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Abstract. This study utilizes ZrO2/Bagasse Fly Ash as a solid catalyst to convert Free Fatty Acid 
(FFA) from Palm Fatty Acid Distillate (PFAD) into biodiesel. The ZrO2/Bagasse fly ash catalyst was 
characterized by several physicochemical techniques, i.e., N2 adsorption-desorption, X-ray 
diffraction (XRD), and X-ray fluorescent (XRF). The catalyst was then applied for FFA esterification 
under different conditions. The highest FFA esterification conversion was 90.6%, which was 
reached at the optimal reaction condition as follows: methanol/PFAD mass ratio of 10:1; catalyst 
amount of 10 wt%; and reaction temperature of 60 oC. It was also found that the catalyst could be 
reused up to four times by an activation process. This study presented the Eley-Rideal kinetic model 
to describe the reaction mechanism. The model demonstrated an excellent fit to the experimental 
result with an R2 value of 0.99, showing that Eley-Rideal is a valid model to describe the reaction 
and that the surface reaction step acts as the rate-determining step. Additionally, the reaction 
kinetics and adsorption equilibrium parameters were determined using non-linear regression. The 
correlation between the parameters with temperature was evaluated using Arrhenius and van’t 
Hoff equations. 
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1. Introduction 

In recent years, the research for renewable alternative sources of energy has been 
strongly supported to minimize reliance on fossil fuels and address environmental issues 
(Susanto et al., 2020, Sudibandriyo and Putri, 2020). Biodiesel has been gaining more 
attention due to several advantages, such as its biodegradability, non-toxicity, and ability to 
be applied as a petroleum diesel replacement with no required engine modification.  
Moreover, biodiesel is environmentally friendly because it has the potential to significantly 
reduce global warming and could be obtained from renewable resources (Abdullah et al., 
2017). The majority of feedstocks utilized in the production of biodiesel are derived from 
either plant oils or animal fats. 

Biodiesel is chemically known as fatty acid mono-alkyl esters (FAME). It is generally 
synthesized by transesterification of the triglycerides or esterification of free fatty acids 
commonly discovered in renewable resources. Two types of conventional catalysts applied 
in biodiesel synthesis include homogeneous acid catalysts and homogeneous alkaline 
catalysts (Saksono  et al.,  2019). However, homogeneous catalysts have  several 
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disadvantages due to their highly toxic, corrosive, and flammable nature. In addition,  they 
also require advanced separation for product recovery, incurring additional operational 
costs, a large volume of wastewater, and serious environmental problems (Bhatia et al., 
2021).  

Studies on heterogeneous catalysts are gaining more interest due to their advantages 
over homogeneous catalysts. Heterogeneous catalysts offer operational benefits due to 
their non-corrosive nature. Additionally, the use of heterogeneous catalysts also eliminates 
the necessity for advanced product separation and enables catalyst reuse. Consequently, 
the associated costs, energy consumption, and quantity of wastewater produced can be 
drastically reduced. Many researchers have investigated solid catalysts for esterification 
reactions to biodiesel production. However, the main limitation of chemical-based 
heterogeneous catalysts lies in their low stability and high production costs (Bhatia et al., 
2021).  

To overcome these problems, recent studies have been focusing on low-cost biomass-
based heterogeneous catalysts as an alternative for biodiesel production. This type of 
catalyst can be easily produced from renewable biomass resources, eliminating the costly 
preparation steps required for chemical-based catalysts. Biomass-based catalysts have also 
demonstrated high efficiency, catalytic activity, and stability (Bhatia et al., 2021). In 
addition, this type of catalyst is environmentally friendly since it can be derived from 
renewable and abundantly available biomass sources, ensuring its supply sustainability. 
Numerous studies have reported the utilization of various biomass materials as solid 
catalysts for biodiesel production, such as animal bones and shells (Verziu et al., 2011), 
biomass ashes (Chouhan and Sarma, 2013), activated carbon-supported catalysts (Lee et 
al., 2014), biomass residues (Fu et al., 2013), and biochar (Kastner et al., 2012).  

