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A B S T R A C T

Background: Green diesel is a promising alternative as a petroleum replacement given the worldwide demand for 
petroleum fuel. Environmental issues have drawn public attention and concerns towards advancing renewable 
energy development. A catalytic deoxygenation (deCOx) was carried out to produce green diesel from soybean 
oil (SO) using a low-cost NiO-doped calcined dolomite (NiO–CD) catalyst.
Method: The structure, chemical composition and morphology of NiO–CD were comprehensively characterized 
by XRF, BET, TPD-CO2, SEM and TEM. In this study, the effect of two operating parameters, reaction temperature 
and flow rate of nitrogen, was discovered using a one-factor-at-a-time (OFAT) optimisation study. In addition, 
the life cycle cost analysis (LCCA) of stepwise catalyst preparation and green diesel production has been 
performed.
Significant findings: An optimal reaction temperature of 420 ◦C was found to provide the highest yield of green 
diesel (47.13 wt.%) with an 83.51% hydrocarbon composition. The ideal nitrogen flow rate, however, was found 
to be 50 cm3/min, which produced 41.80 wt.% of green diesel with an 88.63% hydrocarbon composition. The 
deoxygenation reaction was significantly impacted by both reaction temperature and nitrogen flow rate. Ac
cording to LCCA, NiO–CD catalyst has potential to lower the overall cost of producing green diesel compared to 
commercial zeolite catalysts.

1. Introduction

In recent years, the ongoing effort to achieve carbon net zero by 2050 
has boosted the development of green diesel production. Industry 4.0 is 
shifting away from energy derived from fossil fuels to mitigate the 
climate change effect on a global scale [1]. Notably, the performance 
and utilization of fossil fuels are difficult to match. Consequently, it is 
inevitable to eliminate its production and usage. By 2035, the Interna
tional Energy Agency (IEA) predicted the utilization of petroleum-based 
fuels for energy generation will increase because of rising energy de
mand, thus sparking concerns about global greenhouse gas (GHG) 
emissions that lead to changes in climatic conditions [2]. Owning to the 
current impact of fossil fuels on climate scenarios and energy demands, 
numerous works have been researched and developed to produce green 

diesel from biobased resources with matching properties as a possible 
replacement for fossil fuels [3–5].

A sustainable and commercial-scale biofuel production process in 
any country will undergo certain evaluation criteria, which the selection 
of the right biofuel feedstock is the first step. Researchers are trying to 
identify the most efficient (in terms of emission characteristics, engine 
performance, and combustion behavior) and effective (conversion rate 
and higher oil content) biofuel feedstocks among both edible and non- 
edible oils [6]. Various methods of cracking the long carbon chain of 
triglyceride in the different feedstock of vegetable oil into shorter carbon 
chains have been adapted extensively to produce green diesel. Kuan 
et al. [7] used thermal transformation to obtain green diesel in diesel 
and kerosene range from palm methyl ester. Meanwhile, Haryani et al. 
[8] use the same feedstock to produce green diesel through the catalytic 
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cracking method. The study successfully achieved 88.7% conversion of 
palm methyl ester into liquid fuel. A similar approach to the catalytic 
cracking method was used by Neonufa et al. [9] to convert palm kernel 
methyl ester into jet fuel. Several other studies also reported that cata
lytic cracking of triglycerides from jatropha curcas, rapeseed oil and 
soybean oil has shown a promising outcome in obtaining green diesel 
with diesel and kerosene range [10–12]. Among these catalytic cracking 
methods, catalytic deoxygenation, hydrogenation, and 
hydro-deoxygenation are proven to maximize the conversion of tri
glycerides into green diesel [13,14]. Generally, catalytic hydrogenation 
and hydro-deoxygenation mechanisms occur in catalytic deoxygenation 
(deCOx), where the first step to breaking a triglycerides olefinic bond 
into a saturated C–C bond is by introducing a hydrogen atom from the 
feedstock itself [15]. This mechanism is followed by C–O linkage scis
sion as the precursor to decarbonylation, decarboxylation and hydro
deoxygenation pathways where water commonly becomes the 
by-product [16]. The extraction of oxygenated compounds from 
bio-oil chemical structures through these pathways produces hydro
carbons, which can be denoted as green diesel.

The selection of a catalyst is paramount to obtain the deoxygenation 
(deCOx) pathways. Metal oxides and commercial zeolite-based catalysts 
are often selected in this reaction due to their high selectivity towards 
deoxygenation pathways [17–19]. These studies reported that the 
acidity properties and mesoporous structure of synthesized catalyst 
induced the deoxygenation pathways. The high acidity properties come 
from hydrogen transfer from the feedstock that aids in the conversion of 
aldehyde intermediate into hydrocarbon [20]. Concurrently, the meso
porous size structure of the catalyst support improves the selectivity of 
the mechanism involving unstable oxygenated compounds [21]. As a 
result, high hydrocarbon content was obtained in green diesel. In this 
reaction, temperature and its environment play a major role in identi
fying the quantity and quality of the green diesel produced. A detailed 
review by Cheah et al. [16] stated that the suitable deoxygenation re
action temperature to produce high-quality and yield green diesel is 
between 300 and 380 ◦C in an inert atmosphere with the presence of 
metal oxides, zeolites and mesoporous catalysts. The review also sug
gested that these two parameters are important in determining the 
desired properties of green diesel production.

Other than zeolites, metal oxides, and mesoporous catalysts, natural 
basic catalyst support is a good alternative to commercial catalysts. Base 
catalyst support such as layered double hydroxides (LDH), activated 
carbon and calcium oxide catalysts has a good selectivity towards 
deoxygenation reaction [22–24]. Moreover, in recent years, a basic 
low-cost catalyst namely dolomite has garnered attention in green diesel 
production through catalytic deoxygenation. Ali et al. [25] successfully 
generated green diesel with 58% of palm oil sludge conversion using a 
dolomite catalyst while Buyang et al. [26] successfully produced 68% of 
waste cooking oil-based green diesel using a dolomite catalyst. These 
two studies proved that a low-cost dolomite catalyst is a good alternative 
catalyst in converting triglycerides-based feedstock via catalytic deox
ygenation (deCOx) into green diesel. However, due to its unfamiliar 
status in this catalytic deoxygenation (deCOx) reaction, there is an 
immense lack of study on the reaction parameters via OFAT to produce 
green diesel from soybean oil using low-cost, NiO-dolomite catalysts as 
potential deoxygenation catalyst. As mentioned earlier, the reaction 
temperature and nitrogen flow rate will steer the results of green diesel 
produced on the quality and yield. Hence, this experimental work aims 
to examine the effect of temperature reaction and flow rate of nitrogen 
gas in SO-based green diesel composition via the catalytic deoxygen
ation (deCOx) using a low-cost modified dolomite catalyst. The data 
obtained from this work is essential in the contribution to the knowledge 
pool. Additionally, a life cycle cost analysis (LCCA) of stepwise catalyst 
synthesized and green diesel production was performed. LCCA has the 
potential to serve as an indicator for assessing the progress of the green 
diesel sector. Besides that, a comparison of the LCCA of a heterogeneous 
catalyst, NiO–CD and a commercial zeolite catalyst has been carried out 

for the production of green diesel.

2. Experimental

2.1. Materials

The reagents in this experimental work were purchased and used 
without further purification. Systerm Chemicals Sdn. Bhd. provided 
analytical grade metal nitrate salts, specifically 99.8% purify of nickel 
(II) nitrate, Ni(NO3)2⋅6H2O. Northern Dolomite Sdn. Bhd., Perlis, North 
Malaysia, supplied the low-cost Malaysian Dolomite used as a supported 
catalyst. Industrial nitrogen gas (N2) with a purity of 98% and n-hexane 
with a purity of > 98% (for GC–MS analysis) were provided by Biogas 
Sdn. Bhd. and Sigma Aldrich, respectively. Scomi Energy Services Bhd 
supplied the soybean oil (SO) feedstock, which contained 99.6% 
oxygenated compounds. Table 1 shows the main constituents of soybean 
oil (SO) as determined by Gas Chromatography-Mass Spectrometry 
(GC–MS) analysis. The predominant composition observed in SO was 
fatty acid with 83.6% followed by furan (5.7%) and other compositions 
(10.7%), including ester, aldehyde, siloxane and siloxane. Furan com
pounds (5.7%) have been discovered and detected in soybean oil due to 
heat processing or prolonged storage. These chemicals are commonly 
produced by the oxidation of fatty acids and triglycerides. According to 
Xiao et al. [27], heating soybean oil leads to the production of volatile 
substances such as aldehydes, alcohols, ketones, and furans. Elevated 
temperatures result in a more noticeable release of undesirable com
pounds. This aligns with research conducted by Fan et al. [28]; it was 
discovered that soybean oil could generate furans when subjected to 
heat processing at a temperature of 120 ◦C for 25 min or when stored for 
an extended period at a temperature of 25 ◦C. Oleic acid accounts for 
40.1% of this soybean oil’s monounsaturated fatty acid composition, 
followed by palmitic acid (29.4%) and stearic acid (14.1%), both of 
which are saturated fatty acids. The existence of this prominent fatty 
acid has been determined and verified through the investigation un
dertaken by Livia et al. [29], Souza et al. [30], and Dona et al. [31].

