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 The use of non-edible oil as a raw material and the use of biomass waste as a 
catalyst in the biodiesel production process is a strategic step due to the various 
advantages it offers. Palm acid oil (PAO), which is a waste from the palm oil 
processing industry, has great potential to be used as a raw material in biodiesel 
production, while rice husks can be processed and their properties modified to be 
used as a catalyst in the biodiesel formation reaction. This study aims to 
determine the characteristics and catalytic performance of sulfonated activated 
carbon from rice husks in the synthesis of biodiesel from PAO. Biodiesel was 
synthesized at various molar ratios of PAO to methanol of (1:16), (1:24), and (1:32). 
The reaction was carried out at a temperature of 65°C for 2 hours, with catalyst 
levels varied at 2, 3, and 5%. The results of the study showed that the best catalytic 
performance of sulfonated rice husk activated carbon in the synthesis of biodiesel 
from PAO was achieved at a mole ratio of PAO to methanol of (1:32) and a catalyst 
content of 2%. Under these synthesis conditions, the highest degree of conversion 
of free fatty acids into biodiesel was achieved, namely 85.08%, and biodiesel was 
produced with a yield of 99.20%. Further quality parameter testing of the 
biodiesel obtained density, kinematic viscosity, acid number, iodine number, 
cetane number, total glycerol content, and methyl ester content of biodiesel were 
861.12 kg/m3, 5.38 mm2/s, 2.88 mg KOH/g, 63.45 g I2/100 g, 62.51, 0.29%, and 
95.37%, respectively. 

 

1. Introduction 

Economic activities across various sectors have 
increased public mobility, leading to greater 
transportation demand and energy consumption, 
particularly from conventional fossil fuels. The use of 
petroleum-based fossil fuels in the transportation sector 
reportedly produces 29% of total carbon dioxide (CO2) 
emissions [1]. As a major component of “greenhouse 
gases”, CO2 emissions are directly responsible for climate 
change and global temperature increases [2]. Therefore, 
transitioning to renewable energy sources to support 
economic activities has become increasingly important. 
Biodiesel is one such alternative, offering several 
potential benefits when used as a transportation fuel, 
including reduced environmental and public health 
impacts, improved engine lubrication, an increased 

cetane number, and enhanced transportation system 
resilience [3]. 

Biodiesel, or fatty acid alkyl esters, is produced from 
various sources of fatty acids as raw materials, such as 
vegetable oils and animal fats, through esterification 
and/or transesterification reactions with the help of 
catalysts [4]. Gebremariam and Marchetti [4] further 
stated that the characteristics of the biodiesel produced 
depend on the characteristics of the raw materials and 
reaction conditions, such as the mole ratio of alcohol to 
oil, the type and amount of catalyst, the reaction 
temperature, and the reaction time. 

In terms of raw materials, raw material procurement 
has the greatest impact on biodiesel production costs, 
accounting for approximately 42–69% of total 
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production costs [5]. Therefore, using non-edible oils as 
a source of fatty acids has the potential to reduce the total 
cost of biodiesel production. One type of non-edible oil is 
palm acid oil (PAO). PAO is a component found in POME 
(palm oil mill effluent), the liquid waste from the palm oil 
refining process. Processing one ton of fresh oil palm fruit 
bunches produces approximately 60% POME, consisting 
of approximately 4–5% total solids, including PAO [6, 7]. 
TradeAsia reports that PAO is composed of 50–80% free 
fatty acids (FFA), 10–40% triglycerides, and 1–3% water 
[8]. 

High FFA content in oil feedstocks can promote 
saponification during biodiesel production using 
homogeneous base catalysts, such as KOH and NaOH, 
thereby reducing catalyst effectiveness and overall 
production efficiency.[4]. In contrast, acid catalysts are 
insensitive to the presence of FFA; therefore, these 
catalysts are especially suitable for oils with low 
triglyceride content and higher FFA [9]. The use of 
homogeneous acids, generally sulfuric acid (H2SO4) and 
hydrochloric acid (HCl), is effective in assisting the 
reaction, these acids are corrosive, more difficult to 
separate from the reaction product mixture, less 
environmentally friendly (toxic), and cannot be reused. 
The disadvantages of homogeneous acid catalysts can be 
overcome by the use of solid acid catalysts [10]. One 
potential solid acid catalyst is sulfonated activated carbon 
from rice husks. 

Rice husk is a waste product of the rice milling 
process. Rice husk contains an average of 33.43% 
cellulose, 20.99% hemicellulose, 18.25% lignin, and 
17.45% silica [11]. The cellulose, hemicellulose, and lignin 
in rice husk undergo carbonization at 460–475°C, 
producing rice husk charcoal with a carbon content of 
approximately 48.89% [12]. The carbon in rice husk 
charcoal, after being purified of silica (activated), is then 
modified by sulfonation and can be used as a solid acid 
catalyst [13]. In addition, the method of charcoal 
activation from biomass and sulfonation techniques have 
been reported to influence the physical and chemical 
characteristics of the resulting sulfonated activated 
carbon [14]. 

