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Kinetic evaluation of ultrasound and microwave pretreatments for
flavonoids (pinocembrin and galangin) extraction from the residual
bagasse of Mexican oregano (Lippia graveolens Kunth)
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ABSTRACT

The essential oil profile of Mexican oregano (Lippia graveolens
Kunth) makes it a spice with significant economic potential.
However, its high concentration of water-soluble phenolic
compounds (pinocembrin and galangin), flavonoids with
important therapeutic properties, is little used. The content
of these flavonoids remains in significant quantities in the re-
sidual bagasse obtained after the essential oil extraction pro-
cess.This bagasse, being rarely used and due toitsinadequate
disposal, represents a source of contamination. This research
focused on taking advantage of the residual bagasse, extrac-
ting the flavonoid compounds (pinocembrin and galangin)
and analyzing by HPLC-DAD. As extraction pretreatments,
the use of ultrasound and microwave at different powers was
evaluated, followed by extraction with agitated maceration.
The extraction kinetics could be adjusted to a second-order
model, revealing a two-stage extraction process: diffusion
and washing. The maximum extraction capacity (Cs) and
recovery of pinocembrin and galangin were obtained using
ultrasound at 325 W for 5 min, reducing the total extraction
time by 59 %. The total phenolic content (Folin-Ciocalteu)
and antioxidant capacity (ORAC, DPPH, FRAP) of the extracts
obtained were evaluated. This approach represents an alter-
native use of residual bagasse and a significant improvement
in the efficiency of the conventional extractive process.
Keywords: Valorization; extraction kinetic model; pinocem-
brin, galangin.

RESUMEN

El perfil del aceite esencial del orégano mexicano (Lippia gra-
veolens Kunth) lo convierte en una especia con importante
potencial econémico. Sin embargo, es poco aprovechada su
alta concentracién en compuestos fenodlicos hidrosolubles
(pinocembrina, galangina), flavonoides con importantes
propiedades terapéuticas. El contenido de estos flavonoides
permanece en cantidades significativas en el bagazo residual
obtenido tras extraer el aceite esencial. Este bagazo es poco
utilizado y por su inadecuada eliminacién representa una
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fuente de contaminacion. Esta investigacion se enfocé en
aprovechar el bagazo residual, extrayendo los compuestos
flavonoides (pinocembrinay galangina), analizados mediante
HPLC-DAD. Se evaluaron dos pretratamientos de extraccion:
ultrasonido y microondas, empleando diferentes potencias.
Seguido de la extraccion mediante maceracion agitada. Las
cinéticas de extracciéon ajustadas a un modelo de segundo
orden revelaron un proceso de extraccién de dos etapas:
difusion y lavado. La méxima capacidad de extraccion (Cs)
y recuperacién de pinocembrina y galangina se obtuvieron
empleando ultrasonido a una potencia de 325 W durante
5 min, reduciendo el tiempo de extraccién en un 59 %. Se
evalud el contenido de fenoles totales (Folin-Ciocalteau) y
capacidad antioxidante (ORAC, DPPH, FRAP) en los extractos
obtenidos. Este enfoque representa un uso alternativo del
bagazo residual y una mejora significativa en la eficiencia del
proceso extractivo convencional.

Palabras clave: Valorizacion; modelo cinético de extraccion;
pinocembrina; galangina.

INTRODUCTION

Mexico is the second country with the highest production of
oregano worldwide, producing 6 500 tons in 2022, acording
to the National Institute of Forestry, Agriculture and Lives-
tock Research (INIFAP, 2024). Oregano is widely distributed
and marketed worldwide, since it represents a plant of high
commercial value in the international market due to the qua-
lity of the components present in the essential oil extracted
from the leaves (Masteli¢ et al., 2008). However, during the
extraction process of oregano essential oil, a large amount of
residual matter also known as “bagasse” is generated, which
represents up to 95 % of the initial weight (Martinez-Nataren
etal., 2012). It has been reported that this residue is rich in pi-
nocembrin ((2 S)-2,3-Dihydro-5,7-dihydroxy-2-phenyl-4-one)
and galangin (3,5,7-trihydroxy-2-phenylchromen-4-one)
(Cuevas-Gonzalez et al., 2021; Arias et al., 2020), flavanones
with documented bioactive properties, including anticancer,
antimicrobial, anti-inflammatory, antioxidant and protective
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activities against cerebral ischemia (Chung et al., 2011; Tao
et al., 2018; Guan et al., 2021). Regarding pinocembrin, it
is included in patent applications as a medication for the
management of pulmonary fibrosis and acute intracerebral
hemorrhage (Du et al., 2018; Cheng et al., 2019).

