Available online at www.sciencedirect.com

SCIENCE@DIREGT“ JOURNAL OF
CATALYSIS

Journal of Catalysis 229 (2005) 163—-175

www.elsevier.com/locate/jcat

Mechanistic features for propane reforming by carbon dioxide over
a Ni/Mg(AlO hydrotalcite-derived catalyst

A. Olafsert, A. Slagterrt, I.M. Dahl?, U. Olsbye’*, Y. Schuurmas, C. Mirodatos

& SINTEF Materials and Chemistry, P.O. Box 124 Blindern, N-0314 Oslo, Norway
b Department of Chemistry, Center for Mategabcience and Nanotechnology, University of Oslo, P.O. Box 1033 Blindern, N-0315 Oslo, Norwa
p Y, )% y y
¢ Institut de Recherches sur la Catalyse, CNRS, 2 Avenue Albert Einstein, F-69626 Villeurbanne cedex, France

Received 16 May 2004; revised 30 September 2004; accepted 1 October 2004

Available online 8 December 2004

Abstract

A 1.9 wt% Ni/Mg(Al)O hydrotalcite-derived catalyst is studied for the dry reforming of propane to synthesis gasat&d 1 atm. The
catalyst showed limited initial deactivation atetn was exceptionally stablerttughout a 34-day test. @dyst characterisation indicates tha
the carrier material consists of a mixed Mg(Al)O phase before and after testing, and that carbonate forms on the support surface under dry
reforming conditions. The Ni particles are in close contact with, and partially decorated by, the basic support. No carbon whisker formation
is observed by transmission electron microscopy after catalytic testing.

Alternating pulse experiments inf@mporary Analysis of Product-Il @P-11) reactor systenindicate that CQ is associatively adsorbed
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-O species
to form CO and HO. Under TAP conditions, reduced Ni reacts gradually with carbonate from the support to give Ni—O species and CO.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction on hydrotalcite-like precursors. It is generally agreed that
Ni/Mg(AQO is a very active calyst for methane reforming,

Natural gas (NG) from the North Sea contains ca. 10 MOSt likely because of an opt'uam pombination of basic- '
vol% light alkanes (6-C4). Conversion of NG into more %Y pf the support, metal pgrtlcle size, and/or an electronic
valuable products by reforming reactions is of major im- SPillover” effect of the carrier material (see, e.f+-3]and
portance. Light alkanes also have a high potential for use "éférences therein). To our knowledge, no one has yet ex-
as fuel in modern compact fuelfcemers. Overall detailed  Ploited a fourth possibility in any detail, that is, a possible
understanding of the catalytic (pre-)reforming processes is@rect participation of the hydrotalcite-like carrier material
required to develop high-performance catalysts for such re- N the reaction cycle.
actions, that is, catalysts with a high activity and selectivity .

There are numerous articles on the catalytic dry reform-
for the target products, CO ancdbHand with a low selectivity ing of methane to synthesis gas, and some selected works
for coke formation.

are described in Sectioh A literature search for propane
During the past three decades, several groups have re_dry reforming revealed only two mechanistic studies, both
ported catalytic results for the wet or dry reforming of using supported noble metal catalysts (Rh, R8]. In [4],

methane to synthesis gas over Ni/Mg(Al)O catalysts based Solymp& et'al. used FT-IR spegtroscopy and reactor stud-
ies to investigate the dry reforming of propane over Rh on
various supports. They reported the formation of propene

* Corresponding author. Fax: + 4722855441, and propylidyne species on the catalysts during the propane
E-mail addressunni.olsbye@kjemi.uio.n¢u. Olsbye). dissociation reaction even at low temperatures (250-300 K).
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Addition of CO, to the feed led to rapid reaction with either
propane or propene on the catalyst, yielding synthesis gas as
the major product. Partial pressure variations at 5502650
indicated that CQis involved in the rate-determining step
of the reaction. Sutton et d5] performed a kinetic study

of the dry reforming of propane over a Rup@ls catalyst.
They observed zero-order rate dependence in propane an
a fractional dependence in G@nd concluded that CQOs
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 reform-
ing of propane at 608C. A primary target is to elucidate the
role of the metal and of the support in the reaction cycle and
to obtain key information on whanakes these materials su-
perior to conventional reformg catalysts. A TAP-Il reactor  Fig. 1. Powder X-ray diffractogramsf the 1.9 wt% Ni/Mg(Al)O catalyst
system is used for isotopic labelling studies, and an ordinary before (A) and after catalytic testing (B) for 34 days at 600 The compo-
fixed-bed reactor system is used for activity and stability Sition of the feed in volume % is §g:CO2:H2:N2 = 10:30:10:50.
measurements. Characterisation of the catalyst is carried out
by magnetic measurements, in situ diffuse reflectance in- over the material. Since the metal loading of the material is
frared Fourier transform spectroscopy (DRIFTS), and trans- low, only a very small temperature increase was noticed dur-
mission electron microscopy (TEM) measurements. ing passivation. The passivated catalyst shows powder XRD
reflections corresponding to a defect mixed cubic Mg(Al)O
oxide (seeFig. 1A). In addition, a left-hand shoulder (in-
dicated by an arrow) is observed for the reflection indexed
as 111(d ~ 2.43) for MgO, which does not belong to the
mixed cubic Mg(Al)O structure. Rebours et f] attribute
the additional reflection to the presence of cations on tetra-
hedral sites in the cubic Mg(Al)O structure or in a defect
spinel-like structure.

