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� Filament-shaped Al2O3 was syn-

thesized by evaporation-induced

self-assembly method.

� 10%Co/Al2O3 exhibited a compa-

rable activity to noble catalysts.

� H2/CO ratio from methane dry

reforming was obtained from 0.6

to 0.9.
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a b s t r a c t

The mesoporous gamma-alumina (g-Al2O3) synthesized via evaporation-induced self-as-

sembly method (EISA) using inorganic salt, Al(NO3)3$9H2O precursor and water-ethanol

solvent mixture was implemented as a support for Co catalyst in methane dry reforming

at 973e1073 K under 1 atm. The g-Al2O3 support possessed filament-shaped morphology

with surface area of 173.4 m2 g�1 and cobalt nanoparticles were successfully dispersed on

support with small crystallite size of 7.8 nm. The stability of 10%Co/Al2O3 was evident for

CH4 and CO2 conversions at 1023 and 1073 K. CH4 conversion could reach to 76.2% while

81.6% was observed for CO2 conversion at 1073 K. Although graphitic and amorphous

carbons were unavoidably formed on used catalyst, 10%Co/Al2O3 exhibited an outstanding

performance comparable to noble metals with the desired ratio of H2/CO for downstream

Fischer-Tropsch process.

© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

The supplies of energy resources such as petroleum-based

fuels are generally recognized to be finite and going to be

depleted in next century. Meanwhile, the increase in the

average atmospheric temperature and climate change due to

greenhouse gases (GHGs) effect mainly induced by anthropo-

genic CO2 emissions from fossil fuels combustion are

currently presenting serious global issues. For addressing

these imperative issues, the replacement of petroleum-

derived fuels by alternative and renewable energies is one of

the potential approaches. Amongst sustainable fuels, syngas

containing CO and H2 is considered as an emerging and green

energy source. Methane dry reforming (MDR as given in Eq. (1))

has emerged as a promising multipurpose pathway for con-

verting two major greenhouse gasses, viz., carbon dioxide

(CO2) and methane (CH4) to syngas, which is a worthy feed-

stock for green petrochemicals production [1e6]. Although

thismethod can provide several environmental and economic

incentives, the drawbacks relating to its catalytic usage such

as expensiveness and/or low operational stability have

impeded its large-scale applications. It is well known that

noble metals, i.e., Rh and Ru can exhibit high catalytic per-

formance for MDR reaction in terms of the reactant conver-

sions and coking resistance [7].

CH4 þCO2/2COþ 2H2 (1)

However, their limited availability and expensiveness are

the core obstacles to hinder these catalysts from extensive

commercialization. Cobalt- and nickel-based catalysts have

recently received significant attentions from an economical

viewpoint since they are low-cost and own a comparable

catalytic activity to precious metals [8,9]. Nevertheless, the

implementation of Ni-containing catalysts could induce

carbonaceous deposition on catalyst surface and catalyst bed

resulting in catalytic deactivation and reactor blockage,

respectively [9,10]. Cobalt has proved itself as a potential

catalyst in industrial scale applications because of its superior

thermal stability during reforming reactions [9]. The degree of
mprovements in hydroge
nanocatalyst, Internati
carbon formation on cobalt-based catalysts mainly originates

from methane disproportion on catalyst surface [11]. In fact,

carbon formation was reportedly associated with metal par-

ticle size larger than 10 nm [12e14]. Therefore, high surface

area bearing materials have widely been employed as support

for facilitating metal dispersion and active nanoparticles

confinement inside the pore channels to prevent metals from

welding through the reaction [11,15e17].

Mesoporous alumina has appeared to be a promising carrier

material due to its abundant availability and great stability

against temperature changes. Essentially, the controllable pore

size of aluminamaterial by adjusting synthesis parameters is a

key factor for manipulating support with a desired structure

[18,19]. In general, the conventional evaporation-induced self-

assembly (EISA) method for mesoporous alumina preparation

normally employs structure-directing polymer template,

aluminum alkoxides and anhydrous alcohol solvent [18,20].