Compared with other biomass sources such as 
coconut shells, fruit peels, and wood, rice husks, with 
their very high silica content, impart various structural 
and chemical advantages to the resulting activated carbon 
after silica is removed via leaching [15]. Rice husk char 
purified of silica through leaching yields carbon 
characterized by abundant mesoporous and macroporous 
structures, thereby enhancing molecular accessibility, as 
well as a significantly increased specific surface area [16], 
higher total pore volume [17], and an abundance of 
surface oxygen functional groups [18] to make the 
sulfonation process more intensive and effective. 

Biodiesel synthesis from PAO using a solid acid 
catalyst in the form of sulfonated activated carbon has not 
been widely reported. Widayat et al. [19] produced 
biodiesel from PAO using Fe/zeolite as the catalyst. PAO in 
the form of POME has been used as a raw material in 
biodiesel production using a sulfuric acid catalyst [20] 

and a sulfonated carbon-silica catalyst from rice husks 
[21]. 

Therefore, this study synthesized, characterized, and 
tested the catalytic activity of sulfonated activated carbon 
from rice husk for the synthesis of biodiesel from PAO. In 
this study, the sulfonation technique for activated carbon 
from rice husk was carried out using conventional 
heating. The aim of this study was to determine the 
optimum conditions for biodiesel synthesis from PAO 
using sulfonated activated carbon from rice husk as a 
catalyst. 

2. Experimental 

The research was conducted in five stages: (1) 
characterization of PAO; (2) preparation and 
characterization of activated carbon derived from rice 
husk; (3) sulfonation and characterization of the rice 
husk-derived activated carbon; (4) synthesis and 
characterization of biodiesel under various reaction 
conditions; and (5) comparison of biodiesel quality with 
established standards. Each stage involved specific 
equipment, analytical instruments, materials, and 
procedures. 

2.1. Equipment and Materials 

The main equipment used to prepare sulfonated 
activated carbon from rice husk included a muffle furnace 
(Nabertherm, Germany; maximum temperature of 
3000°C), a 250 mL neck flask reactor equipped with a 
condenser, a heating mantle with a magnetic stirrer 
(Thermo Scientific, USA; maximum temperature of 
350°C), a Büchner funnel, a mortar, a sieve and sieving 
machine, and a separatory funnel. Analytical instruments 
used for sample characterization included a pycnometer, 
an Ostwald viscometer, titration apparatus, an X-ray 
fluorescence (XRF) spectrometer (Rigaku Supermini200, 
Japan), a Brunauer–Emmett–Teller (BET) surface area 
analyzer (Quantachrome Quadrasorb EVO, USA), and a 
Fourier-transform infrared (FTIR) spectrometer 
(PerkinElmer UATR Spectrum Two, USA). 

Rice husks obtained from a rice mill in Sumedang, 
West Java, Indonesia, served as the carbon precursor. 
PAO, the feedstock for biodiesel production, was obtained 
from the palm oil processing plant of PT Agriclinal, 
Bengkulu, Indonesia. Hydrochloric acid (HCl, 3.0 M; 
Merck), sodium carbonate (Na2CO3, analytical grade; 
Merck), and potassium carbonate (K2CO3, analytical 
grade; Merck) were used in the activation of the carbon. 
Methanol (CH3OH, analytical grade; Merck) served as the 
alcohol in the esterification reaction. Other analytical-
grade chemicals from Merck were used for titrimetric 
analyses. 

2.2. Experiment 

2.2.1. Preparation of Activated Carbon from Rice Husk 

After being washed with tap water, the rice husks 
were drained, dried, ground, and sieved to obtain rice 
husks with a 250-mesh size. The rice husk powder was 
then pyrolyzed for 2 hours at 550°C in a muffle furnace at 
a heating rate of 10°C/minute under nitrogen gas. The 
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pyrolysis of rice husks produced rice husk char, with 
carbon and silica as the main components. 

The procedure for preparing activated carbon from 
rice husks was carried out as described by Yeletsky et al. 
[22]. The carbon in the rice husk char was then separated 
from silica and other impurities via activation to obtain 
activated carbon. In this study, the activation of rice husk 
char was performed using the alkali fusion method. Rice 
husk charcoal and a mixture of alkali carbonate salts 
(Na2CO3 and K2CO3 with a molar ratio of 1:1) were heated 
at a temperature of 900C with a heating rate of 
10C/minute in a muffle furnace for 3 hours in an inert 
medium (nitrogen gas). In the activation stage, a mixture 
of carbonate salts was used at up to 4:1 (w/w) relative to 
the silica in the rice husk charcoal. The selection of an 
equimolar ratio (1:1) for the Na2CO3 and K2CO3 mixture 
was based on specific technical considerations. 

