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Abstract 

In order to overcome the depletion of energy resources, the production of fuel from a renewable source 

(green fuel) has aroused attention. The present work serves as a comparative study for green fuel 

production by utilizing monometallic Ni and bimetallic NiMo loaded on amine-functionalized 

mesoporous silica (MS). Two types of catalysts, denoted as Ni/NH2-MS and NiMo/NH2-MS, were 

prepared and evaluated for its catalytic activity in the hydrotreatment of waste coconut oil (WCO) at 

450 ℃ under the flow of H2 gas (20 mL.min-1). Each catalysts were characterized by using X-ray 

Diffraction (XRD), Atomic Absorption Spectrometer (AAS), Transmission Electron Microscopy (TEM), 

Scanning Electron Microscopy (SEM), and Fourier Transform Infra Red (FTIR). Study of selectivity by 

GC-MS showed that gasoline-range hydrocarbon, especially n-undecane, was the major compound in 

the liquid products generated by the two amine-functionalized catalysts prepared in this study. The 

result showed that monometallic Ni/NH2-MS with surface area, total pore volume, nickel loading and 

average pore diameter 328.68 m2.g-1, 0.25 cm3.g-1, 1.90 wt%, 3.10 nm, respectively, exhibited the best 

performance in producing liquid hydrocarbon and generated higher level of liquid product (77.9 wt%) 

than bimetallic NiMo/NH2-MS (76.3 wt%). However, it is highlighted that adding 1.08 wt% of Mo in 

bimetallic NiMo/NH2-MS comprising 0.83 wt% of Ni improved the catalyst selectivity towards 

producing higher level of gasoline-range hydrocarbon (43 wt%). The bimetallic NiMo/NH2-MS prepared 

was found to have surface area, total pore volume, and average pore diameter of 325.13 m2.g-1, 0.14 

cm3.g-1, 3.22 nm, respectively. Copyright © 2020 BCREC Group. All rights reserved 
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1. Introduction 

The main energy resources that have been 

used globally come from fossil fuels such as 
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petroleum oil, coal, and natural gas as they can 

be burned to produce a significant amount of 

energy [1]. However, the disproportion between 

the high energy demand and the limited stock of 

fossil fuel as a non-renewable energy source 

becomes a major problem the world is facing 

today. In order to overcome the depletion of 

energy resources, the production of fuel from a 
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renewable source (green fuel) has aroused 

many attentions. 

In recent years, hydroprocessing of edible 

and non-edible vegetable oil in the production 

of biofuel has extended research works and 

discussions as an alternative for renewable 

energy sources [2]. During this process, the 

triglycerides in the oil will be exposed to a 

continuous flow of hydrogen gas at high 

temperature to undergo a gradual 

decomposition into fuel compound. One of the 

advantages obtained in using this method is 

the production of high-quality hydrocarbon-

based fuel instead of fatty acid methyl esters 

(FAME) found in biodiesel [3]. According to 

previous study, fuel that contains less to no 

oxygen atom such as hydrocarbon, will have a 

shorter ignition delay and therefore exhibits 

better as well as low-pollutant combustion [4]. 

This type of fuel has similar compounds to 

those found in petroleum fuel, having high 

energy density, low viscosity, and high stability 

[5,6].  

Waste coconut oil was chosen as the 

hydrotreatment feed in this study with the 

consideration of its high availability, 

environmental conservation, and its usage does 

not cause any competition with the food 

industry. Waste coconut oil, which is included 

as one of the most frequently used cooking oil 

with over 3.5 MT/annum consumption (2.5% of 

world vegetable production), can be considered 

as a promising alternative for renewable 

energy sources [7]. Coconut oil is an important 

edible oil for the food industry containing 90-

95% saturated fatty acid, comprised dominantly 

by Lauric acid (47%) [8]. As it was reported to 

give more benefits to heart health [9], coconut 

oil has been widely used by society as cooking 

oil along with palm oil [10]. The increased use 

of coconut oil has caused the accumulation of 

its waste in the environment. This type of 

waste was reported to contain toxic and 

carcinogenic compounds that may kill and 

contaminate many living organisms, especially 

in marine, and return to humans through the 

food chain [11]. Converting used coconut oil 

into biofuel is like killing two birds with one 

stone, not only is it going to solve an 

environmental problem, it is also going to offer 

an alternative for the new source of energy that 

has high availability and a low cost.  

Previously, two types of materials that were 

found as excellent hydrotreating catalysts were 

supported noble metals (such as: Pd and Pt) 

[8,15] and sulfided bimetallic catalysts (Mo- or 

W- based sulfides promoted with Ni or Co) 

[2,16]. However, despite the high conversion, a 

few drawbacks were later discovered from the 

use of these two materials, including the 

limited availability of noble metals which leads 

to its exorbitant cost and the gradual 

desulfurization from the use of sulfided 

bimetallic catalyst [16]. The search of new non-

noble metal and non-sulfided catalysts is 

necessary.  

In previous research, a bifunctional 

mesoporous silica catalyst containing amine 

functional group from 3-aminopropyl-

trimethoxysilane (APTMS) and Ni was 

demonstrated as a good catalyst in the 

hydrogenation of Free Fatty Acids (FFA) into 

hydrocarbon fuels with over 66 wt% conversion 

[6].  Amine group, that is actively interacting 

with (FFA), increases the sequestration of 

substrates by the catalyst and thus increasing 

its conversion process simultaneously. 

Furthermore, transition metal Ni that provides 

acid sites in its vacant p orbital will facilitate 

the process of hydrotreatment in a shorter 

period of time [17]. However, we see a 

possibility of improvement by adding Mo to 

promote the catalytic activity of Ni metal. 

