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Abstract: Egyptian kaolinite was applied in the synthesis of zeolite-A by conventional hydrothermal
and alkali fusion methods, resulting in two forms of zeolite-A: the hydrated phase (H.ZA) and the
dehydrated phase (DH.ZA). The DH.ZA phase exhibits an enhanced surface area (488 m2/g), total
basicity (7.73 mmol OH/g), high sodium content (20.2%), and a narrow particle size distribution
(5 to 25 µm) as compared to the H.ZA phase (423 m2/g surface area, 5.88 mmol OH/g total basic-
ity, 13.3% sodium content, and 10 to 45 µm particle size distribution). DH.ZA exhibits enhanced
catalytic activity, achieving a biodiesel yield of 96.8% after 60 min at 60 ◦C, while the application
of H.ZA resulted in a 95.8% yield after 120 min at 80 ◦C. The controlled transesterification mecha-
nism in the presence of H.ZA and DH.ZA involved robust base-catalyzed reactions. The reactions
follow the pseudo-first-order kinetics, and the rate constants (Kc) were determined at three different
temperature values (40, 50 and 60 ◦C). The activation energies using H.ZA (35.9 kJ·mol−1) and
DH.ZA (32.714 kJ·mol−1) demonstrates their efficiencies in mild conditions. The thermodynamic
parameters of enthalpy (33.23 kJ·mol−1 (H.ZA) and 30.03 kJ·mol−1 (DH.ZA)), Gibb’s free energy
(65.164 kJ·mol−1 (H.ZA) and 65.268 kJ·mol−1 (DH.ZA)), and entropy (−195.59 J·K−1·mol−1 (H.ZA)
and −195.91 J·K−1·mol−1 (DH.ZA)) demonstrate the spontaneous and endothermic behaviours of
these reactions. The obtained biodiesel matches the physical properties of the international stan-
dards, and the recyclability properties of the two zeolite phases demonstrate their suitability for
commercial-scale applications.

Keywords: zeolite-A; synthesis method; transesterification; kinetics; thermodynamic; mechanism

1. Introduction

There is rapid growth in the cost of crude oil around the world as well as its extraction
processes; this is in addition to the extensive and controlled consumption of common
traditional fossil fuels [1,2]. Moreover, the consumption of these fuels is associated with
serious environmental concerns, which are related to the immense emissions of the essential
greenhouse gases and their side impacts on the climate change phenomenon [3,4]. There-
fore, the interested researchers, as well as the environmental and energy authorities, have
done their best to introduce green, clean, environmental, and renewable energy supplies to

Catalysts 2023, 13, 30. https://doi.org/10.3390/catal13010030 https://www.mdpi.com/journal/catalysts

https://doi.org/10.3390/catal13010030
https://doi.org/10.3390/catal13010030
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0003-0326-6368
https://doi.org/10.3390/catal13010030
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal13010030?type=check_update&version=3


Catalysts 2023, 13, 30 2 of 21

face the continuous increase in world energy demands and to match the environmental
specifications of fuels [5,6]. Recently, different forms of biofuels (solid biofuels, biodiesels,
and gaseous biofuels) have been assessed as sustainable, low-cost, and environmental
alternatives to the commonly used traditional fossil fuels [5,6].

The commonly produced biodiesel forms exhibit biodegradable, nontoxic, sulfur-free,
sustainable, low toxic emission, and commercialization properties [7–9]. The determined
physical properties of biodiesel, such as its viscosity, flash point, cetane number, and
calorific value, qualify most of the introduced products to be applied effectively and
safely as fuel in the engines either as a single phase or as an integrated phase in a blend
with the common traditional diesel [1,10,11]. Thereby, biodiesel fuels represent promising
additional energy supplies and potential alternatives for the common fossil fuels to face
their environmental drawbacks and match the future shortage in the traditional energy
supplies in the world [12–14]. Biodiesel products are extracted widely from different types
of animal fats, biomasses, algae, and agricultural feedstock, including both edible and
nonedible oils of plants and vegetables [15,16]. Several recent studies demonstrated the
possible extraction of biodiesel from spent or waste cooking oil, which can act as low-cost,
commercial, and recyclable precursors [17].

The conversion processes of oil into the different forms of biodiesel have involved
essentially transesterification reactions for the triglyceride components of oil in the presence
of an effective catalyst and suitable content of alcohol-producing series of fatty acid alkyl
esters (FAAEs) (biodiesel) [18]. Most of the previous studies demonstrated a controlling
effect of the incorporated catalyst on the efficiencies and rates of the transesterification
reactions in addition to the physical properties of the obtained biodiesel [19]. The commonly
used catalysts can be divided into single-phase catalysts (homogenous catalysts) and
multi-phase catalysts (heterogeneous catalysts) [20,21]. However, the commonly used one-
phase catalysts, either the acidic forms (HCl and H2SO4) or the alkali forms (NaOH and
KOH), exhibit considerable cost and significant activity within short conversion intervals.
Their application is associated with several side effects [20,22]. The commonly reported
drawbacks of the one-phase catalysts are their complex and difficult separation processes
for the resulting products, their poor recyclability values, their corrosion effects, and the
toxic byproducts that result during their applications [21]. On the other hand, the multi-
phase or heterogeneous catalysts were assessed as recyclable materials that exhibit high
recovery and non-corrosive properties in addition to their environmental value [1].

Recently, a wide range of clay-based catalysts, including ion-exchanged catalysts,
acidic and basic activated clay catalysts, and clay-supported catalysts, have been developed
and used [23]. The alkali (K+, Na+, Ca2+)-bearing silicate and aluminosilicate structures
have been introduced as a promising group of multi-phase catalysts during the transes-
terification of different types of vegetable oils [3]. This is related to the availability of
their precursors in addition to their low cost and simple production methods [24,25]. The
synthetic zeolite forms (zeolite-P, zeolite-A, sodalite, zeolite-X, and zeolite-Y) were catego-
rized as the most effective alkali-bearing aluminosilicate heterogeneous catalysts, either
as single phases or modified phases, for their unique physicochemical properties [25–27].
Generally, synthetic zeolites are characterized by highly ordered nanoporous structures
in addition to their excellent ion exchangeability, surface area, surface reactivity, ther-
mal stability, dispersion properties, chemical and crystalline flexibility, and mechanical
stability [23,27,28].

Zeolite-A (LTA type) is the most studied synthetic zeolite for different traditional
and advanced applications, including water remediation, drug delivery, gas separation,
filtration, detergents, and water-softening applications [23,29]. However, the catalytic
activities of zeolite-A during the transesterification reactions were not covered with satisfac-
tory studies yet as compared to the introduced studies about synthetic zeolite-X, zeolite-Y,
and sodalite [28,30]. Moreover, the synthetic zeolite-A can be synthesized from different
raw materials (kaolinite, rice husk, fly ash, fumed silica) by different methods and under
different synthesis conditions, which significantly affect the physicochemical and catalytic
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properties of the final product [26,28]. Such synthesis conditions strongly affected the mor-
phology, chemical composition, porous structure, and crystallinity degree of the synthetic
zeolite [26,31,32].

