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Abstract 

This research investigates the modification of γ−Al₂O₃ using ammonia, urea, and magnesium acetate to enhance its 

catalytic properties for hydrodemetallization (HDM) and hydrodesulfurization (HDS). Structural modifications affected 

the mineral composition, crystal size distribution, and textural properties of the support, with boehmite crystal sizes 

consistently ranging from 7 to 10 nm. Textural analysis indicated that alumina supports modified with urea and 

ammonia demonstrated enhanced characteristics, including elevated specific surface area (SBET), pore volume (VT), and 

pore size distribution (d), which are essential for catalytic performance. The modified catalyst (HM) exhibited 

significant hydrodemetalation efficiency, attaining metal removal rates of 98% for iron, 71% for vanadium, and 99% 

for nickel. In the HDS reaction, HM demonstrated the highest sulfur conversion of 20.9% at 315 °C, due to its capacity 

to sustain active site availability. The primary cause of catalyst deactivation was metal deposition, which resulted in 

pore blockage and diminished efficiency. The findings underscore the importance of support modification in enhancing 

catalytic performance, indicating HM as a viable catalyst for future heavy oil refining applications. 
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1. Introduction  

The increasing demand for oil-based energy, 

driven by technological and industrial 

advancements, has made the efficiency of 

petroleum refining processes crucial to ensuring a 
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cbr@itb.ac.id (C.B. Rasrenda) 

sustainable energy supply. One of the primary 

strategies in refining heavy oil is hydrotreating, 

which includes hydrodesulfurization (HDS) and 

hydrodemetallization (HDM) to improve fuel 

quality by removing sulfur and heavy metals [1,2]. 

HDS plays a key role in reducing sulfur content to 

minimize harmful emissions, while HDM is 

essential for eliminating heavy metals, such as 

vanadium (V), nickel (Ni), and iron (Fe), which can 
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poison catalysts and reduce process efficiency 

[3,4]. 

The effectiveness of HDS and HDM processes 

is significantly influenced by the properties of the 

catalyst used. One of the most commonly used 

catalyst support materials in hydrotreating is -

Al₂O₃, due to its high surface area, excellent 

thermal stability, and tunable pore structure. 

However, a major challenge in its application is 

catalyst deactivation caused by coke deposition 

and metal accumulation during HDM. The 

buildup of heavy metals in catalyst pores leads to 

clogging, reducing accessibility to active sites and 

decreasing catalytic activity [5]. Therefore, 

catalyst modification is necessary to enhance its 

stability and performance in HDS and HDM 

reactions. 

One promising approach is base modification 

of catalysts using ammonia, urea, and magnesium 

to optimize the textural and acid-base properties 

of -Al₂O₃, thereby enhancing its catalytic activity 

in HDS and HDM. Basic modification aims to 

adjust the acid-base balance of the catalyst, which 

is crucial in improving interactions between heavy 

oil compounds and active catalytic sites during 

hydrogenation and cracking reactions. 

Ammonia is a base compound that enhances 

HDS activity by reducing excessive Brønsted 

acidity, which can hinder catalyst performance. 

Previous research has shown that ammonia 

improves hydrodesulfurization activity in 

CoMo/ASA and NiMo/ASA catalysts by 

interacting with Brønsted hydroxyl groups on the 

amorphous silica-alumina (ASA) support [6]. In 

the case of -Al₂O₃, ammonia modification 

increases the number of Lewis basic sites, which 

contribute to the adsorption and activation of 

sulfur-containing molecules, thereby accelerating 

desulfurization reactions. Additionally, ammonia 

helps improve catalyst resistance to coke 

formation, extending its lifespan during 

hydrotreating processes. 

Urea plays a significant role in the synthesis 

of -Al₂O₃ by enhancing surface area and pore 

uniformity through the homogeneous 

precipitation mechanism of aluminum salts [7]. 

Studies have demonstrated that urea enhances 

HDS activity in NiMoP/Al₂O₃ catalysts, 

particularly at a urea/Ni ratio of 2. It promotes the 

uniform dispersion of MoOₓ species and prevents 

the formation of inactive phases such as NiMoO₄ 

and Al₂(MoO₄)₃, which can reduce catalytic 

activity [8]. Furthermore, urea improves the 

diffusion capacity of heavy oil substrates into the 

catalyst pores, enhancing the overall efficiency of 

HDS reactions. 

The modification of -Al₂O₃ with magnesium 

is intended to reduce acidity while increasing 

basicity, which contributes to the formation of 

CoMoS active sites in the HDS reaction. Research 

has shown that magnesium addition helps 

balance the acid-base properties of the catalyst, 

regulating the equilibrium between 

hydrogenation and cracking during HDS. 