However, from the economic and environmental perspectives,

the organic aluminum precursors used in EISA approach for

mesoporous Al2O3 synthesis are quite expensive and harmful

to the environment [21]. Thus, implementing less expensive

and highly available inorganic aluminum precursor is gaining

an alluring interest. The combination of cobalt activemetal and

mesoporous Al2O3 produced by EISAmethod has not been fully

explored forMDRbefore. Hence, the goals of this research are to

synthesize the mesoporous Al2O3 support by EISA method

using an aluminum nitrate nonahydrate precursor and eval-

uate the catalytic performance of cobalt supported on as-

prepared Al2O3 for MDR at varied temperatures.
Experimental section

Materials

Aluminum nitrate nonahydrate (Al(NO3)3$9H2O) and hydro-

chloricacid (HCl, 37%)wereobtained fromMerckMilliporewhile

tri-block-poly (ethylene glycol)-block-poly (propylene glycol)-

block-poly (ethylene glycol), Pluronic® P-123 (EO20PO70EO20)

and Co(NO3)2$6H2O (98% purity) were procured from Sigma-
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Aldrich, St. Louis, Missouri, USA. Ethanol (99.9% purity) was

supplied by VWR Chemicals, Heverlee, Belgium. All the chem-

icals employed in this study were procured from above-

mentionedsuppliers anduseddirectlywithout anypurification.

Catalyst preparation

In order to synthesize the mesoporous g-alumina support,

about 1.96 g of Pluronic® P-123 template was dissolved in

29.5 mL of a mixed solvent (containing 25% water and 75%

ethanol by volume) in a paraffin-covered Pyrex beaker. This

mixture was magnetically stirred for 30 min at ambient tem-

perature followed by pouring 7.36 g of Al(NO3)3$9H2O powder.

About 3.14 mL of HCl (37%) was subsequently added dropwise

to the aforementioned solution. The resulting mixture was

thoroughly stirred for 1 h before the 24 h of hydrothermal

treatment in a Teflon-covered corrosion-resistant autoclave at

373 K. The cooled mixture was slowly dispensed into a beaker

and subsequently dried in a Memmert UF1060 oven (Schwa-

bach, Germany) for 48 h at 333 K. The obtained sticky gel was

further calcined at 1073 K in a muffle furnace (Carbolite CWF

1200, Sheffield, UK) over 5 h to formmesoporous alumina. After

calcination, the resulting Al2O3 support was sieved to uniform

particle size within 125e160 mm for further catalyst synthesis.

Supported cobalt was prepared via an incipient wetness

impregnation (IWI) technique. About 0.568 g of metal precur-

sor, Co(NO3)2$6H2O, previously dissolved in 0.5 mL of anhy-

drous C2H5OH was dropped on 1 g of as-prepared alumina

support and mixed in the rotary evaporator (BÜCHI Rotavapor

R-200) for 1 h under vacuum condition. Overnight drying at

373 K and 5 h of static air calcination at 873 K with 1 K min�1

ramping rate for freshly impregnatedmixturewere conducted

to produce 10%Co/Al2O3. The detailed schematic diagram for

Al2O3 and 10%Co/Al2O3 synthesis procedure is also given in

Fig. S1 (see supplementary data) to illustrate the aforemen-

tioned preparation steps.

Catalyst characterization

The N2 adsorption/desorption behaviors of Al2O3 and 10%Co/

Al2O3 were analyzed using an automated Tristar II 3020

(Micromeritics, Norcross, GA, USA) gas adsorption device

using liquid N2 at 77 K. Each sample was degassed for 1 h by

the flow of hot nitrogen at 573 K before measurement. The

phases and crystalline structures were identified by the

bench-top Rigaku Miniflex 600 (Rigaku, Tokyo, Japan) X-ray

analyzer (XRD) employing a copper radiation source (Cu Ka,

l ¼ 1.5418 �A). Diffraction scanning at 3-80� with a scan rate of

1�min�1 and a step of 0.02� was set for all samples.

The reduction behavior of active phases in the catalyst was

examined through temperature-programmed reduction (H2-

TPR) using the AutoChem II-2920 unit (Micromeritics, Georgia,

USA). About 50mg of catalyst was sandwiched and positioned

at center of U-tube (quartz material). Subsequently, this

sample was undergone pretreatment to eradicate moisture

and volatile compounds under N2 gas at 373 K for 0.5 h fol-

lowed by reduction with 50 mL min�1 of 10%H2/N2. The tem-

peraturewas raised to 1173 K at a speed of 10 Kmin�1 and hold

for 30 min at a constant temperature of 1173 K before being

cooled down in N2 atmosphere.
Please cite this article as: Tran NT et al., Improvements in hydroge
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The extent of carbon deposition on the catalyst after MDR

was quantified based on the weight loss during temperature-

programmed oxidation (TPO). The TGA Q500 analyzer (TA

Instruments, Newcastle, DE, USA) was employed for TPO runs.

