Fuel and Combustion 18 3 (2025)
Online ISSN : 2008-3637

Fuel

and

Combustion

Fuel and Combustion

Iranian Combustion Institute !

Journal homepage: www.jfnc.ir

Acid-Modified Clinoptilolite Zeolite As An Efficient Catalyst For Green
Fuel Production Through Oleic Acid Esterification

Reza khoshbin'**, Kobra Pourabdollah?

! Corresponding author, Department of Chemical, Polymer and Materials Engineering, Buein Zahra Technical University, Buein Zahra,

Qazvin, Iran. Email: R.khoshbin@bzte.ac.ir

2 Department of Chemical Technologies, Iranian Research Organization for Science and Technology (IROST), Tehran, Iran. Email:

R.khoshbin@irost.org

3 Department of Chemical and Petroleum Engineering, Chemistry and Chemical Engineering Research Center of Iran, Tehran, Iran. Email:

pourabdollah@ccerci.ac.ir

ARTICLE INFO ABSTRACT

Ariicle type A series of catalysts based on natural clinoptilolite zeolite were synthesized and characterized
Research Article for biodiesel production through the esterification reaction of oleic acid. For this purpose,
Article history sulfur-containing functional groups were incorporated into the clinoptilolite framework
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through ion-exchange treatment with sulfuric acid solutions at concentrations of 0.5, 1, and 2
M. The structural properties of the synthesized catalysts were investigated using XRD,

Available online 2025.09.25 FESEM, EDX dot mapping, FTIR, as well as N, adsorption—desorption isotherms. XRD
Keywords patterns and FTIR spectra revealed that the crystallinity of clinoptilolite gradually decreased
Clinoptilolite zeolite during sulfuric acid treatment, with a pronounced reduction observed for the sample modified
Biodiesel with 2 M acid. N, adsorption—desorption isotherms analysis demonstrated that the specific
Esterification surface area of the sample treated with 1 M sulfuric acid increased by 45% compared to the
Oleic acid raw zeolite. Furthermore, EDX dot mapping confirmed the homogeneous distribution of sulfur

species across all modified samples. Catalytic performance evaluation in the esterification of
oleic acid indicated that the incorporation of sulfur functionalities significantly enhanced
catalytic activity, with the highest conversion of 70.6% achieved by the sample treated with 1
M sulfuric acid.

Introduction

Among the various methods employed for biodiesel production, transesterification is the most widely used due
to its simplicity and cost-effectiveness [1]. In this process, triglycerides react with an alcohol in the presence of a
catalyst to produce fatty acid alkyl esters and glycerol. Various catalysts, including zinc aluminate- and magnesium
aluminate-based spinel catalysts, have been developed to facilitate the transesterification reaction [2,3]. However,
the presence of free fatty acids (FFAs) in the feedstock adversely affects the performance of alkaline catalysts,
leading to soap formation and reduced efficiency. Consequently, acid catalysts have attracted considerable
attention for esterification reactions aimed at reducing FFAs prior to transesterification [4]. Among natural
zeolites, clinoptilolite is one of the most abundant and stable materials, characterized by a robust microporous
structure. To enhance the performance of natural zeolites, their structural and surface properties can be tailored
through various modification techniques, such as acid leaching, surfactant treatment, ion exchange with alkaline
solutions, hydrothermal processing, and thermal treatment [5,6]. These modification approaches can significantly
alter porosity, increase active surface area, and influence surface acidity and electrostatic properties [ 7].

In this study, biodiesel production was investigated through the esterification of oleic acid using sulfuric acid—
modified natural clinoptilolite zeolite. The structural properties of the modified catalysts were characterized by
XRD, nitrogen adsorption—desorption isotherms, SEM, and EDX dot mapping.

Experimental

Natural clinoptilolite zeolite obtained from local deposits was used as the catalyst support. Acid modification
was carried out by treating the zeolite with sulfuric acid solutions of 0.5, 1, and 2 M concentrations. In a typical
procedure, 3 g of zeolite was dispersed in 100 mL of sulfuric acid solution and refluxed at 80 °C for 4 h. The
resulting solid was filtered, thoroughly washed with deionized water until neutral pH, dried at 110 °C for 12 h,

Cite This Paper Alio oyl & gl )l

Khoshbin, Reza,. Pourabdollah, Kobra. (2025). Acid-Modified Clinoptilolite Zeolite As An Efficient Catalyst
For Green Fuel Production Through Oleic Acid Esterification. Fuel and Combustion, 18 (3), 108-125.

http//doi.org/ 10.22034/jfnc.2026.543874.1437 (In Persian)

108


mailto:R.khoshbin@bzte.ac.ir
mailto:R.khoshbin@irost.org

Acid-Modified Clinoptilolite Zeolite As An Efficient Catalyst For Green ... 109

and finally calcined at 300 °C for 4 h. The samples were denoted as S-NZ(0.5M), S-NZ(1M), and S-NZ(2M),
while the untreated zeolite was labeled NZ.