Arranging Ni and Mo in a bimetallic system 

was found to enhance the metal dispersion in 

the catalyst thus leading to better stability 

[18]. The selectivity of Ni metal in the 

hydrodeoxygenation of octanoic acid was found 

to improve with the addition of Mo according to 

previous research [19]. It was formerly 

reported that  the hydrocracking of crude palm 

oil in the presence of NiMo-ZSM-5/MCM-41 

exhibited good performance with over 63.40 

wt% conversion, which is higher in comparison 

to the conversion by Ni-ZSM-5/MCM-41 (53.34 

wt%) [20]. Moreover, Mo which presents as 

metal oxide provides surface oxygen vacancy 

which contributes to capturing oxygen-

containing compounds, such as: FFA [3,11,15]. 

Based on this findings, we predicted an 

enhancement of FFA sequestration and 

product selectivity exhibited by bimetallic Ni-

Mo supported on amine-functionalized 

mesoporous silica (NiMo/NH2-MS). 

In this study, monometallic Ni and 

bimetallic Ni-Mo supported on amine-

functionalized mesoporous silica were 

synthesized as new potential catalysts for 

hydrotreating waste coconut oil, which breaks 

down into high level of FFAs at the early step 

of hydrogenation reactions according to the 

previous study [2].  Each catalyst prepared was 

characterized and evaluated to further discuss 

its plausible future application in producing 

fine quality fuel compounds. 
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2. Materials and Methods 

2.1 Materials 

Silica with purity over 98.6% was extracted 

from Lapindo mud that was collected from 

Sidoarjo Regency, East Java, Indonesia [24,25]. 

The use of natural resources gives the benefits 

of its high availability and its low price. 

Sodium hydroxide (NaOH, >97%), hydrochloric 

acid (HCl, 37%), cetyltrimethylammonium 

bromide (CTAB, >98%), nickel nitrate 

hexahydrate (Ni(NO3)2·6H2O, 99%), ammonium 

h e p t a m o l y b d a t e  t e t r a h y d r a t e 

((NH4)6Mo7O24·4H2O, 99.3%), methanol (99.9%), 

and toluene (99.9%) were each purchased from 

Merck & Co. 3-aminopropyl trimethoxysilane 

(APTMS, 97%) was purchased from Tokyo 

Chemical Industry Co.  

 

2.2 Synthesis of Mesoporous Silica 

Mesoporous silica was prepared using a 

cetyltrimethylammonium bromide (CTAB) sur-

factant as a template. Powdered SiO2 was 

dissolved in a solution of 2 M NaOH to obtain 

soluble sodium silicate. Dropwise of sodium 

silicate was added into a CTAB solution under 

constant stirring at room temperature with a 

mole ratio of SiO2:CTAB (1:0.5) [26]. The 

mixture was stood for 2 h before it was added 

with 2 M HCl to give pH 10.  The formed gel 

solution was moved into the autoclave and 

hydrothermally treated at 100 °C for 24 h. The 

final product was filtered, washed with 

demineralized water, and dried at 80 °C 

overnight. It was then calcined at 550 °C for 6 

h with a heating rate of 5 °C.min-1 in order to 

remove the CTAB surfactant. 

 

2.3 Impregnation of Metals into Mesoporous 

Silica (MS).  

The impregnation was done through a 

simple wet impregnation at which three sets of 

variations were employed including: (1) 2 wt% 

of Ni/MS, and (2) 1 wt% of Ni and 1 wt% of 

Mo/MS. Monometallic 2 wt% of Ni/MS was 

synthesized by dispersing 1.0 g of mesoporous 

silica (MS) under constant stirring at 300 rpm 

in an aqueous solution containing 0.10 g of 

Ni(NO3)2·6H2O. On the other hand, the 

bimetallic catalyst of 1 wt% of Ni and 1 wt% of 

Mo/MS was synthesized using co-impregnation 

method, where 1.0 g of mesoporous silica was 

dispersed under constant stirring at 300 rpm in 

an aqueous solution containing 0.05 g of 

N i ( N O 3 ) 2 · 6 H 2 O  a n d  0 . 0 2  g  o f 

(NH4)6Mo7O24·4H2O [27]. Each of these 

solutions were evaporated at 80 °C [28]. The 

prepared catalysts were dried overnight at 100 

°C. Each was then calcined at 500 °C with a 

heating rate of 5 °C.min-1 under the flow of N2 

(20 mL.min-1) for 3 h, followed by reduction at 

450 °C in a constant flow of H2 (20 mL.min-1) 

for 5  h. The metal loaded in the pore of MS 

was determined quantitatively by using Atomic 

Absorption Spectrometer (AAS). 

 

2.4 Synthesis of Amine Functionalized Metal/

MS.  

Amine functionalized mesoporous catalysts 

were prepared by grafting 3-APTMS (1 mmol, 

0.18 g, 174 L) to the surface of each metal-

supported mesoporous silica catalyst (0.5 g) in 

20 mL of refluxed toluene under constant stir-

ring for 6 h at 90 °C. The grafted mesoporous 

silica was collected by centrifugation at 2000 

rpm for 20 minutes, then washed several times 

by using methanol to remove the excess 

APTMS molecules. The final product was dried 

at 80 °C. 

 

2.5 Characterization and Activity Test 

The surface area and pore size of each meso-

porous catalysts prepared were analyzed by us-

ing surface area analyzer Nitrogen gas sorp-

tion Quantachrome NOVAtouch 4LX. The sur-

face areas were calculated using Brunauer – 

Emmett – Teller (BET) method and the pore 

size distribution was calculated using Barrett – 

Joyner – Halenda (BJH) method. The function-

al group of mesoporous silica was identified by 

using FTIR Shimadzu Prestige-21, analyzed in 

the range of 400–4000 cm-1 using  KBr disc 

technique. The surface image of catalyst was 

captured by using Scanning Electron Microsco-

py (SEM) JSM-6510LA operated at 15 kV ac-

celerating voltage. The crystal structure of 

each catalyst was characterized at wide angle 

by using X-Ray Diffraction Philips X’Pert MPD 

using Cu target at 40 kV and 30 mA. Atomic 

Absorption Spectroscopy (AAS) Perkin Elmer 

5100 PC was used to determine the quantity of 

the metal impregnated into the mesoporous 

support. The pore image was examined by us-

ing Transmission Electron Microscopy (TEM) 

JEOL-JEM-1400 with an electron beam of 120 

kV. The sequestration of feed was observed by 

collecting catalyst material 30 minutes after 

the hydrotreating occurred and analyzing it us-

ing FTIR Shimadzu Prestige-21 for identifying 

any vibration from the feed molecules. Liquid 

products obtained from catalytic activity tests 

were identified and analyzed by using GC-MS 

QP2010S Shimadzu. 
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The catalytic activity was tested towards 

the hydrotreatment process of used coconut oil. 

