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ABSTRACT

We investigate ultrasound-assisted transesterification for biodiesel production. We use inline Ra-
man spectroscopy to quantify its impact on reaction kinetics, catalyst reduction, and temperature
sensitivity. We perform a systematic experimental study at different temperatures (50, 55, and 60
°C), different catalyst loadings, with and without ultrasound. The results show that ultrasound
significantly accelerates early reaction kinetics at all temperatures, with the strongest effect ob-
served at 55 °C, where both Fatty Acid Methyl Ester (FAME) formation rate and final conversion
increase by up to 7 wt%. Under reduced catalyst conditions, ultrasound restores high conversion
levels, leading to up to 20 wt% higher final FAME compared to operation without ultrasound and
achieving performances comparable to, or exceeding, those obtained with (normal) catalyst with-
out ultrasound. This is mainly because ultrasound primarily enhances mass transfer and phase
contact, thereby reducing the system'’s sensitivity to catalyst loading. These findings demonstrate
that ultrasound enables catalyst reduction while maintaining high biodiesel yields, enabling more
sustainable and intensified transesterification processes.

Keywords: Biodiesel production, transesterification, ultrasound-assisted process intensification, catalyst op-

timization, Raman spectroscopy, process monitoring, clean energy systems

INTRODUCTION

Biodiesel is typically produced via the transesterifi-
cation of triglycerides with short-chain alcohols. It offers
advantages such as biodegradability, lower particulate
emissions, and compatibility with existing diesel engines
[1-3]. Despite its industrial maturity, conventional bio-
diesel production still faces several challenges, including
high catalyst consumption, sensitivity to operating con-
ditions, and mass-transfer limitations arising from the im-
miscibility between oil and alcohol phases [2, 3]. These
limitations directly affect reaction kinetics, energy effi-
ciency, and downstream purification costs, motivating
the development of intensified and more sustainable pro-
cessing routes.

Among the various process-intensification strate-
gies proposed for biodiesel synthesis, ultrasound-as-
sisted transesterification has attracted increasing atten-
tion over the past two decades [4, 5]. The application of
ultrasound generates acoustic cavitation, leading to
https://doi.org/10.69997/sct.177340
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localized high temperatures and pressures, micro-jets,
and intense micro-mixing at phase interfaces [4-6].
These phenomena enhance interfacial area and mass
transfer between reactants, thereby accelerating reac-
tion rates and potentially reducing the dependence on
high catalyst loadings or elevated temperatures. Several
studies have reported shorter reaction times and im-
proved biodiesel yields when ultrasound is applied, par-
ticularly under kinetically or mass-transfer-limited condi-
tions [7-8]. Nevertheless, most existing works focus on
final conversion values or batch end-point analyses,
providing limited insight into reaction evolution and the
temperature-dependent role of ultrasound. Systematic
studies quantifying the effect of ultrasound on biodiesel
synthesis under different catalyst loadings remain lim-
ited.

Moreover, the potential of ultrasound to compen-
sate for reduced catalyst loading, which is critical for im-
proving the sustainability and economics of biodiesel
production, has not been comprehensively quantified
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under dynamic, inline-monitored conditions. Catalyst re-
duction is highly desirable, as it directly lowers raw ma-
terial costs, reduces soap formation, and simplifies
downstream separation. Yet, reducing catalyst loading
often leads to slower kinetics and incomplete conversion,
especially at lower temperatures or in the absence of ef-
ficient mixing. Understanding whether ultrasound can
mitigate these drawbacks across different temperature
regimes is therefore of both scientific and industrial rele-
vance.

Raman spectroscopy has proven particularly suita-
ble for quantifying process conditions due to its non-in-
vasive nature, chemical specificity, and ability to operate
under harsh reaction conditions. We demonstrated re-
cently that inline Raman spectroscopy measurements
can be employed successfully to monitor triglyceride
consumption, fatty acid methyl ester (FAME) formation,
and glycerol production during transesterification, offer-
ing unprecedented access to reaction kinetics and tran-
sient process behavior [9]. However, the combined use
of ultrasound-assisted transesterification and inline Ra-
man spectroscopy remains scarcely explored, and sys-
tematic studies coupling these two approaches are still
lacking.

