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se extraction methodologies to
infer the performance of 1,8-cineole extraction
from Eucalyptus cinerea: process optimization,
kinetics, and interaction mechanisms†

Divya Baskaran, ac Madhumitha Sathiamoorthy,b Ramasamy Govindarasu *b

and Hun-Soo Byun *a

Eucalyptus oil is highly valued for its anti-inflammatory, antiviral, and antibacterial qualities. Research has

shown that it is a powerful combatant against cancer cells, making it an extremely interesting area of

research. For the first time, the present study proposes to extract 1,8-cineole from Eucalyptus cinerea

leaves using different extraction methodologies, namely, hydro-distillation (HD), Soxhlet (SE),

ultrasonication (UE), and microwave (ME) extraction techniques. In conventional extraction, HD yielded

a maximum of 72.85% 1,8-cineole using a minimum solid–solvent ratio of 1 : 10 g mL−1 within 3 h

compared to SE. The first-order kinetic equation was applied in the HD experimental dataset to

understand the extraction mechanism. In modern extraction technology, ME achieved the highest yield

of 1,8-cineole (95.62%) at the optimal solid–solvent ratio of 2 g mL−1, extraction time of 4.5 min, and

irradiation power of 640 W using the response surface methodology (RSM). Furthermore, the kinetic

analysis of UE was investigated using three different empirical models. The chemical components of the

essential oil extracted using each extraction method were identified as oxygenated monoterpenes,

sesquiterpenes, and oxygenated sesquiterpenes using gas chromatography. Following extraction using

various techniques, the morphology of spent leaves lost its distinct texture, their oil glands were entirely

distorted, and their vascular bundles could still be identified. It was observed that the hydrogen bond

interaction between the solvent molecule and 1,8-cineole-like value-added components played a role in

the extraction. Among the investigated techniques, the solvent-free ME method is the most

environmentally acceptable method and could effectively extract essential oil from E. cinerea leaves.
1. Introduction

Essential oils are produced from eucalyptus plants, which
contain concentrated volatile fragrant components. Currently,
there are approximately 700 different species of eucalyptus trees
and bushes globally. Essential oils found in eucalyptus foliage is
signicant among wood or non-wood items. A range of mono-
terpenes, sesquiterpenes, oxides, ethers, alcohols, aldehydes,
esters, ketones, and aromatic phenols makes up the majority of
the constituents of essential oils.1,2 Especially, 1,8-cineole
compounds are present in large quantities in Eucalyptus oil and
have potential for extensive application.3,4 Owing to its
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pharmacological properties, 1,8-cineole is a crucial chemical
constituent with major medicinal value such as potent antiox-
idant, anti-microbial, anti-inammatory, and anti-leishmanial
properties.5 Moreover, its medicinal and odoriferous proper-
ties are utilized in a wide range of products, including foods,
medications, and chemicals. In addition, several studies
revealed that 1,8-cineole is a superior bioactive substance and
has a remarkable implication in dealing with cancers, digestive
disorders, respiratory diseases, cardiovascular illness,
dysphoria, bacilli, and Alzheimer's disease.6,7

However, there are limited reports on the main cineole
molecules present in the essential oil of Eucalyptus species such
as Eucalyptus saligna, E. baueriana, E. cinerea, E. urophylla, E.
viminalis, E. crebra, E. tereticornis, E. smithii, E. globulus, E. pol-
ybractea, E. benthamii, E. camaldulensis, E. maiden, E. astringens,
E. sideroxylon, E. bicostata, E. melanophloia, and E.
microtheca.8–10 Surbhi Kumar et al.11 summarized the concen-
tration of major bioactive components reported in various
species of Eucalyptus such as E. globulus (72.71–85.5%), E.
camaldulensis (8.7–74.7%), E. loxophleba (39.4%), E. leucoxylon
RSC Adv., 2024, 14, 35529–35552 | 35529
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(59.1%), E. cinerea (56.9–88.5%), E. citriodora (2.9–54.1%), E.
grandis (18.4–19.8%), E. saligna (6.2–93.2%) and E. tereticornis
(18.6–37.5%). Based on the quantity and strength, the extrac-
tion yield of 1,8-cineole varies using different extraction
methods. Apart from this, the application of Eucalyptus species
(bio-sorbent) was reported for the removal of toxic heavy metals
of Pb, Cd, and Cr from the textile and leather industries.12 Due
to their broad biological and pharmacological properties, the
extracted bioactive compounds are employed in the preparation
of food, cosmetic formulations, and cleaning items; in addition,
as a drug ingredient in liniments, expectorants, and inhalants.
Surprisingly, Akhtar et al.13 identied that 1,8-cineole acts as
a potent inhibitor of COVID-19 infection through molecular-
level bonding studies. In addition, 1,8-cineole possesses
a high isobaric molar heat capacity of 300 Joules per mole per
Kelvin at 25 °C and low vapor pressure, making it an eco-
friendly thermic uid and suitable for heat transfer applica-
tions.14 Considering its numerous benets, research has
focused on the extraction of 1,8-cineole from E. cinerea foliage.
Moreover, the E. cinerea species is selected based on its high-
content oil yield; however, no research has been conducted to
effectively enhance its oil yield. Hence, the E. cinerea species was
employed in the present study to extract valuable products of
1,8-cineole.

Several conventional and modern methods have been re-
ported for the extraction of essential oils from Eucalyptus. The
conventional methods for the extraction of various essential oils
are widely used on a commercial scale.15,16 Alternatively, tech-
nological advancements have led to the development of new
methods that can be valuable in certain situations, such as
production and application. The most viable reported conven-
tional and modern extraction methods are hydro-distillation
(HD), Soxhlet extraction (SE), ultrasonication (UE), and micro-
wave extraction (ME).17–20 Among them, due to its high essential
oil yield recovery and cost-effective equipment, the hydro-
distillation method has been identied and used on an indus-
trial scale. A distinct traditional method is Soxhlet extraction,
where the solvent is circulated through the extractor multiple
times. The Soxhlet extractor extracts the components using the
condensed vapors of the solvent. However, the application of
conventional SE techniques is frequently restricted by the mass
transfer resistance resulting from multiple phases in the
system. The duration of this separation process varies
depending on the diffusion rates of the solvents. Additionally,
because typical extraction methods operate at high tempera-
tures, they consume a lot of energy and yield low-quality
essential oil.21,22

As a result, modern ultrasound-assisted and microwave-
assisted extraction techniques have been developed to
enhance the quality and quantity of the bioactive components
in all aspects.23,24 UE and ME have attracted notable attention
for the extraction of various value-added compounds from
biomass sources in the last few years. Between them, UE is an
environmentally friendly technique because it uses fewer
solvents and chemical additives, requires less time, and facili-
tates easier separation and reusability of the components. Many
authors have established that UE facilitates effective oil yield by
35530 | RSC Adv., 2024, 14, 35529–35552
varying processing factors such as the extraction time, power
ratio, temperature, solid–solvent ratio (SSR), and pH of the
mixture. However, there is the possibility that this method will
make the extracted components less stable, and thus research is
being done to address this issue. Meanwhile, ME techniques
have attracted increasing attention for the extraction of essen-
tial oils. The two mechanisms responsible for microwave heat-
ing are ionic conduction and dipole rotation.25 This technology
is suitable for the extraction of polar and non-polar compounds.
Several reports suggested that high-quality essential oil can be
achieved by optimizing the process parameters such as irradi-
ation power, extraction time, and solvent and solid ratio.26

Studies have been devoted to adopting solid-state and solvent-
free extraction techniques under microwave irradiation
because of the increased focus on environmental preservation
and clean technology. In this case, the obtained product has
identical characteristics to that generated aer 2 h of conven-
tional HD, as described by Filly et al.,27 although no solvent was
employed. Alternatively, the response surface methodology
(RSM) has been used to enhance the oil yield by optimizing the
process parameters.28,29 However, limited research articles have
been published on the use of HD, SE, US, and ME for extracting
1,8-cineole from various species of Eucalyptus foliage. To the
best of our knowledge, no reports have been published on the
extraction of 1,8-cineole from E. cinerea foliage through
different extraction techniques and a comparison of their
performance. Furthermore, many studies did not explain the
interaction mechanism and kinetic modelling of various
extraction processes. Hence, considering all these shortcom-
ings, the present study was formulated and conducted the
corresponding research for the rst time.

In this study, both conventional (HD and SE) and modern
(UE and ME) methods were utilized to extract 1,8-cineole from
E. cinerea leaves. The maximum oil yield was achieved by
varying the process parameters such as foliage size, solid–
solvent ratio, extraction time, temperature, sonication power,
irradiation power pH, and ethanol–solvent ratio. Furthermore,
RSM was applied to investigate the optimal conditions for UE
and ME. Further, the performances of UE and ME were evalu-
ated using different kinetic models. Finally, the interaction
mechanism of the various types of extraction methods was
elucidated.

2. Materials and methods
2.1. The prole and collection of plant material

Eucalyptus cinerea species belongs to the Myrtaceae family,
typically growing to a height of 15–30 m. Its green leaves are
glaucous and broadly egg-shaped to round (<80 mm long and
<50 mmwide), and its fruits are 4–7 mm in size, woody and bell-
shaped capsules. Its owers are white and bloom between May
and November. All parts of the Eucalyptus plant such as bark,
seeds, owers, leaves, and stems contain a fragrant and
refreshing aroma of volatile and aromatic compounds. In
addition, the extracted bioactive compounds from these parts
play a crucial role in medicinal chemistry owing to their anti-
bacterial, anti-cancer, antioxidant, and anti-inammatory
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Photographs of (a) the chemical structure of 1,8-cineole, (b) fresh Eucalyptus cinerea leaves, and (c) powdered plant leaves with a size of
2–5 cm.
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properties. Hence, Eucalyptus inspired researchers to extract its
essential oil. The essential oil yield of E. cinerea was reported to
be 2.48–6.07%, consisting of several bioactive compounds such
as 56.9–88.5% 1,8-cineole (Eucalyptol), 2–6.4% a-pinene, 5.9%
limonene, 7.6% a-terpineol, 3.3% a-terpinolene, 4.8%
terpinene-1-ol, 3.9% carvenone, and 11.2% p-cymene.10,30

Among them, 1,8-cineole is a cyclic ether (Fig. 1a, C10H18O:
1,3,3-trimethyl-2-oxabicyclooctane) and has a high concentra-
tion, representing 40% oxygenated monoterpene components.
This Eucalyptol compound has a spicy taste, camphor aroma
and gives a fresh feeling.