The test was done in accordance with the pub-

lished procedure [29]. The feed used in the test 

was coconut oil that had been used twice as fry-

ing oil. The ratio of catalyst and feed put dur-

ing the test was 1/50 (w/w). For instance, in 

this study, 0.1 g of catalyst was used in the hy-

drotreatment of 5 g of used oil. The hydrotreat-

ment process was done in a semi-batch reactor 

as illustrated in Figure 1. The reaction was car-

ried out at 450 °C for 2 h. The product generat-

ed would pass through a condenser where it 

was cooled down to room temperature and 

collected by a containing flask. The final 

product was then weighed and analysed by 

using GC-MS. The product conversion was 

determined gravimetrically by using 

calculation as written in equations below: 

 

 

 

 

 

 

Where T is total conversion (wt%), L is liquid 

conversion (wt%), C is coke formation (wt%), G 

is gas conversion (wt%), wf is initial weight of 

feed (g), wr is residue weight after hydrotreat-

ment (g), wl is weight of liquid product ob-

tained (g), wcfin is weight of catalyst after hy-

drotreatment (g), wcin is initial weight of cata-

lyst (g), Ac is GC-MS area of compound, AT is 

the total GC-MS area.  

 

3. Results and Discussion 

3.1 Catalyst Characterization 

The synthesis of the mesoporous silica 

support in this work was done by employing 

hydrothermal conditions to CTAB-arranged 

silica as referred to a previously published 

method [26]. The removal of CTAB surfactant 

as the templating agent was confirmed through 

an FTIR analysis which examined both the 

uncalcined and the calcined mesoporous silica 

(Figure 2). Vibration bands at wavenumber 

1087, 1226, and 956 cm-1 were shown to appear 

indicating the presence of –Si–O–Si– bond and 

–Si–OH. These are all the essential bondings 

found in the structure of mesoporous silica. 

The broad band showed at wavenumber 3433 

cm-1 appeared from the stretching vibration of 

–OH bond in Si-OH [30]. It can be seen that 

there are some changes in the FTIR spectra 

after the calcination process with the 

disappearance of bands at wavenumber 2924, 

2854, and 1473 cm-1. These are the 

antisymmetric and symmetric stretching bands 

of –CH3 as well as the stretching band of 

RN(CH­­3)3+, respectively, from the surfactant 

molecule [31]. With its disappearance after 

calcination, the removal of the surfactant 

molecule is confirmed. 

Figure 1. Semi-batch reactor used in the 

hydrotreatment of used coconut oil. Figure 2. FTIR spectra of mesoporous silica. 

(1) 

(2) 

(3) 

(4) 

(5) 
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Figure 3. (a) Nitrogen sorption isotherm graph, (b) Pore size distribution graph. 

Figure 4. TEM images of (a) MS, (b) Ni/MS, (c) NiMo/MS, (d) NiMo /NH2-MS. 
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Figure 5. a) Low-angle XRD diffractogram of mesoporous silica (MS); b) Wide-angle XRD of metal 

loaded mesoporous silica. 

Figure 6. SEM images of (a) MS, (b) Ni/MS, (c) Mo/MS, (d) NiMo/MS. 
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The mesoporous behavior of the prepared 

silica support was confirmed through nitrogen 

gas adsorption desorption analysis. This was 

confirmed by the ‘Type IV’ isotherm model 

graph exhibited by the material in the gas 

adsorption analysis (Figure 3a). It is seen that 

the material exhibited ‘Type IV’ isotherm 

graph, which is classified as mesoporous 

material according to IUPAC classification. The 

mesoporous support was revealed to have a 

large BET surface area, total pore volume, and 

average pore diameter 877 m2.g-1, 0.93 cm3.g-1, 

and 4.32 nm, respectively. The pore size 

distribution revealed a pore diameter within 

the range of 3.2 to 18 nm, which falls in 

mesopore region. The isotherm model is 

retained after monometallic and bimetallic 

impregnation, indicating the preservation of 

mesoporous behaviour. There was, however, a 

change in hysteresis loop with the metal 

modification. Initially, it is seen that the 

synthesized mesoporous silica generated H1 

hysteresis loop which corresponds to material 

with well-defined cylindrical pore channels 

[32]. While bimetallic NiMo addition was seen 

to maintain this pore structure by continuing to 

display H1 hysteresis loop, interestingly, 

monometallic Ni addition caused a shift in 

hysteresis loop into H2 (b). According to IUPAC 

classification, this type of hysteresis loop is 

associated to the occurrence of pore-blocking 

that may take place after the deposition of 

monometallic Ni metal [33]. With the 

occurrence of pore blocking, it is obvious that 

the surface area provided by Ni/MS (670.48 

m2.g-1) will be lower than the unmodified MS 

(877.39 m2.g-1).  

