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a b s t r a c t

Hydrotalcite-derived Ru catalysts were tested in the catalytic partial oxidation of CH4 to

produce syngas. The effect of Ru content, oxidic matrix composition, and preparation

procedure on chemicalephysical properties and performances of catalysts was studied.

Bulk catalysts (0.25 and 0.50 wt.% Ru) were obtained via Ru/Mg/Al hydrotalcite-type (HT)

precursors with carbonates or silicates as interlayer anions. A supported catalyst was

prepared by impregnation on a calcined Mg/AleCO3 HT. Ru/g-Al2O3 was evaluated for

comparison. Both the Ru dispersion and the interaction with the support decreased as the

Ru loading increased and when silicates were present due to RuO2 segregation. Regardless

of the Ru loading, carbonate-derived catalysts performed better than those containing

silicates. The increased Ru loading improved the initial activity, but deactivation occurred

after high temperature tests. Stability tests for shorter contact times over a 0.25 wt.% bulk

sample obtained from Ru/Mg/Al HT with carbonates showed a tendency to deactivate at

750 �C.

Copyright ª 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction research is focused on finding solutions for both lower in-
In addition to its applications in the chemical industry, H2 is

considered to be the major energy carrier of the future,

whereas syngas (CO andH2) can be used for chemical, fuel and

power production. Althoughmany efforts are directed toward

H2 and syngas production from renewable sources, natural

gas is still the main industrial scale raw material [1]. To

improve the already existing natural gas-based processes,
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vestment costs and the use of an autothermic process. On

these bases, an optimum solution for replacing the steam

reformers is the catalytic partial oxidation (CPO) ofmethane, a

mild exothermic process that operates at short contact times

[2,3]. For instance, small reactors with fast startups and

shutdowns can be used for the small-scale production of H2

[4]. Moreover, the H2/CO molar ratio obtained is around

2, suitable for hydrocarbon synthesis by FischereTropsch
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reaction in gas to liquid processes [5]. Nevertheless, there are

some constraints to the application of this process: the reac-

tion temperature may be difficult to control due to the for-

mation of hot spots, resulting in effects on process safety and

catalyst deactivation. Thus catalysts must be chemically and

mechanically stable at high gas-hourly space velocity (GHSV)

values and prevent the formation of hot spots.

Rh catalysts are very active in the CPO of methane [2,3];

however, the reduced availability and high cost of Rh could

make it unsuitable for widespread commercial applications.

Ru is less expensive than Rh and is active in the conversion of

CH4, not only by partial oxidation [2,3] but also in dry and

steam reforming reactions [6,7] as well as in combined dry-

partial oxidation processes [8]. Moreover, Ru reduces the

deactivation by carbon deposition [9]. For application in the

partial oxidation of methane, Ru was deposited by the con-

ventional impregnation procedure on Al2O3 [10,11], TiO2

[12e14], SiO2 [15,16], ZrO2 modified with TiO2 [17],

Nb2O5eZrO2, Ta2O5eZrO2 [18] and Y2O3 [19]. Catalysts were

used in both pelletized and structured forms, such as mem-

brane reactors [20] and monoliths [21]. Polycrystalline Ru-

supported metal nanoparticles have a high relative chemical

activity, being easily oxidized and reduced [22]. In the CPO

process it has been observed that the oxidation state and,

therefore, the activity and selectivity depend on both the re-

action conditions and the nature of the support [10,14,23]. For

instance, Ru on SiO2 deactivates very rapidly, and Ru/Al2O3

has good activity and selectivity, while the mixture

CeO2eZrO2 leads to low selectivity toward partial oxidation

products [24]. On the other hand, Ru/TiO2 catalysts show high

selectivity to syngas since the interaction between Ru and

TiO2 prevents the oxidation of Ru during reaction [12e14]. The

easy oxidation of Ru metal in comparison to Rh when sup-

ported on Al2O3 [11] and SiO2 [16] is due to the greater MeO

bond strength of the RueO bond compared with the RheO

one. The formation of RuO2 decreases the activity toward CPO,

thus fostering the total oxidation. Moreover, at high temper-

atures volatile RuO4 species may be formed [25], yielding to

further catalyst deactivation [24].

Several studies have been devoted to increasing the ac-

tivity and stability of Ru catalysts. A Ru/Al2O3 catalyst was

prepared by deposition of colloidal Ru particles [23] and

microemulsion [21], while the support wasmodified by doping

with Ce [26]. Furthermore, to stabilize Ru at high temperature,

bulk catalysts were used. In the early 1990s Ashcroft et al.

reported that bulk ruthenate pyrochlores were active in the

CPO, but they were not stable under CPO conditions [27,28].

Recently the stability of Ru in the pyrochlore structure was

improved by partially substituting the Ru metal in the struc-

ture of lanthanumestrontiumezirconate, and catalysts were

tested in the CPO of diesel surrogate [29] and CO2 reforming

[30]. Ru-substituted hexa-aluminates prevent the volatiliza-

tion of Ru after calcination at high temperatures and reaction

conditions bymeans of the strong interaction between Ru and

the base oxide [31,32]. Lastly, bulk Ru catalysts obtained from

hydrotalcite-type compounds have been used in the CPO

[33,34] and dry reforming [35] of CH4.

Hydrotalcite-type (HT) compoundsare layeredmaterialswith

thegeneralchemical formula ½M2þ
1�xM

3þ
xðOHÞ2� ðAn�Þx=n nH2O

thatareusedascatalystprecursors [36].Catalystsareobtainedby
thermal treatment at high temperatures (around 900 �C). In

particular, to prepare Ru catalysts for the CPO of CH4, Ru/Mg/

AleCO3 HT compounds were synthesized [33,34]. A Rietveld

characterization of high loaded catalysts revealed that after

calcination Ru is incorporated into the MgO matrix and segre-

gated as RuO2; the M2þ/M3þ ratio modifies the distribution of Ru

and the catalytic performances [34]. The An� anions in the

interlayer regionareusually carbonates, but silicatesmayalsobe

intercalated to improve the mechanical stability of the final

catalysts [37]. The advantage of using HT as precursors for CPO

catalysts lies in the fact that their thermal activation leads to

mixed oxides, with a relatively large specific surface area, high

thermal stability, and dispersion of the active species [37].