However, studies for pinocembrin and galangin recovery
from the residual bagasse of Mexican oregano are scarce and
very limited, reporting a lengthy extraction process, the re-
quirement for expensive solvents in large amounts, the poor
extraction selectivity, and the potential decomposition or
thermolabile chemicals, are the key obstacles. Some authors
(Oreopoulou et al., 2020; Cid et al., 2021; Arias et al., 2020)
have already studied the residual bagasse of some types of
oregano. Arias et al. (2020) evaluated supercritical conditions
of L. origanoides (Verbenaceae) harvested in Santander,
Colombia, where supercritical CO, allowed the extraction
of pinocembrin and galangin. On the other hand, Cid et al.
(2021) investigated the Poliomintha longiflora variety from
Chihuahua, Mexico, focusing on the quantification of anti-
oxidant capacity and total phenolics. The aforementioned
authors conclude that the residual bagasse obtained after
the oregano essential oil extraction process, can become an
important source of bioactive molecules. In addition, the use
of this waste could also significantly reduce the environmen-
tal impact it generates. Therefore, the need to maximise the
use of this residual bagasse and the bioactive compounds
it presents becomes evident, by optimizing and implemen-
ting an extraccion pretreatment that contributes to greater
selectivity of compounds and reduction of time, energy and
solvent.

Conventional extraction methods, such as distillation
and maceration, in big scale and laboratory level, can be
characterized by their slowness and low productivity, which
can lead to the loss of bioactivity due to the chemical de-
gradation reactions that occur (Bajkacz et al., 2018; Ali et al.,
2019). Innovative extraction methods mostly center on the
use of ultrasound (UAE) and microwaves (MAE), which can
significantly improve extraction efficiency, reduce proces-
sing times (Chemat et al., 2017; Liao et al., 2021; Zhi-Ting et
al., 2023), and, above all, show certain extraction specificity
as shown in the research conducted by Michalaki et al. (2023),
who optimized the ultrasound extraction of phenolic com-
pounds from oregano (Origanum vulgare ssp. hirtum). Howe-
ver, in this study is of interest to apply these technologies as
a pretreatment in the maceration process to impprove the
extraction process.

Therefore, the objective of this study was to valorize
the residual bagasse through the efficient extraction of
pinocembrin and galangin, optimizing a pretreatment that
would allow to improve its recovery. The kinetic mechanisms
and pretreatment parameters (UAE and MAE) were evaluated
in order to model the extraction behavior, minimizing the
time required and favoring the selectivity of the compounds
during the process. With this approach, we seek to establish
effective processes for the valorization of flavonoids present
in Mexican oregano residues, which can serve as a basis for
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future research and open new opportunities in the phar-
maceutical and food industries, taking advantage of their
bioactive properties.

MATERIAL AND METHODS

Vegetal material

Plant material was obtained from the municipality of Villa
Guerrero, Northern region of the state of Jalisco, México
(coordinates 103°22'30” at 103°50'00” west longitude and
21°54’00” at 22°10'00” north latitude; at 1,767 meters abo-
ve sea level). The species of Lippia graveolens Kunth was
identified with specimens from the CREG Herbarium of the
Technological Institute of Tlajomulco, Jalisco. The proportion
of leaves, fruit and stems was determined. Oregano plant was
subjected to steam distillation for 3 hours to separate the
essential oil (Soto-Armenta et al., 2017). The residual oregano
bagasse was dried (humidity 8-10 % w/w) in a tray dryer (GL-
70 A) at 35 °C for 24 hours.

Ultrasound assisted extraction (UAE)

An ultrasound system (20-25 KHZ, 650 W, SCIENTZ-JY88-II (N),
S/N 01C1005) with a 10 mm diameter probe was used. The
probe was immersed 20 mm into the sample, which contai-
ned ground residual bagasse (0.4 mm) and a hydroalcoholic
solution (58 % ethanol v/v), with a bagasse-solvent ratio of
1:20 (w/v), conditions previously optimized by Flores-Marti-
nez et al. (2016) for the extraction of phenolic compounds
present in Mexican oregano (Lippia graveolens Kunth). Kine-
tics were carried out at ultrasonic powers of 30, 50 and 70
% corresponding to 195, 325 and 455 W respectively. These
values were selected according to preliminary tests. Samples
were taken every minute for a total time of 5 m for each of
the powers, filtered and kept until analysis at 4 °C in amber
glass flasks.

Microwave assisted extraction (MAE)

It was carried out in a microwave oven (NN-CF778BPQ, Pana-
sonic). The ground residual bagasse (0.4 mm) was placed in
a beaker with a hydroalcoholic solution (ethanol 58 % v/v),
ratio 1:20 (w/v). Kinetics were carried out at different powers
10, 30 and 70 %, corresponding to 70, 120 and 350 W respec-
tively. These values were selected according to preliminary
tests. Samples were taken every minute for a total irradiation
time of 5 m. Samples were filtered and kept until analysis at 4
°C in amber glass flasks.

Hydroethanolic extraction by maceration

The extraction of flavonoids was carried out using the
maceration method according to the optimal conditions
described by Flores-Martinez et al. (2016). The operating sys-
tem has reflux to avoid losses due to evaporation. The solid
waste (Mexican oregano without essential oil) was subjected
to grinding and sieving, with the purpose of obtaining the
desired granulometry (0.4 mm) and thus facilitating the
extraction process. The extraction was carried out in a 500
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mL balloon flask, with a solute-solvent ratio of 1:20, using
58 % ethanol as solvent. The extraction time was 1 h with a
temperature of 75 °C and controlled stirring of 300 rpm on a
stir plate. At the end of the extraction, the extract was filtered
and the volume measured. The kinetics carried out in this
extraction process were carried out in a total time of 60 m,
where samples were taken at 10 m intervals.

