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Abstract In the present work, nickel (Ni), zinc (Zn), copper (Cu), cobalt (Co) and iron (Fe) are

tested as catalyst dopants on Malaysian dolomite calcined at T = 900 �C (CMD900). The physic-

ochemical properties of all synthesised catalyst are investigated by X-ray diffraction, Brunauer–E

mmett–Teller surface area, temperature-programmed desorption of carbon dioxide and scanning

emission microscopy. The synthesised catalysts are tested on the basis of the deoxygenation

(DO) reaction of waste cooking oil to produce liquid fuels under N2 atmosphere. The chemical com-

position of the liquid product is identified by gas chromatography–mass spectroscopy. The overall

study suggests that Ni/CMD900 catalyst exhibits the highest performance with over 67.0% conver-

sion and high selectivity (80.2%) with a high proportion of saturated linear hydrocarbons that cor-

responds to green diesel. Result indicates that Ni/CMD900 is a highly potential DO catalyst with

19.8% oxygenated compound, which is favourable for decarboxylation and/or decarboxylation pre-

dominates.
� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The increasing growth and modernisation of the economy
intensify the demand for transportation fuel and power con-

sumption rapidly in the last few decades (Seifi and
Sadrameli, 2016). Dependence on fossil energy as the ultimate
energy source has resulted in the exhaustion of the world’s pet-

roleum reserves and has led to energy price crisis (Charusiri
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and Vitidsant, 2017; Fazril et al., 2020). The shortage and price
hike of fossil fuels accompanied by vast CO2 emissions have
triggered a worldwide search for alternative and sustainable

resources (Sousa et al., 2018). A wide consumption of fossil
fuel in combustion largely contributes to the increase in green-
house gas emissions in the atmosphere, thereby resulting in

global climate change, acid rain and ozone layer depletion
(Wang et al., 2017). Thus, the reduction of anthropogenic
CO2 emissions is important to mitigate global warming

(Arstad et al., 2014). These environmental issues have inspired
researchers to find an alternative green fuel from renewable
resources (Asikin-Mijan et al., 2018). Green fuel consists of
free-oxygenated hydrocarbon compound, which is also known

as clean-burning fuel with significantly low sulphur and aro-
matics contents and high cetane number, lubricity and renewa-
bility (Alsultan et al., 2017). Green fuel is carbon neutral

because the CO2 released by its combustions is neutralised
by the CO2 utilisation for plant growth, which can be used
back as a raw material for biofuel generation; as a result, the

net CO2 level in the atmosphere is unaffected (Pattanaik and
Misra, 2017).

Extensive research on biofuel generation from many renew-

able feedstocks, such as edible biomass and triglyceride-based
biomass, has gained momentum in recent years. Triglyceride-
based sources have a molecular network similar to hydrocar-
bon, which plays a substantial role in biofuel production

(Seifi and Sadrameli, 2016). WCO can be a promising feed-
stock for biofuel production because the main composition
in waste cooking oil (WCO) is triglyceride, and the fatty acid

fractions are derived from cooking oil such as sunflower, palm,
soybean, and coconut (Wang et al., 2017). These sources are
considered economically viable because of their low cost and

high availability, and their valorisation can also solve the
issues associated with their disposal. The disposal of WCO is
important in terms of the economy, environment protection

and personnel safety. The abundance of WCO produced annu-
ally throughout the world has increased the demand for its
rational disposal and reutilisation (Chen et al., 2014). The lack
of a proper disposal collection system can result in significant

disposal, odour and pollution problems (Chang et al., 2017).
In the United States, 10 million tons of WCO are produced
each year, whilst China generates 5 million tons of WCO annu-

ally (Lam et al., 2016). The WCO collected from restaurants,
hotels, university cafeterias, hospitals, and refectories are dis-
posed to landfills, evacuated to sewers, and utilised in the soap

industry (Trabelsi et al., 2018). The use of WCO as the second
generation biofuel feedstock not only improves the quality of
the environment but also solves the waste disposal problem
(Romero et al., 2016; Hafriz et al., 2018). Furthermore, the

cost of raw material is a dominant part of the overall cost of
green fuel production. Thus, the use of non-expensive, sustain-
able and non-value-added WCO could improve the overall

financial viability (Wako et al., 2018) and promote a circular
economy. However, the direct use of WCO as fuel in a diesel
engine can cause problems and air pollution because of partic-

ulate matter deposits (Trabelsi et al., 2018). Therefore, several
pre-treatment processes, including pre-heating, mixing with
gas oil with low viscosities, emulsification, pyrolysis and trans-

esterification, have been used to improve the properties of
these edible oils (Trabelsi et al., 2018). Amongst the pre-
treatment methods, pyrolysis deoxygenation (DO) is consid-
ered an inexpensive and effective way to convert WCO into
lighter fractions of gasoline boiling range (Wako et al.,
2018). Pyrolysis DO is a thermochemical method that breaks
the chemical bonds of materials and converts them into a

potential fuel product in three phases, which are liquid pro-
duct, carbon-rich solid residues, and gaseous product, under
oxygen-absence circumstances at a rapid heating rate (Chen

et al., 2014; Lam et al., 2016; Dong and Zhao, 2018). Pyrolysis
product is predominantly composed by alkanes, alkenes,
dienes, aromatic compound, carboxylic acids with carbon

ranging from 4 to 20 and other unsaturated compounds
(Trabelsi et al., 2018). In addition to pyrolysis DO,
hydrodeoxygenation (HDO) technologies have been used
extensively to produce hydrocarbon-based fuel (Asikin-Mijan

et al., 2016). HDO is a cracking process under high pressure
in a H2 gas environment, which produces water as a by-
product (Asikin-Mijan et al., 2018). However, it requires a

high amount of H2 gases and high reaction pressure. Hence,
due to the considerable consumption of H2, complicated
equipment and high reaction operating conditions in HDO

process, DO reaction is preferred because it is more economi-
cal, effective, more flexible in the choice of raw materials and
suitable for industrial practices (Wang et al., 2017; Alsultan

et al., 2017).
The pyrolysis DO of edible oils using a selected heteroge-

neous catalyst is a potential candidate for renewable process-
based industrialisation instead of a homogeneous catalyst.