Moreover, the metal-support interaction is stronger than in cat-

alysts obtained by the usual impregnation or deposition

methods. However, the amount of available active species may

be lower than the actual metal loading, because some of them

may be “trapped” inside the bulk of the solid. Takehira and co-

workers have reported the incorporation of noble metals in

mixed oxides obtained by calcination of HT compounds by the

so-calledmemory effect [38,39].

The aim of this work was to develop stable and active

catalysts operating in the CPO both at high and low temper-

atures. Thus HT-derived Ru catalysts were synthesized to

study the effect of Ru loading, oxide matrix composition, and

preparation procedure on the chemicalephysical properties

and performances of catalysts. Low loaded bulk and sup-

ported catalysts were prepared both to reduce the cost of the

catalyst and to stabilize the Ru in the oxidic matrix, while

avoiding the segregation of RuO2. Bulk catalysts were pre-

pared by the conventional method involving coprecipitation

of the HT precursor followed by calcination. Ru/Mg/Al-HT

precursors containing carbonates or silicates in the inter-

layer region were synthesized to improve both the catalytic

performances and the mechanical stability. Lastly, impreg-

nated catalysts were also prepared to increase the amount of

Ru on the surface. The incipient wetness impregnation was

performed on supports derived from Mg/AleCO3 HT pre-

cursors calcined at 900 �C, in order to decrease the tendency of

the structure to reconstruct. For comparison purposes a con-

ventional supported a Ru/g-Al2O3 catalyst was evaluated. The

activity of catalysts was studied not only by feeding diluted

gas mixtures, as in the case of most of the above-mentioned

works, but also with concentrated gas mixtures to evaluate

the stability of the samples.
2. Materials and methods

2.1. Preparation of the catalysts

2.1.1. Coprecipitation: b-Ru(0.25 and 0.50)-exHT-CO3 and
b-Ru(0.25 and 0.50)-exHT-sil
Ru-HT precursors [Ru/Mg/Al ¼ 0.1/80/19.9 and 0.25/80/

19.75 atomic ratio (a.r.)] containing carbonates (b-HT-CO3) and

silicates (b-HT-sil) were prepared by coprecipitation at con-

stant pH. A solution containing nitrates of the cations (RuCl3,

41 wt.% Ru, Mg(NO3)2$6H2O, and Al(NO3)3$9H2O) in the

appropriate ratios was slowly added to a solution containing

carbonates (Na2CO3) or silicates (sodium silicate solution,
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NaOH � 10%, SiO2 � 27%, Aldrich). pH was kept constant at

10.5 � 0.2 by the dropwise addition of NaOH. The slurry ob-

tained was aged under vigorous stirring at 60 �C for 45 min.

After washing, the precipitate was dried overnight at 60 �C.
Catalysts were obtained by calcination at 900 �C for 12 h

(heating rate 10 �C min�1). The precursors of the catalysts

were labeled: b-Ru(X)-HT-Y, where X is the Ru loading in wt.%

and Y is the anion in the HT precursor, i.e. CO3
2� or sil, for

instance, b-Ru(0.25)-HT-CO3 and b-Ru(0.25)-HT-sil. To name

samples after calcination, the word “ex” was added before HT,

namely b-Ru(0.25)-exHT-CO3 and b-Ru(0.25)-exHT-sil.

2.1.2. Impregnation: i-Ru(0.25)/exHT-CO3

Ru-supported catalysts (0.25 wt.%) were prepared using a

calcined Mg/Al HT-CO3 precursor. The support was obtained

by calcination at 900 �C for 12 h of a Mg/Al HT compound (Mg/

Al ¼ 80/20 as a.r.) containing carbonates and synthesized by

following the same procedure as reported above. The support

(exHT-CO3) was impregnated with a solution of Ru (III) chlo-

ride hydrate (41 wt.% Ru) for 6 h at 25 �C and dried overnight at

60 �C. The solution volume/support weight ratio was

1.5 mL g�1. After the impregnation (sample i-Ru(0.25)/exHT-

CO3 IWI), the catalyst was calcined at 500 �C for 3 h. The

catalyst was labeled i-Ru(0.25)/exHT-CO3.

2.1.3. Impregnation: Ru(0.25)/Al2O3

Ruthenium catalyst (0.25 wt.%) was prepared by using

a commercial g-Al2O3 (Cynamid Ketjen CK-300) with

SBET ¼ 190 m2 g�1 and Vpore ¼ 0.5 cm3 g�1, which was

impregnated by a solution of Ru (III) chloride hydrate (41 wt.%

Ru). The impregnation was obtained using a solution with a

volume/support weight ratio of 1.4 mL g�1. Lastly, the catalyst

was calcined at 500 �C for 3 h. This catalyst was named

Ru(0.25)/Al2O3.

2.2. Catalytic tests

Catalytic tests were carried out in a quartz reactor (i.d. 8 mm)

filled with 0.5 g of catalyst. The pellet particle size was be-

tween 0.60 and 0.42 mm to avoid pressure drop, giving a bed

length of approximately 2 cm. The reactor was inserted into

an electric oven. The gas-phase temperaturewasmeasured by

a chromel-alumel thermocouple sliding on a quartz wire in-

side the catalyst bed. The catalytic tests aimed to study the

sample activity and stability toward deactivation by sintering,

oxidation, and coke formation. The partial oxidation reaction

was carried out at 500 �C and 750 �C oven temperature and

several gas mixtures were fed into the reactor for different

contact times: CH4/O2/He v/v ¼ 2/1/20 (65 and 35 ms), 2/1/40

(35 ms), 2/1/4 (65 ms) and 2/1/1 (55 ms). Tests were done at

higher oven temperatures with concentrated gas mixtures to

study the deactivation of samples. In the low temperature

tests, the presence of large amounts of He made it possible to

decrease the effect of the heat evolved in the reaction and

better discern the activity of the investigated samples. Cata-

lysts were reduced in situ at 750 �C in an equimolar H2/N2

mixture (7 L/h) for 12 h. Reaction products were analyzed on-

line, after water condensation, by a Perkin Elmer gas chro-

matograph equipped with two HWD and Carbosieve SII col-

umns, using He as carrier gas for the analysis of CH4, O2, CO,
and CO2 and N2 for the analysis of H2. Oxygen was consumed

completely in all the catalytic tests. The conversion of CH4 and

selectivity to H2 and CO were calculated according to the for-

mulas 1, 2, and 3 below:

Conv: CH4 ¼ FCH4 in� FCH4out
FCH4 in

� 100

¼ FCOoutþ FCO2
out

FCOoutþ FCO2
outþ FCH4

out
� 100 (1)

Sel: H2 ¼ 0:5 � FH2
out

FCOoutþ FCO2
out

� 100 (2)

Sel: CO ¼ FCOout
FCOoutþ FCO2

out
� 100 (3)

Reaction conditions were set for 2 h and the values here

reported were the average of the obtained values.

