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Abstract

A 1.9 wt% Ni/Mg(Al)O hydrotalcite-derived catalyst is studied for the dry reforming of propane to synthesis gas at 600◦C and 1 atm. The
catalyst showed limited initial deactivation andthen was exceptionally stable throughout a 34-day test. Catalyst characterisation indicates tht
the carrier material consists of a mixed Mg(Al)O phase before and after testing, and that carbonate forms on the support surface
reforming conditions. The Ni particles are in close contact with, and partially decorated by, the basic support. No carbon whisker f
is observed by transmission electron microscopy after catalytic testing.

Alternating pulse experiments in aTemporary Analysis of Product-II (TAP-II) reactor systemindicate that CO2 is associatively adsorbe
on the basic Mg(Al)O carrier and acts as a permanent source of oxygen species for the Ni metal. Propane reacts rapidly with Ni–
to form CO and H2O. Under TAP conditions, reduced Ni reacts gradually with carbonate from the support to give Ni–O species and
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Natural gas (NG) from the North Sea contains ca.
vol% light alkanes (C2–C4). Conversion of NG into more
valuable products by reforming reactions is of major i
portance. Light alkanes also have a high potential for
as fuel in modern compact fuel reformers. Overall detailed
understanding of the catalytic (pre-)reforming processe
required to develop high-performance catalysts for such
actions, that is, catalysts with a high activity and selectiv
for the target products, CO and H2, and with a low selectivity
for coke formation.

During the past three decades, several groups hav
ported catalytic results for the wet or dry reforming
methane to synthesis gas over Ni/Mg(Al)O catalysts ba

* Corresponding author. Fax: + 4722855441.
E-mail address:unni.olsbye@kjemi.uio.no(U. Olsbye).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.10.002
-

on hydrotalcite-like precursors. It is generally agreed t
Ni/Mg(Al)O is a very active catalyst for methane reforming
most likely because of an optimum combination of basic
ity of the support, metal particle size, and/or an electro
“spillover” effect of the carrier material (see, e.g.,[1–3] and
references therein). To our knowledge, no one has ye
ploited a fourth possibility in any detail, that is, a possi
direct participation of the hydrotalcite-like carrier mater
in the reaction cycle.

There are numerous articles on the catalytic dry refo
ing of methane to synthesis gas, and some selected w
are described in Section4. A literature search for propan
dry reforming revealed only two mechanistic studies, b
using supported noble metal catalysts (Rh, Ru)[4,5]. In [4],
Solymosi et al. used FT-IR spectroscopy and reactor s
ies to investigate the dry reforming of propane over Rh
various supports. They reported the formation of prop
and propylidyne species on the catalysts during the prop
dissociation reaction even at low temperatures (250–300

http://www.elsevier.com/locate/jcat
mailto:unni.olsbye@kjemi.uio.no
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Addition of CO2 to the feed led to rapid reaction with eith
propane or propene on the catalyst, yielding synthesis g
the major product. Partial pressure variations at 550–65◦C
indicated that CO2 is involved in the rate-determining ste
of the reaction. Sutton et al.[5] performed a kinetic stud
of the dry reforming of propane over a Ru/Al2O3 catalyst.
They observed zero-order rate dependence in propane
a fractional dependence in CO2 and concluded that CO2 is
involved in the rate-determining step of the reaction.

In the work reported here, a 1.9 wt% Ni/Mg(Al)O
hydrotalcite-derived catalyst is studied for the dry refor
ing of propane at 600◦C. A primary target is to elucidate th
role of the metal and of the support in the reaction cycle
to obtain key information on what makes these materials s
perior to conventional reforming catalysts. A TAP-II reacto
system is used for isotopic labelling studies, and an ordi
fixed-bed reactor system is used for activity and stab
measurements. Characterisation of the catalyst is carrie
by magnetic measurements, in situ diffuse reflectance
frared Fourier transform spectroscopy (DRIFTS), and tra
mission electron microscopy (TEM) measurements.

2. Experimental

2.1. Catalyst preparation and general characterisation

The Ni/Mg(Al)O catalyst was prepared first by synthe
of the corresponding hydrotalcite-like material with nomi
composition Mg5.88Ni0.12Al2(OH)16CO3 ·nH2O and(Mg+
Ni)/Al = 3 by coprecipitation at constant pH(11.5 ± 0.1)

and temperature(40± 2 ◦C) in a specially designed app
ratus. During synthesis the two reactant solutions, A [0.0
mole CO3

2−/0.75 mole OH− with K+; ≈ 750–800 ml]
and B [0.25 mole cations (Mg2+ + Ni2+ + Al3+) with
NO3

−; 250 ml], and the product solution (initially contai
ing 500 ml distilled water) were kept at constant tempera
in a water bath. The pH was controlled through a feedb
loop with the use of a pH meter (Mettler Toledo 2220 w
electrode Mettler Toledo INPRO 4500 Pt1000), which ac
tivated or stopped the pump (Watson/Marlow 101U/R)
the source solution A. Source solution B was added
constant rate to the product solution via a second pu
The mixing of reactant solutions to yield the product solu
tion was completed within approximately 150 min, follow
by a stirring period of 60 min. The product obtained w
washed and dried overnight at 90◦C. Phase purity of the ob
tained hydrotalcite-like phase was confirmed by mean
powder X-ray diffraction (XRD). It is anticipated that th
coprecipitation process at constant pH ensures a hom
neous distribution of nickel in the hydrotalcite-like materi
The hydrotalcite-like material was converted into the ca
lyst by calcining and reducing it in one step by fluidisi
in 10% H2 in N2 for 14 h at 650◦C before cooling to am
bient temperature under the same atmosphere. The red
metal was then passivated for 1 h by passing 2% O2 in N2
s

d

t

-

d

Fig. 1. Powder X-ray diffractograms of the 1.9 wt% Ni/Mg(Al)O catalyst
before (A) and after catalytic testing (B) for 34 days at 600◦C. The compo-
sition of the feed in volume % is C3H8:CO2:H2:N2 = 10:30:10:50.

over the material. Since the metal loading of the materia
low, only a very small temperature increase was noticed
ing passivation. The passivated catalyst shows powder X
reflections corresponding to a defect mixed cubic Mg(A
oxide (seeFig. 1A). In addition, a left-hand shoulder (in
dicated by an arrow) is observed for the reflection inde
as 111(d ≈ 2.43) for MgO, which does not belong to th
mixed cubic Mg(Al)O structure. Rebours et al.[6] attribute
the additional reflection to the presence of cations on te
hedral sites in the cubic Mg(Al)O structure or in a def
spinel-like structure.