Optimal pretreatment determination

The results obtained in the extraction kinetics were ade-
quately adjusted to a second-order model (Equation 1). The
kinetic constants (kz), extraction capacity (Cs) and correlation
coefficient (R?) were determined experimentally by applying
the second-order extraction model described by Ho et al.
(2005) and Qiu et al. (2009), where Cs and Ct were the con-
centrations of pinocembrin (mg/mL Ext) and galangin from
the residual oregano bagasse at equilibrium conditions and
at any time “t’, respectively. The second-order kinetic equa-
tion is described by Equation (1):

dc
= () (@5 — oy M

where k2 (1/mgPin*min) is the second-order extraction
rate constant. The extraction speed (Ct/t) can be obtained by
the inverse of the previous equation and the initial extrac-
tion rate h (equivalent to Ct/t when t approaches 0) can be
defined as h =k, Cs, in such a way that the previous equation
can be expressed according to Equation (2). The equation is
presented in linear form, where t/Ct is the dependent varia-
ble, 1/Cs is the ordinate at the origin and 1/h represents the
slope coefficient.

Ct h Cs (2)

In this way, the initial extraction rate h, the extraction
capacity Cs and the second-order extraction rate constant
can be determined experimentally from the slope and the
intercept at the origin by plotting t/Ct against t.

Total Phenols determination
The quantification of total phenolic compounds was carried
out using the Folin-Ciocalteu method (Cortés-Chitala et al.,
2021). For this, the extracts were diluted at a 10 % proportion
in 60 % ethanol solution.

Fifty pL of solution were taken and mixed with 0.5 mL
of 0.67 N Folin reagent and 0.5 mL of a Na,O, solution at a
concentration of 1.9 M. The reaction was carried out at room
temperature in the dark for 1 h. Subsequently, the samples
were measured spectrophotometrically at a wavelength of
760 nm. Gallic acid was used as a standard reference. The
results are expressed as mg equivalent of gallic acid by mL
(mg GAE /mL).

Antioxidant Capacity by DPPH
The antioxidant capacity of the extracts was evaluated using
visible spectrophotometry in the presence of the radical

1,1-diphenyl-2-picrylhydrazine (DPPH) (Cortés-Chitala et al.,
2021). Two mL of 80 % methanol (blank) and 2 mL of the
different extracts diluted to 0.1 % were taken, respectively.
Then, to each sample, including the blank, 2 mL of a freshly
prepared DPPH solution (2.5 mM) were added. Readings of
the blank (Abs blank) and samples (Abs sample) were taken
after a period of 30 m at 518 nm. The percentage of inhibition
was calculated using the following equation:
Abs Blank — Abs Sample

% Inhibition = b Blank (3)

Results were expressed in Trolox equivalents (TxEq) ba-
sed on a calibration curve previously prepared using known
Trolox concentrations (0, 20, 40, 60, 80, 100 mg TxEg/mL).

Antioxidant Capacity by FRAP

The analysis of antioxidant capacity was complemented with
the FRAP (Ferric Reducing Antioxidant Power) technique,
according to the FRAP kit protocol purchased from Sigma-Al-
drich that uses the reagent 2,4,6-tripyridyl-s-triazine (TPTZ).
The reduction reaction was measured at a wavelength of 593
nm. A standard curve was prepared using different dilutions
of the Fe?* standard (2 mM). The results obtained are expres-
sed in mM Fe*/mL.

Antioxidant Capacity by ORAC

For the antioxidant capacity determined by the ORAC
method (Cortés-Chitala et al., 2021), Trolox (antioxidant
agent) was used as a reference standard and gallic acid as
a positive control. Reactions were performed by mixing 100
ML of 120 nM fluorescein with 20 uL of PBS (blank), Trolox
and extracts, respectively. The microplate, along with freshly
prepared 2,2'-azobis(2-methylpropionamidine) dihydro-
chloride (AAPH) free radical, was heated at 37 °C for 15 m.
Subsequently, 80 uL of AAPH were added to the mixture, and
the reaction was measured every 4 m until the fluorescence
decreased to less than 10 % of the initial value (approxima-
tely 2 h). Three replicates were analyzed for each sample and
at each curve level.

Fluorescence values were normalized according to
the blank curve (without antioxidant). The area under the
fluorescence decay curve (AUC) was calculated from the
normalized curves as:

AUC = (0.5+f1/f0+f2/f0+f3/f0 ...f”/fo)*4 (4)

The AUC _, corresponding to each concentration of
Trolox and each sample, was calculated by subtracting the
respective AUC minus that corresponding to the blank. The
regression equation was calculated based on the AUC__ and
the corresponding Trolox concentration. ORAC values were
expressed as Trolox equivalents/mL using the standard cali-
bration curve regression equation.