Briefly, this equimolar ratio corresponds to the 
eutectic point, where the melting temperature of the salt 
mixture is lower (710C) than that of the pure salts (851°C 
for Na2CO3 and 891°C for K2CO3) [23]. Consequently, as the 
mixture transitions to a liquid phase, ion mobility [24], 
synergistic ionic effects [25], and chemical reactivity [26] 
increase at lower temperatures. Meanwhile, the 
activation temperature and duration were selected as 
900°C and 3 hours, respectively, because these 
parameters, particularly the temperature, represent the 
reported optimum conditions for activation. Under these 
optimum conditions, a balance is achieved among the 
specific surface area, porosity, and surface chemical 
properties (including the density of oxygen-containing 
functional groups) of the resulting activated carbon [24]. 

Activated carbon from activated rice husk charcoal 
(ACRH) was cooled to room temperature, washed with 
deionized water until neutral pH, then washed with 3 M 
HCl solution and again with deionized water until neutral 
pH. The activated carbon was dried at 120°C for 12 hours 
in an oven, then cooled to room temperature and stored 
for sulfonation in the next stage of catalyst preparation. 

2.2.2. Preparation and Characterization of Sulfonated 
Activated Carbon from Rice Husk 

Sulfonation of rice husk-derived activated carbon to 
produce a solid acid catalyst was performed according to 
the procedure reported by Zeng et al. [25]. The activated 
carbon was mixed with a 98% H2SO4 solution at a 1:10 
(w/v) ratio in a reactor flask equipped with a reflux 
condenser. The mixture was heated with a heating mantle 
with a magnetic stirrer in an inert nitrogen gas medium 
at 150°C for 8 hours at a stirring speed of 400 rpm. After 
sulfonation, the resulting solid was purified by filtration, 
washing, and drying. 

The synthesized sulfonated activated carbon, 
hereafter denoted as ACRH-SO3H, was characterized in 
terms of its functional groups using FTIR spectroscopy, 
acid site density using acid–base titration [26], and 
specific surface area and pore size distribution using the 
BET method. 

2.2.3. Biodiesel Synthesis from PAO: Catalytic 
Performance and Product Characterization 

The final step was to evaluate the catalyst 
performance of ACRH-SO3H for biodiesel synthesis from 
PAO. Before characterization, PAO was heated at 110°C for 
30 minutes to melt the oil and remove its moisture. PAO 
was then characterized to determine its density (at 40°C), 
acid value, saponification value, water content, total 
glycerol content, and solid impurity content. The molar 
mass of PAO for the purpose of preparing the mole ratio 
between PAO and methanol was calculated using 
Equation (1) [27]. 

 𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑃𝐴𝑂 =  
56.1 ×1000 ×3

(𝑆𝑁−𝐴𝑁)
 (1) 

Where, the molar mass of PAO is in g/mol, and SN and 
AN are respectively the saponification number and acid 
number in mg KOH/g. 

PAO was added and mixed with methanol in the 
reactor flask at various mole ratios of PAO to methanol of 
(1:16), (1:24), and (1:32). The ACRH-SO3H catalyst was 
added to the reactor at various concentrations of 2, 3, and 
5% (w/w) relative to PAO. The reaction was carried out at 
65°C for 2 hours at a stirring speed of 600 rpm [28]. After 
purification of the reaction product, the catalytic 
performance of ACRH-SO3H was evaluated using reaction 
conversion parameters and biodiesel yield. The reaction 
conversion, as an indicator of the amount of FFA 
converted into biodiesel, was calculated by Equation (2), 
while the biodiesel yield was calculated based on Equation 
(3). In addition, the catalytic performance of ACRH-SO3H 
as a heterogeneous acid catalyst in the PAO esterification 
reaction was compared with that of the homogeneous 
acid catalyst H2SO4. 

 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑜𝑓 𝐹𝐹𝐴 =  
𝐴𝑁 𝑃𝐴𝑂−𝐴𝑁 𝑏𝑖𝑜𝑑𝑖𝑒𝑠𝑒𝑙

𝐴𝑁 𝑃𝐴𝑂
× 100% (2) 

 𝑌𝑖𝑒𝑙𝑑 𝑜𝑓 𝑏𝑖𝑜𝑑𝑖𝑒𝑠𝑒𝑙 =  
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑏𝑖𝑜𝑑𝑖𝑒𝑠𝑒𝑙

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑃𝐴𝑂
× 100% (3) 

Biodiesel produced under the optimum reaction 
conditions (PAO-to-methanol molar ratio and catalyst 
loading) was further characterized to assess its quality. 
The quality parameters of biodiesel were tested using 
procedures according to SNI 7182:2024, including density 
and kinematic viscosity at 40°C, acid number, iodine 
number, free glycerol content, and methyl ester content. 
The cetane number was calculated using the approach 
reported by Azam et al. [29] and Equation (4). 