Dehydration under 100 mL min�1 of N2 gas at 373 K for 0.5 h

was initially conducted to eliminate moisture content. The

process continued with specimen oxidation by alternating the

N2medium tomixed gases of 20mLmin�1 O2 and 80mLmin�1

N2 and subsequently raising the temperature to 1023 K with

10 K min�1 followed by holding for 30 min at 1023 K.

Raman scattering spectrumwas obtained using a NRS-3100

Raman spectrometer (JASCO, Tokyo, Japan) equipped with a

532 nm laser wavelength. The spectroscopic measurements

were conducted in ambient air. The morphology of catalyst

was examined via a high-resolution transmission electron

microscopy (HRTEM) conducted in a TOPCOM EM-002B

microscope.

Catalytic activity evaluation

A fixed-bed reactor (length: 17 in. and diameter: 3/8 in.) was

employed for testing the 10%Co/Al2O3 for MDR (see Fig. S2 in

supplementary data). Roughly 0.1 g of catalyst was located at

the middle of reactor by quartz wool whilst gaseous reactants

and inert N2 gas were exactly controlled by Alicat mass flow

controllers and mixed before entering the MDR reactor. The

MDR reaction was carried out with gas hourly space velocity

(GHSV) of 36 L gcat
�1 h�1 at temperature range from 973 K to

1073 K and stoichiometric feed ratio. The selection of high

GHSV, small catalyst loading and tiny particle size is to assure

the negligible presence of mass and heat transfer resistances

and hence obtaining the intrinsic catalytic activity. The

detailed calculation for avoiding these mass and heat transfer

intrusions is given in the supplementary data. Prior to the

assessment, in-situ H2 reduction was executed for 1 h at

1073 K with a gas mixture of 50%H2/N2 (60 mL min�1) to acti-

vate catalyst bed. All gaseous products and unreacted re-

actants were analyzed using an Agilent 6890 Gas

Chromatography (Santa Clara, California, USA) equipped with

a HP-PLOT Q capillary column and a TCD detector.

The conversion of reactants (Xi with i: CH4 or CO2), product

yields (YCO[fx] and YH2 ) and H2/CO ratio were calculated using

these corresponding Eqs. (2)e(5) based on the inlet, Fin and

outlet, Fout flow rates (mol s�1).

Xið%Þ¼Fin
i þ Fout

i

Fin
i

� 100% (2)

YCOð%Þ¼ Fout
CO

Fin
CH4

þ Fin
CO2

� 100% (3)

YH2
ð%Þ¼ Fout

H2

2Fin
CH4

� 100% (4)

H2

CO
¼Fout

H2

Fout
CO

(5)

The carbon material balance was conducted for each run

with time-on-stream and the error of it was within 1.8e3.7%.

In addition to carbon mass balance, N2 internal standard was
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used during MDR to justify the accuracy of GC analytical

analysis and the small discrepancy was less than 5.18%. In

order to verify the active role of Co metal in MDR, the blank

MDR experiment on bare Al2O3 support at stoichiometric feed

composition and 1023 Kwas also carried out. As seen in Fig. S3

(supplementary data), Al2O3 was actually not inert but slightly

catalyzedmethane cracking due to high reaction temperature.

Nevertheless, the conversion of CH4 and CO2 was substan-

tially low (about 1.6% and 6.0%, respectively) on Al2O3. This

would indicate that the higher conversion values than

abovementioned extents belong to the function of Co active

metal.
Fig. 2 e Pore size distribution plots for Al2O3, fresh 10%Co/

Al2O3 and spent catalysts at different reaction temperature.
Results and discussion

Characterization of fresh materials

Textural attributes
The N2 adsorption-desorption isotherms of g-Al2O3, fresh and

spent 10%Co/Al2O3 are depicted in Fig. 1. The isotherm curves

of both support and fresh catalyst were classified as type IV

and had H1 hysteresis loops based on IUPAC category indi-

cating that the mesoporous support and catalyst possessed

cylindrical pore geometry [22]. In addition, the steep conden-

sation stage for both samples signifies the relatively high pore

size uniformity and confirms the presence of wide mesopores

[23]. As seen in Fig. 1, the isotherm curves of fresh 10%Co/

Al2O3 show an analogous shape to those of g-Al2O3 support

suggesting that the structural feature of g-Al2O3 was main-

tained during inserting Co3O4 particles into its cavities.

