de-
rived from Rh(NO3)3 was better than that derived from RhCl3
in terms of better metal dispersion and improved catalyst ac-
tivity for reforming. The impregnated catalyst was then dried at
100 ◦C overnight, followed by calcination at 550 ◦C, for a nom-
inal Rh loading of 2 wt% for all catalysts studied. For the Rh–Ni
bimetallic catalysts, unless described otherwise, the Ni and Rh
were co-loaded via wet co-impregnation using a solution of the
respective metal nitrates, then dried overnight at 100 ◦C, fol-
lowed by calcination at 550 ◦C. Several control catalysts were
prepared with a different support (the γ -Al2O3 without CeO2)
using the same impregnation procedure.

2.2. Fuel formulations

A model jet fuel (MJF) comprising 10 mol% trimethylben-
zene, 5 mol% ethylbenzene, and 5 mol% n-butylbenzene in
dodecane was used to simulate a sulfur-free jet fuel. Sulfur-
tolerance experiments were conducted using NORPAR-13, an
industrial solvent from Exxon Mobil comprising only normal
paraffins with an average carbon number of 13 containing
4 ppm sulfur, which simulates a paraffinic jet fuel because do-
decane and tetradecane are known major components of jet
fuels [35,36]. The NORPAR-13 was doped with 3-methyl-
benzothiophene to yield sulfur concentrations of 15, 35, and
100 ppm. 3-Methylbenzothiophene is a major component of the
sulfur compounds in jet fuels [37]. For convenience, in the re-
mainder of this paper we refer to the NORPAR-13 as 4 ppm
NORPAR-13, 35 ppm NORPAR-13, and so on, with x ppm de-
noting the sulfur content of the model fuel.

A jet fuel, JP-8, was fractionated to 70% of the initial volume
with a rough cut of 220 ◦C, followed by sulfur reduction via
an adsorptive desulfurization process developed at The Penn-
sylvania State University [17,19,22,23]. The final treated JP-8
contains 22 ppm of sulfur as analyzed by an Antex 900ES total
sulfur analyzer.

2.3. Reaction conditions

Approximately 1.0 g of catalyst with particle sizes of 18–
35 mesh (0.5–1 mm) was placed in the center of a stainless steel
reactor tube (0.54 inch o.d., 0.375 inch i.d., 24 inches long), and
the rest of the tube was packed with α-alumina beads. Catalyst
reduction was performed in situ at 500 ◦C (at a heating rate of
2 ◦C/min) under a 20-mL/min hydrogen flow (UHP grade) for
5 h. A preheater was designed to minimize carbon formation at
the low flow rates used.

To start the experiment, steam was introduced into the reac-
tor for 30 min before the fuel was introduced. Both the water
and fuel were pumped via HPLC pumps through the preheater
and then into the reactor at volumetric flow rates of 4.08 and
1.38 mL/h, respectively, for a steam-to-carbon molar ratio of
3:1. After the first 30 min of fuel introduction, the nitrogen
flow was reduced from 35 to 1 mL/min and used as an in-
ternal standard for gas chromatography (GC) quantification.
The WHSV (greactants/(h gcat)) of the experiments was 5.13 h−1

(feed GHSV of ∼2785 h−1, assuming ideal gas at reaction tem-
perature of 515 ◦C with 0% conversion). The experiment was
terminated by increasing the nitrogen flow to 120 mL/min and
switching off the fuel and steam valves. The furnace was then
opened and cooled to below 100 ◦C within 60 min.

2.4. Analysis

For product selectivity, an on-line SRI multigas analyzer gas
chromatograph equipped with a thermal conductivity detector
was used for the analysis of H2, CH4, CO, and CO2 products
(and other light hydrocarbons, when present). During the exper-
iment, the liquid products were collected in a liquid condenser,
and volume measurements were taken for calculation of the to-
tal conversion. The assumption that all of the remaining fuel
in the liquid products is of the same composition as the initial
fuel was confirmed using GC-mass spectroscopy (MS) analysis
for catalyst activity above ∼75%. Error analysis for conver-
sion measurements was performed by mixing known amounts
of fuel and water corresponding to various conversion levels,
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which yielded an average error of ±0.3% conversion for a 2-h
sampling period at a conversion of 98%.

Temperature-programmed oxidation (TPO) was used to de-
termine the total amount of carbon species formed and/or ad-
sorbed on the catalyst. TPO analysis was conducted using a
LECO RC-412 multiphase carbon determiner with UHP-grade
oxygen passed over the sample as it was heated from 100 to
900 ◦C at a rate of 30 ◦C/min.

Temperature-programmed reduction (TPR) was conducted
using freshly calcined catalyst samples on a Micrometrics
TPR/TPD AutoChem 2910 with 5% hydrogen in argon with
a temperature ramp of 5 ◦C/min. Carbon monoxide and hydro-
gen pulse chemisorption was conducted using this same device.
Sample preparation involved reducing the sample in hydrogen
to 280 ◦C at a rate of 5 ◦C/min, followed by cooling to 50 ◦C
under inert gas, then pulsing with 24.3% H2 in argon or 10.5%
CO in helium. By first heating to only 280 ◦C in hydrogen, only
the RhOx should be reduced, with minimal reduction of NiO.
Immediately after pulsing, the sample was then reheated in the
presence of hydrogen to 500 ◦C, to reduce NiO species on the
catalyst. The sample was then cooled under inert gas to 50 ◦C
and pulsed with the appropriate gas.

Control experiments for pulse chemisorption on just Rh–
CeAl and Ni–CeAl were also performed. With reduction at only
280 ◦C, no detectable hydrogen uptake was observed for the
Ni–CeAl catalyst. When the Rh catalyst was reduced at 500 ◦C,
the amount of hydrogen uptake was within experimental er-
ror of the hydrogen uptake when reduced to 280 ◦C. Evidence
from TPR profiles and the control pulse chemisorption experi-
ments suggests that only RhOx is reduced when heated in H2
at 280 ◦C, and subsequent pulses are an indication of the Rh
surface area. The difference in the volumetric hydrogen up-
take at 500 and 280 ◦C is an indication of the H adsorption
only on Ni, which can then be used for Ni dispersion calcu-
lations.

