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Abstract

Capsaicin and dihydrocapsaicin are highly valuable natural compounds. In this study, microwave-assisted extraction
(MAE) was optimized for the extraction of these compounds from Capsicum annuum L. using two solvents: ethyl ace-
tate and acetone. The optimization was conducted using response surface methodology (RSM), and high-performance
liquid chromatography (HPLC) was used for quantification of the compounds. The independent variables considered
were microwave power (W), irradiation time (s), and solvent-to-solid ratio (SSR). For MAE-acetone, the optimal yields
were 19.3 mg/g dry matter (DM) for capsaicin and 10.2 mg/g DM for dihydrocapsaicin. MAE-ethyl acetate yielded
higher amounts, with 22.1 mg/g DM for capsaicin and 10.6 mg/g DM for dihydrocapsaicin. The optimal conditions for
capsaicin in both solvents were 60 s, 220 W, and 30 mL/g SSR, while for dihydrocapsaicin, the conditions were 40 s, 220
W, and 40 mL/g SSR. Thus, MAE-ethyl acetate proved to be more effective than MAE-acetone for the extraction of both
compounds. It is, therefore, preferable due to its efficiency and environmental safety and, thus, is a promising technique

for industrial applications.

Keywords: Capsicum annuum L.; Capsaicin; Dihydrocapsaicin; Microwave-assisted extraction; RSM optimization

1. Introduction

Capsaicin and dihydrocapsaicin are two highly im-
portant bioactive compounds. They belong to a broader
class of compounds called capsaicinoids and are abun-
dantly found in chili peppers, genus Capsicum. The com-
mon species of the genus Capsicum include C. annuum L.,
C. baccatum, C. chinense, C. frutescens, and C. pubescens.
In general, they make around 90% of the capsaicinoids
present in hot peppers, capsaicin around 69% and dihy-
drocapsaicin 22%.!

Capsaicin and dihydrocapsaicin (Fig. 1) are recog-
nized for their wide-ranging therapeutic applications.
Capsaicin is well-established for its analgesic properties,
particularly in the management of chronic pain condi-
tions such as arthritis, neuropathy, and post-herpetic
neuralgia.? Dihydrocapsaicin shares similar pharmaco-
logical properties and contributes to the overall potency
of capsaicin-containing preparations.®> Beyond pain re-
lief, these compounds have shown potential in weight
management by enhancing thermogenesis and lipid me-
tabolism.**

Additionally, emerging research also suggests their
anti-cancer properties, with studies indicating the ability
of these compounds to induce apoptosis in various cancer
cell lines.® The antimicrobial and anti-inflammatory activ-
ities of capsaicin and dihydrocapsaicin further highlight
their significance in developing novel therapeutic agents.”
Herbal products based on chili constituents are already on
the market. For instance, capsaicin-based topical creams
are available in many brands for pain management, par-
ticularly in conditions like arthritis and neuropathic pain.?

Capsaicin and dihydrocapsaicin are not only highly
valuable but also expensive compounds. Their molecular
structures make them difficult to synthesize chemically,
making their extraction from natural sources, such as chili
peppers, crucial.” The ability to efficiently extract these
compounds is essential for advancing therapeutic and
pharmaceutical applications and ensuring a sustainable
supply of these bioactives. This research focuses on the ef-
ficient extraction of capsaicin and dihydrocapsaicin using
green and sustainable methods.

Given the therapeutic importance of these com-
pounds, coupled with the challenges associated with their
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Fig. 1. Capsicum annuum peppers and chemical structure of capsaicin (upper) and dihydrocapsaicin (lower).

synthetic production, developing efficient and sustainable
extraction methods from natural sources is crucial.

Capsicum species, the natural source of capsaicin
and other capsaicinoids, are abundantly available almost
globally. Capsicum annuum L. is cultivated as a profitable
crop in many regions of the world.!°

Chili pepper cultivation is widespread across the
world, constituting a sustainable source of capsaicinoids.
Thus, the global production of Capsicum was approxi-
mately 38 million tons in 2019. Asia leads as the largest
producer, accounting for approximately 65% of the global
output. The Americas, Europe, Africa, and Oceania con-
tribute 13.3%, 11.9%, 10.1%, and 0.2%, respective-
ly.!11213:14 Eor fresh peppers, Asia is responsible for 67.3%
of the world's production, and Africa accounts for 10%.!>1

Thus, from the abundantly available chili peppers,
capsaicin and other capsaicinoids can be extracted on a
large scale. A host of methods are available to extract these
bioactive compounds from chili peppers. However, the ef-
ficiency of these methods, as well as their health and envi-
ronmental safety, are crucial issues that must be kept in
mind while selecting and developing a strategy for this
purpose.'” Literature shows several valuable studies on the
extraction of capsaicinoids from chili using various strate-
gies. Each technique presents a unique balance of advan-
tages and disadvantages concerning efficiency, health and
environmental safety, and economic viability. Convention-
al approaches, such as Soxhlet extraction and maceration,
typically involve substantial volumes of organic solvents
and prolonged extraction times, consequently raising sig-
nificant health and environmental concerns.!® More ad-
vanced techniques have also been studied for the extrac-
tion of chili bioactives, including ultrasound-assisted
extraction (UAE),'%?° enzyme-assisted extraction (EAE),?!
pressurized liquid extraction (PLE) and supercritical fluid
extraction (SFE),?223 and surfactant-assisted extraction.?*
Among these evolving methodologies, microwave-assisted

extraction (MAE) stands out as a promising and rapidly
developing technique. MAE is characterized by its com-
paratively rapid extraction times, reduced solvent require-
ments, and high yields of capsaicinoids.!®* Early investi-
gations by Williams et al. (2004) demonstrated MAE's
superior efficiency over conventional reflux and shaken
flask methods, specifically noting acetone's effectiveness
among the tested solvents (hexane, methanol, and methyl-
ene chloride).?® More recently, Hussain et al. (2022) re-
ported MAE to be more efficient than UAE when employ-
ing deep eutectic solvents.”” Furthermore, Wagqas et al.
(2022) identified ethyl acetate as a highly efficient solvent
in the surfactant-assisted extraction of capsaicin.?* While
these studies collectively affirm MAE's considerable po-
tential and highlight the individual efficacy of both ace-
tone and ethyl acetate as solvents, a comprehensive opti-
mization of capsaicinoid extraction utilizing MAE with
these solvents, particularly with the focus on discovering
an industrially viable method, remains to be thoroughly
investigated. The current research directly addresses this
gap by employing response surface methodology (RSM) to
optimize the microwave-assisted extraction of capsaici-
noids from chili using ethyl acetate and acetone, thereby
advancing towards an industrially viable process for ob-
taining these valuable compounds.

