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Abstract: For efficient biodiesel production, an acid-activated clay (AC) modified by calcium hy-
droxide and sodium hydroxide (CaNa/AC) was prepared as a catalyst. CaNa/AC and Na/AC
were characterized by Hammett indicators, CO2-TPD, FT-IR, XRD, and N2 adsorption techniques.
The influence of catalyst dose, reaction temperature, methanol/oil molar ratio, and reaction time on
the transesterification of Jatropha oil was studied. Due to the introduction of calcium, CaNa/AC
displayed a higher activity and stability, thereby achieving an oil conversion of 97% under the opti-
mal reaction conditions and maintaining over 80% activity after five successive reuses. The reaction
was accelerated as the temperature rose, and the apparent activation energy of CaNa/AC was
75.6 kJ·mol−1. The enhanced biodiesel production by CaNa/AC was ascribed to the increase in
active sites and higher basic strength. This study presents a facile and practical method for producing
biodiesel on large-scale operation.

Keywords: biodiesel; Jatropha oil; transesterification; modified clay; heterogeneous catalyst

1. Introduction

Biodiesel, which contains fatty acid alkyl esters and generally exists in the form of
fatty acid methyl esters (FAME), is an attractive alternative fuel due to its superior proper-
ties including biodegradability, renewability, and low toxicity. Biodiesel production and
consumption have rapidly expanded in recent years because of its positive environmen-
tal effects [1,2]. The most common method for obtaining biodiesel is the methanolysis
of highly refined oil in the presence of homogeneous alkaline catalysts such as NaOH,
KOH, CH3ONa, and CH3OK [3,4]. These homogeneous-basic catalysts, on the other hand,
cannot be recovered or regenerated after the reaction and should be neutralized with acid
or removed with a substantial volume of hot water, raising overall biodiesel production
costs and causing significant environmental damage. Compared with homogeneous-based
catalysts, heterogeneous-based catalysts are easier to be separated from liquid products,
have improved selectivity, and can be regenerated and reused, thus decreasing the chal-
lenges associated with their disposal and minimizing process costs [5]. In certain cases,
heterogeneous catalysis allows for a switch in reactivity, enabling the development of new
and more beneficial synthetic methods [6]. Therefore, it is imperative to develop promising
methods for biodiesel production utilizing heterogeneous base catalysts.
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Salts or hydroxides of alkali metals (as active precursors) are generally more active
than acids in transesterification [7], and frequently imported into suitable support materials
such as zirconium dioxide [8], magnesia [9,10], silica [11], and zeolites [12,13] for the prepa-
ration of heterogeneous base catalysts. However, these catalysts require costly supports or
high-temperature thermal treatments, which incur higher catalyst production costs and
offset the economic and environmental advantages of biodiesel production. Therefore,
the application of these heterogeneous-based catalysts in realistic large-scale biodiesel
production is still limited. Fortunately, clay-based or modified clay-based catalysts have
attracted the attention of researchers looking for low-cost raw materials. Some clay cata-
lysts such as NaOH-activation kaolin clay [14], KOH-treated bentonite, and KF-modified
smectite clay [15] have been reported for biodiesel production on the laboratory scale via
the transesterification of vegetable oil in excess methanol. However, they also have some
inherent shortcomings such as the requirement of high-temperature thermal treatment
and the use of the toxic precursor (KF). Based on the above discussions, sufficient research
focused on the preparation of an efficient and affordable catalyst for biodiesel production
is very necessary.

Herein, we report the synthesis of an economical and eco-friendly acid-activated clay
(AC) catalyst by treating the local clay with a waste acid recycling method, and the as-
prepared AC catalyst was further applied in biodiesel production under ambient reaction
conditions. This can effectively and ingeniously maximize the resource utilization of waste
and low-cost clay. Due to the main component of natural clay being montmorillonite and
quartz contained in local clay, AC possessed the characteristics of acid-activated montmoril-
lonite, such as high specific surface area, surface acidity, and mesoporous structure [16–18].
Therefore, AC has been widely reported in various catalytic reactions [19–21] and as a
catalyst support [22,23]. Notably, the information about solid base catalysts derived from
AC in the production of biodiesel is scarce.

In this study, AC was successively modified by calcium hydroxide and sodium hy-
droxide to prepare a novel Ca- and Na-modified AC-based clay (CaNa/AC) catalyst and
then applied in biodiesel production from Jatropha oil. Na-modified AC (Na/AC) as the
reference catalysts was also prepared for comparison. The as-prepared catalysts were char-
acterized by a series of characterizations including Hammett indicators, CO2-temperature
program desorption (CO2-TPD), Fourier transform infrared (FT-IR) spectroscopy, X-ray
diffraction (XRD), and N2 adsorption techniques. Furthermore, the reaction conditions of
the transesterification on CaNa/AC were optimized and the reusability of catalysts was
investigated. Additionally, a plausible reaction mechanism for biodiesel production was
elaborated in detail on the basis of characterization results.