Selectivity

Selectivity was determined according to the method descri-
bed by Psarrou et al. (2020). The solids total content in the
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extract samples was determined by placing 5 mL of this in
previously weighed aluminum trays, then taken to a drying
oven at 100 °C. The procedure was performed in triplicate
and the selectivity of the extraction was calculated based
on the concentration (mg/mL) of flavonoids (pinocembrin
and galangin) relative to the total solids content (mg/mL) in
the extract. The selectivity is expressed as percentage (%) of
selectivity.

Quantitative analysis by HPLC-DAD

The quantification of pinocembrin and galangin present
in the extracts was carried out with the high-performance
liquid chromatography method coupled to a diode array de-
tector (HPLC-DAD) proposed by Arias et al. (2020). Chromato-
graphic separation was performed in a chromatograph (AT,
Palo Alto, CA, US.A.) coupled to a diode array detector and
an autosampler, using a GEMINI C18 column (250 x 4.6 mm
inner diameter, 5 pum particle size; Phenomenex, Torrance,
CA, USA). Two mobile phases were used: an aqueous solution
of 0.5 % v/v formic acid (A) and HPLC grade acetonitrile (B)
at a constant flow of 1 mL/min, with the following gradient:
2-12% (B) 0 - 15 min, 12 % (B) 15 — 23 min, 12 — 40 % (B)
23 — 46 min, 40 — 90 % (B) 46 — 71 min, 90 % (B) 71 - 75 min,
90-2 % (B) 75 — 80 min, 2% (B) 80 — 85 min.

The compounds were detected at 245 nm, 270 nm,
290 nm, and 515 nm wavelengths. The extract was diluted
in a 1:100 proportion using a solution of 50 % v/v mixture
of methanol and water with 0.5 % v/v formic acid. Compa-
ring each reference compounds retention time (tR) and
wavelengths of maximum absorbance with those obtained
from the chromatograms, the compounds detected were
identified.

Statistical analysis

All experiments were performed in triplicate, and the results
presented as the mean + standard deviation. Statistical
analysis was performed using ANOVA, and a p-value of 0.05
used to determine significant differences between the means
with Tukey’s test (Minitab, Inc. State College, Pennsylvania, PA
USA).

RESULTS AND DISCUSSION

Physical analysis

A detailed analysis of various characteristics of the oregano
sample was conducted, highlighting its origin in Villa Gue-
rrero (OVG), the taxonomic identification as Lippia graveolens
Kunth, and humidity of 6.94 %.The aerial part was constituted
of 66.64 % leaves, 30.80 % fruits and 2.56 % of stem. The es-
sential oil content was recorded at 2.40 %, within the average
range characteristic of this plant species, as previously repor-
ted (Soto-Armenta et al., 2017). Morais et al. (2016) reported
that the composition and quantity of secondary metabolites
found in several plants may be caused by both genetic and
edaphoclimatic factors (temperature, light intensity, seaso-
nal effect, soil characteristics, etc.). It should be noted that
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the majority of aromatic species that have medicinal appli-
cations are found in the wild, which allows them to interact
strongly with the environment (Santos et al., 2016), so it was
important to consider the wild state of the plant used in the
present work. The proportion of residual bagasse accounted
for 76.39 % of the total sample, a part utilized in the present
investigation.

Total phenols, flavonoids and antioxidant capacity

The evaluation of total phenols (Table 1) showed a variation
between the Mexican oregano extract and its residual bagas-
se, with values of 5.507 + 0.107 and 3.697 + 0.010 mg GAE/
mL respectively (equivalent to 110.14 mg/g DW and 73.94
mg/g DW). The oregano total phenols content obtained
was higher than those reported from other regions and/or
varieties. For example, in the case of Mexican oregano from
Huejuquilla, Jalisco, Cortés-Chitala et al. (2021) reported a
total phenolic content of 4.41 mg GAE/mL, while Oreopou-
lou et al. (2021) reported a content of 49.9 mg GAE/g DW in
extracts of Origanum vulgare ssp. Hirtum. On the other hand,
Cid et al. (2019) who have already studied extracts of solid re-
sidues of oregano (Poliomintha longiflora) presented a value
of 1.32 mg EAG/mL. This analysis includes the measurement
of flavonoids, tannins and quinones, where variations detec-
ted can be attributed to the varying ratios and quantities of
these compounds among themselves, since in addition the
residual bagasse corresponds to a by-product from which
part of said compounds have already been extracted.

The evaluation of the antioxidant capacity through
DPPH, FRAP and ORAC assays generally reveals notably
higher values in the untreated oregano sample, compared
to those obtained for the residual bagasse (Table 1). These
results highlight the differences in the antioxidant capacity
between the two samples, indicating that these variations

Tabla 1. Andlisis de fenoles totales, capacidad antioxidante (DPPH,
FRAP y ORAC) y flavonoides (pinocembrina y galangina) en los extractos
hidroetandlicos de orégano mexicano y bagazo residual.

