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Abstract  

Asphalt Pyrolysis Oil (APO) obtained from Buton rock asphalt pyrolysis contains high oxygenate compounds, 

which cause the oil to be acidic and unstable; thus, it requires upgrading to improve its quality. Oxygenate compounds 

can be reduced by catalytic deoxygenation. This study utilized Buton rock asphalt solid residue (CRA), which is rich in 

CaCO₃, impregnated with Fe, Ni, and Zn metals as a deoxygenation catalyst (Fe/CRA, Ni/CRA, and Zn/CRA). GC-MS 

analysis revealed that the initial APO was predominantly composed of oxygenates and heavy fractions (C₁₈ and above) 

(45.91%). After deoxygenation using Ni/CRA, the C₁₁-C₁₈ fraction increased to 77.40% and the fraction greater than C₁₈ 

decreased to 16.32%. The Ni/CRA catalyst also showed the best performance with the highest liquid yield (69.11%) and 

the lowest coke (1.42%). These results indicate that Fe/CRA, Ni/CRA, and Zn/CRA have the potential to improve the 

quality of APO liquid fuel. 

 

Keywords: Asphalt pyrolysis oil, Liquid fuel upgrading, Buton rock asphalt, Catalytic deoxygenation, Metal 

impregnation. 

 

Introduction 

 The high dependence on fossil fuels has 

significant consequences, particularly for the 

availability and stability of the energy supply. 

Fluctuations in global oil prices and limited 

conventional oil reserves pose risks to future energy 

security. Therefore, efforts are needed to find and utilize 

alternative oil sources that are abundant, competitive, 

and capable of ensuring a sustainable energy supply in 

the long term [1,2]. Buton rock asphalt (RA) is one of 

the abundant natural bitumen sources in Indonesia and 

holds great potential as an alternative raw energy 

material [1]. The high abundance of aromatic 

compounds, namely asphaltenes and maltenes in RA, 

has the potential to be converted into liquid fuels 

through selective thermal cracking [3]. However, fuel 

oil obtained from the pyrolysis of asphaltene-rich raw 

materials has low thermal stability, a low calorific value, 

a high-water content, and a high oxygen content [4,5]. 

The presence of these oxygenate compounds reduces oil 

quality because it increases acidity, chemical reactivity, 

and instability during storage [5]. Therefore, the oil from 

the pyrolysis of Buton asphalt (APO) requires upgrading 

through additional treatments. Oil upgrading treatment, 
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which includes distillation, solvent extraction, 

emulsification, catalytic esterification, deoxygenation, 

and catalytic cracking, is the most common technique 

used to improve oil quality [2]. The removal of oxygen 

from oil can be achieved through catalytic cracking at 

atmospheric pressure. However, this process has not 

been effectively used on a larger scale due to high coke 

formation and catalyst deactivation [2,6,7]. Catalytic 

deoxygenation can convert oxygenated compounds in 

oil into hydrocarbons and remove oxygen in the form of 

H2O, CO, and CO2 [2]. 

Various conventional base catalysts, such as CaO, 

commercial CaCO₃, dolomite, biochar, marble waste, 

and other mineral-based materials, have been widely 

reported for catalytic deoxygenation processes [2,8-10]. 

However, these approaches generally still use separately 

synthesized catalyst supports derived from new raw 

material sources. In the process of pyrolysis of Buton 

rock asphalt (RA), besides producing asphalt pyrolysis 

oil (APO), a solid residue is also formed in the form of 

charcoal residue asphalt (CRA), which is naturally rich 

in calcite as its main component [11]. CaCO₃ is known 

to have basic properties, high thermal stability, and 

potential as a catalyst support that can interact with 

oxygenate groups during the catalytic reaction process. 

The CaCO3 content in CRA has the potential to be 

applied as a base catalyst that can increase conversion 

and reduce oxygen content in oil by decarboxylation and 

decarbonylation reactions [8,9]. Asphalt residue (CRA) 

catalysts offer advantages in terms of material 

availability, sustainability, and low production costs. 

However, pyrolysis-derived asphalt residue (CRA) 

generally has a low surface area, limited porosity, and 

contains some impurities that can reduce its 

effectiveness as a catalyst if not further treated [12]. To 

overcome these limitations, modification of the 

structure and composition of asphalt residue (CRA) was 

required. Hydrothermal treatment is a process of treating 

solid materials in an aqueous environment in a closed 

reactor (autoclave) with high pressure at medium 

temperature. Hydrothermal treatment has been 

demonstrated as an effective strategy to increase surface 

area and remove impurities, thereby improving catalytic 

activity [13]. Besides that, to increase the catalytic 

deoxygenation performance, doping of transition metals 

such as Ni, Fe, Zn into support materials has been 

systematically tried, which can highly promote the oil 

upgrading process [10,14,15]. 