Bagasse fly ash (BFA) is an agricultural waste produced when sugarcane bagasse is 
burned following the sugar extraction process in sugar and ethanol plants. It is a potential 
source of catalyst support due to its high content of natural silica (Falk et al., 2019). A BFA 
catalyst is suitable for the esterification process of feedstocks having high FFA content  
(Mukti, Sutrisno, and Hidayat, 2018). Since BFA is produced in abundant amounts, its 
utilization as a catalyst for biodiesel production would help reduce the environmental 
pollution and disposal problem (Mutalib et al., 2020). The biodiesel production process will 
benefit economically from the simple preparation of BFA catalyst as well as the low material 
and production costs.  

The performance of the BFA catalyst can be improved by impregnation using ZnO2, 
which has the advantage of chemical, thermal, and mechanical stability, as well as unique 
acidic properties. It has been asserted that zirconia-impregnated catalysts are material of 
interest due to their amphoteric nature, which allows them to perform as either an acid or 
a base catalyst. Furthermore, the acidity of Zirconia can be enhanced by modification using 
acid promoters such as sulfuric acid (Saravanan et al., 2016), ammonium sulfate 
(Rattanaphra et al., 2012), and chlorosulfonic acid (Zhang et al., 2014). The use of ZnO2 is 
regarded as one of the most superior heterogeneous acid catalysts among other options, 
such as titanium oxide, tin oxide, and sulfonated carbon catalysts (Ma'rifah et al., 2019). 

Currently, more attention has been given to the economic feasibility of biodiesel 
production. Other than the catalyst, another major cost contributing to the overall biodiesel 
production is the raw material cost (Jamil et al., 2018). To obtain a more attractive biodiesel 
sales price, the use of low-cost material should be encouraged over the use of refined 
vegetable oils. Recently, the usage of second-generation biodiesel, including used cooking 
oil, non-edible oils, and animal fats is increasingly favored because they do not compete 
with food and energy resources. The utilization of low-cost non-edible oils also significantly 
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reduces production costs, thus improving the economic feasibility of biodiesel production 
(Pant et al., 2019).  

Palm Fatty Acid Distillate (PFAD), with 98% content of free fatty acid (FFA) (Ibrahim et 
al., 2020), is a prospective feedstock for biodiesel production. PFAD is mostly obtained as 
the refinery by-product of crude palm oil (CPO). Commonly, 32.5 kgs of PFAD is generated 
for each tonne of processed CPO (3.25 wt.% of CPO) (Kapor et al., 2017). In 2019, CPO 
output reached 47,180,000 tons, which resulted in approximately 1,533,350 tons of PFAD. 
These estimates are projected to rise by 5–7% annually through 2030 (Badan Pusat 
Statistik, 2020). In Indonesia, the price of PFAD is one-fourth that of palm oil, making it an 
attractive option for reducing the cost of biodiesel production. Without proper disposal, the 
increasing use of PFAD as animal feed could cause environmental hazards. 

In this study, the FFA content in PFAD was esterified over Zirconia metal loaded on 
sugarcane bagasse fly ash (BFA) as a solid acid catalyst. The catalyst characteristics analysis 
was performed using Nitrogen adsorption-desorption, X-Ray Diffraction (XRD), and X-Ray 
Fluorescent (XRF). The catalyst performance was observed by varying the reaction 
temperatures, methanol to PFAD molar ratios, and catalyst loading. In addition, the 
reusability and reaction kinetics of the catalyst were investigated. 
 
2.  Methods 

2.1. Materials 
Palm Fatty Acid Distillate (PFAD) was obtained from a palm oil refinery in East 

Kalimantan Province, Indonesia. Bagasse fly ash (BFA) was obtained from PT Madu Baru, 
Bantul regency, D.I. Yogyakarta Province. Zirconyl chloride octahydrate (ZrOCl2.8H2O, 
Aldrich, 99%), was used as the source of the metals. Methanol (Merck & Co) was purchased 
from a local supplier in Yogyakarta Province. 

