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Abstract
The high production costs associated with bio-hydrogenated diesel (BHD) have posed a major challenge.  
Considering this, the present research focused on the production of green solvents at lower pressures as a 
potential solution. Specifically, the synthesis of various catalysts, namely Ni/γ-Al2O3, Ni/C, NiMo/γ-Al2O3, 
NiMo/SiO2TiO2, and NiMo/C, was conducted to facilitate the hydrodeoxygenation reaction of methyl laurate  
into cyclohexane, leading to conversion into dodecane. The resulting green solvent was analyzed using  
GC-FID and GC-TCD techniques. Among the five catalysts tested, NiMo/C demonstrated superior performance, 
achieving a conversion rate of 64.61%, selectivity of 62.46%, and yield of 44.98%. The gas analysis conducted 
using GC-TCD revealed the production of carbon monoxide, methane, and carbon dioxide, aligning with the 
dodecane pathway theory. Further analysis of the NiMo/C catalyst was conducted using SEM, BET, and XRD 
techniques, while the Design of Expert program was used to identify more favorable conditions for dodecane 
production. Through this optimization process, significant improvements were achieved, resulting in a conversion 
rate of 98.26%, selectivity of 66.82%, and yield of 65.66% at 320 °C and 28 bar, with a reaction time of 6 h.
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1 Introduction

In the last decade, demand for petroleum-derived  
products has grown sharply [1]. However, concomitantly,  
there have been increasing concerns about energy  
supply and harmful environmental effects, such as 

climate change and air pollution [2], [3]. Bio-base 
products obtained from renewable sources have 
drawn considerable attention to developing clean and 
alternative sources [4]. Dodecane is a hydrocarbon 
compound mainly produced from petroleum It has 
various applications among which are as a fuel additive 
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and solvent and in the synthesis of specialty chemicals. 
However, it has a high cost and is a non-sustainable  
chemical [5]. The alternative to production of dodecane  
is deoxygenation of biomass feedstock, such as 
methyl laurate [6] and lauric acid [7], to produce  
paraffinic hydrocarbons through the reaction pathway  
of hydrodeoxygenation (HDO), decarbonylation 
(DCO), and decarboxylation (DCO2) [8] known as 
green solvent as shown in Equations (1)–(3).

R-CH2 -COOH + 3H2 → R-CH2 -CH3 + 2H2O (1) 

R-CH2 -COOH + H2 → R-CH3 + CO2  (2) 

R-CH2 -COOH + H2 → R-CH3 + CO + H2O  (3)

 Green solvents play a vital role in renewable 
diesel or biodiesel usage by providing environmentally  
friendly alternatives to conventional solvents.  
Nowadays, deoxygenation catalysts mainly include 
noble metals (such as palladium and platinum) 
[8]–[10] and non-noble metals (such as nickel and 
molybdenum) [11]–[13]. These catalysts can adsorb 
oxygenated compounds, facilitate the cleavage of 
carbon-oxygen bonds, and promote hydrogenation  
reactions, ultimately leading to the production of 
deoxygenated hydrocarbons [14]. Noble metals 
have demonstrated excellent catalytic activity in  
deoxygenation reactions [15]. For example, a Pd/C 
catalyst produced the highest catalytic performance on 
lauric acid deoxygenation with above 95% of selectivity  
of the desired products [7]. Similarly, for a Pt-metal 
catalyst, Kon et al. [16] studied the deoxygenation of 
lauric acid to n-dodecane which had a high yield of 
99%. Nevertheless, due to certain disadvantages, such 
as the high cost, especially in large-scale industrial  
applications, non-noble metal catalysts are favored 
due to their considerably lower cost compared to noble 
metal catalysts, without requiring major compromises 
in the levels of the desired outcomes. For example, 
a 10 wt.% Ni/γ-Al2O3 catalyst produced good HDO 
performance, with a methyl laurate conversion rate of 
91.1% at a reaction temperature of 400 °C and pressure  
of 20 bar, with the main products being decane,  
undecane, dodecane, dodecanol, and dodecanoic acid 
[17]. The deoxygenation of methyl laurate using a 
Ni/TiO2 catalyst reported activity with a conversion 
of 50% [18]. A bi-metal catalyst was used to improve 