The catalyst displaying the best catalytic performance in

the above-reported tests was subjected to long-term experi-

ments. Catalytic tests were performed for a short contact time

(5 ms), by loading 0.1 g of catalyst into the quartz reactor. The

following reaction conditions were set: i) Toven ¼ 750 �C, CH4/

O2/He ¼ 2/1/4 v/v; ii) Toven ¼ 500 �C, CH4/O2/He ¼ 2/1/4, 2/1/20

and 2/1/40 v/v.
2.3. Characterization of the catalysts

Powder X-Ray Diffraction (PXRD) analyses were carried out

using a Philips PW1050/81 diffractometer equipped with a

graphite monochromator and controlled by a PW1710 unit

(CuKa-Ni filtered, l ¼ 0,15418 nm). A 2q range from 5� to 80�

was investigated at a scanning rate of 70�h�1. Specific surface

area and pore volume measurements were done using a

Micromeritics ASAP 2020 instrument. Samples were previ-

ously degassed under vacuum by heating at 250 �C for 30 min

before the N2 adsorption.

The characteristics ofmetallic particleswere determined by

Cyclohexane Dehydrogenation (CHD) test reaction, Trans-

missionElectronMicroscopy (TEM), Temperature-Programmed

Reduction (TPR), and X-Ray Photoelectron Spectroscopy (XPS),

and the quantification of the carbonaceous deposits by Tem-

perature-Programmed Oxidation (TPO) using thermogravi-

metric analysis (TGA).

The CHD test reaction of themetallic phasewas carried out

in a differential flow reactor with a 26H2/CH molar ratio. The

reaction temperature was 400 �C. Samples were previously

reduced at 750 �C for 12 h. Reaction products were analyzed by

gas chromatography with a FID detector.

Temperature-programmed reduction (TPR) experiments

were carried out in a quartz flow reactor. Samples (0.300 g)

were heated at 6 �C min�1 from room temperature (r.t.) up to

950 �C. The reduction mixture H2 (5% (v/v)/N2) was fed to the

reactor with a flow rate of 10 mL min�1.

Transmission electron micrographs of reduced and used

Ru containing catalysts were taken by using a JEOL 100CX

microscopewith a nominal resolution of 6�A, operatedwith an

acceleration voltage of 100 KV, and magnification ranges of

80,000� and 100,000�. Samples were introduced into the mi-

croscope column; for each catalyst, a significant number of Ru

http://dx.doi.org/10.1016/j.ijhydene.2013.08.135
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particles were observed and the distribution curves of particle

sizes plotted.

XPS measurements were carried out in a Specs spectrom-

eter, which operates with an energy power of 50 eV (radiation

Mg Ka, hn ¼ 1253.6 eV at high binding energy). The pressure of

the analysis chamber was kept at 4.10�10 torr. Samples were

previously reduced under similar reaction conditions as those

of the catalytic reactor and then introduced into the analysis

chamber and reduced “in situ”with H2 at 300 �C for 1 h to clean

the catalyst surfaces. Spectral regions corresponding to C1s,

O1s, Mg2s, Al2p, Ru3d, and Ru3p core levels were recorded for

each sample. Ru3d andC1s peaks overlapped at 284 eV, and the

binding energies (B.E.) were referred to the C1s peak. The C1s

peak was subtracted from the original spectrum. Peak areas

were estimated by fitting the experimental results with Lor-

entzianeGaussian curves by using the CASAXPS software. XPS

quantification in terms of peak intensity is performed by

assigning quantification regions. The relative sensitivity factor,

labeled RSF, for the peak intensity is applied. Finally, %Atomic

Concentrations were obtained for each region.

To quantify carbonaceous deposits, the profiles of

temperature-programmed oxidation (TPO) in catalysts before

and after the CPO reaction were determined by using the

thermogravimetric analysis (TGA) technique. Experiments

were carried out on the SDTA Mettler STARe. Fresh (used as a

reference) and used catalysts were stabilized under N2 flow at

250 �C for 1 h before starting the TPO experiments. Samples
Fig. 1 e Powder XRD patterns of HT precursors, bulk and impre

Ru(0.25)/Al2O3.
(0.010 g) were heated at 5 �Cmin�1 from 250 �C to 900 �C under

air flow.
3. Results and discussion

3.1. Characterization of the HT precursors and catalysts

X-ray diffractograms of HT-precursors, bulk and supported

0.25 wt.% Ru catalysts are shown in Fig. 1(a) and (b). The

diffraction patterns of HT precursors containing carbonates (b-

HT-CO3) show characteristic lines of a hydrotalcite structure

[36]. After calcination at 900 �C (Fig.1(a)), XRD patterns show

peaks corresponding to MgO-type (JCPDS 45-0946) and

MgAl2O4-type phases (JCPDS 5-0672). Diffractograms of bulk

catalysts with a different Ru loading, namely b-Ru(0.25)-exHT-

CO3 and b-Ru(0.50)-exHT-CO3, are similar. Silicate-intercalated

samples (b-HT-sil) have less intense and broader peaks

(Fig. 1(b)) thus suggesting a decrease in the crystallinity of the

solids as compared to b-HT-CO3 samples; moreover, the

structure of b-Ru(0.25)-exHT-sil and b-Ru(0.50)-exHT-sil cata-

lysts Fig. 1(b)) wasmodified. After calcination, the formation of

amagnesium silicate (Mg2SiO4) phasewith an olivine structure

(JCPDS 4-0768) and the incomplete crystallization of the spinel

phase are the main differences from the catalysts obtained

from the b-HT-CO3 precursors [40]. A small peak is identified at

around 28.1� in the XRD pattern of the sample with a higher Ru
gnated catalysts: a) HT-CO3 samples; b) HT-sil samples; c)

http://dx.doi.org/10.1016/j.ijhydene.2013.08.135
http://dx.doi.org/10.1016/j.ijhydene.2013.08.135


Table 1 e Specific surface area values (SBET) of supports,
fresh and used catalysts prepared by coprecipitation and
impregnation.