2. Materials and Methods
2.1. Materials and Reagents

Bentonite was collected from Guangxi Province, China. AC was produced by acid-
ifying bentonite with waste sulfuric acid. The total amount of acid centers obtained by
acidifying bentonite and the number of Brønsted and Lewis acid sites would be influenced
by the type of acid chosen for the acidification process, the concentration of the acid, and
other process conditions [24], and the activation method for AC was referenced to a pre-
vious study [25]. The acidity of samples was calculated by a Nicolet 6700 FT-IR model,
Thermo Scientific, and standard acid-base titration, and the result was 1.56 mmol·g−1 [26].

Jatropha oil was purchased from Jiangsu Province, China. The acid value (AV)
and saponification value (SV) of the refined Jatropha oil were 0.23 mg KOH·g−1 and
188.4 mg KOH·g−1, as calculated following the Chinese national standard GB/T 5530-2005
and 5534-2008, respectively. The main fatty acids of the Jatropha oil were identified and
quantified as follows: palmitic acid (C16:0), 14.9%; oleic acid (C18:2), 40.9%; linoleic acid
(C18:1), 38.1%; and stearic acid (C18:0), 6.1%. CaO and NaOH were of analytical grade and
obtained commercially.
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2.2. Preparation of Catalysts

AC was prepared by a traditional wet method. An amount of 50 g bentonite was taken
in a beaker, mixed with 175 mL of H2SO4, and heated at 363 K for 4 h in a water bath with
a magnetic stirrer. The concentration of H2SO4 solution was varied between 16% and 24%
by mass. After acid treatment, each sample was filtered under vacuum and the precipitate
was washed with distilled water until the pH of the filtrate was above 5.0. Then, AC was
dried at 378 K for 4 h, ground to a powder, and stored in the desiccator.

The steps for the modification of AC with calcium hydroxide were as follows: Under
200 r·min−1 stirring, 100 g of AC was suspended in 300 mL of deionized water and heated
to 343 K, and calcium hydroxide emulsion was slowly added. The acidity of the system
was measured using a precision pH meter, and the monolayer loading of AC with calcium
hydroxide was completed at 0.3 mol contents of calcium hydroxide. The amount of calcium
hydroxide needed for AC modification was calculated to be 16.8 g of CaO per 100 g of AC.

AC was first modified with calcium hydroxide with the goal of sheltering the acid
center of AC and avoiding excessive corrosion of the montmorillonite flake layer by the
subsequent loading of sodium hydroxide. Details of the preparation are as follows: 100 g of
AC was evenly dispersed in 300 mL of deionized water at 343 K under continuous stirring.
Then, Ca(OH)2 emulsion (the mixture of 16.8 g of CaO and 20 mL of deionized water) was
added into the mixture slowly. After continuously stirring for 1 h, an 80 mL NaOH solution
(11.3 mol/L) was dropwise added into the above suspension. Then, the slurry was stirred
for 2 h at 343 K followed by filtering it. The obtained filtrate was reserved for later use
in the regeneration of the catalysts. The filter cake was dried at 473 K for 2 h, crushed
into power, and screened through a 200-mesh sieve. The powder (CaNa/AC) was kept in
an inert environment. Furthermore, according to the above method, Ca/AC and Na/AC
composites were prepared via AC modified by Ca(OH)2 and NaOH, respectively, which
served as reference materials.

2.3. Characterizations

The base strengths (H_) of the samples were determined using Hammett indica-
tors, including bromothymol blue (H_ = 7.2), phenolphthalein (H_ = 9.8), indigo carmine
(H_ = 12.2), 2,4-dinitroaniline (H_ = 15.0), and 4-nitroaniline (H_ = 18.4) [27]. The basicity
of the catalysts was measured by Hammett indicators in triplicate readings, and the average
values were reported along with the standard deviation [28].

The properties of the samples were determined by CO2-TPD. Prior to CO2 adsorption,
50 mg of Ca/AC and Na/AC was pretreated under a He flow (20 mL·min−1) at 473 K for
30 min. Then, after cooling down to 373 K, CO2 was pumped into the sample for 90 min. Af-
ter that, physically adsorbed CO2 was removed by He flow purging (30 mL·min−1) at 373 K
for 2 h. Ca/AC and Na/AC were then heated to 1173 K with a ramp of 283 K·min−1. More-
over, the content of desorbed CO2 was detected by a gas chromatograph (GC) equipped
with a thermal conductivity detector (TCD).