XPS analysis was performed on a Kratos Analytical Axis Ul-
tra using an X-ray source of monochromatic alumina
(1486.6 eV) at 280 W, with pass energies of 80 eV (survey)
and 20 eV (high-resolution) with step sizes of 0.5 and 0.1 eV,
respectively. The catalyst powders were pressed into 5 × 5 mm
3M double-sided tape using a mortar and pestle and visualized
by a stereomicroscope to ensure complete and uniform cover-
age. For the reduced catalyst samples, reduction was performed
ex situ as described for pulse chemisorption experiments. After
reduction, all samples were immediately stored in a continuous
purge stream of nitrogen within a glove box. Sample prepara-
tion was performed as described above, and the samples were
then exposed to air at room temperature for 24 h.

Sample height positions were set from a O 1s signal at
529 eV after changing the lateral coordinates such that the
measured signals from the sample powders were maximized,
thus minimizing any possible signal from the 3M double-sided
tape. The 3M double-sided tape was measured independently,
and the characteristic shape of the C 1s line was not found
when compared with the C 1s line collected during sampling.
XPS quantification was performed by applying the appropriate
relative sensitivity factors (RSFs) and spectrometer transmis-
sion function for the Kratos instrument to the integrated peak
areas. These RSFs take into consideration the X-ray cross-
section and average attenuation length and instrumental fac-
tors related to X-ray source position, sample position, and
spectrometer position. The spectrometer transmission function
was corrected to a NPL calibration standard for the particular
pass energy, magnification lens, aperture and iris settings, and
transmission function of the spectrometer. The average sam-
pling depth set on the C 1s line from an alumina powder was
30 Å.

A survey scan was initially recorded for the sample to
identify the elements present. Composition as well as chem-
ical states were determined from the charge-corrected high-
resolution scans. All binding energies were referenced to Al 2p
at 74.7 eV.

3. Results and discussion

3.1. Basic characterization of catalysts

Table 1 gives the results of basic characterization of the Rh
and Rh–Ni catalysts prepared and examined in this work. For
comparison, the table also lists some Ni catalysts prepared on
the same support without Rh. Coating the Al2O3 support with
CeO2 decreased the surface area, so that the catalysts supported
on CeO2–Al2O3 tended to have somewhat lower surface area
than those supported on Al2O3. Both H2 and CO chemisorption
were conducted. CO chemisorption gave slightly higher metal
dispersion than H2 chemisorption on Rh catalysts. The Ni metal
dispersion value seems low by both CO and H2 chemisorption
analysis. Adding 2–10% Ni to 2% Rh by coimpregnation onto
CeO2–Al2O3 tended to affect the CO chemisorption slightly but
had little impact on H2 chemisorption of Rh. The pore volume
values of the Rh and Rh–Ni were similar. The metal dispersion
values allow the quantitative estimation of surface Rh among
the total amount of Rh loaded. The Rh–Ni interactions were
further examined by TPR and XPS results. We discuss these
findings in detail later in the paper, but, briefly, TPR showed that
the presence of Ni increased the temperature for Rh reduction,
and XPS revealed that Rh helped maintain Ni in a reduced state
in an oxidative atmosphere.

Table 1
Basic characterization of the catalysts prepared and examined

Catalyst BET
surface
(m2/g)

Pore
volume
(mL/g)

Metal dispersion (%)

Rh
(CO)

Rh
(H2)

Ni
(CO)

Ni
(H2)

2% Rh/CeAl 130.8 0.448 38.4 35.1 – –
2% Rh–2% Ni/CeAl 118.9 0.428 41.6 34.0 6.0 4.3
2% Rh–5% Ni/CeAl 126.4 0.432 41.9 32.3 2.4 6.4
2% Rh–10% Ni/CeAl 115.8 0.365 34.9 36.7 2.1 7.9
10% Ni/CeAl 128.2 0.467 – – 4.0 4.3
5% Ni/CeAl 124.5 0.692 – – 4.5 1.9
2% Rh–5% Ni/Al2O3 148.0 0.728 52.1 46.2 1.9 8.2
5% Ni/Al2O3 157.5 0.918 – – 3.5 1.8
2% Rh/Al2O3 156.6 0.953 – – – –
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Fig. 1. Conversion and selectivity with 2 wt% Rh supported on 20% CeO2–
Al2O3 during reforming of MJF (model jet fuel) containing 20% aromatics.

3.2. Reforming performance of Rh–CeAl

Fig. 1 shows the conversion and selectivity during reform-
ing of the sulfur-free MJF over 2% Rh–CeAl for 83 h. From the
first several hours to as long as 83 h of time on stream (TOS),
MJF conversion was 98%, and product selectivity is near equi-
librium with a dry gas composition of 61% H2, 15% CH4, 20%
CO2, and 4% CO with no traces of hydrocarbons other than
those in the initial feedstock. TPO analysis of the spent catalyst
found a total amount of carbon species of 3.06 wt%, mainly
adsorbed hydrocarbons and highly amorphous carbon, as dis-
cussed elsewhere [38]. These initial studies of the Rh-based
catalysts clearly show that Rh was highly active for the con-
version of sulfur-free fuels, with little to no carbon formation
during reforming at 512 ◦C, but that over alumina support, car-
bon formation increased slightly, to 3.98%. The main difference
in the TPO profiles was an increase in more structured car-
bons that were not removed via TPD under nitrogen atmosphere
for the alumina support. In previous studies, the decreased car-
bon with the addition of ceria on Ni catalysts was attributed to
increased water adsorption on the support and improved oxy-
gen storage leading to improved carbon gasification [12,39–41].
This implies that ceria helps decrease carbon formation on the
Rh-based catalysts through the gasification of pyrolytic carbons
and improved reforming of adsorbed carbon species, as seen
with Ni-reforming catalysts. In addition, previous studies have
indicated that ceria can aid in the stabilization of Rh dispersion
and alumina support stability [42,43].