Metal-based catalysts have a significant influence 

on the catalytic pyrolysis of fuel production [14]. Ni-

dolomite catalysts exhibit outstanding catalytic activity 

and resistance to coking [16]. Incorporating calcium-

based materials with nickel-based catalysts significantly 

enhances biomass pyrolysis, CO2 removal, liquid 

macromolecule conversion, and gas composition 

adjustment [14]. The presence of Ni as promoters 

enhances hydrogenation reactions to remove oxygenate 

compounds and limit coke formation [17-20]. 

Maneechakr et al. [10] report that the loaded Fe in the 

zeolite tends to promote non-hydrogenative 

deoxygenation pathways through decarboxylation and 

decarbonylation reactions, which remove oxygen in the 

form of CO₂ and CO [10,21]. In addition, adding Zn to 

the ZSM-5 zeolite introduces Lewis acid sites that 

promote mild cracking and selective deoxygenation 

without accelerating excessive aromatization [15,22].  

In this study, CRA was impregnated with Fe, Ni 

and Zn to increase catalytically active sites. This 

impregnation accelerates chemical reactions and 

increases product selectivity [23]. The CRA that had 

been combined with metal was calcined at 800 °C for 1 

h to trigger phase transformation, improve the pore 

structure, and remove remaining volatile compounds 

[24]. The metal-impregnated CRA was then used as a 

catalyst in the deoxygenation process of asphalt 

pyrolysis oil (APO), a process known to increase the 

calorific value, thermal stability, and viscosity [25]. The 

use of metal-loaded CRA allows the integration of a 

circular economy concept, where pyrolysis solid waste 

is reused as a functional catalyst for upgrading its own 

liquid product [8,11]. To ensure the successful 

modification and effectiveness of the resulting catalyst, 

characterization of the physical and chemical properties 

of the catalyst and the resulting liquid product is 

necessary. X-ray diffraction (XRD) analysis was carried 

out to determine the material structure and transition 

metal phases dispersed on the surface of CRA. Fourier 

Transform Infrared (FTIR) was used to identify 

functional groups that play an important role in catalytic 

activity. To observe the surface morphology and 

distribution of metal elements, Field Emission-Scanning 

Electron Microscopy and Energy Dispersive X-Ray 

(FESEM-EDX) were used. Furthermore, to determine 
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textural parameters such as specific surface area, pore 

volume, and pore size distribution that affect the 

effectiveness of the reaction, Brunauer-Emmett-Teller 

(BET) and N2 adsorption-desorption isothermal analysis 

were performed. In addition, to assess the quality of the 

liquid product from pyrolysis, Gas chromatography-

mass spectrometry (GC-MS) analysis was carried out to 

determine the composition of hydrocarbon compounds 

in the resulting oil. With this characterization, it is hoped 

that a comprehensive representation can be obtained 

regarding the potential use of modified CRA from Buton 

rock asphalt pyrolysis as a heterogeneous catalyst in the 

development of high-quality liquid fuels. 

 

Materials and methods 

Materials  

The materials used in this study included Buton 

rock asphalt pyrolysis oil (APO), Buton rock asphalt 

solid pyrolysis residue (CRA), nitrogen gas, distilled 

water, Ni(NO3)2.6H2O (Merck), Fe(NO3)3·9H2O 

(Merck), Zn(CH3COO)2.2H2O (Merck), and hexane 

(Merck). 

  

Catalyst synthesis  

The catalyst synthesis is illustrated in Figure 1. 

Asphalt residue (CRA) of 5 g was ground and sieved 

using a 200-mesh sieve with a diameter of 0.075 mm. 

The metal catalysts, Ni(NO3)2.6H2O, Fe(NO3)3·6H2O 

(Merck), and Zn(NO3)2.6H2O, were dissolved in 100 

mL of distilled water and loaded onto the asphalt residue 

sample (CRA). The mixture was stirred for 1 h. The 

mixture obtained was hydrothermally autoclaved at 160 

°C for 6 h. After that, the mixture was heated and stirred 

at 80 °C to remove the solvent. The slurry obtained was 

dried in an oven at 135 °C overnight. The solid obtained 

was then calcined at 800 °C for 1 h. 

 

Characterization of the catalyst  

The XRD analysis was conducted using an X-ray 

Diffraction (XRD) PHILIPS-binary XPert with MPD 

diffractometer with Cu Kα radiation operated at 30 mA 

and 40 kV and scanned from 10° to 60° to identify its 

chemical structure. The morphology and the surface 

analysis of Buton rock asphalt and the pyrolysis solid 

product obtained were analyzed using a scanning 

electron microscope (SEM), Hitachi Scanning Electron 

Microscope Flex SEM 1000, combined with the energy 

dispersive X-ray spectroscopy (EDX). N2 Adsorption-

Desorption was carried out to determine the specific 

surface area of the catalysts. 

