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ABSTRACT: Essential oils (EOs) were extracted from three types of
citrus fruits (orange, lemon, and grapefruit) grown in Sicily and
harvested in December or early January, considered to be the best
picking season. Diﬀerent fruit parts were used as sources for EO
isolation: outer skin (exocarp), peel (exo- and mesocarp), and waste
(exo-, meso-, and endocarp). The extraction was performed by a
solvent-free microwave extraction (SFME) process. Very high yields
were obtained, in comparison to other industrial methods (0.4% vs
0.05−0.25%). Diﬀuse reﬂectance infrared Fourier transform (DRIFT)
spectroscopy was used to assess the distribution of the main
constituents of the EOs. A number of compounds were identiﬁed
in the EOs, with limonene being the major constituent (50−80%) in
most cases. Orange oils proved to be richer in β-myrcene, whereas
lemon oils have γ-terpinene and higher contents of β-pinene. Lemon provides more valuable EOs, with higher amounts of
oxygenated compounds, although orange and grapefruit oils are richer in citral isomers. Generally, EOs extracted from the
exocarp contain higher amounts of oxygenated monoterpenes, whereas those extracted from the exo-/mesocarp are richer in
ﬂavone and furanocoumarin derivatives.
KEYWORDS: Citrus, Essential oil, Microwave-assisted extraction, Green extraction

■

INTRODUCTION
We have recently reported a scalable eco-friendly process for
the simultaneous extraction of pectin and essential oils (EOs)
from lemon and orange peel.1 Compared to current conventional processes, the new method aﬀords signiﬁcantly better
yields and less degradation of pectin, a valued heteropolysaccharide with plenty of applications,2 better time scale
(microwave heating is much faster), and higher energy
eﬃciency. Furthermore, water is the only solvent used. Along
with pectin, valued EOs are obtained, consisting mainly of dlimonene, a monoterpene in high demand due to numerous
and increasing commercial uses.3
In detail, the solvent-free microwave extraction (SFME)
process to obtain pectin and citrus EOs consists of microwave
hydrodistillation (to recover the EOs), followed by freezedrying with or without a hydrodiﬀusion and gravity separation
step (to recover pectin). The new SFME process is ready for
kilogram-scale production, converting 20 kg of waste lemon
peel (mixed in 36 L of water) into 3 kg of pectin and 10 mL of
© 2017 American Chemical Society

EO. The yield relative to the peel is 0.4 wt % for EO. Common
yields for EOs by conventional extraction methods are in the
range 0.05−0.25 wt %.4,5
In the present study, we have applied this new microwaveassisted extraction to diﬀerent citrus grown in Sicily and
harvested in December or early January, which is considered to
be the best picking period of the year. We use the term
“essential oil”, which according to ISO standards for EOs
developed by ISO Technical Committee 54 can be used only if
the EO is obtained by hydrodistillation, steam-distillation, or
cold pressing, since solvent-free microwave extraction is
essentially a sort of hydrodistillation, in which the heating
source is represented by a microwave system.
The composition of EOs from citrus peels has been
extensively studied mostly by gas chromatography and mass
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Table 1. 2D Structures of Some of the More Common Components Found in the EOs from Citrus

95.8%. Appreciable amounts of linalyl acetate, linalool, γterpinene, and α-/β-pinene (up to 31.2, 23.3, 18.0, and 15.8%,
respectively) may also be present,9 as well as polymethoxyﬂavones (PMFs), hydroxylated polymethoxyﬂavones
(HPMFs),16 and other oxygen heterocyclic compounds, such
as furanocoumarins (e.g., isoimperatorin).10 In the EOs from
orange peel, limonene has been reported as the predominant
component (61%), followed by small amounts of citral (7.7%),
borneol (7.6%), and capraldehyde (5.6%);7 polymethoxyﬂavones up to 40% were quantiﬁed by FTIR analysis.17 The
predominance of limonene reported for grapefruit oil is even
more striking (86.3%), followed by myrcene (6.28%).18

