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action model for simultaneous
extraction of essential oil and phenolics from tulsi
leaves: implementing a blended mode microwave
hydrodiffusion and gravity (MHG) model

Souvik Mukherjee,a Monika Chandrakar,a Pragya Gupta,a Altamash Khan,a Riya Pal,a

Apoorva Dwivedi,a Kavi Bhushan Singh Chouhan,ab Sinchan Das,a Arjun Patraa

and Vivekananda Mandal *a

The work is based on implementing a blend of high, medium, and sustained low power microwave

heating for the extraction of essential oil from tulsi leaves using the principle of MHG. The blended

mode was implemented to target the simultaneous extraction of essential oil and non-volatile

principles (phenolics) from the same biomass through a two-stage process. The first stage dealt with

the extraction of essential oil using an optimized MHG protocol comprising of a blend of high- (510

W) and medium-power (340 W) microwave surges of 5 min each, followed by the completion of the

experiment with low power microwave (170 W). The yield of essential oil obtained from the

optimized MHG protocol (50 min) was found to be 5% w/w. On the other hand, MHG with single-

power microwaving at 170 W (60 min), 340 W (40 min) and 510 W (25 min) produced yields of 1.9%,

2.9% and 1.0% w/w, respectively. Hydrodistillation (240 min) could achieve a yield of 1.9% w/w only.

As per gas chromatography results, the % area of eugenol content was found to be 16.64%, slightly

higher than the 15.45% obtained from hydrodistillation. The second stage was about retention

capabilities of the biomass with reference to the non-volatile components. The total phenolic

content of the leftover biomass after the MHG blended mode protocol was found to be 6.1 mg GAE

per g of dried extract, which was more than the control (untreated) sample that retained a phenolic

content of 5.4 mg GAE per g of dried extract. However, biomass obtained after hydrodistillation

showed a severe depletion of phenolic content (1.9 mg GAE per g of dried extract). Thus, MHG

(blended mode) allows the extraction of essential oil in the first stage, followed by the extraction of

non-volatile compounds from the same biomass in the second stage, ensuring judicious and

exhaustive use of plant biomass.
Sustainability spotlight

Technology can be made sustainable only when it is aligned with the environment; otherwise, it is likely to perish over time. To be sustainable, a technology
should ideally be clean, green and eco-friendly, with reduced carbon emissions. Today, with the world increasingly concerned about carbon emissions andmany
countries are targeting zero carbon emissions, it is crucial that our innovations align with this objective. Drastic and unpredictable climate changes result from
excessive carbon load, which threatens the existence of coastal countries. The extraction of botanicals is the starting point of the herbal production line and
medicinal plant research. It is important to use biomass judiciously and ensure waste recycling to avoid excessive strain on our biodiversity. This extraction
model perfectly meets these goals, ensuring the simultaneous extraction of two different classes of bioactive components (volatile and non-volatile compounds)
from the same biomass, which otherwise would not have been possible. The task is accomplished in less time with improved yield compared to traditional
hydrodistillation. The work is aligned with SDG 7: Affordable and clean energy.
acognosy (Green Extraction of Botanicals

niversity, Bilaspur, Chhattisgarh 495009,

ati Shivaji Institute of Pharmacy, Durg,

24, 2, 1686–1696
Introduction

Nowadays, consumers prefer using natural resources for
promoting health and facilitating healing, which has signi-
cantly resulted in increased usage of natural products or plant-
based products, with special emphasis on nutraceuticals, anti-
oxidants and essential oils. This inclination is an outcome of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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growing trust resulting in reliance on various natural products.
As interesting natural substitutes for synthetic chemicals,
essential oils are becoming increasingly popular in the food,
beverage, cosmetics, aromatherapy, and pharmaceutical
industries.1–4 Multiple studies have demonstrated that essential
oils possess a diverse range of biological activities, such as
antioxidant, antibacterial, antiviral, antiaging, anti-
inammatory, anticancer, and anti-tyrosinase effects.1,4 No
herbal drug industry is devoid of an extraction line. But when it
comes to extraction, manufacturers prefer to traditional
methods even if there is lack of automation, low yield and
increased operational time. As far as the extraction of essential
oils is concerned, hydrodistillation and steam distillation are
two globally respected traditional methods. However, in this era
of articial intelligence and digital awakening, working with
methods that do not support automation and involve long
operational time along with excessive carbon load and thermal
threat is considered inefficient.5 To overcome these limitations,
a novel technique called solvent-free microwave-based extrac-
tion (SFME) has been implemented widely and has gained the
research interest of researchers globally. This methodology is
regarded as a cutting-edge and very promising method for
extracting essential oils. At atmospheric pressure conditions,
SFMAE utilizes the synergistic effects of microwave heating and
distillation without the need for water or organic solvents.6 This
method has signicant benets, including enhanced heating
efficiency, rapid energy transfer, time efficiency, and cost-
effectiveness, and is regarded as an environmentally sustain-
able green approach for extracting essential oils from plants.7

