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Abstract 

Sulfur is an impurity in diesel that causes low product quality and environmental pollution. Therefore, 

a catalyst is needed in the profound hydrodesulfurization (HDS) reaction to produce diesel fuel with 

low sulfur content. The catalyst synthesized in this work was NiMo/-Al2O3 with the addition of PEG 

(2%, 4%, 6%) (w/w) and CA (1%, 2%, and 4%) (w/w). The catalyst was synthesized using the dry im-

pregnation method with a metal concentration of 3% NiO and 15% MoO3. The obtained catalysts were 

characterized using X-Ray Fluorescence (XRF), X-Ray Diffraction (XRD), and Surface Area Analyzer 

(SAA). This work acquired the best catalyst characteristics for the HDS process by adding 2% PEG and 

1% CA with a concentration of 3.19% NiO and 13.98% MoO3. The surface area, pore volume, and diam-

eter are 181.655 m2/g, 0.50 cm3/g, and 110.51 Å, respectively. The catalyst activity satisfies Euro V 

standards at 345 ℃ with a sulfur content of 9.55 ppm, and the sulfur conversion (HDS) is 98.75%. The 

density and cetane index of the obtained diesel fuel was 0.798 g/mL and 53.6, respectively.  
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1. Introduction 

Diesel petroleum is fuel in all diesel engines 

with high rotation above 1000 rpm [1]. The sul-
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fur content represents the quality of diesel pe-

troleum in vehicle exhaust emissions. The sul-

fur content in diesel fuel will produce sulfur di-

oxide (SO2) gas emissions which harm health, 

because it causes respiratory problems and 

headaches and can attack human nerves [2,3]. 

The sulfur content in diesel fuel also triggers ex-
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cess acid levels, damaging pipes, pumps, and 

distillation equipment used in automotive en-

gines. The crust in the fuel line can interfere 

with the supply of fuel flowing into the cylin-

der. This results in the incomplete combustion 

of diesel engine fuel and decreased engine pow-

er [4]. In addition, the sulfur component in fuel 

is poisonous to the catalyst [5,6]. 

Fuel quality in Indonesia tends to move to-

wards Ultra Low Sulfur Diesel (ULSD), which 

is <10 ppm or the total elimination of sulfur 

content in diesel fuel [7]. It relates to efforts to 

protect the environment in legislation regard-

ing the content of impurities in vehicle exhaust 

gases [8]. The maximum boundary for sulfur 

specified in Indonesian diesel fuel specifica-

tions according to the Directorate General of 

Oil and Gas No. 28.K/10/DJM.T/2016 is 0.005% 

m/m or the equivalent of 50 ppm. 

Hydrodesulfurization (HDS) is a process of 

removing sulfur impurities contained in petro-

leum fractions during processing. HDS requires 

relatively high temperatures and pressures, 

namely at 300-350 °C and 50-100 atm [9]. Mul-

tifarious catalysts have been widely used to ac-

celerate the hydrodesulfurization rate, such as 

NiMo/-Al2O3 and CoMo/-Al2O3 [10-13]. The 

NiMo/-Al2O3 catalyst has high stability and is 

not poisoned, so it can be used for a long time 

[14]. Steiner reported that the NiMo/-Al2O3 

catalyst provided HDS catalytic activity and 

better resistance to sulfur poisoning than 

CoMo/-Al2O3 [13]. Topsoe et al. added that the 

NiMo/-Al2O3 catalyst could carry out hy-

drodesulfurization and hydrodenitrogenation 

reactions resulting in a more excellent conver-

sion than CoMo/-Al2O3 [15]. Kamalia stated 

that the NiMo/-Al2O3 catalyst could reduce the 

sulfur content in kerosene to 1.84 ppm with a 

conversion of 99.5% at 345 °C [16]. Wang et al. 

also conveyed that the NiMo/-Al2O3 catalyst 

can reduce the sulfur content in shale oil to 

2600 ppm with a conversion of 80.7% at 380 °C 

[17]. 

