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Abstract The effect of lanthanum addition to c-alumina

supported bimetallic carbides has been studied for the

reaction of dry methane reforming using four different

lanthanum loading levels of 1, 5, 10 and 15 wt% of lan-

thanum. It has been demonstrated that the addition of

lanthanum to supported bimetallic carbides at low loading

levels (1 wt%) results in smaller carbide crystallite sizes

compared to catalysts containing either no lanthanum or

higher lanthanum loading levels (5–15 wt%). Increased

lanthanum loading results in increased carbon dioxide

desorption at 500–700 �C. Reactions indicated that

increased lanthanum loading resulted in significantly

reduced product yields due to increased reverse water–gas

shift activity. All materials exhibited degrees of sintering

during the reaction. It was found that cobalt reacted with

lanthanum species to form a LaCoO3 phase. The 1 wt%

catalyst possessed superior catalytic properties for dry

methane reforming and was tested for 100 h. After an

initial loss of activity, the catalyst appeared to stabilise,

however, a decrease of *3 % in the H2:CO ratio, evidence

of carbide crystallite growth and carbon deposition, indi-

cated that a shift in the side reactions had occurred during

the reaction.

Keywords Dry methane reforming � Bimetallic carbide �
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Introduction

Due to our current reliance on petrochemical feed stocks,

carbon dioxide emissions will continue to soar while we

are employing combustion-based processes. From the

environmental perspective, the application of carbon cap-

ture and storage technologies would effectively negate

carbon dioxide emissions, resulting in a stabilisation of

manmade contributions. Although such technologies are

more than viable for stationary sources of carbon dioxide

emissions, there are still no viable routes for incorporation

into vehicles equipped with combustion engines. However,

storage of carbon dioxide is a waste of a free carbon-based

resource, when it may be converted into fuels or their

precursors. This could help to provide a solution to two

major current issues; global warming and the imminent

energy crisis.

One potential route that is currently being examined by

the start-up company NewCO2Fuel is the application of dry

methane reforming (DMR) employing renewable energy

sources for generating synthesis gas (syngas) [28]. Prior to

this, DMR has only found limited industrial application.

Most notably in the form of the SPARG and CALCOR

processes [11]. The SPARG process combines methane

combustion (MC), partial oxidation of methane (POM),

steam reforming (SR) and DMR. By implementing such a

process, MC not only yields the oxygenated feed streams
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used in both SR and DMR, but also supplies energy to the

endothermic reactions resulting in lower external energy

requirements. POM, SR and DMR produce syngas as the

product [32]. However, commercially in SR, carbon mon-

oxide is further reacted in the presence of water to yield

hydrogen and carbon dioxide via the water gas shift reac-

tion (WGS). SR and DMR are described by Eqs. 1 and 2,

respectively.

Steam reforming

H2Oþ CH4 ! 3 H2 þ CO þ 206 kJ mol�1
ð1Þ

Dry methane reforming

CO2 þ CH4 ! 2 H2 þ 2 CO þ247 kJ mol�1
ð2Þ

Both of these reforming processes are highly

endothermic requiring significant external energy input to

proceed. While they are similar in the respect that they are

both endothermic, they could not be more different

chemically. SR utilises water, which results in significant

hydrogen yield giving a syngas ratio of 3:1. DMR utilises

carbon dioxide, which results in a more endothermic

process, however, it reforms two major greenhouse gases

and yields (theoretically) a 1:1 syngas composition, which

is known to be particularly useful for the synthesis of

hydrocarbons [18].

Subsequently, much research has been conducted on the

DMR process, in particular with cobalt and nickel, which

are well known for their significant C–H bond activation

ability [4]. While this is a mature reaction, many ‘‘new’’

classes of catalysts have been investigated in recent years

to examine their performance in this promising area. In

particular, group VI carbides have shown a particular

affinity towards such processes [2]. This has been attrib-

uted to the hybridised electron configuration of the metal,

which resembles that of the noble metals and has been

shown previously to possess some properties similar to

those exhibited by platinum [22].