In the current study, the synthetic zeolite Na-A was produced from Egyptian kaoli-
nite by two different methods (the conventional hydrothermal method and alkali fusion
method), and its catalytic activities during the transesterification of waste cooking oil
were followed in detail. The impact of the synthesis methods on the catalytic activity
of the two zeolite-A forms was studied based on the experimental biodiesel production
efficiency, transesterification rate, kinetic behavior, and thermodynamic studies considering
the textural, morphological, and chemical properties of the two forms of zeolite.

2. Results and Discussion
2.1. Characterization of the Catalysts
2.1.1. XRD Analysis

The XRD patterns of the used raw kaolinite, as well as the synthetic zeolite-A form
(H.ZA and DH.ZA), are presented in Figure 1. The raw kaolinite material exhibits the
typical pattern of well-crystallized kaolinite, with the identification peaks of its triclinic
system at 12.3◦ (001) and 24.9◦ (002) in addition to other common peaks at 20.8◦ (−110)
and 26.6◦ (111) (Figure 1A) (XRD. No. 04-012-5104). The recognition of the thermally
activated kaolinite displays the characteristic pattern of amorphous materials, confirming
the transformation of kaolinite into reactive metakaolinite (Figure 1B). The XRD pattern
of the synthetic zeolite by the conventional hydrothermal method reflected the significant
alteration of triclinic kaolinite into cubic LTA zeolite (Zeolite-A) (Figure 1C). This was
concluded based on the detected high diffraction peaks of zeolite-A at 7.2◦, 10.32◦,12.6◦,
16.2◦, 21.83◦, 24◦, 26.2◦, 27.23◦, 30.1◦, 30.9◦, 31.1◦, 32.6◦, 33.39◦, and 34.3◦ (Figure 1B)
(Ref.Cd. No. 01-089-3142) (Figure 1C). This form was reported as a hydrated form of LTA
zeolite (Zeolite-A). The obtained pattern of the sample that was prepared by the alkali
fusion method also demonstrates the characteristic peaks of zeolite-A but with a dehydrated
or anhydrous form (Ref.Cd. No. 01-089-5423) (Figure 1D). The remarkable peaks of both
the hydrated form (H.ZA) obtained by the conventional method and the dehydrated form
(DH.ZA) obtained by the alkali fusion method demonstrate the higher crystallinity of
DH.ZA than H.ZA, which is in agreement with the previous studies [33,34]. Moreover,
the determined crystallite size of DH.ZA (13.4 nm) is smaller than H.ZA, demonstrating
the role of the fusion methods in accelerating the dissolution and nucleation rate of the
aluminosilicate gel.

2.1.2. FT-IR Analysis

The main functional chemical groups of the synthetic zeolite-A phases as well as
their raw materials, were assessed based on their FT-IR spectra (Figure 2). The observed
spectrum of kaolinite as a raw precursor reflects the main chemical groups of clay min-
erals, such as Si-OH (3689 cm−1), Al-OH (912 cm−1 and 3622 cm−1), hydroxyl groups
(O-H) (1641 cm−1), Si-O-Si (1020 cm−1), Si-O (456 cm−1 and 787 cm−1), and Si-O-Al
(680 cm−1) [32–34]. (Figure 2A). Regarding the recognized spectrum of metakaolinite, it
reflects a significant reduction in the identification bands of the –OH-bearing structural
groups, demonstrating the strong de-hydroxylation and de-hydration of kaolinite during
the destruction of its crystalline structure by the temperature activation step (Figure 2B).
The main aluminosilicate groups were also detected clearly in the spectrum, including
Si-O (451 cm−1 and 778 cm−1), Si-O-Al (521 cm−1 and 672 cm−1), and Si-O-Al (521 cm−1

and 672 cm−1), but with deviated bands to lower positions signifying the impact of the
amorphization process (Figure 2B).
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Regarding the spectrum of H.ZA, it still exhibits the same bands of the structural alumi-
nosilicate groups, but at observable deviated sites, in addition to a remarkable reduction in
the commonly detected bands less than 1000 cm−1 in the spectrum of kaolinite (Figure 2C).
Such observations validate the structural changes from the raw phyllosilicate kaolinite
into tectosilicate zeolite-A. This conversion is also associated with significant exposure
for the active siloxane groups (Si-OH and Al-OH) as a result of the alkaline etching effect
causing intensification in the characteristic bands of –OH (Figure 2C) [35,36]. The main
detectable functional groups of H.ZA are Si-O (452.1 and 705 cm−1), Si-O-Al (555.02 and
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630 cm−1), Si-O-Si (990 cm−1), adsorbed O-H (1652 cm−1), zeolitic water (1475 cm−1),
Si-OH (3612 cm−1), and Al-OH (3422 cm−1) (Figure 2C) [37]. Regarding the spectrum
of DH.ZA, it shows the same essential bands of H.ZA, but at shifted positional and low
intensities, demonstrating significant structural and chemical changes that might be related
to the transformation and crystallization efficiencies as wells as the associated chemical
substitution between the structural Al and Si in the zeolite lattice with the sodium ions
(Figure 2D). The essential groups of zeolite that were identified are Si-O (460 and 707 cm−1),
Si-O-Al (643 cm−1), Si-O-Si (984 cm−1), O-H (1662 cm−1 and 3443 cm−1), and zeolitic water
(1474 cm−1) (Figure 2D).

2.1.3. XRF Analysis

To gain more details about the impact of the synthesis methods on the chemical struc-
ture of the resulting zeolite phases, the major oxides of H.ZA and DH.ZA were presented in
comparison with the composition of the starting kaolinite (Table 1). The results demonstrate
a significant declination in the silica content from 47.83% for raw kaolinite to 36.2% and
32.9% in H.ZA and DH.ZA, respectively (Table 1). This was also recognized for the Al2O3
content; its percentage was reduced from 35.74% (kaolinite) to 29.2% (H.ZA) and 28.24%
(DH.ZA) (Table 1). Such a declination in both SiO2 and Al2O3 content validates their
leaching for the structural units of kaolinite during its alkaline transformation reactions or
the strong substitution of them with the dissolved sodium ions [36]. This assumption was
supported by the detectable increment in the sodium content from 0.28% up to 13.3% and
20.2% for H.ZA and DH.ZA, respectively (Table 1). Moreover, such chemical results demon-
strate the higher leaching and sodium substitution effect of the alkaline fusion method as
compared to the conventional hydrothermal methods. The high alkalinity properties of the
alkali fusion method and the high sodium content of the resulting zeolite (DH.ZA) validate
the higher basicity properties of DH.ZA (7.73 mmol OH/g) than H.ZA (5.88 mmol OH/g),
which is an essential parameter during the assessment of the products as heterogeneous cat-
alysts (Table 1). Regarding the ion exchange capacity, the synthetic H.ZA (340 meq/100 g)
exhibits a slightly higher ion exchange capacity than DH.ZA (298 meq/100 g), which might
be related to the greater hydration properties of H.ZA and the existence of numerous free
and exchangeable Na+ ions in the zeolitic water within its structural channels (Table 1).