In this context, the objective of this work is to pro-
vide a systematic and quantitative analysis of ultra-
sound-assisted transesterification using inline Raman
spectroscopy. To study the individual and combined ef-
fects of different parameters, we employ an experimental
design combining three temperatures (50, 55, and 60
°C), two catalyst loadings (normal stoichiometry and 30%
reduced), and the presence or absence of ultrasound. By
continuously monitoring the evolution of key species us-
ing Raman spectroscopy, we aim to (i) study the temper-
ature-dependent impact of ultrasound on reaction kinet-
ics, (ii) assess the ability of ultrasound to compensate for
reduced catalyst loading, and (iii) identify operating re-
gimes where ultrasound-based process intensification
delivers the greatest benefit. The insights gained contrib-
ute to the development of more energy-efficient, cata-
lyst-lean, and digitally monitored biodiesel production
processes.

MATERIALS AND METHODS

Materials

Refined vegetable oil is used as the triglyceride
feedstock for all experiments. served as the alcohol re-
actant, while sodium methylate, a homogeneous alkaline
catalyst, is employed to promote the transesterification
reaction. Two catalyst loadings were investigated: a ref-
erence “normal” catalyst amount representative of con-
ventional operating conditions, and a reduced catalyst
loading corresponding to a 30% decrease relative to the
reference case. This reduction level is selected to remain
within an industrially relevant range while still inducing
Bouchkira et al. / LAPSE:2026.0436
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measurable kinetic limitations in the absence of process
intensification.

All experiments were carried out using a fixed meth-
anol-to-oil molar ratio, chosen sufficiently high to avoid
equilibrium limitations and ensure comparability between
runs. The reaction temperature is varied between 50 and
and 60 °C (lower and higher temperatures were inten-
tionally avoided to reach enough yield and minimize
methanol evaporation).

Experimental Setup

For the semi-batch transesterification of vegetable
oil into biodiesel, we use the experimental setup illus-
trated in Fig. 1. The core of the system is a continuously
stirred lab-scale reactor (1) with a nominal working vol-
ume of 500 mL. The reactor is jacketed and connected to
a thermostatically controlled heat circulator (2) (Julabo
GmbH, Germany), allowing precise regulation of the re-
action temperature. The temperature inside the reactor is
continuously monitored using an immersed PT100 tem-
perature sensor (3).

The feedstock solutions, refined vegetable oil and a
pre-mixed methanol/sodium methylate catalyst solution,
are stored in separate supply tanks (6 and 7). Each
stream is delivered to the reactor via independent high-
precision metering pumps (4 and 5) (Knauer GmbH, Ger-
many), enabling accurate control of the injection strategy
and the methanol-to-oil molar ratio during semi-batch
operation. The reaction mixture is agitated using an over-
head mechanical stirrer (8) (Heidolph GmbH, Germany)
to ensure effective macroscopic mixing and homogene-
ous temperature and composition throughout the liquid
phase.

Ultrasound irradiation is provided by an external ul-
trasonic device (11) mechanically coupled to the reactor
vessel. The system operates at a fixed low ultrasonic fre-
quency characteristic of cavitation-dominated regimes
and is activated continuously during ultrasound-assisted
experiments. For reference experiments, the ultrasound
unit is completely switched off, while mechanical stirring
is maintained in all cases to provide a consistent baseline
mixing condition and enable direct comparison between
mechanically stirred and ultrasound-enhanced systems.
Real-time process monitoring is achieved using an inline
Raman spectroscopy system consisting of a Raman
spectrometer (12) (tec5 AG, Germany) equipped with a
785 nm laser source and an immersion Raman probe (9).
The probe is mounted directly through the reactor head-
plate, allowing continuous, non-invasive measurement of
the reacting mixture without the need for sampling or of-
fline analysis. The probe position is selected to avoid di-
rect exposure to intense cavitation zones or interfaces
while ensuring representative sampling of the liquid
phase.
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Figure 1: Schematic of the experimental setup showing
the semi-batch reactor, mechanical stirring, ultrasound
transducer, temperature control, and inline Raman.

