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Abstract

Biodiesel is a promising, renewable, and environmentally friendly alternative fuel. Nu-
merous studies have focused on improving the biodiesel production process from various
feedstocks using different activation methods and catalysts. However, the reaction times
typically range from tens of minutes to hours. This study presents, for one of the first
systematic studies exploring time, the potential of using millimeter-wave electromagnetic
radiation generated by a gyrotron as an activation method for biodiesel production reac-
tions. Esterification was carried out using free fatty acids and fatty waste, specifically
brown grease (BG), in the presence of the Lewis acid catalyst AlCls. Complete conversion
of oleic acid was achieved after only 0.4 s of exposure to millimeter waves. When BG was
used as the feedstock, a biodiesel yield of 73-76% was obtained within only 3.0 s. Gyro-
tron-based electromagnetic activation was benchmarked against conventional thermal
and sonication-assisted methods, demonstrating high effectiveness. This study presents
an efficient and novel process that reduces reaction times while utilizing fatty waste as a
feedstock, aligning with the principles of green chemistry, the circular economy, and sus-
tainable development.
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1. Introduction

Global fuel consumption, which is still mainly based on fossil fuels, oil, coal, and gas,
continues to increase due to population growth and industrial development [1-3]. Fossil
fuels are limited, polluting, environmentally harmful, and contribute to economic and ge-
opolitical instability [4-7]. Despite global efforts and supportive regulations, such as the
renewable fuel standard [8], energy demand exceeds the current renewable supply [9,10]
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appropriate activation conditions [4,14,17]. To promote the equilibrium reaction toward
products and increase the product yield, an excess of alcohol is needed [4,18].

Biodiesel is produced from a wide variety of fatty sources, with the choice of feed-
stock affecting fuel quality, cleanliness, composition, and yield. The evolution of biodiesel
has been divided into four generations by the European Academies Science Advisory
Council. These generations are classified based on their origin, cultivation method, crop
yield, impact on the food supply, biodiesel yield, energy content, availability, and eco-
nomic viability. The first generation of biodiesel is produced from edible plant sources,
whereas the second generation is made from non-edible plant sources. Third-generation
biodiesel is made from microalgae and waste oils, such as the fatty phase of brown grease
(BG). Fourth-generation biodiesel is produced from engineered biofuels [3,19].

Brown grease is a fatty waste product collected from grease traps in commercial and
industrial facilities to prevent fats from entering the sewage system [20]. The direct dis-
posal of fat, oil, and grease (FOG) can clog sewer pipelines, posing environmental, health,
and hygiene hazards [20,21]. Traditional disposal methods for fatty waste, such as incin-
eration and landfilling, can release gases that contribute to global warming [22]. However,
as demonstrated in our previous studies [23,24], BG can be utilized as a raw material for
biodiesel production.

BG is an attractive source due to its availability, low cost (less than 0.01-0.03 $US per
Ib) [20], and high (over 15%) FFA content [20,25]. In comparison with common and pol-
luting disposal methods, the utilization of BG for biodiesel production offers environmen-
tal, economic, and operational benefits, including reduced raw material costs, the reduc-
tion in and treatment of polluting waste by using it as a feedstock, local energy produc-
tion, and improved energy security [4,6,20,26]. However, the high FFA content necessi-
tates careful process adjustments to mitigate potential issues such as soap formation, wa-
ter release, yield reduction, and impaired equipment performance [2,26,27].