Table 1. Analysis of total phenols, antioxidant capacity (DPPH, FRAP and
ORAC) and flavonoids (pinocembrin and galangin) in the hydroethanolics
extracts of Mexican oregano and residual bagasse.

Hydroethanolic extracts

Oregano residual ba-

Mexican oregano
gasse

FT (mg GAE/mL) 5.507 £0.107 2 3.697 £0.010°

DPPH (mg EqTx/mL) 8.564 +0.033° 5.127 £ 0.048"
FRAP (mM Fe2+ Eq) 104.467 +0.082 ° 69.981 +0.043 °
ORAC (mg EqTx/mL) 0.750 £ 0.065 ° 0.735 +0.087 ©
Pin (mg/mL) 3.915+0.019* 2.240+£0.036°
Gal (mg/mL) 1.848 +0.012° 1.032 + 0.009 ©

FT: Total phenols, GAE: Gallic acid equivalent, EqTx: Trolox equivalent. Pin:
Pinocembrin, Gal: Galangin. The different superscript letters indicated
significant differences between samples according to the Tukey test (p <
0.05).
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could be explained due to the different chemical composi-
tion of each material, since it is well known that the essential
oil contains compounds with antioxidant capacity, which
contributes to the observed differences in the tests. The
application of the different techniques for measuring antio-
xidant activity helps us to realize the different mechanisms
that oregano and its residual bagasse can have as an antio-
xidant agent. The ORAC reaction is based on the transfer of
protons, whereas the DPPH method relies on the transfer of
electrons. Similar to this, the ORAC test calculates the area
under the curve (AUC), which includes the degree and dura-
tion of free radical inhibition by an antioxidant or extract at a
certain dose. The DPPH test assesses the antioxidant capacity
assessed at a specific period. The FRAP technique is based on
the reduction of the ferric ion to the ferrous state, where it
combines with the chemical 2,4,6-Tripyridyl-s-Triazine (TPTZ)
to generate a colorful complex.

The results of the pinocembrin and galangin quanti-
fication in the hydroethanolic extracts of Mexican oregano
and its residual bagasse, are presented in Table 1. These were
determined by identifying the retention times of standard
samples. The retention times for pinocembrin and galangin
were set at 50.0 and 50.7 m, respectively. The Mexican ore-
gano extract without treatment exhibited a content of 3.915
+0.019 mg/mL of pinocembrin and 1.848 + 0.012 mg/mL of
galangin. On the other hand, the residual bagasse revealed a
significant disparity in the content of these flavonoids, recor-
ding concentrations of 2.240 + 0.036 mg/mL of pinocembrin,
and 1.032 £ 0.009 mg/mL of galangin.

These compounds have already been identified and
quantified in oregano and its residual bagasse (Oreopoulou
et al., 2021; Cortés-Chitala et al., 2021; Cid-Pérez et al., 2019;
Arias et al. 2020). For untreated oregano, Cortés-Chitala et al.
(2021) in hydroethanolic extracts of L. graveolens, presented
values of 0.020 to 3.321 mg/mL for pinocembrin, and 0.003
to 0.436 mg/mL for galangin. For this same variety, Flores et
al. (2016) reported a value of 0.574 mg/mL of pinocembrin.
While quantification studies of these flavonoids in resi-
dual bagasse are scarce, Arias et al. (2020) have reported
results on the quantification of pinocembrin and galangin
in the residual bagasse of L. origanoides, and show lower
concentrations compared to those obtained in the present
investigation. They used Soxhelt extraction and supercritical
fluids modified with ethanol, achieving concentrations of
26 mg/g of pinocembrin and 3.9 mg/g of galangin, while in
the present investigation concentrations of 78.3 to 44.8 mg
Pin/g and 36.96 to 20.64 mg Gal/g. This quantitative analysis
allowed us to compare and confirm the potential that resi-
dual bagasse presents as a raw material rich in flavonoids,
since the essential oil extraction process focuses on the oily
part and fat-soluble compounds, leaving the residual bagas-
se as a rich source of molecules of biological interest, such as
polyphenols that are practically insoluble in the oil extraction
medium. These flavonoids maintain their stability in this
extractive process, since they do not experience significant
concentration variations in the untreated oregano and in the

residual bagasse. In this sense, since significant quantities of
pinocembrin and galangin remain in the distillation, bagasse
receives special attention, these flavonoids representing va-
luable components with potential therapeutic applications.

Effect of extraction pretreatments

Extraction kinetics

The kinetic representation of the pretreatments (ultrasound
and microwave) at different powers for the extraction of pi-
nocembrin (Pin) and galangin (Gal) from the residue of Mexi-
can oregano bagasse, is shown in Figure 1 (A and Q). In both
cases, the initial concentration of pinocembrin experienced
a rapid increase until the second minute, followed by a signi-
ficant decrease in the microwave treatments at 210 and 350
W. The ultrasound treatments at the different powers and
microwaves at 70 W showed an increase in accumulation,
tending towards an equilibrium with respect to time.