The chemical composition with respect to Mg, Al, and
Ni of the catalyst was determined by means of ICP-AES to
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 of the
calcined material kept und@ert conditions was 259 fiig.
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2. Experimental
2.1. Catalyst preparation and general characterisation

The Ni/Mg(Al)O catalyst was prepared first by synthesis
of the corresponding hydrotalcite-like material with nominal
composition Mg gaNig.12Al2(OH)16C0O3 - nH,0 and(Mg +
Ni)/Al = 3 by coprecipitation at constant ptd1.5+ 0.1)
and temperaturé40+ 2°C) in a specially designed appa-
ratus. During synthesis the twreactant solutions, A [0.05
mole CQ?~/0.75 mole OH with K*; ~ 750-800 ml]
and B [0.25 mole cations (Mg + Ni%t + AI3*) with
NO3~; 250 ml], and the product solution (initially contain-
ing 500 ml distilled water) were kept at constant temperature
in a water bath. The pH was controlled through a feedback Magnetic measurements wayerformed at ambient tem-
loop with the use of a pH meter (Mettler Toledo 2220 with perature by the Weiss extraction meth@d in an electro-
electrode Mettler ToledoNPRO 4500 Pt1000), which ac- magnet that supplied a field up to 21 kOe. Information on
tivated or stopped the pump (Watson/Marlow 101U/R) for the degree of Ni reduction and on the mean surface diame-
the source solution A. Source solution B was added at ater of the Ni metal particles¥) can be extracted from the
constant rate to the product solution via a second pump.magnetisation isotherrf8]. The degree of Ni reduction is
The mixing of reactant soludns to yield the product solu-  calculated from the saturation magnetisatidfz). For ferro-
tion was completed within approximately 150 min, followed magnetic materials, a residual magnetic moment remains at
by a stirring period of 60 min. The product obtained was zero field after being exposed to a magnetic field. However,
washed and dried overnight at 20. Phase purity of the ob-  when the particle diameter goes below a certain si2g) (
tained hydrotalcite-like phase was confirmed by means of the ferromagnetic particles become superparamagfgtic
powder X-ray diffraction (XRD). It is anticipated that the The absence of remanent magnetisatidf)(indicates su-
coprecipitation process at constant pH ensures a homogeperparamagnetic behavio[8]. Under such conditions the

2.2. Magnetic measurements

neous distribution of nickel in the hydrotalcite-like material.
The hydrotalcite-like material was converted into the cata-
lyst by calcining and reducing it in one step by fluidising
in 10% H, in N2 for 14 h at 650 C before cooling to am-

mean sizes of largeD1) and small(D2) Ni particles can be
calculated according to the Langevin equaf®in The accu-
racy of the method is assumed to be witHi20%[7]. The
mean surface diameter is calculated Dy= (D1 + D2)/2.

bient temperature under the same atmosphere. The reducett is empirically determined thad. for Ni is 15 nm and that

metal was then passivated for 1 h by passing 294rCN»

the ratio 2,/ Ms gives the fraction of particles with a size
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larger than the critical diameter in the applied magnetic setup
(at IRC).

The average metal particle size found from magnetic
measurements may be usedctdculate the available metal
surface area of a Ni catalyst. Since NiO and Ni-C are not
ferromagnetic and therefore not detectable by this method,
it was decided to study the fresh catalyst under a reducing
atmosphere to determine the initial Ni surface area of the
Ni/Mg(Al)O catalyst.

The passivated Ni/Mg(Al)O sample (190 mg) was loaded
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CO2:H2:N2 = 30:10:60 or GHg:CO2:H2:N2> = 10:30:10:50.
The activation energy of the Ni/Mg(Al)O catalyst for dry
propane reforming was determined by temperature variation
experiment in the temperature range 570-850all other
test conditions were identical to those of test II.

2.4. Transmission electron microscopy measurements

TEM investigations were performed on a JEOL JEM
2010-FEG (EDX Link Isis). We prepared the sample by dis-

in a specially designed fixed-bed reactor used as samplepersing the catalyst ultrasonically in ethanol and depositing

holder in the electromagneThe catalyst was heated in
this reactor in an external furnace in a flow of 20% H

in N2 from ambient temperature to 60Q at a heating
rate of 10°C/min and a total flow rate of 70 Nmin.
When it reached 60TC the reactor was rapidly taken out
of the furnace and cooled to room temperature before it was

loaded into the electromagnet for magnetisation measure-
ments. Thereafter the reactor was put back into the furnace

(at 600°C) and heated for another hour before the next mea-
surement was carried out (after cooling). A total of four
magnetisation isotherm curves were collected after the cat-
alyst had been exposed to 20% kI N2 at 600°C for O,

1, 2, and 3.5 h. Each measurement took approximately 1 h,
including cooling the reactor tmom temperature and heat-
ing it back to 600C after collection of the magnetisation
isotherm curve.

2.3. Fixed-bed reactor testing

Activity and stability tests of the catalyst were per-
formed in quartz tubular fixed bed reactors (i.d. 10 or
6 mm). The test temperature was measured with a ther-
mocouple placed axially in the reactor inside a quartz
thermocouple well (0.d. 3 mm). The reactor effluent was
analysed by on-line gas chromatographic (GC) analysis
(Agilent micro-GC equipped with three columns). The cat-
alyst was tested with the use of either 1050 mg of cat-
alyst (grain size 0.2-0.5 mm), with a total gas flow rate
of 55 Nml/min and a feed gas with the composition (in
vol%) C3Hg:CO2:N2 = 20:60:20 (test 1), or 450 mg of cat-
alyst (grain size 0.2—0.5 mm), with a total gas flow rate of
100 Nml/min and a feed gas with the composition (in vol%)
C3Hg:COo:H2:N2 = 10:30:10:50 (test I1). In both cases, the

it on a holey carbon film supported on a copper grid. The
Ni/Mg(Al)O sample was studied after passivation (see pre-
treatment description above) and after catalytic testing at
600°C with a feed flow: GHg:CO,:H2:N> = 10:30:10:50
(200 Nml/min) for 12 h.

2.5. In situ diffuse reflectance infrared Fourier transform
spectroscopy

DRIFTS experiments were performed on a Nicolet IR
550 instrument equipped with an in situ DRIFTS cell from
Spectratech. About 30 mg of catalyst with a grain size of
0.2-0.3 mm was used, and the experiments were carried out
at 20 or 600C. Total flow rate was typically 50 Nrjinin.

