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Abstract: Increasing applications and markets for essential oils could bring new opportunities for
cost-effective and sustainable management of unused forestry biomass; however, better knowledge
of the production and application of such essential oils is necessary. The objective of this work is to
contribute to greater knowledge of the essential oil production on a pilot scale from foliage biomass
of wild shrubs and tree residues produced in some forestry enhancement operations and to study
their antioxidant capacity (ORAC—oxygen radical absorbance capacity). Fresh biomass (twigs) of
seven species (E. globulus, E. nitens, P. pinaster, P. sylvestris, R. officinalis, C. ladanifer, and ]. communis)
was manually collected in Spain in two different periods and was ground at 30 mm and distilled in a
30 L stainless steel still with saturated steam. The essential oil components were identified by GC-MS
and quantified by GC-FID, and their antioxidant activity was determined with the ORAC method.
Promising results on essential oil yield were obtained with E. globulus, E. nitens, R. officinalis, and .
communis. All essential oils studied exhibited antioxidant capacity by the ORAC assay, particularly
that from C. ladanifer. Moreover, oxygenated sesquiterpenes contents, one of the minor components
of oils, were significantly correlated with ORAC values.

Keywords: antioxidant activity; Cistus ladanifer; essential oil; Eucalyptus globulus; forestry biomass
foliage

1. Introduction

According to the EU’s official soil database [1], five Mediterranean countries have
over 50% of the EU28’s shrublands, i.e., 16 Mha, of which slightly above half (8.4 Mha) are
located in Spain. Currently, this large extent of shrubland is the result of several factors,
namely, forest fires, abandonment of low productive cropland and/or extensive grazing,
and global warming allowing sclerophyllous shrub species, which best cope with drought
and high temperatures, to flourish [2].

Shrubs are colonizing pioneer plants in abandoned agricultural and grazing lands,
whose biomass resources are barely or marginally exploited, and where wildfires commonly
consume the biomass contained in such lands. Mediterranean shrubs are generally well
adapted to fire (pyrophytic species) and their widespread distribution is in fact favored
by fire-prone environments [3,4]. Nonetheless, periodic fires result in progressive soil
impoverishment, erosion, and loss of organic matter, together with environmental pollution,
loss of human life, and vast economic losses as unwanted collateral impacts [4,5].

If climate change forecasts are taken into account, fire-prone conditions are predicted
to increase across the world and especially in territories with Mediterranean climates, such
as the Mediterranean Basin, the North American West Coast, and Australia. Scientists
agree that climate change will drive vegetation shifts toward drought-resistant species [2,6].
In this respect, and especially in Mediterranean regions, adaptation means maintaining
forest fuel densities under environmentally acceptable levels that allow us to ensure
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that the risk and virulence of forest fires are as low as possible [7]. Therefore, forestry
management by clearing scrub and tree vegetation must be a priority in fire-fighting
plans. However, clearing, pruning, and forest enhancement operations, in general, are
costly and require a great amount of economic resources. In that sense, scientists and
experts agree that a paradigm shift is needed from the current approach, which is based
primarily on extinguishing fires and costly preventive silviculture, toward a new model
based on cost-effective forest management [8]. To this end, it is necessary to develop highly
added-value bioproducts and biofuels from the biomass obtained in forest enhancement
or preventive operations while generating new incentives for rural development and
fighting depopulation.

Valuable essential oils can be obtained from species produced in the forest of the
Mediterranean area [9]. Essential oils are raw materials for potential cosmetic and pharma-
ceutical products but could also be used as biocides and preservatives to replace today’s
chemical products [10,11], which are more harmful and long lasting.

The high and increasing market value of essential oils could allow the exploitation of
forest resources to be economically viable. Among the species considered of interest from
the point of view of their essential oil content and biomass products, seven were selected
in this work due to their high availability in both wild and cultivated forms. Four of them
were tree species—Eucalyptus globulus Labill., Eucalyptus nitens Maiden, Pinus pinaster Aiton,
and Pinus sylvestris L—and three of them were shrub species—Rosmarinus officinalis L.,
Cistus ladanifer L., and Juniperus communis L. (Figure 1).