Biodiesel production via esterification and transesterification requires energy input,
and catalysts are used to accelerate the reaction and increase the yield [4]. Catalysts can
be heterogeneous or homogeneous, depending on the process characteristics and operat-
ing conditions [13,17,28,29]. The reaction can be accelerated by traditional catalysts, basic,
acidic, or enzymatic [24,28,30,31], or by the use of Lewis acids, including AlCls and BFs,
which have been shown to be effective catalysts, as shown in our previous work [23,32],
and represent a successful solution to problems related to yield and reaction conditions.
Electron deficiency in Lewis acids can activate electron-rich compounds [17]. The esterifi-
cation reaction proceeds via acid-catalyzed activation of the free fatty acid, in which the
catalyst facilitates protonation of the carbonyl group, increasing its electrophilicity and
enabling nucleophilic attack by the alcohol molecules. Subsequent formation of a tetrahe-
dral intermediate, followed by water elimination and catalyst regeneration, leads to the
formation of the corresponding fatty acid methyl ester. The presence of the catalyst lowers
the activation energy of these elementary steps, thereby accelerating the overall reaction
rate, particularly under millimeter-wave activation conditions [33-35]. By the same prin-
ciple, transesterification of triglycerides proceeds through Lewis acid coordination to the
carbonyl oxygen of the ester group, enhancing its electrophilicity and promoting nucleo-
philic attack by methanol. This results in stepwise cleavage of the glyceride backbone via
formation of tetrahedral intermediates, yielding fatty acid methyl esters, and first di-gly-
cerids, then mono-glycerids, and finally glycerol as a by-product. As in esterification, the
presence of a Lewis acid catalyst lowers the activation barriers of the elementary steps,
facilitating rapid conversion under millimeter-wave activation conditions [33-35]. A sche-
matic representation of the esterification and transesterification mechanisms under Lewis
acid catalysis is provided in Scheme Al (Appendix A), highlighting the key intermediates
and regeneration of the active catalytic sites.
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Traditional mechanical stirring and heating methods for activating the esterification
reaction often require high energy inputs and long reaction times [36]. For this reason,
alternative methods are being developed, including an innovative electromagnetic activa-
tion method using a gyrotron.

There are several common methods for thermal activation, with the primary ap-
proach being conventional heating, which typically results in non-uniform heat distribu-
tion and slow heat transfer. Therefore, alternative methods have been developed. In ul-
trasonic activation (sonication), cavitation increases local pressure and temperature,
thereby enhancing mixing and mass transfer rates. Another method is microwave heating,
which converts electromagnetic energy into heat. This process causes heating of the center
of the sample, enabling shorter reaction times compared to conventional heating methods.
Nevertheless, all these activation methods typically operate over timescales ranging from
minutes to hours [6,13,17,23,37,38]. An additional and innovative activation method ex-
amined in this study employs a gyrotron [39]. A gyrotron is an electron tube capable of
generating high-power electromagnetic radiation in the millimeter-wave (MMW) regime,
characterized by exceptionally high power density [40], which is higher than that of other
microwave devices [41]. Recently, gyrotrons have been tested to improve processes in
various scientific applications [42,43].

Electromagnetic energy is a form of radiative heating that directly interacts with re-
actant and solvent molecules, ensuring efficient heating of the system and fast conversion
into products. Heat activation depends on the dielectric properties of the material, as the
interaction between the electric field and molecular dipoles induces rapid rotation of mol-
ecules and charged ions, generating heat through molecular friction. The radiation forces
dipoles to align with the high-frequency electric field, and as the field alternates, the ori-
entation of the molecule’s reverses. This molecular motion results in frequent collisions
and intermolecular interactions, leading to efficient redistribution of energy throughout
the reaction medium, including the substrate and the catalyst. As a result, electromagnetic
radiation enables uniform heating that activates reactants and catalytic sites, reduces the
reaction time and energy consumption, enhances the reaction efficiency and product qual-
ity, and supports environmentally friendly and controllable biodiesel production
[13,37,38,44].

However, conventional microwave heating is still limited by its wavelength and pene-
tration depth. These limitations can be overcome by increasing the radiation frequency
through the use of millimeter-wave gyrotrons operating in the continuous-wave regime
[45].

In this work, the gyrotron is harnessed for fast electromagnetic activation. In this ap-
proach, the raw material together with the catalyst is exposed to MMW radiation, which
induces extremely rapid heating of the liquid on a sub-second to several-second timescale.
Organic dipole molecules, such as methanol, rotate rapidly in the field of electromagnetic
waves [38]. As a result, the elevated temperature, accompanying pressure increase, and
fluid motion generated within the liquid lead to rapid and efficient mixing of the catalyst
and the raw material, thereby achieving activation. The application of the gyrotron re-
duces reaction time, resulting in a higher reaction yield and eliminating the need for ad-
ditional external heating, thereby leading to faster biodiesel production.

