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Abstract 

This study investigated how the metal impregnation method affects the oxidative desulfurization (ODS) of dibenzothiophene (DBT) using H₂O₂ 
over Ni–Cu catalysts supported on bamboo-derived activated carbon. Catalysts with 1% and 2% Ni–Cu were prepared via simultaneous 
impregnation, while the effect of sequence was evaluated by comparing simultaneous and sequential impregnation (2%Ni-2%Cu/AC and 2%Cu-
2%Ni/AC). The 2%Ni-2%Cu/AC catalyst was identified as the best catalyst, with a surface area of 802.36 m²/g, average pore diameter of 2.4761 
nm, and total acidity of 3.1239 mmol/g. This catalyst achieved the highest DBT reduction of 90.81% under optimal conditions (0.2 g catalyst 
weight, 60 minutes, 40 °C, and 0.66 mL H₂O₂), confirming that the sequential impregnation route significantly enhances catalytic performance. 
In conclusion, the impregnation sequence in designing highly efficient desulfurization catalysts is important due to spray impregnation resulting 
in higher surface area, acidity, and catalytic activity compared to the simultaneous impregnation method. 
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1. Introduction  

The emission of sulfur oxides (SOx) generated from the 

combustion of fuel containing sulfur compounds can lead to air 

pollution and acid rain. In addition, they have corrosive effects 

that can reduce the  engine life and also deactivate catalysts 

during fuel oil processing [1,2]. The maximum sulfur content 

standard in fuel oil for transportation purposes in many 

countries is 10-15 ppm [3]. Therefore, an effective and efficient 

desulfurization method is required to produce low-sulfur fuel 

oil.  Hydrodesulfurization (HDS) is widely used industrially but 

is inefficient for removing refractory aromatic sulfur 

compounds like thiophene, BT, and DBT due to their steric 

stability [4–6]. It also requires high temperature, high pressure, 

and hydrogen, making the process costly [7,8]. 

Oxidative desulfurization (ODS) is considered superior to 

other methods because it is efficient in removing aromatic 

sulfur compounds, operates at low temperatures and pressures, 

and has high desulfurization efficiency without the need of 

hydrogen [2]. According to Jia et al. [9], sulfur compounds that 

are difficult to remove in HDS are highly reactive in ODS. The 

ODS process involves two stages: first, sulfur compounds are 

oxidized into more polar sulfoxides and sulfones using an 

oxidant and catalyst; then, the oxidized products are separated 

via polar solvent extraction [10]. Catalyst design is crucial for 

achieving high ODS efficiency. 

Transition metal catalysts provide abundant active sites with 

high activity, selectivity, and stability. Although noble metals 

like Pt and Au are effective for ODS [11–13], their high cost 

limits use. More affordable metals such as Ni and Cu are widely 

applied, with unpaired electrons and empty p orbitals that act 

as acid sites to facilitate H₂O₂ decomposition [14,15]. In the 

ODS process, Yaseen et al. [14] demonstrated that Ni and Cu 

supported on activated carbon achieved DBT conversions of 

93% and 90%, respectively. Compared to monometallic 

catalyst, bimetallic catalyst can outperform because two metals 

can create a synergy resulting in higher catalytic activity [16].  

The use of metal catalysts requires a catalytic support that 

not only facilitates the dispersion of active metals but also 

enhances catalytic activity [17,18]. Activated carbon has high 

porosity, surface area, and functional groups on its surface and 

is readily available [19,20]. Activated carbon can be produced 

from lignocellulosic biomass such as bamboo, which is widely 

used in construction and crafts, generating large amounts of 

waste suitable for conversion. [21]. Bamboo is estimated to 

contain 45.2% cellulose, 10.81% hemicellulose, and 28.35% 

lignin, with low inorganic content [22], making it a suitable raw 

material for producing activated carbon. 

The metal loading method strongly affects particle 

dispersion and catalyst performance. Excess metal can disrupt 

metal-support interactions [23,24], so optimizing both the 

amount and sequence of Ni and Cu addition on activated carbon 

is essential to achieve superior catalytic properties. The 
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impregnation method affects the catalytic activity where it can 

affect it surface area as reported by Osakoo et al. [25] that stated 

sequential impregnation improved catalytic activity for 

Fischer–Tropsch synthesis due to higher surface area than 

simultaneous impregnation.    