There are basically two variants available for SFME. In the rst
variant, a traditional distillation setup is used in which fresh
plant material is loaded without adding any solvent.8 The
natural moisture content of the plant material acts as a medium
for the absorption of microwaves and thus generates heat inside
the biomass. In the other method, which is popularly known as
microwave hydrodiffusion and gravity (MHG), fresh biomass is
kept inside an extraction vessel that is placed in an inverted
position. When subjected to microwaves, heat is generated
inside the biomass due to the absorption of microwaves and the
contents (oil and water vapours) move downward. A vivid
illustrative description of these methods is given by the authors
in their previously published research articles.9 With a focus on
sustainability, this work specically aims to address the above-
mentioned issues by implementing a unique heating strategy
involving the MHGmodel for the extraction of essential oil from
tulsi leaves (Ocimum gratissimum). Notably, according to the
prominent Indian business journal Economic Times, the
worldwide market for tulsi oil was US$ 724.4 million in 2023.10

Experts forecast the market to reach a value of US$ 1107.4
million by 2030. Therefore, the signicant involvement of
commerce and trade in this product demands innovative
interventions and the development of a robust green method
for the extraction of essential oil. The main objective of this
study is to strategize MHG through a blended mode microwave
heating approach so that both essential oil and phenolic
compounds are extracted from the same biomass simulta-
neously. Furthermore, the Paris Convention on Climate
© 2024 The Author(s). Published by the Royal Society of Chemistry
Change, which has adopted strategies addressing carbon
emissions, may be sustained only when environment-friendly
technologies are developed, encouraged and adopted. The
work also aligns with the resolutions passed at the United
Nations Paris Convention on Climate Change and the Sustain-
able Development Goals proposed by the UN.

Materials and methods
Plant material

Fresh fully grown leaves of Ocimum gratissimum were collected
locally and used for extraction. Leaves were identied by
a taxonomist from the host university, and a voucher specimen
number of BOT/GGV/2022/48 was assigned. The leaves were
washed with distilled water to get rid of any surface dirt and
subjected to extraction aer physically draining excess water.
Based on the loss-on-drying method, the moisture content in
the fresh sample was found to be 78.0%.

Chemicals

The Folin reagent used for the determination of total phenolic
content and methanol (analytical grade) were purchased from
Central Drug House Private Limited, Mumbai. 2,2-Diphenylpi-
crylhydrazyl (DPPH) was purchased from Sigma Chemicals (St.
Louis, MO, USA). High-Performance Thin Layer Chromatography
(HPTLC) plates fromMerckwere used for chromatographic studies.

Apparatus

A commercial microwave extractor (CATA R-invert) manufac-
tured by catalyst systems was used to execute the MHG protocol.
The extractor was equipped with a magnetron operating at
a frequency of 2450 MHz and 850 W nominal (maximum)
power. The extraction chamber comprised a 1 L glass extraction
vessel placed in an inverted position and connected to
a condenser operated below the extraction chamber. The
condenser was fed with cold water from a recirculating chiller
operated at a temperature of 10 °C. The condenser, in turn, led
to a orentine ask in which the essential oil and water were
collected and eventually separated. As the oil oozed out of the
ruptured oil glands, gravity pulled it through the condenser,
and it was collected in a container attached to the bottom.

An HPTLC system from Camag (Switzerland) equipped with
a Linomat 5 injector and thin layer chromatography (TLC) scanner
3 (WinCATS version 1.4.4) was used for analytical quantication.

Extraction protocols
MHG protocol for the implementation of blended mode
microwave heating

Fresh tulsi leaves were washed as stated above, weighed accu-
rately to 180 g and loaded into the extraction vessel without the
addition of any solvent. The MHG strategy was carried out in
a blended mode; a mix of high-, medium- and low power
microwaving was carried out in three controlled microwave
ring phases. In the rst phase, a high power microwave surge
of 510 W was applied for 5 min followed by a 2 min cooling
Sustainable Food Technol., 2024, 2, 1686–1696 | 1687
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Fig. 1 Schematic of the MHG extraction model.
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period. The second phase consisted of microwave ring at
340 Wmicrowave power for 5 min followed by 2 min of cooling.
In the third phase, low power microwave ring at 170 W was
continued till the completion of the extraction in short cycles of
5 min each with intermittent cooling periods of 2 min each. The
biomass was not changed during the stages of blended mode
operation. The rationale behind the blended mode operation is
to facilitate the quick and immediate rupture of oil glands due
to the development of sudden thermal stress under controlled
high-and medium-power microwaving, followed by smooth
extraction at 170 W microwave power. The extraction was
considered complete when no visible drops of oil were
observed. The oil was collected over a 15% brine solution kept
in a orentine ask prior to the beginning of the extraction
process to facilitate quick separation of the oil and water layers
and provide a so landing to the condensing oil droplets in the
orentine ask. The collected oil was allowed to stand overnight
and then dried over anhydrous sodium sulphate (Fig. 1). The oil
was also kept in the refrigerator at 0 °C overnight to ensure that
the oil was totally moisture-free. The extraction yield was
calculated as per the following equation.