2.2. Synthesis, characterization & LCCA of NiO-CD catalyst

2.2.1. Thermal activation of dolomite catalyst
The dolomite powder was subjected to 250 in ASTM Ell using a 

Retsch Test Sieve. Prior to this sieving process, the stone form of dolo
mite was crushed and ground into a specific fine powder. The sieved and 
fine dolomite powder was calcined in an air environment in a horizontal 
tube furnace with a heating rate of 10 ◦C/min. The calcination tem
perature of dolomite powder was kept at 900 ◦C for 4 h before being 
brought down to room temperature.

2.2.2. Synthesis of 5 wt.% of NiO-calcined dolomite (NiO–CD) catalyst
The liquid-liquid blending known as the precipitation technique was 

used to create the modified dolomite catalyst. To begin, 50 g of fine 
calcined dolomite (CD) was dispersed in 100 ml of deionized water for 
10 min at 60 ◦C while being constantly stirred. 5 wt.% or 2.5 g of nickel 
(II) nitrate was totally dissolved in deionized water (10 ml) before being 
dropped into the CD suspension and stirred for 4 h at 400 rpm at 60 ◦C. 
The resulting sludge-like catalyst was dried overnight in an oven with a 
temperature of 120 ◦C. Prior to characterization, the ground and sieved 

Table 1 
Soybean oil’s composition from GC–MS analysis.

Compositions Percentage (%)

Palmitic acid (Hexadecanoic acid), C16H32O2, C16:0 29.4
Stearic acid (Octadecanoic acid), C18H36O2, C18:0 14.1
Oleic acid (cis-9-Octadecanoic acid), C18H34O2, C18:1 40.1
Furan 5.7
Others (ester, aldehyde, siloxane, etc.) 10.7
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modified dolomite catalyst was calcined in a horizontal tube furnace for 
4 h at 900 ◦C with a heating rate of 10 ◦C/min.

2.2.3. Catalyst characterization
Through nitrogen isotherm adsorption-desorption analysis, the pore 

volume, average pore size, and surface area distribution of the synthe
sized dolomite catalysts were determined using a Brunauer-Emmett- 
Teller (BET) method. An adsorption/desorption analyzer (model: 
Thermo-Finnigan Sorpmatic 1990 series) was used for the measurement. 
Prior to the measurement, the catalysts were degassed at 150 ◦C over
night to eliminate the moisture and other adsorbed gases from the 
synthesized dolomite catalyst surfaces. The processes of N2 adsorption 
and desorption on the synthesized dolomite catalyst surfaces were car
ried out at a temperature of 196 ◦C in a vacuum chamber. Using 
wavelength dispersive X-ray fluorescence (WDXXRF; model Bruker, S8 
TIGER), the chemical composition of CD and NiO–CD catalyst was 
evaluated and identified. The basic properties of the synthesized dolo
mite catalyst were identified using CO2 temperature-programmed 
desorption (TPD). This basicity strength measurement of the synthe
sized catalyst was performed using a Thermo Finnigan TPD/R/O 1100 
instrument from Thermo Fisher Scientific equipped with a thermal 
conductivity detector (TCD) and CO2 as probe molecules. The analysis 
test was carried out by inserting 0.05 g of synthesized catalyst into a 
quartz tube reactor (internal diameter: 6 mm). The synthesized catalysts 
were pre-treated with nitrogen, N2 gas flow for 30 min at 250 ◦C, fol
lowed by carbon dioxide, CO2 for 1 hour gas at ambient temperature to 
allow adsorption of CO2 onto the synthesized catalytic surfaces. The 
excess CO2 was then removed by purging N2 gas for 30 min with a flow 
rate of 20 ml/min. Helium gas was purging at a flow rate of 30 ml min− 1 

from the temperature of 60 to 900 ◦C, with a 10 ◦C min− 1 heating ramp. 
The basic properties of the synthesized catalyst were evaluated and 
identified by integrating the area under the given graph of CO2 
desorption. The morphology structure of the synthesized catalysts was 
evaluated and examined using scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) under different magnifications. 
The high-resolution images of synthesized catalysts were captured using 
an SEM JOEL 6400 electron microscope at an acceleration voltage of 40 
kV and a JEM-2100F field emission electron microscope at an acceler
ation voltage of 200 kV, respectively.

2.2.4. Life cycle cost analysis (LCCA) of stepwise NiO-CD catalyst 
preparation

The life cycle cost analysis (LCCA) of stepwise pretreatment and post- 
treatment of NiO–CD catalyst preparation is shown in Table 2. In this 
work, the cost estimation for synthesized dolomite catalyst preparation 
is critical in identifying the feasibility of this procedure to construct for 
an upscaling means. LCCA emphasises all criteria, from raw material 
source to catalyst preparation method, necessary treatment process to 
catalyst reusability. Following the favorable outcome of using a modi
fied Malaysian Dolomite catalyst that yielded higher hydrocarbon 
composition green diesel, the stepwise NiO–CD catalyst preparation 
LCCA has great potential as an indicator of how Malaysia’s green diesel 
industry is developing. The LCCA was evaluated based on 1 kg pro
duction of NiO–CD catalyst via precipitation technique using 5% nickel 
dispersion (50 g of Ni(NO3)2⋅6H2O). 1 kg production cost of NiO–CD 
catalyst after the evaluation was RM 33.99 including the running 
charges which is 10% of the NCC as mentioned in Table 2. This catalyst 
production cost was compared to the similar stepwise LCCA catalyst 
preparation of synthesized ZIF-8 MOF-derived CaO/ZnO catalyst by 
Ruatpuia et al. [32]. The analysis established that the total cost of 1 kg 
production of ZIF-8 MOF-derived CaO/ZnO was $18.95 (RM 88.79), 
rounding up to 62% higher than the cost production of synthesized 
NiO–CD catalyst (RM 33.99) referencing to the similar LCCA approach. 
In addition, the final cost of 1 kg production of synthesized NiO–CD 
catalyst for 5 times recyclability and reusability was as low as RM 6.80 
per cycle. Conclusively, LCCA with the catalyst’s efficient performance 

and affordability signifies the productivity and the economic impact of 
the catalytic deoxygenation process on green diesel production. The 
LCCA calculated cost merely demonstrates the potential to lower the 
overall cost of green diesel production via catalytic deoxygenation.

2.3. Catalytic deoxygenation (deCOx) of soybean oil (SO)

SO was undergo catalytic deoxygenated in a 1000 mL fractionation 
catalytic system that was mechanically agitated (Fig. 1).

Typically, 150 g of soybean oil and 5% by weight of NiO–Calcined 
Dolomite (NiO–CD) catalyst were added to the 1000 ml glass reactor. 
The glass reactor was flushed with inert gas of N2 at 100–200 cm3/min 
flow rate to remove any remaining oxygen (hydrogen-free condition) 
and the reaction mixture was constantly stirred at 400 rpm. To reach the 
desired reaction temperature of 390 ± 10 ◦C, the reaction will take 
approximately 18–20 min and 30 min to complete the deoxygenation, 

Table 2 
Life Cycle Cost Analysis (LCCA) of stepwise NiO–CD catalyst preparation.

No. Step involved Detail of process Cost in 
Malaysia 
Ringgit 
(MYR)

1. Pure Chemical Cost (PCG) 1 kg of NiO derived 
dolomite = 1000 g of pure 
dolomite + 50 g of Ni 
(NO3)2⋅6H2O 
= RM 0.15 + RM 9.96 =
RM 10.11

RM 10.11

2. Catalyst Pre-Treatment 
Cost (CPTC) 
a) Sieving process 
b) Thermal activation of 
dolomite (calcined 
dolomite, CD production) – 
furnace (7000 W)

a) No cost involved 
b) Utilities: Electricity 
(7 kW x 4 h = 28 kWh) 
= 28 kWh x RM 0.1979* =

RM 5.54

a) RM 0.00 
b) RM 5.54 
Total: RM 5.54

3. Catalyst Preparation Cost 
(CPC) 
a) Precipitation technique 
– Hotplate (650 W) 
b) Drying process – Oven 
(2700 W) 
c) Grinding process – 
Commercial Grinder (3500 
W)

a) Utilities: Electricity 
(0.65 kW x 4 h = 2.6 kWh) 
= 2.6 kWh x RM 0.1979* =

RM 0.51 
Utilities: Water (4 h used) 
= 0.01 m3 x RM 2.07 **=
RM 0.0207 
b) Utilities: Electricity 
(2.7 kW x 12 h = 32.4 
kWh) 
= 32.4 kWh x RM 0.1979*
= RM 6.41 
c) Utilities: Electricity 
(3.5 kW x 4 h = 14 kWh) 
= 14 kWh x RM 0.1979* =

RM 2.77

a) RM 0.51 +
RM 0.0207 =
RM 0.53 
b) RM 6.41 
c) RM 2.77 
Total: RM 9.71

4. Calcination of NiO–CD 
(CNC) 
- furnace (7000 W)

Utilities: Electricity 
(7 Kw x 4 h = 28 kWh) 
= 28 kWh x RM 0.1979* =

RM 5.54

RM 5.54

Net Cost of Catalyst (NCC) PCG + CPTC + CPC + CNC 
= RM 10.11 + RM 5.54 +
RM 9.71 + RM 5.54 = RM 
30.90

RM 30.90

The total cost of 1 kg 
NiO–CD catalyst

NCC + Running charges 
(10% of the NCC) 
= RM30.90 + RM 3.09 =
RM 33.99

RM 33.99

The final cost of 1 kg 
catalyst after 5 times 
reused

One-time preparation 
cost/no. 
of cycles towards the 
catalyst 
reusability = RM 33.99 / 5 
= RM 6.798

RM 6.80

* Electricity tariff provided by Tenaga Nasional Berhad (TNB) Malaysia 
excluded green electricity tariff by government Malaysia.

