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Abstract- This study focuses on the synthesis, characterization and performance of 20wt%Co/80wt%Sm,0; catalyst in
methane dry reforming for the production of syngas. The 20wt%Co/80wt%Sm,0; catalyst was synthesized via wet-
impregnation method and characterized by TGA, FTIR, XRD, FESEM, EDX, N, physisorption and H,-TPR. The
performance of the catalyst in the methane dry reforming reaction was studied in a stainless steel fixed-bed continuous flow
reactor at feed (CH,:CO,) ratio of 1.0, temperature ranged 923-1023K and GHSV of 30000 h™'. The 20wt%Co/80wt%Sm,0s
catalyst showed promising catalytic performance evident from the highest CH4 and CO, conversion of ~71% and ~72% as
well as the highest H, and CO yield of ~62% and ~73%, respectively. Moreover, the methane dry reforming over the
20wt%Co/80wt%Sm,0; catalyst produces H,: CO ratio close to unity, hence suitable for use as a chemical intermediate for
synthesis of oxygenated fuels. The characterization of the used 20wt%Co/80wt%Sm,0; catalyst used after 4 h of time-on-
stream confirmed the presence of amorphous carbon which can easily be gasified.
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1. INTRODUCTION

Synthesis gas (syngas), a mixture of carbon monoxide and hydrogen can be produced from catalytic reforming of methane
[1]. Amongst the several catalytic reforming processes employed for the production of syngas, methane dry reforming is
more beneficial in terms of energy production and mitigation of greenhouse effects. Theoretically, syngas ratio of unity is
produced from methane dry reforming, making it suitable as a chemical building blocks for the synthesis of oxygenated fuels
means of Fitscher-Tropsch Synthesis (FTS) [2,3]. Besides, the two main contributors to greenhouse gases are utilized for the
reforming process, thereby mitigating the greenhouse effects on the environment [4,5]. Furthermore, the highly endothermic
nature of the methane dry reforming reaction makes it suitable to be used in chemical energy transmission and storage system

[6].

The main constraint to the methane dry reforming process is catalyst deactivation through coking and sintering [7,8]. The
formation and deposition of coke on the catalyst’s surface usually occur through side reactions such as methane cracking and
reverse Boudouard [9]. The formation and depositions of coke via methane cracking is favoured at temperature > 973 K and
low pressure while that of reverse Boudouard is favoured at temperature < 973 K and high pressure [10]. Moreover, the high
temperature requirement for the methane dry reforming process as well as the action of the reverse water gas shift reaction
makes the methane dry reforming catalyst susceptible to sintering [11].

In order to overcome the constraints in methane dry reforming, researchers have exploited the use of supported metal
catalysts such as Co, Ni, Ru, Rh, Pd and Pt. Excellent review by Pakhare [12] showed that supported noble metals catalyst
(Ru, Rh, Pd and Pt) exhibited good activity with less carbon deposition. However, they are expensive and not readily
available. Nickel-based catalysts would have been a better alternative for the methane dry reforming process due to high
activity but are easily prone to cooking and sintering [13]. Co-metals has a great potential to be used as catalysts for methane
dry reforming due to its good activity, stability, non-pricey and availability [14-16].

The performance of non-noble metal-base catalysts such as Co can be enhanced through the use of suitable supports. The
synthesis of the Co-metal on a suitable support will provide a beneficial synergy leading to the controlling of carbon
formation[16]. Reports have shown that rare earth oxides based supports such as CeO, and La,O; have high oxygen retention
capacity [17]. The use of these supports enhances the formation of surface oxygen from dissociative adsorption of CO, which
can be used to neutralise the carbon formed on the surface of the active metals. This study focuses on the synthesis,
characterization, catalytic performance of Sm,0O; supported Co catalyst. The best of the author’s knowledge, Co/ Sm,0;
catalyst has not been investigated for syngas production via methane dry reforming.