Table 1. The chemical composition and microstructural and physicochemical properties of kaolinite,
H.ZA and DH.ZA.

Chemical Properties

Oxides SiO2% Al2O3% Fe2O3% MgO% CaO% TiO2% Na2O% K2O% L.O.I%

Kaolinite 47.83 35.74 0.89 0.12 0.53 0.82 0.28 0.08 14
H.ZA zeolite 36.2 29.2 0.10 —— —— 0.06 13.3 —— 21.1

DH.ZA zeolite 32.9 28.24 0.14 —— —— 0.07 20.23 —— 18.4

Textural and Physicochemical Properties

Specific Surface Area Total Pore Volume Average
Pore Size Ion Exchange Total Basicity

Kaolinite 10 m2/g 0.072 cm3/g 43.2 nm —— ——
H.ZA zeolite 423 m2/g 0.382 cm3/g 11.6 nm 340 meq/100 g 5.88 mmol OH/g

DH.ZA zeolite 488 m2/g 0.446 cm3/g 9.2 nm 298 meq/100 g 7.73 mmol OH/g

2.1.4. SEM and Microstructural Analysis

The morphological properties were studied considering the SEM images of raw kaoli-
nite as well as the synthetic H.ZA and DH.ZA particles (Figure 3). The used kaolinite
particles were detected as well-developed flakey grains of pseudo-hexagonal shape, which
characterize the pure phases and high crystalline kaolinite (Figure S1). The SEM images
of H.ZA as well as DH.ZA demonstrated the strong alteration of the kaolinite into well-
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developed cubic grains, which is the dominant morphology of zeolite-A (Figure 3A,D).
Considering the dimension of the cubic zeolite grains in the SEM images, the synthetic
zeolite obtained by the fusion method (DH.ZA) exhibits a smaller grain size than the zeolite
produced by the conventional method (H.ZA). This observation was supported by the
determined particle size distribution of DH.ZA in comparison with H.ZA. About 95% of the
DH.ZA particles exhibit grain sizes lower than 25 µm, and 50% of them show particle sizes
less than 5 µm. On the other hand, about 95% of the prepared H.ZA particles exhibit an
actual size range lower than 45 µm, and 50% of the sample exhibits a size lower than 10 µm.
The lower particle size distribution of DH.ZA, as compared to H.ZA, induces its dispersion
and homogeneity properties during its incorporation with the liquid oil and alcohol during
the transesterification experiments, in addition to its impact on the surface area.
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The differences between the two forms of synthetic LTA zeolite in their structural,
morphological, and chemical properties are associated with significant changes in their
textural properties. The determined surface area of H.ZA and DH.ZA is 423 m2/g and
488 m2/g, respectively (Table 1). Such values are in agreement with the obtained findings
of the morphological and particle size distribution results. Additionally, the DH.ZA shows
a higher pore volume (0.446 cm3/g) and lower pore diameter (9.2 nm) than the determined
values for H.ZA (0.446 cm3/g pore volume and 11.6 nm pore diameter), which are also
essential factors during the evaluation of the products as catalysts (Table 1).

2.2. Transesterification Results
2.2.1. Effect of the Experimental Variables
Effect of Transesterification Intervals at Different Temperature

The experimental influence of the transesterification duration on the productivity
of FAME yield by H.ZA (Figure 4A) and DH.ZA (Figure 4B) was followed from 20 min
up to 180 min, considering the changes in the temperature of the tests from 40 ◦C up
to 90 ◦C and the other parameters at fixed values (2 wt. % as catalyst load and 12:1 as
methanol-to-oil molar ratio). The duration of the transesterification reactions is an essential
factor in keeping the different reactants of the systems in contact with each other until
achieving the best conversion efficiencies of the oil into FAME. The short intervals or the
low duration of the reaction resulted in low miscibility and homogeneity between the
different phases in the conversion system [38,39]. Therefore, there are poor transformation
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efficiencies of the triglycerides into FAME either by H.ZA or DH.ZA at the initial stages of
the conducted reactions at any adjusted temperature values (Figure 4A,B). The increment
in the reaction duration resulted in regular enhancement in the miscibility properties
between the reactants and, in turn, the transformation efficiencies until attending the
optimum interval for each catalyst. The best durations of the performed reactions by
H.ZA and DH.ZA are 140 min and 120 min, respectively, at any tested temperature values
(Figure 4A,B). The tests performed for a longer duration than 140 min (H.ZA) and 120 min
(DH.ZA) show a remarkable drop in the production efficiencies of FAME and its yield. This
occurred commonly due to the reversible behaviors of the methanolysis reactions or the
significant accelerations of the side reactions that involve the dissolution of the glycerol
byproducts into the alcohol molecules [18,31].
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Figure 4. Shows the effect of the transesterification at different temperatures on the biodiesel yield
obtained by H.ZA and DH.ZA (A,B), the effect of the transesterification using different loads of H.ZA
and DH.ZA on the obtained biodiesel yield (C,D), the effect of the methanol-to-oil molar ratio on
the obtained biodiesel yield by H.ZA and DH.ZA (E), and the recyclability properties of H.ZA and
DH.ZA during the transesterification of waste cooking oil (F).

Regarding the impact of the transesterification temperature as a crucial factor during
any kinetic reaction, its experimental influence was followed from 40 ◦C up to 90 ◦C in
terms of the determined FAME yield using H.ZA and DH.ZA (Figure 4A,B). The increase
in the temperature is associated with a strong acceleration effect on the conversion rates
of FAME and an enhancement effect on the obtained yields. The best FAME yields were
determined for the reactions that were performed at 80 ◦C (95.6%) and 60 ◦C (96.6%) using
the H.ZA and DH.ZA catalysts, respectively, which were quite near to the determined
boiling temperature value of methanol (Figure 4A,B). Within this temperature range, the
conducted endothermic transesterification reactions acquired the threshold kinetic energies,
which induced the effective mass transfer between the interfaces of the reactants [33,40,41].
Beyond these temperature values (80 ◦C (H.ZA) and 60 ◦C (DH.ZA)), the considerable loss
of the evaporated methanol from the system negatively affects the conversion efficiency of
FAME [22].

