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This study focused on optimizing the extraction of phenolic compounds and flavonoids from leaves of
Coriandrum sativum L. using a sequential green extraction approach based on microwave-enzymatic-
assisted extraction (MEAE). Utilizing a glycerol and choline chloride solvent system (composed of Gly—
Cho in a molar ratio of 2:1, with water), several extraction parameters were systematically investigated
to study their influence on total phenolic content (TPC) and total flavonoid content (TFC): solid-to-liquid
ratio, water content, microwave power, microwave time, enzyme concentration, and enzyme incubation
time. Subsequent optimization established the following conditions: a solid-to-liquid ratio of 1/20 g
mL~%, 10% water content in solvent, 1022 W microwave power, 2.6 minutes microwave time, 40 U g’1
enzyme concentration, and 90 minutes enzyme incubation time at 50 °C. Under these optimized
parameters, the TPC of the extracts reached 18.15 mg GAE g%, while the TFC reached 26.36 mg RE g™~
The significance of variables was evaluated using the Plackett—Burman design, while optimal conditions

Received 29th August 2025 were determined via the Box—Behnken design. Furthermore, the extraction kinetics were modeled using
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a second-order kinetic model to understand the mechanism. The findings demonstrate that the

DOI: 10.1039/d5/00536a sequential MEAE technique, optimized via statistical and kinetic models, holds significant promise as an

rsc.li/susfoodtech effective green method for enhancing the recovery of antioxidant compounds from Coriandrum sativum L.

Sustainability spotlight

Microwave-enzymatic-assisted extraction is a combination of green technology with great potential in enhancing the extraction yield of bioactive compounds
from plants, such as Coriandrum sativum L. leaves. Natural deep eutectic solvents are green solvents synthesized by combining organic acid and choline chloride
from living organisms’ cells. The combination of microwave-enzymatic assisted extraction and natural deep eutectic solvents makes way for the development of
sustainable food processing objectives. Microwave-enzymatic-assisted extraction provided rapid heating and hydrolysis of rigid plant cell walls. This combi-
nation significantly improves bioactive compounds' extraction yield without deterioration, which usually happens with conventional extraction techniques.
Through natural deep eutectic solvents characterization, this work explains how different types of natural deep eutectic solvents affect the recovery yield of
bioactive compounds from Coriandrum sativum L. leaves. This study also describes the mechanisms of the combined technology based on the support of
thermodynamic modeling, scanning electron microscopy, and X-ray diffraction. Results show that careful control of parameters like microwave power and
enzyme activity is essential in achieving maximum efficiency without compromising the product quality. This study highlights the technological advantages of
Microwave-enzymatic-assisted extraction while supporting its potential for broader adoption as a sustainable, bioactive compound preserving approach in food
supply chains. Moreover, it underscores the role of regional biodiversity in driving the development of innovative food products that contribute to human health
and environmental sustainability.

Russia, and other tropical zones. In traditional medicine, cori-
ander supports digestive health and alleviates symptoms
including bloating, nausea, and diarrhea. It is also used in the
treatment of urinary tract disorders, inflammation, anxiety, and

1 Introduction

Coriandrum sativum L., known as coriander or cilantro, is
a popular cultivated herb in cuisines and traditional medical

applications.* Native to the Mediterranean and Southwest Asia, it
is now extensively grown in regions such as India, China, Egypt,
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insomnia. Coriander is high in bioactive compounds, especially
antioxidants.” Significant amounts of flavonoids, carotenoids,
and phenolic compounds - in particular, gallic acid, ferulic acid -
have been found through quantitative analyses. These phenolics
possess antioxidant capacity by scavenging free radicals, which is
a significant contributor to the development of chronic diseases
such as diabetes, cancer, heart disease, and neurological
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disorders. Additionally, these drugs support cardiovascular
health by reducing blood pressure and low-density lipoprotein
cholesterol. Iram Iqbal et al. (2023) stated that plant polyphenols
can prevent atherosclerosis by regulating vascular endothelial
function through the release of nitric oxide (NO) and reducing
LDL oxidation to prevent atherosclerosis. Cardiovascular
diseases, such as stroke, hypertension, and ischemic heart
disease, can be prevented by dietary polyphenols.?

Extracting phenolic compounds from Coriandrum sativum L.
is necessary to obtain beneficial active components, and the
selection of solvent greatly influences the effectiveness of this
process. Traditional solvents, such as methanol, ethanol, and
acetone, are gradually being replaced by more environmentally
friendly alternatives in the pursuit of sustainable and eco-
friendly solutions. Natural Deep Eutectic Solvents (NDESs)
represent one such promising alternative. NDESs are an
emerging class of solvents, typically formed from mixtures of
two or more pure solid or liquid components.* When mixed in
specific proportions, these components form a mixture with
a melting point that is significantly lower than that of each pure
component.

This low melting point is typically below room temperature,
rendering the mixture a liquid at room temperature. NDESs are
distinguished by several excellent properties, making them an
attractive choice for extracting natural compounds. One of the
most important is their low melting point, which allows them to
exist in a liquid state without needing much energy. In addition,
NDESs are highly regarded for their safety due to their low
toxicity, non-volatility, and non-flammability, making them more
environmentally and user-friendly than traditional organic
solvents. The recyclability and reusability of many NDESs help
reduce waste and costs. Finally, the tunable properties allow
scientists to change the composition to optimize solubility for
each specific target compound. NDESs are opening a new era of
sustainable and efficient extraction methods.*

Traditional extraction procedures, such as maceration,
Soxhlet extraction, and reflux, are inexpensive and straightfor-
ward; however, they can be time-consuming, solvent-intensive,
and inefficient. Furthermore, prolonged exposure to heat
during these operations can damage sensitive substances. To
address these drawbacks, advanced extraction technologies
have been developed to improve efficiency, reduce processing
time and solvent use, and better preserve the bioactivity of
target compounds.® Among these, Microwave-Assisted Extrac-
tion (MASE) and Enzyme-Assisted Extraction (EASE) are two
prominent techniques. MASE utilizes microwave energy to
rapidly heat and pressurize plant cells, causing them to rupture
and release phenolic compounds.® EASE uses hydrolytic
enzymes such as cellulases, hemicellulases, and pectinases to
break down the plant cell wall matrix and release intracellular
phenolics into the solvent. While both MASE and EASE provide
considerable advantages over traditional approaches,
combining the two has emerged as a promising strategy.
Microwaves are first used in this combined method to break
down the structures and speed up the diffusion of phenolic
compounds into the NDES. The enzyme is then used to further
weaken or break down the cell wall.
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A comparative study demonstrated MASE's effectiveness in
isolating quercetin 3-O-glucoside, a bioactive compound with
anti-diabetic properties, from Gynura procumbens.® The MASE
method demonstrated significant advantages over conventional
Soxhlet extraction, requiring only 5 minutes of extraction time
compared to 3 hours and yielding a higher amount of quercetin
(1.60 mg g ' vs. 1.40 mg g~ '). A custom-designed temperature-
controlled MASE system was developed to enhance extraction
efficiency and prevent the thermal degradation of bioactive
compounds. This system utilizes feedback from a temperature
sensor to regulate microwave output, ensuring precise thermal
control throughout the process. These findings confirm that
MASE, particularly in terms of temperature regulation, is
a highly efficient and viable technique for extracting thermally
sensitive bioactive compounds.® A food-friendly enzyme-
assisted extraction (EASE) method was developed and refined
by Mridusmita Chaliha et al. to extract bioactive substances
from freeze-dried Kakadu plum puree. To optimize the yields of
free ellagic acid (fEA), ascorbic acid, and phenolics, they
ascertained the ideal parameters for solvent concentration,
enzyme concentration, and extraction duration. With a yield of
51.3%, the study found that the best conditions for extracting
fEA were 1.5% (w/w) propylene glycol, 300 mg L™ pectolytic
enzyme, and a 15 hour extraction period.” While previous
studies have applied either MASE or EASE individually, few have
systematically optimized their integration or identified the
factors influencing extraction efficiency. The kinetic behavior
and underlying mechanisms of the combined process also
remain insufficiently elucidated.®

Therefore, this study focuses on optimizing the integrated
MASE-EASE process using NDESs to enhance the extraction
efficiency and improve the recovery of bioactive compounds
from Coriandrum sativum L. leaves. Various extraction parame-
ters, including solid-to-liquid ratio, water content, microwave
power, enzyme concentration, and incubation time, were
systematically optimized using the Plackett-Burman and Box-
Behnken designs. The extraction kinetics were modeled using
a second-order kinetic model to elucidate the mass transfer
mechanism. Additionally, the reusability of the NDES and the
cost and energy efficiency of the optimized MEAE process were
evaluated to assess its industrial feasibility.

