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Abstract. Carbon dioxide (CO») reforming of methane (CHs) over nickel (Ni)-supported SiO-
catalyst is a greener approach as this pathway transforms greenhouse gases into gas energy. SiO»
support was synthesized from waste palm oil fuel ash (POFA) with different Ni loading
(N1/Si0O3). The SiO>(POFA) was synthesized by drying the treated POFA overnight and calcined
at 600 °C for 6 h. The Ni/SiO, (POFA) catalyst with different Ni loading were synthesized by
impregnation method. The physicochemical properties of the Ni/SiO, (POFA) were
characterized using nitrogen adsorption-desorption, x-ray diffraction (XRD), and fourier
transform infrared (FTIR) spectroscopy. The catalytic performance of the Ni/SiO, (POFA) was
carried out at 800 °C and atmospheric pressure with CO,/CHj4 feed ratio of 1/1. The SiO, (POFA)
possess a good support material as it has a high surface area 6.95 m? g'! and assist well dispersion
of Ni as evidenced by BET analysis. Higher catalytic activity was achieved at 53.10% of CO,
conversion and 67.6% of CH4 conversion over 5Ni/SiO, (POFA). However, lower CO»
conversion of Ni/SiO, (POFA) catalyst was due to the larger particle size of Ni and weak metal-
support interaction in Ni/SiO» (POFA). This finding proved that the waste POFA can replace the
commercial SiO; for catalytic gas reaction and solve the environmental problem.

1. Introduction
The past few years, the carbon dioxide reforming of methane (DRM) has been investigated for carbon
dioxide utilization and syngas generation (CH4 + CO, = 2CO + 2H>). However, the main challenges for
the widespread application of DRM resides in catalyst performance is the quick deactivation of catalysts,
as a result of carbon deposition [1]. Previous researchers reported that the supported noble metal
catalysts such as platinum (Pt), palladium (Pd), and rhodium (Rh) are active and stable [2]. However,
due to the high cost of noble metal, most researchers have been focusing on metal-based catalysts,
particularly nickel. Ni was reported to have high activity and selectivity and are less expensive than
noble metal [3]. Catalyst plays an important role in order to determine the performance of Ni-based
catalyst and also to prevent coke formation. Thus, SiO, support was chosen due to good thermostability,
availability, and relatively high specific area [4]. It has been reported that silica oxide (SiO,) is
successfully used as a catalyst support in fluidized bed reactor due to its high mechanical strength [5].
The high cost of commercial SiO; required for the large-scale manufacture has motivated the utilization
of agricultural waste materials.

Several researchers have focused on the use of agricultural waste such as rice husk, corn cob ash,
sugarcane bagasse, bamboo leaves, and palm oil fuel ash as a renewable source for production of silica
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oxide (SiO;) [6—10]. Malaysia is a major worldwide producer of palm oil which contributes around 47
%, thus the waste from this industry is growing rapidly and abundant which can give negative effect to
human health and environment [6]. Palm oil fuel ash (POFA) is the major waste formed in this industry
by the burning process of fibers, shells, empty fruit bunches (EFB) and few others [7]. It was reported
that POFA is rich with SiO, content material with 48.99 % of SiO, followed by minor content of CaO
(11.69 %) , LOI (10.51 %), Fe2Os (4.89 %), Al,Os (3.78 %), MgO (1.22 %), and N2O (0.73 %) [8].
Thus, in order to produce economical catalyst, palm oil fuel ash has been chosen as an alternative of the
Si0; source. POFA was recently found to be a sustainable source of silica because it is composed with
highly reactive SiO,. Therefore, POFA may be potentially be utilized as a sustainable source of SiO,.

In this study, the POFA waste was utilized to produce SiO; as the support material for Ni loading.
The effect of different Ni content supported onto SiO, towards the catalyst properties and catalytic
testing of CO; reforming of CH4 were reported.

2. Materials and Method

2.1. Synthesis of SiO;

The raw waste material, Palm Oil Fuel Ash (POFA) used in this study was obtained from FELDA Lepar
Hilir Palm Oil Mill, Gambang, Pahang. The raw POFA was calcined in the furnace at the temperature
of 600 °C for 6 h to remove unburnt and unspent biomass residue. POFA was treated with 2 M HCl
solution using reflux method and constantly stirred at 100 °C for 3 h. The HCl-treated POFA were
filtered and washed thoroughly with distilled water until pH 7 and named as APOFA. Then, the APOFA
were dried for 12 h at 110 °C followed by calcination at 600 °C for 6 h.

2.2. Preparation of Ni/SiO;

The incipient wetness impregnation method was employed for producing Ni/SiO; catalyst. The SiO,
supports were added in the calculated amount of NiNOs solution respective to the Ni content. The
mixture was then constantly stirred at 80 °C until all the water nearly evaporated. The resulting solid
was dried at 110 °C for 12 h followed by calcination at 550 °C for 3 h. The prepared samples with
different Ni-loaded were denoted as xNi/SiO,, where x represents the loading amount (wt%).