Notably, the isotherm shape of spent catalysts collected from

variousMDR reaction temperature from 973 to 1073 Kwas also

unchanged. This could suggest that the textural structure of

catalyst was stable with reaction temperature.

Additionally, the pore size distribution (PSD) of both ma-

terials computed by BarreteJoynereHalenda (BJH) method

using desorption branch is shown in Fig. 2. The narrow

diameter range of 2e12 nm with the main pore size of 6 nm
Fig. 1 e N2 physisorption plots of Al2O3, fresh 10%Co/Al2O3

and spent catalysts at different reaction temperature.

Please cite this article as: Tran NT et al., Improvements in hydroge
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was evidenced for both support and fresh catalyst further

confirming the structure preservation of g-Al2O3 support [24].

Thus, the peak shift for spent catalysts to 8e10 nm (see Fig. 2)

could be attributed to the presence of deposited carbon on

catalyst surface after reaction.

Table 1 summarizes the detailed textural features of g-

Al2O3, fresh and spent 10%Co/Al2O3. The BET surface area of g-

Al2O3 about 173.4 m2 g�1 was slightly higher than that of fresh

10%Co/Al2O3 (141.9 m2 g�1). The minor drop in BET surface

area of catalyst was reasonably owing to the unchanged

structure of g-Al2O3 support during IWI procedure. The total

pore volume (0.28 cm3 g�1) and mean pore diameter (6.48 nm)

of support also dropped with the introduction of Co metal

oxides. This would be an indicative of successful diffusion of

Co oxide particles into the porous structure of g-Al2O3 sup-

port. The drop in BET surface area of spent catalysts ranging

from 66 to 79 m2 g�1 was not avoidable because of carbon

formation blocking the porous support structure.

XRD measurements
X-ray diffractograms of Al2O3, calcined and reduced 10%Co/

Al2O3 are displayed in Fig. 3. The Joint Committee on Powder
Table 1 e Summary of textural attributes of g-Al2O3 and
10%Co/Al2O3.

Samples BET
surface
area (m2

g�1)

Total pore
volume
(cm3 g�1)

Average
pore

diameter
(nm)

Mean Co3O4

crystallite
size (nm)a

g-Al2O3 173.4 0.28 6.48 e

Fresh 10%Co/

Al2O3

141.9 0.22 6.28 7.8

Spent@1073 K 75.0 0.16 7.97 e

Spent@1023 K 79.0 0.16 8.00 e

Spent@973 K 65.7 0.13 7.83 e

a Calculated using Scherrer equation [25] for Co3O4 peak at

2q ¼ 31.32�.

n production from methane dry reforming on filament-shaped
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Fig. 3 e XRD spectra of Al2O3, calcined and reduced 10%Co/

Al2O3. Fig. 4 e H2-TPR profiles of (a) Al2O3 and (b) 10%Co/Al2O3.

Table 2 e Summary of peak assignment during H2

reduction of 10%Co/Al2O3.

Peak Temperature (K) Peak Assignment

R1 768 Co3O4 þ H2 / 3CoO þ H2O

R2 913 CoO þ H2 / Co þ H2O

R3 1084 CoAl2O4 þ H2 / Co0 þ Al2O3 þ H2O

i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 5
Diffraction Standards (JCPDS) was employed as the references

to identify diffraction peaks for all samples [26]. The peaks at

2q of 32.05�, 37.40�, 39.58�, 45.96�, 60.76�, 67.02� and 77.11� were

assigned to g-Al2O3 planes while the peaks detected at 2q of

31.32�, 37.03�, 44.88� and 55.82� indicated the presence of

Co3O4 phase (JCPDS card No. 74e2120). The strong interaction

of CoO and Al2O3 phases was also confirmed by the presence

of distinct peaks at 59.62� and 65.42� that belong to cobalt-

aluminate spinel, CoAl2O4 (JCPDS card No. 82e2246).