All spectra were measured with a resolution of 4¢m
Spectra of KBr under Ar at 20C or catalyst under Ar at
600°C were used as a reference for background subtraction.

2.6. Temporary analysis of product experiments

Principles of the temporary analysis of product (TAP) ex-
periments and their applicatis are described by Gleaves
et al. [9]. Transient pulse experiments were carried out in
a commercial TAP-2 reactor system (Mithra Technologies
Inc.). The system is equipped with four high-speed pulse
valves, a liquid trapped vacuum system, and a quadrupole
mass spectrometer located directly underneath the microre-
actor (25.4 mm in length and 4.1 mm in diameter) exit.
A heating element is wrapped around the microreactor, and a
temperature controller reads the output of the thermocouple
located in the catalyst bed h& reactor is typically loaded
with 40 mg of 0.2-0.5-mm-size catalyst in the centre of

passivated catalyst was loaded into the reactor and heatedhe reactor between two layers of 0.2-0.3-mm-size quartz

to 600°C under flowing N and then exposed directly to
the feed gases when it reached 800 Test | was stopped
after 27 h. Test Il was stopped after 34 days. The XRD pat-
tern of the catalyst tested for 34 days (test Il) is shown in
Fig. 1B, where the mixed Mg(AI)O phase can be identified

(210 mg). All experiments were started with an in sitg H
reduction (10% H in Ar, total flow rate 50 Nmimin, total
pressure 1 atm) of the catalyst at £4@for 30 min. Then
the system was evacuated and heated to°60Gt which
point alternating pulse or multi-pulse experiments were car-

together with carbon deposits and small amounts of reducedried out. Thel2C3Hg + Ne pulse size was approximately

Ni. The Mg(Al)O carrier matesl, prepared and pretreated in

1 nmol (6x 10 molecules). During alternating pulse ex-

the same manner as the catalyst, but without Ni, was testedperiments, the size of the other pulse was adjusted so that

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 of
100 Nml/min and a feed gas with the composition (in vol%)

the Ne amount was similar in the two pulses. This means
that, for example, in alternatingCzHg + Ne (1:1)//Q + Ne
(1:4) pulse experiments, tH8C3Hg//O» ratio is 4:1.
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Fig. 2. Degree of Ni reduction and aegle nickel metal particle diameter
(D) versus reduction time (20%:Hn N») at 600°C.

3. Results
3.1. Magnetic measurements

Fig. 2 shows the degree of Ni reduction versus reduction
time (20% H in Ny) for the catalyst. The passivated cata-
lyst contains only~ 11% reduced Ni#= 0; Fig. 2), with
a calculated mean particle diametér)(of 9 + 2 nm. After
heating to 600C (1 h reduction timeFig. 2), the degree of
reduction increases to 80% andD increases to 1642 nm.
After a 2-h reduction time (heat-upisothermal conditions
for 1 h), the degree of reduction was found to be 87%, and
D = 104+2 nm. Afurther increase in reduction time (3.5 hin
total) does not affect the degree of Ni reduction or the aver-
age particle diameter. The ratid22/Ms was calculated for

all measurements, and less than 5% of the reduced nickelH, + CO, < H,O + CO
is found to be present as particles with a diameter larger.

than D¢ (15 nm). The stable fraction of nonferromagnetic
nickel over the reduction experiment (about 13%) might be

assigned to residual nickel ions in the solid solution phase

MgNi(Al)O.
Based on the 1-h values (80% Ni reduction,1@ nm

average particle size), and assuming spherical particles, the

Ni surface area of the catalyst was calculated to be&? Agm
corresponding to & 10'° exposed Ni atoms per gram of
catalyst.

3.2. Activity and stability tests

Results from two activity tests performed at 6@ are
shown inFigs. 3 A and 3B Table 1compares the experi-
mental results with calculated equilibrium conversionsand C
selectivities under the apptieconditions. Bdi experiments
are performed far from equilibrium.

The first test (test IFig. 3A) was performed with a
GHSV = 1560 hr! (based on total flow rate), leading to a
high conversion for the title reaction:

CsHg + 3CO; — 6CO+ 4H,. 1)

During the first hour on stream, the propane conversion
surpasses the G@onversion, and deactivation is observed.

A. Olafsen et al. / Journal of Catalysis 229 (2005) 163-175

Table 1

C3Hg and CQ conversion obtained at 66C under stabilised conditions
and the corresponding conversion and carbon selectivity values calculated
at thermodynamic equilibrium, accounting for carbon formafidsj. Ther-
modynamic data for graphitic C are used in the calculations

Feed conversion (%) C selectivity
CsHg COy (%)

Test I—Gas composition (%):4E1g:CO»:N» = 20:60:20

Experimental 40 46

Thermodynamic equilibrium 100 61 47

Test II—Gas composition (%): 4Hg:COy:H:No = 10:30:10:50
Experimental 10 30

Thermodynamic equilibrium 100 57 45

The selectivity to methane and hydrogen decreases along
with the propane conversion. The carbon balance of the ex-
periment is 96% during the first GC analysis, increasing to
100+ 1% after the fourth analysis (14 min on stream). This
observation indicates initial gesition of carbon-containing
products at the catalyst surface:

C3Hg — CyHy + nHa. (2)

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

The CQ content of the reactor effluent is inversely re-
lated to the hydrogen content at any time in the experi-
ment, and the C®conversion is higher than the propane
conversion after the first hour on stream. Together, these
observations indicate that tlieverse water gas shift reac-
tion,

®)

is rapidly equilibrating over the catalyst.