From this perspective, microwave-assisted extrac-
tion (MAE) is a technique of choice. It is not only efficient
but also eco-friendly and time- and energy-saving.?® Its
flexibility in working with heat-sensitive chemicals with-
out causing noticeable deterioration also increases its use-
fulness. Thus, adaptability, speed, selectivity, and efficiency
of MAE make it a potent tool in bioactive compound ex-
traction.?

Apart from the techniques, the choice of solvents
used as extractants is also crucial. A solvent selected for
this purpose should meet the requirements of efficiency in
terms of extraction yield from chili dry matter, health and
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environmental safety, and cost-effectiveness. For this
study, two solvents were selected, which were ethyl acetate
and acetone. Previous studies have shown them to be
highly efficient in extracting capsaicinoids from chili.*°
The physical characteristics of these solvents make them
reasonably suitable for capsaicinoid extraction.*'*? Both
ethyl acetate and acetone are moderately polar; however,
acetone is more suitable for comparatively more polar sub-
stances as it has a much higher dielectric constant and a
higher dipole moment. In addition, ethyl acetate is consid-
ered more environmentally friendly than acetone as it has
a higher boiling point, lower vapor pressure, and a higher
flash point.3* Capsaicinoids, with their combination of po-
lar (vanillyl and amide) and nonpolar (alkyl chain) func-
tionalities, exhibit good solubility in moderately polar sol-
vents like ethyl acetate. Their logK,, (octanol-water
partition coefficient) values of ~3.0-4.5 indicate they are
moderately lipophilic but neither extremely nonpolar (like
hexane) nor extremely polar (like water).>* Ethyl acetate
and acetone fall nicely into this range. Comparatively low
boiling points of ethyl acetate and acetone (77 °C and 56
°C, respectively) make them easy to evaporate off after ex-
traction to isolate the capsaicinoid extracts without high
temperatures that could degrade the target compounds.

While excessive exposure to ethyl acetate can cause
health issues like skin irritation and unconsciousness, it is
generally considered a low-toxicity substance due to its
rapid breakdown into ethanol and acetic acid in the body.*®
It is approved for use in food products up to 25 mg/kg and
is even used as a flavoring agent because of its fruity aro-
ma.>® In addition, it can be produced from bio-based eth-
anol and is biodegradable in air and water.

To understand and manipulate the effects of various
factors on the extraction yield of a desired phytochemical,
discerning optimal conditions are important. To this end,
response surface methodology, abbreviated as RSM, is a
commonly used method. The method is applied through
its designs, of which the Box-Behnken design (BBD) is
commonly employed.>”*8 If Y is a response that depends
on several factors, X, their relationship can be shown in
the form of a second-order polynomial equation. A com-
mon form of this equation is given below***? (Eq. 1):

k k k k-1
Y=3u+z.3txt+ ngiixi2+z Zﬁa;‘X:‘XJ‘+E 1)
i=1 i=1 i=1 j=i+1

The intercept coefficient is shown by f3, and regres-
sion coeflicients for linear, interactive, and quadratic terms
are shown by f3;, §;; and f;;. The data acquired according to
the design are fitted in this equation and solved for various
responses. Analysis of variance (ANOVA) is carried out to
determine the significance of the suggested model and its
terms.

Based on the gaps identified in existing literature,
this study was designed to evaluate the potential of MAE

for the efficient recovery of capsaicin and dihydrocapsai-
cin from green chilies. Although various extraction tech-
niques such as Soxhlet, ultrasound-assisted extraction,
and pressurized liquid extraction have been employed pre-
viously, limitations in extraction time, energy consump-
tion, and solvent usage persist. MAE presents a promising
green alternative, yet there remains limited comparative
data on solvent efficiency using MAE specifically for cap-
saicinoids. Furthermore, few studies have utilized response
surface methodology (RSM) to optimize the conditions
for MAE in this context.

To address these gaps, the current research investigat-
ed and compared the extraction efficiency of two solvents,
ethyl acetate and acetone, under MAE. A three-factor
Box-Behnken design of RSM was applied to optimize criti-
cal parameters influencing extraction efficiency.*! The nov-
elty of this study lies in its integrated approach combining
MAE with process optimization and solvent comparison,
offering insights into a potentially more sustainable and ef-
fective extraction strategy for capsaicinoids. This work
aims to provide a scalable and environmentally conscious
alternative for the recovery of bioactive chili compounds.

The bioactive compound extraction method based
on microwave heating in combination with green solvents
like ethyl acetate and acetone, and RSM-based process op-
timization are the main elements of the novelty of this re-
search. It was hypothesized that using microwave technol-
ogy coupled with ethyl acetate or acetone would result in a
viable method for obtaining these valuable compounds
from chili.

2. Materials and Methods

1. 1. Chemicals

Acetone (299.5%), acetonitrile (299.9%), and ethyl
acetate (299.5%) were purchased from Sigma-Aldrich
(Steinheim, Germany) and used without further purifica-
tion. Standard compounds of capsaicin (=98%) and dihy-
drocapsaicin (298%) were obtained from Chem-Impex
International Inc. (Wood Dale, USA).

