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Abstract

The efficient conversion of free fatty acids (FFAs) to fatty acid methyl esters via esterification
is a crucial step in biodiesel production from low-cost high-FFA feedstocks, which supports
global efforts toward renewable energy and reduced dependence on fossil fuels. However,
this esterification process is hindered by slow reaction kinetics, high energy demand, and
low catalyst efficiencies. This study investigates tungsten disulfide (WS2) as a heteroge-
neous catalyst for the esterification of a mixture of oleic and linoleic acids with methanol
under ultrasonic activation, aiming to improve catalytic performance, reaction efficiency,
and enhance process sustainability. Four commercial WS2 powders from various suppliers,
varying in particle size (2 µm and 90 nm), were characterized using X-ray diffraction,
scanning electron microscopy, and transmission electron microscopy. Micron-sized WS2

exhibited higher catalytic activity than nano-scaled WS2 due to a higher density of edge
defects and abundance of catalytically active edge sites. Variation in reaction parameters
demonstrated that the ester yield increases from 7% to 53% as the catalyst loading rises
from 2% to 32% and reaches a 95% yield at an FFAs-to-methanol molar ratio of 1:15 under
ultrasonic activation at 75 ◦C for 1 h. Comparative experiments confirmed that ultrasound
treatment increases the yield of esterification compared to thermal activation. The results
suggest WS2 as a heterogeneous catalyst appropriate for efficient sonochemical esterifi-
cation in biodiesel production. These kinetic and catalytic data are valuable for future
process design, scalability assessments, and techno-economic evaluations of sustainable
biodiesel production.

Keywords: biodiesel production; free fatty acids; WS2 catalyst; heterogeneous catalysis;
ultrasonication

1. Introduction
Growing concerns about energy security, climate change, and the reduction in fossil

resources have raised global interest in renewable liquid fuels. Among the available
alternatives, biodiesel has received considerable attention as a sustainable replacement
for conventional diesel due to its renewable origin, biodegradability, low sulfur content,
and favorable combustion characteristics [1–3]. Biodiesel can be produced from a wide
range of feedstocks, including vegetable oils, animal fats, and waste cooking oils, through
reactions with short-chain alcohols [4–6]. In addition to reducing dependence on petroleum-
based fuels, biodiesel contributes to lower greenhouse gas emissions and supports the
principles of a circular economy by valorizing waste lipid sources [3,5]. As transportation
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remains one of the largest consumers of fossil fuels, the development of efficient biodiesel
production methods has become a key priority in global efforts to achieve carbon neutrality.
Consequently, current research is focused on enhancing catalyst performance, improving
reaction kinetics, and developing process intensification methods that may contribute to
more economically viable and environmentally sustainable biodiesel production.

Biodiesel is a renewable, biodegradable fuel composed primarily of fatty acid methyl
esters, which are produced through esterification of free fatty acids (FFAs) and/or transes-
terification of triglycerides with short-chain alcohols such as methanol or ethanol. Due to
its similar physicochemical properties to petroleum diesel, biodiesel can be blended with
existing diesel engines or used directly without significant modifications. Furthermore,
it offers excellent lubricity, low particulate and sulfur emissions, and a favorable toxicity
profile compared to traditional fossil diesel fuels. However, the commercial competitive-
ness of biodiesel production largely depends on the efficiency of the catalyst system and
the ability to utilize inexpensive feedstocks with high free fatty acid content, such as waste
cooking oils or animal fat [7,8]. Despite its advantages, biodiesel also presents several
limitations, including higher production costs compared to petroleum diesel, potential
cold-flow problems (fuel gelling) in low-temperature environments, and risks of filter
clogging or corrosion when the fuel is not sufficiently purified. Moreover, large-scale
biodiesel production may compete with food crops for land and resources, raising concerns
regarding long-term sustainability [1–3,5,6].