 

Catalytic deoxygenation of asphalt pyrolysis 

oil (APO)  

The catalytic reaction was performed in a 100 mL 

3-necked flask equipped with a distillation setup 

including a heating mantle and stirrer. A total of 3 g of 

catalyst was added to 10 g of asphalt pyrolysis oil 

(APO), which was pre-filtered using Whatman filter 

paper. The mixture was stirred and heated to 350 °C for 

2 h under a constant N2 flow at 20 mL/min. The liquid 

product was collected in a vessel that cooled to 18 °C to 

facilitate condensation. The obtained liquid products 

were collected from the outlet and analyzed using Gas 

Chromatography-Mass Spectrometry.

 

 

Figure 1 The scheme of catalyst synthesis. 
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Results and discussion 

Characterization of the catalyst 
Figure 2 shows the XRD analysis of CRA, 

Fe/CRA, Ni/CRA, and Zn/CRA catalysts. The 

diffraction pattern of the CRA indicated that its main 

composition is calcite (CaCO3) as evidenced by the 

peaks at 2θ = 23.2°, 29.5°, 36.1°, 39.5°, 43.3°, 47.6°, and 

48.6° (JCPDS 01-081-2027). After impregnation, the 

intensity of CaCO3 in Fe/CRA and Ni/CRA decreased, 

followed by the appearance of strong diffraction peaks 

of Ca(OH)2 at 2θ =17.88°, 28.57°, 34.1°, 47.04°, 50.78°  

and 54.33° (ICSD 01-084-1265) [26]. 

Thermodynamically, after calcination at 800 oC during 

the impregnation process, CaCO3 decomposes into 

CaO. However, CaO was hygroscopic, so it reacts with 

water vapor through a hydration process when in contact 

with air after pyrolysis [10,15,27]. At the deoxygenation 

reaction temperature (350 °C), Ca(OH)₂ is still relatively 

stable and functions as a surface base site that supports 

the decarboxylation and decarbonylation reactions of 

oxygenate compounds [8,9]. The Fe/CRA sample 

showed peaks at 33.0°, 35.14°, 49.98° and 54.96°, which 

correspond to the Fe2O3 according to (JCPDS no. 33-

0664) [28,29]. The Ni/CRA sample shows new sharp 

peaks at 2θ: 44.21° and 52.13°, identical to that of the 

crystallographic planes of pure Ni according to (JCPDS 

001-1258) [30].  

In contrast to the Fe/CRA and Ni/CRA catalysts, 

the CaCO3 peak in the Zn/CRA catalyst still appears, 

with several weak Ca(OH)2 peaks. This is due to the 

acidity and reactivity of metal ions formed during the 

hydrothermal stage. Fe³⁺ and Ni²⁺ ions are more acidic 

than Zn²⁺, so they can accelerate the dissolution process 

of CaCO₃ through carbonic acid reactions during 

hydrothermal treatment, so that it can easily form 

Ca(OH)₂ [31]. Meanwhile, Zn²⁺ is an ion with weaker 

acidic properties. ZnO does not interact significantly 

with CaCO₃, even tends to stabilize it thermally, so that 

the CaCO₃ phase remains dominant in the Zn/CRA 

sample [32]. In addition, in the Zn/CRA sample, new 

peaks appear at 31.80°, 36.2° and 57.08°, which are 

typical of ZnO according to JCPDS 36-1451 [33]. Based 

on the XRD diffractogram, the CRA has a dominant 

calcite phase. However, after the impregnation and 

calcination processes, the structure was changed by the 

formation of active metal compounds (Fe, Ni, and Zn) 

and their oxides.

 

 

Figure 2 XRD pattern of CRA, Fe/CRA, Ni/CRA, and Zn/CRA. 
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 The catalysts were characterized using FTIR 

