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In this study, the production of CO-rich hydrogen from methane dry reforming over

lanthania-supported Co catalyst was investigated. The Co/La2O3 catalyst was synthesized

via wet-impregnation method and characterized using instrument techniques such as

TGA, FTIR, XRD, FESEM-EDX and N2 adsorption-desorption analysis. The catalytic activity

of the Co/La2O3 catalyst tested in a fixed bed stainless steel reactor yielded highest CH4 and

CO2 conversion of 50% and 60% respectively at 1023 K and feed ratio of 1.0. The methane

dry reforming reaction gave highest H2 and CO yield of 45% and 58% respectively.

Furthermore, kinetics and mechanistic behavior of the La2O3 supported Co catalyst in

methane dry reforming reaction was investigated as a function of temperature and partial

pressure of reactants (CH4 and CO2). The experimental data obtained from the kinetics

measurements were fitted using the empirical power-law rate expression, as well as six

different LangmuireHinshelwood kinetics models. The six models were then statistically

and thermodynamically discriminated. Consequently, the LangmuireHinshelwood ki-

netics model (dual-site associative adsorption of both CH4 and CO2 with bimolecular sur-

face reaction) was adjudged the best representative model. Activation energy values of

96.44 and 98.11 kJ mol�1 were obtained for the CH4 consumptions from the power-law and

LangmuireHinshelwood models, respectively. A lower activation energy of circa 72 kJ mol�1

obtained for CO2 consumption showed that the rate of consumption of CO2 consumption

was speedier than CH4.
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Introduction

Increasing environmental awareness in the last four decades

has attracted a lot of attentions on dry reforming of methane

[1]. Dry reforming of methane which involves the catalytic

reaction of CO2 and CH4 has been reported as a good alter-

native for the production of synthesis gas (syngas), a mixture

of hydrogen (H2) and carbon monoxide (CO) [2,3]. Thus far,

commercial production of syngas has been mainly by

methane steam reforming over Ni or Fe supported catalyst [4].

However, this process is amajor contributor to the emission of

CO2 via water gas shift reaction [5]. The CO2 released during

this process is a key component of greenhouse gases which

are responsible for global warming via “greenhouse effect” [2].

Besides that, high syngas ratio from the process is not suitable

for use as chemical intermediate for Fischer-Tropsch syn-

thesis (FTS) [6]. On the contrary, methane dry reforming has

both environmental and energy benefits. Methane and CO2,

which are two major contributors to greenhouse gases, are

utilized during the reforming reaction producing low syngas

ratio (<2) [7,8]. The syngas produced is the main chemical

building block for production of valuable oxygenated fuels via

FTS [9,10].

In spite of the environmental and energy advantages of

methane dry reforming process, catalyst deactivation from

sintering and coking have been the major challenges hinder-

ing the full development of the process [11,12]. As a result of

these constraints, methane dry reforming has been investi-

gated over several supported metal catalysts such as Pt, Pd,

Ru, Rh, Ir, Co and Ni [13]. An extensive review onmethane dry

reforming over noble metal catalysts by Pakhare and Spivey

[13] concludes that noble metals such as Pt, Ru and Rh are

more resistant to carbon deposition compared to othermetals

but expensive. Although, Ni and Co catalysts are less resistant

to carbon depositions compared to the noble metals, they are

inexpensive [7]. The resistivity of these metals to carbon

deposition can be improved on by an addition of small amount

of noble metals and basic oxides as promoters, as well as

using rare earth metal oxides such as, CeO2, and La2O3 as

supports [14e16]. According to report by Sato et al. [17], rare

earth metal oxides possess basic surface characteristic which

makes them efficient for CO2 activation. Moreover, the high

oxygen storage capacity exhibited by rare earth metal oxides

enhanced catalyst stability through the oxidation of the car-

bon formed from the methane dry reforming [18].

Kinetics and mechanistic studies of methane dry reform-

ing to syngas has been investigated over rare earth supported

noble metals and Ni catalysts in order to mitigate carbon

formation and other mechanisms of deactivation [19,20].

Munera et al. [20] reported that both CH4 and CO2 were

adsorbed on Rh/La2O3 catalyst. The authors proposed the

dissociation of the adsorbed CH4 as the rate determining step

producing C and H2. Furthermore, CO2 was observed to adsorb

on the La2O3 basic site providing surface oxygen for the gasi-

fication of deposited carbon. Recently, Pakhare et al. [21]

investigated the kinetics and mechanistic study of methane

dry reforming over Rh-substituted La2Zr2O7 pyrochlores

catalyst. The authors proposed reaction mechanism that was

in accordance with that of Munera et al. [20]. However, reverse
water gas shift reactions as well as activation of the adsorbed

CH4 were proposed as the rate determining step.

Kinetics and mechanistic study of methane dry reforming

over La2O3 supportedNi catalysts have beenwidely reported in

literature [22,23]. The proposed mechanisms for the methane

dry reforming by these authors was either single site or dual

site rate determining steps with activation of CH4 by themetal

Ni andC gasificationby adsorbedCO2 on the support site as the

rate determining steps. LangmuireHinshelwood kinetics

model was developed based on these mechanisms and the

experimental data were fitted into the kinetics model. The

findings reported by these authors showed that the predicted

rates of CH4 consumption obtained from the kinetics model

were in good agreement with the experimental data which

makes the proposed mechanisms plausible. Significantly, to

the best of our knowledge, kinetics andmechanistic studies of

methane dry reforming to syngas over La2O3-supported Co

catalyst have not been reported.