This research investigates how metal impregnation method 

and sequence influence the oxidative desulfurization (ODS) of 

dibenzothiophene (DBT) using H₂O₂ over Ni–Cu bimetallic 

catalysts supported on bamboo-waste-derived activated carbon. 

The catalysts were designed as eco-friendly systems and tested 

under a high-sulfur feed (1200 ppm DBT), a significantly 

harsher and more realistic condition than typically reported in 

the literature. Compared to other metal impregnation, spray 

impregnation was used for the synthesis that uses less solution, 

which led to less metal loss in the solution during the synthesis 

process, especially in sequential bimetallic impregnation that 

involved two different solutions during synthesis. The effects 

of metal content and preparation order on catalyst properties 

and activity were also studied. The catalyst was tested in the 

ODS-DBT process with H₂O₂ as an oxidant and acetonitrile as 

an extractant, examining the impact of dosage, time, 

temperature, and O/S ratio on DBT removal. 

2. Materials and Methods 

2.1. Materials 

The material used in this study were Petung bambu 

(Dendrocalamus asper) waste collected from Grosir Bambu 

Petung Mulia Jaya, Ltd. (Yogyakarta, Indonesia); Phosphoric 

acid (H3PO4) (85%); Nickel nitrate hexahydrate p.a. 

(Ni(NO3)2.6H2O); Copper nitrate trihydrate p.a. 

(Cu(NO3)2.3H2O); Dibenzothiophene (C12H8S 99% purity, 

Merck); n-hexane (C6H14); Hydrogen peroxide (H2O2 30%); 

Acetonitrile (CH3CN); Nitrogen (N2) gases were supplied by 

Samator Gas Industri, Ltd. (Yogyakarta, Indonesia). 

 

2.2. Preparation of activated carbon from bamboo waste 

Petung bamboo waste was collected from Grosir Bambu 

Petung Mulia Jaya, Yogyakarta. It was cleaned and sun dried 

in 20 hours and dried using oven at 110 °C for 24 hours. The 

dried bamboo waste was crushed and sieved to a size 0.2-0.5 

cm. Modified from a study by Ismail et al. [26], The sieved 

bamboo was pre-treated by soaking in the H3PO4 (85%) with a 

ratio of 1:1 (w/v) for 24 hours at room temperature. The 

precursor was then carbonized in a furnace at 600 °C for 4 hours 

under N2 atmosphere with the flow rate of 20 mL/min. After 

carbonization, samples were cooled, washed with deionized 

water until pH value of the filtrate becomes the same as 

deionized water, i.e. pH 5-6. Finally, the sample was dried 

using oven at 100 °C for 24 hours and then sieved using a 200-

mesh sieve. The activated carbon namely AC. 

 

2.3. Preparation of bimetal catalysts 

The varied Ni-Cu/AC catalysts were prepared by using 

spray impregnation which was modified from a study by 

Triyono et al. [27]. The AC was impregnated with the aqueous 

solution of  Ni(NO3)2.6H2O dan Cu(NO3)2.3H2O to obtain Ni 

and Cu precursor. The first one, the catalysts were prepared by 

co-impregnation method with the concentration of each metal 

varied by 1% and 2%. Both Ni and Cu precursors were 

dissolved in deionized water and spraying to AC. Then dried at 

100 °C for 18 h and calcination at 500 °C for 4 h under N2 gas 

flow 20 mL/min. This made the 1%Ni1%Cu/AC and 2% 

Ni2%Cu/AC catalysts. 

In the sequential impregnation method, it was carried out 

with each metal loading 2%. The Ni solution was first loaded 

onto AC by spray impregnation and dried at 100 °C for 18 h. 

The obtained sample was subsequently impregnated with the 

Cu solution and dried again at 100 °C for 18 h, finally calcined 

at 500 °C for 4 h under N2 gas flow 20 mL/min. It is obtained 

the 2%Ni-2%Cu/AC. The last one was prepared by first Cu 

impregnation and then Ni, the preparation process is same to 

previous method except exchanging the additional order to the 

Ni and Cu precursors and this is obtained the 2%Cu-2%Ni/AC 

catalyst. 

