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Abstract

Sequential ultrasound-microwave assisted extraction (UMAE) technique was performed to investigate the effect of solvent
type (n-hexane, methanol and petroleum ether), size [cut flower (1.75+0.26 cm) and whole flower (Tepal dimensions: length:
5.73+0.27 and breadth: 4.17+0.23 cm)], and soaking durations (0, 30, and 60 min) on the extraction yield of concrete
from tuberose flowers. The optimized conditions were n-hexane, cut samples, and 30-min soaking duration, with an extrac-
tion yield of 95.04%. The tuberose concrete extracted by all three extraction methods with n-hexane as a solvent contained
aroma compounds such as 1,8-cineole, methyl benzoate, indole, a-terpineol, trans-methyl isoeugenol, trans-farnesol, and
benzyl benzoate. The attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) spectra of concretes
extracted by different extraction methods with n-hexane solvent were notably similar in terms of apparent composition.
Principal component analysis (PCA) and sparse partial least-squares discriminant analysis (SPLS-DA) could differentiate
and separate the volatile organic compounds for the classification; however, SPLS-DA performed better than PCA.

Keywords FTIR - PCA - sPLS-DA - Tuberose flowers - Ultrasound and microwave-assisted extraction - Volatile organic
compounds

1 Introduction
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metic, and pharmaceutical industries, and their demand is
expected to grow at a compound annual growth rate (CAGR)
of 7.5% from 2020 to 2027 [1]. Essential oil is constituted of
a complex mixture of terpenes, oxygenated terpenes, sesquit-
erpenes, oxygenated sesquiterpenes, and related compounds
[2]. These are conventionally obtained from the leaves, bark,
fruits, stem, peel, buds, flowers, roots, rhizomes, and seeds
of plants [3, 4]. The tuberose (Polianthes tuberosa L.) is a
tuberous perennial plant with a waxy, luminous white flower
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i{?)l;gegihog;m&lgi;f IARIL, New Delhi), Nabibagh, Berasia a sweet, fragrant, and honey-like odour that is mood-elevat-
’ ’ ing, which is why they have been utilised in perfumery as
a source of concretes and fragrance compounds for a long
time [5]. Besides, the extracts from tuberose florets contain
Agro Produce Processing Division, ICAR-Central Institute bioactive compounds, which show anti-inflammatory, anti-
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. . the purified form of concrete. Concretes are extracted from
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containing solvents is evaporated, leaving behind concretes,
a wax-like substance used in cosmetics. Terpenes and ses-
quiterpenes, as well as fatty acids and their methyl esters,
paraffin, and other high molecular weight compounds, are
found in an essential oil [7].

Traditionally, extraction methods like hydro distillation,
steam distillation, solvent extraction, maceration, percola-
tion, enfleurage extraction, etc. were used to extract con-
crete or essential oil from natural materials. The traditional
extraction techniques, such as maceration, percolation, sol-
vent extraction, and enfleurage extraction, typically involve
organic solvents and require a large amount of solvents
as well as longer extraction duration. Moreover, there are
a number of issues with extraction techniques like steam
distillation and hydro distillation when it comes to extract-
ing and maintaining the composition of natural fragrances
because the high temperatures used in these methods cause
water-sensitive compounds to hydrolyse and thermo labile
compounds to degrade [8]. These shortcomings have led
to the use of modern techniques for concrete extraction to
shorten the extraction duration, reduce the organic solvent
consumption, improve the extraction yield, and enhance
the extract quality. Modern techniques include microwave-
assisted extraction (MAE), ultrasound-assisted extraction
(UAE), and supercritical fluid extraction (SCFE) methods
[9-13]. The supercritical fluids extraction technique has a
number of advantages, but it is substantially more expensive
to set up and operate than a conventional extraction method
and consumes significantly more energy [8]. Using ultra-
sonic waves and microwave radiation to extract bioactive
compounds has long been shown to speed up the extrac-
tion process and improve concrete extraction from flowers
like Roses [14] and Jasmine [15]. The use of sonochemistry
in natural product extraction has grown in popularity due
to various benefits, including reduced extraction duration,
energy savings, and higher yield. The chemical and food
industries are well aware that microwave energy, with a
frequency of 2.45 GHz, significantly influences the rate of
various processes. Because of the reduced processing time,
simpler manipulation and ease of scaling up-up, and higher
purity of the final product, microwave dielectric heating has
received much attention in analytical chemistry. Microwave-
assisted extraction (MAE) technology is also considered
eco-friendly [16].

There is very little information available regarding the
methods used to maximise the efficiency of concrete extrac-
tion from tuberose flowers using different solvents. There-
fore, the authors of this article hypothesised that sequential
ultrasound and microwave irradiation would contribute to
maximising the concrete yield. In addition, sequential ultra-
sound and microwave irradiation methods can be used to
speed up the extraction process and release the target phy-
tochemicals from the matrix in a relatively shorter time [17,
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18]. Considering the merits of ultrasound and microwave,
this study has aimed at assessing the effect of solvent type,
size, and soaking duration on the yield and chemical com-
position of volatile organic compounds (VOCs) of concrete
extracted by a sequential UMAE from tuberose flowers
and also to standardise parameters for an effective UMAE
approach for tuberose flowers. The UMAE process was also
compared with conventional and organic extraction methods.
This research aims to increase the effectiveness of concrete
extraction from tuberose flowers. The results of this study
may encourage and promote the use of UMAE technique for
the extraction of tuberose flower concrete for the production
of essential oil, which has substantial use in the fragrance
industry.

2 Materials and methods
2.1 Materials, chemicals, and reagents

Bulbs of P. tuberosa cultivar Phule Rajani were collected
from ICAR-Directorate of Floricultural Research, Pune,
Maharashtra, India, and were planted at the experimental
area of Precision Farming Development Centre (PFDC),
ICAR-Central Institute of Agricultural Engineering (ICAR-
CIAE), Bhopal, India during June 2019. During the experi-
ment, fresh half-opened tuberose flowers were collected
in the morning hours (8.00-9.00 am) since it is reported
that the concentration of VOCs is maximum in half-opened
tuberose flowers [19]. The harvested flowers were immedi-
ately packaged in airtight plastic bags and kept in a refrigera-
tor (at 4 °C) until the start of the individual experiment. All
solvents and chemicals (analytical and HPLC grade) used
during the experiments were procured from M/s. Himedia
Laboratories, LLC, India, and Sigma-Aldrich, Germany.

2.2 Experimental plan

Process protocol for sequential ultrasound-microwave-
assisted concrete extraction from tuberose flowers was devel-
oped through a series of experiments. Various independent
variables and their levels were selected based on rigorous
preliminary trials. Since most aroma compounds found in
tuberose flowers have non-polar terpenoids, benzonoids, and
fatty acid derivatives and few polar compounds like phe-
nylpropanoids [20], both non-polar solvents like n-hexane
and petroleum ether and polar solvents like methanol were
chosen for this investigation. Three independent parameters
i.e. [1] solvent types (n-hexane, methanol and petroleum
ether), [2] material size [cut flower (1.75+0.26 cm), and
whole flower (Tepal dimensions: length: 5.73 +0.27 and
breadth: 4.17 +0.23 cm)], and [3] soaking durations (0, 30,
and 60 min) were selected for investigating the sequential
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ultrasound-microwave-assisted extraction of tuberose con-
crete. Ultrasound power (400 W), microwave power (480
W), solvent: material ratio (6:1), ultrasound treatment time
(10 min), and microwave treatment time (3 min) were taken
as the constant parameters, which were optimised in our
earlier works (data not shown). In order to avoid splashes
caused by quick heating, the microwave and ultrasound
power levels were set to 480 W and 400 W, respectively,
which are considered in the middle range of power [21]. The
effect of this treatment on the concrete yield and the volatile
profile was studied.