The presented FAME results and the reactions behaviors of H.ZA and DH.ZA, as a
function of the transesterification duration and temperature, demonstrates considerable
differences in the catalytic activities and properties of the two zeolite forms. The alkali-
fused zeolite-A (DH.ZA) exhibits higher activity than the zeolite prepared by the normal
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method (H.ZA) over a short duration and at low-temperature values. The higher activity
of DH.ZA than H.ZA was ascribed to its high surface area and basicity in addition to its
smaller particle size, which induces its miscibility and homogeneity with the other reactants
within short intervals. The hydration properties of H.ZA resulted in a slight increase in the
best transesterification temperature as compared to the dehydrated particles of DH.ZA.

Effects of the Catalyst Dosages on FAME Yield

The H.ZA and DH.ZA weight percentages during the reactions strongly affect the
conversion rate and efficiency of FAME, as the presence of the catalysts at the satisfied
quantities ensures the availability of the required active catalytic sites in the system [35].
The influence of H.ZA and DH.ZA loadings were assessed from 1 wt. % up to 5 wt. %
considering the changes in the transesterification duration from 20 min up to 180 min and
the other parameters at fixed values (12:1 as a methanol-to-oil molar ratio; 80 ◦C and 60 ◦C
as reaction temperature using H.ZA and DH.ZA catalysts) (Figure 4C,D). The increment in
the quantities of H.ZA and DH.ZA (1 wt. % to 3 wt. %) exhibits significant enhancement
effects on the conversion rates of the oil into FAME, as well as the achieved FAME yields
(Figure 4C,D). This behavior was assigned to the increase in the exposed surface area of
H.ZA and DH.ZA, as well as their active catalytic sites, which in turn induce the conversion
rates of the triglycerides into FAME [38,42]. (The determined FAME yield at the optimum
loadings of H.ZA (95.7%) and DH.ZA (96.8%) were observed after 140 min and 60 min,
respectively (Figure 4C,D). These results in terms of the transesterification duration reflect
the significant accelerating impacts of the high zeolite dosages on the conversion rates,
as well as the equilibration of the reactions, which can be detected clearly in the case of
DH.ZA, as it is of higher catalytic activity and surface area than H.ZA. The increase in the
H.ZA and DH.ZA dosages exceeding 3 wt. % causes a remarkable drop in the reaction
efficiency in terms of the determined FAME yields (Figure 4C,D). This was reported as a
result of the increase in the viscosity of the system negatively affecting the homogeneity and
the mass transfer resistance between the three phases (zeolite, methanol, and oil) [19,40].

Effect of Methanol-to Oil Molar Ratio

The molar ratio of monohydric alcohol (methanol) to the triglyceride content of the
spent cooking oil is an essential parameter for controlling the effect on the production
efficiency of biodiesel [18,22]. Stoichiometrically, the ideal transesterification reaction to
produce 3 moles of fatty acid methyl ester (FAME) and 1 mole of glycerol byproduct requires
an interaction between 3 moles of methanol and 1 mole of triglyceride [38]. Considering
the reversible properties of the transesterification reactions, the concentration of the used
alcohol should be adjusted to values higher than the stoichiometric value to direct the
process in the forward direction based on Lee Chateleir’s principle [33]. The experimental
effect of methanol concentration in terms of its molar ratio to the oil was followed from
10:1 up to 18:1 considering the previously detected best conditions for H.ZA (120 min (time
interval), 80 ◦C (temperature), and 3 wt. % (catalyst loading)) and DH.ZA (60 min (time
interval), 60 ◦C (temperature), and 3 wt. % (catalyst loading)) (Figure 4E).

The determined FAME conversion efficiencies using H.ZA and DH.ZA increased at
remarkable rates with the experimental increase in the methanol contents, which corre-
sponded to the molar ratios of 14:1 (95.8% FAME yield) and 12:1 (96.8% FAME yield),
respectively (Figure 4E). This was assigned to the reducing effect of the excess in the men-
thol content on the viscosity and immiscibility properties between the reactants as well as
the mass transfer resistance [6,43]. Additionally, the excess in the methanol concentration
significantly accelerates the interaction between the zeolite-A particles and the present
triglycerides up to a certain extent [33]. Increasing the molar ratios of methanol above the
previously detected optimum values (12:1 (H.ZA) and 14:1 (DH.ZA)) resulted in adverse
effects on the FAME production efficiencies by H.ZA and DH.ZA (Figure 4E). This behavior
was assigned to the dissolution of the glycerol molecules in the excess methanol, which
negatively affects the proper separation of the glycerol-biodiesel phase and the reaction
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balance, directing to the reversible direction [21,38]. Additionally, the excess unreacted
methanol molecules can deactivate the active catalytic sites of zeolite-A catalysts and might
convert into emulsifier centers after the inversion of their polar groups, which reduces the
performance of H.ZA and DH.ZA transesterification systems [22].

Recyclability of H.ZA and DH.ZA Catalysts

The stability and recyclability properties of H.ZA and DH.ZA as heterogeneous cata-
lysts are essential factors to evaluate the sustainable values of the studied materials during
the commercial- and industrial-scale production of biodiesel. The incorporated H.ZA and
DH.ZA particles in each transesterification test were separated from the liquid phases by
centrifugation and washed for five runs with methanol as an organic regeneration reagent
with a significant dissolving effect on the accumulated glycerol and fatty acids on their
surfaces. The washed particles of H.ZA and DH.ZA were subsequently dried gently within
a digital drier for 12 h at 80 ◦C and reused in another cycle of the transesterification reaction.
The recyclability properties of the two forms of zeolite-A during the studied transesterifica-
tion processes of waste cooking oil were assessed considering the previously estimated best
conditions of H.ZA (120 min (time interval), 80 ◦C (temperature), 14:1 (methanol/oil ratio),
and 3 wt. % (catalyst loading)) and DH.ZA (60 min (time interval), 60 ◦C (temperature),
12:1 (methanol/oil ratio), and 3 wt. % (catalyst loading)) (Figure 4F).

The recognized results signify the remarkable stability of both H.ZA and DH.ZA
as solid multi-phase or heterogeneous catalysts to be reused effectively five times in the
production of biodiesel from waste cooking oil feedstock. The reuse of H.ZA particles
resulted in biodiesel yields higher than 90.3% after three recyclability cycles and higher
than 84% after the studied five recyclability cycles (Figure 4F). Regarding the stability of
DH.ZA, the reuse of its particles as catalysts resulted in biodiesel yields of more than 92.5%
after three recyclability cycles and more than 88% after five recyclability cycles (Figure 4F).
Considering the determined yields, the synthetic DH.ZA also shows higher recyclability
and stability than H.ZA, which can be ascribed to the previously reported differences in
their textural and chemical properties. Regarding the detected decline in the activities of
the H.ZA and DH.ZA catalysts in terms of the achieved yields when increasing the assessed
reusability cycles, this was ascribed to the predicted leaching of the exchangeable Na+ ions
during the washing steps [44,45]. Additionally, there were expected deactivation impacts
of the remaining glycerol molecules on the active functional groups as catalytic centers on
the surfaces of H.ZA and DH.ZA [18].