2.2. Catalyst Synthesis 
Prior to use, the BFA was cleaned using distilled water to remove impurities, and then 

the sample was dried at 110 oC overnight. The dried BFA was sieved to obtain particles sized 
less than 1 µm. The catalyst synthesis was conducted in the following steps: (i) Firstly, the 
BFA was dissolved in 0.5 N sulfuric acid solution to reduce the internal pore impurities; (ii) 
The activated BFA was then washed with distilled water up to the point when the wash 
water was free from sulfate ions and the pH of the water was neutral; (iii) The activated 
BFA was prepared using incipient wetness impregnation with Zirconium(IV) oxychloride 
octahydrate (ZrOCl4.8H2O), which was dissolved into 100 mL of distilled water, then added 
with the activated BFA; (iv) Afterward, the mixture was stirred in a three-neck flat bottom 
flask put on a hot plate magnetic stirrer equipped with a reflux condenser. This was 
completed vigorously at the reflux temperature overnight; (v) Following the impregnation, 
the catalyst was separated by filtration; (vi) Finally, the catalyst was calcined in a muffle 
furnace at 110 oC for 4 hours. The catalyst characteristics were analyzed by utilizing 
Nitrogen adsorption-desorption, X-Ray Diffraction (XRD), and X-ray fluorescent (XRF). 

2.3. The Catalyst Performances 
The esterification reaction was conducted by mixing the PFAD, methanol, and 

ZrO2/bagasse fly ash catalyst in a batch reactor equipped with a temperature indicator, 
condenser, and hot plate magnetic stirrer. After the reaction, the catalyst was filtered out of 
the product mixture. Decantation was then conducted to separate the alcohol phase (excess 
methanol and water) from the organic phase (methyl esters). The remaining methanol in 
the methyl ester phase was evaporated in the oven for 4 h. The effect of temperature (30; 
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40; 50; and 60 oC), catalyst amount (1; 2.5; 5; and 10 wt.% of PFAD), and methanol/PFAD 
mole ratio (4/1; 6/1; 8/1; 10/1) were investigated.  

The FFA conversion was determined using Equation (1), where FFAinitial  represents 
the FFA value of the feedstock and FFAproduct denotes the FFA value of the organic phase.  

FFA conversion (%) =
FFAinitial − FFAproduct

FFAinitial
 

(1) 

2.4. Catalyst Reusability 
The used catalysts were filtered out of the product mixture and collected. Methanol was 

used to wash the catalyst and remove the remaining residues of oil. This was followed by 
washing with hexane to remove both polar and non-polar components. Lastly, the used 
catalyst was oven-dried at the temperature of 100 oC for 12 h, before being reused in the 
subsequent round of reaction.  

 
Figure 1 Research Method 

2.5. Kinetic Modelling and Parameter Evaluation 
The esterification of PFAD and methanol to form biodiesel is represented by Equation 

(2), where F, M, E, and W describe FFA, methanol, FAME, and water, respectively. 

RCOOH + CH3OH ↔ RCOOCH3 + H2O 

(F) + (M) ↔ (E) + (W) 

(2) 

This study proposes the Eley-Rideal kinetic model to describe the reaction mechanism 
of FFA and methanol esterification using ZrO2/BFA as a solid catalyst. The model assumes 
that only one of the reactants is adsorbed on the catalyst active site, whereas the other 
reactant interacts with the adsorbed species directly from the bulk liquid phase. In this 
particular case, methanol is considered the adsorbed species (Ilgen, 2014). The mechanism 
involves the following steps, with S denoting the catalyst’s vacant active site: 

M + S  
kA

↔
k−A

  M ∙ S 
(3) 

F + M ∙ S  
kS

↔
k−S

  E + W ∙ S 
(4) 

W ∙ S  
kD

↔
k−D

  W + S 
(5) 

The methanol adsorption, the surface reaction, and the water desorption are described 
by equations (3) through (5), respectively. The slow surface reaction between the adsorbed 
methanol and FFA in the liquid phase is considered to be the rate-determining step (RDS) 
(Pino et al., 2018). The Eley-Rideal model considered the following assumptions: (a) the 
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mass transfer limitation is negligible due to the high agitation which ensures the 
homogeneity of the reactant mixture; (b) the catalytic activity on the entire catalyst surface 
is equal; (c) the adsorption and desorption steps of both reactant and product are at 
equilibrium; (d) the diffusion process of both reactant and product can be neglected. Based 
on these assumptions, the rate of FFA and methanol esterification on the solid catalyst can 
be calculated as follows: 