1. 2. Collection and Preparation of Plant
Material

A sample of green chili pepper (cultivar: Hybrid
7864 Red Hard) was obtained from Shujabad (29.8717° N,
71.3231° E), Pakistan. Two kilograms of green chili pep-
pers were carefully selected as the source material. The
pedicles were removed from the peppers, resulting in a re-
duced weight of 1154 g. After being washed and allowed to
air dry for two weeks, the peppers were processed with a
grinder into a fine powder. The ground pepper powder was
sieved to ensure uniformity in size (80 mesh size, 77 um).
The finely ground powder was placed into a sealed bag to
prevent moisture absorption or contamination.
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1.3.  Design of Experiment (DoE) as Per
RSM

The pivotal stage of RSM is the design of the experi-
ment. A software (Design-Expert version 13, Stat-Ease,
Inc., MN, USA) was used to produce a 3-factor-3-level
Box-Behnken design. The design gave 17 orders, including
five central points. The design is shown in Table 1.4? The
MAE factors were time (20 min, 40 min, 60 min), power
(220 W, 330 W, 440 W), and SSR (20 mL/g, 30 mL/g, 40
mL/g).

1. 4. Extract Preparation

A domestic microwave oven (model DW-142 HZP,
Dawlance, Pakistan) was used for the study, operating at a
fixed frequency of 2450 MHz and allowing for a manual
adjustment of power levels. The extraction was conducted
in open vessels, specifically 250-mL borosilicate glass con-
ical flasks, to prevent pressure build-up and allow for safe
heating of the solvent-sample mixtures.

A total of 17 conical flasks, labelled according to the
Box-Behnken design matrix, were each filled with a fixed
amount of finely ground green chili pepper and 30 mL of
ethyl acetate or acetone. After microwave exposure under
specified conditions, the mixtures were allowed to cool to
room temperature.

The resulting extracts were filtered under vacuum
using a Buchner funnel fitted with Whatman No. 1 filter
paper to separate the solid residue from the liquid phase.
The filtrates were transferred to clean conical flasks and
covered with perforated aluminum foil to allow controlled
evaporation of the solvents. The flasks were placed in a
fume hood at ambient conditions to facilitate solvent re-
moval, leaving behind the dried extracts for further analy-
sis.

1. 5. High-performance Liquid
Chromatography (HPLC)

The primary aim of this study was to optimize MAE
conditions for capsaicin and dihydrocapsaicin. An HPLC
method was employed to quantify these compounds in the
extracts. The method used was based on standard re-
versed-phase chromatography.*> The HPLC analysis was
performed using a Shimadzu LC-10AS series system
equipped with an SPD-6AV UV detector and a C18 col-
umn (250 x 4.6 mm). The mobile phase consisted of ace-
tonitrile and water (70:30, v/v), delivered at 1.0 mL/min in
isocratic mode. The detection wavelength was set to 280
nm.*

Calibration curves were constructed using standard
solutions of capsaicin and dihydrocapsaicin in acetonitrile:
water (70:30) over the concentration range of 5-100 pg/
mL. Each standard was analyzed in triplicate. The calibra-
tion equations were:

Capsaicin: y = 1.89 - 10°x + 1.37 - 10°, R> = 0.9977,
%RSD of peak area = 1.02

Dihydrocapsaicin: y = 1.1 - 10°x + 6.23 - 10,
R*=0.9979, %RSD = 1.21

Extracts were analyzed by dissolving 10 mg of dried
MAE sample in 10 mL of the mobile phase, followed by
filtration through a 0.45 um membrane filter. A 20 yL ali-
quot was injected for analysis. All determinations were
performed in triplicate. To ensure the reproducibility and
precision of the method, all quantitative analyses were per-
formed using at least three parallel determinations. The
consistency of these replicates is demonstrated by the low
relative standard deviation (%RSD) of the peak areas.

The straight-line equations derived from these cali-
bration curves were used to estimate capsaicinoid contents
in each extract. The linearity of each curve was high, as
indicated by a high coefficient of determination (R?). This
demonstrates a strong linear relationship between the con-
centration of the standard and the instrument's response,
confirming the reliability of the quantitative measure-
ments. The results are shown in Table 1. These results were
subjected to data analysis and modeling according to RSM.

2. Results and Discussion

2. 1. Capsaicin and Dihydrocapsaicin
Extraction Yield

The Box-Behnken design and the experimental
yields of capsaicin and dihydrocapsaicin in acetone and
ethyl acetate are shown in Table 1.

For MAE-acetone and MAE-ethyl acetate, the high-
est capsaicin extraction yields from dry matter were in
standard order 2 (time 60 s, power 220 W, SSR 30 mL/g).
The highest capsaicin contents in MAE-acetone and MAE-
ethyl acetate were 19.3 mg/g and 21.8 mg/g of dry matter
(DM), respectively. The corresponding predicted values
predicted by optimization models were 19.3 mg/g DM and
22.1 mg/g of DM, respectively. The second highest capsai-
cin yields were in standard order 3 (time 20 s, power 440
W, SSR 30 mL/g), which for MAE-acetone and MAE-ethyl
acetate were 18.4 mg/g DM and 20.9 mg/g of DM, respec-
tively, and the corresponding predicted values were 18.6
mg/g DM and 21.2 mg/g of DM, respectively. Thus, stand-
ard orders 2 and 3 provide two alternative pathways for
efficient extraction of capsaicin. Standard order 2, howev-
er, produced slightly better results. It also requires lower
microwave power than standard order 3, which makes it
industrially more favorable.

The highest dihydrocapsaicin contents in MAE-ace-
tone and MAE-ethyl acetate were 10.1 mg/g DM and
10.5 mg/g DM, respectively, which were in standard order
11 (time 40 s, power 220 W, SSR 40 mL/g). The corre-

Magsood and Ahmed: Microwave-Assisted Extraction of Capsaicin ...



Acta Chim. Slov. 2025, 72, 623-636

Table 1. Experimental design and the results of microwave-assisted extraction of capsaicin and dihydrocapsaicin from green chili peppers using

acetone and ethyl acetate as solvents.