 𝐶𝑒𝑡𝑎𝑛𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 = 46.3 +  
5458

𝑆𝑁
− 0.225 𝐼𝑁 (4) 

Where, SN is the saponification number, and IN is the 
iodine number in units of mg KOH/g and g I2/100 g, 
respectively. 

3. Results and Discussion 

The research results and their discussion are 
presented sequentially, starting with the characteristics 
of PAO, the characteristics of activated carbon from rice 
husk, the characteristics of ACRH-SO3H, the performance 
of biodiesel synthesis from PAO using the ACRH-SO3H 
catalyst, and ending with the specifications of biodiesel 
quality. 
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3.1. Characteristics of PAO 

Before biodiesel synthesis, PAO was characterized to 
determine its initial properties. The results of the 
analyses are presented in Table 1. The PAO used as the 
feedstock in this study had an acid value of 19.30 mg 
KOH/g (Table 1). Assuming that the FFAs were 
predominantly oleic acid (molar mass of 282.47 g/mol), 
the FFA content was calculated to be 9.72%. Because the 
FFA content exceeded 2%, an acid catalyst was 
recommended for biodiesel production [9]. 

The PAO characteristic data in Table 1 also show a 
soap value of 189.33 mg KOH/g. This soap value, 
combined with the acid value, was used to calculate the 
molar mass of triglycerides or neutral oils in the PAO. PAO 
with a soap number of 189.33 mg KOH/g and an acid 
number of 19.30 mg KOH/g, based on Equation (1), the 
molar mass of triglycerides from PAO is 989.82 g/mol. 
According to the data in Table 1, the impurity components 
in PAO, namely water, total glycerol, and solids, are 
relatively small in content. Therefore, in this study, it is 
assumed that they do not interfere with the performance 
of biodiesel synthesis. 

As a comparison of characteristics, Bahadi et al. [30] 
reported that crude palm oil (CPO) with high FFA content 
had a density, acid value, saponification value, and water 
content of 878 kg/m3, 21.3 mg KOH/g, 203.1 mg KOH/g, 
and 0.6%, respectively. Therefore, the molar mass of 
triglycerides of the CPO was 952.74 g/mol. In addition, the 
FFA content was reported at 9.4%. CPO with high FFA 
content can be said to be a type of palm-based oil similar 
to PAO. Therefore, PAO in this study has quite similar 
characteristics to the CPO from the research results of 
Bahadi et al. [30]. 

3.2. Characteristics of ACRH 

Rice husk was carbonized to produce rice husk 
charcoal as the precursor for activated carbon. The 
carbonization process yielded approximately 37.80% rice 
husk charcoal. Analysis of the ash content showed that 
the charcoal contained an average of 54.44% ash, 
indicating a carbon content of 45.56%. In addition to 
silica (SiO2), the ash contained other metal oxide 
impurities. These impurities needed to be removed to 
obtain activated carbon with a higher carbon content. In 
this study, metal oxide impurities other than silica were 
removed by leaching with an HCl solution, followed by 
silica removal through alkali fusion. 

Table 1. PAO characteristics 

Parameters Unit Value 

Density at 40C kg/m3 897.93 

Acid number mg KOH/g 19.30 

Saponification number mg KOH/g 189.33 

Moisture content % 4.27 

Total glycerol content % 0.35 

Solid impurity content % 0.11 

Table 2. Composition of rice husk charcoal before and 
after leaching with HCl solution 

Oxide compound 
Content (%)* 

Before leaching After leaching 

SiO2 98.451 99.748 

K2O 0.771 0.028 

CaO 0.520 0.171 

FeO 0.097 0.043 

BeO 0.007 0.002 

MnO 0.004 0.004 

SrO 0.002 0.002 

Rb2O 0.001 0.001 

ZnO 0.001 0.001 

*The composition of oxide compounds is based on the ash 
weight of rice husk charcoal 

During HCl leaching, metal oxides other than silica 
reacted with the acid to form soluble chloride salts, 
thereby facilitating their removal from the carbon. For 
example, K2O and CaO impurities were removed through 
the reactions presented in Equations (5) and (6), 
respectively. The composition of rice husk charcoal before 
and after leaching was determined using XRF analysis. 
The results are presented in Table 2. 