Moreover, magnesium prevents coke formation by 

suppressing the unwanted polymerization of 

aromatic compounds. Previous studies have 

reported that modifying Mo/Al₂O₃ with Mg 

enhances catalytic activity in 

hydrodesulfurization (HDS) and 

hydrodenitrogenation (HDN) through a more 

efficient hydrogenation mechanism while also 

prolonging catalyst lifespan by mitigating 

deactivation due to coking [9,10]. 

Prior research has shown that increasing the 

specific surface area (SBET), pore volume (VT), and 

pore size distribution (d) of modified -Al₂O₃ 

contributes to enhanced catalytic activity in HDS 

and HDM. Catalysts with larger pore sizes and 

more uniform distribution allow better 

accessibility of heavy oil molecules to active sites, 

improving sulfur and metal removal efficiency 

[11,12]. Additionally, optimizing the acid-base 

balance of the catalyst through basic modification 

has been proven to improve selectivity in 

hydrodesulfurization reactions while preventing 

the formation of carbonaceous deposits that can 

deactivate the catalyst [13]. 

Therefore, this study aims to develop an 

optimized -Al₂O₃-based catalyst for 

hydrodesulfurization (HDS) and 

hydrodemetallization (HDM) reactions by 

modifying it with ammonia, urea, and 

magnesium. The modification is designed to 

enhance textural properties, control acid-base 

balance, and improve the efficiency of sulfur and 

heavy metal removal from heavy oil. Various 

formulations and combinations of modification 

materials were explored to achieve an optimal 

catalyst that is expected to contribute to more 

efficient heavy oil refining processes in the future. 

 

2. Materials and Methods  

2.1 Materials 

The reagents employed in this study include 

Aluminium nitrate nonahydrate, Al(NO3)3.H2O, 

Urea (CO(NH2)2), ammonia (NH3), nickel (II) 

nitrate hexahydrate (NiNO₃.6H₂O, Sigma 

Aldrich), citric acid (C6H8O7), molybdenum (VI) 

oxide (MoO3, Sigma Aldrich), and Magnesium 

acetate ((CH3COO)2Mg). All these materials were 

procured from Merck and utilized without 

additional purifications. The feedstock model for 

HDS paraffinic sulfur standard and HDM activity 

(V, Ni & Fe-Naphthenate) in n-C16 to n-C18 

solvent was obtained from Pertamina. 

 

2.2. Preparation of Support 

-Al2O3 supports were prepared with various 

modifications using Ammonia (NH3), Urea, and 
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No Sample Code 
Al(NO3)3 

(mmol) 

NH3 

(mmol) 

Urea 

(mmol) 

(CH3COO)2Mg 

(mmol) 

1 -Al2O3-AM1 40 85 - - 

2 -Al2O3-AM2 114 - - 

3 -Al2O3-AM3 142 - - 

4 -Al2O3-UA1 50 85 - 

5 -Al2O3-UA2 50 114 - 

6 -Al2O3-UA3 50 142 - 

7 -Al2O3-UM1 - 50 7 

8 -Al2O3-UM2 - 50 14 

9 -Al2O3-UM3 - 50 21 

10 -Al2O3-UMA1 50 7 28 

11 -Al2O3-UMA2 50 7 57 

12 -Al2O3-UMA3 50 7 85 

Mg-acetate ((CH3COO)2Mg). The synthesis of γ-

Al2O3 involved mixing Al(NO3)3 with 100 mL of 

deionized water. Subsequently, the solutions were 

modified into four types according to the formula 

provided in Table 1, with continuous stirring for 

10 minutes to ensure homogeneity of all reagents. 

The resulting solution was then placed in a 

hydrothermal autoclave and heated in an oven at 

a temperature of 170 ℃ for 18 hours. The 

subsequent steps included separating the 

precipitate from the solution through filtration, 

then drying at a temperature of 120 ℃ for 3 hours. 

 

2.3. Preparation of Catalyst 

An aqueous solution containing 1 gram of 

citric acid was combined with 28 grams of MoO₃ 

powder. Ammonia solution (NH₄OH) and 24 

grams of Ni(NO₃)₂.6H₂O crystals were then 

added and stirred until a homogeneous mixture 

was achieved. The optimized -Al₂O₃ support was 

positioned in a container and impregnated with 

the solution until full absorption occurred. The 

impregnated material was subsequently molded 

and subjected to calcination at 450 °C for a 

duration of 3 hours. 