Therefore, the present study focuses on the production of

CO-rich hydrogen frommethane dry reforming over lanthania

(La2O3) supported cobalt catalyst. Furthermore, the kinetics

andmechanistic studiesof themethanedry reformingover the

La2O3-supported Co catalyst was also reported. The 20wt%Co/

80wt%La2O3 catalyst was synthesized by wet impregnation

and characterized using various instrumental techniques. The

kinetics measurement of the methane dry reforming over the

as-synthesized catalyst was done under atmospheric condi-

tions in the temperatures that ranged 923e1023 K. Lang-

muireHinshelwoodkineticsmodelwasdevelopedconsidering

both single- and dual-site adsorption of CH4 and CO2.
Experimental

Preparation of catalyst

Prior to the preparation of the 20wt%Co/80wt%La2O3 catalyst,

the La2O3 support was synthesized by thermal decomposition

of La(NO3)3$6H2O (99.99% purity, SigmaeAldrich) at 873 K for

2 h [24]. The as-prepared La2O3 support was impregnated with

aqueous solution of Co(NO3)2$6H2O (99.99% purity, Sigma-

eAldrich) equivalent to 20wt% Co loading. The choice of 20%

Co loading was based on the findings by Jacobs et al. [25] and

Ma et al. [26] who investigated the effect of Co-metal loading

(7.5%e20% Co) on catalytic performance of supported Co-

catalysts and concluded that the catalyst with 20% Co

loading showed the best performance. The slurry from the

mixture of the La2O3 powder and the aqueous solution of

Co(NO3)2$6H2O (20% Co loading) was continuously stirred for

3 h to allow for aging of the Co precursor. This was followed by

drying the slurry at 393 K for 24 h and calcination at 873 K for

6 h to give an unreduced 20wt%Co/80wt%La2O3 catalyst. The

gaseous species used in this study were CH4 (99.99% purity),

CO2 (99.99% purity), H2 (99.99% purity) and N2 (99.99% purity).

Catalyst characterization

The thermal calcination profiles of the uncalcined (dried only)

20wt%Co/80wt%La2O3 catalyst as a function of temperature at

constant heating rates (10, 15 and 20 K/min) were obtained
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using thermogravimetric analyzer (TGA), TA instrument Q500.

The La(NO3)3$6H2O and the synthesized Co/La2O3 catalyst

were analyzed using Thermo Scientific FTIR spectrometer

(Nicolet iS 50). Both samples were analyzed using attenuated

total reflectance (ATR) method over wave number ranged

4000e400 cm�1 at scanning rate of 0.02 cm�1. The spectrawere

collected, processed and analyzed using Omnic series spectra

analysis software.

The crystalline structure of the calcined, as well as the

reduced fresh 20wt%Co/80wt%La2O3 catalyst were measured

by X-ray powder diffraction spectroscopy. The XRD analysis

was performed using Rigaku Miniflex II diffractometer (CuKa

radiation with l ¼ 0.154 nm). The XRD pattern of the catalysts

was collected within 2q range of 10�e80� at a scanning step of

0.02�. The textural properties of the fresh catalyst were

measured by N2 adsorption-desorption isotherm at 77 K using

Thermo Scientific Surfer Analyzer in line with the standard

BET procedure [27]. The sample was degassed at 523 K for 3 h

prior to the analysis. The pore size distribution of the catalyst

was estimated from the N2 desorption data using Barret-

Joyner-Halenda (BJH) analysis [28]. The morphology and

elemental composition of the unreduced fresh catalyst was

performed using JEOL field emission scanning electron mi-

croscopy (FESEM) (JSM-7800F) equipped with energy disper-

sive X-ray spectroscopy (EDX).
Fig. 1 e FTIR analysis of the 20wt%Co/80wt%La2O3 catalyst

and La-precursor.
Catalytic tests

The catalytic test was performed in a stainless steel fixed bed

reactor (ID: 10mmand length: 35 cm). The reactor loadedwith

200 mg of 20wt%Co/80wt%La2O3 catalyst supported on quartz

wool, was placed in a tube-furnace equippedwith four heating

zones. The temperature of the catalytic bed was monitored

using a Type-K thermocouple. The catalyst was reduced in situ

under a flow of 60 ml/min H2/N2 (1:5) for 1 h at 973 K. Subse-

quently, the reduced catalyst was purged in a flow of 50 ml/

min N2 for 20 min. The outlet gas composition consisting of

the products (H2 and CO) and the reactants (CO2 and CH4) were

analyzed using gas chromatography (GC) instrument (Agilent

GC system 6890 N Series) equipped with thermal conductivity

detector (TCD). The GC system consists of two packed col-

umns, namely Supelco Molecular Sieve 13 � (10 ft � 1/8 in

OD � 2 mm ID, 60/80 mesh, Stainless Steel) and Agilent Hay-

esep DB (30 ft � 1/8 in OD � 2 mm ID, 100/120 mesh, Stainless

Steel). Helium gas with a flowrate of 20 ml min�1 was used as

the carrier gas at the operating column temperature of 393 K.