2 Materials and methods
2.1 Materials

We purchased Coriandrum sativum from Binh Dien Wholesale
Market in Ho Chi Minh City, Vietnam (the producing region is
the Mekong Delta). To enable water evaporation, the samples
were kept in a laboratory dryer (model: TR-240, Nabertherm,
Zirich, Germany) for 48 hours at 50 °C. A dried coriander
powder (DCP) was obtained by grinding dried leaves in a grinder
(model: SM 450L, Harlow, UK). The final powder was kept in an
airtight plastic container and stored at 25 °C in a dry place,
without direct sunlight. These storage conditions were chosen
to maintain the stability of the bioactive compounds while also
preventing moisture absorption and inhibiting microbial
growth.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Details of 15 synthesized NDESs*
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No. Solvent HBD HBA pH Density (g mL ™)
NDES1 Lac-Cho Lactic acid Choline chloride 0.97 1.156 + 0.015h
NDES2 Lac-Gly Lactic acid Glycerol 0.60 1.186 + 0.023fg
NDES3 Lac-Pro Lactic acid 1,2-Propanediol 1.10 1.116 £ 0.014i
NDES4 Lac-Ery Lactic acid Erythritol 0.91 1.274 £+ 0.006d
NDES5 Ci-Cho Citric acid Choline chloride —0.52 1.384 %+ 0.009c
NDES6 Ci-Gly Citric acid Glycerol —0.72 1.414 £ 0.011b
NDES7 Ci-Pro Citric acid 1,2-Propanediol —1.67 1.444 £+ 0.007a
NDES8 Ci-Ery Citric acid Erythritol —1.59 1.434 £+ 0.015ab
NDES9 Gly-Cho Glycerol Choline chloride 3.36 1.164 + 0.008gh
NDES10 Pro-Cho 1,2-Propanediol Choline chloride 3.14 1.234 £ 0.006e
NDES11 Ace-Cho Acetic acid Choline chloride 0.02 1.092 + 0.015j
NDES12 Ace-Ery Acetic acid Erythritol 0.18 1.114 + 0.020ij
NDES13 Ace-Gly Acetic acid Glycerol —0.14 1.052 + 0.008k
NDES14 Ace-Pro Acetic acid 1,2-Propanediol —0.84 1.032 £+ 0.017k
NDES15 Ery-Cho Erythritol Choline chloride 2.47 1.206 + 0.014f

“ The letters a, b...

and k represent statistically significant differences. Samples sharing the same letters (e.g., fg and gh or a and ab) are not

significantly different in density, while samples with different letters are significantly different.

2.2 Chemicals

Chemicals used to prepare NDESs included glycerol (Duc
Giang Chemicals Group Jsc, Hanoi, Vietnam); acetic acid,
lactic acid, and citric acid (Guangdong Guanghua Sci-Tech
Co., Ltd, Guangdong, China); choline chloride (HiMedia
Laboratories Pvt. Ltd, Nasik, India); and erythritol and 1,2-
propanediol (Hoa Nam Chemicals - Laboratory Equipment
Company, Ltd).

The following analytical reagents were used: aluminum
chloride (AlCl;), sodium carbonate (Na,COs), sodium acetate
(CH;COONa), ethanol (96%), and the Folin-Ciocalteu phenol
reagent. Hoa Nam Chemicals - Laboratory Equipment
Company, Ltd (Ho Chi Minh City, Vietnam) was the supplier of
all chemicals.

2.3 Preparation for NDESs

To assess their phenolic and flavonoid extractability from DCP,
fifteen distinct NDESs were chosen, each with the same
formulation and abbreviation shown in Table 1. A 2:1 molar
ratio was applied to combine hydrogen bond donors (HBDs)
and acceptors (HBAs). Then, a magnetic stirrer (model MS-
H380-Pro, DLAB Scientific Co. Ltd, USA) was used to stir and
heat the mixture to 80 °C until it became transparent and
homogeneous. The solvents were acceptable for synthesis when
they did not crystallize at room temperature.

The functional groups in NDESs were analyzed using the
Fourier Transform Infrared method, following the previous
study.® A drop of each NDES was pipetted into the sample
holder of the PerkinElmer Spectrum 10.5.2 instrument (Model
Frontier FT-IR/NIR 105667, USA), and the spectrum was recor-
ded within the 450-4000 cm ™' range. The pH values of the
NDESs were measured using a pH meter (Model MI-151, Mil-
waukee, Romania, EU), while their densities were determined
through mass and volume measurements.

© 2026 The Author(s). Published by the Royal Society of Chemistry

2.4 Single-factor experiments of microwave-assisted and
enzyme-assisted extraction

In an amber glass vial, 10 mL of solvent was mixed with
a precisely measured amount of DCP. Microwave radiation was
applied to the mixture (model MOB-7733, TA RA Joint Stock
Company, Vietnam). The experiment encompassed solid-to-
liquid ratios (SLRs) of 1/10, 1/20, 1/30, 1/40, 1/50, and 1/60 g
mL ", water content (WC) ranging from 0% to 50%, and specific
microwave power (MP) settings of 0, 150, 300, 450, 600, 750 and
900 W applied for various microwave times (MTs) of 0.5, 1, 2, 3,
and 4 minutes. Following microwave treatment, the samples
were cooled to 50 °C. Different enzyme (EC) concentrations,
ranging from 0 to 50 U g, were added at 10 U intervals. A water
bath (Model RS22L, 40 kHz, Rama Vietnam Joint Stock Company,
Vietnam) was used for the enzymatic incubation at a temperature
(EITem) of 50 °C for enzyme incubation times (EITs) of 30, 60, 90,
120, and 150 minutes. After incubation, the blend was filtered
through filter paper to extract the bioactive compounds. The
single-factor experiments are shown in Table S1.

2.5 Quantification of bioactive compound recovery

2.5.1 Total phenolic content (TPC). TPC was measured
using the spectrophotometry method with minor changes.*
0.25 mL of diluted DCP sample was added to a test tube, fol-
lowed by 0.25 mL of 10% (v/v) Folin & Ciocalteu's reagent (0.19
N). After that, the sample was incubated in the dark for 5
minutes before adding 0.5 mL of 7.5% (w/v) sodium carbonate
(Na,COs) and 4 mL of distilled water. The solution was left to
react for 1 hour in a dark place at room temperature. The
sample absorbance was measured using a UV-visible spectro-
photometer (model: Cary 60, Agilent Technologies, USA) at an
absorbance wavelength of 765 nm. TPC was expressed as
milligrams of gallic acid equivalent per gram (mg GAE g™ ).

2.5.2 Total flavonoid content (TFC). TFC was measured
with minor changes using the spectrophotometry technique."

Sustainable Food Technol.
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0.50 mL of diluted DCP sample was dispersed in 1.00 mL of 96°
ethanol. Then, 0.10 mL of 1 M potassium acetate (CH;COOK)
solution, 0.10 mL of 10% aluminum trichloride solution (AICl;),
and 3.5 mL of distilled water were added. The mixtures were left
in a dark room for half an hour. Using an absorbance wavelength
of 415 nm, the sample absorbance was measured with a UV-
visible spectrophotometer (model: Cary 60, Agilent Technolo-
gies, USA). Milligrams of rutin equivalent per gram (mg RE g™ ')
was the unit of measurement used to express TFC.

2.6 Design of experiments

2.6.1 Plackett-Burman design (PBD) model. In this study,
PBD was utilized to identify critical elements that significantly
impact the extraction yields of DCP. PBD was selected for this
study due to its efficiency in screening multiple variables with
minimal experimental runs, requiring only 12 trials to assess six
factors for each compound under investigation. Given that PBD
focuses on main effects without considering interactions
between factors, it is particularly suitable for estimating the
individual contributions of each factor in the process, making it
a valuable tool for preliminary screenings.'”” TPC and TFC were
assessed as dependent responses, using “—1” and “+1” for the
six tested components: solid-to-liquid ratio (SLR), water content
(WC), microwave power (MP), microwave time (MT), enzyme
concentration (EC), and enzyme incubation time (EIT). With
this standard, the baseline condition was set at “0”, with “—1”
denoting the lower level and “+1” the higher level. Eqn (1) shows
the relationship between the independent and dependent
variables in the experiments.

Y= Zﬂ[xi 1)
i1

where x is the independent variable, y is the response variable,
@ is the regression coefficient, and i is the order of factors that
were examined and how they affected the yield of each targeted
compound; Xi, X,, X3, X4, X5, and xs are SLR, WC, MP, MT, EC,
and EIT, respectively; y; and y, are phenolics and flavonoids,
respectively; n is the number of factors examined (n = 6). In the
DCP extraction procedure, parameters with a p-value less than
0.05 significantly affected the yield of flavonoids and phenolics.
The details of PBD are shown in Table S2.

