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Background: Conventional methods of biodiesel (FAME) synthesis often involve transesterification processes that are catalysed by homogeneous 

catalysts, which present challenges in terms of catalyst recovery, environmental impact, and production cost. Heterogeneous catalysts, particularly 
those derived from agricultural waste, have emerged as promising alternatives due to their reusability, environmental friendl iness, and cost-

effectiveness. Objectives: The study aims to bridge gaps by providing a comprehensive kinetic analysis of biodiesel production using a synthesized 

and novel, doum-shell catalyst. It incorporates first, second, and third-order rate model kinetics, alongside the determination of some energy 
parameters. Methods: Doum palm shell (DPS) was characterized by Fourier Transform Infrared (FTIR) and Atomic Force Microscope (AFM), 

and then carbonized, ground, and sulfonated to create a biochar catalyst, which was then used in the esterification of palmit ic acid (PA) with 

methanol. Kinetic modelling of the esterification process was performed, followed by deriving thermodynamic parameters using Arrhenius and 
Eyring-Polanyi equations. Results: Kinetic modelling identified the First-Order reaction as the most appropriate for describing the esterification 

process at an optimum performing temperature of 55 °С, 180 min reaction time and rate constant, k = 7 · 10-4 min-1. Thermodynamic parameters 

were derived from the Arrhenius and Eyring-Polanyi equations, providing a deeper understanding of the energy changes involved in the 
esterification reaction. The activation energy, pre-exponential factor, entropy, enthalpy and free energies obtained for the First-Order, describe the 

catalysing of the synthesis process by DPS as robust, reversible, non-spontaneous, feasible and energy efficient. In both kinetics and 

thermodynamics carried out, the Second- and Third-Order of reaction analysis described the experimental data poorly due to lower R2 values 
comparative to the First-Order rate at 45, 55 and 65 °С. FTIR analysis confirmed the successful conversion of feedstock to biodiesel, with distinct 

ester functional groups such as, –OH, –SO3H and –COOH groups, identified in the DPS catalyst. Conclusion: This research lays the groundwork 

for future studies and large-scale implementation of this catalyst in biodiesel production, particularly in regions with abundant doum palm resources . 
Through comprehensive experimentation and analysis, the carbonized doum-shell catalyst was demonstrated to be a viable and efficient option for 

FAME synthesis from PA and methanol. 
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INTRODUCTION 

Biodiesel (FAME) production has garnered significant 

attention as a sustainable alternative to fossil fuels, driven by the 

necessity to reduce greenhouse gas emissions and dependence 

on non-renewable energy sources (Harsono, 2011). 

Conventional methods of biodiesel synthesis often involve 

transesterification processes that are catalysed by 

homogeneous catalysts, which present challenges in terms of 

catalyst recovery, environmental impact, and production cost. 

In recent years, heterogeneous catalysts, particularly those 

derived from agricultural waste, have emerged as promising 

alternatives due to their reusability, environmental friendliness, 

and cost-effectiveness (Gurunathan & Ravi, 2015; Khan et al., 

2021). Despite these advancements, there remains a substantial 

research gap in optimizing the kinetic models and 

understanding the mechanistic pathways of biodiesel 

production using novel heterogeneous catalysts. Most studies 

have focused on single-order kinetic models (Haryanto et al., 

2020; Hazrat et al., 2022), overlooking the potential insights 

that can be gained from evaluating first, second, and third-

order kinetics simultaneously. Moreover, the activation energy 

and pre-exponential factors, which are crucial for designing 

efficient industrial processes, are often not comprehensively 

determined for several novel catalysts. Doum palm shell (DPS) 

have only been used as adsorbent to remove lead from water 

(Alkali et al., 2022) and in cement production as composite 

(Liman et al., 2020; Seth et al., 2018). The production of 

biodiesel using carbonized DPS catalyst represents an 

innovative approach to valorise agricultural waste while 

addressing the need for effective and sustainable catalytic 

processes. Given that the sub-Saharan African region 

including Northern Nigeria can boost of significant amount of 

doum palm (Inuwa et al., 2023; Ogbole & Ademoh, 2021), it is 

capable of serving as a hub for FAME production in the future. 

Previous work had demonstrated the feasibility of using diverse 

catalyst type in biodiesel production (Avhad & Marchetti, 2015; 

Bohlouli & Mahdavian, 2019); however, these studies have 

primarily concentrated on basic performance metrics without 

delving into detailed kinetic and thermodynamic analyses or the 

influence of reaction parameters. 