 K2O(s) + 2HCl(aq) → 2KCl(aq) + H2O(l) (5) 

 CaO(s) + 2HCl(aq) → CaCl2(aq) + H2O(l) (6) 

The collection of all oxide compounds measured by 
XRF in Table 2 represents the ash from rice husk charcoal. 
Carbon, a light element with a low fluorescence photon 
energy of approximately 0.28 keV, is not detected [31]. 
The research data in Table 2 show that leaching of rice 
husk charcoal has successfully separated impurities from 
carbon, excluding SiO2. The K2O content in rice husk 
charcoal was successfully reduced from 0.771% to 
0.028%, corresponding to a K2O separation rate of around 
96.37%. Meanwhile, the degree of separation of CaO from 
rice husk charcoal was approximately 67.12%. During the 
HCl leaching stage on rice husk charcoal, the reduction of 
impurities other than SiO2 resulted in rice husk charcoal 
with an ash portion containing 99.748% SiO2. 

From the results of the previous stage of rice husk 
charcoal preparation, rice husk charcoal with an ash 
content of 54.44% was obtained. Because the results of 
the XRF analysis showed that the silica content in the ash 
was 99.748%, the silica content in the rice husk charcoal 
was 54.30% (the result of multiplying the ash fraction in 
the rice husk charcoal by the silica content in the ash). The 
estimated silica content was then used to calculate the 
amount of carbonate salt required for subsequent 
activation via alkali fusion. 

The next stage in preparing ACRH involved alkali 
fusion of the rice husk charcoal. This process aimed to 
convert SiO2 into soluble alkali silicates by reacting it with 
a mixture of alkali carbonate salts, particularly K2CO3 and 
Na2CO3, under solid-state reaction conditions, as 
represented by Equation (7), where M denotes K or Na 
[22]. 



 Jurnal Kimia Sains dan Aplikasi 29 (9) (2026): 608-617 612 

 

Figure 1. FTIR spectrum of ACRH 

 

Figure 2. FTIR spectrum of ACRH-SO3H 

 M2CO3(s) + SiO2(s) → M2SiO3(l) + CO2(g)  (7) 

During the alkali fusion of rice husk charcoal, silica 
was converted into potassium and sodium silicates, 
facilitating its removal and exposing the inner and outer 
carbon surfaces, thereby increasing the accessible surface 
area [32]. The effectiveness of alkali fusion activation was 
evaluated by characterizing the functional groups of the 
resulting ACRH using FTIR spectroscopy. The FTIR 
spectrum of ACRH is presented in Figure 1. 

The FTIR spectrum of ACRH in Figure 1 shows no 
longer sharp absorption bands at wavenumbers 1092, 
793, and 547 cm−1. The absorption bands at wavenumbers 
1092, 793, and 547 cm−1 respectively indicate functional 
groups of asymmetric stretching vibrations of siloxane 
Si−O−Si, tetrahedral or orthosilicate vibrations of SiO4, 
and bending vibrations of siloxane Si−O−Si [33, 34]. 
Therefore, the activation stage using alkali fusion can be 
considered successful for separating silica impurities 
from rice husk charcoal and producing ACRH. However, an 
FTIR absorption band is still found at wavenumber 
3499.57cm−1, which indicates the presence of Si−OH 
hydrogen bonds [33]. This indicates that residual silica 
remains in ACRH. 

3.3. Characteristics of ACRH-SO3H 

Sulfonation of ACRH was performed to introduce 
sulfonic acid groups (–SO3H) onto its surface, thereby 
increasing its acidity. Sulfonic acid groups are strong 
Brønsted–Lowry acid sites that act as proton donors [35]. 

Sulfuric acid is commonly used as a sulfonating agent to 
introduce these groups. The acid site density of ACRH 
before and after sulfonation (ACRH-SO3H) was compared 
based on acid site density, as presented in Table 3. 
Sulfonation increased the acid site density from 0.52 to 
6.87 mmol SO3H/g. This substantial increase in acid site 
density is expected to enhance the catalytic activity of 
ACRH-SO3H in biodiesel synthesis from PAO. 

In addition to the increase in acid site density, the 
success of the sulfonation stage was confirmed by FTIR 
characterization. The FTIR absorption bands of ACRH-
SO3H are shown in Figure 2. The absorption band at wave 
number 1136 cm−1 indicates the presence of functional 
groups with sulfur content on the surface of activated 
carbon, namely in the form of symmetric and asymmetric 
stretching of −SO2. While the absorption band at wave 
number 3440 cm−1 shows the stretching vibration of the 
(−OH) group, which may be in the form of (−S=O)2(OH) or 
−COOH groups [25]. The presence of oxygenate functional 
groups, such as −COOH and −OH, is possible to form 
through the oxidation of carbon supports by strong 
oxidizing sulfonation agents such as concentrated H2SO4, 
oleum, and SO3 gas [32]. 