2.6.2 Box-Behnken design (BBD) model. The BBD
enhanced the extraction process further once the PBD data were
analyzed. Fourteen experimental runs, including two center
points, were conducted to evaluate the connection between the
response variables and specific independent variables. Eqn (2)
describes how the data were fitted to a second-order polynomial
model:

y =208+ Z BoBi + Z ﬁiiﬂiz + Z Z 60‘)8;'6]' (2)
i=0 i=0 i=0 j=0

where y is the predicted response, 8, represents the intercept,
and B;, B;;, and @ are the coefficients for linear, quadratic, and
interaction terms, respectively. In this study, the dependent
responses are defined as y; for TFC expressed in (mg RE g™ )
and y, for TPC expressed in (mg GAE g~ '). The prediction error
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(%) between the experimental and predicted values was calcu-
lated according to eqn (3) to assess the model's accuracy:

The mean of measured value-predicted value
The mean of measured value

prediction error =

x 100
(3)
2.7 Second-order extraction kinetic models

Second-order models were used to investigate the extraction
kinetics of MEAE for recovering terpenoids and flavonoids from
DCP. These models, which are based on the Ho & McKay
model,” explain how quickly certain chemicals dissolve in
solvents from powder (eqn (4)):

k- (@)

In the kinetic model, Cy denotes the equilibrium concen-
tration of flavonoids or phenolic compounds (mg g *), while C,
represents their concentration at a given extraction time ¢ (mg
g~ "). The parameter k indicates the second-order extraction rate
constant (g mg ' min "), whereas ¢ represents the extraction
duration in minutes.

Alinear eqn (5) is obtained by solving the differential eqn (4)
and rearranging:

t t 1
A =at+b 5
G- C ke M YTat (5)

R t 1
In this linear form, y corresponds to o a corresponds to o
t S

1
b corresponds to ——
p kCy2

When the extraction time ¢ is zero, the initial extraction rate,
h (mg min~* g7'), is given by eqn (6):

h=kC? (6)

Using eqn (5), the second-order extraction rate constant (k) is
.ot . .
calculated by plotting C, versus t. Eqn (7) is used to determine
t
the Arrhenius constant (E,, ¢ mg™ ' min~") and the activation
energy (E,, k] mol™"):

4.

Ink=1In A, — 7
n n RT (7)

2.8 NDES recycle procedure

The reusability of NDES9 was evaluated using AB-8 macro-
porous resin as an adsorbent, as described in a previous study.**
Before use, the AB-8 resin was immersed in absolute ethanol for
24 hours, and the AB-8 macroporous resin was thoroughly
rinsed with ultrapure water to remove residual ethanol. It was
stored in water until further use. First, NDES and DCP were
mixed and then the MEAE process was performed under opti-
mized conditions. NDES extracts were passed through a glass
chromatography column (20 cm bed height) packed with AB-8
resin at a flow rate of 1.0 bed volume (BV)-h™" at 25 °C. This
allowed selective adsorption of phenolics and flavonoids onto
the resin, while the NDES was recovered in the effluent (NDES-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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reused). After adsorption, the column was first eluted with 70°
ethanol to desorb phenolic/flavonoid compounds. NDES-
reused was collected and reused directly in subsequent extrac-
tion cycles under the same MEAE conditions. The extraction
efficiency (%) was determined as the ratio of the TPC and TFC
yields obtained in each reuse cycle to those from the fresh
solvent. The reusability of the NDES was evaluated through 5
cycles.”

2.9 Cost and energy estimation

The economic and energy requirements of the optimized MEAE
process were estimated on a 1 L batch basis. The total operating
cost (Ceoal) Was calculated as the sum of the energy consump-
tion and solvent cost:

Clotal = Cenergy + Csolvem

The total energy demand (Ei..) consisted of three main
components, which are microwave heating, enzymatic incuba-
tion, and solvent evaporation.

Etotal = Emicrowavc + Eincubation + Ecvaporation

Each term was calculated using:
E=Pxt

where P is the power rating of the equipment (kW) and ¢ is the
operation time (hour).

The energy required to heat or evaporate the solvent was
additionally estimated using

O=mx C, x AT
and

Qevaporation =mX LV

where m is the solvent mass (kg), C,, is the specific heat capacity
(kJ kg~ " K1), AT is the temperature difference (K), and L, is the
latent heat of vaporization (kJ kg™).

The energy cost was then determined as

Cenergy = Eiotal X electricity price

The solvent cost was calculated from the mass of each
chemical component in the NDES formulation

Csolvem = E m; X p;

where m; is the mass (kg) and p; is the market price (USD kg™ ")
of component 7.

The total operating cost per batch and cost per unit of
extracted phenolic yield were compared between NDES-based
and water-based extraction systems to evaluate process effi-
ciency and scalability.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.10 Antioxidant activity determination

Antioxidant activities were measured using a UV-visible spec-
trophotometer and a colorimetric method. Trolox was used as
a reference to create standard calibration curves (0-40 mg TAE
¢~ 1) to determine the results.

2.10.1 ABTS. Following a previously reported protocol, the
ABTS radical scavenging experiment measured absorbance at
734 nm using a UV-visible spectrophotometer.'® To make the
ABTS" radical solution, 7.40 mM ABTS and 2.45 mM potassium
persulfate were fully mixed in a 1 : 1 volume ratio and incubated
for 18 hours at 25 °C in the dark. To assess the antioxidant
activity, 3.90 mL of the resulting ABTS" solution and 0.10 mL of
the diluted crude sample extract (CSE) were combined. After
a 20 minute dark incubation, spectrophotometric analysis was
performed. To express the results, the unit of measurement was
Trolox equivalents per gram (uM TAE g ).

2.10.2 DPPH. A UV-visible spectrophotometer set to
a detection wavelength of 515 nm was used to perform the
DPPH radical scavenging experiment following a previously
documented protocol.”” In this experiment, 3.50 mL of etha-
nolic DPPH solution was mixed with 0.50 mL of the diluted
crude sample extract (CSE). The mixture was then exposed to
spectrophotometric analysis after being in the dark for 30
minutes. To express the results, the unit of measurement was
Trolox equivalents per gram (UM TAE g~ ).

2.10.3 Hydroxyl radical. Using a previously published
technique, the hydroxyl radical ("OH) scavenging activity was
assessed by measuring absorbance at 510 nm using UV-visible
spectrophotometry.’® Three stock solutions—8.8 mM
hydrogen peroxide, 6 mM salicylic acid, and 9 mM ferrous
sulfate (FeSO,)—were prepared for the assay and mixed ina 2:
5:5 volume ratio to create the reaction mixture. 2.4 mL of the
reaction mixture and 1.6 mL of the diluted CSE were combined
for analysis, which was then spectrophotometrically examined
after incubation in the dark for 15 minutes. The findings were
presented as mg TAE g~ ', or uM Trolox equivalents per gram.

2.10.4 FRAP. A UV-visible spectrophotometer was used to
quantify absorbance at 593 nm during the FRAP assay, which
was carried out following a previously defined procedure.” An
acetate buffer (pH 3.6), 20 mM ferric chloride (FeCl;), and
a FRAP solution diluted in 10 mM hydrochloric acid were
combined in a volumetric ratio of 10: 1 : 1 to create the working
reagent. Before spectrophotometric examination, 0.1 mL of the
diluted CSE was combined with 3.9 mL of the newly made
working reagent, and the mixture was incubated for 20 minutes.
The findings were presented as mg TAE g ', or uM Trolox
equivalents per gram.

2.11 Scanning electron microscopy (SEM) and X-ray
diffraction (XRD) of DCP. The surface morphology of DCP
following various extraction methods - including CE, MASE,
EASE, and MEAE - was characterized using scanning electron
microscopy (SEM). Prior to analysis, the extracted residues were
dried at 85 °C for 24 hours in an oven until a constant weight
was reached. The dried samples were mounted on carbon tape
affixed to SEM sample stubs and examined using a gaseous
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secondary electron detector operating in SEM mode to assess
changes in surface structure and morphological features.*®

To evaluate the crystallinity of DCP, both untreated and
treated samples were analyzed using X-ray diffraction (XRD).
Measurements were performed with a D/max-RAX diffractom-
eter (D8 Advance, Bruker, Germany). The cellulose crystallinity
index (CCI) was subsequently calculated using eqn (8), allowing
for quantitative comparison of structural modifications result-
ing from the different extraction treatments.*

Icry - Iamp

CCI = x 100% (8)

cry

I.ry and I, are the intensity of the crystalline areas at §22.5
and the amorphous intensity at 018.