The leaf samples were harvested for the study from mature
Eucalyptus (E. cinerea) plants wildly grown in the nearby valley of
Nellore region, Andhra Pradesh, India (14.43987°N latitude,
79.96917°E longitude) during January 2022 (Fig. 1b). The
information of the species was identied and veried at Anna-
malai University (Department of Botany). The plant samples
were rinsed with deionized water several times to eradicate
foreign materials. Then, the leaves were air-dried under a shed
until a consistent weight was achieved and stored at room
temperature. The Karl Fischer method was used to quantify the
moisture content in the air-dried foliage, which found to be
61% ± 0.1%.31 Before the respective extraction, the leaves were
ground with an electric grinder and powdered with an average
particle size of 2–5 cm (Fig. 1c). The leaf and powder samples
were stored in plastic zipper bags until processed.

All chemicals used were of analytical reagent grade. The test
compound of 1,8-cineole (99%) was procured fromMisri Fumet
Pvt. Ltd, India. Deionized water was used to formulate all
aqueous solutions during extraction.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.2. Different techniques for essential oil extraction

This study investigated different extraction techniques, i.e.
traditional (HD and SE) and contemporary (ME and UE)
methods for extracting the bioactive compound of 1,8-cineole
from E. cinerea.

2.2.1. Hydro-distillation. This approach involves heating
a solution of water and the test material or other solvents to
evaporate the bioactive chemical, and then liquifying the vapor
in a condenser. The condensed aqueous phase is poured into
a different container, where the water and essential oil is
separated. In this study, the HD process was carried out in
a Clevenger apparatus (Fig. S1a, ESI†) containing a 1000 mL
round-bottom ask (30% reux), and water was used as the
solvent. A heating mantle was utilized to heat the apparatus
with the sample set-up, and then the evaporated vapor was fed
to the condenser where the glass receiver collected it. 100 g of
24 h dried foliage of E. cinerea was immersed in a 1000 mL ask
with 500 mL of water solvent and distilled for 4 h. The SSR was
maintained at 1 : 10 w/v (g mL−1). Following the appearance of
the rst distillate drop in the receiver, the procedure was carried
out for 5 h.14 Essential oils were extracted using an extraction
unit consisting of a ask of boiling solvent, required extracted
part of the plant, condenser, and collection ask. The essential
oil and the extraction solvent were collected in a receiving ask
and separated by a separation funnel. The setup was kept
overnight to allow it to cool and settle at room temperature.
Aer this, a pinch of anhydrous sodium sulphate was added to
the oil collected in a 15 mL centrifuge tube to remove the water
on the oil (distillate). Aer isolation, the essential oil was kept at
RSC Adv., 2024, 14, 35529–35552 | 35531
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Table 1 RSM design matrix of the ultrasound-assisted extraction
optimization experiment

S. No.
Ethanol–water
ratio (%) pH

Extraction time
(min)

1,8-Cineole (%)

Actual Predicted

1 60 2 70 32.99 31.52
2 20 2 70 6.80 7.01
3 60 2 10 1.01 2.35
4 40 4 40 11.92 15.23
5 40 4 40 11.81 15.23
6 60 6 70 11.96 12.65
7 60 6 10 1.21 3.42
8 20 6 10 52.31 58.65
9 40 4 40 14.36 15.23
10 40 4 40 10.56 15.23
11 40 4 40 18.31 15.23
12 20 6 70 73.04 74.48
13 40 4 40 12.16 15.23
14 20 2 10 3.20 5.0

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

/2
2/

20
26

 5
:0

0:
48

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
−4 °C and used for further analysis. Initially, the impact of
foliage size on the essential oil yield was investigated using two
foliage sizes of 5 cm and 2 cm in length under two different
SSRs of 1 : 25 and 1 : 10 gmL−1. For the kinetic experiment, 5 cm
and 2 cm foliage and 1 : 10 and 1 : 25 g mL−1 SSR were used for
the HD extraction. The sample was collected at intervals of
30 min for 30, 60, 90, 120, 150, and 180 min and the pH was
maintained at 7. All measurements were performed in dupli-
cate. The yield of the collected essential oil (%) was calculated
using eqn (1), as follows:

Essential oil yieldð%Þ ¼
mass of oil collected; g

mass of dried plant material; g
� 100 (1)

The quantity of 1,8-cineole in the extracted essential oil was
analyzed using a GC-FID chromatogram. Eqn (2) was used to
calculate the extraction yield of 1,8-cineole.

1; 8-Cineole yieldð%Þ ¼
peak area of 1; 8-cineole

total peak area
� essential oil yield

100
(2)

where the peak area of 1,8-cineole refers to the area under the
1,8-cineole peak in the GC-FID chromatogram; the total peak
area refers to the total area under all peaks in the GC-FID
chromatogram; and the essential oil yield is the yield of
essential oil extracted from the eucalyptus foliage (%). Finally,
the 1,8-cineole yield was obtained at different intervals, and the
data were tted to obtain the extraction rate constant for the
kinetic study.

2.2.2. Soxhlet extraction. A solid–liquid extraction tech-
nique was employed in the Soxhlet extractor to extract 1,8-
cineole from E. cinerea. 100 g of dried foliage powder was kept in
a thimble and placed in the Soxhlet chamber (Fig. S1b, ESI†). An
appropriate quantity of solvent (ethanol) was added to the
sample in a round-bottom ask connected to the Soxhlet
extractor set-up for the distillation process. The solvent and
essential oil were condensed using a thermal ask holding the
solvents and a condenser fastened to the top of the Soxhlet
extractor. Throughout the experiment, a heating mantle was
used to heat the solution, and the temperature was recorded by
a thermometer and maintained at 100 °C and the pH at 7. Aer
the extraction, the solvent was extracted from the essential oil at
60 °C (10 kPa) using a rotary evaporator through liquid–liquid
extraction.32 The experiment was performed by taking four
samples with varying solvent ratios of 1 : 05 g mL−1,1 : 10 g
mL−1,1 : 15 g mL−1, and 1 : 20 g mL−1 respectively, at a constant
extraction time of 6 h. All measurements were performed in
duplicate. Further, the experiment was conducted to estimate
the effect of the extraction time on the yield of 1,8-cineole. The
experiment was performed with ethanol as the solvent for
different intervals ranging from 1 to 10 h at a constant SSR of 1 :
10 g mL−1. Each set of extraction runs was conducted in
duplicate. The essential oil yield was calculated using the mean
extraction value and eqn (1) and the 1,8-cineole concentration
was quantied using GC-FID analysis and its yield was calcu-
lated using eqn (2).
35532 | RSC Adv., 2024, 14, 35529–35552
2.2.3. Ultrasound-assisted extraction. An ultrasonic
homogenizer with a titanium probe and congurable sensor
was used to perform the extraction. The sonicator (Sonics,
240 W, 40 kHz) produces an ultrasound effect in aqueous
solution (Fig. S1c, ESI†). The temperature was detected using
a temperature sensor inside the extraction set-up. The ultra-
sonic probe was immediately submerged in the sample-
containing solvent. The effect of cavitation and bubble implo-
sion aided the extraction process in the ultrasonic instrument.
100 g of eucalyptus foliage powder was fed into a 1000 mL
beaker. The experiment was carried out by optimizing the
sonication power by varying the power at 120, 200, 240, 320, and
400 W and keeping the other parameters constant such as solid
and solvent ratio of 1 : 10 w/v (g mL−1), extraction time of
15 min, pH of 5, ethanol–water ratio of 20 vol% and tempera-
ture of 60 °C. A glass vessel with a 1000 mL capacity was
employed for the extraction and was stored in the extraction
setup. A 10 mm diameter probe was used for sonication. A
similar experiment was conducted to optimize the pH for
maximizing the yield by varying the pH of the aqueous solution
at 3, 4, 5, 6, and 7 with a constant ethanol–water ratio of
20 vol%. The pH was adjusted by adding 0.1% hydrochloric acid
to the extraction solution during ultrasonication. In addition,
the SSR was also optimized by varying it at 1 : 05, 1 : 15, 1 : 20, 1 :
25, 1 : 30, and 1 : 35 w/v with a constant extraction time of
15 min and sonication power of 240 W (20%).

Furthermore, the optimization study was performed using
RSM in MINITAB to maximize the oil yield. In these experi-
mental runs, the independent variables of ethanol–water ratio
(20, 40, and 60 vol%), pH (2, 4, and 6), and extraction time (10,
40, and 70 min) were varied under the ultrasonication effect.
The temperature was maintained at 60 °C. All measurements
were performed in duplicate. Table 1 shows the RSM matrix
designed for the UE experiment to isolate 1,8-cineole from E.
cinerea. For the kinetic study, the UE experiment was carried out
in a controlled environment (pH of 6, SSR of 1 : 10 w/v, power
rating of 20%, and ethanol–water ratio of 20 vol%) at different
© 2024 The Author(s). Published by the Royal Society of Chemistry
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intervals of 10, 30, 50, 70, and 90 min by varying the tempera-
ture at 60 °C and 45 °C. Three mathematical kinetic models
were applied to infer the performance of the UE of 1,8-cineole.
Aer each extraction run, the collected samples were ltered
with Whatman lter paper (0.2 mm), and then fed into sepa-
rating funnels (Fig. S1d, ESI†) to allow them to settle. The
collected oil layer was subjected to centrifugation and stored at
−20 °C until analysis.33 GC-FID analysis was used to identify the
quantity of 1,8-cineole content in the extracted essential oil.

2.2.4. Microwave-assisted extraction. The ME experiment
in the microwave internal chamber required less extraction
time and the solid–solvent ratio played a crucial role in
extracting the maximum oil yield. During this method, the
discharge of CO2 was minimized to reduce its environmental
impact. An appropriate amount of E. cinerea foliage powder was
immersed in a 500 mL beaker with water solvent and kept in
a domestic microwave oven (Fig. S1e, ESI†). Then, the heated
mixture was taken out from the oven and the extract separated
from the residue using Whatman lter paper (0.2 mm), which
was fed into separating funnels to allow it to settle.34 The
moisture content was maintained at 61% given that ME can
affect the moisture level of the foliage. Initially, pre-
optimization studies were carried out for SSR, irradiation
time, and microwave power. During the optimization of the SSR
(2–7 g mL−1), the other parameters were kept constant such as
extraction time of 3 min and power of 480 W. The irradiation
time was varied from 3 to 6min to optimize the irradiation time,
while keeping the SSR (3 g mL−1) and power (480 W) constant.
Furthermore, the microwave power was optimized by varying
the power from 160–800 W at a xed SSR and extraction time.

The RSM optimization study was carried out by varying the
irradiation power level (160–800 W), extraction time (1–10 min),
and SSR (2–10 g mL−1) to maximize the extraction yield of 1,8-
cineole. The extraction experiments were investigated at pH 7
and temperature of 45 °C. Table 2 shows the RSM design matrix
developed for the microwave-assisted extraction using the
MINITAB soware. The collected oil layer was subjected to
centrifugation and stored at −20 °C for further analysis. Each
Table 2 RSM design matrix of the microwave-assisted extraction
optimization experiment

S. No
Solid–solvent
ratio (g mL−1)

Extraction
time (min)

Irradiation
power (W)

1,8-Cineole (%)

Actual Predicted

1 5 5.5 160 39.77 40.23
2 5 5.5 480 44.04 49.85
3 5 5.5 640 76.43 75.05
4 2 1 800 45.42 48.98
5 8 1 160 50.30 59.53
6 8 10 160 58.32 56.85
7 5 5.5 480 39.08 49.85
8 2 10 160 29.06 29.56
9 10 5.5 480 42.95 40.52
10 8 10 800 18.33 17.63
11 2 4.5 640 95.00 95.62
12 5 3 480 58.94 57.02
13 8 1 800 33.45 36.74

© 2024 The Author(s). Published by the Royal Society of Chemistry
run was analyzed using GC-FID to calculate the yield of 1,8-
cineole. All measurements were performed in duplicate.