3.3. Effect of sulfur on Rh–CeAl

Evaluation of the sulfur tolerance of the supported Rh cata-
lyst was conducted using NORPAR-13 with various concentra-
tions of 3-methylbenzothiophene, as illustrated in Fig. 2. The
original NORPAR-13 contained 4 ppm of sulfur. Reforming of
the original NORPAR-13 over the Rh–CeAl catalyst showed
high conversions and product stability for 72 h TOS, after which
the Rh–CeAl showed no evident signs of deactivation, indicat-
ing that the Rh-based catalyst is sulfur-resistant to fuels con-
taining <4 ppm of sulfur for at least 3 days. Increasing the
sulfur content of the NORPAR-13 from 4 to 15 ppm led to a
Fig. 2. Catalytic performance of 2% Rh supported on 20% CeO2–Al2O3 for
reforming of NORPAR-13 doped with 15, 35 and 100 ppm sulfur in the form
of 3-methylbenzothiophene.

Table 2
Effect of sulfur on the final conversion, the fuel sulfur to surface rhodium ratios
at deactivation of the reforming (S:Rh Refor.) and methanation (S:Rh CH4)
reaction, and the total amount of carbon species formed and/or adsorbed on the
Rh-based catalysts during reforming of sulfur doped NORPAR-13 at 512 ◦C,
1 atm and S/C = 3

Catalyst S conc. of
NORPAR

Total
TOS (h)

Final con-
version

S:Rha

Refor.
S:Rha

CH4

Carbon
(wt%)

2% Rh/CeAl 4 ppm 72 96% ND ND 3.11
2% Rh/CeAl 15 ppm 57 70.2% 0.27 0.14 2.94
2% Rh/CeAl 35 ppm 25.5 75.5% 0.33 0.18 3.07
2% Rh/CeAl 100 ppm 10 58.8% 0.28 0.11 2.99
2% Rh/CeAl 33 ppm 44 3.8% 0.29 0.16 7.64b

2% Rh/Al 15 ppm 10 97.6% NA NA 3.89b

a Based on H2 chemisorption.
b Higher temperature TPO peak associated with higher-order carbon.

gradual deactivation at approximately 40 h TOS, after which
deactivation becomes rapid. Similarly, with a further increase
in the sulfur content of the NORPAR-13 to 35 ppm, gradual
deactivation occurred until 21 h TOS, followed by rapid deacti-
vation.

As a quantitative estimate of sulfur tolerance of the catalyst
to the amount of sulfur in fuel flow over the catalyst bed, Ta-
ble 2 gives the sulfur in fuel-to-surface-Rh atomic ratio (S:Rh
Refor. meaning Sfuel:Rhsurf) at the onset of the rapid deactiva-
tion of the reforming activity. The calculated Sfuel:Rhsurf ratio
at the point of rapid loss in conversion was 0.30 ± 0.03 (the
amount of surface Rh estimated based on H2 chemisorption
data) or 0.27 ± 0.03 (the amount of surface Rh estimated based
on CO adsorption data). The rapid deactivation occurring at an
approximate Sfuel:Rhsurf ratio of 0.30 held even when the sulfur
content was increased to 100 ppm.

Evaluation of the onset of rapid deactivation clearly indicates
that the amount of sulfur in the initial fuel had little impact on
conversion before reaching a Sfuel:Rhsurf ratio of about 0.30.
This implies that the activity is affected by the level of sul-
fur poisoning, rather than by the amount of sulfur initially in
the fuel. Furthermore, the amount of carbon deposition is unaf-
fected by the amount of sulfur originally present in the fuel or
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Fig. 3. Conversion of 33 ppmS NORPAR-13 over 2% Rh/CeO2–Al2O3 catalyst
and selectivity for the production of methane, ethylene, propane and butane
during reforming at 512 ◦C, 1 atm and S/C = 3.

the TOS as long as the reaction is terminated prior to extensive
deactivation, as given in Table 2.

Fig. 3 shows the conversion and methane selectivity during
steam reforming of the sulfur-doped NORPAR-13 under the
same conditions over the Rh–CeAl catalyst, but with the cat-
alyst kept on stream till minimal activity was observed. In ad-
dition to conversion and methane selectivity, Fig. 3 also shows
the formation of ethylene, propane, and butane. Similar to the
results from testing with 35 ppm NORPAR-13, slow deactiva-
tion of the catalyst occurred after ∼10 h and rapid deactivation
occurred after ∼20 h. Once a high level of sulfur poisoning of
the catalyst occurred, the activity approached zero and pyroly-
sis of the fuel became the predominant pathway [2], resulting
in the formation of C2 and higher olefins and paraffins. Once
the catalyst reached significant deactivation, significant carbon
formation occurred on the catalyst (Table 2).

Delahay and Duprez [32] studied the effect of sulfur on
coking during steam reforming of methylnaphthalene over Rh–
Al2O3 catalysts and proposed two hypotheses: (i) Increased
coking results from adsorption of sulfur species and subsequent
decomposition of the sulfur species, and (ii) sulfur inhibits the
carbon-to-steam reaction that prevents the Rh from reforming
carbon species on the surface or coke precursors [32]. In that
study the reaction time was constant, and thus the level of sul-
fur poisoning was not. Holding the reaction time constant (3 h),
the authors found that higher sulfur content led to increased
coke production and that sulfur species coexisted with the coke
on the catalyst. But poisoning of the Rh active sites would
lead to polymerization and the inability of Rh to gasify carbon
deposited from pyrolytic carbon (and coke precursors) due to
retardation of the carbon-to-steam reaction. If this were to oc-
cur, then increasing the surface coverage of sulfur would lead
to higher carbon formation levels as with increasing sulfur cov-
erage and would produce the same results observed by Delahay
and Duprez.

Our investigation of the effects of sulfur and carbon on the
deactivation of the Rh catalysts at similar levels of deactivation
indicated that sulfur poisoning was the main route to the deacti-
vation of the active sites, whereas carbon formation on the cata-
lyst contributed to the catalyst deactivation only after significant
sulfur poisoning. Our evidence supports the second hypothesis
of Delahay and Duprez, that sulfur inhibits the steam-to-carbon
reaction, with the modification that the impact of sulfur on cok-
ing is independent of the sulfur concentration of the fuel; rather,
carbon formation is dependent on the degree of sulfur poison-
ing of the catalyst (i.e., surface coverage of the Rh metal).