On the other hand, the presence of Mo add-

ed via co-impregnation method is shown to im-

prove the pore blocking caused by Ni particles 

in NiMo/MS, which was implied by the de-

crease of surface area drop (873.89 m2.g-1) and 

the preservation of H1 hysteresis loop (Figure 

3a). This is possibly due to the enhancement of 

metal dispersion in bimetallic system, which 

leads to the generation of smaller metal parti-

cles. The interaction between the two metals 

created a competition during and thus 

improves the dispersion of metals throughout 

the pore of silica. This, in turn, prevents the 

growth of each metal particle, which limits 

pore blockage. The amount of metal 

successfully impregnated was determined 

quantitatively using AAS instrument as shown 

in Table 1.   

In order to observe the occurrence of pore 

blocking, each catalyst pores were captured us-

ing TEM imaging (Figure 4). In the figure, the 

bright region appeared represents the pore of 

the support, while the grey region positioned 

next to it acts as the wall of the parent 

material. The metal was represented by the 

dark particles dispersed along the pore of the 

support as presented in Figure 4b-d. The 

nature of metal dispersion differed for each 

catalyst prepared. As expected, the pore in 

monometallic Ni/MS catalyst is seen to be 

covered by the accumulated metal particles 

(dark), indicating the occurrence of pore 

blocking (Figure 4b). In contrast, the growth of 

metal particles is seen to be less severe in the 

pore of bimetallic NiMo/MS as the pore is seen 

to be less occupied compared to Ni/MS. This 

confirms the presence of smaller metal particle 

in bimetallic catalyst. 

Through a low-angle XRD analysis shown in 

Figure 5a, it is seen that the silica support 

(MS) exhibits sharp (100) diffraction peak at 2θ 

2.33° and two additional peaks indexed as 

(110) and (200) at 2θ 3.94° and 4.49°. 

Catalyst 

Surface 

Areaa 

(m2.g-1) 

Total Acid 

Amountb 

(mmol.g-1) 

Pore 

volumea 

(cm3.g-1) 

Total Pore 

Volumea 

(cm3.g-1) 

Average pore 

diametera 

(nm) 

Metal loading 

(wt%)c 

Ni Mo 

MS 877.39 4.61 0.34 0.93 4.32 - - 

Ni/MS 670.48 8.68 0.29 0.64 4.08 2.02 - 

NiMo/MS 873.89 6.17 0.18 0.76 3.32 0.92 1.03 

NH2/MS 311.79 2.04 0.08 0.25 3.20 - - 

Ni/NH2-MS 328.68 5.44 0.08 0.25 3.10 1.90 - 

NiMo/NH2-MS 325.13 4.46 0.14 0.30 3.22 0.83 1.08 

aSurface area, pore volume, total pore volume, and diameters were determined by using BET and BJH theory, b Total acid 

amount was determined using gravimetrically using NH3 gas as a basic adsorbate, c Metal loading was determined by using 

atomic absorption spectrophotometer (AAS). 

Table 1. Catalyst properties. 
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According to the previous research, the 

appearance of strong peak (100) and the two 

weak peaks of (110) and (200) indicates a 

hexagonal mesostructure material with a high 

degree of structure ordering [34]. The prepared 

catalysts were examined using wide-angle XRD 

(Figure 5b). It can be seen that all materials 

exhibited similar reflection at 2θ 23°, 

indicating the amorphous structure of silica 

support (JCPDS card no. 01-086-1561). An 

addition of metal peaks was not found in the 

diffractogram after impregnation process, 

suggesting that it exists as small-sized 

particles in an amorphous phase. The metal 

was captured by SEM images (Figure 6) as 

bright-colored particles fairly distributed on the 

surface of mesoporous silica, indicating an 

element with high atomic numbers which 

therefore generates higher intensity due to the 

increasing number of backscattered electron 

[35,36]. The presence of each metal was 

detected through elemental analysis of EDX as 

shown in Figure 10. From the surface image 

generated by SEM, it is seen that the catalyst 

material possessed a wormhole-like 

morphology. 

The functionalization of amine group is 

described in Figure 7. The addition of the 

amine group leads to a further decrease of 

catalyst surface area and pore volume as 

shown in Table 1. This is because 3-

aminopropyl functional group has a longer 

chain compared to the initial silanol group, 

hence will occupy more space in the pore and 

decrease its volume capacity. The addition of 3-

aminopropyl group was identified through 

FTIR. As shown in Figure 7b, the FTIR spectra 

reveals the appearance of bands at 

wavenumber 1558 cm-1 and 3400 cm-1 after the 

grafting process which indicates the bending 

and stretching of –NH2 bond. Antisymmetrical 

stretching band of –(CH2)– at 2931 cm-1 was 

also shown in the Ni/NH2-MS and NiMo/NH2-

MS catalysts. The band of Si–OH vibration at 

956 cm-1 weakens after amine addition, which 

further confirms the replacement of Si–OH 

with Si–O–Si as described by grafting reaction 

illustrated in Figure 7a. As depicted by the 

TEM image in Figure 4d, the pore was shown 

to darken after amine addition. This is because 

the pore is being filled and occupied by 

molecules of 3-aminopropyl group which 

hindered the transmission of electron to 

fluorescent screen in TEM instrument, thus 

producing a darker image. 

 

3.2 Catalytic Activity  

The catalytic activity of each material 

prepared was evaluated. The hydrotreatment 

of used coconut oil was carried out at 450 °C 

under the flow of H2 gas for 2 hours. According 

Figure 7. (a) Functionalization of amine; (b) 

FTIR spectra of; (a) Ni/MS, (b) Ni/NH2-MS, (c) 

NiMo/MS, (d) NiMo/NH2-MS. 