The FT-IR study was performed on a Perkin-Elmer Spectrum GX system with a
standard mid-IR DTGS detector in the wavenumber range of 400–4000 cm−1. XRD patterns
were collected on a D/max 2500 V X-ray diffractometer (Japan), and the crystalline phases
of samples were identified by referencing the JCPDS card library. The specific surface areas
(SSA) and pore size distributions of the samples were determined using a Quantachrome
NOVA 1200e piece of volumetric gas adsorption equipment (USA). The samples were
degassed for 2 h under vacuum at 473 K before being tested at 77 K with nitrogen as an
adsorbate. The Brunauer–Emmett–Teller (BET) model was adopted to compute SSA, and
the Barrett–Joyner–Halenda (BJH) model was used to determine the pore size distribution
and pore volume.

2.4. Catalytic Activity Test and Optimization of Transesterification Conditions

In the transesterification process, the performance of the produced catalysts was
evaluated. The reactions were carried out at 338 K for 3 h with a 5 wt.% catalyst amount
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and a methanol/oil molar ratio of 10:1. The transesterification processes were carried
out in a three-neck reaction flask with a magnetic stirrer and a water-cooled condenser.
The flask was charged with 100 g of Jatropha oil and then heated in the water bath to
the desired temperature. Then, methanol and catalyst were added to the oil, and the
reaction mixture was agitated at 600 rpm. Centrifugation was used to separate the biodiesel
phase from the catalyst and glycerol after the end of the transesterification process. Finally,
rotary evaporation was used to eliminate any residual methanol in the biodiesel phase. To
determine the FAME content of the product, the obtained biodiesel product was analyzed
on an Agilent 7820 GC by using an internal standard method. The previously mentioned
techniques were used to determine the conversion of oil to biodiesel [29]. The content in
FAME of the biodiesel sample was determined using gas chromatography (GC, Agilent
7820, FID) following the European regulated procedure EN14103. In the work, biodiesel
samples were analyzed by GC to determine the FAME content of the product. The GC was
equipped with an HP-1 capillary with dimensions of 30 m × 0.32 nm × 0.25 µm. Sample
volumes were 1.0 µL, the carrier gas was nitrogen, and the GC sample was separated in a
constant flow mode with a flow rate of 4.0 mL·min−1. A split injector was used with a split
ratio of 40 and a temperature of 553 K. The oven temperature was initially held at 423 K,
then elevated to 473 K at a rate of 293 K·min−1 and further elevated to 503 K at a rate of
274.8 K·min−1, held for 1 min, and finally raised to 533 K at a rate of 283 K·min−1. The total
run time was 26 min. The internal standard was methyl tridecanoate. To investigate the
optimum conditions for the transesterification of Jatropha oil, CaNa/AC was applied to
conduct a series of transesterification reactions using various catalyst amounts (1–5 wt.%)
and temperatures (323–343 K) at different methanol/oil molar ratios (6:1–14:1) and times
(1–5 h). Each transesterification reaction was performed in triplicate, and the average values
were reported.

2.5. Kinetics Experiment

For kinetics studies, the transesterification reactions described above were performed
using CaNa/AC at 323, 328, 333, and 338 K, respectively. During the reactions, 1 mL
samples were collected at 10, 20, 30, 60, 90, 120, 180, 240, 300, and 360 min time intervals,
and then analyzed by GC to determine the conversion efficiency.

2.6. Catalyst Recycling

For recycling performance evaluation, at the end of the transesterification reaction,
the catalyst was filtered from the reaction mixture and washed 2–3 times with 10 mL of
n-hexane. The deactivated catalyst was regenerated by treating in the filtrate reserved from
the preparation process of catalyst for 2 h, filtered, and dried at 473 K. The regenerated
catalyst was applied for the next run under identical reaction conditions.

3. Results
3.1. Base Strength and Basicity

The results of the base strength and basicity of AC, Ca/AC, Na/AC, and CaNa/AC are
shown in Table 1, which suggested that AC was not basic. However, Ca/AC was alkalescent
with the basic strength of H_ = 7.2~9.8, indicating that Ca(OH)2 neutralized most of the
acid sites in AC and replaced them with conjugated basic sites during the modification
process. Ca/AC exhibited inferior catalytic activity in the transesterification reaction due to
its weak H_ [30,31]. Compared with Ca/AC, CaNa/AC presented a higher basic strength
and basicity, which indicated that the amount of stronger basic sites increased with the
introduction of Na, thereby resulting in an improvement in catalytic activity. Moreover,
the oil conversion of Na/AC (58.6%) was larger than that of Ca/AC, which is due to the
fact that the introduction of NaOH increased the basicity, which contributed to the higher
oil conversion. The synergistic effect of both sodium and calcium attributed to the highest
base strength of CaNa/AC.
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Table 1. Basic strength, basicity, and catalytic activity of AC, Ca/AC, Na/AC, and CaNa/AC.