MAE-acetone

MAE-ethyl acetate

Factor 1 Factor 2 Factor 3

Response 1

Response 2 Response 1 Response 2

Standard Run A: Time B:Power C: SSR

Capsaicin  Dihydrocapsaicin

Capsaicin  Dihydrocapsaicin

order order
s i mL/g mg/g DM mg/g DM mg/g DM mg/g DM

5 1 20 330 20 3.85 2.83 5.55 7.29
6 2 60 330 20 3.68 4.34 5.38 1.99
14 3 40 330 30 1.68 3.99 423 2.07
16 4 40 330 30 0.864 4.38 341 1.97
12 5 40 440 40 3.30 7.63 6.70 6.78
7 6 20 330 40 12.4 7.56 15.8 7.29
10 7 40 440 20 0.518 4.03 2.22 4.59
2 8 60 220 30 19.3 4.26 21.8 421
1 9 20 220 30 12.1 7.66 14.6 7.68
17 10 40 330 30 2.16 3.36 4.71 2.26
9 11 40 220 20 1.75 4.58 345 4.32
8 12 60 330 40 8.01 8.73 11.4 9.23
4 13 60 440 30 6.31 6.45 8.87 3.12
13 14 40 330 30 1.74 4.98 4.29 4.06
15 15 40 330 30 2.02 5.14 4.57 2.72
3 16 20 440 30 18.4 2.96 20.9 3.44
11 17 40 220 40 6.26 10.1 9.66 10.6

Note: Each result value is the mean of three determinations.

sponding values predicted by optimization models were
10.1 mg/g DM and 10.6 mg/g DM, respectively.

Thus, MAE-ethyl acetate proved to be more power-
ful than MAE-acetone in extracting both compounds;
however, the yields of dihydrocapsaicin in both solvents
were almost comparable. On the other hand, as highlight-
ed above, there was an appreciable difference in the capsa-
icin extraction in the two solvents.

2. 2. Optimization of MAE-acetone and
MAE-ethyl Acetate

For method optimization for capsaicin and dihydro-
capsaicin in both solvents, the data set in Table 1 was ana-
lyzed. The analysis predicted quadratic models for both
compounds in MAE-acetone as well as in MAE-ethyl ace-
tate. Analysis of variance (ANOVA) was conducted to de-
termine the significance of the predicted models and their
terms. The models and terms having p-values < 0.05 were
considered significant. The ANOVA results of MAE-ace-
tone and MAE-ethyl acetate are shown in Tables 2 and 3.

As Tables 2 and 3 show, predicted models for capsai-
cin and dihydrocapsaicin in both solvents were highly sig-
nificant, as is witnessed by their large F-values and very
small p-values. Most terms were also highly significant
except for those whose p-values (the probability that the
observed results could occur by chance) were > 0.05. A
non-significant lack of fit (p > 0.05) implied that the given

model fit the data well without substantial error. Residual
indicates unexplained variability in the data; thus, the low-
er values of all the suggested models suggest a better mod-
el fit.

Based on ANOVA, model regression equations for
MAE-acetone and MAE-ethyl acetate for capsaicin (mg/g)
and dihydrocapsaicin in the coded form are displayed in
Table 4.

As the fit statistics show, the R-square, adjusted
R-square, and predicted R-square values of all the models
were high (86% or higher). These high values indicate that
the predicted models are statistically robust and reliable.
These values suggest that a significant proportion of the
variability in the response variables (capsaicin and dihy-
drocapsaicin yields) is explained by the factors considered
in the models. This implies that the optimization process
was effective and that the identified conditions can be con-
fidently used to achieve high yields of these valuable com-
pounds. The low standard deviation (Std. Dev.) values in-
dicate that the predictions of the model are consistently
close to the mean, suggesting reliable and precise predic-
tions.

Similarly, the moderate C.V.% (% coefficient of vari-
ation) values also indicate the good fit of the models. In a
process, alow C.V. % is desirable as it is an indicator of the
precision and consistency of the model. In the current
study, it has moderate values, which indicate acceptable
precision and accuracy.
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Table 2. ANOVA table for MAE-acetone.

Capsaicin by MAE-acetone

Source of variation Sum of Squares df Mean Square F-value p-value

Model 563.83 9 62.65 77.43 < 0.0001

A: Time 10.9 1 10.9 13.47 0.008

B: Power 14.73 1 14.73 18.21 0.0037

C: SSR 50.63 1 50.63 62.58 < 0.0001

AB 93.05 1 93.05 115.01 < 0.0001

AC 4.43 1 4.43 5.47 0.0519

BC 0.7373 1 0.7373 0.9113 0.3716

A? 280.62 1 280.62 346.85 < 0.0001

B? 72.24 1 72.24 89.29 < 0.0001

c? 34.98 1 34.98 43.24 0.0003

Residual 5.66 7 0.8091

Lack of Fit 4.65 3 1.55 6.13 0.0561

Pure Error 1.01 4 0.2528

Cor Total 569.49 16

Dihydrocapsaicin by MAE-acetone

Source of variation Sum of Squares df Mean Square F-value p-value

Model 563.83 9 62.65 77.43 < 0.0001

A: Time 10.9 1 10.9 13.47 0.008

B: Power 14.73 1 14.73 18.21 0.0037

C: SSR 50.63 1 50.63 62.58 < 0.0001

AB 93.05 1 93.05 115.01 < 0.0001

AC 4.43 1 4.43 5.47 0.0519

BC 0.7373 1 0.7373 0.9113 0.3716

A? 280.62 1 280.62 346.85 < 0.0001

B? 72.24 1 72.24 89.29 < 0.0001

c? 34.98 1 34.98 43.24 0.0003

Residual 5.66 7 0.8091

Lack of Fit 4.65 3 1.55 6.13 0.0561

Pure Error 1.01 4 0.2528

Cor Total 569.49 16

Note: The terms with p-values < 0.050 were significant and p-values < 0.0001 were highly significant.
Table 4. Model regression equations for MAE-acetone and MAE-ethyl acetate.

MAE-acetone
Y(Capsaicin) = 1.69 - 1.17A - 1.36B + 2.52C - 4.82AB + 8.16A% + 4.41B? - 2.88C% + € Eq.2
Y(Dihydrocapsaicin) = 4.3709 + 0.3498A - 0.6948B + 2.29C + 1.72AB + 0.1138A2% + 0.8484B%+ 1.37C2 + € Eq.3
MAE-ethyl acetate
Y(Capsaicin) = 4.24 - 1.17A - 1.36B + 3.36C - 4.82AB + 8.16A% + 4.14B2 - 2.88C% + € Eq. 4
Y(Dihydrocapsaicin) = 2.61537 - 0.8897A - 1.10B + 1.96C + 1.82AC - 1.01BC + 0.9482A% + 1.05B% + 2.90C2 + € Eq.5

The equations contained only the significant terms (p-value < 0.05). The adequacy of the models was demonstrated by highly supporting fit statistics,

which are displayed in Table 5.