Pinus pinaster Aiton Pinus sylvestris L.

Figure 1. Cont.
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Rosmarinus officinalis L. Cistus ladanifer L.

Juniperus communis L.

Figure 1. Distribution of the selected species in the Mediterranean area according to the Global Biodiversity Information

Facility (GBIF) [12].

In Spain, according to data from the Spanish Forest Map [13,14], the distribution area
of most of the species being studied is considerable. The largest surface area is covered by
C. ladanifer (1.7 Mha), followed by P. pinaster (1.35 Mha), R. officinalis (1.3 Mha), P. sylvestris
(1.25 Mha), E. globulus (625,000 ha), J. communis (60,000 ha), and finally, E. nitens, with
12,000 ha. The surface area of E. nitens may be larger since it is a species that is commonly
used in new wood production plantations in northern Spain.

Different studies related to the essential oil production from the above-mentioned
species have been reported in the literature. Nevertheless, most of them have been carried
out on a laboratory scale, making it difficult to extrapolate the published results to an
industrial scale.

With regard to the application of the different essential oils studied in this work,
rosemary essential oil is the most widely used on the market due to its applications in
the food and cosmetics industry [15], followed by rockrose in the cosmetics industry [16],
and juniper in the food, pharmaceutical, and cosmetics industries [17]. However, all the
essential oils analyzed have proven properties, such as the high antibacterial activity of
eucalyptus [18], the high antioxidant power of juniper (both berries and leaves) [19,20],
the antimicrobial activity of pine oil [21], and the herbicidal activity of rockrose [22], and
therefore, an effort should be made to make this source of natural products available on
the market.

Recently, antioxidant activity from natural sources, such as essential oils from plants,
has received increasing attention, particularly in the food industry. Dietary antioxidants can
stimulate cellular defenses and reduce oxidative damage or stress related to many human
diseases such as cancer, atherosclerosis, cardiovascular and neurological diseases, as well as
the aging process [23-25]. In addition, antioxidant components from essential oil contribute
to extending food shelf life [26,27]. Terpenes compounds are the most common constituents
of essential oils, and their effectiveness as antioxidants has been widely demonstrated
in vivo and in vitro assay [27].

The objective of this research is twofold—on the one hand, to contribute to greater
knowledge of the essential oil production on a pilot scale from foliage biomass of wild
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shrubs and tree residues produced in some forestry enhancement operations, and on the
other hand, to study the antioxidant capacity (ORAC—oxygen radical absorbance capacity)
of the essential oils obtained.

2. Results
2.1. Essential Oil Extraction

Fresh biomass collected manually was ground at 30 mm and distilled.

The essential oil yield obtained in the batch distillation tests, expressed in weight
percentage and referred to dry plant, is shown in Table 1. Moreover, the p-values of the
F-tests corresponding to the variance analysis used to determine differences across the
collection period within the same species are also included.

Table 1. Essential oil yields obtained in the steam distillation tests.

Moisture Content

p-Value of the

Species Collection Period (%, wm.) Aver. Yield (%, d.b.) Std. Dev. F-Test
C. ladanifer First 20.2 0.036 0.0023 0.8652
C. ladanifer Second 19.2 0.037 0.0093 ’

E. globulus First 57.7 1.59 0.021 0.0039
E. globulus Second 77.5 1.93 0.095 ’

E. nitens First 455 0.45 0.0025

E. nitens Second 32.8 0.57 0.012 0.0001
J. communis First 35.7 0.37 0.011
J. communis Second 39.2 0.31 0.020 0.0115
P. pinaster First 424 0.22 0.0035 0.0001
P. pinaster Second 36.4 0.17 0.0045 ’

P. sylvestris First 44.3 0.15 0.0046 01079
P. sylvestris Second 51.0 0.18 0.026 )
R. officinalis First 35.3 0.50 0.010 0.0028
R. officinalis Second 32.6 0.44 0.015 '

w.m.: wet matter; d.b.: dry basis; Aver.: average; Std. dev.: standard deviation.

