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SYNTHESIS AND CHARACTERIZATION OF EFB CLINKER SUPPORTED
NICKEL CATALYST FOR SYNGAS PRODUCTION FROM REACTIVE
FLUID MIXTURE OF CO,-CH4

(Key words: Dry reforming; Empty fruit bunch (EFB) clinker; Synthesis gas)

Methane dry reforming is environmental friendly due to the potential sequestration of CO,.
Therefore, substantial research works have been carried out to develop reforming catalysts that
exhibit high catalytic performance and excellent longevity. The current work reports on the
synthesis of 20wt%Co/80wt%EFB clinker and 20wt%Ni/80wt%EFB clinker catalysts via wet-
impregnation technique, followed by various characterization techniques such as BET, XRD,
XRF, TGA and FESEM. The BET specific surface area of Co/EFB clinker and Ni/EFB clinker
catalyst were 2.83 m?g™ and 2.37 m°g™, respectively. In addition, XRD diffractogram of EFB
clinker showed two highest peaks at around 26 = 27.2° and 31.5°, which can be attributed to
Ca0 and K0 species, respectively. This finding was also consistent with XRF analysis where
potassium (K) and calcium (Ca) were positively identified. Subsequently, methane dry
reforming studies revealed that Ni/EFB clinker catalyst always yielded higher formation rates of
H, and CO. Indeed, the rate was maximum at CO,:CH, feed ratio of unity. The average
conversion of CH, for reactions using Co/EFB clinker and Ni/EFB clinker catalyst are obtained
to be 78.26 % and 78.19 % respectively. Meanwhile, the average conversion of CO, for
reactions using Co/EFB clinker and Ni/EFB clinker catalyst are 80.40 % and 81.17 %
respectively. When reaction temperatures were varied, the activation energy over Co/EFB
clinker was 124.4 kJ mol™ while that for the reaction over the Ni/EFB clinker catalyst was 113.0
kJ mol™. Post reforming reaction, oxidation profiles of the used catalysts indicated carbon-free
condition. This was corroborated by the FESEM images for both sets of used catalysts, where
no carbon whisker was found.
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ABSTRAK

Tindak balas metana dan karbon dioksida merupakan satu proses yang mesra alam.
Oleh itu, banyak penyelidikan telah dijalankan bagi menghasilkan pemangkin yang
berprestasi tinggi dan berhayat panjang. Kerja ini bertujuan untuk menghasilkan
pemangkin yang berasaskan Ni dan Co yang disokong oleh klinker tandan buah sawit
melalui kaedah impregnasi basah dengan formulasi yang 20-80. Pelbagai teknik
pencirian seperti BET, XRD, XRF, TGA, FESEM dan EDX telah digunakan untuk
mendapatkan ciri-ciri pemangkin yang dihasil. Kajian BET mendapati bahawa kawasan
permukaan tertentu BET untuk pemangkin Co/EFB klinker dan Ni/EFB klinker adalah
2.83 m’g™" and 2.37 m?g™ masing-masing. Di samping itu, diffractogram XRD EFB
klinker menunjukkan dua puncak di 20 = 27.2 ° dan 31.5 °, yang boleh dikaitkan
dengan spesis Cao dan K;O. Carian ini juga konsisten dengan analisis XRF iaitu kalium
(K) dan kalsium (Ca) dapat dikenal pasti secara positif. Selain itu, kajian tindak balas
metana dan karbon dioksida mendedahkan bahawa pemangkin Ni/EFB klinker sentiasa
menghasilkan kadar penghasilan H, dan CO yang lebih tinggi. Sesungguhnya, kadar itu
adalah maksimum pada CO,:CH, bernisbah 1:1. Penukaran purata CH, untuk tindak
balas menggunakan pemangkin Co/EFB klinker dan NI/EFB Kklinker didapati ialah
78.26% dan 78.19% masing-masing. Sementara itu, penukaran purata CO, untuk tindak
balas menggunakan pemangkin Co/EFB klinker dan NI/EFB Kklinker didapati ialah
80.40% dan 81.17% masing-masing. Apabila suhu tindak balas telah diubah, tenaga
pengaktifan bagi Co/EFB klinker adalah 124.4 kJmol™ manakala bagi tindak balas yang
pakai pemangkin Ni/EFB klinker adalah 113.0 kJmol™. Kedua-dua pemangkin yang
telah dipakai digunakan untuk manjalankan analisis profil pengoksidaan. Analisis bagi
kedua-dua pemangkin mendapati bahawa kedua-dua set pemangkin yang diguna tidak

menhadapi masalah pemendapan karbon yang kritikal.



1 INTRODUCTION

1.1 Background

Synthesis gas is a fuel gas mixture comprised of CO and H,. It is a vital feedstock for
downstream petrochemical industries i.e. gasoline, ammonia, methanol etc. As the world
grapples with potentially-devastating energy crunch situation, renewable energy such as

synthesis gas has been touted as a potential saviour.

