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The catalytic pyrolysis of polypropylene (PP) has attracted significant 
attention as a promising route for converting plastic waste into valuable 
fuels; however, the development of low-cost and sustainable catalysts 
remains a major challenge. While Ni-based catalysts have been widely 
studied, the use of biomass-derived activated carbon, particularly from 
sago waste, as a support material and the systematic evaluation of 
catalyst-to-plastic ratio on hydrocarbon selectivity remain insufficiently 
explored. In this study, catalytic pyrolysis of polypropylene was 
performed at 500 °C using Ni supported on activated carbon (Ni/AC) 
derived from sago waste, with catalyst amounts of 2.5, 5.0, and 7.5 g, 
alongside a non-catalytic run for comparison. The introduction of 
Ni/AC substantially increased liquid yield compared to thermal 
pyrolysis, with the highest yield (39.75%) obtained at 2.5 g. Increasing 
catalyst amount intensified secondary cracking reactions, leading to 
enhanced gas formation at the expense of liquid products. GC–MS 
analysis revealed that the liquid products were mainly composed of 
hydrocarbons in the gasoline (C5–C12) and diesel (C13–C20) ranges. 
These results highlight the critical role of catalyst loading in controlling 
product distribution and hydrocarbon selectivity. This study 
demonstrates the potential of sago waste-derived Ni/AC as a 
sustainable catalyst and provides new insight into the relationship 
between catalyst amount and hydrocarbon selectivity in catalytic 
pyrolysis systems. 
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I.  INTRODUCTION 

Plastic consumption has increased significantly in recent decades due to rapid industrialization 

and population growth, resulting in the accumulation of persistent plastic waste in the environment. 
In 2021, global plastic production exceeded 390 million tons and is projected to continue 

increasing, posing serious environmental challenges due to the high resistance of plastics to natural 
degradation [1], [2], [3]. In Indonesia, plastic waste constitutes a major fraction of municipal solid 
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waste, exceeding 10 million tons annually and continuing to rise  [4]. This condition highlights the 

urgent need for sustainable technologies that not only reduce plastic waste but also recover valuable 
products. 

Among various polymers, polypropylene (PP) is widely used in packaging and consumer 

products due to its favorable mechanical and chemical properties. However, its extensive use has 
led to significant post-consumer waste accumulation. Pyrolysis has emerged as a promising 

approach for converting plastic waste into fuels and chemicals, reducing waste volume while 
producing liquid hydrocarbons, gases, and solid residues [5], [6], [7], [8]. Despite these advantages, 
non-catalytic pyrolysis often results in low product selectivity and a broad distribution of 

hydrocarbons, limiting the direct applicability of the liquid products as fuels [9], [10], [11]. 
To address these limitations, catalytic pyrolysis has been extensively investigated as an effective 

approach to enhance product selectivity and promote the formation of desirable fuel-range 
hydrocarbons [11], [12], [13]. Among various catalysts, nickel-based catalysts have attracted 
considerable attention due to their ability to facilitate cracking and hydrogen transfer reactions at 

relatively moderate temperatures, offering a cost-effective alternative to noble metals [14], [15], 
[16]. However, Ni catalysts are prone to deactivation through sintering and agglomeration under 

high-temperature conditions, necessitating the use of suitable supports to enhance metal dispersion, 
structural stability, and overall catalytic performance [17].  

Activated carbon has been widely recognized as a promising catalyst support due to its high 

surface area, tunable pore structure, and strong metal–support interactions, which promote effective 
metal dispersion and catalytic activity [18], [19], [20], [21]. 

Recent studies have investigated Ni-based catalysts supported on various materials such as 
zeolites, alumina, and conventional activated carbon for polypropylene pyrolysis, demonstrating 
enhanced cracking activity and improved hydrocarbon selectivity. Ni-supported zeolites, for 

instance, are known to promote gasoline-range hydrocarbons due to their strong acidity [16], [22], 
while Ni supported on alumina offers good thermal stability but often results in relatively lower 

liquid selectivity [23]. In contrast, porous carbon supports offer high surface area and improved 
metal dispersion, which can enhance catalytic performance while suppressing coke formation. 

