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Abstract: This study aimed to evaluate the extraction of Corymbia citriodora (Hook.) K.D.Hill and
L.A.S.Johnson essential oil by steam distillation under reduced pressure. Yield and composition of the
essential oils obtained at different system pressures were analyzed. System pressure had a significant
influence on essential oil yield, resulting in a reduction of 78.6% when the pressure was reduced
from 690 Torr to 240 Torr. There were also changes in essential oil composition, with an increase in
citronellol content (oxygenated monoterpene). However, the major compound (citronellal) remained
at a high content in all tests. Regarding the extracted mass of the major compounds (citronellal,
citronellol), there was a significant reduction for all when the system pressure was reduced. Although
the reduction in the pressure of the system caused a reduction in oil yield, it was possible to carry out
the steps of extraction and purification of the major compound simultaneously. Reduced pressure
extraction may decrease process time, increasing its efficiency and reducing costs in the extraction of
essential oils.

Keywords: citronellal; fractionation; process intensification; terpenes; vacuum extraction

1. Introduction

Today, the use of substances from natural sources in the development and production
of cosmetics, foods, cleaning products, perfumery, and agricultural and medical appli-
cations is increasing. This trend follows the concerns regarding the effect of synthetic
chemicals on the environment and human and animal health. Among these substances,
essential oils highlight themselves as one of the natural products with the most potential
and interest in the replacement of synthetic molecules [1–3].

Most of the essential oils are complex mixtures of terpenes, extracted from aromatic,
medicinal, spice, and forest species. Several terpenes have demonstrated bioactive prop-
erties, with a potential for use in many areas, such as cosmetics, perfumery, medicine
(antioxidant and antimicrobial activity, uses in aromatherapy), industrial uses (eco-friendly
solvents), and agricultural applications (antimicrobial, antifungal, insecticidal/repellent
activities), among other uses [4,5].

However, for effective use of these compounds, in several situations, the terpenes must
be purified and/or separated from the mixture. In the industry, this process is carried out by
vacuum fractional distillation, although the extraction and fractionation using supercritical
carbon dioxide has been widely used in recent years [6,7].

Relative to the industrial methods used in the separation/purification of essential
oil components, vacuum fractional distillation has the main drawbacks of high energy
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costs required to generate a high vacuum and the exposition of the essential oil to high
temperatures (<120 ◦C), which may cause the degradation of thermolabile compounds,
reducing the quality, or even rendering the product unusable [6,8,9]. On the other hand,
the extraction or fractionation using supercritical carbon dioxide, while occurring at mild
temperatures (approx. 31 ◦C), operates at pressures above 7.3 MPa (approx. 73 atm),
which requires the design and construction of robust equipment and the strict control of
operational parameters, increasing the costs of this process [10,11].

In this sense, the use of a process that simultaneously carries out the extraction
and fractionation in a single stage is interesting because it reduces total process time; re-
moves the exposure time of essential components to heat, maintaining product quality;
and removes the need for post-treatment steps, reducing additional costs with separa-
tion/purification [6,12].

The reduction of the absolute pressure of the system may help in the separation/
purification of essential oil components through the modulation of steam temperature
in contact with the plant material, altering the volatilization rates of the several terpenes
present in the feedstock [4,13].

Cusin et al. [14] carried out the extraction of the petitgrain essential oil of Citrus deliciosa
Tenore by steam distillation at different absolute pressures. The author reported a reduction
in essential oil yield as the pressure was reduced; however, there was an increase in the
content of the major compound. On the other hand, Wu et al. [15], studying the reduced
pressure extraction of Origanum vulgare L., reported an increase in essential oil yield when
the absolute pressure of the system was reduced.

Corymbia citriodora (Hook.) K.D.Hill and L.A.S.Johnson is a large-sized aromatic
species, related to eucalyptus, and is distributed worldwide. The name ‘Eucalyptus citriodora
Hook.’ is synonym of this species. Native to Eastern Australia [16], C. citriodora has a high
content of essential oil in its leaves (2.8–6.9% v/w), whose chemotype reported in the
literature is the citronellal one [17,18].