The influence of sulfur poisoning on methanation reactions
is more profound than that on the carbon-to-steam reactions
over traditional Ni-based catalysts [29]. We observed the same
trend over Rh-based catalysts, where the production of methane
was affected before the loss of fuel conversion in the pres-
ence of sulfur. The methane formation (methanation) reactions
include hydrogenation of CO and CHx from CO, as well as
CHx from cleavage of CHx–CHy bonds in hydrocarbons in
this study. At Sfuel:Rhsurf ratios of 0.13–0.15 (0.15 ± 0.04
based on H2 pulse chemisorption data or 0.13 ± 0.03 based on
CO chemisorption data), methane selectivity began to decline
at a constant rate for reforming of 15, 35, and 100 ppm
NORPAR-13 over the Rh–CeAl catalyst. (No deactivation of
the methanation reaction was observed for reforming of 4 ppm
NORPAR-13.)

Recent theoretical studies of S adsorption on Rh(111) sur-
faces found that S coverage of 1:9 can affect the ability to ad-
sorb CO [44]. This finding is in good agreement with previous
studies on sulfur poisoning of Ni-based catalysts for methana-
tion of CO in H2 [45]. Earley and Wagner reported that each sul-
fur atom blocks about nine CO adsorption sites on the Ni(111)
surface, hindering the initial CO methanation step of CO on
the Ni(111) surface. CH4 formation in the present work may
come from two different routes: direct formation of methane
from C–C bond cleavage of higher hydrocarbons and methana-
tion of CO product by the H2 product. The present study with
Rh–CeAl catalysts shows that methane formation started to be
hindered at a Sfuel:Rhsurf ratio of approximately 0.15, in close
agreement with the value found for Ni catalysts. Fig. 3 shows
that the production of methane practically stopped at 34 h
TOS and corresponded to a Sfuel:Rhsurf ratio of 0.45, indicating
that the methanation reactions, particularly CO adsorption, also
stopped. Erley and Wagner reported that at sulfur coverages of
0.33, CO adsorption on Ni(111) surfaces stopped completely
for the conditions studied [45] and was about 3 times that of the
initial retardation of CO adsorption. In the current study, the
Sfuel:Rhsurf ratio of 0.45 corresponded to about 2.8 times the
ratio of observed initial retardation in the methanation reaction,
very similar to the findings of Erley and Wagner on Ni(111),
thus implying that methanation on Rh-based catalysts requires
an ensemble size similar to that of Ni.

3.4. Effect of Ni addition on sulfur resistance of Rh–CeAl

Protecting the Rh active sites from sulfur adsorption is criti-
cal to improving the sulfur resistance of Rh-based catalysts. Our
preliminary work indicated that adding Ni to Rh is a promising
approach to accomplish this goal. It is well known that sulfur
will adsorb onto Ni; furthermore, Ni is active for the steam
reforming of hydrocarbon fuels. The impact of Ni addition dur-



314 J.J. Strohm et al. / Journal of Catalysis 238 (2006) 309–320
Fig. 4. Catalytic conversion profiles for steam reforming of 100 ppmS NOR-
PAR-13 and the effect of Ni loading level on the sulfur tolerance of 2% Rh–
X% Ni/CeO2–Al2O3 catalyst. X = 0, 2, 5, 10 and 20 wt%. For additional com-
parison, a catalyst with 2% Rh loaded on calcined 10% Ni/CeO2–Al2O3 is also
presented (2% Rh on 10% Ni).

ing reforming of 100 ppmS NORPAR-13 is shown in Fig. 4.
Combining 2 wt% Ni with the Rh during loading led to im-
proved sulfur resistance via an increase in the TOS from 5 to
8 h before rapid deactivation of the reforming reactions. For a
Ni content of 5 wt%, further improvement in sulfur tolerance
of the catalyst during reforming of 126 ppmS NORPAR-13 re-
sulted from increasing the time of stability to 10 h. Adding
10 wt% Ni to the Rh-based catalyst led to a dramatic improve-
ment in the sulfur resistance of the catalyst; >95% conversion
was maintained for up to 28 h during reforming of 100 ppmS
NORPAR-13.

Further increases in Ni content beyond 10% did not fur-
ther improve catalytic performance, as shown in Fig. 4, where
steady deactivation began after 19 h and steadily dropped to
78% conversion after 42 h when 20% Ni was incorporated with
2% Rh. The earlier onset of deactivation and the steady trend in
deactivation for the 2Rh20Ni–CeAl catalyst were due largely
Fig. 5. Methane selectivity during steam reforming of 100 ppmS NORPAR-13
over 2% Rh–X% Ni/CeO2–Al2O3 with X = 0, 2, 5, 10 and 20 wt%; including
the pressure drop for 2% Rh–20% Ni.

to significant carbon formation, as implied by the high level of
carbon deposits and increased pressure drop across the catalyst
bed.

Examining the methanation reaction can provide insight into
the level of deactivation by sulfur poisoning. The methanation
reaction is generally more sensitive to sulfur poisoning than re-
forming reactions, as has been reported previously [29].

Fig. 5 shows the selectivity of methane for reforming of
100 ppmS NORPAR-13 with various Ni loadings. When no Ni
was loaded onto the catalyst, a rapid loss in methane selectivity
occurred, with a methane/TOS slope of approximately −1.7.
Adding 2% Ni again caused a rapid drop in methane selec-
tivity during reforming of 100 ppmS NORPAR-13. For 2% Ni
loadings, the calculated slope of the loss in methane selectivity
improved slightly to −1, and at around 3–5 h TOS a slight lev-
eling of the slope occurred before continued deactivation. The
loss of methane selectivity implied that adding 2% Ni slowed
the poisoning effect of sulfur by nearly a factor of two.
Fig. 6. TPR profiles of 2% Rh co-loaded with 2, 5 and 10% Ni supported on 20% CeO2–γ -Al2O3.
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The TPR profiles in Fig. 6 indicate that at 2% Ni loading
there was very limited interaction of Rh–Ce with Ni and im-
plies that protection of Rh–Ce would not be achieved by adding
Ni, as discussed below. TPR did reveal a slight interaction with
Rh–Al and Ni, which may the reason for the slight leveling of
methane deactivation at 3–5 h. The decreased slope of methane
production implies that both the Rh and Ni will deactivate in
the presence of sulfur, with the only benefit of Ni addition be-
ing to serve as a sacrificial site to adsorb some sulfur. Support
for the improved performance as a result of adding Ni sacrifi-
cial sites is provided by the fact that reforming was significantly
hindered once a Sfuel:Rhsurf ratio of 0.35 was reached for the
2Rh2Ni–CeAl catalyst. This is only slightly higher than the ra-
tio of 0.30 observed for Rh–CeAl catalyst and can be attributed
to some sulfur adsorption on the Ni metal. Furthermore, the
Sfuel:Rhsurf ratio for the decrease in methanation was approx-
imately 0.13, in good agreement with the calculated ratio for
methanation hindrance over Rh–CeAl.