−rS =
K1 (KACMCF −

KD

KS
CWCE)

1 + KACM + KDCW
 

(6) 

In Equation (6), KA, KS, and KD respectively represent the equilibrium constants of the 
methanol adsorption, surface reaction, and water adsorption steps (KA = kA/k-A; KS = kS/k-

S; and KD = k-D/kD). In the kinetic constant (K1 = CT.kS), CT denotes the total concentration of 
the catalyst’s active sites and kS is the surface reaction rate constant. By minimizing the Sum 
of Squares Error (SSE) between the experimental data and the proposed model, the kinetics 
and equilibrium constants in equation (6) can be evaluated. Equation (7) is utilized, where 
XF Exp denotes the FFA conversion obtained from the experiment and XF Calc  represents the 

FFA conversion calculated using the proposed model. 

SSE = ∑(XF Exp − XF Calc)
2

 (7) 

The temperature dependence of the kinetic constants K1 can be described using the 
Arrhenius equation (8). Meanwhile, the temperature correlation with surface reaction 
equilibrium constant (KS) and adsorption equilibrium constants (KA and KD) are described 
using the van’t Hoff equation, presented in Equations (9) and (10), respectively 
(Zavrazhnov et al., 2019). 

K1 = A exp (
−Ea

RT
) 

(8) 

KS = KS0 exp (
−∆HR°

RT
) 

(9) 

Ki = Ki0 exp (
−∆Hi°

RT
) 

(10) 

In Equation (8), A is the preexponential factor, L/(gcat s); Ea is the activation energy, 
J/mol; R is the universal gas constant; and T is the temperature, K. In Equation (9), KS0 is 
the integration constant; −∆HR°  is the reaction enthalpy, J/mol; R is the universal gas 
constant; and T is the temperature, K. Whereas for Equation (10), Ki is the adsorption 
equilibrium constant of component i, L/mol; Ki0 is the integration constant, L/mol; −∆Hi° 
is the adsorption enthalpy, J/mol; R is the universal gas constant; and T is the temperature, 
K. 

 
3. Results and Discussion 

3.1. Catalyst Characteristics 
Table 1 depicts the results of the characterization of catalysts. The average pore size 

diameter and BET surface area of the activated BFA are 2.29 nm and 55.74 m2/g, 
respectively; while those of the ZrO2/BFA catalyst are 3.17 nm and 31.51 m2/g, 
respectively. According to the BET analysis, the pore size diameter of the synthesized 
catalyst falls in the mesoporous range, which is in the range of 2.0-50 nm. This mesoporous 
structure can decrease the intraparticle diffusional limitations which are related to the 
molecular sieve-based acid catalysts. 
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During the Zirconia impregnation on the activated BFA, Zirconia is anchored to the 
internal surface of the catalyst pore by incipient wetness impregnation method followed by 
calcination to form metal oxides. The latter process can block access to the internal pores, 
causing smaller pores to be inaccessible, which results in a decreasing specific surface area. 
In addition, there was an increase in the pore volume and size of the ZrO2/BFA catalyst, 
leading to a lower catalyst surface area.  

Table 1 Characteristics of activated BFA and ZrO2/BFA catalysts 

Characteristics Activated BFA ZrO2/BFA catalyst 

BET surface area (m2 g−1) 55.74 31.51 

Average pore size diameter (nm) 2.29 3.17 

total pore volume (cm3 g−1) 0.05413 0.1055 

Figure 2 demonstrates the XRD results in the activated BFA and ZrO2/BFA catalyst. The 
XRD pattern of pure ZrO2 displays typical diffraction peaks at 2θ = 27.78°, 31.2°, and 49.54° 
which is a monoclinic crystal system. Meanwhile, BFA comprises tridymite and α-
cristobalite crystalline structure at 2 values of 21.8, 28.4, 31.3, and 36.0. For the 
ZrO2/BFA catalyst, the value of 2 in the range of 20-40 indicates the high amorphous 
content of the catalyst. Based on the XRD pattern, the peak characteristics of the Zirconia 
phase are not exhibited in the analysis results. The calcination process increased the 
interaction between BFA and zirconia metal, as demonstrated by the appearance of several 
new peaks in the XRD pattern of the catalyst. Nonetheless, the specific crystal structure of 
ZnO2 has not yet been determined. 