Extraction yield ð%Þ ¼ weight of oil ðgÞ
weight of the fresh raw material ðgÞ
� 100

(1)

In order to check the efficiency of the blended mode strategy,
MHG was also carried out in total (using short cycles of 5 min
1688 | Sustainable Food Technol., 2024, 2, 1686–1696
each) using pulses of 510 W, 340 W and 170 W separately using
fresh sample loading for each power level.

Conventional hydrodistillation (HD)

Hydrodistillation from 180 g of fresh leaves was carried out for
4 h using a classical Clevenger apparatus as the collection
device. The condenser of the Clevenger apparatus was con-
nected to a recirculating chiller operated at 10 °C. The oil
collected at the end of the extraction process was allowed to
stand overnight, then dehydrated by passing through anhy-
drous sodium sulphate, and stored at 4 °C in amber-coloured
bottles.6

Post-MHG biomass treatment

The biomass obtained aer MHG and steam distillation was
dried (2–3 days) and then subjected to maceration for the
extraction of non-volatile principles with special reference to
phenolics and avonoids. A control was also prepared using
dried untreated leaves (180 g) for comparison. Maceration was
performed for 24 h with occasional stirring for the rst 6 hours
using 150 mL methanol as the solvent. At the end of the
maceration step, the extract thus obtained was partitioned
thrice with petroleum ether (60–80 °C grade) to remove any
colouring or waxy material, which could serve as potential
interfering substances during the analysis. The petroleum ether
layer was discarded, and the semi-puried methanol layer was
dried and weighed.

Gas chromatography-ame ionization detection (GC-FID)
analysis

The GC-FID analysis was carried out using a Shimadzu Nexis
GC-2030 gas chromatograph equipped with a DB-5ms column
(30.0 m × 0.25 mm ID, lm thickness 0.25 mm) and an FID
detector operated at 300 °C. Helium (99.99%) was used as the
carrier gas at a ow rate of 1.0 mL min−1. The analyses were
performed by injecting 1.0 mL of the sample at a split ratio of
20 : 1. The oven temperature was programmed as follows: 40 °C
for 3 min, 4 °C min−1 up to 220 °C and then 240 °C for 5 min.9,11

Thermogravimetric analysis (TGA)

Using the PerkinElmer TGA 4000 instrument, the thermogra-
vimetric analysis of tulsi oil obtained from MHG and HD was
performed in a nitrogen environment by heating from 30 °C to
600 °C at a rate of 5 °C min−1. The general data were used to
measure weight loss.12

Dot blot analysis (TLC bioautography) of the oil sample

Through TLC bioautography, the antioxidant potential of the
extracted essential oil was tested on a real-time basis on the
HPTLC plates. Silica-precoated HPTLC plates measuring 10 cm
× 5 cm were utilized for this experiment. Tulsi oils (undiluted)
obtained from HD and MHG were spotted on the precoated
HPTLC plates using a capillary tube. The plates were developed
using toluene–ethyl acetate–formic acid (14 : 10 : 1 v/v) as the
mobile phase. The developed plate was then dipped in a purple
© 2024 The Author(s). Published by the Royal Society of Chemistry
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DPPH solution (0.1 mM). While the entire plate was stained
purple, yellow spots were visualized in some areas where the
purple colour was bleached by the antioxidant compounds.
Thus, the appearance of yellow spots directly indicated the
presence of antioxidant compounds in those areas, and the
intensity of the yellow colour is directly proportional to the
concentration of the antioxidant compounds.9,13

Field-emission scanning electron microscopy (SEM)

The SEM images of the following dried and powdered tulsi leaf
samples were obtained: (a) control sample: dried untreated tulsi
leaves, (b) MHG: leover biomass aer MHG, and (c) HD: le-
over biomass aer HD.

Every specimen was analyzed by a JEOL JSM-7610F (Tokyo,
Japan) scanning electron microscope under a high-vacuum
condition at an accelerating voltage of 5.0 kV using
a Schottky-type eld-emission (T-FE) electron gun.14

Total phenolic content (TPC) determination

The total phenolic content in the extract obtained from the post-
MHG biomass was determined by using the Folin–Ciocalteu
reagent method, as described by the authors in their previous
publications.9 TPC was expressed as gallic acid equivalent
(GAE) mg per g of dried extract. For gallic acid, the calibration
curve (y = 0.036x − 0.012, r2 = 0.995) was established by
preparing standard solutions of gallic acid (10, 20, 40, 60 and 80
mg mL−1 in methanol).