The NiMo/-Al2O3 catalyst has a unique 

composition: mesoporous alumina is the sup-

port, and NiMo is the active metal. Al2O3 is de-

sirable alumina in hydrotreating industrial ap-

plications because it has a large surface area of 

about 250-350 m2/g [18]. The surface area of 

alumina is a wildly determining parameter in 

the dispersion of Ni and Mo oxides because the 

dispersion of Mo becomes higher when the sur-

face area of alumina is enormous. However, the 

catalyst's active sites can be damaged, or its ac-

tivity decreases if the catalyst surface is coated 

with metal (poisoning). Limited interaction be-

tween metal and support can lead to uneven 

distribution of active metal and accumulation 

of active components on the support surface 

[19]. Therefore, additives are needed to control 

the interaction of active metal components and 

support during the catalyst synthesis process. 

Sorts of additives that can be added are pol-

yethylene glycol (PEG) and Citric Acid (CA) 

[19]. Gonzalez-Cortes et al. stated that adding 

PEG to the impregnation solution can increase 

the distribution of active metals [19]. PEG is a 

template that wraps the particles so that no 

further aggregates form on the metal [20]. 

Behnejad et al. reported that the acquisition of 

PEG to synthesize NiMo/-Al2O3 revealed a 

lowering in sulfur content in a diesel by 12.4 

ppm with a conversion of 90.1% at 350 ℃ [21]. 

Zhang et al. also wrote that the NiMo/-Al2O3 

catalyst with the obtainment of PEG reduces 

sulfur levels in diesel up to 18.6 ppm with a 

conversion of 98.2% at 350 ℃ [22]. On the oth-

er hand, Simatupang et al. explained that citric 

acid could increase metal dispersion because it 

acts as a chelating agent in an impregnation 

solution that binds metals and prevents parti-

cle agglomeration from the NiMo catalyst [23]. 

Commonly, the amount of molybdenum 

loaded on the support is about 8-15% (w/w). 

Meanwhile, the nickel promoter weighs around 

1-5% (w/w) [24]. Zhao et al. in their research 

employing a metal catalyst concentration of 

2.5% NiO and 10% MoO3, had HDS ability with 

a conversion of 67.81% [25]. Therefore, the    

NiMo/-Al2O3 catalyst was synthesized in this 

work by employing the target metal's 3% NiO 

and 15% MoO3. The NiMo/-Al2O3 catalyst with 

the target metal content is expected to have 

higher HDS activity. Then, the authors aimed 

to apply two additives, namely PEG and citric 

acid, to determine the PEG and CA concentra-

tion variation effect on the characteristics of 

the NiMo/-Al2O3 catalyst.  

 

2. Materials and Methods 

2.1 Materials 

The materials used in this work include 

Diesel Light Cycle Gas Oil (LCGO), alumina (-

Al2O3 from PT Pertamina), nickel nitrate hy-

drate Ni(NO3)2.6H2O (Sigma-Aldrich), molyb-

denum trioxide (MoO3 Sigma-Aldrich), ammo-

nia solution 25% (NH4OH Pro Analys Merck), 

polyethylene glycol (PEG) BM 1000 (sigma--

Aldrich), and Citric Acid (CA Pro-analys 

Merck).    
 

2.2 Preparation of Catalyst  

The NiMo impregnant solution for deter-

mining PEG and CA concentration variations 
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was made by dissolving PEG and CA in 10 mL 

of distilled water. The addition of PEG varia-

tions of 2%, 4%, and 6% (w/w), while CA of 1%, 

2%, and 4% (w/w). Then 22.72 g (15%) of MoO3 

was added, followed by 90 mL of ammonia 

(NH4OH) solution until dissolved. Then, 14.92 

g (3%) of Ni(NO3)2.6H2O was added and stirred 

until homogeneous. The impregnated solution 

was observed for the solution stability for 7 

days. The impregnant solution with a total vol-

ume of 100 mL was then impregnated with 30 g 

of -Al2O3. The impregnated -Al2O3 was dried 

at 120 °C for 2 hours and calcined at 450 °C for 

3 hours [26]. The addition of PEG is marked as 

P, and the addition of CA is C. The sample code 

can be seen in Table 1.  
The total required impregnation solution is 

obtained from the support mass, and the water 

pick-up (WPU) results: 