In particular, monometallic molybdenum carbide,

Mo2C, has been tested as a catalyst for a number of reac-

tions, including SMR [7], DMR [8, 9, 21, 26], POM [36]

and hydrotreating [37]. The use of supported metal car-

bides was also considered in an attempt to further improve

catalytic activity and stability of these materials. Studies

undertaken by Brungs et al. [2] examined the use of a

number of supports (Al2O3, SiO2, TiO2 and ZrO2) for

molybdenum carbide (Mo2C) catalysts. The authors were

able to determine a stability order for the supported

materials which showed that alumina supported monome-

tallic carbides exhibited the highest catalytic stability in

DMR.

It has also been reported that the addition of a second

metal, e.g. Co, has a significant effect on the catalytic

activity of Mo carbides [1, 37]. Xiao et al. produced a

series of CoMo bimetallic carbides with different Co:Mo

ratios. It was observed that at low Co:Mo ratios, a

homogeneous bimetallic carbide phase was formed.

However, materials with higher Co:Mo ratios, e.g.

Co0.4Mo0.6Cx and Co0.5Mo0.5Cx, exhibited a number of

impurity phases, primarily Co and Mo2C [6, 37]. A small

number of studies have been conducted on the use of

supported bimetallic carbide systems for DMR, employ-

ing a rather diverse number of supports such as c-alumina

[6, 10, 19, 30], activated carbon [23, 27], MCM-41 [35]

and SBA-15 [14].

Additive studies were reported by Darujati et al. spe-

cifically the use of ceria was explored as an additive to c-

alumina supported Mo2C. It was found that although no

obvious change in activation energy was observed for

Mo2C as a bulk or supported catalyst, the ceria-promoted

material exhibited a higher activity, which was attributed to

improved dispersion of the catalyst due to the support.

However, ceria was found to act as an active site for strong

CO2 adsorption, which lowered the reaction order of CO2

to zero. A redox cycle was also proposed which accounted

for CO2 and CO interactions with the Ce3? and Ce4?

oxides [9]. It was determined that ceria had to be

impregnated into the support and calcined prior to

molybdenum impregnation. Additionally, Darujati et al.

examined additives such as K and Zr. It was found that K

significantly decreased surface molybdenum concentra-

tions resulting in reduced activity and rapid deactivation.

Zr was found to have no obvious effect on either methane

conversion or deactivation rates [8].

Lanthanum-like cerium and their oxides are well known

as catalyst additives and their use is well documented. In

zeolitic materials, both are known to possess similar

properties in that they enhance acid site density in con-

junction with mediating carbon lay down during fluidised

catalytic cracking [29] and [20]. Additionally, their appli-

cation as a phase stabiliser for transitional support mate-

rials such as titania and alumina has been documented [12,

13]. It has been reported previously that simple perovskites

of the type LaMO3 (M = Ni/Co/Fe) have been reduced and

then used as a catalyst in the DMR reaction. It was found

that lanthanum oxide adsorbed carbon dioxide, which

readily converted carbon generated by methane cracking

(MCr) into carbon monoxide [33]. While the use of ceria as

an additive for supported molybdenum carbide has been

reported previously the use of the more abundant lantha-

num and its oxides has not to the best of our knowledge

been investigated previously on either monometallic or

bimetallic carbides.

The present work examines the effect of La addition to

c-alumina supported bimetallic carbides in DMR, with

particular emphasis on the stability of the catalysts during
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reactions in the presence of excess carbon dioxide at high

reaction temperatures. Analysis of the catalysts prior to

reaction was undertaken to understand the effects that the

presence of La may have had on the formation of the

carbide. Additionally, analysis of post-reaction catalysts

were conducted to examine changes of the active phase

during reaction and to assess the stability of the carbides in

the presence of lanthanum during dry methane reforming.