** Water tariff for Higher Learning Institutions (HLIs) provided by Air Selan
gor (State government of Selangor, Malaysia).
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deCOx reaction. The vapor/volatile product was condensed and 
collected in the reflux flask. In order to ascertain the distribution of 
products resulting from the catalytic deoxygenation of SO and the 
conversion of SO (liquid and gas product), a thorough mass balance has 
been developed. The weight of the flask reactor and the collected flask 
before and after the reaction were recorded. The gas release was 
determined by measuring the weight of coke and catalyst left in the flask 
reactor, as well as the weight of liquid product generated in the collected 
flask. The calculation was based on the differences between the initial 
feedstock, the amount of coke, the mass of the catalyst and the weight of 
the liquid product. The liquid product in the collection flask contains a 
mixture of green diesel, acid phase, and soap. The soap formation has 
been separated and removed using filter paper. The filtration liquid 
included two distinct phases: green diesel which formed the upper layer, 
and an acid phase, which formed the bottom layer. The acidic phase was 
isolated from the green diesel during the decantation process. The final 
green diesel products were analyzed using GC–MS. Mass balance Eqs. (1) 
and (2) were used to calculate the product yield and the conversion of 
SO, respectively [33]. 

Yield of green diesel (%) =
mass of oil green diesel(g)

mass of Soybean Oil used (g)
x 100% (1) 

2.4. Product analysis

The green diesel was diluted in n-hexane and quantitatively analyzed 
in split mode on a Shimadzu GC-14B model of gas chromatography 
equipped with a ZB-5MS column (30 m length x 0.25 m film thickness x 
0.25 mm inner diameter). The initial temperature of the oven was set up 
to hold for 3 min at 40 ◦C before ramping up to 300 ◦C with a heating 

rate of 7 ◦C/min and remaining there for 5 min. 250 ◦C was set up for the 
injection temperature and Helium acted as carrier gas was used at 3.0 
ml/min flow rate. Diffraction peaks from GC–MS spectra of compounds, 
particularly hydrocarbons (C8–C24) and unstable oxygenated com
pounds, were evaluated and identified using the National Institute of 
Standards and Testing (NIST) library. Although GC–MS analysis does not 
provide precise quantitative findings for compounds, it is feasible to 
assess the selectivity and yield of hydrocarbon products by analyzing the 
peak regions on the chromatograph. The magnitude of a compound’s 
peak area is directly correlated with both its amount and the relative 
amount of the product [34,35]. To ensure that the findings can be 
replicated, the tests were conducted three times, and the average values 
of the peak area and peak area% were calculated. The primary products 
were identified and distinguished using a probability match of 95 % or 
above [36]. The Eq. (3) was used to calculate the yield of hydrocarbon 
(Y) from green diesel produced [37,38]. 

Y =

∑
ah

∑
ap

× 100% (3) 

Where ah = Area of hydrocarbon compound (C8–C24), ap = Total 
area of the composition product.

The selectivity of hydrocarbon product (S) for green diesel was 
determined using Eq. (4). 

S =

∑
as

∑
at

× 100% (4) 

Where as = Area of the selected hydrocarbon fraction, at = Total area 
of hydrocarbon compounds.

The oxygenated compound removal in percentage was calculated 
using Eq. (5) [33]. 

Fig. 1. Fractionated cracking system set up for catalytic deoxygenation reaction.

Conversion of SO (%) =
mass of SO (g) − mass of coke (g) − mass of catalyst (g)

mass of oil SO (g)
x 100% (2) 
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3. Results and discussions

3.1. Physicochemical properties and morphology of the synthesized 
dolomite catalyst

The X-ray diffraction (XRD) pattern of the synthesized dolomite 
catalyst after being calcined at a temperature of 900 ◦C for a duration of 
4 h is depicted in Fig. 2(A). The XRD pattern of the CD catalyst primarily 
consisted of calcium oxide (CaO) and magnesium oxide (MgO). The CaO 
peaks at 2θ were observed at angles of 32.4◦, 37.6◦, and 54.1◦ (JCPDS 
File: 37–1497). Meanwhile, the MgO peaks were observed at angles of 
43.1◦, 62.5◦, 74.9◦, and 78.8◦ (JCPDS File: 71–1176). These observa
tions are consistent with the findings reported by Zhou et al. [39]. The 
significant intensities of the diffractograms demonstrated the high de
gree of crystallinity of CaO–MgO. The XRD analysis of NiO-doped 
dolomite (NiO–CD) catalysts revealed distinct patterns of CaO and 
MgO. These patterns showed the reflection peaks of CaO and MgO were 
slightly shifted along with the reduction in the intensity of the CaO-MgO 
phase peak, indicating the successful dispersion of NiO on the CD cat
alyst’s surface. This discovery aligns with the alteration of the CaO-MgO 
phase during the introduction of transition metal, as observed by Harith 
et al. [40] and Shajaratun et al. [41]. Additionally, a new peak corre
sponding to the crystallization of the NiO at 2θ = 47.58◦ (JCPDS: 
01–042–1300) was observed, distinguishing it from the CD catalyst.

The compositions of synthesized CD and NiO–CD catalysts are 
shown in Fig. 2(A). According to the XRF measurement, CaO was the 
major component formed upon decomposition of the CD catalyst, which 
accounts for 69.3% of the total mass. MgO was the second most abun
dant component, accounting for 30.2% of the total mass. The trace 
amount of Fe2O3 (0.5%) may have come from raw material impurities or 
contamination during the analysis. At high-temperature thermal acti
vation (>700 ◦C), an anhydrous carbonate mineral known as dolomite 
(CaMg(CO3)2), composed of calcium magnesium carbonate, was 
completely decomposed to CaO and MgO [42]. Because of its alkalinity, 
CaO has the potential as a CO2 capture absorbent and performs well on 
cracking heavy compounds into light oxygenated compounds [43,44]. 
In different studies, CaO assists in deoxygenation and deacidification 
reactions, reducing the acid value of the pyrolysis oil and favoring the 
production of biofuel-based hydrocarbons [45–47]. Through aldol 
condensation and ketonization reactions, MgO catalysts can also effec
tively decrease the oxygenated content of the produced pyrolysis oil 
[48]. The XRF analysis of nickel-modified calcined dolomite (NiO–CD) 
catalysts revealed that major CaO (74.6%) and MgO (20.9%) compo
nents were found, too, with a trace amount of NiO (4.1%) and Fe2O3 
(0.4%). Since 5 wt.% of nickel (II) nitrate was initially used in the re
action, the resulting 4.1% NiO shows successful dispersion of nickel onto 
the calcined dolomite catalyst. The small addition of nickel oxide, NiO 
can effectively enhance the quality of pyrolysis oil produced by lowering 
the C–C degradation energy and therefore boosting the reaction of 
chain scission [49]. Furthermore, the cracking of C–H bonds naturally 
requires a significant amount of energy; improvements in catalytic 
technology [50] and process optimization may lessen these energy re
quirements, which might lower the running costs of producing green 
diesel.

CO2-TPD analysis was used to characterize the basic properties of the 
catalyst as well as the CO2 desorption behavior on the synthesized 
dolomite catalyst surface. The profile of CO2 desorption and the resul
tant basicity data are illustrated in Fig. 2(B). Based on Fig. 2(B), both 
catalysts exhibited strong basicity, which can be denoted by the 

appearance of desorption peaks at high-temperature regions, 722 ◦C for 
CD and 822 ◦C for the modified catalyst. In addition, a weak peak can be 
observed at 546 ◦C for the NiO–CD catalyst graph pattern, with a cor
responding amount of CO2 desorbed of approximately 2.75×1020 atoms 
per gram. These sites exhibit a lower binding energy for CO₂, indicating 
that the CO₂ molecules are less strongly attached and desorb at lower 
temperatures. According to Rahman et al. [51], the strength of CO2 
desorption peak-derived temperature was classified as low (250 ◦C), 
medium (250 to 500 ◦C) and high (>500 ◦C). Based on the basicity data, 
the modified NiO–CD catalyst exhibited slightly higher basicity than 
the CD catalyst with 4.40×1021 atom/g compared to 1.73×1021 atom/g, 
which was attributed to the basicity properties of alkaline earth dolo
mite, CaO–MgO.