Conventional biodiesel production processes commonly utilize homogeneous acid
and base catalysts (e.g., H2SO4, HCl, NaOH, KOH) due to their high activity and low
cost. However, the use of such catalysts has several drawbacks, including equipment
corrosion, soap formation, difficulties in phase separation, and the need for extensive
water consumption for purification. These issues result in increased operational costs
and environmental burdens associated with wastewater generation [9–11]. Consequently,
growing attention has been directed toward heterogeneous catalysts due to their non-toxic
nature, ease of separation between solid and liquid phases, environmental friendliness, and
the possibility of continuous operation while maintaining high activity, even in feedstocks
rich in FFAs [12–14]. Heterogeneous acid catalysts, in particular, have demonstrated strong
potential for esterification reactions, maintaining high activity even in the presence of FFAs
and water.

Among the various heterogeneous catalysts, transition metal dichalcogenides such as
WS2 and MoS2 have been reported as robust, thermally stable catalysts with tunable acidity
and a high density of edge-active sites. Their catalytic behavior is strongly influenced by
the density of active edge sites, surface defects, and the degree of crystallinity. Recent
studies have demonstrated that MoS2-based catalysts, including magnetically recoverable
composites, exhibit excellent performance in both esterification and transesterification
reactions [15,16]. However, only a single report has described the use of WS2 as a catalyst
for the esterification of C2–C16 carboxylic acids with methanol under moderate thermal
conditions [17].

The most common activation method in biodiesel synthesis is conventional thermal
heating, which provides sufficient energy to overcome the activation barriers of ester-
ification and transesterification reactions [18,19]. However, this approach has serious
drawbacks, including prolonged reaction times, high energy consumption, and poor mass
transfer between immiscible reactants. To overcome these disadvantages, several energy
intensification techniques have been explored, including microwave irradiation and ul-
trasonic treatment [20]. Microwave activation provides rapid, volumetric heating of the
reaction mixture, significantly reducing processing time; however, it can lead to uneven
field distribution and scaling issues [21,22]. Ultrasonication, on the other hand, generates
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the formation, growth, and collapse of microbubbles due to acoustic cavitation, which
induce localized hot spots, intense micro-mixing, and high shear gradients. These effects
significantly enhance both heat and mass transfer, thus improving catalytic efficiency and
reducing energy requirements [23–25]. Despite these advantages, ultrasonic activation also
has limitations, such as cavitation erosion of reactor surfaces, difficulties in optimizing
energy efficiency, and challenges in scaling equipment while maintaining stable cavitation
parameters. These factors, along with limited industrial-scale deployment, indicate that
economic and engineering barriers to large-scale implementation remain [26].

In this work, we propose using WS2 as a heterogeneous catalyst for the esterification
of a binary mixture of oleic and linoleic acids with methanol under ultrasonic activation.
To the best of our knowledge, this is the first systematic study evaluating WS2 catalysts of
different particle sizes and loadings in sonochemical processes.

2. Results and Discussion
Our previous research was focused on the synthesis of biodiesel from oleic acid and

waste cooking oils using Lewis acid catalysts under ultrasonic activation. In particular,
catalysts such as BF3 and AlCl3 demonstrated high activity in esterification and transes-
terification reactions of oleic acid or brown grease with methanol, as reported in earlier
works [27–29]. However, despite their catalytic efficiency, the post-reaction separation and
removal of these homogeneous Lewis acids resulted in significant drawbacks for product
purification and potential process scalability.

To overcome this limitation, the present work investigates the use of a heterogeneous
catalyst that enables the separation and recovery of the catalyst, thereby minimizing
contamination of the biodiesel phase. Among potential candidates, tungsten disulfide (WS2)
was selected as a catalyst due to its previously reported catalytic activity in esterification
reactions of various carboxylic acids under thermal activation, as demonstrated in [17].
While WS2 has not been investigated in combination with ultrasonic-assisted methods, the
proven efficacy of ultrasound in our earlier projects provided a rationale to test this catalyst
under similar conditions.

In this work, the effect of different reaction parameters on the conversion of a mixture
of oleic and linoleic acids was investigated. The parameters were as follows: particle size of
the catalyst, catalyst loading, FFAs-to-methanol molar ratio, time, temperature, and method
of activation. Four commercial WS2 samples with varying particle sizes and sources (2 µm,
ThermoScientific—sample A; 2 µm, Sigma-Aldrich—sample B; 90 nm, Sigma-Aldrich—
sample C; and 90 nm, MKNano—sample D) were evaluated as heterogeneous catalysts for
the esterification reaction.