2.3. Analytical methods

Gas chromatographic analysis was done to quantify the
concentration of 1,8-cineole in the extracted essential oil. The
oil sample obtained from various methods including HD, SE,
UE, and ME was characterized using a gas chromatograph (GC
Model: HP5890; Hewlett-Packard, USA) equipped with a ame
ionization detector (FID). A BP-1 (HP) capillary column with the
dimensions of 30 m × 0.25 mm was used for the analysis. The
chromatogram was recorded under the following operating
conditions: H2 carrier gas at a ow rate of 2 mLmin−1, 1/50 split
mode, oil sample injection volume of 1 mL, injector and detector
temperature of 250 °C, and for the column, a temperature
gradient was used, starting at 60 °C and increasing by 3 °C at
one minute intervals until the temperature reached 220 °C. The
samples were diluted to 0.5% (v/v) in chloroform. The standard
calibration curve (R2 = 0.9990) was used to calculate the area %,
and hence determine the quantity of 1,8-cineole. The areas of
the cineole peaks in each extract were compared to that of the
two internal standards injected twice.

Scanning electron microscopy analysis (SEM) was performed
for the powdered E. cinerea foliage before and aer ME. The
adaxial and abaxial foliage surface was analyzed before and
aer extraction. The overlying cells covering the area of the
secretory cavities were also investigated. The morphological
changes in the inner cuticles of the leaf were examined before
and aer extraction. Importantly, the structural characteristics
of the extracted residues from each extraction method for
different process conditions were analyzed. The inside and
outside lateral surfaces, isolated cuticles, and residues obtained
aer extraction were examined using an SEM analyzer (Philips
XL30, USA). The dried foliage powder/essential oil was mixed in
2.5% glutaraldehyde and 4% formaldehyde to prepare the
specimen. Aer that, it was dried in an oven for 6 h, rinsed in
ice-cold phosphate buffer at pH 7.2, and le overnight. Subse-
quently, the sample was coated with carbon, and then subjected
to SEM analysis to record SEM images and determine its
thickness, with 10–20 repetitions. The GC and SEM analyses
were performed at Tamil Nadu Test House, Vanagaram, India.

2.4. Statistical analysis

Regarding the RSM experimental design and analysis, MINITAB
soware version 17 was used for statistical analysis. The nd-
ings of the preliminary single-factor analysis in the UE and ME
process were the basis for using the full-factorial randomized
experimental design.

3. Results and discussion

E. cinerea is a medicinal plant with a high concentration of
bioactive compounds sequestered in its leaves, which can be
used to produce essential oil, adding further value. Various
extraction techniques produce different yields; however, to
enhance the extraction yield, the appropriate extraction method
RSC Adv., 2024, 14, 35529–35552 | 35533
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is required. In this section, we discuss the results from various
extraction strategies for 1,8-cineole and their kinetic studies.
3.1. Hydro-distillation extraction technique

The essential oil extracted from E. cinerea by HD contained
volatile compounds, which were comprised of free volatile and
glycoside-bound volatile compounds. Approximately 10 times
more free volatile oil (3.1%) was obtained from the E. cinerea
foliage than bound volatile oil (0.4%) during hydro-distillation.
It was observed that the free volatile content in the oil was found
in the major fractions and could be produced by HD extraction.
Especially, the bioactive compound of 1,8-cineole was accu-
mulated highly in the free volatile oils.6 Mann et al.30 investi-
gated the free volatile and bound volatile compounds during
the HD extraction of E. cinerea. These authors identied that the
major fractions in the free volatile oil were b-pinene, myrcene,
limonene, 1,8-cineole, p-cymene, trans-pinocarveol, d-terpineol,
and globulol exhibited. Alternatively, a-terpinene, g-terpinene,
terpinen-1-ol, carvenone, a-terpinolene, iso-terpinolene, p-
cymenene, iso-amylalcohol, borneol, neoisopulegol, camphene,
cis-3-hexen-1-ol and 3,8-p-menthadiene were accumulated in
the glycoside-bound volatile oil. Hence, HD has the potential for
extracting 1,8-cineole from Eucalyptus; however, no reports have
shown the impact of foliage size on the essential oil yield.

3.1.1. Effect of size of foliage on oil yield during hydro-
distillation. The size of the E. cinerea foliage has an effect on the
extraction yield of 1,8-cineole. This azeotropic (water–oil)
distillation is conducted by the action of internal diffusion and
desorption of the substrate. The size of the E. cinerea leaves
played a signicant role in the diffusion, followed by the
extraction of oil glands. Thus, to study the size effect, two sizes
of 5 and 2 cm long were investigated under two different SSRs of
1 : 25 and 1 : 10 g mL−1 in the HD unit. Hence, four runs were
conducted to calculate the % yield of 1,8-cineole. Fig. 2a and
b show the effect of the size of the leaves and SSR on the yield of
essential oil (1,8-cineole), respectively. The essential oil yield
increased from 1.5 to 3.5 mL (16–37%) when the size of the
foliage decreased from 5 cm to 2 cm. On the contrary, the oil
yield was reduced when the SSR increased from 1 : 10 to 1 : 25 g
mL−1. It was observed that the maximum concentration of 1,8-
cineole (72.151%) was obtained for small-size leaves (2 cm)
under the minimum SSR (1 : 10 g mL−1) within a short period (4
h). This is because the smaller size particles enhanced the
diffusion, i.e. mass transfer rate. Typically, the grinding of
leaves reduces the particle size, resulting in an increased
supercial area, and exposes essential oil-bearing structures
within the foliage. Consequently, the disruption in the cell wall
facilitates the solubility and effective extraction of bioactive
compounds within a shorter extraction time.35 Furthermore,
grinding to a smaller foliage particle size contributes to
a smaller diffusion distance and larger diffusion area, thereby
increasing the mass transfer rate and extraction rate at the
minimum extraction time. Thus, smaller particles support
enhanced diffusivity, and the increased mass transfer rate
constant results in readily extractable phenolic compounds
from grounded foliage.
35534 | RSC Adv., 2024, 14, 35529–35552
An increase in temperature also signicantly enhanced the
extraction of oil glands during distillation; hence, it follows
rst-order chemical kinetics. The percentage of 1,8-cineole was
reduced for the big-sized eucalyptus foliage due to the mass
transfer limitation between the solvent and solid. Tesfaye and
Tefera32 revealed that minimizing the solid size with an increase
in temperature signicantly enhances oil extraction. At elevated
temperatures, the diffusion rate and evaporation rate increased,
contributing to more contact duration for the solvent and plant
source.36 Thus, we inferred that the reduced size of the leaves
contributed to increased contact with solid leaves containing
oil. Increasing the mass transfer rate enhanced the extraction
rate, maximizing the oil yield, followed by high phenolic
compound extraction. The negative effects of the high solvent
volume include dilution of the essential oil, increased solvent
retention, longer distillation time, which contributes to the
degradation of the essential oil and increased energy
consumption, reduced vapor pressure, leading to slower
essential oil release, and over-extraction, leading to the extrac-
tion of undesirable compounds, thus affecting the quality of the
essential oil.37 In the case of a higher water content, the heat
could be wasted in heating the water and the hydrolytic effect
may have contributed to reducing the extraction process effi-
ciency and lowering oil yield. Further, a high solvent volume
shied the equilibrium, hindering the diffusion and mass
transfer of the phenolic components.38 Thus, excessive solvent
lowered the extraction selectivity for the target compound. The
effective procedure using the HD method for extracting essen-
tial oil from leaves makes it easy to use both on a small and
large scale and free of chemicals.39 Hence, the HD method is
a potential method to extract the maximum yield of 1,8-cineol
from E. cinerea leaves.

3.1.2. Kinetic modeling of hydro-distillation. It is
commonly known that a signicant portion of the free volatile
oil found on the outside, inner pores, or uniformly distributed
throughout the glands are extractable oil components. Mathe-
matical models are widely used to correlate the kinetic behavior
of plant materials with the location of free volatile oil in HD.
Researchers have found that most of the oil is accumulated in
the exogenous glands, which follows the rst-order kinetic
model based on certain assumptions.40 During hydro-
distillation, the rate of evaporation is dependent on the solu-
bility of the components, and hence the extraction process is
assumed to be a mass transfer rate process. Hence, this method
uses the rst-order kinetic equation, where the amount of oil
removed each time is directly proportional to the amount
accumulated in the foliage. As the distillation proceeds, the oil
concentration decreases, hence the simplied kinetic eqn (3)
applies, as follows:

ln
1

1� y
¼ kt (3)

where ‘y’ represents the fraction of oil distilled, ‘k’ is the rst-
order rate constant (min−1), and ‘t’ is the extraction time
(min). To authenticate the kinetic model, a graph was plotted of
ln(1/1 − y) vs. t for the experimental data conducted at different
intervals from 30 to 180 min. Fig. 2c shows the graphical
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Graphical representation of the (a) effect of the size of the leaves on the yield of essential oil in HD, (b) effect of the solid–solvent ratio on
the yield of essential oil in HD, (c) effect of extraction time on the yield of 1,8-cineole in HD, (d) first-order kinetic model for the HD extraction
process of different leaf sizes together with various solid–solvent ratios, (e) effect of solid–solvent ratio on the yield of 1,8-cineole in SE, and (f)
effect of extraction time on the yield of 1,8-cineole in SE.
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representation of the effect of extraction time for HD on 1,8-
cineole yield. The yield of eucalyptol increased (72.85%) with an
increase in the extraction time up to 180 min.41 The rst-order
extraction kinetics were plotted as ln(1/(1 − y)) vs. t and pre-
sented in Fig. 2d. The kinetic data for all four different samples
with varying leaf sizes and SSR was presented, and the results
are as follows: (i) 1 : 10 g mL−1 small leaves with an R2 value of
0.9988 and an extraction rate constant of K = 0.0131 min−1, (ii)
1 : 10 g mL−1 big leaves with an R2 value of 0.9665 and an
extraction rate constant of K = 0.0115 min−1, (iii) 1 : 25 g mL−1

small leaves with an R2 value of 0.9379 and an extraction rate
constant of K = 0.0098 min−1, and (iv) 1 : 25 g mL−1 big leaves
with an R2 value of 0.9494 and an extraction rate constant of K=

