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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,
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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 N 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
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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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Sample Crystallite size Relative crystallinity
(nm) (%)
NZ 55.2 100
S-NZ(0.5M) 52.4 o
S-NZ(IM) 48.1 o
S-NZ(2M) 452 5

SEM ;JUT
Gl gy L Bl Ly Sy LS pslad al 5o sl o0 @l ¥ USE 40 sid 3 6lacenndBlS (55505550
oS ol gl adyg lnle s ad) b ol e oo oanlice Gl B USE 1o aS g sblen el 00 Laseis
Sy G59998,90 ol slaole ()I055L 5 ganml ol S e el sad ailil o 5y, slaY Ojgon
Bd> g o9 Sl 4 (g oo |y Alus (pl ke Zugy BB SEM polai ;o (5555, S g oS oo ptd Codslin S
ORI L el oo ools (i o-F S 5 2= F USE 50 45 (5 y5b sl 0l o udslinsilS LSl 5l pgaiadl S5
Bgdien 55 s Sy (slaB )y il cudgiy oS ol gildS Sy (hel 8 anl B 0 sl G jgilgn cibale

el Sggin MalS sl S5t g SV ge ¥ il b ondh angs aiges gl allice o)



aA OfF)Y c)ln.& dA 099 ‘é|)2.>|5¢'4.$9.w AJIA.,.G)% ')“‘550“"’039’ Lé)

()S—NZ(Og) |

X10.0K  3.00 pm
(¢)S-NZ(1M)

20.0KV X10.0K 3.00 um 20.0KV~° X10.0K  3.00 pm =

Figure 4- SEM analysis of prepared catalysts with acid-treatment method
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Figure 5- EDX dot mapping 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
1 2
Sample See (m/g) 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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Conversion Temperature .. Alcohol:acid Cat:feed
Catalyst (%) ©C) Time (h) molar ratio Alcohol Feedstock (Wt%) Ref.
SNZ(IM) (I M HSOw- ) 6o 110 °C 3 12:1 MetOH Oleic acid 3wiwe S
treated clinoptilolite) work
20% H;PW12040/ZrO2
(heteropoly acid on 88% 100 °C 4 6:1 EthOH Oleic acid (FFA) 10 wt% [l
zirconia)
Acid-activated metakaolin
(4 M H,SO4-leached, 950 98.9% 160 °C 4 60:1 MetOH  Oleic acid (FFA) 5 wt% DAl
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catalyst)
S“lfon("ftri‘in“bzrvnagzi)carbon 96% 85 °C 3 7:1 MetOH  Oleic acid (FFA)  12wt%  [v-]
S-OMC (sulfonated
ordered mesoporous 96% 160 °C 4 10:1 MetOH  Oleic acid (FFA) 5 wt% [vy]
carbon)
H-ZSM-5 zeolite (Si/Al = o 60 °C . Soybean oil (FFA o vy
25; H-MFI) 80% (reflux) ! 61 MeOH 7y oleiey 0 W ]
SnCl,-2H,0 (homogeneous o ~78 °C . Oleic acid (pure o -
Lewis acid) >90% (reflux) 12 6:1 EthOH FFA) 0.6 wt% (vl
Silica sulfate (H>SO,- 87% 60 °C 4 6:1 MetOH  Oleic acid (FFA) 7.5 wt%  [¥f]

treated rice husk ash)

rl ly 05 S ol 59y 2 il (ole loog,S 5 0ud (55l CudshnysilS (b Sy Gleghy cnl
0 Fiw adBlS 6 Ll Slasin 28,5 &ig0 Ve ¥ g ) /0 slacdale [0 ol G elgum b (oy9],8 ¢ jslate
)8 sy p 3,50 EDX dot mapping 55 5 39, oxbw &85 5 0d> slaleses FTIR SEM XRD sloj Ul L
i sdiges wolod o Codslin oS ek Cldgsy XRD o lailbiul ool Lasls sy as ol olis mls .8 )8
5 Cawl oo Jaa> Codglin o dS Cudgiy 6,5k Sl Ll (Yo V U ol SO jgalgw cdale oli8l Lol sonline BB wuds
Sl ol S jaddgu cdale ol ST 0l s o 55 )l Cudgiy g sk LSl Yee ¥ cdale b (5 6l,8 diges yo
oaslive BB (ormb Sodgiy (Siuysh Glims po el Vg ¥ cdale 139 0,5 (o0 )18 18U Cod gogux B ol 50k
sp...uulm J..oL..C é‘)ﬁ“ RELRIRY (S G ).4..4) sM‘ &)5.9.‘5.“ u~>5)5‘ ]...:LJ o ol J..u....u LSLQAJ}A) 6)9J9.9)9.o |
0,8 loe ] o jgalgm clale 0938 L aS amo o lis EDX dot mapping ;LT lawg 0,555 55 g poies)]
9l dgad a5 ol Hlis mls i )5 18 Sb)l o g0 sl Sddgl gunlSty il STy 10 conds i (sl JUIS
kSl‘)'e‘ o~ ).1‘ L U‘yLSA ‘) ).o| L)"‘ code "\"Sk.';" 4.‘:‘)1 ‘) \.\.»...u‘ M}‘ JJ\.\.».: u‘).»do L).:)be s)Y}Q \ \.\.».wl n_i))}d}w L: 0L
Sl s cdslin S codgdy g )sb Ll Las 50y Slalaw dole slaog,S