The chemical composition with respect to Mg, Al, a
Ni of the catalyst was determined by means of ICP–AES
be (Mg + Ni)/Al = 3.2. The metal loading of Ni/Mg(Al)O
was determined to be 1.9 wt%. The BET surface area o
calcined material kept under inert conditions was 259 m2/g.

2.2. Magnetic measurements

Magnetic measurements wereperformed at ambient tem
perature by the Weiss extraction method[7] in an electro-
magnet that supplied a field up to 21 kOe. Information
the degree of Ni reduction and on the mean surface dia
ter of the Ni metal particles (D) can be extracted from th
magnetisation isotherm[8]. The degree of Ni reduction i
calculated from the saturation magnetisation (Ms). For ferro-
magnetic materials, a residual magnetic moment remai
zero field after being exposed to a magnetic field. Howe
when the particle diameter goes below a certain size (Dc)
the ferromagnetic particles become superparamagnetic[8].
The absence of remanent magnetisation (Mr) indicates su-
perparamagnetic behaviour[8]. Under such conditions th
mean sizes of large(D1) and small(D2) Ni particles can be
calculated according to the Langevin equation[8]. The accu-
racy of the method is assumed to be within±20%[7]. The
mean surface diameter is calculated byD = (D1 + D2)/2.
It is empirically determined thatDc for Ni is 15 nm and tha
the ratio 2Mr/Ms gives the fraction of particles with a siz
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larger than the critical diameter in the applied magnetic se
(at IRC).

The average metal particle size found from magn
measurements may be used tocalculate the available met
surface area of a Ni catalyst. Since NiO and Ni–C are
ferromagnetic and therefore not detectable by this met
it was decided to study the fresh catalyst under a redu
atmosphere to determine the initial Ni surface area of
Ni/Mg(Al)O catalyst.

The passivated Ni/Mg(Al)O sample (190 mg) was load
in a specially designed fixed-bed reactor used as sa
holder in the electromagnet.The catalyst was heated
this reactor in an external furnace in a flow of 20%2
in N2 from ambient temperature to 600◦C at a heating
rate of 10◦C/min and a total flow rate of 70 Nml/min.
When it reached 600◦C the reactor was rapidly taken o
of the furnace and cooled to room temperature before it
loaded into the electromagnet for magnetisation meas
ments. Thereafter the reactor was put back into the furn
(at 600◦C) and heated for another hour before the next m
surement was carried out (after cooling). A total of fo
magnetisation isotherm curves were collected after the
alyst had been exposed to 20% H2 in N2 at 600◦C for 0,
1, 2, and 3.5 h. Each measurement took approximately
including cooling the reactor toroom temperature and hea
ing it back to 600◦C after collection of the magnetisatio
isotherm curve.

2.3. Fixed-bed reactor testing

Activity and stability tests of the catalyst were pe
formed in quartz tubular fixed bed reactors (i.d. 10
6 mm). The test temperature was measured with a t
mocouple placed axially in the reactor inside a qua
thermocouple well (o.d. 3 mm). The reactor effluent w
analysed by on-line gas chromatographic (GC) anal
(Agilent micro-GC equipped with three columns). The c
alyst was tested with the use of either 1050 mg of c
alyst (grain size 0.2–0.5 mm), with a total gas flow r
of 55 Nml/min and a feed gas with the composition
vol%) C3H8:CO2:N2 = 20:60:20 (test I), or 450 mg of ca
alyst (grain size 0.2–0.5 mm), with a total gas flow rate
100 Nml/min and a feed gas with the composition (in vol%
C3H8:CO2:H2:N2 = 10:30:10:50 (test II). In both cases, th
passivated catalyst was loaded into the reactor and he
to 600◦C under flowing N2 and then exposed directly t
the feed gases when it reached 600◦C. Test I was stoppe
after 27 h. Test II was stopped after 34 days. The XRD
tern of the catalyst tested for 34 days (test II) is shown
Fig. 1B, where the mixed Mg(Al)O phase can be identifi
together with carbon deposits and small amounts of redu
Ni. The Mg(Al)O carrier material, prepared and pretreated
the same manner as the catalyst, but without Ni, was te
for catalytic activity with the use of 450 mg of Mg(Al)O
(grain size 0.2–0.5 mm), with a total gas flow rate
100 Nml/min and a feed gas with the composition (in vol
d

CO2:H2:N2 = 30:10:60 or C3H8:CO2:H2:N2 = 10:30:10:50
The activation energy of the Ni/Mg(Al)O catalyst for d
propane reforming was determined by temperature varia
experiment in the temperature range 570–650◦C; all other
test conditions were identical to those of test II.

2.4. Transmission electron microscopy measurements

TEM investigations were performed on a JEOL JE
2010-FEG (EDX Link Isis). We prepared the sample by d
persing the catalyst ultrasonically in ethanol and deposi
it on a holey carbon film supported on a copper grid. T
Ni/Mg(Al)O sample was studied after passivation (see p
treatment description above) and after catalytic testin
600◦C with a feed flow: C3H8:CO2:H2:N2 = 10:30:10:50
(100 Nml/min) for 12 h.