2.1. Comparison Between the Catalysts from Different Sources

To compare the samples of WS2 from different sources, their structure was investigated
using XRD, SEM, and TEM, and their efficiency was tested in the esterification reaction
(Scheme 1).

R-COOH + R′-OH ⇌ R-COO-R′ + H2O 

Scheme 1. Scheme of esterification reaction, where R-COOH—the free fatty acid, R’-OH—the alcohol,
R-COO-R’—the fatty acid alkyl ester.

2.1.1. Structure and Morphology Characterization

The crystal structure of the WS2 samples was examined by X-ray diffraction. As
shown in Figure 1, the 2 µm WS2 powder of samples A and B exhibits sharp and well-
defined diffraction peaks corresponding to the 2H-phase of WS2 (JCPDS standard card
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No. 84-1398). The strong and narrow (002) reflection indicates high crystallinity and
pronounced preferred orientation of the layered basal planes. The absence of any additional
tungsten or sulfur corresponding peaks confirmed the phase purity of these samples. In
contrast, the XRD pattern of the 90 nm WS2 (samples C and D) exhibits broader and
less intense peaks, indicating a reduced crystallite size, partial stacking disorder, and
the presence of microstrain within the layered structure. Such features are typical for
nanostructured WS2, where the layers are curved, turbostratically misaligned, or even form
closed-cage, fullerene-like architectures.

Figure 1. XRD spectra of the investigated samples of WS2.

The morphology of the WS2 powders was visualized by the SEM and TEM images
(Figure 2).
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Figure 2. SEM of sample A (a) and sample C (b); TEM of sample A (c) and sample C (d).

2.1.2. The Effect of Particle Size of the WS2 from Various Sources on the Yield of
Esterification Reaction

The catalytic activity of four commercial WS2 samples was investigated in the esterifi-
cation reaction of a mixture of oleic and linoleic acids with methanol, using the experimental
conditions reported in [17]. The reaction was performed for one hour under ultrasonication
treatment without external heating, with the bath temperature increasing from 20 ◦C to
60 ◦C. Table 1 presents the effect of different WS2 samples on esterification yield. Both 2 µm
WS2 samples (samples A and B) yielded similar results, with approximately 18–20% of
the material converted. In contrast, the 90 nm WS2 (sample C) yielded a 14% mixture of
methyl oleate and methyl linoleate, while the 90 nm sample D produced only 7% esters,
i.e., approximately half the yield of sample C with the same particle size.

Table 1. Effect of particle sizes and sources on the yield of the esterification reaction.

WS2 Lot Particles Size Reaction Yield, %

Sample A 2 µm 20.0 ± 1.4
Sample B 2 µm 18.2 ± 1.5
Sample C 90 nm 14.3 ± 1.7
Sample D 90 nm 7.1 ± 0.9

In conventional heterogeneous catalysis, catalytic activity is generally expected to scale
with available surface area, assuming that the intrinsic reactivity per unit area remains com-
parable. Thus, the catalytic activity of WS2 NPs (~90 nm, BET surface area ~20–40 m2/g)
should outperform the larger WS2 platelets (~2 µm, BET surface area < 5 m2/g).

Data obtained demonstrate a correlation between particle size and catalytic activity,
with micron-sized powders outperforming nanoscale materials. This result contrasts with
the generally accepted assumption that smaller particles, having higher surface areas,
should exhibit higher catalytic activity, leading to an increase in reaction yield [30–32]. This
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observation can be attributed to the distinct structural and chemical properties of the two
WS2 morphologies, particularly in terms of surface reactivity and defect density, which
significantly impact their catalytic performance. The WS2 nanoparticles (NPs) (samples C
and D, 90 nm) adopt a closed-cage, fullerene-like nanostructure, characterized by a highly
ordered, onion-like architecture where layers of WS2 are concentrically arranged to form
a polyhedral or spherical particle [33]. This configuration causes a chemically inert and
highly stable surface, as the closure of the layers eliminates dangling bonds and minimizes
edge sites [34,35].