Significant (p < 0.05) differences were found between the average yields when the
two collection periods were considered within the same species, with the exception of
C. ladanifer and P. sylvestris. Comparing the yields obtained for the different species, E.
globulus is the species with the highest essential oil yield, followed by E. nitens, R. officinalis,
J. communis, P. pinaster, P. sylvestris, and finally, C. ladanifer.

2.2. Essential Oil Composition

The essential oils corresponding to the same species and collection period were
blended and analyzed (see Section 4.3). Table 2 includes the main component groups
identified and their quantification considering the relative area percentage.
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Table 2. Component groups of the essential oil samples from plants collected in the first (1) and second (2) periods and
analyzed by GC-MS and GC-FID.

Relative Area (%)

Component Groups

C. lad. E. glob. E. nit. J. com. P. pin. P. syl. R. off.

Monoterpene hydrocarbons (1) 62.47 27.06 16.19 59.19 67.90 74.24 46.01
Monoterpene hydrocarbons (2) 49.46 25.18 14.90 79.58 60.57 84.84 37.75
Oxygenated monoterpenes (1) 14.22 52.19 79.58 3.39 0.75 0.80 43.41
Oxygenated monoterpenes (2) 14.35 68.85 80.46 8.46 1.27 0.48 53.95
Sesquiterpene hydrocarbons (1) 5.38 13.25 1.29 34.20 19.27 19.54 4.75
Sesquiterpene hydrocarbons (2) 6.99 1.75 1.17 8.67 33.53 12.67 4.12
Oxygenated sesquiterpenes (1) 9.47 3.55 0.40 1.65 0.97 091 0.03
Oxygenated sesquiterpenes (2) 15.35 2.65 0.54 0.95 091 0.48 0.33
Others (1) 2.77 0.42 1.30 0.52 9.88 0.12 417

Others (2) 3.35 0.25 1.61 0.71 2.73 0.72 2.98

Total identified (1) 94.31 96.47 98.76 98.95 98.77 95.61 98.37

Total identified (2) 89.50 98.68 98.68 98.37 99.01 99.19 99.13

C. lad.: Cistus ladnifer; E. glob.: Eucalyptus globulus; E. nit.: Eucalyptus nitens; ]. com.: Juniperus communis; P. pin.: Pinus pinaster; P. syl.: Pinus

sylvestris; R. off.: Rosmarinus officinalis.

Monoterpene hydrocarbons were the main component of the essential oils of C. ladan-
ifer (62.67 and 49.46%), |. communis (59.19 and 79.58%), P. pinaster (67.90 and 60.57%),
and P. sylvestris (74.24 and 84.84%). On the other hand, the essential oils of E. globulus
and E. nitens showed high contents of oxygenated monoterpenes (52.19 and 68.85% for
E. globulus, and 79.58 and 80.46% for E. nitens). Finally, high contents of both monoterpene
hydrocarbons and oxygenated monoterpenes were remarkable in the R. officinalis essential
oil, with values of 46.01 and 37.75% for monoterpene hydrocarbons and 43.41 and 53.95%
for oxygenated monoterpenes. With regard to sesquiterpene hydrocarbons, the sample
corresponding to the J. communis essential oil of the first sampling period showed the
highest value (34.20%), followed by the sample corresponding to the P. pinaster essential oil
of the second sampling period (33.53%). Concerning the oxygenated sesquiterpenes, the
highest values were analyzed in the essential oils of C. ladanifer (9.47 and 15.35%).