The analysis using XRF (X-Ray Fluorescence) was applied to analyze the formula of the 
solid catalyst. EDX spectrometry was applied to determine the Zirconia content in 
ZrO2/BFA catalyst and activated BFA catalyst. The results of the EDX analysis showed that 
the ZrO2/BFA catalyst contained 3.82 wt% Zirconia. Meanwhile, the presence of Zirconia 
metal was not detected in the bagasse fly ash. It can be concluded that the impregnation 
process successfully attached Zirconia molecules to the BFA catalyst.  

 

Figure 2 XRD pattern of: (a) BFA, (b) ZrO2/BFA catalyst, and (c) pure ZrO2 

3.2. Effect of Molar Ratio 
The molar ratio represents the comparison between the total moles of methanol and 

FFA in the PFAD, which is an essential aspect of biodiesel production. In this study, the effect 
of the methanol/PFAD molar ratio on the FFA conversion was investigated by varying the 
ratio from 4/1 to 10/1. The experiment was performed at the reaction temperature of 60 
oC, catalyst loading of 10 wt.% of PFAD, and reaction time of 2 hours. As shown in Figure 3 
(a), the FFA conversion consistently increased as the methanol/PFAD molar ratio was 
added. Theoretically, the stoichiometric methanol/PFAD molar ratio is 1:1. The addition of 
excess methanol shifts the reaction equilibrium towards the formation of FAME, thus 
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increasing the FFA conversion (Song et al., 2010). In addition, a higher methanol amount 
also causes higher collision among the reactants, enhancing the rate of product formation 
(Augustia et al., 2018). The most remarkable change is observed in the ratio increase from 
4/1 to 6/1, which improved the FFA conversion from 51.1% to 77.3%, whereas higher 
methanol/PFAD ratio leads to less significant increase of the FFA conversion. This is partly 
attributed to the limited amount of active catalytic surface, which reaches a higher degree 
of saturation with more addition of methanol. Another contributing factor is the 
accumulation of the adsorbed alcohol on the catalyst surface, which counterbalances the 
effect of the shifted reaction equilibrium (Jiang et al., 2013). The highest FFA conversion of 
90.6% was obtained at the methanol/PFAD ratio of 10/1. 

  

  
Figure 3 Effect of (a) molar ratio of methanol to PFAD; (b) catalyst wt.% of PFAD; (c) 
reaction temperature; and (d) catalyst reuse on FFA conversion 

3.3. Effect of Catalyst Loading 
Figure 3 (b) depicts the results of the ZrO2/BFA catalyst performance test for the FFA 

esterification reaction with varying amounts of PFAD catalyst, ranging from 1 to 10 wt.% of 
PFAD. The observation was performed at the constant temperature of 60 oC, methanol to 
PFAD molar ratio of 10/1, and reaction time of 2 h. Following the addition of the catalyst 
amount, the resulting figure demonstrates a rising trend in FFA conversion. As the catalyst 
loading varied from 1 to 2.5; 5; and 10 wt.% of PFAD, the FFA conversion increased from 
63.1% to 77.5%, 81.8%, and 90.6% respectively. The addition of catalyst increases the 
number of available active catalyst sites, resulting in a faster reaction rate and a higher FFA 
conversion (Ilgen, 2014). A similar effect is documented in the previous studies in the 
esterification of FFA using different types of catalysts (Gan et al., 2012). 