Adding 5 and 10% Ni stabilized methane production for 6
and 28 h, respectively, after which rapid deactivation of the
methanation reaction occurs. For the 2Rh20Ni–CeAl catalyst,
methane production initially began to fall and then stabilized
at 17 mol%, and no rapid deactivation of the methanation re-
action was observed. The initial drop in methane selectivity
to the same selectivity level of the catalysts containing only
Rh implies that Ni did not significantly contribute to metha-
nation reactions. The increased pressure drop with reduced
methane selectivity implies that for 20% Ni loading, the de-
creased methane selectivity can be attributed to carbon for-
mation. Because methane production did not decrease rapidly
for the 20% Ni catalyst and fuel conversion dropped, deacti-
vation of the reforming reactions most likely occurred due to
carbon formation, rather than sulfur poisoning. Although deac-
tivation occurred in the reforming reactions, methane selectivity
remained nearly constant for 20% Ni loading, at the same level
as seen for reforming of the sulfur-free MJF, implying that the
Rh was still being protected by the addition of Ni. With Ni
loadings of 0, 2, and 5 wt%, deactivation was due mainly to sul-
fur poisoning, not carbon formation. Deactivation due to sulfur
poisoning for low Ni loadings can be confirmed by the mini-
mal carbon deposition on the catalyst and the rapid decrease in
the sulfur-sensitive methanation reaction. In the case of 10% Ni
loadings, the methanation reaction was deactivated at around
the same time that the loss in conversion occurred. Considering
the high amount of carbon formed on the 2Rh20Ni–CeAl cat-
alyst, the loss in conversion is due to carbon formation, not to
sulfur poisoning.

3.5. Influence of the method of Ni addition to Rh–CeAl on the
sulfur resistance

To verify the importance of close interaction in the Rh–Ni
prepared by coimpregnation in this work, we also prepared and
tested an additional catalyst of 2% Rh and 10% Ni supported
on CeAl. The preparation of this catalyst differed in that the Rh
was loaded onto calcined Ni–CeAl (after the Ni was loaded on
the CeAl and calcined at 500 ◦C). Fig. 4 presents the results of
this test and compares them to results of testing the 2Rh10Ni–
CeAl prepared by coimpregnating the Rh and Ni onto the CeAl.
As seen in Fig. 4, there was a steady drop in the conversion of
126 ppmS NORPAR-13 with no measurable period of stability.
The slope of deactivation was −2.75, considerably slower than
that of deactivation of 2Rh–CeAl. Without the close contact
between Ni and Rh afforded by the coimpregnation prepara-
tion method, there is no prolonged period of stability, implying
that the Ni is not protecting the Rh from sulfur poisoning. The
lack of steady conversion and the significant rate of deactivation
from almost the beginning of TOS imply that in this catalyst Rh
was not functioning as an effective catalytic component and Ni
may have been acting only as a sulfur sacrificial site (for Rh) in
a similar way as the Ni in the 2Rh2Ni–CeAl catalyst. Thus in
this case the Rh–Ni interaction was different (if existing at all)
and did not provide any significant Rh protection.

3.6. Rh–Ni interaction by TPR analysis and comparative
reforming tests

Fig. 6 shows the TPR profiles of Rh supported on ceria–
alumina with 0, 2, 5, and 10% Ni loadings. For the monometal-
lic Rh catalyst, two peaks at 89 and 203 ◦C can be attributed
to Rh associated with ceria (Rh–Ce) and alumina (Rh–Al), re-
spectively. This is similar to the findings reported by Hou and
Yahima [46]. For the 2Rh2Ni–CeAl catalyst, a broad third peak
appeared at 387 ◦C attributed to the reduction of NiO. In addi-
tion to a peak for Ni, 2% Ni loading produced a slight shift in
the Rh–Al peak to a higher temperature of 213 ◦C. Increasing
the Ni loading to 5 and 10% caused further shifts in the Rh–
Ce and Rh–Al peaks to 109 ◦C and 242 ◦C, respectively. This
implies a more intimate contact between the Ni and Rh at the
higher Ni loadings. The TPR data indicate that most of the Rh
metal was associated with Ni for Ni loadings of 5 and 10%.

At rapid deactivation of the methanation reaction, the cal-
culated Sfuel:Nisurf ratio, as given in Table 3, was nearly con-
stant at 0.58 and 0.60 for 5% and 10% Ni loadings, respec-
tively. The corresponding Sfuel:Rhsurf ratios for both catalysts
are higher than that for the supported catalyst containing only
Rh; this further implies that the Ni addition is the reason for im-
proved sulfur tolerance. Rostrup-Nielsen found that for various
Ni-reforming catalysts, Ni saturation occurred at a Sfuel:Nisurf
ratio of approximately 0.54 [47]. The observed Sfuel:Nisurf val-
ues at the retardation of the methanation reactions observed in
this study are close to those reported by Rostrup-Nielsen for
Ni. Because on Rh–CeAl catalyst methanation reactions rapidly
decrease during reforming of 100 ppmS NORPAR-13, we can
postulate that the Ni protects the Rh metal from poisoning until
Ni saturation occurs.

We performed a third test to gain insight into the role of Ni
addition, involving reforming of 100 ppmS NORPAR-13 over
2% Rh–5% Ni supported on alumina (2Rh5Ni–Al). We found
that the activity of the 2Rh5Ni–Al catalyst was similar to that
of 2Rh5Ni–CeAl, and methanation reactions underwent rapid
deactivation at a Sfuel:Nisurf ratio of 0.54. This implies that the
ceria may make a slight contribution to improved sulfur uptake
by the Ni metal or improved sulfur resistance of the Rh. Al-
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Table 3
Results of reforming of model fuels doped with sulfur over various catalysts

Catalyst S conc. of
NORPAR

TOS Initial/final
conversion

S:Ni/S:Rh
Refor.