This study aims to bridge these gaps by providing a 

comprehensive kinetic analysis of biodiesel production using a 

synthesized, carbonized doum-shell catalyst. The research 

incorporates first, second, and third-order rate model kinetics, 

alongside the determination of activation energy and pre-

exponential factors. Furthermore, the study examines the 

esterification of palmitic acid (PA) as a free fatty acid (FFA) 

feedstock, employing advanced characterization techniques such 

as Fourier Transform Infrared (FTIR) and Atomic Force 

Microscope (AFM) to analyse the DPS catalyst. PA is a saturated 

fatty acid commonly found in both animal fats and vegetable 

oils. It is a major component of palm oil, typically comprising 

around 44 – 45% of the total fatty acids. PA is utilized in a 

variety of industrial applications, including the production of 

soaps, cosmetics, and food additives, due to its stabilizing 

properties and high melting point. Babajide (2011) defined FFA 

as fatty acids that are derived from phospholipids or 

triglycerides, when they are not attached to other molecules. 

Studies on PA-biodiesel production is not new (Carmo et al., 

2009; Ghorbani-Choghamarani et al., 2022). In real-world 

scenarios, reactions may not strictly follow ideal kinetic models 

due to the presence of side reactions, catalyst deactivation, or 
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non-ideal mixing conditions. In the present work, the rate 

constants are determined, and the effects of temperature, 

reaction time, and conversion rates are systematically studied 

to determine the extent of the esterification reaction 

conformity with the ideal situations. Also, due to the fact that 

DPS catalyst is a novel catalyst that had not been previously 

reported in the literature, a thermodynamic study to determine 

the enthalpy, entropy and free energy requirements of the 

reaction, would complete the study. To implement that in the 

present study, insights from Noreen et al. (2021) will be 

applied. 

MATERIALS AND METHODS 

Doum Palm Shell carbonization 

Doum palm fruits was locally obtained from the farm in Yola 

Metropolis, Adamawa State, Nigeria. About 500 g of DPS was 

cleaned, crushed, washed and spread on a sheet to sundry for 

3 h, in order to remove its water content. After that, the DPS 

was carbonized in a furnace at a temperature of 250 ºC for 

1.5 h under inert conditions. Then it was quenched with water 

before allowing it to cool at room temperature. The resultant 

biochar, shown in Figure 1a, was ground using mortar and 

pestle into fine powder. Figure 1b is a reflux batch system used 

by Callistus et al. (2016), in which the biochar sulfonation was 

carried out. 

 

a 

 

b 

Figure 1. DPS biochar and a reflux batch system: 

a – doum palm shell biochar; b – reflux batch system 

Simply because the batch system, as concluded by 

Khan (2002), is a safe and convenient technique of obtaining 

kinetic data and screening catalyst. 

Biochar sulfonation 

Precisely 20 g of the doum palm biochar was sulphonated in a 

3-necked round bottom flask using 200 mL of fuming H2SO4 

at 130 ºC for 8 h under nitrogen flow. It was carried out by 

setting up a constant mixing process using a magnetic stirrer. 

After cooling to room temperature, the sulfonated DPS biochar 

was washed with distilled water, filtered with suction pump 

and oven-dried at 105 ºC for 15 h. About 20 g of the Doum 

palm shell (DPS) biochar was sulphonated in a 3-necked round 

bottom flask using 200 mL of fuming H2SO4. The purpose of 

washing with distilled water is to remove the excess acid. On 

the other hand, the drying of the washed sulfonated sample is 

to remove moisture. The dried sulfonated sample was 

subsequently characterized and used for the esterification 

reaction. 

Catalyst characterization 

Fourier Transform Infrared (FTIR) spectroscopy was used to 

qualitatively determine the functional group present in the 

structure of the catalyst. FTIR was conducted using a thermo-

scientific PIKE Nicolet IS5 with built-in diamond surface using 

a screw-loaded anvil. Sample spectra were obtained using 

32 scans for the wave number ranging from 650 – 4000 cm-1. 

Secondly, AFM was used to generate a 3D scans, which 

measures the morphology, structure or compositional analysis of 

the samples. The 3D scans were conducted with an image size 

of 50 µm and a scan direction of up-time/line of 1 sec. They were 

performed using a cantilever type XYCONTR and a head type 

AFM, with a laser working point of 0.0% and a deflection offset 

of 0.0%. The scans were conducted in air, with a static force 

operating mode and a feedback mode of free-running. For this 

analysis, the software version used was 3.8.1.9 and the firmware 

version was 3.8.1.0. However, AFM is a powerful tool for 

imaging and characterizing surfaces at the nanoscale, and it can 

provide information about the topography, morphology, and 

other physical properties of a sample. 

Free fatty acid determination 

The FFA content of the oil was determined using official 

methods and recommended practices of the AOCS (Chang et al., 

2016; Esan et al., 2024; İlgen, 2022). A precise quantity of crude 

palm oil was weighed into an Erlenmeyer flask and 75 mL of 

isopropanol, as well as 15 mL of n-hexane were added to the 

flask (Nandi et al., 2019). Following the specification in 

Chang et al. (2016), 3 drops of phenolphthalein solution were 

also added to the mixture and titrated against 0.1 N NaOH 

solution to a steady pink end-point, also obtained by 

Daniyan et al. (2019). The procedure was repeated twice and the 

average titre value of the NaOH used was recorded when the 

precision of each run does not exceed ±0.1, according to 

Mujeli et al. (2016). Thus, the FFA of the sample was calculated 

using Equation 1 (Japir et al., 2017). 