Experimental

Catalyst preparation

c-alumina high surface area catalyst support (Alfa Aesar,

250 m2 g-1) was ground and sieved to a particle size of

125–250 lm. Six different supports were generated in 5 g

batches, these contained 0, 1, 5, 10 and 15 wt% La. These

were produced by adding together lanthanum (III) nitrate

hexahydrate (Sigma-Aldrich, Fluka C99.0 %) and citric

acid (Alfa Aesar, Anhydrous ACS, 99.5 ? %) in a 1.0:1.5

molar ratio, respectively. The resultant mixture was added

in a required proportion to sieved alumina and mixed with

manual grinding for 30 min prior to adding water and

mixing to a stiff paste. For the purpose of comparison, the

0 wt% La sample also underwent mixing and adding of

water. The supports were dried at 110 �C for 3 h and then

heated in air at 10 �C min-1 to 850 �C and kept at this

temperature for 3 h. Once cooled, the supports were ground

and sieved to a particle size of 125–250 lm.

3 g of each support was added to 50 ml of a solution

containing ammonium heptamolybdate tetrahydrate

(Sigma-Aldrich, ACS, C99.99 %) cobalt (II) nitrate hexa-

hydrate (Sigma-Aldrich, ACS, C98 %), nitric acid (Sigma-

Aldrich, 70 %) and an excess of citric acid (Alfa Aesar,

Anhydrous ACS, 99.5 ? %) and distilled water. The

mixture was stirred vigorously for 24 h and then heated at

120 �C for 2 h to remove excess water. The resultant solids

were transferred to alumina crucibles, heated at

5 �C min-1 to 600 �C and kept at this temperature for

10 h. Once cooled, the precursor solids were removed and

sieved to \250 lm. The target loading level of the oxide

precursor was 40 wt% (*30 wt% carbide) in all instances

with a Co:Mo molar ratio of 0.67.

The precursors (*2.5 g) were then reduced and car-

burised under a continuous flow of methane (BOC, 99.9 %)

and hydrogen (BOC, 99.9 %) with a ratio of 20:80 volume

%, respectively, and a flow rate of 40 ml min-1, while the

temperature was increased at 3 �C min-1 to 750 �C and

held for 3 h. The samples were then allowed to cool to

room temperature at 3 �C min-1 under argon (BOC

99.9 %). All catalysts were left in the quartz tube at room

temperature for 24 h exposed to air prior to removal,

subsequent characterisation and catalytic tests.

Catalytic tests

Catalytic reactions were undertaken in a stainless steel fixed

bed plug flow micro reactor (Fig. 1) at atmospheric pres-

sure. To reduce dead volume attributed to the reactor tube,

carborundum (Fisher, General purpose grade, 24 mesh) was

loaded above and below the catalyst bed separated with

quartz wool wads (Fisher) to prevent the mixing of catalyst

(0.5000 ± 0.0005 g) with the carborundum. The catalyst

was heated at 5 �C min-1 to 850 �C under 40 ml min-1

flow of dry nitrogen (BOC 99.999 %). Once the tempera-

ture had stabilised at 850 �C, the gas supply was switched to

a mixture (Air products special gas mixture, 99.99 %)

containing methane, carbon dioxide and nitrogen (33, 39

and 28 %, respectively) at 40 ml min-1, giving a weighted

GHSV of 4,800 ml hr-1 g-1. Reactions were performed

initially for 5 h to establish the most active catalyst, which

was then tested for 100 h. Gas analysis was undertaken

every 30 min for the former reactions and every hour for the

latter. The composition of the reactor effluent was moni-

tored for CH4, CO2, N2, H2 and CO using a Shimadzu GC

2014 Gas Chromatograph equipped with TCD and FID

detectors employing a column-switching technique between

a 1 m mole sieve 139 60–80 mesh packed column and a

3 m Hayesep N 60–80 mesh packed column; argon (BOC

99.999 %) was used as the carrier gas. Post-reaction, the

spent catalyst was cooled to room temperature under

40 ml min-1 of dry nitrogen (BOC, 99.999 %) overnight

and then exposed to air prior to unloading.

Conversion of component x was defined as:

1� Xoulet½ � � ISinlet½ �
Xinlet½ � � ISoutlet½ �

� �
� 100 ð3Þ

where X is the concentration of either CH4 or CO2 in the

feed, IS is the concentration of the internal standard (N2).