2.2.1 Sequential ultrasound-microwave-assisted
extraction

A microprocessor-assisted ultrasonic probe sonicator (Lab-
man Scientific Instruments Pvt. Ltd, India, Model-Pro-650)
was used for the experiment. A microwave oven (Model-
GMX 20GA3 M.K.Z., Godrej India Pvt. Ltd., India) was
modified as per its suitability to accommodate oil extrac-
tion assembly [22]. The microwave oven has a multimode
magnetron of 2.45 GHz with a maximum power delivery
of 800 W. In the extraction assembly, the glass extraction
flask (500 mL) was coupled with an overhead condenser.
The microwave output was 480 W (60% of Maximum output
power). When microwave treatment is given to the sample
and solvent mixture, the solvent and volatile organic com-
pounds (VOCs) start to evaporate from the extraction vessel
when its temperature reaches its boiling point. Therefore,
there is a need to convert that vapours into liquid form. To
convert that vapour into liquid, a condenser is directly con-
nected to the extraction vessel but kept outside the micro-
wave. The condensers use a helical circulation cooling
mechanism to cool the vapours that the solvents emit and
transform them back into liquid form. The condenser holds
water, which is pumped into and out of it through the cylin-
der’s side arms. The water cools and condenses the vapour
inside the tube. The condensed solvent and VOCs return
back to the extraction/reaction flask through connecting
pipe. As a result, the condensed solvents can be recovered,
and there will be a maximum recovery of volatile organic
compounds.

Flowers were soaked in n-hexane, methanol, and petro-
leum ether solvents (1:6) for different time intervals as per
the experimental design. The solvent containing the flow-
ers was then subjected to sonication in pulse mode (pulse
ratio: 4 s ON and 4 s OFF) for 10 min with an output power
of 400 W. This ultrasound pre-treated sample was imme-
diately transferred into a modified MAE assembly, where
the sample was exposed to microwave radiation with 480W
output power for 3 min. After 3 min of microwave radia-
tion (480 W) exposure, the sample was taken out, appro-
priately shaken, and kept at room temperature for 20 min

in a sealed condition to reach a steady state for the leaching
of the fragrance compounds. Further, the tuberose flowers
were removed from the solvent-material mixture and filtered
with Whatman No. 1 filter paper. The solvent-material mix-
ture obtained as filtrate was evaporated in a rotary vacuum
evaporator to obtain the concrete. The solvent recovered
from the concrete was recycled. The concrete was stored in
an airtight amber-coloured bottle at a temperature of 4 °C
until further analysis. All the extraction procedures were
performed in triplicates.

2.2.2 Organic solvent extraction

In the organic solvent extraction process, an infusion was
made using the 30 g of tuberose flowers and the 180 mL
n-hexane solvent and kept at room temperature for 24 h
without any pre-treatment. After 24 h, the solvent contain-
ing concrete was separated by filtration from the infusion.
Finally, the concrete and solvents were separated by a rotary
vacuum evaporator [19]. In the organic solvent extraction
process, we did not give any heat treatment to the infusion
of flowers and organic solvent (n-hexane). It is mainly leach-
ing-based extraction. The extraction of concrete from the
tuberose was conducted in triplicates.

2.2.3 Soxhlet extraction

The theoretical maximum concrete present in the tuberose
flowers used for the experiments was determined using the
soxhlet extraction method [23]. About 30 g of fresh tuberose
flowers were extracted in 200 mL of n-hexane (at 63-65 °C)
for 10 h in a soxhlet apparatus. The weight of crude essential
oil, i.e. concrete, after separation of solvent, was estimated
and expressed as the overall recoverable concrete yield [24].
Experiments were carried out in triplicate.

2.2.4 Conventional solvent extraction

Batch extractions were performed in a cylindrical reactor of
600 mL volume equipped with a mechanical agitator. The
concrete was extracted by soaking 30 g of tuberose flowers
in 180 mL of n-hexane at 50 °C for 30 min without any pre-
treatments [19, 22]. The concrete from the sample matrix
was distilled using a rotary evaporator, as explained earlier.
In the case of conventional solvent extraction, we gave the
heat treatment. The conventional solvent extraction (CSE)
extractions were performed in a cylindrical reactor equipped
with a mechanical agitator and a water bath for temperature
regulation. The conventional solvent extraction method has
been used extensively in the industry as an alternative to
solvent extraction to increase the convective bulk flow of
solute into the solvent, lower the mass transfer barrier, and
increase the extraction efficiency and reduce the processing
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time. Therefore, the extraction experiment was conducted
using both organic solvent extraction (non-thermal extrac-
tion) and conventional solvent extraction method (thermal
extraction) to compare with our methods [25-27]. Extraction
was performed in triplicates.

The amount of extracted concrete was determined gravi-
metrically after collection, and then the extraction yield was
expressed as the per cent ratio of the mass of extracted con-
crete to the mass of total concrete present in the given mass
of tuberose flowers, i.e. overall concrete yield, using Eq.
(1), as follows.
mass of extracted concrete(g)

x 100
ey

Extraction yield (%) =

overall concrete yield(g)

2.3 Volatile profile of tuberose concrete
through GC-MS analysis

The volatile profile of each concrete was carried out using
a GC-MS (Shimadzu, GC 2010 Plus, GCMS-0OP2020).
The system is equipped with a DB-5 column (30 m
(Length) X 0.25 mm (Internal Diameter), 0.25 pm (film
thickness). The operating conditions were a carrier gas
flow rate of 1.1 mL helium/min in splitless injection mode,
injector temperature of 250 °C, and detector temperature of
280 °C. The stepwise temperature profile of the oven was
60 °C for 5 min, rising to 250 °C at the rate of 4 °C/min,
holding isothermally for 10 min. The ionisation voltage was
set at 70 eV in the 45-456 a.m.u. range with a scanning
speed of 0.4 s. Ion source and interface temperatures were
200 and 250 °C, respectively. The compounds were identi-
fied by comparing the mass spectrum of the components to
that of the mass spectral library from NIST 05 (National
Institute of Standards and Technology, Gaithersburg, USA)
and Wiley 8.0 (Wiley, New York, NY, USA). The com-
pounds were quantified through their relative area percent-
ages derived from the spectral data. Two replications were
performed for each treatment.

2.4 ATR-FTIR-Spectroscopy analysis

The FTIR spectra were acquired using an IR Affinity-1S
Fourier Transform Infrared (FTIR) Spectrophotometer (Shi-
madzu Corporation Pvt Ltd., Kyoto, Japan) interfaced with
an Attenuated Total Reflectance (ATR) sampling accessory.
In the absorbance mode, Spectra were measured from 4000
to 400 cm™! by the accumulation of 64 scans at a spectral
resolution of 4 cm™!. A reference (background spectrum of
air) was scanned under the same instrumental conditions
before each sample measurement. Spectra were processed
with Lab Solutions IR control software (Shimadzu Corpo-
ration Pvt Ltd., Kyoto, Japan). The concrete sample (1 mL)

@ Springer

was placed on the surface of the ATR crystal, and the sam-
ple spectrum was collected. The analysis was conducted in
triplicates for each sample.

2.5 Multivariate data analysis

Statistical analysis, such as Duncan’s multiple range tests
of concrete yield data, was carried out using SAS software
(SAS 9.3, USA) at a significance level of 0.05. The analy-
sis of variance (ANOVA) of concrete yield data obtained
from the individual experimental condition was carried out
to interpret the significance of the effect of selected oper-
ating variables on response. Principal component analysis
(PCA) was used to dimensionally reduce and categorise the
GC-MS data obtained under various experimental settings.
PCA qualitatively expressed and interpreted the similarity
and differences among the compounds through their spatial
distance among themselves. Similarly, the sparse partial
least-squares discriminant analysis (sPLS-DA) has been
employed for the same data for classifying the groups based
on discriminant features of fragrance compounds. It is a
supervised chemometrics technique used for distinct sepa-
ration and classification between different groups among the
two major components. The data analysis was carried out
using the MetaboAnalyst software (Open access software
package). The entire data set was normalised at the first stage
of the data analysis, and it was then plotted against the sPLS-
DA score plot of the first two principal components, which
were chosen based on their eigenvalues and scree plots.