2.3. Characterization

The chemical composition of raw POFA and treated POFA-HCl was analyzed by the X-ray
Fluorescence (Model S8 Tiger). The crystalline structure of the catalysts was examined using X-ray
powder diffraction (XRD) recorded on powder diffractometer (Philips X’ Pert PD) with a step-scan
mode at 26=20-80° with Cu and Ka ray, operating at 30.0 kV and 15.0 mA as the X-ray source. For
estimating the NiO crystal size, it was done by using the Scherrer equation (as shown in equation 1).

0.9
Dyrpy = —— 1
NiO ~ Beoso 1

The BET surface area and structure properties of Ni/SiO; catalyst were measured by using
AUTOSORB-1 model ASI MP-LP analyser. The sample was degassed at 120 °C for 3 h under vacuum
prior to measurement. The specific surface area was calculated from the adsorption curve based on the
Brunauer-Emmet-Teller (BET) method. While, the pore volume was calculated according to the Barrett,
Joyner, and Halenda (BJH) method.

The interaction between Ni and SiO, was determined by Fourier transform infrared (FTIR) spectra
using a Thermo Nicolet Avatar 370 DTGS model. The samples were prepared by compressing in an
evacuable die under 10-ton pressure for 5 min in order to yield transparent discs suitable for mounting
in the spectrometer. The infrared spectrum was recorded in the region of 1200- 600 ¢cm™. Thermal
stability and structure destruction of the SiO, and Ni/SiO, catalysts were determined by
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Thermogravimetric analysis (TGA) (PL-TGA) at a heating rate 10 °C min™ up to 900 °C. 9 mg of
samples were weighted with flowrate 40 mL min™! in the presence of nitrogen as an inert purge.

2.4. Catalyst Testing
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Figure 1. Vertical tube furnace diagram of (1) electric furnace, (2) tube stainless steel, (3) pallet
catalyst, (4) quartz wool, (5) supporting pad.
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Figure 2. Schematic diagram of CO; reforming of CH4 (1) regulator, (2) valve, (3) mass flow
controller, (4) gas chamber, (5) vertical tube furnace, (6) temperature controller, (7) condenser.
The catalytic activity of the Ni/SiO; catalyst for CO, reforming of CHs was conducted in a stainless
fixed bed reactor (i.d. 11 mm, length 417 mm) as shown in figure 1 under atmospheric pressure at 800
°C. Prior to the schematic diagram as shown in figure 2, 0.2 g of catalyst was reduced in 50 mL min™! of
hydrogen flow for 1 h at 700 °C. The reactant of CH4:CO»:N, with ratio 1:1:1 was fed into the reactor
at 800 °C within 5 h time-on-stream (TOS). The effluent gas was analyzed per hour by an Agilent gas
chromatography (AGILENT 6890 N) equipped with a thermal conductivity detector (TCD). The
conversion of CO,, CH4 and H,/CO ratio is defined as follows:

Feo,(in)~Fco,(ou

CO; conversion, X C02 (%) = x100% 2)

F .
COZ(zn)

Fen in) =t fouy

CH, conversion, XCH4 (%) = x100% 3)

Fen i)
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where F is the molar flow rate for the particular compound. The product distribution ratio, Ho/CO was
calculated based on the equation:

F
ﬂ: i 4)
CO Ferp

3. Result and Discussion

3.1. POFA and APOFA Characterization

The chemical compound and composition of POFA and APOFA were presented in Table 1. It can be
seen that the SiO, possessed the highest composition percentage in POFA and APOFA. However, the
percentage of the SiO, was increased up to 85.46% after treatment of POFA with 2M HCI known as
APOFA. The increment of the SiO» content was due to the acid treatment of POFA that helps to remove
impurities of POFA by reducing other chemical composition [9]. Irfan Khan et al. [10] reported that
silica content of palm ash after treated with HCI was increased up to 55 % due to the removal of metallic
impurities in POFA. The XRF analysis proved that the waste APOFA rich with SiO; can be considered
as a support material in replacing the commercial SiO,.

Table 1. Chemical composition of POFA and APOFA.