The pinocembrin extraction data obtained through
the various pretreatments were fitted to a second-order
kinetic model (Table 2). Figure 1B displays the results of t/
Ct versus time in a linear form (Eq. 2), where Ct represents
the concentration of pinocembrin in relation to extraction
time. The second-order models for each pretreatment were
adequately adjusted to the experimental extraction process,
showing linearity until minute 4, with R? values that ranged
between 0.995 and 0.972.

For galangin, the pretreatment kinetics showed a rapid
increase up to minute one, untilan equilibrium with respectto
time is reached, with the exception of microwave treatments
at powers of 210 and 350 W, since these showed a decrease,
exhibiting a degradation of galangin as time passed.

By graphing t/Ct versus the extraction time of each of
the pretreatments, Figure 1D was obtained, data that was
adjusted to a second-order kinetic model (Table 2), with R?
values that ranged between 0.914 and 0.999.

It is evident that the experimental results of pinocem-
brin and galangin extraction generally fit well with a second-
order kinetic model. Two extraction stages are observed, an
initial rapid stage extending up to minute two, then a stage
that is slower leading to a state of concentration equilibrium
and, in some cases, compound degradation. Research on the
extraction of components from plants has already reported
the kinetic extraction of some compounds such as total phe-
nols, alkaloids, among others, showing the same extraction
phenomenon characterized by a rapid extraction stage (was-
hing), followed by a slower stage (diffusion) (Chung-Hung et
al., 2014; Psarrou et al., 2020). When a second-order model
represents an extraction process, it is characterized by the
rapid removal of more soluble molecules (washing stage),
causing the cytoplasmic layer to be directly exposed to the
solvent, facilitating the dissolution of active components in
the solvent. Subsequently, there is a reduction in the rate
of extraction (diffusion stage), controlled by a diffusion
mechanism of the solute trapped inside the plant tissue.
Second-order extraction models have also been reported as
representative for extraction processes with traditional and
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A B
C D
E F

Figura 1. Evaluacion de los pretratamientos para la extraccion de pinocembrina y galangina del bagazo residual del orégano mexicano. US, ultrasonido.
MS, microondas. (A) Cinéticas de extraccion de pinocembrina (mg Pin/mL) en 5 m de pretratamiento. (B) Modelos cinéticos de segundo orden aplicado a
las cinéticas correspondientes a pinocembrina. (C) Cinéticas de extraccion de galangina (mg Gal/mL) en 5 m de pretratamiento. (D) Modelos cinéticos de
segundo orden aplicado a las cinéticas correspondientes a galangina. (E) Cinéticas de extraccion de pinocembrina y galangina, expresados en sumatoria (mg
Pin + mg Gal/mL), obtenidas con maceracién y con pretratamiento ultrasénico a 325 W durante 5 m mas maceracién. (F) Modelos cinéticos de segundo orden
aplicado a las cinéticas de extraccién correspondientes a la sumatoria de pinocembrina y galangina.

Figure 1. Evaluation of pretreatments for the extraction of pinocembrin and galangin from residual bagasse of Mexican oregano. US, ultrasound. MS, microwave.
(A) Extraction kinetics of pinocembrin (mg Pin/mL) after 5 m of pretreatment. (B) Second-order kinetic models applied to the kinetics corresponding to
pinocembirin. (C) Extraction kinetics of galangin (mg Gal/mL) after 5 m of pretreatment. (D) Second-order kinetic models applied to the kinetics corresponding
to galangin. (E) Extraction kinetics of pinocembrin and galangin, expressed as a sum (mg Pin + mg Gal/mL), obtained with maceration and with ultrasonic

pretreatment at 325 W for 5 m plus maceration. (F) Second-order kinetic models applied to the extraction kinetics corresponding to the summation of
pinocembrin and galangin.
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Tabla 2. Capacidad de extracciéon (Cs) de pinocembrina y galangina, constante de velocidad de extraccién de segundo orden (k)
y coeficiente de correlacion (R?), de los modelos cinéticos de pretratamientos (microondas y ultrasonido) a diferentes potencias de

procesamiento, durante 5 minutos.

Table 2. Extraction capacity (Cs) of pinocembrin and galangin, second-order extraction rate constant (k,) and correlation coefficient (R)),
of the kinetic models of pretreatments (microwaves and ultrasound) at different processing powers, for 5 minutes.

Pinocembrin

Powers Cs (mg Pin/mL) K2 (1/mgPin*min) R?
Microwave

MS 70 W 2.164 2.310°¢ 0.990 *

MS 210 W 1.869¢ 2676° 0.948 *

MS 350 W 1.651°¢ 3.028° 0.868 **

Ultrasound

US 195 W 2.652° 1.885¢ 0.995 *

US325W 2677° 1.908¢ 0.981 *

US 455 W 2.620° 1.868 © 0.990 *

Galangin

Powers Cs (mg Gal/mL) K, (1/mgGal*min) R?
Microwave

MS 70 W 1.468 © 3.406 © 0.999 *

MS210W 0.958¢ 5.221° 0.941 **

MS 350 W 0.908 © 5.504° 0.908 ***

Ultrasound

US195W 1.782° 2.806° 0.998 *

US325W 1.805° 2.854¢ 0.970 **

US 455 W 1.752° 2.771fF 0.996 *

The different superscript letters and asterisks indicated that the Tukey test revealed significant differences between the samples (p < 0.05).

ultrasound-assisted methods for extracting Mexican orega-
no and pomegranate peel (Pan et al., 2012; Qu et al., 2010;
Flores-Martinez et al., 2016).