The fully saturated surface of these NPs, being structurally robust, results in a very
low density of surface defects, which are crucial for catalytic activity in esterification re-
actions. The adsorption of oleic acid, a critical step in the esterification process, relies on
the availability of active sites where the molecule can interact with the catalyst surface.
The lack of such sites on the closed-cage WS2 nanoparticles severely limits their ability to
facilitate the adhesion and subsequent activation of oleic acid, thereby reducing their cat-
alytic efficacy. The formation of closed-cage, polyhedral WS2 nanoparticles—structures in
which the lamellar sheets curve and close into near-spherical or polyhedral morphologies—
was described in [34]. This encapsulated architecture eliminates most edge terminations
and saturates dangling bonds, thereby drastically reducing the number of catalytically
relevant sites. Such nanoparticles are mechanically robust and chemically resistant but
inherently less reactive. Chen et al. in [35] demonstrated that gold nanoparticles prefer-
entially adsorb onto defect sites of WS2 and MoS2, providing direct evidence that basal
planes possess minimal reactivity, whereas edges and defects act as the primary chemi-
cally active centers. Their study showed that fullerene-like nanoparticles exhibit fewer
exposed edges and significantly lower defect densities, resulting in reduced capacity for
adsorption-driven processes.

In contrast, the WS2 platelets, with their significantly larger dimensions (samples A
and B, ~2 µm), exhibit a non-uniform, highly defective morphology, as confirmed by SEM
and TEM analyses (Figure 2). While the basal planes of these platelets are chemically stable
and inert, similar to the surfaces of the closed-cage NPs, their edges and layer borders are
characterized by multiple structural imperfections, including dangling bonds and lattice
defects [36]. These defects arise from the open, layered structure of the platelets, which
lack the perfect closure found in the NPs. The presence of dangling bonds and irregular
edge sites creates highly reactive regions that serve as preferential reaction centers for the
adsorption of oleic acid molecules in the methanol environment [37].

Thus, the higher activity of the micron-sized WS2 catalyst compared to the nanoparti-
cles can be attributed not to surface area considerations, but to the fundamentally different
distribution and accessibility of catalytically active edge sites. This mechanistic rationale
aligns with established principles of TMD catalysis and explains why the observed trend
deviates from conventional expectations in heterogeneous catalysis.

Based on the obtained yields, WS2 sample A demonstrated the highest activity among
the tested materials and was selected for all subsequent studies.

2.2. Effect of WS2 Concentration on the Reaction Yield

To determine the optimal catalyst loading for subsequent experiments, a preliminary
series of esterification reactions was performed using WS2 in amounts ranging from 0 to
32 wt% relative to the total mass of free fatty acids. The reactions were carried out under
ultrasonic irradiation for 1 h in a water bath without external heating. Due to continuous
ultrasonic cavitation, the bath temperature gradually increased from approximately 20 ◦C
to 60 ◦C during the reaction. Under these conditions, the yield of fatty acid methyl esters
varied from 2.3% to 53%, depending on the catalyst concentration (Figure 3).
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Figure 3. Effect of WS2 amount on the esterification of FFAs mixture with methanol under ultrasonic
activation. Reaction conditions: 100 mg FFAs mixture, 2 mL methanol, and a reaction time of 1 h. The
temperature increased during ultrasonication from 20 to 60 ◦C without external heating.