spectrometry analysis.6 It was shown that both the qualitative
and quantitative compositions depend on the type of citrus
(orange, lemon, lime, grapefruit, tangerine, mandarin, etc.),7 the
species and variety,8,9 whether the fruit is sweet or bitter,10 the
origin,11 the harvesting season,12 the fruit maturity,13 the
pretreatment of peels, and the extraction procedure.14 Still,
there is no question that an ever-present component of all the
citrus EOs is the cyclic monoterpene d-limonene.15 Other
major constituents include cyclic and acyclic monoterpene
hydrocarbons and oxygenated monoterpenes, such as linalyl
acetate and linalool. According to Lota et al.’s statistical study,9
d-limonene content in most lemon peel oils varies from 38.1 to
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Table 2. Sources of EOs, Extraction Experimental Details, and Yields
source
orange outer skin
orange peel
orange waste
lemon outer skin
lemon peel
lemon waste
grapefruit peel

power (W)
600
600
600
600
700
600
600

until
until
until
until
until
until
until

100
100
100
100
100
100
100

°C,
°C,
°C,
°C,
°C,
°C,
°C,

then
then
then
then
then
then
then

500
500
500
500
500
500
500

time
(min)

fresh weight
(g)

volume essential oil
(mL)

essential oil yield
(fresh weight, %)

essential oil yield
(dry weight, %)

75
60
80
60
80
70
70

445
500
500
500
500
500
500

1.8
0.6
1.4
1.3
0.4
0.6
0.35

0.4
0.12
0.28
0.26
0.08
0.12
0.07

1.48
0.43
1.63
1.34
0.50
0.80
0.33

The 2D structures of some of these constituents are included
in Table 1.
The vibrational spectra of the prevalent constituents of EOs
such as limonene,19,20 β-pinene,21 γ-terpinene,22 β-myrcene,23,24 linalyl acetate,25,26 linalool,27 citral,28 polymethoxiﬂavones,29 and furanocoumarins30 have been analyzed in the
literature. In this work, the EOs extracted from diﬀerent fruits
(orange, lemon, and grapefruit) and fruit parts (outer skin, peel,
and waste) are comprehensively characterized by infrared
spectroscopy in a straightforward, nondestructive procedure.
The aim is to obtain the distribution of the main constituents
by the diﬀerent fruits and fruit parts, rather than obtaining a
mere quantitative analysis or a complete analysis of all the 50−
100 components of the EOs, highlighting the relevance of the
diﬀerences found on the possible applications of the newly
extracted EOs.

■

Figure 1. Lemon peels prior to and after microwave-assisted
hydrodistillation.

METHODS
from the outer skin show signiﬁcant diﬀerences. More
appreciable changes are observed only when comparing the
EOs from equivalent regions of diﬀerent fruits (Figure 3).
The proposed band assignments, as well as compatible oil
constituents, are summarized in Table 3. Some comments seem
pertinent at this stage. In all the spectra, the strongest bands
(between 2800 and 3100 cm−1) are characteristic of CH
stretching vibrations of both sp2 and sp3 hybridized carbon
atoms. The band at ∼3080 cm−1 is indicative of CH2 groups
(stretching modes). In addition, a sharp CC stretching mode
can be observed at 1678 cm−1, along with a CH2 out-of-plane
bending mode of vinylidene groups at 887 cm−1 and a CH
out-of-plane mode of a trisubstituted alkene at 798 cm−1.31 All
the EO samples show a medium/strong band at 1643 cm−1,
assigned to the stretching mode of ring CC bonds.19 The
very strong doublets at ∼2964/2920 cm−1 and 2857/2840
cm−1 are assigned to stretching modes of CH3/CH2 groups,
antisymmetric and symmetric, respectively. The corresponding
deformations of CH3 groups are also clear at 1439 and 1377
cm−1, and their rocking mode at 914 cm−1. Additionally, all the
spectra present medium/weak bands at 1051 cm−1, assigned to
C−C stretching modes. This pattern, common to the spectra of
all the EOs, is very similar to that of limonene (Figure S1),
suggesting its predominance, although not excluding the
presence of other monoterpenes.
Also observed in all the spectra are the bands at 1782, 1255,
and 1155 cm−1, assigned to CO and antisymmetric and
symmetric C−O−C stretching modes, respectively, indicating
the presence of an ester such as linalyl acetate. The in-plane
deformations of CH2, at 1016 and 990 cm−1, are considered
ﬁngerprints of linalyl acetate, as well as the characteristic
intensity ratio between the νCO and νasC−O−C bands.25,26
The broad νOH band centered at ∼3480 cm−1 appears in the
EOs from lemon, orange outer skin, and grapefruit peel,