FFA value =
25.6 · Titre value · Molarity

Weight of Biodiesel
.      (1) 

In this work, 10 g of the PA feedstock was weighed. Afterwards, 

12 g of methanol (CH3OH) was also weighed using a weighing 

balance. The feedstock was poured into a round bottom flask 

followed by the CH3OH. It was allowed to dissolve in the 

volume of CH3OH. This process took 40 min to be achieved, 

then 3 g of the carbonized DPS catalyst was poured into the 

dissolved mixture. It consists of a thermometer and a magnetic 

stirrer placed in a round bottom flask, which was also placed 

in a pot of oil heated by a heating mantle. It is worthy of note 

that PA esterification with CH3OH is a reversible process, but 
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the reverse reaction can be neglected based on making 

suitable assumptions (e.g., excess CH3OH used), as 

mentioned by Hidayat et al. (2015) and Kostica et al. (2016). 

The heating was at 45, 55 and 65 ºC examined by 

Callistus et al. (2016) and for the duration of the biodiesel 

manufacture, which are 5, 30, 60, 90, 120, 150 and 180 min. 

After each reaction, the acid value of the esterified product 

and the FFA conversion yield were simultaneously 

calculated. The later was computed using Equation 2 

(Ulfah et al., 2020). 

FFA Conversion (%) =
AVf−AVp

AVf
· 100,                 (2) 

where AVf and AVp are stands for the acid value of the 

feedstock and that of the product, respectively. The biodiesel 

produced using the optimum process conditions, was purified 

and analysed according to the European Committee for 

Standardization requirements. 

Esterification kinetic analysis of FAME synthesis 

Each sample was generated at 5, 30, 60, 90, 120, 150 and 

180 min, at a specified temperature of 45, 55 and 65 ºC 

employed by Aisabor et al. (2016). It was then centrifuged to 

separate the biodiesel from the CH3OH and the carbonized 

DPS. The FAME was taken and titrated individually. Using a 

measuring cylinder, 25 mL of ethanol was measured, and a 

gram of each of the biodiesel was taken and weighed on a 

weighing balance. The biodiesel was poured into a conical 

flask, followed by the ethanol and two drops of 

phenolphthalein. After that, titration was performed. Since the 

order of reaction is not known, an integral rate expression 

(Equations 3 – 5) based on an assumed order of reaction, 

n = 1, 2 and 3 was used (Brüning et al., 2015). Equation 3 is so 

because Jacob et al. (2008) mentioned that First-Order 

reactions depend on the concentration change of only one 

principal reactant and even when other reactants are present, 

each will assume an order of zero, and hence won’t be present 

in the rate equation. 

− ln (
CPA

CPA0

) = k1t,                   (3) 

 
1

CPA
=

1

CPA0

+ k2t,                   (4) 

1

CPA
2 =

1

CPA0
2 + 2k3t,                  (5) 

where CPA0 is initial FFA value or concentration of PA; CPA is 

concentration of PA at time; t and kn is rate constant.  

Initially, valuable CPA-time data were obtained at the specified 

temperatures and tabulated. Later, graphs were plotted in 

accordance to the response variable in Equations 3 – 5 and the 

respective k(s) was determined from the slope of the graph. 

Thermodynamic study 

The determined "k" values at a particular temperature were 

tabulated and Equation 6 was used to determine the unknown 

parameters (Chhabra et al., 2019; Moradi et al., 2015): 

ln kn = ln ko −
Ea

R
(

1

T
),    (6) 

where Ea is activation energy (kJ/mol); ko is frequency factor, 

taking the universal gas constant; R = 8.314 kJ/(mol · K). 

It was done by plotting ln kn against 
1

T
 (Sharma et al., 2020), 

where T is absolute temperature (K). A combination of 

Arrhenius and Eyring models (Equation 7) also details the 

dependence of k with the temperature. Based on Equation 8, a 

linear plot of ln
k

T
 versus 

1

T
 was carried out after taking the natural 

logarithm of Equation 7 (Suleiman et al., 2023). Then, using 

Equation 9 (Noreen et al., 2021), the Gibbs free energy change 

(∆G) was determined. 

k = k∗ ·
kB T

h
 e− 

∆G

RT,        (7) 

ln
k

T
=  

−∆H

R
(

1

T
) + (ln k∗ + ln

kB

h
+

∆S

R
),      (8) 

∆G = ∆H − T∆S,        (9) 

where k∗ is transmission coefficient usually taken as 1; kB = 

1.38 · 10-23 JK-1 is Boltzmann constant; ∆H is enthalpy change, 

kJ/mol; ∆S is entropy change, kJ/(mol · K); h = 6.63 · 10-34 Js is 

Planck’s constant. 