 

 Vtotal = WPU  support mass             (1) 

 

WPU is acquired by weighing 0.5 g of support 

(Wo) and then soaking it in water for 15 

minutes. After that, it was dried and weighed 

as (Wt). Then it is calculated by the Equation 

(2):  
 

   (2) 

 

 

2.3. Catalysts Characterizations 

Catalysts were characterized to determine 

their physical properties, including crystallini-

ty, using X-Ray Powder Diffraction (XRD) 7000 

Maxima-X with Cu radiation at a voltage of 40 

kV and a current of 25 mA with 2θ range of 5-

90°. Analysis of the support and catalyst com-

ponents was carried out using the X-Ray Fluo-

rescence (XRF) Axios PANalytical. Analysis of 

surface area, pore volume and diameter were 

carried out using ASAP 2400. 

2.4. Catalyst Activity Analysis  

The catalyst activity test was carried out 

using the Micrometrics PID EFFI-

Microactivity Reactor. The catalyst activity 

test was carried out in several stages [26]: 

preparation, catalyst activation, and hy-

drodesulfurization. At the time of preparation 

of the catalyst, the power reactor, pump, and 

scales are first turned on. Then, 1 g of catalyst 

was put into the reactor. The flow of N2 and H2 

gas from the cylinder was opened earlier. The 

line and reactor were cleaned of oxygen, and 

the catalyst was dried by flowing N2 gas. Fur-

thermore, catalyst activation was carried out 

through a sulfidation process, namely by flow-

ing H2 gas and dimethyl disulfide solution 

(DMDS) in naphtha, which reacted to form H2S 

gas, which flowed into the catalyst compart-

ment. After that, the DMDS or naphtha feed 

stream was stopped and continued with the hy-

drodesulfurization process. Diesel feed was 

supplied with LHSV 1, pressure 35.2 bar, and 

temperature of 315, 330, and 345 ℃. Sampling 

was conducted every 8 hours when the ob-

tained product was accommodated in a bottle 

in the liquid product. Then the product is ana-

lyzed for sulfur content. 

 

2.5. Sulfur Content Analysis  

Sulfur analysis was carried out using a 

MultiTek Total Nitrogen Total Sulfur Analyzer 

[27]. Previously, the instrument was heated for 

2 hours to raise the temperature to 1000 ℃. 

When the instrument was ready, a blank injec-

tion of isooctane was performed. Then, the 

sample was put into a 25 µL syringe, and we 

removed bubbles trapped in the syringe up to 

10 µL. Then, the sample was injected into the 

instrument. The test was taken out three 

times. Each test ran for 4 minutes until the re-

sults of the sulfur content analysis were ob-

tained in ppm units. 

t o

o

W W
WPU

W

−
=

Table 1. Catalysts code  Note: P is PEG and C is citric acid  

Additive Compound Concentration (w/w) Catalyst Code 

Polyethylene glycol (PEG) 2 NiMo-P2/-Al2O3 

  4 NiMo-P4/-Al2O3 

  6 NiMo-P6/-Al2O3 

Citric Acid 1 NiMo-C1/-Al2O3 

  2 NiMo-C2/-Al2O3 

  4 NiMo-C4/-Al2O3 

PEG and CA 2 and 1 NiMo-P2C1/-Al2O3 
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2.6. Density Analysis  

Product density analysis was carried out us-

ing the Automatic Density Meter instrument 

[28]. The Automatic Density Meter was turned 

on and cleaned for optimization using toluene, 

and the syringe was rinsed and filled with 3 

mL of sample. After that, the syringe was at-

tached to the tool and we pressed start on the 

monitor tool, and waited until the density read-

ing was completed and the measurement out-

comes were recorded. 

 

2.7. Cetane Index Analysis  

Cetane index analysis was performed using 

the Automatic Distillation Analyzer instrument 

[29]. The Automatic Distillation Analyzer in-

strument was prepared in advance. The glass-

ware was cleaned and the condenser was used. 