2.5. In situ diffuse reflectance infrared Fourier transform
spectroscopy

DRIFTS experiments were performed on a Nicolet
550 instrument equipped with an in situ DRIFTS cell fro
Spectratech. About 30 mg of catalyst with a grain size
0.2–0.3 mm was used, and the experiments were carrie
at 20 or 600◦C. Total flow rate was typically 50 Nml/min.
All spectra were measured with a resolution of 4 cm−1.
Spectra of KBr under Ar at 20◦C or catalyst under Ar a
600◦C were used as a reference for background subtrac

2.6. Temporary analysis of product experiments

Principles of the temporary analysis of product (TAP)
periments and their applications are described by Gleav
et al. [9]. Transient pulse experiments were carried ou
a commercial TAP-2 reactor system (Mithra Technolog
Inc.). The system is equipped with four high-speed pu
valves, a liquid trapped vacuum system, and a quadru
mass spectrometer located directly underneath the mic
actor (25.4 mm in length and 4.1 mm in diameter) e
A heating element is wrapped around the microreactor, a
temperature controller reads the output of the thermoco
located in the catalyst bed. The reactor is typically loade
with 40 mg of 0.2–0.5-mm-size catalyst in the centre
the reactor between two layers of 0.2–0.3-mm-size qu
(210 mg). All experiments were started with an in situ2
reduction (10% H2 in Ar, total flow rate 50 Nml/min, total
pressure 1 atm) of the catalyst at 400◦C for 30 min. Then
the system was evacuated and heated to 600◦C, at which
point alternating pulse or multi-pulse experiments were
ried out. The12C3H8 + Ne pulse size was approximate
1 nmol (6× 1014 molecules). During alternating pulse e
periments, the size of the other pulse was adjusted so
the Ne amount was similar in the two pulses. This me
that, for example, in alternating12C3H8+Ne (1:1)//O2+Ne
(1:4) pulse experiments, the12C3H8//O2 ratio is 4:1.
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Fig. 2. Degree of Ni reduction and average nickel metal particle diamete
(D) versus reduction time (20% H2 in N2) at 600◦C.

3. Results

3.1. Magnetic measurements

Fig. 2shows the degree of Ni reduction versus reduc
time (20% H2 in N2) for the catalyst. The passivated ca
lyst contains only≈ 11% reduced Ni (t = 0; Fig. 2), with
a calculated mean particle diameter (D) of 9 ± 2 nm. After
heating to 600◦C (1 h reduction time;Fig. 2), the degree o
reduction increases to≈ 80% andD increases to 10± 2 nm.
After a 2-h reduction time (heat-up+ isothermal conditions
for 1 h), the degree of reduction was found to be 87%,
D = 10±2 nm. A further increase in reduction time (3.5 h
total) does not affect the degree of Ni reduction or the a
age particle diameter. The ratio 2Mr/Ms was calculated fo
all measurements, and less than 5% of the reduced n
is found to be present as particles with a diameter la
thanDc (15 nm). The stable fraction of nonferromagne
nickel over the reduction experiment (about 13%) migh
assigned to residual nickel ions in the solid solution ph
MgNi(Al)O.

Based on the 1-h values (80% Ni reduction, 10± 2 nm
average particle size), and assuming spherical particles
Ni surface area of the catalyst was calculated to be 4 m2/g,
corresponding to 6× 1019 exposed Ni atoms per gram
catalyst.

3.2. Activity and stability tests

Results from two activity tests performed at 600◦C are
shown inFigs. 3 A and 3B. Table 1compares the exper
mental results with calculated equilibrium conversions an
selectivities under the applied conditions. Both experiments
are performed far from equilibrium.

The first test (test I,Fig. 3A) was performed with a
GHSV = 1560 h−1 (based on total flow rate), leading to
high conversion for the title reaction:

C3H8 + 3CO2 → 6CO+ 4H2. (1)

During the first hour on stream, the propane conver
surpasses the CO2 conversion, and deactivation is observ
l

e

Table 1
C3H8 and CO2 conversion obtained at 600◦C under stabilised condition
and the corresponding conversion and carbon selectivity values calcu
at thermodynamic equilibrium, accounting for carbon formation[10]. Ther-
modynamic data for graphitic C are used in the calculations

Feed conversion (%) C selectivity
(%)C3H8 CO2

Test I—Gas composition (%): C3H8:CO2:N2 = 20:60:20
Experimental 40 46
Thermodynamic equilibrium 100 61 47

Test II—Gas composition (%): C3H8:CO2:H2:N2 = 10:30:10:50
Experimental 10 30
Thermodynamic equilibrium 100 57 45

The selectivity to methane and hydrogen decreases a
with the propane conversion. The carbon balance of the
periment is 96% during the first GC analysis, increasin
100± 1% after the fourth analysis (14 min on stream). T
observation indicates initial deposition of carbon-containin
products at the catalyst surface:

C3H8 → CxHy + nH2. (2)

During the remaining 26-h test, the conversion and se
tivity stabilise.

The CO2 content of the reactor effluent is inversely
lated to the hydrogen content at any time in the exp
ment, and the CO2 conversion is higher than the propa
conversion after the first hour on stream. Together, th
observations indicate that thereverse water gas shift rea
tion,

H2 + CO2 ↔ H2O + CO (3)

is rapidly equilibrating over the catalyst.
Another test performed with the same propane-to-ca

dioxide ratio, but with a much higher GHSV (not show
here), suffered from a rapid deactivation of the catalyst, lead
ing to complete loss of activity after only 10 h on strea
The deactivation in this case is probably due to the oxida
of Ni particles by the feed, as indicated by a white cata
colour after testing. We therefore performed a new stab
test (test II), keeping the high GHSV (21200 h−1, based on
the total flow rate) but adding H2 to the feed. The results o
this test are shown inFig. 3B. The stability test demonstrat
that after a rapid and very limited deactivation (propane c
version decreases from 15 to 10% during the first hou
stream), the catalyst remains exceptionally stable unde
applied test conditions, with even a slight increase in con
sion over the whole test period of 34 days.

The carbon content of the catalyst, determined by c
bustion analysis after the long-term testing experim
(test II) in Fig. 3B, is 26 wt%. This carbon formation
confirmed by XRD analysis, showing a peak identified
carbon/graphite (Fig. 1B). Although the carbon content
significant, it corresponds to only 0.02% overall selectiv
to carbon formation during the 34-day test (assuming a
stant coking rate). This number is well below the predic
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(A) (B)

(C) (D)

Fig. 3. (A) Activity test (test I) of 1.9 wt% Ni/Mg(Al)O under dry reforming conditions at 600◦C. The composition of the feed in vol. % is C3H8:
CO2:N2 = 20:60:20. (B) Activity test (test II) of 1.9 wt% Ni/Mg(Al)O under dry reforming conditions at 600◦C. The composition of the feed in vol%
is C3H8:CO2:H2:N2 = 10:30:10:50. (C) Activity test of Mg(Al)O under RWGS and dry reforming conditions at 600◦C. The composition of the feed in vol%
is CO2:H2:N2 = 30:10:60 and C3H8:CO2:H2:N2 = 10:30:10:50. (D) ln k versus (1/T ) plot for dry reforming of propane over the 1.9 wt% Ni/Mg(Al)O
catalyst. The composition of the feed in vol% is C3H8:CO2:H2:N2 = 10:30:10:50.
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equilibrium [10] selectivity for graphitic carbon (Table 1)
and indicates that the reaction kinetics at the Ni/Mg(A
catalyst is in favour of CO production.