The ester yield was determined by HPLC chromatogram. The identification of re-
actants and products was confirmed by matching their retention times with those of
commercial standards for oleic acid, linoleic acid, methyl oleate, and methyl linoleate
(Figure 4).
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Figure 4. HPLC chromatograms of (a) oleic acid (OA)-linoleic acid (LA) mixture (85%/15%);
(b) methyl oleate (MO); (c) methyl linoleate (ML); (d) reaction mass mixture under reaction conditions:
100 mg FFAs mixture, 16 wt% WS2 based on FFAs mixture, 2 mL methanol, and a reaction time of 1 h.
The temperature increased during ultrasonication from 20 to 60 ◦C without external heating.
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Although the highest conversion was obtained at 32 wt% WS2, using such a large cata-
lyst loading is neither practical nor economically attractive for further process development.
In contrast, 16 wt% of WS2 resulted in a substantial increase in the conversion of the FFAs
mixture (32%) and was therefore selected as the working catalyst amount. This intermediate
loading provided a balance between catalytic efficiency and feasibility, while leaving scope
for subsequent optimization (e.g., adjustment of temperature, FFAs-to-methanol ratio, and
reaction time) to further improve the ester yield. For comparison, a catalyst-free reaction
carried out under identical ultrasonic conditions yielded less than 3% ester, confirming that
WS2 is essential for the conversion.

2.3. Effect of FFAs-to-Methanol Molar Ratio on the Reaction Yield
2.3.1. Screening of FFAs-to-Methanol Molar Ratio Under Ultrasonic Activation Without
External Heating

The molar ratio of FFAs to methanol is a key parameter in the esterification process
because the reaction is reversible and equilibrium-limited. In our previous studies [30], an
FFAs-to-methanol ratio of 1:140 was used under ultrasonic treatment. Although a large
excess of methanol improved miscibility between the reactants and shifted the equilibrium
toward ester formation, it simultaneously produced an extremely diluted reaction medium,
hindering process scalability. To determine a more efficient and practically relevant ratio,
a systematic investigation of the effect of the excess of methanol was carried out in the
present work.

Esterification reactions were performed under ultrasonic treatment for 1 h, during
which the bath temperature increased naturally from 20 ◦C to 60 ◦C. The following FFAs-
to-methanol molar ratios were examined: 1:5, 1:10, 1:15, 1:20, 1:25, 1:70, and 1:140. The
conversion of the oleic and linoleic acid mixture increased progressively as the methanol
content increased from 1:5 to 1:15, reaching a maximum ester yield of 70% at a 1:15 ratio
(Figure 5). Further increase in methanol concentration led to a decline in conversion, with
the lowest yield obtained at a 1:140 ratio. The decrease in yield at high methanol ratios
is likely associated with a reduction in cavitation intensity and a dilution of the reactive
phase, which slows down the interaction between the catalyst surface and the free fatty
acid molecules. Based on this, the 1:15 FFAs-to-methanol ratio was considered the most
suitable for subsequent experiments.
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Figure 5. The effect of the FFAs-to-methanol molar ratio on the yield of the esterification reaction
under ultrasonic activation without external heating. The reaction conditions: 100 mg FFAs mixture,
16 wt% WS2 based on FFAs mixture, reaction time—1 h.

This observation is consistent with several literature reports where optimal conversions
were reached at FFAs-to-methanol molar ratios between 1:10 and 1:15. For example,
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maximum ester yields within this range for heterogeneous and ultrasonically assisted
systems were reported in [38–40].

2.3.2. Temperature-Controlled Esterification

To further validate the effect of the FFAs-to-methanol ratio, the same series of experi-
ments was repeated under ultrasonic activation at a constant bath temperature of 75 ◦C
for 1 h. Under these conditions, the ester yield increased from 75% to 95% for FFAs-to-
methanol molar ratios from 1:5 to 1:15, and then decreased to 53% when the ratio reached
1:140 (Figure 6). Once again, the 1:15 ratio produced the highest yield (95%), confirming
that a moderate methanol excess is more favorable than either extremely low or excessively
high alcohol concentrations. Based on both temperature regimes, the FFAs-to-methanol
ratio of 1:15 was determined to be the most effective (Figures 5 and 6).
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Figure 6. Effect of FFAs-to-methanol molar ratio on the yield of esterification reaction under ultrasonic
activation at 75 ◦C (conditions: 100 mg FFAs mixture, 16 wt% WS2 based on FFAs mixture, reaction
time—1 h).