The current study proposes an innovative approach that combines efficient Lewis
acid catalysts and advanced methods for biodiesel activation using a gyrotron, a technol-
ogy that has not yet been applied to biodiesel production. This approach may advance
effective, sustainable, and applicable processes.
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2. Results and Discussion
2.1. Characterization of the BG Composition

To determine the conditions for biodiesel synthesis from the BG, we first analyzed its
composition. Generally, the composition of the fatty phase depends on the source of the
wastewater and the frequency of pumping from the grease traps [20,21]. In our study,
fatty wastewater samples contained oils, water, and solids. The upper fatty layer was sep-
arated from the middle aqueous layer and the bottom solid layer of the wastewater by
centrifuging and heating as described previously [24]. Then, its composition was exam-
ined via high-performance liquid chromatography (HPLC), and the components were
identified using standards of FFAs typical for edible oils. Figure 1 shows a chromatogram
of the fatty layer composition after its separation. The main fatty acids present in the BG
were linoleic acid (LA) and oleic acid (OA), with the presence of myristic acid (MA) and
stearic acid (SA). The contents of diacylglycerols (DGs) and triglycerides (TGs) were very
low, at less than 7% (Figure 1a). The retention times of the standard MA, LA, OA, and SA
were 4.7, 5.1, 5.7, and 7.1 min, respectively (Figure 1b—e). The retention times of the FFAs
in the BG corresponded to those of the FFA standards. The retention times of standard
glyceryl dioleate (diolein) and glyceryl trioleate (triolein) were 24.0 and 31.2 min, respec-
tively. Since edible oils contain residues of various fatty acids, we define the region of DG
as ca. 15-25 min and that of TG as 2540 min (Figure 1a).

TGs in edible oils are composed of a variety of fatty acids, including OA and LA.
Owing to their high prevalence in oils, OA and LA are the major components of BG and
can be used as models for selecting reaction conditions for biodiesel production [32,46].
In this study, biodiesel was produced via esterification of oleic acid (OA), a mixture of OA
and LA, and BG, using methanol as the reaction alcohol and the Lewis acid catalyst AICls.
The esterification reaction was activated by an innovative method using electromagnetic
radiation from a gyrotron. It was hypothesized that by exposing the sample to millimeter
waves for a short period (in pulses) via a gyrotron, the sample could be rapidly heated,
thereby increasing the interaction between the reactants and facilitating a reaction at a
higher speed and efficiency.

https://doi.org/10.3390/catal16020202
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Figure 1. Chromatograms of BG and standards of the fatty acids analyzed by HPLC: (a) BG fatty layer
composition (1% (v/v) in methanol) after separation from a grease trap at Karnaff Cafeteria (Ariel Uni-
versity, Ariel, Israel); (b) standard of MA (1% (v/v) in methanol); (c) standard of LA (1% (v/v) in meth-
anol); (d) standard of OA (1% (v/v) in methanol); (e) standard of SA (1% (v/v) in methanol).

2.2. Esterification Reaction Under Gyrotron Activation

The test tube containing the reagents was placed in front of the radiation source, as
shown in Figure 2a. Unlike conventional heating methods, the gyrotron, operating at 95
GHz in pulsed mode, emitted radiation pulses that penetrated the test tube wall and di-
rectly heated the liquid. The liquid in the test tube was heated at a very high rate, followed
by a period of relaxation. In some experiments, more than one pulse was applied, as spec-
ified in the experimental protocol. As part of the study, the effect of the number of radia-
tion pulses applied on the outcome was systematically investigated.

To increase the reaction efficiency during the study, the method of placing the sample
tube in front of the wave beam emerging from the gyrotron was selected. The tube was
held in a tilted position with a clamp, as shown in Figure 2b.

https://doi.org/10.3390/catal16020202
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Figure 2. Scheme and photograph of the experimental setup (a) and the sample (b).

In this configuration, the sample was assumed to be directly exposed to the waves
emitted by the gyrotron, resulting in efficient activation, as the waves are projected di-
rectly onto the sample tube. Additionally, during activation, the sample heats up. There-
fore, the test tube should be positioned parallel to the wave-beam exit aperture to prevent
the formation of a solvent vapor layer above the reaction mixture, which could cause par-
tial shielding of the radiation. Tilting the tube increases the effective surface area of the
sample exposed to the millimeter wave field.