spectroscopy to identify functional groups and verify the 

bonding interactions between the CRA and metal 

species. As shown in Figure 3, the absorption bands 

appearing at 3,500 - 3,641 cm⁻¹ in all samples 

correspond to the O-H stretching vibrations, indicating 

the presence of surface hydroxyl groups [34]. In the 

CRA, a dominant band at 1,440 cm⁻¹ is attributed to the 

asymmetric stretching of carbonate ions (CO₃²⁻) from 

CaCO₃, while the bands at 889 and 711 cm⁻¹ arise from 

the bending modes of CO₃²⁻, further confirming the 

presence of calcium carbonate as the primary mineral 

phase [11]. The Fe/CRA catalyst, a distinct band appears 

at 518 cm⁻¹, corresponding to Fe-O stretching, 

indicating the formation of iron oxide species on the 

CRA surface. The presence of this band is consistent 

with Fe₃O₄ vibrational signatures typically reported in 

the 550 - 600 cm⁻¹ region for mixed-valence iron oxides 

[35]. For the Ni/CRA sample, a characteristic band 

emerges at 545 cm⁻¹, assigned to the Ni-O vibrational 

mode, confirming the formation of NiO species 

dispersed on the CRA surface [36,37]. The Zn/CRA 

catalyst exhibits a strong band at 470 cm⁻¹, which is 

attributed to Zn-O stretching [38]. The FTIR spectra 

indicate that the characteristic carbonate bands are 

retained across all metal-modified catalysts, 

demonstrating that the CaCO₃ framework within the 

CRA support remains structurally intact following metal 

impregnation. This stability suggests that the 

incorporation of Fe, Ni and Zn does not disrupt the 

fundamental carbonate matrix. In contrast, the 

emergence of distinct M-O vibrational bands in the 

Fe/CRA, Ni/CRA, and Zn/CRA samples confirms the 

successful formation of metal oxide species on the CRA 

surface. The appearance of these metal–oxygen 

absorptions provides strong evidence of effective 

interaction between the deposited metals and the 

support, validating that the impregnation process leads 

to a well-integrated metal oxide phase.

 

 

Figure 3 FTIR spectra of (CRA, Fe/CRA, Ni/CRA, and Zn/CRA). 

 

The morphology and compositional 

characterization of CRA and Ni/CRA catalysts were 

performed using FESEM-EDX, as shown in Figure 4 

and Table 1. FESEM analysis of CRA shows an 

irregular, porous surface morphology, composed of 

carbon-mineral agglomerates with a rough texture, 

which is a common characteristic of calcium-based char 

resulting from the pyrolysis of bituminous materials. 

The element distribution in EDX mapping shows a 

dominance of Ca, C and O, which confirms that the 

CRA structure mainly consists of a CaCO₃ matrix, while 

the presence of Si, Al, Mg, and S reflects the inherent 

minerals of Buton rock asphalt [39]. After impregnation 

with Ni, the Ni/CRA surface exhibited a more compact 



Trends Sci. 2026; 23(8): 12983   6 of 18 

morphology with finer agglomerations, indicating that 

Ni partially covered the CRA. EDX spectra and 

mapping confirmed the presence of uniformly dispersed 

Ni on the surface, without forming large 

agglomerations, which is an important characteristic for 

Ni-based catalysts to enhance activity and surface 

accessibility.

 

 

 

 

Figure 4 SEM-EDX analysis of a) CRA and b) Ni/CRA. 

  

 The elemental composition of the sample surface 

obtained through EDX analysis is shown in Table 1. 

Based on these data, before impregnation, the CRA 

sample did not contain nickel (Ni). However, after 

impregnation, Ni was detected in the Ni/CRA sample at 

a concentration of 15.2%. This indicates that metal 

impregnation using the wet method successfully 

distributed Ni to the CRA surface [40]. The calcium 
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(Ca) element, which initially dominated the CRA 

surface with a value of around 31.7%, decreased 

drastically to 15.9% in Ni/CRA. This decrease indicates 

that most of the areas that previously contained Ca were 

likely covered by Ni metal particles. In addition, other 

elements such as silicon (Si), aluminum (Al), and 

magnesium (Mg) also showed a decrease, which further 

strengthens the suspicion that the surface composition 

has changed due to the impregnation treatment.

 

 

Table 1 Elements of CRA and Ni/CRA. 

Element 
Catalyst 

CRA (Wt%) Ni/CRA (Wt%) 

O 47.8 35.7 

C 4.1 27.1 

Ca 31.7 15.9 

Ni - 15.2 

S 2.3 3.7 

Si 6.6 1.5 

Al 3.4 1 

Mg 0.9 - 

Fe 3.1 - 

 

 