The main components identified and their quantification considering the relative
area percentage are shown in Tables 51-S5 from Supplementary Materials. It can be
observed that the main components of the samples of C. ladanifer essential oil were x-
pinene (51.93 and 39.11%), followed by viridiflorol (6.40 and 10.21%), bornyl acetate (2.89
and 3.16%), camphene (2.42 and 3.13%), trans-pinocarveol (2.15 and 2.22%), and ledol
(1.84 and 2.94%). With regard to the Eucalyptus essential oils considered, both species
showed very high contents of 1,8-cineole (45.02 and 61.26% in E. globulus and 73.01 and
73.00% in E. nitens), followed by «-pinene (17.70 and 15.89% in E. globulus and 11.43
and 10.28% in E. nitens), aromadendrene (7.20% but only in the sample corresponding
to the first period for E. globulus), limonene (4.41 and 5.26% in E. globulus, and 2.69 and
2.52% in E. nitens), x-terpinyl acetate (4.54 and 4.24%, only in E. globulus), p-cymene (2.44
and 0.34% in E. globulus, and 0.53 and 0.68% in E. nitens) and globulol (2.21 and 1.41%,
only in E. globulus). Concerning the analysis of the J. communis essential oils, it can be
noticed that both samples showed high contents of sabinene (17.57 and 34.29%) and «-
pinene (21.12 and 16.26%), followed by limonene (5.78 and 7.89%), terpinen-4-ol (2.10 and
5.70%), B-myrcene (2.92 and 4.95%), 3-phellandrene (2.57 and 3.75%), y-terpinene (1.41
and 2.56%) and «-thujene (1.60 and 2.51%). On the other hand, thujopsene (12.36%) and
trans-B-caryophyllene (3.13%) were noticeable in the sample corresponding to the first
period. Considering the Pinus essential oils analyzed, o-pinene and 3-pinene were the
main components detected; thus, P. pinaster samples had 27.13 and 25.50% of x-pinene and
29.44 and 18.80% of 3-pinene, and P. sylvestris samples had 45.12 and 51.78% of x-pinene
and 8.94 and 19.82% of 3-pinene. Both species also showed high contents of 3-myrcene
(5.97 and 9.45% in P. pinaster, and 12.19 and 2.14% in P. sylvestris), trans-f3-caryophyllene
(8.31 and 12.06% in P. pinaster, and 6.87 and 3.91% in P. sylvestris), germacrene D (4.05 and
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10.37% in P. pinaster, and 6.87 and 4.33% in P. sylvestris) and limonene (3.23 and 4.35% in
P. pinaster, and 1.14 and 3.91% in P. sylvestris). Moreover, P. pinaster showed 2.11 and 1.70%
of longifolene and P. sylvestris 3.54 and 3.63% of camphene. Finally, the main components
of the samples of R. officinalis essential oil were camphor (24.39 and 29.96%), 1,8-cineole
(10.71 and 15.73%), and o-pinene (14.61 and 11.75%), followed by camphene (9.70 and
8.00%), B-myrcene (7.96 and 5.62%), limonene (5.96 and 4.52%), 3-pinene (4.17 and 4.27%),
trans-f3-caryophyllene (3.39 and 1.93%), 3-octanone (3.21 and 2.42%), bornyl acetate (2.22
and 1.05%), and borneol (2.11 and 1.91%).

2.3. Antioxidant Capacity

Figure 2 represents the antioxidant activity of essential oils measured by ORAC
(oxygen radical absorbance capacity) assay and expressed as umol Trolox per gram of
essential oil from plants collected in the first and second periods. All studied essential
oils showed antioxidant activity, values ranged from 209.36 to 72.75 umol Trolox/gram
of essential oil. Significant (p < 0.05) differences were observed between ORAC values of
some studied species and between the two collection periods of C. ladanifer, |. communis,
and P. sylvestris. The essential oil with the highest antioxidant activity was obtained from
C. ladanifer, in contrast to the lowest activity detected in P. sylvestris oil. The essential oils of
plants collected in the second period presented higher antioxidant activity (22-8%) than
those collected in the first period, except those belonging to genus Pinus.