The essential oil of C. citriodora has several uses: it can be used in cosmetics, perfumery,
pharmaceuticals, foods, and other fields, such as hygiene and cleaning products [5,19,20].
The literature also has reports on other possible applications due to the antifungal, an-
tibacterial, and herbicidal properties of C. citriodora leaf essential oil [20,21]. However,
there are few reports addressing the use of pressure-reduced distillation on the yield and
composition of essential oils, and even less on those of C. citriodora.

The aim of this work was to assess the extraction of the leaf essential oil of Corymbia
citriodora (Hook.) K.D.Hill and L.A.S.Johnson by steam distillation at different absolute
pressures, verifying the influence of system pressure on the yield and composition of the
obtained essential oil.

2. Experimental
2.1. Collection and Preparation of Plant Material

The plant materials used in the experiments were Corymbia citriodora (Hook.) leaves.
The material was collected from an adult plant with an age of approximately 17 years,
located in a rural property in the municipality of Estrela, South Brazil, at the geographical
coordinates of 29◦28′43′′ S and 51◦54′34′′ W, and an altitude of 39 m above sea level [22].
The collection was carried out early in the morning, and about 5 kg of leaves were collected
on 4 April 2021. The plant species was identified by Dr. Felipe Gonzatti, the head of the
Herbarium of University of Caxias do Sul (HUCS).

The plant material was dried using a kiln with forced air circulation at room tempera-
ture (20 ± 5 ◦C) for 96 h. After drying, the leaves were manually chopped using a scissor
to render a particle size smaller than 2.0 mm, aiming to homogenize the samples. In each
extraction, 50 g of chopped leaves were weighed in a semi-analytical balance, and then
transferred to the extraction chamber with a volume of 1.0 L, rendering a plant material
density of 0.05 g·mL−1 in all extractions [14]. The heating power of the mantle was kept at
415 W and the condenser temperature was kept at 10 ± 2 ◦C in all experiments.
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2.2. Essential Oil Extraction

Firstly, the essential oil was extracted for 4 h at atmospheric pressure (since the location
where the study was carried out was 817 m above sea level, the local atmospheric pressure
was 690 Torr) to verify the yield and chemical composition of the essential oil obtained at
‘standard’ conditions.

Afterwards, extractions were carried out for 1 h, at different absolute pressures, to
verify the influence of system pressure on the yield and chemical composition of the
essential oil. The extraction period of 1 h was chosen to optimize extraction time since
industrial extractions are generally conducted for 1 h. The absolute pressures of 690,
540, 390, and 240 Torr were tested. A scheme of the extraction system used is presented
in Figure 1.

ChemEngineering 2023, 7, x FOR PEER REVIEW 3 of 12 

to render a particle size smaller than 2.0 mm, aiming to homogenize the samples. In each 
extraction, 50 g of chopped leaves were weighed in a semi-analytical balance, and then 
transferred to the extraction chamber with a volume of 1.0 L, rendering a plant material 
density of 0.05 g·mL−1 in all extractions [14]. The heating power of the mantle was kept at 
415 W and the condenser temperature was kept at 10 ± 2 °C in all experiments. 

2.2. Essential Oil Extraction 
Firstly, the essential oil was extracted for 4 h at atmospheric pressure (since the loca-

tion where the study was carried out was 817 m above sea level, the local atmospheric 
pressure was 690 Torr) to verify the yield and chemical composition of the essential oil 
obtained at ‘standard’ conditions. 

Afterwards, extractions were carried out for 1 h, at different absolute pressures, to 
verify the influence of system pressure on the yield and chemical composition of the es-
sential oil. The extraction period of 1 h was chosen to optimize extraction time since in-
dustrial extractions are generally conducted for 1 h. The absolute pressures of 690, 540, 
390, and 240 Torr were tested. A scheme of the extraction system used is presented in 
Figure 1. 