2. EXPERIMENTAL

2.1. Catalyst Synthesis and pretreatment

Prior to the synthesis of the catalyst, the Sm,0O;5 support was prepared by thermal decomposition of Sm(NO3);.6H,0 (99.99%
purity, Sigma-Aldrich) at 873 K for 2 h according to the method described by Mohammadinasab et al. [18]. To obtain
Co/Sm,0s5 catalyst, the as-prepared Sm,Os3 support was impregnated with aqueous solution of Co(NOs3),.6H,O (99.99%
purity, Sigma-Aldrich) equivalent to 20wt% Co loading. The slurry after the impregnation was continuously stirred for 3 h to
allow for aging of the Co precursor and thereafter dried 393 K for 24 h. The dried Co/Sm,0; was calcined at 8§73 K for 6 h.
Prior to the activity test, the calcined catalyst was reduced in sifu in 50 ml min’! of 20% H; in N, carrier gas for 1 h at 873 K.

2.2. Catalyst Characterization

The freshly prepared as well as the calcined 20wt%Co/80wt%Sm,0; catalyst were characterized for physicochemical
properties using several instruments techniques. The thermal stability of the uncalcined catalyst was determined by
thermogravimetric analysis (TGA) (Thermal analyser instrument Q-500 series) under N, flow at heating rate of 10 K min™
and atmospheric pressure. The nature of the chemical bonds in the calcined 20wt%Co/80wt%Sm,Oj; catalyst was determined
by FTIR (Perkin Elmer Spectrum 100). The spectra were collected at a resolution of 8 cm™ using attenuated total reflectance
(ATR) within the range of 4000-400 cm™ and analysed using Ominic software. The phase identification and the crystallinity
of the catalyst were measured by X-ray power diffraction analysis. The recording of the XRD diffractograms was done using
a RIGAKU miniflex II X-ray diffractometer capable of measuring powdered diffraction pattern from 3 to 145° in 20 scanning
range. The X-ray source is Cu Ka with wavelength (A) of 0.154 nm radiation. The XRD is equipped with the latest version of
PDXL, RIGAKU full function powder-diffraction analysis software. The textural properties of the calcined
20wt%Co/80wt%Sm,0; catalyst were determined using N,-sorptiometry. Prior to the measurements, the as-prepared catalyst
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sample was degassed at 523 K. The information about the surface morphology of the catalysts and the elemental chemical
compositions were determined using JEOL field emission scanning electron microscopy (FESEM) equipped with energy-
dispersive X-ray spectroscopy (EDX). The adsorption and desorption isotherm were obtained by measuring the amount of gas
adsorbed and removed across relative pressure range 0.1-1.0 and reduced pressure using liquid N, at 77 K. The specific
surface area and the pore volume of the catalyst sample were obtained from the adsorption-desorption isotherm using
Brunauer-Emmett-Teller (BET) and Berreth-Joyner-Halenda (BJH) methods [19,20]. The reducibility of the catalyst was
measured by H,-temperature programmed reduction (H,-TPR) using Thermo-Scientific TPDRO 1100 apparatus equipped
with TCD detector. Approximately 60 mg of the catalyst sample was initially pre-treated in a flow of 20 ml min" N, at
heating rate of 10 K min™ up to 393 K at holding period of 30 min. Subsequently, the pre-treated catalyst sample was
reduced with 20 ml min™ of 5% H, in N, carrier gas at heating rate of 10 K min™ up to 1173 K with holding period of 60 min
before cooling to room temperature.

2.3. Catalytic performance evaluation

The performance of the 20wt%Co/80wt%Sm,0; catalyst was evaluated in a continuous, top-down flow tubular stainless
steel reactor of a fixed-bed configuration (internal diameter: 10 mm and height: 35 cm) as depicted in Figure 1. The methane
dry reforming was performed using catalyst weighing 200 mg supported using quartz wool. The reactor system was equipped
with Type-K thermocouple and PID temperature controller. The catalyst’s performance was evaluated at 923 to 1023 K, with
CH,4:CO; feed ratios between 0.1 and 1, at atmospheric pressure and total flow of 100 ml/min. The flow rate of the inlet gases
(CH4, CO; and N,) were controlled by digital mass flow controllers. The gas hourly space velocity (GHSV) for the reaction
was maintained at 30000 h™' STP. Prior to the reaction, the catalyst was reduced in-situ in a flow of 50 ml/min H,/N, (1:5) at
973 K for 1 h employing a ramping rate of 10 K min”. The reaction was performed at time-on-stream (TOS) of 4 h. The
composition of exit gas was determined using gas chromatography instrument (GC-Agilent 6890 N series) equipped with
TCD. Two packed columns were used, viz. Supelco Molecular Sieve 13x (10 ft x 1/8 in OD x 2mm ID, 60/80 mesh,
Stainless Steel) and Agilent Hayesep DB (30 ft x 1/8 in OD x 2 mm ID, 100/120 mesh, Stainless Steel). Helium gas was used
as the carrier with flowrate of 20 ml min"' and operating column temperature of 393 K. The reported CH4 and CO,
conversions, as well as H, and CO yield represents an average of four analysis of the gaseous products at 1 h interval for 4 h
TOS. The reaction metrics for the evaluation of the catalytic performance are represented in Equations (1) — (4):