Chemical
composition

POFA 47771 7.73 895 1336 10.02 527 246 097 3.53
APOFA 8546 1.84 380 148 390 144 068 090 0.50

SiOz A1203 F6203 CaO KzO PzOs MgO TiOz Others

3.2. Characterization of Ni/SiO: catalyst

Figure 3 shows the XRD patterns of the parent SiO, and Ni/SiO; catalysts. XRD pattern for pure SiO»
found major phases as cristobalite at peak 20.9°, 26.6°, 32.46°, 50.3°, 68.4° [11]. APOFA provides more
Si0; peak that prove high purity of silica able to produce from waste POFA, in agreement with the XRD
analysis. It was observed that all samples exhibited strong peaks at 26 of 20.9° and 26.6°, which
corresponding to the silica. However, the peak intensities of SiO, were reduces as the Ni loading was
increased due to the partial collapse of SiO,. It has been reported that an increase of the Ni content
caused slight decreased of the peaks designating structural degradation of the support [12]. While, the
characteristic peaks assigned to the NiO were observed for all Ni/SiO; at 20 of 43.2°, 59.9°, and 75.6°
[13]. The increase in Ni loading led to the increase of the NiO peak intensity, indicating that more NiO
were dispersed on the surface of the SiO, support. The Scherrer equation was used to estimate the NiO
crystal size and the results were tabulated in Table 2. The average crystal sizes of 1Ni/SiO», 3Ni/SiO»,
5Ni/SiO», and 10Ni/SiO; were 52.92, 64.80, 70.96, 93.68 nm respectively. The increment in NiO
crystallite size with the increase in Ni loading was due to the agglomeration of more NiO particles on
the support surfaces. According to Sidik et al. [14], the introduction of Ni notably increased the intensity
of the diffraction peaks of Ni become sharper, which indicates that Ni crystals size increases with the
Ni content from (1wt% to 10wt%) that form more crystalline phase of NiO on the SiOs.
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Figure 3. Wide angle XRD patterns of (a) SiO: (b) 1Ni/SiO; (c) 3Ni/SiO; (d) 5Ni/SiO; (e) 10Ni/SiO,

The nitrogen adsorption—desorption of Ni/SiO; catalysts are presented in Figure 4. All the N, adsorption-
desorption isotherms showed a similar trend of typical type IV with H4 hysteresis loops of Ni/SiO; [15].
Physical properties of the SiO; and Ni/SiO; catalysts at different Ni loading are summarized in Table 2.
The introduction of Ni from 1 to 10 wt% caused the decreased of BET surface area from 6.34 m? g'! to
3.23 m? g'!. The lowest BET surface area (3.23 m? g'!) was obtained for the 10Ni/SiO; catalysts, due to
more pores blockage occurred in the pores when 10wt% of Ni was loaded. Previous researchers reported
that the effect of the amount of metal loading caused the difference of BET surface area for Ni/MSN
catalysts, reported by Sidik et al. [14]. It found that the increase in the metal loading led to a decrease in
the surface area as the catalyst pores were blocked by the metal species. It showed that the pore volume
of Ni/SiO; catalyst was increased when the Ni loading increased up to 5 wt%, due to the agglomeration
of Ni particles at the pore of particle SiO,. However, the sudden decreased in the pore volume of
10Ni/SiO; to 0.0254 cm® g was probably due to the deposition of Ni particles on the support and
interparticles support [16].
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Figure 4. Nitrogen adsorption/desorption isotherms of (a) SiO; (b) 1Ni/SiO: (¢) 3Ni/SiO; (d) 5Ni/SiO,
and (e) 10Ni/SiO,
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Table 2. Physical of SiO», INi/SiO2, 3Ni/Si02, 5Ni/SiO,, 10Ni/Si0;

Catalyst Ni/SiO BET surface area  Pore volume  Ni particle

(m? gh) (cm’ gh) size *(nm)
Si0, 6.95 0.0352 0
1 6.34 0.0389 52.9
3 6.22 0.0411 64.8
5 5.72 0.0416 70.9
10 3.23 0.0254 93.6

The FTIR spectra of SiO, and Ni/SiO; catalysts with different Ni loading in the range of 1200-600 cm
! were presented in Figure 5. The bands are attributed to the vibrations of the stretching and bending
modes of Si-O units. The transmittance bands for all samples did not show any significant differences
in the patterns as it seems similar to each other. The exception of the band present at 1046 cm™! represents
symmetric Si-O-Si meanwhile at 970 cm™! being a symmetric Si-OH [13]. The absorption bands at 803
cm’! represent symmetric vibration Si-O [17].
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Figure 5. FTIR spectra of (a) SiO: (b) INi/SiO (¢) 3Ni/SiO: (d) 5Ni/SiO; () 10Ni/SiO;