 

2.4. Catalysts characterization 

The varied catalysts were analyzed by FTIR (Fourier 

Transform Infra-Red, Shimadzu Prestige-21) to observe their 

functional groups in the range 4000 to 400 cm-1 with the KBr 

technique which is a standard technique in FTIR 

characterization. Despite the presence of metallic Ni and Cu 

species, the catalysts were finely ground and homogeneously 

mixed with KBr to ensure adequate IR transmittance. For metal 

content analysis, X-Ray fluorescence  (XRF, RIGAKU NEX 

CGII) was used. The crystallinity and diffraction patterns of the 

catalysts were characterized using XRD (Bruker Phase D2). 

SEM Mapping elements (SEM, JEOL JSM-6510) were used to 

analyze the catalysts morphology, along with EDX to evaluate 

the amounts of metal contained.  The catalysts porosity was 

examined by nitrogen adsorption-desorption isotherms at 77K 

using SAA (Quantachrome NovaWin Series), then the data 

were analyzed by BET and BJH methods. The catalyst acidity 

was determined by NH3-TPD (Chemisorb 2750 

Micromeritics). 

 

2.5. Catalytic activity test in ODS-DBT 

The model fuel was prepared by dissolving DBT in n-

hexane at a concentration of 1200 ppm. Using the method from 

previous study [7], the ODS process was carried out in a 250 

mL three neck round bottom flask, equipped with a condenser 

fitted with magnetic stirrer and immersed in an oil bath 

controlled by thermometer. The catalytic activity of all catalyst 

variants was investigated in a standard reaction. A mixture of 

20 mL model oil and 20 mL acetonitrile (extractant) was added 

to the flask and heated under vigorous stirring (600 rpm). After 

the temperature reached 60 °C, 0.15 g of catalyst and 0.13 mL 

of H2O2 (equivalent to 15wt% active H₂O₂ based on the total 
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mass of catalyst and oxidant, using a 30wt% H₂O₂ solution) 

were added to initiate the reaction, which proceeded for 60 

minutes. After the reaction, the catalyst was separated from the 

mixture  using centrifuge and two phases of the solvent-model 

fuel mixture are then decanted in separating funnel for 15 

minutes to reach polar solvent and model fuel phases. The fuel 

phase was diluted then the absorbance was measured at 286 

using UV-Vis spectrophotometer. The calibration curve 

method was used to determine the concentration of DBT in the 

fuel phase. A series of standard solutions were made by diluting 

a 1200 ppm DBT solution into 3, 6, 9, 12, and 15 ppm. The 

decrease in DBT concentration can be calculated using the 

following equation, where C0 and Ct are the initial and final 

concentrations of DBT, respectively. 

 

DBT removal (%) = 
C0-Ct

C0
×100%  (1) 

 

Using the best catalyst, the effects of catalyst loading, 

temperature, reaction time, and the hydrogen peroxide-to-

sulfur ratio were investigated by conducting the ODS reaction 

under various conditions. Catalyst loading ranged from 0.05 to 

0.25 g, reaction time from 20 to 120 minutes, and temperature 

from 30 to 70 °C. The volume of hydrogen peroxide used 

(relative to sulfur) varied from 0.066 to 0.66 mL. 

   

2.6. Reusability test 

Some experiments were conducted to inspect the reusability 

of the catalyst. In these experiments, using the optimal 

conditions, after the initial use of catalyst, the catalyst was 

recovered from the reaction solution by centrifugation. Then 

the catalyst was washed with acetonitrile and heated up to 100 

˚C until its weight was constant to remove residual solvent. The 

next run was then performed in the reactor with fresh model 

fuel, H2O2 and acetonitrile. 