The crystalline structure of the catalysts was analyzed by XRD using Cu Ka radiation. Textural properties,
including specific surface area and pore size distribution, were determined by N2 adsorption—desorption isotherms
using the BET method. Surface morphology and elemental composition were examined by FESEM and EDX dot
mapping, respectively. Functional groups and framework vibrations were identified by FTIR spectroscopy.

Esterification of oleic acid with methanol was performed in a stainless-steel batch reactor under controlled
conditions. The reaction was conducted at 110 °C for 3 h using a methanol-to-oleic acid molar ratio of 12:1 and a
catalyst loading of 3 wt%. After the reaction, the catalyst was separated by centrifugation, and the conversion of
oleic acid was determined by acid—base titration.

Results and Discussion

Structural and textural properties

XRD patterns of the synthesized catalysts are presented in Figure 1.a. The characteristic diffraction peaks of
clinoptilolite were clearly observed in all samples, indicating preservation of the zeolite framework after acid
treatment. However, increasing sulfuric acid concentration led to a gradual decrease in peak intensity, reflecting
reduced crystallinity due to partial dealumination. The effect was most pronounced for the S-NZ(2M) sample,
suggesting excessive framework degradation at high acid concentration. Among the various methods employed
for biodiesel production, transesterification is the most widely used due to its simplicity and cost-effectiveness [1].
In this process, triglycerides react with an alcohol in the presence of a catalyst to produce fatty acid alkyl esters
and glycerol. Various catalysts, including zinc aluminate- and magnesium aluminate-based spinel catalysts, have
been developed to facilitate the transesterification reaction [2,3]. However, the presence of free fatty acids (FFAs)
in the feedstock adversely affects the performance of alkaline catalysts, leading to soap formation and reduced
efficiency. Consequently, acid catalysts have attracted considerable attention for esterification reactions aimed at
reducing FFAs prior to transesterification [4]. Among natural zeolites, clinoptilolite is one of the most abundant
and stable materials, characterized by a robust microporous structure. To enhance the performance of natural
zeolites, their structural and surface properties can be tailored through various modification techniques, such as
acid leaching, surfactant treatment, ion exchange with alkaline solutions, hydrothermal processing, and thermal
treatment [5,6]. These modification approaches can significantly alter porosity, increase active surface area, and
influence surface acidity and electrostatic properties [7].

In this study, biodiesel production was investigated through the esterification of oleic acid using sulfuric acid—
modified natural clinoptilolite zeolite. The structural properties of the modified catalysts were characterized by
XRD, nitrogen adsorption—desorption isotherms, SEM, and EDX dot mapping.

Experimental Method

Natural clinoptilolite zeolite obtained from local deposits was used as the catalyst support. Acid modification
was carried out by treating the zeolite with sulfuric acid solutions of 0.5, 1, and 2 M concentrations. In a typical
procedure, 3 g of zeolite was dispersed in 100 mL of sulfuric acid solution and refluxed at 80 °C for 4 h. The
resulting solid was filtered, thoroughly washed with deionized water until neutral pH, dried at 110 °C for 12 h,
and finally calcined at 300 °C for 4 h. The samples were denoted as S-NZ(0.5M), S-NZ(1M), and S-NZ(2M),
while the untreated zeolite was labeled NZ.

The crystalline structure of the catalysts was analyzed by XRD using Cu Ka radiation. Textural properties,
including specific surface area and pore size distribution, were determined by N2 adsorption—desorption isotherms
using the BET method. Surface morphology and elemental composition were examined by FESEM and EDX dot
mapping, respectively. Functional groups and framework vibrations were identified by FTIR spectroscopy.