Sample Basic Strength (H_) Basicity (mmol of HCl·g−1) Conversion (%)

AC H_ < 7.2 - -
Ca/AC 7.2 < H_ < 9.8 1.4 7.3
Na/AC 12.2 < H_ < 15.0 3.3 58.6

CaNa/AC 15.0 < H_ < 18.4 5.0 81.3
CaNa/AC at 5 wt.% catalyst amount, methanol/oil molar ratio of 10:1, and 338 K for 3 h with 600 rpm.

3.2. CO2-TPD Analysis

In order to further verify the effect of Na on the basicity of CaNa/AC, the CO2-TPD
of Ca/AC and CaNa/AC was performed, and the corresponding results are shown in
Figure 1a. Four CO2 desorption peaks were observed in the spectrum of Ca/AC where the
two peaks at 503 K and 853 K could be attributed to the weak basic sites and moderate basic
sites, respectively; while the other two low-intensity peaks with intensity maxima at 941 K
and 998 K, respectively, corresponded to strong basic sites [32]. For Na/AC, the desorption
peak (954–990 K) could be attributed to the moderate basic sites, and for CaNa/AC, the
desorption peaks shifted to a higher temperature. Moreover, the intensity of the peaks
of strong basic sites (923–1053 K) was substantially higher than that of Ca/AC, which
indicated that the incorporation of Na ions increased the basicity of the material and the
number of strong basic sites, resulting in enhanced catalytic activity.
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Figure 1. (a) CO2-TPD profiles of Ca/AC, Na/AC, and CaNa/AC; (b) FT-IR spectra of AC, CA/AC,
Na/AC, and CaNa/AC.

3.3. FT-IR Analysis

FT-IR spectroscopy is effectively applied to study the chemical composition of materi-
als in terms of functional group characterization [33,34]. All FT-IR results of samples are
displayed in Figure 1b. In the spectrum of Ca/AC, the band at 3730 cm−1 (Si–OH) was
almost absent due to the fact that Brønsted acid sites of AC were neutralized by Ca(OH)2.
Furthermore, in the spectra of the three modified samples, new peaks attributable to M–OH
(M = Ca, Na) appeared at 1500–1400 cm−1, which could be ascribed to the intense interac-
tions of water molecules with the cations [35]. CaNa/AC and Na/AC bands at 1040 cm−1

(Si–O–Si) shifted to a lower frequency (red-shifted), indicating the generation of stronger
basic sites in the samples, which is conducive to enhancing the catalytic activity [36]. How-
ever, due to the intense base solution erosion, the absence of the two peaks at 3730 cm−1

and 3640 cm−1 and the significant decrease in the intensity of the peak at 1040 cm−1 in the
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spectrum of Na/AC suggested the obvious degradation of the mineral structure [37,38]. In
addition, the characteristic montmorillonite bands at 1040 cm−1 and 3640 cm−1 suggested
that the montmorillonite structure of CaNa/AC was more intact than that of Na/AC be-
cause of the addition of Ca, which is beneficial for enhancing the recycling performance of
the catalyst.

3.4. XRD Analysis

The XRD patterns of as-prepared AC, Ca/AC, Na/AC, and CaNa/AC are shown in
Figure 2a to clarify the crystallinity and crystal phase of the samples [39,40]. The reflection
within the diffraction peaks of AC corresponded to the typical phases of montmorillonite
and quartz [41]. In comparison to AC diffraction peaks, two peaks at 27.9◦ and 29.5◦ of the
Ca/AC pattern could correspond to anorthite and montmorillonite, respectively [42,43].
The formation of these two peaks was attributed to the interaction between Ca(OH)2 and
AC acid sites, which indicated the successful introduction of calcium ions into the AC
framework, the decrease in acid sites, and the production of weakly basic sites in the clay
platelets. For Na/AC, the quartz characteristic peaks were mostly intact. On the contrary,
the intensity of its montmorillonite peaks significantly decreased, especially at 2θ = 5.8◦

and 19.7◦, which suggested that NaOH directly reacted with the montmorillonite phase
due to the surface acidity of AC, destroying its crystallinity. This was consistent with the
FT-IR result for Na/AC, which showed a dramatic drop in the band at 1040 cm−1. In the
XRD pattern of CaNa/AC, the intensity of the characteristic peaks belonging to quartz
decreased, while the major peaks corresponding to montmorillonite remained relatively
high in intensity, which indicated that CaNa/AC still retained the montmorillonite mineral
structure. Therefore, it could be deduced that the addition of Ca contributed to reinforcing
the stability of the catalyst, which is beneficial for reuse in biodiesel production. In addition,
the 001 plane (the characteristic reflection) shifted to the larger angles in CaNa/AC and
Na/AC catalysts, indicating a decrease in montmorillonite interlamellar distance caused by
the introduction of sodium cations with reduced hydration energy. Furthermore, several
new peaks of sodium compounds were generated in the XRD pattern of CaNa/AC. The
characteristic peaks of sodium species with low intensity could be covered by the montmo-
rillonite peaks. However, there were no new peaks in Na/AC, suggesting that the sodium
ions were only adsorbed on the surface, which exerted a negative impact on the activity
and stability of Na/AC.
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3.5. BET Analysis