In the implemented configuration, only a part of the gyrotron output power was cou-
pled to heat the liquid. Since the radiation beam was wider than the test tube, a portion of
the radiation diverged outside the tube, whereas another portion was absorbed by the test
tube itself rather than by the liquid. The gyrotron output power during the experiments
was 10 kW, with approximately half of this power being absorbed by the liquid. The typ-
ical pulse duration was 100 ms, and a typical irradiation sequence consisted of four pulses,
as explained in Figure 3.

Number of pulse sets
L

Pulse set
1

Power

/]
17

Pulse Delay between pulse sets
Pulse delay

Figure 3. Setup of gyrotron irradiation.

At the beginning of the study, pure OA was used as a model to examine the reaction
conditions for the esterification reaction to obtain the product methyl oleate (MO) as bio-
diesel. An esterification reaction of OA with methanol was carried out using different
loadings of the AICls catalyst to determine the minimum amount required for the reaction.
The reaction was activated by exposure to an electromagnetic wave beam of varying pulse
durations, using an AlICls catalyst at loadings of 0, 4, 7, 15, and 30 mg/mL. n-Hexane was
added to facilitate the dissolution of long-chain fatty acids and the separation of the fatty
phase from the reaction mixture [24,47].

The reaction yield was evaluated from HPLC chromatograms (Figure 4) and calcu-
lated as the ratio of the peak area of the biodiesel product, MO, to the sum of the reactant
and product peak areas, according to Equation (1).

Typical chromatograms are shown in Figure 4.

https://doi.org/10.3390/catal16020202
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Figure 4. HPLC chromatogram of OA esterification for 3.0 s under gyrotron activation. Reaction
without catalyst (a), OA standard (1% v/v in methanol) (b), reaction with 15 mg/mL AICls (c), and
MO standard (1% v/v in methanol) (d).

Figure 4 presents the HPLC chromatograms of the esterification reaction after 3.0 s
without any catalyst (a) and with 15 mg/mL AICIs (c). Compared with the standard chro-
matograms of OA (b) and MO (d), it is evident that, in the absence of a catalyst, no esteri-
fication occurred. However, in the presence of AlCls, the reaction proceeded to comple-
tion, yielding the biodiesel product MO. These results demonstrate that OA esterification
can be effectively activated using MMWs generated by a gyrotron in a very short reaction
time. Notably, according to the literature, direct microwave heating of OA is inefficient
because of its low dielectric loss [44].

The results of the experiment are presented in Figure 5. For all catalyst loadings
tested, the reaction product was obtained at a high yield. In the presence of a 4 mg/mL
catalyst, the reaction yield reached 87% after 0.4 s and continued to increase with exposure
time, ultimately reaching 96% after 3.0 s. At catalyst loadings of 7, 15, and 30 mg/mL, a
reaction yield of > 99.6% was achieved within 0.4 s, indicating complete conversion of OA
fatty acids with methanol to form the biodiesel product, MO.

https://doi.org/10.3390/catal16020202
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Figure 5. Yield (%) of the esterification reaction of OA with methanol under gyrotron activation

with AICls (0-30 mg/mL) at various exposure times to gyrotron irradiation.

When comparing the reactions without a catalyst and reactions with catalyst loadings
of 4-30 mg/mL AICls, a p-value < 0.001 was obtained. These results support the claim that
the Lewis acid AlCls is a highly effective catalyst in the gyrotron-activated esterification
reaction of OA.

Gyrotron-assisted activation was compared with conventional thermal activation
and sonication activation at 70 °C to demonstrate its efficiency. The reaction efficiency of
OA esterification with methanol, in the presence of 30 mg/mL AICls, was evaluated at a
reaction time of 3 s, representing the maximum effective conditions applied in the present
work. Unlike gyrotron activation, which achieved complete conversion of OA (Figure 5),
thermal and ultrasonic activation yielded no biodiesel.