the performance of this reaction, with the Ni-Mo/SiO2 
catalyst producing methyl laurate conversion of 75% 
and selectivity of dodecane and undecane of 75% [19]. 
Furthermore, a Ni-Mo/SiO2-TiO2 catalyst produced 
methyl laurate conversion of 100% and a dodecane 
yield of 96.3% [18].
 Several relevant variables can substantially 
influence the outcome of a deoxygenation reaction. 
Optimizing these variables is essential to achieve 
the desired product formation with both high yield 
and selectivity in deoxygenation reactions. RSM is a  
statistical method that uses the minimum of quantitative  
data and can assist in overcoming the constraints of 
any relationships between multivariate parameters and 
their responses Thus, RSM has been used to investigate  
the effects of the deoxygenation reaction, such as 
temperature, pressure, solvent, and reaction time 
[20]–[22]. CCD [23] and BBD [24] are widely 
used experimental approaches. BBD requires fewer  
experiments than CCD; however, CCD has a star 
point (± α) that can help to estimate the nonlinearity 
of responses [25]. Optimization is integral to achieving  
cost-effective production, through minimizing  
expenses while maximizing the yield. 
 This study investigated the effects of mono-metal 
and bi-metal catalysts supported on gamma alumina, 
carbon, and silicon dioxide-titanium dioxide on the 
deoxygenation of methyl laurate to select the most  
efficacious catalyst. Then, the optimum conditions 
of the selected catalyst were determined using the  
Design of Expert program and central composite design 
(CCD) techniques with the 2 factors of temperature and  
pressure. A schematic diagram of the investigation 
pathway is shown in Figure 1.

2 Experiment

2.1 Material

The precursors used to synthesize the support were 
tetrabutyl orthotitanate (C16H36O4Ti, TCI) and tetraethyl  
orthosilicate (SiC8H20O4,), both purchased from 
Sigma Aldrich. The catalyst precursors were nickel 
nitrate hexahydrate (Ni(NO3)2.6H2O, LOBA Chemie 
Pvt. Ltd.) and ammonium molybdate tetrahydrate 
((NH4)6Mo7O24.4H2O, KemAus). Other materials used 
were methyl laurate, aluminum oxide, activated carbon  
and ammonium hydroxide purchased from TCI,  
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KemAus, Cabot, and PanReac AppliChem, respectively.  
Cyclohexane and acetone were provided by ACI  
Labscan. Eicosane and alkane standard solution C8–C20 
were purchased from Sigma Aldrich.

2.2 Catalyst synthesis

2.2.1 SiO2-TiO2 support

Tetrabutyl titanate and tetraethyl orthosilicate were 
dissolved in distilled water (weight ratio 1:1) and 
stirred at 40 °C. Then 37 wt.% NH3·H2O was slowly 
dropped into the solution under continuous stirring 
until the pH value was within 9–10. The sample was 
washed, vacuum-filtered, and then dried at 100 °C for 
12 h. Finally, the other species, such as tetrabuthyl, 
tetraethyl, and oxygen atoms, were eliminated from 
the sample by calcining at 400 °C for 4 h to obtain the 
SiO2-TiO2 support.

2.2.2 Preparation of catalysts

The monometallic catalysts were prepared using an 
aqueous solution of 10 wt % Ni impregnated over 
aluminum oxide (γ-Al2O3) and a carbon support to 
obtain Ni/Al2O3 and Ni/C. These solutions were stirred 
for 30 min and dried at 110 °C overnight. Ni/Al2O3 and 
Ni/C were calcined at 550 °C for 4 h and at 350 °C for 
3 h, respectively.

 The bimetallic catalysts were prepared using an 
aqueous mixture solution of 10 wt % Ni and 3 wt % Mo 
impregnated over support γ-Al2O3, C, and SiO2-TiO2. 
These solutions were stirred for 30 min and dried at 
110 °C overnight. NiMo/Al2O3, NiMo/C, and NiMo/
SiO2TiO2 were calcined at 550 °C for 4 h, 500 °C for 
1 h, and 450 °C for 6 h, respectively. 