2.12 Statistical analysis

To ensure reproducibility, all experimental procedures were
carried out in triplicate. The mean values and their accompa-
nying standard deviations were used to express the results.
OriginPro software (2022 version, OriginLab) was used to visu-
alize data for individual variables, and Design Expert (version
13, Stat-Ease Inc., USA) was used to generate three-dimensional
response surface graphs showing how experimental elements
interacted. Minitab software (version 19.1) was used to perform
statistical analyses, including analysis of variance (ANOVA),
using a 95% confidence level (¢ = 0.05) for statistical
significance.

3 Results and discussion
3.1 Properties of solvents

3.1.1 FTIR. The functional groups and hydrogen bonding
interactions found in several NDESs were examined using FTIR
spectroscopy; the corresponding spectra are shown in Fig. 1.
Hydrogen bonds between the hydroxyl groups of polyols and
carboxylic acids are indicated by a large O-H stretching vibra-
tion band seen between 3060 cm ' and 3700 cm™'.>* Addi-
tionally, N-H stretching bands detected in the range of 3447-
3349 cm ™' suggest hydrogen bonding interactions between the
tertiary ammonium groups of choline chloride and carboxylic
acids. A characteristic peak around 1709-1730 cm ' was
attributed to the C=0 stretching vibrations of carboxylic acids
such as lactic acid, citric acid, and acetic acid. Peaks near
1645 cm™ " across all samples corresponded to C=C stretching
vibrations.”> Bands in the 1195-1397 cm™' range provided
additional proof of hydrogen bonding between the C=0 group
of carboxylic acids and the tertiary ammonium group of choline
chloride. Similar vibrations were detected in choline chloride-
based systems at 1480 cm ™' and 1415 cm ™, whereas peaks at
1458 cm ™" and 1376 cm™ ' were linked to -CH; bending and -
CH bending vibrations, respectively, for lactic acid-based
NDESs. The stretching and bending vibrations of the C-H, C-
C, C-O, and OCO groups were associated with broader
absorption bands in the 1195-953 cm ' area, suggesting
structural complexity in the NDES matrices.”® These spectral
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Fig. 1 FTIR spectra of NDESs.

features align with previous studies on choline chloride-based
NDESs, such as those involving Castanea mollissima,** thereby
confirming the successful formation of NDESs through
hydrogen bonding between carboxylic acids and both polyols
and choline chloride.

3.1.2 Density. One of the primary physicochemical char-
acteristics of NDESs is their density, which directly impacts the
effectiveness of extraction and separation procedures. As seen
in Table 1, the densities of various NDESs vary considerably,
ranging from 1.032 g mL~" (Ace-Pro) to 1.444 g mL~" (Ci-Pro),
suggesting that their composition and intermolecular interac-
tions are important factors. All tested NDESs exhibited densities
greater than 1 g mL ™", which is considerably higher than those
of common organic solvents, such as ethanol and hexane.

The density of NDESs reflects the structural differences and
the extent of interaction between their HBD and HBA compo-
nents.” Density indicates the strength of the hydrogen bond
network formed within the NDES, which in turn influences the
solvent's stability and its ability to dissolve target compounds.
Among the tested solvents, a citric acid-based NDES (Ci-Pro)
exhibited the highest density of 1.444 ¢ mL~". This trend can
be attributed to citric acid's multiple hydroxyl and carboxyl
groups, which facilitate the development of a vast network of
hydrogen bonds. In contrast, an acetic acid-based NDES (Ace-
Pro) showed the lowest density at 1.032 ¢ mL ™", likely due to
its shorter carbon chain and fewer functional groups for
hydrogen bonding. This trend aligns with previous findings that

© 2026 The Author(s). Published by the Royal Society of Chemistry
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NDESs formed with longer-chain or more hydroxylated organic
acids tend to have higher densities. Additionally, NDESs based
on organic acids generally have higher densities than those
based on polyols, as sugar-derived components, despite being
denser in their pure form, tend to form less compact hydrogen-
bonding networks in NDES mixtures.>®

3.1.3 pH. The pH value of NDESs plays a critical role,
influencing their chemical reactivity, solution stability, and
biological safety. As shown in Table 1, the pH values of NDESs
range from —1.67 (Ci-Pro) to 3.36 (Gly-Cho), reflecting the
varying acid-base characteristics of their constituent compo-
nents. Since pH is the negative logarithm to the base 10 of H"
concentration, values greater than 1 mol L™ " result in a negative
pH. Among the NDESs formulated with organic acids as HBDs,
those based on citric acid (e.g., Ci-Pro and Ci-Ery) exhibit the
lowest pH values. This trend aligns with the fact that citric acid
has a low first pK, (~3.1), indicating a strong tendency to release
protons (H'), thereby creating a more acidic medium.?”
Furthermore, the multiple carboxyl and hydroxyl groups on
citric acid facilitate the formation of a dense hydrogen bonding
network, which stabilizes the system and maintains a consis-
tently low pH level. Although acetic acid has a higher pK, than
lactic acid, the NDESs prepared with acetic acid (e.g., Ace-Pro)
display higher pH values than those made with citric acid.
This can be attributed to the weaker hydrogen bonding inter-
actions in acetic-based NDESs, which result in a lower capacity
to stabilize and retain free H' ions in the solution. Conse-
quently, this leads to a relatively higher pH compared to citric-
based systems.

3.1.4 Effect of NDES types. A total of fifteen NDESs were
prepared by combining HBDs (lactic acid, citric acid, and acetic
acid) with hydrogen bond acceptors HBAs (glycerol, choline
chloride, erythritol, and 1,2-propanediol). Notably, glycerol,
erythritol, and 1,2-propanediol functioned as both HBAs and
HBDs. The extraction performance of these NDESs was assessed
under standardized conditions: a SLR of 1:20 g mL ™', a WC of
20% (w/w), and a MP of 728 W for 2 minutes, followed by
enzymatic treatment with 30 U g of EC and incubation at 50 ©
C for 90 minutes. Fig. 2A presents the TPC and TFC extracted
from Coriandrum sativum using the fifteen NDES formulations.
The results revealed that Gly-Cho (NDES9) exhibited the highest
extraction performance, yielding 11.31 £ 0.27 mg GAE g~ " of
total phenolics and 16.92 + 1.10 mg RE g~ * of total flavonoids.
Conversely, Ci-Ery (NDES8) showed the lowest TPC recovery
(3.23 £ 1.05 mg GAE g '), while Ci-Cho (NDES5) produced the
lowest TFC yield (1.09 + 0.16 mg RE g™ ).

The extraction efficiency of a NDES is strongly influenced by
solvent polarity, which determines the solubility and interac-
tion between the solvent and target compounds. When the
polarity of the solvent is compatible with that of the solute, it
enhances solubility, promotes efficient mass transfer, and
consequently results in higher extraction yields.”® The partition
coefficient (log P) serves as an indicator of molecular polarity,
where smaller log P values reflect greater polarity of compounds
or solvents. Among the HBDs, glycerol demonstrates a notably
low log P of —1.76,* signifying its high polarity. Likewise, the
HBA choline chloride exhibits pronounced ionic and polar

© 2026 The Author(s). Published by the Royal Society of Chemistry
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characteristics, allowing for strong interactions with hydro-
philic solutes, such as phenolic compounds. Beyond polarity,
the physicochemical characteristics of NDESs play a crucial role
in determining their efficiency in recovering bioactive
compounds. Excessive acidity in solvents can promote degra-
dation or ionization of sensitive molecules, consequently
lowering extraction efficiency.*® In this study, NDES9 (pH =
3.36) provided an optimal medium for the stabilization and
solubilization of phenolic compounds. In contrast, highly
acidic solvents such as NDES8 (pH = —1.59) and NDES5 (pH =
—0.52) may compromise the structural integrity of polyphenols,
resulting in reduced recovery. Additionally, solvent density
affects both phase dispersion and mass transfer behavior;
higher densities, as observed in NDES8 (1.434 g mL™") and
NDES5 (1.384 g mL "), can restrict solvent penetration into the
plant matrix. With a moderate density of 1.164 g mL ™", NDES9
achieved a better balance between diffusivity and interaction
with the solid phase.** Therefore, NDES9 was chosen as the
extraction medium for the recovery of phenolics and flavonoids
in subsequent experiments.

3.2 Single-factor experiments

3.2.1 Impact of solid-to-liquid ratio. The effects of the SLR
on the extraction of TFC and TPC are illustrated in Fig. 2B. The
experiments were performed using NDES9 with six different
SLR levels: 1/10, 1/20, 1/30, 1/40, 1/50, and 1/60 g mL ™. As the
SLR increased from 1/10 to 1/20 g mL ", the yields of both TPC
and TFC rose significantly. In the study by Wong et al. (2013) on
Phyllanthus niruri, increasing the solvent-to-solid ratio from 10 :
1 to 14:1 significantly improved phenolic extraction and anti-
oxidant activity. This enhancement is based on a strong
concentration gradient between the solid phase and the solvent,
which increases mass transfer. Therefore, the driving force for
diffusion increased, facilitating the release of phenolic
compounds into the solvent and improving extraction effi-
ciency.*” Beyond the peak point, both TPC and TFC yields
gradually declined. The observed decrease can be ascribed to an
excessive amount of solvent, which lowers microwave energy
absorption per unit mass of solid. This leads to a reduction in
energy density, thereby weakening the thermal effects for
extraction. As a result, the disruption of plant cellular structures
to release bioactive compounds is limited.** Overall, an SLR of
1/20 g mL ™" was identified as the most favorable condition for
maximizing the recovery of both TPC and TFC from coriander
using the MEAE process.