Supports Catalysts SBET (m2 g�1)

Fresh Used

exHT-CO3 103

i-Ru(0.25)/exHT-CO3 (IWI) 95

i-Ru(0.25)/exHT-CO3 134 93

b-Ru(0.25)-exHT-CO3 95 106

b-Ru(0.25)-exHT-sil 95 103

Al2O3 190

Ru(0.25)/Al2O3 220 166

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 8 ( 2 0 1 3 ) 1 5 1 2 8e1 5 1 3 915132
loading, b-Ru(0.50)-exHT-sil (Fig. 1(b)), ascribed to the (110) line

of the RuO2 tetragonal rutile phase. Ru atoms may be distrib-

uted in the MgO-type phase and segregated RuO2 [33]; thus it

appears that the presence of silicates alters the distribution Ru

species with respect to the samples obtained from b-HT-CO3.

With regard to the preparation method, the XRD pattern of

the supported i-Ru(0.25)/exHT-CO3 catalyst is quite similar to

the pattern of the corresponding b-Ru(0.25)-exHT-CO3 bulk

catalyst (Fig. 1(a)). However, it is worth noting that during the

incipient wetness impregnation some structural changes

occur. After drying the impregnated sample (i-Ru(0.25)/exHT-

CO3 IWI, Fig. 1(a)), peaks due to the spinel phase remain

almost constant, whereas MgO peaks decrease; furthermore,

Mg(OH)2 and HT structures are formed. Therefore, the recon-

struction of hydroxides occurred, despite the high calcination

temperature of the HT precursor (900 �C) [41]. In Fig. 1(c), the

XRD pattern of the Ru(0.25)/Al2O3 catalyst shows character-

istic diffraction peaks at 2q ¼ 38, 45 and 67� (JCPDS 10-0425)

corresponding to g-Al2O3 and e unlike the HT-derived sam-

ples e some small diffraction peaks due to the rutile RuO2

phase (JCPDS 40-1290).

Table 1 summarizes the BET surface area values of both

supports and fresh catalysts. There are no significant differ-

ences between bulk samples prepared from b-HT-CO3 or b-

HT-sil precursors. Specific surface area values around

100 m2g�1 have been measured. On the other hand, the i-

Ru(0.25)/exHT-CO3 supported catalyst shows a slightly larger

specific surface area (134 m2 g�1) than the coprecipitated one

(95m2 g�1). This may be due to both the reconstruction during
Table 2 e Binding energies (BE) and surface atomic ratios
obtained by XPS of Ru catalysts after reduction on H2.

Catalysts Ru3d5/2 XPS surface
atomic ratio

Surface
atomic ratio

BE (eV) Mg/Al Ru0/RuO2

b-Ru(0.25)-exHT-CO3 279.4 Ru (0) 4.05 0.52

284.2 Ru (IV)

i-Ru(0.25)/exHT-CO3 279.2 Ru (0) 2.90 0.51

284.3 Ru (IV)

b-Ru(0.25)-exHT-sil 279.3 Ru (0) 3.20 0.77

284.5 Ru (IV)

Ru(0.25)/Al2O3 279.1 Ru (0) e 0.20

284.3 Ru (IV)
impregnation and the softer thermal treatment after

impregnation (500 �C vs 900 �C).
Mg/Al ratio values on the catalyst surface were estimated

from XPS analysis on 0.25 wt.% Ru-loaded samples (Table 2).

The Mg/Al ratio obtained for the b-Ru(0.25)-exHT-CO3 sample

is close to the expected bulk catalyst composition. Conversely,

the value decreases when silicates are introduced in the

structure of the catalysts or for the supported sample.

Fig. 2 shows TPR profiles of bulk and supported catalysts.

The reduction profile of Ru(0.25)/Al2O3 (Fig. 2(a)) is similar to

those reported in the literature [42,43]. It is made of two

relatively sharp peaks with maximum at 210 �C and 250 �C,
and a broad low-intensity high-temperature reduction band at

400 �C. The low temperature reduction peaks may be attrib-

uted to the reduction of well-dispersed RuOx and bulk RuO2

species [42]. The broad bandmay be assigned to the reduction

of oxidized Ru species interacting strongly with Al2O3 [43]. TPR

profiles of HT-derived catalysts slightly depend on the Ru

loading and oxidic matrix composition. Both for bulk and

supported 0.25 wt.% catalysts, b-Ru(0.25)-exHT-CO3, b-

Ru(0.25)-exHT-sil and i-Ru(0.25)/exHT-CO3 (Fig. 2(a)), a very

small H2 consumption is recorded at around 265 �C, and the

main reduction occurs at higher temperatures (around 438 �C
and 467 �C). The intensity of the low temperature peak in-

creases in 0.50 wt.% samples, b-Ru(0.50)-exHT-CO3, b-

Ru(0.50)-exHT-sil, with respect to the high temperature ones

(Fig. 2(b)). Thus it could be stated that in 0.25 wt.% loaded

catalysts only a small amount of ruthenium is segregated as

RuO2, which is not detected by XRD, whereas most of the

oxidized ruthenium species are well-stabilized in the catalyst

matrix. Similar reduction peaks have been reported in litera-

ture for Ru/MgOeAl2O3 catalysts, attributed to the reduction of

strongly interacting RuO2 species formed at the interface be-

tween the metal and the support [7]. The high reduction

temperature peak observed in the i-Ru(0.25)/exHT-CO3

impregnated sample could be explained by the partial recon-

struction of HT and Mg(OH)2 phases during impregnation,

while involving the incorporation of ruthenium species in the

hydroxides. The peak shifted toward lower temperatures with

respect to the bulk catalyst, thus suggesting either a larger

metallic particle size or a lower interaction with the support.

The latter behavior may be explained by either the lower

thermal treatment temperature of the sample after IWI or the

different number of Mg- and Al-containing species involved in

the structure reconstruction, since both effects modify the

phases in which the Ru species may be distributed. In the

sample containing silicates (b-Ru(0.25)-exHT-sil) the reduc-

tion profile is similar to that described for the b-Ru(0.25)-

exHT-CO3 catalyst, but the main H2 consumption is recorded

at lower temperatures. The formation of the forsterite phase

reduces the amount of Mg available for the formation of the

MgO phase, wherein ruthenium species may be dispersed,

thus reducing their stability. This effect is more notable in

0.50 wt.% loaded catalysts (Fig. 2(b)). As previously stated,

RuO2 is segregated in both catalysts, but the reduction

occurred at a lower temperature in the b-Ru(0.50)-exHT-sil

catalyst, thus indicating that a larger amount of Ru species are

present as segregated RuO2, in agreement with XRD data.