 

2.4. Characterizations Method 

Several analysis methods were conducted to 

evaluate the characteristics and activity of all γ-

Al2O3 catalysts in Hydrodemetallization (HDM) 

reaction, including X-ray diffraction (XRD), N2 

adsorption, and Specific Surface Area: The 

Brunauer–Emmett–Teller specific surface area 

(SBET); The Barrett-Joyner-Halenda (BJH) pore 

volume (PV); and average pore diameter (APD). 

XRD analysis was performed utilizing the Bruker 

D2 PHASER XE-T 2nd generation diffractometer 

employing Cu-Kα radiation. The measurement 

data were recorded within 2 of 5-90 o. N2 

adsorption-desorption was measured at 77 K on a 

Micromeritics TriStar II Plus 3.01, USA. The 

Specific Surface Area (SBET, PV, APD) 

measurements were conducted on outgassed 

powders at 300 ℃ using Micromeritics FlowPrep 

060, USA (sample degas system). 

 

2.5. Hydrodemetallization (Fe, V and Ni) Activity 

Evaluation 

The activity of catalysts in 

hydrodemetallization (HDM) for the removal of 

Iron (Fe), Vanadium (V), and Nickel (Ni) was 

evaluated, referencing the study by previous 

researcher [11], utilizing a high-pressure trickle-

bed reactor pilot plant designed by Vinci 

Technology in downflow configuration. The 

reactor consists of a stainless steel tube with an 

inner diameter of 17.5 mm and a length of 925 

mm, featuring a fixed-bed catalyst portion (Figure 

1). The feedstock, containing Fe, V, and Ni 

impurities, was delivered into the reactor using a 

high-precision Eldex 5970 pump at a liquid hourly 

space velocity (LHSV) of 1 h⁻¹. The process 

transpired at a constant pressure of 32 bar, with 

hydrogen supplied at a H₂/oil ratio of 250:1 NL/L 

to facilitate the elimination of metal 

contaminants. The temperature varied from 195 

°C to 315 °C to assess its effect on catalytic 

performance. 

To assess the metal removal efficiency, 

around 1 g of the oil sample was subjected to 

ashing in a muffle furnace at 550 °C for a duration 

of 12 hours. The ash was dissolved in 2 mL of 

nitric acid and 0.5 mL of hydrochloric acid, 

subsequently transferred to a 25 mL volumetric 

flask for comprehensive mixing. The solution from 

the volumetric flask was then introduced into the 

spectrometer to determine the Fe, V, and Ni 

contents. 

Table 1. Composition of -Al2O3 support formulation 
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2.6. Hydrodesulfurization Activity Evaluation 

The catalysts' hydrodesulfurization (HDS) 

activity was assessed under conditions analogous 

to those of the HDM test. One gram of catalyst was 

added to the reactor. The flow of N2 and H2 gases 

from the cylinder was initiated previously. The 

line and reactor experienced oxygen removal, and 

the catalyst was dried with a nitrogen gas flow. 

The activation of the catalyst was performed 

through a sulfidation process, which involved the 

introduction of H2 gas and a dimethyl disulfide 

solution (DMDS) in naphtha, leading to the 

generation of H2S gas that permeated the catalyst 

compartment. The DMDS or naphtha feed stream 

was subsequently stopped, and the 

hydrodesulfurization process was resumed. Feed 

was supplied at a liquid hourly space velocity of 1, 

under a pressure of 32 bar, and at temperatures 

of 195, 255, 285, and 315 °C. Sampling was 

conducted during the storage of the product in a 

bottle containing the liquid. The product is 

analyzed for sulfur content. 

 

3. Results and Discussion  

3.1 Catalyst Characterizations 

All forms of the -Al2O3 support were 

synthesized through three distinct chemical 

modifications, namely NH3 (AM), Urea-NH3 (UA), 

Urea-(CH3COO)2Mg (UM), and Urea-

(CH3COO)2Mg- NH3 (UMA) with the formulation 

are detailed in Table 1 [14–16]. The mineral 

composition of the catalysts was investigated 

using XRD, as illustrated in Figure 2. The 2θ 

values corresponding to each peak in the XRD 

pattern are presented in Table 2, along with their 

respective hkl representations. The XRD results 

indicate that all samples exhibit peaks 

characteristic of boehmite, as compared to the 

standard boehmite from the JCPDS card 01-083-

2384 [17–19]. All samples exhibit boehmite peaks 

at 2θ: ±14° (020), ±28° (120), ±38° (031), and ±48° 

(051). Additional analysis reveals the presence of 

Figure 1. Schematic diagram of test equipment for NX1 hydroprocessing pilot plant reactor. 