In the next step, the gyrotron-activated reaction was studied using a 70% OA/30%
LA mixture. Figure 6 shows the chromatograms of this mixture before and after the reac-
tion, and Figure 7 presents the calculated reaction yields. As shown in Figure 7, when a
mixture of OA and LA was used as the raw material, a yield of 77% was observed after
0.4 s, which was significantly lower than that under the same conditions in the case of
pure OA with a p-value < 0.001 (Figure 5). However, the reaction yield increased with
increasing exposure time and reached 97% after 3.0 s. This observation supports the anal-
ysis performed in the review [2], which claimed that the fatty acid profile affects the reac-
tion rate and biodiesel yield.

https://doi.org/10.3390/catal16020202
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Figure 6. HPLC chromatograms of mixtures of 70% OA and 30% LA before (a) and after (b) esteri-
fication (with 7 mg/mL AICls under gyrotron activation for 0.4 s) compared with those of the methyl
linoleate (ML) standard (1% (v/v) in methanol) (c) and MO standard (1% (v/v) in methanol) (d).

100 :[ 1 I 1 1
[

S 60 -
z
2
> 40 4

20 A

0

0.4 1.6 3.0
Exposure time, s

7 mg/mL ALCL3 15 mg/mL AICL3 30 mg/mL AICI3

Figure 7. Yield of the esterification reaction of the mixture of 70% OA and 30% LA with methanol

under gyrotron activation in the presence of AlCIs for various exposure periods.
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2.3. Biodiesel Production from the BG Under Gyrotron Activation

Biodiesel was produced by reacting BG with methanol using an AICls catalyst at load-
ings of 7, 15, and 30 mg/mL. The reaction was activated using a gyrotron in pulses with total
exposure times of 0.4 and 3.0 s. The results of the reaction are shown in Figures 8 and 9.
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Figure 8. Chromatograms of BG before (a) and after (b) the reaction with methanol in the presence
of 15 mg/mL AICls as a catalyst after 3 s of irradiation.

The reaction yield was calculated as the ratio between the peak areas of the methyl
esters and the total products obtained, according to Equation (2).

100 -
80 -

60 -

Yield, %

40 A

20 A

0.4 3.0
Exposure time, s

7 mg/mL AICI3 15 mg/mL AICI3 30 mg/mL AICI3

Figure 9. BG esterification yield (%) with AICls (7, 15 and 30 mg/mL) under gyrotron activation at
0.4 and 3.0 s of exposure.

As shown in Figure 9, esterification conversions reach near-maximum levels (=74%)
within 0.4 s of gyrotron irradiation, demonstrating extremely rapid activation by millime-
ter waves. The minimal difference in conversion between 0.4 s and 3.0 s indicates that
prolonged irradiation offers little additional benefit, highlighting the efficiency of gyro-
tron activation at sub-second timescales. BG, as a complex fatty wastewater, contains a
heterogeneous mixture of free fatty acids, glycerides, and water [26]. In contrast to model

https://doi.org/10.3390/catal16020202
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systems containing a limited number of FFAs, this complex composition negatively affects
reaction yield. Nevertheless, the results demonstrate that MMW irradiation generated by
a gyrotron is highly effective in activating the BG esterification reaction on a timescale of
seconds.

Table 1 provides a comparative benchmark between the present results and previ-
ously reported sonication-assisted esterification processes: 15 min of ultrasonic activation
(sonication bath), as previously reported by us [23], compared with the innovative gyro-
tron activation method applied for 0.4 s. This comparison emphasizes the significantly
shorter reaction times required in the current study to reach comparable or higher con-
version levels.

Table 1. Comparison between esterification reactions under electromagnetic (gyrotron) and ultra-

sonic activation using methanol and Lewis acid catalysts.

FFA Catalyst  Activation Method Activation Time,s Yield, % Reference

OA AlCls Gyrotron 0.4 100% This work
OA AICI: and BFs Sonication 900 100% [23]
BG AlCIs Gyrotron 0.4 74% This work
BG BFs Sonication 900 68% [23]

Table 1 shows that within 0.4 s of exposure to millimeter waves of the gyrotron, a
similar yield was obtained as when the gyrotron was activated in a sonication bath; how-
ever, 15 min of ultrasonic activation was required to achieve similar results. All the results
of this study confirm that the gyrotron activation method is a promising and innovative
approach for biodiesel production.

The observed rapid conversion within seconds, compared to the much longer times
reported for conventional heating, suggests enhanced activation. The acceleration arises
from enhanced activation induced by gyrotron irradiation and should not be interpreted
as direct equivalence to conventional thermal heating at the same bulk temperature.

The energy consumption of interaction is also compared. Considering the power and
the duration of each method, the following results are obtained (Table 2).