M First
“|Second

a,A I
bAbA
b,A
bA T bAbA I
c, I
0- I I I I

C.ladanifer E.globulus E.nitens J]. communis P.pinaster P.sylvestris R.officinalis

[
(=]
o

ORAC (umol Trolox/g essential oil)
S
(=]
|

Figure 2. Antioxidant capacity (ORAC) of the essential oils (umol Trolox/g) from plants collected
in the first and second periods. Error bars correspond to the standard deviation of three replicates.
(n = 3). Different small letters mean significant differences (p < 0.05) between all the samples analyzed,
whereas different capital letters mean significant differences due to collection period.

A positive correlation was observed among oxygenated sesquiterpenes and ORAC
(r=20.661, p <0.05).

3. Discussion
3.1. Essential Oil Extraction

With regard to the distillation tests (Table 1), the significant differences found between
the average yields comparing the two collection periods within the same species, with the
exception of Cistus ladanifer and Pinus sylvestris, could be explained by the differences in the
plants due to different factors, such as their phenological stage, meteorological conditions
or plant age, as other authors have observed in previous studies with these species and
others [17,28-33].

Different studies carried out with the species considered in this study have been
consulted in order to compare the yields obtained. The essential oil yields reported in the
literature are shown in Table 3.
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Table 3. Essential oil yields reported in previous works for the species studied.
. Collection .. Distil. Distil. Sample Yield Yield
Species  Ref. Months Origin Plant Part Method Time (h) Weight Chwlw d b)) C%olw d.b.)
[34] na. Portugal twigs SD na. 50¢g 0.33 -
[35] July—-August Portugal twigs HD Clev 2 20g 0.25 -
[36] May France twigs SD 2 100 g 0.10 -
C lad [37] July Portugal twigs SDE 1 15g 0.15 -
--ad. [38] July Portugal leaves HD Clev 3 100 g 0.63 -
[39] March Portugal twigs SD 15 100 kg - 0.01
[39] August Portugal twigs SD 15 100 kg - 0.04
[39] August Portugal twigs HD 3 270 g - 0.15
[40] n.a. Algeria twigs SD n.a. 600 kg 0.5 -
[41] n.a. Morocco leaves HD Clev 2 n.a. 2.7 -
E. olob [42] March Uganda leaves HD Clev n.a. n.a. - 0.2
- 8100 [43] n.a. Ethiopia leaves HD Clev 3 n.a. 11 -
[44] March Australia leaves Glass dist 6 100 g 39 -
[45] n.a. Morocco leaves SD n.a. n.a. 2.3 -
[43] n.a. Ethiopia leaves HD Clev 3 n.a. 1.4 -
E. nit. [44] March Australia leaves Glass dist 6 100 g 0.75 -
[46] November Australia leaves Glass dist 6 150 g 0.7-1.5 -
[17] February Estonia leaves SDE 2 10g 0.70 -
[47] October- Sardinia leaves SD Clev na 100 - 0.19
December e & :
[33] May-April Estonia branches HD Clev 1.5 20g 0.05-0.70 -
J. com. [48] April-December India leaves SD Clev 3 1000 g 0.70 -
[49] May-November Iran twigs HD Clev 35 30g - 243
[50] Summer Bulgaria leaves HD Clev 2 50¢g - 0.30-0.60
[50] Summer Serbia leaves HD Clev 2 50g - 0.53-0.86
[51] February Italy twigs HD Clev 2 n.a. 0.18 -
P. pin [52] n.a. France leaves HD Clev 2 50g 0.82 -
e [53] August Tunisia needles HD Clev 3 100 g 0.4 -
[54] March Algeria needles HD Clev 4 100 g 0.61 -
[55] September Turkey cones HD Clev 3 100 g 0.13
[56] July Lithuania leaves HD Clev 2 50g 0.25 -
P syl [57] April Greece twigs HD 3 80¢g 0.52 -
- Syh [58] n.a. Turkey leaves HD Clev 3 n.a. 0.22-0.82 -
[59] July Lithuania leaves HD Clev 2 20g - 1
[60] January Lithuania leaves HD Clev 2 70g 0.43-0.64 -
[42] March Uganda leaves HD Clev n.a. n.a. - 1
[61] n.a. Spain twigs HD Clev 2 100 g 1.88 -
[62] n.a. Spain twigs SD n.a. n.a. 11 -
[41] n.a. Morocco leaves HD Clev 2 n.a. 1.8 -
R. off. [63] October-May Algeria twigs HD n.a. n.a. 0.64-1.07 -
[64] [J)fc‘:;%; Ttaly twigs SD na. 900 g 0.055-0.77 -
[65] November- Pakistan leaves HD Clev 3 n.a. 0.93 -
December
[66] n.a. Brazil twigs SD 1.5 60-310 kg - 0.37-0.49

