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n oleic acid esterification over
chlorosulfonic acid-treated hydroxyapatite:
synergism for intensified biodiesel production
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and Mohamed Zahouilyab

Treating hydroxyapatite (HAP) with sulfonic acid without structural destruction remains challenging owing

to the sensitivity of HAP to acidic pH. In this work, natural derived HAP was prepared using natural

phosphate via a dissolution/precipitation process. Notwithstanding the challenge, the prepared HAP was

treated with three concentrations of chlorosulfonic acid in dichloromethane to prepare HAP-S1, HAP-S2

and HAP-S3 depending on the acid content under carefully controlled conditions. The treatment of HAP

with the lowest acid concentration led to the preservation of the apatite framework with surface

modification of sulfonic acid groups. As the acid concentration increased, HAP, CaHPO4 and CaSO4

were obtained. A further increase in the acid concentration led to the formation of CaSO4 with the

coexistence of Ca(H2PO4)2$H2O. Subsequently, the catalytic activity of HAP-S1 was evaluated in oleic

acid esterification under microwave irradiation, resulting in a yield of up to 87% under optimized

conditions of 10 wt% of catalyst to oleic acid weight, 10 : 1 methanol to oleic acid molar ratio, and

40 min reaction duration under microwave irradiation at 150 °C. The activity of HAP-S1 was attributed to

the active S]O and S–O–H functional groups, and a possible mechanism of acid-catalyzed

esterification is proposed. The catalyst was also tested in the transesterification reaction of rapeseed oil,

achieving a conversion of 40.2% after 60 min reaction duration under microwave irradiation.

Furthermore, the catalyst was evaluated in a two-step esterification reaction to investigate its activity

towards acidified feedstocks. Results showed that after two successive runs, acidity was reduced by

79.6% with a total FAME yield of 40.13%. The obtained results indicate that this catalyst, being an acid

catalyst, is more suitable for direct esterification.
1. Introduction

Acid catalysis is one of the most important areas of catalysis
science. Typically, Lewis or Brønsted acid catalysts are respon-
sible for the processing of important transformations such as
Fischer esterication.1 In particular, the esterication reaction
of fatty acids such as oleic acids (OA) and palm fatty acid
distillate (PFAD) with methanol has attracted signicant
interest because the obtained monoalkyl esters have similar
physicochemical properties to those of petrodiesel.2,3Monoalkyl
esters, namely, biodiesel, can be blended with conventional
diesel and used in engines without further modication.4,5

Generally, the esterication of fatty acids is carried out using
homogeneous acid catalysts such as H2SO4, H3PO4, HCl, and p-
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toluenesulfonic acid, where the proton (H+) is the acid moiety,
according to the Brønsted–Lowry acid–base theory.6 However,
although homogeneous catalysts provide high ester yields
under mild conditions, they are corrosive to reactors, and
further neutralization steps are required to purify the nal
product. Therefore, to facilitate the separation and regeneration
steps, many solid catalysts have been investigated in esteri-
cation such as sulfated metal oxides,7 sulfonated mixed metal
oxides,8 sulfonic acid-functionalized mesoporous carbon
materials or silicas,9 heteropolyacids,10 polyoxometalates,11

TiO2/NP12 and acid-derived apatite catalysts.13,14 It should be
noted that biodiesel can be obtained by adopting different
processes depending on the acidity of feedstocks and the type of
catalysts.15 In general, biodiesel can be produced via direct base-
catalyzed transesterication of oils.16,17 Moreover, it is obtained
from highly acidic feedstocks by a simultaneous esterication/
transesterication process using bifunctional or strong acid
catalysts.18 It is also produced by a two-step esterication and
transesterication process by reducing the acidity of the initial
feedstock via esterication to make it suitable for the trans-
esterication reaction.19
RSC Adv., 2024, 14, 33019–33033 | 33019
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Hydroxyapatite (HAP) is an attractive inorganic compound
due to its exible framework, which can accept many partial
cationic and anionic substitutions, and also due to its excellent
surface activity related to its possible functionalization.20,21 In
this context, the surface modication of HAP has received
signicant interest in acid-catalyzed transformations.22–24 For
example, supported synthetic apatite with sulfonic acid groups
(HAP-SO3H) provided new strong catalytic acid sites for
condensation and cyclization between amidoxime and alde-
hyde, as reported by El Mansouri et al.22 In addition, magnetic
sulfonated hydroxyapatite-encapsulated-g-Fe2O3 has been
widely used in many acid-catalyzed reactions, for example, it
was found to exhibit a good performance in the N-formylation
of amines, as detailed by Ma'mani et al.25–28 Furthermore,
HAP-AEPH2-SO3H was found to be an efficient catalyst for the
esterication of carboxylic acids with alcohols, as reported by
Siavashi et al.29 Although many solid catalysts have been
employed for biodiesel production, apatite-based catalysts have
recently attracted attention due to their effectiveness in
promoting the synthesis of biodiesel from diverse feedstocks.21

Herein, it is essential to highlight that the utilization of apatite-
derived catalysts aligns with the sustainable catalysis principles.
This relies on utilizing materials with high natural abundance
to produce high-value chemicals in an environmentally
sustainable approach. In this context and motivated by the
abundance of phosphate mineral in Morocco, the main objec-
tive of the present study is the preparation of an acidic catalyst
based on natural hydroxyapatite modied with sulfonic acid
and its application in biodiesel production through the oleic
acid esterication reaction as a model reaction.