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

The carbon content of the catalyst, determined by com-
bustion analysis after the long-term testing experiment
(test 1) in Fig. 3B, is 26 wt%. This carbon formation is
confirmed by XRD analysis, showing a peak identified as
carbon/graphiteRig. 1B). Although the carbon content is
significant, it corresponds to only 0.02% overall selectivity
to carbon formation during the 34-day test (assuming a con-
stant coking rate). This number is well below the predicted
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Fig. 3. (A) Activity test (test 1) of 1.9 wt% Ni/Mg(Al)O under dry reforming conditions at 6@ The composition of the feed in vol. % is3Bg:
COy:Np = 20:60:20. (B) Activity test (test Il) of 1.9 wt% Ni/Mg(Al)O under dry reforming conditions at 6@ The composition of the feed in vol%
is C3Hg:COy:H2:No = 10:30:10:50. (C) Activity test of Mg(Al)O under RWGS and dry reforming conditions at 880The composition of the feed in vol%
is COy:H2:N» = 30:10:60 and GHg:COy:Ho:No = 10:30:10:50. (D) Ink 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% ighg:COy:H2:N» = 10:30:10:50.

equilibrium [10] selectivity for graphitic carbonTable J)
and indicates that the reaction kinetics at the Ni/Mg(Al)O
catalyst is in favour of CO production.

Results from catalytic testing of the carrier material under
reverse water gas shift (RWGS) or propane dry reforming
conditions at 600C are shown itirig. 3C. It can be observed
that the carrier material is active for the RWGS reaction. The
activity rapidly decreases with time on stream. It is worth
noting that the reaction rate of the RWGS reaction is much
slower on the carrier material than on the catalfsg (3A—
30C). Addition of propane to the feed does not alter the CO
production, but leads to negligible cracking of propane to
methane and ethene (0.3% conversion). The empty reactor
gives no conversion of Hor CO; under the same condi-
tions.

The activation energy of the propane dry reforming
reaction over the Ni/Mg(Al)O catalyst was determined
to be 93 kJ/mol by a temperature variation experiment
(Fig. 3D).

3.3. TEM

TEM images were collected for Ni/Mg(Al)O before and
after catalytic testing under reforming conditions similar to
those used in test Il. The results are showrig. 4. EDS
analyses (spot size 25-50 nm) of the material showed a
homogeneous average chemical compositidg/Al ~ 3),
indicating the absence of any phase segregation within the
resolution of the measuremenEr the passivated catalyst,
the smaller particles (& 2 nm) become visible in the thin
areas of the samplé-ig. 4A) (depending on the contrast at
imaging), whereas the larger ones (5 nm) are observed
in the thicker regions of the samplEi¢. 4B). The TEM im-
ages show a broad Ni particle size distribution before testing,
ranging from approximately 1 nm to 20 nm, and indicate
a random size distribution over the material. After catalytic
testing (12 h), the sample is contaminated under the beam
(becoming black because of positive ions trapped by the
nonconducting sample), suggesting that it contains loosely
bound hydrocarbons. There are still small particles on the
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Fig. 4. TEM micrograph images of 1.9 wt% Ni/Mg(Al)Eatalyst after passivation (A) and (B), after cwtial testing for 12 h under dry reforming condits
at 600°C (C), carbon depositions in form of bi-dimensional and polymorphous carhilsn(2¢, and Ni-crystals mould into the basic mixed oxide support (E).

sample, but they could not be investigated because the signaA and B is shown in the inset. The inset also shows a se-
was too noisy. The average diameter of the observed largerected part of the DRIFT spectod the catalyst after cooling
particles is> 25 nm (seeFig. 4C). For the tested catalyst, to ambienttemperature under flowing Ar after the heat treat-
carbon deposits are observed in the form of bidimensional ment (spectrum C) and of the catalyst at 8Q0under 15%
and polymorphous carbon veils that are formed along the CO; in Ar + He (spectrum D). For all spectra but D, KBr
surface, as revealed ifig. 4D. The carbon deposits can also spectra under flowing Ar at the respective temperatures are

be seen as darker regions on the supgeid.(4C). No hol- used for background. Details concerning spectrum D are dis-
low carbon filaments were observed by TEM analysis of the cussed later in the text.
tested catalyst. The passivated catalyst (spectrum A) shows broad bands/

(Partial) coating of the nickel phase by the basic Mg(Al)O groups of bands in three frequency regiors,3700—
support is observed for some metal particles on the tested2500 cnt! (region 1),~ 1800-1200 cm?! (region 2), and
catalyst Fig. 4E). The chemical composition of the coating below 1200 cm! (region 3). The most dominant bands
was confirmed by EDS analysis. Migration of a Mg(Al)O in region 3 are related to lattice vibrations of the mixed
carrier material onto metal particles has previously been re- oxide and will not be discussed further here. Spectrum A

ported for a Pd/Mg(Al)O cataly$11]. exhibits many similarities with FT-IR spectra published for
the corresponding hydrotalcite-like phd&&,13]. As for the
3.4. Insitu DRIFTS corresponding (Mg-Al)-hydrotalcite, frequencies in region

1 are assigned to hydroxyl stretching bands. Bands in re-
Fig. 5displays the DRIFT spectra of the passivated cata- gion 2 are due to interlayer/physically adsorbed water, which
lyst at ambient temperature under flowing Ar (spectrum A) gives rise to the band at 1650 cnt! [12,13] The shoul-
and after heating to 600 under Ar (spectrum B) in the re-  der at 1750 cm® may be assigned to adsorbed water, most
gion between 4000 and 650 cth A selected part of spectra  likely in tight interaction with interlayer/adsorbed G&
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Fig. 5. DRIFT spectra of passivated 1.9 wt% Ni/M@)O at room-temperature (A) and heated to 6@under an Ar-flow (B). Inserted are details of selected
parts of spectra (A) and (B) together with spectra collected for the catalyst cooled to room-temperature after heat-treatm&@tundgd@n Ar-flow (C)
and under 15% C®in Ar + He at 600°C (D). For all spectra but (D), KBr under flowing Ar ised for background. For spectrum D the catalyst at°€D0

under Ar is used for background.