Significantly, in Malaysia palm oil mill effluent or also known as POME is a highly polluting
wastewater with high chemical oxygen demand (COD) and biochemical oxygen demand (BOD)
(Lam & Lee, 2011). Under ambient conditions, degradation of POME usually releases a large
amount of CH, and CO, (collectively known as biogas) into the atmosphere, which may worsen
the global warming (Schuchardt et al., 2008). Carbon dioxide (CO,) has been identified as one
of the most significant greenhouse gases arising from anthropogenic activities. Hence, mankind
needs to curb CO, emissions in order to counteract global warming (Er-rbib et al., 2012). One
of the propositions is to utilize CH, and CO, simultaneously via dry (CO,) reforming pathway.
The dry reforming of methane results in product with a lower H,:CO ratio (< 2.0) which is more
favourable for olefins or methanol synthesis compared to the yield from the conventional steam
reforming which normally produces H,:CO ratios > 3.0 (Siahvashi & Adesina, 2013). Besides,
the use of CO, as co-reactant has also attracted growing attention due to the potential

sequestration of CO, and energy savings (Siahvashi & Adesina, 2013).

Indeed, catalysts play a vital role in the aforementioned reaction. Catalyst is usually comprised
of active metal and support. A supporter is usually a solid with a high surface area, to which a
catalyst is affixed. Relentless efforts have been dedicated to maximize the surface area of a
catalyst by distributing it over the support (McNaught & Wilkinson, 2014). Previous studies
and reviews have been published on the Ni based metal with different supported catalysts
employed in the light hydrocarbon dry reforming. An evaluative investigation of propane CO,
reforming over bimetallic alumina supported 5%Mo-10%Ni catalyst has been carried out in a
fixed bed reactor at 0.1 M Pa and temperatures ranging from 823 — 973K. It was found that Mo-
Ni is a stable and active catalyst at different temperature during the dry reforming process
(Siahvashi et al., 2013). Besides, numerous supported catalysts have been tested, especially Ni-

and noble metal-based catalysts, and they have been found to exhibit promising catalytic



performance. Conversion of CH,; and CO, to synthesis gas, approaching those defined by
thermodynamic equilibrium, can be obtained over the aforementioned catalysts as long as

sufficient contact times are maintained.

One of the major problems encountered during dry reforming is the deactivation of the catalysts
dues to carbon deposition. To alleviate the deactivation problem arising from Ni catalysts
coking, it has been shown that addition of alkali or alkaline earth oxide to the Ni based catalyst
lead to drastic decrease in the number of sites for carbon formation, while sufficiently
maintaining the active sites for the reforming (Lemonidou et al., 1998). From the EDX result of
EFB clinker, it was found that EFB has a basic characteristic and it should be suitable to act as

the supporter for the Ni-based and Co-based catalysts.

1.2 Problem Statement and Motivation

Oil palm is the most important commodity from Malaysia with significant contribution to its
gross domestic product (GDP). Lignocelluosic biomass which is produced from the oil palm
industries include parts such as oil palm trunks (OPT), oil palm fronds (OPF), empty fruit
bunches (EFB) and palm oil mill effluent (POME). Nevertheless, the presence of these oil palm
wastes has created a major disposal problem (Abdullah & Sulaiman, 2013). EFB are the main
source of biomass that could be utilized by the power plant due to its ready-availability as daily
biomass-waste. Most of the plantations use a small fraction of this EFB waste for internal use,
with a large portion being put aside for either biodegrading into compost, or at times burnt to
avoid space loss by storage (Matt et al., 2014). As a fuel, EFB is burnt in a furnace to generate
heat and electricity for sustaining palm oil mill operation. The residue from this process is what
is known as EFB clinker whereby it will be adopted for the first time in this work as supporter
for Ni catalyst for methane dry reforming reaction. Most of the previous studies primarily
investigated the development of catalyst for high catalytic performance and stability. Therefore,
an optimum conversion of synthesis gas can be achieved. However, most of these works did not
focus on the environment impact of the catalyst. To illustrate, an evaluative investigation of
propane CO, reforming over bimetallic alumina supported 5%Mo-10%Ni catalyst sounds
promising in dry reforming (Siahvashi et al., 2013). In fact, calcium aluminate has been proven
to be active with lower coke deposition for the reaction of reforming (Lemonidou et al., 1998).
From the characterisation of EFB clinker, high percentage of K and Ca were found. Hence it is
believed to be basic. A basic catalyst can reduce back pressure in the packed bed column as

carbon deposition will be reduced substantially (Ranjbar & Rezaei, 2012b). Last but not least, it



is worth to explore the possibility of this palm oil industries waste as catalyst supporter in this

study.