Materials 
Conversion 

(wt%) 

Product distribution (wt%) 

Gas 
Liquid 

Coke 
Hydrocarbon FFA Organics Total 

Thermal 99.6 19.2 51.0 26.0 3.4 80.4 0.0 

Ni/MS 99.7 26.8 47.7 19.4 5.4 72.8 0.1 

NiMo/MS 99.7 17.3 58.1 22.4 1.9 82.4 0.03 

NH2-MS 99.6 21.5 55.9 15.4 6.2 77.5 0.6 

Ni/NH2-MS 99.9 21.7 68.8 7.3 1.8 77.9 0.2 

NiMo/NH2-MS 99.4 22.7 65.6 8.9 1.8 76.3 0.4 

Table 2. Total conversion and product distribution from the hydrotreatment of waste coconut oil over 

different catalysts. 
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to a reaction mechanism proposed in a former 

study, used oil undergoes gradual reduction to 

FFA, aldehydes / ketones, alcohols, and 

hydrocarbon compounds, respectively, in the 

hydrotreatment at 450 °C [37]. This 

mechanism is seen to be compatible to the one 

occurred in this study due to the amount of 

FFA, aldehydes, ketones and alcohol 

compounds found in all liquid products (Table 

3). As the reaction involves the removal of 

oxygenated functional group, the mechanism is 

referred as deoxygenation, which may include 

three possible pathways: decarbonylation, 

decarboxylation or hydrodeoxygenation [38,39]. 

The catalyst effectiveness in carrying out 

deoxygenation reaction can be observed by 

assessing the number of oxygenated 

compounds found in the collected liquid 

product. Catalyst with good deoxygenation 

activity should be able to generate low level of 

oxygenated compounds during the course of 

hydrotreatment. 

Prior to evaluating all catalyst materials, a 

thermal hydrotreatment was first conducted by 

simply exposing feed molecules to the flow of 

H2 gas at 450 °C, without the presence of 

catalyst. From this implementation, the result 

showed high level of liquid product (80.4 wt%) 

containing 51.1 wt% hydrocarbon and 29.4 wt% 

oxygenated compounds. Despite the high liquid 

conversion, this was, in fact, the highest 

oxygenated compound obtained from all course 

of hydrotreatment done in this study. The 

result indicates that the occurrence of 

deoxygenation pathway did not effectively 

occur in this method. It is very likely that this 

is because thermal hydrotreatment 

predominantly follows the free radical 

mechanism, where it is solely caused the 

cracking or the splitting of molecules into 

lighter fractions, which does not necessarily 

focus on the removal of oxygenated functional 

group [40]. With the amount of FFA impurities 

the product contains, it is deemed to be 

unfavourable for fuel. Therefore, the use of 

catalysts is expected to improve the 

deoxygenation performance and, thus, the 

selectivity towards the generation of liquid 

hydrocarbon products. Overall, it is seen that 

all catalytic hydrotreatment was able to reduce 

the composition of oxygenated compound in the 

collected liquid product. This subsequently 

inferred the improvement of deoxygenation 

mechanism from the thermal hydrotreatment.    

Firstly, we compared the performance of 

catalyst with and without amine group in the 

hydrotreatment of waste coconut oil. 

Interestingly, the employment of amine group 

showed different effects in a monometallic Ni 

based catalyst and in a bimetallic NiMo based 

catalyst. According to the result, amine group 

addition has shown to increase the generation 

of liquid product for Ni/MS catalyst from 72.8 

wt% to 77.9 wt% (Ni/NH2-MS), as opposed to 

the decrease of liquid product for bimetallic 

NiMo/MS from 82.4 wt% to 76.3 wt% 

(NiMo/NH2-MS). However, we found a drastic 

decrease of oxygenated compound in the liquid 

product generated by both amine 

functionalized catalysts (Ni/NH2-MS and 

NiMo/NH2-MS), which indicates the 

improvement of deoxygenation activity with 

the modification. 

In order to seek more understanding to-

wards the presented data, the differences be-

tween monometallic Ni/MS and bimetallic Ni-

Mo/MS catalysts are assessed. The hydrotreat-

ment performed in the presence of Ni/MS was 

found to generate the highest gas product in 

this study, with over 26.8 wt%. This is possibly 

due to Ni tendency to conduct catalytic crack-

ing over other mechanism on the acid sites it 

provides [41]. This is proven by the total acid 

value shown in Table 1, where it is seen that 

Ni/MS (8.68 mmol.g-1) exhibited the highest 

value among the other catalysts prepared. In 

the process of catalytic cracking, it is probable 

that molecules are continuously converted into 

lighter fractions, which may eventually release 

as gas compounds. This leads to the low liquid 

conversion Ni/MS produced, as opposed to its 

high gas yield.  

In contrast, the addition of Mo in NiMo/MS 

catalyst resulted 9.6 wt% increment of liquid 

product from 72.8 wt% to 82.4 wt%. The data 

suggests that the metal modification had man-

aged to limit the cracking activity of Ni and 

lessen the production of gas molecules in re-

turn. The decrease of cracking activity may be 

due to the interaction between the combined Ni 

and Mo metals, which decrease the effective-

ness of Ni acid site where the cracking mecha-

nism is facilitated. This is proven by the de-

crease of acid value found in NiMo/MS (6.17 

mmol.g-1). The positive effect of Mo addition al-

so lies in the increase of Ni dispersion which 

subsequently leads to the decrease of coke for-

mation to 0.03 wt% (Table 2). A higher metal 

dispersion would consequently lead to the for-

mation of smaller metal size on the surface of 

support [17], which would play a key role in re-

ducing carbon deposition [42,43]. This is a very 

important consideration as carbon deposition 

can lead to the catalyst deactivation and delib-

erately halt the occurrence of conversion pro-

cess. In addition, with the presence of smaller 
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Ni particles due to the high metal dispersion, 

the active surface area of the metal in the cata-

lyst, which facilitates the occurrence of hydro-

genation reaction, will be higher in value. 

Therefore, it would improve the catalytic activi-

ty of the catalyst. Despite the positive effect, 

however, it is seen that the deoxygenation ac-

tivity had not been much improved with bime-

tallic condition, as the generation of oxygenates 

remained significantly the same (24.3 wt%). 