Alternatively, thermo-catalytic conversions occur in heated
reactors using various heating modes (conventional oil-bath reux
heating, electrical heating, and microwave-assisted heating). The
use of microwave irradiation for the synthesis of biodiesel signif-
icantly reduces the time needed for the optimal conversion and
produces a higher yield compared to conventional methods.30 Due
to its unique thermal effects, when applying microwave frequen-
cies, microwaves directly heat the internal sample via dielectric
heating. The polar molecules in reaction medium align with the
electromagnetic eld, generating heat throughmolecular rotation,
friction, and collision.31 In contrast, conventional heating, which
transfers heat through conduction and convection, may lead to
uneven temperature and thermal gradients.32

Herein, in the presented research, natural hydroxyapatite was
obtained by the dissolution–precipitation process of natural
phosphate, and then the obtained liquid phase was precipitated
using a highly basic solution. Subsequently, the obtained
hydroxyapatite was subjected to a series of treatments with
chlorosulfonic acid (ClSO3H) in dichloromethane (DCM). To the
best of our knowledge, this is the rst report studying the effect of
the concentration sulfonic acid in DCM on the structure of
natural hydroxyapatite by various characterization techniques.
Then, the sulfonated hydroxyapatite (HAP-S1) was utilized in oleic
acid esterication with methanol under microwave irradiation.
Other tests, such as the transesterication of rapeseed oil and the
two-step esterication–transesterication process, were carried
out to investigate the activity and selectivity of the catalyst towards
33020 | RSC Adv., 2024, 14, 33019–33033
the synthesis of biodiesel from different feedstocks. Herein, in
this work, and despite the challenges of the deactivation and
short-term stability of the catalysts, the acid-based-apatite cata-
lysts are shown to be a promising alternative to other catalysts due
to their abundance, easy accessibility and cost-effectiveness. Thus,
further research should be conducted to propose better modi-
cations of apatite to realize long-term stability.
2. Material preparation and
characterization
2.1. Materials and reagents

Natural phosphorus rock was obtained from Moroccan sedi-
mentary phosphate deposits at mines in the Khouribga region.
Oleic acid (technical grade, 90%) was provided by Alfa Aesar.
Rapeseed oil was purchased from a local company in the city of
Mohammedia, Morocco. Ammonium hydroxide (NH4OH) (28–
30%), nitric acid (HNO3) (65–67%), phenolphthalein (C20H14O4)
and potassium hydroxide (KOH) were purchased from Aldrich
Company. Methanol (CH3OH), ethanol (C2H5OH), diethyl ether
(C2H5)2O, dichloromethane (CH2Cl2) and chlorosulfonic acid
(ClSO3H) were all analytical grade and used as received without
further purication.
2.2. Materials preparation

2.2.1. Preparation of hydroxyapatite. Hydroxyapatite was
prepared via the dissolution/precipitation of natural Moroccan
phosphate (Fig. 1), inspired by El Asri et al.33 Briey, 30 g NP was
dissolved in concentrated HNO3 (5 M, 500 mL) solution over-
night at room temperature under magnetic stirring. The
resulting suspension was centrifuged to remove insoluble
impurities such as SiO2. The collected ltrate containing Ca2+

and H3PO4 was precipitated with an adequate volume of
NH4OH (30%) solution to adjust the pH of the solution from
acidic to base (10–11), which was added dropwise to control the
pH. The resulting precipitated was stirred overnight at 85 °C.
The resulting white precipitate was collected by centrifugation,
washed with distilled water to neutral pH, dried, and calcined at
550 °C for 4 h. The general process for the preparation of HAP
from natural phosphate is shown in Fig. 1.

2.2.2. Treatment of hydroxyapatite with ClSO3H. Sulfonic
acid treatment of the prepared HAP was performed using three
different amounts of ClSO3H (0.18, 0.25 and 0.45 mL) in 30 mL
of DCM, and the prepared solutions had concentrations of
0.089 mol L−1, 0.124 mol L−1 and 0.22 mol L−1 to obtain HAP-
S1, HAP-S2, and HAP-S3 materials, respectively. The sulfonic
acid/DCM solution was carefully poured in a burette, and then
was added dropwise (at the lowest ow) to a stirred suspension
of HAP (1 g) in 30 mL of DCM placed in an ice bath. Aer 20 min
the suspension was centrifuged, vigorously washed with DCM
to remove excess acid, and dried at 70 °C prior to use. It should
be noted that persons handling chlorosulfonic acid should
work in a well-ventilated lab hood, avoid contact with their skin,
eyes, and clothing and avoid inhaling vapors. The preparation
of these materials was realized many times to ensure
reproducibility.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Hydroxyapatite preparation from the dissolution/precipitation of natural phosphate.
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2.3. Material characterization