Reduced Ru catalysts were characterized by cyclohexane

dehydrogenation test reaction (CHD) and XPS analysis. The

http://dx.doi.org/10.1016/j.ijhydene.2013.08.135
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Fig. 2 e TPR profiles of (a) 0.25 wt.% Ru loaded catalysts: b-Ru(0.25)-exHT-Sil, b-Ru(0.25)-exHT-CO3, i-Ru(0.25)/exHT-CO3, and

Ru(0.25)/Al2O3 and (b) 0.50 wt.% Ru loaded catalysts: b-Ru(0.50)-exHT-Sil, b-Ru(0.50)-exHT-CO3.
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CHD is structure-insensitive and depends on the fraction of

exposed active metal: it could therefore be considered an in-

direct measure of metal dispersion [44,45]. However, for the

HT-derived catalysts, CHD could be considered only as a

measure of the exposed Ru metal sites. Apparent activation

energy and initial reaction rates (R0CH) of CHD are summa-

rized in Table 3. The initial reaction rate of CHD is slightly

higher for the bulk b-Ru(0.25)-exHT-CO3 than for the impreg-

nated i-Ru(0.25)/exHT-CO3 catalyst. On the other hand, acti-

vation energy values are similar regardless of the preparation

method (about 20 kcal/mol). It would appear that the bulk

catalyst contains a larger amount of exposed Ru atoms that

lead to a faster reaction rate; but the interaction between the

active metal and support does not depend on the preparation

procedure, because the activation energy is not modified. For

the b-Ru(0.25)-exHT-sil catalyst prepared from silicate pre-

cursors, the dehydrogenating activity (18 mol/h gcatalyst) is

greater, showing a larger amount of exposed Ru atoms than

the b-Ru(0.25)-exHT-CO3 sample. On the other hand, the

activation energy of CHD is similar to that of the previously

commented catalysts. Lastly, the Ru(0.25)/Al2O3 catalyst,
Table 3 e Apparent activation energy and initial reaction
rates (R0CH) of CHD for Ru catalysts at 400 �C.

Catalyst Apparent activation
energy (kcal/mol)

R0 CH
(mol/h gcatalyst)

b-Ru(0.25)-exHT-CO3 21 12

i-Ru(0.25)/exHT-CO3 20 9

b-Ru(0.25)-exHT-sil 20 18

Ru(0.25)/Al2O3 43 <1
resulting from the segregation of RuO2, shows a higher acti-

vation energy value and a lower initial reaction rate in CHD

than the catalysts prepared from HT compounds.

In order to thoroughly investigate themetallic phase on the

catalyst surface, Ru(3d) spectra were obtained by XPS mea-

surements on reduced samples. The XPS spectra obtained in

the Ru(3d) region of the catalysts prepared fromHT precursors

were very similar. They consisted of a doublet with a Ru(3d5/2)

BE at about 279.0 eV, which is characteristic of metal Ru(0),

and a second doublet attributed to Ru(IV) species at about

284.4 eV [13,46]. The constraints used in the spectral analysis

regarding the ratio between the areas of the Ru(3d5/2) and

Ru(3d3/2) peaks and their BE difference give a satisfactory

fitting of the signal shape that registered in both doublets. The

C1s peak that corresponds to the contamination carbon was

subtracted from the original spectrum. Themain Ru 3p3/2 peak

at 461.2 eV clearly indicates that most of ruthenium in both

catalysts was in a metallic form [13,14,47,48]. Ru 3d5/2 binding

energies and surface atomic ratios Ru/RuO2 are shown in

Table 2. Ru/RuO2 ratios are similar in b-Ru(0.25)-exHT-CO3 and

i-Ru(0.25)/exHT-CO3 catalysts prepared via a carbonate pre-

cursor regardless of the synthesis procedure (coprecipitation

or impregnation). The surface atomic ratio of the catalyst b-

Ru(0.25)-exHT-sil is higher than those of the above-mentioned

catalysts due to the increased amount of Ru0 present, in

agreement with the CHD results. Moreover, the ratio increases

for the b-Ru(0.50)-exHT-CO3 sample (0.67) in comparison to

the b-Ru(0.25)-exHT-CO3 sample (0.52). However it must be

noted that the presence of Ru4þ species may be related to the

metallic Ru particles covered by an oxide film. Therefore the

differences observed among catalysts may be related to the

different degree of oxidation [48].
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Table 4 e Outlet temperature (Tout) andmaximum reaction temperature (Tmax) of the gas phasemeasured by thermocouple
for the b-Ru(0.25)-exHT-CO3.

CH4/O2/He (v/v) 2/1/20 2/1/20 2/1/4 2/1/1 2/1/20 2/1/20 2/1/40

s (ms) 65 65 65 55 65 35 35

Toven (�C) 500 750 750 750 500 500 500

Sample Tout Tmax Tout Tmax Tout Tmax Tout Tmax Tout Tmax Tout Tmax Tout Tmax

b-Ru(0.25)-exHT-CO3 540 585 753 769 780 830 815 894 540 582 579 625 546 580
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A similar spectrum is obtained for the Ru(0.25)/Al2O3

catalyst with a Ru 3d5/2 peak at 279.1 eV, which is attributed to

Ru0 metallic species. An additional 3d5/2 peak around 284.3 eV

was also found, which can be attributed to the presence of

oxidized Ru species. Similar results were reported by several

authors [14,46e49]. What is more, the Ru(0.25)/Al2O3 catalyst

had a lower Ru/RuO2 ratio compared to the catalysts prepared

by HT precursors due to formation of larger metallic particles

with a lower amount of Ru0 exposed, as revealed by the CHD

test reaction, although the formation of RuO2 species could

not be ruled out.
Fig. 3 e Methane conversion and selectivities in H2 and CO

for 0.25 and 0.50 wt.% Ru loaded bulk catalysts, b-Ru(0.25)-

exHT-CO3, b-Ru(0.50)-exHT-CO3, b-Ru(0.25)-exHT-sil, b-

Ru(0.50)-exHT-sil, at CH4/O2/He [ 2/1/20 v/v and 500 �C: a)
initial test, b) repeated test after high temperature reaction

conditions.
3.2. Catalytic activity

The catalytic behavior (CH4 conversion, selectivity in CO, and

H2) of the samples depends on the Ru loading, chemical

composition of the support, and preparation procedure.