Table 3. Acid site density of ACRH and ACRH-SO3H 

Sample Acid site density 
(mmol SO3H/g) 

ACRH 0.52 

ACRH-SO3H 6.87 
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Table 4. Surface characterization results of ACRH-SO3H 

Surface area 
(m2/g) 

Average pore 
volume 
(cm3/g) 

Average 
pore radii 

(Å) 
Reference 

1430 3.299 9.23 This study 

1233 0.744 - [25] 

Further characterization of ACRH-SO3H was carried 
out by measuring the specific surface area and pore size 
distribution using the BET adsorption model. The results 
of this characterization and their comparison with those 
of other researchers are shown in Table 4. ACRH-SO3H 
from this study has a larger surface area and pore volume 
than those reported in the comparative study (Table 4). 
These results indicate that the activation stage of ACRH in 
this study was more successful than that of Zeng et al. 
[25]. Surface area, pore volume, and pore radius play 
important roles in determining the performance of a 
catalyst material. Large surface area and pore volume, as 
well as pore radius that matches the size of the reactant 
and product molecules, are generally proportional to the 
increase in the performance of a catalyst in accelerating 
the reaction rate [36]. 

The synthesis of biodiesel from PAO involves 
reactants including triglycerides, FFAs with various fatty 
acids, and methanol. While the reaction products consist 
of biodiesel (methyl esters of fatty acids), water, and 
glycerol. Methanol has a molecular radius of 1.8 Å 
(Angstrom, 1 Å = 10–10 m) [37]. FFAs in palm oil, such as 
palmitic, myristic, stearic, oleic, and linoleic acids, have 
molecular radii between 1.86–4.50 Å, and triglycerides in 
palm oil are around 29.0 Å [38]. The molecular radii of 
methanol and FFAs are smaller than the average pore 
radius of ACRH-SO3H (9.23 Å), suggesting that these 
molecules can access the catalyst’s internal active sites. 
Consequently, the esterification of FFAs with methanol 
may occur within the catalyst pores, potentially 
enhancing biodiesel formation. In contrast, the larger 
triglyceride molecules are unlikely to enter most of the 
pores, suggesting that their transesterification with 
methanol occurs predominantly on the external catalyst 
surface. 

3.4. Catalytic Performance of ACRH-SO3H in PAO-
Derived Biodiesel 

3.4.1. Comparison of ACRH-SO3H and H2SO4 in 
Reducing the Acid Number of PAO 

Reducing the acid number in biodiesel production is 
generally achieved, especially on a commercial scale, 
using homogeneous acid catalysts such as concentrated 
H2SO4. Therefore, in this study, ACRH-SO3H was compared 
with concentrated H2SO4 in reducing the acid number of 
PAO. The test was carried out at a mole ratio between PAO 
and methanol of (1:32), a catalyst loading of 2% w/w (for 
ACRH-SO3H) and 1% v/v (for concentrated H2SO4) relative 
to PAO, a reaction temperature of 65°C, and a reaction 
time of 2 hours. The initial acid number of PAO was 19.30 
mg KOH/g (Table 1). The results of the performance test 
are shown in Figure 3. 

 

Figure 3. Comparison of the performance of H2SO4 and 
ACRH-SO3H as catalysts to reduce acid number 

The results of the catalyst performance test, as 
shown in Figure 3, show that ACRH-SO3H has a 
performance that is quite close to that of concentrated 
H2SO4 in reducing the acid number of PAO. With the ability 
of the ACRH-SO3H catalyst to reduce the acid number of 
PAO by 85.08%, while concentrated H2SO4 is 89.22%, the 
difference in performance of ACRH-SO3H in reducing the 
acid number of PAO is only about 4.65% lower than that 
of concentrated H2SO4. Therefore, as a solid-acid 
heterogeneous catalyst, ACRH-SO3H is a promising 
catalyst based on several considerations. 

3.4.2. Effect of the PAO-to-Methanol Molar Ratio on 
FFA Conversion 

The molar ratio of PAO to methanol is an important 
factor influencing biodiesel synthesis. An insufficient 
methanol ratio may limit the reaction rate and 
conversion, whereas an excessive ratio may increase 
production costs and reduce process efficiency. To 
evaluate the catalytic performance of ACRH-SO3H at 
different PAO-to-methanol molar ratios, the reactions 
were conducted using a catalyst loading of 2 wt% at 65°C 
for 2 hours. The FFA conversion was calculated using 
Equation (2). The initial acid number of PAO was 19.30 mg 
KOH/g. The acid number value of the reaction products 
and the corresponding FFA conversion percentages at 
each molar ratio are presented in Table 5 and Figure 4. 