Fig. 2(D) shows the increased surface area of the synthesized 
NiO–CD catalyst did not impede or hinder CO2 accessibility to basic 
sites on dolomite. According to the theory, the inclusion of NiO species 
enhances the presence of acidic sites in the catalyst system. However, 
this study found evidence that contradicts this assertion. The inclusion 
of NiO has the potential to modify the surface morphology of the 
dolomite catalyst. Modifications in the surface morphology can impact 
the distribution and intensity of acidic sites. Besides that, NiO can 
function as either an electron donor or acceptor, hence influencing the 
electron density within the dolomite catalyst. The variation in electron 
density can impact the acid-base characteristics of dolomite, resulting in 
a decrease in the quantity and strength of acidic sites of NiO–CD 
catalyst. As reported by Shamsuddin et al. [52], the addition of NiO 
species to a dolomite support catalyst will result in the synthesis of the 
catalyst with bifunctional acid-base properties based on TPD-CO2 and 
TPD-NH3 analysis. The addition of NiO promotes both strong acid and 
basic sites in the catalyst system based on NH3 and CO2 desorption re
sults. According to the previous study [53], despite the fact that NiO 
species presence on the surface of the dolomite support catalyst system 
will induce strong acidic sites, the modified dolomite catalyst out
performs the calcined dolomite catalyst in terms of base properties. The 
high percentage dispersion of NiO onto dolomite catalyst resulted in the 
synergistic effect of NiO–CaO/MgO creating catalysts with 
bi-functional acid-base properties. This property would allow the cata
lyst to remove oxygenated species in the production of waste cooking 
oil-based green diesel via cracking and deoxygenation routes [54].

Fig. 2(C) compares CD and NiO–CD catalyst morphologies using 
SEM and TEM upon thermal activation at 900 ◦C. Based on Fig. 2(C1), 
smaller uniform-size aggregated round-shaped and finer particles were 
discovered in the SEM image of the CD catalyst. It proves that Malaysian 
dolomite catalyst, CaMg(CO3)2 in the form of double carbonate of cal
cium and magnesium was successfully decomposed to the single metal 
oxide of CaO and MgO due to the segregation of the individual grain 
observed in the SEM image of CD catalyst under this temperature of 
thermal activation. The clear view formation of single metal oxide, CaO 
and MgO can be observed through a TEM image of a CD catalyst (Fig. 2
(C2)) with a cuboid-shaped CaO structure and scattered aggregate or 
circular-shaped MgO particles that agglomerate near the CaO edges. 
This discovery was similarly reported by Wang et al. [55], TEM image of 
the Calcined Dolomite catalyst showed that the blocks appear to consist 
of CaO as the major component, whereas the small uniform spherical 
particles with 200 nm of diameter are mostly MgO. According to Hart
man et al. [56] and Wang et al. [57], MgO particles have a greater sur
face area than CaO particles after calcination due to differences in 
sintering rates and thermal decomposition kinetics. It has been 
demonstrated that CaO particles are generally larger than MgO particles 

Σ Area of oxygenated compound (SO) − Σ Area of oxygenated compound (PO)

Σ Area of oxygenated compound of SO
x 100% (5) 
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following calcination, mostly because of variations in their thermal 
breakdown behavior. Based on the SEM image of the NiO–CD catalyst 
in Fig. 2(C3), a low degree of agglomeration with rough grain segre
gation morphology was observed due to the nickel metal was success
fully dispersed onto the dolomite catalyst surface. According to the 
study conducted by Hafriz et al. [33], metal incorporation into the 
CMD900 catalyst interstitial regions was aided by the liquid-liquid 

blending (precipitation technique) of the CMD900 catalyst solution 
and metal precursor solution. Furthermore, the successful dispersion of 
NiO has a significant impact on the CD catalyst morphology, trans
forming it from a cuboid-circular shape to a spherical structure, as seen 
in the TEM image of the NiO–CD catalyst in Fig. 2(C4). Under this 
higher magnification of TEM, the different orientations can be observed 
due to the interaction of multiple phases or particles such as the 

Fig. 2. Physicochemical properties and morphology of the synthesized dolomite catalyst.
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Fig. 2. (continued).
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NiO–CaO phase with the unidentified poorly crystalline CaO-MgO 
phase.

The BET analysis on the synthesized catalysts is tabulated in Fig. 2 
(D). The surface area of the CD and modified NiO–CD catalyst are 12.0 
and 18.2 m2/g, respectively. The result indicating the surface area in
crease suggests the successful doping of NiO particles on the CD catalyst. 
Adding NiO particles creates a more active site for chemical reactions 
and improves thermal stabilization. The pore volume data shows a slight 
decrease from 0.24 cm3/g of synthesized CD catalyst to 0.22 cm3/g of 
modified NiO–CD catalyst. This could be due to the aggregation of NiO 
particles, which causes a pore blockage effect on the support CD catalyst. 
The average pore diameter for the CD catalyst was 63.1 nm, while the 
nickel-modified catalyst exhibited a smaller pore diameter of 48.2 nm. 
The reduction in pore diameter could be attributed to pore constriction, 
which results from the doping of NiO particles. The data on the porosity 
suggest the improvement in the dolomite structure from a macroporous 
structure (pore diameter >50 nm) to a mesoporous structure (pore 
diameter between 2 and 50 nm). This structure improvement will pro
vide additional deoxygenation pathways to yield more hydrocarbon 
compounds and reduce oxygenated compounds in green diesel.

Fig. 2(D) displays the N2 adsorption-desorption isotherms of the 
synthesized CD and NiO–CD catalysts. The N2 adsorption-desorption 
isotherms of the CD catalyst exhibited type III isotherms with type 3 
hysteresis (H3). The macroporous adsorbent exhibited type III iso
therms, indicating extremely weak interactions between the adsorbate 
and adsorbent. H3 hysteresis is observed in relation to the formation of 
slit-like pores by loose assemblages of platelike particles. Conversely, 
the NiO–CD catalyst exhibits type IV isotherms with type II hysteresis 
(H2), which is consistent with the IUPAC classification. Type IV iso
therms indicate the presence of a mesoporous adsorbent, and the 
adsorption process on mesoporous substances involves the formation of 
several layers of adsorbate followed by capillary condensation. Toncón - 
Leal et al. [58] state that the scanning hysteresis loop offers insights on 
the relationship between the pore network, its connectivity, and the 
distribution of pore sizes in mesoporous materials. Within a relative 
pressure range of 0.84 to 1.00, the isotherms for both catalysts displayed 
the characteristic hysteresis loops commonly observed in mesoporous 
materials.

3.2. Effect of operating temperature

3.2.1. Product distribution using mass balance
The effect of catalytic deoxygenation (deCOx) of SO using the syn

thesized NiO–CD catalyst on the conversion is tabulated in Table 3.
The reactions were conducted at varied temperatures with constant 

catalyst loading (5 wt.%) for 30 min with a nitrogen gas flow rate of 150 
cm3/min. The conversions of SO (sum of liquid and estimation of gas 
produced) and product distribution were calculated based on weight 
percentage (wt.%). The findings indicate that the temperature of the 
deCOx reaction had a significant impact on conversion, with the highest 
conversion of 97.17% achieved at 450 ◦C operating temperature. The 

increase in temperature also has a significant impact on the formation of 
coke. These results show that catalytic deCOx favours high-temperature 
conditions to produce a high yield of green diesel and reduce the by- 
product formation such as coke. The finding is consistent with past 
studies conducted by Tamunaidu and Bhatia, [5] and Hafriz et al. [53]. 
The increasing of deCOx reaction temperature has a minor effect on the 
reduction of soap formation, but no substantial change in acid phase 
formation is seen. At higher temperatures, the thermal decomposition 
reactions of the SO become more extensive, leading to the formation of 
smaller and more volatile molecules. These smaller molecules can then 
condense into a liquid phase to form green diesel. Therefore, increasing 
deCOx temperature can promote green diesel formation and increase its 
yield with the additional function of base NiO–CD as a deCOx catalyst. 
Ranizang et al. [4] found that catalytic pyrolysis of fuel oil blended stock 
(FOBS) with metal oxide catalysts such as MgO, CaO, Na2CO3 and Fe2O3 
produces a high yield of pyrolysis oil in the hydrocarbon range of 
C12–C22. The deactivation of the catalyst was due to the coke formation 
presence on the catalyst surface which is it can obstruct the active sites 
of the catalyst and prevent the reaction from taking place [59]. Ac
cording to Shafihi et al. [60], in catalytic deoxygenation of waste 
cooking oil using SO42− -Fe2O3/Al2O3 catalyst, coke formation/carbon 
deposition occurs via two solid phase reactions: triglyceride condensa
tion (Eq. (6)) or aromatic hydrocarbon polymerization (Eq. (7)). 

Condensation : Triglyceride (WCO) → Coke
/
Carbon(s) (6) 

Polymerization : Cn − Hn (Aromatics)→ Coke
/
Carbon(s) (7) 

Fig. 3 depicts the green diesel produced at various operating tem
peratures. The green diesel appears to be darker at higher reaction 
temperatures, this is most likely due to thermal degradation products 
forming and could be due to high formation of ketones and aromatic 
compounds (green diesel at 450 ◦C). Therefore, controlling the catalytic 
deCOx conditions and feedstock quality is important for producing high- 
quality green diesel with desirable properties. As reported by Zikri et al. 
[61], more blackish colours and odours of liquid products have been 
produced at high reaction temperatures resulting in hydrocarbon for
mation from aromatic compounds and carbon deposits (coke).