The heterogeneous catalyst is easily recycled and regenerated
and is environmentally friendly, thereby increasing the product
yield and decreasing the cost of liquid fuels (Wako et al., 2018).

In recent years, as an environmentally friendly and low-cost
value-added industrial mineral, dolomite is mainly used in con-
struction and agricultural fields as a fertilizer. Recently, dolo-

mites have attracted much attention as a promising basic solid
catalyst for biofuel production (Mao et al., 2017;
Shahruzzaman et al., 2018). Dolomites, CaMg(CO3)2, which

consist of calcium carbonate (CaCO3), magnesium carbonate
(MgCO3) and a very small percentage of other compounds,
is widely found in sedimentary rocks deposited in marine
and continental lacustrine settings (Shajaratun Nur et al.,

2014). Based on recent studies by Mohammed et al. (2013)
and Zhou et al. (2017) with focus on the calcination behaviour
of dolomite, dolomite with high calcite content requires tem-

perature above 900 �C for calcination, which contributes to
the excellent performance in catalytic reactions.

Low-cost transition metal oxides (TMOs) (e.g., Ni, Co, W,

Mo, Cu, Fe and Zn) that has been extensively investigated as
alternative to expensive noble metals (e.g., Pt and Pd) proven
to successfully enhance the catalytic activity in DO process
thus increase the yield of hydrocarbon fractions (Alsultan

et al., 2017). Asikin-Mijan et al. (2018) reported that Ni-
based catalyst was proven to be a good potential catalyst in
improving the yield of pyrolysis oil via DO reaction. However,

the presence of high acidity sites resulted in extensive deactiva-
tion due to catalyst coking and tar formation. Meanwhile, Co-
based catalyst respond differently because its acidity was lower

than that of Ni catalyst. Nevertheless, this paper (Asikin-
Mijan et al., 2018) also reported the synergy effect of the acid-
ity and basicity of Ca/CaO catalyst and improved the quality

of green fuel and reduction in coke formation during DO reac-
tion. The conjugation of basic and acid metals is needed to
become highly selective towards the high formation of light
hydrocarbon fractions (Alsultan et al., 2017). To the best
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knowledge of the author, no other report has covered in-depth
studies of using a low-cost Malaysian dolomite via catalytic
pyrolysis of WCO, to date. The present study aims to synthe-

sise Malaysian dolomite-based catalyst, which has a basic
characteristic and has been doped using selected transition
metals, such as nickel (Ni), zinc (Zn), copper (Cu), cobalt

(Co), and iron (Fe), which has an acidic characteristic. The
physicochemical properties of the synthesised catalyst were
examined. The present work also investigates the activity of

the synthesised catalysts in the DO reaction of WCO. The yield
and the characteristic of the liquid products were also evalu-
ated in this study.

2. Experimental

2.1. Material

Analytical grade nitrate salts of various metals, including iron
(III) nitrate nanohydrate, (Fe(NO3)3�9H2O) (99.95%), Cobalt

(II) nitrate hexahydrate (Co(NO3)2�6H2O) (99.95%), nickel
(II) nitrate hexahydrate, (Ni(NO3)26H2O) (99.95%), Copper
(II) nitrate trihydrate (Cu(NO3)2�3H2O) (99.95%) and zinc

nitrate hexahydrate (Zn(NO3)2�6H2O) (99.95%) were pur-
chased from Systerm Chemicals Sdn. Bhd. Grinded Malaysian
dolomite (CaMg(CO3)2) was obtained from Northern Dolo-

mite Sdn. Bhd. (Perlis, Malaysia). The grinded Malaysian
dolomite was calcined at 900 �C for 4 h and was denoted as
CMD900. Malaysian dolomite contained 31.0% of CaO and

20.0% of MgO. The WCO was collected from residential area
in Selangor, Malaysia and treated by centrifugation at
6000 rpm for 30 min to remove the sediments from the
WCO. Subsequently, the treated WCO was filtered using a

wire sieve strainer (250 m mesh size) to decant the food residue.
The composition of the WCO used was analysed using GC–
MS analysis with 1.97% hydrocarbon and 98.02% oxygenated

compound. The composition of carboxylic acid in WCO is pre-
sented in Table 1. Industrial-grade nitrogen gas, N2, (99.95%)
was supplied by Smart Biogas Sdn. Bhd. GC analytical-grade

n-Hexane (>98%) was acquired from Merck.