Figure 2. XRD pattern of -Al2O3 support using 

NH3 (AM), Urea−NH3 (UA), 

Urea−(CH3COO)2Mg (UM), and 

Urea−(CH3COO)2Mg−NH3 (UMA) as support 

variation. 
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No Sample Code 
SBETa VTa db Dcystalc 

(m2.g-1) (cm3.g-1) (Å) (nm) 

1 -Al2O3-AM1 90.656 0.4597 202.825 8.95 

2 -Al2O3-AM2 138.436 0.7214 208.433 8.00 

3 -Al2O3-AM3 180.918 0.6576 145.394 7.90 

4 -Al2O3-UA1 126.525 1.4280 451.547 9.85 

5 -Al2O3-UA2 147.626 0.6953 188.409 8.32 

6 -Al2O3-UA3 128.411 0.5344 166.458 8.27 

7 -Al2O3-UM1 223.118 0.6881 123.36 7.86 

8 -Al2O3-UM2 170.725 0.7667 179.643 8.69 

9 -Al2O3-UM3 117.113 0.9363 319.779 9.77 

10 -Al2O3-UMA1 243.423 0.6712 132.735 7.96 

11 -Al2O3-UMA2 170.186 0.4489 105.504 9.58 

12 -Al2O3-UMA3 165.074 0.3977 96.376 10.95 

No Sample 
hkl 

(020) (120) (031) (051) (151) (080) (231) (512) 

1 -Al2O3-AM1 14.88° 28.50° 38.70° n.a. n.a. n.a. 64.99° n.a. 

2 -Al2O3-AM2 14.47° 28.14° 38.32° 48.98° 55.19° n.a. 64.55° 71.94° 

3 -Al2O3-AM3 14.43° 28.11° 38.29° 48.98° n.a. n.a. 64.59° 71.94° 

4 -Al2O3-UA1 14.52° 28.19° 38.37° 49.04° 55.21° 60.52° 64.40° 71.94° 

5 -Al2O3-UA2 14.56° 28.27° 38.43° 49.10° n.a. n.a. n.a. n.a. 

6 -Al2O3-UA3 14.67° 28.41° 38.56° 49.22° n.a. n.a. n.a. n.a. 

7 -Al2O3-UM1 14.63° 28.31° n.a. 49.06° n.a. 60.66° n.a. n.a. 

8 -Al2O3-UM2 14.55° 28.22° 38.39° 49.04° n.a. 60.58° n.a. n.a. 

9 -Al2O3-UM3 14.48° 28.14° 38.31° 48.96° 55.17° 60.50° n.a. 71.88° 

10 -Al2O3-UMA1 14.58° 28.18° 38.34° 48.93° n.a. 60.59° n.a. n.a. 

11 -Al2O3-UMA2 14.60° 28.27° 28.44° 48.93° n.a. 60.66° n.a. n.a. 

12 -Al2O3-UMA3 13.89° 28.40° 38.80° 48.88° 55.48° 61.06° 64.43° 72.13° 

other crystals in the -Al2O3-UMA catalyst, 

indicated by supplementary peaks at ±12° and 

±24°, likely corresponding to Mg(OH)2 peaks 

originating from residual Mg acetate still present 

in the samples. This observation aligns with 

JCPDS file No. 00-044-1482 [20,21]. The presence 

of active metal phases, such as Ni and Mo, is 

confirmed by distinct diffraction peaks. The peaks 

at 2θ ≈ 37.2°, 43.3°, and 62.9° are attributed to 

NiO (JCPDS No. 47-1049), whereas the peaks at 

2θ ≈ 12.8°, 23.3°, and 25.7° signify the presence of 

MoO₃ (JCPDS No. 35-0609). The diffraction peaks 

observed at 2θ ≈ 26.6° and 36.3° indicate the 

presence of NiMoO₄ (JCPDS No. 45-0142). 

Following the sulfidation process, the oxide 

phases are anticipated to transform into the active 

NiMoS₂ phase, which is identified by broad 

diffraction peaks at 2θ ≈ 14.4°, 33.5°, and 58.5° 

(JCPDS No. 37-1492). The lack of sharp peaks for 

NiMoS₂ indicates that the active phase is 

extensively dispersed on the catalyst support, 

which benefits catalytic performance. 

Further analysis of the XRD pattern enables 

the determination of crystallite size using the 

Scherrer Equation based on the peak conditions of 

the XRD pattern. All samples exhibit relatively 

broad peaks, and according to the Scherrer 

Equation, the peak width is inversely proportional 

to the crystallite size [22–24]. Therefore, the 

calculated crystallite sizes for all samples are 

presented in Table 3. The crystallite size of the γ-

Al2O3 support using NH3 (AM), Urea-NH3 (UA), 

Urea-(CH3COO)2Mg (UM), and Urea-

(CH3COO)2Mg-NH3 (UMA) shows a relatively 

consistent range between 7-10 nm. Consequently, 

the chemical modifications using ammonia, urea, 

and magnesium acetate do not significantly 

impact the change in crystallite size. 