2.3 Catalyst screening

An amount (0.1 g) of each catalyst was reduced in 
a tube furnace with an H2 flow rate of 30 mL/Al2O3 
catalysts were reduced at 350 °C for 3 h and 500 °C 
for 1 h, respectively. [17], [18], [26]
 The reduced catalysts were combined with 0.5 g  
of methyl laurate and 30 mL of cyclohexane as a  
solvent and loaded into 50 mL Parr reactor 5500 series 
to perform deoxygenation of the methyl laurate in batch  
mode. The reactants were purged using N2 for 20 min 
and compressed from atmospheric pressure using H2 
to a pressure of 25 bar. Subsequently, the Parr reactor 
was heated to 300 °C and held at this temperature for 
6 h, during which time, the mixture in the reactor was 
stirred mechanically at 120 rpm. The product was  
collected after 6 h of reaction. The liquid phase product 
was separated using centrifugation and the gas phase 
product was kept in a sampling bag.
 The liquid products were identified using gas 
chromatography (model GC-2014C; Shimadzu) and 
flame ionization detection (GC-FID) fitted with a 
DB-5HT column. Samples (each 1 µL) of diluted  
liquid products were injected into the instrument  
using eicosane as the internal standard and helium as 
the carrier gas. The initial temperature was 100 °C, 
then increased to 210 °C at a rate of 10 °C/min and held 
for 4 min after which it was again increased to 280 °C 
at a rate of 10 °C/min and held for 2 min.
 The gas phase products were analyzed using gas 
chromatography (model GC-14A; Shimadzu) and  
thermal conductivity detection (GC-TCD) equipped 
with a Porapak U packed column. Conversion, selectivity  
and yield were calculated using Equations (4)–(6), 
respectively: 

 (4)

Figure 1: Schematic diagram of investigation pathway.
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 (5) 

 (6)

Where n is the amount of compound (mol)

2.4 Catalyst characterization

Field emission scanning electron microscopy/energy 
dispersive (FE-SEM/EDS) images were obtained using 
an FEI- Quanta 450 apparatus (JEOL Ltd.) to detect 
the surface morphology. They were performed with  
a 20 keV electron beam connected with an Oxford 
X-Max EDX detector (JEOL Ltd.). X-ray diffraction  
(XRD) patterns were recorded on a Bruker AXS 
GmbH, D8 advance target diffractometer equipped 
with a Cu-Ka radiation source (λ = 1.5406 Å) over 
the 2θ range of 10–80° at a scanning speed of 4°/min 
and a step size of 0.03°. The specific surface area and 
pore distribution of the catalysts were determined 
using the Brunauer-Emmet-Teller (BET) method 
and a N2 adsorption-desorption analyzer based on  
Micromeritics, 3 Flex surface characterization 
(Micromeritics, USA). The transmission electron 
microscopy (TEM) images were obtained using a 
JEOL, JEM-2010 apparatus at an acceleration voltage 
of 300 kV.

2.5  Design of experiment

A central composite design (CCD) was used to 
meticulously plan and investigate the impact 
of temperature and pressure as the two primary  
variables. The temperature was set within the range of  
280–320 °C, while the hydrogen pressure was selected 
within the range of 22–28 bar. The Design Expert 
version 13 program facilitated the formulation of the 
experimental conditions required for the synthesis of 
dodecane. The specific conditions determined by the 
program are presented in Table 1.

Table 1: Summary of variables used in CCD

Variables Unit
Coded and Actual Values

−α -1 0 1 α
Temperature °C 272 280 300 320 328
Pressure Bar 21 22 25 28 29

 Mathematical models were presented using 
linear, quadratic, and interactive components, as  
shown in Equations (7): 

 (7)

where y is the dodecane yield (response factor); β0 is 
the coefficient denoting the intercept; βi, βii, and βij, are 
the regression coefficients of the model; xi, and xj are 
independent variables; and ε is the random error. [27]

3 Results and Discussion

3.1 Catalytic activity test 

The methyl laurate deoxygenation over different types 
of catalyst was done under conditions of 300 °C, 25 
bar, and 6 h following the work from Fu et al. [18], 
with the current results presented in Table 2. These 
results varied from their results perhaps because of the 
different reactor size and stirring speed.