Fem,, —F
CH, conversion (%) = W %100 (1)
4in
CO : 0, _ Fcozin_Fcozout
, conversion (%) = Txloo )
2in
H, yield = —Hzout %100 (3)
x CHyin
CO yield = ——out 10 )

FCH4in + FCOZin

where Feo,. Fenin, Feosoun FeHou: 2T€ the inlet and outlet molar flow rate of CO, and CHy, respectively, and Fy,  is the

outlet molar flow rate of H,.

3. RESULTS AND DISCUSSION

3.1 Catalyst characterization

The thermogravimetric analysis of the fresh 20wt%Co/80wt%Sm,0; catalyst showing the TG and the DTG curves are
depicted in Figure 2. The TG and the DTG curves represent different staged of the decomposition of the catalyst precursor
which can be categorized into four stages represented by peaks I-IV. Peak I can be attributed to the sequential loss of
physical water as well as sequential dehydration of Co(NO3),. 6H,0 at temperature ranged 270-440 K. Peaks II, III, and IV at
temperature ranged 440-850 K can be attributed to the sequential decomposition of the cobalt nitrate species. The
disappearance of the DTG curve beyond 850 K is evidence that the catalyst is present in its pure state. This observation is
corroborated with the FTIR analysis shown in Figure 3 (which shows an absence of nitrate functional group). This is also
consistent with the findings of Ehrhardt et al. [21] for thermal decomposition of nitrate-compounds.
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Figure 1: Schematic representation of the experimental set up for the syngas production over 20wt%Co/80wt%Sm,03

catalyst.
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Figure 2: TG and DTG profiles for temperature programmed calcination of fresh 20wt%Co/80wt%Sm;0;
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Figure 3 show the FTIR spectra of the freshly-calcined 20wt%Co/80wt%Sm,05 in comparison with the Sm(NO;);.6H,0. The
spectra for the 20wt%Co/80wt%Sm,Oj; catalyst shows a broad band centred around 578, 673, and 1411 cm’, symptomatic of
Sm-O stretching vibration, Co-O stretching vibration, and C=0O bond which can be attributed to the presence of Sm,0s3,
Co304 and dissolved atmospheric CO,. The N-O bond in the precursors signifies the presence of nitrates prior to
decomposition. After decomposition of the precursors, both the OH and N-O bonds (3256 and 3185 cm™) disappeared,
which is an evidence of the pure state of 20wt%Co/8-wt%Sm,0; catalyst as can be seen from the spectra. The presence of the
catalyst in its pure state is due to the removal of physical and hydrated water, as well as decomposition of the nitrate during
the temperature-programmed calcination. The as-prepared catalyst which is made of Sm,05; and Cos;0, is confirmed by the
Sm-O and Co-O stretching vibration of the FTIR spectra, which is also corroborated by the XRD pattern shown in Figure 4.