The X-ray diffraction (XRD) data of the prepared materials were
collected at room temperature using a D2 PHASER diffractom-
eter, with the Bragg–Brentano geometry, using CuKa radiation
(l= 1.5406 Å) at 30 kV and 10 mA. The patterns were scanned in
steps of 0.02° (2q). The Fourier transform infrared (FT-IR)
spectra of the samples were obtained using a Bruker Vector 22
spectrometer in the range of 4000–500 cm−1 at a resolution of
16 cm−1. Scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDX) and elemental mapping
analysis were performed using a Tecnai G2 microscope at 120
kV. Solid-state 31P nuclear magnetic resonance experiments
were performed on a Bruker Advance 600 MHz spectrometer,
where powder samples were packed into 4 mm zirconia magic-
angle spinning (MAS) rotors and spun at a rotation frequency of
10 kHz. The 31P CP MAS spectra were obtained using the stan-
dard cross-polarisation pulse technique followed by 1H high-
power decoupling.
2.4. Reaction procedure

The feedstocks in this study, namely, oleic acid and rened
rapeseed oil, were utilized without any pretreatment or
preheating.

2.4.1. Oleic acid esterication procedure. The esterication
of oleic acid was carried out in a 100 mL closed glass vessel
(high-pressure vessels) using a microwave irradiation oven
© 2024 The Author(s). Published by the Royal Society of Chemistry
(Milestone exiWAVE). Oleic acid, methanol and catalyst were
introduced, mixed and irradiated. A series of reactions was
carried out under different operating conditions to determine
the optimal conditions for the optimal conversion, as follows:
reaction temperature in the range of 100–150 °C, molar ratio of
methanol to OA in the range of 6–12, amount of catalyst in the
range of 5–12 wt% to weight of OA, and a reaction time in the
range of 10 to 60 min. The temperature in the closed vessel was
monitored by an infrared (IR) sensor. Upon completion of the
reaction, the system was gradually cooled to a temperature
below 50 °C. Subsequently, the catalyst was separated by
centrifugation at 4500 rpm, and then washed with ethanol,
dried at 80 °C and conserved for further reutilization tests.
Excess methanol and water generated during the reaction were
removed by rotary evaporation under reduced pressure. The
conversion percentage of oleic acid to its corresponding ester
was determined by calculating the acid value (AV) before and
aer the reaction using acid–base titration with ethanolic
potassium hydroxide solution following eqn (1) and (2), as
follows:

AV ¼ CKOH

�
Veq � Vref

�� 56:11

m
(1)

where CKOH is the utilized concentration of ethanolic KOH, Veq
is the volume at equilibrium, Vref is the volume of the reference
and m is the mass of the sample dissolved in diethyl ether. The
conversion calculation was done as follows:
RSC Adv., 2024, 14, 33019–33033 | 33021
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Fig. 2 XRD patterns of the prepared materials.
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Cð%Þ ¼ AVi �AVf

AVi

� 100 (2)

where C is the percent conversion of oleic acid and AVi and AVf

represent the initial and nal acid values of the reaction
mixture, respectively. All experiments were conducted in tripli-
cate. The reported conversion results represent the averages of
the three experimental results.

In addition, the oleic acid conversion (wt%) under the
optimal conditions was also performed using 1H-NMR adopting
the following equations:

Acid contentð%Þ

¼ Aða-CH2Þ of carboxylic acid peak
P

Aða-CH2Þ of carboxylic acid and ester peaks
� 100

Acid conversion (%) = [100 − acid content (%)]

where A is the area under the a-CH2 triplet.
2.4.2. Transesterication of rapeseed oil. The utilized

rapeseed oil had an acid value that is less than 1 mg KOH per g.
The transesterication reaction of rapeseed oil was carried out
according to the dened optimized conditions of the oleic acid
esterication (10 wt% of the catalyst to oil weight, 10 : 1 meth-
anol to oleic acid molar ratio, temperature of 150 °C) for both
40 min and 60 min. At the end of the reaction, the catalyst was
removed by centrifugation. Subsequently, the liquid mixture
was subjected to rotary evaporation to remove the excess
methanol. The separated ester phase was analysed by nuclear
magnetic resonance (1H-NMR, Bruker Avance 600 MHz) using
deuterated chloroform (CDCl3) as the solvent and tetrame-
thylsilane (TMS) as the internal standard. The oil conversion
was calculated using the method reported by Liza et al.34
Table 1 Lattice parameters and cell volume of HAP and HAP-S1

Material

Lattice parameters

Volume (Å3)a (Å) b (Å) c (Å)

HAP 9.42779 9.42779 6.8975 530.57
HAP-S1 9.41393 9.41393 6.88259 528.23
2.5. Catalyst characterization