The hydrogen and carbon monoxide yields were defined

as:

H2 outlet

2CH4 inlet

ð4Þ

and

COoutlet

2CO2 inlet

ð5Þ

The product ratio was defined as:

H2 outlet

COoutlet

ð6Þ

where all yields and the product ratio were calculated from

N2 corrected flow rates at STP (ml min-1).
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The effect of the reactor tube, carborundum and quartz

wool has been accounted for by undertaking a blank

experiment. In all instances, this conversion amounted to

\1 % of that demonstrated by the reactor tube loaded with

catalysts. All 5 h data sets presented below represent an

average of two experiments with a maximum difference

between experiments of ±3 % for CO2 conversion and CO

yield data and ±2 % for CH4 conversion and H2 yield data.

All experiments were carbon balanced and found to be

close in the range 96–103 %.

X-ray diffraction (XRD)

Measurements were undertaken on a PANalytical X’Pert

Pro diffractometer, utilising CuKa1 radiation; the X-ray

tube was operated at 40 kV and 45 mA. The scanning

range was 5�–85� in 2h, with a step size of 0.0020� and a

scan speed of 0.0056� s-1. Crystallite sizes of the carbidic

phase were calculated by employing the Scherer equation

and are only presented for comparative purposes.

Thermogravimetric analysis (TGA)

TGA data were collected on a Perkin Elmer STA6000.

4–7 mg of material was heated in an alumina crucible

under a 30 ml min-1 flow of air from 50 to 950 �C at a

ramp rate of 10 �C min-1.

Nitrogen physisorption (BET method)

N2 adsorption–desorption isotherms were measured at

-196 �C using a Micromeritics ASAP2020 specific sur-

face area and porosity analyser. The specific surface area

was determined from the N2 adsorption isotherms by

application of the BET equation. Prior to analysis, the

samples were degassed under vacuum at 150 �C for 5 h.

Carbon, hydrogen and nitrogen analysis (CHN)

The total weight percentage of carbon, hydrogen and

nitrogen was determined for fresh and spent catalysts. This

was performed via combustion analysis using an Exeter

Analytical CE-440 analyser. Values given within are an

average of three measurements and correspond to a maxi-

mum difference of 3 %.

Results and discussion

Synthesised catalyst characterisation

Synthesised catalysts were analysed via a variety of tech-

niques to determine composition prior to and after reaction.

Table 1 illustrates the carbon contents both prior to and

post-reaction; initially it can be observed that all samples

contained a significant fraction of carbon, catalysts con-

taining 0, 1, 5, 10 and 15 wt% La had 10.5–12.3 wt% of

carbon. In comparison, the bulk Mo2C had *6 wt% car-

bon present, hence, this was viewed as a large excess which

may have resulted from longer than necessary carburisation

times and come about through the methane decomposition

reaction as the carbide phase formed. The bulk composition

of the bimetallic carbide is predicted as being CoxMoyCz

where x = 2.29, y = 3.43 and z = 1. Which equates

to 8.48 wt% Co, 20.75 wt% Mo, 0.77 wt% C 0.70–

10.50 wt% La and 69.30–59.50 wt% Al2O3. It was also

Fig. 1 A schematic

representation of the dry

methane reforming fixed bed

plug flow reactor
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found that in general, the surface area of the supported

catalysts decreased with increased lanthanum content. This

may have been an effect caused by the increase in lan-

thanum content and a decrease in alumina content, result-

ing in similar levels of coke across supports of reduced

surface area and porosity.

XRD patterns of the supports (Fig. 2a) exhibited a small

degree of variation in peak intensity which may be attrib-

uted to the dilution effect of the lanthanum additive. All

catalysts exhibited a number of phases present (Fig. 2b).