For the reduced catalyst, the peak of Co0 metallic phase

appeared at 2q of 51.50� (JCPDS card No. 15e0806) and there is

no signal of CoAl2O4 phase indicating the effective and com-

plete CoAl2O4 reduction to Co0 particles. Nevertheless, the Co0

phase could be partially oxidized to Co3O4 when it was

exposed to oxygen in air during XRD measurement as evi-

denced by the small intensity peak at 2q of 44.88�.
The mean crystallite size of Co3O4 calculated using Scher-

rer equation (Eq. (6)) is about 7.8 nm. The smaller Co3O4

crystallite size than 10 nmwas reportedly preferred due to the

higher portion of corner and edge surface sites as well as

lower possibility for coke formation requiring large terrace

atoms for nucleation [27].

dCo3O4
¼ 0:94� l

b� Cosq
(6)

where l is the radiation wavelength and b stands for the full-

width at half-maximum (FWHM) of calculated peak at 2q

Bragg angle.

Reducibility study
The reducibility of catalyst is verified via H2-TPR measure-

ment as shown in Fig. 4. Fig. 4(a) displays the reducing profile

of Al2O3 and there is no noticeable peak for Al2O3 reduction

indicating a stable support during catalytic activation in H2.

The H2-TPR profile of 10%Co/Al2O3 (Fig. 4(b)) shows the

appearance of three distinct peaks labelled as R1, R2 and R3

located at 768 K, 913 K and 1084 K, respectively. The assign-

ments of the detected peaks are summarized in Table 2. The
Please cite this article as: Tran NT et al., Improvements in hydroge
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first peak R1 was ascribed for Co3O4 reduction to CoO inter-

mediary whilst the peak R2 represented the transformation of

Co (II) oxide into Co0 metallic form [28,29]. The reduction of

CoAl2O4 spinel phase was also evidenced by peak R3. The

lowest intensity of peak R3 compared to peaks R1 and R2 could

indicate that the amount of CoAl2O4 spinel form was signifi-

cantly lower than that of Co3O4. Thus, the presence of lesser

CoAl2O4 amount compared with the preferred Co3O4 phase

would not substantially affect the catalytic performance.

Surface morphology analyses
The HRTEM images of fresh g-Al2O3 and 10%Co/Al2O3 is

shown in Fig. 5. The g-Al2O3 support has a filamentous shape

with various sizes (see Fig. 5(a)). Interestingly, the filament-

shaped Al2O3 was also spotted in 10%Co/Al2O3 as displayed

in Fig. 5(b). This observation further corroborates the un-

changed structure of support in calcination during catalyst

synthesis. Additionally, the filamentous configuration of

alumina with defined diameters approximately less than

10 nmwas observed in both HRTEM patterns and cobalt oxide

nano-grains seem to be well dispersed onto the porous g-

Al2O3.

Catalytic performance for MDR
The performance of 10%Co/Al2O3 catalyst was evaluated at

varied temperatures of 973, 1023 and 1073 K while keeping the

feed ratio at the stoichiometric condition. The influence of

temperature on conversion of CH4 and CO2 with time-on-

stream (TOS) is depicted in Figs. 6 and 7, respectively. Both

reactant conversions enhanced greatly with rising
n production from methane dry reforming on filament-shaped
onal Journal of Hydrogen Energy, https://doi.org/10.1016/
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Fig. 5 e HRTEM images of fresh (a) Al2O3 and (b) 10%Co/Al2O3.

Fig. 6 e CH4 conversion with TOS on 10%Co/Al2O3 at

stoichiometric feed composition and temperature of

973e1073 K.

Fig. 7 e CO2 conversion with TOS on 10%Co/Al2O3 at

stoichiometric feed composition and temperature of

973e1073 K.

i n t e r n 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 x x x ( x x x x ) x x x6
temperature from 973 to 1073 K. In particular, CH4 conversion

increased from ca. 46.1%e76.2% while an increase from

around 55.1%e81.6%was evidenced for CO2 conversion. These

observations are reasonably due to the endothermic nature of

MDR favored at high temperature [6]. As seen in Figs. 6 and 7,

the conversion of CH4 and CO2 seemed to be unchanged with

TOS at 1023 K and 1073 K. However, reactant conversions

exhibited a declinewith time at low temperature of 973 K. This

unstable activity could be attributed to the oxidation of Co0

metallic phase to an inactive form by excessive oxygen spe-

cies from dissociative CO2 adsorption [9,10].