However, these studies predominantly rely on conventional or commercially available supports, 

with limited integration of sustainable biomass-derived materials. In addition, although catalyst 
loading has been reported to influence product distribution through secondary cracking reactions, 

most investigations focus on traditional catalyst systems. Systematic studies that simultaneously 
evaluate biomass-derived carbon supports and catalyst-to-plastic ratio remain scarce, particularly in 
understanding how catalyst amount governs the balance between liquid yield, gas formation, and 

coke suppression. 
One promising yet underexplored biomass resource within this context is sago waste, a by-

product of starch processing. Activated carbon derived from sago waste has demonstrated 
promising physicochemical properties for catalytic applications. Despite these advantages, its 
application as a catalyst support in plastic pyrolysis has not been systematically investigated, 

especially in relation to the interaction between Ni loading and product selectivity. 
Despite these advances, the performance of Ni-based catalysts in plastic pyrolysis remains 

strongly influenced by catalyst loading and support characteristics, particularly when biomass-
derived carbon materials are used. The mechanistic role of catalyst-to-plastic ratio in controlling 
reaction pathways, product distribution, and hydrocarbon selectivity remains insufficiently 

understood. 
Therefore, this study aims to address these gaps by investigating the catalytic pyrolysis of 

polypropylene using Ni supported on activated carbon derived from sago waste, with a particular 
focus on the mechanistic role of catalyst loading. This work provides a systematic evaluation of 
how catalyst-to-plastic ratio governs the transition between primary cracking and secondary 
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reactions, thereby controlling liquid yield, hydrocarbon selectivity toward gasoline- and diesel-

range products, and coke formation. By integrating sustainable material development with 
mechanistic insights, this study demonstrates that catalyst loading is not merely an operational 
variable, but a fundamental parameter governing the transition between primary cracking, 

secondary reactions, and overcracking pathways in biomass-derived Ni/AC systems. 

II.  METHODS 

A.  Materials 

Polypropylene (PP) used as feedstock was obtained from commercial plastic packaging waste 
and cut into small particles of approximately 1–3 mm prior to use. Sago waste biomass was 

collected from a local sago processing facility located in Luwu Regency, South Sulawesi, 
Indonesia, and utilized as a precursor for activated carbon production. Nickel nitrate hexahydrate 

(Ni(NO₃)₂·6H₂O, Merck) was used as the nickel precursor for catalyst preparation. Potassium 
hydroxide (KOH, Merck) was employed as a chemical activating agent. All chemicals were of 
analytical grade and used without further purification. Nitrogen gas (N₂) was employed to provide 

an inert atmosphere during all thermal processes. 

B.  Preparation of Activated Carbon from Sago Waste 

Activated carbon was prepared from sago waste via carbonization followed by KOH-assisted 
chemical activation. The raw biomass was thoroughly washed with distilled water and dried at 105 
°C for 24 h. Carbonization was carried out in a tubular furnace at 500 °C under a nitrogen flow of 

100 mL/min with a heating rate of 10 °C/min to obtain char. 
The resulting char was chemically impregnated with potassium hydroxide (KOH) at an 

impregnation ratio of 1:1 (char:KOH, w/w). The impregnation process was conducted at 90 °C for 
12 h under reflux conditions to promote interaction between the activating agent and the carbon 
matrix. The impregnated sample was then dried at 105 °C for 2 h. 

Thermal activation was subsequently performed at 500 °C for 2 h under nitrogen flow (100 
mL/min) with a heating rate of 10 °C/min to develop the pore structure. After activation, the sample 

was washed repeatedly with distilled water until neutral pH was achieved to remove residual 
activating agents and soluble by-products. The activated carbon was dried at 105 °C for 12 h and 
stored in a desiccator prior to catalyst preparation. 

C.  Preparation of Ni/AC Catalyst 

Ni-supported activated carbon (Ni/AC) catalysts were prepared using the wet impregnation 

method with a target nickel loading of 1 wt%. A calculated amount of Ni(NO₃)₂·6H₂O 
corresponding to a target loading of 1 wt% Ni relative to the mass of activated carbon was dissolved 
in 50 mL of distilled water. The solution was added dropwise to the activated carbon under 

continuous stirring to ensure homogeneous distribution of the nickel precursor. The mixture was 
stirred for 4 h at room temperature without an additional aging step. 