Unsurprisingly, the most dominant phase was that of car-

bide. It has been reported in a number of studies that the

bimetallic carbide exhibits diffraction peaks shifted to

higher diffraction angles compared to Mo2C and were

similar to those observed for the b-molybdenum carbide

[35, 36]. The c-alumina phase was also observed, in con-

junction with amorphous carbon and Co. At the Co:Mo

ratio employed (0.67), the carbide structure is known to

undergo a degree of phase separation during synthesis

which results in a mixture of mono and bimetallic carbides

as well as metallic Co [6]. It can also be observed that

when small quantities of lanthanum (1 wt%) were added,

the growth of carbidic species was suppressed in compar-

ison to that observed for the undoped sample, as seen from

the intensity of the carbide phase peaks (Fig. 2b). As lan-

thanum addition increased this effect appeared to decrease,

where at 10–15 wt% of lanthanum a significant increase in

carbide diffraction peak intensity was observed. This is in

line with the observations of Martinez et al. where they

observed that catalysts possessing large amounts of lan-

thanum oxide addition resulted in reduced catalytic activity

and stability. From this, they concluded that while lower

loading levels of lanthanum oxide resulted in good dis-

persion and hence an improvement in the active metal

dispersion on the catalyst. High loadings resulted in a

reversal of this effect, where active metal dispersion was

found to be worse than that employed on the catalyst with

no lanthanum oxide addition [25]. Interestingly, in our

study lanthanum oxide diffraction peaks were not observed

on any of the supported samples even up to 15 wt% of

lanthanum, which suggested that lanthanum derived spe-

cies were highly dispersed on the support. This observation

is in good agreement with work previously undertaken by

[13] who reported that a La:Al ratio of 0.15 (*9.3 wt% of

La) resulted in high dispersion of the La phase as La3?.

These dispersion effects were observed to be present at

higher La:Al ratios (0.25–0.50), however, it was found that

excess lanthanum species may have become partially

incorporated in the alumina framework giving rise to spe-

cies of the type LaAlO3 resulting in reduced support sur-

face area.

TGA was used to examine the reaction of the supported

bimetallic carbides under an oxidising atmosphere. It can be

seen in Fig. 3 that all catalysts exhibited a series of mass

changes over the range 200–650 �C. Monometallic carbides

Table 1 Catalyst characteristics of the La containing supported

bimetallic carbide catalysts prior to and post-reaction

Lanthanum

doping

level (wt%)

Carbon

content

prior to

reaction

(wt%)

BET

surface

area

(m2 g-1)

Carbide

crystallite

size prior

to reaction

(nm)

Carbon

content

post-

reaction

(wt%)

Carbide

crystallite

size post-

reaction

(nm)

0 11.28 85 12 0.73 23

1 10.64 87 5 0.67

(5 h)

5.15

(100 h)

20 (5 h)

52 (100 h)

5 12.32 84 11 0.69 20

10 10.50 78 11 0.65 30

15 12.25 66 13 0.75 20

15 wt.% La

10 wt.% La

5 wt.% La

1 wt.% La

γ-Al
2
O

3
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ar
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un
its

)
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b

Fig. 2 a XRD patterns of supports containing La additive. b XRD

patterns of the La-containing alumina supported bimetallic carbide

(40 wt%) catalysts prior to reaction. A carbon, filled circle carbide,

filled square c-alumina and M cobalt
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are known to be highly reactive in the presence of oxygen and

readily undergo a transformation to their respective oxide

phases [2]. However, in this instance, this does not appear to

be a rapid transformation for any of the catalysts. In all

instances, these events occur over a prolonged period from

200 �C until a maximum mass increase was observed

between 475 �C (1 wt% La) and 550 �C (15 wt% la). Pre-

sumably, this is due to the formation of a protective oxide

overlayer on the carbidic species, inhibiting rapid oxidation

[30]. Additionally cobalt, the second metal employed in

these systems, is known to undergo a convoluted oxidation

process over a wide temperature range, which may also

significantly contribute to the elongation of the oxidative

events [34]. After this process, a significant mass loss is

observed which coincides with the removal of carbonaceous

species deposited on the catalyst during the carburisation

process, these temperatures are similar to those observed by

Jiang et al. [16] over spent nickel catalyst supported on

aerogels. Interestingly, the increased oxidation temperatures

coincided with increased lanthanum content. This could

suggest that increased La enhanced the carbidic and metallic

species oxidative resistance. This effect appears to have

affected the combustion process associated with deposited

carbon species. It may be inferred that the combustion of the

deposited carbon is a catalytic process and that the observed

differences in temperature are associated with the formation

of active metal oxide species [24].