Table 2: Comparison of catalysts used for methyl 
laurate deoxygenation

Catalyst Conversion 
(%)

Yield (%)
Undecane Dodecane

Ni/Al2O3 37.32 36.82 0.50
Ni/C 31.58 29.00 2.58
NiMo/Al2O3 98.69 80.15 18.54
NiMo/C 98.57 53.59 44.98
NiMo/SiO2TiO2 100.00 73.17 26.83

 Complete conversion of methyl laurate was 
achieved for the NiMo/SiO2TiO2 catalyst and  
decreased when using NiMo/Al2O3, NiMo/C, Ni/
Al2O3, and Ni/C, respectively. This reaction resulted 
in dodecane as the main product, with the co-product 
being undecane. However, the highest yield of the 
desired product (dodecane) to use in green diesel  
production was achieved using NiMo/C, with a methyl 
laurate conversion of 98.57% and a dodecane yield of 
44.98%. In addition, the bimetallic catalysts (NiMo/
Al2O3, NiMo/C, and NiMo/SiO2TiO2) had conversion  
and yield results for dodecane that were higher 
than from using the monometallic catalysts (Ni/
Al2O3 and Ni/C). This was a result of the synergistic  
effect between the Ni and Mo metals that improved  
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hydrodeoxygenation [28].  
 The confirmation of the reaction pathway was 
established through the analysis of the distribution of 
gaseous products based on GC-TCD. Methane (CH4) 
and carbon dioxide (CO2) were found in the gaseous 
product, suggesting that possible reaction pathways 
were a decarbonylation reaction and a methanation 
reaction. The CO2 was released following the removal 
of the carboxyl group (-COOH) of lauric acid and CH4 
was produced from the reaction between CO or CO2 
and fatty acids [29].

3.2  Characterization of NiMo/C catalyst 

The result of the catalytic activity test showed that the 
NiMo/C catalyst had the highest performance based 
on the dodecane yield. Therefore, the NiMo/C catalyst 
was analyzed in detail.

 Figure 2 shows the SEM images of the carbon 
support and NiMo/C catalyst. The carbon support 
[Figure 1(a)] had a smooth surface that was covered 
with pores. At greater magnification, the particles of 
Ni and Mo on the carbon support [Figure 1(b)] were 
spherical and stacked compactly on the surface.
 Figure 3 presents the EDS analysis of the Ni, Mo, 
and C in the NiMo/C sample. Dot mapping revealed 
that Ni and Mo metals were highly dispersed on the 
carbon support. The elemental composition in the 
NiMo/C catalyst was 26.97 wt% Ni, 32.12 wt% Mo, 
and 40.91 wt% C.
 The crystallinity and phase identification of the 
carbon support and NiMo/C catalyst were determined 
based on XRD patterns, as shown in Figure 4. The 
carbon support displayed diffraction peaks at 24.7 
and 43.0, which were assigned to (002) and (101) of 
graphitic carbon [30]. After loading the Ni and Mo on 
the C support, the characteristic peaks corresponding  
to NiMoO4 (JCPDS file # 31-0902) and MoO3  
(PFD#32-0671) were present as the main diffraction 
peaks at 12.77, 14.28, 23.35, 27.30, 28.81, 32.55, 43.84 
and 47.24, suggesting that the metals had formed on 
the surface of the support. [31], [32]
 The BET test using nitrogen adsorption revealed 
the textural properties of the synthesized nano-catalysts.  

Figure 2: FE-SEM images of carbon support (a) and 
NiMo/C catalyst (b) at 30,000x.

Figure 3: EDS mapping of NiMo/C catalyst. Layered 
image (a); C map (b); Ni map (c); Mo map (d).