The advanced features in catalyst materials 

pertain to the textural properties that influence 

the material's capacity in catalytic reactions. The 

textural properties of all samples, encompassing 

surface area, average pore diameter, and pore 

volume, were assessed using N2-sorption and are 

presented in Table 3. In Figure 3a, the 

relationship between the adsorbed gas quantity 

and relative pressure (P/P0) is depicted to 

determine the SBET (Specific Surface Area) of each 

Table 3.  IR-Py-spectra before and after modification of the HZSM-5 zeolite with boron (a determined using 

N2-sorption ; b determine using the BJH method; c determined using the Scherrer equation 

Table 2.  The 2θ peak values in the XRD patterns for all variants of the -Al2O3 support. 
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sample through linear regression analysis of the 

graph. Each -Al2O3 support exhibited a 

substantial specific surface area of 100-240 m²/g, 

which could prove advantageous for catalytic 

applications [25]. The variations in textural 

properties are attributed to differences in the 

modification agents used during synthesis. In -

Al₂O₃ supports modified with ammonia (AM), the 

resulting SBET is the smallest (90.66 m².g⁻¹) 

compared to other modifications. This decrease in 

surface area may be due to the potential 

aggregation of particles or partial blockage of 

pores by residual ammonia species. Meanwhile, 

supports modified with a combination of urea, 

magnesium, and ammonia (UMA) exhibit the 

highest SBET value (243 m².g⁻¹). This suggests that 

the presence of magnesium influences the 

structural arrangement, while urea and ammonia 

contribute to enhanced porosity by facilitating 

better dispersion and preventing particle 

agglomeration. 

Pore volume (Vₜ) also varies across different 

modifications. The -Al₂O₃-UMA-modified 

catalyst has the smallest pore volume (0.4 

cm3.g⁻¹), whereas the -Al₂O₃-UA exhibits the 

largest pore volume (1.4 cm3.g⁻¹). This difference 

is further reflected in the Barret−Joyner−Halenda 

(BJH) pore size distribution (Figure 3b), where -

Al₂O₃-UA has the largest pore size (451 Å), while 

-Al₂O₃-UMA exhibits a smaller pore size 

Figure 3. (a) N2-sorption and (b) BJH pore size distribution of -Al2O3 support using NH3 (AM), Urea-NH3 

(UA), Urea-(CH3COO)2Mg (UM), and Urea-(CH3COO)2Mg-NH3 (UMA) as support variation. 
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distribution (96 Å). These observations suggest 

that the use of urea-ammonia (UA) promotes the 

formation of larger pores, likely due to the role of 

urea in templating effects or gas evolution during 

decomposition, which creates a more open 

structure. In contrast, the UMA modification 

results in a catalyst with a higher surface area but 

smaller pore sizes, indicating that the combined 

effect of urea, magnesium, and ammonia 

enhances pore wall formation and structural 

stability [25,26]. These findings highlight the 

significant impact of modification agents on the 

surface area, pore volume, and pore size 

distribution of -Al₂O₃ catalysts, which in turn 

could influence their catalytic performance. 

 

3.2. HDM Catalytic Process 

The catalytic performance in the 

hydrodemetallization (HDM) process was 

assessed using a model feedstock comprising Fe, 

V, and Ni-naphthenates dissolved in a paraffinic 

diesel n-C16-18 solvent. Paraffinic diesel n-C16-

18 was chosen as the optimal solvent because of 

its high solubility for metal naphthenates, 

superior thermal stability, and physicochemical 

properties that are comparable to those of 

petroleum fractions. The identified characteristics 

create a realistic and stable model system, 

offering a representative framework for 

simulating petroleum treatment processes that 

involve metal contaminants [27,28]. 

The data in Table 3 indicate that the optimal 

modification of the -Al₂O₃ support, regarding its 

physical properties—specific surface area, pore 

volume, and pore size distribution—was attained 

through treatments with urea in combination 

with ammonium and with magnesium. The 

modified supports were impregnated with a NiMo 

catalyst, yielding two distinct modified catalysts: 

SM (-Al₂O₃ modified with urea and ammonium) 

and HM (-Al₂O₃ modified with urea and 

magnesium). In catalytic activity testing, an 

unmodified catalyst, designated as RM, served as 

a control to assess the performance of the modified 

catalysts. 