The BET surface areas, average pore diameter, and total pore volume of different sam-
ples were obtained by utilizing the nitrogen adsorption/desorption isotherms (Figure 2b),
and the corresponding results are summarized in Table 2. The average pore diameter of
these samples was distributed in the range of 2–50 nm, suggesting their mesoporous nature
according to the IUPAC classification [44]. The surface area of Ca/AC was smaller than
that of AC, which indicated that the surface and pores of AC were partially covered after
the modification [45]. There were obvious decreases in the surface area and porosity of
CaNa/AC as compared to those of Ca/AC. However, this does not detrimentally affect
the catalyst performance in the transesterification, as the introduction of sodium generates
strong basic sites on the surface of CaNa/AC [46]. The activity of a solid alkali catalyst
could be influenced not only by its surface structural properties but also by its alkali
strength and amount of alkali, with the latter frequently having a larger effect [29]. The SSA,
pore volume, and pore size of Na/AC were all smaller than those of the catalyst sample
CaNa/AC, particularly the pore volume, because when NaOH was loaded directly onto
AC, the strong base NaOH severely corroded the montmorillonite lamellae in AC, forming
a denser structure that reduced the pore size and caused the material’s pore volume to drop
dramatically. This also verifies the conclusions of XRD and FT-IR analyses.

Table 2. Surface area, total pore volume, and average pore diameter of AC, Ca/AC, Na/AC,
and CaNa/AC.

Sample Surface Area
(m2·g−1)

Total Pore Volume
(cm3·g−1)

Average Pore
Diameter (nm)

AC 138 0.27 6
Ca/AC 110 0.28 11
Na/AC 13 0.02 2

CaNa/AC 15 0.07 29

3.6. Influence of Reaction Conditions on the Transesterification

CaNa/AC was applied to investigate the optimum conditions for the transesterifica-
tion of Jatropha oil. The initial conditions were set as: 10:1 methanol-to-oil molar ratio,
338 K reaction temperature, 3 h reaction duration, and 600 rpm stirring speed. As shown in
Figure 3a, the conversion increased from 27% to 80% when the catalyst amount increased
from 1.0 to 3.0 wt.%, which was attributed to the availability of more basic sites by a larger
amount of catalyst, as well as an increase in the frequency of interaction between the
reactants and catalyst. However, no significant changes to the conversion were observed
when the catalyst amount was increased from 3.0 to 5.0 wt.%. As a result, the optimal
3.0 wt.% catalyst amount was selected for the next experiments.

Normally, the alkali-catalyzed transesterification of oil occurs at the boiling point of
alcohol present in the reaction mixture [47–49]. In order to assess the influence of reaction
temperature on the conversion, the transesterification was performed at 323, 328, 333, 338,
and 343 K while other conditions were kept constant. As shown in Figure 3b, the conversion
increased with increasing temperature from 323 to 338 K, and the maximum efficiency
reached 80% at 338 K. As more energy was given for the reaction to proceed, a greater
reaction temperature might reduce the viscosities of oils and raise the reaction rate [50,51].
Thus, the conversion could be improved with increasing reaction temperature. However,
the conversion slightly decreased when the temperature was beyond 338 K, which could
be due to the fact that the boiling point of methanol is 337.7 K at atmospheric pressure. In
general, a very high reaction temperature accelerates the loss of methanol by vaporization,
which consequently led to decreased conversion.
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Moreover, the stability of the catalyst at different transesterification temperatures
was investigated by analyzing the basicity of the used catalyst in the temperature ranges.
In the reaction temperature range of 323–338 K, there was a slight loss in the basicity of
the used catalyst compared to that of the fresh sample, as shown in Figure 4. However,
the basicity loss was up to 30% at 343 K, indicating the formation of a homogenous
catalyst [52]. Furthermore, the gas bubbles were observed to continually appear and burst
on the surface of the catalyst in the reaction when the temperature was 343 K, Therefore, it
could be deduced that this perturbing activity induced the dissociation of active sites from
CaNa/AC. These results indicated that the optimal temperature for transesterification was
343 K (within the range of this study).

Excess methanol is required to push the reaction toward the formation of FAME [53].
The methanol/oil molar ratio is commonly 6 for transesterification using a homogeneous
base catalyst [54]. The reaction was performed with methanol/oil molar ratios ranging
from 6:1 to 14:1 to investigate the effect of the methanol/oil ratio on the transesterifica-
tion by CaNa/AC. The results in Figure 3c suggested that the conversion rate increased
considerably with the increase in methanol/oil molar ratio, and the efficiency reached
88% at a 12:1 methanol/oil molar ratio. However, raising the methanol/oil molar ratio
beyond 12:1 did not result in a significant promotion of the reaction rate. In conclusion, a
methanol/oil molar ratio of 12:1 was deemed optimal.
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The dependence of biodiesel formation on the reaction time range of 1 to 5 h is shown
in Figure 3d, which indicated that the conversion increased significantly with increasing
reaction time until 4 h, and a 97% yield was observed. Further increasing the reaction time
did not affect the conversion, indicating the complete conversion. Therefore, the optimum
reaction time of 4 h was selected for further studies.