2.5.1. X-ray diffraction. The X-ray diffraction patterns of the
pristine and treated hydroxyapatite are presented in Fig. 2. The
diffractogram of the prepared HAP is in good agreement with
the standard data for the hexagonal structure of pure apatite
(JCPDS card 01-074-0565), as indexed by the main typical planes
of (002), (211), (300), (202), (310), (222), (213) and (004).35 Aer
the rst treatment with DCM containing chlorosulfonic acid
solution, the peaks of the apatite phase were detected for the
HAP-S1 material. However, this treatment was accompanied by
a slight modication of the intensities and a decrease in the
lattice parameters and cell volume compared to that of pure
HAP, as shown in Table 1. Upon increasing the concentration of
the chlorosulfonic acid solution, the XRD pattern of HAP-S2
showed the presence of the typical HAP peaks and additional
intense peaks at 2q = 22.4° and 30.1° related to the presence of
acidic monetite (CaHPO4) according to JCPDS card (01-089-
5969) as a result of the partial dissolution process of the
hydroxyapatite network in acidic medium, as described by
Dorozhkin.36 In addition, new peaks at 2q = 25.4° and 32.4°
related to the presence of the orthorhombic anhydrite b-CaSO4
33022 | RSC Adv., 2024, 14, 33019–33033
phase were also detected according to the JCPDS card (01-072-
0916).37 Aer high-acidic treatment of HAP, the relative XRD
pattern of HAP-S3 showed intense characteristic peaks of b-
CaSO4 at 2q= 25.4 and 32.4°, which are related to the formation
of anhydrite CaSO4 crystals as a major component, with the
presence of tiny peaks related to the existence of residual
Ca(H2PO4)2$H2O triclinic phase.

2.5.2. FTIR spectroscopy. The FTIR analysis results showed
the characteristic vibrational bands of the apatite structure for
the prepared HAP sample. The bands at 560 and 606 cm−1 are
assigned to the antisymmetric deformation of the O–P–O
groups. The peaks at 960, 1025 and 1090 cm−1 are attributed to
the symmetric and asymmetric stretching vibration modes of
the PO4

3− groups.19 As shown in Fig. 3, in the spectrum of HAP-
S1, additional peaks were observed aer the sulfonation of
hydroxyapatite, which are related to the asymmetric and
symmetric stretching frequencies of S]O of the sulfonic group
(SO3H) at 1350–1342 cm−1, conrming that the SO3H groups
were anchored to HAP framework.38 Furthermore, a new band
appeared at 3600–3036 cm−1, which was attributed to the OH
groups that appeared aer sulfonation.38 An additional tiny
peak at 888 cm−1 attributed to the presence of HPO4

2− ions
appeared in the spectrum of HAP-S1, which can be explained by
the possible partial transformation of the surface PO4

3− groups
into HPO4

2−, as detailed by Dorozhkin.36,39 A further increase in
the acid concentration treatment led to the appearance of the
symmetric and asymmetric stretching vibrations of SO4

2− at 670
and 482 cm−1 in the spectrum of HAP-S2, respectively.40 In
addition, the intensity of the peaks in the 1000–1130 cm−1
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FT-IR analysis of the prepared materials.

Fig. 4 31P-MAS-NMR spectra of the prepared samples.
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increased due to the coexistence of SO4
2− bands, which over-

lapped with the vibrational modes of the PO4
3− groups, as re-

ported by Oulguidoum et al.41 In the case of HAP-S3, the
characteristic peaks at 670 and 482 cm−1 are related to the
presence of the SO4

2− groups. The other characteristic peaks of
the monocalcium phosphate monohydrate (MCPM) groups may
overlap with the characteristic CaSO4 groups. For example, the
fundamental vibrational bending and stretchingmodes of O–P–
O, P–O, in-plane P–O–H and out-of-plane P–O–H can be
observed in the region of 450–600, 900–1100, 1200–1250, and
900–800 cm−1, respectively.42 Furthermore, the vibrational
modes of the H2O molecules appear in the range of 3200 to
3500 cm−1 and at 1646 cm−1, which are related to the bending,
symmetric, and asymmetric stretching of the H–O–H bonds,
respectively. In addition, the O–H stretching mode of H2PO4

−

appeared as three A, B, and C bands at about 3100–3200 cm−1 (A
band), 2300–2400 cm−1 (B band), and 1600–1800 cm−1 (C
band).43

2.5.3. 31P-MAS-NMR spectroscopy. Solid-state 31P NMR was
performed to investigate the coordination of phosphorus
species (PO4

3−) in the prepared samples (Fig. 4). The 31P MAS
NMR spectrum of hydroxyapatite shows an isotopic signal at
1.94 ppm, indicating the presence of a phosphorus group
(PO4

3−) in the prepared HAP. Similarly, HAP-S1 showed
a narrow isotopic signal at 1.82 ppm, indicating that the sample
contained one type of phosphorus group, and this shi can be
explained by the change in the global environment of PO4

3−

aer acid treatment. It should be noted here that the possible
presence of a tiny amount of non-rigid HPO4

2− was not man-
ifested by a separate signal. In fact, the non-discrete HPO4

2−

exhibited an isotropic shi that overlaps with that of HAP, as
described by Rothwell et al.44 Moreover, the spectrum of HAP-S2
shows the presence of an intense peak at 2.22 ppm, which can
be attributed to PO4

3− of the apatite.44 However, the spectrum
shows an additional non-intense band at−1.63 ppm, which can
© 2024 The Author(s). Published by the Royal Society of Chemistry
be attributed to PO4
3− in the formed CaHPO4 phase.44