Results from catalytic testing of the carrier material un
reverse water gas shift (RWGS) or propane dry reform
conditions at 600◦C are shown inFig. 3C. It can be observe
that the carrier material is active for the RWGS reaction. T
activity rapidly decreases with time on stream. It is wo
noting that the reaction rate of the RWGS reaction is m
slower on the carrier material than on the catalyst (Fig. 3A–
3C). Addition of propane to the feed does not alter the
production, but leads to negligible cracking of propane
methane and ethene (< 0.3% conversion). The empty react
gives no conversion of H2 or CO2 under the same cond
tions.

The activation energy of the propane dry reform
reaction over the Ni/Mg(Al)O catalyst was determin
to be 93 kJ/mol by a temperature variation experim
(Fig. 3D).
3.3. TEM

TEM images were collected for Ni/Mg(Al)O before an
after catalytic testing under reforming conditions similar
those used in test II. The results are shown inFig. 4. EDS
analyses (spot size 25–50 nm) of the material showe
homogeneous average chemical composition(Mg/Al ≈ 3),
indicating the absence of any phase segregation within
resolution of the measurements. For the passivated catalys
the smaller particles (3± 2 nm) become visible in the thi
areas of the sample (Fig. 4A) (depending on the contrast
imaging), whereas the larger ones (15± 5 nm) are observe
in the thicker regions of the sample (Fig. 4B). The TEM im-
ages show a broad Ni particle size distribution before test
ranging from approximately 1 nm to 20 nm, and indic
a random size distribution over the material. After cataly
testing (12 h), the sample is contaminated under the b
(becoming black because of positive ions trapped by
nonconducting sample), suggesting that it contains loo
bound hydrocarbons. There are still small particles on
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(E).

Fig. 4. TEM micrograph images of 1.9 wt% Ni/Mg(Al)Ocatalyst after passivation (A) and (B), after catalytic testing for 12 h under dry reforming conditions
at 600◦C (C), carbon depositions in form of bi-dimensional and polymorphous carbon veils (D), and Ni-crystals mould into the basic mixed oxide support
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sample, but they could not be investigated because the s
was too noisy. The average diameter of the observed la
particles is> 25 nm (seeFig. 4C). For the tested catalys
carbon deposits are observed in the form of bidimensi
and polymorphous carbon veils that are formed along
surface, as revealed inFig. 4D. The carbon deposits can al
be seen as darker regions on the support (Fig. 4C). No hol-
low carbon filaments were observed by TEM analysis of
tested catalyst.

(Partial) coating of the nickel phase by the basic Mg(A
support is observed for some metal particles on the te
catalyst (Fig. 4E). The chemical composition of the coati
was confirmed by EDS analysis. Migration of a Mg(Al)
carrier material onto metal particles has previously been
ported for a Pd/Mg(Al)O catalyst[11].

3.4. In situ DRIFTS

Fig. 5displays the DRIFT spectra of the passivated c
lyst at ambient temperature under flowing Ar (spectrum
and after heating to 600◦C under Ar (spectrum B) in the re
gion between 4000 and 650 cm−1. A selected part of spectr
l
r
A and B is shown in the inset. The inset also shows a
lected part of the DRIFT spectraof the catalyst after coolin
to ambient temperature under flowing Ar after the heat tr
ment (spectrum C) and of the catalyst at 600◦C under 15%
CO2 in Ar + He (spectrum D). For all spectra but D, KB
spectra under flowing Ar at the respective temperatures
used for background. Details concerning spectrum D are
cussed later in the text.

The passivated catalyst (spectrum A) shows broad ba
groups of bands in three frequency regions,≈ 3700–
2500 cm−1 (region 1),≈ 1800–1200 cm−1 (region 2), and
below 1200 cm−1 (region 3). The most dominant ban
in region 3 are related to lattice vibrations of the mix
oxide and will not be discussed further here. Spectrum
exhibits many similarities with FT-IR spectra published
the corresponding hydrotalcite-like phase[12,13]. As for the
corresponding (Mg–Al)-hydrotalcite, frequencies in reg
1 are assigned to hydroxyl stretching bands. Bands in
gion 2 are due to interlayer/physically adsorbed water, wh
gives rise to the band at≈ 1650 cm−1 [12,13]. The shoul-
der at 1750 cm−1 may be assigned to adsorbed water, m
likely in tight interaction with interlayer/adsorbed CO3

2−
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ted
Fig. 5. DRIFT spectra of passivated 1.9 wt% Ni/Mg(Al)O at room-temperature (A) and heated to 600◦C under an Ar-flow (B). Inserted are details of selec
parts of spectra (A) and (B) together with spectra collected for the catalyst cooled to room-temperature after heat-treatment to 600◦C under an Ar-flow (C)
and under 15% CO2 in Ar + He at 600◦C (D). For all spectra but (D), KBr under flowing Ar is used for background. For spectrum D the catalyst at 600◦C
under Ar is used for background.
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and hydroxyl groups on the brucite-like layers[13]. A mul-
tiple band is observed with a maximum at≈ 1420 cm−1.
As the catalyst is heated under flowing Ar to 600◦C (spec-
trum B), bands in the hydroxyl stretching region are stron
decreased, and bands of interlayer/adsorbed water va
as expected. Another strong change in the spectrum is
served in the 1800–1200 cm−1 range with the disappearan
of the band at 1420 cm−1, and new bands appear at 147
1393, and 1365 cm−1 (spectrum B), which are still mor
resolved after the catalyst is cooled to room tempera
(spectrum C). It should be noted that the band at 1475 c−1

has a left-hand shoulder. Following the Herzberg nota
[14], all of these bands are assigned toν3 vibrations (asym-
metric stretch) of different carbonate configurations. M
details with respect to the carbonate bands are given be
In short, it may be concluded that the passivated cata
(spectrum A) has partly recovered (memory effect) by
sorbing water and carbon dioxide during storage at amb
conditions. Even after heat treatment at 600◦C for 1 h in
the DRIFTS cell (spectra B and C), some carbonate resi
are present. The situation shown in spectra B and C sh
be considered to be the state of the surface prior to cata
testing.