The high amount of FFA (22.4 wt%) released 

from the catalytic hydrotreatment indicates 

that the successive reduction of oxygenated 

functional group did not occur to completeness 

in this process. The lack of hydrogen adsorption 

site in the catalyst material may be one of the 

reasons of the incomplete reduction process, 

which was caused by the less amount of Ni 

loading done in the bimetallic catalyst (Table 

1). Hydrogen chemisorption only occurred in 

the d-orbital provided by Ni metals, as accord-

ing to a previous study, molybdenum does not 

adsorb any hydrogen gas [44]. As less hydrogen 

is being provided by the catalyst surface, reduc-

tion of used coconut oil to form hydrocarbons 

does not occur properly, resulting the release of 

high level oxygenated compounds. Another pos-

sible reason is because the occurrence of reduc-

tion may not be controlled and localized at oxy-

genated functional group in this catalyst. It 

may occur randomly in other possible part of 

the molecule, i.e. to convert double bond into 

single bond (hydrogenation of alkene group). In 

order to check this assumption, the amount of 

alkane and alkene contained in the liquid prod-

uct is calculated (Table 3). As expected, it is 

seen that the NiMo/MS catalyst generates the 

highest ratio of alkane/alkene (1.41), indicating 

that it produces the highest amount of alkane 

among the other catalyst materials. From the 

result, it can be inferred that the hydrogena-

tion of double bonds is most likely to occur with 

the use of NiMo/MS, confirming that the cata-

lytic reduction process may not be focused in 

the oxygenated functional group. 

The addition of amine group to the structure 

of catalyst is conducted to improve the catalyst 

ability in sequestering feed molecules during 

the occurrence of hydrotreatment process. Ac-

cording to previous study, in the early stage of 

hydrotreatment, the mono-, di-, and 

triglycerides of waste coconut oil will break 

down into various FFA [2]. The basicity of 

amine group should be able to capture and pull 

the carboxylic acid group in FFA compound 

closer to the metal rich surface of catalyst 

where the conversion process occurs [6]. 

Therefore, not only more compounds are 

expected to be converted, the reaction will also 

be more localized and focused in the carboxylic 

acid part of feed, as it is closer to the surface of 

catalyst. With the majority of hydrogenation 

occurs in the oxygenated group, deoxygenation 

would proceed more effectively, generating 

liquid product with less oxygenates and higher 

hydrocarbons. This is confirmed by the result 

presented in Table 2. The drastic decrease of 

oxygenated compounds generated by both 

amine functionalized catalysts (Ni/NH2-MS 

and NiMo/NH2-MS) has proven the 

improvement of deoxygenation activity, 

respectively. 

The increase of liquid product produced by 

amine functionalized monometallic Ni/MS indi-

cates that the modification decreases Ni ten-

dency to perform cracking mechanism which 

leads to less production of gas fractions. This 

may be due to the role of amine group which 

gradually drives the hydrogenation to occur 

specifically in the carboxylic acid group and 

thus shifts the selectivity towards deoxygena-

tion reaction. Another explanation to this lies 

in the possible interaction between electron-

rich nitrogen in the grafted amine group with 

the acid site of Ni. Cracking mechanism is 

known to occur in the Brønsted acid site of Ni 

[41]. If the acid sites of Ni conducts an interac-

tion with the neighboring amine group, its ef-

fectiveness would simultaneously decrease, 

thus leading to the decrease of cracking ten-

dency. This is confirmed by the data shown in 

Table 1, where it is seen that Ni/NH2-MS (5.44 

mmol g-1) exhibited a lower acidity compared to 

Ni/MS (8.68 mmol g-1). It has also been stated 

in a previous research that the addition of 

amine group has caused a steric hindrance 

with the accumulation of organics in the pore 

of support, which limits the access of feed and 

reactants to the metal acid centers. 

On the other hand, the liquid conversion 

generated by bimetallic NiMo/MS was shown 

to undergo 6.1 wt% drop with the employment 

of amine group. The decrease of liquid conver-

sion may be linked to the increase of gas yield 

that are produced as a by-product of deoxygen-

ation reaction (i.e. H2O, CO2, and CO) [38,39]. 

The improvement of deoxygenation activity 

with the use of catalyst is confirmed by the 

drastic decrease of oxygenates contained in the 

liquid product collected (10.7 wt%). As oxygen-

ated functional group is being removed, the 

feed molecules are converted into a lighter hy-

drocarbon compound, which affects the overall 

weight of liquid product. The increase produc-

tion of hydrocarbons had shown to go from 58.7 

wt% (NiMo/MS) to 65.6 wt% (NiMo/NH2-MS). 
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Compound 
Product selectivity (wt%) 

Thermal Ni/MS NiMo/MS Ni/NH2-MS NiMo/NH2-MS 

Hydrocarbon compound           

Gasoline 

C6 

C7 

C8 

C9 

C10 

C11 

33.76 

1.38 

2.25 

2.40 

1.97 

25.77 

9.87 

  

  

0.60 

0.95 

3.15 

5.17 

9.92 

  

  

