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ABSTRACT 
A series of sulfonated avocado seed carbon catalysts for biodiesel production was successfully synthesized. The 
carbonization of avocado seed has been varied at 300oC, 400oC, 500oC, and 600oC using nitrogen gas purging followed 
by sulfonation applying HSO3Cl (chlorosulfonic acid) in chloroform solvent. The designed catalyst has been 
characterized using FTIR, XRD, and TPD-NH3. The results show strong absorption peaks in FTIR spectra at the wave 
numbers of 1140 and 1030 cm-1, which indicates an O-S-O bonding vibration in asymmetric and symmetric stretching. 
Meanwhile, the XRD patterns show two main peaks, namely the broad peak at 2 10o-30o corresponding with the C 
(002) plane and the sharp peak at 2 40o-45o corresponding with the C (101) plane. The TPD-NH3 reveals that the 
catalyst with the highest acid site number showed for sulfonated avocado seed carbon calcined at 400oC (AS400-S) 
sample. The catalytic activity shows the designed catalyst can convert PFAD to form biodiesel until 64.6061%. 
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INTRODUCTION 
The increasing consumption of fossil fuels causes several problems such as depleting oil availability, air 
pollution, and global warming.1,2 It is encouraging researchers to investigate energy sources from renewable 
materials, sustainable and ecologically aware. Among the renewable energy sources, biodiesel is one of the 
alternative fuels being developed in Indonesia because the raw materials and catalysts used in the reaction 
can be obtained from organic waste.3 Biodiesel feedstock based on waste materials is now being developed 
due to its biodegradability, low carbon emission, and low production costs.4,5 The feedstocks used can be 
obtained from waste containing high triglycerides such as used oil or those containing high free fatty acids 
such as animal fat and palm fatty acid distillate (PFAD) from the residue of crude palm oil (CPO) process.6,7 
As the world's largest producer of palm oil, Indonesia has discovered PFAD (palm fatty acid distillate) in a 
large amount of organic waste produced by CPO processing.8 The organic waste contains FFA > 85% so it 
can be converted to form FAME (Fatty Acid Methyl Ester) through an esterification reaction.9 The 
esterification reaction is a slow equilibrium reaction that needs a catalyst to induce its reaction rate and 
increase its production.10 For a feedstock with high FFA content, such as PFAD, the eligible catalyst is a 
catalyst with acid properties because it is not affected by the water released from the esterification 
reaction.11 Sulfonated carbon catalyst is a solid acid catalyst that has many uses in biodiesel production.1213 
This catalyst can also be synthesized from organic waste containing starch, cellulose, hemicellulose, and 
lignocellulose.14 Several wastes, like empty palm bunches15, corncobs16, palm shells17, and sugarcane18, 
were reported in the synthesis of sulfonated carbon-based solid acid catalysts as carbon sources.19  
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The avocado seed is a solid organic waste released from food commercial processes having economic value. 
This solid waste has been applied as starch resources, animal feeding, and absorbent.18 Based on the 
composition, avocado seed has about 60-80% starch, which makes this waste a potential alternative 
carbohydrate resource (especially starch).19,20 Due to the high starch content in avocado seed, therefore, it 
has the potential to be used as an alternative carbon source of sulfonated carbon catalysts. However, there 
has not been found the use of carbon from avocado seeds in the synthesis of sulfonated carbon-based solid 
acid catalysts until now.19 The purpose of this study was to apply carbon material produced from the 
calcination of avocado seeds in the synthesis of sulfonated carbon catalyst for biodiesel production from 
waste cooking oil. The sulfonation process has been conducted by mixing chlorosulfonic acid in a 
chloroform solution.20 Chlorosulfonic acid can be used as an alternative source of sulfonic acid besides 
sulfuric acid because it can be used in the same amount as the amount of carbon sample to be sulfonated.21 
The sulfonation process can take place at lower temperatures and the amount of water used is less for the 
sample neutralization process. The synthesized catalyst is characterized by FTIR, XRD, and TPD-NH3, and 
applied for biodiesel production from PFAD. The catalytic activity of the synthesized catalysts was 
determined by analyzing the density and acid number as well as calculating the percent conversion of the 
biodiesel produced. 