Then 100 mL of the sample was poured into the 

distillation flask. Then the OptiDist Tempera-

ture Sensor was installed on the distillation 

flask and into the tool circuit. Next, the lever 

on the front of the tool was pressed to raise the 

base plate. After that, the reservoir was closed 

with red rubber, then clicked start on the moni-

tor to start the test. After that we waited until 

the density reading is complete and the meas-

urement outcomes are recorded. 

 

3. Results and Discussion 

3.1 Effect of PEG and CA Addition on NiMo/-

Al2O3 Catalyst 

Catalyst preparation was carried out using 

the dry impregnation method in which NiMo 

metal was the active component, and -Al2O3 

was the support. The NiMo/-Al2O3 was synthe-

sized by adding MoO3 and Ni(NO3)2.6H2O with 

NH4OH gradually until the solution was homo-

geneous. Adding NH4OH drives the formation 

of ammonium heptamolybdate and ammonium 

nickel nitrate solution, as shown in Equations 

(3) and (4): 

 

          (3) 

 

 

  (4) 

 

The impregnation solution must be stable so 

that the active phase can penetrate the support 

appropriately. The absence of molybdenum 

sediments in the impregnation solution noticed 

the stability of the impregnation solution. In 

this work, the impregnation solution stability 

was observed for seven days. Based on con-

sumption in the industry, it must be stable 

within seven days to be used. In addition, the 

NH4OH used is hygroscopic, so if it were car-

ried out for more than seven days, more 

NH4OH would evaporate. The impregnation so-

lution decreases pH, forming molybdenum pre-

cipitates [26]. The impregnation solution sta-

bility was recorded in Table 2.  
The obtained impregnation solution in this 

work were homogen and no precipitate was 

formed for seven days (Table 2). It confirmed 

that all impregnation solution have good sta-

bility. This stability was influenced by PEG 

and citric acid that were added. PEG has suffi-

cient chains so that the particles fill in the 

cracks in the PEG arrangement [30]. PEG is a 

stable compound that acts as a template that 

wraps the particles so that aggregates do not 

form on the metal and generate the solubility 

of the active substance in the impregnation so-

lution increases [20]. PEG has reactive groups 

or lone electron pairs (PEB) on the oxygen at-

oms at both ends of its structure. Lone electron 

pairs bind metal ions to the catalyst, leading to 

Mo [31]. The reaction that ensues is shown in 

Figure 1.  

Table 2. Observations of the impregnation solu-

tion on the NiMo/-Al2O3 catalyst  

Catalyst Results 

NiMo/-Al2O3 Homogen and no precipitate on 7 days 

NiMo-P2/-Al2O3 Homogen and no precipitate on 7 days 

NiMo-P4/-Al2O3 Homogen and no precipitate on 7 days 

NiMo-P6/-Al2O3 Homogen and no precipitate on 7 days 

NiMo-C1/-Al2O3 Homogen and no precipitate on 7 days 

NiMo-C2/-Al2O3 Homogen and no precipitate on 7 days 

NiMo-C4/-Al2O3 Homogen and no precipitate on 7 days 

NiMo-P2C1/-Al2O3 Homogen and no precipitate on 7 days 

Figure 1. Reaction of PEG and Mo [32]  
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Meanwhile, citric acid (CA) is a tricarboxylic 

acid in which each molecule contains a carboxyl 

group and one hydroxyl group attached to a 

carbon atom and is widely utilized as a chelat-

ing compound in the synthesis of metal oxides 

[32]. Citric acid forms complexes depending on 

the metal. Francis et al. explained that citric 

acid forms bidentate complexes with Ni2+ metal 

[33]. The citric acid macromolecule's carboxylic 

group (-COOH) is deprotonated to release H+ 

and citrate ions. The citrate ion strongly binds 

to Ni2+ metal [34]. The reaction that transpires 

is shown in Figure 2.  
 

3.2 Characteristics of Catalysts 

3.2.1 XRF Analysis 

Analysis of active metal content in the cata-

lyst was carried out using an XRF instrument. 