Catalytic tests

To further examine the effects that lanthanum addition has

on the bimetallic carbide, reactions were undertaken

employing an excess of carbon dioxide at 850 �C for a

duration of 300 min. It can be observed in Fig. 4a that all

lanthanum dispersed catalysts exhibited a methane

conversion of above 97.5 % which was well in line with

calculated equilibrium values ([99 %) [3]. However, for the

undoped sample, a lower conversion indicates that lantha-

num may have acted as a promoter for methane decompo-

sition. It was demonstrated by Jiang et al. [17] that the

addition of lanthanum oxide to nickel-containing catalysts

resulted in enhanced methane conversion, especially at

higher temperatures. It was apparent that after 300 min very

little change was observed for the methane conversion. This

suggested that conversion of methane occurred readily over

all materials regardless of carbon dioxide conversion. To

further verify whether this was due to dry methane reform-

ing, methane decomposition or a combination of both, the

carbon dioxide conversion was analysed to establish the

presence of such potential side reactions.

The samples containing 1 and 10 wt% of lanthanum

exhibited similar CO2 conversions comparable to those

observed for the undoped sample (Fig. 4b). Interestingly,

this runs in parallel to the carbon content of each catalyst

and more importantly to amount of carbon remaining post-

reaction (Table 1). We may assume that due to the carbon

balances observed, the surface carbon prior to reaction is

removed before sampling of the product gases occurs at

30 min. Additionally, it is proposed that this occurs in part

due to the larger amount of CO2 employed in this process

in comparison to methane. The catalyst with 1 wt% La

exhibited a higher degree of stability during the 5 h reac-

tion, whereas the undoped and the 10 wt% La catalysts

exhibited a small decrease in conversion during the

300 min reactions. Both the 5 and 15 wt% La exhibited

very similar initial carbon dioxide conversion values at

*94 %, however, the 15 wt% La deactivated during the

course of the reaction to *89 %. A slower rate of deac-

tivation was observed for the 5 wt% La catalyst which

displayed only a decrease of 3 %.

The yields generated by each catalyst were analysed to

assess the effects that lanthanum addition had on side

reactions commonly found in dry methane reforming, most

notably hydrogen-consuming reactions, for example

reverse water–gas shift (RWGS). It can be observed in

Fig. 4c, d that the sample containing 1 wt% La exhibited

the highest yield of hydrogen (*96 %) and carbon mon-

oxide (*82 %). While higher loadings show an effect

which favours significant side reactions that result in

reduced yields of hydrogen and carbon monoxide. The final

assessment of the catalysts was the analysis of the product

ratios (Fig. 4e), which in a near ideal scenario (Eq. 2)

would be close to 1:1. However, this is normally difficult to

achieve due to the ongoing side processes, for example

MCr and RWGS. The materials that resulted in ratios

closest to the optimal were the 0 and 1 wt% La-doped

catalysts, which produced a fairly stable ratio of approxi-

mately 0.98–1.02 (based upon duplicate data sets). All of
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S
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Fig. 3 TGA of the La-containing alumina supported bimetallic

carbide catalysts prior to reaction
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the other H2/CO ratios were in the range of 0.90–0.96. It is

evident at higher loadings of lanthanum that carbon mon-

oxide is the favoured product.

These observed differences in reactivity may stem from

the presence of new diffraction peaks observed in post-

reaction XRD patterns of spent catalysts (Fig. 5). It was
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found that a new phase was formed during the reaction and

matched the perovskite LaCoO3. Recently, Chawla et al.

[5] demonstrated that lanthanum cobaltite possesses a

degree of catalytic activity towards dry methane reforming,

they also found that the working catalyst exhibited a high

degree of RWGS activity as indicated by a H2:CO ratio

lower than 1. This may partially explain why all loading

levels above 1 wt% La exhibit a high degree of RWGS

activity.