EXPERIMENTAL 
Material and Methods 
The chemicals used for this work were divided into 2 parts including materials for the synthesis of catalyst 
and biodiesel production. The materials used for the synthesis of the catalyst consisted of avocado seed, 
HSO3Cl (Merck, 97%), chloroform (Merck, 99.5%), and aquadest. The materials used for biodiesel 
production included PFAD, methanol, and catalyst. An avocado seed was obtained from the fruit market, 
while PFAD was collected from Wilmar Company. To get the mole of PFAD, this study used the molecular 
weight of PFAD obtained from its saponification number.  
 

General Procedure 
Preparation of Catalyst  
As much as 100g of avocado seeds that had been dried and mashed were calcined under nitrogen flow in a 
cylindrical furnace with varied temperatures (300oC, 400oC, 500oC, and 600oC) for 2h. The resulting carbon 
was then mixed with HSO3Cl in a 1:1 ratio. The mixture was added into 50 ml of chloroform in a three-
neck bottle and continued by refluxing the mixture at 70oC for 4h. Furthermore, the sulfonated carbon 
sample was washed to remove the unreacted HSO3Cl with hot water and then oven dried at 80oC for 24h 
and produced a sulfonated carbon from avocado seeds. The sulfonated carbon obtained was characterized 
by FTIR, XRD, and TPD-NH3 and afterward applied for biodiesel production. 
 

Application of Sulfonated Avocado Seed Carbon  
Biodiesel produced from the reaction between FFA in PFAD and methanol with the addition of the 
sulfonated avocado seeds carbon catalyst was conducted in a 250 ml three-neck bottle provided with a 
thermometer (360°C), condenser, heater, magnetic stirrer, and water bath. The mole ratio of methanol and 
PFAD was made as 6:1 and the catalyst loading were 3% of PFAD as well as 25g PFAD. A catalyst 3% 
and 6:1 mole ratio of PFAD to methanol was mixed in a three-neck bottle and then agitated at 100 rpm for 
3 min and afterward, 25g PFAD was added slowly into the three-neck bottle. The mixture was agitated at 
300 rpm at 65oC for 2h. After the reaction was completed, the product would separate with centrifuges for 
10 min at 3000 rpm. This step is to separate the product from the catalyst used. The product consisted of 
biodiesel and methanol. Then the product was heated at 70oC to remove excess methanol in biodiesel 
production. The acid number and density of biodiesel products were analyzed to determine the catalytic 
activity of the synthesized catalyst.19 

 

Characterization and Analysis of the Sample  
The characterization of the sample was conducted with FTIR (Fourier Transform Infrared Thermo Fisher 
Scientific), XRD (X-Ray Diffraction PHILIPS PW 3040/60 MPD X’PERT HIGH PRO ANALYTICAL), 
and TPD-NH3 (Temperature Programmed Desorption (TPD) Thermo Finnigan, TPDRO 1100 series 
equipped with thermal conductivity detector).22 
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Equation of Properties  of the Biodiesel: 
 

Density   

𝜌 =
௠ (௚௥௔௠)

௩ (௠௟)
         (1) 

 

Acid number (AN) 23  

𝐴𝑁 =
௩ ௄ைு (௠௟) ௫ ெ ௄ைு ௫ ெ௪ ௄ைு

௠ ௦௔௠௣௟௘ (௚௥௔௠)
         (2) 

 

Saponification number (SN) 23 

𝑆𝑁 =
[(௩௢௟ ு஼௟ ஻௟௔௡௞ି௩௢௟ ு஼௟ ௦௔௠௣௟௘ ௫ ே ௄ைு ௫ ெ௪ ௄ைு

௠ ௦௔௠௣௟௘ (௚௥௔௠)
  (3) 

𝑀𝑟 =
56,1 𝑥 1000

𝑆𝑁
 

Table-1: The Samples Applied in This Work are as Follows 
Calcination temperature Carbon Sulfonated carbon 