3.2.2. Chemical composition of green diesel
Fig. 4 illustrates the effect of deCOx reaction temperature on hy

drocarbon, oxygenated compound and oxygen removal percentages. 
There is a definite pattern of increasing hydrocarbon percentage as 
temperature increases from 370 ◦C to 420 ◦C, with a slight reduction at 
450 ◦C.

A similar pattern is seen in oxygen removal percentage, with the 
highest percentage being 83.5% at 420 ◦C. In the study conducted by 
Asikin Mijan et al. [62] to maintain the quality of the final product of 
pyrolysis oil, the improvement of the deCOx pathway could be achieved 
due to the catalyst’s performance and ability to efficiently remove ox
ygen content while minimising carbon loss. According to research con
ducted by Asikin Mijan et al. [62] and Hafriz et al. [63], it was concluded 
that dehydration (Eq. (8)) and cracking reaction (Eqs. (9) & (10)) 
facilitated due to acidic sites present during the catalysis process. In 
contrast, basic sites mostly promoted deCOx pathways (Eqs. (11) & (12)) 
while also partially eliminating oxygen from the triglyceride 
simultaneously.

Dehydration; 

R − COOH→ RCO + H2O (8) 

Decarboxylation; 

Rx − COOH→Rx− 1H + RxCOOH (9) 

Rx − Ry→Rx = CH + Ry = CH (10) 

Decarboxylation; 

Table 3 
The product distribution of catalytic pyrolysis of SO using different operating 
temperatures (5 wt.% of NiO–CD catalyst, 150 cm3/min of flow nitrogen gas, 30 
min reaction time).

Product Distribution 
(wt.%)

350 
◦C

370 
◦C

380 
◦C

400 
◦C

420 
◦C

450 
◦C

Conversion of 
Soybean Oil, Σ (aþb)

38.50 35.83 50.80 55.02 75.41 97.17

Liquid Producta 24.82 23.63 35.37 38.08 47.13 61.06
• Green diesel 22.48 21.06 33.07 36.24 44.86 58.70
• acid phase 1.32 1.36 1.45 1.03 1.47 1.58
• soap 1.02 1.21 0.85 0.81 0.80 0.78
Gas Productb 13.68 12.20 15.43 16.94 28.28 36.11
Coke 61.50 64.17 49.20 44.98 24.59 2.83

R.S.R.M. Hafriz et al.                                                                                                                                                                                                                          Journal of the Taiwan Institute of Chemical Engineers 165 (2024) 105700 

8 



R − COOH→Cn − H2n+2(Alkanes) + CO2 (11) 

Decarbonylation; 

R − COOH→Cn − H2n (Alkenes) + CO + H2O(acid phase) (12) 

As mentioned previously, a slightly lower percentage of hydrocarbon 
(78%) was found at a 450 ◦C reaction temperature compared to 420 ◦C. 
The increase in the percentage of oxygenated compounds was most 
likely due to the catalyst’s decreased cracking activity. This finding was 
consistent with a recent work [53], which shows a decreased hydro
carbon oil yield with the oxygenated compound increase at a reaction 
temperature of 430 ◦C. In addition, at higher temperatures, the 
decomposition reactions of the organic compounds become more com
plex and can involve radical intermediates that react with oxygen 

present in the system. Specifically, at high temperatures, the 
oxygen-containing functional groups in soybean oil can undergo thermal 
decomposition, forming reactive intermediates such as carbonyl and 
carboxyl radicals. These radicals then can react with molecular oxygen 
present in the deoxygenation process system, forming additional 
oxygenated or undesirable compounds. According to prior research, the 
presence of oxygen in various aliphatic and aromatic oxygenates will 
affect the quality of the green diesel. In a study by Jenkins et al. [64], 
oxygenated compounds have a lower energy density than hydrocarbons, 
meaning they deliver less energy per unit of volume or mass. As a result, 
they are less efficient as fuels. Therefore, the total oxygenated com
pounds in green diesel must be reduced to improve their stability and 
reduce the risk of corrosion in fuel systems.

The composition of the oxygenated compound was further analysed 
and the profile is tabulated in Table 4. It is important to balance the 
presence of oxygenated compounds in green fuel and to carefully control 
the concentration of these compounds in order to optimize green fuel 
performance and minimize negative effects. Based on Table 4, 
increasing the deCOx reaction temperature can lead to decreased pro
duction of oxygenated compounds during green diesel production via 
catalytic deCOx of SO. However, at 450 ◦C, the amount of oxygenated 
compound was increased to 22.0%.

This might be due to the decomposition reactions of the organic 
compounds (in SO) at high temperatures becoming more complex and 
leading to the formation of reactive intermediates such as carbonyl and 

Fig. 3. Colour of produced green fuel at various operating temperatures.

Fig. 4. The composition of green diesel under different temperatures applied.

Table 4 
Composition profile of oxygenated compound in green diesel.

Product 
Distribution (%)

350 
◦C

370 
◦C

380 
◦C

400 
◦C

420 
◦C

450 
◦C

Total Oxygenated 
Product

46.55 48.52 29.71 23.05 16.49 22.00

• Esters 1.64 0.50 0.00 0.54 0.28 2.24
• Carboxylic Acid 31.51 35.24 17.08 11.11 4.64 0.42
• Ketone 1.12 1.42 2.62 5.12 4.84 13.32
• Alcohol 9.89 8.86 5.11 3.52 4.79 5.64
• Others 2.39 2.50 4.90 2.76 1.94 0.38
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carboxyl radicals. The involvement of these radical intermediates that 
react with oxygen molecules leads to the formation of additional 
oxygenated compounds present in the reaction system. A similar finding 
had been reported by Hafriz et al. [53] and Ali et al. [25]; the researchers 
found that the deoxygenation activity was retarded at high reaction 
temperatures due to the increment of the oxygenated compound at 430 
◦C and 450 ◦C, respectively. Table 4 shows that increasing the reaction 
temperature decreases the carboxylic acid and alcohol content in green 
diesel while marginally increasing ketone formation. This is most likely 
because higher temperatures promote more extensive cracking and 
isomerization of the hydrocarbon feedstocks, forming a wider range of 
molecular species, including ketones. High quantities of oxygenated 
compounds are undesirable since they result in high acid value, fuel 
corrosion, and an increase in cloud and pour points [25].

The composition of hydrocarbon observed in the green diesel at 
various deCOx reaction temperatures consists primarily of straight al
kanes and alkenes, as presented in Table 7. Because hydrocarbons have a 
higher energy density than other molecules found in renewable diesel, 
such as oxygenates or nitrogen compounds, raising their concentration 
in green diesel can have various benefits. The increase in straight alkane 
formation occurred after the release of the CO2 group from the soybean 
oil via decarboxylation reaction (Eq. (11)) and oligomerization of light 
alkenes during carboxylic acid deoxygenation (deCOx). Meanwhile, 
decarbonylation, as described in Eq. (12), was used to create alkenes by 
removing carbon monoxide, CO, and water, H2O molecules. The in
crease in reaction temperature at optimum conditions will increase 

deCOx activity through the increase of alkanes and alkenes composition 
in green diesel. The temperature of the reaction also determines the 
reaction pathway assigned by the process selectivity [65–67].

The product selectivity based on the carbon number measured with 
GC–MS is shown in Fig. 5(A). The green diesel contains a variety of 
carbon numbers ranging from C8 to C18, with a minimum number of 
hydrocarbons ranging from C19 to C24. The majority of product yielded 
using NiO–CD catalyst was C17>C15>C11 (350 and 370 ◦C), 
C15>C17>C13 (380 and 400 ◦C), C16>C17>C9 (420 ◦C) and C16>C17>C13 
(450 ◦C). The formation of hydrocarbon with low-range carbon numbers 
of C17 and C15 could be due to further secondary thermal cracking 
leading to a shorter chain of hydrocarbon after the deoxygenation re
action. Besides that, decomposition reactions of the organic compounds 
become more complex at high temperatures resulting in the high for
mation of C16 at temperatures of 420 ◦C and 450 ◦C. In high-temperature 
conditions, cracking and recombination reactions can occur simulta
neously, resulting in a complex combination of products. The inclusion 
of a NiO–CD catalyst can additionally impact these processes by 
modifying the activation energy and selectivity of specific pathways. 
Besides that, temperature controls the breakdown process of the hy
drocarbon molecules and alters the amount of product selectivity. In 
addition, the synthesized NiO–CD catalyst played an important role in 
manipulating the deCOx and cracking pathway. NiO–CD catalyst 
rendered mesoporous structure and synergistic effects of bi-functional 
NiO–CaO/MgO (acid-base) properties which are preferred by the 
deCOx pathway in the catalytic deCOx process.