Textural characterization using the N2 adsorption-

desorption method on CRA, Fe/CRA, Ni/CRA, and 

Zn/CRA samples (Figure 5 and Table 2) showed that 

modification with metal catalysts significantly affected 

the surface area, volume, and pore distribution. All 

samples exhibited type IV adsorption isotherms with 

hysteresis at P/P₀ 0.4 - 1.0, which is typical of 

mesoporous. CRA before impregnation had the largest 

surface area (SBET = 15.03 m²/g) and the highest pore 

volume (Vtot = 0.0911 cc/g). After the metal 

impregnation process, the textural properties of the 

catalyst experienced significant changes in surface area 

and pore volume. especially in the Fe/CRA (SBET = 4.52 

m²/g) and Zn/CRA (SBET = 4.12 m²/g) samples. This was 

caused by the clogging of pores in the CRA due to the 

presence of metal covering the CRA pores. The Ni/CRA 

catalyst showed better textural properties than Fe/CRA 

(SBET = 4.52 m²/g) and Zn/CRA (SBET = 4.12 m²/g). The 

specific surface area is 9.45 m2/g with a pore volume of 

0.0329 cm3/g and an average pore size of 20.25 nm. This 

indicates that Ni does not completely block the pore 

structure of CRA [41]. A significant increase in the 

micropore area (5.71 m2/g) is also seen, indicating that 

Ni can expand the internal structure of CRA, resulting 

in a combination of micro and mesoporous structures. 

The relatively wide pore distribution and peak in the 

range of 30 nm in Figure 5(b) indicate that Ni/RA has 

an open pore structure that strongly supports the 

diffusion process of reactant molecules. 
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Figure 5 (a) N2 adsorption-desorption isotherm and (b) Pore distribution of the catalyst. 

 

 

Table 2 Pore distribution of CRA, Fe/CRA, Ni/CRA, and Zn/CRA catalysts. 

Catalyst 
Surface area (m2/g) Pore volume (cc/g) Average pore 

width (nm) SBET Smeso Sext Smicro Vmeso Vmicro Vtot 

CRA 15.03 15.93 15.01 0.02 0.0910 0.0001 0.0911 22.8 

Fe/CRA 4.52 4.02 2.51 2.01 0.0203 0.0008 0.0211 20.2 

Ni/CRA 9.45 8.27 3.74 5.71 0.0647 0.0022 0.0329 30.4 

Zn/CRA 4.12 6.53 4.23 - 0.0178 0.0001 0.0179 3.4 

 

 

Deoxygenation of the liquid product using the 

catalyst 

Figures 6(a) - 6(d) show the visual changes in the 

oil before and after the deoxygenation process. The 

initial asphalt pyrolysis oil (APO) has a darker color, 

indicating a high content of high-molecular-weight 

hydrocarbons, resins, light asphaltenes, and heavy 

oxygenate compounds, which are common in asphalt 

pyrolysis oil. Figure 6(b) shows the color change of the 

oil that was deoxygenated using the Fe/CRA catalyst, 

which becomes bright yellow and clear, indicating a 

decrease in oxygenate content and degradation of the 

complex aromatic structure. The oil deoxygenated with 

the Ni/CRA catalyst (Figure 6(c)) appears as the 

clearest and has the highest yield, indicating the 

effectiveness of the Ni/CRA catalyst. While the 

presence of Ni can break C-O bonds through 

hydrogenation reactions [14,20]. The oil deoxygenated 

with the Zn/CRA catalyst (Figure 6(d)) showed a pale-

yellow color, slightly darker than Ni/CRA. ZnO acts as 

an effective Lewis acid catalyst for mild cracking and 

decarboxylation [22]. Overall, the oil color changes 

indicate that catalysts (Fe/CRA, Ni/CRA, Zn/CRA) can 

improve oil quality through the reduction of oxygenate 

compounds. However, Ni/CRA provides the better 

deoxygenation performance, indicated by the brightest 

oil product color and its clarity.
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Figure 6 (a) APO, (b) Fe/CRA, (c) Ni/CRA, and (d) Zn/CRA catalyst deoxygenation products. 

 

 

Figure 7 shows the distribution of liquid, gas, and 

coke fractions from the asphalt pyrolysis oil (APO) 

deoxygenated using Fe/CRA, Ni/CRA, and Zn/CRA 

catalysts. The use of the Fe/CRA catalyst resulted in 

lower liquid fractions (54.35%) and coke (4.66%). 

However, the gas fraction (10.84%) was higher, it is 

because Fe promotes the decarboxylation and 

dehydrogenation pathways, which produce CO/CO₂ and 

other gases in high quantities [21]. Besides that, Fe-

CRA produces high cokes due to its high acidity. The 

catalyst with high acidity causes polymerization and 

polycondensation, where char is formed by the 

repolymerization reaction [10]. In contrast, the Ni/CRA 

catalyst produced the highest liquid fraction (69.11%) 

with the lowest coke (1.42%) compared to other 

catalysts. This reflects Niʼs ability to carry out the 

hydrogenation and hydrogenolysis mechanisms, which 

not only enhance the conversion of oxygenate 

compounds to hydrocarbons but also limit coke 

formation via the carbon radical hydrogenation pathway 

[41]. The Zn/CRA catalyst produces a liquid yield of 

around 66.02% and a relatively low coke yield (4.06%). 