2.2. Catalyst preparation by precipitation technique

The 5 wt% of x/CMD900 catalyst was prepared by using sim-

ple liquid–liquid blending (precipitation technique) with 5 wt
Table 1 Composition of carboxylic acid in WCO after pretreatmen

Carboxylic acid Systematic name F

Saturated

Caproic acid Hexanoic C

Caprylic acid Octanoic C

Lauric acid Dodecanoic C

Myristic acid Tetradecanoic C

Palmitic acid Hexadecanoic C

Stearic acid Octadecanoic C

Unsaturated

Oleic acid cis-9-Octadecanoic C

Others – –
% loading of a transition metal x = Fe, Co, Ni, Cu and Zn
onto CMD900. A known amount of metal nitrate was dis-
solved in deionised water. A total of 14 g of CMD900 was dis-

persed into 100 ml of deionised water under vigorous stirring
at 60 �C. Subsequently, the aqueous solution of a metal nitrate
was added dropwise into the slurry of CMD900 with agitation

for 4 h. The mixture was stirred vigorously (with 400 rpm) and
heated at 60 �C for 4 h. The sample was recovered by filtration
and rinsed several times with deionised water. The sample was

dried at 120 �C overnight. Subsequently, the dried sample was
grinded and sieved using a mesh with a size of 250 mm. Finally,
the sample was calcined at 900 �C for 4 h under a continuous
flow of N2 gas. The aforementioned procedure was repeated

using Fe(NO3)3.9H2O, Co(NO3)2�6H2O, Ni(NO3)2�6H2O, Cu
(NO3)2�3H2O and Zn(NO3)2�6H2O and will be denoted as
Fe/CDM900, Co/CDM900, Ni/CDM900, Cu/CDM900 and

Zn/CDM900, respectively.

2.3. Catalyst characterisation

The XRD analysis was performed to identify the phase and
chemical composition of the synthesised catalysts using Shi-
madzu XRD-600 with scan ranges from 2h = 20–80� and

scanning rate at 2�/min. Cu Ka radiation source was generated
at 40 kV and 40 mA with a broad focus of 2 kW and 7 kW,
respectively. The XRD patterns were compared in accordance
with the Joint Committee on Powder Diffraction Standard

(JCPDS) file. The surface area and porosity of the synthesised
catalysts were determined by the Brunauer–Emmett–Teller
(BET) method using a quantachrome instrument (model

Autosorb-1). The sample was degassed at 150 �C overnight
and was flown with N2 gas in a vacuum chamber at �196 �C
for the desorption and adsorption processes. The basicity of

the synthesised catalysts was investigated using temperature-
programmed desorption (TPD) with CO2 as probe molecules.
The TPD-CO2 was performed using a Thermo Finnigan TPD/

R/O 1100 instrument equipped with a thermal conductivity
detector (TCD). The samples were pretreated with N2 gas flow
at 30 min at 250 �C. Subsequently, the samples were exposed to
CO2 for 1 h to allow the adsorption process. The desorption of

CO2 was detected by TCD under helium gas flow from 50 �C
to 900 �C for 30 min. The surface morphology of the synthe-
sised catalysts was examined by scanning emission microscopy

(SEM) using JEOL SEM (JSM-6400). The sample was
t.

ormula Structure Total area %

6H12O2 C6:0 1.84

8H16O2 C8:0 0.40

12H24O2 C12:0 0.64

14H28O2 C14:0 2.78

16H32O2 C16:0 53.24

18H36O2 C18:0 2.13

18H34O2 C18:1 32.52

– 6.45
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dispersed on the stub coated with a thin layer of gold by using
BIO-RAS sputter.

2.4. Pyrolysis DO reaction of WCO

The DO reactions were conducted in a fractionated cracking
system with two condensers as depicted in Fig. 1. In a typical

experiment, 150.0 g of WCO and 7.5 g of catalyst amount were
added to the reactor. The reaction was performed under inert
N2 flow at a flow rate of 150 cm3/min. The DO reaction was

performed at a reaction temperature of 390 �C ± 5 �C for
30 min. The vapour generated during the DO reaction flowed
through a Graham condenser (250–270 �C) and condensed

into a liquid product in a water-cooling condenser (25 �C).
The liquid product and residual oil–coke were collected from
the collecting and reaction flasks, respectively. The gas product
was released through the gas outlet without conducting further

analysis. Two liquid fractions and a small amount of soap were
observed in aqueous (top layer) and organic phases (bottom
layer) of the collecting flask. These phases were then separated

by decantation. The soap was removed by filtration using a fil-
ter paper while the pyrolysis oil was analysed with GC–MS.
The yield of the pyrolysis oil and the conversion of WCO

was calculated by using mass balance (Eq. (1) and (2)) (Choi
et al., 2018).

Yield of oil product ð%Þ ¼ mass of oil product ðgÞ
mass of WCO ðgÞ

� 100% ð1Þ

Conversion of WCO % ¼
mass of WCO gð Þ
�mass of coke ðgÞ

mass of oil WCO ðgÞ � 100%

0
BB@

ð2Þ
Fig. 1 Fractionated crackin
2.5. Product analysis

The composition of pyrolysis oil products was analysed by gas
chromatography–mass spectrometry (GC–MS, Shimadzu
QP2010) equipped with non-polar ZB-5MS column

(30 m � 0.25 mm � 0.25 mm) in a split mode. The identification
of unsaturated hydrocarbons was performed by interpreting
GC–MS data and by comparing with the National Institute
of Standards and Testing (NIST) library. The hydrocarbon

fraction (%) was determined by the total area of the chro-
matogram of saturated (n-alkane) and unsaturated (n-alkene)
straight-chain hydrocarbons (C8-C20), as shown in Eq. (3).