and hydroxyl groups on the brucite-like lay¢tS8]. A mul-
tiple band is observed with a maximum at1420 cnv?.
As the catalyst is heated under flowing Ar to 6@ (spec-
trum B), bands in the hydroxyl stretching region are strongly
decreased, and bands of interlayer/adsorbed water vanish
as expected. Another strong change in the spectrum is ob-
served in the 1800-1200 cthrange with the disappearance
of the band at 1420 cn, and new bands appear at 1475,
1393, and 1365 cm (spectrum B), which are still more
resolved after the catalyst is cooled to room temperature
(spectrum C). It should be noted that the band at 1475'cm
has a left-hand shoulder. Following the Herzberg notation
[14], all of these bands are assignedtovibrations (asym-
metric stretch) of different carbonate configurations. More
details with respect to the carbonate bands are given below.
In short, it may be concluded that the passivated catalyst
(spectrum A) has partly recovered (memory effect) by ad-
sorbing water and carbon dioxide during storage at ambient
conditions. Even after heat treatment at 8G0for 1 h in
the DRIFTS cell (spectra B and C), some carbonate residues
are present. The situation shown in spectra B and C should
be considered to be the state of the surface prior to catalytic
testing.

Figs. 6 and isplay the DRIFT spectra of the catalyst
under reforming conditions (10%38g and 30% CQ in
Ar 4+ He) for 3 h and under 15% COn Ar +He at 600°C in
the frequency region between 4000 and 1000 tniRefer-
ence/background spectra are taken after the catalyst is heated
to 600°C under flowing Ar for 1 h. Details of the spectra are
shown in the insets.

(ii)

(i) Under reforming conditions, C—H bands related to
gaseous propane and possibly to reforming intermedi-
ate (ethane, ethene, propene) or final (methane) prod-
ucts are observed at ca. 2950100 cnt! (Fig. 6, in-

set ). From the similarity observed between the pure
gas-phase spectrum and this spectrum recorded under
reforming conditions, it can be deduced that the possi-
ble accumulation of reaction intermediates (e.gH{
adspecies) on the reacting catalyst is small on the time
scale studied here (3 h). A weak doublet characteristic
of gaseous C(Q15], synthesised under reforming con-
ditions, is observed at 2174 and 2111 ¢h{Fig. 6).

In Fig. 6 (inset Il) andFig. 7 (inset I) a multiple band
with at least six maxima is observed in the frequency
region ~ 2360-2300 cm!. Two main bands of this
ensemble may be assigned to the doublet of gaseous
carbon dioxide, most likely the bands at 2358 and 2343
or 2332 cn1?, which is close to what is normally re-
ported in the literature (e.g15]). The other bands are
also assigned to gaseous £@ince we observe the
same splitting when passing gaseous@@uted in Ar

over KBr at 400C in the DRIFTS cell. In both spec-
tra shown inFigs. 6 and 7(inset I1), four very weak

but sharp bands are observed in the frequency region
~ 3740-3590 cm'. According to Ref[16], gaseous
carbon dioxide combination bands appear in the fre-
quency regions 3734-3682 and 3640-3579tnin a
separate experiment (IR gas cell), we determined the
combination bands for C£to be at 3728, 3705, 3627,
and 3601 cm?, which corresponds with what was ob-
served in the DRIFT cell for the catalyst under inves-
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tigation. In addition, a negative Kubelka—Munk (KM) The v vibration observed at 1061 crh also agrees
signal is developing on the baseline of the spectra col- with values in the literatur§l2,13] The activation of
lected under 15% C®in Ar + He (Fig. 7, inset ), thev1 vibration requires that the carbonate ion not pos-
indicating that hydroxyl species present in the back- sess full symmetry. For that reason a splitting of the
ground spectrum have disappeared under the reacting v3 vibration should be expected. The quadruplet com-
gas mixture. posed of a band at 1606 and its right-hand shoulder and
(i) For the catalyst working under 15% GGn Ar + He at the bands at 1379 and 1321 chare interpreted to be
600°C, bands are observed at 1606ight-hand shoul- due tovs vibrations of different carbonate ion config-
der, 1379, 1321, and 1061 crh(Fig. 7, inset Il). Sim- urations. According to Kloprogge et 4l.2], only avs
ilar bands, with lower intensity and with more noise, doublet at 1401 and 1365 crhis observed for the cor-
are also observed in the spectra collected under reform- responding (Mg—Al)-hydrotalcite. In the present work
ing conditions Fig. 6). All of these bands originate we observe differences in both frequencies and inten-

from carbonate formation on the defect mixed oxide. sities Figs. 57 of the carbonate groups vibrations
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12
due to the interaction of the carbonate ions with the LC3HB+Ne
mixed oxide. Carbonate groups can be located on reg-
ular interlayer sites, as in the hydrotalcite-derived cata- B m29 m29.m28, m27, maa]10 &
lyst (memory effect), or they can be located on less reg- 08 §
ular sites (adsorbed) with eds symmetric electrostatic ~_ 2° 08 =
interaction and giving rise to band splitting. In short, ; 04 2
it can be concluded from the presented DRIFT spectra 5, 15r °'§ §
that carbonate groups are the major carbon-containing @ 00 01 02 o8
adsorbed species accumulation the working catalyst £ 10 Time (<)
under CQ in Ar + He or under reforming conditions
(CO and GHg in inert atmosphere for 3 h) at 60C. 5
These carbonate groups are most likely located on dif- /
ferent sites at the defect mixed Mg(Al)O structure, giv- 0 . . .
ing rise to multiple bands. The other carbon-containing 0.4 06
adspecies necessarily invely in the catalytic process Time (s)
are not stable and/or abundant enough to be detected by _ ond2 _ o N
IR spectroscopy. Fig. 8. Multiple pulse experiment,;C3Hg + Ne (1:1) over 1.9 wt% Ni/
Mg(Al)O (40 mg) at 600°C.