3. Results and Discussion 

3.1. Catalysts characterization 

The FTIR spectra was used to confirm the presence of 

functional groups in the sample as seen in Fig. 1. Bamboo waste 

spectra in the Fig. 1. show a broad and strong absorption at 

3415 cm-1 which refer to O-H stretching vibration due to the 

presence of water, alcohols, phenols and carboxylic acid. A 

strong absorption at 2918 cm-1 is caused by aliphatic C-H 

stretching vibration. C=O stretching vibration of carbonyl 

group were detected at an absorption peak of 1735 cm-1, C=C 

double bond from aromatic skeleton vibration of lignin at 1604 

cm-1, and C-O stretching vibration at 1050 cm-1, which is found 

in cellulose, hemicellulose, and lignin [28]. The AC shows a 

decrease in O-H stretching vibration absorption compared to 

bamboo waste. Other absorption peaks also disappear in the 

AC. This is indicated that the carbonization process release 

water and volatile compounds from the bamboo waste. The 

absorption peak at 1560 cm-1 represents C=C stretching 

vibration of aromatic rings, which is the characteristic 

functional group of activated carbon. The broad absorption 

peak in the range of 1000-1300 cm-1 is indicate the P-O, C-O 

stretching vibration from C-O-P bonds or P-OOH, from the 

activation process of bamboo waste using phosphoric acid 

[29,30]. The FTIR spectra of Ni and Cu catalysts impregnated 

on AC in Fig. 2 show similar absorption peak with AC. This 

shows that the metal impregnation process does not 

significantly affect the presence of functional groups on the AC 

[23]. 
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Fig. 1. FTIR spectra of bamboo and AC 
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Fig. 2. FTIR spectra of synthesized catalysts 

 
Fig. 3. XRD patterns of (a) AC, (b) 1%Ni1%Cu/AC, (c) 2%Ni2%Cu/AC,  

(d) 2%Ni-2%Cu/AC, and (e) 2%Cu-2%Ni/AC 
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The diffraction patterns of all catalysts are presented in Fig. 

2. It showed two weak and broad peaks around 2θ= 21-27˚ and 

2θ= 43-47˚ which were identified as the (002) and (100) crystal 

planes of graphite with an amorphous phase [7,29]. After 

impregnating with bimetallic Ni and Cu, the diffraction patterns 

did not show significant additional peaks for Ni and Cu metals.  

The XRD patterns are dominated by the broad turbostratic 

carbon peak of the activated carbon support, and no distinct 

reflections of Ni or Cu are observed where the expected peaks 

of NiO is around 2θ= 37-43˚  with (111) crystal planes and CuO 

around 35-38˚ with (111) crystal planes [31,32]. This behavior 

may be caused by low metal loadings on carbon supports, as 

highly dispersed or nanocrystalline NiO/CuO species (<5–10 

nm) produce broad, low-intensity peaks that are readily masked 

by the strong amorphous carbon background [33]. For example, 

Zeng et al. [31] similarly observed that NiO peaks in the 2θ = 

37–43° region were suppressed by the carbon support. 

Although phase-matching software did not confirm NiO or 

CuO due to the low signal intensity, the presence of Ni and Cu 

on the activated carbon is confirmed by the elemental analysis 

results shown in Fig. 5 and Table 1. 

 

   

  

Fig. 4. SEM images of (a) AC, (b) 1%Ni1%Cu/AC, (c) 2%Ni2%Cu/AC,  

(d) 2%Ni-2%Cu/AC, and (e) 2%Cu-2%Ni/AC 

Fig. 5. Metal content analysis of (a) 1%Ni1%Cu/AC, (b) 2%Ni2%Cu/AC, (c) 

2%Ni-2%Cu/AC, and (d) 2%Cu-2%Ni/AC using EDX 

SEM-EDX analysis was applied to analyze the morphology 

of the materials and further investigation of the content and 

dispersion of metals, Energy Dispersive X-ray Spectroscopy 

(EDX) and X-Ray fluorescence  (XRF) were used for elemental 

analysis of the catalysts, as shown in Fig. 5 and Table 1. The 

detection of Ni and Cu metals via XRF was caused by bamboo's 

natural absorption and accumulation of transition metals, such 

as Ni and Cu, from the growth environment. As a result, trace 

levels of these metals are commonly retained in bamboo-

derived activated carbon [34]. The 2%Ni2%Cu/AC catalyst 

where Ni and Cu metals are impregnated simultaneously, there 

are aggregates suspected to be metal particles on the AC 

surface that appear to have agglomerated so that they are not 

evenly distributed while the 2%Ni-2%Cu/AC and 2%Cu-

2%Ni/AC catalysts where Ni and Cu metals are impregnated 

sequentially, the metals are distributed more evenly compared 

to 2%Ni2%Cu/AC as shown in Table 2. The AC pores are also 

blocked but not comparable to the pore block in the catalyst 

with simultaneous impregnation as seen in Fig 4.  

Both EDX and XRF report higher apparent metal wt% than 

the nominal 2wt%, which is attributed to partial mass loss of 

the activated carbon support during calcination, effectively 

enriching the metal fraction as reported from studies by a 

Montaño et al. and Kurnia et al. where they reported mass loss 

on activated carbon after calcination [35,36]. 