The appropriate strength of an extraction pretreatment
can facilitate the step of washing and, consequently, reduce
the extraction time. For pinocembrin and galangin, the
results of the second-order extraction rate constant (kz)
indicate that the extraction rate with microwave at 350 W is
the highest, followed by microwave at 210 and 70 W, while
ultrasound presents lower rates. However, the extraction
capacity does not show the same behavior with respect to
the rate constant, since the pretreatment with the highest
concentrations of pinocembrin and galangin was ultrasound
at 325 W, while the microwave pretreatments presented the
lowest concentrations (Table 2), tending to a possible degra-
dation process (Figure 1A and 1C).

The efficiency of innovative techniques, such as ultra-
sound and microwaves, is based on the intensity and power
they use, causing a generation of internal pressure in the
cells, this process in turn leads to cell rupture, thus releasing
the metabolites of interest (Zhao et al., 2020).

In relation to the use of microwave, an improvement
in extraction yields and a reduction in times have been
demonstrated. However, in a study on the stability of flavo-
noids when exposed to microwave radiation (Biesaga, 2011),
increasing power levels was found to promote degradation.
The localized heating generated by this process can have
a negative effect on thermosensitive compounds, causing

overheating and undesired solvent evaporation, and there-
fore, it should be avoided as the stability of these compounds
tends to decrease with the increase in extraction tempera-
ture (Cissé et al., 2012). This leads to an accelerated rate of
compounds degradation, leading to poor yields, which is
why it is important to approach the use of microwaves in
extraction processes with caution.

An important characteristic related to ultrasound is the
decrease in extraction time, since in some studies it has been
reported to have no significant effect on extraction perfor-
mance in contrast to traditional methods (Stanisavljevic et al.,
2007; Velickovic et al., 2008), however, highlights its ability to
significantly reduce said process times. Unlike microwave,
ultrasound at a higher intensity or power range not only
improves yields but also accelerates the extraction process,
independently of the radiation mode (Pan et al., 2012). This
behavior was clearly evidenced in the kinetics evaluated in
the present investigation, where an increase in pinocembrin
and galangin extraction was observed at high powers, par-
ticularly at 325 W. This behavior is detailed in Table 3, where
the percentage of selectivity for each pretreatment is shown.
In general terms, the flavonoids evaluated exhibit a more
efficient extraction through the use of ultrasound. Further-
more, it is important to analyze the addition behavior of the
two flavonoids, given that these compounds present similar
biological properties already reported, they could have a
synergistic effect in their application.
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Tabla 3. Selectividad de extraccion de pinocembrina, galangina y sumatoria
de los pretratamientos evaluados.

Table 3. Selectivity of pinocembrin and galangin extraction, and sum of the
evaluated pretreatments.

% Selectivity % Selectivity % Selectivity

Tratments

Pin Gal Sum
MS 70 W 32.07 16.85 48.92
MS 210 W 18.40 9.31 27.71
MS 350 W 11.39 6.57 17.97
US195W 39.37 20.64 60.01
US325W 47.75 25.49 73.24
US 455 W 38.73 21.25 59.98

Itis evident that higher yields of pinocembrin and galan-
gin are obtained when using ultrasound, when considering
the sum (Sum) of these compounds, selectivity percentages
of 59.98 to 73.24 % were achieved. In contrast, microwave
treatments presented considerably lower selectivity percen-
tages, varying between 17.97 to 48.92 %, which is attributed
to the decrease or degradation behavior observed at the end
of the extraction kinetics (Figure 1A, 1C).

Evaluation of the extraction process with and without
pretreatment

To evaluate the effect of pretreatment on the pinocembrin
and galangin extraction process, the pretreatment that
showed the highest extraction capacity (Cs) and percentage
of selectivity was selected, corresponding to ultrasound at
325 W (Tables 2 and 3), applied for 5 m prior to the macera-
tion process. The second-order model was applied to analyze
the kinetic data of extraction of pinocembrin and galangin
with and without pretreatment, expressing the values as a
sum (mg Pin + mg Gal/mL) (Figure 1E, 1F and Table 4).