3.2.2 Impact of water content. The effects of WC in NDES9
on the extraction of TFC and TPC are illustrated in Fig. 2C. In
this experiment, water was added to the extraction solvent at
0%, 10%, 20%, 30%, 40%, and 50%. As WC increased from 0%
to 20%, TPC and TFC content extraction increased significantly.
Since water has a high dielectric constant and can efficiently
absorb microwave energy, this improvement can be attributed
to the better dielectric characteristics of the water-solvent
mixture. Therefore, higher WC promotes matrix swelling and
enhances the heating efficiency, releasing more phenolic and
flavonoid compounds.” However, when the water content
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Fig.2 MEAE conditions and their impact on TPC and TFC. Effect of NDESs on TPC and TFC (A). Effect of SLR (g mL™%) on TPC and TFC (B). Effect
of WC (%) on TPC and TFC (C). Effect of MP (W) on TPC and TFC (D). Effect of MT (min) on TPC and TFC (E). Effect of EC (U g™%) on TPC and TFC
(F). Effect of EIT (min) on TPC and TFC (G). The letters a, b..., and h represent statistically significant differences.
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exceeded 20%, TPC and TFC yields declined. This trend aligns
with research on M. communis leaves, which showed that the
TPC yield was lower at 20% ethanol (80% water) and peaked at
40% ethanol (60% water). This illustrates that excessive water
content increases the solvent polarity but reduces the solubility
of target compounds, according to the “like dissolves like”
principle.’* When the WC in the NDES is excessive, the
hydrogen bonds among NDES molecules are broken (Fig. S1).
This phenomenon reduces the interaction between the NDES
and phenolic compounds, thereby decreasing the effectiveness
of the extraction process. Based on these observations, the
effective water content for extracting TFC was 20%, while TPC
showed the highest yield at 10% WC.

3.2.3 Impact of microwave power. The results of single-
factor experiments for the extraction of phenolics and flavo-
noids from MP are shown in Fig. 2D. The experiments were
performed using NDES9 with MP at 5 different levels: 280 W,
728 W, 1022 W, 1232 W, and 1400 W. When the MP increased
from 280 W to 728 W, TPC and TFC rose significantly. Exces-
sively high power can rapidly increase the solution temperature,
leading to the degradation of heat-sensitive compounds,
excessive solvent evaporation, and even damage to the raw
materials.** However, since then, both TPC and TFC values have
remained constant and then decreased significantly at higher
power. The authors evaluated the effect of different MP levels on
the antioxidant activity of phenolic compounds from Roselle
(Hibiscus sabdariffa Linn). Due to the breakdown of heat-
sensitive chemicals and a decrease in water content acting as
the solvent, the results demonstrated that the total anthocyanin
and vitamin C content rose from 100 W and peaked at 325 W
(13.8591 mg/100 g) before declining at higher power levels.*
Low power is insufficient to break down plant cell walls, making
it difficult for compounds to be released. It also reduces cavi-
tation effects and slows down diffusion. Therefore, 728 W is
identified as the optimal MP level, achieving the highest
extraction efficiency for both TPC and TFC from coriander.

3.2.4 Impact of microwave time. The results of single-factor
experiments for phenolic and flavonoid extraction of MT are
shown in Fig. 2E. The experiments were performed with
microwave durations ranging from 30 seconds to 4 minutes. For
TPC, a relatively high value is observed at 30 seconds, before
reaching its peak at 3 minutes. Similarly, for TFC, the
improvement in extraction efficiency is even more pronounced.
Starting at 30 seconds, TFC increases significantly at 1 minute
and reaches its highest value at 2 minutes. However, extending
the microwave time to 3 minutes does not further enhance the
yield and may even cause a decline in TFC. By 4 minutes, both
TPC and TFC show a more evident reduction. In the experiment,
the authors evaluated the effect of different microwave dura-
tions on extracting Rhein and Emodin compounds from Rheum
palmatum L. The results showed that the extraction efficiency
increased as the microwave time increased from 30 to 50
seconds. A duration of 50 seconds was selected, as more pro-
longed exposure (80 seconds) led to partial degradation of
Rhein and Emodin.** A short microwave time may not be
sufficient to disrupt the cell structure and release the target
compounds. On the other hand, prolonged heat exposure from

© 2026 The Author(s). Published by the Royal Society of Chemistry
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excessive microwave radiation may cause the oxidation of
phenolic compounds.*” Therefore, the time differs for each
compound group: 3 minutes is the best condition for phenolic
recovery, while 2 minutes is the most efficient condition to
extract coriander's flavonoids.

3.2.5 Impact of enzyme concentration. The effect of EC on
the extraction of phenolic and flavonoid compounds was evalu-
ated, with the results presented in Fig. 2F. The MEAE process was
investigated at enzyme concentrations ranging from 10 to 50 U
g ', An increase in EC from 10 to 30 U g™ " resulted in approxi-
mately a twofold increase in TPC and a 1.3-fold increase in TFC.
This enhancement is attributed to the greater formation of
enzyme-substrate complexes, which facilitated more effective
hydrolysis of cell wall components, thereby enhancing the release
of phenolic and flavonoid compounds. However, a further
increase to 50 U g " led to a decline in extraction efficiency, with
TPC and TFC yields decreasing by 1.24- and 1.20-fold, respec-
tively. Excessive enzyme concentrations may accelerate the
hydrolysis of bound bioactive compounds into free forms, which,
under elevated temperatures, become more mobile due to
weakened hydrogen bonding within the solvent system. This
increased mobility enhances their migration to the solvent
interface, where exposure to oxidative and environmental
stressors may promote degradation.*® Similar findings were re-
ported in studies involving Acanthopanax senticosus, where high
enzyme concentrations adversely affected flavonoid recovery.*
These results emphasize the importance of optimizing enzyme
dosage to prevent compound degradation and ensure maximum
extraction efficiency. Based on these observations, an enzyme
concentration of 30 U g~ " was identified as optimal for efficiently
extracting phenolics and flavonoids from DCP.

3.2.6 Impact of enzyme incubation time. The effect of EIT
on the extraction of phenolic and flavonoid compounds by
NDES9 was evaluated, with the results presented in Fig. 2G.
Experiments were performed using varying incubation times (0-
150 minutes). Without incubation (0 minutes), TPC and TFC
exhibited the lowest yields, indicating limited extraction effi-
ciency. This trend is likely due to the lack of interaction between
the cellulase enzyme and the plant cell wall matrix, which
prevents effective hydrolysis of cellulose chains and hinders the
release of bound bioactive compounds. The rigid cellulose
structure in DCP resists enzymatic breakdown, resulting in
minimal release of compounds. Maximum extraction yields
were achieved at 90 minutes for TPC (a 19.93% increase) and 30
minutes for TFC (a 26.60% increase), suggesting distinct
extraction kinetics for phenolic and flavonoid compounds. The
enzymatic degradation of cellulose enhances the porosity of the
plant matrix by creating fissures and channels, thereby
improving mass transfer and facilitating the release of target
compounds.®® However, prolonged incubation beyond these
optimal times significantly reduced extraction efficiency by
18.93% for TPC and 26.51% for TFC. This decline is attributed
to the degradation of thermolabile compounds under extended
exposure to elevated temperatures, especially at the solvent
interface, where oxidative and thermal stress can accelerate
decomposition.** These findings are consistent with those re-
ported by Vo et al. (2025), who observed a similar trend during
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the extraction of phenolics and flavonoids from Elsholtzia cil-
iata.** In conclusion, an EIT of 90 minutes for TPC and 30
minutes for TFC was selected as suitable for extracting pheno-
lics and flavonoids.

The difference in retention durations between TFC and TPC
was determined based on preliminary experiments. These trials
revealed that flavonoid extraction reached equilibrium faster than
phenolic extraction under similar experimental conditions.
Therefore, a shorter retention time was selected for TFC to prevent
unnecessary exposure and potential thermal degradation, while
a longer duration was maintained for TPC to ensure complete
recovery of phenolic compounds. Based on the experimental
results investigating the effects of microwave and enzyme treat-
ment duration, the appropriate time range was selected according
to the recovery yields of phenolic and flavonoid compounds. The
time point yielding the highest phenolic and flavonoid contents
was designated as the center point, while the upper and lower
boundaries were determined by the time points immediately
preceding and following the center point, respectively. This
approach enabled the selection of an optimal time range based on
single-factor experiments. The investigation of time effects can
also be considered a form of isothermal kinetic study.