Further, the hierarchical cluster analysis (HCA) was
employed to illustrate the similarity among the fragrance
compounds and possible discrimination among the sample
groups i.e. n-hexane, methanol, and petroleum ether. This
hierarchical cluster analysis was performed using Ward’s
method. The clustering process considers every storage
condition as an independent cluster and then selects and
combines these clusters among themselves. The cluster heat
map of the different VOCs against the different conditions
was drawn using TBtool software (version v1.075) with
two-way hierarchical cluster dendograms. These heat maps
revealed the row and column hierarchical cluster structure of
the data matrix [28]. The cluster heat map of the fragrance
data matrix visualised the dominant fragrance compounds
obtained using n-hexane, methanol, and petroleum ether as
solvents for extraction.

3 Results and Discussions

The effect of different processing parameters on the sequen-
tial ultrasound-microwave-assisted extraction of tuberose
concrete quality was investigated, and the results are delin-
eated as follows.
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3.1 The effect of extraction parameters on yield
3.1.1 The effect of solvent types on extraction yield

Selecting a suitable solvent for extracting the analytes of
interest from the sample is the most crucial first step in
developing any extraction process. The extraction yield
(%) was estimated by using Eq. (1) which is mentioned in
Sect. 2.2.4. The maximum yield of concrete (95.41%) was
obtained with methanol (Table 1). The extraction yield of
concrete obtained from n-hexane and methanol was signifi-
cantly (P <0.05) different than that obtained with petro-
leum ether as a solvent for both the cut and whole flow-
ers and soaking durations (0, 30, 60 min). The extraction
yields of n-hexane and methanol are not significantly dif-
ferent (P <0.05). Table 1 presents the extraction yield of
three solvents for various sizes and soaking durations. The
maximum yield of concrete was non-significantly (P <0.05)
different from the conventional solvent extraction (30 min)
(control). In the microwave extraction process, the polarity
of the solvent plays a significant role. In general, microwave
energy absorption increases with the molecule’s dielectric
constant, dissipating power within the solvent and plant
material, resulting in more efficient molecular movement
and heating. When extracting thermolabile analytes and con-
crete from high-water-content vegetable matrices, the sam-
ple can be extracted using a microwave-transparent solvent
viz. n-hexane. Methanol is a good microwave absorber but
not a suitable extraction solvent for concrete; on the other
hand, n-hexane is a suitable extraction solvent but not a good
microwave absorber. This is because most volatile organic
compounds, such as terpenes, are non-polar in nature and
insoluble in polar solvents but soluble in non-polar solvents
like n-hexane [29]. Besides, n-hexane has properties such
as easy recovery, non-polarity, low latent heat of vaporisa-
tion (330 kJ/kg), and excellent solvent selectivity [30]. As a
result, combining the n-hexane solvent with another solvent
with a higher microwave absorption capacity (like water)
is a requirement. As fresh tuberose flowers contain 91.2%

moisture, this water might have helped in absorbing more
amount of microwave power, which in turn aided in extrac-
tion yield when combined with n-hexane. This hypothesis is
supported by [31], who also suggested that a small amount
of water (e.g. 10%), when incorporated in non-polar solvents
such as hexane, xylene, or toluene, improved the heating rate
and hence extraction yield of solanesol from tobacco leaves.
A group of researchers observed that the mixture of solvent
and water increased the extraction yields during MAE [32].

3.1.2 The effect of size on extraction yield

The maximum yield of concrete obtained in the case of the
cut samples (smaller size) was 95.41%, while the minimum
yield was obtained from the whole flower samples (81.12%)
(Table 1). A significant increase in the yield was observed
for the cut material with an average size of 1.75+0.26 cm
compared to the whole flowers with an average dimension
of the length of 5.73 +0.27 and; breadth of 4.17 +0.23 cm.
This increased extraction yield could be attributed to the
increased extraction rate and contact surface area between
the solvent and material in the cut samples [33]. Besides,
smaller-sized particles improved the deeper penetration of
the microwaves into the product and aided the spontaneous
leaching of concrete into the solvent [34]. In ultrasound-
assisted extraction, a smaller size means a shorter mass
transfer distance and a larger surface area [31]. In cut mate-
rials, due to damage to the original cell wall structure, leach-
ing of the cellular material would occur, culminating in a
higher yield of the bioactive fragrance compounds.

3.1.3 The effect of soaking duration on extraction yield

The extraction yield increased significantly with the soak-
ing duration ranging from 0 to 30 min; however, no signifi-
cant change in the extraction yield was observed on further
increasing the soaking duration from 30 to 60 min (Table 1).
This may have happened because mass transfer equilibrium
was attained during the initial 30 min of soaking when the

Table 1 The effect of independent variables on the concrete essential oil yield (%) extracted from tuberose florets

Parameters Concrete essential oil yield, %

Material size Cut florets Whole florets

Soaking duration, 0 30 60 0 30 60

(min)

Solvent type

n-Hexane 91.12+0.11% 95.34+0.12° 95.38+0.11° 84.14 +0.09* 86.23 +0.10° 86.26+0.06°
Petroleum ether 88.65+0.10° 91.93+0.09¢ 91.98+0.10° 81.12+0.12° 83.66+0.41° 84.05+0.20°
Methanol 91.50+0.14% 95.41+0.13° 95.46+0.08" 84.44 +0.09* 86.31+0.10" 86.39+0.06"

(i) All values are mean of three replicates + SD, (ii) Means + SD followed by same superscript letter in the same row and column are not signifi-

cantly different at the 0.05 probability level
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gradient was zero. Once the equilibrium was reached, no fur-
ther mass transfer could be observed. A soaking duration of
30 min resulted in the highest extraction yield, i.e. 95.41%,
with methanol as a solvent for cut samples. Therefore,
30 min was chosen as the optimal soaking duration. The
increased extraction efficiency of the concrete after soaking
for 30 min in the solvent might be due to increased solvent
diffusion into the cellular structure, allowing for enhanced
concrete solubilisation. During soaking, the solvent diffuses
into the floret cell, resulting in a higher moisture concentra-
tion in the floret cell. This additional moisture helps absorb
the maximum amount of microwave energy as water is a
polar solvent with higher dielectric properties than any other
solvents, which in turn improves the dielectric constant of
the materials during soaking, inevitably increasing its ability
to absorb sufficient microwave energy during the extraction
process and improving the solubilisation of the fragrance
compounds in the solvent. A similar result was also observed
when MAE was used to extract the polyphenols and caffeine
from green tea leaves [35]. Researchers reported that adding
moisture to the ultrasound-assisted extraction (UAE) process
improves the recovery of natural products [36]. This may be
clarified by the fact that the ultrasound extraction method
could allow oil transfer from the flowers into the solvent at
higher moisture levels due to wave propagation in the liquid
medium and subsequent cellular disintegration. Therefore,
when flowers were soaked in the solvent after the ultrasound
treatment, the solvent penetrated readily into the flowers’ tis-
sues due to their improved permeability and mass diffusivity.
The increased soaking duration softened the flower tissues
and improved diffusion, allowing the concrete to be leached
into the solvent.