3.4. Effect of Reaction Temperature 
Four different reaction temperatures (30, 40, 50, and 60 oC) were selected to 

investigate the impact of reaction temperature on the esterification of PFAD with methanol. 
The other operating parameters were maintained constant at the methanol/PFAD molar 
ratio of 10/1; catalyst loading of 10 wt.% of PFAD; and reaction time of 2 h. Figure 3 (c) 

(a) (b) 

(c) 

(d) 
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shows that the FFA conversion demonstrated a significant dependence on the reaction 
temperature. The figure indicates that FFA conversion increased from 65.3% to 90.6% as 
the reaction temperature was raised from 30 to 60 oC. This trend is attributed to several 
contributing factors, including the endothermic nature of the reaction. From the 
thermodynamic point of view, an endothermic reaction is favored by the higher 
temperature, which will push the reaction towards the formation of the product (Ilgen, 
2014). It should also be noted that the immiscible nature of PFAD and methanol produced 
a three-phase liquid-liquid-solid system consisting of PFAD-methanol-catalyst. In this type 
of system, the reaction rate would be substantially limited to the mass transfer rate of 
reactant molecules among the three phases. The increase in temperature affects the kinetics 
of the reaction by providing more kinetic energy to the reactant molecules, accelerating the 
mass transfer rate among the three phases, and enhancing the rate of reaction (Liu et al., 
2014). Furthermore, a higher temperature reduces the number of water molecules on the 
catalytic surface and prevents them from bonding strongly to the active catalytic sites 
(Zhang et al., 2014; Jiang et al., 2013). As previously discovered by other researchers, these 
variables result in an increasing trend of FFA conversion as temperature increases 
(Augustia et al., 2018; Liu et al., 2014).  

3.5. Catalyst Reusability 
The reusability of the catalyst is an essential factor since it directly influences the 

economics of the process (Ilgen, 2014). In this study, the catalyst was reapplied several 
times for the PFAD and methanol esterification to examine the catalyst reusability. The 
catalyst was filtered and treated (including drying and washing) before being utilized in the 
subsequent reaction cycle. In repeated cycles of esterification, the optimum condition is a 
reaction temperature of 60 oC, a molar ratio of 10/1 between methanol and PFAD, a catalyst 
loading of 10 wt% of PFAD, and a reaction time of 2 h. Figure 3 (d) shows the result of 
applying the catalyst for four cycles. The figure shows a notable decrease in the catalytic 
activity as the catalyst was reused in each cycle. This indicates the leaching of catalyst active 
sites, signifying that fresh catalysts should be added to the mixture to maintain the reaction 
performance.  

3.6. Kinetic Modelling and Parameter Evaluation 
In this study, the Eley-Rideal kinetic model was proposed to describe the reaction 

mechanism of PFAD and methanol esterification over the ZrO2/BFA solid catalyst. The Eley-
Rideal describes a catalytic reaction mechanism in which one of the reactants is 
chemisorbed and the other one is not (Prins, 2018). This model has been previously 
proposed to describe FFA esterification to biodiesel in previous studies (Augustia et al., 
2018; Ilgen, 2014; Tesser et al., 2010; Tesser et al., 2009). In this paper, the Eley-Rideal 
model considers the adsorption and desorption of one of the reactants (methanol) and one 
of the products (water), while neglecting the intraparticle diffusional limitation. The surface 
reaction of the adsorbed methanol with FFA in the bulk liquid phase is regarded as the rate-
determining step. The value of the parameters in Equation (5) was determined by 
minimizing the SSE between the experimental data of FFA conversion and the modeling 
result. To examine this, the reaction was performed under the optimal conditions: a 
methanol/PFAD molar ratio of 10/1; catalyst loading of 10 wt.% of PFAD; and a reaction 
time of 2 h. The temperatures of 30, 40, 50, and 60 oC were selected to observe the 
correlation between kinetic parameters and reaction temperature. 

Figure 4 demonstrates an excellent correlation between the experimental data and the 
Eley-Rideal model (R2 = 0.99) as indicated by the result. This demonstrates the validity of 
the Eley-Rideal mechanism with surface reaction as the rate-determining step, signifying 

4873-240-253-Biodiesel%20Production%20from%20Free%20Fatty%20Acid%20using%20ZrO2%20Bagasse%20Fly%20Ash%20Catalyst-Rahma%20and%20Hidayat.docx
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that the model is accurate for describing PFAD and methanol esterification over ZrO2/BFA 
catalyst. The calculated parameters are summarized in Table 2. 