Table 1. Metal content of AC and synthesized catalysts using XRF and EDX 

Catalysts 
Ni content (wt%) Cu content (wt%) 

XRF EDX XRF EDX 

AC 0.40 - 0.11 - 

1%Ni1%Cu/AC 2.10 4.39 2.11 12.99 

2%Ni2%Cu/AC 4.77 4.77 17.56 17.56 

2%Ni-2%Cu/AC 3.78 3.78 13.83 13.83 

2%Cu-2%Ni/AC 12.50 12.50 4.55 4.55 

 

Table 2. Textural properties and acidity of AC and synthesized catalysts 

 

Catalysts SBET (m2/g) VP (cm3/g) 
Acidity 

(mmol/g) 

AC 751.93 0.57 0.62 

1%Ni1%Cu/AC 757.23 0.56 0.84 

2%Ni2%Cu/AC 740.19 0.58 0.93 

2%Ni-2%Cu/AC 802.36 0.61 3.12 

2%Cu-2%Ni/AC 835.71 0.64 2.68 

 

The impregnation of Ni and Cu bimetals on the AC 

surface resulted in an increase in surface area for most of the 

catalysts as seen in Table 2, except for 2%Ni2%Cu/AC. 

Catalysts prepared using sequential impregnation have a larger 

surface area compared to simultaneous impregnation. The 

decrease in surface area observed in the 2%Ni2%Cu/AC 

catalyst is likely due to Ni and Cu metals competing to adhere 

in the AC surface at the same time, causing both metals to 

interact more with themselves rather than with the support 

surface. As a result, the metal particles may aggregate, forming 

clusters or lumps, and block the available pores as seen in Fig. 

4(c) and study by Aryee et al. stated that the decrease of surface 

d) e) 

c) b) a) 
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area was likely by pore blockage by the metal nanoparticles 

[37]. In contrast, the 2%Ni-2%Cu/AC and 2%Cu-2%Ni/AC 

catalysts prepared with sequential impregnation allow the 

metals to disperse more evenly causing the increase of surface 

area. The increase of surface area also may be caused by surface 

roughening where the metal crystallites formed dispersedly as 

seen in Fig. 4(d-e) and a study by Neisan et al. that showed 

metal deposition onto activated carbon increased its surface 

area due to the metal nanoparticle created additional active sites 

and surface roughness [38]. The 2%Cu-2%Ni/AC catalyst had 

higher surface area likely due to the Cu metal having less strong 

interacting with Ni metal that led to less pore blocking during 

first impregnation [39] while Ni metal for first impregnation 

caused higher acidity due to strong interaction with oxygen 

functional groups [40].  
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Fig. 6. (a) N2 adsorption-desorption isotherm and (b) pore size distributions of 

AC and synthesized catalysts 

 

In Fig. 6(a) the isotherm graph of AC and bimetallic 

catalysts shows a type I which is a characteristic of 

microporous material where the pore size is wider micropore 

material where the pore size includes wider micropores and 

possibly narrow mesopore <2.5 nm [41]. All samples have a 

type of hysteresis loop H4 and narrow slit-shaped pores and 

usually appear in materials that have combination of micro and 

mesopores [29]. This is also confirmed by the data in Table 2 

where the average pore diameter is around 2.44 nm 

(categorized as mesopores but very close to micropores). In 

addition, in Fig. 6(b) shows the distribution of pore diameters 

in the range of 1 nm to 14 nm and dominated by size of 1-4 nm. 
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Fig. 7. NH3-TPD analysis curve of AC and synthesized catalysts 

 

The synthesized catalysts exhibit two desorption peaks 

as showed in Fig. 7. Desorption peak at 100-300 ˚C indicates 

the presence of weak acid site and >400 ˚C are the strong acid 

site. The results of the acidity values of all catalyst samples are 

presented in Table 2 and show that AC has the lowest total 

acidity. After the impregnation of Ni and Cu bimetals, an 

increase in acidity was observed. For catalysts with 

simultaneous impregnation, the more metal impregnated on 

AC, the higher its total acidity. This result confirmed with the 

EDX analysis, where 2%Ni2%Cu/AC has a higher 

impregnated Ni and Cu metal content compared to 

1%Ni1%Cu/AC. 