The conversions of the CH4 and CO2 as well as the yields of H2

and CO are calculated based on the expressions in Eqs. (1)e(4)

respectively.

CH4 conversion ð%Þ ¼ FCH4in
� FCH4out

FCH4in

� 100 (1)

CO2 conversion ð%Þ ¼ FCO2in
� FCO2out

FCO2in

� 100 (2)

H2 yield ¼ FH2out

2FCH4in

� 100 (3)
CO yield ¼ FCOout

FCH4in
þ FCO2in

� 100 (4)

Kinetics measurements

The kinetics experiment was performed by varying the partial

pressure of CH4 from 5 to 50 kPa at a fixed CO2 partial pressure

(50 kPa) and vice versa. The partial pressure of the inert gas

(N2) was kept constant in both cases. The reaction rate was

estimated from Eqs. (5) and (6) using the reaction data that

were collected from temperatures that ranged 923e1023 K in a

constant gas hourly space velocity (GHSV) of 30,000 h�1 under

controlled atmospheric condition

ri ¼ yio _nio � yi _ni

Wcat
for i ¼ CH4 and CO2 (5)

ri ¼ yi _ni

Wcat
for i ¼ H2 and CO (6)

where ri is the rate of consumption of the reactants or rate of

formation of the products; yio and yi are the mole fraction of

species in the inlet and outlet streams, respectively; _nio is the

molar flowrate of the total moles of gases in the inlet stream

and _ni is the molar flowrate of the total moles of gases in the

outlet stream; Wcat is the weight of catalyst.
Results and discussion

Fresh catalyst characterization

The FTIR spectra of the La(NO3)3$6H2O in comparison with the

synthesized Co/La2O3 catalyst is depicted in Fig. 1. Signifi-

cantly, four types of bonds namely OeH, NeO, CeO and M�O

can be identified from the FTIR spectra of the La-precursor.

The OeH stretching bond within wavenumber ranged

3386e3526 cm�1 can be attributed to the presence of physical

and hydrated water. The NO bond at wavenumber ranged

3185e3238 cm�1 corresponds to the presence of nitrate

http://dx.doi.org/10.1016/j.ijhydene.2016.01.091
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Fig. 2 e XRD powder diffraction pattern of the freshly-

calcined and -reduced 20wt%Co/80wt%La2O3 catalyst.
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species in the precursor. The CO andMO bond at wavenumber

ranged 1288e1644 cm�1 and 629e652 cm�1 respectively can be

attributed to dissolve atmospheric CO2 and the La-metal-O

stretching vibration. The spectra of the Co/La2O3 catalyst ob-

tained show the disappearance of NO and OH bond signifying

the removal of the physical and hydrated water, as well as the

decomposition of the nitrate species. The presence of the
Fig. 3 e FESEM micrograph of the fresh 20wt%Co/80wt%La2O3 c

magnification.

Fig. 4 e Elemental composition of the as-prepared fresh 2
peaks at wavenumber 629e652 cm�1 corresponds to the for-

mation of the respective La2O3 which is corroborated by the

XRD pattern of the calcined 20wt%Co/80wt%La2O3 catalyst

depicted in Fig. 2. Overall, the XRD pattern of the unreduced

calcined catalyst reveals the formation of Co3O4, La2O3 and

Perovskite LaCoO3 species. The formation of LaCoO3 can be

attributed to the strong interaction between Co and La2O3

support. The diffraction peaks at 2q ¼ 16.10�, 28.10�, 37.07�,
39.63�, 48.73� and 74.48� can be assigned to the spinel phase of

Co3O4 while the body center cubic phase of LaCoO3 crystalline

phase can be identified at 2q ¼ 23.30�,41.46�, 47.58�, 58.97�,
69.11�, 70.01� and 79.52�, respectively. The peak identified at

2q ¼ 33.42� can be attributed to hexagonal structure of La2O3

species. The reduction of the catalysts resulted in the forma-

tion of face cubic and hexagonal structure of the pure Co�

metal and La2O3 species, respectively. This observation is

consistent with the findings of Pere~niguez et al. [29] who

identified NiO and LaNiO3 species in the XRD pattern of Ni/

La2O3 catalyst before reduction as well as Ni� and La2O3 spe-

cies after reduction. The estimation of the crystallite size of

the Co� species from Scherer's equation using full-width-half-

maximum (FWHM) of the respective XRD peak (1 1 1) gives

6.99 nm.

The FESEM micrograph and EDX analysis showing the

morphology and the elemental compositions of the 20wt%Co/

80wt%La2O3 catalyst is depicted in Figs. 3 and 4, respectively.

The FESEM images show irregular-shaped nano-rods
atalyst at (a) £ 50,000 magnification, and (b) £ 80,000

0wt%Co/80wt%La2O3 catalyst from EDX dot mapping.

http://dx.doi.org/10.1016/j.ijhydene.2016.01.091
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Table 1 e Textural properties of the La2O3 support and
fresh 20wt%Co/80wt%La2O3 catalyst.