1.3 Objective

This research work is carried out to synthesize and characterize EFB clinker supported 20wt%

Co and 20wt%Ni catalysts for methane dry reforming studies at atmospheric pressure.

1.4 Scopes

In order to achieve the outlined objective of this work, the following scopes have been
identified:

i) Catalysts Preparation:
The 20wt%Co/80wt%EFB and 20wt%Ni/80wt%EFB catalysts were prepared via wet-

impregnation method.

i) Catalyst Characterisation:

The methods applied in this study were BET, XRD, XRF, TGA, FESEM and EDX.
BET was used to find out the specific surface are, pore volume and pore size
distribution sample of catalysts. The crystalline structure and the size of crystallite
diameter were determined via XRD. Besides, XRF was employed for analysis of major
and trace elements in the EFB clinker. The catalyst-gas interaction profile was obtained
from TGA instrument. In addition, TGA also allowed the determination of coke
location as well. Lastly, the image of coke deposit structure at the sample catalysts can
be observed via FESEM while EDX shows the composition of element that contained

in the sample catalysts.

i) Catalyst Reaction:

The catalytic screening was carried out by placing 0.3 g of catalyst into the stainless
steel fixed-bed reactor (ID: 10 mm) supported by two layers of quartz wool. The feed
comprised of the CH4 and CO, mixture at equal proportion and the reaction temperature

was set at 1173 K for catalyst screening studies. Subsequently, the CO, to CH, ratios



and temperatures were varied between 1073 — 1173 K to determine the ratio of product
produced by the best catalyst.
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The current work reports on the synthesis of 20 wt% Co/80 wt% EFB clinker and 20 wt% Ni/80 wt% EFB
clinker catalysts via wet-impregnation technique, followed by various characterization techniques such as
BET, XRD, XRF, TGA and FESEM. The BET specific surface area of 20 wt% Co/80 wt% EFB clinker and 20 wt%
Ni /80 wt¥% EFB clinker catalyst were 3.85 m?/g and 3.88 m?[g, respectively. In addition, XRD diffractogram
of EFB clinker showed two highest peaks at around 26 =27.2° and 31.5°, which can be attributed to
Ca0 and K;O species, respectively. This finding was also consistent with XRF analysis where potassium
(K) and calcium (Ca) were positively identified. Subsequently, methane dry reforming studies revealed
that the average conversion of CHg for both sets of catalysts was nearly similar at 80.0%. When reaction
temperatures were varied, the activation energy over the Co-based catalyst was 124.4 k]/mol while that
for the reaction over the Ni-based catalyst was 113.0kJ/mol. In addition, during 12 days of dry reforming
reaction, the conversion of CH, was relatively stable over both sets of catalysts indicative of stability of

their properties.

© 2016 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

Tropical countries such as Malaysia and Indonesia with abun-
dant arable lands are home to large acreages of oil palm planta-
tions [1,2]. Collectively, the processing of crude palm oil requires
the utilization of steam for bunch sterilization and extraction of
oil from the fresh fruit palm [3]. This steam is generated from the
burning of empty fruit bunch (EFB) in a high temperature furnace,
which is often accompanied by the formation of clinkers as waste
[4]. Several works on the sustainable use of EFB clinker has been
reported. Empty fruit bunch clinker has been reportedly used to
reinforce concrete as well as used as catalyst in biodiesel produc-
tion [5-7].

One of the ways to sustainably use EFB clinker is by utilizing
it as catalyst support. Characterization studies by Yaakob et al. [6]
showed that the EFB clinker is made up of about 62% of Ca0, and
10% of K,0, which can enhance the dispersion of the active metal
on the support. The use of synthesized metal catalyst on alkaline
support such as MgO and CaO for dry reforming of methane has
been reported [8]. The findings from this study show that MgO
and CaO support reduce carbon deposition and enhanced the sta-
bility of the catalyst due to their basicity [8]. Amongst the different

* Corresponding Author. Tel.: +60 9 549 2896; fax: +60 9 549 2889/+60 9 549
2896.
E-mail address: chinkui@ump.edu.my (CK. Cheng).
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methane reforming processes that have been investigated using al-
kaline supported catalyst, dry reforming has gain wide interest.
This is due to the utilization of CO, and CH,4, two main compo-
nents of greenhouse gases as feedstock [9].

Dry (CO;) reforming of methane is a well-studied reaction that
is of both scientific and industrial importance. This reaction pro-
duces syngas (cf. Eq. (1)) which serves as feedstock for production
of wide range of products using Fischer Tropsch synthesis (FTS)
[10].

CH, (g)+CO; (g)— 2CO (g)+2H; (g) (¢))]

Conventional production of syngas is via natural gas steam re-
forming [11]. Steam reforming is presently employed in commer-
cial production of hydrogen and syngas over alkaline promoted
nickel catalyst [12]. However, challenges such as catalysts deactiva-
tion from sintering, carbon deposition and poisoning has aroused
the interest of researchers finding a more suitable and stable cat-
alysts for syngas production [13]. Furthermore, steam reforming
process does not have the capacity to mitigate greenhouse gases.