Furthermore, the presence of small upeld peaks could be
attributed to the heterogeneity of the environment. However,
cross-polarisation (CP) at low temperature could be applied to
enhance the multinuclear signal intensities.44,45

CP 31P-NMR was performed on the HAP-S3 sample, as shown
in Fig. 5, revealing the presence of several signals. The inter-
pretation of the spectrum of HAP-S3 requires sufficient caution
due to the overlapping of these signals. Considering the
complexity of these results and the high sensitivity of this
technique to the presence of P in the sample, the intense peak at
3.1 ppm can be attributed to the possible presence of ortho-
phosphate group residues of Ca10(PO4)6(OH)2.46 The overlap of
a small peak with the previous HAP-associated signal at
−1.46 ppm followed by an intense signal at 1.50 and a non-
symmetric signal at 5.77 ppm may be attributed to the pres-
ence of Ca(H2PO4)2$H2O and the possible existence of acidic
phosphate residues such as CaHPO4, CaHPO4$2H2O, and
Ca(H2PO4), which could be precipitated during the complex
dissolution–precipitation process of the apatite in highly acidic
medium.47,48 Furthermore, the possible substitution of ortho-
phosphate in the calcium sulfate crystals can also be a possible
reason, which may explain the multiple signals detected.

2.5.4. Scanning electron microscopy. The surface
morphology of the prepared materials is shown in Fig. 6.
According to the SEM images, the morphology of the prepared
HAP shows heterogeneous microstructure particles. Aer acid
treatment, crystallites with different forms were observed for
HAP-S1. A further increase in the acid concentration led to
a change in the particle forms and the formation of agglomer-
ated blocks.

The surface elemental analysis of the prepared samples by
energy dispersive spectroscopy is presented in Table 2.
RSC Adv., 2024, 14, 33019–33033 | 33023
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Fig. 5 CP 31P-NMR spectrum of the HAP-S3 sample.
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According to the results, the materials are mainly composed of
Ca, P and O for all the samples, besides the presence of sulfur
for HAP-S1, HAP-S2 and HAP-S3. In fact, the Ca and P contents
decreased slightly aer the treatment of apatite in acid
medium. However, the sulfur content increased with an
increase in the sulfonic acid concentration.

2.5.5. Elemental mapping. As shown by the elemental
mapping in Fig. 7, the distribution of Ca, P and O elements
varied from each sample depending on the sulfonic acid treat-
ment. In the case of HAP-S1, HAP-S2 and HAP-S3, the sulfur
distribution was found to be homogeneous over the selected
zone. Therefore, the sulfur content was found to be more
concentrated in the HAP-S3 surface. According to these gures,
it can clearly be concluded that the materials are mainly
composed of Ca, O, S and P elements, which are homogeneously
and regularly distributed over their surface.
Fig. 6 SEM micrographs of the prepared materials.

33024 | RSC Adv., 2024, 14, 33019–33033
3. Catalytic investigation in
esterification, transesterification and
two-step process
3.1. Oleic acid esterication investigation

3.1.1. Effect of heating mode and catalyst screening. To
investigate the effect of microwave irradiation and the prepared
materials on the catalytic activity of the esterication progress,
preliminary experiments were conducted in a stainless-steel
batch reactor without MW irradiation using a methanol to
oleic acid molar ratio of 8 : 1 and catalyst amount of 7 wt% at
150 °C for 60 min as control experiments (Fig. 8). The rst
experiment was conducted without any catalyst, resulting in the
production of 6.5% OAME. Under similar conditions, in the
presence of HAP, HAP-S1, HAP-S2 and HAP-S3, yields of 11%,
30.9%, 38.6%, and 48%, respectively, were obtained. This
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Surface elemental analysis of the prepared materials using
EDX

Material

Element content (wt%)

Ca P O S C

HAP 42.71 18.4 35.36 — 3.53
HAP-S1 40.84 16.27 34.19 6.47 2.23
HAP-S2 36.62 14.61 41.97 11.02 1.21
HAP-S3 27.86 7.20 50.57 14.37 —

Fig. 8 Effect of heating mode on OAME yield over the prepared
materials (conditions: methanol to oleic acid molar ratio of 8 : 1 and
catalyst amount of 7 wt% at 150 °C for 60 min).
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enhancement in the obtained yield is due to the presence of
active sites in the surface of the utilized materials. We observed
that higher concentrations of sulfonic acid-treated HAP resulted
in an increase in the acidity of the catalyst, which enhanced its
catalytic activity by providing more active sites for the reaction.
Nevertheless, we believe that better results can be obtained by
conducting these reactions for longer durations. In fact, the
majority of the reviewed works that carried out the esterication
of OA in batch reactors required more rigorous reaction
conditions to obtain high biodiesel yields, high molar ratios of
alcohol-to-oil, and also presented longer reaction times than
that used in the present tests.12,49 Alternatively, performing the
same experiments under MW irradiation (Fig. 8) resulted in
higher yields compared to that obtained by the heated stainless-
steel batch reactor, conrming the benecial effect of MW. In
particular, an oleic acid conversion of 22% was obtained with
the free catalytic system, whereas 33.2%, 67%, 74% and 85%
was obtained using HAP, HAP-S1, HAP-S2 and HAP-S3, respec-
tively. In fact, in electrically assisted heating, the heat energy is
transferred from the surface to the reactor by convection and
Fig. 7 Elements mapping (O, P, Ca and S) of the prepared materials.