The Lewis acid nature of ZnO allows hydrocarbon 

cracking without accelerating aromatization, thus 

limiting coke formation [15]. Based on the results 

obtained, Ni/CRA is the most effective catalyst in 

maximizing the liquid fraction and minimizing coke, 

followed by Zn/CRA > Fe/CRA.

 

 

Figure 7 Conversion and yield of deoxygenation APO with catalyst Fe/CRA, Ni/CRA, Zn/CRA. 
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Characterization of liquid product (oil) 

Gas chromatography-mass spectrometry (GC-

MS) analysis of the initial asphalt pyrolysis oil (APO) 

and the catalytic deoxygenation product was carried out 

after dilution with n-hexane, as seen in Figure 8. The 

resulting chemical composition is divided into several 

types of compounds, including hydrocarbons, alcohols, 

ketones, phenols, aldehydes, esters, and carboxylic 

acids. The initial APO compound has a high oxygenate 

content (15.39%), making it acidic and unstable [18]. 

After deoxygenation using a metal/CRA catalyst, the 

total hydrocarbon yields significantly increased, while 

the oxygenated compounds decreased. This indicates 

that the catalysts were effective for the oil upgrading 

process [10]. Based on these results, Ni/CRA proved to 

be the best catalyst for improving oil quality because it 

achieved a total hydrocarbon yield of up to 65.03% and 

a decrease in oxygenated compounds to 3.97%. 

Meanwhile, the lowest quality of the upgraded oil was 

found in Fe/CRA. In Fe/CRA, the hydrocarbon fraction 

obtained was 49.08% with an oxygenate compound 

content of 4.915%. Zn/CRA produced a significant 

increase in hydrocarbons (63.16%), but slightly lower 

than Ni/CRA. The performance of Ni/CRA is influenced 

by the presence of acid sites, which make strong 

interactions with hydrocarbon compounds [10]. In 

addition, Ni induces hydrogenation and hydrogenolysis 

of oxygenate compounds (acids, ketones, esters), so it is 

effective in reducing oxygen content [19].

 

 

Figure 8 The distribution of APO deoxygenation product catalyzed using Fe/CRA, Ni/CRA, and Zn/CRA. 

 

The degree of DO was further calculated using a 

semi-quantitative O/C ratio derived from GC-MS 

product distribution. The O/C ratio was estimated by 

considering the relative contribution of oxygenate 

compounds, including alcohols, ketones, aldehydes, 

esters, and carboxylic acids, based on their characteristic 

oxygen atom numbers. Based on Table 3, the initial 

asphalt pyrolysis oil (APO) exhibited a relatively high 

O/C ratio of 0.226, which is responsible for high acidity 

and poor stability. After catalytic DO, a substantial 

decrease in the O/C ratio was observed for all metal-

loaded CRA catalysts, indicating effective oxygen 

removal. Among them, the Ni/CRA catalyst showed the 

lowest O/C ratio of 0.049, corresponding to an 

approximately 78% reduction compared to APO. This 

significant decrease confirms the efficient elimination of 

oxygen functionalities via hydrogenation, 

decarbonylation, and decarboxylation pathways. The 
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reduction in O/C ratio is consistent with the increased 

hydrocarbon fraction and the visual transformation 

toward a lighter and clearer oil, thereby providing 

quantitative evidence for the improved quality of the 

upgraded oil.

 

Table 3 Semi-quantitative O/C ratio from GC-MS of asphalt pyrolysis oil before and after catalytic deoxygenation. 

Catalyst O/C ratio 

APO 0.226 

Fe/CRA 0.079 

Ni/CRA 0.049 

Zn/CRA 0.054 

 

Figure 9 shows the distribution of hydrocarbons 

based on their carbon number (C₈-C₃₂) for initial 

pyrolysis oil (APO) and deoxygenated product using 

Fe/CRA, Ni/CRA, and Zn/CRA catalysts. The APO 

hydrocarbon is dominated by long-chain compounds 

(C₂₀-C₃₂), which represent heavy fractions and complex 

oxygenates [42]. The Fe/CRA, Ni/CRA, and Zn/CRA 

catalystsʼ deoxygenation process has a significant effect 

on the distribution of the resulting hydrocarbons. All 

these catalysts convert the oil composition to a higher 

C₁₁-C₁₈ fraction. However, the Fe/CRA catalyst still has 

a significant amount of C₂₀-C₂₂ hydrocarbons, indicating 

that this catalyst was less effective in eliminating all 

heavy fractions. This is due to the nature of Fe, which 

tends to undergo decarboxylation reactions rather than 

cracking [21]. The hydrocarbon obtained using the 

Ni/CRA catalyst showed the highest C₁₂-C₁₈ fraction. 