Seven diﬀerent citrus peel samples were subjected to microwaveassisted extraction. Orange and lemon outer skin, peel, and waste were
used as EO sources, whereas in the case of grapefruit only the peel was
used. In detail, orange and lemon matrices consisted of the outer skin
cut with a knife, the peel obtained by hand skinning, and the waste
obtained after industrial squeezing using a new choclea at industrial
premises (Ortogel, Caltagirone, Italy). The experimental details and
yields are summarized in Table 2.
The extraction and separation were carried out using a
commercially available extractor (Ethos X, Milestone). No organic
solvent was employed. In a typical extraction on laboratory scale, 500 g
of lemon peel and 400 mL of distilled water were added to a glass
vessel. Power was set at 600 W until the temperature reached 100 °C,
and then lowered to 500 W. The extraction lasted for a variable time,
depending on the matrix, between 60 min for orange peel and 80 min
for orange waste. The EO was collected through the distillation
module, while the pectin was extracted in the water phase. Displaying
the simplicity of the experimental setup, Figure 1 shows a sample of
lemon peels prior and after extraction.
The molecular structure of the extracted oils was assessed by
Fourier transform infrared spectroscopy in diﬀuse reﬂectance mode
(DRIFT), using a Mattson FTIR spectrometer with a Specac Selector,
in the range of 4000−400 cm−1 (wide-band MCT detector), at 2 cm−1
resolution. The sample preparation consisted in depositing a drop of
each EO on a bed of ground KBr (Aldrich, FTIR grade). The spectra
were the result of ratioing 1000 added scans for each sample against
the same number of scans for the background (ground KBr).

■

RESULTS AND DISCUSSION
The DRIFT spectra of the EOs from diﬀerent citrus (orange,
lemon, and grapefruit) and fruit regions (outer skin, peel, and
waste) are compared in Figures 2 and 3. The spectra of EOs
extracted from diﬀerent orange regions are similar in terms of
band positions, and the same is true for lemon (Figure 2).
However, the relative intensities of the bands are inﬂuenced by
the fruit region in lemon EOs, whereas for orange only those
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Figure 2. DRIFT spectra of the EOs extracted from diﬀerent regions
of the same fruit, as indicated, normalized to the wavenumber of
maximum absorption (νasCH2).

suggesting that a constituent with one or more alcohol groups
is present in these EOs, especially in those from grapefruit peel,
where the band is stronger. Probable candidates are linalool
(the most common hydrolysis product of linalyl acetate),
borneol, or limocitrol (trihydroxylated polymethoxiﬂavone).
The presence of such constituent could justify the distinct
relative band intensities observed in the spectrum of EO from
orange outer skin in comparison to that of other orange EOs.
The weak bands at 1514, 1232, 1117, 840, and 721 cm−1 in
the EOs from lemon are consistent with the presence of at least
one constituent with aromatic rings and methoxy substituents,
such as PMFs or partially hydroxylated PMFs. In contrast, the
medium/weak bands at 1240 and 1147 cm−1 (νasC−O−C and
νsC−O−C) suggest the presence of a constituent with an ether
group diﬀerent from a PMF, especially in orange and grapefruit
EOs; the weak band at 1078 cm−1 (νasC−O−C in a 5-member
rings) points to a furanocoumarin.
Only in orange and grapefruit EOs is the band at 1595 cm−1
observed (νC···C), indicating that a monoterpene with
nonaromatic conjugated CC double bonds, such as βmyrcene, is present. The assignment of the band at 1718 cm−1
to the νC···O mode of a carbonyl group in resonance with a

Figure 3. DRIFT spectra (1900−550 cm−1 range) of the EOs
extracted from equivalent regions of diﬀerent fruits, as indicated,
normalized to the wavenumber of maximum absorption.