RESULTS AND DISCUSSIONS 

FTIR spectroscopy 

FTIR spectroscopy measures the absorption of infrared 

radiation by the DPS catalyst sample. It is a graph of 

wavenumbers (cm-1) on the x-axis and % transmittance on the 

y-axis. Figure 2a, which depicts the FTIR spectroscopy results 

of the DPS catalyst, indicates the presence of several functional 

groups that contribute to its efficacy as a precursor in biodiesel 

production. 

The FTIR spectrum typically shows peaks corresponding to 

hydroxyl (–OH) groups, sulfonic acid (–SO3H) groups, and 

possibly carboxyl (–COOH) groups. Hydroxyl groups 

presence is evidenced by broad absorption bands around 

3200 – 3600 cm-1, which are crucial for hydrophilicity and 

enhancing catalytic activity. Presence of sulfonic acid groups, 

with characteristic peaks around 1000 – 1300 cm-1, 

significantly increases the acidic sites on the catalyst, which is 

essential for the esterification of FFAs into biodiesel. 

Additionally, carboxyl groups may appear as distinct peaks 

near 1700 cm-1, further contributing to the catalyst's overall 

acidic nature. These functional groups collectively enhance the 

DPS catalyst's ability to efficiently catalyse the conversion of 

FFAs into biodiesel, making it a potent and viable bio-based 

catalyst for this purpose. According to Alkali et al. (2022), the 

presence of –OH and –COOH polar functional groups can also 

promote the adsorption of polar solute. With proper 

calibration, FTIR may also be used to analyse the FAME 

(Bradley, 2007), as well as the char displayed in Figure 2b. 

In Figure 2b, the same functional group and peak ranges are 

shown for the char FTIR. Thus, the presence of these functional 

groups indicates that the char is also suitable for use as a catalyst 

in FAME production. While carboxyl groups are present, their 

impact might not be as significant as hydroxyl and sulfonic acid 

groups in the context of biodiesel production. This is due to the 

primary roles of –OH and – SO3H groups in enhancing catalytic 

activity and increasing acidic sites, respectively. C-H stretching 

of alkanes is present around 2850 – 2950 cm-1, but is not 

particularly impactful for the catalytic process in FAME 

production. 

AFM analysis 

Images obtained following an AFM analysis, were recorded at 

different magnification and particle sizes, as shown in Figure 3. 

It appears that Figure 3a and 3b are 3D scans of sample A and 

sample B, respectively, obtained using an AFM analyser. 
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a  

 

b  

Figure 2. FTIR spectroscopy: a – FTIR spectroscopy of DPS catalyst; b – doum palm char FTIR spectroscopy 
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Figure 3. 3D scan group: a – sample A; b – sample B 

Sample A and sample B, displayed in Figures 3a and 3b 

respectively, highlight the uniformity and texture of the 

sulfonated DPS biochar. These scans reveal a relatively 

smooth and consistent surface, with some variations in particle 

size and distribution. The fine texture and even surface 

morphology are indicative of effective sulfonation and 

carbonization processes, which are crucial for enhancing the 

catalytic activity. Such detailed topographical information 

provided by the AFM images aid the visualization of the 

surface characteristics that contribute to the high surface area 

and the availability of active sites for the esterification 

reaction. As a result, this comprehensive surface analysis 

confirms that the synthesized DPS catalyst possesses the 

desired structural properties, which are essential for its 

efficient performance in biodiesel production. 

Effect of temperature and reaction time 

Figures 4 and 5 respectively show the effect of reaction time 

on FFA concentration and % conversion at various 

temperatures. Figure 4 shows a decreasing trend in FFA 

concentration over time, as the FFAs are converted to FAME 

through the esterification reaction. In this study, adequate 

reaction time of 180 min which is also employed by 

Nandi et al. (2019), was allowed to favour the complete 

conversion of triglycerides into esters, as suggested by 

Eevera et al. (2009). 

Obviously, the highest temperature of 65 °C increases the rate 

of the esterification reaction, leading to faster conversion of 

FFAs to FAME, as shown in Figure 5. However, excessively 

high temperatures can also lead to side reactions or 

degradation of the reactants, which can reduce the overall yield 

of FAME. 

 

Figure 4. Concentration of FFA with time at different 

temperatures 

 

Figure 5. Percent FFA conversion with time for different 

temperature 

Therefore, the most favourable temperature condition for the 

esterification reaction would depend on a balance between the 

rate of conversion (Table 1) and the overall yield of FAME. 

Nevertheless, the rising curve in Figure 5 is typical of XPA-time 

plot described in the literature (Camara & Aranda, 2011), 

showing that the biodiesel yield increases with reaction time 

(Haryanto et al., 2020; Hazrat et al., 2022, 2023). 