Figures 3a, 3b, and 3c depict the HDM 

process for the removal of Fe, V, and Ni, 

respectively. The initial concentrations of Fe, Ni, 

and V in the feedstock were 7.45 ppm, 40 ppm, and 

0.63 ppm, respectively. The catalytic activity of 

the SM, HM, and RM catalysts was systematically 

assessed over a reaction period of 0 to 120 minutes 

to evaluate their effectiveness in eliminating 

metal contaminants. The findings demonstrate 

that both catalysts possess notable metal removal 

efficiency, especially during the initial 30 minutes 

of the reaction. Their performance remains stable 

over the 120-minute reaction period, indicating 

durability and sustained catalytic activity under 

the tested conditions. Figure 3d, 3e and 3f 

illustrates a comparative analysis of the removal 

efficiencies of Fe, V, and Ni for both catalysts. The 

data indicate that SM and HM efficiently remove 

metal contaminants, achieving an overall removal 

efficiency of about 85% for the metals tested. The 

high efficiency demonstrates the effectiveness of 

these catalysts in lowering metal concentrations 

in the n- hydrotreated vegetable oil (HVO) 

Figure 4. Concentration of (a) Fe, (b) V, and (c) Ni in the hydrodemetallization process utilizing the SM, 

HM, and RM catalysts, and (d,e,f) percentage HDM conversion. 
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feedstock, thus improving its purity and quality. 

The findings support the potential use of HM and 

SM catalysts in industrial hydrodemetallization, 

presenting a viable method for enhancing the 

refining process of metal-containing petroleum 

feedstocks. 

In order to gain a deeper understanding of 

catalytic hydrodemetallization, we conducted a 

kinetic evaluation utilizing a set of optimal SM 

and HM catalysts. Within this investigation, the 

kinetic parameters were determined to establish 

the constant rate of this reaction employing 

pseudo-first-order kinetics [25]. Subsequently, 

calculations were carried out by creating a graph 

of ln (Ca/Ca0) against time, utilizing the following 

pseudo-first-order kinetic equation. 

 
d𝐶𝑎

dt
=-k∙Cr∙𝐶𝑎=-kobs∙𝐶𝑎    (1) 

ln (
𝐶𝑎

𝐶𝑎0
) =-kobs     (2) 

 

The concentration of the product, denoted as 

Ca, is a crucial factor in the reaction, alongside the 

rate constant represented by k. Additionally, the 

reagent concentration, Cr, is considered and 

assumed to be zero-order due to it being 

constantly maintained throughout the reaction. 

The variable t corresponds to the reaction time. In 

Figure 4a and Figure 4b, a graphical 

representation is provided, illustrating the first-

order kinetic plot of ln (Ca/Ca0) against reaction 

time (t) and second-order kinetic plot of (1/Ca-

1/Ca0) vs. t, respectively, based on previous data on 

the optimal catalyst [29]. By employing Equation 

(2), the graph yields a slope that serves as the rate 

constant (Kobs). This observed rate constant (Kobs) 

for each catalyst is subsequently presented in 

Table 4. Further analysis from the pseudo kinetics 

order can determine the Eobs from the equation as 

follows: 

Kobs= A e-
Eobs
RT      (3) 

ln Kobs= ln A - 
Eobs

RT
    (4) 

 

where, A represents a pre-exponential factor, and 

Eobs represents the observed activation energy 

measured in joules per mole (J.mol⁻¹). The 

universal gas constant, denoted as R, is 8.314 

J.mol⁻¹.K⁻¹, and T signifies the temperature in 

Kelvin (K). To derive the remaining 

thermodynamic parameters, specifically the 

enthalpy of activation (ΔH‡) and the entropy of 

activation (ΔS‡), the Eyring equation (Equation 

(5)) is employed [30]. Furthermore, the Gibbs free 

energy of activation (ΔG‡) is determined using Eq. 

(6). The expressions for these parameters are 

outlined as follows. 

 

ln (
Kobs

T
) = ln (

KB

h
) +

∆S
‡

R
-

∆H
‡

RT
   (5) 

∆G
‡
=∆H

‡
-T⋅∆S

‡
     (6) 

 

In heavy oil mixtures containing metals, such 

as Fe, V, and Ni, these metals are typically bound 

to the asphaltene structure. Hydrogenation is 

carried out on intermediate metalloporphyrin 

compounds within the catalyst pores to remove 

metals from heavy oil. The result of this reaction 

will then release metals and sediments that can 

clog the catalyst pores, reducing its catalytic 

activity [3,31,32]. This is likely to occur in the 

reactions conducted in this study, causing the 

removal process of metals, both Fe and V, to be 

successful only to the extent of approximately 69-

77% of the total metal content present in the 

feedstock [33–35]. 