Meanwhile, product selectivity was determined by Eq. (4)
(Dong and Zhao, 2018), and the percentage removal of oxy-
genated compound was calculated by Eq. (5):

Hydrocarbon %ð Þ ¼

P
Area of alkene ðC8� C20Þ

þP
Area of alkane ðC8� C20ÞP
Area of total product

ð3Þ

Product selectivity %ð Þ ¼ Area of desired product

Total area of the product

� 100% ð4Þ

Percentage removal of oxygenated compound %ð Þ

¼
RArea of oxygenated compound of WCO

�RArea of oxygenated compound of pyrolysis oil

RArea of oxygenated compound of WCO

� 100% ð5Þ
2.6. Analysis of pyrolysis oil properties

Pyrolysis oil generated using Ni/CMD900 was selected, and its
properties were analysed. The analysis behaviour of the biofuel
properties has been compared with the other properties of fuel,

such as pyrolysis oil from palm oil, diesel fuel, and hydrocar-
bon biofuel, based on literatures. The property analysis was
g set up for DO reaction.
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carried out in accordance to the pre-established American
Society for Testing and Materials (ASTM) standard. The
pyrolysis oil density was measured with pycnometer using

ASTM D 4052-09 standard, and dynamic viscosity was
measured using the Fenske routine viscometer type of tube
model 150 L938 (ASTM D 445-09). The acid value was tested

by simple titration using ASTM 974-08e1 standard. Cloud and
pour points were tested by a Petrotest machine using standard
ASTM D 2500 – 66 and ASTM D97-87, respectively.

3. Results and discussion

3.1. Phase change analysis

Fig. 2 shows the XRD pattern of undoped dolomite,

CMD900, and that with dopant catalysts (Fe/CMD900, Co/
CMD900, Ni/CMD900, Cu/CMD900, and Zn/CMD900) after
calcination at 900 �C for 4 h. The XRD pattern of calcined
CMD900 was mainly composed of CaO and MgO. The inten-

sified peaks that corresponded to CaO at 2h were 32.4�, 37.6�,
54.1�, 64.3�, and 67.6� (JCPDS File: 37-1497) and MgO peaks
at 2h were 43.1�, 62.5�, 74.9�, and 78.8� (JCPDS File: 71-1176),

which were in agreement with those in (Zhou et al., 2017). The
high intensities of the diffractograms indicated the high crys-
tallinity of CaO–MgO. The characteristic diffraction peaks

of Fe/CMD900 exhibited at 2h were 44.6�, 58.2�, and 77.1�
(JCPDS File: 01-089-6466). For Co/CMD900, the major
phases of CoO at 2h were 34.5� and 77.2� (JCPDS File: 01-

042-1300). For Ni/CMD900, the diffraction pattern clearly
observed at 2h were 43.2� and 48.5� (JCPDS File: 01-089-
5881). The characteristic CuO peaks observed 2h were 37.6�,
43.8�, and 51.2� (JCPDS File: 01-077-1898). A peak in the

Zn/CMD900 pattern corresponded to ZnO, which was slightly
Fig. 2 XRD pattern of CMD900 and tran
observed at 2h = 37.8� and 48.6� (JCPDS File: 01-036-1451).
The result shows that the reflection peaks of CaO and MgO
were slightly shifted along with the reduction in intensity with

the presence of metal oxide that was well dispersed onto the
CMD900 (Shajaratun Nur et al., 2014). This finding was con-
sistent with the crystallinity calculation, in which the crystallite

size of the modified dolomite catalyst was slightly altered after
loading with transition metal (Table 2).

The average crystallite sizes of the CMD900 and all doped

CMD900 samples were estimated by Debye–Scherer’s equa-
tion based on the significant peaks of CaO and MgO (Table 2).
The crystallite sizes of doped CDM900 were in the order of Fe/
CMD900 > Zn/CMD900 > Ni/CMD900 > Co/CM

D900 > Cu/CMD900 > CMD900. The average crystallite
size increase upon the addition of metal oxide resulted in the
expansion of the crystalline structure.

The specific surface area, pore volume, and average pore
size for CMD900 and doped CMD900 catalysts with various
transition metals are presented in Table 2. The surface area

of CMD900 was 12.02 m2/g. Meanwhile, all the doped
CMD900 catalysts show the least improvement in terms of tex-
tural properties because the surface area has a low porous

structure. The surface area was in the order of Fe/CM
D900 > Cu/CMD900 > Zn/CMD900 > Ni/CMD900 > Co/
CMD900 > CMD900. The low surface area of all synthesised
catalysts might be caused by the sintering effect of the catalyst

after calcination, which can create severe particle agglomera-
tion (Waheed et al., 2016). Table 2 reveals that the pore sizes
in CMD900 are macroporous (e.g., 63.07 nm). Nevertheless,

the pore diameter of all doped CMD900 catalysts exhibited
slight reduction, and they mainly consisted of mesoporous
structure with a pore diameter that was within the range of

2–50 nm, except for Co/CMD900, which was still in the
macroporous range size (Shajaratun Nur et al., 2014). The
sition metal doped CMD900 catalysts.



Table 2 Physicochemical properties of the catalysts.