2.4. The Effect of the Reaction Time

To examine the impact of time, esterification reaction was carried out for periods
ranging from 15 to 120 min using the following parameters: FFAs-to-methanol molar
ratio (1:15), catalyst amount (16 wt%), and temperature (75 ◦C). As shown in Figure 7,
the FFAs conversion increased considerably from 48% to 95% when the reaction time was
extended from 15 to 60 min, indicating that the system approaches equilibrium at this
stage. Extending the reaction time to 120 min provides only a marginal increase in yield,
suggesting that 60 min is sufficient to achieve near-complete esterification under these
ultrasonic conditions.
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Figure 7. Effect of reaction time on the yield of the esterification reaction of the FFAs mixture, under
ultrasonic activation at 75 ◦C. Reaction conditions: 100 mg of FFAs mixture, 16 wt% of WS2 based on
FFAs mixture, FFAs-to-methanol molar ratio (1:15).
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2.5. Esterification Under Ultrasonic and Thermal Activation

To verify whether ultrasonic activation provides a real advantage over conventional
heating under otherwise identical conditions, a comparative study was conducted at
two temperatures and two FFAs-to-methanol ratios.

The results are presented in Figure 8. At both temperatures tested (60 ◦C and 75 ◦C)
and for both FFAs-to-methanol ratios (1:15 and 1:140), ultrasonic activation consistently
produced higher ester yields than conventional thermal treatment. At 60 ◦C, ultrasound
resulted in 66% and 45% conversion at 1:15 and 1:140, respectively, compared with 52% and
30% under thermal activation. At 75 ◦C, this difference became even more pronounced (95%
and 5% for ultrasound versus 80% and 41% for thermal activation). These results suggest
that cavitation likely enhances mass transfer and promotes catalytic surface interactions
more efficiently than heating activation [41,42].
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Figure 8. Effect of FFAs-to-methanol molar ratio on the yield of esterification reaction at 60 ◦C (a) and
75 ◦C (b) with ultrasonic (US) and thermal (Th) treatment. Reaction conditions: 100 mg of FFAs
mixture, 16 wt% of WS2 based on FFAs mixture, reaction time 1 h.

A comparison with selected literature reports on ultrasonication-assisted esterification
and transesterification (Table 2) shows that the ester yield obtained in this work (95%)
is within the upper range of values reported for other heterogeneous catalysts (80–96%).
Although reaction conditions vary across studies, the data demonstrate that WS2 provides
a catalytic efficiency comparable to that of conventional heterogeneous catalysts, further
supporting its potential as an effective sonochemical catalyst.

Table 2. Comparison of Ultrasonication-Assisted Esterification/Transesterification Using Heteroge-
neous Catalysts.

Catalyst Catalyst
Loading Feedstock

Acid-to-
Methanol

Ratio

Temperature
(◦C) Time Ultrasonication

Conditions Yield (%) Reference

WS2 16 wt% Oleic + linoleic
acids (85:15) 1:15 75 1 h

US bath,
80 kHz,
320 W

95 This study

Amberlyst-15 60 wt% Palm FFA
distillate 36 wt% FFA 60 130 min soak +

8.5 min US
US horn,

18 kHz, 1000 W 89 [43]

Na2ZrO3/PVA
film 3 wt% Soybean oil 1:6 55 8 h US bath,

25 kHz, 360 W 80 [44]

KI–ZnO 6 wt% Soybean oil 1:10 82 40 min US bath,
35 kHz, 35 W 95 [45]

CaO 5 wt% Karabi seed oil 1:12 60 2 h
US horn,

20–30 kHz,
50 W

94 [46]

While this study focuses on WS2-catalyzed FFA esterification, industrial biodiesel
production can utilize feedstocks rich in triglycerides. Future research should evaluate
WS2’s performance in mixed FFA/triglyceride systems relevant to industrial applications.
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3. Materials and Methods
3.1. Materials

Methanol, hexane, and acetonitrile were purchased from Bio Lab, Jerusalem, Israel.
Oleic acid was purchased from Sigma, Ronkonkoma, NY, USA; linoleic acid was purchased
from Acros Organics, Morris Plains, NJ, USA; methyl oleate and methyl linoleate were
purchased from Alfa Aesar, Heysham, UK. The samples of WS2 powder with a particle
size of 2 µm were purchased from ThermoScientific, Waltham, MA, USA (sample A) and
Sigma-Aldrich, St. Louis, MO, USA (sample B). The samples of WS2 nanopowder with
a particle size of 90 nm were purchased from Sigma-Aldrich (sample C) and MKNano
(Mississauga, ON, Canada) (sample D). All chemical reagents were used directly without
further purification.