The National Conference for Postgraduate Research 2016, Universiti Malaysia Pahang

— — —  Co/Smy03
Sm(NO3)3.6H20
---m-m..h_____,_ —————— s*pg\':‘lr-"‘-'\\ /"‘\f\.\r

/3 v AN

S \

Q \

(&)

& 1

b=

e

w

B |

-
t
\
|
|

T T T t
4000 3000 2000 1000

Wave number (cm'1)

Figure 3: FTIR spectra of the fresh 20wt%Co/80wt%Sm,0j; catalyst and Sm(NO3);.6H,O
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Figure 4: The XRD pattern of the fresh 20wt%Co/80wt%Sm,O; catalyst

Figure 4 shows the XRD pattern of the freshly calcined 20wt%Co/80wt%Sm,0;. Significantly, three crystalline phases
namely Co3;04 SmCo0O;3; and Sm,0O; can be identified from the XRD pattern as summarized in Table 2. The spinel Co3;04
crystals at 21.7° (1 3 1), 33.53° (2 1 1), 38.67° (2 2 2) and 67.14 (1 3 1) can be attributed to the body-centred cubic and face-
centred cubic phases. In addition, the Sm,Oj5 crystals identified at 28.74° (1 0 1), 36.87° (1 1 1),40.29° (20 1), 44.91° (4 0 0),
49.68° (3 3 1), 56.79° (1 1 2), 59.33° (5 1 1) and 65.33° (4 4 0) can be attributed to the body-centred cubic phase.
Interestingly, SmCoOs perovskite can be identified at 15.87° (1 0 0), 19.02° (1 1 1), 26.89° (1 0 1), 27.73° (1 1 0), 31.36° (2 2
0) and 32.08° (2 0 0) representing mostly body-centred cubic and face-centred cubic phases. The formation of SmCoOj3 could
be as a result of strong interaction between the Co;04 and Sm,0O; during the calcination stage. Furthermore, the average
crystallites sizes for Co;04, Sm,03; and SmCoO; were estimated from the Scherer’s equation using full-width-half-maximum
(FWHM) of the respective XRD peaks as 26.12, 19.84 and 21.21 nm respectively.

810



The National Conference for Postgraduate Research 2016, Universiti Malaysia Pahang

(a) ! ' Y 7 T " —: '

100nm JEOL 8/17/2015
SEM WD 10.0mm 15:11:27

| 2 4 6 8 10 12 14 16 18 20
Full Scale 8823 cts Cursor: 0.000 ke

Figure 5: (a) FESEM image and (b) EDX micrograph showing the elemental composition of the catalyst and

The FESEM micrographs and EDX analysis showing the morphology and elemental composition of the freshly calcined
20wt%Co/80wt%Sm,05 is depicted in Figure 5. It can be seen that the 20wt%Co/80wt%Sm,0; catalyst exhibits small
spherical-shaped particles with evidence of weak agglomeration. The particle diameters of the 20wt%Co/80wt%Sm;0;
measured at three different spots were recorded as 56.3, 54.1 and 63.3 nm. The EDX analysis for the elemental compositions
of the as-prepared 20wt%Co/80wt%Sm,0; is depicted in Figure 5 (a). It is noteworthy that all the components (Co, Sm and
O) of the as-synthesized 20wt%Co/80wt%Sm,0; catalysts can be identified from the EDX analysis. Interestingly, the
composition of 21.96% and 78.04% obtained for Co and Sm,0s is consistent with the stipulated amount used for the catalyst
synthesis.

The BET specific surface area, as well as the BJH pore volume of the 20wt%Co/80wt%Sm,Oj; catalyst and Sm,O; support
alone are shown in Figure 6. The adsorption-desorption isotherm exhibits a Type-IV curve with H2-type hysteresis according
to ITUPAC classification. The inflection points at P/P° ranged 0.45-0.95 is an indication of the capillary condensation within
uniform mesopores. The BET specific surface of 9.53 m*/g obtained for the Sm,O5 support is smaller compared to the 23.05
m?*/g obtained for the 20wt%Co/80wt%Sm,0; catalysts. This could be attributed to the well-dispersed Co particles on the
support which invariably leads to higher BET specific surface area. Moreover, the higher values of the pore volume and the
pore diameter obtained for the 20wt%Co/80wt%Sm,0; catalyst compared to the Sm,05 support is also evidence of the well
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dispersed Co particles. This has created additional macropores as clearly visible in the FESEM images (refers to Figure 5),
therefore an increase in textural properties.