0.009 min−1. According to the graph, it was inferred that the
experimental data for the small leaf with 1 : 10 g mL−1 SSR run
strongly ts the rst-order kinetics with the maximum
© 2024 The Author(s). Published by the Royal Society of Chemistry
extraction rate constant (K = 0.0131 min−1). The larger rate
constant value obtained using smaller (2 cm) foliage with 1 :
10 g mL−1 SSR indicates an increased driving force, resulting in
faster diffusion or mass transfer. Therefore, using small foliage
is ideal to get a higher oil yield in a relatively short duration of
distillation. Further, the plot yielded a straight line, and hence
the HD follows the rst-order kinetic model, and this trend is
consistent with the ndings elucidated by Samadi et al.42 who
used Aquilaria malaccensis leaves to extract essential oil. It was
observed that the oil content in the glandular trichomes or
epidermal hairs is freely available, making it easy to extract. As
a result, there is negligible resistance to mass transfer during
distillation, which helps achieve fast equilibrium between the
phases.14,43 Thus, the smaller particle size leads to improved
mass transfer and quickly extracts the oil content from the
foliage.
RSC Adv., 2024, 14, 35529–35552 | 35535
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3.2. Impact of processing variables on oil yield during
Soxhlet extraction

The experiment on the impact of SSR and extraction time on the
1,8-cineole yield during SE was investigated, and the ndings
are illustrated in Fig. 2e and f, respectively. The experiment were
performed in triplicate and error bars were predicted through
standard deviation calculations. The yield of 1,8-cineole
increased (68.07%) up to the SSR of 1 : 10 g mL−1, and then
decreased with an increase in the ratio to 1.20 g mL−1. It was
noted that the maximum amount of 1,8-cineole was extracted at
the minimum SSR at a temperature of 100 °C. In the case of the
optimum SSR, a solvent volume of 10 mL was found to be the
required amount for enhancing the diffusion rate and maxi-
mizing the solubility of phenolic compounds during the SE
process. Further, an increase in the volume of ethanol solvent
denaturalized the bio-active target compound and a longer time
was necessary to improve the essential oil yield. The impact of
extraction time on the yield of 1,8-cineole was shown in Fig. 2f.
The obtained 1,8-cineole yield increased from 26.35% to 69.01%
with an increase in the extraction time from 1 to 9 h. Thus, the
maximum yield of essential oil and 1,8-cineole was 35.39% and
69.01% at 9 h, respectively. Also, an increase in the extraction
time effectively ruptured the cell walls and oil glands and
increased the exposure of the solvent to the foliage, enhancing
the extraction of the essential oil. In this case, an extraction
time of 9 h led to an adequate contact time between the solvent
and foliage, resulting in an improved oil yield. However,
a longer (>9 h) extraction time contributed to the degradation of
the phenolic compounds, which reduced the target compound
1,8-cineole yield. Further, the oil yield remained stable at 9 h
when the equilibrium time was reached in response to an
increase in extraction time. It was observed that the 1,8-cineole
yield rapidly increased to 69.01% at 9 h, indicating that the
equilibrium time was reached, and no further extraction was
observed in the SE process. Hence, the optimized SSR for the SE
of eucalyptol was identied to be 1 : 10 g mL−1, and the
maximum 1,8-cineole yield was found to be 69.01% at 9 h. The
extraction of essential oil from plant leaves depends largely on
the usage of an ideal solvent.

Zhao and Zhang41 revealed that the percentage of 1,8-cineole
yield was the maximum when ethanol was used as the solvent
(36.33% at 8 h) and the yield was minimum when using hexane
as the solvent (7.90%) for the SE of oil from Eucalyptus loxo-
phleba. The obtained 1,8-cineole concentration in this study is
higher than the reported concentration. This is due to the
different Eucalyptus species used in our study. Furthermore,
ethanol is a strong polar solvent, and hence it extracts many
polar compounds that contain O–H bonds such as 1,8-cineole,
cadinene, carvone, myrtenol, tetradecanoic acid, 1,2,3-benze-
netriol, and sitosterol. The components readily interacted with
the hydrogen bond of ethanol and separated easily during SE.
Hence, the use of ethanol solvent in the SE method is an ideal
strategy for extracting the maximum quantity of 1,8-cineole.44

When comparing the results of SE with ethanol, E. cinerea leaves
have a different potential polar compound than E. camaldulensis
and E. globulus leaves.45
35536 | RSC Adv., 2024, 14, 35529–35552
3.3. Total extraction yield of ultrasound-assisted extraction

3.3.1. Effect of sonication power, pH, and solid–solvent
ratio on oil yield. The operating conditions have a signicant
impact on the outcome of ultrasonic extractions. Many studies
have conrmed that the extraction process factors of sonication
power, extraction time, pH, temperature, solvent-solid ratio,
and % of ethanol in water inuence the oil yield from different
plant sources.33,46During the pre-optimization study, the impact
of sonication power, pH, and SSR on the yield of 1,8-cineole was
investigated for the extraction time of 15 min, ethanol–water
ratio of 20 v%, and temperature of 60 °C. The results obtained
from the optimization of sonication power showed (Fig. 3a) that
an increase in sonication power from 120 to 400 W generally
favored an increase in the oil yield. With a further increase in
the power from 240 to 400 W, the yield was signicantly
reduced, and the maximum yield was found to be 49.56%.
During ultrasonication, the generation of acoustic cavitation
bubbles increases the mass transfer rate between the phases,
increasing the surface contact area, which contributes to the
rapid release of many value-added compounds and cell wall
rupture in the plant material.

The acoustic cavitation mechanism involves two steps, the
formation of microbubbles and subsequent collapse of the
bubbles. Ultrasonic waves create microbubbles in the solvent
during ultrasonication, which implode, releasing energy and
creating high-temperature and pressure gradients, liquid jet
turbulence, and increased mass transfer coefficient.47 Typically,
the gas–liquid interface plays a crucial role in essential oil
release, where acoustic cavitation disrupts the E. cinerea leaf cell
wall, releasing oil into the surrounding solvent of ethanol; mass
transfer enhancement, where the gas–liquid interface increases
the surface area for essential oil transfer from the foliage cells to
ethanol; and solvent penetration, where the liquid jets and
turbulence facilitate the entry of ethanol into the leaf cells,
enhancing the extraction of 1,8-cineole.48 The polarity of
ethanol, formation of hydrogen bonds with essential oil
components, and their low surface tension improve the pene-
tration of ethanol into the foliage cells to increase the essential
oil yield. An enhancement in the oil yield was observed by
decreasing the extraction time surprisingly. Moreover, the E.
cinerea leaves have many free volatile compounds, which
contribute to high oil extraction with the support of the ultra-
sonication effect in the aqueous solution.

Further, the solid loading in the solvent was optimized at
different ratios during UE, as presented in Fig. 3b When the SSR
increased from 1 : 05 to 1 : 35 w/v, the extraction yield increased
up to the ratio of 1 : 10 w/v, and then decreased with a further
increase in the SSR. The maximum 1,8-cineole yield was 51.35%
at an SSR of 1 : 10 w/v. The high volume of ethanol–water solvent
affected the extraction yield and reduced the concentration of
oil. When the solid loading in the experiment increased,
maintaining the sonication time and ultrasound power in the
experiment was not enough to extract a higher oil yield given
that less solvent is required for the maximum sonication power
used in this study. Fig. 3c shows the effect of pH on the essential
oil yield. Upon optimization of the pH, it was found that the 1,8-
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06050d


Fig. 3 Graphical representation of the (a) effect of sonication power on the yield of 1,8-cineole in UE, (b) effect of the solid–solvent ratio on the
yield of 1,8-cineole in UE, (c) effect of pH on the yield of 1,8-cineole in UE, (d) interaction response effects of the ethanol–water ratio and pH, (e)
interaction response effects of pH and extraction time, and (f) interaction response effects of the ethanol–water ratio and extraction time.
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cineole yield decreased with an increase in the pH value from 6
to 7, and the maximum yield of 59.02% was observed at pH 6.
The extraction yield of value-added compounds was improved
under acidic conditions, whereas high pH values affected the
extraction process, and subsequently reduced the 1,8-cineole
yield. The addition of 0.1% HCl enhanced the foliage cell wall
breakdown, releasing more essential oil components, and
thereby increasing the solubility of the essential oil compo-
nents. Notably, acidic pH increased the solubility of 1,8-cineole
in ethanol and facilitated the release of more 1,8-cineole from
plant materials during ultrasonication due to its stability and
hydrolysis. Hence, acidic pH may favor the extraction of
essential oil compounds, resulting in 1,8-cineole remaining
stable at pH 2–7, whereas 1,8-cineole degrades at pH > 7. It was
observed that the phenolic compounds in the plant source were
extracted better at a pH value of 6. This method is economically
© 2024 The Author(s). Published by the Royal Society of Chemistry
viable given that we achieved the maximum oil yield at the
minimum operating conditions in the extraction process.

3.3.2. Effect of dependent variable response surfaces.
Table 1 presents the design matrix for the performance of the
UE method to enhance the oil yield from E. cinerea using RSM
by varying the independent variables between the normalized
values from −1 to +1. The response surface model was designed
using independent variables to determine the optimal condi-
tions for the extraction process. The matrix of 14 runs was
conducted under different operating conditions with constant
variables of ultrasound power (240 W), temperature (60 °C), and
SSR (1 : 10 w/v). These independent variables showed obvious
effects on the yield of 1,8-cineole. Three factors (ethanol–water
ratio, pH, and extraction time) were further optimized to
conrm the optimal levels using RSM design to achieve the
maximum oil yield. Among the 14 runs, experiment 12
RSC Adv., 2024, 14, 35529–35552 | 35537
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(ethanol–water ratio: 20 vol%, pH: 6, and extraction time: 70
min) produced the highest 1,8-cineole yield of 74.48%. The
lowest yield of 1.01% was observed at pH 2, 60% ethanol in
water and 10 min extraction time. The design model equation
was used to predict the yield of 1,8-cineole from E. cinerea for
the UE method.

Fig. 3d–f show the effects of the independent variable
interactions such as ethanol–water ratio vs. pH, pH vs. extrac-
tion time, and ethanol–water ratio vs. extraction time, respec-
tively, on the oil yield. According to Fig. 3d, the oil yield
increased with a higher pH and lower volume of ethanol in
water. Fig. 3e shows that the oil yield increased with an increase
in the pH and extraction time. Fig. 3f indicates that the 1,8-
cineole yield was affected when decreasing the extraction time
and increasing the ethanol–water ratio. It was observed that
a maximum 1,8-cineole yield was observed with increasing
extraction time and pH and reducing the ethanol volume % in
water. Hence, the maximum extraction of 1,8-cineole yield was
achieved at a pH of 6, ethanol–solvent ratio of 20 vol%, and
extraction time of 70 min. Thus, pH and extraction time have
a positive effect, whereas the ethanol–solvent ratio negatively
impacts the oil yield. There was an interdependence between
pH and ethanol–solvent ratio given that for high pH values, the
free volatile phenol contents were easily extracted with a low %
ethanol–water ratio. In addition, the –OH groups of phenolic
compounds dissociated well at high pH, contributing to the
polarity of the components and making them easily soluble in
water.49 Gullón et al.50 revealed that the hydroalcoholic condi-
tion favors the solubility of phenolic compounds, while 1,8-
cineole, being more hydrophilic, facilitates extraction. A
contradictory effect was observed for low pH with a high % of
ethanol in the extraction solution.