Figure 1. Simplified scheme of the system used in the extractions at different absolute pressures. 
Source: adapted from Cusin et al. [14]. 

Essential oil yield was calculated using the measured volume of essential oil obtained 
and the mass of plant material used in the extraction, according to Equation (1). 

Y (% v⁄w ) = 100 × 𝑀V (1)

Where ‘Y’ is the essential oil yield, ‘V’ is the volume of essential oil obtained (mL), 
and ‘M’ is the mass of plant material used in the extraction (g). The extracted mass of the 
major compounds of the essential oil was also determined, at the four pressures analyzed, 
using Equation (2). 𝑚௖ = 5 × Y × ρ × C (2)

Where ‘mc’ is the extracted mass of each component (mg), ‘Y’ is the essential oil yield 
(% v/w), ‘ρ’ is the specific mass of the essential oil (g·mL−1), and ‘C’ is the content of the 
compound in the essential oil (wt.%). 

The obtained essential oils were stored in amber glass flasks and kept in a cold cham-
ber (4 ± 2 °C) until they were ready for chromatographic analysis. 

Figure 1. Simplified scheme of the system used in the extractions at different absolute pressures.
Source: adapted from Cusin et al. [14].

Essential oil yield was calculated using the measured volume of essential oil obtained
and the mass of plant material used in the extraction, according to Equation (1).

Y (% v/w) = 100 × V
M

(1)

where ‘Y’ is the essential oil yield, ‘V’ is the volume of essential oil obtained (mL), and ‘M’
is the mass of plant material used in the extraction (g). The extracted mass of the major
compounds of the essential oil was also determined, at the four pressures analyzed, using
Equation (2).

mc= 5 × Y × ρ × C (2)

where ‘mc’ is the extracted mass of each component (mg), ‘Y’ is the essential oil yield
(% v/w), ‘ρ’ is the specific mass of the essential oil (g·mL−1), and ‘C’ is the content of the
compound in the essential oil (wt.%).

The obtained essential oils were stored in amber glass flasks and kept in a cold chamber
(4 ± 2 ◦C) until they were ready for chromatographic analysis.

2.3. Chromatographic Analysis

The essential oils were analyzed by GC/MS (qualitative analysis) and GC-FID (quanti-
tative analysis), following the procedures described by Silvestre et al. [23] and
Vicenço et al. [24].

Qualitative analysis (GC/MS) was carried out using an HP gas chromatograph, model
6890, coupled to a MSD5973 mass spectrometer equipped with the HP Chemstation soft-
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ware and the Wiley 275 spectra library. An HP-5 MS fused silica column (30 m× 250 µm and
0.50 µm film thickness) was used (HP, Palo Alto, CA, USA). Temperature programming was
60 ◦C for 8 min, heating to 180 ◦C at 3 ◦C ·min−1, and heating to 230 ◦C at 20 ◦C ·min−1.
The injector temperature was 200 ◦C and interface temperature was 250 ◦C, with a split
ratio of 1:100, using helium as a carrier gas at 56 kPa and flow rate of 1.0 mL ·min−1, with
ionization energy of 70 eV.

Quantitative analysis (GC-FID) was carried out using an HP gas chromatograph,
model 6890, coupled to a flame ionization detector, and the HP Chemstation software.
An HP-5 MS fused silica column (30 m × 250 µm and 0.50 µm film thickness) was used
(HP, Palo Alto, CA, USA), following the same temperature programming of GC/MS
analysis. The detector temperature was 250 ◦C, with a split ratio of 1:100, using hydrogen
as a carrier gas at 34 kPa and flow rate of 1.0 mL ·min−1, and a sample injection volume
of 1 µL. Compound quantification was performed using 1-octanol as an internal standard,
injecting 25 µL of a 30.22 g · L−1 of a 1-octanol solution in hexane (755 µg of 1-octanol
injected in each analysis).