The influence of temperature on the yield for CO and H2 as

well as H2/CO ratio is illustrated in Fig. 8. BothH2 and CO yields

elevated extensively with an increase in the reforming tem-

perature. Particularly, the yield of H2 enhanced from 27.5% at

973 K to 63.6% at 1073 K whereas a rise from 43.9% to 68.9%

was observed for CO yield with increasing temperature from

973 to 1073 K. As seen in Fig. 8, for all temperatures, the H2/CO
Please cite this article as: Tran NT et al., Improvements in hydroge
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proportions were consistently lower than the stoichiometric

proportion of one (cf. Eq. (1)). This could be assigned to the

parallel presence of reverse water-gas shift side reaction

(RWGS, Eq. (7)) concurrently consuming H2 and producing

extra CO gas [30,31].

CO2 þH2%COþH2O (7)

Apart from RWGS, the H2/CO ratio is also interfered by

other side reactions, viz., CH4 decomposition and reverse

Boudouard reactions. As shown in Fig. 8, the increase in H2/CO

ratio with growing reaction temperature from 973 to 1073 K

could be indicative of dominant CH4 decomposition contrib-

uting to rising H2 formation. Nevertheless, the low values of

H2/CO ratio from 0.6 to 0.9 seem to be within preferred range

used for long-chain hydrocarbon production in Fischer-

Tropsch synthesis [32e34].

For assessing the efficacy of mesoporous filament-shaped

g-Al2O3 supported Co catalyst for MDR, commercial g-Al2O3-

supported Co and other catalysts recently used in the MDR
n production from methane dry reforming on filament-shaped
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Fig. 8 e Influence of reaction temperature on gaseous

product yields and H2/CO ratio for 10%Co/Al2O3 at

stoichiometric feed ratio.
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reaction are summarized in Table 3. In particular, the superior

role of mesoporous filament-shaped g-Al2O3 support is justi-

fied through the comparisonwith commercial g-Al2O3 support

(denoted as g-Al2O3®, Puralox SCCa-150/200) from Sasol. As

seen in Table 3, 10%Co/Al2O3®, prepared using the same IWI

technique as the mesoporous 10%Co/Al2O3 in this study,

exhibited a lower CH4 conversion of 56.3% than this of mes-

oporous 10%Co/Al2O3 (70%) at similar MDR conditions. In

comparison with other Co-based catalysts in literature, our

catalyst exhibited higher or relatively comparable CH4 con-

version although MDR runs were conducted at a greater

GHSV ¼ 36 L gcat
�1 h�1 in this work. Although the activity of our

catalyst is slightly lower than noblemetal catalysts such as 5%

Ru/Al2O3 [35] and 0.5%Pd6%Ni/Al2O3 [16], from the industrial

and economical points of view, the 10%Co/Al2O3 catalyst in

this study could be a potential catalyst for large-scale pro-

duction of syngas through MDR.
Table 3 e Summary of MDR performance over different catalys

Catalyst Reaction condition

T (K) GHSV (L gcat
�1 h�1)

5%Ru/Al2O3 1073 60

0.5%Pd6%Ni/Al2O3 1023 24

10%Ni/ZrO2 1023 24

7%Ni/ZSM-5 1073 60

10%Ni/SBA-15 1073 36

10%Co/SBA-15 973 1.2

20%Co/La2O3 1023 15

20%Co/CeO2 1023 15

10%Co/Y Zeolite 1123 24

20%Co/Nd2O3 1023 15

10%Co/Al2O3 973 36

1023 36

1073 36

10%Co/Al2O3® (Commercial support)b 1023 36

a n.m.: not mentioned.
b Calcined g-Al2O3 support (Puralox SCCa-150/200) obtained from Sasol.
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Spent catalysts characterization

TPO measurements
The amounts of deposited carbon on the spent 10%Co/Al2O3

after MDR at 973, 1023 and 1073 K are demonstrated via

sample weight loss in thermal oxidation analysis as shown in

Fig. 9. The weight drop in all TPO curves observed at temper-

ature greater than 700 K was attributed to the oxidation of

amorphous and graphitic carbons deposited on catalyst sur-

face [42]. The accumulated carbon after 8 h of reactions at 973,

1023 and 1073 K was 27.9%, 47.7% and 38.6%, respectively.

Carbon deposition in MDR is unavoidable and primarily de-

pends on the extent of endothermic methane disproportion

(see Eq. (8)) [43]. Thus, the lowest amount of deposited carbon

of 27.9% was observed at 973 K and it increased to 47.7% with

rising temperature from 973 K to 1023 K. Nevertheless, a

considerable decline in carbonaceous formation from 47.7% to

38.6% at 1073 K was credited to the presence of reverse Bou-

douard reaction (cf. Eq. (9)).