Table 1. Percent Conversion of PA 

Time, min XPA , % 

45 °C 55 °C 65 °C 

5 0 0 0 

30 1.266268 1.863921 2.879418 

60 2.514949 3.806048 5.779626 

90 4.06261 6.034932 8.534304 

120 6.03236 8.941606 11.33056 

150 7.368976 10.92284 13.67983 

180 7.70313 11.40511 14.29314 

As mentioned, the optimal temperature condition would likely be 
the one that provides the highest conversion rate with the highest 
overall yield of FAME (i.e., 14.29%). Because as the temperature 
increases, the rate of the esterification reaction becomes faster, 
leading to a higher rate of conversion of FFAs to FAME over time 
(Ceran et al., 2024). As time increases from 0 – 180 min, the 
conversion of FFAs to FAME surge at all temperatures, as more 
of the reactants are converted. There may be a point of diminishing 
returns, where further increase in time won’t lead to any 
significant rise in conversion. Moreso, it was realized that the DPS 
catalyst maintained its activity and stability even after 5 cycles, in 
consonance with the findings of Amesho et al. (2022) – and 
indicating its potential for commercial applications. Arifin (2009) 
stated that a catalyst is normally recovered unaltered and doesn’t 
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appear in the product, and further report that superfluous 
amount of catalyst would lead to reduced biodiesel yield and 
higher amount of synthesis cost. Rajalingam et al. (2020) also 
identified cost as one of the major factors to consider during 
biodiesel production. 

First order kinetics 

Dependent variable in the First-Order kinetic model is typically

the natural logarithm of the ratio of the initial concentration of 

FFAs (CPA0 = 56.86, 76.72 and 96.2 units) to the concentration 

of FFAs at a given time (CPA), at the respective temperatures. 

The independent variable is typically the reaction time.  

The slope of the line obtained from plotting the dependent 

variable against the independent variable in Table 2 represents 

the rate constant for the reaction.

Table 2. First order dependent and independent variable computations 

Time, min 45 °C 55 °C 65 °C 

Conc. 
− ln (

CPA

CPA0

) 
Conc. 

− ln (
CPA

CPA0

) 
Conc. 

− ln (
CPA

CPA0

) 

5 56.86 0 76.72 0 96.2 0 

30 56.14 0.0127435 75.29 0.0188151 93.43 0.0292169 

60 55.43 0.0254711 73.8 0.0388037 90.64 0.0595337 

90 54.55 0.0414744 72.09 0.0622471 87.99 0.0892062 

120 53.43 0.0622197 69.86 0.0936692 85.3 0.1202549 

150 52.67 0.0765461 68.34 0.1156672 83.04 0.1471069 

180 52.48 0.08016 67.97 0.121096 82.45 0.1542373 

Figure 6 (depicting CPA0 ≡ CA0 & CPA ≡ CA) represent the 

rate plots at 45, 55 and 65 °C for the First-Order model, whose 

trend is in agreement with plots at 50, 55 and 60 °C by 

Hazrat et al. (2022). These plots are used to assess the fit of the 

First-Order model at different temperatures. To determine 

which plot gives the best fit, it is essential to consider the 

coefficient of determination (R2 values) for each plot. The R2 

value indicates how well the data fits the First-Order kinetic 

model. A higher R2 value suggests a better fit of the model to 

the experimental data. Herein, the best occurred at 55 °C, as 

shown in Figure 6b. Because, at 45 ℃, the reaction rate is 

relatively slow, indicating insufficient energy for optimal 

catalyst activity. At 55 ℃, the reaction rate improves 

significantly, showing a steeper increase in esterified product 

concentration, which suggests this temperature is more 

favourable for efficient conversion of FFAs to biodiesel. At 

65 ℃, the reaction rate is the highest, but the potential for side 

reactions and reactant degradation increases.  

This is not always the case as the optimal was 60 – 70 °C in 

Boonnoun et al. (2008). Thus, 55 ℃ is identified as the optimal 

temperature, balancing reaction efficiency and stability, 

ensuring effective conversion without the risks associated with 

higher temperatures. 

As reiterated in the foregone, the deficiency of the worst 

performing temperature, in terms of fit, can be described by its 

lower R2 value. Thus, at 65 °C the First-Order kinetic model 

moderately captures the behaviour of the esterification 

reaction. To correct the deficiency, reaction engineers must try 

to comprehend the underlying reaction mechanism and 

consider more complex kinetic models that account for 

intermediate species or complex reaction pathways to improve 

the model fit. 

Second order kinetics 

In Table 3, the computations are likely related to the Second-

Order kinetic model, where the dependent and independent 

variables values differ based on the specific form of the 

temperature chosen for the second-order rate model analysed. 

 

 

 

Figure 6. First order kinetics at 45, 55 and 65 °C
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Table 3. Second order dependent and independent variable computations 

Time, min 45 °C 55 °C 65 °C 

Conc. 
1

CPA
  Conc. 

1

CPA
  Conc. 