3.2 Volatile profiling of tuberose concrete
under different extraction methods

The concrete compositions from tuberose were determined
by comparing the relative retention duration and the mass
spectra of concrete components with standards and mass
spectra from the data library. A list of identified compounds
in different extraction methods is presented in Tables 2 and
3. All three methods succeeded in extracting the fragrance
compounds from tuberose flowers. Monoterpene, sesquit-
erpene, and other oxygenated compounds were among
the volatile organic compounds found in all the extracted
samples of tuberose concrete (Fig. 1). Different extraction
methods showed differences in the chemical composition
of the concrete obtained. From Tables 2 and 3, it was clear
that the total number of 32, 30, and 33 VOCs compounds
were identified by GC-MS analysis in extracts of tuber-
ose flowers obtained by sequential UMAE with solvent
n-hexane, methanol, and petroleum ether, respectively. The
type and percentage of volatile organic compounds varied
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in sequential UMAE with the type of solvents. Comparing
the proportions of the different compound categories, the
sample obtained by sequential UMAE with n-hexane as a
solvent (CHO) contained the highest percentage of monoter-
penes (18.3%) and phenylpropanoids (7.07%) compounds
than the extract obtained by sequential UMAE with metha-
nol and petroleum ether as solvents (Fig. 1C). The lowest
amounts of monoterpenes (1.23%) and phenylpropanoids
(1.1%) were extracted from cut (CH30) and whole flower
(UCHO) samples, respectively, in the methanol extracted
concrete sample (Tables 2 and 3; Fig. 1A). The reason
behind this is that terpenes are relatively less polar com-
pounds and can be effectively extracted with a non-polar
solvent like n-hexane than the polar solvent like methanol
[37]. However, plants often produce less polar terpenes, and
many monoterpenes and sesquiterpenes have the potential
to be volatile as they have an extremely low boiling point
[37]. The n-hexane extracted concrete sample from the cut
samples (CH30) had the highest percentage of sesquiter-
penes compounds (12.21%), whereas the petroleum ether
extracted concrete sample from the cut samples (CHO) had
the lowest percentage (2.77%) of sesquiterpenes compounds
(Fig. 1C). While using methanol as solvent, the quantity of
benzoid derivatives compounds detected was the maximum
(39.24%) in the whole samples and the minimum (23.64%)
in the cut (CHO) flowers (Fig. 1A). This happens as each
class of metabolites has a degree of polarity so; we need the
same strength of solvent to extract it. Methanol also has the
benefit of having a low boiling point, which makes it easier
to extract both volatile and non-volatile compounds. Metha-
nol is the most effective polar solvent for the extraction, giv-
ing the highest content of benzoid derivatives compounds.
It is necessary to mention that there have been no reports
on GC-MS analysis of the concrete extracted by MAE or
UMAE. Compounds such as 1,8-cineole, methyl benzoate,
methyl salicylate, a-terpineol, indole, methyl anthranilate,
acetyl eugenol, trans-iso-eugenol alpha-farnesene, cis-beta-
farnesene, benzyl benzoate, benzyl salicylate, geranyl ben-
zoate, and 7-decen-5-olide were isolated and identified by
three extraction methods, namely sequential UMAE with
n-hexane as a solvent, organic solvent extraction (leaching
based), and conventional solvent extraction. All these com-
pounds were also identified and reported earlier [5, 6, 19].
The monoterpenes, sesquiterpenes, and benzenoids com-
pounds, viz. benzyl alcohol, methyl benzoate, methyl salicy-
late, 2-hydroxy-1,8-cineole, 3p-hydroxy-1,8-cineole, indole,
farnesane, methyl anthranilate, eugenol acetate, eso-euge-
nol, diethyl ehthalate, farnesol, cis-beta-farnesene, alpha-
farnesene, benzyl benzoate, and benzyl salicylate, were iso-
lated and identified through sequential UMAE method with
methanol as solvent. These compounds were also reported in
tuberose extract [5, 19, 20]. The compounds, namely methyl
linolenate, 7-decen-5-olide, methyl linoleate, hexacosanal,
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Biomass Conversion and Biorefinery

Table 2 (continued)

&

Control***

CSE**

OSE*

% Area
n-Hexane

Solvent type

Parameters

Sr. no

Springer

Whole florets

Cut florets

Material size

60

30

60

30

Soaking duration (min)

RI

Compounds

13.64
10.98
26.74
6.32

13.71
11.23

26.3

13.83
11.2
27.43
6.15

13.89
11.76
29.48
4.27

12.45
11.84
29.47
4.39

13.59
11.02
27.47
1.00

15.23 16.16

12.21
26.63

18.3

Monoterpens

10.99
26.87

09.9

Sesquiterpenes

27.3

Benzenoids

6.15

6.55 6.37

7.07

Phenylpropanoids

19.84
21.99

99.51

19.26
20.45

17.82
23.65
98.86

16.29
23.70

99.39

18.34
22.32

22.32

16.45
22.79

15.53
23.37
99.52

14.46
22.6

Fatty acid derivatives

23.53

Other Compounds

97.58

98.93 98.81

99.63

99.63

Total

(i) All oil constituents were identified by (a) mass spectral database match, (a) RI—Kovats Retention indices based on NIST on non- polar HPSMSTM or DBS5 capillary column. (ii) All values

are mean of two replicates + SD. (iii) OSE*—organic solvent extraction method, CSE**—conventional solvent extraction method, control ***—Soxhlet extraction method

linolenic acid, octacosanol, and hydroquinone, were present
in more significant amounts in methanol solvent extract, and
these compounds were also identified and reported in tuber-
ose flower extracts [38].

Xylene, 1, 8-cineole, methyl benzoate, alpha-terpineol,
indole, methyl anthranilate, iso-eugenol, farnesol, cis-beta-
farnesene alpha-farnesene, benzyl benzoate, and benzyl
salicylate were isolated and identified by sequential UMAE
with petroleum ether as solvent.

Among all these compounds, methyl benzoate, primarily
responsible for the distinctive fragrance of tuberose, was
identified. According to Tables 2 and 3, the percentage area
of these monoterpenes, sesquiterpenes compounds extracted
by methanol, and petroleum ether was less than n-hexane
solvent extract (Fig. 1). An essential aspect of this fact is
that the maximum amount of volatile organic compounds
which are mainly responsible to typical tuberose fragrance
was soluble in n-hexane compared to the methanol solvent.
According to this study’s findings, n-hexane was inferred
as a better solvent than methanol in terms of the fragrance
quality of the extracted concrete.

3.3 FTIR Analysis of tuberose concrete

In this study, the FTIR analysis of tuberose concrete was car-
ried out to know the effect of different extraction methods on
the quality (functional group changes) of extracted tuberose
concrete while keeping solvent as a constant parameter. The
organic solvent extraction process is a non-thermal process,
while both conventional and UMAE methods employ ther-
mal treatment. Since some of the VOCs are thermo sensitive,
the study aimed to find out if there would be any change
in the quality of the concrete if different extraction proce-
dures were followed. Our hypothesis is confirmed through
the FTIR analysis. The ATR-FTIR spectrum of the concrete
extracted by different methods in Fig. 2 shows the absorp-
tion bands at different wavelengths reflecting their functional
groups. The spectrum properties of all the concrete samples
extracted by various methods were almost identical. The IR
spectra displayed a complete overlap of each component’s
absorption spectrum. Infrared absorption peaks occur in
1800-490 cm™! spectra of all samples, as shown in Fig. 2,
implying that all samples nearly contain molecules of the
same functional groups.