Textural properties La2O3 20wt%Co/80wt%La2O3

Specific Surface area (m2 g�1) 8.33 16.45

Cumulative pore area (m2 g�1) 7.34 15.13

Cumulative pore volume (m3 g�1) 0.0113 0.0289

Average pore diameter (nm) 1.14 1.22
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(averaged 200 nm) that appear fused, most likely resulting

from the high calcination temperature employed during the

catalyst synthesis. Significantly, the EDX analysis in Fig. 4

reveals the presence of Co, La and O in the as-prepared cata-

lyst, hence consistent with the XRD diffraction pattern. The

stipulated amount of the elemental compositions of the as-

prepared catalyst (20wt%Co/80wt%La2O3), from analyses car-

ried out at five different spots and averaged, was consistent

with the values of 18wt%Co and 82wt%La2O3 obtained from

the EDX dot analysis (refers to Fig. 4).

The textural properties of the bare La2O3 support, as well as

the 20wt%Co/80wt%La2O3 catalyst are shown in Table 1. The

BET specific surface area obtained for the La2O3 support was

found to be 8.33 m2 g�1 with corresponding cumulative pore

area and pore volume of 7.34 m2 g�1, and 0.0113 m3 g�1

respectively. Interestingly, the values of the BET specific sur-

face area, the cumulative pore area and pore volume were

found to increase to 16.45 m2 g�1, 15.13 m2 g�1 and

0.0289 m3 g�1 respectively, when 20wt% Co metal was

formulated into the matrix of support. The low BET specific

surface area of the pristine La2O3 support demonstrates that

the surface was less porous, and that the deposition of cobalt

metal has primarily occurred on the surface of the La2O3

support. This Co deposit yielded a rougher and bulkier surface

area for the resultant 20wt%Co/80wt%La2O3 catalyst; hence

the improved textural properties. This observation is also

consistent with the findings of Rahemi et al. [30] who reported

an increment in the textural properties of g-Al2O3 by the

dispersion of Ni and Co-metals. The BET specific surface area

obtained for the Co/La2O3 catalyst is comparable with

16.60 m2 g�1 obtained by Perefiguez et al. [31] for Ni/La2O3

catalyst. The N2-adsorption-desorption isotherm of the Co/
Fig. 5 e N2 adsorption-desorption isotherm of the fresh

20wt%Co/80wt%La2O3 catalyst.
La2O3 catalyst is depicted in Fig. 5. It can be seen that the

adsorption and desorption of liquid N2 on the Co/La2O3 cata-

lyst exhibits Type IV isothermwith H1 hysteresis according to

IUPAC classification. This implies that the Co/La2O3 is of

mesoporous textural property with narrow distribution of

uniform mesopores with cylindrical-like pore geometric.
Thermogravimetric analysis of the uncalcine catalyst

The thermogravimetry (TG) and differential thermogravim-

etry (DTG) profiles of the as-prepared catalyst showing the

variation of the weight loss and derivative weight loss of the

catalyst with respect to changes in temperature are depicted

in Fig. 6. Significantly, the TG and DTG profiles show fivemain

peaks (IeV) signifying the sequential weight losses of physical

and hydrated water, decomposition of metal nitrates and

subsequent oxidation of the resultant oxides (cf. Eqs. (7)e(10)).

Peaks IeIII formed at 318 K, 340 K and 393 K, respectively, may

be associated with the sequential loss of hydrated water,

while peaks IV and V formed at 518 K and 564 K, respectively,

can be attributed to the decomposition of metal nitrate [32].

Interestingly, no other peak was formed beyond 610 K which

signifies the thermal stability of the Co oxides. Hence, the

calcination temperature of the dried, fresh catalyst was fixed

at 873 K for the reaction studies.

Co(NO3)2$6H2O / Co(NO3)2$4H2O þ 2H2O (7)

Co(NO3)2$4H2O / Co(NO3)2$2H2O þ 2H2O (8)

Co(NO3)2$2H2O / Co(NO3)2 þ 2H2O (9)

Co(NO3)2 / CoO þ 2NO2 þ 1/2O2 (10)

Furthermore, the solid state kinetics parameters (A and Ea)

were obtained from the Kissinger and Ozawa-Flynn-Wall ki-

netics plots shown in Fig. 6. The kinetics parameters as well as

the coefficient of determination (R2) obtained from both the

Kissinger and Ozawa-Flynn-Wall models are summarized in
Fig. 6 e TG and DTG representing calcination curves of the

dried, fresh 20wt%Co/80wt%La2O3 catalyst.