3.3 Factor evaluation and optimization

3.3.1 Evaluating the significance of MEAE parameters. The
Plackett-Burman design (PBD) model was employed to identify
the key factors influencing TPC and TFC extraction yields, as
presented in Tables S3 and S4. The coefficients exhibiting an
absolute t-value greater than the critical threshold of 2.57 were
deemed statistically significant, while those with |t-value| <2.57
were considered insignificant. These effects are quantitatively
described by the regression equations presented in eqn (9) and
(10). The model evaluated the effects of SLR (A), WC (B), MP (C),
MT (D), EC (E), and EIT (F) on phenolic and flavonoid recovery
from DCP. Regarding the ANOVA results in Table S5, the model
demonstrated strong predictive performance, with a coefficient of
determination (R*) of 97.11% and an adjusted coefficient of
determination (adj R*) of 90.94% for TPC. For TFC, the coefficients
of determination (R?) of 95.88% and the adjusted (adj R*) of
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93.63% indicate its adequacy for accurately modeling the experi-
mental data. As illustrated in Fig. 3A, EC (|t-value| = 6.73), MP (|-
value| = 6.44), and MT (|t-value| = 4.37) were significant positive
contributors to TPC recovery. According to earlier research, MP
had a major impact on TPC recovery from Euphorbia hirta leaves.*
Meanwhile, Fig. 3B reveals that SLR (|t-value| = 11.99), WC (|t-
value| = 3.40), and EIT (|t-value| = 2.68) significantly enhanced
TFC extraction. Previous studies have indicated that WC plays
a crucial role in modulating the efficiency of flavonoid extraction.
In particular, investigations on Perilla leaves highlighted WC as
a key determinant influencing (TFC) recovery, due to its effect on
solvent polarity and dielectric behavior during MASE.** Based on
these findings, EC, MP, and MT were selected for optimizing
phenolic extraction, while SLR, WC, and EIT were identified as the
critical variables influencing flavonoid yield.

YTpC = 17.659 + 1553X3 + 1055X4 + 1623.X5 (9)

y1rc = 17.608 + 6.553x; + 1.859x, — 1.465x¢ (10)

3.3.2 Optimization of the MEAE process. In this study,
fourteen experimental runs (Table S6) were conducted to
investigate the synergistic effects of EC, MP, and MT on the
extraction efficiency of TPC from DCP, while all other variables
were maintained at their central levels. Similarly, another set of
fourteen experiments (Table S7) was conducted to evaluate the
combined effects of SLR, WC, and EIT on the extraction yield of
TFC. The Box-Behnken design (BBD) was applied to analyze the
individual and interactive effects of these process parameters
on the performance of the MASE and EASE systems. Further-
more, three-dimensional response surface plots illustrated the
interactive relationships between the independent variables
and their corresponding responses. The regression models
describing the correlations between the selected process vari-
ables and the responses - TPC and TFC - are presented in eqn
(11) and (12), respectively:

yrec = 17.39 + 0.9562x5 — 1.03x4 + 1.59x34 — 2.04x,>

— 1.45x5° (11)
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Fig. 3 The Plackett—Burman design’s Pareto charts demonstrate how crucially extraction parameters affect the yield of the target compound:
(A) TPC yield and (B) TFC yield. The variables analyzed included SRL (A), WC (B), MP (C), MT (D), EC (E), and EIT (F).
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Fig. 4 3D response surface visualizations exhibiting the interactive impacts of MEAE conditions on TPC (a)—(c) and TFC (d)—(f).

YTFC — 18.95 + 4.69X1 + 1.30X2 + 2.62X12 — 5.81X16
— 2.05x,% — 2.23x¢ (12)

The data were subjected to analysis of variance (ANOVA), and
the results, as summarized in Table S8, indicate statistically
significant p-values (p < 0.05) for both TPC and TFC, along with
high adjusted R* values of 0.8032 for TPC and 0.9644 for TFC.
These findings validate the adequacy of the second-order
regression models, demonstrating their strong agreement
with the experimental data and reliable predictive capability.
The variables EC, MP, and MT, as well as their interactions, had
a considerable impact on the extraction efficiency of phenolics.
In contrast, the TFC yield was predominantly affected by SLR,
WG, EIT, and their interactions.

Based on Fig. 4, the interactive effects of MEAE conditions on
TPC and TFC are clearly observed. TPC gradually increases with
the simultaneous increase in MP and EC, reaching a peak at
higher levels of both factors. Notably, the combination of MT
and MP significantly enhances TPC, highlighting the crucial
roles of thermal energy and extraction duration in releasing
phenolic compounds. For TFC, the interaction between WC and
SLR indicates that both factors have a positive influence on TFC,
particularly with increased SLR. Furthermore, a substantial
increase in TFC is observed when both SLR and EIT are elevated,
suggesting that extending enzymatic treatment time in a more
diluted solvent system effectively promotes flavonoid release.

3.3.3 Model validation. Validation experiments were con-
ducted under the optimal conditions for MEAE to evaluate the
reliability of the developed regression models, as determined
for each target compound. Using the Box-Behnken design
(BBD), the optimal extraction parameters for maximizing TPC

© 2026 The Author(s). Published by the Royal Society of Chemistry

and TFC from DCP were established. For TPC, the optimal
conditions included a SLR of 1/20 g mL ™", a WC of 10% (w/w),
a MP of 1022 W, a MT of 2.6 minutes, an EC of 40 U g’l, an EIT
of 90 minutes, and an EITem of 50 °C. In contrast, the optimal
conditions for TFC are as follows: a SLR of 1/30 ¢ mL ™", WC:
23.7% (w/w), MP: 728 W, MT: 2 minutes, EC: 30 U g™ ', EIT: 30
minutes, and EITem: 50 °C. The results of the validation
experiments, presented in Table S9, revealed prediction error
rates of 2.51% for TPC and 5.80% for TFC, confirming the
robustness and predictive accuracy of the regression models
within the tested experimental range.

3.4 Second-order extraction kinetic models

To scale these processes for industrial applications, the EASE and
MASE extraction kinetic modeling of TFC and TFC is crucial.
While keeping the other parameters at ideal levels, kinetic
experiments were carried out for the MASE process at different
temperatures (30, 40, 50, 60, and 70 °C) and retention durations
(20, 40, 60, 80, and 100 minutes for TPC and 10, 20, 30, 40, 50,
and 60 minutes for TFC). The kinetic parameters, Arrhenius
graphs, and second-order kinetic models of the phenolic and
flavonoid extraction procedures are shown in Fig. 5 and Table S6.
The viability of second-order kinetic models for recovering
flavonoids and phenolics using EASE and MASE processes under
varied conditions was demonstrated by the high values of
determination coefficients (R*> = 0.9). Due to the enhanced
solvent diffusivity and solubility of bioactive compounds in the
plant matrix, the & values rose as the temperature rose. Ken-
mogne Sidonie Béatrice et al reported that the kinetics of the
extraction process of total polyphenols from Ximenia americana
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Fig.5 Second-order kinetic plots of t/C; versus time for (a) TPC and (b)
TFC extraction using the MEAE method.

roots using MASE showed that the pseudo-second-order kinetic
model best described the process. The initial extraction rate (%)
increased significantly with temperature, with the rate at 80 °C
being nearly six times higher than that at 30 °C. The effective
diffusion coefficient (Dg) also demonstrated a temperature
dependence, ranging from 2.215 x 10" *t07.232 x 10" m”>s™*
within the temperature range of 303 K to 353 K, and increasing
with temperature. When analyzed using the Arrhenius model, the
data yielded an activation energy (E,) of 14.436 k] mol~" with
a high coefficient of determination (R*> = 0.859), confirming
a strong relationship between temperature and mass transfer
rate during the extraction process.*

Arrhenius graphs (1/T vs. In k) established from second-order
kinetic models were used to evaluate the activation energy for
extracting phenolics and flavonoids from DPC using MASE and
EASE procedures. The activation energy represents the minimum
energy required to overcome the chemical barrier and extract
flavonoids and phenolics. Because of the increased activation
energy, more energy is required to solubilize flavonoids and
phenolics.* Furthermore, the mechanism for extraction activities
is determined by the activation energy. Solubilization is the
extraction method if E, = 40 k] mol . An activation energy of less
than 20 kJ mol " indicates that diffusion is the dominant mech-
anism controlling the extraction. Diffusion and solubilization
mechanisms are combined in the extraction process if E, is

Sustainable Food Technol.