The identification of the essential oil components was carried out by comparing their
respective mass spectra to the ones in the Wiley 275 spectral library, which were then
selected by the equipment through match percentage; we then compared the calculated
linear retention indexes (LRI) to the ones reported by Adams [25]. A C7-C30 normal alkane
solution (Sigma Aldrich, San Luis, MO, USA) was used, and 1 µL of a 20 g·L−1 solution of
alkanes diluted in hexane was injected.

Only the compounds whose LRI values and mass spectra were concordant were
regarded as identified; otherwise, they were reported as ‘not identified’. The determi-
nation of the contents of each component of the essential oils was carried out based on
the procedures described by Rebelo et al. [26], with the determination of response fac-
tors injecting curves of compounds representative of the chemical classes present in the
essential oils.

2.4. Experimental Design and Statistical Analysis

The experimental design was completely randomized, with one factor (system ab-
solute pressure). All extractions were carried out three times for each treatment, total-
ing 12 extractions for the experiment. The obtained results underwent Levene’s test (ho-
moscedasticity) and Shapiro–Wilk’s test (homogeneity of residuals), followed by analysis
of variance (ANOVA) and Tukey’s multiple range test at 5% probability. The statistical
analysis was carried out using the Statistica 12 software (Statsoft, Tulsa, OK, USA).

3. Results and Discussion
3.1. Determination of Corymbia citriodora (Hook.) Leaf Essential Oil Yield

In the experiment in which the essential oil was extracted for 4 h at atmospheric
pressure (690 Torr), the average essential oil yield was 7.32% v/w, which is considered the
maximum yield for the tested sample of plant material tested in this study.

Tolba et al. [18], also carrying out the extraction of the essential oil of C. citriodora by
steam distillation using only the leaves (without stalks) and dried at room temperature, re-
ported a yield of 2.26 wt.% (approx. 2.86% v/w). In another study, Benchaa et al. [21]
observed an essential oil yield of 3.40% v/w for an extraction time of 2 h, whereas
Silou et al. [17], testing the same extraction time, reported an essential oil yield in the
range of 6.10–6.90 wt.%.

As observed by Pauletti et al. [27] and Pansera et al. [28], the essential oil yield is quite
variable, being influenced by environmental conditions and plant genetics, which may
explain the wide variation of results reported in the literature, as well as the maximum
essential oil yield, observed for C. citriodora in this study.
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3.2. Effect of the Absolute Pressure of the System on Essential Oil Yield

The data on essential oil yield as a function of the different absolute pressures of the
extraction system, for an extraction time of 1 h, are presented in Table 1.

Table 1. Average essential oil yield as a function of the absolute pressure of the system, after an
extraction time of 1 h.

Absolute Pressure (Torr) Steam Temperature (◦C) Average Essential Oil Yield (% v/w)

690 97.3 6.53 ± 0.24 a
540 90.7 5.40 ± 0.20 b
390 82.3 3.53 ± 0.31 c
240 70.5 1.40 ± 0.20 d

F-value 264.40
p-value <0.0001

Coefficient of variation (%) 7.33

Means followed by the same letter do not present statistical difference by Tukey’s multiple range test at a 5% error
probability (α = 0.05).

With the data shown in Table 1, it is possible to observe that, in terms of yield, the
extraction at atmospheric pressure (690 Torr) was the most efficient, i.e., had the highest
essential oil yield. It was also possible to verify that the absolute pressure of the system
had a significant effect on essential oil yield, resulting in a reduction of 78.6% in the yield
when the system pressure was reduced from 690 Torr to 240 Torr. The essential oil yield
extracted for 1 h at atmospheric pressure was 6.53% v/w. Pino et al. [29] reported a yield of
2.25% v/w for C. citriodora leaves extracted for 1 h at atmospheric pressure.

The terpenes present in the plant material have lower saturation pressures when
the temperature of the steam used in distillation is lower. This ends up lowering the
volatilization rates [13], which may explain the reduction in essential oil yield as the
absolute pressure is reduced, considering a fixed extraction time.