The catalyst's dispersion level can be seen from 

the amount of metal content in the catalyst. 

High metal content will reflect a satisfactory 

level of dispersion [35]. The catalyst's metal 

content outcomes can be seen in Table 3. Table 

3 shows a comparison of PT. Pertamina's refer-

ence catalyst with the synthesized catalyst. 

The synthesized catalyst had a higher metal 

content than the reference catalyst. It indicates 

that PEG and CA effectively improve the dis-

persion of active metals on the catalyst sup-

port. Xiaodong Yi et al. [37] declared that add-

ing PEG could raise the levels of active metals 

in the NiMo/-Al2O3 catalyst. Meanwhile, the 

effect of adding citric acid (CA) was explained 

by Mohanty [38], who said that CA dramatical-

ly influences the enlargement of metal oxides 

on the pore of the support surface by forming 

complex compounds. 

Table 3 also exhibits the active metal con-

tent in the NiMo/-Al2O3 catalyst, which corre-

sponds to 3% NiO and 15% MoO3, and 1% CA. 

The metal content does not meet due to the un-

even dispersion of Ni and Mo on the support. It 

causes a decrease in Mo metal content in the 

catalyst. Zhao et al. [25] conveyed that an im-

pregnation solution that is not distributed 

evenly could cause agglomeration and reduce 

the active metal content of the catalyst. How-

ever, compared to the reference catalyst, the 

obtained catalyst in this work is distant and 

exceptional because it has a higher metal con-

tent. Thus, the catalyst's performance is poten-

tially higher than the reference catalyst [25]. 

The determination of the best catalyst due 

to adding PEG and CA is chosen by the high 

active metal composition dispersed into the 

support. It is because the catalyst activity is 

closely related to the dispersion and distribu-

tion of the active phase on the support. The 

higher the dispersion of the active phase on the 

support, the higher the catalyst activity is ob-

tained [24]. Table 3 showed that the highest 

metal composition was the addition of 2% PEG 

and 1% CA. Therefore, the catalyst was synthe-

sized likewise by adding 2% PEG and 1% CA 

mixture in the impregnation solution. These 

additives were combined because PEG and CA 

have the valuable role of augmenting active 

metal dispersion and distribution and improv-

ing the HDS process. Zhang et al. synthesized 

a NiMo/-Al2O3 catalyst by adding PEG and a 

metal composition of 3.5% NiO and 12% MoO3 

with an HDS capability of 98.2% at 350 ℃ [22]. 

Mohanty [38] reported the NiMo/-Al2O3 cata-

lyst, which was given the addition of CA with 

the active metal composition NiO 3% and 13% 

MoO3 having an HDS ability of 83% at 370 ℃ 

[38]. Zhao et al. explained that catalysts with-

out adding additives with a metal content of 

2.5% NiO and 10% MoO3 had an HDS capabil-

ity of 67.81% [25]. 

The metal content in obtained NiMo-P2C1/

-Al2O3 catalyst was close to the target, namely 

3.19% and 13.98% for NiO and MoO3, respec-

tively (Table 3). Compared with the catalyst 

made early, the catalyst decreased in metal 

composition after adding a mixture of 2% PEG 

and 1% CA. PEG is a polymer with large mo-

lecular weight of 1000, increasing the viscosity 

of the impregnation solution, thus rendering a 

limited interaction space between metal ions 

and each added additive. In addition, it can al-

so be influenced by the number of ligands pre-

sent in a solution. In this case, there are lig-

ands originating from PEG and CA. Ismangil & 

Hasanudin [39] expressed that metal cations 

Figure 2. Reaction of citric acid (CA) and Ni2+ met-

al ion [36].  