Several metal-based catalysts has been investigated for dry re-
forming of methane using convectional supports such as Al;03,
Si0,, MgO and TiO, [14-16]. These supports have been reported
to provide a good thermal stability for the catalysts thereby re-
ducing the degree of catalysts deactivation [17]. However, due to
acidic nature of supports such as SiO, and y-Al,03, lower ac-
tivities were reported for these supports. Hence, these supports

1876-1070/© 2016 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Experimental rig layout for conducting methane dry reforming reaction.

with acidic properties would not be suitable for reaction involv-
ing acidic gas such as CO,. Significantly, the use of unconventional
catalysts such as EFB clinker has not been investigated for dry re-
forming of methane. Besides constituting about 62% of CaD which
makes it a potential basic support, its utilization would help re-
duce health risk in the environment. In this study, the use of EFB
clinker as catalyst support for the impregnation of Ni and Co met-
als for methane dry reforming application was assessed. Further-
more, the physicochemical properties of the support as well as its
role in enhancing the thermal stability and catalytic activity were
also being investigated.

2. Materials and methods
2.1. Catalysts synthesis

The empty fruit bunch (EFB) clinker, which was sourced locally,
was crushed using a mortar grinder. It was then sieved to particle
diameters that ranged from 100 to 250 jum. Subsequently, 16.0 g of
EFB clinker was stirred rigorously with solution containing cobalt
nitrate (Co(NO3), 6H>0) (equivalent to 4.0g of Co) for 3 h to pro-
duce 20 wi% Cof80 wit® EFB clinker. Another set of catalyst, which
employed nickel nitrate (Ni(NO3); 6H;0) (equivalent to 4.0 g of Ni)
as catalyst for 20 wt% Nif80 wi% EFB clinker catalyst, was also pre-
pared using the same procedure, in the presence of 16.0g of EFB
clinker. This formulation was typical of metal loading required for
catalyst synthesized via wet-impregnation procedure and also re-
ported before by Cheng et al. [18,19]. Pest impregnation, the slurry
was oven-dried at 403 K for overnight, followed by calcination at
1073 K for 6 h employing a ramping of 10 K/min.

2.2, Fresh catalyst characterization

The metal-EFB clinker support interaction was studied from
the thermal-programmed calcination (TPC) of the fresh dried cat-
alyst using a TGA Q-500 instrument. Non-isothermal temperature-
programmed calcination was carried out from room temperature
to 1173 K with heating rates at 10K/min and a continuous flow
of 50 mlfmin of high purity air. The BET specific surface area and
pore-size distribution of the freshly-calcined catalysts were ob-
tained from the multipoint Brunauer-Emmett-Teller (BET) method.
The raw isotherm data were sourced from N, physisorption at 77 K
conducted in a Thermo Scientific Surfer Gas Adsorption Porosime-
ter unit. Prior to the analysis, the fresh catalysts were pre-treated
overnight under vacuum at 573 K. The surface structure and ele-
mental composition of the solid samples were obtained from the

FESEM-EDX model JOEL{]SM-7800F. The powder X-ray diffraction
(XRD) pattern of the calcined catalyst was acquired with a Rigaku
Miniflex Il unit using Cu Keradiation (A = 0.154 nm) operated at
15mA and 30kV. From the pattern, the crystallite size was calcu-
lated using the Scherer equation,d ysajire = 0.944/(¢ cos#), where
Arysuanirels crystallite size, Ais the wavelength of the radiation, gis
the full-width at half maximum (FWHM) of the diffraction peak
and # is the half of the diffraction angle.

2.3. Catalyst evaluation

Fig. 1 shows the experimental set up for the catalytic evalu-
ation tests. The catalytic evaluation was carried out in a stain-
less steel fixed-bed reactor with 9.42 mm ID, 12.7 mm OD and a
length of 400 mm that was positioned inside a split tube furnace.
The catalyst bed, which comprised of 03 g of catalyst powder,
was supported by quartz wool. The performance of each catalysts
was evaluated from 1023 to 1173 K with various CO-to-CH4 ra-
tios (0.5 < CMR < 2.0) under atmospheric pressure. CH, and CO, of
purity =98% were supplied by Air Products and used as-received.
All the inlet gas flow rates were regulated with an Alicat Scien-
tific electronic mass flow controller (Model: MC-500SCCM-D). The
exit gas was collected using 1-L Tedlar gas sampling bag, and the
composition was determined by an online Agilent 19095PF Gas
Chromatography (GC) equipped with HP Plot Q column and HP
Molecular Sieve column. The He gas was used as a carrier with
flow rate of 20 ml/min, operating column temperature of 393 K and
detector temperature of 423 K.