© 2024 The Author(s). Published by the Royal Society of Chemistry
conduction. Therefore, a large amount of heat and long reaction
time are required to achieve the satisfactory conversion of fatty
acids to FAME. In contrast, microwave irradiation can deliver
the energy directly to the reactants which enhances the heat
transfer due to the interaction of the dipole moment of the
polar methanol with the incident radiation. Actually, the role of
microwave irradiation is pivotal in accelerating the reaction
rates. The ability of microwaves to provide uniform heating and
enhance the mass transfer leads to faster reaction kinetics
RSC Adv., 2024, 14, 33019–33033 | 33025
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compared to conventional heating methods. The interaction
between radiation and dipole moment of methanol results in
the rotation, friction and collision of molecules, resulting in
instantaneous localized superheating, where high energy is
delivered to the reagents at a very fast rate. Here, the reaction
mixture was rapidly heated when exposed to MW irradiation
and formed hot spots, known as the “microwave thermal
effect”, which is responsible for the increased reaction
efficiency.50

3.1.2. Leaching test. Subsequently, we studied the leaching
of the prepared catalysts using the half-time ltration test.
Specically, aer 10 min of reaction under the pre-optimized
reaction conditions, the catalysts were separated from the
reaction medium by centrifugation, and then the obtained
liquid was reintroduced into the tube and subjected to a new
run for another 30 min. HAP-S1 showed the lowest leaching,
where the homogeneous contribution was negligible and found
to be 3.3%. Therefore, in the following sections, the HAP-S1
catalyst was selected as the optimal catalyst for the esterica-
tion of oleic acid with methanol, given that it contains active
SO3H groups in the esterication process.

3.1.3. Study of the effect of reaction parameters. To deter-
mine the dependence of the oleic acid esterication on the
reaction conditions, the effects of different parameters were
investigated. Firstly, the effect of reaction temperature on the
oleic acid conversion under MW was studied by varying the
reaction temperature in the range of 100–150 °C, as shown in
Fig. 9a, while keeping the other factors constant (catalyst
Fig. 9 Effect of reaction conditions on oleic acid conversion: (a) effect
methanol to acid molar ratio and (d) effect of reaction time.

33026 | RSC Adv., 2024, 14, 33019–33033
loading of 7 wt%, methanol to acid molar ratio of 8 : 1 and
reaction time of 60 min). The oleic acid conversion was found to
increase with an increase in temperature due to the higher
molecular collisions between the reagents as a result of the
improved mass transfer, which increased the reaction rate.51 To
investigate the effect of the catalyst amount on the esterication
conversion, different amounts of catalyst ranging from 5 to
12 wt% were used, while keeping the other experimental
conditions constant. Based on the results obtained (Fig. 9b), the
conversion increased as the catalyst amount increased from 5 to
10 wt%. Therefore, the catalyst amount of 10 wt% was selected
as the optimum value given that further increasing the catalyst
amount to 12 wt% resulted in an OA conversion increase of only
6.45% with a nal total value of 80%. In general, increasing the
catalyst amount increased the number of available catalytic acid
active sites responsible for promoting the esterication process.
The effect of the molar ratio of methanol to acid was also
studied. In fact, the stoichiometric ratio of methanol to oleic
acid for esterication is dened as one. However, to drive the
reaction equilibrium towards ester production, an excess
amount of methanol is recommended.12 As shown in Fig. 9c, the
yield of methyl oleates increased from 65.1% to 85.47% by
increasing the molar ratio from 6 : 1 to 10 : 1, while keeping the
other parameters constant. However, the conversion remained
constant with a further increase in the molar ratio to 12 : 1. The
reaction duration was varied from 10 to 60 min in the presence
of 7 wt% of HAP-S1 catalyst and the optimal methanol to acid
molar ratio of 10 : 1. As shown in Fig. 9d, the conversion
of reaction temperature, (b) effect of catalyst amount, (c) effect of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 FTIR spectra of oleic acid and methyl oleates.
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increased with the prolongation of the reaction time. Aer
10 min of reaction under MW irradiation, a yield of 42.75% was
obtained. Increasing the reaction time to 40 min resulted in
a methyl oleate yield of 85%. Thus, this duration was deter-
mined to be the optimal reaction time. Therefore, it should be
noted that in general, the catalytic performances are also
related to the strength and density of the catalytic sites.32,52

3.1.4. Quantitative characterization of OAME by 1H-NMR.
The esterication of oleic acid to methyl oleate was estimated
using the reported acid–base titrimetric method. In general, the
results obtained are similar to that determined using 1H-NMR
spectroscopy. Here, aer completion of the reaction under the
optimized conditions, the obtained product was analysed by
both acid–base titration and 1H-NMR spectroscopy and found
to be 85.4% and 87%, respectively. The 1H-NMR spectrum of
oleic acid and the obtainedmethyl oleate aer dilution in CDCl3
is shown in Fig. 10.