 
Figure 4 FFA conversion at different temperatures: Eley-Rideal fitting to experimental data 

Table 2 Kinetic parameters of PFAD and methanol esterification on ZrO2/BFA catalyst 

Temperature 
oC 

K1 

L/(gcat min) 
KS 

KA 

L/mol 
KD 

L/mol 

30 0.7607 0.2522 1.5017 3.0164 
40 0.8174 0.2846 2.0723 2.8713 
50 0.9783 0.3586 2.2296 2.7274 
60 1.0643 0.6772 2.2077 1.5712 

 The parametric evaluation results in Table 2 suggest a correlation between the 
obtained parameters with the reaction temperature. The reaction kinetic constant K1 was 
found to be positively correlated with temperature, due to the endothermic nature of the 
esterification reaction. As discussed in the previous section, temperature increase 
accelerates the rate of endothermic processes (Ilgen, 2014), which is mathematically 
represented by the increase in kinetic constant value. The same trend is observed for the 
equilibrium constant of the surface reaction, which is denoted by KS. The value of KS 
increases as the temperature rises, indicating that a higher temperature drives the surface 
reaction toward the formation of the products. Similarly, the methanol equilibrium 
adsorption constant KA also increases as the temperature gets higher, implying that 
methanol adsorption onto the ZrO2/BFA catalytic surface is also an endothermic process. 
The energy required to overcome the reaction’s endothermic nature was provided by 
heating during the reaction. In contrast, the water adsorption equilibrium constant KD is 
negatively affected by the temperature, indicating that water is adsorbed exothermically on 
the catalyst surface. 
Figures 5 (a), (b), (c), and (d) displayed the plots for K1, KS, KA, and KD, respectively. The 
values of A, KS0, and Ki0 were obtained from the intercept of the straight line, whereas the 
values of Ea , ∆HS° , and ∆Hi°  were calculated from the line slope. Table 3 presents a 
summary of the results. 

Table 3 Parametric evaluation results from Arrhenius and Van’t Hoff equations 

Evaluated Constants Calculated Parameters Value 

K1 
Preexponential factor A = 38.7798 L/(gcat s) 

Activation energy Ea = 9.9389 kJ/mol 

KS 
Integration constant KS0 = 8319.0222 

Enthalpy of reaction ∆HS° = 26.4884 kJ/mol 

KA 
Integration constant KA0 = 104.7315 L/mol 

Enthalpy of adsorption (methanol) ∆HA° = 10.4731 kJ/mol 

KD 
Integration constant KD0 = 0.0046 L/mol 

Enthalpy of adsorption (water) ∆HD° = -16.5603 kJ/mol 
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Figure 5 The correlation of temperature with (a) K1; (b) KS; (c) KA; and (d) KD: Fitting to 
Arrhenius and Van’t Hoff equations parameters  

The relationship between the obtained kinetic and equilibrium parameters with the 
temperature was assumed to follow Arrhenius and van’t Hoff correlations (Ketzer and de 
Castilhos, 2021). Therefore, they can be evaluated by plotting (ln K) against (1/T), based on 
the linearized Arrhenius and van’t Hoff equations (Equations 8 to 10).  
 

4. Conclusions 

 Bagasse fly ash (BFA) was used as catalyst support for biodiesel production from Palm 
Fatty Acid Distillate. The catalyst was prepared by activation of the BFA followed by 
impregnation of Zirconia metals using Zirconium(IV) oxychloride octahydrate salt solution. 
The catalyst was characterized using N2 adsorption-desorption, X-ray diffraction (XRD), 
and X-ray fluorescent (XRF). A maximum FFA conversion of 90.6% was obtained at the 
following operation conditions: Reaction temperature of 60 oC; methanol to PFAD ratio of 
10/1; catalyst loading of 10 wt.% of PFAD; and reaction temperature of 2 h. During four 
cycles of esterification reaction, a 14-37% decrease in FFA conversion was observed. The 
reaction kinetic follows the Eley-Rideal kinetic mechanism. The kinetic and adsorption 
equilibrium parameters were evaluated and their correlation with temperature was 
described using Arrhenius and van’t Hoff equations. Future research should investigate the 
utilization of BFA as a solid catalyst in the esterification of FFA from PFAD using a 
continuous process, which will be a significant step towards a more sustainable, low-cost, 
and environmentally friendly biodiesel production process.   
 
 
 
 

  
(a) (b) 

  
(c) (d) 
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