Meanwhile, the peak intensity in the C₁₉-C₂₂ fraction 

decreased drastically, and the >C₂₂ fraction almost 

disappeared. This indicates that Ni/CRA undergo higher 

cracking reactions rather than hydrogenation reactions, 

which effectively convert heavy compounds into diesel-

range fractions [36]. Zn/CRA deoxygenation produces 

hydrocarbons that predominantly fall in the C₁₄-C₁8 

range and a high peak at C20-C25 fraction [22].

 

 

Figure 9 Carbon distribution of the APO deoxygenation using Fe/CRA, Ni/CRA, and Zn/CRA catalysts. 
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Figure 10 The distribution of hydrocarbon fractions by deoxygenation of APO using Fe/CRA, Ni/CRA, and Zn/CRA 

catalysts. 

 

Figure 10 confirms the previous results regarding 

the distribution of hydrocarbons based on the range of 

carbon numbers. The initial APO oil has a high heavy 

fraction >C₁₈ (45.91%). After the deoxygenation 

process, all CRA-metal-based catalysts convert the 

heavy fraction into the C₁₁-C18 fraction. Fe/CRA and 

Zn/CRA increase the C₁₁-C₁₈ fraction to around 65% - 

70%, indicating their ability to reduce heavy oil 

components, although some of the >C₁₈ fraction is still 

present. Among the three catalysts, Ni/CRA shows the 

most optimal performance with the highest selectivity 

towards the diesel-range fraction (77.40%) while 

reducing the >C₁₈ fraction to only 16.32%. In addition, 

Ni/CRA produced a slight increase in the C₈ - C₁₀ 

fraction, which indicates the occurrence of partial 

cracking through the hydrodeoxygenation reaction [36]. 

 

Molecular composition of the APO and the 

deoxygenation product 

Asphalt pyrolysis oil (APO) has a dark brown 

color that consists of hundreds of organic compounds 

and various oxygenates [42]. GC-MS analysis of the 

chemical components of APO before and after 

deoxygenation using Ni/CRA catalyst is shown in 

Tables S1 - S2, respectively. Based on Table S1 the 

initial APO consists of an oil fraction dominated by long 

hydrocarbon chains C > 18, such as pentacosane, 

hexacosane, 3-eicosene, 12-tricosanone, and 

nonacosane and long carbon chain ketones such as (2- 

and 9-heptadecanone, 3-octadecanone, 12-tricosanone), 

fatty acids (heptanoic acid, nonanoic acid, hexadecanoic 

acid), and unsaturated esters (octadec-9-enoic acid and 

methyl palmitate). The presence of these acids, ketones, 

and esters indicates that APO is acidic and less stable as 

a fuel. Table S2 shows the chemical composition of 

APO after deoxygenation using Ni/CRA catalyst. The 

product was dominated by n-alkane and medium chain 

hydrocarbon fractions such as undecane, dodecane (and 

2-methyl-dodecane), tridecane, pentadecane, 

hexadecane, heptadecane, and a small amount of heavy 

hydrocarbon fractions such as nonadecane, 1-eicosene, 

eicosane, docosane, and tricosane. While the oxygenate 

compound residues, such as carbonic acid decyl-

tetradecyl ester, 10-undecenoic acid 2-methoxy methyl 

ester, Z-8-methyl-9-tetradecen-1-ol acetate, 

isolongifolol, and longifolenaldehyde are only in small 

amounts. This shows that the Ni/CRA catalyst can 

reduce oxygen content effectively through the 
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hydrogenation mechanism, while the thermal treatment 

cracking the heavy fraction into lighter hydrocarbon 

fractions [36]. 

 

Reaction mechanisms 

Figure 11 shows the proposed reaction pathway 

for the catalytic deoxygenation of APO using CRA 

catalysts impregnated with Fe, Ni and Zn metals. The 

reaction pathway was established based on the product 

distribution and the composition of the liquid 

hydrocarbon formation provided by GC-MS analysis. 

Based on the reaction mechanism, the difference in 

selectivity to gas, coke, and liquid hydrocarbons for 

Fe/CRA and Ni/CRA catalysts stems from their 

fundamentally different hydrogenation capabilities and 

their dominant deoxygenation pathways. In Ni/CRA, 

oxygenated molecules are rapidly stabilized through 

efficient hydrogen activation at the Ni site, followed by 

hydrogenation of the C=C and C=O bonds. This rapid 

stabilization facilitates subsequent C-O bond cleavage 

via the hydrodeoxygenation pathway, producing stable 

liquid-range hydrocarbons and suppressing secondary 

reactions [14,20]. Consequently, gas and coke formation 

are significantly minimized [17-19]. In contrast, 

Fe/CRA shows limited hydrogen activation capability, 

resulting in insufficient stabilization of oxygenated 

intermediates, which subsequently undergo secondary 

cracking, condensation, and aromatization reactions, 

increasing gas and coke formation [43]. Therefore, 

inadequate hydrogenation in Fe/CRA shifts the reaction 

pathway toward gas and coke production, while 

effective hydrogenation in Ni/CRA directs the 

upgrading process toward selective liquid hydrocarbon 

formation and efficient removal of oxygenated 

compounds.