Post-reaction characterisation

Catalysts were cooled to room temperature under flowing

nitrogen and once cooled, allowed to passivate in air prior

to removal from the reactor. Elemental analysis (Table 1)

was conducted on the post-reaction catalysts and in all

instances, the carbon content of the material had decreased

significantly, indicating removal of the excess amorphous

carbon via direct reaction with carbon dioxide (reverse

Boudouard (RB) reaction DHo
298 = 172 kJ mol-1). Similar

levels of residual carbon were observed over the spent

catalysts, which in conjunction with post-reaction XRD

patterns (Fig. 5) indicated the presence of carbide phases in

post-reaction catalysts. It should also be noted that

although not presented in Table 1, all post-reaction sam-

ples displayed a very small quantity of hydrogen

(0.03 wt%), which may be in the form of adsorbed

hydrocarbons [31]. XRD patterns also indicated that the

carbide phase peak intensity had increased substantially on

catalysts that contained lower lanthanum content. Previ-

ously, lanthanum has been demonstrated to act as a dis-

persion agent on alumina providing improved dispersion of

supported phases [13]. Hence, loss of lanthanum through

the formation of a perovskite phase [15] would reduce the

amount of lanthanum and alter this dispersion effect which

may have resulted in the significant sintering during reac-

tion (Table 1).

TGA thermographs (Fig. 6) exhibit a number of phe-

nomena in post-reaction catalysts. Initially, a small mass

loss was observed at a similar level to that found prior to

reaction, suggesting that this may be associated with either

water loss and/or buoyancy as a result of the up flow sys-

tem. After this initial loss, an increase in mass was

observed indicating the presence of carbidic and metallic

species being present over the spent catalyst which oxi-

dised during TGA experiments. In all instances, these mass

increases were found to begin within the range 200–225 �C

which was similar to those observed prior to reaction. At

maximum oxidation, it became apparent that there were

differences in the degree of oxidation of the materials.

Additionally, the remaining residual carbon observed via

elemental analysis did not appear to be associated with

graphitic coke. Based upon the findings from XRD, the

carbidic phases still appear to be the major components on

the support. This is further verified by the theoretical car-

bon content of the carbides. Bulk bimetallic carbides syn-

thesised by Xiao et al. [37] exhibited a carbon content of

*2.56 wt% at the same ratio employed within this study.

The approximate loading level of the supported carbides in

this instance is 30 wt%. Based upon this, the theoretical

carbon content of the catalyst should be 0.77 wt%. Hence,

it is observed that post-reaction carbon contents of all

materials are similar to those expected theoretically.

100 hour catalytic test

Based upon the observations made during the 5 h test

reactions (low activity towards side reactions), the 1 wt%
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La doped supported bimetallic carbide catalyst was tested

in an extended time on stream study for 100 h. It was found

that during the course of the reaction, a drop in carbon

dioxide conversion was observed, however, after *12 h,

this appeared to stabilise at *84 % with minor fluctuations

of ±1 % (Fig. 7a). In contrast to this, the methane con-

version (*99 %) remained unchanged for 100 h. Analysis

of the yields (Fig. 7b) revealed a gradual decline in the

product quantity. The yield of carbon monoxide was found

to decrease from *85 to 82 % during the course of the

reaction. This trend was mirrored by the hydrogen yield

where it decreased from *99 to 92 %.

During the reaction, the carbon dioxide feed failed at

41 h, subsequently all feeds except nitrogen were switched

immediately to prevent carbon deposition occurring and

the reactor was cooled to room temperature. The reactor

was brought back online in the same manner as initial start-

up and measurements were resumed. It can be observed

that at *42 h, an increase in yields (Fig. 7b) was apparent,

suggesting that the catalyst had been partially reactivated

through the reheating cycle under the inert gas. However,

soon after this, the catalyst re-established similar conver-

sion and yield levels to those observed prior to reactor

shutdown. A small increase in the carbon monoxide yield

may be attributable to carbon laid down on the catalyst as

lanthanum species (which are known to help prevent car-

bon deposition [33]) were converted to the perovskite.

Presumably with no corresponding increase in CO2 con-

version this can be associated with the RB reaction. The

product ratio (Fig. 7c) exhibited a general decline from

0.99 to 0.96 across the course of the reaction, indicating an

increase in the carbon monoxide and/or a subsequent

decrease in the hydrogen content of the produced syngas.