However, the general trend observed with different reaction

conditions is similar to those previously reported for Ni and

Rh catalysts obtained from HT precursors [37]. The tempera-

ture inside the catalyst bed varied depending on the reaction

conditions, while the temperature at the outlet of the catalytic

bed (Tout) and the maximum temperature (Tmax) were recor-

ded for every catalyst. In Table 4, the temperatures measured

for b-Ru(0.25)-exHT-CO3 catalyst are summarized as an

example.

At first, both the effect of Ru-loading and the nature of HT

precursor (b-HT-CO3 and b-HT-sil) on the activity and stability

of the catalysts were studied. Figs. 3 and 4 summarize the

most significant performances of 0.25 wt.% and 0.50 wt.% Ru

loaded bulk catalysts at different reaction conditions (tem-

perature and CH4/O2/He volume ratios). The initial catalytic

test, at an oven temperature of 500 �C and while feeding a

diluted gas mixture (CH4/O2/He ¼ 2/1/20 v/v), was used to

highlight the different activities in freshly reduced samples

(Fig. 3(a)). Methane conversion was low (50e60%) and the

syngas was rich in H2, due to the significant contribution of

the water gas shift (WGS) reaction. Oxygen conversion was

always complete. Regardless of the Ru loading, reduced bulk

catalysts obtained from b-HT-CO3 compounds (b-Ru(0.25)-

exHT-CO3 and b-Ru(0.50)-exHT-CO3) were more active and

selective to syngas than catalysts containing silicates (b-

Ru(0.25)-exHT-sil and b-Ru(0.50)-exHT-sil). However, in a se-

ries of samples the higher the Ru loading was, the better the

catalytic performances were.

Performances were improved by increasing the oven tem-

perature to 750 �C, as expected by the thermodynamic equi-

librium [26]; while CH4 conversion, selectivity in CO, and H2

depended on the composition of the gas mixture. Under the
most favorable reaction conditions, namely at low reactant

partial pressure (CH4/O2/He ¼ 2/1/20 v/v), CH4 conversion was

about 96% for all the catalysts, H2 and CO being the main

products (selectivity over 95%). By feeding concentrated CH4/

O2/He ¼ 2/1/4 and 2/1/1 v/v gas mixtures, especially with the

latter (Fig. 4), the performances obtained with b-Ru(0.25)-

exHT-CO3 and b-Ru(0.50)-exHT-CO3 catalysts were slightly

better than those achieved with b-Ru(0.25)-exHT-sil and b-

Ru(0.50)-exHT-sil catalysts. These results confirm that cata-

lysts obtained from b-HT-CO3 are more active than those

prepared from b-HT-sil. Lastly, the stability of catalysts was

studied by repeating the initial test after high temperature

reaction conditions (Fig. 3(b)). A loss of activity was observed

for both highly loaded catalysts and the b-Ru(0.25)-exHT-sil

sample, while the b-Ru(0.25)-exHT-CO3 catalyst improved its

activity with respect to the initial test.

The role of the preparation method (coprecipitation or

impregnation) and nature of the support (exHT-CO3 or g-

Al2O3) on the performances of 0.25 wt.% loaded samples was

studied in a second step (Figs. 5 and 6). In the test at an oven

temperature of 500 �C and feeding the CH4/O2/He ¼ 2/1/20 v/v

mixture (Fig. 5(a)), the impregnation method gave rise,

regardless of the support, to freshly reduced i-Ru(0.25)/exHT-

CO3 and Ru(0.25)/Al2O3 catalysts with poorer activity than the
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Fig. 4 e Methane conversion and selectivities in H2 and CO for 0.25 and 0.50 wt.% Ru loaded bulk catalysts, b-Ru(0.25)-exHT-

CO3, b-Ru(0.50)-exHT-CO3, b-Ru(0.25)-exHT-sil, b-Ru(0.50)-exHT-sil, at 750 �C and CH4/O2/He [ 2/1/4 and 2/1/1 v/v.
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b-Ru(0.25)-exHT-CO3 bulk sample. The differences in the cat-

alytic activity may be due to metal dispersion, the stability of

Ru(0) species to oxidation, and carbon deposition. By taking

into account the characterization results, the lower activity of

the Ru(0.25)/Al2O3 sample supported on g-Al2O3 may be due to

both a lower Ru dispersion and the oxidation of the Ru metal

[10,13,23]; moreover, the acidity of the support may promote
Fig. 5 e Methane conversion and selectivities in H2 and CO

values for Ru 0.25 wt.%. catalysts as a function of

preparation methods (coprecipitation vs impregnation) or

nature of the support (exHT-CO3 or Al2O3), b-Ru(0.25)-

exHT-CO3, i-Ru(0.25)/exHT-CO3, Ru(0.25)/Al2O3, operating

at CH4/O2/He [ 2/1/20 v/v and 500 �C: a) initial test, b)
repeated test after high temperature reaction conditions.
the deactivation by carbon deposition (see below). The cata-

lytic trend of the b-Ru(0.25)-exHT-CO3 and i-Ru(0.25)/exHT-

CO3 samples obtained from HT precursors does not fit

perfectly with the amount of available Ru sites obtained in

CHD tests, thus the oxidation of the metallic particles, mainly

at the entrance of the catalyst bed, may play a key role in the

activity at the low oven temperature [10,13,23]. Oxidized cat-

alysts promote total oxidation: in fact the maximum tem-

perature (measured at the inlet of the catalyst bed) is higher

for i-Ru(0.25)/exHT-CO3 and Ru(0.25)/Al2O3 samples (603 and

605 �C respectively).