In most cases, prominent spectral bands were
observed at 723, 763, 1379, 1452, and 1471 cm™".
The C-C-C ring vibrations of volatile compounds are
responsible for the band with a peak at 2983 cm~! [39].
The band at 2839 cm™! was assigned to the methyl-
ene C—H symmetric stretching vibrations [40]. The
presence of volatile and aroma compounds was indi-
cated by bending and stretching vibrations of C-O and
C =0 groups of aldehydes, acids, and alcohols in the
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Fig. 1 Percentage area of different group of compounds for A methanol, B petroleum ether, and C n-hexane, OSE, CSE, & Soxhlet extraction
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Fig.2 FTIR Spectra of concrete essential oil of tuberose flower
extracted by a conventional solvent extraction (CSE), b organic sol-
vent extraction (OSE), ¢ Soxhlet extraction, d n-hexane sequential
UMAE (optimized condition)

absorption spectra of 1000 to 1500 cm™!. The peaks
around 1452 and 1471 cm™! represented the aromatic
ring C =C skeleton vibrations of aromatic substances
[41]. The strong band at 1379 cm™! was assigned to the
C-H asymmetric plus symmetric bending vibrations
[42]. A variation in the case of UMAE-extracted con-
crete was noticed near the band regions of 804, 1037,
and 1106 cm™'. The other functional group of com-
pounds may be produced due to the synergistic effect
of ultrasonic and microwave energy, which allows the
tuberose flowers to be fully exposed and subjected
to oxidation, hydrolysis, and maybe some other reac-
tions. The FTIR bands identified at 804 and 1037 cm™!
in UMAE tuberose extract could be related to C-H
stretching vibrations and hydroxyl group vibrations,
respectively [43, 44]. A significant peak at 1106 cm™!
indicates the C-O stretching vibration of terpenoid
components [40]. The band regions of 804, 1037, and
1106 cm~! were absent in the concrete extracted by
other than UMAE extraction method. The C-H vibra-
tion absorption of benzene rings is attributed to the
peak at 763 cm~!, and the vibration absorption of
alkenes is represented by the peak at 723 cm™'. All
significant bands observed in the primary components

@ Springer
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were found in the tuberose concrete, enabling the main
components of the tuberose concrete to be identified
using FTIR.

Sharp absorption peaks were observed for all sam-
ples of tuberose concrete extracted by different meth-
ods (Fig. 2). In their IR spectra, all four tuberose con-
crete samples showed approximately the same common
peaks. Therefore, their spectral patterns were nearly
comparable, as seen in Fig. 2. The favourable impact
of microwave and ultrasonic intensity on the quality
of extracted concrete was seen in the case of UMAE
tuberose extract because it contains more VOCs com-
pounds having hydroxyl and methylene groups, which
have antimicrobial properties. This explains the VOCs
profile obtained through GC-MS analysis of the tuber-
ose concrete, as discussed in the previous section.
Therefore, based on the previous analysis, it is pos-
sible to infer that there is no adverse effect of micro-
wave and ultrasound intensity on the fragrance quality
of extracted concrete. Table 2 also showed no difference
in the overall compounds and their % area coverage
based on data obtained from GC-MS analysis of four
tuberose concrete samples extracted by n-hexane sol-
vent. Therefore, it can be deduced from the GC-MS and
FTIR analyses that all four tuberose concrete samples
extracted by four different extraction procedures using
n-hexane as a solvent had approximately similar fra-
grance quality and constituents.

3.4 Chemometric analysis
3.4.1 Cluster heat map

PCA was used to get a sense of how well GC-MS data may
be used to differentiate concrete components. HCA sepa-
rates a collection of objects into clusters or groups, with
objects in one cluster being more similar to those in other
clusters. By emphasising their similarity, HCA can divide
the number of tested samples into several groups based on
the chemical composition of concretes. The results of the
cluster analysis revealed that the concrete of tuberose has
high variability. HCA was used to distinguish three distinct
groups of concrete from the eighteen extraction samples that
were submitted to multivariate analysis. Based on the data,
three sub clusters can be observed.

3.4.2 PCA and sPLS-DA of GC-MS data

The PCA of the fragrance compounds present in the concrete
obtained from ultrasound-microwave-assisted extraction
was carried out using three different solvents like n-hex-
ane, methanol, and petroleum ether. Accordingly, the clas-
sification of normalised GC—-MS data has been performed
under three distinct classes and is represented in Fig. 3A.
In the PCA score plot, the first two components of the plot
of fragrance compounds obtained from the selected con-
crete sample (Fig. 3A) accounted for 94.7% variance, with

Scores Plot
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Fig.3 Chemometric analysis of GC-MS spectra of tuberose concrete A PCA, B s-PSLDA
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PC1 explaining a maximum of 90.8% and PC2 explaining
3.9% variance. The system could distinguish between the
concrete based on the fragrance compounds obtained using
three different solvents used for extraction. Slight overlap-
ping of methanol was observed with the clusters of n-hexane
and petroleum ether compounds.

On the other hand, there was a distinct separation among
the clusters of compounds of n-hexane and petroleum ether.
Therefore, smaller clusters of n-hexane and methanol over
petroleum ether may be due to fewer compounds participat-
ing in the cluster formation. At the same time, clear separa-
tion of fragrance compounds was obtained under selected
chopping conditions and soaking duration in the cluster of
petroleum ether, while it was not so evident in the clusters
of n-hexane and methanol.

The cluster formed for the separation of concrete obtained
using three selected solvents (i.e. n-hexane, methanol, and
petroleum ether) during PCA showed a slight overlap among
the groups. Hence, the solvent groups’ better distinct sepa-
ration and classification based on the discriminant feature
approach were carried out using sparse partial least-squares
discriminant analysis (sPLS-DA) of the same fragrance

compound data. Figure 3 B represented the sPLS-DA score
plot of the concrete samples obtained using three selected
solvents which displayed about 46.9% variance. Here, the
discriminant component 1 and 2 accounted for 32.9% and
14.0% of the variance, respectively. The score plot also rep-
resented a clear and distinct separation among the concrete
samples obtained through n-hexane, methanol, and petro-
leum ether as solvents in three separate clusters. In addition,
a distinct separation among the other extraction conditions
for sample preparation, like cut and whole flowers and soak-
ing duration, was also observed in each of the clusters.

3.4.3 Cluster analysis and heat map of volatile organic
compounds

Ward’s method was used to perform a cluster analysis and heat
map of the aroma compounds of the concrete with a hierarchi-
cal cluster. The cluster analysis dendograms with Mahalno-
bis distance are given in Fig. 4. The colour of each rectangle
in the heat map (Fig. 4) represented the concentration of the
matching fragrance/concrete compounds. Prior to perform-
ing concentration-based colour scaling, the actual concrete

Fig.4 Clustered heat map

of VOCs present in concrete
essential oil of tuberose flower
extracted in different extraction
treatments
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Table 4 Comparative analysis
of different extraction methods

Extraction methods

Extraction duration (min)  Concrete yield (%)

for cut florets

Organic solvent extraction (leaching based) 1440* 94.32+0.34*
Conventional solvent extraction 30° 93.47+0.18*
Hybrid ultrasound-microwave-assisted extraction (at 12°¢ 95.04+ 0.12

optimized condition)

(1) Values followed by the same superscript letter in the same column are not significantly different
(P<0.05). (ii) All values are mean of three replicates +SD

compounds data acquired from GC-MS were normalised. The
maximum concentration of the compound was indicated by
dark brown colour on the colour scale, which gradually altered
with changes in concentration until it reached its lowest value,
which was represented by a dark blue colour. As a result,
Fig. 4 depicted a clustered heat map of the VOCs of concrete
obtained under various extraction conditions of UMAE. In the
case of the n-hexane cut samples (CHO, CH30, and CH60),
trans-iso-eugenol, methyl benzoate, terpineol, indole, methyl
anthranilate, benzyl benzoate, and eucalyptol were the most
dominant VOCs obtained for varied soaking durations. The
dominance of these VOCs was found to be changed and shifted
to the different compounds for whole tuberose flowers with
varied soaking durations. The VOC:s like decane-5-ehyle-5,
dodecane, acetyl eugenol, alpha-bourbonene, farnesene, and
tetracosane were dominant for n-hexane extracted whole sam-
ples (UCHO, UCH30, and UCH60). Because of the non-polar
characteristics and ease of recovery of n-hexane, it has been
used as an effective extraction solvent.