300oC 
400oC 
500oC 
600oC 

AS300-K 
AS400-K 
AS500-K 
AS600-K 

AS300-S 
AS400-S 
AS500-S 
AS600-S 

 

RESULTS AND DISCUSSION 
FTIR Spectra 
An FTIR spectrophotometer was used to characterize the avocado seed samples after calcination and 
continued with sulfonation. All samples were characterized at the wavenumber of 1900-600 cm-1 because 
it is sensitive to the functional groups of starch and fatty acid in avocado seeds such as C=O, C=C, and C-
O bonds 24. The existence of functional groups in the avocado seeds carbon obtained by calcination in FTIR 
spectra is presented in Fig.-1. The wave numbers around 1600-1500, 1100-1000, and 1300-1030 cm-1 were 
detected as the main absorption bands of calcined and sulfonated samples in the FTIR spectra.25 The 
absorption bands at wavenumber 1600-1500 cm-1 show a vibration of C=C bond indicating the existence 
of an aromatic ring structure in the polyaromatic structure of calcined avocado seed carbon.26 A similar 
result is also shown for calcinated sulfonated avocado seed carbon catalyst as shown by absorption peak at 
a wave number of 1100-1000 cm-1 due to C-O bond from functional group C-O-H in tannin and C-O-C 
bond of glycoside in starch.27,28 The presence of absorption peaks of calcinated avocado seed carbon shows 
that the calcination process yields incomplete carbonization.29 Therefore, the sulfonation process can be 
conducted for calcinated avocado seed carbon.26 

 
(A)                   (B) 

Fig.-1: FTIR Spectra of Calcined (a) Carbon and (b) Sulfonated Avocado Seed Carbon Catalyst. Calcination 300, 
400, 500, and 600oC. HSO3Cl. N2 Purging. Chloroform Solvent. 

 

The presence of a sulfonic group in all sulfonated calcined avocado seed carbons is observed by a strong 
absorption peak at wave number 1140 cm-1. This absorption peak is due to the asymmetric vibration of the 
O-S-O group.30,31 The AS400-S sample shows an additional strong absorption peak at wave number 1030 
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cm-1 related to the existence of symmetric vibration of the O-S-O group.32,33 This finding shows that the -
SO3H group covalently bonded to calcined carbon.34 

 

XRD Pattern  
Moreover, all sulfonated avocado seed carbons were analyzed by XRD using 2θ 10-60o with a speed of 
2o/min. The result of XRD characterization is illustrated in Fig.-2. As seen in Fig.-2 all diffraction patterns 
in Fig.-2 have two main peaks, i.e. a broader peak at 2θ 10-30o related to C (002) plane and a sharp peak at 
2θ 40-50o related to C (101) plane.35,36 The broader peak at around 2θ 10-30o shows typical characteristics 
of amorphous carbon containing layers of aromatic carbon. At the moment, at 2θ 40-50o shows a sharp peak 
of crystalline sulfonated avocado seed carbon catalyst.27,37 Both peaks show the existence of an amorphous 
carbon structure consisting of carbon rings of polycyclic aromatic with random orientation.38,39 The C (101) 
plane is due to the presence of graphite.40,41 This finding shows that the sample consisted of greater carbon 
layer stacks that affected catalytic action during the esterification reaction process. The greater carbon layer 
gives opportunities for pasting more SO3H groups. The carbonization process at higher temperatures is 
proportional to the sulfonation process using strong acid yielding a reduction of C-O-C bonding in carbon 
sample.10,25 This process yields more rigid and amorphous sulfonated carbon due to increasing retardation 
in carbon layers. 