http://dx.doi.org/10.1016/j.ijhydene.2016.01.091
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Table 2. Peaks IeIII are model-fittings within temperature

range of 310e410 K at different heating rates, while peaks

IVeV are model-fittings at temperature ranged 510e620 K,

also at different heating rates. Significantly, the non-

isothermal apparent activation energy values of 133.84,

382.48 and 221.65 kJ mol�1 were obtained for peaks IeIII,

respectively. The high apparent activations values obtained

for peaks IeIII could be attributed to different bond charac-

teristics associated with the loss of hydrated water [33]. The

values of the apparent activation energy values obtained for

the loss of hydrated water was consistent with that reported

by Ihli et al. [33] at temperatures range of 313e500 K. Inter-

estingly, the apparent energy values of 143.16, 391.14 and

229.01 kJ mol�1 obtained for peaks IeIII using the Ozawa-

Flynn-Wall kinetics are not at much variance with that ob-

tained from the Kissinger kinetics model. The high R2 > 0.95

and low standard error of estimates (SEE) obtained for model

fittings in both the Kissinger and Ozawa-Flynn-Wall kinetics

models indicate good fittings of the data. Moreover, apparent

activation energy of 162.87 and 142.25 kJ mol�1 were obtained

for peaks IV and V from the Kissingermodel whichwas nearly

identical with 168.56 and 147.57 kJ mol�1 obtained for the

same peaks from the Ozawa-Flynn-Wall kinetics model. The

high apparent activation energies obtained for the decompo-

sition of the metal nitrates during the calcination process is

typical of non-catalyzed gasesolid reaction controlled system

[34].
Catalytic testing

The catalytic performance of the 20%Co/80%La2O3 as a func-

tion of the reactant (CH4 and CO2) conversions as well as the

products (H2 and CO) at reaction temperature ranged

923e1023 K and feed ratios ranged 0.1e1.0 are depicted in

Fig. 7. Significantly, both the CH4 and CO2 conversions as well

as the H2 and CO yields increase with feed ratios and reaction

temperature. There was an increases in CH4 conversion from

2% (feed ratio of 0.1 and reaction temperature of 923 K) and

reached the maximum value of ca.50% (feed ratio of 1.0 and

reaction temperature of 1023 K). Interestingly, the catalysts

showed a higher conversion of CO2 than CH4. The CO2 con-

version increases 2% (feed ratio of 0.1 and reaction tempera-

ture of 923 K) to ca.60% (feed ratio of 1.0 and reaction

temperature of 1023 K). This trend could be as a result of the
Table 2 e Kinetics parameters of the temperature programmed

Parameters I II

Kissinger kinetics model

Ea (kJ mol�1) 133.84 382.48

A 2.02 � 1012 5.41 � 1038

R2 0.96 0.99
aSEE 0.092 0.047

Ozawa-Flynn-Wall kinetics model

Ea (kJ mol�1) 143.16 391.14

A 3.48 � 1012 1.05 � 1038

R2 0.96 0.99
aSEE 0.092 0.047

a SEE¼ Standard Error of Estimate.
occurrence of side reaction such as reverse water gas shift

reaction which favors the production of more CO from partly

consumed H2. The highest values of CH4 and CO2 conversion

obtained in this study is slightly lower than that obtained by

Sutthiumporn and Kawi [31] who obtained highest CH4 and

CO2 conversions of ca.65% and 49% respectively over Ni/La2O3

catalyst. The difference in the CH4 and CO2 conversions could

be attributed to the Co andNi activities over the La2O3 support.

Furthermore, the catalysts showed an increasing trend in

activity in terms of H2 and CO yields. The Co/La2O3 catalyst

gave the highest yield of ca.40% and ca.56% for H2 and CO

respectively. Surprisingly, theH2 yield obtained in this study is

higher than that obtained by Sutthiumporn and Kawi [31]

(ca.35%)
Kinetics studies

Effects of partial pressure on the CH4 and CO2 consumption
rates
The effects of partial pressure on the rates of consumption of

CH4 and CO2 at 923, 973 and 1023 K are depicted in Fig. 8. The

kinetics measurements were performed below and above

stoichiometric ratio (CO2:CH4). The kinetics measurements

below stoichiometric was investigated by varying the partial

pressure of CH4 from 5 to 50 kPa at constant CO2 partial

pressure (50 kPa). Moreover, the kinetics measurements were

also performedwhen both CH4 and CO2 partial pressure equal

to 50 kPa. Furthermore, the kinetics measurements for the

above stoichiometric ratios were performed by keeping the

partial pressure of CH4 constant (50 kPa) while varying the

partial pressure of CO2 between 5 and 50 kPa. The analysis of

the kinetics data showed that at below and above stoichio-

metric ratio, the rates of consumptions of the CH4 and CO2

were sensitive to changes in the partial pressures and tem-

perature. It is noteworthy that the rates of consumption of

both CH4 and CO2 increased non-linearly with partial pres-

sures and reaction temperatures. Interestingly, higher rates of

CO2 consumption were obtained below stoichiometric

compared to rates of CH4 consumption. This could be attrib-

uted to the affinity of the CO2 to the basic site of the catalyst as

reported by Sato et al. [17]. Similarly, higher rates of CH4

consumption was favored at conditions above stoichiometric

compared to rate of CO2 consumption (cf. Fig. 8(b) and (d)).

This could be as a result of strong influence of methane
calcination of the fresh, dried catalyst.