The impregnation was performed under ambient conditions. The impregnated sample was dried 
at 100 °C for 12 h to remove moisture. Calcination was then carried out at 500 °C for 2 h under a 
nitrogen atmosphere (20 mL/min) with a heating rate of 5 °C/min. The resulting catalyst was cooled 

to room temperature under nitrogen flow and stored in airtight containers for further use. 

D.   Catalyst Characterization 

The textural properties of the activated carbon and Ni/AC catalysts were analyzed using N₂ 
adsorption–desorption measurements. The specific surface area was calculated using the Brunauer–
Emmett–Teller (BET) method. Surface morphology and elemental composition were examined 

using scanning electron microscopy (SEM). 
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E.   Catalytic Pyrolysis  

Catalytic pyrolysis experiments were conducted in a laboratory-scale fixed-bed batch reactor 
made of stainless steel with an internal volume of 20 mL. In each run, 10 g of polypropylene 
feedstock (particle size 1–3 mm) was thoroughly mixed with the catalyst to ensure homogeneous 

contact. 
Catalyst-to-plastic ratios of 0.25, 0.50, and 0.75 (w/w) were applied, corresponding to catalyst 

masses of 2.5 g, 5.0 g, and 7.5 g, respectively. 
Prior to heating, the reactor was purged with nitrogen to remove residual air. The system was 

then heated to 500 °C under a continuous nitrogen flow of 25 mL/min and maintained at this 

temperature for 60 min. The experiment was conducted under a fixed-bed configuration without 
mechanical agitation; therefore, vapor–solid interactions were governed by diffusion and contact 

time within the packed bed. 
The resulting vapors were passed through a water-cooled condenser (~10 °C) for liquid 

collection. Non-condensable gases were not directly quantified and were released from the system. 

A non-catalytic experiment was performed under identical conditions for comparison. All 
experiments were conducted in triplicate, and the reported values represent mean results. 

F.  Product Analysis  

The yields of liquid and solid products were determined gravimetrically. The liquid fraction 
collected in the condenser was weighed directly, while the solid residue remaining in the reactor 

was quantified as char or coke. The gas yield was calculated by difference based on mass balance. 
The overall mass balance closure ranged between 95–100%, indicating acceptable experimental 

consistency. While gas products were not compositionally analyzed, this approach provides a 
reasonable basis for comparative evaluation across different experimental conditions, although 
detailed gas composition analysis would be required for a more comprehensive understanding of 

reaction pathways. 
All experimental data are presented as mean values from triplicate runs, with deviations of less 

than 5%, indicating good reproducibility. The chemical composition of liquid products was 
analyzed using Gas Chromatography–Mass Spectrometry (GC–MS, Shimadzu QP2010). Identified 
compounds were classified into hydrocarbon groups based on carbon number distribution: gasoline-

range (C5–C12) and diesel-range (C13–C20). 

III.  RESULTS AND DISCUSSION 

A.  Textural and Morphological Properties of Ni/AC Catalyst 

The textural and morphological properties of the Ni/AC catalyst were investigated to understand 
the structural characteristics that influence its catalytic performance during polypropylene pyrolysis. 

The BET analysis revealed that the prepared catalyst possessed a surface area of 134 m²/g, 
indicating the presence of a sufficiently developed porous structure that can facilitate adsorption 

and catalytic reactions. 
Further insight into the pore structure was obtained from nitrogen adsorption–desorption analysis. 

The isotherm shown in Figure 1 exhibits a gradual increase in adsorption volume over the entire 

relative pressure range, along with a noticeable hysteresis loop at higher P/Po values. This behavior 
suggests the coexistence of microporous and mesoporous structures, corresponding to a Type IV 

isotherm with microporous contributions. Such features are typically associated with interconnected 
pore networks and “ink-bottle”-type mesopores that enhance diffusion within the material. 
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Figure 1. Adsorption–desorption isotherm of Ni/AC catalyst 

The pore size distribution analysis (Figure 2) reveals a dominant pore radius centered at 
approximately 13.7 Å (1.37 nm), confirming that the catalyst is predominantly microporous with 
secondary mesoporous features. In addition, the presence of a distribution tail extending toward 

larger pore sizes (up to ~30 Å) indicates the existence of small mesopores. This confirms that the 
Ni/AC catalyst possesses a hierarchical pore structure consisting of micropores and mesopores. 