Characterisation Crystallite size

(nm)

BET surface area

(m2/g)

Pore volume

(cm3/g)

Average pore diameter

(nm)

Amount of desorbed CO2

(lmol/g)

CMD900 49.51 12.02 0.24 63.07 2872.73

Fe/CMD900 24.53 51.03 0.29 22.56 488.20

Co/CMD900 90.68 16.08 0.23 56.58 1776.78

Ni/CMD900 50.37 18.22 0.22 48.20 7306.37

Cu/CMD900 113.42 26.40 0.21 31.38 1826.59

Zn/CMD900 44.16 23.11 0.24 41.28 1213.85
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pore size of all the synthesised catalysts increase in the order of
CMD900 > Co/CMD900 > Ni/CMD900 > Zn/CM

D900 > Cu/CMD900 > Fe/CMD900. However, this increase
can still provide a wide channel for the diffusion of reactant for
the catalytic activity (Asikin-Mijan et al., 2018). In addition,

the reduction of pore volume after dispersion with metal
dopant onto CMD900, except Fe/CMD900, were shown in
Table 2. The trend of the pore volume was presented as fol-

lows: Fe/CMD900 > CMD900 > Zn/CMD900 > Co/CM
D900 > Ni/CMD900 > Cu/CMD900. The decrement in pore
size might be due to the pore blockage caused by the metal
dopant particles that filled inside the CMD900 pore (Waheed

et al., 2016).
The basicity characteristic of all synthesised catalysts was

summarised in Table 2 and Fig. 3. The basicity trend was

increased in the order of Ni/CMD900 > CMD900 > Cu/C
MD900 > Co/CMD900 > Zn/CMD900 > Fe/CMD900.
The transition metal doped CMD900 catalyst (expect Ni/

CMD900) showed low intensity on CO2 desorption peaks at
low temperature (624 �C to 702 �C) when compared with the
CDM900 catalyst (Table 2 and Fig. 3). This finding suggested
that the presence of a considerable amount of weak acid sites

on the CDM900 catalyst surface was due to the successful dis-
persion of 5 wt% of transition metals on the CMD900 catalyst
Fig. 3 TPD-CO2 profile for CMD900 and t
surface. According to Asikin-Mijan et al. (2018) the presence
of acid sites was attributed to the Bronsted acid sites associated

with the bridging of OH groups and/or the Lewis acid sites
associated with the presence of transition metal ions. The
TPD profiles of CMD900 and all doped CMD900 catalysts

shown in Fig. 3 exhibited considerably high basic strength with
CO2 desorption peak at a temperature of more than 500 �C.
The basic strength distribution from the catalyst active sites

is expressed in terms of CO2 desorption temperature. The basic
strength (Tmax = 822 �C) and basic density (7306.37 lmol/g)
of Ni/CMD900 catalyst significantly increased because of the
synergy effect promoted by the interaction between NiO-

CaO/MgO and the increment in active sites that resulted from
the dispersion of NiO on the CMD900 surface. The character-
istic of basicity is important to inhibit coke formation and

enhance the cracking reaction (Kay Lup et al., 2017).
The morphological features of CMD900 and doped

CMD900 catalysts at 60,000� magnification were shown in

Fig. 4. The SEM images of CMD900 showed an agglomera-
tion structure of particles and appeared in finer and smaller
uniform sizes because of the sintering effect of metal oxides
during calcination. The individual grain’s segregation can be

clearly observed and identified. However, the SEM morphol-
ogy of the active metal-doped catalyst rendered significant
ransition metal-doped CMD900 catalysts.
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changes in morphology for surface structure into larger irreg-
ular aggregate and rough surface. The active metal-doped cat-
alysts also displayed a more agglomerated structure, which

indicates well-dispersed metal oxide on the dolomite catalyst
surface. The segregated grains of dolomite become increasingly
invisible. As evidence, the crystallite size of active metal-doped

catalysts increased with the dispersion of transition metals,
thereby implying the growth of the catalyst crystal. A similar
observation was reported by Azri et al. (2020) when metal

was added to dolomite as an effective catalyst for glycerol
hydrogenolysis. In addition, the active metal-doped catalysts
comprised small cluster, which resulted in high surface area
of the catalyst (Table 2).

3.2. Catalyst performance in catalytic pyrolysis reaction of

WCO

The conversion of WCO and WCO deoxygenated product dis-
tribution for all synthesised catalyst are shown in Fig. 5. The
conversion of WCO followed the sequence: Ni/CMD900 > F

e/CMD900 > Co/CMD900 > Zn/CMD900 > Cu/CM
D900 > CMD900. The DO of WCO will lead to the produc-
tion of the liquid product via decarboxylation and decarbony-

lation with the release of gas and acid phase as the by-
products, respectively. The liquid products obtained from all
DO reactions were divided into two separate fractions, namely,
pyrolysis oil and acid phase with insignificant soap formation.

The pyrolysis oil produced were in the order of Ni/CM
D900 > Zn/CMD900 > Fe/CMD900 > Co/CMD900 > Cu/
CMD900 > CMD900. This finding shows that TMO is a good

promoter and has played an important role in tuning product
selectivity towards monofunctional hydrocarbon intermedi-
ates, which further converted into the desired liquid product