3.7. Kinetic Analysis

Figure 5 shows Jatropha oil conversion variation with time at different temperatures
in a methanol/oil mole ratio of 12:1, using 3 wt.% CaNa/AC to oil. The excess amount
of methanol is generally used in order to increase the rate of the reaction and displace
the equilibrium toward the products. Under this condition, researchers often ignored
the intermediate reactions or assumed that the transformation of intermediates occurs
rapidly [55]. As a result, most kinetic investigations of vegetable oil methanolysis and
ethanolysis have been focused on the entire process [56]. Therefore, the reaction rate
expression of the transesterification of Jatropha oil and methanol can be written in as
Equation (1):

r = −dCA/dt = kCα
ACβ

B (1)

where k is the rate constant; CA and CB represent the concentration of Jatropha oil and
methanol, respectively. α and β are the orders of reactants. The kinetic model is based on
the overall reaction, and CA can be calculated by taking x as the Jatropha oil conversion
and CA as the initial concentration of Jatropha oil. Due to a significant surplus of methanol
in the reaction mixture, the concentration of methanol in transesterification can be safely
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considered as constant. Thus, the reaction order of methanol is zero order. Therefore,
Equation (1) can be simplified as Equation (2):

r = −dCA/dt = kCn
A (2)
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In order to determine the overall reaction orders n, Equation (2) can be expressed as
Equation (3):

lgr = lg(−dCA/dt) = lgk + nlgCA (3)

Thus, n and k are obtained through plotting lg(−dCA/dt) vs. lgCA.
Meanwhile, the Arrhenius equation can be used to compute the reaction’s activation

energy as Equation (4):

lgk = − Ea

2.303RT
+ A (4)

where Ea is the activation energy, R is the gas constant, T is the absolute temperature, and
A is a constant.

In Figure 6a, the plots of lg(−dCA/dt) vs. lgCA were acceptably represented by
straight lines having slopes of close to 1 at the three temperatures, which indicated that the
transesterification for Jatropha oil and methanol was approximately a first-order reaction
in the temperature range of 323–338 K. The fitting results shown in Table 3 are consistent
with the previous report [57]. The calculated rate constants were calculated as 0.012, 0.0076,
0.0053, and 0.0034 min−1 at 323, 328, 333, and 338 K, respectively. These results indicated
that higher temperatures sped up the reaction and shortened the reaction time in order
to obtain the highest product yield, implying that reaction temperature was an important
component in the transesterification and total product yield.

It has been reported that the activation energies of base-catalyzed heterogeneous trans-
esterification reactions were in the range of 38~83 kJ·mol−1 [58]. The apparent activation
energy was 75.6 kJ·mol−1, which was closed to the activation energies (73.7 kJ·mol−1) for
the transesterification of soybean oil catalyzed by CaO [59], as determined from the slope
of the plot in Figure 6b.
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Table 3. The fitting results of lg(−dCA/dt) vs. lgCA.

Temperature (K) Slope Intercept R2

323 0.961 −2.47 0.970
328 0.988 −2.26 0.989
333 0.985 −2.12 0.979
338 0.980 −1.91 0.982

3.8. Reusability of Catalyst

Reusability is an important criterion for a catalytic process affecting the process cost
and economics [60,61]. Hence, the reusability of the catalysts was evaluated under identical
reaction conditions. As shown in Figure 7, the oil conversion still remained above 80%
after the fifth successive reuse of CaNa/AC. On the contrary, the oil conversion by Na/AC
dramatically declined to 30% under the same conditions. The stability of a heterogeneous-
based catalyst is critical because the bases leached during the transesterification reaction had
a detrimental influence on the subsequent treatment of biodiesel substrates. The basicity
loss of the catalyst was calculated by the basicity of the catalyst before and after the reaction.
The results showed that the basicity losses were 30% and 6% for Na/AC and CaNa/AC,
respectively, after the first transesterification. Therefore, the leached base from Na/AC
could potentially act as a homogenous catalyst for transesterification, revealing a lack of
chemical stability in this catalyst. In the case of the regenerated CaNa/AC, the catalytic
activity decreased slightly compared to that of the fresh catalysts and still maintained an
oil conversion of 80% after four cycles. These findings indicated that the introduction of
calcium boosted the stability of the catalyst and enhanced its reusability, which is conducive
for practical applications on large-scale operation.
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4. Discussion

CaNa/AC was successfully tested in the manufacture of biodiesel by transesterifying
jatropha oil with methanol, and the kinetics parameters were determined by a differential.
The reaction kinetics fitting results corresponded to a pseudo-first-order kinetic model and
the rate constants at 323, 328, 333, and 338 K were 0.012, 0.0076, 0.0053, and 0.0033 min−1,
respectively, while the apparent activation energy was 75.6 kJ·mol−1. As CaNa/AC showed
high catalytic activity and economic properties, it could be deemed as a potential catalyst
for biodiesel production.