2.4. Reaction metrics

The catalyst performance was evaluated in terms of the
methane conversion, Xcy4, and the reaction rate, r.
The methane conversion to gaseous products is defined as:

_ [Fendi = [Fen doue

= » 100 2
Xewu, Fam ], ()
The rate of formation of gaseous compounds is given by:
mol Yi % Frour .
: =" i=H;andCO 3
r (gcars) o i=Hyan (3)
The rate of consumption of CH, is:
mol Fn = (i % Frou)
— = = = -
r( gms) W (4)
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Table 1

Bulk composition of EFB clinker from XRF mea-

surement.
Element Composition (%)
Potassium (K) 13.93
Silicon (Si) 13.65
Calcium (Ca) 87
Iron (Fe) 410
Aluminum (Al) 1.76
Magnesium (Mg) 1.25
Phosphorus (P) 0.69
Sodium (Na) 0.44
Sulfur (5) 022
Titanium (Ti) 020
Manganese (Mn) 019
Strontium (Sr) 014
Barium (Ba) 0.06
Chlorine (Cl) 0.05
Rubidium (Rb) 0.05
Copper (Cu) 0.03
Chromium (Cr) 002
Nickel (Ni) 0.01
Zinc (Zn) 57 ppm
Cobalt (Co) 9 ppm

whereby F;, =inlet flow rate of CH; and the y; and Fygy; in both
Eqs. (3) and (4) represent the dry basis molar composition and
outlet flow rate from the reactor, respectively, while the W rep-
resents the weight of catalyst.

3. Results and discussion
3.1. Catalyst properties

The crushed EFB clinker was analyzed for its bulk composition
using XRF analysis. The results are as shown in Table 1. It can be
seen from the XRF result that the main elements in the EFB clinker
are potassium (K), silicon (Si) and calcium (Ca). Potassium and cal-
cium elements, at compositions of 14.0% and 9.0%, respectively,
are the main components that endowed the EFB clinker its alka-
line characteristic. The other elements detected through this XRF
analysis are either alkaline-based metals or transition metals. One
of the important attributes of alkaline properties is its ability to
soothe coke deposition during the hydrocarbon upgrading process,
i.e. methane dry reforming, therefore justifying its use as a support
for catalyst formulation in the current work. Furthermore, the EFB
clinker is thermally-stable as it is a by-product of high temperature
treatment for an extended period of time.

One of the selection criteria for determining suitability as a cat-
alyst support is the material’s thermal stability. Fig. 2 shows the
thermal stability investigation via temperature-programmed calci-
nation (TPC) whereby the derivative weight profiles of the pure
EFB clinker, freshly-dried 20 wt% Co/80 wt¥% EFB clinker catalyst
and freshly-dried 20 wt% Ni/80 wt% EFB clinker catalyst, at a ramp-
ing rate of 10K/min were obtained under air-blanket. The ther-
mal stability of the pure EFB clinker was proven by the flat pro-
file obtained; this suggests that the EFB clinker can withstand
temperatures up to 973K (maximum temperature that can be
handled by the TGA instrument) under air blanket without suffer-
ing any forms of thermal degradation. In addition, a single broad
and distinctive calcination peak was recorded for each catalyst and
the temperatures associated with these peaks hovered in between
420 Kand 650 K with the peak maximum centered at an approx-
imately 480 K. As these peaks were not observed for the pristine
EFB clinker, therefore they were most likely an attribute of the
Co(NO3); and Ni(NO3); decomposition into oxide metals, respec-
tively.

——— EFB clinker
e 20Wt%Co/EFB clinker
——— 20Wt%NI'EFB clinker

- _,-'
3 i
£ :
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Fig. 2. Derivative weight profile obtained under air-blanket employing 10 K/min.
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Fig. 3. XRD of EFB clinker, 20 wt% Co/80 wt® EFB clinker and 20 wt% Nif80 wtX
EFB clinker catalysts, whereby (+) is Ca0, (+) is K;0, (V) NiD, (») Coz05.

The determination of the crystallinity phase of the oxide species
was carried out using X-ray diffraction (XRD) technique. Fig. 3
shows the XRD spectrum of pristine EFB clinker as well as calci-
nated 20 wt% Ni/80 wit® EFB clinker catalyst and 20 wt% Co/80 wt%
EFB clinker catalyst, respectively. Indeed, all the diffracted peaks
were identified using the library provided by The International
Centre for Diffraction Data (ICDD). For the EFB clinker, the peaks
at around 26 =27.2°, 28.7° and 31.5° represent the CaO species
whilst K50 species was recorded at 30.5°. In addition, it can also
be observed that intensity of all the peaks was significantly lower
than both the Co- and Ni-doped solid catalysts, respectively. More-
over, the peaks record appeared more diffuse than the as-prepared
catalysts and also not as sharp as the Co- and Ni-catalysts. This in-
dicates that the introduction of Co and Ni metals into the matrix
of EFB clinker has improved the crystallinity of the prepared cata-
lysts. Furthermore, some peaks that were originally present in the
pristine EFB clinker were either merged or missing in the diffrac-
togram of 20 wt% Co/80 wt% EFB clinker and 20 wt% Ni/80 wt%
EFB clinker catalysts (ie. 26 =16.4°, 22.3°, 25.7°, 26.0°, 33.2° and
34.5%). This can be ascribed to the formation of new solid solu-
tion. For the 20 wt% Co/80 wt% EFB clinker catalyst, the XRD result
shows peak at around 26 =28.7°, 31.4°, 37.0°, 44.9° and 65.4°. The