 

 

Figure 11 Reaction mechanism for the conversion of APO. 

 

Table 4 presents a comprehensive catalytic 

activity of Ni/CRA against other similar catalysts, 

highlighting its superior performance. The waste 

Ni/marble catalyst was able to achieve very high 

conversion (95.2%), but its hydrocarbon yield was 

relatively low (55.9%), indicating the dominance of 
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excessive cracking and gas fraction formation [14]. 

Synthetic mesoporous-based catalysts such as 

10%Ni/Al-MCM-41 and Ni-Cu/Al-MCM-41 produced 

moderate hydrocarbon yields (~53 - 61%) but required 

longer reaction times and higher temperatures, while Ni-

carbon only achieved a hydrocarbon yield of around 

60.1% even when operated at extreme temperatures 

(550 °C) [44,45]. NiMo/Al₂O₃ and NiMoS₂/γ-Al₂O₃ 

catalysts operating under hydrogen pressure showed 

lower hydrocarbon yields (≈50 -58%), reflecting limited 

hydrocarbon selectivity despite more complex reaction 

conditions [46,47]. In contrast, Ni/CRA was able to 

achieve 76.08% conversion and 65.03% hydrocarbon 

yield under relatively moderate reaction conditions (350 

°C, 2 h, N₂ flow), indicating an optimal balance between 

activity and selectivity. The advantages of Ni/CRA 

come from the synergy between Ni active sites that 

effectively facilitate the cleavage of heavy C-O and C-

C bonds, and the natural base matrix CaCO₃ in CRA that 

suppresses excessive cracking and coke formation. In 

addition, the use of CRA as a catalyst support provides 

promising advantages through the circular economy 

concept, making Ni/CRA an efficient, stable, and 

applicable catalyst for the upgrading of pyrolysis oil.

 

Table 4 Reported studies on catalytic cracking reaction on various catalysts. 

Catalyst Reaction condition Conversion (%) 
Hydrocarbons 

yield (%) 
Ref 

Ni/Marble waste 
1 h 380 oC 

N2 Flow 
95.2 55.92 [14] 

10%Ni/Al-MCM-41 
4h 350 °C 

N2 Flow 
68.53 ~61.5 [44] 

Ni-Cu/Al-MCM-41 
1 h 400 ◦C 

N2 Flow 
- 53.1 [45] 

15%Ni-Carbon 
3 h 550 °C 

N2 Flow 
- 60.1 [10] 

0.2-NiMoS2/γ-Al2O3 
3 h 300 °C 

H2 pressure 
- 58.0 [46] 

NiMo/Al2O3 
1 h 350 °C 

H2 pressure 
 50.83 [47] 

Ni/CRA 
2 h 350 °C 

N2 Flow 
76.08 65.03 

This 

research 

 

 

Conclusions 

The CRA modified Ni, Fe, and Zn catalyst has 

successfully improved the quality of Asphalt Pyrolysis 

Oil (APO) products. GC-MS analysis showed that the 

initial APO was dominated by oxygenates and heavy 

fractions >C₁₈ (45.91%). After the deoxygenation 

reaction using Ni/CRA, the hydrocarbon fraction 

increases, the C₁₁-C₁₈ fraction increases to 77.40%, and 

the >C₁₈ fraction decreases to 16.32%. The Ni/CRA 

catalyst also produces the highest liquid yield (69.11%) 

and the lowest coke (1.42%). The Ni-CRA catalyst 

promoted the hydrogenation and hydrogenolysis of 

oxygenate compounds (acids, ketones, esters), so it was 

effective in reducing oxygen content. Fe/CRA and 

Zn/CRA also showed an upgrading effect, although with 

lower activity than Ni/CRA. Overall, this study 

confirms that the use of CRA as a mineral-carbon-based 

catalyst not only provides a zero-waste approach to 

residual asphalt (CRA) but also produces an effective 

and economical catalyst for pyrolysis oil upgrading. The 

Ni/CRA catalyst proved to have the potential to produce 

higher-quality and low-oxygen pyrolysis oil, making it 

more suitable as a sustainable liquid fuel. 
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