S:Ni/S:Rh
CH4

Carbon
(wt%)

2% Rh/CeAl 100 ppm 10 100/59 –/0.28 –/0.11 2.99
2% Rh–2% Ni/CeAl 100 ppm 10 98/92 1.6/0.35 0.40/0.13 3.06
2% Rh–5% Ni/CeAl 126 ppm 16 99/66 0.77/0.67 0.58/0.52 2.96
2% Rh–10% Ni/CeAl 100 ppm 32 100/65 0.60/1.1a 0.60/1.1 24.7b

2% Rh + 10% Ni/CeAl 126 ppm 9 100/75 0.46/0.22c 0.22/0.11c 8.21c

2% Rh–20% Ni/CeAl 126 ppm 42 98/78 0.29 (0.62)/1.2 (2.3)d 0.50 (0.62)/1.9 (2.3)d 34.4b

2% Rh–5% Ni/Al 104 ppm 19 100/71 0.68/0.54 0.54/0.42 4.89e

5% Ni/Al 33 ppm 4.5 80/5 NAf NAf 13.7b,e

5% Ni/CeAl 104 ppm 3.5 98/35 NAf NAf 14.9b

10% Ni/CeAl 104 ppm 5 95/98 NAf,g NAf,g 59.9g

a Carbon deposition also contributed to deactivation, in addition to sulfur poisoning.
b Mainly filamental carbon, with some amorphous carbon.
c For 2% Rh loaded on precalcined 10% Ni/CeAl and tested for 9 h TOS.
d For S:metal ratios at the first inflection point for deactivation (and those at the end of test TOS).
e Significant amorphous carbon deposited on catalyst.
f No stable reforming period.
g Major carbon deposition caused reactor plugging; pressure drop exceeded 60 psi and catalyst/carbon agglomerates and catalyst particle disintegration observed.
though a minor improvement in sulfur tolerance occurred in the
presence of ceria, the main benefit of ceria addition was reduced
carbon formation for Rh, Ni, and Rh–Ni catalyst, as shown in
Table 3.

Efforts were made to calculate the Sfuel:Nisurf ratios at rapid
deactivation of the methanation and reforming reactions over
Ni–CeAl and Ni–Al catalysts, as shown in Table 3. For the
5Ni–Al catalyst, rapid deactivation occurred for both the metha-
nation and reforming reactions. Although adding ceria to the
support improved the conversion and stability of the reforming
reactions, no period of stability was observed. The effect of ce-
ria on carbon formation is a reduction in amorphous pyrolytic
carbons. For the 5Ni–CeAl catalyst the main carbon species can
be attributed to ordered/filamentous carbons; while for the 5Ni–
Al catalyst both amorphous and ordered/filamentous carbons
were detected. This suggests that ceria improved the gasifica-
tion of pyrolytic carbons deposited on the catalyst. The slightly
improved stability of the 5Ni–CeAl catalyst was due to less
pyrolytic carbon, which can encapsulate the active Ni. For the
10Ni–CeAl catalyst, high activity was noted, but extensive car-
bon formation led to the formation of a carbon/catalyst plug in
the reactor. The pressure in the reactor increased to 60 psi, and
the reaction had to be terminated. Thus, under the conditions
used in the present study, the use of Ni alone as a reforming
catalyst is not practical, due to extensive carbon formation, and
comparing our findings with those of other studies is difficult
due to the drastic increase in pressure in the system. The use
of a bimetallic Rh–Ni catalyst is superior in terms of lower car-
bon formation, better activity and stability over monometallic
Ni catalysts, and higher sulfur resistance over monometallic Rh
catalysts.

3.7. XPS of Rh–Ni on CeAl

We further examined the Rh–Ni interaction observed on
TPR by conducting XPS analyses. Fig. 7 presents the Rh 3d
XP spectra for 2Rh–CeAl, 2Rh2Ni–CeAl, and 2Rh5Ni–CeAl
Fig. 7. Normalized Rh 3d XP spectra for (a) 2% Rh–5% Ni–CeAl, (b) 2% Rh–
2% Ni–CeAl, (c) 2% Rh–CeAl after calcination and (a′) 2% Rh–5% Ni–CeAl,
(b′) 2% Rh–2% Ni–CeAl, (c′) 2% Rh–CeAl after reduction and air exposure
for 24 h.

after calcinations and after reduction followed by air exposure
for 24 h. The calcined 2Rh–CeAl and 2Rh2Ni–CeAl catalysts
exhibited similar Rh 3d peak shapes and an FWHM posi-
tion of 308.9 eV, corresponding to the presence of Rh3+ [48]
and FWHMs of 2.6 and 2.2, respectively. For the 2Rh5Ni–
CeAl, there was a minor shift of about 0.2 eV, correspond-
ing to an FWHM position of 309.1 eV and an FWHM of
2.19 eV. Such a slight shift was also reported by Nefedov
et al. for NiRh2O4; these authors found FWHM positions of
308.9 for Rh2O3 and 309.0 for NiRh2O4. We observed this
same shift trend in the present study, which may imply the
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Fig. 8. Normalized (based on max intensity) Ni 2p XP spectra for (a) 2% Rh–
5% Ni–CeAl, (b) 2% Rh–2% Ni–CeAl, (c) 5% Ni–CeAl after calcination and
(a′) 2% Rh–5% Ni/CeAl, (b′) 2% Rh–2% Ni/CeAl, (c′) 5% Ni/CeAl after re-
duction and air exposure for 24 h.

presence of a Ni–Rh oxide species in the 2Rh5Ni–CeAl cat-
alyst.