Table 3. XRF analysis results  

Catalyst NiO (%) MoO3 (%) 

NiMo-P2/-Al2O3 3.12 13.51 

NiMo-P4/-Al2O3 2.88 12.06 

NiMo-P6/-Al2O3 2.93 12.38 

NiMo-C1/-Al2O3 3.42 15.56 

NiMo-C2/-Al2O3 3.33 14.67 

NiMo-C4/-Al2O3 3.21 14.12 

NiMo-P2C1/-Al2O3 3.19 13.98 



 

Bulletin of Chemical Reaction Engineering & Catalysis, 18 (1), 2023, 167 

Copyright © 2023, ISSN 1978-2993 

could bind to one or more functional groups to 

form chelate complexes. These functional 

groups can come from the same or different lig-

ands [39]. If there is more than one ligand in a 

solution, the metal binding interaction by the 

functional groups of the ligand is hindered. It 

results in a lower distribution and dispersion 

than adding PEG and CA separately. However, 

the obtained catalyst in this work can still be 

used, because it is included in the range of NiO 

and MoO3 catalysts loaded for the hydrotreat-

ing process. The MoO3 composition loaded in 

the -Al2O3 support for the hydrotreating pro-

cess ranges from 8-15% (w/w), while NiO rang-

es from 1-4% (w/w) [24]. If the dispersed MoO3 

metal is more than 15% (w/w), cracking occurs 

in the hydrotreating process. In contrast, the 

hydrogenation process is inhibited if the metal 

content is too low [40]. 

 

3.2.2 XRD Pattern of Catalysts 

The NiMo/-Al2O3 catalyst was character-

ized using an XRD instrument to determine the 

catalyst phase. The catalyst diffractogram is 

used to detect the presence of MoO3 crystal in 

the catalyst. MoO3 crystals form if the distribu-

tion on the support is uneven. These crystals 

are disfavored because they are inactive. If the 

catalyst contains MoO3 crystals, the active 

phase formed after the sulfidation process de-

clines [41]. 

Figure 3 shows the diffraction pattern of 

the reference NiMo/-Al2O3 catalyst and the ob-

tained catalyst in this work. Both the reference 

catalyst and obtained catalyst with PEG (2%, 

4%, and 6%) have a similar diffraction pattern 

of -Al2O3 based on ICDD no. 98-009-9836 that 

is at 2θ: 36.97°; 46.11° and 66.70°. It shows 

that the impregnated -Al2O3 support remained 

in the -Al2O3 form. It confirmed that Ni and 

Mo species are spread evenly in the support 

pores because no NiO nor MoO3 peaks appear 

in the diffraction pattern. Adding PEG can 

block metal aggregation and increase Mo dis-

persion [20]. 

Figure 3 displays the diffraction pattern of 

the NiMo/-Al2O3 with the addition of CA (1% 

and 4%) has a distinctive peak identical to the 

alumina spectrum based on ICDD no. 98-009-

9836 that is at 2θ: 36.97°, 46.11°, and 66.70°. 

However, the NiMo/-Al2O3 catalyst with 2% 

CA exhibits peaks of MoO3 which appear at 

27.3°. Debecker et al. suggested that there was 

a diffraction peak at 2θ: 12.8°, 23.3°, 25.7°, 

27.3°, and 33.7° are evidence for the presence 

of MoO3 crystals [42]. The formation of MoO3 

crystals is due to the uneven distribution of Mo 

on the support surface [8,41].  
Figure 4 shows the NiMo/-Al2O3 catalyst 

has an identical XRD spectrum with -Al2O3 

based on ICDD no. 98-009-9836 that is at 2θ: 

36.97°; 46.11° and 66.70°. It confirmed that the 

impregnated -Al2O3 support remained in the 

same -Al2O3 form as the prior addition of PEG 

and CA. Therefore, this catalyst is used for the 

further hydrodesulfurization process. 