The reducibility of the freshly calcined 20wt%Co/80wt%Sm,0O; represented by the H,-TPR profile is depicted in Figure 7.
Interestingly the TPR curves of the catalyst displayed two major reduction peaks cantered at 730 K and 865 K. These peaks
are indication of different degree of Co-Sm,0; interaction displayed by Co0304, and SmCoO; species. The temperature
reduction at 730 K could be attributed to the H,-reduction of the Co30,4 phase to Co® and the second peak cantered at 865 K
corresponds to the H,-reduction of SmCoOj; to Co® and Sm,0; which is consistent with the XRD pattern of the used catalyst
(initially reduced at 873K) (cf. Figure 11). The H,-uptake for the reduction of the Co phases is estimated from the TPDRO
1100 as 3634.38 and 5085.60 pmol g, respectively.
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Figure 6: N, adsorption-desorption isotherm of the 20wt%Co/80wt%Sm,05 catalyst
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Figure 7: H,-TPR profile of the 20wt%Co/80wt%Sm,0; catalyst

3.2 Catalytic performance of the 20wt%Co/80wt%Sm;0; catalyst

Figure 8 depicts the catalytic performance of the 20wt%Co/80wt%Sm,0; catalyst in terms of conversion, yield and
selectivity. It can be seen that the CH, and CO, conversions increases with the reaction temperatures (Figure 8a). The CH,
conversion increases from 16% at 923 K to a maximum value of 70.6% at 1023 K. For CO,, the conversion increases from
25% at 923 K and peaked at 72.5%. Typically, the increasing trend of the CH4 and CO, conversion with temperature is
consistent with the Arrhenius observation for temperature dependent reactions such as, methane dry reforming [22]. It is
noteworthy that the CO, conversion is slightly higher than that of CH,4, which could be attributed to the influence of reverse-
water-gas-shift reaction. Similar trend has been reported in our previous work using 20wt%Co/80wt%CeO, catalyst [15].
Besides, the contributions of reverse water gas shift reaction to the methane dry reforming could also influence the higher
conversion of CO, compared to CH, as reported by Hao et al. [23] for methane dry reforming reaction over
20wt%Co/80wt%Al,0; catalyst. The comparison of the catalytic performance of the 20wt%Co/80wt%Sm,0; catalyst with
literature is shown in Table 1. The highest CH, and CO, conversion of 70.6% and 73.5% obtained in this study is lower
than that reported by [24] and [25] for Co/AL,O;, Co/MgO and Co/CeO, catalysts respectively. The Co/Sm,0O; catalyst
however displayed higher conversion compared to that reported by [26] and [27] for Co/Si0O,, Co/TiO, and Co/CaO catalysts
respectively. This could be due to differences in the physicochemical properties of the catalysts, for instance the variation in
the BET specific surface area of the reported catalysts as well as the interfacial properties. Figure 8b show that catalytic
performance of the 20wt%Co/80wt%Sm,0; catalyst in terms of H, and CO yields. The H, and CO yields significantly
increase with temperature resulting to the highest activity (H, yield = 62.29%, CO yield 73.19%) at 1023 K. The increasing
trends of the yields with temperature is also typical of Arrhenius-type behaviour for temperature-dependent chemical
reaction [22]. Interestingly, CO yield is 11.19% higher than H, yield which could be as a result of the contribution of reverse
Boudouard reaction [30]. Furthermore, the lower value of H, yield obtained compared to CO yield could be due to the
influence of reverse water gas shift reaction [31]. The highest values of H, and CO yields obtained in this study is lower
compare to that of Co/Al,O; and Co/MgO but howerver higher compare to Co/CeO, reported by Abasaeed et al. [14].
Furthermore, it is noteworthy, that the methane dry reforming over Co/Sm,0; catalyst produced syngas ratio of ~ 0.9,
suitable as feedstock for the production of oxygenated fuel via FTS. Figure 8c depicts the selectivity of the
20wt%Co/80wt%Sm,05 catalyst to H, and CO production from the methane dry reforming. Interestingly, both the H, and
CO selectivity increases with temperature. The H, selectivity increases from 11% at 923 K to 82% at 1023 K. Similarly, The
CO selectivity increases from 5.8% at 973 K to 61% at 1023 K. Indeed, methane dry reforming over 20wt%Co/80wt%Sm,0;
catalyst could be a potential route for Hydrogen production based on the high H; selectivity obtained from this study.
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Figure 8: Catalyst performance of the 20wt%Co/80wt%Sm,O; catalyst showing the (a) conversion (b) yield and (c)
selectivity (GHSV = 30000 h™', P = 1 atm, CH4:CO, =1)
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Table 1: Comparison of activity of the Co/Sm,0; with literature