Cusin et al. [14] used an apparatus similar to the one used in this study to evaluate
the influence of system pressure on the extraction of the petitgrain essential oil of Citrus
deliciosa Tenore. In this study, when the pressure was reduced from 690 to 310 Torr, there
was a reduction in essential oil yield from 0.6% v/w at 690 Torr to 0.3% v/w at 310 Torr.

However, in the study carried out by Wu et al. [15], who tested the effect of pressure on
the hydrodistillation of Origanum vulgare L. with a Clevenger apparatus at atmospheric and
reduced pressure, there was an increase in essential oil yield at 500 mbar (approx. 375 Torr)
relative to the extraction at 760 Torr. According to the authors, this behavior may be related
to material texture and changes in the diffusion and volatilization rates of the terpenes that
composed the essential oil during extraction.

Ha et al. [30] performed the steam distillation at reduced pressure (95 Torr) of the roots
of Angelica tenuissima Nakai, and the leaves of Mentha arvensis L. and Acorus gramineus
Rhizoma, and needles of Pinus sylvestris L., reporting essential oil yields of 3.16 wt.%,
3.48 wt.%, 4.41 wt.%, and 2.51 wt.%, respectively. According to literature data, the extraction
at reduced pressure facilitated the extraction of the essential oil of Pinus sylvestris L. cones
(essential oil content of 0.13% v/w), probably due to the smaller content of oxygenated
monoterpenes and sesquiterpenes [31]. Relative to the species Mentha arvensis L., it was
observed that the extraction at reduced pressure caused no important differences in the
obtained essential oil relative to the data reported in the literature (2.7–5.1 wt.%) due to the
higher amounts of hydrocarbon monoterpenes and oxygenated monoterpenes, which are
more volatile [32].

Given the studies present in the literature, it is possible to notice that extraction
efficiency is related to the kind of feedstock used (terpenes present in the sample) and the
occurrence of variations due to the method employed. Thus, it is important to consider the
joint effect, i.e., the kind of material and the extraction method used to obtain the essential
oil and its real impact on its extraction efficiency [4].
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3.3. Effect of the Absolute Pressure of the System on Essential Oil Composition

Aiming to evaluate the influence of the absolute pressure of the system on the es-
sential oil, the chemical composition of the obtained oils at each operating pressure was
determined, whose results are compiled in Table 2.

Table 2. Chemical composition of the essential oils obtained by steam distillation at different absolute
pressures for 1 h.

Compound Lit. LRI 1 Calc. LRI 2 Chemical
Class

Absolute Pressure of the System (Torr)

690 540 390 240

Content (wt.%)

β-pinene 974 970 Monoterpene 0.09 a 0.12 a 0.00 a 0.00 a

Eucalyptol 1026 1028 Oxygenated
monoterpene 0.13 a 0.32 a 0.03 a 0.07 a

Isopulegol 1145 1140 Oxygenated
monoterpene 0.09 a 0.22 a 0.30 a 0.23 a

Citronellal 1148 1250 Oxygenated
monoterpene 91.51 b 92.63 a 92.57 a 92.20 ab

Citronellol 1223 1223 Oxygenated
monoterpene 4.89 c 5.21 c 5.81 b 6.55 a

PMD 3 1301 * 1304 Oxygenated
monoterpene 0.42 a 0.20 ab 0.10 b 0.06 b

(E)-
Caryophyllene 1408 1405 Sesquiterpene 0.70 a 0.41 b 0.30 c 0.27 c

Total identified 97.84 99.11 99.11 99.37
Not identified 2.16 0.89 0.89 0.63

Means in row followed by the same letter do not present statistical differences by Tukey’s multiple range
test at a 5% error probability (α = 0.05). 1—Linear retention index (LRI) values reported by Adams [25] and
* Yadegarinia et al. [33]. 2—Calculated LRI. 3—p-Menthane-3,8-diol.

The GC/MS chromatograms of the essential oils obtained by reduced pressure extrac-
tion at different absolute pressures are presented in Figure 2.