1

CPA
  

5 56.86 0.017587 76.72 0.013034 96.2 0.010395 

30 56.14 0.017813 75.29 0.013282 93.43 0.010703 

60 55.43 0.018041 73.8 0.01355 90.64 0.011033 

90 54.55 0.018332 72.09 0.013872 87.99 0.011365 

120 53.43 0.018716 69.86 0.014314 85.3 0.011723 

150 52.67 0.018986 68.34 0.014633 83.04 0.012042 

180 52.48 0.019055 67.97 0.014712 82.45 0.012129 

 

Due to differences in the models, "k" values would differ 

between the First-Order and second-order kinetic models. The 

rate constant in the First-Order model (k1) represents the rate 

of the esterification reaction, while the rate constant in the 

Second-Order model (k2) have a different interpretation. 

Model fit was hence assessed to identify potential sources of 

discrepancy between the model and experimental data shown 

in Tables 2 – 4, using the R2 values estimated. Given that the 

fits for the Second-Order model are closer to 100% for all 

temperatures, several factors must be considered before 

choosing the best fit, shown in Figure 7. 

At 45 ℃ (Figure 7a), the reaction rate is the slowest, with the 

plot showing a gradual slope. R2 value of 0.9844 for this 

temperature is relatively lower, indicating a less precise fit to 

the Second-Order kinetic model and suggesting inefficient 

conversion of PA to biodiesel at this lower temperature. At 

55 ℃ (Figure 7b), the reaction rate improves significantly, 

evidenced by a steeper slope on the plot. An R2 value of 0.9849 

is higher than at 45 ℃, indicating a better fit to the kinetic 

model. This suggests that 55 ℃ provides a more optimal 

environment for the esterification process, balancing 

efficiency and reaction speed. Lastly, at 65 ℃ (Figure 7c), the 

reaction rate is the highest, with the plot showing the steepest 

slope. The R2 value (0.9860) is also high, reflecting a good fit 

to the Second-Order kinetic model. However, despite the faster 

reaction rate, the higher temperature increases the risk of side 

reactions and thermal degradation of reactants, which can 

negatively impact the overall yield and efficiency. Considering 

both the reaction rates and the R2 values, 55 ℃ emerges as the 

optimal temperature for the esterification reaction. It offers a 

balanced combination of high efficiency and stability, 

ensuring effective conversion of PA to biodiesel while 

minimizing adverse effects associated with higher 

temperature. 

Third order kinetics 

In Table 4 and at 65 ℃, the initial concentration of the FFA is 

96.2 units. The 
1

CPA
2 values start at 0.000108 at 5 min and 

increase to 0.000147 at 180 min. Clearly, the change in 
1

CPA
2 is 

more pronounced, demonstrating the fastest reaction rate 

among the three temperatures. However, it is crucial to 

consider potential side reactions or thermal degradation at 

higher temperature. 

But at 45 ℃, CPA0 is 56.86 units, with 
1

CPA
2 values increasing 

from 0.000309 at 5 min to 0.000363 at 180 min in. This 

gradual increase suggests a steady consumption of PA. On the 

other hand, 55 °C values show a more significant change 

compared to 45 ℃, which is representative of a faster reaction 

rate and higher efficiency. 

 

 

 

Figure 7. Second order kinetics plot for reaction temperatures 

at 45, 55 and 65 °C 

R2 values for the third-order kinetics plots in Figure 8 indicate 

varying degrees of fit across the temperatures. Given that the R2 

values for the third-order kinetic plots in Figure 8 show that 

65 °C > 55 °C > 45 °C, this indicates that the data fits the third-

order kinetic model best at 65 °C, followed by 55 °C, and least 

well at 45 °C. 
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Table 4. Third order dependent and independent variable computations 

Time, min 45 °C 55 °C 65 °C 

Conc. 
1

CPA
2  Conc. 

1

CPA
2  Conc. 

1

CPA
2  

5 56.86 0.000309 76.72 0.00017 96.2 0.000108 

30 56.14 0.000317 75.29 0.000176 93.43 0.000115 

60 55.43 0.000325 73.8 0.000184 90.64 0.000122 

90 54.55 0.000336 72.09 0.000192 87.99 0.000129 

120 53.43 0.00035 69.86 0.000205 85.3 0.000137 

150 52.67 0.00036 68.34 0.000214 83.04 0.000145 

180 52.48 0.000363 67.97 0.000216 82.45 0.000147 

 

 

 

 

Figure 8. Third order kinetics at 45 °C, 55 °C and 65 °C 

R2 value at 55 °C, while slightly lower than at 65 °C, still 

indicates a good fit, suggesting that this temperature also 

supports the third-order reaction mechanism reasonably well. 

The fit at 45 °C is the poorest (Figure 8a), indicating that the 

lower temperature does not align as well with the third-order 

kinetic assumptions, possibly due to lower energy levels and 

slower reaction rates that deviate from the ideal model 

behaviour. Therefore, 65 °C is optimal for model accuracy, but 

55 °C might be more practical for maintaining reaction stability 

and efficiency. 

Calculated energy of activation 

Table 5 represents the y- and x-axis variables computed to plot 

the activation energy graph in Figure 9, following the procedure 

showcased in Mahatale et al. (2019). In Table 5, k was observed 

to increase with temperature in agreement with Aisabor et al. 