2.2.2. Physical and Safety Properties of the Obtained Biodiesel

The physical properties of the biodiesel samples obtained from H.ZA and DH.ZA were
determined and compared with the recommended values for suitable biofuels according
to both ASTM D-6751 and EN 14214 international standards (Table 2). The measured
values of the density and viscosity of the two samples are within the accepted ranges
according to the two standards, which qualify the two products to be applied as fuels.
Additionally, the measured values of the cetane index are higher than 45, which signifies
the high qualification of the samples to be used as fuels, considering the ignition delay time
and combustion quality. Moreover, this value reflects the remarkable safety properties of
the obtained samples, indicating that they can be used safely in engines [38]. The measured
values of both the flashpoint and calorific value qualify the two products to be used as
safe fuels during the different handling and transport processes, which is supported by the
determined low values of the pour point and cloud point (Table 2).
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Table 2. The physical properties of the biodiesel samples obtained from H.ZA and DH.ZA catalysts.

Contents Unit ASTM D-6751 EN 14214 H.ZA DH.ZA

Viscosity mm2/s 1.9–6 3.5–5 3.61 3.66
Moisture
content Wt.(%) <0.05 <0.05 0.047 0.038

Flash point ◦C >93 >120 128.6 133.2
Calorific value MJ/kg ——– >32.9 43.3 46.5

Cloud point ◦C −3 to 15 ——– 6.3 6.7
Pour point pp −5 to 10 ——– 5.5 5.8

Cetane number ———- ≥47 ≥51 60.4 66.3
Density g/cm3 0.82–0.9 0.86–0.9 0.866 0.871

Acid value Mg/KOH/g ≤0.5 ≤0.5 0.38 0.34
Iodine value ———- ——— ≤120 108.5 110.3

2.2.3. The Suggested Mechanism

Based on the obtained FT-IR spectra of the fresh (Figure 2) and spent (Figure 5) H.ZA
and DH.ZA particles after the transesterification tests, the transformation mechanism of the
oil triglycerides in the presence of these particles as catalysts can be described (Figure 6).
The detection of new bands related to a sCH2 aliphatic group and ester carbonyl groups in
the spectra of the spent zeolite particles in comparison with the fresh particles suggested
significant adsorption of the present triglycerides by both H.ZA and DH.ZA. In step I, the
basic NaO bond interacts with triglyceride, as shown in Figure 5. Many researchers have
reported that a interaction takes place between methanol and active species to produce
methoxide ions. Herein, sodium methoxide was not detected. Additionally, the pH of
methanol is higher than when spent; hence, it is more feasible for triglyceride to interact
with basic NaO. The pH of methanol and feedstocks were primarily investigated [33]. The
FT-IR of the used catalyst indicates the presence of a CH2 (2900 cm−1) aliphatic group and
an ester carbonyl functionality (1300 cm−1) for the symmetric stretching of C-O-C, which
also strongly supports the formation of a bond between NaO and CH2 aliphatic [46,47].
Step II indicates the surface interaction between methyl alcohol and adsorbed triglyceride
at the active surface of the catalyst. The methoxide (CH3O-) substitutes the position of
O in NaO to form fatty acid methyl ester, which is rapidly generated from the catalyst’s
active surface. In the final step, glycerol molecules are formed because of the capturing
of hydrogen ions by the glycerol backbone and are finally desorbed from the surfaces of
the zeolite particles, which makes their active sites free for another cycle of triglyceride
interactions (Figure 6) [33].

Considering the previous mechanistic steps, the synthetic dehydrated form of zeolite-
A (DH.ZA) exhibits enhanced physicochemical properties capable of accelerating the
transesterification reactions as compared to the hydrated form, reflecting a significant
impact of the synthesis processes on the catalytic activity of zeolite-A. The synthetic DH.ZA
particles exhibit higher surface area, sodium content, and total basicity in addition to their
smaller particle size than the H.ZA particles. The previous factors induce the mixing and
dispersion properties of DH.ZA particles within the oil sample. Moreover, the high surface
areas of DH.ZA particles are of a significant enhancement effect during the adsorption of
triglyceride molecules.

2.2.4. Kinetics and Thermodynamics

The kinetic and thermodynamic functions of the transesterification process of waste
cooking oil by DH.ZA and H.ZA were evaluated according to the procedures presented in
Section 2. The estimated parameters are the reaction rate constant and activation energy, in
addition to the thermodynamic parameters, considering the different tested temperature
values. The addressed thermodynamic parameters involved the entropy of activation,
enthalpy of activation, and Gibb’s free energy.
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Figure 6. Schematic diagram for the transesterification mechanism of waste cooking oil over the
synthetic zeolite-A particles.

Determination of the Rate Constant Values

The rate constant (kc) values during the transesterification reactions by DH.ZA and
H.ZA were obtained as fitting parameters for the linear regression plotting of −ln (1 − X)
versus the experimental transesterification time intervals (Figure 7A,B; Table 3). This was
performed considering the change in the adjusted temperature (40, 50 and 60 ◦C), the
FAME conversion intervals from 20 min up to 120 min, and the previously determined best-
operating conditions of catalyst loading and the methanol ratio. Based on the determination
coefficient values (R2 > 0.95) of the plotted kinetic graphs, the methanolysis and the
transesterification of waste cooking oil over DH.ZA and H.ZA occurred according to the
kinetic properties of the pseudo-first-order kinetic model. Therefore, the adsorption-surface
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reaction-desorption processes are the essential operating mechanisms that control the
transesterification of waste cooking oil by both DH.ZA and H.ZA, which is in agreement
with the suggested mechanism based on the FT-IR findings [43,48]. Moreover, the increase
in the rate constant with temperature and their higher values during the applications of
DH.ZA as compared to H.ZA is in agreement with the experimental findings regarding the
impact of temperature and the higher catalytic activity of DH.ZA than H.ZA.
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kinetic model (A,B), fitting of the transesterification results with Arrhenius equation (C), and fitting
of the transesterification results with Eyring–Polanyi equation (D).

Table 3. The values of the determined determination coefficient and rate constant values of the
transesterification reactions by both H.ZA and DH.ZA as fitting parameters of pseudo-first-order
kinetic model.