Tolba et al. [18], extracting the leaf essential oil of Corymbia citriodora at atmospheric
pressure, reported the following chemical composition: 0.43 wt.% β-pinene, 4.66 wt.%
isopulegol, 69.77 wt.% citronellal (major compound), 10.63 wt.% citronellol, 2.76 wt.% PMD,
and 1.34 wt.% caryophyllene. In a similar study, Benchaa et al. [21] reported 0.80 wt.%
β-pinene, traces of isopulegol (content below 0.05 wt.%), 64.70 wt.% citronellal, 10.90 wt.%
citronellol, and 0.50 wt.% caryophyllene.

When comparing the composition with the ones reported in Table 2, for the pressure of
690 Torr, it is possible to observe the existence of differences between them since the major
compound content was considerably high, consequently interfering with the contents of
the other compounds.

With the obtained results, it was possible to verify that by reducing the absolute
pressure from 690 Torr to 240 Torr, there was a fractionation of the essential oil during
the extraction. A reduction in PMD and (E)-caryophyllene contents was noticed, which
increased the amounts of citronellol (the extraction at reduced pressures favored an increase
in the contents of this compound in the obtained essential oil). Citronellal remained at high
contents (about 92 wt.%) in all tested pressures. The contents of β-pinene, eucalyptol, and
isopulegol did not differ statistically, probably due to the small amounts in the essential oil
(<0.40 wt.%).

For citronellal, it was possible to verify that there was no statistical difference between
the pressure of 240 Torr and the others; the pressure of 690 Torr differed from the pressures
of 540 and 390 Torr. This indicates that the operating pressure of the system had little
influence on the concentration of this compound, very probably due to its high content in
the essential oil (>90 wt.%).
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For citronellol, we observed a trend of increase in its content with the reduction of
the operating pressure of the system; the pressures of 690 and 540 Torr were statistically
similar. At 240 Torr, the citronellol content was 6.55 wt.%, an increase of 34% relative to the
contents obtained at the pressure of 690 Torr (4.89 wt.%).

For (E)-caryophyllene (only hydrocarbon sesquiterpene identified), we observed a
trend of reduction in its contents as the system pressure was reduced; the pressures of
390 and 240 Torr had similar performances, and the others were statistically different.
At 240 Torr, the content of this compound reduced by 61% relative to the extraction at
atmospheric pressure (0.70 wt.% at 690 Torr and 0.27 wt.% at 240 Torr).

For PMD, no clear trend could be observed, with no statistical difference between the
pressure of 540 Torr and the others. The test at 690 Torr differed from 390 Torr and 240 Torr.

Kim and Lee [34] performed the steam distillation at reduced pressure (100 Torr)
of Lavandula angustifolia leaves. The authors observed that the essential oil obtained in
these conditions did not present more volatile monoterpene hydrocarbons, nor oxygenated
sesquiterpenes in its composition, a different composition than the one observed by solid-
phase extraction and simultaneous distillation-extraction (SDE) at atmospheric pressure,
which were also evaluated.

Tamura et al. [35] extracted the essential oil of Ulva pertusa by steam distillation at the
absolute pressure of 20–30 Torr, reporting important changes in the aroma of the obtained
product due to alterations in its chemical composition.

As noted by Smith [36], although the increase in system pressure may help accelerate
the extraction of volatile compounds by speeding up the kinetics, the increase in pres-
sure hinders the volatilization of the less volatile compounds. In this sense, it would be
preferable to operate the system at lower pressures, facilitating the volatilization of the
compounds and exposing them to lower temperatures.

The relationships between the content and the absolute pressures for the compounds
citronellal, citronellol, and (E)-caryophyllene are presented in Figure 3.
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Figure 3. Contents of the compounds found in highest amounts in the essential oil as a function of
the absolute pressure of the extraction system.
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According to the obtained data, it can be seen that citronellal remained at high contents
in all pressures tested, showing that the extraction at reduced pressure had no important
impact on this compound due to its large amounts in the essential oil.