3.5. TAP studies

TAP studies were performed with 40 mg of catalyst. with data obtained under stdastate conditions already de-
Based on magnetic measurements of the fresh catalyst, thiscribed Fig. 3A and 3B and differs from the observations
amount corresponds tox2108 exposed Ni atoms. Based on  reported by Solymosi et K] for propane dissociation over
the BET surface area of the material, the amount of exposeda Rh/ALOgz catalyst at 550-65TC. In the case of Rh/ADs,
MgO entities is approximately £, propene was the major product, followed by ethene and

methane.
3.5.1. 2C3Hg + He (1:1)

1R2esults from experimentg cpnsisting of a series of pulse33_5_2_ 12C,Hg + Ne (1:1)//Gs + Ne (1:4)

of ~“C3Hg + Ne are shown irFig. 8. The propane conver- Results from alterating2CsHg + Ne//O + Ne pulse

L o . . -
sion 1S Iess. than 10%. Normalised peaks (inseFig. 8) experiments are shown iRig. 9. The propane conversion
corresponding to masses 29, 28, and 27 all have the same . T

. L is approximately 50%. The oxygen conversion is complete.
shape as mass 44 (unique for propane in this case). Masse

29, 28, and 27 are all fragments of propane, but in addi- Product formation t.akeg place on the propane puls.e. Only
) - CO and h production is observed, and no formation of

tion they are characteristioepks for propene, ethane, and CO, was detected during the experiment. The hydrogen
ethene. The pulse shapes indicate that there is no desorption 9 P ' ydrog

of C, and G products from the active surface under TAP peak has its maximum at 0.02 .S’ Wh'ch is similar to -what
conditions. In addition, a delay in masses 16 and 2 com- is observed when only propane is pulsetf( 8). Some tail-

pared with mass 44 (and 27, 28, and 29) is observed. Maséng is observed for the Hpeak. The CO peak is delayed

16 is characteristic for methane, whereas mass 2 is charac-compamd with the b peak, with a maximum at 0.03 s.

teristic for hydrogen (masses 2 and 16 are minor masses for't IS interesting to note that thezl.—produ‘(‘:tmn in this ex-
propane, and a correction for the contribution of propane is Periment is about the same as in the “propane only” ex-
applied). The normalised response of methane (peak max-Periment already mentioned, |'n spite of the much h!gher
imum at 0.06 s) is delayed compared with hydrogen (peak Propane conversion observed in tH€sHa//O, case. This
maximum at 0.02 s). Tailing of His observed. Hydro- result could only be explained by water formation during
gen production may take place directly in the gas phase orthe12C3Hg//O, experiment. The oxygen content in the feed
via surface intermediates. The delay in the peak com-  Pulses t*C3Hg:Oz = 4:1) is only enough to oxidise 25% of
pared with the propane peak means that at least some ofhe hydrogen in the Ni—(H, species to water. This result
the hydrogen is adsorbed to the surface, either as Ni—Hdoes imply that carbon residues are formed on the catalyst
species or as Ni—@, species. The delay of methane com- during the experiment. Theumber of molecules in each
pared with H indicates it is formed from Ni-H species pulse ¢~ 10*° molecules) is so small compared with the ex-
and/or that Ni—-C species must be dispersed on the surfaceposed Ni surface~ 10'® atoms) that the catalyst can be
before methane can be formed. The absence of any de£nvisaged to be unchanged during the pulse series, even if
lay in masses representing @nd G products indicates  all carbon was deposited. Still, it is interesting to note that
that possible intermediateoCand G alkanes/alkenes ei- the CO formation rate is unchanged during and after the O
ther are not formed or eventlyadissociate further into € pulse, whereas it increases steeply during/after the subse-
species on the Ni surface. This observation is in agreementquent propane pulse.
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over 1.9 wt% Ni/Mg(Al)O (40 mg) at 600C.

3.5.3. 12C3Hg + Ne (1:1)/F3C0O,
Results from alternating?CsHg + Ne//A3CO, pulse ex-
periments are shown iRig. 10 The 12C3Hg:13CO; ratio in

ual 12CO background is observed during thR€0, pulse.
Integration of thé>)CO and'3CO signals during the time in-
terval 0—0.5 s shows that their areas are similar in that time
interval. However, the total area of tHéCO peak (0-2 s)

is close to 2 times the totafCO peak area. These numbers
correspond to the followingeaction stoichiometry:

212C3Hg + 613CO,
—12C3Hg + 312CO+ 613CO+ 3H,0 + Ha. (4)

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 was calcu-
lated from the results shown Iig. 3B, with the use of the
initial Ni surface area calculated from magnetic measure-
ments (4 M/g). The resulting TOF value was 0.22 molec-
ules/(sites). This value is lower than reported in the lit-
erature for methane dry refoing over similar catalysts;
Rostrup-Nielsen and Bak Hansdh7] reported a TOF
value of 1.9 moleculegsites) and 2.7 moleculgsite s),
for Ni supported on MgO and MgAD4, respectively, at
550°C. Using the activation energy determined for our
reaction-catalyst system (93 jddol), we calculated the
TOF of our catalyst for propane dry reforming to be
0.1 moleculeg(site s) at 550C. This value is less than 5%
of the TOF values reported by Rostrup-Nielsen and Bak-
Hansen for methane dry reformifij7]. The propane dry re-
forming data obtaing under TAP conditionsHig. 10 show
that the intrinsic reaction rate is higher than observed un-
der steady-state conditions. During alternating pulse exper-
iments, the CO peak maximum is observed 0.03 s after the
propane pulse, and the calculated residence time at®00
is T = (1/TOF) = 4.5 s under steady-state conditions. To-
gether, these data indicate that the low TOF observed over
our catalyst is most likely due to the inaccessibility of a large

the pulses is approximately 3. The propane conversion is ap-fraction of the Ni surface, eilr because it is partially dec-

proximately 50%. The C@®conversion is> 99%. The kb

production is even lower than in th8C3Hg//O, experiment
above, implying significant wat formation also in this case.

orated by the support (as observed by TEM, Biee 4E) or
by carbon deposits (as indicated by the high carbon content
of the used catalyst), or because the Ni surface is partially