Alternatively, there was an interdependence between
extraction time and % ethanol in water. The ultrasonication
time has a positive effect on the extraction with less % of
ethanol in water. Nonetheless, the extraction time could be
reduced with a slight increase in the ethanol %. The balance
between the extraction and degradation processes could explain
this. To maximize the yield of 1,8-cineole from E. cinerea, high
pH, extraction time, and ethanol percentage in water were
advised. Some authors reported the same behavior for varying
pH, extraction time, and ethanol–water ratio for oil from
different biomass sources.24,51 In this method, the ultra-
sonication effect induces the cavitation effect with a bubble
implosion effect, which is responsible for the enhanced
performance of the UE strategy. In addition, ethanol does not
degrade the phenolic compounds and favors the extraction of
the maximum quantity of bioactive compounds from E. cinerea.

3.3.3. Kinetic studies of 1,8-cineole extraction for ultra-
sonication. To extend this study, three kinetic models were
applied to model the 1,8-cineole extraction performance during
UE. The extraction experiment was conducted at different
temperatures (27 °C, 45 °C, and 60 °C) at extraction times
between 10 and 90 min under a controlled environment (SSR of
1 : 10 w/v, pH of 6, power rating of 20%, and ethanol–water ratio
of 20 vol%). Fig. 4a shows the effect of concentration of 1,8-
cineole as a function of extraction time at temperatures of 60 °C,
35538 | RSC Adv., 2024, 14, 35529–35552
45 °C, and 27 °C, respectively. At 60 °C, the concentration of
eucalyptol initially increased with an increase in the extraction
time up to 50 min, and then it started to decrease, as illustrated
in Fig. 4a. The maximum extraction yield of 73.08% was
observed at 50 min. Similarly, at 45 °C, the concentration of
eucalyptol increased with an increase in the extraction time up
to 50 min, and then decreased, as illustrated in Fig. 4a. The
maximum extraction yield of 88.41% was observed at 50 min. At
27 °C, the concentration of eucalyptol increased with an
increase in the extraction time up to 50 min, and then
decreased, as illustrated in Fig. 4a. The maximum extraction
yield of 34.81% was observed at 50 min. It was observed that the
high temperature may cause the degradation of thermolabile
compounds such as phenolic compounds.51,52

Palma et al.33 identied that a temperature of above 70 °C
may degrade the oil components during extraction. However,
a temperature below 45 °C benets the extraction efficiency of
1,8-cineole because of the increase in acoustic cavitation
induced by the release of several value-added compounds at
high concentration. Among the three temperatures, 45 °C was
sufficient to extract 1,8-cineole from E. cinerea at 50 min. Hence,
we conclude that medium temperature, high pH, low ethanol–
water ratio, low SSR, medium sonication power, and high
extraction time are recommended for extracting 1,8-cineole
from E. cinerea. A lower solvent volume is sufficient for
improved mass transfer due to the acoustic cavitation mecha-
nism, which accelerates solvent–oil interactions thereby
releasing essential oils more efficiently. The ultrasonic waves
facilitate the deeper entry of the solvent into the plant cells with
the minimum solvent volume (20 vol%). Three models were
examined utilizing the linearized equations of the empirical
models to comprehend the kinetics of the extraction data at 45 °
C and 60 °C. Using the Microso Excel soware, linear regres-
sion was performed to determine the model parameters. The
extraction yield was evaluated according to the pseudo-rst-
order kinetics, as follows:53

logY = −k1t + logY1 (4)

where Y is the 1,8-cineole yield (%), t is time (min), k1 refers to
the extraction rate constant for diffusion (min−1) and Y1 is the
extraction yield at saturation. Fig. 4b and c show the graphical
representation of the kinetic model evaluated at 60 °C and 45 °
C, respectively. The linear behavior was observed at the time of
extraction. At 60 °C and 45 °C, they the maximum correlation of
R2 0.984 and 0.981 was achieved, respectively. The extraction
rate constant for diffusion was determined to be 0.0183 and
0.0334 and the extraction yield at saturation was found to be
69.571 and 87.8835, respectively.

The solid–liquid extraction procedure was explained by the
model created by Peleg for the description of sorption curves.54

CðtÞ ¼ Cð0Þ þ t

K1

þ K2t (5)

where ‘K1’ is Peleg's rate constant (extraction rate at the begin-
ning of the extraction process, min−1), ‘K2’ is Peleg's capacity
constant (maximum extraction yield over the extraction
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06050d


Fig. 4 (a) Effect of temperature and extraction time on the yield of 1,8-cineol in UE. Graphical representation of (b) pseudo-first-order kinetic
model evaluated at 60 °C, (c) pseudo-first-order kinetic model evaluated at 45 °C, (d) Peleg's kinetic model evaluated at 60 °C, (e) Peleg's kinetic
model evaluated at 45 °C, (f) power law model evaluated at 60 °C, and (g) power law model evaluated at 45 °C.
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process), and C(0) is the concentration of extraction yield at
time t = 0 (hence C(0) is zero). C(t) reects the concentration
extraction yield at time ‘t’ (nal, t = t). Fig. 4d and e show
a graphical representation of the kinetic model evaluated at 60 °
C and 45 °C, respectively. Linear behavior was observed at the
time of extraction. At 60 °C and 45 °C, the maximum correlation
of R2 0.998 and 0.997 was achieved, respectively. Peleg's rate
constant was determined to be 0.053 min−1 and 1.186 min−1
© 2024 The Author(s). Published by the Royal Society of Chemistry
and Peleg's capacity constant was found to be 1.775 and 0.819,
respectively.

Another useful empirical formula for solid–liquid extraction
is the power law model, which can be expressed as follows:55

Y = Ktn (6)

where n refers to the exponent of diffusion, indicating the
transport mechanism, K is an extraction rate constant (carrier-
RSC Adv., 2024, 14, 35529–35552 | 35539
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active agent, min−1), ‘Y’ is the yield of 1,8-cineole (%) and t is
time (min). The linearized equation becomes:

logY = n log t + logK (7)

Fig. 4f and g present a graphical representation of the kinetic
model evaluated at 60 °C and 45 °C, respectively. Linear
behavior was observed at the time of extraction. The maximum
correlation of R2 0.979 and 0.989 was achieved at 60 °C and 45 °
C, respectively. The extraction rate constant was 2.398 min−1

and 0.908 min−1 and the diffusional exponent was 0.4 and 0.5,
respectively. According to the results of the three models, the
yield of 1,8-cineole has the same relation with the extraction
time for the UE method. The kinetic constants at different
temperatures were estimated using the slope and intercept
values of the linear plot, as tabulated in Table 3. According to
the results, we infer that the highest extraction rate occurs at
lower temperatures, providing a higher 1,8-cineole content.
According to the calculated R2 values, the predicted model is in
good agreement with the experimental results and thesemodels
are more suitable for evaluating the performance of biomass
component extraction. However, among the models, the Peleg
law model is the most accurate.
3.4. Total extraction yield of microwave-assisted extraction

Given that microwave technology is well-established and widely
used in industry, it has an edge over other technologies and is
frequently recommended as a green extraction method.56 The
internal heating of the water in the moisture-conditioned
samples during the microwave extraction process caused the
plant cells to swell, and eventually their oil glands burst.53,57

This method improves the extraction efficiency and lowers costs
by consuming less time and water. In this work, 1,8-cineole was
extracted from the leaf of E. cinerea using ME.

3.4.1. Effect of solid–solvent ratio, irradiation power, and
extraction time on oil yield. The single-factor pre-optimization
studies optimized the extraction process conditions for the
effective extraction of 1,8-cineole. Wei et al.58 identied the
optimum moisture content for extracting essential oil from
Cinnamomum longepaniculatum leaves. They conrmed that
a moisture content in the range of 54–74% favored the micro-
wave extraction and increased the 1,8-cineole yield to the higher
end. The lower the water content, the more likely the bottom
raw materials are to gelatinize and hinder effective extraction.
In contrast, the higher the water content, the more likely the
surface of the leaves would adhere to other leaves, creating an
interaction force between the water and the leaves particles,
which make them stick together during the experiment and
Table 3 Values of estimated model parameters for solid–liquid extractio

T/°C

Pseudo-rst-order kinetics Peleg mode

k1 (min−1) Y1 (%) R2 K1 (min−1)

60 0.0183 69.571 0.984 0.053
27 0.0334 87.8835 0.981 1.186

35540 | RSC Adv., 2024, 14, 35529–35552
prevent stable extraction. Therefore, the moisture content of the
E. cinerea leaves was maintained at 61% in the present study.
During the investigation of the SSR impact, the yield of 1,8-
cineole increased when the ratio increased to 3, and then it
decreased with a further increase in the ratio (Fig. 5a). The
maximum extraction yield was found to be 90.15% at 3 g mL−1

of SSR. When the solid content in water increased, the supplied
irradiation time and power (for these large portions of leaf and
water) was not sufficient to produce phenolic content, and
hence the yield dropped signicantly.

Fig. 5b shows the impact of irradiation power on the oil yield.
When the irradiation power increased to 640 W, the oil content
increased, and then reduced when with a further increase in the
power. This is because of the thermal degradation of the 1,8-
cineole content due to strong exposure to microwave radiation.
Thus, themaximum 1,8-cineole yield was achieved at 640W and
the value was 93.0%. A gradual decreasing trend was observed
in the 1,8-cineole yield when the extraction power increased
from 3 to 6 min (Fig. 5c). The maximum yield of 94.2% was
observed at 4 min. When the exposure time increased at
a moderate power of 480 W, overheating of the oil content led to
the value-added products being denatured. The grinding of
Eucalyptus leaves released the essential oil onto the surface of
the plant particles, facilitating quicker extraction using water
vapor.59 Therefore, most of the oil was extracted within a very
short time. Thus, 4 min of extraction time was conrmed to be
experimentally sufficient.

3.4.2. Response surfaces for dependent variables. The RSM
is a design tool to enhance the extraction process of plant
functional components by optimizing the process parameters.
The interaction relationship between the independent and
dependent parameters was evaluated under the optimized
conditions. In this study, the matrix was designed with 3 factors
and 3 levels containing 13 experiments and presented in Table
2. In the ME, the extraction yield was inuenced by different
process parameters, which were pre-optimized earlier (Section
3.4.1). To increase the yield of 1,8-cineole, further optimization
was investigated using RSM design. The experimental runs were
carried out by varying the irradiation power levels (160–800 W),
extraction time (1–10 min), and SSR (2–10 g mL−1) to maximize
the extraction yield of 1,8-cineole. The interaction effect of any
two-process parameter signicantly evaluates the impact of 1,8-
cineole extraction from Eucalyptus.