HPTLC analysis

The tulsi extracts obtained from the leover biomass aer
SFME and HD were subjected to HPTLC for the identication
and quantication of phenolic principles (biomarkers), namely
gallic acid, chlorogenic acid, quercetin, and p-coumaric acid, as
per the method described by the authors in their previous
publications.9,14 The Rf values of the peaks extracted from the
samples were compared to those of external standards
(biomarkers). Methanolic solutions of the tulsi extracts at
a concentration of 10 mg mL−1 were applied onto precoated
silica gel 60 F254 aluminium plates (10 cm × 10 cm), posi-
tioned 10 mm from the bottom and 15 mm from the side of the
plate, with an 8 mm bandwidth, using a Camag Linomat 5
automated TLC applicator under a nitrogen ow providing
a delivery speed of 150 nL s−1 from the syringe. The mobile
phase used was toluene–ethyl acetate–formic acid (14 : 10 : 1),
and the plate was developed till 8 cm at room temperature (25±
2 °C). Quantication was carried out by measuring absorbance
at 254 nm, with a slit width of 6 × 0.45 mm at a data resolution
of 100 mm per step and a scanning speed of 10 mm s−1 using
a computerized TLC scanner-3. The results were recorded and
analyzed using WinCATS soware version 1.4.4.

Antioxidant activity assay

The antioxidant activity of the extract was measured using the
DPPH (2,2-diphenylpicrylhydrazyl) method. A 0.1 mM solution
of DPPH and the sample solution (100 mg mL−1) were mixed at
© 2024 The Author(s). Published by the Royal Society of Chemistry
a xed concentration. The mixture was incubated for 30 min at
room temperature in the dark. The absorbance was recorded at
517 nm. The % scavenging activity was calculated as mentioned
in the below equation.9

Scavenging activity ð%Þ ¼ Ablank � Asample

Ablank

� 100 (2)

where A = absorbance.

Total protein and carbohydrate content determination

Leaf samples (1 g of marc aer oil extraction) from each treat-
ment (MHG & HD) were homogenized in 2 mL of 50 mM Tris
HCL buffer at pH 7.2. To this, 0.1 mM ethylenediamine-tetra
acetic acid (EDTA) was added along with 1% poly-
vinylpyrrolidone at 4 °C. For protein estimation, the crude
supernatant was centrifuged at 10 000 rpm for 15 min. Protein
concentration was determined by the Bradford method. The
absorbance at 595 nm was measured using a spectrophotom-
eter. Bovine serum albumin was used for the calibration curve.
According to eqn (3), the protein concentration was calculated
as

Protein concentration ¼
absorbance� dilution factor

slope� volume of dilution protein used for assay
� 100 (3)

The estimation of carbohydrates was done using the
anthrone reagent as per the method described by Chouhan
et al., 2019 with glucose as the external standard.6 In a test tube,
500 mL of the sample solution, 500 mL of distilled water, and
4 mL of anthrone reagent were pipetted out; then, the solution
was mixed on a vortex mixer for 2–3 min. The standards were
prepared in the same manner as the test samples. Their
absorbance at 620 nm was measured using a UV spectropho-
tometer. The carbohydrate content was calculated using eqn (4).

Responsive factor ¼ absorbance of standard

concentration of standard

Amount of analyte ¼ absorbance of sample

responsive factor
(4)

Statistical analysis

All experiments were carried out in triplicate, and the means
were compared using the Student's t-test and Duncan multiple
range test. P values < 0.05 are considered signicant. All
statistical analyzes were performed using the free online
statistical soware Graph Pad Prism version 7.0.

Results and discussion
Impact of blended mode MHG on the extraction yield and
extraction time

The results (in terms of % yield) indicated in Fig. 2 clearly
demonstrate that the maximum yield was obtained under
Sustainable Food Technol., 2024, 2, 1686–1696 | 1689
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Fig. 3 Number of extraction cycles required for tulsi oil extraction by
different methods (1 cycle = 5 min).

Table 1 Comparison of all the volatile principles detected along with
their % AUC in the oils extracted at all MHG operating conditions and
HD

Compound
identied

% area

HD
MHG
(blended mode) 170 W 340 W 510 W

a-Pinene — 25.2 — — —
b-Myrcene 24.2 33.0 32.5 17.2 —
Sabinene — 21.4 21.8 — —
Limonene — 25.3 25.4 — —
Eugenol 15.5 18.6 — 16.6 —
Geraniol 21.2 24.4 — 19.9 —