TFC extraction; and Arrhenius plots of In k versus 1/T for (c) TPC and (d)

between 20 and 40 kJ mol™*.*2 TPC and TFC have been shown to
have activation energy levels of 22.75 and 40.74 kJ mol ", respec-
tively. While TFC is controlled by solubilization, TPC involves both
diffusion and solubilization mechanisms. Given that flavonoids
have a larger activation energy than phenolics, it is possible that
flavonoid extraction will take place first, followed by phenolic
extraction. Hobbi et al. used first-order and second-order kinetic
models to study the extraction of polyphenols from apple pomace.
Their findings indicated that the second-order model provided
a better fit for predicting the influence of time and temperature on
polyphenol recovery. Additionally, the study revealed that the
extraction mechanism using 65% acetone, 50% ethanol, and water
was primarily governed by diffusion (Table 2).**

3.5 Antioxidant activity

Fig. 6 presents the results indicating statistically significant
variations among the different extraction methods regarding
antioxidant activity and phytochemical content. Four extraction
approaches were evaluated, including microwave-assisted
extraction (MASE), enzyme-assisted extraction (EASE), conven-
tional water extraction (CE), and combined microwave-
enzymatic-assisted extraction (MEAE). Among these, the
MEAE technique demonstrated substantial biological capacities
for both TPC (18.15 + 0.25 mg GAE g ') and TFC (26.36 +
0.41 mg RE g~ '). Four assays were used to assess the extracts’

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Kinetic parameter of the extraction of phenolics and flavonoids from DCP

T(°C) Cs(mgg™) A(mgmin') k(gmg 'min") a(gmg’) b(gmin'mg?") RS> E, (kK mol™") InA. R,®
TPC

30 18.59 3.33 0.01 0.05 0.30 0.9902 22.75 0.05 0.8805
40 18.62 3.42 0.01 0.05 0.29 0.9928

50 19.31 6.48 0.02 0.05 0.15 0.9965

60 18.38 5.62 0.02 0.05 0.18 0.9981

70 18.14 9.19 0.03 0.06 0.11 0.9972

TFC

30 19.88 3.42 0.01 0.05 0.29 0.9815 40.74 80097.51 0.8860
40 23.70 4.56 0.01 0.04 0.21 0.9864

50 26.25 19.96 0.03 0.04 0.05 0.9706

60 24.63 18.38 0.03 0.04 0.05 0.9965

70 23.53 27.03 0.05 0.04 0.03 0.9933

antioxidant capacity: DPPH, FRAP, ABTS, and hydroxyl radical
("OH) scavenging. Due to the synergistic effect of the two
extraction mechanisms, including physical and biological,
MEAE consistently yields considerable results in four antioxi-
dant assays (FRAP, ABTS, 'OH, and DPPH), as presented in
Fig. 6a and c. Under the optimized extraction conditions for
TPC, the MEAE method exhibited an ABTS radical scavenging
capacity of 30 + 1 mg TAE g~ ', a FRAP activity of 9.8 + 0.1 mg
TAE g ', a DPPH radical inhibition of 0.7 + 0.4 mg TAE g ', and
a hydroxyl radical scavenging activity of 2.46 + 0.05 mg TAE g .
Similarly, under the optimized TFC extraction conditions,
MEAE achieved an ABTS of 28.5 + 0.8 mg TAE g, a FRAP of 6.0
+ 0.9 mg TAE g ', a DPPH of 0.61 & 0.01 mg TAE g ', and
a hydroxyl radical scavenging activity of 0.74 4 0.02 mg TAE g .
This improvement is attributed to the combined action of
enzymatic hydrolysis, which degrades phenolic-carbohydrate—
flavonoid complexes, treatment, which
promotes cell wall rupture and accelerates mass transfer. As
a result of this process, phenolic and flavonoid chemicals are
released in their free forms, which typically have more antioxi-
dant activity than their bound counterparts. A similar study
demonstrated that enzyme-assisted extraction from Vietnamese
balm yields higher recovery of bioactive compounds, with
superior DPPH, ABTS, and FRAP antioxidant activities
compared to non-assisted extraction.* As a result, the order of
antioxidant effectiveness among the extraction methods was
MEAE > MASE > EASE > CE. The authors evaluated the MASE
process combined with EASE for extracting compounds from
Punica granatum peel and assessed their antioxidant activity.
The study demonstrated that combining EASE and MASE
resulted in a superior synergistic effect in recovering phenolic
compounds from pomegranate peel, achieving maximum anti-
oxidant activity. The phenolic content obtained using the
combined method reached 305 mg GAE g ', which was signif-
icantly higher than that obtained using individual methods:
conventional solvent extraction yielded only 94.6 mg GAE g,
EASE yielded 165.46 mg GAE g~ ', and MASE yielded 197.6 mg
GAE g '.* Overall, the results highlight the efficiency of the
combined microwave and enzyme-assisted extraction in

and microwave

© 2026 The Author(s). Published by the Royal Society of Chemistry

enhancing the recovery of phenolic and flavonoid compounds,
which possess potent antioxidant properties.

Given the established bioactivities of phenolic and flavonoid
compounds, this research underscores their potential for large-
scale extraction and industrial use. These compounds are
commonly employed in processed foods to prevent lipid and
protein oxidation, thereby extending shelf life and ensuring
product stability. Beyond their antioxidant effects, they also
exhibit notable antimicrobial properties, helping to control
spoilage and pathogenic microorganisms. In broilers, dietary
supplementation with polyphenols extracted from olive oil
processing by-products enhanced meat antioxidant capacity.*®
The inclusion of gallic and linoleic acids improved lipid
metabolism, productivity, and meat quality, as well as its anti-
oxidant and antimicrobial properties.*® Supplementation with
oregano and laurel oils promoted growth performance and
reduced lipid oxidation,*” while rosemary extract in turkey diets
effectively inhibited lipid oxidation and delayed meat
spoilage.** Various snacks and beverages enriched with
phenolics have recently been introduced, enhancing both
sensory attributes and nutritional value. Additionally, extracts
from Coriandrum sativum show great promise for use in dietary
supplements, positioning them as a viable option for both the
food and health sectors.*® For example, coriander polyphenols
have been reported to mitigate obesity and metabolic
syndrome. Administration of coriander seeds to rats fed a high-
cholesterol and high-triglyceride diet resulted in a hypolipi-
demic effect, accompanied by enhanced hepatic conversion of
cholesterol to bile acids and increased fecal excretion.” In
broiler chicks, dietary inclusion of whole coriander seeds
significantly improved growth performance, body weight, feed
intake, and feed conversion ratio.*® In a human study conducted
by Mexican researchers, volunteers received C. sativum seed
powder, chia (Salvia hispanica) powder, or both for two months.
Coriander supplementation increased antioxidant capacity and
reduced glucose and cholesterol levels, while chia supplemen-
tation lowered cholesterol and triglycerides. The combined
treatment further decreased glucose, cholesterol, and triglyc-
eride levels, and all participants experienced weight loss.*®

Sustainable Food Technol.
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3.6 Surface morphology and crystalline structure

SEM was used to determine the surface morphological changes
of the DCP before and after treatment. Fig. 7A-E show the DCP's
surfaces under different extraction conditions, revealing
significant structural alterations depending on the technique
used. The CE sample (Fig. 7B) shows a relatively intact, dense
surface structure with minimal cell wall disruption. The tightly
bound cellular matrices indicate limited cell rupture, which
likely restricts the release of bioactive compounds, resulting in
lower extraction efficiency. The EASE sample (Fig. 7C) exhibits
disruption of the cellular structure. The surface appears uneven
with small cracks, likely caused by the enzymatic hydrolysis of
cell wall polysaccharides. This increases permeability and
facilitates the release of phenolic compounds.®® The MASE
sample (Fig. 7D) reveals severe fragmentation and deep fissures
across the surface, characterized by layered and broken struc-
tures. These morphological changes are attributed to localized
microwave heating, which generates internal pressure and
causes extensive cell rupture, thereby enhancing the extraction
of intracellular components.”> The MEAE sample (Fig. 7E)
displays the most pronounced surface disruption, with prom-
inent exfoliation and sponge-like cavities. The synergistic action
of microwave and enzymatic treatment results in both cell wall
weakening and thermal-induced rupture.