Tables 2 and 3 present the ANOVA results for capsa-
icin and dihydrocapsaicin extracted using MAE with ace-
tone and ethyl acetate. All models were statistically signif-
icant, as shown by high F-values and very low p-values
(< 0.0001), indicating that the variables (microwave time,
power, and solvent-to-solid ratio) had a strong effect on
extraction yield. Most terms, especially quadratic and

some interaction terms, were also significant (p < 0.05),
confirming both linear and nonlinear effects. The lack-of-
fit tests were non-significant, and residual errors were low,
suggesting that the models fit the experimental data well.
The regression equations in Table 4 include only the
significant terms and are used to predict extraction yields
under different conditions. These “predicted values” are
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Table 3. ANOVA table for MAE-ethyl acetate.

Capsaicin by MAE-ethyl acetate

Source of variation Sum of Squares df Mean Square F-value p-value
Model 603.74 9 67.08 82.91 < 0.0001
A: Time 10.9 1 10.9 13.47 0.008
B: Power 14.73 1 14.73 18.21 0.0037
C: SFR 90.54 1 90.54 111.91 < 0.0001
AB 93.05 1 93.05 115.01 < 0.0001
AC 4.43 1 4.43 5.47 0.0519
BC 0.7373 1 0.7373 0.9113 0.3716
A? 280.62 1 280.62 346.85 < 0.0001
B> 72.24 1 72.24 89.29 < 0.0001
c? 34.98 1 34.98 43.24 0.0003
Residual 5.66 7 0.8091

Lack of Fit 4.65 3 1.55 6.13 0.0561
Pure Error 1.01 4 0.2528

Cor Total 609.4 16

Dihydrocapsaicin by MAE-ethyl acetate

Source of variation Sum of Squares df Mean Square F-value p-value
Model 113.8 9 12.64 25.05 0.0002
A: Time 6.33 1 6.33 12.54 0.0094
B: Power 9.74 1 9.74 19.29 0.0032
C: SFR 30.72 1 30.72 60.84 0.0001
AB 247 1 247 4.89 0.0626
AC 13.23 1 13.23 26.21 0.0014
BC 4.08 1 4.08 8.09 0.0249
A? 3.79 1 3.79 7.5 0.029
B> 4.62 1 4.62 9.15 0.0193
c? 35.37 1 35.37 70.06 < 0.0001
Residual 3.53 7 0.5049

Lack of Fit 0.6071 3 0.2024 0.2766 0.8403
Pure Error 2.93 4 0.7317

Cor Total 117.34 16

Note: The terms with p-values < 0.050 were significant and p-values < 0.0001 were highly significant.

3D Surface 3D Surface 3D Surface

ek (g dey poeer)

Yeeld imgig dry powde

Fig. 2. 3D Surface plots for MAE-acetone displaying interactive effect of (A) power and time, (B) SSR and time, and (C) SSR and power on capsaicin
extraction. Red color shows high value, and blue color shows low value.
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Table 5. Fit statistics for MAE-acetone and MAE-ethyl acetate
models.

Capsaicin in MAE-acetone

Std. Dev. 0.8995 R? 0.9901

Mean 6.13 Adjusted R? 0.9773

CV. % 14.68 Predicted R 0.8665
Adeq Precision 28.2704

Dihydrocapsaicin in MAE-acetone

Std. Dev. 0.6566 R? 0.9595

Mean 5.47 Adjusted R? 0.9073

CV. % 12.00 Predicted R 0.7654
Adeq Precision 14.9016

Capsaicin in MAE-ethyl acetate

Std. Dev. 0.8995 R? 0.9907

Mean 8.67 Adjusted R? 0.9788

CV. % 10.37 Predicted R 0.8753
Adeq Precision 29.5002

Dihydrocapsaicin in MAE-ethyl acetate

Std. Dev. 0.7105 R? 0.9699

Mean 4.92 Adjusted R? 0.9312

CV. % 14.45 Predicted R 0.8782
Adeq Precision 16.2227

calculated from the model equations and help identify op-
timal settings without further experimentation. Table 5
confirms the reliability of these models with high R?, ad-
justed R?, and predicted R* values (all above 0.75), low co-
efficients of variation (C.V. < 15%), and high adequate pre-
cision values. Overall, the models are robust, predictive,
and suitable for optimizing MAE conditions for both tar-
get compounds.

2. 3. MAE-acetone 3D Surface Plots

MAE-acetone 3D surface plots for capsaicin are
shown in Fig. 2 and for dihydrocapsaicin in Fig. 3.

2. 3. 1. Interactive Effect of Time and Power

MAE-acetone capsaicin 3D surface plot (Fig. 2A) illus-
trates the interactive effect of microwave power and micro-
wave irradiation time on the extraction yield of capsaicin
using acetone as the solvent, with a fixed solvent-to-solid ra-
tio of 30 mL/g. The plot shows a saddle-like shape (dipping
in the middle and rising on two sides, with a minimum in the
center), indicating that both microwave power and extrac-
tion time significantly influence the capsaicin extraction.
The curved nature of the surface and the changing slopes in-
dicate a significant interaction between time and power. The
effect of one factor depends on the level of the other.

At a lower power level (around 220 W), the yield of
capsaicin is relatively low, regardless of the extraction time.

The yield improves significantly as the microwave power
increases to a moderate level (around 330 W). This sug-
gests that an optimal power level is crucial for efficient ex-
traction, as it likely facilitates better solvent penetration
and effective disruption of plant cell walls, releasing more
capsaicin. However, further increasing the power beyond
330 W seems to reduce the yield, possibly due to excessive
heating, which could degrade capsaicin or reduce its solu-
bility in acetone.

At shorter extraction times (20-30 s), the yield is
low, likely because the solvent does not have enough time
to fully extract capsaicin from the plant matrix. The yield
increases with time, reaching a peak at around 50-55 s.
Beyond this optimal extraction time, the yield plateaus or
even decreases slightly, suggesting that prolonged expo-
sure might lead to capsaicin degradation or the loss of sol-
vent efficiency.