 
Fig.-2: XRD Spectra of Sulfonated Avocado Seed Carbon. Calcination 300, 400, 500, and 600oC. HSO3Cl. N2 

Purging. Chloroform Solvent 
TPD-NH3 
The TPD-NH3 examination is used to determine the acidity on the catalyst surface.42 The temperature of 
desorption is a measure of active acid sites while the region of the desorption band is a measure of acid site 
number on the catalyst surface4344 The desorption band lower than 200˚C shows weak acid sites and the 
desorption band between 200 and 400oC is related to medium acid sites. While the desorption band higher 
than 450oC is related to strong acid sites.45 
Figure-3 shows the characterization of sulfonated avocado seed carbon catalyst applying TPD-NH3. The 
desorption band NH3 observed for all catalysts at 100-200oC related to the existence of weak Brønsted acid 
sites.46,39 This finding is due to the presence of free fatty acids in an avocado seed.47 The second peak 
observed in the region around 200-450oC is related to the presence of medium Brønsted acid. This second 
peak is related to the existence of a tannin compound in avocado seed. The third peak in the region of 450-
900˚C is related to the presence of strong Brønsted acid sites.48 This third peak is due to the existence of 
the SO3H group pasted to the carbon layer of polycyclic aromatic in sulfonated avocado seed carbon. 

 
Table-2: Active Acid Site of Sulfonated Avocado Seed Carbon. 

Sample name Total acid (mol/g) 
AS300-S 
AS400-S 
AS500-S 
AS600-S 

4616.81862 
9344.26222 
5004.32914 
4567.88573 
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Fig.-3: (a)TPD-NH3 Spectra of Acid Site Number (-SO3H) in Sulfonated Avocado Seed Carbon. Calcination 300, 

400, 500, and 600oC. HSO3Cl. N2 Purging. Chloroform Solvent 
 

The analysis data of TPD-NH3 reveals that the highest acid site number is shown by the AS400-S sample. 
This finding agreed with the graphic pattern related to high intensity at a higher temperature than 450oC 
showing the presence of strong acid in the AS400-S sample.  
 

Biodiesel Production Applying PFAD  
All synthesized catalysts have been applied for biodiesel products yielded from the reaction of PFAD and 
methanol. The products have been analyzed to examine the catalyst activity. The tests of density and acid 
number have been conducted to examine the catalytic activity of those catalysts. The physicochemical 
properties of catalyst products strongly influenced the biodiesel product, particularly in the presence of 
SO3H acid site number formed at the catalyst surface. 
 

Examination of Biodiesel Properties  
The examination of biodiesel properties included density and acid number. The result data of density and 
acid number examinations are shown in Table-3. Based on the examination the results show that the density 
and an acid number of biodiesel products are lower than that of PFAD. The reduction shows the existence 
of catalyst activity. 

 

Table-3: The Properties of PFAD and Biodiesel Applying Sulfonated Avocado Seed Carbon Catalyst 

Sample 
Examination of biodiesel properties 

Density (g/ml) Acid number (mgKOH/g) FFA Convertion (%) 

PFAD 0.877 199.88 - 
Biodiesel AS300-S 0.8126 141.4057 29.2122 
Biodiesel AS400-S 0.8171 70.7028 64.6061 
Biodiesel AS500-S 0.8111 141.4057 29.2122 

Biodiesel AS600-S 0.7831 188.5409 5.6163 
 

The biodiesel density is compared to the standard value. According to ASTM D5002, the standard density 
of biodiesel using PFAD is recorded as 870 ± 0.01 kg/m3. The value of biodiesel density obtained shows 
the nearest value to the standard value, that is the biodiesel product applying AS400-S catalyst. The catalytic 
activity is influenced by the active acid site number of the catalyst, which is illustrated in Fig.-4. The 
examination of acid number is to determine the percentage of FFA conversion from PFAD to biodiesel. 
The lower acid number yielded a higher production of biodiesel. Based on the examination result of acid 
number it shows that the lower acid number of biodiesel products is related to the higher active acid site 
number of catalysts applied. The lowest acid number of biodiesel products applied was the AS400-S 
catalyst. The biodiesel with an acid number higher than the standard value causes corrosion problems in 
the engine system. It can be deduced that an increased active acid site in the catalyst yields a lower acid 
number of biodiesel products. The percentage of FFA conversion is calculated based on the difference in 
acid number between the feedstock and the product. Based on % FFA conversion, it shows an elevation of 
catalytic activity of samples until the AS400-S sample. After that, the catalytic activity reduced which 
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showed for AS400-S until AS600-S. This finding is related to the active acid site number of AS400-S being 
higher than that of AS300-S, AS500-S, and AS600-S samples. The existence of active acid sites may 
increase the catalytic activity of sulfonated avocado seed carbon catalysts. 
 