 

3.3 Surface Area of Catalysts 

The active surface of the catalyst is an im-

portant parameter in characterizing the pore 

material and the surface of the catalyst. The 

surface area, pore volume, and pore size of cat-

alysts were measured using a surface area ana-

lyzer and are shown in Table 4. Table 4 demon-

strates the differences in surface area, pore vol-

ume, and pore diameter of the catalyst due to 

the acquisition of PEG and CA. The reference 

catalyst has a larger surface area than the cat-

alyst with the addition of PEG and CA. Based 

on the active metal content of the catalyst 

Figure 3. Diffraction pattern of NiMo/-Al2O3 

catalyst  

Figure 4. Diffraction pattern of NiMo/-Al2O3 

with addition of PEG 2% and CA1% (NiMo-

P2C1/-Al2O3)  
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(Table 3), the catalyst with the addition of PEG 

and CA has a higher metal content. It indicates 

that the Mo metal is well dispersed into the 

pore support, causing a reduced surface area 

[43]. Okamoto et al. stated that the surface ar-

ea of the catalyst for the hydrotreating process 

is at least 150 m2/g so that the catalyst, with 

the addition of PEG and CA, can still be em-

ployed for the hydrotreating process [40].  

In contrast, the pore volume and diameter of 

the catalyst with the addition of PEG and CA is 

larger than the reference catalyst. The high 

content of active metals in the catalyst can in-

crease pore volume and diameter [44]. in addi-

tion, the calcination affects the pore size in-

creasing. Kusworo et al. explained that calcina-

tion removes air, carbon, and other impurities 

trapped in the catalyst pores, increasing the 

pore diameter [45]. Calcination could affect the 

catalyst's structure and properties related to 

the catalytic activity. Calcination also increases 

the active sites on the catalyst and lead to the 

probability of the reactants interacting with 

the surface of the catalyst increasing [46]. A 

large pore diameter makes it more straightfor-

ward for reactants to diffuse into and out of the 

pore optimally [47]. 

 

3.4 Catalytic Activity of NiMo-P2C1/-Al2O3 

The catalytic activity of catalyst was carried 

out to yield Ultra Low Sulfur Diesel (ULSD) 

products through the HDS process using a PID 

microreactor. Product sampling is accom-

plished every 8 hours. The product delivered 

from the HDS process was tested for its physi-

cal characteristics by analyzing total sulfur, 

density, and cetane index values. Sulfur con-

tent analysis was carried out using the Mul-

titek Total Sulfur Analyzer instrument. The to-

tal sulfur content of the obtained product of 

HDS is presented in Figure 5.  

Figure 5 illustrates a relationship between 

HDS activity and operating temperature on the 

NiMo/-Al2O3 catalyst. There was a lowering in 

sulfur content in diesel after the HDS process 

was assumed out under constant pressure of 

35.2 bar and LHSV of 1 h-1. Figure 5 also 

demonstrates the hydrodesulfurization activity 

with sulfur content values at each temperature 

of 29.47 ppm, 16.94 ppm, and 9.55 ppm, respec-

tively. The conversion of HDS was 96.10%, 

97.80%, and 98.75%, respectively. It reveals 

that the higher temperature decreased the sul-

fur content. Abid et al. explained that the high-

er the reaction temperature, the more hy-

drodesulfurization activity increased [48]. The 

higher temperature triggers an increase in the 

rate of reaction. It was attributed to energy 

availability being more remarkable for the con-

tact of the reactant molecules. This contact 

forces the number of collisions of the reactants 

on the catalyst's surface to increase, and the 

reaction of breaking the double bond and re-

moving sulfur has become faster [13]. 

In this work, the sulfur content in diesel 

from the HDS process at 345 ℃ satisfied the 

specifications for diesel according to the Direc-

torate General of Oil and Gas and Euro V with 

sulfur content in diesel of 9.55 ppm. The sulfur 

content obtained from this work was better 

Table 4. The surface area, pore volume, and pore size of catalysts  

Catalyst Surface Area (m2/g) Pore Volume (cm3/g) Pore Size (Å) 

Reference catalyst 223.07 0.40 72.72 

NiMo-P2/-Al2O3 185.14 0.51 110.03 

NiMo-P4/-Al2O3 188.48 0.51 109.20 

NiMo-P6/-Al2O3 189.09 0.52 110.02 

NiMo-C1/-Al2O3 187.19 0.51 108.80 

NiMo-C2/-Al2O3 187.04 0.51 108.42 

NiMo-C4/-Al2O3 187.83 0.51 108.97 

NiMo-P2C1/Ƴ-Al2O3 181.65 0.50 110.51 

Figure 5. Hydrodesulfurization (HDS) activity  
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than those carried out by Zhang et al. who syn-

thesized the NiMo/-Al2O3 catalyst by adding 

PEG that produced a sulfur content of 18.6 

ppm at 350 ℃ [22], and Mohanty which had an 

HDS activity of 83% at 370 ℃ with the addition 

of CA to the NiMo/-Al2O3 catalyst [38]. 