Ref.: reference; Distil.: distillation; w: weight; v: volume; d.b.; dry basis; SDE: simultaneous distillation extraction; SD: steam distillation;
HD: hydrodistillation; Clev: Clevenger; Glass dist: glass distiller; n.a.: not available.

As we can observe in Table 1, the species with the highest yield in this study was
E. globulus (1.59 and 1.93%). However, considering the data shown in Table 3, its yield here
is much lower than those obtained by other authors using lab devices, namely, 2.3% [45],
2.7% [41], and 3.9% [44], but higher than the value of 0.5% obtained in a prior study
using an industrial device [40]. Considering the values obtained on a laboratory scale
(0.7-1.5%) from the literature for E. nitens [43,44,46] and the yield obtained in this study
(0.45 and 0.57%), it can be observed that the yield from this species is lower than the value
corresponding to E. globulus.

In the case of P. pinaster, the yields obtained in this work were 0.22 and 0.17%, far from
the values obtained on a laboratory scale and reported by Rezzoug [52] (0.83%), Mimoune
et al. [54] (0.61%), and Amri et al. [53] (0.4%), and close to the figure obtained for plant
material collected in central Italy (0.18%) by Macchioni et al. [51].

For P. sylvestris, a species with a larger distribution area than P. pinaster, many refer-
ences have been found (Table 3). In most cases, these studies used pine needles for the
distillations, and the yields were higher than those obtained in this work. The reported
yields reached values higher than 0.8%, compared to 0.15% and 0.18% obtained in the
species analyzed here.
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R. officinalis is a species widely used in the production of essential oil, and there
are numerous publications on its composition; however, as indicated above, there are
few references regarding its performance in industrial equipment. The reported yields
in laboratory equipment were mainly between 1 and 2 (% w/w d.b.), while in industrial
equipment, yields reported in Brazil [66] were between 0.37 and 0.49 (% v/w d.b.). These
numbers are closer to the one obtained in this study (0.5 and 0.44% w/w d.b.).

In J. communis, the yields reported on a laboratory scale in other studies are variable,
between 0.05 and 2.43% for foliage (Table 3), and the values obtained in this study (0.37
and 0.31%) are within the limits observed.

Finally, for C. ladanifer, the lowest yield values were obtained (0.036 and 0.037%). If
these values are compared with the literature consulted (Table 3), it can be observed that
they are lower than those obtained on a laboratory scale, between 0.10 and 0.63 (% w/w
d.b.) but similar to the values corresponding to pilot-scale process, between 0.01 and 0.04
(% v/wd.b.)[39].

3.2. Essential Oil Composition

The chemical composition of the essential oils from the samples obtained by steam
distillation was determined by GC-MS and GC-FID analyses. The analysis results are
shown in Tables S1-S5 from Supplementary Materials.