All system components, including pumps, tempera-
ture control, and Raman data acquisition, are supervised
by a custom LabManager control platform (10). This soft-
ware coordinates sensor data acquisition, actuator con-
trol, and real-time visualization, ensuring reproducible
operating conditions and synchronized process monitor-
ing throughout each experiment.

Design of Experiments

We adopt an experimental design to investigate
systematically the effects of ultrasound, catalyst loading,
and temperature on transesterification performance.
Three temperatures (50, 55, and 60 °C), two catalyst
loadings (normal and 30% reduced), and two operating
modes (with and without ultrasound) were combined, re-
sulting in a comprehensive set of operating conditions
(Table 1). For clarity, the experiments are categorized
into four main cases:

(A) Ultrasound applied with normal catalyst loading.
(B) Ultrasound applied with reduced catalyst loading.
(C) No ultrasound with normal catalyst loading.

(D) No ultrasound with reduced catalyst loading.
Bouchkira et al. / LAPSE:2026.0436

This classification enables interesting pairwise com-
parisons, such as: (i) the effect of ultrasound at constant
catalyst loading, (ii) the effect of catalyst reduction under
ultrasound, (iii) the role of catalyst loading without ultra-
sound, and (iv) the ability of ultrasound to compensate
for reduced catalyst loading.

Table 1: Summary of experimental conditions with tem-
perature, catalyst loading, ultrasound condition, and case
designation (A-D)

Case T (°C) Catalyst Loading Ultra-
sound
A 50, 55, Normal Yes
60
B 50, 55, Reduced (-30%) Yes
60
C 50, 55, Normal No
60
D 50, 55, Reduced (-30%) No
60

Syst Control Trans 5:1866-1875 (2026)

Raman Spectroscopy and Data Processing

Raman spectra were collected continuously
throughout each experiment with a constant acquisition
time, providing high temporal resolution of the trans-
esterification process. Characteristic Raman bands asso-
ciated with triglycerides, fatty acid methyl esters (FAME),
methanol, and glycerol were used to quantify the evolu-
tion of key species during the reaction, following estab-
lished methodologies explained in our previous work [9].
In summary, a multivariate calibration model, developed
and validated using reference samples covering the ex-
pected composition range, is employed to convert Raman
spectra into quantitative concentration profiles. This ap-
proach enabled direct tracking of triglyceride consump-
tion and biodiesel (FAME) formation without the need for
offline sampling.

The resulting time-resolved composition profiles
were used to analyze reaction kinetics, compare conver-
sion rates across operating conditions, and evaluate final
biodiesel yields. All Raman-based measurements are
synchronized with temperature and ultrasound operation
logs to ensure consistent interpretation of dynamic ef-
fects.

Data Analysis and Performance Metrics

Reaction performance is evaluated using both ki-
netic and conversion-based indicators. The rate of FAME
formation and triglyceride consumption during the initial
reaction period is used as a measure of kinetic enhance-
ment, while final FAME yield and residual oil content were
used to assess overall conversion efficiency.

Comparisons between experimental cases were
performed at identical temperatures to isolate the influ-
ence of ultrasound and catalyst loading. Attention is
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Figure 2. Effect of ultrasound at reduced catalyst

given to identifying temperature regimes where ultra-
sound-induced process intensification is most pro-
nounced and to assessing whether ultrasound could
compensate for the loss of catalytic activity under re-
duced catalyst conditions.