Fig. 2 Impact of different microwave power levels on the yield of tulsi
oil. Data marked by different alphabets are significantly different at p <
0.05. The results are expressed as mean ± SD (n = 3).
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blended mode MHG operation using a strategic mix of high-,
medium- and low power microwaves compared to xed-power
microwave treatment and HD. The yield obtained with HD
was found to be 10 times less than that obtained using the
blended mode MHG protocol. As far as single-power micro-
waving was concerned, all tested microwave powers proved less
effective than the blended mode microwaving strategy, with the
170 W microwave power (lowest power level used) producing
less than half the yield obtained using the blended mode. The
yield obtained at the highest microwave power level (510 W) was
found to be the minimum for all microwave-based protocols.
The above ndings indicate that operation at a low power level
may not be enough to recover the essential oil in totality, which
is evident from the low yield of the essential oil obtained using
the 170 W xed microwave power.15 Low microwave power may
not be able to generate sufficient heat to cause the rupture of oil
glands and the subsequent release of oil. Moreover, less steam
(due to the evaporation of in situmoisture content) is formed at
low microwave power, resulting in insufficient force to drive the
diffusion of the essential oil from the inside of the matrix to the
outside environment.12 All these issues lead to low yields.
Notably, the situation did improve in terms of yield while 340 W
microwave power was used but it did not prove to be the optimal
operating condition.

Operation at a xed highmicrowave power (510W) generates
intense heat due to localized thermal stress. The intense heat
generated within the plant matrix causes the decomposition
and combustion of the essential oil.14,15 A burning smell could
be felt and the burning of biomass also occurred at high
microwave powers. It must be noted that burning of biomass
will render it unsuitable for any further use and hence is not
a desirable situation with regard to the objective of this research
work.

Blended mode microwave operation presents a perfect
combination of high, medium, and lowmicrowave power levels.
The initial high power creates a sudden rise in temperature,
leading to localized thermal stress, which is sufficient to impact
the oil glands and release the essential oil. The medium
microwave power 340 W facilitates the diffusion of the oil from
the inner matrix along with sufficient steam generation to drive
the oil towards the condenser. The subsequent low power
1690 | Sustainable Food Technol., 2024, 2, 1686–1696
microwave prevents any further degradation of the oil and
facilitates the extraction process to its completion state. On the
other hand, if continuous high power is applied, degradation
and combustion of the oil are certain, which is evident from the
reduced yield at 510 W microwave power.16,17

As for extraction time, Fig. 3 clearly indicates that operation
at a low microwave power would require more time for extrac-
tion than at a high microwave power level. It can be clearly
observed that when the microwave power was increased to
340 W, the operation time was reduced by 18%. A further
increase in microwave power to 510 W reduced the operation
time by more than 35%. In this case, operation time was
considered as the time period till visible collection of oil/water
drops occurs. Extraction was deemed complete when no more
visible drops were seen. At this juncture, the operation time was
considered as the viable extraction time (visible appearance of
oil/water drops), and no conclusion was obtained at this stage
regarding the quality of the oil obtained. Any questions/
concerns regarding the quality of oil were dealt with in the
subsequent experiments.
Determination of oil quality

Increased yield and reduced operation time alone do not dictate
the success of blended mode MHG heating. Only the quality of
the oil can provide conclusive evidence. In order to adjudge the
quality of the extracted essential oil, the identication of volatile
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TGA curves of the tulsi oils obtained by the blendedmodeMHG
and HD methods.

Fig. 5 Comparison of the antioxidant activity of tulsi oils obtained by
blended mode MHG and HD through dot blot analysis.

Paper Sustainable Food Technology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
si

er
pn

ia
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

4.
03

.2
02

6 
17

:2
7:

57
. 

 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
biomarkers, thermal analysis and antioxidant activity check
were used as the basic parameters, and the ndings are
explained below.

Identication of volatile markers. Table 1 provides a consol-
idated report of all the volatile principles detected along with
their % area under the curve (AUC) at all the operating condi-
tions of MHG (blended mode and single-power mode) and HD.
The above ndings are in perfect agreement with the other
ndings reported in the earlier sections, which state that 170 W
microwave power is not sufficient to extract the essential oil in
totality. This is majorly because sufficient thermal stress is not
developed within the biomass to leach out the volatile princi-
ples. It was also observed that the major constituent eugenol,
which determines the overall quality of the oil, was not extrac-
ted at 170 W microwave power. This is a clear indication that
sufficient heat was not developed at 170 W to ideally cause the
vaporization of the essential oil and subsequently drive it
towards the external surface with the vapours of the in situ
moisture of the plant biomass.18 The oil extracted at 340 W
microwave power showed the presence of (1) 17.2% b-myrcene,
(2) 16.64% eugenol, and (3) 19.91% geraniol. b-Myrcene was
found to decrease by 48% compared to the yield obtained at
170 W microwave power. No traces of sabinene and limonene
were found in the extract obtained at 340 W microwave power,
indicating its complete combustion and degradation. The rst
appearance of eugenol and geraniol was observed when oper-
ated at 340 W microwave power. Both the volatile principles are
oxygenated in nature and require higher microwave intensity
for extraction. Moreover, the quality of tulsi oil depends mainly
on the eugenol content, and in this regard, it can be opined that
the oil obtained at 170 W microwave power is not commercially
acceptable due to the absence of eugenol content. The literature
also indicates that oxygenated compounds interact better with
microwave power and as a result, are heated up faster at higher
microwave power.19,20 Therefore, 170 W microwave power may
not be sufficient to sensitize the oxygenated compounds and
can be the reason for the absence of eugenol and geraniol in the
essential oil obtained using the xed 170 W microwave power.