When the oven temperature was raised to 750 �C
(Fig. 6(a)), during the 2/1/20 v/v test, the activity of the i-

Ru(0.25)/exHT-CO3 catalyst was closer to that of the b-

Ru(0.25)-exHT-CO3 bulk catalyst. The Ru(0.25)/Al2O3 sample

still shows a lower conversion (87%) but the selectivity to H2

is high (Fig. 6(b)). By feeding concentrated CH4/O2/He ¼ 2/1/4

and 2/1/1 v/v gas mixtures, the different performances be-

tween bulk and supported catalysts were reduced. The

temperature inside the catalyst bed increased (see Table 4),

thus affecting the catalytic activity. Moreover, the activation

of the catalysts may take place due to the reduction of the

RuO2 formed during the tests at low temperature, since the

oxidation state of ruthenium depends on the reaction tem-

perature [10,13,23]. By repeating the test in the initial con-

dition (Fig. 5(b)), Ru(0.25)/Al2O3 deactivated, whereas i-

Ru(0.25)/exHT-CO3 similarly activated as the bulk b-Ru(0.25)-

exHT-CO3 catalyst. The increase and stabilization of the

catalytic activity at high temperature has been reported to be

significant for the activity of noble metals at low tempera-

ture [50].
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Fig. 6 e Methane conversion (a) and selectivities in H2 and CO (b) for b-Ru(0.25)-exHT-CO3, i-Ru(0.25)/exHT-CO3, Ru(0.25)/

Al2O3 catalysts operating at 750 �C and CH4/O2/He [ 2/1/20; 2/1/4 and 2/1/1 v/v.
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Lastly, the effect of the contact time on CH4 conversion

and syngas selectivity during tests at 500 �C was further

studied for 0.25 wt.% loaded catalysts, b-Ru(0.25)-exHT-CO3,

i-Ru(0.25)/exHT-CO3, and Ru(0.25)/Al2O3 (Fig. 7). The activity

was evaluated at 35 ms by feeding the reactor with 2/1/20 and

2/1/40 v/v gas mixtures. When changing from 65 to 35 ms of

contact time, CH4 conversion and selectivity in CO highly

increased, whereas smaller differences were found in the

selectivity in H2. The increase in temperature is responsible
for better performances (Table 4), and is more notable for the

Ru(0.25)/Al2O3 catalyst, as previously reported for tests at

750 �C. The effect of the heat developed within the bed

decreased by increasing the dilution degree (Table 4). Per-

formances were only slightly higher than in the 2/1/20e5 test

at 65 ms and no modifications in the activity order were

observed. Therefore, catalytic tests for shorter contact times

confirmed the above-reported trend in the activity of the

catalysts.
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Fig. 7 e Methane conversion and selectivities in H2 and CO

values for b-Ru(0.25)-exHT-CO3, i-Ru(0.25)/exHT-CO3,

Ru(0.25)/Al2O3 catalysts operating at 500 �C and CH4/O2/

He [ 2/1/20; 2/1/40 v/v.

Fig. 8 e Methane conversion values during long-term

catalytic tests on b-Ru(0.25)-exHT-CO3 catalyst for a short

contact time (5 ms).
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3.3. Characterization of used catalysts

To study the deactivation/activation mechanisms taking place

with time-on-stream, post-reaction catalysts were character-

ized. XRD patterns of catalysts obtained from HT-derived cat-

alysts were not modified after the catalytic tests; only small

Ru(0) reflections were identified in the b-Ru(0.50)-exHT-sil

catalyst. On the other hand, q- and g-Al2O3 phases and small

peaks of Ru(0) were identified in the diffraction pattern of the

Ru(0.25)/Al2O3 catalyst. The high temperatures reached in the

catalyst bed promoted the phase transition and the sintering of

the metallic particles. Table 1 shows the specific surface area

values (SBET) of the used catalysts. SBET values of bulk HT-

derived catalysts remain fairly close to the values of fresh

catalysts, thus confirming their good thermal stability. How-

ever, the SBET of i-Ru(0.25)/exHT-CO3 catalyst decreased after

the catalytic tests, due to the lower thermal stability of the

support and/or sintering of the metallic phase which decrease

the pore volume. The surface area of the Ru(0.25)/Al2O3 cata-

lyst decreased greatly from 220 m2 g�1 to 166 m2 g�1, in

agreement with the phase changes observed in the XRD data

commented on herein before.

The carbon deposition on the catalyst surface during tests

was studied by TPO. The basic character of oxides [36] in HT-

derived catalysts prepared by coprecipitation or impregnation

prevented the carbon formation, since the analysis performed

gives a C content below the detection limit. On the other hand,

Ru(0.25)/Al2O3 showed a small amount of C (0.15% C). It must

be noted that g-Al2O3 has Lewis acidity [51], so the small

amount of carbon may be attributed to the acidity of the

support.

The best-performing catalyst, b-Ru(0.25)-exHT-CO3, was

further analyzed by TEM. Metallic particles of sizes ranging

from 2 to 10 nm, with mean particle size of around 4e5 nm,

were observed in the reduced fresh sample. The Ru(0) size of

the particles was slightly increased after catalytic tests (mean

particle size 5.25 nm), thus confirming the good stability of

this sample under reaction conditions. However, it should be
mentioned that Ru nanoparticles smaller than 2e3 nm may

form RuO2 in ambient conditions [49]; thus the presence of

smaller particles cannot be ruled out.

Taking into account the catalyst characterization before

and after the tests may help explain some of the catalytic

behaviors. The deactivation of Ru(0.25)/Al2O3 is related to the

sintering of support andmetallic particles, aswell as to carbon

formation, as previously reported [10]. With regard to HT-

derived catalysts, the segregation of RuO2 and their further

sintering or oxidation is responsible for the loss in activity of

0.50 wt.% Ru-loaded and silicate-containing catalysts, b-

Ru(0.50)-exHT-CO3, b-Ru(0.25)-exHT-sil, and b-Ru(0.50)-exHT-

sil. As for the synthesis procedure, the reconstruction of the

structure during Ru impregnation led to well dispersed and

stable metallic particles in i-Ru(0.25)/exHT-CO3 catalysts, in

spite of the fact that the catalyst is less active than the cor-

responding b-Ru(0.25)-exHT-CO3 bulk sample. The activation

observed for both catalysts after tests at high temperature

could be related to the reduction of RuO2 species; however, for

the i-Ru(0.25)/exHT-CO3 catalyst, the biggest difference be-

tween the initial and final tests under the same conditions

suggests a reorganization of the metallic particles. Namely,

metallic particles in the initial tests were more easily oxidized

than in the final one. Fresh catalysts may be supposed to have

smaller particles than the catalysts after high temperature

reaction, the latter being more stable against oxidation

[6,23,52]. This effect is more evident for the impregnated cat-

alysts, because of the lower calcination temperature, which

determines the Ru/support interaction and the particle size.