Fig. 5: A). Product selectivity based on carbon number and B) Classification of liquid product under different operating temperatures.
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In Fig. 5(B) the liquid hydrocarbons are further classified into gas
oline (C8–C12), diesel (C8–C24), and kerosene (alkanes, cycloalkanes, 
and aromatic compounds with C8–C24 hydrocarbon numbers) range. It 
can be seen that the green diesel contains primarily diesel at all tem
peratures, with the maximum percentage recorded between 420 and 
450 ◦C. At high deCOx reaction temperatures, aggressive C–C scission 
occurred more easily than C–O scission, non-volatile C8–C12 light 
fractions were selectively produced and indicating that the NiO–CD 
catalyst catalyzed the simultaneous cracking- deCOx reaction. Accord
ing to Pal et al. [3], due to the C–C bonds breaking and aromatic hy
drocarbon formation, the lower temperature range will produce a long 
chain of hydrocarbon, whereas the higher temperature range will pro
duce a short chain of carbon. It can be concluded that the best operating 
temperature for a deCOx reaction using a NiO–CD catalyst is 420 ◦C. 
This deCOx reaction temperature was selected based on the yield of 
green diesel (47.13 wt.%), hydrocarbon composition (83.51%), and the 
color of green diesel produced.

3.3. Effect of the flow of nitrogen gas

3.3.1. Product distribution using mass balance
The effect of different nitrogen gas flow rates on catalytic deCOx of a 

modified NiO–CD catalyst was investigated at a constant reaction 
temperature of 420 ◦C for 30 min. The calculated product distribution 
and conversions are presented in Table 5.

The results show increased conversion and yield of liquid products as 
the nitrogen flow increases. Nevertheless, raising the N2 flow rate above 
150 cm3/min has negligible effects since the reactant’s reaction time 
within the catalyst is limited due to a shortened residence time. In 
addition, a system may encounter a mass transfer constraint when the 
active sites become saturated and increasing the flow of N2 does not 
result in a meaningful improvement in conversion. The highest con
version and yield of 79.3% and 52%, respectively, were observed when 

using a 350 cm3/min flow of nitrogen. During the deCOx process, ni
trogen gas will act as a carrier gas, assisting in maintaining a low-oxygen 
atmosphere and can condense any vapor quickly and easily. The in
crease in the nitrogen flow however increases the soap formation and 
acid phase too. The use of a base NiO–CD catalyst promotes the hy
drolysis of the triglycerides into their component fatty acids and glyc
erol, which then react with the base catalyst to form soap [68]. The soap 
formation can be observed through the gas outlet at reaction tempera
tures of 200 – 250 ◦C could be due to the cooling effect of nitrogen gas. 
The hydrolysis of triglycerides requires the presence of water, which can 
be provided by the reaction itself (i.e., water (acid phase) is a by-product 
of the reaction) as mentioned in Eq. 12. The base catalyst or support 
catalyst, CaO/MgO provides the necessary alkaline conditions to pro
mote the hydrolysis reaction and the subsequent saponification of the 
fatty acids. It is worth noting that soap formation is not always desired in 
the catalytic deCOx of triglycerides, as it can decrease the yield of green 
fuel products. Therefore, the modification of the catalyst and optimal 
reaction conditions must be carefully synthesized and optimized 
respectively, in order to maximize the yield of desired products and 
minimize other by-products such as soap formation, acid phase and 
coke. Coke formation can lead to the deactivation of the NiO–CD 
catalyst and reduce the efficiency of the process. According to Fig. 6, the 
oil produced was a dark brown colour, which might be attributed to the 
presence of aromatic and ketones, which are formed during the pyrolysis 
process. Based on Zhang et al. [69] and Lee et al. [70], the chemical 
composition of pyrolytic oils, which includes the presence of ketones 
and aromatic compounds, is determined by the nature of the feedstock 
and the specific conditions of the pyrolysis process, such as temperature 
and heating rate. Aside from the presence of these two compounds, other 
contaminants such as coke and water can contribute to the dark colour 
too. These contaminants can also have an effect on the green diesel 
properties such as stability, cetane number, and viscosity.

3.3.2. Chemical composition of green diesel
The green diesel was further evaluated for its composition and the 

results are shown in Fig. 7. The findings appear to contradict those on 
conversion and yield.

There is a decreasing trend of hydrocarbon percentage as the 
increasing of nitrogen flow rate in deCOx reaction. The finding suggests 
that the increasing nitrogen flow rate in catalytic deCOx could reduce 
the contact time between oil and the synthesized catalyst, which can 
affect the yield and selectivity of hydrocarbon produced. Despite the 
decreasing trend observed, the percentage of hydrocarbon remains 
higher than 80% for all flows. A higher oxygenated compound was 
observed at a higher flow rate. This is because the soybean oil was not 
totally cracked and catalyzed to produce more hydrocarbon compounds 

Table 5 
The product distribution of catalytic pyrolysis of soybean oil at various nitrogen 
gas flows. (5 wt.% of NiO–CD catalyst, 420 ◦C reaction temperature & 30 min 
reaction time).

Nitrogen flowrate (cm3/min) 50 150 250 350

Conversion of Soybean Oil, Σ (aþb) 63.66 75.41 79.00 79.33
Liquid Producta 44.06 47.13 54.67 55.33
• Green diesel 41.80 44.86 51.93 52.00
• acid phase 1.31 1.47 1.36 1.76
• soap 0.95 0.80 1.38 1.57
Gas Productb 19.60 28.28 24.33 24.00
Coke 36.34 24.59 21.00 20.67

Fig. 6. The green diesel generated at different flows of nitrogen gas.
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due to the high purging of nitrogen gas in the deCOx reaction. In addi
tion, a high flow rate of nitrogen gas can also reduce the contact time 
between the SO and NiO–CD catalyst, which can affect the selectivity of 
the liquid product and lead to changes in the chemical composition of 
the final product, green fuel. However, the hydrocarbon compound 
produced was >80% for a different flow rate of nitrogen gas set-up. The 
percentage of removal oxygenated compound was increased in the order 
of 50 cm3/min > 250 cm3/min > 150 cm3/min > 350 cm3/min. The 
result showed that under different nitrogen flow rates, they were 
capable of affecting the hydrocarbon yield and improving the perfor
mance of catalytic activity to remove the oxygenated compound of green 
fuel produced.

As tabulated in Table 6, the oxygenated compounds consist of esters, 
carboxylic acid, ketone, alcohol and other by-products. This is most 
likely due to nitrogen’s cooling effect, which could lower the overall 
temperature of the reaction. As a result, there were fewer hydrocarbons 
and more oxygenated molecules formed. The high formation of ketone 
compound might be due to the high purging of nitrogen gas and the 
presence of base NiO–CD catalyst in catalytic deCOx of SO. Ketones can 
be intermediate compounds in the production of green fuel which can be 
produced during the first step of the process before going further 

converted into hydrocarbons through the use of in situ hydrogenation. 
Hydrogenation involves the addition of hydrogen to the ketones, which 
results in the formation of alcohols. The alcohols can then be dehydrated 
to form alkenes, which can be further hydrogenated to form the final 
diesel-like fuel. However, as reported by Chen et al. [71], the ketone 
compound is a compound that is directly produced from the ketoniza
tion of carboxylate species and gives rise to heavy products since the 
NiO–Fe2O3/MWCNT catalyst consists of strong basic sites. Based on 
Donnelly et al. [72], the presence of ketone compounds in biofuel has a 
positive effect on fuel properties. When biofuel consisting of 20% ketone 
compound was blended with jet A1, all fuel molecules produced sup
pressed the melting point below that of pure jet A-1. The amount of 
carboxylic acid produced was very low except at 150 cm3/min of ni
trogen gas flow. The carboxylic acid present will affect the acid value of 
the green fuel produced

A higher nitrogen flow rate can increase the velocity of the feedstock 
through the reactor, which can decrease the residence time and result in 
incomplete deCOx [73,74]. This effect has been observed clearly in 
decreasing hydrocarbon compounds with the increasing flow rate of 
Nitrogen gas, as summarised in Table 7. Based on Table 7, alkenes and 
alkanes compound with carbon number C8–C24 were the most pre
dominant with a concentration of 61–72%. The predominant alkenes 
compound in green fuel had shown that the decarbonylation reaction 
was the main promoting deCOx reaction pathway of SO using NiO–CD 
catalyst. However, it was contradicted as reported by Si et al. [75], who 
found that the basic sites play a major role in promoting decarboxylation 
reaction by retarding coke formation via a decrease in the deactivation 
rate of acidic catalysts.

The increasing formation of aromatic can be observed in Table 7. The 
formation of aromatic compounds can decrease the stability of green 
diesel by contributing to the formation of gums and other deposits, 
which can clog fuel filters and cause engine damage over time. There
fore, optimizing the nitrogen flow rate is an important factor in pro
ducing high-quality green diesel via deCOx. Nitrogen is often used 
during deCOx to create an inert atmosphere, which can help prevent 
unwanted side reactions and maintain the stability of the reaction 
environment. However, if the nitrogen flow rate is too high, it can 
reduce the concentration of in-situ hydrogen in the reactor, which may 
increase the aromatic compounds produced. The presence of in-situ 
hydrogen could contribute to the successful precipitation of Ni onto 
dolomite catalyst in catalytic deCOx reaction. A reduction of in-situ 
hydrogen concentration due to a high nitrogen flow rate could shift 
the reaction pathway towards the formation of aromatics. As reported 
by Huo et al. [76] and Collard et al. [77], nickel impregnation catalyzes 

Fig. 7. The composition of green diesel under the different flows of nitrogen gas.