 
(a) 

  
(b) 

 
(c) 

Fig.-4: Correlation between Active Acid Site Number (-SO3H) of Sulfonated Avocado Seed Carbon Catalyst and (a) 
Density, (b) Acid Number, and (c) % FFA Conversion. Calcinations 300oC, 400oC, 500oC, and 600oC. HSO3Cl. N2 

Purging. Chloroform Solvent. 
 

CONCLUSION 
The solid acid catalyst as the sulfonated avocado seed carbon catalyst can be synthesized through 
calcinations with nitrogen purging followed by a sulfonation process applying HSO3Cl in chloroform 
solvent. The characterization of the designed catalyst is determined by applying FTIR showing a strong 
absorption band at wave numbers 1140 cm-1 and 1030 cm-1. The XRD characterization showed the existence 
of amorphous and crystalline regions. Moreover, the TPD-NH3 characterization showed that AS400-S had 
the highest active acid site number. The sulfonated avocado seed carbon as a solid acid catalyst can be used 
for biodiesel production. The catalyst can convert PFAD to form biodiesel until 64.6061%. The density and 
acid number of biodiesel products have undergone a reduction compared to that of PFAD feedstock.  

0.877

0.8126 0.8171 0.8111
0.7831

0.7

0.77

0.84

0.91

PFAD Biodiesel
AS300-S

Biodiesel
AS400-S

Biodiesel
AS500-S

Biodiesel
AS600-S

D
en

si
ty

 (
g/

m
l)

Sample

Density (g/ml)

199.88

141.4057

70.7028

141.4057

188.5409

0

50

100

150

200

250

PFAD Biodiesel
AS300-S

Biodiesel
AS400-S

Biodiesel
AS500-S

Biodiesel
AS600-S

A
ci

d 
N

um
be

r 
(m

g 
K

O
H

/g
)

Sample

Acid Number (mg KOH/g)

29.2122

64.6061

29.2122

5.6163

0.0000

20.0000

40.0000

60.0000

80.0000

Biodiesel
AS300-S

Biodiesel
AS400-S

Biodiesel
AS500-S

Biodiesel
AS600-S

FF
A

 C
on

ve
rt

io
n 

(%
)

Sample

FFA Convertion (%)



 
 Vol. 16 | No. 3 |1993-2001| July - September | 2023 

1999 
SYNTHESIS OF SULFONATED CARBON CATALYSTS                                                                                                  Umar Kalmar Nizar et al. 

ACKNOWLEDGMENTS 
This research was fully supported by the Indonesian Ministry of Education and Culture under the DRTPM 
2022 grant and the author (UKN) is acknowledged.   

 

CONFLICT OF INTERESTS 
The authors declare that there is no conflict of interest. 
 

AUTHOR CONTRIBUTIONS 
All the authors contributed significantly to this manuscript, participated in reviewing/editing and approved 
the final draft for publication. The research profile of the authors can be verified from their ORCID ids, 
given below: 
Umar Kalmar Nizar  https://orcid.org/0000-0002-8443-6797  
Rizki Gunawan  https://orcid.org/0009-0008-9018-3467  
Taufiq Yap Yun Hin  https://orcid.org/0000-0002-3994-6720   
Rita Sundari  https://orcid.org/0000-0003-4151-5468  
Surahim Bin Mahmud  https://orcid.org/0000-0002-8903-6266  
Siti Fadhilah Binti Ibrahim  https://orcid.org/0009-0004-3941-8583  
Nawirus Sazali  https://orcid.org/0009-0000-2407-1506  
Amelia Sintia  https://orcid.org/0009-0002-8570-6485  
Arrum Lazuardi  https://orcid.org/0009-0008-9200-2981  
Niza Lian Pernadi  https://orcid.org/0009-0003-2498-717X  
 

Open Access:  This article is distributed under the terms of the Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, 
distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) 
and the source, provide a link to the Creative Commons license, and indicate if changes were made. 