3.4. Long-term catalytic tests

Long-term catalytic tests were carried out for a shorter contact

time (5 ms), with the catalyst showing the best performances

(b-Ru(0.25)-exHT-CO3) to test its stability. The short contact

time was achieved by loading a small amount of catalyst (0.1 g

vs 0.5 g) and increasing the inlet flow rate, so the heat transfer

within the catalyst bed could be altered. Performances were

evaluated at Toven¼ 750 �C by feeding theCH4/O2/He¼ 2/1/4 v/v
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gasmixture and at Toven¼ 500 �C by feeding both concentrated

and diluted gas mixtures (CH4/O2/He ¼ 2/1/4, 2/1/20 and 2/1/

40 v/v). The effect of shutdown and startup cycles on perfor-

mances was also studied. CH4 conversion values are summa-

rized in Fig. 8.

In the test at 750 �C, high CH4 conversion (93%) and selec-

tivity in H2 and CO are achieved and remained constant at 7 h

of time-on-stream. Then the shutdown and startup were

performed in He atmosphere by decreasing the oven tem-

perature to room temperature and raising it to 750 �C. After
the first shutdown, the initial conversion was approximately

89%, but the catalyst was activated in the first 120 min,

reaching a constant value of about 91%. The same behavior

was observed after the second shutdown, with a final con-

version of 89%. It appears that the shutdown and startup play

a key role in the deactivation mechanism.

After the tests at 750 �C, the activity of the catalyst was

studied at 500 �C by feeding 2/1/4, 2/1/20, and 2/1/40 v/v gas

mixtures. The catalyst was very active when feeding the 2/1/

4 v/v reaction mixture, reaching 80% conversion of CH4. The

heat evolved by exothermic reactions justifies this high ac-

tivity. However, it appears that both water gas shift and

reforming reactions are fostered less under these reaction

conditions, since the selectivity to CO (92%) is greater than

selectivity to H2 (88%). The dilution of themixture reduced the

amount of heat generated in the bed, and therefore lowered

the CH4 conversion from 65% to 50% for the 2/1/20 and 2/1/

40 v/v gas mixtures, respectively.

To determine whether the deactivation is due to the

shutdown and startup, two further reaction cycles were per-

formed at Toven ¼ 750 �C and 500 �C for 120 min. Performances

remained rather constant at both temperatures; it is possible

to observe what was previously mentioned about the activa-

tion with time-on-stream during tests at high temperature.

The catalyst deactivation ismeasured by DP values, defined as

DP ¼ 100$(X0�Xf)/X0, (where X0 and Xf are the initial and the

final CH4 conversions). The DP was greatest (4%) between the

1st and 2nd cycle, and 1.4% between the 2nd and 3rd cycle.

The total deactivation in the short contact timewas about 10%

between the 1st and last cycle. These results suggest that the

catalyst is stable during the shutdown and startup, although

high temperatures for long reaction times deactivate it

slightly.
4. Conclusions

The activity and stability of Ru-catalysts derived from HT

precursors in the CPO of CH4 depend on the Ru loading (0.5

and 0.25 wt.%), intercalated anions in the HT (carbonates or

silicates), and synthesis procedure (coprecipitation or

impregnation). The classic coprecipitation method, for the

synthesis of Ru/Mg/Al HTs, leads to bulk catalysts in which

both the inclusion of silicates in the structure and the in-

crease of the Ru loading (regardless of the anions) foster the

segregation of RuO2 and therefore deactivation after tests at

high temperature and 65e55 ms. For low loaded catalysts

(0.25 wt.% Ru), the reconstruction of the Mg(OH)2 and HT

structures during impregnation improves the metal-support

interaction in comparison to a traditional Ru/g-Al2O3, but
the catalyst is less active than the corresponding bulk sample

obtained from Ru/Mg/AleCO3. The higher activity and sta-

bility of the 0.25 wt.% catalyst derived from Ru/Mg/AleCO3

during tests at high temperatures and 65e55 ms is due to an

enhanced metalesupport interaction, carbon resistance, and

thermal stability. However, a slight deactivation is observed

when it is tested for a very short contact time (5 ms) at high

temperature.
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[24] Lanza R, Järås SG, Canu P. Partial oxidation of methane over
supported ruthenium catalysts. Appl Catal A Gen
2007;325:57e67.

[25] Ji L, Lin J, Zeng HC. Thermal processes of volatile RuO2 in
nanocrystalline Al2O3 matrixes involving g / a phase
transformation. Chem Mater 2001;13:2403e12.

[26] Rabe S, Truong TB, Vogel F. Low temperature catalytic partial
oxidation of methane for gas-to-liquids applications. Appl
Catal A Gen 2005;292:177e88.

[27] Ashcroft AT, Cheetham AK, Foord JS, Green MLH, Grey CP,
Murrell AJ, et al. Selective oxidation of methane to synthesis
gas using transition metal catalysts. Nature 1990;344:319e21.

[28] Ashcroft AT, Cheetham AK, Jones RH, Natarajan S,
Thomas JM, Waller D, et al. An in situ, energy-dispersive x-
ray diffraction study of natural gas conversion by carbon
dioxide reforming. J Phys Chem 1993;97:3355e8.

[29] HaynesDJ, CamposA, BerryDA, ShekhawatD, RoyA, Spivey JJ.
Catalytic partial oxidation of a diesel surrogate fuel using an
Ru-substituted pyrochlore. Catal Today 2010;155:84e91.

[30] Gaur S, Pakhare D, Wu H, Haynes DJ, Spivey JJ. CO2 reforming
of CH4 over Ru-substituted pyrochlore catalysts: effects of
temperature and reactant feed ratio. Energy Fuels
2012;26:1989e98.

[31] Kikuchi R, Iwasa Y, Takeguchi T, Eguchi K. Partial oxidation
of CH4 and C3H8 over hexaaluminate-type oxides. Appl Catal
A Gen 2005;281:61e7.

[32] Bukhtiyarova MV, Ivanova AS, Slavinskaya EM,
Kuznetsov PA, Plyasova LM, Stonkus O, et al. Steam
reforming of methane over Ni-substituted Sr
hexaaluminates. Catal Sustain Energy Res 2012;1:11e21.

[33] Basile F, Fornasari G, Gazzano M, Vaccari A. Rh, Ru and Ir
catalysts obtained by HT precursors: effect of the thermal
evolution and composition on the material structure and
use. J Mater Chem 2002;12:3296e303.

[34] Basile F, Fornasari G, Rosetti V, Trifirò F, Vaccari A. Effect of
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