Furthermore, no peak of any volatile principles was identi-
ed at 510 Wmicrowave power. This clearly indicates that when
extracted at a high microwave power, such as 510 W, the
essential oil can undergo combustion and degradation.21

Oxygenated compounds are highly interactive with microwaves
and hence undergo tremendous heating at high microwave
powers due to their polar nature.22 Operation at higher micro-
wave powers also produced a burned odour due to the charring
of the biomass. The oil obtained by HD showed the presence of
the following volatile principles: 24.21% b-myrcene, 15.45%
eugenol, and 21.16% geraniol%. The content of the major
constituent eugenol was found to be signicantly high in the
essential oil obtained by the blended mode of microwave
operation, which clearly indicates the superiority of this
extraction method in terms of the quality of the oil obtained
compared with the oil obtained by HD.

Thermogravimetric analysis (TGA). TGA analysis is an
important quality control tool. The results are indicated in
Fig. 4, which is in perfect agreement with the ndings reported
© 2024 The Author(s). Published by the Royal Society of Chemistry
in earlier sections. The mass loss of the oil collected using the
blended mode of MHG was compared with that of the oil ob-
tained using HD. Complete mass loss took place at the ash
point of eugenol, which is between 102–108 °C. Interestingly, it
was observed that the mass loss was signicantly lesser at the
ash point for the oil obtained by MHG. This fact indicates the
better thermal stability of the oil obtained by blended mode
MHG.23

Dot blot analysis. Dot blot is a variant of TLC bioautography,
in which the antioxidant activity of the separated compounds
can be directly detected on the TLC plate.

The oil obtained by the blended mode MHGmethod showed
the presence of oxygenated terpenes, such as eugenol and
geraniol, which are likely to contribute to its biological activity.
It is a well-established fact that oxygenated compounds are
Sustainable Food Technol., 2024, 2, 1686–1696 | 1691
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predominantly responsible for the avour/fragrance and bio-
logical activity of any essential oil. The dot blot analysis (Fig. 5)
revealed yellow antioxidant zones on the TLC plate for the oil
sample obtained by MHG (blended mode). Meanwhile, the oil
obtained by HD showed only faint yellow zones on the TLC
plate. When dipped in a 0.4 mMDPPH solution, the entire plate
turned purple, and the spots with antioxidant activity were
bleached and appeared yellow, reecting positive antioxidant
activity. The intensity of the yellow colour was directly propor-
tional to the antioxidant activity of the compound.24,25 In this
experiment, the antioxidant activity was considered to indicate
its biological activity, assuming that, if the oil can retain its
biological activity, then it is likely to retain its other activity as
well. These ndings clearly indicate that the oil extracted by the
MHG (blended mode) method is not only rich in terms of
volatile principles but also possesses improved biological
activity (evaluated in terms of antioxidant potential) compared
with the oil obtained by HD.
Elucidating the mechanism of action through SEM analysis

Fig. 6 shows the physical structural changes in the oil glands of
tulsi leaves aer microwave extraction and HD. The images
clearly demonstrate total rupture of the oil glands during SFME,
allowing gravity to drain the oil from the ruptured glands.
During HD, the oil glands were squeezed, wrinkled, and
reduced in size but no conclusive evidence of rupture was
visible compared with the intensity of the massive bursting of
oil glands observed during the microwave treatment. As a result
of the internal heating of the in situ water, pressure builds up in
the oil glands, causing a massive bursting. The in situ water
absorbs the microwaves and heats up tremendously, and the
vapours formed increase the pressure on the inside, and when
this pressure exceeds the expanding ability of the oil glands,
massive ruptures are caused. As a result of volumetric heating of
the internal organic molecules present in the glands and
vascular systems, thermal stress is also produced.26,27 However,
Fig. 6 Ultrastructural changes inside the biomass during MHG and HD

1692 | Sustainable Food Technol., 2024, 2, 1686–1696
the rupture of oil glands was not observed in the case of HD
since it operates on the principle of heat transfer governed by
the convection and conduction theories. Several researchers
have reported similar disruptions of oil glands due to intense
microwave heating.28 During MHG, heat and mass transfers
(transfer of oil) take place from the inside of the oil gland to the
outer surface of the matrix, while in HD, both transfers occur in
the opposite direction. As heat andmass transfer are synergistic
in MHG, the acceleration is magnied. The two phenomena
antagonize each other and slow down the extraction process
during HD.22
Determination of biomass integrity

The quality of the biomass obtained aer oil extraction was
assessed to ascertain its reusability factor. MHG is a gentle and
exhaustive process of oil extraction, hence the biomass ob-
tained aer oil extraction is likely to retain its non-volatile
principles and can be further used for the extraction of
phenolics and avonoids. In order to determine the quality of
the biomass, the following parameters were evaluated, and the
ndings are presented below.