Figs. 6 and 7display the DRIFT spectra of the cataly
under reforming conditions (10% C3H8 and 30% CO2 in
Ar +He) for 3 h and under 15% CO2 in Ar +He at 600◦C in
the frequency region between 4000 and 1000 cm−1. Refer-
ence/background spectra are taken after the catalyst is h
to 600◦C under flowing Ar for 1 h. Details of the spectra a
shown in the insets.
h
-

.

d

(i) Under reforming conditions, C–H bands related
gaseous propane and possibly to reforming interm
ate (ethane, ethene, propene) or final (methane) p
ucts are observed at ca. 2950± 100 cm−1 (Fig. 6, in-
set I). From the similarity observed between the p
gas-phase spectrum and this spectrum recorded u
reforming conditions, it can be deduced that the po
ble accumulation of reaction intermediates (e.g., CxHy

adspecies) on the reacting catalyst is small on the
scale studied here (3 h). A weak doublet character
of gaseous CO[15], synthesised under reforming co
ditions, is observed at 2174 and 2111 cm−1 (Fig. 6).

(ii) In Fig. 6 (inset II) andFig. 7 (inset I) a multiple band
with at least six maxima is observed in the frequen
region ≈ 2360–2300 cm−1. Two main bands of this
ensemble may be assigned to the doublet of gas
carbon dioxide, most likely the bands at 2358 and 2
or 2332 cm−1, which is close to what is normally re
ported in the literature (e.g.,[15]). The other bands ar
also assigned to gaseous CO2, since we observe th
same splitting when passing gaseous CO2 diluted in Ar
over KBr at 400◦C in the DRIFTS cell. In both spec
tra shown inFigs. 6 and 7(inset II), four very weak
but sharp bands are observed in the frequency re
≈ 3740–3590 cm−1. According to Ref.[16], gaseous
carbon dioxide combination bands appear in the
quency regions 3734–3682 and 3640–3579 cm−1. In a
separate experiment (IR gas cell), we determined
combination bands for CO2 to be at 3728, 3705, 3627
and 3601 cm−1, which corresponds with what was o
served in the DRIFT cell for the catalyst under inve
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Fig. 6. DRIFT spectra of 1.9 wt% Ni/Mg(Al)O under dry reforming conditions at 600◦C. The catalyst at 600◦C under Ar is used for background.

Fig. 7. DRIFT spectra of 1.9 wt% Ni/Mg(Al)O under 15% CO2 in Ar + He at 600◦C. The catalyst at 600◦C under Ar+ He is used for background.
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tigation. In addition, a negative Kubelka–Munk (KM
signal is developing on the baseline of the spectra
lected under 15% CO2 in Ar + He (Fig. 7, inset II),
indicating that hydroxyl species present in the ba
ground spectrum have disappeared under the rea
gas mixture.

(iii) For the catalyst working under 15% CO2 in Ar + He at
600◦C, bands are observed at 1606+ right-hand shoul-
der, 1379, 1321, and 1061 cm−1 (Fig. 7, inset III). Sim-
ilar bands, with lower intensity and with more nois
are also observed in the spectra collected under ref
ing conditions (Fig. 6). All of these bands originat
from carbonate formation on the defect mixed oxi
The ν1 vibration observed at 1061 cm−1 also agrees
with values in the literature[12,13]. The activation of
theν1 vibration requires that the carbonate ion not p
sess full symmetry. For that reason a splitting of
ν3 vibration should be expected. The quadruplet co
posed of a band at 1606 and its right-hand shoulder
the bands at 1379 and 1321 cm−1 are interpreted to b
due toν3 vibrations of different carbonate ion confi
urations. According to Kloprogge et al.[12], only aν3

doublet at 1401 and 1365 cm−1 is observed for the cor
responding (Mg–Al)-hydrotalcite. In the present wo
we observe differences in both frequencies and in
sities (Figs. 5–7) of the carbonate groupν3 vibrations
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due to the interaction of the carbonate ions with
mixed oxide. Carbonate groups can be located on
ular interlayer sites, as in the hydrotalcite-derived ca
lyst (memory effect), or they can be located on less r
ular sites (adsorbed) with a less symmetric electrostat
interaction and giving rise to band splitting. In sho
it can be concluded from the presented DRIFT spe
that carbonate groups are the major carbon-contai
adsorbed species accumulating on the working catalys
under CO2 in Ar + He or under reforming condition
(CO2 and C3H8 in inert atmosphere for 3 h) at 600◦C.
These carbonate groups are most likely located on
ferent sites at the defect mixed Mg(Al)O structure, g
ing rise to multiple bands. The other carbon-contain
adspecies necessarily involved in the catalytic proces
are not stable and/or abundant enough to be detecte
IR spectroscopy.

3.5. TAP studies

TAP studies were performed with 40 mg of cataly
Based on magnetic measurements of the fresh catalyst
amount corresponds to 2×1018 exposed Ni atoms. Based o
the BET surface area of the material, the amount of expo
MgO entities is approximately 1020.

3.5.1. 12C3H8 + He (1:1)
Results from experiments consisting of a series of pu

of 12C3H8 + Ne are shown inFig. 8. The propane conver
sion is less than 10%. Normalised peaks (inset inFig. 8)
corresponding to masses 29, 28, and 27 all have the s
shape as mass 44 (unique for propane in this case). Ma
29, 28, and 27 are all fragments of propane, but in a
tion they are characteristic peaks for propene, ethane, a
ethene. The pulse shapes indicate that there is no desor
of C2 and C3 products from the active surface under TA
conditions. In addition, a delay in masses 16 and 2 c
pared with mass 44 (and 27, 28, and 29) is observed. M
16 is characteristic for methane, whereas mass 2 is ch
teristic for hydrogen (masses 2 and 16 are minor masse
propane, and a correction for the contribution of propan
applied). The normalised response of methane (peak m
imum at 0.06 s) is delayed compared with hydrogen (p
maximum at 0.02 s). Tailing of H2 is observed. Hydro
gen production may take place directly in the gas phas
via surface intermediates. The delay in the H2 peak com-
pared with the propane peak means that at least som
the hydrogen is adsorbed to the surface, either as N
species or as Ni–CxHy species. The delay of methane co
pared with H2 indicates it is formed from Ni–H specie
and/or that Ni–C species must be dispersed on the su
before methane can be formed. The absence of any
lay in masses representing C2 and C3 products indicates
that possible intermediate C2 and C3 alkanes/alkenes e
ther are not formed or eventually dissociate further into C1
species on the Ni surface. This observation is in agreem
s

e
s

n

-
r

-

f

-

t

Fig. 8. Multiple pulse experiment,12C3H8 + Ne (1:1) over 1.9 wt% Ni/
Mg(Al)O (40 mg) at 600◦C.

with data obtained under steady-state conditions already d
scribed (Fig. 3A and 3B) and differs from the observation
reported by Solymosi et al.[4] for propane dissociation ove
a Rh/Al2O3 catalyst at 550–650◦C. In the case of Rh/Al2O3,
propene was the major product, followed by ethene
methane.