It can, thus, be concluded that the optimal capsaicin
yield, around 20 mg/g DM, is achieved at a moderate mi-
crowave power level (~330 W) and an extraction time of
approximately 55 s. Operating under these conditions like-
ly balances efficient energy input and sufficient extraction
time without causing significant thermal degradation or
solvent evaporation. Over- or under-shooting these pa-
rameters can lead to suboptimal yields due to factors such
as incomplete extraction, solvent evaporation, or com-
pound degradation.

Low time and high power: This might lead to incom-
plete extraction because the solvent doesn't have enough
time to fully penetrate the plant matrix and extract capsa-
icin. High power might also cause overheating, which can
degrade capsaicin or reduce its solubility, leading to lower
yields.

High time and low power: While this might prevent
overheating, the low power may not provide enough ener-
gy to efficiently disrupt the plant cells and enhance the ex-
traction. Prolonged extraction time can sometimes cause
the solvent to become saturated, after which additional
extraction time does not contribute much to increasing
the yield.

Thus, the plot of time and power suggests that a
moderate combination of time and power (around 330 W
for 55 s) is optimal for maximizing capsaicin extraction
yield. This balanced approach ensures efficient energy in-
put for proper cell disruption and sufficient extraction
time without causing degradation or inefficiency

2. 3. 2. Interactive Effect of Time and SSR

The 3D surface plot (Fig. 2B) illustrates the interac-
tive effect of microwave irradiation time and sol-
vent-to-solid ratio (SSR) on the yield of capsaicin when
using a microwave power fixed at 330 W. The yield of cap-
saicin increases significantly with time initially, but shows
a decreasing trend at prolonged extraction times. This sug-
gests that longer extraction times may lead to the degrada-
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tion of capsaicin or cause it to remain trapped within the
solid matrix.

A higher solvent-to-solid ratio generally improves
the yield up to an optimal point. Beyond this optimal SSR,
the yield either remains constant or decreases, likely due to
the dilution effect (where the solvent’s capacity to extract
capsaicin becomes less effective over extended periods) or
insufficient solvent interaction with the solid matrix.

At a low extraction time, an increase in SSR leads to
a high yield, as the solvent can effectively penetrate the sol-
id matrix and extract capsaicin. As time increases with a
low SSR, the yield decreases, indicating that longer expo-
sure at low SSR does not benefit the extraction process.

Thus, for optimal capsaicin yield at 330 W micro-
wave power, a balance between time and SSR is crucial.
Medium SSR with medium to high extraction time seems
to offer the best results. However, extremely high or low
SSR combined with long extraction times can negatively
affect the capsaicin yield. This indicates that while suffi-
cient solvent is necessary for efficient extraction, too much
solvent over extended time periods can counteract the
benefits, leading to lower extraction yield from dry matter.

2. 3. 3. Interactive Effect of Power and SSR

This 3D surface plot (Fig. 2C) illustrates the interac-
tive effect of microwave power (B) and solvent-to-solid
ratio (SSR) (C) at a fixed extraction time of 40 s on the
extraction yield of capsaicin. The plot demonstrates a no-
ticeable interaction between microwave power and SSR.
The highest yield of capsaicin is observed at high micro-
wave power combined with an optimal SSR. However, at
very high SSR values, even increasing power does not sig-
nificantly improve the yield, suggesting that there is an op-
timal balance between the amount of solvent and the mi-
crowave energy applied. Thus, for maximizing capsaicin
extraction yield from chili dry matter under these condi-

2D Surface

Vield (mg'g dey powder)
¥ield (mg/ig dry powder)

tions, a moderate SSR around 25-30 mL/g combined with
high microwave power near 330 W is the most effective.
Going beyond this SSR or power does not yield substantial
improvements and may even reduce efliciency due to
over-dilution or excessive energy input, leading to poten-
tial degradation of capsaicin.

Considering all the interactive effects, the following
conclusions can be drawn: a combination of low power
(e.g., 220 W) and long time (e.g., 60 s), or, alternatively,
short time (e.g., 20 s) and high power (e.g., 440 W), keep-
ing a moderate SSR (e.g., 30 mL/g) is the most effective.
These conditions should provide the most efficient extrac-
tion of capsaicin while minimizing energy usage. As the
results (Table 1) show, a comparable capsaicin yield of
around 20 mg/g DM was obtained under each of these two
sets of conditions. However, the low-power strategy pro-
duced slightly better results.

3D Surface plots (MAE-acetone for dihydrocapsaicin
(Fig. 3) demonstrating the interactive effect of (A) power
and time, (B) SSR and time, and (C) SSR and power on di-
hydrocapsaicin extraction have important implications for
extraction process optimization. Like those of capsaicin,
these 3D plots of dihydrocapsaicin also have curvatures
and saddle-like shapes. This is not unexpected because they
show a quadratic model, which has been suggested by opti-
mization and ANOVA operations. In 3D plot (Fig. 3A) (in-
teractive effect of power and time), there is a prominent
maximum increase at high power-high time. It may mean
that dihydrocapsaicin requires harsher power-time condi-
tions for maximum extraction. In 3D surface plot (Fig. 3B)
(interactive effect of SSR and time), the maximum lies at
high SSR and time, and SSR having a more drastic effect on
the dihydrocapsaicin extraction as compared to time.

The interactive effect of SSR and power (at a fixed
time of 40 s) on dihydrocapsaicin extraction (Fig. 3C)
shows an interesting trend. The optimal extraction occurs
at low power levels coupled with high SSR. This suggests

3D Surface 3D Surface

Vield (mg/g dry povder)

Fig. 3. 3D Surface plots for MAE-acetone displaying interactive impact of (A) power and time, (B) SSR and time, and (C) SSR and power on dihydro-
capsaicin extraction. Red color shows high value and blue color shows low value.
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that when a greater volume of solvent is present, the dihy-
drocapsaicin is more efficiently extracted, and further in-
creasing the microwave power may slightly reduce the ex-
traction efficiency. This could be due to the potential for
excessive power to cause thermal degradation of the com-
pound. Therefore, maintaining a low power while ensur-
ing a high SSR appears to be the most effective approach
for maximizing dihydrocapsaicin extraction outcomes un-
der these specific conditions. In MAE, the amount of sol-
vent plays a crucial role in how much heat is generated. A
large volume of a polar solvent like acetone can lead to
more heat generation by microwaves and result in a higher
overall temperature in the extraction system, which may
cause molecular degradation.