After reduction and exposure to air, a clear shift and a broad-
ening of the Rh 3d peak shapes occurred. Kugai and co-workers
found that Rh3+ was completely reduced to Rh0 after reduction,
but after exposure to air for only 3 min, a mix of Rh3+ and Rh0

was present in Rh–Ni supported on CeO2 [49,50]. In the present
study we have observed a similar phenomena, in that after re-
duction, most of the Rh was in a metallic phase, and after air
exposure for 24 h, partial oxidation of the Rh metal back to
Rh3+ occurred. Support for this assumption is given in Fig. 9,
where after calcination, the binding energy is 308.9 eV, and
after reduction and air exposure, the binding energy is approx-
imately 308.2 eV (for 2Rh–CeAl and 2Rh2Ni–CeAl). These
findings are consistent with those of Kugai and co-workers, who
found a binding energy of air-exposed reduced Rh on CeO2 of
308.1 eV and reported that any Rh remaining in the metallic
phase would be expected to have a binding energy at a FWHM
position of approximately 307.4 eV [49–51]. The position of
the FWHM of the 2Rh5Ni–CeAl sample after reduction and air
exposure is 307.8 eV. The lower binding energy signifies that
more of the Rh is remaining in the metallic phase after air ex-
posure and implies that there could exist a possible interaction
with Ni. The present results indicate that there exists a close in-
teraction between the Rh and Ni, although we do not have the
conclusive evidence for Rh–Ni alloy formation in the catalyst.

Fig. 8 presents the Ni 2p XP spectra for 5Ni–CeAl, 2Rh2Ni–
CeAl, and 2Rh5Ni–CeAl after calcinations and after reduction
followed by air exposure. After calcination, the Ni 2p spectra
for all samples have a binding energy of 856.2 eV, consistent
with the Ni2+ oxidation state [48]. Only after reduction and
air exposure was there an observable difference in the Ni 2p re-
gion. For both the 5Ni–CeAl and 2Rh2Ni–CeAl, there was little
change to the Ni 2p region after reduction and air exposure. Ku-
gai and co-workers observed nearly complete oxidation of sur-
face Ni0 back to Ni2+ after reduction and air exposure for 3 min
[49,50], and our findings clearly show that any surface metal-
lic Ni that may have formed during reduction was converted
back to Ni2+ after 24 h of exposure to air at room temperature.
However, for the 2Rh5Ni–CeAl sample, there was significant
retention of surface metallic Ni after air exposure. This implies
the presence of a strong interaction in surface Rh–Ni species
that is keeping the Ni in the metallic state instead of oxidiz-
ing back to Ni2+. In a previous study of Rh–Ni supported on
γ -alumina, Leclercq and co-workers found that after reduction
at 900 ◦C, “surface enrichment” of Ni occurred corresponding
to a binding energy of 852.5 eV [52]. In the current study, the
FWHM position of the second peak found in the Ni 2p spectra
was 852.6 eV, consistent with the study by Leclercq et al. and
the value for Ni0 reported by Kugai et al.

Considering the Ni 2p and Rh 3d XP spectra for 2Rh5Ni–
CeAl, a close interaction between the Rh and Ni phases clearly
exists that is consistent with the above-mentioned TPR data.
In addition to XPS and TPR evidence for a Rh–Ni interaction,
the chemisorption data for the 2Rh5Ni–CeAl (and 2Rh10Ni–
CeAl) also indicate a Rh–Ni interaction. As shown in Table 1,
adding Ni with Rh to CeAl caused a steady increase in hydrogen
dispersion from 4.3 to 7.9 for 2Rh2Ni–CeAl and 2Rh10Ni–
CeAl, respectively. However, the calculated CO dispersion for
Ni dropped significantly with the addition of 5 and 10% Ni with
Rh to CeAl. The Ni dispersion based on CO adsorption was
6.0% for the 2Rh2Ni–CeAl sample and 2.4% for the 2Rh5Ni–
CeAl sample. CO will typically adsorb linearly on Ni surfaces
at low surface coverage, and multiple CO bonding to single Ni
atoms may also occur [53]. FTIR studies of Rh–Ni supported
on SiO2 showed that Ni addition caused the Rh to lose bridge-
formed CO adsorption sites [54]. If this were indeed the case in
the current study, then we would expect the CO calculated dis-
persion to increase rather than decrease with Ni loadings of 5
and 10%. Jozwiak et al. used significantly different ratios of Rh
and Ni than we used in the current study and reported different
phases of Rh–Ni based on the preparation and support differ-
ences. In the current study, the reduced CO adsorption may
imply a decrease in subcarbonyl species (two to three linearly
bonded CO molecules) on Ni sites or a possible interaction with
Rh that could result in the possibility of CO being able to bond
on bridge sites of a Rh–Ni bimetallic species. Further analysis
by FTIR is needed to identify the cause of the inverse rela-
tionship to the dispersion calculation for CO and the dispersion
calculation for H2. At this time, we can only hypothesize that
a Rh–Ni interaction is the cause of decreased CO adsorption
for Rh–Ni catalysts with Ni loadings of 5% or more, while H2
adsorption increases. However, considering the XPS and TPR
results, this is not an unreasonable speculation.

3.8. Role of Ni for protecting Rh in Rh–Ni–CeAl

The present experimental and analytical results suggest that
there exist strong Rh–Ni interactions on adding nickel to the
rhodium by the coimpregnation preparation method used in
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Fig. 9. Selectivity and conversion during reforming of a desulfurized JP-8 over 2% Rh–10% Ni–CeAl (2% Rh–10% Ni/CeO2–Al2O3) for 72 h.
this work. This finding is consistent with the low-temperature
reforming results that the Ni is protecting the Rh rather than
merely acting as a sacrificial site, when using the coimpreg-
nation of Rh and Ni salts onto CeO2–Al2O3 support. The ad-
ditional results with a two-step preparation in which 2% Rh is
added onto precalcined 10% Ni/CeO2–Al2O3 clearly (see Fig. 4
for 2% Rh on 10% Ni) showed that the above-mentioned desir-
able effect of Ni protecting Rh is not observed when Ni and Rh
are not in close vicinity.