Catalyst BET specific CHg4 CO; H; yield CO yield Reaction Reference
surface area conversion conversion (%) (%) Temp (K)
(m?g™) (%) (%)
Co/Sm;03 28.25 70.60 73.50 62.25 73.19 1023 This work
Co/Al,03 53.00 86.50 88.10 84.80 87.30 973 [24]
Co/CeO; 67.00 85.00 92.00 NR NR 1073 [25]
Co/MgO 22.00 91.90 93.90 89.80 92.90 973 [24]
Co/Si0; 185.00 24.00 36.70 17.90 30.30 873 [26]
Co/TiO; 4.00 20.50 35.30 8.8 28.8 1173 [27]
Co/Ca0O 5.00 38.60 54.30 31.90 46.30 1173 [24]

NR = Not reported
3.4 Characterization of the used catalyst for carbon deposition

Figure 9 shows the amount of carbon deposition per gram 20wt%Co/80wt%Sm,0; catalyst based on the carbon balance
estimated from the methane dry reforming reaction. It is evidence that carbon deposition increases with increase in
temperature which is one of the features that characterize methane dry reforming. After about 4 h time-on-stream ,the used
20wt%Co/80wt%Sm,0; catalyst was characterized for carbon deposition using temperature programmed oxidation (TPO),
and SEM-EDX. Figure 10 shows the TPO profile obtained for the spent catalyst using TGA. In order to exclude the
interference of moisture in the quantification of the carbon deposition from the TPO, the spent catalysed was analysed
excluding weight loss before 373 K. Significantly, it can be visualized from the TPO profile of weight loss that take place at
peak temperatures ranged 540-670 K which can be attributed to the oxidation of active (amorphous) carbon. Interestingly, the
presence of inert (graphite) carbon which is usually associated with the peak temperature > 773 K cannot be detected. An
estimation of the amount of carbon deposited on the spent catalyst show that a total weight loss of 23.18% representing 1.41
mg of the active carbon was oxidized. The evidence of carbon deposition was further ascertained from the morphology of the
spent catalyst shown in Figure 11 (a). The SEM micrograph showed clearly the deposition of amorphous carbon on the
surface of the catalyst. The amorphous carbon has been reported to have minor effect on the methane dry reforming reaction
due to the ease at which it can be gasified by the free valence oxygen provided by the Sm,0; support [32]. Further analyses
of the spent catalyst for elemental composition by EDX micrograph show the presence of elemental carbon (Figure 11 (b)).
However, based on the EDX dot mapping in Figure 11 (c), the used catalyst still show the presence of essential components
(Co, Sm, and O) which indicate that the catalyst structure was not completely altered by the presence of the amorphous
carbon.

4. CONCLUSIONS

In this study, the synthesis, characterization and performance of 20wt%Co/80wt%Sm,O; catalyst in methane dry reforming
for syngas production has been reported. The catalyst was synthesized via wet impregnation and characterized for its
physicochemical properties using different techniques. The catalyst performance in the methane dry reforming gave the
highest activity at reaction temperature of 1023 K leading to CH4 and CO; conversions of ~71% and ~73% as well as H, and
CO yields of ~61% and ~73%, respectively. The characterization of the used Co/Sm,0; by TGA, SEM and EDX confirm the
deposition of amorphous carbon which can easily be gasified thereby prolonging the stability of the catalyst with increase
TOS. This study has demonstrated the potential of syngas production from methane dry reforming over
20wt%Co/80wt%Sm,05 catalyst.
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Figure 10: Temperature programmed oxidation of the spent catalyst
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Figure 11: EDX micrograph of the spent 20wt%Co/80wt%Sm,0j; catalyst
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