 

REFERENCES  
1. A. A. Permanasari, M. N. Mauludi, S. Sukarni, P. Puspitasari, S. N. A. Zaine, and W. Wahyunengsih,  

Bulletin of Chemical Reaction Engineering and Catalysis, 16(3), 555(2021), 
https://doi.org/10.9767/BCREC.16.3.10493.555-564 

2. P. Purkan, A. Safa, A. Abdulloh, A. Baktir, R. Arissirajudin, H. Hermansyah, and S. W. Kim,  Rasayan 
Journal of Chemistry, 14(3), 2097(2021), https://doi.org/10.31788/RJC.2021.1436317  

3. M. U. H. Suzihaque, H. Alwi, U. Kalthum Ibrahim, S. Abdullah, and N. Haron, Materials Today: 
Proceedings, 63, S490(2022), https://doi.org/10.1016/j.matpr.2022.04.527  

4. B. Zhang, M. Gao, J. Geng, Y. Cheng, X. Wang, C. Wu, Q. Wang, S. Liu, and S. M. Cheung,  
Renewable Energy, 164, 824(2021), https://doi.org/10.1016/j.renene.2020.09.076 

5. E. K. Sitepu, F. Sebayang, E. F. Zaidar, W. Ardilla, M. Antika, R. N. Sari, S. Perangin-angin, and J. B. 
Tarigan, Rasayan Journal of Chemistry, 16, 636(2023), https://doi.org/10.31788/rjc.2023.1628216 

6. T. Punvichai, S. Patisuwan, P. Khamon, S. Peaklin, and Y. Pianroj, Biointerface Research in Applied 
Chemistry, 12 (6), 8144(2022), https://doi.org/10.33263/BRIAC126.8144815  

7. C. P. Amelia, Song, M. Y. Chang, S. H. Adiiba, and E.-S. Chan, Industrial Crops and Products, 194, 
116271(2023), https://doi.org/10.1016/j.indcrop.2023.116271 

8. M. Ulfah, Firdaus, E. Sundari, and E. Praputri, IOP Conference Series: Materials Science and 
Engineering, 990, 012015(2020), https://doi.org/10.1088/1757-899X/990/1/012015  

9. K. Somnuk, N. Soysuwan, and G. Prateepchaikul, Renewable Energy, 131, 100(2019), 
https://doi.org/10.1088/1757-899X/990/1/012015 

10. H. M. Kefas, R. Yunus, U. Rashid, and Y. H. Taufiq-Yap, Journal of Environmental Chemical 
Engineering, 7 (2), 102993(2019), https://doi.org/10.1016/j.jece.2019.102993 

11. S. Q. Lopes, F. H. Holanda, D. E. Q. Jimenez, L. A. S. do Nascimento, A. N. Oliveira, and I. M Ferreira, 
Catalyst Letters, 152, 1009(2022), https://doi.org/10.1007/s10562-021-03698-2 

12. C. Zhang, X. Ma, X. Chen, Y. Tian, Y. Zhou, X. Lu, and T. Huang, Energy 197, 117193(2020), 



 
 Vol. 16 | No. 3 |1993-2001| July - September | 2023 

2000 
SYNTHESIS OF SULFONATED CARBON CATALYSTS                                                                                                  Umar Kalmar Nizar et al. 

https://doi.org/10.1016/j.energy.2020.117193 
13. C. C. Chong, Y. W. Cheng, M. K. Lam, H. D. Setiabudi, and D. V. N. Vo, Energy Technology, 9, 

1(2021), https://doi.org/10.1002/ente.202100303 
14. M. Jayakumar, N. Karmegam, M. P. Gundupalli, K. Bizuneh Gebeyehu, B. Tessema Asfaw, S. W. 