The response surface plots for the combinations of several
parameters, including SSR and extraction time, SSR and
extraction power, and extraction time and irradiation power, are
displayed in Fig. 5d–f. Initially, the extraction yields increased,
and then progressively dropped when the SSR increased from 2
n of 1,8-cineole from E. cinerea in ultrasound-assisted extraction

l Power law model

K2 R2 K (min−1) n R2

1.775 0.998 2.398 0.4 0.979
0.819 0.997 0.908 0.5 0.989

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06050d


Fig. 5 Graphical representation of the (a) effect of the solid–solvent ratio on the yield of 1,8-cineole in ME, (b) effect of irradiation power on the
yield of 1,8-cineole in ME, (c) effect of extraction time on the yield of 1,8-cineole in ME, (d) interaction response effects of solid–solvent ratio and
extraction time, (e) interaction response effects of irradiation power and the solid–solvent ratio, and (f) interaction response effects of irradiation
power and extraction time.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

/2
2/

20
26

 5
:0

0:
48

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
to 10 g mL−1, while the extraction power was xed at a specic
value. When the extraction time increased from 3 to 10 min, the
yield rst increased, and subsequently dropped (Fig. 5d). Thus,
the extraction rate of eucalyptol utilizing the microwave
approach was negatively impacted by both independent factors,
i.e., SSR and extraction time. Because the mass transfer prin-
ciple is more consistent with a lower SSR, a lower ratio results in
a larger driving force and higher diffusion.60 Further, Fig. 5e
conrms that the extraction time and irradiation power have
a negative impact on the extraction of oil yield under a constant
supply of SSR. This response surface demonstrated a signicant
interaction effect between all independent variables.

Fig. 5f represents the interaction surfaces between the
extraction time and irradiation power when increasing the
© 2024 The Author(s). Published by the Royal Society of Chemistry
extraction power at a constant feed of SSR, where the extraction
yield increased and stabilized at 640 W. Simultaneously, very
little extraction time is sufficient to extract the oil yield.
Increasing the extraction time and irradiation power caused
local burns in the raw materials.61 Hence, a low extraction time
(3 min) and high extraction power (640 W) are benecial to
improve the oil extraction under microwave-assisted condi-
tions. The applied temperature (45 °C) and microwave power
(640 W) signicantly inuence the microwave extraction time;
consequently, the highest extraction was achieved at the
shortest extraction time. We deduced that the largest amount of
1,8-cineole (95.62%) was achieved during a very short exposure
time of around 4.5 min at a power of 640 W, with a minimum
SSR of 2 g mL−1. The extraction was conducted experimentally
RSC Adv., 2024, 14, 35529–35552 | 35541
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under the identied optimum conditions in three repeated
trials to validate the optimum conditions of the model. Finally,
the average maximum 1,8-cineole yield of 95.48% was achieved
through lab experiments, which is the near-optimal value of the
model (95.62%). Thus, the designed model signicantly deter-
mined the maximum essential oil yield from E. cinerea. In
addition, this optimal condition is much more suitable to
enhance the oil yield from plant sources under microwave
conditions. Similar studies were conducted, and the results are
consistent with the reports on extracting bioactive compounds
from different plant sources.24,58,62

3.5. Chemical composition analysis of Eucalyptus essential
oil extracted by different techniques

The extraction method, among other process parameters,
signicantly impacts the chemical composition of the essential
oil produced from aromatic plants, which may affect its anti-
bacterial and antioxidant qualities. Using the GC technique, the
extracted free volatile oil prole from various extraction proce-
dures was examined and veried.

Fig. S2a–d (ESI)† show the gas chromatograms employed for
the analysis of extracted essential oil via the HD method for
different runs. The available value-added compounds in the
essential oil were analyzed for each run. Fig. S2a–d (ESI)† show
the essential oil composition gas chromatograms for the
different samples including big foliage (1 : 25 g mL−1), small
foliage (1 : 25 g mL−1), big foliage (1 : 10 g mL−1) and small
foliage (1 : 10 g mL−1), respectively, where the peaks observed at
Fig. 6 Gas chromatogram of the essential oil composition studied for the
sample (49.56%) at optimized sonication power (240 W) during UE, (c) m
maximum yielded sample (51.35%) at the optimized SSR ratio (1 : 10 w/v)

35542 | RSC Adv., 2024, 14, 35529–35552
∼8.08 retention time belong to 1,8-cineole. The yield % of 1,8-
cineole was identied for the samples of runs 1, 2, 3, and 4 to be
6.435%, 21.208%, 36.033%, and 72.151%, respectively. Among
the four runs, the maximum oil yielded (run 4 : 3.5 mL) sample
contains the highest concentration (72.151%) of 1,8-cineole in
oil. Furthermore, it was observed that a maximum of 16
components was detected, and 1,8-cineole was deduced to be
the principal substance in the highest percentage during HD
extraction. Fig. 6a shows the gas chromatogram of the essential
oil sample yielding the maximum 1,8-cineole from SE. The peak
belonging to 1,8-cineole was observed at the retention time of
∼8.685. The yield % of 1,8-cineole was identied as 69.01% and
the prole showed nearly 32 components. Fig. 6b–d show the
gas chromatogram of the results of the impact of sonication
power, pH, and SSR on 1,8-cineole yield during ultrasound
extraction. The 1,8-cineole peak was observed at a retention
time of ∼8.690. The yield % of 1,8-cineole was identied to be
49.56%, 59.02%, and 51.35% for the optimized ultrasonication
power, pH, and SSR experiments, respectively. The enhanced
1,8-cineole yield observed using RSM was 74.48% under the
optimized condition of SSR of 1 : 10 w/v, ethanol–water ratio of
20%, pH of 6, and sonication time of 70 min. The 1,8-cineole
peak was observed at the retention time of ∼8.688 and 1,8-
cineole was found to be the maximum obtained compound
(Fig. 7a).

Furthermore, the gas chromatograms of the ultrasonic-
assisted kinetic extraction study-maximum oil yield samples
(60 °C, 45 °C, and 27 °C) were also analyzed. Fig. 7b shows the
(a) maximum yielded (69.01%) sample during SE, (b) maximum yielded
aximum yielded sample (59.02%) at optimized pH (6) during UE and (d)
during UE.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Gas chromatogram of the essential oil composition studied for (a) maximum yielded (74.48%) sample under RSM optimal conditions for
the UE process, (b) maximum yielded (73.08%) sample at 60 °C during UE kinetics, (c) maximum yielded (88.41%) sample at 45 °C during UE
kinetics and (d) maximum yielded (60.81%) sample at 27 °C during UE kinetics.
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gas chromatogram of the maximum yielded (73.08%) essential
oil at 60 °C and the observed peak (∼8.694) belongs to the
retention time of the targeted compound. Fig. 7c illustrates the
gas chromatogram of the maximum yielded (88.41%) essential
oil at 45 °C and the observed peak (∼8.686) corresponds to the
retention time of 1,8-cineole. Fig. 7d shows the gas chromato-
gram of the maximum yielded (60.81%) essential oil at 27 °C
and the observed peak (∼8.688) corresponds to the retention
time of 1,8-cineole. During, UE, 66 components were identied
in the essential oil prole. Fig. 8a–c show the gas chromatogram
of the ME results of the impact of irradiation power, solid–
solvent ratio, and extraction time on 1,8-cineole yield during the
microwave technique. The 1,8-cineole peak was observed at the
retention time of ∼3.890. The % yield of 1,8-cineole was iden-
tied to be 93.0%, 90.15%, and 94.2% for the optimized irra-
diation power, SSR, and extraction time experiments,
respectively. The enhanced 1,8-cineole yield observed using
RSM was 95.62% under the optimized condition of SSR of 2 g
mL−1, irradiation power of 640 W, and extraction time of
4.5 min. The 1,8-cineole peak was observed at the retention time
of ∼3.850, which was found to be the maximum compound
obtained (Fig. 8d). During ME, the essential oil prole had
nearly 31 components. The components found in the euca-
lyptus oils produced using the four processes were typically
sesquiterpenes, oxygenated monoterpenes, and oxygenated
sesquiterpenes. The most prevalent chemical in each sample
was always 1,8-cineole, the primary oxygenated monoterpene
advantageous essential oil component. The proposed oil
© 2024 The Author(s). Published by the Royal Society of Chemistry
components in the essential oil varied based on the type of
extraction method.

The concentration of oxygenated monoterpenes was found
to be much lower in the extracted oil samples such as a-pinene,
limonene, verbenone, cuminal, p-cymene, terpineol-4-ol, L-
pinocarveol, thymol and L-perillaldehyde. The oxygenated
sesquiterpenes are globulol, caryophyllene oxide, palustrol,
cubenol, cadinol, ledol, etc. identied at different retention
times. The other components were found to be >1% concerning
the extraction methods. The observed results showed similar
trends with the reported essential oil extracted from E. cinerea
leaves using HD,31 E. camaldulensis using HD,17 E. camaldulensis
using ME,34 and E. globulus using UE.33 However, due to the
agro-climatic conditions of the Eucalyptus plant, the geological
location, physical and age factor of the foliage, nature of the
soil, extraction process, and period of test sample collection, the
composition and chemical prole change compared to the
results that are now accessible.63 In addition, the oil sample
chemical component and composition prole varied based on
the chemotype/genotype of the plant source.64 We inferred that
the extracted essential oil from the ME method has better
quality, which has plentiful bioactive components and
economically viable value (1,8-cineole).

3.6. Impact of the morphology of Eucalyptus foliage during
different extractions

SEM images assisted in understanding the extraction efficiency
by visualizing the microstructural changes in the samples. The
RSC Adv., 2024, 14, 35529–35552 | 35543
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Fig. 8 Gas chromatogram of the essential oil composition studied for the (a) maximum yielded sample (93.0%) at the optimized irradiation
power (640 W) during ME, (b) maximum yielded sample (90.15%) at the optimized SSR ratio (1 : 10 w/v) during ME, (c) maximum yielded sample
(94.2%) at optimized extraction time, and (d) maximum yielded (95.62%) sample under RSM optimal condition for the ME process.
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leaves of E. cinerea are oval/rounded in shape, dark green,
densely reticulated, and have an abundance of oil glands. The
tubular waxes on this plant conceal its oil glands, reducing their
visibility.65 The morphology characteristics of the E. cinerea leaf
were analyzed using an SEM analyzer. Fig. 9a and b show the
SEM micrographs of the adaxial and abaxial epidermal surface
of the E. cinerea leaf before the extraction process, respectively.
The main difference between the abaxial and adaxial stomata is
usually the stomatal density is higher, while less stomatal
density is on the adaxial surface of the leaf. It can be observed
from Fig. 9a and b that the oil gland density was greater on the
abaxial surface, whereas less on the adaxial surface. Addition-
ally, as seen in Fig. 9c, the oil gland chambers appeared to be
spherical to ellipsoidal. The two most noticeable structures
were oil-lled tubes and plates with varying orientations. The
entire leaf and its cuticle surfaces were heavily covered in
glands. In addition, wax tubes with oil were principally found
around both stomata.