Esterification of oleic acid with methanol was performed in a stainless-steel batch reactor under controlled
conditions. The reaction was conducted at 110 °C for 3 h using a methanol-to-oleic acid molar ratio of 12:1 and a
catalyst loading of 3 wt%. After the reaction, the catalyst was separated by centrifugation, and the conversion of
oleic acid was determined by acid—base titration.
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Results and Discussion

Structural and textural properties

XRD patterns of the synthesized catalysts are presented in Figure 2.a. The characteristic diffraction peaks of
clinoptilolite were clearly observed in all samples, indicating preservation of the zeolite framework after acid
treatment. However, increasing sulfuric acid concentration led to a gradual decrease in peak intensity, reflecting
reduced crystallinity due to partial dealumination. The effect was most pronounced for the S-NZ(2M) sample,
suggesting excessive framework degradation at high acid concentration.
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Figure 1-(a) XRD pattern of prepared catalysts with acid-treatment method, (b) N2 adsorption-desorption isotherm
of prepared catalysts with acid-treatment method

The N. adsorption—desorption isotherms shown in Figure 2.b correspond to type IV isotherms with H3
hysteresis loops, indicating the coexistence of micro- and mesoporous structures. Acid treatment up to 1 M resulted
in a significant increase in specific surface area, attributed to the removal of extra-framework species and partial
dealumination, which enhanced pore accessibility. In contrast, further acid treatment at 2 M caused a reduction in
surface area and pore volume, likely due to framework collapse and pore blockage by amorphous debris.

FESEM images revealed morphological changes consistent with acid leaching, while EDX dot mapping
confirmed the uniform distribution of sulfur species on the surface of treated samples. FTIR analysis further
supported the structural modifications, showing a gradual decrease in bands associated with Si—O—Al vibrations
as acid concentration increased.

Catalytic performance

The esterification performance of the synthesized catalysts was evaluated under identical reaction conditions.
The untreated clinoptilolite exhibited moderate activity, yielding an oleic acid conversion of about 47%, due to
the presence of inherent weak to medium acidic sites. Acid treatment significantly enhanced catalytic activity,
with oleic acid conversion increasing to approximately 59% for the 0.5 M treated sample. The highest conversion
(70.6%) was achieved over the catalyst treated with 1 M sulfuric acid, which can be attributed to the optimal
balance between preserved crystalline structure, increased surface area, and enhanced acidity. Further increase in
acid concentration to 2 M resulted in a slight decrease in conversion (~65%), likely due to partial framework
degradation and reduced accessibility of active sites. The optimal catalyst demonstrated good reusability, retaining



Acid-Modified Clinoptilolite Zeolite As An Efficient Catalyst For Green ... 111

more than 88% of its initial activity after five consecutive reaction cycles, indicating satisfactory structural stability
under esterification conditions.

Conclusions

Natural clinoptilolite zeolite was successfully modified through sulfuric acid treatment to produce an efficient
solid acid catalyst for biodiesel production via oleic acid esterification. Controlled acid treatment at 1 M sulfuric
acid resulted in an optimal balance between structural preservation and surface enhancement, leading to the highest
catalytic activity and good reusability. Excessive acid treatment, however, caused partial framework degradation
and reduced performance. Owing to its low cost, simple preparation method, and satisfactory catalytic efficiency,
acid-modified clinoptilolite represents a promising candidate for sustainable and economically viable biodiesel
production.
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Figure 2- Stainless-steel reactor equipped with temperature control for the esterification reaction
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Table 1- Structural properties of prepared catalysts with acid-treatment method
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Crystallite size Relative crystallinity
Sample (nm) %)
NZ 55.2 100
S-NZ(0.5M) 52.4 74
S-NZ(1M) 48.1 61
S-NZ(2M) 452 52
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Figure 4- SEM analysis of prepared catalysts with acid-treatment method
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Figure 6- FTIR analysis of prepared catalysts with acid-treatment method
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Figure 7- N2 adsorption-desorption isotherm of prepared catalysts with acid-treatment method
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Table 2- Textural properties of prepared catalysts with acid-treatment method
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Total pore Average pore
2
Sample Seet (m7g) volume (cm®/g) diameter (nm)
NZ 28.49 0.092 12.91
S-NZ(0.5M) 33.12 0.107 12.93
S-NZ(1M) 41.18 0.102 12.98
S-NZ(2M) 33.13 0.096 12.57
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Figure 8- Catalytic activity of prepared catalysts with acid-treatment method in oleic acid esterification reaction
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Figure 9- Reusability of S-NZ(1M) catalyst over five consecutive cycles of oleic acid esterification with methanol
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Table 3- Comparison of the performance of S-NZ(1M) catalyst with other reported catalysts for the esterification of
oleic acid with methanol.
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