RESULTS AND DISCUSSION

Effect of Ultrasound at Normal Catalyst
Loading

The effect of ultrasound at normal catalyst loading
is assessed by comparing experiments performed with
and without ultrasound at identical temperatures (Cases
A and C), based on FAME formation and oil consumption
(Figure 2). At 60 °C, ultrasound accelerates the initial re-
action rate, but final FAME yields and residual oil contents
remain similar, indicating that thermal activation already
dominates the kinetics. At 55 °C, ultrasound has a pro-
nounced and sustained effect, significantly enhancing
both the rate and extent of FAME formation by

Bouchkira et al. / LAPSE:2026.0436
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overcoming mass-transfer limitations. At 50 °C, ultra-
sound mainly improves the early reaction stage, with
faster initial FAME formation and oil consumption, while
final conversions are comparable.

Effect of Ultrasound at Reduced Catalyst
Loading

The influence of ultrasound under reduced catalyst
loading is evaluated by comparing experiments per-
formed with and without ultrasound at identical temper-
atures (Cases B and D), using FAME formation and oil
consumption as performance indicators (Figure 3). At 60
°C, ultrasound leads to a substantial improvement in re-
action performance, with much faster FAME formation,
higher final yields, and more oil conversion, effectively
compensating for the reduced catalytic activity observed
without ultrasound. At 55 °C, ultrasound continues to en-
hance kinetics and conversion, although the performance
gap is slightly smaller than at 60 °C. At 50 °C, the effect
of ultrasound is particularly pronounced: while the non-
ultrasound case remains strongly kinetically limited,
1869
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Figure 3. Effect of ultrasound at reduced catalyst

ultrasound-assisted operation achieves rapid oil con-
sumption and high final FAME yields.

Effect of Catalyst Amount under Ultrasound

The effect of catalyst loading under ultrasound-as-
sisted conditions is assessed by comparing experiments
performed with normal and reduced catalyst amounts
while ultrasound is applied (Cases A and B), based on
FAME formation and oil consumption (Figure 4). At 60 °C,
normal catalyst loading results in slightly faster kinetics
and deeper oil conversion, although the performance gap
is much smaller than in the absence of ultrasound, indi-
cating reduced sensitivity to catalyst concentration. At
55 °C, the influence of catalyst loading becomes moder-
ate, with both cases converging toward similar final
FAME yields and residual oil contents. At 50 °C, catalyst
reduction has almost no effect, as FAME formation and
oil consumption profiles are nearly identical. The results
show thus, that under ultrasound-assisted operation,
catalyst loading mainly affects reaction rate rather than

Bouchkira et al. / LAPSE:2026.0436
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final conversion, particularly at intermediate and low tem-
peratures.

Effect of Catalyst Amount without Ultrasound

The influence of catalyst loading in the absence of
ultrasound is evaluated by comparing experiments per-
formed with normal and reduced catalyst amounts under
identical thermal and mixing conditions (Cases C and D),
using FAME formation and oil consumption as indicators
(Figure 5). At 60 °C, normal catalyst loading results in
markedly faster kinetics, deeper oil conversion, and
higher final FAME yields, whereas reduced catalyst load-
ing leads to slow reaction rates and incomplete conver-
sion. At 55 °C, the effect of catalyst loading remains evi-
dent, although the performance gap between the two
cases is slightly reduced. At 50 °C, catalyst reduction has
a particularly severe impact, with strongly kinetically lim-
ited behavior and poor oil consumption compared to the
normal catalyst case.
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Figure 4. Effect of catalyst amount under Ultrasound

Can Ultrasound Compensate for Reduced
Catalyst Loading?

The ability of ultrasound to compensate for reduced
catalyst loading is assessed by comparing experiments
conducted with reduced catalyst under ultrasound to
those performed with normal catalyst without ultrasound
(Cases B and C), based on FAME formation and oil con-
sumption (Figure 6). At 60 °C, both cases reach very sim-
ilar final FAME yields and residual oil contents, while the
ultrasound-assisted reduced-catalyst case exhibits
faster initial kinetics, indicating effective compensation
of lower catalytic activity. At 55 °C, the compensation ef-
fect is even more pronounced, as the reduced-catalyst
case with ultrasound slightly outperforms the normal-
catalyst case without ultrasound in terms of final FAME
yield and oil conversion. At 50 °C, both scenarios con-
verge toward similar final conversion levels, although ul-
trasound consistently accelerates early-stage FAME for-
mation and oil consumption.
Bouchkira et al. / LAPSE:2026.0436
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Best and Worst Operating Scenarios