On the other hand, the VOCs obtained from the other two
solvent extracts were not the same as the VOCs obtained
from the n-hexane solvent extract. The most dominant VOCs
obtained from the whole flowers for different soaking dura-
tions in the methanol (UCMO0, UCM30, and UCM60) were
methyl linolenate, methyl stearate, octadecanoic acid, hexa-
decane, benzyl alcohol, hydroquinone, and n-octadecane;
whereas, using methanol as solvent from the cut samples,
dominating VOCs obtained were indole, octacosanal, hydro-
fernesol, methyl linoleate and hydroquinone.

Similarly, in the petroleum ether extracted concrete from
the cut samples (CPEO, CPE30, and CPE60) for various
soaking periods, dominant compounds were 1, 8 cineole,
eicosane, octacosane, o-xylene, and p-xylene, while diethyl
phthalate, o-xylene, benzene 1-ethyl-2, methyl anthranilate,
1, 8 cineole, and-xylene were found in petroleum ether
extracted whole samples (UCPEO, UCPE30, and UCPE60)
for different soaking durations.

3.5 Comparison of UMAE and conventional
extraction methods

A comparative analysis of the extraction of concrete from
tuberose flowers by using conventional solvent extraction,

@ Springer

organic solvent extraction (leaching-based), and sequential
UMAE is shown in Table 4. A 24-h solvent extraction exper-
iment was conducted in accordance with the previous studies
[19]. The processing time for conventional solvent extraction
has been carried out as a preliminary study (Unpublished
data). The 30-min extraction time in the case of conven-
tional solvent extraction methods is according to the method
followed by [19], which is considered the overall concrete
yield [22]. Therefore, only the optimised extraction duration
and yields of the conventional solvent extraction method
were considered and compared with the UMAE. There was
a significant (P <0.05) reduction in processing time for
concrete extraction from 1440 min (24 h) and 30 min to
13 min in sequential UMAE than organic solvent extraction
(leaching based) and conventional solvent method, respec-
tively. It also showed that concrete yield through sequential
UMAE was 95.43% in 13 min treatment, which was non-
significantly (P <0.05) different for both organic solvent
extraction (leaching based) (24 h) and conventional solvent
method (30 min). The concrete extracted by all three extrac-
tion methods contained different classes of compounds viz.
benzenoids, phenylpropanoids, nitrogen-containing com-
pounds, monoterpenes, sesquiterpenes, and fatty acid deriva-
tives. Table 3 shows the chemical composition of P. tuberosa
flower extracts at different extraction methods by organic
solvent extraction (leaching-based), conventional solvent
method, and sequential UMAE. The extracted tuberose
concrete by all three extraction methods with n-hexane as a
solvent contained a significant amount of aroma compounds
like 1,8-cineole, methyl benzoate, indole, a-terpineol, trans-
methyl isoeugenol, trans-farnesol, and benzyl benzoate.

4 Conclusions

The study showed how the most effective extraction yield
and fragrance quality could be achieved by sequential ultra-
sound-microwave-assisted concrete extraction from the
tuberose flowers. The concrete yield extracted through the
sequential UMAE method with n-hexane as a solvent was
at par with methanol and of the highest quality. Due to the
intensive disruption of tissue structure, cut samples have a
higher extraction yield. The pre-treatment soaking duration
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(30 min) is the most effective, as higher solvent diffusion
into the cellular structure and concrete solubilisation is
improved. The maximum amount of fragrance compounds
present in the concrete extracted by n-hexane as a solvent is
an added advantage from the fragrance quality perspective.
Compared with traditional extraction methods, UMAE with
n-hexane solvent is more effective in extracting the maxi-
mum amount of concrete from tuberose flowers. Taking eve-
rything into account, it can be summarised that UMAE is an
efficient extraction method for obtaining high-quality con-
crete extracts and reducing extraction duration. The UMAE
extraction technique had the potential to be applied to other
plant materials, particularly other flowers. Further studies
will be focused on optimising other extraction parameters
of UMAE in the future.

Acknowledgements The authors would like to thank Dr.K.V.R.Rao
and Dr. Y. Rajwade, PFDC, ICAR-CIAE, Bhopal providing facilities
for the production of tuberose.

Author contribution R.Y.: Ph.D. scholar conceptualized, carried out
the experiments, analysed data, prepared the draft, and edited the
manuscript; D.M.: chairperson advisory committee, conceptualised,
provided laboratory facilities, reviewed, and edited the manuscript,
AK: member advisory committee helped with data analysis, S.G.: Co-
chairperson of advisory committee reviewed and edited the manuscript,
B.M.: provided facilities for GC-MS, FTIR analysis and helped with
data analysis. R.P.: edited the manuscript and helped with data analysis.

Data availability All data are available upon request.

Declarations
Ethics approval and consent to participate Not applicable.

Consent for publication All authors agreed on the publication of this
research work.

Competing interests The authors declare no competing interests.

References

1. Ridouh I, Hackshaw KV (2022) Essential oils and neuropathic
pain Plants 11(14):1797. https://doi.org/10.3390/plants11141797

2. RautJS, Karuppayil SM (2014) A status review on the medicinal
properties of essential oils. Ind Crops Prod 62:250-264. https://
doi.org/10.1016/j.indcrop.2014.05.055

3. Tongnuanchan P, Benjakul S (2014) Essential oils: extraction,
bioactivities, and their uses for food preservation. J Food Sci
79(7):R1231-R1249. https://doi.org/10.1111/1750-3841.12492

4. Rehman, R., Hanif, M. A., Zahid, M., & Qadri, R. W. K. (2019)
Reporting effective extraction methodology and chemical char-
acterization of bioactive components of under explored Platycla-
dus orientalis (L) Franco from semi arid climate Natural Product
Research 33 9 1237 1242 https://doi.org/10.1080/14786419.2018.
1519707

5. Rakthaworn P, Dilokkunanant U, Sukkatta U, Vajrodaya S,
Haruethaitanasan V, Pitpiangchan P, Punjee P (2009) Extraction

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

methods for tuberose oil and their chemical components. Agricul-
ture and Natural Resources 43(5):204-211

Rawani A, Banerjee A, Chandra G (2012) Mosquito larvicidal
and biting deterrency activity of bud of Polianthes tuberosa plants
extract against Anopheles stephensi and Culexquinquefasciatus.
Asian Pacific Journal of Tropical Disease 2(3):200-204. https://
doi.org/10.1016/S2222-1808(12)600462

Yaghoobi M, Farimani MM, Sadeghi Z, Asghari S, Rezadoost H
(2022) Chemical analysis of Iranian Rosa damascena essential
oil concrete and absolute oil under different bio-climatic condi-
tions. Industrial Crops and Products 187:115266. https://doi.org/
10.1016/j.indcrop.2022.115266

Azwanida NN (2015) A review on the extraction methods use in
medicinal plants, principle, strength and limitation. Medicinal and
Aromat Plants 4(196):2167—-412. https://doi.org/10.4172/2167-
0412.1000196