12
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Table 2
Crystallite size determined for the peak around 26 =37.01° for 20 wit¥ Co/80 wti
EFB clinker catalyst and 268 =43 .38° for 20 wtX Nif80 wt¥ EFB clinker catalyst.

Sample 26 Size (nm)
20 wtX Co/80 wt¥ EFB clinker catalyst 37.0° 25
20 witX Nif80 wt¥ EFB clinker catalyst 43.4° 21

peak at 26 =28.7° represents Ca0 while the peaks at 26 =31.4°
and 65.4° represents Co,05. For the 20 wt®% Ni [80 wt% EFB clinker
catalyst, the XRD spectra shows peak at around 26 =27.8°, 30.2°,
37.3°, 43.4°, 63.0° and 75.5°. The peaks at 26/ =27.8° and 30.2° sig-
nify the presence of both Ca0 and K,0 species, while the peaks at
20 =373°, 43.4° 63.0° and 75.5° represent NiO. Moreover, it can
be clearly seen that at around 26 = 43.4°, the peak has strong in-
tensity indicating that the 20 wt% Ni/80 wt% EFB clinker has good
crystallinity too. Peaks corresponding to NiO and Co,0; were ob-
served for each catalyst due to high nickel and cobalt content and
low nickel and cobalt dispersion in each catalyst. Table 2 shows
the crystallite size of 20 wt% Co/80 wt% EFB clinker determined
for the peak 26 =37.0° and that of 20 wt¥% Ni/80 wt% EFB clinker

for the peak 26 =43.4. From Table 2, it can be observed that the
crystallite size of 20 wt% Cof80 wt% EFB clinker catalyst (25 nm)
and the 20 wt¥ Nif80 wt¥ EFB clinker catalyst (21 nm) was almost
invariant.

Fig. 4 shows the isotherm of the EFB clinker, 20 wt% Co/80 wt%
EFB clinker and 20 wt% Ni/ 80 wt% EFB clinker catalysts, respec-
tively. The physisorption isotherm of pure EFB clinker was type IV
isotherm according to the IUPAC system (cf Fig. 4(a)) which was
largely due to the mesoporous structure as apparent by the slight
hysteresis that formed at P/P? = 1.0. The isotherms displayed a shift
toward type V isotherm (mesoporous with weak interaction) upon
Co and Ni metals introduction (cf. Figs. 4b) and c). The hystere-
sis loops which represent capillary condensation effect, has grown
more obvious, an indicative of increasing mesoporosity post metal
addition. Significantly, this alteration was also confirmed by the
values of BET specific surface area.

Table 3 shows that the entire samples exhibit relatively low BET
specific surface area, in the range of 2.50-3.90 m?/g. It can be ob-
served from Table 3 that the EFB clinker support itself was en-
dowed with the lowest BET specific surface area (2.50 m?[g) among
the three samples. Overall, the BET specific surface area showed
mesoporosity structure for the entire samples consistent with the
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Fig. 4. Isotherm of (a) EFB clinker, (b) 20 wt% Cof80 wt¥ EFB clinker and (c) 20 wt% Ni/80 wit¥ EFB clinker catalysts.
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Table 3
BET specific surface area and pore volume of samples.
Sample BET surface  Pore volume
area (m?fg)  (cm?/g)
EFB clinker 248 0.0038
20 wt¥ Co/80 wt¥X EFB clinker  3.85 0.0055
20 wt¥ Nif[80 wt% EFB clinker  3.88 0.0069

isotherm plot in Fig. 4. Moreover, the BET specific surface area of
the 20 wt% Co/80 wt® EFB clinker and 20 wt¥% Ni/80 wt% EFB
clinker catalysts (ca. 3.90 m?/g).showed an increment (50% mag-
nitude) compared to the pristine EFB clinker. In addition, the cu-
mulative pore volume also increased with the Co and Ni loading.
These findings indicate that the addition of Co and Ni metals dur-
ing the wet-impregnation procedure has successfully modified the
morphology of the EFB clinker support, as evidenced by the Nj-
physisorption isotherm and also corroborated by the FESEM im-
ages as shown in Fig. 5. It can be seen that the surface of pristine
EFB clinker is smooth and has an irregular shape. In contrast, the
surface of both 20 wt% Co/80 wt¥% EFB clinker and 20 wt% Ni/80
wt% EFB clinker were rougher and bulkier than that of the pris-
tine EFB clinker support which may be due to the deposition of
Co,03 and NiO particles on the surface. The roughness attribute

has contributed to the increment in the mesoporosity of 20 wt%
Co/80 wt¥% EFB clinker and 20 wt% Ni/80 wt% EFB clinker catalysts
as proven previously by the N,-physisorption analysis.