As shown, the typical triplets of the oleic acid methylene
group (a-CH2) adjacent to the carbonyl group are present in the
oleic acid spectrum at 2.34–2.37 ppm. Under the optimal
conditions, the spectrum of methyl oleate revealed the presence
of new characteristic peaks, with a triplet appearing at 2.30–
2.33 ppm assigned to the (a-CH2) of methyl oleate, and these
signals appeared at a chemical shi lower than that of (a-CH2)
of the carboxylic group due to their deshielding effect. In fact,
the intensities of these triplets are proportional to the concen-
tration of each molecule in the nal product. In addition, a new
intense singlet appeared at 3.67 ppm, which is attributed to the
protons of the methoxy group (R–O–CH3) of the methyl esters.

3.1.5. Qualitative characterization of OAME by FTIR. The
qualitative analysis of methyl oleate by FTIR is shown in Fig. 11.
The peaks at 2780 and 2970 cm−1 show the symmetric and
antisymmetric stretching vibrations of C–H in the CH2 and CH3

groups, respectively, in both spectra. The peaks at 1600–
1400 cm−1 conrm the bending vibrations of the CH2 and CH3

aliphatic groups. The intense peak at 1711 cm−1 is attributed to
the C]O carbonyl groups present in the carboxyl group of oleic
acid, and the intense peak at 1739 cm−1 conrms the stretching
vibration of C]O present in the esters.

3.2. Possible esterication mechanism

The esterication process is the combination of an organic acid
with an alcohol to form an ester. From a mechanistic point of
Fig. 10 1H-NMR spectra of oleic acid and the obtained product after es

© 2024 The Author(s). Published by the Royal Society of Chemistry
view, the esterication process is a catalytic nucleophilic acyl
substitution that occurs based on the nature of electrophilicity
of the carbon atom of carbonyl and the nucleophilicity of the
alcohol. Based on this information, we propose a reasonable
mechanism for the esterication reaction over the HAP-S1
catalyst. In fact, two plausible mechanisms can be proposed
according to the literature because there are two different active
sites in the active sulfonic group, S]O and S–O–H, as described
by Vafaeezadeh and Fattahi53 and Dou et al.54 Therefore, we
hypothesize that the reaction process probably follows a dual-
site mechanism, in which two separate SO3H groups are
involved in the reaction pathway, as shown in the Scheme 1.
Firstly, the interaction of the oleic acid carbonyl with the
Brønsted acid site (S–O–H group) of the catalyst surface leads to
the formation of a carbocation (electro-decient carbon of the
acid). Similarly, the adsorption of the adjacent Lewis acid site
(S]O group) via the hydroxyl oxygen leads to the formation of
an h-bonded alcohol molecule, which attacks the protonated
carbonyl group to form a tetrahedral intermediate. Subse-
quently, internal rearrangement, followed by the elimination of
a water molecule from the obtained intermediate results in the
production of methyl oleates (Scheme 1).

3.2.1. Reusability. To study the reuse and acid site stability
of the catalyst, the sulfonated hydroxyapatite was separated
terification.

RSC Adv., 2024, 14, 33019–33033 | 33027
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Scheme 1 Proposed mechanism of the acid-catalyzed esterification reaction.
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from the reaction medium by centrifugation, washed with
ethanol, dried at 80 °C and used for the next cycle. The yields of
methyl oleates were found to be 80%, 72% and 60% aer three
cycles, respectively. It is widely reported that leaching of the
sulfonic groups is a common problem, which is the probable
reason for the decrease in catalytic activity aer catalyst reuse
and its possible deactivation by reaction with methanol to form
sulfonate esters, as reported by Fraile et al.55
3.3. Transesterication of rapeseed oil

The results obtained for the rapeseed oil transesterication
indicate that a conversion of only 17.6% was achieved aer
40 min of reaction. Alternatively, for a longer reaction time of
60 min, the conversion reached 40.2%. Thus, based on the
obtained results, the acid sulfonated apatite could promote the
conversion of vegetable oil. However, the kinetic rate was found
to be lower than that of the base-catalyzed process. In general,
acid-catalyzed transesterication is not widely applied due to
the requirement of catalysts with a high total acid site density,32

high alcohol to oil molar ratio, longer reaction time and addi-
tional energy to achieve high yields.56–58 Therefore, the majority
of sulfonated acid catalysts are evaluated for the esterication of
free fatty acids.
Table 3 Product acid values and FAME yields before and after the two-

Feedstock's
initial acid value (mg KOH per g)

First step

First reaction
acid value (mg KOH pe

15.26 7.5

33028 | RSC Adv., 2024, 14, 33019–33033
3.4. Double-step esterication/transesterication of acidic
oil