Comparing the analysis results of C. ladanifer essential oil with some works from
the literature, the results obtained for «-pinene are within the limits found in samples of
commercial essential oils from Spain (48.9-50.4%) [35] and Portugal (29.8-59.5%) [39]. The
same trend is observed for bornyl acetate (1.5-3.1% in Spanish essential oils and 2.6-6.1%
in Portuguese essential oils), camphene (2.4-5.0% in Spanish essential oils and 2.6-14.7% in
Portuguese essential oils), and trans-pinocarveol (1.7-2.8% in Spanish essential oils and
1.8-5.9% in Portuguese essential oils). However, higher values of viridiflorol are found
in the essential oils analyzed in this work when compared with the limits found in the
mentioned Spanish essential oils (1.1-1.7%) and Portuguese essential oils (0.8-1.9%).

On the other hand, considering that the composition of C. ladanifer essential oil de-
pends on different factors, such as the origin of the plant, the harvesting season, or the
method used to obtain the essential oil [35,39,67,68], compositions of this oil totally different
from those obtained in this work have also been found in the literature [35,69,70].

The E. globulus essential oils here analyzed showed high contents of 1,8-cineole,
followed by a-pinene, aromadendrene, limonene, a-terpinyl acetate, and globulol, listing
the compounds according to their decreasing quantities. Comparing these values with
those set out by Barbosa et al. [71], it can be observed that 1,8-cineole is always the most
abundant compound, with values between 21.4 and 90.0% in essential oils from different
countries. The rest of the main compounds analyzed in the studies shown by Barbosa
etal. [71] do not follow a common pattern. However, it must be considered that the chemical
composition of Eucalyptus essential oils depends on the plant stage, and consequently, the
harvesting time has significant effects on the chemical composition of this oil [28].

Considering the analyses of the essential oils of E. globulus and E. nitens obtained, it
can be observed that both essential oils are mainly composed of 1,8-cineole and «-pinene,
being higher the concentration of 1,8-cineole in the samples corresponding to E. nitens.
In the work carried out by Dagne et al. [43], 1,8-cineole and a-pinene are also the main
components in the essential oils of both species, although with similar values of 1,8-cineole.

Concerning the composition of J. communis essential oils, some authors have found that
the main components from the essential oil obtained from leaves seem to be o-pinene and
sabinene [50,72], with values of a-pinene between 21.7 and 89.7% and sabinene between
12.1 and 61.9% [72]. Nevertheless, other authors have found that a-pinene together with
limonene are the most abundant compounds, with concentrations of a-pinene between
40.4 and 62.0% and limonene between 4.2 and 10.0% [33]. In the samples analyzed in the
present work, sabinene, a-pinene, and limonene are the main components, with values next
to the lowest limits shown by the above-mentioned authors. Other compounds are also
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abundant, such as 3-myrcene, 3-phellandrene, y-terpinene, x-thujene, thujopsene, and
trans-f-caryophyllene. They have also been found in J. communis essential oils by different
authors [33,50,73,74]

The samples of Pinus pinaster and Pinus sylvestris essential oils here analyzed show
that a-pinene and 3-pinene are the main components of these oils. This aspect has also
been observed by Macchioni et al. [51] and Rezzoug [52] in P. pinaster essential oils from
Italy and France, respectively, and by Koukos et al. [57] in P. sylvestris essential oil from
Greece. However, other authors have observed that 3-pinene is not abundant in some
samples of essential oils of P. pinaster and P. sylvestris from Tunisia [53], Algeria [54,75],
Turkey [55], Greece [76], and Lithuania [56,59].

Other components, such as 3-myrcene, trans-p-caryophyllene, and germacrene D,
which are higher than 10% in some of the samples analyzed in the present work, have also
been found with a high concentration in the literature [51,57,76].