Based on the metal loading sequence with the same metal 

concentration, the order of acidity from highest to lowest is 

Ni2%-Cu2%/AC > Cu2%-Ni2%/AC > 2%Ni2%Cu/AC. The 

catalyst with metals impregnated simultaneously has lower 

acidity, likely due to the agglomeration of Ni and Cu metals in 

the 2%Ni2%Cu/AC catalyst, which reduces the distribution of 

metals on the AC surface. The agglomeration causes some 

active sites, which contribute to the catalyst's acidity, to not 

form properly or to be covered by aggregated metal particles. 

3.2. Catalytic activity test 

Table 3. Metal content of AC and synthesized catalysts 

Catalysts DBT Removal (%) 

AC 73.12 

1%Ni1%Cu/AC 79.87 

2%Ni2%Cu/AC 82.76 

2%Ni-2%Cu/AC 85.93 

2%Cu-2%Ni/AC 84.60 

 

In Table 3, it showed that the metal impregnation on the 

surface of AC enhances the catalytic ability to reduce DBT 

concentration. The increase in the amount of metal loaded on 
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the catalyst is also proportional to improvement in the catalysts 

effectiveness in the ODS-DBT process. Overall, the bimetallic 

catalysts impregnated sequentially as 2%Ni-2%Cu/AC and 

2%Cu-2%Ni/AC exhibit higher catalytic activity compared to 

the simultaneous impregnation with the same metal 

concentration. This is related to the larger surface area as seen 

in Table 2, where pore blockages caused the surface area to 

decrease [37] while surface roughening and even metal 

distribution contribute to extra active sites [38] and higher total 

acidity compared to the 2%Ni2%Cu/AC. The 2%Ni-2%Cu/AC 

is the most effective in reducing DBT concentration in this 

study, achieving reduction of 85.93% due to higher acidity as 

seen in Table 2.  
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Fig. 8. FTIR spectra of (a) model fuel and (b) Acetonitrile before and after 

ODS 

To confirm the success of the oxidation process of the 

model fuel and the extraction phase, FTIR analysis was 

conducted before and after the ODS process. After ODS the 

absorption peak at 740.14 cm-1, which is a characteristic peak 

for DBT [42], showed a significant decrease in intensity seen 

in Fig. 8. In the spectrum of the acetonitrile phase after 

extraction, a new absorption peak at 946.41 cm-1 and 1182.56 

cm-1 identified as the asymmetric stretching vibration modes of 

sulfoxide [43] and the presence of the -SO₂ group from sulfone 

[44,45]. 

3.3. Reaction condition optimization 

Table 4. DBT removal in ODS with various reaction conditions using 2%Ni-

2%Cu/AC catalyst 

Reaction Condition 
DBT 

Removal 

(%) 

Catalyst 

Loading (g) 

Reaction 

Time (min) 

Temperature 

(˚C) 

H2O2 

Volume 

(mL) 

0.05 60 60 0.130 78.07 

0.10 60 60 0.130 77.65 

0.15 60 60 0.130 84.28 

0.20 60 60 0.130 87.29 

0.25 60 60 0.130 83.62 

0.20 20 60 0.130 84.50 

0.20 40 60 0.130 85.80 

0.20 60 60 0.130 87.29 

0.20 90 60 0.130 81.28 

0.20 120 60 0.130 79.77 

0.20 60 30 0.130 85.48 

0.20 60 40 0.130 88.56 

0.20 60 50 0.130 87.29 

0.20 60 60 0.130 79.82 

0.20 60 70 0.130 73.08 

0.20 60 40 0.066 89.76 

0.20 60 40 0.130 88.56 

0.20 60 40 0.260 88.23 

0.20 60 40 0.390 87.54 

0.20 60 40 0.660 86.40 

 

Table 4 shows the influence of catalyst loading on the 

percentage of DBT removal from the model fuel at 60°C over 

a duration of 1 hour. Different amounts of the catalyst from 

0.05 to 0.25 g are evaluated in the increase of catalyst dosage 

provide more active sites and facilitating the oxidation process 

of DBT by H2O2 [8,46]. As the catalyst weight increased from 

0.05 to 0.2 grams, the DBT conversion also rose. The increased 

amount of catalyst provided more active sites, facilitating the 

oxidation process of DBT by H₂O₂ [8,47]. A catalyst weight of 

0.2 grams was the most effective in reducing DBT 

concentration as it offered optimal activity to accelerate the 

oxidation reaction. However, increasing the catalyst mass from 

0.2 to 0.25 grams resulted in a slight decrease in DBT 

conversion, which was likely attributed to the aggregation of 

catalyst particles. This aggregation could block and obscure the 

active sites on the catalyst, thereby reducing the number of 

active sites available for the reaction [48]. Meanwhile, catalyst 

weights below 0.2 grams, although sufficient to initiate the 

DBT oxidation reaction, resulted in a slower reaction rate 

compared to using 0.2 grams of catalyst. 