&lw

[1] Y. Xue, F. Chen, B. Sun, H. Lin, B. Dai, and S. Han, "Effect of nanocomposite as pour point depressant on the cold flow
properties and crystallization behavior of diesel fuel," Chinese Chemical Letters, vol. 33, no. 5, pp. 2677-2680, 2022.

[2] K. Ghavami, F. Akhlaghian, and F. Rahmani, "Potassium compounds-Al1203 catalyst synthesized by using the sol-gel
urea combustion method for transesterification of sunflower and waste cooking oils," Biomass Conversion and Biorefinery,
vol. 12, no. 4, pp. 1139-1152, 2022.

[3] A. Godarzi, P. Vaziri, F. Akhlaghian, F. Rahmani, and M. Khaledian, "Innovative magnetic catalyst facilitates biodiesel
production via transesterification of sunflower and waste cooking oils," Energy Sources, Part A: Recovery, Utilization, and
Environmental Effects, vol. 45, no. 4, pp. 12277-12294, 2023.

[4] I Ambat, V. Srivastava, and M. Sillanpai, "Recent advancement in biodiesel production methodologies using various
feedstock: A review," Renewable and sustainable energy reviews, vol. 90, pp. 356-369, 2018.

[S1 R. Khoshbin, M. Naeimi, F. M. Alikhani, M. S. Hosseini Hashemi, and H. Moradi, "Novel approach for synthesis of
highly active nanostructured MgO/ZnAI204 catalyst via gel-combustion method used in biofuel production from sunflower
oil: Effect of mixed fuel," Advanced Powder Technology, vol. 34, no. 11, p. 104226, 2023/11/01/ 2023, doi:
https://doi.org/10.1016/j.apt.2023.104226.

[6] B.R.Vahid and M. Haghighi, "Biodiesel production from sunflower oil over MgO/MgA1204 nanocatalyst: effect of fuel
type on catalyst nanostructure and performance," Energy Conversion and Management, vol. 134, pp. 290-300, 2017.

[71 B. Ebadinezhad and M. Haghighi, "Sono-solvothermal decoration of pore size controlled SAPO-34 by nano-ceria for
green fuel production via esterification reaction," Chemical Engineering Journal, vol. 402, p. 125146, 2020.

[8] M. C.Nongbe, T. Ekou, L. Ekou, K. B. Yao, E. Le Grognec, and F.-X. Felpin, "Biodiesel production from palm oil using
sulfonated graphene catalyst," Renewable Energy, vol. 106, pp. 135-141, 2017.



https://doi.org/10.1016/j.apt.2023.104226

Vs OFF) Y o ke MA 095 o3l ol g b gun Al y5 1125 g cmasbes Loy

[91 G. N. Shao, R. Sheikh, A. Hilonga, J. E. Lee, Y.-H. Park, and H. T. Kim, "Biodiesel production by sulfated mesoporous
titania—silica catalysts synthesized by the sol—gel process from less expensive precursors," Chemical engineering journal, vol.
215, pp. 600-607, 2013.

[10] Gardy, J., Nourafkan, E., Osatiashtiani, A., Lee, A. F., Wilson, K., Hassanpour, A., & Lai, X., "A core-shell SO4/Mg-Al-
Fe304 catalyst for biodiesel production," Applied Catalysis B: Environmental, vol. 259, p. 118093, 2019.