3.2. Methane dry reforming

Fig. 6(a) shows the CH4 conversion profiles at the 1st and 2nd
h employing stoichiometric ratio of CO,:CH4 at reaction temper-
ature of 1173 K (highest temperature employed in the current
investigation). The profiles showed that the conversion of CH; was
relatively stable throughout the 2h reaction duration with CHy
conversion attaining near-80.0% for both 20 wt% Co/80 wt% EFB
clinker and 20 wt% Ni/80 wt¥% EFB clinker. In comparison, this
conversion level even has attained values reported for the most
commonly-adopted Al,0;-support catalysts such as by Chen et al.
[20] for 10 wt¥% Nif90 wt% Al,0; catalyst (~80% CH,4 conversion at
1073 K) and also by Zeng et al. [21] for 20 wt¥% Co/80 wt¥% Al,03
catalyst (~80% CH4 conversion at 1073 K). When the same reaction
condition was imposed on the pure EFB clinker, no conversion
of CHy was achieved and that the yield of syngas (H, and CO)
was undetectable indicating that the role of EFB clinker was
restricted to support only. In terms of H, and CO formation rates,
Fig. 6(b) shows that the 20 wt%Ni/80 wt% EFB clinker catalyst
vielded slightly higher CO formation rate (2.7 x 10~5 mol/gca
s) compared to 20 wt% Co/80 wt% EFB clinker catalyst

Fig. 5. FESEM image of fresh (a) EFB clinker support, (b) 20 wt¥ Co/80 wt% EFB clinker and (c) 20 wt% Ni/80 wt% EFB clinker catalysts.
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Fig. 8. Average conversion of CH, for various feed ratio (T=1173K; P=1atm).

(2.4 x 10~ mol/gcy; s). At the same time, the H, formation rates
were almost similar for both types of catalysts (0.3 x 10~5 mol/gcx
s). According to Foo et al. [15], the methane dry reforming (cf
reaction in (1)) can be viewed as:

XCHy — CHy_y + (5"2_ 1 )H2 (5)

Subsequently, the interaction between CO, and the carbona-
ceous deposit yielded:

1—

CeHy_y + XCO, « 2xCO + ( - ")H2 (6)

Under a significant presence of feed CO; concentration, any ad-

ditional Hp produced may be readily converted to CO and water
via the reverse water-gas-shift reaction:

CO, + H; — CO+H,0 (7)

Reactions as outlined in Egs. (5) to (7) may have explained the
ratio of H;:CO which was lower than unity, i.e. CO formation rate
was higher than H; formation rate. Significantly, if the main reac-
tion (¢f. Eq. (1)) was the sole occurring reaction, then in theory,
the stoichiometry ratio of H,:CO should be 1.0. This indicates that
Eq. (7) was very significant in the current reaction system.

In addition, the EDX analysis (cf. Fig. 7) that was subsequently
taken of the used catalysts, after 2h of reaction, showed that
the carbon presence on the Ni metal (atomic % of 20.8) was sig-
nificantly higher than the Co metal (atomic % of 8.8). This has
confirmed that Ni metal is indeed more susceptible to carbon de-
position than Co metal. According to Cheng et al. [ 18,19], Ni-based
catalyst possessed higher acidity compared to Co-based catalyst,
and that may have contributed to the higher carbon deposition
over Ni-based catalysts in the current reaction.

Fig. 8 shows the conversion of CHy; when CO5:CH4 feed molar
ratios were varied from 0.5 (under stoichiometric) to 2.0 (above
stoichiometric) at 1173 K. For both sets of catalysts, as can be ob-
served, the increase in the molar feed ratio from 0.5 to 1.0 has in-
creased the average conversion of CHy. However, the conversion of
CH, decreased when the reactant ratio was 2.0 Indeed, this obser-
vation is also corroborated with the results of previous investiga-
(CO5:CHy4 ratio of 0.5), there was an insufficient supply of CO, for
converting CHy4; hence a lower conversion of CHy. By increasing
the CO; in the feed, the CH4 conversion increased which validated
the earlier proposition. Nevertheless, above the CO,:CH4 ratio of
1.0, the CH; conversion dropped (cf. Fig. 8). This may be ascribed
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Fig. 9. Arrhenius plot of CH, consumption rate as well as formation rates of H; and
CO at various temperatures for (a) 20 wt¥ Co/80 wtX EFB clinker and (b) 20 wt¥
Ni/80 wti EFB clinker catalysts.

to the competing chemisorption of both CH; and CO; in the ex-
cess CO; environment that has hindered surface adsorption of CH,.
Therefore, in this work, the maximum molar feed ratio to obtain
the highest conversion was at C0;:CH4 ratio of unity at 1773 K,
which happens to correspond to its stoichiometric ratio.