On the other hand, two distinct behaviors for citronellol and (E)-caryophyllene can
be observed, in which the former had its content increased as the system pressure was
reduced, and the latter had its content reduced as the pressure decreased.

These different behaviors between citronellol and (E)-caryophyllene were probably
the result of the different volatilities of these compounds, considering that citronellol is an
oxygenated monoterpene and (E)-caryophyllene is a sesquiterpene. The lower inherent
volatility of (E)-caryophyllene, associated with a lower steam temperature caused by
the reduction of the system pressure, ended up reducing the extraction efficiency of this
compound, increasing the citronellol contents. As citronellal, which is the major compound
of the essential oil, citronellol is also an oxygenated monoterpene; they volatilized more
easily, being extracted, while most of the (E)-caryophyllene remained in plant material due
to the lower volatilization rate.

Similar to the results of this study, Kubota et al. [37] carried out the extraction of
the volatile compounds of Alpinia galanga Willd by steam distillation at reduced pressure
(20 Torr), reporting an increase in the amounts of oxygenated monoterpenes to the detriment
of the most volatile (hydrocarbon monoterpenes) and less volatile (sesquiterpenes) fractions.
Moreover, the same authors also cited that there was an increase in the aroma of the obtained
material compared to the extraction at atmospheric pressure.

3.4. Effect of the Absolute Pressure of the System on the Extracted Mass of the Major Compounds

The effect of the absolute pressure of the system on the extracted mass of the major
compounds was also analyzed, whose results are presented in Table 3.

Table 3. Influence of the absolute pressure of the system on the extracted mass of the major com-
pounds of Corymbia citriodora leaf essential oil.

Compound

Absolute Pressure of the System (Torr)

690 540 390 240

Mass of Compound Extracted (mg)

Citronellal 2554 a 2137 b 1400 c 552 d
Citronellol 137 a 120 b 88 c 39 d

(E)-caryophyllene 21 a 10 b 5 c 2 d

Means in row followed by the same letter do not present statistical differences by Tukey’s multiple range test at a
5% error probability (α = 0.05).

According to the results compiled in Table 3, it is possible to observe that, when
reducing the absolute pressure of the system from 690 to 240 Torr, there was a significant
reduction of the extracted mass for all three compounds. This reduction was 78.4% for
citronellal, 71.5% for citronellol, and 90.5% for (E)-caryophyllene.

As noted by Cavalcanti et al. [38], Lei et al. [39], and Cusin et al. [14], the extraction
kinetics of terpenes are highly dependent on process conditions, such as the extraction time
and absolute pressure of the system, which is directly related to steam temperature as a
function of saturation pressure.

Thus, considering the same extraction time for all four pressures tested, the extractions
at lower pressures, due to the lower temperature of the extracting fluid (steam), had
slower extraction kinetics and smaller volatilization rates [14]. This reduced the extraction
efficiency of the compounds, especially the less volatile ones, such as (E)-caryophyllene
(hydrocarbon sesquiterpene).

With a mechanism similar to the process of vacuum fractional distillation, the extrac-
tion at reduced pressure promoted differential volatilization of the compounds, reducing
their extraction efficiency, and concentrating the oxygenated monoterpenes (citronellal,
citronellol) to the detriment of hydrocarbon sesquiterpenes ((E)-caryophyllene).
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4. Conclusions

It was possible to observe a significant reduction in the essential oil yield with the
reduction of the absolute pressure of the system. Regarding the contents of individual
components, the content of the major compound (citronellal) was not influenced by the
operating pressure of the system. However, all compounds had their extraction efficiency
reduced with the reduction of the pressure. Steam distillation under reduced pressure may
help in the purification of essential oil components by reducing the extraction efficiency of
the less volatile compounds and concentrating on the more volatile ones. Thus, while the
extraction efficiency is smaller, reduced pressure extraction may decrease process time and
reduce costs in the extraction of essential oils.
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