(pyrolysis oil).
Fig. 4 Morphology of (a) CMD900, (b) Fe/CMD900, (c) Co/CMD90

at 60 k magnification.
The acid phase composed of water and a high amount of
carboxylic compound was detected at the bottom phase of
the liquid product. This finding suggested that the decarboxy-

lation reaction was more preferred than the decarbonylation
reaction. Ni/CMD900 catalyst produced a lesser amount of
acid phase (0.1%) in the liquid product as compared with

other catalysts. Nevertheless, white precipitate, (or soap) was
observed in all liquid products catalysed by doped CMD900
catalysts. Ni/CMD900 shows the lowest amount of soap

formed (6.7%) but still slightly higher than the un-doped
CMD900 catalyst (4.8%). Supposedly, the formation of unde-
sirable by-product (coke) must be avoided during the DO reac-
tion for an ideal reaction. However, all the reactions with all

catalysts tested yielded substantial coke formation in the fol-
lowing order: CMD900 > Cu/CMD900 > Zn/CMD900 > C
o/CMD900 > Fe/CMD900 > Ni/CMD900. Asikin-Mijan

et al. (2018) reported that the coke generated via polymerisa-
tion reaction in the DO of triolein was expected to occur
because of the poor acidic properties of active-doped metal

catalyst in CaO surface. The mass balance profile suggested
that Ni/CMD900 catalyst can perform actively for the DO
reaction of WCO because of the high amount of basic site

on the catalyst surface (Table 1). Based on a previous study
(Romero et al., 2016), the composition of gas produced via
DO of WCO was analysed using GC-TCD. The gas was col-
lected for certain reaction time at a certain temperature, and

the gaseous product consisted of hydrocarbon gas, CO2, CO,
CH4, H2 and O2 (except calcined dolomite), using various cat-
alysts, such as calcined Malaysian dolomite and commercial

acid catalyst (e.g. FCC, Zeolite NaY, HZSM-5).
0, (d) Ni/CMD900, (e) Cu/CMD900 and (f) Zn/CMD900 catalysts



Fig. 5 Product distribution in DO of WCO by various catalyst dopant on CMD900.
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3.3. Characterisation of liquid product using GC–MS analysis

3.3.1. Chemical composition

Fig. 6 shows the main composition determined by GC–MS
analysis for the produced pyrolysis oil catalysed by all synthe-

sised catalysts with different catalyst dopants. This study
showed that WCO was thermally cracked to a liquid hydrocar-
bon product and a small quantity of oxygenated compounds.

As shown in Fig. 6, the trend of liquid hydrocarbon yield
was in the order of Ni/CMD900 > CMD900 > Co/CM
D900 > Fe/CMD900 > Zn/CMD900 > Cu/CMD900. The

oxygenated compound yielded in the following order: Cu/C
MD900 > Zn/CMD900 > Fe/CMD900 > Co/CMD900 >
CMD900 > Ni/CMD900. Based on these findings, the DO
performance of Ni/CMD900 resulted in the highest yield of

liquid hydrocarbon and the lowest yield of the oxygenated
compound, suggesting that the synergistic energy effect from
acid–base interaction between NiO and CaO-MgO performed

actively in the DO of WCO as mixed metal oxides. NiO
improved the yield production of liquid products comprising
mainly hydrocarbons, thereby presenting a potentially high-

value chemical feedstock or fuel source. Based on Fig. 6,
CMD900 catalyst contains the unique basic properties of
CaO-MgO, which helps in oxygen removal by absorbing more

CO2 in the gas phase. This finding is line with the result shown
by Lin et al. (2010) in the pyrolysis of biomass using dolomite
(MgO-CaO) catalyst as related to the reduction of tar forma-
tion with the increase in H/C ratio. The observation showed

that the presence of MgO and CaO will produce a better route
for oxygen removal through catalytic DO. The reduction in
oxygenated compounds in pyrolysis oil product by synthesised
Ni/CMD900 catalysts were also due to the existence of a large
density of basic site Ni-promoted catalyst (4.40 � 1021 atom/g)

as compared with other metal-promoted catalysts and hence
improved catalyst stability during DO reaction. The efficiency
of DO reaction has been calculated on the basis of the reduc-

tion of oxygenated compound present in pyrolysis oil gener-
ated using synthesised transition metal-doped dolomite
catalyst through area of GC–MS analysis data (Eq. (5)). The
trend of oxygenated compound removal was in the order of

Ni/CMD900 (79.8%) > CMD900 (76%) > Co/CMD900
(71.9%) > Fe/CMD900 (67.9%) > Zn/CMD900 (65.6%) >
Cu/CMD900 (62.4%). This finding showed that the catalysts

can reduce oxygenated compound via desired catalytic DO
pathway whilst improving the quality of the final fuel product.
Based on Zhang et al. (2016), strong basic site generated from

oxygen on the metal oxides created stronger forces via the
abstraction of alpha hydrogen in carbonyl compound and fol-
lowed by C-O scission to form hydrocarbon compound.

Fig. 7 shows a formation of a high number of oxygenated
by-products, such as alcohol and carboxylic acid. Fe/
CMD900, Cu/CMD900, Co/CMD900 and Zn/CMD900 are
amongst the catalysts with high alcohol value (e.g. 15.1%,

13.8%, 13.8% and 7.1%, respectively). For carboxylic acid,
the alcohol value of the aforementioned catalysts is 4.6%,
11.0%, 5.4% and 11.7%, respectively. Ni/CMD900 catalyst

contains less carboxylic acid (3.6%) with a minor quantity of
ketone (2.6%), and the absence of aldehydes indicates a slight
occurrence of such oxidation reaction in the DO reaction as

compared with other transition metal-promoted catalysts.
High acid value was obtained with presence of high amount



Fig. 6 Main product composition in pyrolysis oil produced according to the catalyst dopant.