Table 2. Comparison between electromagnetic (gyrotron) and ultrasonic energy consumption.

Activation Method Activation Time,s Power, KW  Energy, k] Reference
Gyrotron 0.4 10 4 This work
Sonication 900 0.37 333 [23]

As shown in Table 2, using a gyrotron is clearly beneficial for energy consumption.

An important factor contributing to the high esterification rates observed in this
study is the enhancement of mass transfer under gyrotron irradiation. Unlike conven-
tional conductive or convective heating, millimeter-wave irradiation provides rapid vol-
umetric heating, resulting in uniform energy deposition throughout the reaction medium.
This mode of heating minimizes temperature gradients between the bulk liquid and the
catalyst surface, thereby reducing local overheating and diffusional limitations. As a re-
sult, the effective contact between fatty acid molecules, alcohol, and Lewis acid catalytic
sites is significantly improved, accelerating the intrinsic reaction kinetics [48-51].

Potential side reactions, including fatty acid hydrolysis, oligomer formation, and cat-
alyst deactivation due to prolonged exposure to water or reactive intermediates, were also
considered. Under conventional heating, such processes may occur due to long residence
times and non-uniform thermal profiles. In contrast, the ultra-short reaction times (sec-
onds) employed in this work substantially limit the opportunity for secondary reactions.
Reduced exposure of AlCls to water and polar intermediates mitigates catalyst hydrolysis
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and preserves Lewis acidity, thereby contributing to sustained catalytic activity and selec-
tivity [52].

Overall, the combination of enhanced mass transfer, minimized thermal gradients,
and short irradiation times under gyrotron activation plays a critical role in achieving high
esterification yields while maintaining catalyst stability and suppressing undesired side
reactions [24,49-54].

Despite their ability to generate very high power at millimeter-wave frequencies, gy-
rotrons have several inherent limitations when used in industrial settings. These include
the need for strong superconducting magnetic fields, complex architecture, high cost, lim-
ited efficiency, and large size, rendering them impractical for domestic settings and re-
stricting their use to large-scale applications. [48,53-59].

3. Materials and Methods
3.1. Materials

Methanol, ethanol, acetonitrile, chloroform and n-hexane were purchased from Bio
Lab Chemicals, Jerusalem, Israel. AICls was purchased from Fluorochem, Hadfield, Der-
byshire, UK. Oleic acid (C1sH34O2, 99%, 0.89 g/cm?), linoleic acid (C1sH3202, 99%, 0.9 g/cm?),
myristic acid (C14sH202, 0.99 g/cm?), stearic acid (CisHs6Oz2, 98%, 0.9408 g/cm?), and the
commercial fatty acid methyl oleate (CisHsO2, 99%, 0.874 g/cm?), methyl linoleate
(C19H3402, 95%, 0.889 g/cm?), methyl myristate (CisHz00z2, 99%, 0.855 g/cm?), and methyl
stearate (C19H3s0z, 99%, 0.9 g/cm?) were purchased from Thermo Fisher Scientific, Lough-
borough, UK. Diolein (glyceryl dioleate, 99%) and triolein (glyceryl trioleate, 99%) were
purchased from Sigma Aldrich, St. Louis, MO, USA. Oleic acid 70% was purchased from
Fisher Chemical, Geel, Belgium.

3.2. Collection of BG and Fatty Phase Separation

Fatty wastewater was obtained from the grease trap of Karnaff Cafeteria at Ariel Uni-
versity, Israel. The upper fatty layer was collected and stored in sealed jerrycans. Samples
of the fatty layer of wastewater were heated in 50 mL centrifuge tubes to 50 °C for 15 min
in a water bath (Yair Technologies, Gedera, Israel) and then centrifuged via a Sigma 4-16
KS centrifuge (Sigma, Taufkirchen, Germany) at 1500 rpm for 5 min, after which the upper
fatty phase (BG) was separated and transferred to a separate container for storage.