3.5.2. 12C3H8 + Ne (1:1)//O2 + Ne (1:4)
Results from alternating12C3H8 + Ne//O2 + Ne pulse

experiments are shown inFig. 9. The propane conversio
is approximately 50%. The oxygen conversion is compl
Product formation takes place on the propane pulse. O
CO and H2 production is observed, and no formation
CO2 was detected during the experiment. The hydro
peak has its maximum at 0.02 s, which is similar to w
is observed when only propane is pulsed (Fig. 8). Some tail-
ing is observed for the H2 peak. The CO peak is delaye
compared with the H2 peak, with a maximum at 0.03
It is interesting to note that the H2 production in this ex-
periment is about the same as in the “propane only”
periment already mentioned, in spite of the much hig
propane conversion observed in the12C3H8//O2 case. This
result could only be explained by water formation dur
the12C3H8//O2 experiment. The oxygen content in the fe
pulses (12C3H8:O2 = 4:1) is only enough to oxidise 25% o
the hydrogen in the Ni–CxHy species to water. This resu
does imply that carbon residues are formed on the cat
during the experiment. Thenumber of molecules in eac
pulse (∼ 1015 molecules) is so small compared with the e
posed Ni surface (∼ 1018 atoms) that the catalyst can b
envisaged to be unchanged during the pulse series, ev
all carbon was deposited. Still, it is interesting to note t
the CO formation rate is unchanged during and after the2

pulse, whereas it increases steeply during/after the su
quent propane pulse.
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Fig. 9. Double pulse experiment,12C3H8 + Ne (1:1) followed by O2 + Ne
(1:4) over 1.9 wt% Ni/Mg(Al)O (40 mg) at 600◦C.

Fig. 10. Double pulse experiment,12C3H8 + Ne (1:1) followed by13CO2
over 1.9 wt% Ni/Mg(Al)O (40 mg) at 600◦C.

3.5.3. 12C3H8 + Ne (1:1)//13CO2

Results from alternating12C3H8 + Ne//13CO2 pulse ex-
periments are shown inFig. 10. The12C3H8:13CO2 ratio in
the pulses is approximately 3. The propane conversion is
proximately 50%. The CO2 conversion is> 99%. The H2
production is even lower than in the12C3H8//O2 experiment
above, implying significant water formation also in this case

The major part of CO formation takes place during a
after the propane pulse. Furthermore, two CO peaks are
served: one corresponding to12CO originating from12C3H8

and one corresponding to13CO, originating from13CO2.
Note that the12CO peak appears before the13CO peak,
with peak maxima at 0.04 and 0.06 s, respectively. The
ing of the12CO peak is moderate and less pronounced
in the 12C3H8//O2 experiment, whereas the13CO peak has
long tailing. During the13CO2 pulse, only minor amount
of 13CO2 are observed, indicating full sorption of13CO2.
A slight increase in both the13CO signal and the resid
-

-

ual 12CO background is observed during the13CO2 pulse.
Integration of the12CO and13CO signals during the time in
terval 0–0.5 s shows that their areas are similar in that
interval. However, the total area of the13CO peak (0–2 s
is close to 2 times the total12CO peak area. These numbe
correspond to the followingreaction stoichiometry:

212C3H8 + 613CO2

(4)→12C3H8 + 312CO+ 613CO+ 3H2O+ H2.

4. Discussion

4.1. Catalyst activity and stability under steady-state
conditions

The initial turnover frequency (TOF) of the Ni/Mg(Al)O
catalyst for propane dry reforming at 600◦C was calcu-
lated from the results shown inFig. 3B, with the use of the
initial Ni surface area calculated from magnetic meas
ments (4 m2/g). The resulting TOF value was 0.22 mole
ules/(site s). This value is lower than reported in the
erature for methane dry reforming over similar catalysts
Rostrup-Nielsen and Bak Hansen[17] reported a TOF
value of 1.9 molecules/(site s) and 2.7 molecules/(site s),
for Ni supported on MgO and MgAl2O4, respectively, a
550◦C. Using the activation energy determined for o
reaction-catalyst system (93 kJ/mol), we calculated the
TOF of our catalyst for propane dry reforming to
0.1 molecules/(site s) at 550◦C. This value is less than 5%
of the TOF values reported by Rostrup-Nielsen and B
Hansen for methane dry reforming[17]. The propane dry re
forming data obtained under TAP conditions (Fig. 10) show
that the intrinsic reaction rate is higher than observed
der steady-state conditions. During alternating pulse ex
iments, the CO peak maximum is observed 0.03 s afte
propane pulse, and the calculated residence time at 60◦C
is τ = (1/TOF) = 4.5 s under steady-state conditions. T
gether, these data indicate that the low TOF observed
our catalyst is most likely due to the inaccessibility of a la
fraction of the Ni surface, either because it is partially dec
orated by the support (as observed by TEM, seeFig. 4E) or
by carbon deposits (as indicated by the high carbon con
of the used catalyst), or because the Ni surface is part
oxidised under reaction conditions. A more intrinsic exp
nation for a lower TOF for propane than for methane
reforming is that propane activation may require larger
sembles of nickel atoms than methane, which may resul
lower sticking coefficient for propane dry reforming. Bas
on the results obtained in this study, none of these poss
ties may be excluded.