 
Figure 2. Pore size distribution of Ni/AC catalyst 

This pore size distribution is consistent with the adsorption–desorption isotherm behavior 
observed in Figure 1. The presence of a hysteresis loop at high relative pressure (P/Po > 0.8) 

indicates capillary condensation within mesopores, while the continuous adsorption at low relative 
pressure suggests the contribution of micropore filling. The dominant pore radius (~1.37 nm) 

confirms that the pore system is primarily microporous, whereas the extended distribution toward 
larger pore sizes reflects the presence of secondary mesopores. This combination explains the Type 
IV isotherm with microporous characteristics, where micropores govern adsorption capacity and 

mesopores contribute to diffusion pathways. Such structural features are particularly important in 
catalytic pyrolysis, as they facilitate the transport of bulky polypropylene-derived intermediates 

while maintaining sufficient active surface for cracking reactions [24], [25]. 
The coexistence of micropores and mesopores plays a critical role in catalytic performance. 

Micropores contribute to high adsorption capacity and provide abundant active sites for the initial 
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cracking of hydrocarbon intermediates, while mesopores facilitate the diffusion of larger polymer-

derived molecules into the internal structure of the catalyst. This dual-porosity system has been 
widely recognized as a critical factor in improving catalytic efficiency in gas–solid reactions, as it 
enables both effective adsorption and enhanced mass transport within the catalyst structure [24], 

[25], [26], [27]. 
Further insights into the catalyst structure were obtained from SEM analysis. As shown in Figure 

3, the surface morphology of the Ni/AC catalyst exhibits a rough carbon matrix with irregular 
cavities and pores. Bright contrast regions observed on the carbon surface are attributed to the 
presence of nickel particles dispersed on the activated carbon support. The distribution of Ni 

particles both on the external surface and within larger pores suggests a relatively good metal 
dispersion. 

 

 
Figure 3. SEM morphology of Ni/AC catalyst 

Such dispersion is advantageous for catalytic applications because it provides accessible active 
sites while maintaining open diffusion pathways within the porous structure. Similar observations 

have been reported in previous studies on nickel supported porous carbon catalysts, suggesting 
relatively good dispersion of nanoparticles within hierarchical pore systems significantly enhanced 
catalytic activity in hydrogenation and reforming reactions while minimizing diffusion limitations 

[28], [29], [30]. 
Taken together, the BET and SEM analyses confirm that the prepared Ni/AC catalyst exhibits a 

hierarchical pore architecture combining microporous and mesoporous. This structural feature is 
beneficial for catalytic processes, as it simultaneously promotes adsorption capacity, efficient mass 
transfer, and accessible active sites. Such characteristics are widely recognized as important factors 

contributing to improved catalytic performance and stability under demanding gas–solid reaction 
conditions [31], [32]. 

This hierarchical pore structure is expected to strongly influence the catalytic cracking behavior 
observed in the following sections, particularly in controlling product distribution and hydrocarbon 
selectivity. 

B.  Effect of Catalyst Amount on Product Distribution 

The influence of Ni/AC catalyst amount on the distribution of pyrolysis products is summarized 

in Table 1. In the absence of a catalyst, polypropylene pyrolysis produced only 14% liquid yield, 
indicating that thermal pyrolysis alone has limited efficiency in converting polymer chains into 
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condensable hydrocarbons. 

The introduction of Ni/AC catalyst substantially increased liquid production.  

Table 1. Effect of catalyst amount on product distribution 

PP: Ni/AC 
(g) 

Liquid  

Quantity  
(%) 

Gas Quantity 
(%) 

Coke Quantity 
(%) 

100 : 0 14.00 32.00 54 

100 : 2.5 39.75 59.00 1.25 

100 : 5 32.88 66.00 1.12 

100 : 7.5 32.00 67.00 1.00 

 

The highest liquid yield (39.75%) was obtained with a catalyst amount of 2.5 g, which is nearly 
three times higher than that obtained from non-catalytic pyrolysis. This result indicates that the 
Ni/AC catalyst effectively promotes the catalytic cracking of long-chain polypropylene into shorter 

hydrocarbons that readily condense into liquid products [33], [34]. 
However, increasing the catalyst amount beyond this level resulted in a decrease in liquid yield. 