III IV V

221.65 162.87 142.25

2.9 � 1029 1.82 � 1025 4.00 � 1024

0.99 0.99 0.99

0.047 0.047 0.046

229.01 168.56 147.57

9.83 � 1028 8.18 � 1024 2.05 � 1023

0.99 0.99 0.99

0.047 0.046 0.046
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Fig. 7 e Effects of reactant feed ratio (CH4:CO2) on (a) conversion of CH4 (b) conversion CO2 (c) H2 yield and (d) CO yield at 923,

973 and 1023 K.
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cracking on the dry reforming reaction performed above

stoichiometric [1]. Comparison of Fig. 8(a) and (b) showed that

the rate of consumption of CH4 was more influenced by the

increase in CO2 partial pressure than that of CH4. This trend

could be due to stronger adsorption of CO2 onto the 20wt%Co/

80wt%La2O3 catalyst compared to CH4. Similar observation

has been reported by Gallego et al. [35] for Ni/La2O3 catalyst.

Indeed, La2O3 was employed as a material for storing CO2

adsorbate as reported by previous work [17].

Effects of partial pressure on the rate of formation of H2 and CO
The rates of formation of H2, as well as that of COwith respect

to changes in partial pressures of reactants and temperature

ranged 923e1023 K were also computed and shown in Fig. 9.

Generally, the rates of formation of H2 and CO increased with

partial pressure and temperature, consistent with trends

observed in Fig. 7. Nevertheless, a higher rate of formation of

CO was observed with CH4 partial pressure at conditions

below stoichiometric compared to a lower rate of H2 (cf. Fig. 9

(a) and (c)). This could be attributed to the influence of parallel

reactions such as reverse Boudouard and water gas shift re-

actions on the formation of products. Furthermore, at condi-

tions above stoichiometric, higher rate of formation of H2 was

observed compared to the rate of formation of CO (cf. Fig. 9 (b)

and (d)). The rate of CO formation could have been impaired as

a result of reduction of CO formed by H2 which often leads to
formation of carbon and water [1]. Moreover, the higher rates

of H2 formation obtained with partial pressure of CO2 could be

attributed to strong influence of methane cracking which

yield carbon and H2.

Power law kinetics modeling
The data obtained from the kinetics measurements were first

fitted into a simple power-lawmodel represented in Eq. (11) in

order to mathematically-capture the consumption rates of

CH4 and CO2, as well as formation rates of H2 and CO. Lev-

enbergeMarquardt algorithm was employed to evaluate the

kinetics parameters from the non-linear power-law model

using Polymath version 6.1 software.

ri ¼ Aexp

��Ea

RT

�
Pa
CH4

Pb
CO2

(11)

where ri is rates of consumption of CH4 and CO2, as well as

rates of formation of H2 and CO; a and b are reaction orders

with respect to the desired species; A is the pre-exponential

factor; Ea is the apparent activation energy; R is the univer-

sal gas constant; T is the reaction temperature in absolute

term while PCH4
and PCO2

are the partial pressure of CH4 and

CO2, respectively.

The values of the kinetics parameters, as well as the cor-

responding R2 are summarized in Table 3. The apparent
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Fig. 8 e Effects of reactant partial pressure on the rate of consumptions of CH4 and CO2 at 923, 973 and 1023 K.
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activation energy of 96.46 and 72.22 kJ mol�1 obtained for the

consumptions of CH4 and CO2, respectively, are nearly iden-

tical with the reported values (ECH4 ¼ 96:30 and 92.1 kJ mol�1;

ECO2 ¼ 79:6 and 87.9 kJ mol�1) by Bradford et al. [36] for kinetics

study of methane dry forming over Ni/SiO2 and Ni/MgO cat-

alysts at temperatures that ranged 673e823 K. The higher

activation energy for the CH4 species compared to CO2 in-

dicates that the consumption rate of CH4 was more sensitive

to the changes in reaction temperature. However, the values

of apparent activation energy values obtained in this study

were found to be lower than the values of 100.56 and

106.84 kJ mol�1 reported by Wei et al. [37] and Cui et al. [38]

using Pt/ZrO2 and Ni/a-Al2O3 catalysts. Significantly, this in-

dicates that lanthanum supported cobalt catalyst exhibits

superior catalytic performance compared to its nickel coun-

terpart. Thismay be due to high oxygen storing capacity of the

La2O3 support which provides lattice oxygen for the gasifica-

tion of carbon deposited on the surface of the catalyst; hence

its improved activity. In addition, the activation energy of

101.5 kJ mol�1 obtained for the formation of H2 was higher

than the formation of CO by a margin of 31.79 kJ mol�1.

Significantly, the activation energy of CH4 (96.44 kJ mol�1) was

quite close to the H2 formation (101.5 kJ mol�1), whilst acti-

vation energy of CO2 (72.22 kJ mol�1) was comparable to the

CO (69.71 kJ mol�1). Based on these activation energy trends,
we posit that during methane dry reforming over the 20wt%

Co/80wt%La2O3 catalyst, the plausible reaction steps would

primarily involve CH4 decomposition into solid carbon (C) and

H2 (CH4 / C þ 2H2). Subsequently, the C would partake in the

reverse-Boudouard reaction to produce CO (C þ CO2 / CO).

Theparityplotsof thepredicted ratevalues for consumptions

of CH4 and CO as well as the formation of H2 and CO from the

power-lawmodel and the experimental rate values are depicted

in Fig. 10. It can be seen that the predicted rates from the power-

law and the experimental rate values are in good agreement.