3.3. Esterification and Transesterification Reaction for Biodiesel Production

The method for the esterification batch process was described in our previous work
[23,32]. The reaction mixture contained 0.4 mL of FFA source (OA or BG) and 8.1 mL of
methanol. To catalyze the reaction, AlCls was added at loadings of 7-30 mg/mL as a cata-
lyst. Additionally, 5 mL of n-hexane was added to the mixture. The reaction was activated
using a gyrotron and compared with activation via conventional heating at 70 °C and
sonication, as detailed in our previous studies [17,23]. Reactions were performed in 50 mL
plastic centrifuge tubes (Jet Biofil, Guangzhou, China) that were clamped and tilted in
front of the exit of a gyrotron (Figure 2), operated at a power of 10 kW and a frequency of
95 GHz. The gyrotron delivered pulsed heating, with each pulse typically lasting 100 ms.
A typical irradiation sequence consisted of four pulses. The beam pulse duration was set
to ps. Following the reaction, distilled water was added (1:1 volume ratio) to facilitate
phase separation. The mixture was then centrifuged (Sigma 4-16KS, Taufkirchen, Ger-
many) at 1500 rpm for 2 min to separate the phases, and the fatty phase composition was
analyzed by HPLC.
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The esterification yield was evaluated using HPLC (Section 3.4) and calculated as the
ratio of the peak area of the biodiesel product, MO, to the total area of the reactant and the
product, according to Equation (1):

A
% Biodiesel Production Yield = ——2%— x 100% 1)
Amo+Aoa

where A mo is the peak area of MO and A o4 is the peak area of OA calculated from the
chromatograms of the reaction mixtures.

The transesterification yield was calculated as the ratio between the peak areas of the
methyl esters and the total products obtained, according to Equation (2):

Z A Methyl esters
Z A Methyl esters + Z A FFAs + Z A DG and TG

where A Metyi esters are the peak areas of methyl esters (MO, ML, MM, and MS); A rras are the
peak areas of FFAs (OA, LA, MA, and SA); A pcautc are the peak areas of di- and triglycerides.

% Biodiesel Yield =

x100%  (2)

3.4. HPLC Analysis of Samples

BG and reaction mixtures were analyzed by HPLC as described previously [17], with
a Sepax Poly PP-100 (5 um, 4.6 x 250 mm) column with 100% acetonitrile as the mobile
phase (UHPLC UltiMate, Dionex, Hamburg, Germany) and a Corona Ultra RS detector
(Thermo Scientific, Bremen, Germany).

3.5. Statistical Analysis

The results were obtained from at least three independent experiments, carried out
in duplicate, and analyzed using single-factor ANOVA. The difference between the re-
sults was considered significant when the p-value was less than 0.05.

4. Conclusions

This study demonstrates the feasibility of using millimeter-wave electromagnetic ra-
diation generated by a gyrotron as an ultra-fast and efficient activation method for bio-
diesel production from fatty acids and brown grease. The combination of Lewis acid ca-
talysis (AlICls) with gyrotron-based activation enabled esterification reactions to proceed
on an unprecedented sub-second timescale.

Model reactions using oleic acid confirmed that complete conversion to methyl oleate
can be achieved within 0.4 s under gyrotron irradiation, even at moderate catalyst load-
ings. When a mixed fatty acid system (oleic/linoleic acids) was employed, high conversion
yields (>95%) were achieved within 3.0 s, demonstrating that the fatty acid composition
influences the reaction kinetics but does not limit the effectiveness of the activation
method. Importantly, biodiesel production from real brown grease feedstock was success-
fully achieved, yielding 73-76% yield within only 3.0 s, despite the complex composition
of the waste material.

A direct comparison with conventional ultrasonic activation revealed that gyrotron
activation reduces the required reaction time by more than three orders of magnitude
while achieving comparable or higher conversion yields. This dramatic acceleration is at-
tributed to rapid volumetric heating and efficient interaction between reactants and cata-
lytic sites under high-frequency electromagnetic fields.

Overall, the results confirm that gyrotron-based activation represents a highly prom-
ising and innovative approach for sustainable biodiesel production, particularly from
low-value, high-free fatty acid waste feedstocks, such as brown grease. The ability to
achieve high conversion within seconds without prolonged heating or intensive mechan-
ical mixing highlights the potential of this technology for future process intensification
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and industrial scalability. Further studies focusing on reactor design, energy efficiency,
catalyst stability, and continuous-flow implementation are currently underway to ad-
vance this method toward practical applications.
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(a) and transesterification of triglycerides (b) with methanol (inspired by [35]).
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