3.2. Methods
3.2.1. Catalyst Characterization

The X-ray diffraction (XRD) patterns were recorded using an X-ray diffractome-
ter (X’Pert Pro; PANalytical B.V., Eindhoven, The Netherlands) with Cu Kα radiation
(λ = 0.154 nm) with full pattern identification by the X’Pert HighScore-Plus software pack-
age (PANalytical B.V.; version 2.2e/2.2.5).

The morphology of the WS2 powders was visualized by TESCAN MAIA3 Scanning
electron microscope, Brno, Czech Republic (SEM) and Thermo Fisher Scientific™ Talos™
F200X transmission electron microscope, Waltham, MA, USA (TEM).

3.2.2. Ultrasound-Assisted Esterification

The catalytic activity of WS2 was evaluated by the reaction esterification of the mixture
of oleic and linoleic acids (FFAs mixture) (85%:15%) with methanol under ultrasonic activa-
tion using a sonication water bath (Elmasonic P 30H, Elma, Singen, Germany, frequency of
80 kHz, power 320 W). FFAs mixture (100 mg) and 0–32 wt% of WS2 based on FFAs mixture
were placed in a 15 mL pressure vessel glass tube with FFAs-to-methanol molar ratios
from 1:5 to 1:140. The reaction mass was sonicated either without heating or at a constant
temperature of 75 ◦C for 15–120 min. After the established reaction time, the catalyst was
separated from the reaction mixture using centrifugation. The reaction mixture was then
transferred to another centrifuge tube, where 1 mL of water and 1 mL of hexane were
added. The mixture was centrifuged for 10 min at 10,000 rpm in a centrifuge (Beckman
Coulter, Brea, CA, USA) using a JA-25.50 rotor (Beckman Coulter). The composition of
the hexane phase was analyzed using HPLC. Reactions were performed in triplicate, with
average values reported.

3.2.3. Product Analysis

FFAs and fatty acid methyl esters were analyzed by HPLC (UltiMate, Dionex, Ham-
burg, Germany) equipped with a Corona Ultra RS detector (Thermo Scientific, Bremen,
Germany) on a Sepax Poly RP-100 (5 µm) 4.6 × 250 mm column (Sepax Technologies, Inc.,
Newark, DE, USA) using acetonitrile as a mobile phase. The column temperature was
30 ◦C, the flow rate was 1.2 mL/min, and the injection volume was 2 µL. Calibration was
performed using oleic acid, linoleic acid, methyl oleate, and methyl linoleate standards.

4. Conclusions
This study demonstrates the feasibility and catalytic efficacy of tungsten disulfide

(WS2) as a heterogeneous catalyst for the ultrasound-assisted esterification of free fatty
acids with methanol. Among the four WS2 samples tested, the micron-sized WS2 (2 µm)
exhibited higher catalytic activity than the nanoscale forms (90 nm), which is attributed
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to its higher crystallinity and a greater number of exposed reactive edge sites. Ultrasonic
cavitation significantly enhanced mass transfer, enabling ester yields of up to 70% without
external heating and 95% under temperature-controlled conditions (75 ◦C, 1 h, 1:15 FFAs-
to-methanol ratio). While the present results demonstrate that WS2 exhibits strong catalytic
activity under ultrasonic activation, the practical scalability of the system requires further
evaluation. The relatively high catalyst loading (16 wt%) and the need for a substantial
excess of methanol highlight important challenges for industrial implementation. Future
work should therefore focus on improving catalyst recovery and reusability, as well as
reducing methanol consumption through process optimization.
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