 

Figure 4. Effect of PAO/methanol molar ratio on ACRH-
SO3H catalyst performance 
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Table 5. Acid number of PAO and reaction product, and 
degree of FFA conversion at the PAO/methanol molar 

ratio test 

PAO to 
methanol 

molar ratio 

Acid number 
(mg KOH/g) FFA 

conversion 
(%) PAO Reaction 

product 

1:16 

19.30 

10.29 46.68 

1:24 4.33 77.56 

1:32 2.88 85.08 

The research data in Table 5 and Figure 4 show that 
increasing methanol use improves the performance of the 
ACRH-SO3H catalyst in converting FFA to biodiesel. From a 
chemical kinetics perspective, this occurs because using a 
larger amount of reactant, in this case is methanol, 
increases the probability of effective collisions between 
reactants, thereby accelerating the reaction rate at which 
FFAs in PAO are converted into biodiesel. 
Thermodynamically, an excess of methanol shifts the 
reaction equilibrium toward fatty acid methyl ester 
formation, in accordance with Le Chatelier’s principle. 
This shift favors product formation but does not prevent 
the reverse reaction. Because ACRH-SO3H is a 
heterogeneous catalyst, its surface properties and the 
accessibility of its active sites may also influence FFA 
conversion. However, the observed relationship between 
the PAO-to-methanol molar ratio and FFA conversion 
alone is insufficient to establish whether the catalyst 
provides adequate surface area for reactant adsorption. 

3.4.3. Effect of Catalyst Loading on FFA Conversion 

Catalyst loading is another important factor 
influencing catalytic reaction performance. In this study, 
the effect of catalyst loading on FFA conversion was 
evaluated at three levels: 2, 3, and 5 wt% relative to the 
mass of PAO. The results presented in Table 6 and Figure 
5 indicate that catalyst loading did not have a consistent 
effect on FFA conversion over the ACRH-SO3H catalyst. 
Increasing the catalyst loading from 2 to 3 wt% decreased 
FFA conversion from 85.08% to 82.69%. However, 
increasing the loading to 5 wt% raised FFA conversion to 
83.58%, although this value remained lower than that 
obtained with 2 wt% catalyst. In principle, increasing 
catalyst loading provides more active sites for the 
reaction, potentially enhancing the conversion of 
reactants to products. However, this improvement may 
not be proportional to the amount of catalyst added. 

Table 6. Acid number of PAO and reaction product, and 
degree of FFA conversion at the catalyst loading test 

Catalyst 
loading 

(%) 

Acid number 
(mg KOH/g) FFA 

conversion 
(%) PAO 

Reaction 
product 

2 

19.30 

2.88 85.08 

3 3.34 82.69 

5 3.17 83.58 

 

Figure 5. The effect of catalyst loading on the 
performance of the ACRH-SO3H catalyst 

The anomalous results produced in this study are 
suspected to be due to a combination of deficiencies in 
catalyst characteristics and in the fluid dynamics of the 
reactant-catalyst mixture. In this study, the Biodiesel 
synthesis from PAO was conducted in a stirred-tank 
reactor at a fixed stirring speed. Increasing the catalyst 
content requires a higher dispersion energy in the 
reactant-catalyst mixture to maintain catalytic reaction 
performance. In addition, more detailed characteristics of 
the catalyst, such as the degree of particle-size 
homogeneity, the distribution of active sites for the 
reaction, and the degree of agglomeration, also affect its 
catalytic performance. 

Increasing the usage of solid heterogeneous catalysts 
beyond the optimum limit in liquid-solid reaction 
systems has been reported to strengthen attractive forces 
between catalyst particles, thereby causing local catalyst 
agglomeration [39]. This local agglomeration 
subsequently triggers a significant reduction in the 
catalyst’s specific surface area and the blocking of active 
sites, while also limiting the diffusive mass transfer of 
reactant and product molecules during the reaction [40]. 
Therefore, the inconsistency between the ACRH-SO3H 
catalyst content and the degree of FFA conversion to 
biodiesel is suspected to be due to fluctuations in the 
effectiveness of interactions between reactant molecules 
and catalyst particles. 

Based on the study of the influence of the PAO-to-
methanol molar ratio and catalyst loading that has been 
described, it can be concluded that the optimal catalytic 
performance of ACRH-SO3H in the synthesis of biodiesel 
from PAO is achieved when the reaction is carried out at a 
PAO-to-methanol molar ratio of 1:32 and a catalyst 
loading of 2%. Under these reaction conditions, biodiesel 
is produced with a yield, calculated based on Equation (2), 
of 99.20% and a conversion degree of FFA to biodiesel of 
85.08%. 

3.5. Quality Assessment of PAO-Derived Biodiesel 

The biodiesel produced under optimum synthesis 
conditions was then characterized for quality and 
compared with the biodiesel quality standards stipulated 
in the Decree of the Director General of New, Renewable 
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Energy and Energy Conversion (EBTKE) of the Ministry of 
Energy and Mineral Resources of the Republic of 
Indonesia Number 195.K/EK.05/DJE/2022 concerning 
standard specifications for biodiesel (B100). In this study, 
the quality parameters compared were density, kinematic 
viscosity, acid value, iodine value, cetane number, total 
glycerol content, and methyl ester content. The results of 
the biodiesel quality analysis and its comparison with the 
biodiesel quality standards according to the Decree of the 
Director General of EBTKE in 2022 are shown in Table 7. 