Alternatively, the inner side cuticles of the leaf before and
aer extraction were also studied. Fig. 9d and e illustrate the
SEM micrographs of the inner side cuticles of the leaf before
and aer extraction, respectively. Commonly, a rough topog-
raphy and epidermal structures with granular patterns are
presented in the intact cuticles. It seems that the isolated cuticle
topography of the foliage residue became smoother (Fig. 9e)
compared to the intact tissues before oil extraction (Fig. 9d). A
noticeable structural change was observed in the image of the
post-oil extraction residues. A plane dumpy cuticle and obvious
papillae were identied and there were disrupted tissues in the
35544 | RSC Adv., 2024, 14, 35529–35552
areas where oil has been extracted. The whole impression of the
cuticle became visible and increased during extraction, and it
seemed to be more fragile, indicating the occurrence of oil
subjected to the extraction process. It was observed that SEM
images are useful in observing the vascular bundle integrity, cell
wall integrity, stomatal density and morphology, cuticle thick-
ness and structure, and epidermal cell shape and size.

The SEMmicrographs of the E. cinerea leaf residues aer the
different extraction processes are presented in the upcoming
gures. Fig. 9f and 10a show the SEM image of the HD extrac-
tion foliage. The morphology of the spent leaf producing the
maximum oil yield during optimization of the leaf size with SSR
(72.151%) and kinetic studies (72.85%) is shown in Fig. 9f and
10a, respectively. Fig. 10b and c show the SEM image of the
leaves treated by SE. The morphology of the spent leaf
producing the maximum 1,8-cineole yield during optimization
of SSR (68.07%) and optimization of extraction time (69.07%) is
shown in Fig. 10b and c, respectively. Fig. 10d and e show the
SEM images of the leaves treated by UE. Fig. 10d and e show the
micrographs of the spent leaf obtained from the kinetic studies
conducted at 45 °C and RSM optimization study and has the
maximum extracted 1,8-cineole of 88.41% and 74.48%, respec-
tively. Fig. 10f shows the image of the spent leaf obtained from
the ME RSM optimization study where 95.62% of 1,8-cineole
was extracted.

There are noticeable differences in the images in Fig. 9c and
10f, where the secretory structures are empty, the mesophyll
cells are loosely packed or spongy, and the granular walls are
ruptured. During hydro-distillation, the glandular trichomes
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 SEMmicrographs of (a) adaxial leaf surface of E. cinerea and (b) abaxial leaf surface of E. cinerea. (c) Overlying cells covering the secretory
cavities in (d) inner side cuticles of the leaf before extraction, (e) inner side cuticles of the leaf after extraction and (f) spent leaves obtained after
HD extraction (72.151%).
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containing essential oils seem vacant (as large pores) but still
intact due to the mild operating conditions. Similarly, the leaf
residue has a substantial change in leaf structure, leading to
a smoother surface layer, which conrms that the interaction
between the leaf and ethanol during SE extended for a longer
extraction time such as 6 h (Fig. 10b) and 9 h (Fig. 10c). During
SE, the vascular bundles retained their form although at least
68.07% of the oil gland walls deteriorated to allow oil
discharge.66 During UE, a large portion of the porous structure
appears to have collapsed due to the formation of cavity
bubbles. In addition, the sonication power (240 W), elevated
temperature, and extraction time (>50 min) contribute to huge
destruction and large perforation on the plant epimerises,
which ensures the effective release of 1,8-cineole from the
Eucalyptus leaf.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Fig. 10e shows that the granular morphologies of the oil
glands no longer had a high degree of deformation and the
vascular bundles retained their structure throughout UE.
During ME, huge deformation was observed in the plant
epidermis initially due to the higher dielectric constant of water
allowingmore absorption of microwave energy within 4.5 min.67

The absorbed irradiation (640 W) increased the localized
temperature following the expansion of the oil glands, which
contributed to the fast and easy rupture of the glandular walls.
Hence, the maximum yield of 1,8-cineole was achieved under
this condition, as conrmed by the image in Fig. 10f. According
to the above-mentioned observations, the spent leaf no longer
had a clear texture, showing distorted oil glands, and still
appreciable bundles of vascular due to the different extraction
methods, which led to the destruction of the oil components
RSC Adv., 2024, 14, 35529–35552 | 35545
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Fig. 10 SEM micrographs of the (a) spent leaf obtained after HD extraction during kinetic study (72.85%), (b) spent leaf obtained after SE during
optimization of SSR (1 : 10 w/v), (c) spent leaf obtained after SE during optimization of extraction time (9 h), (d) spent leaf obtained fromUE kinetic
studies conducted at 45 °C, (e) spent leaf obtained during RSM optimization for UE and (f) spent leaf obtained during RSM optimization for ME.
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and signicant structure transformations in the plant mate-
rial.68 The SEM images helped to visualize the microstructural
changes in the leaf texture, vascular bundles, and cell structure
aer extraction, revealing that the extraction progressed. Thus,
observing the changes in the leaf microstructure assists in the
optimization of the extraction process, which can help under-
stand the extraction efficiency.
3.7. Comparison of different extraction methods to yield 1,8-
cineole

Table 4 presents an overview of the extracted essential oil yield
achieved by different extraction methods, including HD, SE, UE,
and ME. The impact of the different extraction methods on the
35546 | RSC Adv., 2024, 14, 35529–35552
yield of 1,8-cineole was signicant. Comparing the oil yield of
the two conventional extraction methods, HD (72.85%) method
achieved a higher yield of 1,8-cineole than SE (68.07%). Nearly,
32 chemical components were identied in SE and 16 chemical
components were identied in HD. Although the essential oil
quality was monitored at SE, the HD approach is more
economically viable due to its high concentration of 1,8-cineole
extracted. In this investigation, HD produced a lower yield,
while SE with ethanol produced the maximum yield, and
similar results were reported elsewhere.41,44 Compared to the
conventional extraction method, the contemporary technolo-
gies yielded a higher quantity of essential oil.24,69 Compared to
modern strategies, a maximum yield of targeted components
was observed in ME (95.62%) than UE (74.48%). Indeed, 66
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of different optimum process parameters for various extraction methods

Parameters Hydro-distillation Soxhlet extraction
Ultrasonic-assisted
extraction

Microwave-assisted
extraction

Extraction time (min) 180 360 70 4.5
Solid to solvent ratio (g mL−1) 1 : 10 1 : 10 1 : 10 2
pH 7 7 6 7
Power (W) — — 240 640
Temperature (°C) 100 100 45 60
1,8-Cineole (%) 72.85 68.07 74.48 95.62
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chemical components were identied from UE-extracted oil,
whereas 31 were identied in the microwave extraction.
Compared with other extraction parameters of these methods,
microwave extraction yielded the components within a short
period (4.5min) compared to the 70min in the UEmethod. This
is due to its advantages of irradiation power (640 W), less water
consumption, less irradiation time, faster polarization, and
huge decomposition of oil glands in the foliage.

Modern technologies have the potential to extract better-
quality oil from biomass sources.70,71 Table 5 shows a compar-
ison of the extracted 1,8-cineole yield in the essential oil derived
from different Eucalyptus species. According to the observation,
the present study satised the research gap on the composition
of essential oil extracted from E. cinerea leaves. This is the rst
and good reference reporting experiments with SE, UE, and
solvent-free ME to extract 1,8-cineole from E. cinerea species.
Gullón et al.50 evaluated the specic energy consumption during
HD, ME, and UE, and the values were found to be 0.177, 0.013,
and 0.082 kW h per g GAE, respectively, for oil extraction from E.
globulus. ME yielded the lowest specic energy usage, which was
more than 13 times lower than other conventional extraction
methods. Therefore, the ME method was more effective and
yielded the maximum 1,8-cineole from E. cinerea leaves.
Furthermore, this process can be a viable environmentally
friendly substitute for traditional extraction techniques.
3.8. Mechanism adopted during the different extraction
processes

Different types of interaction mechanisms have been reported
for different extraction processes. The interactions between the
solvent component and target compound (1,8-cineole) are
related to the process variables including extraction time,
solvent consumption, temperature, type of solvent, SSR, and
irradiation power. The intermolecular interaction is subjected
to hydrogen bond interaction between the solvent molecule and
1,8-cineole. Additionally, given that most of the negative charge
of 1,8-cineole is concentrated around oxygen atoms, additional
atoms can readily enclose it in a cavity.82 A hydrogen bond
contact is created between the oxygen atom of 1,8-cineole and
the hydrogen atom of the hydroxyl group in the solvent
(ethanol/water). Furthermore, the polar solvent of ethanol
effectively attracts many polar compounds containing O–H
bonds such as 1,8-cineole and other bio-active compounds.

One feasible justication for the observed variations in the
chemical components is that each component has a distinct
© 2024 The Author(s). Published by the Royal Society of Chemistry
extraction process. Given that water solvent does not immedi-
ately dissolve the organic compounds in hydro-distillation, the
plant sample was submerged in water and heated to 100 °C.
Thus, the components in the oil glands desorb from the leaf
surface, and then diffuse into the aqueous phase, where the
azeotropic mixture is formed, and gradually evaporated and
condensed. In this process, the free volatile oil compounds are
easily extracted than heavier compounds with higher boiling
points.41 In contrast, ethanol solvent was used in SE in this
study. Due to the polar nature of ethanol, it can extract more
polar organic compounds and non-polar components
compared to hexane solvent. The oil component and solvent
interaction is different from that in the SE and HD methods.
There are four main processes involved in the SE process, as
follows: (1) solvent diffusion, (2) extracted substance dissolu-
tion, (3) internal diffusion of the substrate and solvent, and (4)
external diffusion of the substrate and solvent. The solvent is
rst heated to reux before dripping into the thimble and
diffusing into the matrix of vegetation. Following that, the
solvent and bio-active compound mixture diffuses back into the
bulk aqueous phase from the surface of the foliage. Once the
solution level reaches the top of the siphon arm, it backows
into the lower ask. Besides, ethanol Soxhlet extracts waxes and
chlorophyll (heavy components), which were not detected by GC
analysis.83

High-frequency sound waves or ultrasound waves travel at
frequencies greater than 20 kHz and are produced in liquids via
rarefaction and compression. Cavitation is the collapse of vapor
bubbles caused by pressure greater than the tensile strength of
a liquid. The implosion of the cavitation bubbles, which causes
high velocity interparticle collision and disruption in the
microporous particles of the leaves, is thought to be the source
of macroturbulence.84 The microjets cause foliage surface
peeling, erosion, component breakdown, and release of bioac-
tive components from the leaf matrix through impingement.
This is owing to the mass transfer mechanism of eddy and
internal diffusion. Therefore, it can be stated that the two
important elements improving the extraction with ultrasonic
power are cell rupture and efficient mass transfer. Several
reports have conrmed that the essential oil composition was
not desaturated using ultrasonic wave propagation.85,86