(2016), but at n = 1 and n = 2. This phenomenon is in accordance 

with the Arrhenius equation, which describes the temperature 

dependence of reaction rates. This is due to the exponential term 

in the equation, which becomes larger with higher temperatures. 

As a result, the overall rate constant increases, indicating that the 

reaction proceeds at a faster rate at higher temperatures. 

An increase in "k" with temperature (at n = 1 and n =2) can also 

be attributed to several factors. As the temperature rises, more 

molecules possess the necessary energy to overcome the 

activation energy barrier, leading to an increased frequency of 

successful collisions, and consequently a higher reaction rate. In 

another words, higher temperatures correspond to greater 

molecular kinetic energy, resulting in more frequent and 

energetic collisions between reactant molecules, which promotes 

the formation of product molecules. In this case k1 and k2 values 

at 65 °C, are greater than those at lower temperature, except for 

n = 3 where k3 decreases to 1 · 10-7 units. For the First-Order 

reaction (Figure 9a), the plot demonstrates a strong linear 

relationship with an R2 value of 0.9958, just like in Javed et al. 

(2022) and Hazrat et al. (2023). This high R2 value suggests that 

the First-Order kinetic model accurately represents the reaction 

mechanism, making it a suitable choice for describing the 

temperature dependence of the reaction rate. The calculated Ea 

for this order is 26.3055 kJ/mol. 

In contrast, the second-order reaction (Figure 9b) shows a lower 

R2 value of 0.7660, indicating a poorer fit to the experimental 

data compared to the First-Order model. This lower R2 suggests 

that the second-order kinetic model does not capture the reaction 

dynamics as effectively. Using R = 8.314 kJ/(mol · K), and 

where the slope of Figure 9b is -0.5723, the activation energy is 

simply Ea = 0.5723 · 8.314 = 4.758102 kJ/mol, which is 

significantly lower. The third-order reaction plot (Figure 9c) has 

the lowest R2 value of 0.7337, indicating the weakest fit among 

the three models. This suggests that the third-order kinetic model 

is the least appropriate for describing the reaction's temperature 

dependence.  

  

https://www.teiee.net/


 
 

 

Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/) 
journal homepage: https://www.teiee.net/ 19 

Table 5. Kinetic data for Arrhenius parameters determination 

T, °С T, K 
1

T
, K-1 

1

T
· 10−3, K-1 k1  ln k1  ln

k1

T
  

n = 1       

45 318 0.003145 3.145 0.0005 -7.6009 -13.363 

55 328 0.003049 3.049 0.0007 -7.26443 -13.0574 

65 338 0.002959 2.959 0.0009 -7.01312 -12.8362 

n = 2       

45 318 0.003145 3.145 9 · 10-6 -11.6183 -17.3803 

55 328 0.003049 3.049 1 · 10-5 -11.5129 -17.3059 

65 338 0.002959 2.959 1 · 10-5 -11.5129 -17.336 

n = 3       

45 318 0.003145 3.145 1.5 · 10-7 -15.7126 -21.4747 

55 328 0.003049 3.049 1.5 · 10-7 -15.7126 -21.5056 

65 338 0.002959 2.959 1 · 10-7 -16.1181 -21.9411 

 

 

 

 

Figure 9. Arrhenius plot based on assumed reaction order 

It is observed that Ea for the third-order reaction is negative, at 

-17.9225 kJ/mol (Table 6), which is physically implausible 

and further suggests that this model does not accurately 

describe the reaction mechanism. Javed et al. (2022) reported an 

Ea value ranging from 10 – 88 kJ/mol for several precursors in 

their research, which only brackets the Ea obtained at n = 1 in 

this study; as well as 55.08 kJ/mol reported by Kefas et al. 

(2020), in a similar study using palm fatty acid distillate (PFA). 

In close agreement with the present study (n = 1 in Table 6), 

Emeji et al. (2015) obtained an Ea = 23.44 kJ/mol when hexane 

was used as co-solvent. 

Table 6. Activation energy and pre-exponential factors 

Order Parameter Value 

n = 1 Ea, kJ/mol 26.3055 

 k0, min-1 10.59624 

 R2 0.9958 

n = 2 Ea, kJ/mol 4.758102 

 k0, L/(mol · min) 5.535  ·10-5 

 R2 0.7660 

n = 3 Ea, kJ/mol -17.92249 

 k0, L2/(mol2 · min) 1.834 · 10-10 

 R2 0.7337 

Based on the data provided, the pre-exponential factors k0 for 

reaction orders n =1, n = 2 and n = 3 are 10.59624 min-1, 

5.535 · 10-5 L/(mol · min) and 1.834 · 10-10 L2/(mol2 · min), 

respectively. These values decrease as the reaction order 

increases, indicating a lower frequency of effective collisions in 

higher-order reactions. The n = 1 model exhibits the highest 

efficiency with the highest k0 and a very high R2 value of 

0.9958, suggesting it provides the best fit to the experimental 

data. In contrast, the n = 2 and n = 3 models have lower k0 values 

and lower R2 values (0.7660 and 0.7337, respectively), 

indicating potentially slower reaction rates and less accurate 

representation of the data compared to the n = 1 model. 