2. 4. MAE-ethyl Acetate 3D Surface Plots

MAE-ethyl acetate 3D surface plots for capsaicin are
shown in Fig. 4 and for dihydrocapsaicin in Fig. 5. They

3D Surface

Vield (mgig dry pawder)
Vield (mg /g dry povder)

closely resemble the 3D surface plots of MAE-acetone for
capsaicin and dihydrocapsaicin, indicating similar conclu-
sions. It means the overall impact of MAE-acetone and
MAE-ethyl acetate on the extraction of these two phyto-
chemicals is similar; that is, both solvents under the MAE
framework show similar extraction behavior toward capsai-
cin and dihydrocapsaicin. As for exploring optimal condi-
tions, both methods have similar practical implications. The
3D surface plots provided valuable insights into the optimal
conditions for obtaining capsaicin and dihydrocapsaicin us-
ing MAE-acetone or MAE-ethyl acetate methods.

2. 5. Validation Study for MAE-acetone and
MAE-ethyl Acetate

The numerical optimization method was conducted
by keeping input factors in range and response at the ‘max-
imize’ option.** This suggested the following conditions
for capsaicin: 60 s time, 220 W power, and 30 mL/g SSR,

3L Surtace
3D surface

Yield (mg/g dey powder)

Fig. 4. 3D Surface plots for MAE-ethyl acetate displaying interactive impact of (A) power and time, (B) SSR and time, and (C) SSR and power on
capsaicin extraction. Red color shows high value, and blue color shows low value.

3D Surface

Yied (g ey powds
Yield (/g dey powder)

3D Surface 3D Surface

Yield (mg/g dry powder)

Fig. 5. 3D Surface plots for MAE-ethyl acetate displaying interactive impact of (A) power and time, (B) SSR and time, and (C) SSR and power on
dihydrocapsaicin extraction. Red color shows high value, and blue color shows low value.
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and for dihydrocapsaicin: 40 s time, 220 W power, and 40
mL/g SSR. The extraction yield of capsaicin and dihydro-
capsaicin predicted for the optimal conditions and corre-
sponding experimental values are shown in Table 6, along
with %RSD (% relative standard deviations). It is notable
that in each case, the %RSD value is very small, which is a
strong indicator of the reliability of the predicted model.

Table 6. Validation study for MAE-acetone and MAE-ethyl ace-
tate*.

MAE-acetone

Responses Predicted values Experimental values % RSD
mg/g DM mg/g DM
Capsaicin 19.3 19.2 0.367
Dihydrocapsaicin ~ 10.2 10.1 0.697
MAE-ethyl acetate
Capsaicin 22.1 21.8 0.966
Dihydrocapsaicin ~ 10.6 10.5 0.670

*Conditions for capsaicin: 60 s time, 220 W power, and 30 mL/g
SSR; conditions for dihydrocapsaicin: 40 s time, 220 W power, and
40 mL/g SSR.

In MAE-ethyl acetate and MAE-acetone optimiza-
tion, two different sets of conditions (power and time) can
be identified that gave almost the same capsaicin yield (Ta-
ble 1). The first set of conditions comprised a microwave
irradiation time of 60 s, microwave power of 220 W, and
SSR (solvent-to-solid ratio) of 30 mL/g, and the second set
of conditions consisted of a microwave irradiation time of
20 s, microwave power of 440 W, and SSR of 30 mL/g.

Under the first set of conditions (60 s, 220 W), the
extraction yield of capsaicin both in MAE-ethyl acetate
and MAE-acetone was slightly higher than in the second
set of conditions (20 s, 440 W).

In evaluating which set of conditions to prefer for in-
dustrial applications, several factors should be considered,
including energy efficiency, consistency, extraction yield,
and equipment wear and tear. The first set uses lower mi-
crowave power and a longer time, which generally results
in a more gradual heating. This method is more energy-ef-
ficient as it uses less power, which can be crucial in large-
scale operations to reduce operational costs and energy
consumption. Similarly, operating at high power (440 W)
could put more strain on the microwave equipment, po-
tentially leading to more frequent maintenance or reduced
equipment lifespan. Low power settings (220 W) are gen-
erally less harsh on equipment.

2. 6. Comparison of MAE-acetone and
MAE-ethyl Acetate

Based on the comparison between MAE using ace-
tone and MAE using ethyl acetate, it is evident that ethyl

acetate is more efficient in extracting both capsaicin and
dihydrocapsaicin.

Consequently, MAE-ethyl acetate may be preferred
for industrial or research applications where maximizing
the extraction yields of capsaicin and dihydrocapsaicin is
critical. The differences in the efficiency of capsaicin and
dihydrocapsaicin extraction between acetone and ethyl ac-
etate can be attributed to several chemical factors related
to the properties of these solvents, such as polarity, solubi-
lizing ability, boiling point, affinity for lipophilic com-
pounds, and interaction with microwave energy. Ethyl ac-
etate is moderately polar, while acetone is slightly more
polar. Capsaicin and dihydrocapsaicin are relatively less
polar compounds. The moderate polarity of ethyl acetate
may strike an optimal balance, allowing it to better dis-
solve these hydrophobic compounds compared to acetone.
This increased solubility can lead to more efficient extrac-
tion. Ethyl acetate has a lower dielectric constant (6.02)
compared to acetone (20.7). This lower dielectric constant
of ethyl acetate means it interacts less strongly with polar
solutes like water, making it more effective in extracting
non-polar compounds such as capsaicin and dihydrocap-
saicin. Ethyl acetate has a higher boiling point (77 °C)
compared to acetone (56 °C). During microwave-assisted
extraction, the slightly higher boiling point of ethyl acetate
allows for a more controlled extraction process at elevated
temperatures, reducing the risk of solvent evaporation and
degradation of the target compounds. This can result in
higher yields. Finally, the higher vapor pressure and lower
boiling point of acetone make it more prone to rapid evap-
oration under microwave conditions. This can lead to low-
er extraction efficiencies as the solvent may evaporate be-
fore fully extracting the target compounds. Ethyl acetate,
with its slightly higher boiling point and lower vapor pres-
sure, can maintain its liquid state more effectively during
microwave heating, leading to more efficient extraction.