0.41 

1.40 

2.36 

5.75 

31.91 

0.59 

2.59 

2.87 

4.60 

5.86 

15.31 

43.23 

0.44 

1.14 

2.94 

5.31 

5.44 

27.95 

Kerosene 

C12 

C13 

C14 

C15 

17.25 

8.91 

8.34 

34.55 

28.72 

0.09 

5.75 

44.78 

38.08 

1.31 

5.39 

28.53 

10.62 

7.07 

10.63 

0.21 

13.93 

3.71 

7.80 

2.28 

0.14 

Diesel (C16 – C22) - 3.29 3.37 8.33 8.49 

Alkane/Alkene 1.61 1.09 1.41 1.12 0.56 

Free Fatty Acid (FFA) 26.00 19.40 22.40 7.30 8.90 

Acetic acid       1.37 1.65 

Hexanoic acid     0.57 0.73   

Heptanoic acid   0.52       

Octanoic acid   3.38 6.56 2.38 3.69 

Nonanoic acid   0.15 0.30 0.22 0.30 

Decanoic acid 3.84 4.52 4.52 2.24 1.99 

Dodecanoic acid 13.92 10.87 10.48 0.18   

Tetradecanoic acid       3.18   

Cyclopentaundecanoic acid 8.19         

Octadecanoic acid       0.08   

9-Octadecenoic acid         1.29 

Aldehydes/Ketones - 0.37   0.54 0.66 

Dodecanal   0.37   0.28 0.35 

2-methyl-3-decanone       0.26 0.31 

Alcohols 1.38 3.82 1.4 0.26 0.61 

1-Octanol   2.56       

1-Dodecanol           

1-Tetradecanol   0.14 0.58 0.09   

1-Hexadecanol 1.38 0.08       

1-Eicosanol           

1-Tetracosanol   1.02 0.84   0.61 

Bicyclo3.1.0 hexan-3-ol       0.17   

Esters 1.02 0.82 0.3 0.41 0.42 

Allyl nonanoate 1.02 0.24       

Isopropyl Myristate   0.18 0.30 0.26 0.25 

Tetradecenylacetate           

Ethenyl dodecanoate   0.39     0.17 

Di-n-octyl phthalate       0.15   

Table 3. Product selectivity of hydrotreatment process over each catalyst. 
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Furthermore, the result revealed that the hy-

drocarbon comprising the liquid product had 

the ratio of alkane/alkene equals to 0.56, sug-

gesting that the hydrogenation of double bond 

occurs less frequently in the NiMo/NH2-MS cat-

alytic hydrotreatment, as opposed to NiMo/MS. 

This is possibly due to the limiting interaction 

between feed molecules and the active center of 

metal due to the presence of amine group. 

Therefore, the hydrogenation of double bond oc-

curs less frequently and the reaction is drawn 

to be located at oxygenated functional group. 

Another distinct difference in the liquid 

product produced by NiMo/MS and NiMo/NH2-

MS is seen from the selectivity of gasoline (C5-

C11) and diesel hydrocarbon fractions (C12-C22) 

(Table 3). While the non-functionalized Ni-

Mo/MS favored a prominent selectivity towards 

diesel fraction, the addition of amine conversely 

shifted the selectivity into the generation of 

gasoline-range hydrocarbons. The surface of bi-

metallic NiMo was reported to be oxophilic, due 

to the oxygen vacant site provided by MoOx 

during a sequential reduction [21]. The oxophi-

lic surface conducts a strong interaction with 

oxygenated functional group like carboxylic ac-

id, which induces the cleavage of C–O bond and 

catalyzes dehydration reaction [45,46]. In this 

pathway, the removal of oxygen from oxygenat-

ed group is released in the form of water, which 

is referred as hydrodeoxygenation mechanism. 

The feed molecule does not undergo a loss of 

carbon atom during this mechanism, thus gen-

erating longer hydrocarbon chains that are 

classified in diesel range.  

On the other hand, as stated previously, the 

addition of amine group may cause a hindrance 

in the interaction between feed molecule and 

the active center of metal. Therefore, the ox-

ophilic surface of bimetallic NiMo may not 

serve as effectively in catalyzing hydrodeoxy-

genation reaction. In contrast, according to a 

previous study, amine functionalized mesopo-

rous silica was found to favor decarboxylation 

route [6]. During FFA sequestration, the fatty 

acid is likely to dissociate into free carboxylate 

ion by transferring its proton into the base sur-

face of amine group. Through this process, an 

adsorption is possible due to the interaction be-

tween the resulting anionic carboxylate group 

and the cationic quaternary ammonium. The 

process is illustrated in Figure 8. 

The production of carboxylate ion induces 

the removal carbon dioxide through electron 

delocalization that leads to the cleavage of C–C 

bond [47,48]. This drives the hydrogenation re-

action to occur at the carbanion sites which 

was produced from the release of CO2. With the 

loss of one carbon in decarboxylation pathway, 

the resulting hydrocarbon generated by Ni-

Mo/NH2-MS will obviously have shorter chain 

which falls in the gasoline region. This may be 

the possible reason to the increase of gasoline 

selectivity by the use of amine functionalized 

NiMo/NH2-MS. The sequestration of FFA can 

be confirmed from the FTIR spectra of catalyst 

that was recovered 30 minutes after the hy-

drotreatment process started (Figure 9).       

According to the spectra, it is seen that NiMo-

NH2/MS catalyst exhibit the most prominent 

vibration band of FFA molecules at wave-

number 1743 cm-1 from the asymmetric vibra-

tion of C=O bond, suggesting more 

sequestration of the molecule. The new bands 

appeared at 1458 cm-1, 2924 cm-1, and 2854  

cm-1 were each the vibrations of –CH2 bond 

Figure 8. Proposed mechanism of FFA 

sequestration. 

Figure 9. FTIR spectra of (a) NiMo/NH2-MS 

before hydrotreatment, (b) NiMo/MS after 

hydrotreatment, (c) NiMo/NH2-MS after 

hydrotreatment. 
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that may come from the FFA captured. From 

the spectra, the formation of carboxylate ion in 

catalytic hydrotreatment by NiMo/NH2-MS was 

also detected at wavenumber 1627 cm-1 which 

corresponds to the asymmetrical strecthing 

vibration of COO- [49]. 

This study also revealed that although 

amine group is very important in the 

conversion of used coconut oil into hydrocarbon 

fuel, the process will not be optimum without 

the help of the metal active site. It was 

observed by performing a catalytic activity test 

using amine functionalized mesoporous silica 

without the presence of metal (NH2-MS). The 

liquid product contains 21.6 wt% of oxygenates, 

which is a much higher level than what was 

found in the product of metal loaded amine 

functionalized mesoporous silica. From the 

result, the role of each modification can be 

broken down. This confirms that while amine 

group plays a key role in feed sequestration, it 

does not facilitate the conversion reaction. The 

primary deoxygenation reaction is conducted by 

the active site of metal. 