In comparison to other catalyst preparation procedures (Table 4), the present strategy
does not necessitate high-temperature roasting. CaNa/AC has an activity equivalent
to other heterogeneous catalysts and can catalyze transesterification to yield biodiesel
under extremely milder circumstances. In addition, alkaline bentonite catalysts were
relatively cheap, and the preparation process was facile only using AC, calcium hydroxide,
and sodium (or potassium) hydroxide without calcination. Hence, alkaline bentonite
catalysts possess great prospects and cost-effectiveness for practical applications in biodiesel
synthesis. Additionally, the further applications of this spent clay catalyst are currently
underway in our laboratory such as reducing the free fatty acid content in raw oil due to its
residual basicity, and then the waste clay derived from this deacidification could be used in
road construction as a filler in the production of asphalts. This work will help to promote
the practical application of this type of clay catalyst.
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Table 4. Comparison of capacities of heterogeneous catalysts for biodiesel production.

Catalyst Calcination
Conditions

Transesterification Conditions
Conversion

Rate (%)
ReferencesCatalyst

Amount
(wt.%)

Methanol/Oil
Molar Ratio

Temperature
(K)

Reaction
Time (h)

Na/SiO2/TiO2 773 K/5 h 9 20:1 343 2 97 [62]
KOH/Waste Ox bone 1173 K/3 h 5 12:1 338 4 97 [63]

LaTiO3 973 K/3 h 5 4:1 353 1 90 [64]
Treated carbon nitrides 943 K/3 h 5 24:1 423 3 96 [65]

Acai seed ash 1073 K/4 h 12 18:1 373 1 98 [66]
K+ trapped clay nanotubes 573 K/4 h 6 15:1 363 4 98 [67]

Copper modified
montmorillonite clay 773 K/4 h 4 15:1 423 5 89 [68]

Marble waste powder 1123 K/2 h 7 16:1 338 3 95 [69]
CaNa/AC 473 K/2 h 3 12:1 338 4 97 This study

5. Conclusions

In summary, CaNa/AC was fabricated by modifying AC with Ca(OH)2 and NaOH,
and was, in turn, applied in the transesterification of Jatropha oil and methanol for the
production of biodiesel. XRD, FT-IR, BET surface area, and CO2-TPD characterizations re-
vealed that Ca incorporation significantly enhanced the stability and recycling performance
of the catalyst, and protected the acid centers on AC. In addition, Na ions incorporation
mainly enhanced the base strength and basicity of the catalyst, resulting in higher biodiesel
productions and faster reaction kinetics. Consequently, CaNa/AC achieved a fascinatingly
higher oil conversion in the transesterification reaction (97%) under the optimal reaction
conditions (3 wt.% catalyst amount, reaction temperature of 338 K, methanol/oil molar
ratio of 12:1, and reaction time of 4 h). The conversion remained above 80% after five suc-
cessive reuses of CaNa/AC, confirming its ultra-high stability during the transesterification
reaction of Jatropha oil with methanol. Endorsing the high stability, cost-effectiveness, ease
of synthesis, and ultra-high efficiency, the novelty CaNa/AC could be envisioned as an
excellent catalyst for biodiesel generation on large-scale operation.
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58. Ziȩba, A.; Pacuła, A.; Drelinkiewicz, A. Transesterification of triglycerides with methanol catalyzed by heterogeneous zinc
hydroxy nitrate catalyst. Evaluation of variables affecting the activity and stability of catalyst. Energy Fuel. 2010, 24, 634–645.
[CrossRef]

59. Liu, X.; Piao, X.; Wang, Y.; Zhu, S. Model Study on Transesterification of Soybean Oil to Biodiesel with Methanol Using Solid Base
Catalyst. J. Phys. Chem. A 2010, 114, 3750–3755. [CrossRef]

60. Yaseen, M.; Ullah, S.; Ahmad, W.; Subhan, S.; Subhan, F. Fabrication of Zn and Mn loaded activated carbon derived from corn
cobs for the adsorptive desulfurization of model and real fuel oils. Fuels 2021, 284, 119102. [CrossRef]