Thus, MAE-ethyl acetate is preferable not only based
on its safety but also efficiency.*> Ethyl acetate has a lower
polarity index compared to acetone, which makes it more
effective in extracting slightly less polar compounds. This
might explain why, under similar MAE conditions, ethyl
acetate results in a slightly higher yield.

2. 7. Comparison with Previous Studies

The extraction of capsaicin and related capsaicinoids
from chili peppers has been the focus of numerous studies,
each employing a variety of solvents and extraction tech-
niques. Waqas et al. (2022) conducted a comparative anal-
ysis of different solvents for capsaicin extraction, revealing
that ethyl acetate was notably effective, yielding 7.4 mg/g
of capsaicin, while acetone yielded 2.9 mg/g.** These re-
sults underscore the variability in extraction efficiency
based on solvent choice. In contrast, our study achieved
significantly higher extraction yields using the same sol-
vents—highlighting the superior efficiency of our opti-
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mized extraction strategy. Williams et al. (2004) used
MAE with ethanol to extract capsaicinoids from fresh pep-
per samples, achieving a yield of around 86.36%.2° This
study aligns with the growing body of research demon-
strating the effectiveness of MAE in maximizing bioactive
compound yield. Furthermore, Hussain et al. (2022) ex-
plored the use of deep eutectic solvents (DESs), choline
chloride-urea, and choline chloride-glycerol in MAE, re-
porting capsaicin yields of 18.88 mg/g and 14.49 mg/g, re-
spectively.?” Notably, the yield obtained with choline chlo-
ride-urea in their study is comparable to the results of our
current research, further validating the efficacy of MAE in
capsaicin extraction.

The observed variations in extraction yield across
different studies can be attributed to several factors, in-
cluding the nature of the sample, the specific chili pepper
varieties or cultivars used, geographical and environmen-
tal influences, and the extraction techniques and condi-
tions employed. For instance, the maturity of the chili pep-
pers, the presence of other bioactive compounds, and the
solvent's polarity all play critical roles in determining ex-
traction efficiency.*’:48

In addition, differences in microwave power, irradia-
tion time, and solvent-to-solid ratios significantly influ-
ence the outcomes of MAE processes. These parameters,
when optimized, can lead to higher yield and greater ex-
traction efficiency. The ability of the current study to
achieve a higher extraction yield with both ethyl acetate
and acetone suggests that careful optimization of MAE pa-
rameters, coupled with the selection of appropriate sol-
vents, can significantly enhance the extraction of capsaici-
noids from chili peppers.

To conclude, the findings of this research not only
demonstrate the effectiveness of MAE using ethyl acetate
and acetone but also contribute to the growing body of
knowledge on the optimal conditions for capsaicin and di-
hydrocapsaicin extraction, with potential applications in
both the food and pharmaceutical industries. This work
highlights the importance of continued research and
method optimization in the field of natural product ex-
traction.

3. Conclusions

Capsaicin and dihydrocapsaicin are significant bio-
active compounds found across various species of the
Capsicum genus, known for their wide-ranging health
benefits and industrial applications. This study focused on
evaluating and comparing the efficiency of two solvent
systems—acetone and ethyl acetate—in the microwave-as-
sisted extraction (MAE) of these compounds from green
peppers (Capsicum annuum L.). Using response surface
methodology (RSM), the extraction conditions were me-
ticulously optimized, with the resulting models validated
through statistical analysis and experimental data. Ethyl

acetate under MAE proved to be a more efficient solvent
for capsaicin extraction from chili peppers than acetone,
with an extraction yield of 22.1 mg/g dry matter (DM) as
compared to 19.3 mg/g DM in acetone, while these sol-
vents showed comparable efficiency for dihydrocapsaicin,
with a yield of around 10 mg/g DM in both. The minimal
%RSD between observed and predicted values demon-
strated RSM as a viable optimization technique for the ex-
traction systems investigated in this study.

Thus, under the MAE setup, ethyl acetate has been
demonstrated to be a viable extraction medium for capsa-
icin and dihydrocapsaicin. This makes it an attractive op-
tion for large-scale industrial applications focused on the
extraction of these valuable bioactive compounds.
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Povzetek

Kapsaicin in dihidrokapsaicin sta naravni spojini z visoko vrednostjo. V tej $tudiji smo optimizirali ekstrakcijo z mikrov-
alovi (MAE) za ekstrakcijo teh spojin iz Capsicum annuum L. z uporabo dveh topil: etil acetat in aceton. Optimizacijo
smo izvedli z metodo odzivne povrsine (RSM), za kvantifikacijo spojin pa smo uporabili visokolocljivostno tekocinsko
kromatografijo (HPLC). Upostevane neodvisne spremenljivke so bile mo¢ mikrovalov (W), ¢as obsevanja (s) in razmerje
topilo-trdna snov (SSR). Za MAE z acetonom sta bila optimalna izkoristka 19,3 mg/g suhe snovi (s.s.) za kapsaicin in
10,2 mg/g s.s. za dihidrokapsaicin. MAE z etil acetatom je dala visje koli¢ine: 22,1 mg/g s.s. za kapsaicin in 10,6 mg/g s.s.
za dihidrokapsaicin. Optimalni pogoji za kapsaicin v obeh topilih so bili 60 s, 220 W in 30 mL/g SSR, za dihidrokapsa-
icin pa 40 s, 220 W in 40 mL/g SSR. Tako se je MAE z etil acetatom izkazala kot bolj uc¢inkovita kot MAE z acetonom
za ekstrakcijo obeh spojin. Torej je bila izbrana zaradi svoje u¢inkovitosti in okoljske varnosti ter je obetavna tehnika za
industrijske aplikacije.
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