The hydrodesulfurization process takes 

place through 2 pathways. The first is the hy-

drogenation reaction pathway (HYD), in which 

the aromatic ring is hydrogenated first and 

then followed by breaking the C-S bond. The 

second is hydrogenolysis, or direct desulfuriza-

tion (DDS). They broke the C-S bond without 

employing aromatic ring hydrogenation [11]. 

The HDS reaction is shown in Figure 6. Adding 

PEG and CA to the impregnation of the cata-

lyst effectively increases HDS activity, charac-

terized by a significant decrease in sulfur con-

tent. Increased HDS is associated with high ac-

tive metal dispersion because it leads to more 

active sites such as Ni-Mo-S [20]. Ni and Mo 

catalysts hold a specific role in the hydrodesul-

furization process. The Mo metal plays to break 

the C-S bonds in thiophene. Meanwhile, Ni 

metal acts to cut the double bond in thiophene 

[49]. 

Density analysis was served to determine 

the value of density in diesel oil. In contrast, 

the cetane index is a rough ignition index and 

correlates with the cetane number or the time 

required to ignite in a specific space. The ce-

tane index test aims to determine the density 

and composition of aromatic compounds in die-

sel fuel. The density and cetane index of diesel 

fuel were then compared with Indonesian regu-

latory standards and Euro V. The analysis re-

sults can be seen in Table 6. Table 6 shows 

that the density of diesel fuel in this work is 

lower than the standard according to both In-

donesia and Euro V. The value of density value 

relatively decreases with increasing cetane in-

dex. It is because LCGO is a component of light 

diesel fraction which is usually used to blend 

with other types of of diesel with heavier frac-

tions, such as Heavy Diesel Oil (HDO). There-

fore, to get the density value according to the 

Figure 6. Hydrodesulfurization (HDS) reaction  

Table 6. Results of product physical test analysis  

Physical Test 
Feed 

LCGO 

Standard Temperature 

(℃) 
Analysis Result 

Indonesia Euro V 

Density (g/mL) 0.8017 0.815-0.870 0.820-0.845 315 0.799 

        330 0.797 

        345 0.798 

Cetane Index 50.3 Min. 45.0 Min. 46.0 315 52.4 

        330 52.6 

        345 53.6 
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standard, blending with other diesel compo-

nents is required. Table 6 shows that the ce-

tane index of diesel fuel is more significant 

than the standards at all temperatures. A high 

cetane index indicates the formation of a 

straight chain structure from more extended 

diesel or a change in the aromatic structure to 

a paraffin form (dearomatization) and a higher 

level of fuel saturation [50]. Knothe et al. ex-

plained that a fuel with a long straight chain 

has a higher cetane index [51]. 

In addition, the cetane index is strongly in-

fluenced by the composition of the Ni metal 

contained in the support. Higher Ni metal dis-

persion and distribution accelerate the break-

ing of the double bond in thiophene. Ni metal 

absorbs the double bond in thiophene, making 

it more effortless for the double bond to break 

[49]. It ensures that adding PEG and CA to the 

NiMo/-Al2O3 catalyst effectively increases hy-

drogenation, as indicated by the increased ce-

tane index. 

 

4. Conclusion 

The best NiMo/-Al2O3 catalyst was obtained 

by impregnation of -Al2O3 support with the ad-

dition of 2% PEG and 1% CA. The XRF analy-

sis showed that the active metal compositions 

were NiO 3.12% and MoO3 13.51%. This cata-

lyst reduced the sulfur content of diesel fuel to 

9.55 ppm with an HDS conversion of 98.75% 

and high cetane index of 50.3.  
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