Variations in reaction time in the range of 20–120 min, 

under a temperature of 60 ˚C, oxidant to sulfur molar ratio 

(O/S) 10 and a catalyst weight of 0.2 g, were used to determine 

the optimum reaction time on the ODS-DBT. Table 4 shows 

that as the reaction time increases from 20 to 60 minutes, the 

conversion of DBT also increases. According to Yaseen et al.   

[14], a longer reaction time provides a greater opportunity for 

collisions between the reacting species and the active species 

of the catalyst, resulting in a higher reduction in DBT 

concentration. The highest reduction in DBT concentration 
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occurs at 60 minutes, reaching 87.26%, after that the 

percentage of DBT concentration reduction decreases. This 

decrease in DBT conversion can be attributed to the 

achievement of equilibrium, where all active sites of the 

catalyst have been utilized to oxidize DBT, thereby reducing 

the possibility of DBT oxidation on the catalyst surface. 

DBT removal increase with increasing reaction 

temperature from 30 to 40 °C as seen in Table 4. This shows 

the endothermic nature of the ODS reaction of DBT. The 

increase in DBT conversion could be ascribed to the increase 

in the number of effective collisions between reactants and 

active sites on the catalyst surface. Increasing the temperature 

from 40 to 70°C resulted in a decrease in DBT conversion to 

73.03%. Increasing the temperature can accelerate the 

desulfurization rate, but at higher temperatures it can increase 

the rate of thermal decomposition of H2O2 and have a negative 

impact on the performance of the catalyst. 

 

C12H8S + 2H2O2 → C12H8SO2 + 2H2O    (2) 
 

The effect of O/S ratio was studied by varying the amount 

of H2O2 with the constant variables of 20 mL DBT, catalyst 

dosage of 0.2 g, time of 60 min, and temperature 40°C. The 

equation 2 shows that two moles of H2O2 are needed to oxidize 

one mol of C12H8S. In this study, 20 mL of 1200 ppm C12H8S 

was used, which is equivalent to 0.00013 mol, so 0.00023 mol 

of H2O2 is needed to oxidize C12H8S to C12H8SO2. This amount 

is equivalent to 0.026 mL of 30% H2O2. In this study, the 

amount of oxidant was optimized by varying the volume of 

H2O2 to 0.066, 0.13, 0.26, 0.40 and 0.66 mL with a constant 

amount of DBT. Table 4 showed that the highest DBT removal 

is at a volume of 0.066 mL, which is 89.74%. The more H2O2 

added, the lower the DBT conversion. This is likely because the 

increase in H2O2 concentration also increases the concentration 

of water formed during H2O2 decomposition. The presence of 

water in the ODS-DBT system can reduce the reactivity of the 

catalyst where water or H2O2 in large amounts can compete 

with DBT to interact with active sites on the catalyst surface 

[49–52]. 

3.4. Reusability test 

Table 5. 2%Ni-2%Cu/AC catalyst reusability test under optimum condition 

Number of Run DBT Removal (%) 

1 90.81 

2 82.25 

3 78.27 

4 77.55 

 

The stability of 2%Ni-2%Cu/AC catalyst was investigated in 

ODS-DBT process under the optimum reaction condition. 

After the first reaction, the catalyst was washed with 

acetonitrile and dried in an oven at 100˚C until its weight was 

constant and again tested in the next cycle of ODS reaction. The 

results in Table 5 indicate that the percentage of DBT 

concentration reduction decreased along with the increasing 

number of catalyst reuses. After four cycles the efficiency of 

the 2%Ni-2%Cu/AC catalyst to reduce DBT concentration 

decreased from 90.79% to 77.51%. The decrease of 2%Ni-

2%Cu/AC catalyst is likely due to the presence of  residual 

DBT and oxidation products that are still attached to the 

catalyst surface even after washing with acetonitrile. 
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Fig. 8 FTIR Spectra of 2%Ni-2%Cu/AC after Reusability Test 

 

The FTIR spectra of the catalyst after used in four cycles 

ODS  in Fig 8. confirms the cause of the decrease in catalytic 

activity.  This decrease can be caused by the presence of 

residual products or residual reactants that are still attached to 

the catalyst surface even after washing with Acetonitrile. This 

causes the adsorption process of reactants on the surface in the 

subsequent ODS process to be hampered so that the converted 

DBT becomes less. A new absorption peak appeared on the 

used catalyst at a wave number of 743.14 cm-1, indicating the 

presence of DBT [42] on the catalyst surface.  