Chang, B. Ravindran, and M. Kumar Awasthi,  Bioresource Technology, 331, 125054(2021), 
https://doi.org/10.1016/j.biortech.2021.125054 

15. S. N. A. Jenie, A. Kristiani, Sudiyarmanto, D. S. Khaerudini, and K. Takeishi, Journal of Environmental 
Chemical Engineering,  8(4), 103912(2020), https://doi.org/10.1016/j.jece.2020.103912 

16. P. D. Rocha, L. S. Oliveira, and A. S. Franca, Renewable Energy, 143, 1710(2019), 
https://doi.org/10.1016/j.renene.2019.05.070 

17. H. Oktavianty, S. Sunardi, and E. P. Laksono, CHEESA: Chemical Engineering Research Articles, 
4(2), 109(2021), https://doi.org/10.25273/cheesa.v4i2.9609.109-118 

18. S. I. Akinfalabi, U. Rashid, C. Ngamcharussrivichai, and I. A. Nehdi, Environmental Technology and 
Innovation, 18, 100788(2020), https://doi.org/10.1016/j.eti.2020.100788 

19. A. P. Ingle, Focus on Catalysts, 2021(8), (2021), https://doi.org/10.1016/j.focat.2021.07.048 
20. M. Matius, and M. S. Mastuli, Nihon Enerugi Gakkaishi/Journal Japan Inst. Energy 100 (12), 

301(2021), https://doi.org/10.3775/JIE.100.301 
21. T. Parangi, and M. K. Mishra, Comments on Inorganic Chemistry, 40, 176(2020), 

https://doi.org/10.1080/02603594.2020.1755273 
22. I. M. Lokman, U. Rashid, and Y. H. Taufiq-Yap, Arabian Journal of Chemistry, 9, 179(2016), 

https://doi.org/10.1016/j.arabjc.2015.06.034 
23. D. Singh, D. Sharma, S. L. Soni, S. Sharma, and D. Kumari, Fuel 253, 60(2019), 

https://doi.org/10.1016/j.fuel.2019.04.174 
24. A. P. da Luz Corrêa, P. M. M. da Silva, M. A. Gonçalves, R. R. C. Bastos, G. N. da Rocha Filho, and 

L. R. V. da Conceição, Arabian Journal of Chemistry, 16(8), 104964(2023), 
https://doi.org/10.1016/j.arabjc.2023.104964 

25. S. Lim, C. Y. Yap, Y. L. Pang, and K. H. Wong, Journal of Hazardous Materials, 390, 121532(2020), 
https://doi.org/10.1016/j.jhazmat.2019.121532 

26. L. Efiyanti, D. A. Indrawan, Z. Arif, D. Hutapea, and A. D. Septina, Indonesian Journal of Science and 
Technology,. 5 (3), 410(2020), https://doi.org/10.17509/ijost.v5i3.25275 

27. G. Yadav, and M. Ahmaruzzaman, ACS Omega 7, 28534(2022), 
https://doi.org/10.1021/acsomega.2c03314 

28. M. Cao, L. Peng, Q. Xie, K. Xing, M. Lu, and J. Ji, Bioresource Technology, 324, 124614(2021), 
https://doi.org/10.1016/j.biortech.2020.124614 

29. S. Julaika, A. F. Fadli, W. Widiyastuti, and H. Setyawan, Bulletin of Chemical Reaction Engineering 
and Catalysis 17(1), 13(2022), https://doi.org/10.9767/bcrec.17.1.11795.13-21 

30. Z. Zailan, M. Tahir, M. Jusoh, and Z. Y. Zakaria, Renewable Energy, 175, 430(2021), 
https://doi.org/10.1016/j.renene.2021.05.030 

31. N. N. Saimon, N. Ngadi, M. Jusoh, and Z. Y. Zakaria, Bulletin of Chemical Reaction Engineering and 
Catalysis, 16, 63(2021), https://doi.org/10.9767/BCREC.16.1.9613.63-75 

32. S. I. Akinfalabi, U. Rashid, I. A. Nehdi, T. S. Y. Choong, H. M. Sbihi, and M. M. Gewik, Royal Society 
Open Science, 7(1), (2020), https://doi.org/10.1098/rsos.191592 

33. T. H. T. Vu, M. H. Nguyen, and M. D. Nguyen, Journal of Chemistry, 2019, Article ID 7815697(2019), 
https://doi.org/10.1155/2019/7815697 