TheMEmethod transfers microwave energy (300 MHz to 300
GHz) to the heated solvent of ethanol–water solution for polar
organic compounds via two mechanisms, i.e., dipole rotation
and ionic conduction.87 Because of the impact of microwaves,
RSC Adv., 2024, 14, 35529–35552 | 35547
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Table 5 Comparison of extracted 1,8-cineole yield in the essential oil derived from different Eucalyptus species

Eucalyptus species Extraction method Operating conditions 1,8-Cineole yield Reference

Eucalyptus globulus Ultrasound
extraction

Sample: 10 g; pH: 5, temperature: 50 °
C, % ethanol in water: 15, ultrasound
power: 40 W and ultrasound time: 15
min

67.29% Palma et al.33

Eucalyptus globulus Steam distillation by
ultrasound pre-
treatment

Sample: 100 g; ultrasound power:
70 W, ultrasound time: 10 min;
reactor size: 3 L; temperature: 100 °C

2.22 mL/100 g at 260
min

Mei et al.72

Water distillation by
ultrasound pre-
treatment

2.21 mL/100 g at 290
min

Eucalyptus globulus Soxhlet extraction Sample: 10 g; extraction time: 4 h;
solvent ratio: 1 : 10 w/v; solvents:
methanol, chloroform and hexane

48.2% for methanol,
35.5% for chloroform
and 5.8% for hexane

Nile and
Keum73

Eucalyptus globulus Hydro-distillation — 63.8% Lúıs et al.74

Eucalyptus saligna Hydro-distillation Sample: 500 g; time: 4 h; solvent:
water

24.26% Bett et al.75

Eucalyptus
camaldulensis,
Eucalyptus crebra,
Eucalyptus tereticornis,
Eucalyptus globules,
Eucalyptus
melanophloia,
Eucalyptus microtheca

Hydro-distillation Sample: 50 g; solvent: water 16.1%, 4.9%, 15.2%,
56.5%, 3.1% and 2.0%,
respectively

Ghaffar
et al.76

Eucalyptus cinerea Hydro-distillation Time: 2 h; solvent: water 88.5% Rossi and
Palacios77

Eucalyptus maiden,
Eucalyptus astringens,
Eucalyptus cinerea,
Eucalyptus leucoxylon,
Eucalyptus lehmannii,
Eucalyptus sideroxylon,
Eucalyptus bicostata

Water distillation Sample: 100 g, time: 3 h 83.59%, 60.01%,
79.18%, 77.76%,
49.07%, 80.75%, and
81.29%, respectively

Sebei et al.78

Eucalyptus
camaldulensis

Hydro-distillation Sample: 5 g; time: 3 h 31.43% Abbas et al.63

Supercritical uid
extraction

Sample: 5 g; time: 60 min;
temperature: 45 °C; CO2 ow rate: 10
mL min−1

31.10%

Eucalyptus urophylla Steam distillation Sample: 200 g; humidity: 70–90%;
temperature: 96.5 °C, pressure: 0.92
atm; time: 4 h

18.2–45.5% Achmad
et al.79

Eucalyptus globulus Microwave-assisted
extraction

Solid–water ratio: 1 : 3 mL g; time:
60 min, irradiation power: 450 W

38.771% Tran et al.80

Eucalyptus globulus Solid-phase
microextraction

Sample: 2 g; bre: PDMS 10 mm
thickness; temperature: 60 °C; time:
20 min; sonication time 10 min

51.25% Abbasi et al.81

Eucalyptus cinerea Hydro-distillation Sample: 1 kg; time: 3 h 85.1% Mann et al.30

Supercritical uid
extraction

Sample: 1.5 kg; time: 1 h;
temperature: 60 °C; CO2 ow rate: 60
g min; pressure: 140 bar

70.4%

Eucalyptus cinerea and
Eucalyptus
camaldulensis

Hydro-distillation Sample: 100 g; time: 3 h 64.89% and 45.71% Herzi et al.31

Supercritical uid
extraction

Sample: 50 g; time: 30 min;
temperature: 40 °C; CO2 ow rate: 20
g min; pressure: 90 bar

16.10% and 1.74%

Eucalyptus oleosa Hydro-distillation Sample: 50 g; time: 90 min 15.31% Romdhane
et al.67Microwave-assisted

extraction
Sample: 50 g; time: 25 min;
irradiation power: 600 W

25.65%

Eucalyptus
camaldulensis

Steam distillation Sample: 300 g 21.79% Saleh et al.17

Hydro-distillation Sample: 300 g 17.74%
Superheated steam
distillation

Sample: one kg; temperature: 150 °C 21.43%

Hydro-distillation Sample: 15 g; time: 3 h 70.03%

35548 | RSC Adv., 2024, 14, 35529–35552 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 (Contd. )

Eucalyptus species Extraction method Operating conditions 1,8-Cineole yield Reference

Eucalyptus loxophleba
ssp. lissophloia

Zhao and
Zhang41

Soxhlet extraction Sample: 5 g; time: 8 h; solvent:
ethanol and hexane; temperature: 90
°C

29.85% for ethanol
solvent

Supercritical uid
extraction

Sample: 5 g; time: 30 min;
temperature: 20 °C; CO2 ow rate: 2
L min; ethanol range: 5–15 vol%,
pressure: 10 MPa

46.19%

Eucalyptus urograndis Microwave-assisted
extraction

Sample: 200 g; solid–liquid ratio: 1 :
3 g mL; time: 40 min; irradiation
power: 360 W; stirring speed: 400 rpm

39.30% Lainez-Cerón
et al.56

Eucalyptus cinerea Hydro-distillation Sample: 100 g; solid–solvent ratio: 1 :
10 g mL; solvent: water, time: 3 h;
temperature: 100 °C, pH: 7

72.85% Present study

Soxhlet extraction Sample: 100 g; solid–solvent ratio: 1 :
10 g mL; solvent: ethanol, time: 9 h;
temperature: 100 °C, pH: 7

69.01%

Ultrasound-assisted
extraction

Sample: 100 g; solid–solvent ratio: 1 :
10 g mL; ethanol–water ratio: 20 v%,
time: 50 h; temperature: 45 °C, pH: 6;
ultrasound power: 240 W

88.41%

Microwave-assisted
extraction

Sample: 100 g; solid–solvent ratio: 2 g
mL; time: 4.5 min; temperature: 60 °
C, pH: 7, irradiation power: 640 W

95.62%
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the moisture content in the plant matrix may evaporate inside
the cell, creating a high pressure, which causes the plant cell to
swell. This causes the cell wall to be pushed, stretched, and
eventually ruptured, releasing the bioactive substances. In
practice, the high-temperature hydrolysis of cellulose bonds
caused by microwave radiation occurs in 3–4 min, converting
the bonds into soluble portions. Exudation of the chemical
components present in the cell into the surrounding solvents
occurs during the extraction process. In addition, permeation
and solubilization contribute to the release of the oil
compounds from the plant matrix. Due to the localized heating,
the oil components in the granular matrix and vascular systems
are easily extracted and induced to ow toward the organic
solvent. This approach is well suitable for extracting essential
oil components and preventing their degradation from micro-
wave irradiation.88,89

4. Conclusion and outlook

To date, most investigations on the extraction of essential oils
from Eucalyptus leaves have been focused on different species,
with little interest paid to Eucalyptus cinerea using different
extraction methods. Thus, the present study aimed to extract
a high percentage yield of 1,8-cineole from E. cinerea leaves.

During hydro-distillation, a maximum yield of 1,8-cineole
(72.85%) was obtained for small-size leaves (2 cm) under
a minimum SSR (1 : 10 g mL−1) within a short time (4 h). The
experimental data t rst-order extraction kinetics with an R2

value of 0.9988, leading to an extraction rate constant of K =

0.0131 min−1. During SE, the yield of 1,8-cineole increased
(68.07%) up to the SSR of 1 : 10 g mL−1, and the maximum 1,8-
cineole yield was found to be 69.01% at 9 h under the evaluation
© 2024 The Author(s). Published by the Royal Society of Chemistry
of the effect of extraction time. UE was carried out using the pre-
determined optimum conditions of sonication power (240 W),
pH (6), and SSR (1 : 10 w/v) and yielded 49.56%, 59.02%, and
51.35% of 1,8-cineole, respectively. The maximum oil yield of
74.48% was achieved using RSM design and the optimal
condition of ethanol–water ratio of 20 vol%, pH of 6, and
extraction time of 70 min. Further, the kinetic analysis was
investigated at different temperatures of 27 °C, 45 °C, and 60 °C
using three empirical models of pseudo-rst-order kinetics, the
Peleg model, and the power law model. At 45 °C, the concen-
tration of eucalyptol increased when the extraction increased
time up to 50 min and the oil yield of 88.41% was achieved
during ultrasound extraction.

The single-factor pre-optimization of irradiation power, SSR,
and extraction time was performed for ME. Among the
methods, RSM optimization of the microwave extraction resul-
ted in a higher yield of 1,8-cineole (95.62%) under the optimal
conditions of SSR of 2 g mL−1, extraction time of 4.5 min and
irradiation power of 640 W. During chemical component anal-
ysis, 16, 32, 66 and 31 bioactive components were identied
with 1,8-cineole in the extracted oil, which belongs to the
oxygenated monoterpenes, sesquiterpenes and oxygenated
sesquiterpenes. The morphology investigation of the E. cinerea
leaf residues before and aer the process was illustrated and it
was identied that the spent leaf no longer had a clear texture,
solidly destructed oil glands, and still appreciable vascular
bundles aer the extraction. The different types of interaction
mechanisms were reported for each extraction method and it
was found that the intermolecular interaction is subjected to
hydrogen bond interaction between the solvent molecule and
1,8-cineole-like value-added component.
RSC Adv., 2024, 14, 35529–35552 | 35549
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Although some outcomes showed fruitfulness, others
require further investigation. Research on the novel medical
functions of E. cinerea needs attention to exploit its commercial
benets. Moreover, essential oil has a strong toxicity effect on
various kinds of microbes and insects, and hence further study
is suggested. The process of extracting 1,8-cineole from E. cin-
erea leaves is still not fully industrialized although an excessive
amount of associated biomass is wasted annually. Thus,
complete resource utilization can be accomplished by using E.
cinerea leaves and solvent-free ME to extract essential oils
effectively. This method is benecial with a signicant reduc-
tion in water, time, and energy consumption and added-value of
E. cinerea resources. However, more research is required to
assess its activity and economic features under ideal circum-
stances and make it much more suitable for low-budget
industries.
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