Important processes that may cause catalyst deactiv
are coke formation and metal particle sintering. Initial ca
lyst deactivation is observed during the first hour on stre
for the catalyst under test conditions as described for tests
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and II. In the case of test I, a high propane conversion r
tive to the CO2 conversion is observed together with a po
carbon mass balance during the first 14 min on stream.
close relationship betweeninitial deactivation and poor C
balance strongly suggests that coking plays an impor
part in the initial deactivation process. For test II, a hig
C3H8/CO2 conversion ratio is observed during the first ho
on stream. Initial carbon deposit formation (12 h) was c
firmed by TEM analysis (Fig. 4C and 4D). In addition, TEM
reveals that Ni particle sintering takes place, at least on
larger Ni particles (going from 15± 5 nm to more than
25 nm;Fig. 4B and 4C). It is difficult to conclude whethe
coke formation or Ni particle sintering is the dominant re
son for the initial catalyst deactivation, or if a combinati
of the two processes takes place under the applied test
ditions (test II).

Another interesting observation is that the carbon c
tent of the catalyst after 34 days of testing (test II) is
times the total Ni content of the catalyst, on a molar
sis (26 wt%). This result, in combination with the observ
stable activity of the catalyst after the first hour on stre
and the absence of carbon whisker formation, may indi
that coke formation takes place on a limited number of
sites (most likely the large Ni particles, since small Ni p
ticles (< 2 nm) have been reported to be inactive for co
formation during methane dry reforming[18]). The formed
carbon film on the metal is spilled over to the support ma
rial, forming bidimensional and polymorphous carbon ve
on the support during testing (Fig. 4C and 4D), maintaining
a constant amount of active nickel sites.

The absence of carbon whiskers as revealed by TEM
also indicate that the Ni particles (essentially the small on
are in intimate contact with the Mg(Al)O support. As a m
ter of fact, the generally agreed process for whisker for
tion involves diffusion of the deposited carbon on the ac
side of a particle through the Ni particle as Ni carbide a
its extrusion at the other side, lifting the particle away fro
the support[19].

4.2. Propane dry reforming mechanism and role of carri
material in the catalytic cycle

Since no detailed reaction mechanism for propane dry
forming has been published yet (most studies being dev
to methane dry reforming), we will start the discussion
giving an overview of methane dry reforming mechanis
proposed by other authors for similar systems. The inte
tion between the catalyst and CO2, which has in all case
been studied by12CH4//13CO2 pulse experiments in the TA
reactor, will be the focal point of this overview.

The reaction mechanism over a Ni/SiO2 catalyst is pro-
posed to be[15]

CH4 + Ni ↔ NiC + 2H2, (5)

CO2 + Ni ↔ CO + NiO, (6)

NiC + NiO → CO + 2Ni. (7)
-

Step (5) is considered to be fast, lumping several elem
tary steps, leading to accumulated carbon monomers.2
dissociates on the metal surface into adsorbed oxygen
gaseous CO. In step (7) CO is formed from carbon and o
gen adspecies (from methane cracking and carbon dio
dissociation). Step (7) is considered to be the rate-limi
step. The main observation leading to the proposal of
(6) is that13CO appeared before12CO in the12CH4//13CO2
pulse study, indicative of13CO2 splitting prior to12CO for-
mation.

For a Ru/SiO2 catalyst, a slightly different mechanism
proposed[20]:

CH4 + Ru ↔ RuC+ 2H2, (8)

CO2 + RuC↔ Ru + 2CO. (9)

The methane activation step is identical to that obser
for Ni/SiO2, whereas CO2 would interact directly with the
metal carbide, without an intermediate partial oxidation
Ru, in step (9). The main observation leading to the prop
of step (9) is that12CO and13CO appeared simultaneous
in the12CH4//13CO2 pulse study, indicative of simultaneou
13CO2 splitting and12CO formation. Step (8) has been pr
posed to be the rate-limiting step[21].

For a Ni/La2O3 catalyst the following mechanistic rou
is proposed[22]:

CH4 + Ni ↔ NiC + 2H2, (10)

La2O2CO3 + Ni → CO + NiO + La2O3, (11)

CO2 + La2O3 → La2O2CO3, (12)

NiC + NiO → 2Ni + CO. (13)

Methane is activated on the metallic surface, wher
CO2 interacts with La2O3 and forms La2O2CO3, which sub-
sequently oxidises Ni, leading to CO formation. Interact
between oxidised and carbided Ni then leads to forma
of another CO, whereas the Ni particle is restored to
original state. In this case the CO precursor is stored
La2O2CO3 outside the metal surface, and the Ni particles
decorated with layers of La2O3/La2O2CO3. This mechanism
is mainly based on the following observations. A DRIF
study showed the presence of La2O2CO3 on the catalyst sur
face during CO2 reforming of methane. A SSITKA study, i
which 12CO2 is replaced by13CO2, strongly indicated tha
the La2O2CO3 pool is participating in the reaction cycl
During a12CH4//13CO2 pulse experiment in the TAP rea
tor, the12CO production decreased during the CH4 pulse, in-
dicative of competitive adsorption at one common site. T
last observation is crucial for the suggestion of step (11)

As will be seen from the following discussion, th
Ni/Mg(Al)O catalyst used for dry reforming of propane
our study bears resemblances to all of the catalyst/rea
systems referred to above. However, it also shows im
tant deviations from each of them. Below, each featur
presented and discussed:
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1. 13CO2 is completely adsorbed during the13CO2 pulse
in the 12C3H8//13CO2 experiment and gives rise on
to slow 13CO formation. Such a feature has not be
reported before (e.g.,[15,20,22]).
DRIFTS data reported above suggest that the Ni
(Al)O catalyst acts as a CO2 sorbent, forming carbona
species at basic sites. Several observations point t
support material as the adsorption site for CO2, even un-
der pulse experiments in the TAP reactor. First, the su
port surface of our catalyst is two orders of magnitu
larger than the Ni surface. Second, the literature po
to calcined hydrotalcite as a CO2 sorbent under methan
steam reforming conditions[23,24]. A CO2 adsorption
enthalpy of 140–150 kJ/mol on Mg(Al)O has been re
ported[25]. This value corresponds to a residence ti
of 10−4 s at 600◦C (assuming an adsorbate stretch
frequency of 1013 s−1 and not taking into account th
entropy loss). From kinetic gas theory, the correspo
ing equilibrium CO2 gas pressure is 10−9 atm, leading to
a collision frequency with the solid surface of 1018 col-
lisions/(m2 s) at 600◦C. These data indicate that th
long residence times and slow decomposition rate
served for CO2 on the Ni/Mg(Al)O catalyst may be du
to a chromatographic effect, where CO2 is constantly
adsorbed and desorbed until it reaches a decompos
site.
Few data have been published on the interaction
tween CO2 and Ni metal. Galan et al. studied the inter
tion between Ni atoms and CO2 at 10–106 K by UV and
FTIR spectroscopy and density functional theory (DF
calculations[26]. No Ni–CO2 interaction could be ob
served when CO2 was in the gas phase, even at this l
temperature. When Ni and CO2 were cocondensed, the
were observed to display a weak Ni–CO2 interaction.
Already at 106 K, conversion of Ni–CO2 to CO and NiO
was observed, indicating a low activation energy for t
reaction.
Bligaard et al. recently published DFT calculations
for CO2 dissociative adsorption on a Ni(211) surfa
reporting a slightly positive adsorption enthalpy
16 kJ/mol [27]. This means that a driving force, su
as a partial pressure ratio of (PCO2/PCO) > 9, is needed
to drive the reaction towards NiO. Such a driving fo
is easily achieved under TAP conditions, when C2
is pulsed over the catalyst in the absence of CO
CO2 were adsorbed on Ni, and not on the suppor
would lead to CO formation mainly during the CO2