[11] S.Karimi and M. Saidi, "Application of nano hydrophobic sulfated mordenite as a novel catalyst for biodiesel production
from neem seed-derived oil by electrochemical method," Energy Conversion and Management, vol. 299, p. 117886, 2024.
[12] L. Yosefi, M. Haghighi, S. Allahyari, and S. Ashkriz, "The beneficial use of HCl-activated natural zeolite in ultrasound
assisted synthesis of Cu/clinoptilolite—-CeO2 nanocatalyst used for catalytic oxidation of diluted toluene in air at low
temperature," Journal of Chemical Technology & Biotechnology, vol. 90, no. 4, pp. 765-774, 2015.

[13] L. Yosefi, M. Haghighi, S. Allahyari, and S. Ashkriz, "Effect of ultrasound irradiation and Ni-loading on properties and
performance of CeO2-doped Ni/clinoptilolite nanocatalyst used in polluted air treatment," Process Safety and Environmental
Protection, vol. 95, pp. 26-37, 2015.

[14] F.Rahmani, M. Haghighi, and M. Amini, "The beneficial utilization of natural zeolite in preparation of Cr/clinoptilolite
nanocatalyst used in CO2-oxidative dehydrogenation of ethane to ethylene," Journal of Industrial and Engineering Chemistry,
vol. 31, pp. 142-155, 2015.

[15] R. Khoshbin, M. Haghighi, and N. Asgari, "Direct synthesis of dimethyl ether on the admixed nanocatalystsof CuO—
ZnO—AI203 and HNO3-modified clinoptilolite at high pressures: Surface properties and catalytic performance," Materials
Research Bulletin, vol. 48, no. 2, pp. 767-777, 2013.

[16] S. M. Sajjadi, M. Haghighi, and F. Rahmani, "Sol-gel synthesis and catalytic performance of Ni-Co/Al 2 O 3-MgO-ZrO
2 nanocatalyst with different ZrO 2-loadings used in CH 4/CO 2 reforming for hydrogen production," International Journal of
Oil, Gas and Coal Technology, vol. 8, no. 3, pp. 304-324, 2014.

[17] Oliveira, Claudinei F., Luiz M. Dezaneti, Fillipe AC Garcia, Julio L. de Macedo, José A. Dias, Silvia CL Dias, and Kayne
SP Alvim., "Esterification of oleic acid with ethanol by 12-tungstophosphoric acid supported on zirconia," Applied Catalysis
A: General, vol. 372, no. 2, pp. 153-161, 2010.

[18] L. A.S. do Nascimento, L. M. Tito, R. S. Angélica, C. E. Da Costa, J. R. Zamian, and G. N. da Rocha Filho, "Esterification
of oleic acid over solid acid catalysts prepared from Amazon flint kaolin," Applied Catalysis B: Environmental, vol. 101, no.
3-4, pp. 495-503, 2011.

[19] Y.-T. Wang, Z. Fang, and F. Zhang, "Esterification of oleic acid to biodiesel catalyzed by a highly acidic carbonaceous
catalyst," Catalysis Today, vol. 319, pp. 172-181, 2019.

[20] S. Niu, Y. Ning, C. Lu, K. Han, H. Yu, and Y. Zhou, "Esterification of oleic acid to produce biodiesel catalyzed by
sulfonated activated carbon from bamboo," Energy Conversion and Management, vol. 163, pp. 59-65, 2018.

[21] Z. Gao, S. Tang, X. Cui, S. Tian, and M. Zhang, "Efficient mesoporous carbon-based solid catalyst for the esterification
of oleic acid," Fuel, vol. 140, pp. 669-676, 2015.

[22] K.-H. Chung and B.-G. Park, "Esterification of oleic acid in soybean oil on zeolite catalysts with different acidity,"
Journal of Industrial and Engineering Chemistry, vol. 15, no. 3, pp. 388-392, 2009.

[23] A. L. Cardoso, S. C. G. Neves, and M. J. Da Silva, "Esterification of oleic acid for biodiesel production catalyzed by
SnCI2: a kinetic investigation," Energies, vol. 1, no. 2, pp. 79-92, 2008.

[24] L. Elizabeth, A. R. Maulana, A. D. Febriani, and E. Andrijanto, "Effectiveness of Silica Sulphate Catalyst Based on Rice
Husk Ash in The Oleic Acid Esterification Process," Fluida, vol. 17, no. 2, pp. 57-64, 2024.