The combined influence of ultrasound and catalyst
loading is evaluated by comparing the best operating
condition—normal catalyst loading with ultrasound (Case
A)—to the worst condition—reduced catalyst loading
without ultrasound (Case D), based on FAME formation
and oil consumption (Figure 7). At 60 °C, the performance
gap is substantial: the best-case scenario shows much
faster FAME formation and deeper oil conversion, while
the worst-case scenario remains strongly kinetically lim-
ited and reaches significantly lower final conversion. At
55 °C, this disparity remains pronounced, with higher
FAME yields and lower residual oil content under ultra-
sound and normal catalyst loading. At 50 °C, the contrast
becomes even more striking, as reduced catalyst without
ultrasound leads to severe kinetic limitations, whereas ul-
trasound-assisted operation with normal catalyst main-
tains high conversion efficiency.
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Figure 5: Eeffect of catalyst amount without ultrasound

CONCLUSIONS AND PERSPECTIVES

This work provides a systematic analysis of ultra-
sound-assisted transesterification for biodiesel produc-
tion using inline Raman spectroscopy to monitor the dy-
namic evolution of FAME formation and triglyceride con-
sumption under different temperatures and catalyst
loadings. The results demonstrate that ultrasound acts as
an effective process-intensification strategy, accelerat-
ing reaction kinetics and significantly reducing the sensi-
tivity of the process to catalyst loading. At normal cata-
lyst conditions, ultrasound primarily enhances the early
stages of the reaction, with the strongest and most sus-
tained impact observed at intermediate temperature (55
°C). At higher temperature (60 °C), the additional benefit
of ultrasound becomes more limited due to dominant
thermal activation, while at lower temperature (50 °C) ul-
trasound mainly reduces the time required to reach com-
parable final conversion levels.

Bouchkira et al. / LAPSE:2026.0436
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Under reduced catalyst loading, ultrasound plays a
particularly important role. Without ultrasound, catalyst
reduction leads to strong kinetic limitations and incom-
plete oil conversion across all temperatures. In contrast,
ultrasound-assisted operation consistently restores high
conversion levels, achieving faster oil consumption and
higher FAME formation. In several cases, reduced cata-
lyst combined with ultrasound achieves performances
comparable to, or even exceeding, those obtained with
normal catalyst loading without ultrasound. These find-
ings confirm that ultrasound can effectively compensate
for catalyst reduction while maintaining high biodiesel
production efficiency.

From a Process Systems Engineering perspective,
the combination of ultrasound intensification and inline
Raman monitoring provides a valuable framework for
data-rich process understanding and model develop-
ment. The time-resolved composition data generated in
this work constitute an important basis for developing
phenomenological kinetic models capable of explicitly
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Figure 6. Can ultrasound compensate reduced catalyst?

capturing the influence of ultrasound-induced mass-
transfer enhancement on transesterification dynamics.
Such models can then be integrated into process simula-
tion and optimization frameworks to identify optimal op-
erating conditions balancing catalyst usage, tempera-
ture, and energy consumption.

Moreover, the use of inline Raman spectroscopy en-
ables continuous measurement of key species, which
opens the possibility of implementing advanced monitor-
ing and model-based control strategies. Integrating ultra-
sound-assisted transesterification within digitalized pro-
cess architectures, including soft sensors, real-time op-
timization, or digital twins, could further enhance process
efficiency and robustness.

Future work will therefore focus on extending the
current experimental insights toward first-principles
modeling, model-based optimization, and control of ul-
trasound-intensified biodiesel reactors, as well as evalu-
ating the scalability and energy efficiency of ultrasound-
assisted systems under continuous industrial operation.

Bouchkira et al. / LAPSE:2026.0436
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These developments would contribute to the design of
intensified, catalyst-lean, and digitally enabled biodiesel
production processes.
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