nonaromatic chain opens the possibility of a diﬀerent
oxygenated terpene, such as trans-citral (geranial) or cis-citral
(neral), present only in the EOs from orange and lemon waste
and from lemon and grapefruit peel.
In summary, the direct observation of the spectra shows that
most extracted EOs are predominantly limonene and that they
contain other monoterpenes (e.g., γ-terpinene and β-pinene)
5581
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νCO
νC···O
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δCH
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assignmentb

LOH, BOH, HPMFs
L, βP, βM, LOH, LAc
L, βP, βM, LAc, LOH
L, γT, βM, PMFs, HPMFs
L, βP, γT, βM, LOH, LAc, Ci, IIm
L, βP, γT, βM, LOH, LAc, Ci
L, βP, γT, βM, LOH, LAc, Ci, IIm
L, βP, γT
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LAc
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L, βP, βM, LOH, LAc/Ci, PMFs, HPMFs
L, γT
βM
PMFs
L, γT
L, βP, γT, βM, LOH, LAc, Ci, BOH, IIm
L, βP, γT, βM, LOH, LAc, Ci,
BOH, IIm
βM, LOH, IIm
L, γT
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LAc
IIm
PMFs
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LAc
IIm
PMFs, HPMFs
BOH, IIm
IIm
L, βP, γT, βM, LOH, LAc, Ci, BOH, IIm
LAc
LAc/βM
L, γT, PMFs, IIm
L, βP, γT, βM, LOH, LAc, Ci
L, βM, βP/LOH, LAc, IIm
PMFs, HPMFs
L, γT, βM, LAc, LOH

possible oil constituents12−30,c
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VS, very strong; S, strong; m, medium; w, weak; vw, very weak; br, broad; sh, shoulder. bip, in-plane; op, out-of-plane. cL, limonene; βP, β-pinene; γT, γ-terpinene; βM, β-myrcene; LOH, linalool; LAc,
linalyl acetate; Ci, citral; BOH, borneol; PMFs, polymethoxyﬂavones; HPMFs, hydroxylated polymethoxyﬂavones; lIm, isoimperatorin.

640 w
571 sh
542 w
640 w
640 w
640 vw
569 w

and linalyl acetate. Linalool, borneol, or hydroxylated PMFs are
present mostly in the EO from grapefruit peel and in lemon
EOs. Orange-derived EOs are freer of alcohols, which appear to
be present only in the outer skin. Furanocoumarins (e.g.,
isoimperatorim) were detected in the EOs from orange and
grapefruit, whereas polimethoxyﬂavones were identiﬁed in the
EOs from lemon.
This spectral observation is straightforward but has a
weakness, due to the extensive band overlapping of diﬀerent
constituents. In an attempt to quantify the analysis, a spectral
deconvolution into a sum of Gaussian and Lorentzian
components was performed by a nonlinear least-squares ﬁtting
method. Three regions were considered (3700−2600, 1900−
1550, and 1550−650 cm−1), and the corresponding deconvolutions are shown in Figures S2−S4. Some band components
identiﬁed by deconvolution are unequivocally associated with
speciﬁc constituents, as indicated in Tables S1−S3. This is the
case of the component recovered at 888 cm−1, the exact
wavenumber of the strongest limonene band in this region,
assigned to the out of plane CH 2 mode. Other
monoterpenes exhibit the same strong mode but shifted to
higher wavenumbers, namely, β-myrcene, where the CH2
group is resonant with another chain vinylidene group, and βpinene, where the CH2 group is a substituent of a saturated
six-member ring. Therefore, the component retrieved at 888
cm−1 was assigned exclusively to limonene and was used to
determine the factor f that compensates for limonene’s
contribution to this wavenumber. The ratio between the
spectral integrated areas of pure limonene (multiplied by f) and
EO is an estimate of limonene content in the EO. The results in
terms of percentage are summarized in Figure 4.

Figure 4. Limonene percentage in the diﬀerent EOs, estimated from
the DRIFT spectral deconvolution.