Mechanistic study of the methane dry reforming over 20wt%Co/
80wt%La2O3

Methane and CO2 adsorption on the surface of the 20wt%Co/

80wt%La2O3 catalyst could either be on a similar site or indi-

vidual adsorption on separate site. Several authors have re-

ported dual site CH4 and CO2 adsorption mechanisms for

methane dry reforming [21,39e41]. Therefore, in the present

study, both single- and dual-site LangmuireHinshelwood

mechanisms for the methane dry reforming were considered.

The single site mechanism for methane dry reforming as-

sumes that only the site in which the CH4 and CO2 are

adsorbed take part in the reaction. Tsipouriari et al. [42] and

Moradi et al. [43] in their reports have proposed 2 step-single

site rate determining step (RDS) as shown in Eqs. (12)e(15)

http://dx.doi.org/10.1016/j.ijhydene.2016.01.091
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Fig. 9 e Effect of reactant partial pressure on the rate of formation of H2 and CO at 923, 973 and 1023 K.
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CH4 þ q#CH4 � q equilibrium (12)

CH4 � q#Cs � qþ 2H2[ RDS (13)

CO2 þ La2O3#La2O2CO3 equilibrium (14)

La2O2CO3 þ Cs � q/La2O3 þ 2CO[þ q RDS (15)

In the dual-sitemechanism, CH4 and CO2 are preferentially

adsorbed on two non-identical sites available on catalyst

surface. The dual-sitemechanismhas been reported by Pichas

et al. [39] for kinetics of methane dry reforming over
Table 3 e Estimation of kinetics parameters from the
power-law model.

Reaction
species

Kinetics parameters

a b A(mmol min�1

kPae(aþb))
Ea

(kJ mol�1)
R2 aRmsd

CH4 3.66 0.35 0.1 96.44 0.95 0.09

CO2 1.20 1.30 1.3 72.22 0.89 0.06

H2 3.84 0.47 0.072 101.5 0.88 0.2

CO 0.93 0.68 36.34 69.71 0.88 0.07

a Rmsd ¼ Root mean square deviation.
La2�xSrxNiO4 perovskite-type oxides catalyst as shown in Eqs.

(16)e(18).

CH4 þ q#CH4 � q equilibrium (16)
Fig. 10 e Parity plots for the reaction rates by the power-

law model.
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CO2 þ b#CO2 � b equilibrium (17)

CH4 � qþ CO2 � b/2H2[þ 2CO[þ qþ b RDS (18)

Based on the different mechanisms of methane dry

reforming over La2O3 supported metal catalysts proposed in

the literature, the kinetics data obtained from this study were

tested in the LangmuireHinshelwood rate expressions sum-

marized in Table 4.

The summary of the kinetics parameters estimated from

each of the LangmuireHinshelwood non-linear regression

rate expressions are summarized in Table 5. The coefficient of

determination (R2) obtained fromfitting the experimental data

into the six models reveal that all the models have R2 values�
0.9 except Models 5 and 6 which have R2 values < 0.9. Hence,

these two models were excluded from the best options.

Furthermore, estimated values of KCH4 and KCO2 for Models 3

and 4 remain constant after 923 K, hence did not show obvious

sensitivity to changes in temperature, in violation of ther-

modynamics aspect. Consequently, Models 3 and 4 were also

excluded leaving out only Models 1 and 2. Models 1 and 2 were

further screened using criteria defined in Eqs. (19) and (20).

10 � �DSexp and � DSexp � 12:2� 0:0014 DHexp (19)

where �DSexp is the experimental adsorption entropy and

�DHexp is the experimental adsorption enthalpy which can be

estimated from Eq. (15).

lnK ¼ �DHexp

RT
þ DSexp

R
(20)

The estimates of DSexp and DHexp obtained for Models 1 and

2 (refer to Table 6) showed that both models satisfied the

conditions in Eq. (16). However, R2 values of 0.9979 and 0.9395

obtained for Model 2 is far higher compared to 0.1934 and

0.0978 obtained for Model 1. Hence, Model 2 emerged as the

best LangmuireHinshelwood kinetics model, representing

mechanisms of the methane dry reforming over 20wt%Co/

80wt%La2O3 catalyst in the current work.

Interestingly, the activation energy of 98.17 kJ mol�1 ob-

tained from Fig. 11 based on the rate constants obtained from

the Model 2 does not show much variance from that obtained

from the power-law model. Based on the kinetics parameters

obtained from Model 2, we herein propose that the
Table 4 e Proposed LangmuireHinshelwood rate expressions

No Model

1
krxnPCH4

PCO2

ð1þKCH4
PCH4

þKCO2
PCO2

Þ2 Molecular adsorption of bo

bimolecular surface reactio

2
krxnPCH4

PCO2
ð1þKCH4

PCH4
Þð1þKCO2

PCO2
Þ Dual site associative adsor

surface reaction.

3
krxnPCH4

ffiffiffiffiffiffiffiffi
PCO2

p
ð1þKCH4

PCH4
þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

KCO2
PCO2

p Þ2 Single site associative adso

with bimolecular surface r

4
krxnPCO2

ffiffiffiffiffiffiffiffi
PCH4

p
ð1þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

KCH4
PCH4

p Þð1þKCO2
PCO2

Þ Dual site associative adsor

with bimolecular surface r

5
krxn

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PCH4

PCO2

p
ð1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KCH4

PCH4

p
þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

KCO2
PCO2

p Þ2 Single site dissociative ads

surface reaction.