Catalyst Temperature Rate Constant
(k (min−1))

Determination
Coefficient (R2)

H.ZA
40 ◦C 0.00629 0.9784
50 ◦C 0.00958 0.9961
60 ◦C 0.01441 0.9911

DH.ZA
40 ◦C 0.01572 0.9919
50 ◦C 0.02152 0.9900
60 ◦C 0.03351 0.9588

The Reaction Activation Energy and Pre-Exponential Values

The activation energy values of the reactions that occurred during the transesterifi-
cation processes utilizing the H.ZA and DH.ZA particles were obtained according to the
Arrhenius equation as a fitting parameter for the linear regression plotting of ln (Kc) versus
1/T (Figure 7C; Table 4). The recognized values of activation energies using both H.ZA
(35.9 kJ·mol−1) and DH.ZA (32.714 kJ·mol−1) are 35.9 kJ·mol−1 and 32.714 kJ·mol−1, respec-
tively, while the estimated values of the pre-exponential factor are 6179.66 min−1 (H.ZA)
and 4421 min−1 (DH.ZA). The lower value of activation energy resulted in a lower energy
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barrier, while higher values of the frequency factor or pre-exponential factors reflected the
increased collisions between reactants and active sites of the catalyst, which accelerated the
methylation of the triglycerides [12,48]. Despite the fact that the pre-exponential factor of
DH.ZA was somewhat lower than that of H.ZA, the distinct low activation energy value of
DH.ZA resulted in a greater transesterification rate.

Table 4. The activation energy and pre-exponential values of the transesterification reactions by both
H.ZA and DH.ZA according to the Arrhenius equation.

Parameters H.ZA DH.ZA

Slope −4.31938 −3.93487
Intercept 8.72902 8.39413

Determination coefficient (R2) 0.99983 0.97338
Activation energy (∆E*) (kJ·mol−1) 35.9 32.714
Pre-exponential value (A) (min−1) 6179.66 4421.03

The Thermodynamic Functions (Enthalpy, Entropy, and Gibb’s Free Energy)

The essential thermodynamic functions for the transesterification reactions that oc-
curred by H.ZA and DH.ZA were estimated based on the Eyring–Polanyi equation as fitting
parameters for the linear regression plotting of ln (kc/T) versus 1/T (Figure 7D; Table 5).
The recognized positive signs of both the enthalpy of activation (∆H*) (33.23 kJ·mol−1

(H.ZA) and 30.03 kJ·mol−1 (DH.ZA)) and Gibb’s free energy (∆G*) (65.164 kJ·mol−1 (H.ZA)
and 65.268 kJ·mol−1 (DH.ZA)) demonstrate the endothermic and spontaneous properties
of the transesterification reactions of waste cooking oil that occurred with both H.ZA and
DH.ZA. This was supported by estimating the values of the entropy of the activation with
negative signs either for H.ZA (−195.59 J·K−1·mol−1) or DH.ZA (−195.91 J·K−1·mol−1),
which also suggested a decrease in the randomness properties of the reactions.

Table 5. Evaluation of thermodynamic parameters from Eyring–Polanyi plot: ln(KC/T) vs. 1/T × 10−3.

Thermodynamic Parameters H.ZA DH.ZA

Slope −3.99664 −3.61213
Intercept 1.95184 1.61696

R2 0.99983 0.96888
Enthalpy of activation (∆H*) (kJ·mol−1) 33.23 30.03

Entropy of activation (∆S*) (J·K−1·mol−1) −195.59 −195.91

Gibb’s free energy of
activation (∆G*)

(kJ·mol−1)

40 ◦C
50 ◦C
60 ◦C

61.252
63.208
65.164

61.349
63.308
65.268

2.2.5. Comparison Study

The catalytic activities of the synthetic H.ZA and DH.ZA particles from Egyptian
kaolinite during the transesterification of waste cooking oil were compared with other
studied catalysts in the literature, considering the experimental conditions (Table 6). The
presented values reflect the higher activities of the synthetic zeolite-A produced from
Egyptian kaolinite than most of the assessed catalysts in the literature, including synthetic
apatite, nickel oxide-based catalysts, CaO, cesium-modified silica, CaO/SiO2 composite,
and Kettle limescale (Table 6). Additionally, the presented comparison signifies the sig-
nificant positive impact of the alkali fusion method as a synthesis method of zeolite-A
(DH.ZA) on its textural and catalytic activity as a catalyst during the transesterification of
spent vegetable oils.
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Table 6. Comparison between the obtained biodiesel yield using the H.ZA and DH.ZA catalysts and
other catalysts in literature.

Catalyst Time Temperature
(◦C)

Methanol/Oil
Ratio

Dosage
(wt. %) Yield (%) References

Ba-Zeolite
CaO/zeolite

CaO/Zeo-CTAB
FAU zeolite

Na2SiO3
CaO/SiO2

2 h
238.8 min

4 h
4 h

12 h
3 h

65.38
69.1
65
65
28
65

12:1
9.7:1
5:1
9:1

12:1
21:1

3
2.1
4
5
5

11

93.17
93.7
89

91.6
96

90.2

[49]
[50]
[51]
[3]

[12]
[52]

Kettle limescale 15 min 61.7 3:1.7 8.9 93.4 [53]
Zeolite Na-X 8 h 65 6:1 3 83.5 [54]

CaO 3 h 65 20:1 5 95 [55]
Cesium-modified silica 3 h 65 20:1 3 90 [56]

Coconut coir husk 3 h 130 12:1 10 89.8 [57]
Diatomite/CaO/MgO 2 h 90 15:1 6 96.4 [6]
Ni/NiO@ Diatomite 117 min 63.7 11.6:1 4 93.2 [19]

H.ZA 120 min 80 14:1 3 95.8 This study
DH.ZA 60 min 60 12:1 3 96.8 This study

3. Experimental Work
3.1. Materials

The kaolinite precursor used during the synthesis of the two forms of zeolite-A was ob-
tained from the Central Metallurgical Research and Development Institute (CMRDI), Egypt.
NaOH pellets (97% purity, Alfa Aesar) were used during the synthesis of the two forms
of zeolite-A. The waste cooking oil sample that was used during the transesterification
reactions is a commercial sample representing a mixture from different local restaurants
and including different species of cooking and vegetable oils. The chemical composition of
the studied waste cooking oil sample is presented in Table S1.

3.2. Synthesis of the Zeolite-A Catalysts
3.2.1. Synthesis of Zeolite-A by Conventional Hydrothermal Method

This method firstly involved the thermal activation of crystalline kaolinite for 5 h at
650 ◦C into amorphous and reactive metakaolinite. After that, the produced metakaloinite
powder was mixed with NaOH pallets within 50 mL of distilled water at an adjusted
weight ratio of 1(metakaolinite (3 g)):2 (NaOH (6 g)). The mixture was left overnight under
continuous stirring to form aluminosilicate gel and then was transferred into a Parr reactor
of a Teflon-lined stainless steel autoclave, which was heated for 8 h at 100 ◦C using a digital
muffle furnace. After the hydrothermal treatment step, the synthetic zeolite was obtained
by centrifugation, washed and neutralized over numerous runs with distilled water, dried
for 10 h at 65 ◦C, and labeled as hydrated zeolite-A (H.ZA).