In the pinocembrin and galangin extraction model, va-
lues of the rate constant (k,) of 4.201 1/mgPin+Gal*min were
observed for the maceration without pretreatment, while for
the extraction process with pretreatment a value of 4516
1/mgPin*min was obtained, suggesting that the extraction
rate increased significantly with the previous pretreatment.
In addition, the extraction capacity (Cs) was also higher in
this treatment (5.951 mg Pin+Gal/mL), compared to simple
maceration, which was 5.536 mg Pin+Gal/mL. These results
confirm that the application of ultrasound pretreatment

Tabla 4. Capacidad de extraccién (Cs) de pinocembrina y galangina,
constante de velocidad de extraccion de segundo orden (k,) y coeficiente
de correlacion (R2), de los modelos cinéticos del proceso de maceracion sin
pretratamiento y con pretratamiento (US 325 W durante 5 m).

Table 4. Extraction capacity (Cs) of pinocembrin and galangin, second-
order extraction rate constant (kz) and correlation coefficient (R)), of the
kinetic models of the maceration process without pretreatment and with
pretreatment (US 325 W for 5 m).

Extraction Cs (mg Pin + Gal/mL) K, (1/mgPin*min) R?
Maceration 5.536° 4.201° 0.989**
Maceration and 5.951° 4516° 0.997*

ultrasound

The different superscript letters and asterisks indicated that the Tukey test
revealed significant differences between the samples (p < 0.05).
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allows obtaining higher yields, showing a significant differen-
ce (p<0.05) in the results, with an increase in the extraction
capacity (Table 4).

Figure 1E shows the extraction kinetics of the macera-
tion process with and without pretreatment, where the two
extraction stages (washing and diffusion) are observed. For
both treatments, the first stage occurs up to minute 25, howe-
ver, a higher extraction rate is noted in the maceration with
pretreatment (US 325 W for 5 m). The diffusion stage then
continues, which is more gradual and reaches equilibrium,
with a slight degradation observed at the last point of the
kinetics. Figure 1F shows the behavior of t/Ct as a function
of time, represented linearly (Eq. 2), which represents the
concentration of the analyzed flavonoids in relation to the
extraction time. The data were fitted to the second-order
model, with correlation coefficients (R?) of 0.997 and 0.982
with and without pretreatment, respectively.

In kinetic terms, an adequate extraction pretreatment
can improve the washing stage (Chen et al., 2011) and con-
sequently, increase yields and decrease extraction times,
as shown in Table 4, where there is an increase in the rate
constant and extraction capacity with the ultrasound at 325
W-complemented treatment. In addition, this treatment
also showed the highest extraction rate in the washing step
(Figure 1E). This in turn leads to a reduction in processing
time, since a more efficient and faster extraction process of
pinocembrin and galangin could be completed in the 25th
minute, which is where the highest peak of these flavonoids
is shown, a time that corresponds to 5 mof ultrasound and 20
m of maceration, instead of 60 m of conventional extraction.
This represents a saving in cost and extraction time of 59
%. Applying ultrasound was shown to significantly reduce
processing time, saving about 10 to 12 m (Liao et al., 2021),
while the present study achieved a reduction in processing
time of up to 35 m.

Likewise, this improvement in extraction when applying
ultrasound pretreatment is reflected in a significant increase
in the percentage of selectivity and phenolic content (Figure

Figura 2. Porcentaje de selectividad (mg Pin + Gal/mg extracto seco) y
contenido fenolico de los tratamientos de maceraciéon y maceracién con
ultrasonido a 325 W.

Figure 2. Percentage of selectivity (mg Pin + Gal/mg dry extract) and
phenolic content of the maceration and maceration with ultrasound at 325
W treatments.
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2). The maceration treatment presented a selectivity percen-
tage of 29 % and a phenolic content of 3.697 mg GAE/mL,
while when applying the pretreatment, the selectivity increa-
sed significantly to 43 % and a phenolic content of 3.941 mg
GAE/mL.These results suggest that pretreatment contributes
positively to the extraction efficiency, improving the selec-
tivity of pinocembrin and galangin and phenolic content.
The mechanism of improvement observed through the use
of ultrasound can be attributed to a mechanism that inten-
sifies mass transfer due cavitation bubbles phenomenon in
proximity to the cell walls, causing them changes in their
permeability. As a consequence, a more effective contact is
achieved between the solvent and the plant material, thus
providing a more effective exposure of the active metabolite.

CONCLUSIONS

The present study has shown a first evaluation on extraction
kinetics of flavonoids from oregano and its residual bagasse,
applying pre-treatments with emerging technologies such
as ultrasound and microwaves at different powers, prior to
maceration. Second-order kinetic models were appropriate
to represent the experimental results obtained, and these
were useful to determine the statistical differences between
treatments, seeking to improve yields and shorten proces-
sing times. The pretreatment that exhibited the highest
extraction rate, selectivity and reduction in processing times
was ultrasound at 325 W. When comparing the maceration
process with and without pretreatment, it was observed that
the applied second-order kinetic models could accurately
predict the recovery of pinocembrin and galangin from the
residual bagasse of Mexican oregano, adequately describing
the experimental data in both treatments. Undoubtedly, the
most effective treatment was the application of ultrasound
as pretreatment, thus offering a highly effective option in the
extraction processes of these flavonoids with a significant
reduction in process times.
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