34. S. K. Sangar, O. N. Syazwani, M. S. A. Farabi, S. M. Razali, G. Shobhana, S. H. Teo, and Y. H. Taufiq-
Yap, Renewable Energy 142, 658(2019), https://doi.org/10.1016/j.renene.2019.04.118 

35. S. Banerjee, S. Sahani, and Y. Chandra Sharma, Journal Environment Management, 248, 
109218(2019), https://doi.org/10.1016/j.jenvman.2019.06.119 

36. R. Leesing, S. Siwina, and K. Fiala,  Renewable Energy, 171, 647(2021), 
https://doi.org/10.1016/j.renene.2021.02.146 

37. Q. Zhang, Y. Zhang, T. Deng, F. Wei, J. Jin, and P. Ma, Biomass, Biofuels, Biochemicals: Recent 
Advances in Development of Platform Chemicals, 2020, 407(2020), https://doi.org/10.1016/B978-0-



 
 Vol. 16 | No. 3 |1993-2001| July - September | 2023 

2001 
SYNTHESIS OF SULFONATED CARBON CATALYSTS                                                                                                  Umar Kalmar Nizar et al. 

444-64307-0.00016-0 
38. S. S. Shah, T. Sharma, B. A. Dar, and R. K. Bamezai, Environmental Chemistry and Ecotoxicology, 3, 

172(2021), https://doi.org/10.1016/j.enceco.2021.05.002 
39. U. I. Nda-Umar, I. Ramli, E. N. Muhamad, Y. H. Taufiq-Yap, and N. Azri, Biomass Conversion and 

Biorefinery, 12, 2045(2022), https://doi.org/10.1007/s13399-020-00784-0 
40. Z. E. Tang, S. Lim, Y. L. Pang, S. H. Shuit, and H. C. Ong, Renewable Energy, 158, 91(2020), 

https://doi.org/10.1016/j.renene.2020.05.119 
41. Y. S. Erchamo, T. T. Mamo, G. A. Workneh, and Y. S. Mekonnen, Scientific Reports, 11(1), 1(2021), 

https://doi.org/10.1038/s41598-021-86062-z 
42. M. S. A. Farabi, M. L. Ibrahim, U. Rashid, and Y. H. Taufiq-Yap, Energy Conversion and Management, 

181, 562(2019), https://doi.org/10.1016/j.enconman.2018.12.033 
43. M. L. Ibrahim, N. N. A. Nik Abdul Khalil, A. Islam, U. Rashid, S. F. Ibrahim, S. I. Sinar Mashuri, and 

Y. H. Taufiq-Yap, Energy Conversion and Management, 205, 112445(2020), 
https://doi.org/10.1016/j.enconman.2019.112445 

44. P. Zhang, Y. Chen, M. Zhu, C. Yue, Y. Dong, Y. Leng, M. Fan, and P. Jiang, Catalysis Letters, 150, 
2863(2020), https://doi.org/10.1007/s10562-020-03191-2 

45. S. Soltani, N. Khanian, T. Shean Yaw Choong, N. Asim, and Y. Zhao, Energy Conversion and 
Management, 238, 114165(2021), https://doi.org/10.1016/j.enconman.2021.114165 

46. S. K. Sangar, C. S. Lan, S.  M.Razali, M. S. A. Farabi, and Y. H. Taufiq-Yap, Energy Conversion and 
Management. 196, 1306(2019), https://doi.org/10.1016/j.enconman.2019.06.073 

47. F. A.Alharthi, A. A. Alsyahi, S. G. Alshammari, H. A. AL-Abdulkarim, A. AlFawaz, and A. Alsalme, 
ACS Omega 7, 2786(2022), https://doi.org/10.1021/acsomega.1c05565 

48. Y. T. Wang, X. X. Yang, J. Xu, H. L. Wang, Z. B. Wang, L. Zhang, S. L.Wang, and J. L. Liang, 
Renewable Energy, 139, 688(2019), https://doi.org/10.1016/j.renene.2019.02.111 

[RJC- 8272/2022] 