Therefore, for describing the kinetics observed in the data set, 

the n = 1 model stands out as the most efficient and accurate 

choice. 

Enthalpy, entropy and Gibbs free energy 

The aforementioned thermodynamic parameters were determined 

using Equations 7 – 9 utilizing the axis values in Table 5. From 

Figure 10, ∆H and ∆S was determined from the slopes and 

intercept of the straight-line equation (or linearized Equation 8), 

respectively. 
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Figure 10. Graphical determination of enthalpy and entropy 

energies 

By substituting all constant values in the intercept part of 

Equation 8, ∆H and ∆S can be computed using Equations 10 

and 11. 

∆H = −(8.314 · Slope),                (10) 

∆S = R(Intercept − 23.76).                (11) 

As shown in Table 7, ∆H and ∆S for n = 1 and n = 2 have the 

same sign, but ∆H is negative for n = 3, implying a somewhat 

closer agreement when the order of reaction is 1 and 2. The 

positive ∆H at n = 1 and n = 2 imply an endothermic process 

while the negative ∆H at n = 3 implied an exothermic 

reaction. On the other hand, ∆S negativity points to an 

associative mechanism that is reversible (Noreen et al., 

2021). In comparison with the fit in Figure 10, the First-

Order energy terms in Table 7 seemed to align best with the 

empirical data. Only 36.8% goodness of fit was obtained at 

n = 2, which is significantly low. Even though the R2 at 

n = 3 is higher than this value, it totally deviates from the true 

assumption. 

Table 7. Energy change computed under different order 

of reaction 

Order Parameter Value 

n = 1 ∆H, kJ/mol 23568.53 

 ∆S, kJ/(mol · K) -234.434 

 ∆G at 318K, kJ/mol 98118.54 

 ∆G at 328K, kJ/mol 100462.9 

 ∆G at 338K, kJ/mol 102807.224 

 R2 0.9945 

n = 2 ∆H, kJ/mol 2029.115 

 ∆S, kJ/(mol · K) -335.52 

 ∆G at 318K, kJ/mol 108724.4 

 ∆G at 328K, kJ/mol 112079.6 

 ∆G at 338K, kJ/mol 115434.802 

 R2 0.3682 

n = 3 ∆H, kJ/mol -20651.98 

 ∆S, kJ/(mol · K) -440.459 

 ∆G at 318K, kJ/mol 119414 

 ∆G at 328K, kJ/mol 123818.6 

 ∆G at 338K, kJ/mol 128223.197 

 R2 0.7853 

Thus, the First-Order model best describe the esterification of 

PA with CH3OH to FAME. But then, ∆G is calculated for 45 ℃ 

(318K), 55 ℃ (328K) and 65 ℃ (338K) from Equation 9 and 

their relationship at the specified order of reaction is illustrated 

via Figure 11. In agreement with Suleiman et al. (2023), the fact 

that ∆G "s" is positive, makes the synthesis of biodiesel from 

DPS catalyst a non-spontaneous process. 

 

Figure 11. Effect of temperature variation with enthalpy change 

It is observed that ∆G values for n = 1 are significantly lower 

than those for higher orders, as evidenced in Figure 11, which 

might suggest more realistic and feasible reaction parameters. 

CONCLUSION  

This research has advanced the understanding of the kinetics and 

thermodynamics involved in biodiesel production using an 

innovative carbonized doum-shell catalyst. The research 

demonstrated the potential of DPS as a sustainable and efficient 

catalyst for biodiesel synthesis, addressing both environmental 

and economic concerns associated with conventional catalysts. 

First-Order kinetic model was determined to be the most 

appropriate for describing the esterification process, with ∆H of 

23,568.53 kJ/mol, ∆S of -234.434 kJ/(mol · K), and ∆G of 

98,118.54 kJ/mol at 45 ℃, 100,462.9 kJ/mol at 55 ℃, and 

102,807.224 kJ/mol at 65 ℃. The best temperature for the 
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reaction was identified at 328 K, corresponding to an Ea of 

26.31 kJ/mol and k0 = 10.596 min⁻¹, which then points to a 

non-spontaneous and endothermic reaction. These values 

were corroborated by a high R² value of 0.9844, 0.9958 and 

0.9945 from n = 1 rate model, Arrhenius equation and Eyring-

Polanyi model, respectively, suggesting the reliability and 

accuracy of the model. FTIR analysis confirmed the successful 

conversion of feedstock to biodiesel, showing characteristic 

peaks that correspond to ester functional groups. The findings 

advocate for the scalability of this approach, potentially 

transforming biodiesel production in regions abundant with 

doum palm resources, thereby promoting sustainable energy 

solutions. Limitations leading to deviations from the second and 

third order rate models should be studied and addressed. 
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