Lal AN, Prince MV, Kothakota A, Pandiselvam R, Thirumdas
R, Mahanti NK, Sreeja R (2021) Pulsed electric field combined
with microwave-assisted extraction of pectin polysaccharide from
jackfruit waste. Innovative Food Science and Emerging Technolo-
gies 74:102844. https://doi.org/10.1016/j.ifset.2021.102844
Sagarika N, Prince MV, Kothakota A, Pandiselvam R, Sreeja R,
Mathew SM (2018) Characterization and optimization of micro-
wave assisted process for extraction of nutmeg (Myristica fragrans
Houtt) mace essential oil. Journal of Essential Oil Bearing Plants
21(4):895-904. https://doi.org/10.1080/0972060X.2018.1517613
Aslam R, Alam MS, Kaur J, Panayampadan AS, Dar OI, Kotha-
kota A, Pandiselvam R (2021) Understanding the effects of ultra-
sound processng on texture and rheological properties of food. J
Texture Stud 53(6):775-799. https://doi.org/10.1111/jtxs.12644
Waghmare, R., Kumar, M., Yadav, R., Mhatre, P., Sonawane, S.,
Sharma, S., ... & Lorenzo, J. M. (2022) Application of ultrasoni-
cation as pre-treatment for freeze drying an innovative approach
for the retention of nutraceutical quality in foods Food Chemistry
134571 https://doi.org/10.1016/j.foodchem.2022.134571
Chavan, P., & Yadav, R. (2022) Ultrasound-assisted extraction of
proteins and carbohydrates In Innovative and Emerging Technolo-
gies in the Bio-marine Food Sector Academic Press 63—80 https://
doi.org/10.1016/B978-0-12-820096-4.00040-7

Patrascu M, Radoiu M (2016) Rose essential oil extraction from
fresh petals using synergetic microwave & ultrasound energy
Chemical composition and antioxidant activity assessment. Jour-
nal of Chemistry and Chemical Engineering 10:136-142. https://
doi.org/10.17265/1934-7375/2016.03.004

Sommano S, Kerdtongmee P, Chompoo M, Nisoa M (2015) Fab-
rication and characteristics of phase control microwave power for
jasmine volatile oil extraction. J Essent Oil Res 27(4):316-323.
https://doi.org/10.1080/10412905.2015.1023904

Motlagh, S. R., Elgharbawy, A. A., Khezri, R., Harun, R., &
Omar, R. (2021) Ionic liquid-based microwave-assisted extraction
of protein from Nannochloropsis sp Biomass Biomass Conversion
and Biorefinery 1-12 https://doi.org/10.1007/s13399-021-01778-2
Yu J, Lou Q, Zheng X, Cui Z, FuJ (2017) Sequential combi-
nation of microwave-and ultrasound-assisted extraction of total
flavonoids from Osmanthus fragrans Lour flowers. Molecules
22(12):2216. https://doi.org/10.3390/molecules22122216

Wang Y, Li R, Jiang ZT, Tan J, Tang SH, Li TT, ...& Zhang, X. C.
(2018) Green and solvent-free simultaneous ultrasonic-microwave
assisted extraction of essential oil from white and black peppers.
Ind Crops Prod 114:164—172. https://doi.org/10.1016/j.indcrop.
2018.02.002

Ahmadian M, Ahmadi N, Babaei A, Naghavi MR, Ayyari M
(2018) Comparison of volatile compounds at various developmen-
tal stages of tuberose Polianthes tuberosa L cv Mahallati flower
with different extraction methods. Journal of Essential oil research
30(3):197-206. https://doi.org/10.1080/10412905.2018.1424651

@ Springer


https://doi.org/10.3390/plants11141797
https://doi.org/10.1016/j.indcrop.2014.05.055
https://doi.org/10.1016/j.indcrop.2014.05.055
https://doi.org/10.1111/1750-3841.12492
https://doi.org/10.1080/14786419.2018.1519707
https://doi.org/10.1080/14786419.2018.1519707
https://doi.org/10.1016/S2222-1808(12)600462
https://doi.org/10.1016/S2222-1808(12)600462
https://doi.org/10.1016/j.indcrop.2022.115266
https://doi.org/10.1016/j.indcrop.2022.115266
https://doi.org/10.4172/2167-0412.1000196
https://doi.org/10.4172/2167-0412.1000196
https://doi.org/10.1016/j.ifset.2021.102844
https://doi.org/10.1080/0972060X.2018.1517613
https://doi.org/10.1111/jtxs.12644
https://doi.org/10.1016/j.foodchem.2022.134571
https://doi.org/10.1016/B978-0-12-820096-4.00040-7
https://doi.org/10.1016/B978-0-12-820096-4.00040-7
https://doi.org/10.17265/1934-7375/2016.03.004
https://doi.org/10.17265/1934-7375/2016.03.004
https://doi.org/10.1080/10412905.2015.1023904
https://doi.org/10.1007/s13399-021-01778-2
https://doi.org/10.3390/molecules22122216
https://doi.org/10.1016/j.indcrop.2018.02.002
https://doi.org/10.1016/j.indcrop.2018.02.002
https://doi.org/10.1080/10412905.2018.1424651

Biomass Conversion and Biorefinery

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Kutty NN, Mitra A (2019) Profiling of volatile and non-volatile
metabolites in Polianthes tuberosa L. flowers reveals intraspecific
variation among cultivars. Phytochemistry 162:10-20. https://doi.
org/10.1016/j.phytochem.2019.02.006

Hasni MH, Sulaiman S, Jimat DN, Amid A (2023) Kinetics of
microwave-assisted extraction of virgin coconut oil from solid
coconut waste. Chem Eng Commun 210(3):330-347. https://doi.
org/10.1080/00986445.2022.2047662

Taghvaei M, Jafari SM, Nowrouzieh S, Alishah O (2015) The
influence of cooking process on the microwave-assisted extraction
of cottonseed oil. J Food Sci Technol 52(2):1138-1144. https://
doi.org/10.1007/s13197-013-1125-5

ASTM D5369-93 (2008) Standard practice for extraction of solid
waste samples for chemical analysis using soxhlet extraction
(Withdrawn 2016) ASTM International West Conshohocken PA
Terigar BG, Balasubramanian S, Sabliov CM, Lima M, Boldor
D (2011) Soybean and rice bran oil extraction in a continuous
microwave system: From laboratory-to pilot-scale. J] Food Eng
104(2):208-217. https://doi.org/10.1016/j.jfoodeng.2010.12.012
Chan CH, Yusoff R, Ngoh GC (2014) Modeling and kinetics study
of conventional and assisted batch solvent extraction. Chem Eng Res
Des 92(6):1169-1186. https://doi.org/10.1016/j.cherd.2013.10.001
Franco D, Pinelo M, Sineiro J, Nuafiez MJ (2007) Processing of
Rosa rubiginosa: extraction of oil and antioxidant substances.
Bioresource Technol 98(18):3506-3512. https://doi.org/10.1016/;.
biortech.2006.11.012

Franco D, Sineiro J, Pinelo M, Nuiiez MJ (2007) Ethanolic extrac-
tion of Rosa rubiginosa soluble substances: oil solubility equilib-
ria and kinetic studies. J Food Eng 79(1):150-157. https://doi.org/
10.1016/j.jfoodeng.2006.01.047

Wilkinson L, Friendly M (2009) The history of the cluster heat map.
Am Stat 63(2):179-184. https://doi.org/10.1198/tas.2009.0033
Goncalves D, Costa P, Rodrigues CE, Rodrigues AE (2018) Effect
of Citrus sinensis essential oil deterpenation on the aroma profile
of the phases obtained by solvent extraction. J] Chem Thermodyn
116:166-175. https://doi.org/10.1016/j.jct.2017.09.011

Kumar SP, Prasad SR, Banerjee R, Agarwal DK, Kulkarni KS,
Ramesh KV (2017) Green solvents and technologies for oil extrac-
tion from oilseeds. Chem Cent J 11(1):1-7. https://doi.org/10.
1186/513065-017-0238-8

Zhou HY, Liu CZ (2006) Microwave-assisted extraction of
solanesol from tobacco leaves. ] Chromatogr A 1129(1):135-139.
https://doi.org/10.1016/j.chroma.2006.07.083