Table 6 
Composition profile of oxygenated compound in green diesel.

Product Distribution (%) 50 150 250 350

Total Oxygenated Product 11.37 16.49 15.47 19.03
• Esters 0.23 0.28 0.66 0.48
• Carboxylic Acid 0.00 4.64 0.00 0.55
• Ketone 5.36 4.84 6.58 8.14
• Alcohol 3.53 4.79 7.96 8.46
• Others 2.25 1.94 0.27 1.40

Table 7 
Composition profile of hydrocarbon compound in green diesel.

Product Distribution (%) 50 150 250 350

Total Hydrocarbon Product 88.63 83.51 84.53 80.97
• Alkane 28.58 25.27 25.97 25.46
• Cycloalkane 5.49 3.57 4.94 4.68
• Alkene 42.77 43.41 43.94 35.96
• Cycloalkene 3.58 2.23 3.81 3.64
• Diene 0.86 3.55 1.26 3.49
• Alkyne 4.04 2.89 1.93 3.98
• Aromatic 3.31 2.59 2.68 3.76
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dehydration and decarboxylation reactions and promotes aromatic ring 
rearrangement, resulting in a high hydrogen yield. Besides that, the 
presence of nitrogen can also affect reaction kinetics, potentially 
resulting in changes in reaction product selectivity. Therefore, it is 
important to optimize the nitrogen flow rate during deCOx to balance 
the need for a stable reaction environment with the potential for un
wanted side reactions.

The effect of nitrogen flow rate on product selectivity in the pro
duction of green diesel is largely dependent on the specific reaction 
conditions and catalyst used. In general, higher nitrogen flow rates tend 
to improve the selectivity and yield of green fuel by preventing coke 
formation and reducing the amount of undesirable by-products. How
ever, excessively high nitrogen flow rates can also decrease the reaction 
rate and conversion efficiency, resulting in a decrease in hydrocarbon 
compounds as shown in Table 7. The decrease in hydrocarbon com
pound will affect the distribution of the desired product with a range of 
hydrocarbon carbon numbers C8–C24. The predominant hydrocarbon 
carbon number of the yielded product under different nitrogen gas flow 
rates shown in Fig. 8(A) was C17 and C15 due to decarbonylation and 
decarboxylation of C16 and C18 fatty acids. However, catalytic deCOx 
reaction under a nitrogen flow rate of 150 cm3/min was predominantly 
by hydrocarbon with a carbon number of 16 (C16) and this could be due 
to further C–C cracking of hydrocarbon, C17. Besides that, the small 
content of the short chain of C8–C9 (6.97–9.79%) and a long chain of 

C19–C24 (3.59–5.96%) has been observed in the deCOx profile as shown 
in Fig. 8(A). The short hydrocarbon of C8–C9 was possibly generated via 
auto-thermal cracking of C17 at high reaction temperatures, while the 
formation hydrocarbon of C19–C24 was generated due to the secondary 
side reaction of the oligomerization reaction. Oligomerization reactions 
involve contacting the short-chain alkenes with a NiO–CD catalyst in 
order to produce a longer-chain molecule, C19–C24 via the polymeri
zation process.

In Fig. 8(B), the liquid hydrocarbons are further classified into gas
oline, diesel, and kerosene-like fuel. It can be seen that green diesel 
contains primarily diesel at all temperatures, with the maximum per
centage recorded at 50 cm3/min of nitrogen flow. It can be observed that 
a low nitrogen flow rate will produce high diesel selectivity because of 
the increase in contact time between the SO feedstock and NiO–CD 
catalyst. Indeed, the excessive active site and mesoporous structure of 
the bi-functional acid-base catalyst, NiO–CD, particularly on the acidic 
site, will promote deoxygenated product cracking and yield a rich light 
fraction of gasoline. The flow rate of nitrogen gas has no significant 
effect on the gasoline and kerosene selectivity. The study on the pro
duction of SO-based green diesel via catalytic deCOx using NiO–CD 
catalyst at the different flows of nitrogen was successfully investigated. 
The best flow rate of nitrogen gas in catalytic deCOx of SO using 
NiO–CD catalyst is 50 cm3/min. This flow rate was selected based on 
the high formation of hydrocarbon composition (88.63%) and also the 

Fig. 8: A). Product selectivity based on carbon number and B) Classification of the liquid product under different nitrogen flow rates.
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high yield of green diesel products produced (41.80 wt.%).

3.3.3. Comparison of previous studies
Table 8 compares the studies on previous research and different 

catalysts in catalytic deCOx of soybean oil under purging of N2 or 
oxygen-free environment. The catalyst presence and reaction parame
ters are affecting the yield and selectivity of hydrocarbon. As reported by 
GaO et al. [78], the maximum liquid condensate yield (76.0%) was 
obtained using a CaO catalyst at a pyrolysis temperature of 450 ◦C and 
0.62 g min− 1 feeding rate. The catalytic activity of this catalyst presents 
a good catalytic result over the zeolite catalyst used. Besides that, they 
found that the yield of liquid decreased with the increase of reaction 
temperature > 450 ◦C because of more violent reactions and the for
mation of secondary reactions. In the secondary reaction, the pyrolysis 
of soybean oil at a higher temperature was converted into a gas product 
and the enhancement of polymerization would reduce the yield of liquid 
fraction. The addition of CaO catalyst resulted in a significant change in 
product distribution, with selectivity towards high diesel-like fuel. Yu 
et al. [79] also demonstrated the best temperature reaction of catalytic 
deCOx under the flow of nitrogen gas at 450 ◦C. They discovered that 
Ni-Al-MCM-41 had the highest catalyst activity and good performance, 
yielding 57.9 wt.% of SO-based biofuel with 48.8% selectivity towards 
green diesel. The biofuel produced via catalytic pyrolysis with 
Ni-Al-MCM-41 catalyst was tested using China national (GB) standard 
methods, and the results showed that the biofuel produced has a good 
chance of serving as an alternative to traditional petroleum fuel. As 
mentioned by Emori et al. [80], the influence of gas purging was 

responsible for the increase of liquid compound yield and heavier hy
drocarbon formation in the catalytic pyrolysis of SO using a ZSM-5 
catalyst. The N2 flow produces more H2 gas in the production stream. 
However, they found out that, the selectivity towards green diesel is 
lower as compared to other studies stated in Table 8. As compared to the 
previous study under the purging of Nitrogen gas, the catalytic deoxy
genation of SO using a synthesized NiO–CD catalyst resulted in a lower 
green diesel yield. However, when compared to different types of cat
alysts used, the hydrocarbon yield and selectivity towards green diesel 
were the highest. Therefore, the study on optimal conditions such as 
temperature reaction and flow rate of gas using certain catalysts via 
catalytic deCOx reaction should be conducted to produce a high yield of 
SO-based green diesel and hydrocarbon.

3.3.4. Proposed reaction mechanisms of catalytic deCOx of soybean oil
Fig. 9 illustrates the proposed mechanism in catalytic deCOx of SO 

using NiO–CD catalyst. The proposed reaction pathway was established 
based on the identified fatty acid composition of the reactant and the 
hydrocarbon composition of the SO-based green diesel produced from 
the deCOx reaction via GC–MS analysis results. Table 1 shows that SO 
contains 40.1% oleic acid, 29.4% palmitic acid and 14.1% stearic acid 
which accounts for most of the fatty acids contained in the feedstock. 
This feedstock composition produced green diesel with a high percent
age of C15 and C17 hydrocarbons as observed in Figs. 5 and 8. This 
finding indicates that catalytic deCOx of SO with the presence of a 
synthesized NiO–CD catalyst promotes the formation of hydrocarbon 
derivatives in C15 and C17. As stated in Fig. 9, pathway 1 shows that oleic 

Table 8 
The comparison based on previous research and various catalysts in catalytic deCOx of SO under an oxygen-free environment.

No. Feedstock Catalyst Condition 
(Catalyst loading/ Temp/ time/ 
N2 flow rate)

Reactor type Green diesel 
(wt.%)

HCs* yield 
(%)

Green Diesel 
selectivity (%)

References

1. Soybean Oil CaO 10 wt.% / 450 ◦C / - / 1.45 ml/ 
min

continuous fixed 
bed 
reactor

76.0 48.30 40.10 [78]

2. Soybean Oil Ni-Al-MCM- 
41

1–3 wt.% / 450 ◦C / 4 h / - Tabular reactor 57.9 82.50 48.80 [79]

3. Crude Soybean 
Oil

ZSM-5 0.003 wt.% / 450 ◦C / 45 min/ 42 
ml/min

Micro fixed-bed 
reactor

– 27.83 1.03 [80]

4. Soybean Oil NiO–CD 5 wt.% / 420 ◦C / 30 min/ 50 
cm3/min

Distillation flask 
reactor

41.8 88.63 61.45 Present 
study

* HCs - Hydrocarbon.