Fig. 7 Chemical groups of oxygenated compounds in pyrolysis oil produced according to the catalyst dopant.
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of carboxylic acid group in the oxygenated compound. The
produced pyrolysis oil contains a lower acid value with
the presence of these catalysts, starting with CMD900

(33 mg KOH/ g) followed by Fe/CMD900 (40 mg KOH/ g)
< Ni/CMD900 (47 mg KOH/ g) < Co/CMD900 (64 mg
KOH/ g) < Cu/CMD900 (75 mg KOH/ g) < Zn/CMD900

(78 mg KOH/ g) as compared with the 186 mg KOH/g acid
value of pyrolysis oil generated from non-catalytic WCO
pyrolysis (Hafriz et al., 2018). The presence of transition met-

als doped on dolomite catalyst increased the acid value of
pyrolysis oil produced as compared with the CMD900 catalyst.
This phenomenon is in accordance with the low reduction of
carboxylic acid upon the incorporation of transition metals

on CMD900. Other researchers have suggested that carboxylic
acid groups are more difficult to hydrogenate with a present
transition metal relative to other functional types in bio-oil,
such as ketone, aldehyde carbonyls and alkenes (Laurent
et al., 1999). As reported by Li et al. (2013), lower acid value

had relationship with good cold flow properties, such as the
cold filter plugging point and freezing point.

Fig. 8 presents the further breakdown of the main com-

pounds into individual chemical groups, as determined by
GC–MS analysis pyrolysis oil produced for CMD900 and
transition metal-doped CMD900 catalyst. The main chemical

groups can be classified into seven components according to
their structure, namely, alkanes, cycloalkane, alkene, cycloalk-
ene, diene, alkyne, and aromatic. The figure shows that the
hydrocarbon product is dominated by aliphatic hydrocarbon,

namely, alkene and alkane, for all synthesised catalysts. Evi-
dently, aliphatic alkene was dominating the composition as
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compared with alkane in this liquid product with the order of
Ni/CMD900 > Co/CMD900 > CMD900 > Fe/CMD900 >
Zn/CMD900 > Cu/CMD900. Meanwhile, the aliphatic

alkane yielded in the following order: Ni/CMD900 > Co/C
MD900 > Zn/CMD900 > Fe/CMD900 > CMD900 > Cu/
CMD900. In the case of Ni/CMD900 catalyst, the highest con-

centration in alkane was detected as tetradecane (C14H30) and
tridecane (C13H28).

Meanwhile, 8-heptadecene (C17H38) and 1-tridecene

(C13H26) were the most abundant in alkene. The aliphatic
alkane for Fe/CMD900, Zn/CMD900 and Cu/CMD900 were
mostly tetradecane and tridecane, except in Mo/CMD900, in
which tetradecane and dodecane (C12H26) were detected in

the produced pyrolysis oil. The alkenes present for all tested
metals promoted catalysts and were mostly from 8-
heptadecene and 1-tridecene. The detailed characterisation of

hydrocarbon fractions distribution for the deoxygenated liquid
product conversion (Fig. 9) showed that the hydrocarbon frac-
tions for Ni/CMD900 catalyst was composed of a mixture of

n-C14 and n-C17. Meanwhile, Co/CMD900 catalyst contained
n-C14 and n-C10 fractions. Zn/CMD900 and Fe/CMD900 were
mostly composed by n-C13 and n-C12, whereas Cu/CMD900

contained the shortest C range, which was n-C13 and n-C10.

3.3.2. Product selectivity

Fig. 10 shows the composition of biofuel as determined by the

carbon number of the gasoline, kerosene and diesel fraction as
the petroleum product. Interestingly, CMD900 catalyst exhi-
bits a high degree of selectivity (48.9%) of gasoline range

(C4-C12). Doped CMD900 catalyst for gasoline fraction were
presented in the following order: CMD900 > Co/CMD900,
Fe/CMD900 > Cu/CMD900 > Ni/CMD900 > Zn/CM
D900. However, catalytic DO over Ni/CMD900 catalyst were
Fig. 8 Chemical groups of hydrocarbon compound in py
found predominantly selective towards diesel range (55.2%)
when compared with other doped metal in the order of Ni/C
MD900 > Zn/CMD900 > Co/CMD900 > Fe/CMD900 >

Cu/CMD900 > CMD900. In addition, Ni/CMD900 also
shows higher fraction towards kerosene (38.8%). The DO
reactivity towards kerosene was in the order of Ni/CM

D900 > CMD900 > Co/CMD900 > Fe/CMD900 > Zn/C
MD900 > Cu/CMD900.

3.4. Analysis of pyrolysis oil properties

The properties of the pyrolysis oil derived from Ni/CMD900
were investigated, and the results are shown in Table 3. For

comparison purposes, Table 3 also displays the specified values
for the pyrolysis oil (palm oil), diesel and hydrocarbon biofuel.
The results show that the fuels derived from WCO using Ni/
CMD900 as catalysts possessed acceptable values for the given

properties when compared with other fuels, excluding the com-
parison of acid value with diesel. Acid value is referred to as
the oil quality indicator to monitor the oil degradation during

the storage period. According to the ASTM standard for fuel
application, the maximum value of acid number is 0.5
mgKOH/g (Yasin et al., 2013). The number of the acid value

of pyrolysis oil is high, and pyrolysis oil can be degraded at
extensive storage period when compared with mineral diesel.
Therefore, studies on reducing the acid value of pyrolysis oil
can be conducted by modifying the synthesised catalyst and

the ratio of blending with diesel in the future. However, Ni/
CMD900 is an excellent low-cost catalyst for the DO of
WCO; its typical bifunctional (NiO-CaO/MgO) properties

could focus on the distribution of the product and improved
the fuel properties.
rolysis oil produced according to the catalyst dopant.