In fact, except for the EO from lemon outer skin, limonene is
the predominant constituent (above 50%) of all the extracted
EOs. Those from orange peel and waste are the richest
(∼80%), followed by lemon waste (66%). For the minor
constituents, only a relative contribution to each EO was
obtained from the ratio of the corresponding components’
areas to the total area of the spectrum. These relative intensities
were converted to an arbitrary scale from 1 to 7 (minimum and
maximum values, respectively, of the % area obtained for a
given constituent in the 7 EO samples). In the absence of a
band component associated with a constituent, its content was
considered zero. This was the case of γ-terpinene in the EOs of
orange and grapefruit: three characteristic infrared bands
(νCC, δCH (ring), and ρCH3, at 1613, 953, and 816
cm−1, respectively) were recovered only in the spectra of lemon

a

L, βP, γT
PMFs, HPMFs
IIm
PMFs, HPMFs, IIm
PMFs, HPMFs, IIm
ρCH2(ring)
δopCH(arom. ring)
δopCH(arom. ring)
δipC−O−C
δipC−O−C
760 w

w
w
w
w
w
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721
640
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542
w
w
w
w
w
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721
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542
w
w
w
sh
w
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760 w
760 w
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peel
peel
outer skin

orange

Table 3. continued

waste

outer skin

wavenumber (cm−1)a

lemon

waste

grapefruit peel

assignmentb
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Figure 5. Summary, on a scale from 1 to 7, of the relative proportions of minor monoterpene constituents of the EOs extracted from diﬀerent
regions of orange, lemon, and grapefruit.

Figure 6. Summary, on a scale from 1 to 7, of the relative proportions of minor constituents (oxygenated monoterpenes) of the EOs extracted from
diﬀerent regions of orange, lemon, and grapefruit.

including anticancer, anti-inﬂammation, antiatherosclerosis,
and neuroprotection,35 EOs from grapefruit peel should be
preferred if these applications are intended. However,
maximum content in another anti-inﬂammatory agent, linalyl
acetate,33 was found in lemon peel oil, followed by lemon waste
and orange outer skin oils. Orange EOs, especially from the
outer skin, are relatively richer in citral, which has a signiﬁcant
ability to suppress oxidative stress, possibly through induction
of an endogenous antioxidant protein that reacts rapidly and
speciﬁcally with the active isomer, geranial.34
It is widely recognized that the monoterpene fraction of EOs
oxidizes readily in air, with the result that the EOs develop
unpleasant odors and ﬂavors. The EOs richer in oxygenated
compounds are more stable on storage, besides being more
soluble in water and common polar solvents. Thus, the
concentrations of aliphatic and monoterpenic aldehydes
(especially citral isomers), as well as those of esters and
alcohols in EOs are critical information in the perceived quality

EOs. A summary of the results thus obtained is shown in Figure
5 (for monoterpene hydrocarbons), Figure 6 (for oxygenated
monoterpenes or terpenoids), and Figure 7 (for polymethoxyﬂavones and furanocoumarins).
The EOs from lemon are the richest in some monoterpenes
other than limonene, especially γ-terpinene (outer skin and
peel) and β-pinene (peel, waste, and outer skin), responsible
for the characteristic “green peely” odor.32 β-Myrcene was
found mostly in orange outer skin and peel and in grapefruit
peel.
The EO from grapefruit peel is the richest in alcohols,
followed by lemon outer skin and peel and by orange outer
skin, whereas orange peel is the poorest in such constituents.
Contributions from linalool, borneol and hydroxylated
polymethoxyﬂavones must be considered, since the calculation
took into account all the OH stretching bands. Given the antiinﬂammatory activity of linalool,33 the eﬀect of R-(2)linalool in
decreasing the heart rate and in producing calm mood states,34
and the chemopreventive eﬀects of hydroxylated PMFs,
5584
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Figure 7. Summary, in a scale from 1 to 7, of the relative proportions of minor constituents (PMFs and furanocoumarins) of the EOs extracted from
diﬀerent regions of orange, lemon and grapefruit.