A comparison of the quality specifications between 
the biodiesel from this study and the biodiesel standards, 
as shown in Table 7, shows that the biodiesel from this 
study meets the standards for density, viscosity, iodine 
value, and cetane number. However, the quality 
parameters of acid value, total glycerol content, and 
methyl ester content do not meet the standards according 
to the Decree of the Director General of EBTKE in 2022. 
The acid value and free glycerol content of the biodiesel, 
two types of impurities, are still above the minimum 
permissible limits. 

The acid number of biodiesel reflects the presence of 
residual FFAs and other acidic compounds. A value 
exceeding the maximum limit specified by the quality 
standard may indicate incomplete conversion of FFAs 
during esterification. Under the optimum conditions 
identified in this study (a PAO-to-methanol molar ratio 
of 1:32 and a catalyst loading of 2 wt%) the acid number 
of the resulting biodiesel may require further reduction to 
meet the standard. Other reaction parameters, including 
reaction time, temperature, and stirring speed, could 
therefore be investigated to determine their effects on 
FFA conversion and biodiesel quality and to establish 
suitable operating conditions. 

Table 7. Biodiesel quality from PAO with ACRH-SO3H 
catalyst and comparison with standard 

Quality parameters 
Value of biodiesel 

This study EBTKE 

Density at 40C (kg/m3) 861.12 850-890 

Viscosity at 40C (mm2/s) 5.38 2.3-6.0 

Acid number (mg KOH/g) 2.88 Max. 0.4 

Saponification number (mg 
KOH/g) 179.05* - 

Iodine number (g I2/100 g) 63.45 Max. 115 

Cetane number 62.51 Min. 51 

Total glycerol content (%) 0.29 Max. 0.24 

Methyl ester content (%) 95.37 Min. 96.5 

* used for the calculation of the cetane number based on 
Equation (4). 

Another type of impurity is glycerol, which is present 
in biodiesel and is typically a byproduct of the 
transesterification reaction. Transesterification converts 
triglycerides in oil into glycerol by reacting them with a 
simple alcohol, typically methanol or ethanol. The 
glycerol formed and mixed with biodiesel is typically 
separated in two stages: sedimentation and water 
washing. In this study, PAO, as the source of triglycerides 
and FFA, initially contained 0.35% total glycerol. After 
undergoing the synthesis stage under the optimum 
conditions studied and purification, biodiesel was 
produced with a total glycerol content of 0.29%. 

The presence of glycerol in PAO, combined with the 
glycerol formed from the transesterification reaction, 
results in a heavier glycerol separation burden. The use of 
acidified activated carbon in biodiesel synthesis has the 
potential to facilitate the esterification and 
transesterification reactions [32]. The glycerol 
purification stage thought to be responsible for the total 
glycerol content in biodiesel exceeding the minimum 
quality standard is the glycerol washing stage. Therefore, 
the glycerol washing stage needs to be optimized through 
various efforts, including the biodiesel-to-wash water 
ratio, washing temperature, number of washing stages, 
and the washing method or equipment. 

4. Conclusion 

Sulfonated activated carbon from rice husks has been 
successfully synthesized and characterized. The presence 
of sulfonic acid groups in the activated carbon was 
confirmed by FTIR spectroscopy and by an increase in 
acid site density. The resulting sulfonated activated 
carbon exhibited adequate characteristics as a catalyst for 
biodiesel synthesis from PAO, as indicated by acid site 
density parameters and surface characteristics 
determined by the BET adsorption method. Testing the 
catalytic performance of sulfonated activated carbon 
from rice husks in biodiesel synthesis from PAO showed 
that catalyst performance was influenced by the PAO-to-
methanol molar ratio and catalyst loading. Optimal 
catalytic performance was achieved when the biodiesel 
synthesis reaction was carried out at a PAO-to-methanol 
molar ratio of 1:32 and a catalyst loading of 2%, with 
specific reaction temperature, reaction time, and stirring 
speed. From an operational standpoint, the issue of high 
acid values, or elevated free fatty acid (FFA) content, in 
biodiesel can be addressed by repeating the reaction until 
the standard acid value specification is met. Meanwhile, 
reducing the glycerol content in biodiesel can be achieved 
by intensifying the purification of glycerol during the 
biodiesel washing and glycerol decantation stages. 
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  M o l a r   m a s s   o f   P A O =     56 . 1   × 1000   × 3   ( S N − A N )


  C o n v e r s i o n   o f   F F A =     A N   P A O − A N   b i o d i e s e l  A N   P A O × 100 %


  Y i e l d   o f   b i o d i e s e l =     w e i g h t   o f   b i o d i e s e l  w e i g h t   o f   P A O × 100 %


  C e t a n e   n u m b e r = 46 . 3 +    5458  S N − 0 . 225   I N