61. Muhammad, Y.; Rashid, H.U.; Subhan, S.; Rahman, A.U.; Sahibzada, M.; Tong, Z. Boosting the hydrodesulfurization of
dibenzothiophene efficiency of Mn decorated (Co/Ni)-Mo/Al2O3 catalysts at mild temperature and pressure by coupling with
phosphonium based ionic liquids. Chem. Eng. J. 2019, 375, 121957. [CrossRef]

62. Khan, I.W.; Naeem, A.; Farooq, M.; Ghazi, Z.A.; Saeed, T.; Perveen, F.; Malik, T. Biodiesel production by valorizing waste
non-edible wild olive oil using heterogeneous base catalyst: Process optimization and cost estimation. Fuels 2022, 320, 123828.
[CrossRef]

63. Jayakumar, M.; Gebeyehu, K.B.; Selvakumar, K.V.; Parvathy, S.; Kim, W.; Karmegam, N. Waste Ox bone based heterogeneous
catalyst synthesis, characterization, utilization and reaction kinetics of biodiesel generation from Jatropha curcas oil. Chemosphere
2022, 288, 132534. [CrossRef] [PubMed]

64. Rezania, S.; Mahdinia, S.; Oryani, B.; Cho, J.; Kwon, E.E.; Bozorgian, A.; Rashidi Nodeh, H.; Darajeh, N.; Mehranzamir, K.
Biodiesel production from wild mustard (Sinapis Arvensis) seed oil using a novel heterogeneous catalyst of LaTiO3 nanoparticles.
Fuels 2022, 307, 121759. [CrossRef]

65. De Medeiros, T.V.; Macina, A.; Naccache, R. Graphitic carbon nitrides: Efficient heterogeneous catalysts for biodiesel production.
Nano Energy 2020, 78, 105306. [CrossRef]

66. Mares, E.K.L.; Gonçalves, M.A.; Da Luz, P.T.S.; Da Rocha Filho, G.N.; Zamian, J.R.; Da Conceição, L.R.V. Acai seed ash as a novel
basic heterogeneous catalyst for biodiesel synthesis: Optimization of the biodiesel production process. Fuels 2021, 299, 120887.
[CrossRef]

67. Abukhadra, M.R.; Mostafa, M.; El-Sherbeeny, A.M.; Ahmed Soliman, A.T.; Abd Elgawad, A.E.E. Effective transformation of waste
sunflower oil into biodiesel over novel K+ trapped clay nanotubes (K+/KNTs) as a heterogeneous catalyst; response surface
studies. Microporous Mesoporous Mater. 2020, 306, 110465. [CrossRef]

68. Munir, M.; Ahmad, M.; Rehan, M.; Saeed, M.; Lam, S.S.; Nizami, A.S.; Waseem, A.; Sultana, S.; Zafar, M. Production of high
quality biodiesel from novel non-edible Raphnus raphanistrum L. seed oil using copper modified montmorillonite clay catalyst.
Environ. Res. 2021, 193, 110398. [CrossRef]

69. Bargole, S.S.; Singh, P.K.; George, S.; Saharan, V.K. Valorisation of low fatty acid content waste cooking oil into biodiesel through
transesterification using a basic heterogeneous calcium-based catalyst. Biomass Bioenergy 2021, 146, 105984. [CrossRef]

http://doi.org/10.1016/j.biortech.2021.125054
http://doi.org/10.1016/j.jece.2020.104665
http://doi.org/10.1016/j.biombioe.2010.12.024
http://doi.org/10.1016/j.jclepro.2018.06.010
http://doi.org/10.1016/j.biortech.2011.11.010
http://doi.org/10.1016/j.apcatb.2008.09.022
http://doi.org/10.1021/ef900780q
http://doi.org/10.1021/jp9039379
http://doi.org/10.1016/j.fuel.2020.119102
http://doi.org/10.1016/j.cej.2019.121957
http://doi.org/10.1016/j.fuel.2022.123828
http://doi.org/10.1016/j.chemosphere.2021.132534
http://www.ncbi.nlm.nih.gov/pubmed/34648786
http://doi.org/10.1016/j.fuel.2021.121759
http://doi.org/10.1016/j.nanoen.2020.105306
http://doi.org/10.1016/j.fuel.2021.120887
http://doi.org/10.1016/j.micromeso.2020.110465
http://doi.org/10.1016/j.envres.2020.110398
http://doi.org/10.1016/j.biombioe.2021.105984

	Introduction 
	Materials and Methods 
	Materials and Reagents 
	Preparation of Catalysts 
	Characterizations 
	Catalytic Activity Test and Optimization of Transesterification Conditions 
	Kinetics Experiment 
	Catalyst Recycling 

	Results 
	Base Strength and Basicity 
	CO2-TPD Analysis 
	FT-IR Analysis 
	XRD Analysis 
	BET Analysis 
	Influence of Reaction Conditions on the Transesterification 
	Kinetic Analysis 
	Reusability of Catalyst 

	Discussion 
	Conclusions 
	References