Post-reaction characterisation

In the previous section, three major effects were observed

during the reaction, these being; decreasing CO2 conver-

sion, decreasing H2 yield and an increasing CO yield

during the latter stages of the reaction. To explain these

observations, the spent catalyst was characterised after

reaction and compared to the pre-reaction and the spent

catalyst obtained post 5 h. After 100 h, the catalyst

exhibited a significant degree of sintering as evidenced by

the change in the calculated crystallite sizes (Fig. 8;

Table 1). Very little change in the cobalt metal and

perovskite diffraction peaks was observed at 100 h time on

stream in comparison to that observed for 5 h, suggesting

that these changes occurred early on in the reaction. It can

be observed in Fig. 9 that the 100 h time on stream catalyst

exhibited an almost identical TGA thermograph to the 5 h

time on stream catalyst after 600 �C. Prior to this, two

additional features are observed in the form of an inflection

point at 375 �C which may be associated with delayed

oxidation of sintered particles (evidenced previously via

XRD) in conjunction with the loss of amorphous carbon.
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The second feature is also apparent at *525 �C associated

with subsequent oxidation of graphitic carbon [16].

Summary

Addition of lanthanum exhibited a number of beneficial

effects at low loading levels, such as reduced carbide

crystallite size and improved methane conversion in con-

junction with improved catalyst stability. Higher loading

levels resulted in similar carbide crystallite sizes as those

observed over the catalyst containing no lanthanum addi-

tion. This increase in lanthanum content had a negative

effect upon the reaction resulting in significant enhance-

ment of side reactions in conjunction with increased carbon

dioxide conversion. As an interesting aside during these

reactions, it was apparent that a new phase was formed

(LaCoO3), which previously has never been successfully

synthesised directly over c-alumina. It has been docu-

mented that such phases possess activity for both dry

methane reforming as well as reverse water gas shift,

perhaps indicating, why larger lanthanum loadings had

such an adverse effect upon the reaction.

At longer reaction times, the 1 wt% catalyst exhibited

an initial loss of carbon dioxide conversion and hydrogen

and carbon monoxide yields. Indicating that after 5 h, a

significant change in the material occurred, causing a more

pronounced change in the reaction than that observed

previously during the 5 h runs. However, after this period

the catalyst exhibited significant stability, with only a small

increase occurring in the generation of carbon monoxide

and subsequently a small (3 %) reduction in the H2:CO

ratio during the 100 h examined. Based upon the obser-

vations made post-reaction, it appears that the loss of

activity may be related to sintering of the active phase. The

change observed in the carbon monoxide yield is believed

to a shift in side reactions from reverse water gas shift to

the reverse Boudouard reaction, which would account for

this enhancement effect.

Conclusions

Increased addition of lanthanum resulted in increased

particle size of the carbide phase over the alumina support.

This also occurred in conjunction with an increase in CO2

adsorption over the catalyst with increasing lanthanum

content. Several changes were observed in the catalytic

activity of the catalysts. Upon addition of lanthanum an

increase of 4–5 % methane conversion was observed,

indicating the presence of lanthanum, enhanced reactions

associated with methane. Further to this, materials that

contained significantly more carbon (3, 5 and 15 wt%)

possessed a higher conversion of carbon dioxide, however,

only the materials containing 0, 1 and 3 wt% exhibited

stability over the 5 h reaction. Catalysts containing

3-15 wt% lanthanum possessed low product yields due to a

number of ongoing side reactions such as the reverse

water–gas shift reaction. However, the 0 and 1 wt% cata-

lysts exhibited high product yields indicating minimised

side reactions. Post-reaction data suggested that these dif-

ferences in activity may be attributed to the formation of

the LaCoO3 perovskite structure for samples containing

higher lanthanum loading levels. For materials containing

1 wt% La, a significant sintering effect was observed,

which during the course of the short time on stream study

had very little effect on the catalyst stability. Longer

reaction times for the 1 wt% La-containing catalyst
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exhibited a decrease in conversion up to 12 h time on

stream, which may have been caused by significant sin-

tering of the active carbide phase and hence a reduction in

the effective catalyst surface area. However, after 12 h, the

catalyst remained relatively stable exhibiting a small

increase in carbon monoxide yield, which was as a result of

carbon deposition on the catalyst due to the loss of the

lanthanum phase through the generation of the LaCoO3

phase.
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