The major part of CO formation takes place during and oxidised under reaction conditions. A more intrinsic expla-
after the propane pulse. Furthermore, two CO peaks are ob-nation for a lower TOF for propane than for methane dry

served: one correspondingt®CO originating from-2C3Hg
and one corresponding t8CO, originating from3COs,.
Note that thel2CO peak appears before théCO peak,

reforming is that propane activation may require larger en-
sembles of nickel atoms than methane, which may resultin a
lower sticking coefficient for propane dry reforming. Based

with peak maxima at 0.04 and 0.06 s, respectively. The tail- on the results obtained in this study, none of these possibili-
ing of thel2CO peak is moderate and less pronounced than ties may be excluded.

in the 12C3Hg//O, experiment, whereas tHéCO peak has Important processes that may cause catalyst deactivation
long tailing. During the'3CO» pulse, only minor amounts  are coke formation and metal particle sintering. Initial cata-
of 13CO, are observed, indicating full sorption &fCOs. lyst deactivation is observed during the first hour on stream
A slight increase in both thé3CO signal and the resid-  for the catalyst under test coitions as described for tests |
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and Il. In the case of test |, a high propane conversion rela-  Step (5) is considered to be fast, lumping several elemen-
tive to the CQ conversion is observed together with a poor tary steps, leading to accumulated carbon monomers. CO
carbon mass balance during the first 14 min on stream. Thedissociates on the metal surface into adsorbed oxygen and
close relationship betweenitial deactivation and poor C  gaseous CO. In step (7) CO is formed from carbon and oxy-
balance strongly suggests that coking plays an importantgen adspecies (from methane cracking and carbon dioxide
part in the initial deactivation process. For test Il, a higher dissociation). Step (7) is considered to be the rate-limiting
C3Hg/CO, conversion ratio is observed during the first hour step. The main observation leading to the proposal of step
on stream. Initial carbon deposit formation (12 h) was con- (6) is that'3CO appeared befoféCO in thel2CH,//*3CO,
firmed by TEM analysisKig. 4C and 4D. In addition, TEM pulse study, indicative 0fCO, splitting prior to12CO for-
reveals that Ni particle sintering takes place, at least on themation.

larger Ni particles (going from 15 5 nm to more than For a Ru/SiQ catalyst, a slightly different mechanism is
25 nm;Fig. 4B and 4G. It is difficult to conclude whether  proposed20]:

coke formation or Ni particle sintering is the dominant rea-

son for the initial catalyst deactivation, or if a combination CHs + Ru < RuC+ 2Hp, (8)

of .the two processes takes place under the applied test CoONTO, 4+ RUC <> Ru -+ 2CO. (9)
ditions (test II).

Another interesting observation is that the carbon con-  The methane activation step is identical to that observed
tent of the catalyst after 34 days of testing (test Il) is 64 for Ni/SiO,, whereas C@would interact directly with the
times the total Ni content of the catalyst, on a molar ba- metal carbide, without an intermediate partial oxidation of
sis (26 wt%). This result, in combination with the observed Ru, in step (9). The main observation leading to the proposal
stable activity of the catalyst after the first hour on stream of step (9) is that?CO and'3CO appeared simultaneously
and the absence of carbon whisker formation, may indicatein the *2CH4//*3CO;, pulse study, indicative of simultaneous
that coke formation takes place on a limited number of Ni 12CO; splitting and'2CO formation. Step (8) has been pro-
sites (most likely the large Ni particles, since small Ni par- posed to be the rate-limiting st€p1].
ticles (< 2 nm) have been reported to be inactive for coke  For a Ni/LgO3 catalyst the following mechanistic route
formation during methane dry reformifg8]). The formed is proposed22]:
carbon film on the metal is spilled over to the support mate-

rial, forming bidimensional and polymorphous carbon veils CHa + Ni & NIC + 2Hy, (10)
on the support during testingig. 4C and 4[p, maintaining Lay0,CO3 + Ni — CO + NiO + LayOs, (11)
a constant amount of active nickel sites.

The absence of carbon whiskers as revealed by TEM canCO2 + La203 — Lax02C0s, 12)
also indicate that the Ni particles (essentially the small ones) NiC -+ NiO —s 2Ni + CO. (13)

are in intimate contact with the Mg(Al)O support. As a mat-
ter of fact, the generally agreed process for whisker forma-  Methane is activated on the metallic surface, whereas
tion involves diffusion of the deposited carbon on the active COy interacts with LaO3 and forms LaO,COsz, which sub-
side of a particle through the Ni particle as Ni carbide and sequently oxidises Ni, leading to CO formation. Interaction
its extrusion at the other side, lifting the particle away from between oxidised and carbided Ni then leads to formation
the supporf19]. of another CO, whereas the Ni particle is restored to its
original state. In this case the CO precursor is stored as
4.2. Propane dry reforming mechanism and role of carrier  La,0,COs outside the metal surface, and the Ni particles are
material in the catalytic cycle decorated with layers of ®3/Lap02COs3. This mechanism
is mainly based on the following observations. A DRIFTS
Since no detailed reaction mechanism for propane dry re- study showed the presence oblaCOz on the catalyst sur-
forming has been published yet (most studies being devotedface during CQ reforming of methane. A SSITKA study, in
to methane dry reforming), we will start the discussion by which 12C0; is replaced by*3COy, strongly indicated that
giving an overview of methane dry reforming mechanisms the L30,CO3 pool is participating in the reaction cycle.
proposed by other authors for similar systems. The interac- puring al2CH,//*3CO, pulse experiment in the TAP reac-
tion between the CataIySt and @,ONmCh has in all cases tor, thelzco production decreased during the@ﬂ”se’ in-
been studied by’CH4//*3CO; pulse experimentsinthe TAP  gicative of competitive adsorption at one common site. This

reactor, will be the focal point of this overview. last observation is crucial for the suggestion of step (11).
The reaction mechanism over a Ni/SiCatalyst is pro- As will be seen from the following discussion, the
posed to b¢15] Ni/Mg(ANO catalyst used for dry reforming of propane in
CHg + Ni <> NiC + 2Hp, (5) our study bears resemblances to all of the catalyst/reaction
. . systems referred to above. However, it also shows impor-
CO, + Ni <+ CO+ NiO, (6) tant deviations from each of them. Below, each feature is

NiC + NiO — CO + 2N.i. (7 presented and discussed:
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13C0O, is completely adsorbed during tA8CO, pulse

in the 12C3Hg//*3CO, experiment and gives rise only
to slow 3CO formation. Such a feature has not been
reported before (e.g15,20,22).