The kinetic rate constant (kobs) presented in 

Table 4 demonstrates that the SM catalyst (1.20 × 

10⁻² min⁻¹) shows a higher reaction rate compared 

to HM (5.85 × 10⁻³ min⁻¹). This observation implies 

Figure 5. (a) Pseudo first order and (b) second order of n-HVO using HM and SM catalyst in HDM reaction, 

with (c) the Kobs values for all the tested catalysts in the HDM reaction involving Fe and V in n-HVO 

were determined. 
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Catalyst 𝐾𝑜𝑏𝑠  (min-1) %HDM (Fe) %HDM (V) %HDM (Ni) 

Mg 2.54×10-2 n.a n.a. n.a. 

Urea 6.08×10-3 n.a n.a n.a. 

SM 1.20×10-2 97.58 71.75 99.53 

HM 5.85×10-3 97.99 71.43 99.53 

that the urea-ammonium modification in SM 

enhances catalytic activity, potentially through 

increased availability of active sites. Both 

catalysts demonstrate comparable HDM 

efficiencies for the removal of Fe, V, and Ni. This 

suggests that while SM enhances the reaction 

rate, HM (urea-Mg modification) may play a role 

in stabilizing the catalyst. In comparison to the 

Mg-based catalyst (kobs = 2.54 × 10⁻² min⁻¹), HM 

exhibits a lower rate constant, suggesting that Mg 

improves catalytic kinetics. However, the 

incorporation of urea in HM modifies structural 

properties, which may influence mass transfer or 

site accessibility. The findings underscore the 

trade-off between reaction speed (SM) and 

catalyst durability (HM), illustrating the unique 

mechanistic contributions of ammonium and 

magnesium modifications in enhancing HDM 

performance. 

 

3.3. HDS Catalytic Process 

The catalytic performance in the 

hydrodesulfurization (HDS) process was 

evaluated using a standardized paraffinic sulfur 

compound. The choice of this sulfur standard was 

intended to create controlled and representative 

reaction conditions, thereby reducing interference 

from other compounds that might influence 

catalytic performance. This method guarantees an 

accurate and dependable evaluation of the 

catalyst's desulfurization efficiency. The sulfur 

concentration was established at 100 ppm to serve 

as a standard for assessing sulfur removal and 

catalyst efficacy. 

The catalytic activity in the 

hydrodesulfurization (HDS) process was assessed 

by examining the performance of SM, HM, and 

RM catalysts over a reaction duration of 0 to 120 

minutes. This study evaluated the effectiveness of 

each catalyst in the removal of sulfur compounds, 

while also tracking variations in activity over 

time. The three catalysts (SM, HM, and RM) 

effectively reduced the sulfur content of the 

feedstock in the initial stage of the reaction. After 

60 minutes, a decrease in catalytic activity was 

noted, accompanied by an increase in sulfur 

concentration. 

Figure 6a illustrates that the RM catalyst 

exhibited the most significant decline in 

effectiveness, as indicated by a substantial 

increase in sulfur content following its minimum 

value. This trend corresponds with the HDS 

conversion results presented in Figure 6b, 

demonstrating that the RM catalyst displayed the 

lowest performance relative to SM and HM. This 

phenomenon is associated with 

hydrodemetallization (HDM) activity, indicating 

that the RM catalyst exhibited reduced efficacy in 

the removal of heavy metals. The buildup of heavy 

metals on the catalyst surface and within its pores 

can obstruct active sites, thereby impeding the 

HDS reaction and diminishing desulfurization 

efficiency. The results indicate that the HM 

catalyst exhibited superior catalytic activity 

relative to SM and RM, establishing it as the most 

effective option for desulfurization. The findings 

underscore the importance of heavy metal 

removal before hydrodesulfurization (HDS) in 

optimizing catalyst performance and improving 

desulfurization efficiency.  

Figure 6c illustrates that 

hydrodesulfurization (HDS) conversion enhances 

with increasing temperature across all catalysts, 

Table 4.  Kinetic parameters of catalyst with each modification. 

Figure 6. Concentration of (a) S in the hydrodesulfurization process utilizing the SM and HM catalysts, 

(b) percentage HDS conversion with variation of reaction time, and (c) percentage HDS conversion with 

reaction temperature variation. 
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exhibiting a notable increase beyond 280 °C. The 

HM catalyst demonstrates superior performance, 

attaining over 20.9% conversion at 315 °C, with 

SM following, and RM exhibiting the least 

effectiveness. The suboptimal performance of RM 

can be ascribed to pore obstruction caused by 

heavy metals, which impedes reactant access to 

active sites. The elevated efficiency of HM 

indicates that this catalyst possesses more 

accessible and optimized active sites for the 

adsorption and conversion of sulfur compounds. 

Consequently, HM is the preferred catalyst, 

especially for high-temperature applications 

aimed at improving desulfurization efficiency. 