Table 3 Physical and chemical properties of pyrolysis oil and diesel fuel.

No. Parameter Test method Pyrolysis oil (Ni/

CMD900)

Pyrolysis oil

(Palm)

Diesel fuel Hydro-carbon

biofuela,e

1. Density (kg/m3) ASTM D

4052

811 818.4d 836-850c 760–880

2. Kinematic viscosity (40 �C)
(cSt)

ASTM D 445 2.19 2.7c–3.2f 2–8c 1.45–4.22

3. Acid Number (mgKOH/g) ASTM D 974 47 58f 3.2f 33

4. Cloud Point (�C) ASTM D

2500

12 �8f 13 �5 until �30

5. Pour Point (�C) ASTM D 97 �24 �22f �6a until

�20e
9

Source: aMa and Hanna (1999); bLi et al. (2013); cPramanik et al. (2003); dLima et al. (2004); eKumar Tiwari et al. (2007); fXu et al. (2010).

Fig. 9 Selectivity in hydrocarbon chain length from C8–C24.

Fig. 10 Composition of biofuel in the produced pyrolysis oil.

8156 R.S.R.M. Hafriz et al.
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3.5. Reaction mechanisms

The distribution and composition of the product were
obtained through mass balance and GC–MS analysis, respec-
tively. The general catalytic pyrolysis of WCO pathway under

atmosphere free oxygen over modified Malaysian dolomite
catalysts can be established in Fig. 11, as adapted from
Lestari et al. (2009). The reaction pathways consist of liquid
hydrocarbon, gas and solid and soap phase reactions. The liq-

uid phase reactions of the WCO DO process dominantly
involve decarboxylation and decarbonylation reactions to pro-
duce alkanes and alkenes by releasing carbon dioxide, carbon

monoxide and water, as illustrated in Reactions (1) and (2)
(Hafriz et al., 2018; Kamil et al., 2020; Snare et al., 2008).
Based on Reaction (3), the triglyceride of WCO also under-

gone hydrogen abstraction at higher temperatures to produce
diene formation. Meanwhile, alkenes and diene will also
undergo Diels–Alder reaction to produce cycloalkenes, as

shown in Reaction (4). Idem et al. (1996) mentioned that
cycloalkenes are the main hydrocarbons used for synthesising
the cycles and aromatic hydrocarbons. In a hydrogenation
reaction (Reaction (5)), two hydrogen atoms are added across

the double bond of cycloalkenes, thereby resulting in a stable
form product called saturated cycloalkanes. A side reaction,
such as dehydrogenation, could occur during the removal of
Fig. 11 General catalytic pyrolysis of WCO pathway under atmosp

dolomite catalyst.
hydrogen from of cycloalkenes and alkenes to produce a small
amount of aromatic and alkynes in a liquid hydrocarbon pro-
duct, as mentioned in Reaction 6.

Gas is a secondary product that is generated via the DO
of WCO. According to Idem et al. (1996), the hydrocarbon
radicals Ru or Rs are formed by eliminating of ethylene mole-

cules during secondary cracking. The straight and branched-
chain hydrocarbons of which in the C1–C5 range in the gas
phase product were yielded through the successive

elimination of ethylene molecules from the saturated and
unsaturated hydrocarbon radicals followed by disproportion-
ation, isomerisation, and subsequent hydrogen transfer reac-
tions, as illustrated in Reaction 7. Dandik and Aksoy

(1998) reported that the gaseous product generated from
the catalytic pyrolysis of canola oil consisted mostly of
hydrocarbon gases in the C1–C5 range. In addition, the

methanation reaction (Reaction 8) could occur as a pathway
because of the conversion of carbon monoxide and carbon
dioxide to methane (CH4) through hydrogenation. In a

review of the DO of fatty acid Hermida et al. (2015) also
mentioned the water gas shift in Reaction 9 due to the pres-
ence of carbon monoxide and water via decarbonylation reac-

tion in producing hydrogen and carbon dioxide.
Solid and soap phase reactions are the side reactions

involved. In the solid-phase reaction, the polymerisation of
here free oxygen over transition metal-doped calcined Malaysian
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aromatic hydrocarbon and the condensation of WCO generate
the coke formation, as mentioned in Reactions 10 and 11,
respectively. In the soap phase reaction, calcium carbonate is

produced during the absorption of CO2 by CaO because of
the high formation of CaO composition in calcined Malaysian
dolomite. The oxygenates, such as carboxylic acid (RCOOH),

are expected to react with calcium carbonate (CaCO3) in pro-
ducing fatty acid soap (Ca(RCOO)2), as illustrated in Reaction
12.

4. Conclusions

This study demonstrated that the calcined Malaysian dolomite

(CMD900) was successfully dispersed with various transition
metals, such as Fe, Co, Ni, Cu and Zn. The result indicated
that amongst all of the doped catalyst, Ni/CMD900 catalyst

demonstrated the best performance in terms of the DO reac-
tion of WCO with high conversion (68.0%), high yield pyrol-
ysis oil (36.4%) and low coke formation (32.0%). The high
availability of active basic sites on the Ni/CMD900 catalyst

surface plays an important role in affecting the catalytic beha-
viour in the DO reaction of WCO. CMD900 can also remove
high oxygen content with only 19.8% of oxygenated com-

pound detected and produced the maximum yield of hydrocar-
bon product (80.2%) of C13 and C17 fractions. In addition, Ni/
CMD900 catalysed reaction rendered higher selectivity

towards diesel when compared with other doped CMD900
catalysts.
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