(a)

(b)

(a) (b)

(c)

2 μm 2 μm C Ka1_2

(d)

2 μm Ni Ka1 Mo La12 μm
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The NiMo/C catalyst had a specific surface area of 
14.51 m²/g, a total pore volume of 0.09417 cm³/g, 
and an average pore size of 25.96 nm. The catalyst 
exhibited type IV isotherms with an H1 hysteresis 
loop, as shown in Figure 5, implying a narrow range 
of uniform mesopores [33]. 
 Figure 6 shows the TEM images of the carbon 
support and NiMo/C catalyst that were used for  
exploring catalyst morphologies. The image showed 
dark spots, which is an indication of the successful  
impregnation of the metals onto the support material  
and their dispersal across ed on the support. The  
catalyst had an average particle size of approximately 
9.73 ± 0.46 nm, as shown in Figure 7.

3.3 Optimization of dodecane production

As reported in the previous section, the highest  

dodecane yield was achieved using the NiMo/C catalyst.  
The optimization of the operating conditions for  
dodecane production was studied based on applying 
the CCD approach.
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Figure 4: XRD pattern of NiMo/C catalyst.

Figure 5: BET isotherm of NiMo/C catalyst.

Figure 6: TEM images of carbon support (a) and 
NiMo/C catalyst (b).
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Figure 7: particle size distribution of NiMo/C catalyst.
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Table 3: Experimental responses based on CCD for 
dodecane production

Run
Independent Variables Response Factor

Temperature 
(°C)

Pressure 
(bar)

Dodecane Yield 
(%)

1 320 22 58.61
2 280 28 33.01
3 300 21 61.53
4 320 28 65.66
5 300 29 55.44
6 300 25 61.51
7 328 25 62.55
8 300 25 44.98
9 280 22 56.89
10 272 25 25.70

 Table 3 summarizes ten experiments of the CCD 
and the results for dodecane yield. The liquid product 
from the hydrodeoxygenation reaction of methyl  
laurate was found only as undecane and dodecane. The 
optimum operating conditions, using a temperature of 
320 °C and pressure of 28 bar, produced methyl laurate 
conversion of 98.26% and had the highest dodecane 
selectivity of 66.82% and yield of 65.66%.
 RSM was used to assess the effects of the three 
independent parameters and their interactions on the 
response factor (dodecane yield). The coefficient of 
determination for the model had a favorable value of 
R2 = 0.7576, indicating a good fit between the model 
and the observed data.
 The normal probability plot of the residuals, 
shown in Figure 8, revealed a linear trend in the 
behavior of the residuals, thereby corroborating the 
assumption that the error terms followed a normal 
distribution.
 The predicted second-order polynomial model in 
terms of actual factors was:

Yield (%) = 95.7856 + 7.38365A – 99.9876B + 
0.128875AB – 0.016775A2   + 1.25639 B2    (8)

where A is the temperature (°C) and B is the pressure 
(bar). 
 3D surface plot graphic representations of  
Equation (8) were used to investigate factor effects. 
Figure 9 illustrates the effect of temperature and  
pressure on the dodecane yield. At pressures lower 
than 25 bar, the temperature had the least effect on the 
dodecane yield compared to the other factors, with a 

slight increase from 50 to 56 wt.%. On the other hand, 
the temperature had a greater effect when using high 
pressure (>25 bar). At higher pressure, the dodecane 
yield had a sharp increase from 44 to 80%. The results 
were similar to other previous deoxygenation studies 
that temperature and pressure were important to the 
dodecane yield [31], [32].

4 Conclusions

This study investigated the deoxygenation reaction 
using methyl laurate over Ni/Al2O3, Ni/C, NiMo/ 

Figure 8: Normal plot of residuals.

Figure 9: Response surface 3D plots showing the 
effect of temperature and pressure of dodecane yield.
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Al2O3, NiMo/C, and NiMo/SiO2TiO2 catalysts 
under conditions of 300 °C and 25 bar for 6 h.  
The NiMo/C catalyst used for converting methyl  
laurate to dodecane for use as the solvent in  
bio-hydrogenated diesel produced the highest 
conversion and yield of 62.46% and 40.36%,  
respectively, due to the synergistic effect between 
the Ni and Mo metals. The optimum operating  
conditions were determined based on CCD as 
320°C and 28 bar, which produced a conversion 
of 98.26%, dodecane selectivity of 66.82%, and a 
yield of 65.66%. The response surface data showed 
temperature had a greater effect when applied using 
high pressure.
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