The effectiveness of catalysts in 

hydrodesulfurization (HDS) and 

hydrodemetallization (HDM) is significantly 

affected by their textural and structural 

characteristics, especially the pore size. Catalysts 

with larger pore sizes, such as HM (245 Å), 

enhance the diffusion of reactants and products 

and mitigate clogging from heavy metals. 

Conversely, RM, characterized by the smallest 

pore size (95 Å), exhibits accelerated clogging, 

which diminishes its efficacy in heavy metal 

removal and reduces HDS activity. The data 

demonstrates a correlation where larger pore 

sizes are associated with increased HDM and 

HDS efficiency. HM, characterized by the largest 

pore size, attains the highest HDS conversion rate 

at 20.9%. This is followed by SM at 15.4%, 

whereas RM demonstrates the lowest conversion 

rate of 11.12%.  

The relationship among pore size, HDM 

efficiency, and HDS efficiency is significantly 

interconnected. Larger pore catalysts enhance 

reactant accessibility, optimize active site 

distribution, and improve resistance to clogging 

by heavy metals. Thus, HM is identified as the 

most efficient catalyst in both reactions, whereas 

SM is a feasible alternative, albeit with slightly 

reduced effectiveness attributed to its smaller 

pore size. Conversely, RM demonstrates the 

lowest effectiveness due to its smaller pore size, 

which results in accelerated clogging and a 

marked decrease in both HDM and HDS activity. 

The availability and stability of active sites 

and the textural properties are crucial factors 

influencing the catalytic efficiency. The 

accessibility of MoS₂ active sites, essential for 

hydrodesulfurization (HDS), is impeded by the 

deposition of heavy metals. Catalysts exhibiting 

enhanced HDM performance, such as HM and 

SM, effectively eliminate heavy metals (Fe, V, Ni), 

thus maintaining a higher quantity of MoS₂ active 

sites for the HDS reaction. In contrast, RM shows 

a significant decrease in activity attributed to 

increased pore clogging and diminished 

accessibility of active sites. The structural 

integrity of the catalysts influences their 

resistance to metal poisoning, with HM exhibiting 

the highest durability under reaction conditions. 

 

4. Conclusion 

The alteration of −Al₂O₃ support with 

ammonia, urea, and magnesium acetate markedly 

enhanced their structural, textural, and catalytic 

characteristics for hydrodemetallization (HDM) 

and hydrodesulfurization (HDS). The 

modifications affected the catalyst's mineral 

composition, crystal size distribution, and 

textural properties, with boehmite crystal sizes 

consistently ranging from 7 to 10 nm. The 

modified catalysts treated with urea and 

ammonia demonstrated increased SBET, VT, and d 

values, signifying enhancements in surface area, 

pore volume, and pore diameter, all of which are 

essential for catalytic activity. The HM catalyst 

demonstrated superior efficiency in 

hydrodesulfurization (HDS) and 

hydrodemetallization (HDM) reactions, achieving 

an HDS conversion of 20.9% and HDM efficiencies 

of 99.52% for Ni, 71.43% for V, and 97.99% for Fe. 

This advantage is due to its capacity to efficiently 

eliminate heavy metals, thus preserving the 

accessibility of active sites. The SM catalyst 

exhibited HDM performance comparable to HM, 

achieving efficiencies of 99.52% (Ni), 71.75% (V), 

and 97.58% (Fe). However, it displayed reduced 

HDS activity at 15.4%, suggesting a limited 

number of active sites or inadequate sulfidation. 

The RM catalyst demonstrated the lowest HDM 

efficiency, recording 74.99% for Ni, 42.19% for V, 

and 81.67% for Fe, alongside an HDS conversion 

of merely 11.12%. This underscores the 

constraints in both the quantity and efficacy of 

active sites, attributed to accelerated pore 

blockage. The catalyst's pore size significantly 

influences the efficiency of hydrodesulfurization 

(HDS) and hydrodeoxygenation (HDM). HM, with 

the largest pore size of 245 Å, exhibits the highest 

activity, while SM at 205 Å and RM at 95 Å 

demonstrate more rapid pore blockage. 

Consequently, HM serves as the most effective 

catalyst for desulfurization applications, with SM 

following, and RM demonstrating the least 

efficacy in both reactions. Pore size is the primary 

factor influencing HDM and HDS activity, with 

surface area and pore volume following in 

importance. HM is identified as the most effective 

catalyst, followed by SM, whereas RM 

demonstrates the least performance attributed to 

rapid pore blockage and diminished active site 

availability. The findings highlight the 

significance of textural properties in the design of 

catalysts for effective hydrodesulfurization and 

hydrodemetallization processes. 
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