pulse, as observed for the other supported metal
tems referred to above[15,20,22]. Instead, the complet
sorption of CO2 observed during the CO2 pulse over
the Ni/Mg(Al)O catalyst, followed by slow CO releas
strongly indicates that this is not the case. CO2 is selec-
tively adsorbed on the Mg(Al)O support:

CO2 + O2− = CO3
2−. (14)
2. Carbon species deposited on the catalyst during
propane pulse do not react during a subsequent ox
pulse (Fig. 9).
When O2 disappears from the O2 pulse without influ-
encing the apparent product formation, we interpret
as formation of Ni–O species. Furthermore, when in
creased CO formation is observed during the subseq
propane pulse, this can be accounted for by reac
between propane and Ni–O. The hydrogen forma
during the propane pulse is low and indicates water
mation. Together, these results imply that after the2
pulse, Ni–O and Ni–C species are present on the c
lyst, without giving rise to the expected CO formation

3. Product formation is observed mainly during the p
pane pulse. This result is at variance with literature
ports on methane dry reforming (see above), where
formation takes place during the CO2 pulse. A possi-
ble reason for this difference could be that in our ca
propane is used as a reactant instead of methane
therefore likely that three Ni–C species are formed
jacent to each other, with a lower diffusivity/reactiv
than single Ni–C species. Other speculative possibil
exist but will not be discussed because of lack of e
dence.
It is further interesting to observe that much high
propane conversion is observed in the presence of o
species than in “propane only” experiments. This
observation is in line with literature reports[28] and in-
dicates that propane reacts directly with oxide specie
give CO and H2O (and H2).

4. The oxygen pool in the12C3H8//O2 experiment react
more rapidly than the oxygen pool in the12C3H8//13CO2

experiment.
This observation indicates that some of the oxygen p
in the 12C3H8//13CO2 experiment is present as carbo
ate species on the support, which continuously rea
split off active oxygen species:

CO3
2− → CO + O2− + Oact. (15)

5. The initial slope of the12CO peak in the12C3H8//13CO2

experiment is identical to the12CO peak in the12C3H8//
O2 experiment.
This observation indicates that the most rapid12CO for-
mation in the12C3H8//13CO2 experiment takes plac
by reaction between propane intermediates and N
A second implication of this result is that some CO3

2−
has decomposed to Ni–O and CO prior to the prop
pulse. This hypothesis is in agreement with the ob
vation of an increase in the13CO production after the
13CO2 pulse. Ni–O could be formed by direct intera
tion between13CO3

2− (or its decomposition products
and Ni, or via the gas phase (the theoretical numbe
collisions between13CO2(g) and the catalyst surface u
der TAP conditions could indeed match the slow13CO
evolution; see above).
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6. 13CO appears with a delay compared to12CO during the
propane pulse in the12C3H8//13CO2 experiment. Such
a delay has not been reported before. This observa
indicates that decomposition of carbonate is activate
the propane pulse. There are three possible explana
for this observation:
(a) Easily accessible Ni sites are available for oxidat

by 13CO3
2− after the initial12CO formation (with

reduction of Ni–O). In this case, Ni oxidation b
13CO3

2− must take place by direct reaction at t
rim of the Ni particles, since the rate of reaction b
tween CO2 in gas phase and the Ni surface will n
be affected by the propane pulse (≈ 1015 molecules
compared with≈ 1018 Ni atoms) (Eq.(15)). Subse-
quent reaction with hydrogen species (Eq.(16)) on
the Ni surface would, together with Eq.(14), consti-
tute the full RWGS cycle.

Oact + “H2” → H2O. (16)

A direct oxidation of Ni to Ni–O species by CO32−
at the rim, together with a low diffusivity of Ni–O
could also explain why oxidation of Ni (and relea
of 13CO) is slow in the absence of the propane pu
but increases in rate whenthese Ni–O species ar
reduced.

(b) An alternative reason for the propane-activa
13CO formation may be that the surface of the
particles contains Ni–H species, which are able
react either with CO2 in the gas phase or wit
carbonate at the rim of the Ni particle. Such a
action would explain why13CO and H2 are the
main products at delays greater than 0.3 s in
12C3H8//13CO2 pulse experiment.

(c) A last possibility is that H2 in the gas phase reac
with carbonate on the support. This is a possible
action, as seen inFig. 3C, but would be expected t
have a low rate.

5. Conclusion

This study revealed that a nickel catalyst derived fr
hydrotalcite precursors exhibits an exceptional stability
der propane dry reforming conditions, despite an impor
carbon formation. The absence of whisker formation, g
erally responsible for catalyst deactivation (due to part
fragmentation and encapsulation), is assumed to come
a strong metal–support interaction (including Ni particle p
tial decoration). The latter stabilises the nickel particles
favours oxidation of the Ni particles by the surrounding c
bonates, which act as a permanent oxygen reservoir (u
TAP conditions). Rapid CO (and water) formation is o
s

r

served by interaction between propane and Ni–O spe
and additional CO is formed by the following carbonate
duction.
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