of an oil.32 From this point of view, all the analyzed EOs from
the Sicilian citrus are high-quality.
The beneﬁcial eﬀects of ﬂavonoids are well-documented in
the literature: their cholesterol- and triacylglycerol-lowering
potential36 and strong anti-inﬂammatory eﬀects37 are responsible for increased metabolic stability and membrane transport
in the intestine and liver, improving their oral bioavailability,38
thus the great potential of PMFs as oral cavity cancer
chemopreventive agents.39 The anticancer activity of citrus
peel ﬂavonoids has been evaluated on several animal models,
including skin, colon, prostate, lung, and liver, among others.40
Contrary to the results of other authors,17 the present study
shows that the EOs from Sicilian lemon, especially from the
peel, are richer in PMFs than those from orange and grapefruit.
The opposite was found for furanocoumarins, such as
isoimperatorin, which are predominant in grapefruit peel and
orange oils. This may be an advantage for these EOs, given the
potential eﬀect of isoimperatorin in protecting cells from the
hepatotoxic and hepatocarcinogenic eﬀects of Aﬂatoxin B1
(AFB1) that may form in improperly stored foods.41

oils, driving increasing demand in the developing and
developed regions.43 Increasing demand for orange oil faced
with the constant or diminishing availability of orange crops in
Florida and Brazil currently translates into a shortage of supply
and higher prices,44 whereas relevant innovative and ecologically friendly new methods of orange oil usage continue to
emerge, such as in the case of its use as basic ingredient for an
advanced pesticide of broad scope.45 Essential oils have a wide
range of classical applications, such as perfumes, creams, soaps,
ﬂavor additives for food, fragrances for household cleaning
products, and industrial solvents. Moreover, their beneﬁcial
biological eﬀects are today well-established: 6 In vitro
physicochemical assays characterize most of them as antioxidants, and recent work has shown that they can act as prooxidants at cellular level, aﬀecting inner cell membranes and
organelles such as mitochondria. Depending on the type and
concentration, EOs exhibit cytotoxic eﬀects on living cells but
are usually nongenotoxic.
The current industrial process of the citrus EO production,
namely, a cold-pressed procedure, works at room temperature
and is among the cleanest industrial processes in the food
industry. The hydrodistillation process in the microwaveassisted mode proposed herein, carried out at 100 °C, has a
signiﬁcantly higher energy input, but it aﬀords high-quality EOs
in higher yields, partly fulﬁlling the approach to the “dry”
bioreﬁnery proposed by Chemat and co-workers.46 Buyers in
the nutraceutical, cosmetic, and pharmaceutical industries
require pure EOs devoid of pesticide residues that not only
would make the product unsuitable for their needs but whose
use in cultivation of citrus crops is known to lower the quality
of citrus EOs, diminishing the content of valued aldehyde
compounds.47
Every season Sicily produces a signiﬁcant amount of citrus
fruits, mainly, orange, lemon, grapefruit, and mandarin. (In the
2015/2016 season 1.62 million tons of citrus were produced.)48
The outcomes of this study suggest that the newly developed
microwave-assisted extraction of EO (and pectin) from
diﬀerent citrus fruits and from diﬀerent parts of biologically
grown citrus crops is likely to become shortly an important
asset of the emerging bioeconomy in this region and in other
countries where citrus trees are grown on large areas of land.

■

CONCLUSIONS
In this study we provide spectroscopic evidence that all the
extracted oils from lemon, orange, and grapefruit harvested in
Sicily during winter and obtained using solvent-free microwave
extraction are rich in d-limonene, particularly those from
orange. This is compensated for by lemon EOs being richer in
other monoterpenes, namely, γ-terpinene. All the EOs are highquality, due to the presence of oxygenated constituents
(alcohols, aldehydes, esters, oxygenated PMFs, and/or
furanocoumarins), with those from the wastes being poorer
in these constituents. It is also recognized that mature fruits
generally contain less EOs than unripe ones, but their quality
increases with maturation.12 The new microwave-based
procedure is highly compatible with the actual industrial
processes of juice production, since it simply requires the
installation of industrial-scale microwave extractors42 downstream from the orange, lemon, or grapefruit juice extraction
units.
The demand for high quality citrus EOs is rapidly growing,
with growing consumer awareness regarding beneﬁts of these
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