At catalyst masses of 5 g and 7.5 g, the liquid yields decreased to 32.88% and 32%, respectively. 
This reduction can be attributed to enhanced secondary cracking reactions, in which intermediate 
liquid hydrocarbons are further converted into lighter gaseous products [16], [35]. 

The gaseous fraction exhibited an inverse trend compared to the liquid yield, increasing from 
32% in non-catalytic pyrolysis to 67% at the highest catalyst loading. This behavior confirms that 

higher catalyst amounts intensify cracking reactions, favoring the formation of lighter gaseous 
hydrocarbons at the expense of condensable products. 

A notable observation is the drastic reduction in coke formation in the presence of the Ni/AC 

catalyst. While thermal pyrolysis produced 54% coke, the addition of the catalyst reduced this value 
to approximately 1%. This significant decrease indicates that the catalyst enhances chain scission 

efficiency and suppresses polymer condensation pathways, thereby minimizing the formation of 
solid carbon residues [34], [36]. 

Overall, these results highlight the critical role of catalyst amount in controlling product 

selectivity during catalytic pyrolysis. An optimal catalyst amount of 2.5 g provides the best balance 
between maximizing liquid yield and minimizing coke formation. However, liquid yield alone is 

insufficient to evaluate fuel quality, as the composition of the liquid fraction determines its 
classification within gasoline- or diesel-range hydrocarbons.  

From a mechanistic perspective, the observed behavior can be explained by the interaction 

between active sites and reaction pathways. At lower catalyst loading (2.5 g), the number of active 
sites is sufficient to promote primary cracking of polypropylene into condensable hydrocarbons, 

resulting in the highest liquid yield with limited secondary reactions. 
As the catalyst amount increases to 5 g and 7.5 g, the higher density of active sites enhances 

secondary cracking through β-scission and hydrogen transfer mechanisms [35], [37]. These 

reactions further decompose intermediate liquid hydrocarbons into lighter gaseous products, leading 
to a decrease in liquid yield and an increase in gas formation. The shift in hydrocarbon selectivity is 

also influenced by catalyst loading. At moderate catalyst amount (5 g), the balance between 
cracking and stabilization favors the formation of longer-chain hydrocarbons, resulting in higher 
diesel selectivity. In contrast, excessive catalyst loading (7.5 g) promotes overcracking, leading to 

the formation of shorter-chain hydrocarbons in the gasoline range. 
In addition, the suppression of coke formation suggests that the Ni active sites may facilitate 

hydrogen transfer reactions that stabilize reactive intermediates and inhibit the formation of coke 
precursors. This highlights the synergistic role of metal sites and the carbon support in directing 



Nucleus Journal  Vol. 5 No. 1, 2026 

Jurnal Sains dan Teknologi 
 

 

 22 
 

reaction pathways. These findings demonstrate that catalyst amount governs the balance between 

primary and secondary cracking reactions, ultimately determining product distribution, hydrocarbon 
selectivity, and coke formation during polypropylene pyrolysis. 

C.  Hydrocarbon Composition of Liquid Products 

GC–MS analysis showed that the liquid products obtained from both thermal and catalytic 
pyrolysis predominantly consisted of hydrocarbons within the gasoline (C5–C12) and diesel (C13–

C20) ranges. The distribution of these fractions was significantly influenced by the presence of the 
Ni/AC catalyst and the catalyst loading.  

At lower catalyst loading (2.5 g), the liquid products exhibited a relatively balanced distribution 

of gasoline- and diesel-range hydrocarbons, corresponding to the highest liquid yield. Increasing the 
catalyst loading to 5 g resulted in an increased proportion of diesel-range hydrocarbons, indicating 

enhanced conversion of long-chain intermediates into mid-range fractions. In contrast, at higher 
catalyst loading (7.5 g), the product distribution shifted toward lighter hydrocarbons, with a higher 
fraction of gasoline-range compounds accompanied by increased gas formation. 

This trend confirms that catalyst loading governs hydrocarbon selectivity through the regulation 
of secondary cracking intensity, where moderate loading favors diesel-range products, while 

excessive loading promotes overcracking toward gasoline-range hydrocarbons and gaseous 
products. The quantitative distribution of hydrocarbon fractions is summarized in Table 2.  