3.2.2. Synthesis of Zeolite-A by the Alkali Fusion Method

This method involved the fusion of the kaolinite powder (6 g) in the presence of NaOH
solid pellets (7.2 g) for 5 h at 650 ◦C. The alkali/kaolinite fused product or mixture was
ground after that to be within the size range from 100 µm up to 350 µm. Then, the fused
alkali/kaolinite fractions were dispersed within 100 mL of distilled water for 120 min at an
adjusted temperature of 70 ◦C using a magnetic stirrer at a fixed stirring speed of 500 rpm.
After that, the mixture was transferred into the Parr reactor of a Teflon-lined stainless steel
autoclave, which was heated for 4 h at 90 ◦C using a digital muffle furnace. By the end of
the hydrothermal step, the synthetic zeolite was obtained by centrifugation, washed and
neutralized over numerous runs with distilled water, dried for 10 h at 65 ◦C, and labeled as
dehydrated zeolite-A (DH.ZA).
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3.3. Characterization of the Catalysts

The crystallinity properties of both H.ZA and DH.ZA were studied considering their
X-ray diffraction patterns (XRD), which were determined by an X-ray diffractometer (PAN-
alytical, Empyrean) with Cu-Kα radiation. The average crystallite size was determined
according to the Scherrer equation (D = 0.9λ/W cosθ), where W is the full width at half max-
imum in radians, θ is Bragg’s angle, and λ is the X-ray wavelength (CuKα = 0.15405 nm).
The changes in the morphology in terms of the synthesis technique and the conversion
methods were followed based on the SEM images of the materials using a scanning electron
microscope (Gemini-Zeiss, Ultra 55). The functional chemical groups were assessed based
on the FT-IR spectra of raw kaolinite, H.ZA, and DH.ZA by a Fourier transform infrared
spectrometer (FTIR-8400S) within a detection range from 400 cm−1 to 4000 cm−1. The basic-
ity values of H.ZA and DH.ZA were measured according to the reported procedure by [31].
A total of 0.5 of the synthetic zeolite phases were homogenized within about 50 mL of dis-
tilled water in the presence of diluted HCl (0.1 M) for 24 h. After that, 25 mL of the obtained
solutions were titrated with NaOH solution (0.1 M) in the presence of phenolphthalein
as a chemical indicator. The ion exchange capacities of H.ZA and DH.ZA were measured
by the BaCl2 technique based on the reported procedures by [32]. The surface area and
the porosity of the two zeolite forms were determined by the Beckman Coulter surface
area analyzer (SA3100 type) considering their N2 adsorption/desorption isotherm curves
considering the Brunauer–Emmett–Teller method (BET) and the Barrett–Joyner–Halenda
method (BJH), respectively, during the analysis of the data.

3.4. Transesterification System

Stoichiometrically, the transesterification process of each one mol of triglyceride in
the presence of three mol of methanol resulted in one mol of pure glycerol and 3 mol of
fatty acid methyl ester (FAME). Considering the previous stoichiometrical consideration,
the transesterification of the studied spent oil was accomplished by considering different
values of the incorporated reactants to attend to the appropriate ratios. All the reactions
were executed using a 150 mL Teflon autoclave as a reactor supplied with a magnetic stirrer
and a numerical hot plate to control the mixing efficiencies and the temperature at specific
values. The crucial variables which have been assessed during the transesterification of
spent cooking oil over the two forms of synthetic zeolite-A (hydrated zeolite-Na-A (H.ZA)
and dehydrated zeolite-Na-A (DH.ZA) are the reaction duration, methanol concentration,
and temperature, while also considering the interaction between these parameters. The
conducted experimental procedures involved the filtration and heating of 40 g of spent
cooking oil (70 ◦C for 30 min) to verify the purification of the sample from any tough
suspensions or water molecules. This was followed by blending the spent cooking oil
with the solid particles of H.ZA and DH.ZA for 10 min with a systematic increase in the
applied temperature up to the selected value of the transesterification experiment. This
was followed by the addition of the methanol at the selected molar ratio for a specific time
interval. By attending the end of the experiment intervals, the solid particles of the two
zeolite forms were separated carefully by centrifugation, and the liquid constituents were
poured directly into glass separating funnels. The liquid samples had been left overnight
to certify the whole separation of the propane 1,2,3 tri-alcohol as byproducts from the
obtained methyl esters (biodiesel) at the bottommost of the separating funnel. Then, the
separated biodiesel was handled by an additional treatment step involving gentle heating
at 70 ◦C for about 4 h to ensure the whole evaporation of the loose methanol molecules.
The percentages, as well as the types of the formed FAME, were estimated based on the
GC-mass analysis using a gas chromatography-mass spectroscopy (GC-Mass) instrument
(Agilent 7890A), and the calculated yield was obtained considering Equation (1).

Biodiesel yield (%) =
wieght of biodiesel × % FAME

weight of triglycerides
× 100 (1)
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3.5. Analysis of the FAME Samples

The inspection of the samples was performed using an Agilent-7890A gas chromatography-
mass spectroscopy (GC-Mass) instrument. The determination steps involved the controlled
dilution of the extracted FAME products using normal hexane as a solvent. The quan-
tities of the FAME in the obtained samples were measured depending on the Agilent-
7890A series gas-chromatograph system coupled with a system of split/splitless injec-
tion, a flame ionization detector, and a capillary column DB WAX with dimensions of
30 m × 0.25 m × 0.25 µm that contained hydrogen gas as a carrier with a split ratio of
100:1. The temperature of both the detector and injector was maintained at 280 ◦C during
the analysis of the obtained biodiesel samples. The operating temperature of the oven
was adjusted firstly to 120 ◦C, and after that, the value was increased gradually to 260 ◦C
as the highest temperature. The formed FAME was determined by the fixed injection
of the FAME molecules using methyl heptadecanoate (1 µL) as the measuring analytical
internal standard.

3.6. Kinetics and Thermodynamics

The kinetic properties of both H.ZA and DH.ZA as basic catalysts during methanol-
ysis of triglycerides depends on the general assumption that describes the overall tran-
sesterification chemical reaction according to three consecutive reversible reactions
(Equations (2)–(4)) [33].

TG + R − OH � DG
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Hence, the overall transesterification reaction can be summarized according to
Equation (5). Stoichiometrically, each mol of triglyceride (TG), diglyceride (DG*), and
monoglyceride (MG*) interact with one mol of alcohol (R-OH) to form 1 mol of pure glyc-
erol (GL) and 3 mol of fatty acid methyl ester (R3-COOCH3) [20]. Based on the mechanistic
steps that were reported in the literature, the production of FAME was divided into three
main steps: (1) the adsorption of triglycerides on the catalyst’s surface, (2) the surface
reaction, and (3) the desorption of glycerol [22].