Finally, we compared the work of mono- and 

bimetallic amine functionalized mesoporous 

silica in the conversion of used coconut oil into 

biofuel. It is seen that while the activity of 

bimetallic catalyst improves with amine 

addition, it was not able to perform higher 

conversion compared to monometallic Ni/NH2-

MS. The latter was able to produce over 77.9 

wt% liquid conversion comprising 68.8 wt% 

hydrocarbon compounds and 7.3 wt% FFA 

impurities. The result may be due to a higher 

success of amine functionalization done in 

monometallic catalyst. As metal dispersion was 

poorer in monometallic condition, the catalyst 

may provide more surface to facilitate the 

interaction between the amine-containing 

material and silanol group on the surface of 

mesoporous silica. To confirm this, an EDX 

analysis was performed (Figure 10). As 

expected, it can be seen that the mass 

percentage of N atom found in Ni/NH2-MS was 

higher compared to NiMo/NH2-MS. In fact, the 

quantity of N atom found in the latter was so 

low that it was not detected throughout the 

analysis. The data also corresponds to the pore 

volume reduction in both type of catalyst after 

functionalization. As shown in Table 1, 

bimetallic NiMo/NH2-MS undergoes a less 

drastic decrease of pore volume (0.18 cm3.g-1 to 

0.14 cm3.g-1) compared to Ni-NH2/MS  (0.29 

cm3.g-1 to 0.08 cm3.g-1), which suggests lower 

addition of a mine in the former. 

The drastic decrease of pore volume oc-

curred in Ni/NH2-MS may cause even more 

limitation to the interaction between an enter-

ing feed and the metal surface. During sequen-

tial sequestration of feed, the catalyst pore is 

likely to be more saturated with organics 

which leaves out an even smaller space for 

molecules to flow. According to previous re-

search, the pore saturation would restrict the 

access of atoms other than carboxylate oxygen 

to the reaction center in Ni surface [6]. There-

fore, the hydrogenation would then occur in the 

oxygen atom of feed, following hydrodeoxygen-

ation pathway which produces water molecule. 

This explains the proportional ratio of gasoline 

(31.91 wt%) and diesel (28.53 wt%) hydrocar-

bon generated by Ni/NH2-MS. On the other 

hand, the presence of Mo in a bimetallic Ni-

Mo/NH2-MS is shown to generate higher ratio 

of gasoline fraction compared to Ni/NH2-MS. 

Figure 10. EDX analysis of (a) Ni/NH2-MS (b) NiMo/NH2-MS. 
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The lack effectiveness of amine functionaliza-

tion in bimetallic condition has limited the 

amount of amine group successfully grafted in 

the catalyst (Figure 10). Therefore, the de-

crease of pore volume as well as pore diameter 

occurs less drastically than in monometallic 

Ni/NH2-MS. This would leave more space in the 

pore for feed molecules to conduct decarboxyla-

tion reaction in the surface of metal. 

The generation of CO2 would generally in-

duce the formation of coke, through a previous-

ly proposed mechanism [50]. Therefore, catalyt-

ic hydrotreatment which predominantly follows 

decarboxylation pathway would produce higher 

coke than the others. This is in agreement with 

the result obtained from the present study. As 

seen in Table 2, NiMo/NH2-MS catalyst 

generates more coke (0.4 wt%) compared to 

NiMo/MS (0.03 wt%) which predominantly 

undergoes hydrodeoxygenation. The rate of 

coke formation was also higher in bimetallic 

NiMo/NH2-MS than in monometallic      

Ni/NH2-MS (0.2 wt%), due to the restriction of 

decarboxylation found in the latter catalyst. 

The catalyst pore of NiMo/MS and    

NiMo/NH2-MS was captured by TEM after the 

hydrotreatment process was carried out (Figure 

11). Dark shade was shown to cover the pore of 

the catalyst, indicating carbon deposition after 

hydrotreatment. As expected, carbon deposition 

was shown to occur less vigorously in NiMo/MS 

than in NiMo/NH2-MS. 

4. Conclusion 

In this study, mono- and bimetallic amine-

functionalized mesoporous silica was prepared 

and used in the hydrotreatment of waste coco-

nut oil into liquid biofuel. GC-MS analysis 

found that two amine-functionalized catalysts 

prepared in this study, Ni/NH2-MS and         

NiMo/NH2-MS, generated liquid products that 

are predominantly composed by gasoline-range 

hydrocarbon. From the result, it is confirmed 

that the addition of amine functional group to 

the mesoporous support was able to improve 

the overall selectivity of the catalyst towards 

producing liquid hydrocarbon. It is seen that 

monometallic Ni/NH2-MS, with surface area, 

total pore volume, and average pore diameter 

28.68 m2.g-1, 0.25 cm3.g-1, 3.10 nm, respectively, 

generated the highest liquid hydrocarbon 

among the other catalysts that are evaluated 

in this study (68.8 wt%). However, it is 

highlighted that the addition of Mo in 

NiMo/NH2-MS catalyst with surface area, total 

pore volume, and average pore diameter 325.13 

m2.g-1, 0.14 cm3.g-1, 3.22 nm, respectively, 

improved the selectivity of the catalyst towards 

producing higher level of gasoline-range 

hydrocarbon (43.23 wt%). Despite the great 

effectiveness, coke deposition is still a major 

challenge in the use of this type of catalysts. 

Future studies, focusing on the attempt to 

reduce coke deposition by the catalyst, may be 

necessary to improve and maximize the 

production of fuel with higher level of gasoline-

range hydrocarbon compounds. 

Figure 11. TEM image of pore condition after hydrotreatment (a) NiMo/MS, (b) NiMo/NH2-MS. 
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