CH4 /Cþ 2H2 (8)

Cþ CO2%2CO (9)

Additionally, as seen in Fig. 9, the derivative weight profiles

of all three spent catalysts disclosed two kinds of deposited

carbon evidenced via the detection of peaks A and B. The first

peaks (A) appearing at temperature lower than 850 K corre-

sponded to the oxidation of active amorphous carbon while

the second peaks (B) were assigned to the less-reactive

graphitic carbon requiring greater oxidation temperature to

be removed from catalyst surface [42].

Raman spectroscopy
To verify the type of carbon deposition, selected used catalyst

was subject to Ramanmeasurement. Fig. 10 shows the Raman

spectra of support as well as fresh and used 10%Co/Al2O3

collected from MDR for 8 h at 1023 K. For the fresh catalyst

(Fig. 10(a)), four peaks at 473.9, 517.7, 609.7 and 678.5 cm�1
ts reported in literature.

s CH4 conversion (%) H2:CO ratio Refs.

TOS (h)

0.5 84.4 n.m.a [35]

n.m. 86.0 n.m. [16]

10 60.0 n.m [36]

12 66.3 n.m. [37]

8 62.0 n.m. [38]

5 23.9 0.34 [15]

n.m. 49.1 n.m. [39]

4 71.5 1.30 [30]

10 79.7 0.78 [40]

n.m. 63.5 n.m. [41]

8 47.5 0.63 This study

8 70.0 0.84 This study

8 76.2 0.89 This study

8 56.3 0.83 This study
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Fig. 9 e TPO weight and derivative weight profiles of spent

Co/Al2O3 after MDR reactions at 973 K, 1023 K, and 1073 K.
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correspond to the Raman vibrational modes of Eg (473.9 cm�1),

F2g (517.7 and 609.7 cm�1) and A1g (678.5 cm�1). These char-

acteristic peaks were attributed to Co3O4 crystalline form

[42,44] in agreement with XRD patterns (see Fig. 3). As seen in

Raman spectrum of used sample (Fig. 10(b)), the appearance of

two intense peaks so-called D-band and G-band at

1338.5 cm�1 and 1573.5 cm�1, respectively evidenced the co-

presence of amorphous and ordered graphitic carbons on

used catalyst surface in agreementwith TPO results (see Fig. 9)

[42,45]. In fact, D-band was attributed to the disorder in sp3-

hybridized carbon systems for amorphous carbon or carbon

nanofibers while the G-band resulted from the C]C bond

stretching in the high-order graphitic materials [45]. The inset

in Fig. 10 belonging to the Raman spectra of Al2O3 shows 5

main peaks at 377.5, 418.0, 576.7, 643.0 and 750.1 cm�1 which

are typical peaks of Al2O3 support [46,47]. The absence of these
Fig. 10 e Raman spectra for (a) fresh 10%Co/Al2O3 and (b)

used 10%Co/Al2O3 after MDR at 1023 K with stoichiometric

reactant composition.
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peaks in both fresh and spent catalysts was due to the thor-

ough surface Al2O3 coverage by Co3O4 particles [47].
Conclusions

The filament-shaped mesoporous alumina-supported cobalt

catalyst successfully synthesized through the EISA and IWI

approaches was evaluated for MDR at different temperatures

of 973e1073 K Co3O4 nanoparticles were effectively dispersed

on mesoporous support and owned a small crystallite size of

7.8 nm Co3O4 and CoAl2O4 phases formed on catalyst surface

were reduced to Co0 metallic form in H2 activation. The 10%

Co/Al2O3 demonstrated catalytic stability during 8 h on-

stream at 1023 K and 1073 K. Increasing reaction tempera-

ture enhanced CH4 and CO2 conversions to approach 76.2%

and 81.6%, respectively at 1073 K. Additionally, H2/CO ratio

changed from 0.6 to 0.9 depending on reaction temperature

and the low value of it was suitable for high molecular weight

hydrocarbon production in downstream CO hydrogenation.

10%Co/Al2O3 exhibited a relatively comparable activity to

noble catalysts reported in literature. The presence of

graphitic and amorphous carbons was inevitable due to CH4

decomposition; however, the amount of carbonaceous species

was reduced at 1073 K owing to reverse Boudouard side

reaction.
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