Shang, X. C., Chu, D., Zhang, J. X., Zheng, Y. F., & Li, Y. (2021)
Microwave-assisted extraction, partial purification and biological
activity in vitro of polysaccharides from bladder-wrack (Fucus
vesiculosus) by using deep eutectic solvents Separation and Puri-
fication Technology 259 118169 https://doi.org/10.1016/j.seppur.
2020.118169

Rashad, S., El-Chaghaby, G., & Lima, E. C. (2021) Optimizing
the ultrasonic-assisted extraction of antioxidants from Ulva lac-
tuca algal biomass using factorial design Biomass Conversion and
Biorefinery 1-10 https://doi.org/10.1007/s13399-021-01516-8
Gokulakrishnan, S. A., Arthanareeswaran, G., Gnanasekaran,
G., Laszlo, Z., Veréb, G., Kertész, S., & Taweepreda, W. (2022)
Advanced extraction and separation approaches for the recov-
ery of dietary flavonoids from plant biomass: a review Bio-
mass Conversion and Biorefinery 1-23 https://doi.org/10.1007/
$13399-022-02648-1

@ Springer

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Hamzah, H. T., Sridevi, V., Seereddi, M., Suriapparao, D. V.,
Ramesh, P., Rao, C. S., ... & Pritam, K. (2022) The role of
solvent soaking and pretreatment temperature in microwave-
assisted pyrolysis of waste tea powder analysis of products
synergy pyrolysis index and reaction mechanism Bioresource
Technology 363 127913 https://doi.org/10.1016/j.biortech.
2022.127913

Tsvetov N, Sereda L, Korovkina A, Artemkina N, Kozerozhets
I, Samarov A (2022) Ultrasound-assisted extraction of phyto-
chemicals from Empetrum hermafroditum Hager using acid-based
deep eutectic solvent kinetics and optimization. Biomass Con-
version and Biorefinery 12(1):145-156. https://doi.org/10.1007/
$13399-022-02299-2

Jiang Z, Kempinski C, Chappell J (2016) Extraction and analy-
sis of terpenes/terpenoids. Current Protocols in Plant Biology
1(2):345-358. https://doi.org/10.1002/cppb.20024
Fragoso-Jimenez JC, Tapia-Campos E, Estarron-Espinosa M,
Barba-Gonzalez R, Castaneda-Saucedo MC, Castillo-Herrera GA
(2019) Effect of supercritical fluid extraction process on chemi-
cal composition of Polianthes tuberosa flower extracts. Processes
7(2):60. https://doi.org/10.3390/pr7020060

Tankeu SY, Vermaak I, Kamatou GP, Viljoen AM (2014)
Vibrational spectroscopy and chemometric modeling: An eco-
nomical and robust quality control method for lavender oil.
Ind Crops Prod 59:234-240. https://doi.org/10.1016/j.indcrop.
2014.05.005

Berechet MD, Calinescu I, Stelescu MD, Manaila E, Craciun G,
Purcareanu B, ...& Mihai, R. (2015) Composition of the essential
oil of Rosa damascena Mill cultivated in Romania. Revista de
Chimie 66(12):1986-1991

Cebi, N., Arici, M., & Sagdic, O. (2021) The famous Turkish
rose essential oil Characterization and authenticity monitoring by
FTIR Raman and GC-MS techniques combined with chemomet-
rics Food Chemistry 354 129495 https://doi.org/10.1016/j.foodc
hem.2021.129495

Li YQ, Kong DX, Wu H (2013) Analysis and evaluation of essen-
tial oil components of cinnamon barks using GC-MS and FTIR
spectroscopy. Ind Crops Prod 41:269-278. https://doi.org/10.
1016/j.indcrop.2012.04.056

Tavares L, Norena CPZ (2020) Encapsulation of ginger essential
oil using complex coacervation method: Coacervate formation,
rheological property, and physicochemical characterization. Food
Bioprocess Technol 13(8):1405-1420. https://doi.org/10.1007/
$11947-020-02480-3

Sandasi M, Kamatou GP, Gavaghan C, Baranska M, Viljoen
AM (2011) A quality control method for geranium oil based
on vibrational spectroscopy and chemometric data analysis.
Vib Spectrosc 57(2):242-247. https://doi.org/10.1016/j.vibsp
ec.2011.08.002

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1016/j.phytochem.2019.02.006
https://doi.org/10.1016/j.phytochem.2019.02.006
https://doi.org/10.1080/00986445.2022.2047662
https://doi.org/10.1080/00986445.2022.2047662
https://doi.org/10.1007/s13197-013-1125-5
https://doi.org/10.1007/s13197-013-1125-5
https://doi.org/10.1016/j.jfoodeng.2010.12.012
https://doi.org/10.1016/j.cherd.2013.10.001
https://doi.org/10.1016/j.biortech.2006.11.012
https://doi.org/10.1016/j.biortech.2006.11.012
https://doi.org/10.1016/j.jfoodeng.2006.01.047
https://doi.org/10.1016/j.jfoodeng.2006.01.047
https://doi.org/10.1198/tas.2009.0033
https://doi.org/10.1016/j.jct.2017.09.011
https://doi.org/10.1186/s13065-017-0238-8
https://doi.org/10.1186/s13065-017-0238-8
https://doi.org/10.1016/j.chroma.2006.07.083
https://doi.org/10.1016/j.seppur.2020.118169
https://doi.org/10.1016/j.seppur.2020.118169
https://doi.org/10.1007/s13399-021-01516-8
https://doi.org/10.1007/s13399-022-02648-1
https://doi.org/10.1007/s13399-022-02648-1
https://doi.org/10.1016/j.biortech.2022.127913
https://doi.org/10.1016/j.biortech.2022.127913
https://doi.org/10.1007/s13399-022-02299-2
https://doi.org/10.1007/s13399-022-02299-2
https://doi.org/10.1002/cppb.20024
https://doi.org/10.3390/pr7020060
https://doi.org/10.1016/j.indcrop.2014.05.005
https://doi.org/10.1016/j.indcrop.2014.05.005
https://doi.org/10.1016/j.foodchem.2021.129495
https://doi.org/10.1016/j.foodchem.2021.129495
https://doi.org/10.1016/j.indcrop.2012.04.056
https://doi.org/10.1016/j.indcrop.2012.04.056
https://doi.org/10.1007/s11947-020-02480-3
https://doi.org/10.1007/s11947-020-02480-3
https://doi.org/10.1016/j.vibspec.2011.08.002
https://doi.org/10.1016/j.vibspec.2011.08.002

	Sequential ultrasound-microwave-assisted extraction of tuberose (Polianthes tuberosa L.) concrete: the effect of processing parameters on yield, volatile metabolite profiles, and functional groups
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 Materials, chemicals, and reagents
	2.2 Experimental plan
	2.2.1 Sequential ultrasound-microwave-assisted extraction
	2.2.2 Organic solvent extraction
	2.2.3 Soxhlet extraction
	2.2.4 Conventional solvent extraction

	2.3 Volatile profile of tuberose concrete through GC–MS analysis
	2.4 ATR-FTIR-Spectroscopy analysis
	2.5 Multivariate data analysis

	3 Results and Discussions
	3.1 The effect of extraction parameters on yield
	3.1.1 The effect of solvent types on extraction yield
	3.1.2 The effect of size on extraction yield
	3.1.3 The effect of soaking duration on extraction yield

	3.2 Volatile profiling of tuberose concrete under different extraction methods
	3.3 FTIR Analysis of tuberose concrete
	3.4 Chemometric analysis
	3.4.1 Cluster heat map
	3.4.2 PCA and sPLS-DA of GC–MS data
	3.4.3 Cluster analysis and heat map of volatile organic compounds

	3.5 Comparison of UMAE and conventional extraction methods

	4 Conclusions
	Acknowledgements 
	References