3.5. Comparison with previous ODS-DBT studies 

As shown in Table 6, although other studies have reported 

DBT removal rates exceeding 90%, these were typically 

achieved at lower DBT concentrations (600–800 ppm). In 

contrast, the 2%Ni–2%Cu/AC catalyst achieved 90.81% 

removal at a higher DBT concentration of 1200 ppm resulting 

in 109 mg of DBT removed per gram, demonstrating strong 

and efficient performance at milder and sustainable conditions 

that required a smaller catalyst dosage compared to Fe-

promoted Co–Mo/Al₂O₃ and Ni–Mo/Al₂O₃ catalysts [53], and 

operated under milder conditions—including lower 

temperature, shorter reaction time, and reduced oxidant 

usage—than ZnO–AC and ZnO/γ-Al₂O₃ systems [7,54]. These 

advantages highlight the superior energy and material 

efficiency of the 2%Ni–2%Cu/AC catalyst with better 

performance. Furthermore, the use of activated carbon derived 

from bamboo waste enhances its sustainability, making it a 

promising candidate for industrial application, where reducing 

material input, energy consumption, and processing time 

contributes to more cost-effective and environmentally 

friendly production. 
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Table 6. Catalyst performance on ODS-DBT comparison with other studies 

Catalyst Feed Reaction Condition 

DBT 

removal 

per gram 

(mg/g) 

Ref. 

2%Ni-

2%Cu/AC 

20mL DBT 

(1200 ppm) 

0.2 g catalyst weight, 

60 minutes, 40 °C, 

and a H2O2 (30wt%) 

volume of 0.066 mL 

(7.5wt%) 

109 
This 

work 

ZnO-AC 

 

20mL DBT 

(500 ppm) 

0.1 g catalyst weight, 

120 minutes, 60 °C, 

and a H2O2 (30wt%) 

volume of 0.100 mL 

(11.25wt%) 

93.8 [7] 

Fe-Promoted 

Co-Mo/Al₂O₃ 

and Ni-

Mo/Al₂O₃ 

10mL DBT 

(800 ppm) 

0.4 g catalyst weight, 

150 minutes, 60 °C, 

and 30wt% of H2O2 

19.8 [53] 

ZnO/γ-Al₂O₃ 
100 mL DBT 

(611 ppm) 

100mL feed, 1 g 

catalyst weight, 80 

minutes, 60 °C, and a 

H2O2 (1 M) volume 

of 4.0 mL 

57.3 [54] 

Note: DBT Removed (mg/g) = (ppm × feed volume in L) × (removal fraction): 

Catalyst weight 

4. Conclusion 

The impregnation of Ni and Cu bimetals onto activated 

carbon (AC) significantly enhanced the catalyst's acidity, with 

total acidity values increasing from 0.6215 mmol/g for bare AC 

to 0.8431 mmol/g and 0.9294 mmol/g for 1%Ni–1%Cu/AC and 

2%Ni–2%Cu/AC, respectively. The method of metal 

impregnation played a crucial role in determining the 

physicochemical properties and catalytic performance. Among 

the catalysts tested, 2%Ni–2%Cu/AC prepared via sequential 

impregnation demonstrated the highest DBT removal 

efficiency (90.81%) under mild reaction conditions (0.2 g 

catalyst, 60 min, 40 °C, and 0.066 mL H₂O₂). This superior 

activity is attributed to stronger metal–support interactions, 

enhanced acidity, and more uniform metal dispersion. In 

contrast, simultaneous impregnation resulted in competition 

between Ni and Cu for active sites on the AC surface, leading 

to metal agglomeration and reduced catalytic performance. 

Overall, sequential metal impregnation proved to be a more 

effective strategy, offering improved surface characteristics 

and catalytic efficiency for oxidative desulfurization 

applications. 
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