X-ray diffraction (XRD) is a powerful analytical technique
widely used to assess changes in the crystalline structure of
materials. It allows for the identification of crystalline phases and
provides detailed structural information without compromising
sample integrity. In this study, XRD was employed to evaluate the
alterations in the crystallinity of DCP subjected to various
extraction methods, including CE, EASE, MASE, and MEAE. The
analysis primarily focused on determining the Crystallinity Index
(CCI), a parameter indicative of structural reorganization influ-
enced by the applied treatments. Diffractograms were collected
over a ¢ range of 5.00° to 70.01°, with prominent peaks observed
at approximately 18° and 22.5°, corresponding to the amorphous
and crystalline regions, respectively (Fig. 7F). The untreated DCP
exhibited a CCI of 12.27% + 0.50%, while samples treated with
CE, EASE, MASE, and MEAE displayed progressively higher CCI

Sustainable Food Technol.

values of 15.81% =+ 0.80%, 18.37% =+ 0.60%, 21.76% =+ 0.75%,
and 26.81% + 0.60%, respectively (Fig. 7G). These results suggest
that the combined MEAE process, integrating both microwave
energy and enzymatic hydrolysis, induces the most substantial
enhancement in crystallinity, likely due to its ability to effectively
disrupt amorphous cell wall components and promote the
realignment of crystalline domains. An increase in crystallinity
was observed after the various extraction treatments, indicating
that removing amorphous components such as lignin and
hemicellulose led to greater exposure of crystalline cellulose,
thereby increasing the Crystallinity Index (CCI).*® During the
EASE process, the NDES facilitated the partial solubilization of
amorphous structures through selective interactions while
preserving the crystalline regions. In contrast, MASE raised the
temperature of the solvent system, enhancing the solubility of
both amorphous cellulose and hemicellulose. The combined
MEAE process amplified these effects synergistically, resulting in
more effective disruption of amorphous domains and substantial
enrichment of crystalline cellulose.* Consequently, the MEAE-
treated samples exhibited the highest CCI, confirming its supe-
rior capability in enhancing the material's crystalline structure.

3.7 The mechanism of natural deep eutectic solvent-based
microwave-enzymatic-assisted extraction

A comprehensive extraction mechanism underlying the MEAE
technique can be inferred from the kinetic data, SEM observa-
tions, and XRD analysis (Fig. 8). The microwave treatment
induced localized heating and internal pressure, resulting in
cell wall rupture and enhanced solvent penetration into plant
tissues.”® Concurrently, the enzymatic hydrolysis of poly-
saccharides weakened the cell wall matrix by breaking down
cellulose and hemicellulose, facilitating mass transfer and
compound release.*® The NDES further contributed to this
process by forming hydrogen bonds with cell wall components,
partially dissolving amorphous lignin, and improving the
solubility of phenolic and flavonoid compounds.”” These
synergistic effects collectively disrupted the plant structure,
increased porosity, and exposed the crystalline cellulose regions
observed in XRD patterns, resulting in a higher crystallinity

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(G) of untreated and differently treated NDES-based DCP. The letters a, b, c, d, and e represent statistically significant differences.

index. The MEAE process effectively integrates physical and
biochemical mechanisms, achieving efficient extraction while
maintaining the structural stability of target bioactive
compounds.

3.8 Reusability of solvent and cost and energy estimation

The reusability of NDES9 was evaluated through five consecu-
tive extraction cycles (Fig. S2). For TPC, the first reuse retained
94.36 £+ 2.90% of the initial extraction yield, which gradually
declined to 85.65 & 0.72%, 76.25 + 0.97%, 74.29 =+ 0.85%, and

© 2026 The Author(s). Published by the Royal Society of Chemistry

68.90 £+ 1.45% after the second to fifth cycles, respectively.
Although a steady decrease was observed, more than 70% of the
extraction efficiency was maintained after five cycles, demon-
strating satisfactory solvent durability. A similar trend was
observed for TFC, with retention rates of 91.67 4+ 1.81%, 83.33 +
1.62%, 82.63 £+ 5.18%, 79.06 + 0.71%, and 78.66 + 0.52% for
the first through fifth reuses, respectively. Statistical analysis
(one-way ANOVA, p < 0.05) indicated that the differences
between the first three cycles were insignificant, while signifi-
cant decreases occurred from the fourth cycle onward. The

Sustainable Food Technol.
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gradual reduction in recovery efficiency may result from partial
accumulation of residual plant pigments and polysaccharides
in the solvent matrix, which can hinder mass transfer and
reduce solvation efficiency. Nevertheless, TPC and TFC retained
over 75-80% of their initial extraction efficiency after five reuse
cycles without additional purification, confirming the solvent's
strong structural stability. Thus, the NDES9-based MEAE
process aligns with the principles of green chemistry, which can
reduce the negative environmental impact of the extraction
process.

The total cost and energy requirements for the optimized
MEAE process were calculated for a 1 L batch, taking into
account both material and energy consumption (Table S10).
The estimated material cost for recovering phenolic and flavo-
noid compounds from 1 kg of DCP using NDES9 was USD 10.53
per kg, whereas recovery using water required USD 7.6 per kg.
The estimated energy cost for recovering phenolic and flavonoid
compounds from 1 kg DCP using NDES9 was 8.2 $USD, whereas
recovery using water required 9.3 $USD. Although the operating
cost for NDES9 extraction is higher than water extraction, the
extraction efficiency of NDES9 is higher than water. Overall, the
operating cost efficiency of NDES9 is better than that of water.
Therefore, the NDES-based MEAE system has high potential for
large-scale extraction of phenolic and flavonoid compounds
from plants.

4 Conclusions

This study demonstrates that optimized MEAE conditions,
based on statistical modeling, effectively enhance the recovery
of antioxidants from Coriandrum sativum leaves. Among all
tested NDESs, the glycerol-choline chloride system exhibited
the highest extraction efficiency for both phenolic and flavonoid

Sustainable Food Technol.

compounds. FTIR analysis confirmed the formation of
hydrogen bonds between hydroxyl and carboxyl groups, veri-
fying the solvent's structural stability and strong solvation
ability. The optimal extraction conditions for TPC and TFC were
generally similar, differing only in microwave extraction time
and enzyme incubation time. The MT and EIT for TPC recovery
are 2.6 and 90 minutes, whilst those of TFC recovery are 2 and
30 minutes. Kinetic modeling revealed that TPC extraction fol-
lowed a combined diffusion-solubilization mechanism,
whereas TFC extraction was primarily governed by solubiliza-
tion. Improved extraction efficiency resulted from the synergy of
microwave-assisted cell disruption and enzyme-catalyzed
hydrolysis, as supported by SEM and XRD evidence of cell
wall rupture and increased crystallinity. Additionally, the NDES
system demonstrated high reusability, maintaining an extrac-
tion efficiency of approximately 75% after several cycles, high-
lighting its potential as a green, efficient, and sustainable
solvent for industrial-scale applications. The findings highlight
the potential of the extract as a natural preservative to replace
synthetic additives that may pose health risks. Moreover, the
extract can be further processed into concentrated paste,
capsules, or dried powder for incorporation into various food
products such as beverages and snack foods. It also shows
promise as a partial fat replacer in processed foods like fish
balls and sausages, contributing to extended shelf life and
improved product quality.
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Abbreviations

DCP  Dried coriander powder

CE Conventional extraction

MASE Microwave-assisted extraction
EASE  Enzyme-assisted extraction

MEAE Microwave-enzymatic-assisted extraction
TPC Total phenolic content

TFC Total flavonoid content

NDES Natural deep eutectic solvents

SLR Solid-to-liquid ratio

wC Water content

MP Microwave power

MT Microwave time

EC Enzyme concentration

EIT Enzyme incubation time

ElITem Enzyme incubation temperature
CSE Crude sample extract

ABTS  [2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)]
DPPH (2,2-Diphenyl-1-picrylhydrazyl)
FRAP  (Ferric reducing antioxidant power)
SEM  Scanning electron microscopy

XRD  X-ray diffraction

CCI Cellulose crystallinity index
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Supplementary information (SI): detailed experimental data
and statistical models supporting the primary findings of this
study. Fig. S1: visual representation or data regarding the
impact of excessive water content on the hydrogen bond
network within the NDES. Fig. S2: performance data for the
reusability of NDES9 across five consecutive extraction cycles.
Table S1: details of the single-factor experimental design used
for microwave-assisted and eyzyme-assisted extraction. Table
S2: the standard metric for the Plackett-Burman Design (PBD)
used to screen significant extraction variables. Tables S3 and S4:
the estimated effects and coefficients for Total Phenolic Content
(TPC) and Total Flavonoid Content (TFC) derived from the PBD
model. Table S5: analysis of variance (ANOVA) results con-
firming the adequacy and predictive power of the PBD screening
model. Tables S6 and S7: experimental runs and response
values for the Box-Behnken Design (BBD) used in the
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optimization of TPC and TFC extraction. Table S8: ANOVA for
the second-order regression models (BBD) validating the
significance of linear, quadratic, and interaction terms. Table
S9: results of validation experiments comparign experimental
values with predicted yields to assess model robustness. Table
S10: breakdown of the cost and energy estimation for the 1 L
batch extraction process comparing NDES-based and water-
based. See DOI: https://doi.org/10.1039/d5fb00536a.
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