In tandem with the Arrhenius principle, when the reforming
temperature was increased, the reaction rate also increased. Graphs
of In (r) versus -}rwas plotted based on kinetic data of 20 wt% Ni/80
wt# EFB clinker catalyst and 20 wt% Co/80 wti% EFB clinker catalyst
as shown in Fig. 9. From the slope of best fit, the activation energy
was determined. For both sets of catalysts, the activation energy
values were significantly higher than 100 kJfmol, an important in-
dication that the current reaction system was practically free from
transport limitation (mass and heat transfers). Moreover, it can be
seen that the E; associated with CHy was 197.0 k]/mol for 20 wt%
Ni/EFB clinker catalyst whilst in contrast, it was 125.3 k]/mol for
20 wt% Cof80 wti EFB clinker catalyst. The discrepancy can be at-
tributed to the unsatisfactory regression in particular for the Ar-
rhenius fitting of 20 wt% Cof80 wt¥% EFB clinker catalyst. For the
H, formation rate, both sets of catalysts yielded E; values that
were in close proximity to each other, at 125.0 (20 wt% Co 80
wt# EFB clinker) and 137.0 kJ/mol (20 wt% Ni/80 wt#% EFB clinker),
respectively. Nevertheless, for CO formation rates, 20 wt% Co/80
wt% EFB clinker catalyst yielded lower E;, at 113.0 kJ/mol while it
was 187.0k|/mol for the 20 wt% Ni/80 wt% EFB clinker catalyst.
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Significantly, this has indicated that CO formation rate was faster
over the Co-based catalyst than the Ni-based catalyst due to its
lower activation energy. This showed that Co-catalyst was proba-
bly more effective in promoting the reverse water-gas-shift reac-
tion (cf. Eq. (7)).

In order to study the catalytic longevity stability performance
of both 20 wt¥ Co/80 wt% EFB clinker catalyst and 20 wt% Ni/80
wt% EFB clinker catalysts, experiments were conducted for 12 days
with CH4:CO; ratio of 1.0 at 1173 K. The performance was probed
in terms of stability of catalytic activity in particular conversion of
CHy4 (cf. Fig. 10). Obviously, it shows that the conversion of CHy al-
ways remain in the range of 75-80% without any vigorous fluctua-
tion throughout the 12 days reaction duration. Therefore, it can be
inferred that both the 20 wt® Co/80 wt% EFB clinker catalyst and
20 wt% Nif80 wt% EFB clinker catalyst did not exhibit any signifi-
cant deactivation for 12 days of continuous reaction at 1173 K. The
result obtained has demonstrated the excellent stability of both
catalysts at the highest temperature employed in the current study.
As aforementioned, EFB clinker is comprised of mainly basic ele-
ments such as K and Ca as summarized in Table 1. It is well known
that carbon deposition is more severe on acidic-type of catalyst
than basic catalyst, due to primarily a stronger “capturing™ of car-
bon species to the acidic sites. In contrast, the presence of basic
elements, due to its “electron-rich® nature, ensures that the chem-
ical bonding between carbon (from both CH, and CO;) and cata-
lyst is not overly strong to the point of fracturing the entire C-H
bonds. Therefore, carbon deposition is less profound on basic cat-
alyst, consequently, explains the more stable catalytic performance
over prolonged reaction time. Hence, it can be conclusively con-
firmed that EFB clinker is suitable as support material due to its
thermal stability as well as excellent CH, conversions (attaining
70.0-80.0%).

4. Conclusions

In this study, we have determined that EFB clinker-supported
Co and Ni catalysts were effective catalysts for methane dry re-
forming with high methane conversion (70-80% conversions), at
C05:CH4 feed ratio of unity. The XRD of pristine EFB clinker
showed two peaks that confirmed the presence of Ca0 and K;O.
The calcined Co- and Ni-catalysts have XRD spectrum that showed
strong intensity and good crystallinity for Co;03 and NiO species.
The BET specific surface area of both CofEFB clinker and Ni/EFB

clinker catalysts were larger compared to the pristine EFB clinker
support. This finding indicates that the addition of Co and Ni metal
during the wet-impregnation procedure successfully modified the
surface of the EFB clinker support. The best conditions for syngas
production via methane dry reforming were at CO;:CH,4 feed ratio
of unity and 1173 K. Moreover, a study over 12 days of time-on-
stream has indicated that the catalytic reforming performance was
stable.
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