6
krxn

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PCH4

PCO2

p
ð1þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

KCO2
PCO2

p Þð1þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KCH4

PCH4

p Þ Dual site dissociative adsor

surface reaction.
mechanisms of the methane dry reforming over 20wt%Co/

80wt%La2O3 catalyst follows dual site associative adsorption

of both CH4 and CO2 with bimolecular surface reaction. In

order to further investigate the appropriateness of the dual-

site LangmuireHinshelwood kinetics model adopted to

describe the mechanism of the methane dry reforming reac-

tion over 20wt%Co/80wt%La2O3 catalyst, parity plot showing

the comparing between the experimental rate of CH4 con-

sumption and the predicted LangmuireHinshelwood rate of

CH4 consumption is depicted in Fig. 12. It is worthwhile

knowing that the experimental rate of CH4 consumption and

the predicted LangmuireHinshelwood rate of CH4 consump-

tion are in good agreement.
Conclusions

The production of CO-rich hydrogen from methane dry

reforming as well as the kinetics and mechanism were

studied extensively over a 20wt%Co/80wt%La2O3 catalyst

from 923 to 1023 K, feed ratio ranged 0.1e1.0. and partial

pressure ranged 10e50 kPa. The catalytic activity test

shows that highest CH4 and CO2 conversion of 50% and 60%

with corresponding H2 and CO yield of 45% and 58%

respectively were obtained. The mechanism and Lang-

muireHinshelwood kinetics expression for the methane

dry reforming over the Co/La2O3 catalyst were derived

considering single-and dual-site adsorption mode. The

different models obtained were statistically and thermody-

namically discriminated to obtain the model that best

describe the experimental data. The analysis of the experi-

mental data fitted into the power-law rate expressions

and LangmuireHinshelwood kinetics model yielded activa-

tion energy values of 96.11 and 98.44 kJ mol�1, respectively.

A lower activation energy ca. 72 kJ mol�1 was obtained for

consumption of CO2 which signifies that reaction rate of

CO2 proceeds faster compared to that of CH4. The interpre-

tation of the LangmuireHinshelwood kinetics model from

the experimental data showed that mechanism of the

methane dry reforming reaction can be described by dual-

site molecular adsorption of both CH4 and CO2 on non-

identical site with surface reaction as the rate determining

step.
for methane dry reforming.

Description Reference

th CH4 and CO2 on the single site with

n.

[44,45]

ption of both CH4 and CO2 with bimolecular [39]

rption of CH4 and dissociative adsorption of CO2

eaction

[32]

ption of CO2 and dissociative adsorption of CH4

eaction

[32]

orption of both CH4 and CO2 with bimolecular [46]

ption of both CH4 and CO2 with bimolecular [34]
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Table 5 e Kinetics parameters estimated from the LangmuireHinshelwood models.

Model Temperature (K) krxn (mmol min�1 kPa�(aþb)) KCH4 KCO2 R2 Rmsd

1 923 1.6 � 10�4 0.015 0.002 0.90 0.12

973 7.8 � 10�4 0.013 0.008 0.92 0.14

1023 2.0 � 10�3 0.017 0.003 0.96 0.17

2 923 2.7 � 10�3 0.019 0.014 0.99 0.03

973 4.2 � 10�3 0.018 0.013 0.98 0.07

1023 9.5 � 10�3 0.017 0.011 0.95 0.19

3 923 2.2 � 10�3 0.015 0.003 0.93 0.1

973 2.2 � 10�3 0.017 0.005 0.98 0.06

1023 4.1 � 10�4 0.017 0.005 0.96 0.17

4 923 2.2 � 10�4 0.077 0.0004 0.99 0.04

973 7.0 � 10�4 0.077 0.003 0.99 0.05

1023 1.3 � 10�3 0.077 0.003 0.98 0.12

5 923 5.70 � 10�5 0.021 0.41 0.74 0.18

973 1.7 � 10�4 0.0043 0.63 0.87 0.17

1023 7.70 � 10�5 0.023 0.32 0.88 0.3

6 923 8.99 � 10�8 0.038 0.028 0.96 0.07

973 6.62 � 10�7 0.032 0.033 0.86 0.19

1023 9.81 � 10�7 0.033 0.033 0.79 0.39

Table 6 e Parameter estimates for discrimination of
Models 1 and 2.

Parameter Model no Value R2

DSCH4 (J mol�1 K�1) 1 0.0022 0.1934

2 �0.0061 0.9979

DHCH4 (kJ mol�1) 1 9.26 0.1934

2 8.72 0.9979

DSCO2 (J mol�1 K�1) 1 0.28 0.0978

2 �0.0012 0.9395

DHCO2 (J mol�1) 1 3.49 0.0978

2 1.88 0.9395

Fig. 11 e Estimation of activation energy from Model 2.

Fig. 12 e Parity plot for the rate of consumption of CH4 by

LangmuireHinshelwood kinetics model.
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