TPC of the biomass. The control sample was untreated dried
biomass, which was not subjected to any extraction process. The
TPC of the control sample was compared with the results of the
biomass obtained aer MHG (blended mode) and HD. The TPC
of the biomass obtained aer HD was signicantly compro-
mised compared with the control sample. Continuous exposure
to steam during the HD process is likely to degrade the
phenolics and avonoids. Moreover, the biomass obtained aer
HD turned blackish, appeared sluggish and was no more in
a good physical condition to undergo further extraction.
Henceforth, HD can be considered a destructive process in
which the biomass can only be used once for the extraction of
oil.

The biomass obtained aer MHG (blended mode), on the
other hand, showed remarkable results in terms of TPC. The
in comparison with the control.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 TPC present in the leftover biomass after optimal blended
mode MHG and HD in comparison with the control (untreated). Data
marked by different alphabets are significantly different at p < 0.05. The
results are expressed as mean ± SD (n = 3).
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TPC of the biomass was 13% more than that of the control
(Fig. 7). The biomass exposed to microwave during oil extrac-
tion undergoes cellular disruption, as evident from the SEM
studies. Such cellular disruption serves as a direct exit route for
the phenolics and avonoids present inside, thus allowing oil
extraction with an improved quantity of phenolics and avo-
noids compared with the control. During the process of MHG,
the biomass does not lose its morphological integrity, and only
the volatile principles are extracted in the process. Since no
solvent is used in the process of extraction, the phenolic and
avonoid principles and other solid phytoconstituents do not
undergo any leaching and remain safe in the biomass. These
ndings strongly indicate that MHG is a targeted extraction
process for essential oil and does not compromise the non-
volatile principles present in the biomass. Even aer the
extraction of essential oils, the biomass can be made available
for the extraction of other non-volatile principles, such as
phenolics and avonoids. The ndings of this work are similar
to a study on the simultaneous extraction of volatile and non-
volatile antioxidants from rosemary using MHG.29 This extrac-
tion strategy ensures the simultaneous extraction of different
classes of compounds, leading to judicious utilization of
biomass.
Table 2 HPTLC profiles of the leftover biomass

S. no. Sample name

1 Biomass leover aer MHG (blended mode)

2 Control sample (untreated)

3 Biomass leover aer HD

© 2024 The Author(s). Published by the Royal Society of Chemistry
HPTLC analysis. The high-performance thin layer chroma-
tography ndings were found to be in sync with the results of
TPC. The ndings of HPTLC are presented in Table 2. The
biomass obtained aer oil extraction by blended mode MHG
showed ve peaks with a cumulative AUC of 5284.88, which was
46% more than that of the control biomass. The control
biomass was an untreated sample that was not subjected to any
oil extraction procedure. The control sample exhibited 4 peaks
with a cumulative AUC of 3618.7. The biomass obtained aer
HD exhibited 4 peaks with a cumulative area of 923.5, which
was 74% less than that of the control sample (Fig. 8). Notably,
the AUC is directly proportional to the concentration of bioac-
tive present in the extract. The high-performance thin layer
chromatography data provided conclusive evidence regarding
the availability of biomass for the extraction of phenolics and
avonoid principles aer the extraction of essential oil using
MHG. The content of in the biomass subjected to HD was
heavily compromised, which was evident from the very low AUC
value obtained in the HPTLC studies. Continuous boiling with
water causes leaching of the non-volatile principles into the
aqueous medium, and hence, the biomass becomes devoid of
phenolic principles during the HD process. Continuous boiling
in water also results in the degradation of most of the phenolic
principles. On the other hand, MHG is a gentle process to pull
out the essential oil without compromising the integrity of the
biomass. The higher AUC of the post-MHG biomass than the
control validates the above claim, that is, disruption of the
cellular structure during microwave heating further facilitates
the extraction of phenolic principles by offering a direct exit
route from the interior of thematrix to the external bulk solvent.

Antioxidant activity of the extract. The antioxidant activity of
the methanolic extract obtained frommarc (leover leaves aer
oil extraction) at a xed concentration of 100 mg mL−1 was
determined using the DPPH model and compared with the
methanolic extract obtained from untreated leaves (control
samples). No signicant difference in % scavenging activity was
observed between the extract obtained from marc aer MHG
(blended mode) and the control sample at the same concen-
tration (Fig. 9). For the extract obtained from marc aer oil
extraction by HD method, however, a drastic fall of scavenging
Identied phenolics AUC Cumulative area

Chlorogenic acid 21 998.9 5284.9
p-Coumaric acid 2071.1

110.7
460.0

1783.7
Chlorogenic acid 7954.0 3618.7
p-Coumaric acid 255.1

2801.7
3464.0

Chlorogenic acid 555.8 923.5
p-Coumaric acid 1872.7

1133.3
132.2
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Fig. 8 HPTLC chromatograms of the control, post-MHG and post-HD biomasses.