TG + 3R − OH � GL + 3R − COOCH3 (5)

3.6.1. Adsorption of Triglyceride on Catalyst Surface

The methanolysis of triglyceride that occurred on the surfaces of H.ZA and DH.ZA
as catalysts resulted in the formation of several species of fatty acid methyl esters at a
higher molarity of methanol-to-oil than the triglycerides. This involved, firstly, the effective
adsorption of TG on the surfaces of the catalysts (Equation (6)), where the used symbols of S
and TG.S refer to the unoccupied sites on the surfaces of H.ZA and DH.ZA as catalysts and
the adsorbed triglyceride molecules, respectively. Moreover, the rate law of this reaction
can be expressed by Equation (7).

TG + S � TG.S (6)

rad = Ka[TG][S]− (K−a[TG.S]) (7)

3.6.2. Surface Reaction

The adsorbed triglyceride molecules (TG.S) react with the excess amounts of the
incorporated alcohol, producing fatty acid methyl ester and glycerol as a byproduct. The
resulting glycerol tends to be adsorbed by the present active sites on the surfaces of H.ZA
and DH.ZA, which are associated with the facile release of the biodiesel molecules according
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to Equation (8), where the used symbol of GL.S refers to the adsorbed glycerol molecules.
Moreover, the rate of the occurred surface reaction can be expressed in Equation (9) [33].

R − OH + TG � GL.S + R − COOCH3 (8)

rs = Ks[R − OH][TG.S]− (K−s[GL.S][R − COOCH3]) (9)

3.6.3. Desorption

The desorption reaction of the formed 1, 2, 3 tri-propanol (glycerol) can be illustrated based
on Equation (10), and the rate of the desorption reaction can be expressed by Equation (11).

GL.S � S + GL (10)

rd = Kd[GL.S]− (K−d[GL] [S]) (11)

Considering the previous assumptions and findings, the general equation of the three
steps can be summarized in Equation (12), in which Stotal donates the total surface con-
centration as the sum of vacant surface (S), adsorbed triglycerides concentrations TG.S and
adsorbed glyceryl alcohol concentration GL.S. According to this equation (Equation (12)),
the surface reaction rate can be expressed after replacing the values of S, TG.S, and GL.S by
Stotal as in Equation (13). Considering the desorption of 1, 2, 3 tri-propanol at a higher rate
than the adsorption rate, the values of both Ka [TG] and [GL]/Kd at zero, the existence of
methanol [R-OH] at higher concentrations than the present triglyceride, which induce the
neglecting of the alcohol content, and the constant value of Stotal for the given catalyst, the
final form of the rate equation of the general transesterification reactions can be expressed
by Equation (14), in which the Kc symbol identifies the final rate constant of the reaction
and can be calculated from Equation (15).

[Stotal] = [S] + [TG.S] + [GL.S] (12)

rs = Ka · Ks[Stotal]([TG][R − OH]− [GL][R − COOCH3]/Kc)/(1 + KA [TG] + [GL]/Kd) (13)

rs = d[TG]/dt = Kc[TG] (14)

Kc = Ka × Ks × [R − OH] × [Stotal] (15)

Considering the changes in the TG from the start of the transesterification process
[TG]0 to certain time intervals [TG]t, the equation can be written as in Equation (16). From
the mass balance, the methyl ester conversion (X(R-COOCH3)) can be obtained according to
Equation (17) and, consequently Equation (18).

− ln([TG]t/[TG]0) = Kc × t (16)

X(R−COOCH3)
= 1 − ([TG]t/[TG]0) (17)

[TG]t = [TG]0 ×
(

1 − X(R−COOCH3)

)
(18)

Considering the integration of the rate equation in terms of X, the final equation can be
expressed in Equation (19). Therefore, the rate of the transesterification processes depends
only on the concentrations of the present triglyceride (TG), and in turn, the occurred
reactions follow the kinetic assumption of the pseudo-first-order kinetic model [22].

− ln(1 − X(R−COOCH3)
) = Kc × t (19)

3.7. The Activation Energy (Ea)

The activation energy of the transesterification processes is ascertained using the
Arrhenius equation (Equation (20)). The Ea value can be obtained as a fitting parameter for
the linear regression plotting of ln (Kc) against the reciprocal of the activation temperature
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(1/T). The activation energy Ea and pre-exponential value (ln (A)) can be determined from
the slope and intercept values, respectively.

Kc = A exp(−Ea/RT) (20)

3.8. The Thermodynamic Parameters

The thermodynamic functions of the transesterification reactions that occurred by
H.ZA and DH.ZA as basic catalysts were obtained according to the Erying–Polanyi equation
(Equation (21)), where the presented K, R, h, and Kb symbols signify the rate constant,
the universal gas constant, Planck constant (6.626176 × 10−34 Js), and Boltzmann constant
(1.3806 × 10−23 K−1), respectively. The changes in both enthalpy (∆H*) and entropy
(∆S*) were determined as fitting parameters from the slope (−H*/∆RT) and intercept,
respectively, of the linear regression plot of ln (K/T) vs. (1/T). However, the Gibbs free
energy values were ascertained according to Equation (22).

ln(K/T) = −
(
∆H
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4. Conclusions

Two forms of zeolite-A (hydrated (H.ZA) and dehydrated (DH.ZA)) were synthesized
by different methods and characterized as catalysts during the transesterification processes
of waste oil. The DH.ZA form exhibits enhanced physicochemical properties (488 m2/g
surface area and 7.73 mmol OH/g total basicity) and catalytic activities as compared to
H.ZA (423 m2/g surface area and 5.88 mmol OH/g total basicity). The obtained yields
by DH.ZA (96.8%) and H.ZA (95.8%) were recognized after 60 min (60 ◦C) and 120 min
(80 ◦C) under mild conditions. The transesterification reactions utilizing the forms of zeolite-
A involved adsorption, surface reaction, and desorption processes, which were supported
by the kinetic findings of the studied pseudo-first-order model. The determined activation
energies and thermodynamic parameters (enthalpy, Gibb’s free energy, and entropy) vali-
date the spontaneous and endothermic properties of H.ZA and DH.ZA transesterification
systems and their efficiencies to be applied at low-temperature conditions. Both H.ZA
and DH.ZA are of significant stability, and the biodiesel samples obtained by them are of
acceptable technical properties according to recommended international standards.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13010030/s1, Table S1: the Fatty acid content and physical
properties of the inspected waste cooking oil. Figure S1: SEM image of the used raw kaolinite during
the synthesis of zeolite-A.
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