Aer the successful application of the selected acid catalyst in
the esterication of oleic acid and its potential application in
the transesterication reaction, we aimed to study it in the
esterication of FFA-containing oils to investigate the ability of
the catalyst to perform simultaneous esterication and trans-
esterication reactions. In this context, a mixture of rapeseed oil
with 5 wt% oleic acid was prepared and used as a model feed-
stock for the production of biodiesel from a low-cost feedstock.
The initial acid value of the feedstock was found to be 15.26 mg
KOH per g. Esterication was carried out under the optimized
conditions for 60 min. At the end of the reaction, the catalyst
was separated by centrifugation and the excess methanol was
evaporated by rotary evaporation. Based on the titration
method, the acid value was determined to be 7.5 mg KOH per g.
The catalyst could reduce the acidity of the original feedstock by
50.85%. The evaporated ester phase containing the remaining
FFA, untransesteried triglycerides, diglycerides and mono-
glyceride was introduced in a second MW-driven reaction, in
which 10 wt% of fresh catalyst was added in addition to an
amount of methanol equal to that introduced in the rst step.
The nal product exhibited an acid value of 3.1 mg KOH per g,
and thus the total FFA conversion aer the two-step reaction
step process

Second step

r g)
Second reaction acid
value (mg KOH per g)

Total FAME
yield (%)

3.11 40.13

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Double-step esterification/transesterification of acidic oil.

Table 4 Comparison with reported catalysts for oleic acid esterification under microwave irradiation

Entry Catalyst Time (min) T (°C) Catalyst amount (wt%) Methanol/oleic acid Methyl oleate yield (%) Reference

1 HAP-S1 40 150 10 10 : 1 87 This work
2 Sulfated zirconia 20 200 5 10 : 1 68.7 65
3 Nb2O5 20 200 5 10 : 1 68 65
4 I-ISS-300 30 120 10 : 1 93 66
5 [Bmim]HSO4 30 120 10 9 : 1 84.7 67
6 H2SO4 30 120 10 9 : 1 87.7 67
7 Wasted int kaolin 40 115 — 60 : 1 96.5 68
8 UiO-66-SO3H 60 100 8 20 : 1 98.3 69
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was 79.6% (according to titration results) with a total FAME
production of 40.13% (Table 3), as determined by 1H-NMR
according to the method reported in the literature.34,59 In fact,
the competitive FFA esterication and TG transesterication by
the acid catalytic sites and the possible hydrolysis of TG by the
generated water may limit the total biodiesel yield.32,60 Also, the
reaction mechanisms of the two pathways are different given
that the methanolysis of FFAs proceeds via simple esterica-
tion, while TGs proceed via transesterication, which involves
several consecutive steps.61 A relevant aspect should also be
noted, where the achieving high yields by simultaneous
esterication/transesterication is related to the strength of the
catalytic sites and their high surface density, in addition to the
further optimization of the reaction parameters, which can play
an important role increasing the conversion.52

Based on these results, it can be concluded that the HAP-S1
catalyst is a potential solid acid catalyst for FFA removal from
acidic feedstocks. Consequently, given that the acid value of the
nal product was less than 4 mg KOH per g aer two reaction
runs, it is recommended to adopt an alkali-catalyzed trans-
esterication to increase the biodiesel yield and achieve the
ester value required by ASTM and EN 14214.19,62–64 A summary of
the two-step process adopted is shown in Fig. 12.

3.5. Comparison with reported catalysts for the microwave-
assisted esterication of oleic acid under

To allow a proper comparison with the results obtained herein,
the data of the relevant works published in the literature
dealing with the microwave-assisted esterication of oleic acid
for biodiesel are presented in Table 4. The synthesized catalyst
showed competitive catalytic activity with respect to other
catalytic systems such as sulfated zirconia, Nb2O5, sulfonated
silica I-ISS-300, waste int kaolin, MOF-based catalyst UiO-66-
SO3H, ionic liquid [Bmim]HSO4 and homogeneous H2SO4
© 2024 The Author(s). Published by the Royal Society of Chemistry
catalyzed system. Moderate alcohol to acid molar ratios were
reported for entries 2 to 6, but high molar ratios were required
(for 7 and 8) to achieve the optimal conversion of OA to OAME.
4. Conclusion

In this study, hydroxyapatite-derived natural phosphate was
prepared via the dissolution–precipitation of natural Moroccan
phosphate in nitric acid. Subsequently, the hydroxyapatite was
treated with chlorosulfonic acid in dichloromethane at three
acidity levels. Specically, the HAP-S1 material was investigated
in the oleic acid esterication, resulting in an optimal oleic acid
methyl ester yield of 87% aer 40 min of reaction under
microwave irradiation. This conrmed the synergistic inuence
between microwave irradiation and the prepared catalyst. Also,
the catalyst was tested in the transesterication reaction of
rapeseed oil, but the nal yield was found to be lower than that
of the esterication reaction, given that a lower trans-
esterication rate was observed. Furthermore, the catalyst was
found to be a potential catalyst for the esterication of FFA-
containing feedstocks, given that it could reduce the FFA
content of acidied rapeseed oil as a model of a low-quality
feedstock aer a two-step process. However, the extra purity of
the acid used and the meticulous preparation procedure may
affect the catalyst preparation procedure and increase the
overall cost of catalyst preparation, despite the abundance of
the apatite source in Morocco. Thus, further research should be
conducted to evaluate the energetic and economic aspects of
the developed material for the synthesis of biodiesel.
Data availability
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author, Dr Boutaina REZKI. All collected data are present in the
paper as gures or tables. The data can be requested from the
corresponding author.
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