Fig. 9. The proposed catalytic deoxygenation reaction mechanism of Soybean Oil using a synthesized NiO–CD catalyst.
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acid undergoes hydrogenation to produce steric acid as an intermediate 
product. The rich in-situ hydrogen is generated during the reaction via 
water gas shift (WGS), which promotes the breaking of oleic acid double 
bonds. Furthermore, the NiO–CD catalyst present will enhance the 
hydrogenation reaction by promoting the cleavage of carbon-oxygen 
bonds, which results in oxygen atoms removal from the SO molecules. 
The intermediate steric acid will be produced along with the existing 
steric acid in the feedstock and will be subjected to a deCOx reaction 
initiated by NiO and CaO active sites on the dolomite catalyst support. 
DeCOx reaction would remove CO2, CO and H2O from the stearic acid 
carbon chain through decarboxylation and decarbonylation (deCOx) 
reaction as suggested in pathways 2 and 3, resulting in the production of 
heptadecane (C17) and n-heptadecene (n-C17). Further series of C–C 
bond cleavage mild cracking of heptadecane and n-hepatdecene would 
produce pentadecane, n-pentadecene and lighter hydrocarbon of 
C8–C14 as shown in pathways 4, 5 and 6. This was in line with the 
investigation done by Smoljan et al. [81] and Septriana et al. [82] on 
catalytic deCOx of fatty acids using NiO catalyst. A similar decarbon
ylation pathway would occur in palmitic acid to generate pentadecane 
from the releasing of CO and H2O in pathway 7 while pathway 8 conveys 
the decarbolxylation route of palmitic acid to produce n-pentadecene. 
Further C–C cracking reaction of these C15 hydrocarbons at a mild 
condition would produce lighter hydrocarbon with a C8–C14 carbon 
range as illustrated in pathways 9 and 10. It can be concluded that these 
1–10 pathways proposed for the catalytic deCOx of SO using the syn
thesized NiO–CD catalyst favors the decarboxylation and decarbon
ylation reactions due to the composition starting materials of the 
feedstock and the green diesel produced in Table 1, 5 and 7.

3.3.5. Life cycle cost analysis (LCCA) of stepwise green diesel (GD) 
production

Table 9 presents a comparison of the life cycle cost analysis (LCCA) 
for stepwise Green Diesel (GD) production. This LCC analysis examines 
the cost of the catalyst employed in the catalytic deoxygenation of 
soybean oil (SO) to produce GD. The catalysts utilized in this comparison 
consist of commercial zeolite and NiO–CD catalysts. The cost of the 
catalyst has been determined for 10 cycles of reusability for commercial 
zeolite (RM 213.40/kg) and 5 cycles for NiO–CD (RM 6.80/kg). The 
incremental participation in different phases of the biofuel production 
process has been taken into account when calculating the LCCA. The 
estimate was derived from the expenses incurred in manufacturing 100 
kg of GD, which includes the net cost of materials, the associated pro
duction processes, and the overhead cost, with an additional 10% of the 
net cost. It also takes into account the cost of producing 1 kg of GD. 
Table 9 demonstrates that the feedstock cost accounted for the highest 
proportion, around 74.8%, of the overall cost of GD production using 
NiO–CD catalyst as compared to commercial zeolite catalyst (30.2%). 
Ong et al. [83] also discovered that the cost of the feedstock, crude palm 
oil (CPO), makes up 79% of the entire production cost of biodiesel. The 
feedstock quantity varied between these two catalyst types used as a 
result of the conversion efficiency of soybean oil (SO) into a 100 kg GD 
product. The cost of the catalyst was determined by the optimal catalyst 
loading conditions, which was 5% for the catalytic deoxygenation re
action. When comparing the costs of feedstock and material for different 
catalysts used, there is no substantial difference in cost. However, the 
introduction of a different catalyst in the catalytic deoxygenation pro
cess would lead to a wider cost differential, as shown in Table 9. It 
demonstrates how the cost of producing GD will depend on the catalyst’s 
pricing. It is feasible to determine the cost of making 1 kg of GD using 
various catalyst types by performing a step-by-step examination of GD 
production. The LCC analysis can estimate the cost of GD at RM 
10.42/kg using NiO–CD catalyst and RM 23.12/kg using commercial 
zeolite catalysts, depending on the type of catalyst used. Furthermore, it 
also does not take into account any taxes or government-imposed green 
electricity tariffs in Malaysia.

4. Conclusion

The catalytic deCOx of SO into green diesel has been successfully 
generated using a low-cost NiO–CD catalyst. The dispersion of nickel 
metal onto calcined dolomite catalyst not only provides a more active 
site to catalyze the reactant particles of SO but also improves their 
thermal stability and textural mesoporosity of the synthesized NiO–CD 
catalyst. In addition, the presence of NiO species promotes the formation 
of acidic sites on the surface dolomite support catalyst system, resulting 
in a synergistic effect of bi-functional acid-base properties of the syn
thesized NiO–CD catalyst. The one-factor-at-a-time (OFAT) method 
was used to investigate the effect of reaction temperature and nitrogen 
gas flow rate on the catalytic deCOx of SO using a synthesized NiO–CD 
catalyst. A series of experiments found that temperature and nitrogen 
flow rate had a significant impact on green diesel yield, hydrocarbon 
percentage, and chemical composition. The best operating temperature 
via deCOx reaction of SO using NiO–CD catalyst was 420 ◦C with the 
highest yield of green diesel produced (47.13 wt.%) with the highest 
hydrocarbon composition (83.51%). Meanwhile, the best flow rate of 
nitrogen gas used was 50 cm3/min. This flow rate was selected based on 
the high yield of green diesel produced (41.80 wt.%) with 88.63% hy
drocarbon composition at reaction temperature of 420 ◦C for 30 min of 
reaction time. Therefore, it is important to optimize the reaction tem
perature and flow rate of nitrogen during the deCOx process using a 

Table 9 
Comparison of LCCA of GD production using a heterogeneous catalyst, NiO–CD 
and commercial zeolite catalyst.

No. Stepwise Biofuel 
Production

Green Diesel 
Production using 
Commercial Zeolite

Green Diesel 
Production using 
NiO–CD

1. Cost of Soybean Oil (SO) 
for production of 100 kg 
GD (amount × SO cost 
per kg)

117.65 kg x RM 5.40/ 
kg = RM 635.31 (85% 
conversion to 100 kg 
of GD) 
Total: RM 635.31

142.86 kg x RM 5.40/ 
kg = RM 771.44 
(70% conversion to 
100 kg of GD) 
Total: RM 771.44

2. The catalyst amount 
estimated for the 
production of 100 kg of 
GD

5 wt.% of catalyst was 
used = 5.88 kg 
The cost of the catalyst 
used = 5.88 kg x RM 
213.40 = RM 1254.79 
Total: RM 1254.79

5 wt.% of catalyst 
was used = 7.143 kg 
The cost of the 
catalyst used = 7.143 
kg x RM 6.80 = RM 
48.57 
Total: RM 48.57

3. Industrial Nitrogen gas Cost of industrial 
nitrogen gas = RM 
4200.00/ 20 cycle =
RM 210.00 
Total: RM 210.00

Cost of industrial 
nitrogen gas = RM 
4200.00/ 20 cycle =
RM 210.00 
Total: RM 210.00

4. Cost of deoxygenation 
process involved in GD 
production

Utilities: Electricity 
1 h x 7 kW x RM 
0.1979* = RM 1.39 
Utilities: Water (6 h) 
0.1 m3 x RM 2.07**=
RM 0.207 
Total: RM 1.39 þ RM 
0.27 ¼ RM 1.66

Utilities: Electricity 
1 h x 7 kW x RM 
0.1979* = RM 1.39 
Utilities: Water (6 h) 
0.1 m3 x RM 2.07**=
RM 0.207 
Total: RM 1.39 þ
RM 0.27 ¼ RM 1.66

5. Net cost (Cost of SO +
Cost of catalyst + Cost of 
materials used + Cost of 
process involved in GD 
production)

RM 635.31 + RM 
1254.79 + RM 210 +
RM 1.66 = RM 
2101.76

RM 771.44 + RM 
48.57 + RM 210.00 +
RM 1.66 = RM 
1031.67

6. Overhead cost (10% of 
net cost)

RM 210.18 RM 10.32

7. The cost of producing 
100 kg of GD

RM 2101.76 + RM 
210.18 
= RM 2311.94

RM 1031.67 + RM 
10.32 
= RM 1041.99

8. The cost of producing 1 
kg of GD

RM 2311.94 / 100 =
RM 23.12

RM 1347.70 / 100 =
RM 10.42

* Electricity tariff provided by Tenaga Nasional Berhad (TNB) Malaysia 
excluded green electricity tariff by GOV Malaysia.

** Water tariff for Higher Learning Institutions (HLIs) provided by Air Selan
gor (State GOV of Selangor, Malaysia).
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catalyst to balance the need for a stable reaction environment without 
the presence of potential unwanted side reactions. The modified 
Malaysia dolomite, NiO–CD catalyst has the potential to reduce the 
overall cost of green diesel production as compared to commercial 
zeolite catalyst through LCC analysis of stepwise of catalyst preparation 
and green diesel production.
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