3.3. Catalytic Testing

The catalytic performance of CO, reforming of CHjy at different nickel loading on SiO, was presented
in Figure 6(A) and 6(B). While, the effect of Ni loading on the average of CH4 conversion, CO;
conversion and product yield of H»/CO ratio were plotted and presented in Figure 6(C). The catalytic
activities of Ni/SiO; for CO; reforming of CH4 followed the order of SNi/SiO, > 3Ni/SiO; =10 Ni/SiO;
> INi/Si0,, whereas the average of H,/CO ratio SNi/SiOz > 3Ni/SiO, > 10Ni/SiO; > 1Ni/SiO». Poor
catalytic activity with less than 5% of CH4 and CO, conversion was observed for unpromoted Ni-SiO».
This was due to the none available of Ni active site on the surface SiO». The most active catalyst was
observed for 5Ni/SiO, with the conversion of CHs and CO» of 67.6% and 53.10%, respectively and
H,/CO ratio of 0.91. This achievement was due to the optimum amount of well dispersed Ni active sites
which could assist the reaction route. The substitution of sufficient Ni species with the surface silanol
groups of SiO, was evidenced by FTIR analysis. Moreover, the good dispersion of small Ni particle size
in 5Ni/SiO, would provide a high surface area, thus enhance catalytic performance. Further increase in
Ni loading up to 10wt% was markedly decreased the CH4 and CO; conversion due to the aggregation of
Ni species on the surface of SiO; as evidenced by XRD. More agglomeration of Ni species would lead
to the metal sintering and favor the carbon formation as evidence by TGA analysis. The similar finding
was reported by Omoregbe et al. [3], where the higher amount of Ni loading lead to easier sintering and
carbon deposition on the surface of SBA-15. The poor catalytic performance of 1Ni/SiO; due to the less
active site of Ni species and low catalyst stability as evidence by TGA analysis.
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Figure 6. (A) CHs4 conversion and (B) CO; conversion of SiO;, 1Ni/Si0O», 3Ni/SiO,, 5Ni/SiO»,
10Ni/Si0; in the CO; reforming of CHs. (C) Effect of Ni loading on the CH4 conversion, CO»
conversion, and H,/CO ratio.

3.4. Characterization of the spent catalysts

Figure 7 shows the TGA analysis for the spent Ni/SiO; for the carbon formation after 5 h of time on
stream. For all the catalyst, an initial weight loss was observed at 80 °C to 200 °C, which corresponded
to the loss water content present in the catalysts. A broad reduction trend was observed at the temperature
0f 200 °C to 500 °C due to the oxidation of amorphous amorphous silica species [12], while the graphite
carbon was oxidized at the temperature more than 500 °C due to the deactivation of Ni/SiO, [18]. The
amount of carbon content for spent catalyst followed the order 1Ni/SiO; (3.13%) < 5Ni/SiO: (9.4%) <
3Ni/Si0; (10.68%) < 10N1/SiO; (31.36%). It is marked that the weight loss of 5Ni/SiO; is very close
with the 3Ni/SiO, although the Ni loading was different. This result might due to the presence of good
interaction of Si-O-Ni in the 5Ni/SiO,, which inhibited the carbon formation on the surface of the
catalyst. Moreover, the less distinction of Ni particle size for both catalysts was also correlated with the
carbon formation. The TGA analysis obviously showed that 10Ni/SiO, have the highest percentage
weight loss due to the burning of carbon deposition in the catalyst. The result displayed that the presence
of metal-support interaction can prevent the Ni particle from emerging on the surface of SiO; in order
to minimize the growth of graphite carbon.
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Figure 7. TGA curves of (a) spent 1Ni/SiO,, (b) 3Ni/SiO», (¢) spent SNi/SiO,, (d) spent 10Ni/SiO,,
after 5 h reaction

4. Conclusion
In this study, the SiO, support was successfully synthesized from Palm Oil Fuel Ash for Ni loading and
tested towards CO; reforming of CHs. The influence of Ni loading (1 to 10 wt%) on the support SiO»
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for CO; reforming of CH4 showed the significant influence on the metal support interaction with the
performance of the catalytic activity. The characteristics and properties of SiO, and Ni/SiO; were proven
by XRD, BET, FTIR. The catalytic activity of Ni/SiO, towards CO, reforming of CH4 followed the
order SNi/SiO; > 3Ni/Si0; =10 Ni/SiO; > INi/Si0O», whereas the average of H,/CO ratio 5SNi/SiO; >
3Ni/Si0; > 10Ni/SiO, > INi/Si0s. 5Ni/SiO> showed high catalytic activity with CH4 conversion, CO;
conversion, and the Ho/CO ratio of 67.6%, 53.10% and 0.91, respectively. The SNi/SiO; catalyst exhibit
superior of catalytic behaviour due to the combination of well dispersion and small size of Ni particle
which has potential as a promising catalyst in renewable hydrogen production. In addition, the analysis
of spent Ni/SiO; proves that the presence of Ni-O-Si minimizes the growth of graphite carbon which
enhanced the catalytic stability. The present of metal support interaction, Si-O-Ni played an important
role to improve the catalytic performance and prevent coke formation. It can be concluded that POFA
waste has good potential to produce SiO- as an alternative silica source for the conversion of syngas. In
the further study, modification of support needs to be improved in order to produce a better catalytic
activity of Ni/SiO2(POFA).
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