Fig. 9 Antioxidant activity of the methanolic extract of leftover
biomass after optimal blendedmode MHG and HD in comparison with
the control (untreated). Data marked by different alphabets are
significantly different at p < 0.05. The results are expressed as mean ±

SD (n = 3).

Fig. 10 Protein content in the methanolic extract of leftover biomass
after optimal blended mode MHG and HD in comparison with the
control (untreated). Data marked by different alphabets are significantly
different at p < 0.05. The results are expressed as mean ± SD (n = 3).
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activity by 88.7% was observed with respect to the control
sample. Meanwhile, even aer MHG, the biomass remained
safe and productive enough to yield non-volatile principles
1694 | Sustainable Food Technol., 2024, 2, 1686–1696
when reused and re-extracted. As HD is a long-term heating
method, the non-volatile polar bioactive principles suffer severe
heat stress accompanied by their leaching out into the water
used for the extraction.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Carbohydrate content in the methanolic extract of leftover
biomass after optimal blendedmode MHG and HD in comparison with
the control (untreated). Data marked by different alphabets are
significantly different at p < 0.05. The results are expressed as mean ±

SD (n = 3).

Table 3 Performance comparison of MHG and HDa

Performance parameters

Extraction methods

MHG
(blended mode) HD

Performance comparison
Extraction time (min) 50.0 240.0
Number of extraction cycle 10.0 NA
Yield of oil (wt%) 5.0 � 0.2a 0.5 � 0.2b

Antioxidant zone intensity 546.1a 353.1b

Prole of leover biomass
TPC of biomass
(mg GAE per gm of dried extract)

6.1 � 0.2a 1.9 � 0.2b

% scavenging activity 86.8 � 2.6a 10.0 � 1.7b

Carbohydrate content (% w/w) 8.3 � 0.3a 2.2 � 0.2b

Protein content
(mg gm−1 of fresh weight)

27.4 � 1.1a 13.0 � 0.7b

SEM Ruptured Squeeze

a Datamarked by different alphabets row-wise are signicantly different
at p < 0.05.
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Protein and carbohydrate estimation. The results of total
protein content also indicated that apart from the biological
potential and phenolics/avonoid content, the integrity of the
additional nutritional components was also preserved in the
biomass from which oil was extracted by MHG. There was no
signicant difference in protein content between the control
and post-MHG biomass (Fig. 10). However, this was not true for
the biomass subjected to HD, which showed a 49.4% drop in
protein content compared with the control sample. The carbo-
hydrate content also showed a similar trend. The carbohydrate
content in the extract obtained from the HD marc had dropped
drastically by 64.8% compared with the control (Fig. 11).

Conclusion

A strategically designed blended mode MHG protocol for two-
stage extraction is proposed for the simultaneous extraction
© 2024 The Author(s). Published by the Royal Society of Chemistry
of volatile and non-volatile components from the same
biomass. In the rst stage, the essential oil (volatile component)
was extracted using a strategically craed blend of high (510 W)
microwave power for 5 min, followed by medium (340 W)
microwave power for 5 min and nally a prolonged low power
(170 W) microwave treatment in cycles of 5 min each till the
completion of extraction until no visible appearance of oil
drops. In the second stage, the same biomass was dried and
used for the extraction of phenolic principles (non-volatile
components), and the results were comparable to that of the
control sample (untreated sample which did not undergo any
extraction process). On the other hand, the biomass subjected
to HD reected a massive depletion of phenolic principles,
which may have degraded during the HD process or leached out
into the boiling water. Therefore, the blended mode MHG
protocol clearly reects the extraction possibility of two widely
varying classes of bioactive principles from the same biomass.
This method ensures judicious use of biomass and can reduce
unnecessary load on the biodiversity of a particular region. A
comparative table depicting the performance of MHG (blended
mode) and HD is presented in Table 3. In light of growing
awareness towards environmental issues, it is very important to
understand that every technological innovation must have
a green edge so that it can be sustainable in the long run.
Anything that does not align with the environment is likely to
perish with time.30 In this regard, the MHG variant of SFME
stands out as a promising technique for essential oil extraction
from aromatic plants and has all the traits to replace traditional
distillation. However, it should be borne in mind that the
composition of essential oil varies from plant to plant, and
hence, the optimized MHG condition for one plant may not be
applicable for another plant and there is no universal operating
condition for MHG. Henceforth, it is of prime importance that
optimal conditions for every essential-oil-bearing plant.
Currently, the technology is in its infancy and may take a few
years to mature based on growing research evidence. Solvent-
free extraction is no more a jargon in the eld of essential oil
extraction and is likely to gain prominence in the coming years.
The market of essential oil is equally promising due to its wide
scope of applicability. Therefore, such technological interven-
tions as MHG canmake us future-ready in a greener way to meet
the increasing demand for essential oils.
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