Table 2. Distribution of hydrocarbon fractions based on GC–MS analysis 

Carbon Range Ni/AC  
(0 g) 

Ni/AC 
(2.5 g) 

Ni/AC 
(5 g) 

Ni/AC 
(7.5 g) 

C5 C12 67.01 43.78 41.86 77.05 

C13 C20 32.57 55.56 58.14 22.95 

>C20 0.42 0.66 0 0 

The results show that the catalytic system exhibits considerable selectivity toward fuel-range 
hydrocarbons. The gasoline fraction reached its highest value (77.05%) when 7.5 g of Ni/AC 

catalyst was used, while the highest diesel fraction (58.14%) was obtained at a catalyst amount of 5 
g. These distributions reflect intensified secondary cracking reactions, leading to the formation of 
shorter hydrocarbon fractions [34], [35]. 

The major compounds identified in the liquid products were predominantly aliphatic 
hydrocarbons, including alkanes such as C8H18 and C17H36, as well as alkenes such as C9H18 

and C10H20. These compounds are commonly found in commercial gasoline and diesel fuels, 
indicating that the pyrolysis products possess characteristics like conventional petroleum-derived 
fuels. 

Interestingly, increasing the catalyst amount to 7.5 g resulted in a decrease in the diesel fraction. 
This observation suggests that excessive catalyst amounts promote additional cracking of heavier 

hydrocarbons into lighter gasoline-range compounds and gaseous products. Consequently, an 
excessive catalyst concentration may shift the product distribution toward lighter hydrocarbons, 
reducing diesel selectivity. These findings demonstrate that catalyst amount plays a critical role in 

determining hydrocarbon distribution during polypropylene pyrolysis. While 2.5 g of Ni/AC 
provides the highest liquid yield, higher catalyst amounts can modify hydrocarbon selectivity 

toward lighter fractions.  
This approach provides a potential pathway for converting plastic waste into valuable fuel 

products. The use of activated carbon derived from sago waste provides an environmentally friendly 

catalyst support while simultaneously utilizing agricultural biomass residues. Overall, the results 
confirm that activated carbon derived from sago waste is an effective catalyst support for Ni 

catalysts, providing a sustainable and low-cost alternative for plastic waste conversion into fuel-like 
hydrocarbons. 



Nucleus Journal  Vol. 5 No. 1, 2026 

Jurnal Sains dan Teknologi 
 

 

 23 
 

IV.  CONCLUSIONS 

This study demonstrates that Ni supported on activated carbon derived from sago waste is an 
effective and sustainable catalyst for the pyrolysis of polypropylene. The catalyst exhibits a 

hierarchical micro–mesoporous structure with a surface area of 134 m²/g, enabling efficient 
adsorption, diffusion, and catalytic transformation of polymer-derived intermediates. The 

introduction of Ni/AC significantly enhances liquid yield and suppresses coke formation compared 
to non-catalytic pyrolysis. 

More importantly, this work establishes catalyst loading as a critical parameter governing 

reaction pathways and product distribution. At low catalyst loading, primary cracking dominates, 
resulting in maximum liquid yield. At moderate loading, the balance between cracking and 

stabilization favors diesel-range hydrocarbons, while higher loading intensifies secondary cracking, 
leading to increased gas formation and gasoline-range selectivity. These findings provide clear 
mechanistic insight into how catalyst loading controls the transition between liquid preservation, 

selective hydrocarbon production, and overcracking. 
By systematically linking catalyst structure, active sites, and reaction behavior, this study 

advances the understanding of catalytic pyrolysis systems and highlights the potential of biomass-
derived activated carbon as a low-cost and environmentally friendly catalyst support. The results 
demonstrate that the catalytic performance of Ni/AC is governed by the interplay between pore 

structure and Ni loading. The hierarchical pore distribution facilitates the diffusion and 
transformation of pyrolysis intermediates, while appropriate Ni loading enhances active site 

availability without blocking micropores. This synergy leads to improved catalytic efficiency and 
product selectivity. This study provides new insights into the role of biomass-derived activated 
carbon as a catalyst support, highlighting the importance of optimizing metal loading to achieve a 

balance between surface area utilization and catalytic activity in plastic waste conversion. 
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