It is proposed that the Ni closely interacts with Rh metal
and protects Rh from sulfur poisoning through two possible
mechanisms. First, Rh species are surrounded by Ni species in
close vicinity (when prepared by coimpregnation onto CeO2–
Al2O3), and Ni reacts preferentially with sulfur. Thus Rh can
largely remain active for steam reforming in the presence of
sulfur. Second, when some Rh atoms do react with sulfur, such
sulfur in RhSx can transfer to Ni present in the close vicinity
of Rh. S in RhSx may be transferred to the Ni metal through
sulfur spillover with or without the aid of gas-phase hydrogen.
The presence of reducing gas such as H2 in the gas phase may
aid the sulfur spillover via H2S; that is, H2S formed from re-
action of RhSx with H2 can react with Ni to form NiSx , thus
shifting the equilibrium toward NiSx, because a larger number
of Ni atoms are present in the vicinity of Rh. In other words,
a possible sequence of reaction that can lead to sulfur spillover
from Rh–S to Ni–S under H2 is Rh–S + H2 = Rh + H2S;
Ni + H2S = NiS + H2, with the net reaction appearing as
Rh–S + Ni = Rh + Ni–S. Confirmation of this sequence re-
quires further study, however. In either case, a close interaction
between the added Ni and Rh is necessary for protection of the
Rh. Supporting evidence for Rh and Ni interactions have been
obtained by TPR and XPS analysis, which supports the hypoth-
esis that Ni protects Rh through a close Rh–Ni interaction. We
do not have clear evidence whether or not Ni and Rh form an
alloy in the present catalyst system, but clearly a very close in-
teraction does exist.
3.9. Reforming of JP-8 jet fuel over Rh–Ni–CeAl

Fig. 9 shows the reforming of a JP-8 jet fuel that has been
desulfurized from nearly 400 ppm to 22 ppm using selective
sulfur adsorption [17,18,21,23,24]. The liquid fuel conversion
is nearly 100% for the initial 45 h, after which it decreases
slightly to around 95% after 72 h TOS. The methane production
drops slightly at approximately 20 h TOS before leveling off.
A slight decrease in methane selectivity before leveling off was
also observed during reforming of 100 ppmS NORPAR-13 over
2Rh20Ni–CeAl, which can be attributed to carbon formation
hindering the improved methanation reactions over Ni metal.
After the initial drop in methane production, the selectivities of
methane and other product gases remain stable, implying that
sulfur poisoning has not yet occurred on the Rh metal. At 72 h
TOS, the Sfuel:Nisurf is 0.36. If the proposed model is accurate
and carbon formation is controlled, then rapid deactivation of
the methanation reaction after approximately 110–120 h TOS
would be expected as a result of Ni saturation by sulfur.

Although the catalyst did not show signs of Rh poisoning by
sulfur, the conversion began to decrease after 45 h TOS, indi-
cating another deactivation mechanism. TPO analysis showed
that 15.8 wt% carbon was formed on the catalyst. The TPO
profile of the CO2 production from the carbon indicates sig-
nificant amorphous pyrolytic carbon formation and deposition
on the surface, which can lead to catalyst deactivations. Dur-
ing reforming of JP-8, there was less carbon deposition on the
catalyst during reforming when compared to the reforming of
NORPAR-13. Furthermore, the carbon formed from reforming
of NORPAR-13 contained more filamentous carbon and less
pyrolytic carbon. The difference in the carbon structure and the
amount of carbon can be attributed to an increase in gas-phase
carbon due to the presence of aromatics and alkyl-benzenes in
the JP-8 [55–57]. Increased gas-phase carbon formation will in-
crease the lay-down of carbon on the surface and can lead to the
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formation of encapsulating carbon, which will prevent further
formation and growth of filaments [58].

4. Conclusion

Rh on CeO2-modified Al2O3 support can be used for low-
temperature steam reforming of liquid fuels at <520 ◦C. With
properly prepared Rh catalysts such as Rh/CeO2–Al2O3, effec-
tive steam reforming of desulfurized jet fuels (<5 ppmw S) can
be achieved at <520 ◦C with >97% conversion to syngas and
CH4 for solid oxide fuel cell applications. Evaluation of the
sulfur tolerance of the 2% Rh–CeAl catalyst showed a rapid de-
crease in conversion at a Sfuel:Rhsurf ratio of 0.30 and a decline
in methane production over the catalyst starting at a Sfuel:Rhsurf

ratio of 0.15, implying that methanation is about twice as sen-
sitive to sulfur poisoning on Rh-based catalysts.

Although the concentration of sulfur in the fuel has a signif-
icant impact on the longevity of the Rh-based catalyst, it has no
impact on the amount of carbon formed on the catalyst when
the reaction is terminated before extensive poisoning. Carbon
formation on the catalyst is a function of the degree of poison-
ing, rather than of the amount of sulfur in the fuel.

The addition of Ni to the Rh-based catalyst can greatly en-
hance the performance of the catalyst in the presence of sulfur.
With only 2% Ni loadings, minimal Rh–Ni interactions lead to
Ni serving only as a sacrificial sulfur adsorption site, resulting
in minimal improvement in the deactivation of methanation re-
actions. The addition of 5 and 10% Ni to the Rh–CeAl exhibited
strong Rh–Ni interactions that allowed the Ni to protect the Rh
metal until Ni surface saturation was reached.

Once a Sfuel:Nisurf of approximately 0.59 (for CeAl sup-
ported catalysts) was reached, rapid deactivation of the metha-
nation reaction was observed. This implies that the methanation
(and reforming) over Rh remains unaffected by sulfur until Ni
saturation is reached.

Clearly, the addition of Ni can successfully protect the Rh
metal when using the support and preparation method speci-
fied in this work. We propose that the Ni closely interacts with
Rh metal and protects Rh from sulfur poisoning through two
possible mechanisms. First, when Ni reacts preferentially with
sulfur, the Rh can remain active for steam reforming. Second,
when some Rh atoms do react with sulfur, such sulfur can trans-
fer from Rh to Ni present in the close vicinity of Rh. In other
words, S in RhSx may be transferred to the Ni metal through
sulfur spillover with or without the aid of gas-phase hydrogen.
In either case, a close interaction between the added Ni and Rh
is necessary. Evidence of Rh and Ni interactions obtained by
TPR and XPS analysis supports the hypothesis that Ni protects
Rh through a close Rh–Ni interaction.

The catalyst developed in this work, 2% Rh–10% Ni sup-
ported on CeO2-modified Al2O3, shows excellent promise as
a catalyst that can successfully reform sulfur-containing liquid
hydrocarbons, such as jet fuel, as demonstrated by the reform-
ing of JP-8 containing 22 ppm sulfur for 3 days TOS with
>95% conversion.
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