DRIFTS data reported above suggest that the Ni/Mg
(ADO catalyst acts as a CGorbent, forming carbonate
species at basic sites. Several observations point to the
support material as the adsorption site for.C&ven un-
der pulse experinmés in the TAP reactor. First, the sup-
port surface of our catalyst is two orders of magnitude
larger than the Ni surface. Second, the literature points
to calcined hydrotalcite as a G@orbent under methane
steam reforming condition®3,24] A CO, adsorption
enthalpy of 140-150 kinol on Mg(Al)O has been re-
ported[25]. This value corresponds to a residence time
of 1074 s at 600 C (assuming an adsorbate stretching
frequency of 18 s~ and not taking into account the
entropy loss). From kinetic gas theory, the correspond-
ing equilibrium CQ gas pressure is 18 atm, leading to

a collision frequency with the solid surface of'#@ol-
lisions/(m?s) at 600°C. These data indicate that the
long residence times and slow decomposition rate ob-
served for CQ on the Ni/Mg(Al)O catalyst may be due
to a chromatographic effect, where €@ constantly
adsorbed and desorbed until it reaches a decomposition
site.

Few data have been published on the interaction be-
tween CQ and Ni metal. Galan et al. studied the interac-
tion between Ni atoms and G@t 10-106 K by UV and
FTIR spectroscopy and density functional theory (DFT)
calculationg26]. No Ni—CQ, interaction could be ob-
served when C®was in the gas phase, even at this low
temperature. When Ni and G@vere cocondensed, they
were observed to display a weak Ni—g@teraction.
Already at 106 K, conversion of Ni-GQo CO and NiO
was observed, indicating a low activation energy for this
reaction.

Bligaard et al. recently puished DFT calculations
for CO, dissociative adsorption on a Ni(211) surface,
reporting a slightly positive adsorption enthalpy of
16 kJmol [27]. This means that a driving force, such
as a partial pressure ratio aP¢o,/Pco) > 9, is needed

to drive the reaction towards NiO. Such a driving force
is easily achieved under TAP conditions, when «CO
is pulsed over the catalyst in the absence of CO. If
CO; were adsorbed on Ni, and not on the support, it
would lead to CO formation mainly during the GO
pulse, as observed for the other supported metal sys-
tems referred to abo\é5,20,22] Instead, the complete
sorption of CQ observed during the COpulse over
the Ni/Mg(Al)O catalyst, followed by slow CO release,
strongly indicates that this is not the case.G€selec-
tively adsorbed on the Mg(AI)O support:

CO, + 0~ = COz%. (14)

2. Carbon species deposited on the catalyst during the

propane pulse do not react during a subsequent oxygen
pulse Fig. 9).

When Q disappears from the Opulse without influ-
encing the apparent product formation, we interpret this
as formation of Ni—O speebs. Furthermore, when in-
creased CO formation is observed during the subsequent
propane pulse, this can be accounted for by reaction
between propane and Ni—O. The hydrogen formation
during the propane pulse is low and indicates water for-
mation. Together, these results imply that after the O
pulse, Ni-O and Ni—C species are present on the cata-
lyst, without giving rise to the expected CO formation.

. Product formation is observed mainly during the pro-

pane pulse. This result is at variance with literature re-
ports on methane dry reforming (see above), where CO
formation takes place during the GQulse. A possi-

ble reason for this difference could be that in our case,
propane is used as a reactant instead of methane. It is
therefore likely that three Ni—C species are formed ad-
jacent to each other, with a lower diffusivity/reactivity
than single Ni—C species. Other speculative possibilities
exist but will not be discussed because of lack of evi-
dence.

It is further interesting to observe that much higher
propane conversion is observed in the presence of oxide
species than in “propane only” experiments. This last
observation is in line with literature repof&8] and in-
dicates that propane reacts directly with oxide species to
give CO and HO (and h).

. The oxygen pool in thé2C3Hg//O, experiment reacts

more rapidly than the oxygen pool in théCsHg//13CO,
experiment.

This observation indicates that some of the oxygen pool
in the 2C3Hg//*3CO, experiment is present as carbon-
ate species on the support, which continuously react to
split off active oxygen species:

CO3%~ — CO+ 0% 4 Ot (15)

. The initial slope of thé?CO peak in thé?C3Hg//13CO,

experiment s identical to th&CO peak in thé?CzHg//

O2 experiment.

This observation indicates that the most raf#@O for-
mation in the?C3Hg//*3CO, experiment takes place
by reaction between propane intermediates and Ni-O.
A second implication of this result is that some §€0

has decomposed to Ni-O and CO prior to the propane
pulse. This hypothesis is in agreement with the obser-
vation of an increase in thECO production after the
13CO, pulse. Ni—O could be formed by direct interac-
tion between'3C032~ (or its decomposition products)
and Ni, or via the gas phase (the theoretical number of
collisions betweehCO,(g) and the catalyst surface un-
der TAP conditions could indeed match the siRCO
evolution; see above).
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6. 13CO appears with a delay compared¥€0 during the served by interaction between propane and Ni—O species,
propane pulse in th&CzHg//*3CO, experiment. Such  and additional CO is formed by the following carbonate re-
a delay has not been reported before. This observationduction.
indicates that decomposition of carbonate is activated by
the propane pulse. There are three possible explanations
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