Finally, concerning R. officinalis, two major types of rosemary oil are reported in the
literature. The first one with more than 40% of 1,8-cineole and present in Morocco, Tunisia,
Turkey, Greece, Yugoslavia, Italy, and France, and the second one with approximately equal
ratios of 1,8-cineole, x-pinene, and camphor, and present in France, Spain, Italy, Greece,
and Bulgaria [77]. Considering the composition of the two samples analyzed in the present
work, where camphor (24.39 and 29.96%), 1,8-cineole (10.71 and 15.73%), and o-pinene
(14.61 and 11.75%) are the main components, a greater similarity with the second type can
be seen. If these values are compared with those obtained in a different study carried out
with R. officinalis plants from Spain [78], it can be observed that they are in the same order
of magnitude. Furthermore, the essential oils analyzed in the above-mentioned study also
showed high contents of camphene, 3-pinene, 3-caryophyllene, limonene, borneol, and
myrcene, as the essential oils analyzed in the present work.

3.3. Antioxidant Capacity

As shown in Figure 2, the seven essential oils exhibited antioxidant capacity measured
by oxygen radical absorbance capacity assay, as had previously been demonstrated by
other authors. Moreover, a correlation between oxygenated sesquiterpenes contents and
ORAC values of essential oils was found in the present study.

The essential oil obtained from C. ladanifer showed the highest activity by ORAC
assay (187.93 and 209.36 umol Trolox/g essential oil, first and second collection period,
respectively). When rockrose essential oil was evaluated by other methods such as the
DPPH, (-carotene bleaching, and ABTS assays, also remarkable antioxidant capacity was
detected [79,80]. The strong antioxidant capacity, together with the antimicrobial capacity
of this essential oil, makes it a promising candidate to use in the food industry.

The antioxidant activity of Eucalyptus essential oils evaluated by various testing meth-
ods had been reported in earlier studies. The antioxidant activity of E. globulus essential oil
evaluated by ORAC assay resulted in higher values than the values previously reported by
Miguel et al. [81]. However, the antioxidant activity of E. nitens has not been investigated
in the literature. According to the results presented in Figure 2, the antioxidant activity of
the Eucalyptus essential oils did not show significant differences between the two studied
species (E. globulus and E. nitens) and the two different collection periods. Neither did
Miguel et al. [81] find significant differences among antioxidant activity (ORAC and TEAC
methods) of E. globulus and some other Eucalyptus species. The most antioxidant active com-
ponents of essential oils were thymol and carvacrol (oxygenated monoterpenes) [27,82,83].
However, essential oils of E. globulus and E. nitens contain scarcely any amount of these
compounds. In fact, the major component found in these Eucalyptus essential oils was
1,8-cineole, which showed low antioxidant activity [27,83]. On the other hand, some
oxygenated sesquiterpenes analyzed have demonstrated a similar strong antioxidant activ-
ity to the oxygenated monoterpenes [27], which could support the relationship between
antioxidant activity and oxygenated sesquiterpenes of essential oils deduced from our
data. Clearly, the antioxidant activity of essential oils may be due to minor components
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with important antioxidant activity. Although the chemical complexity of essential oils’
compounds and synergistic and antagonistic effects between these compounds could affect
the antioxidant activity [82,84].

In our study, the essential oil of J. communis presented similar ORAC values to those
of Eucalyptus and P. pinaster essential oils. Other authors have also observed antioxidant
activity of |. communis measured by the DPPH method [85]. When the antioxidant capacity
of essential oils of different parts of J. communis was evaluated, a strong antioxidant activity
was detected for berries essential oil of J. communis by ORAC (70.5 pmol Trolox/g) [86]
and that of the leaves by the DPPH method [19]. As occurs with other essential oils,
the main components of J. communis essential oil (x-pinene, sabinene, and limonene),
showed low or even no antioxidant activity determined by different antioxidant evaluation
methods [19,27,82]. While . communis essential oil contains a low amount of y-terpinene,
which is a monoterpene with a particularly strong capacity [19,27]. Therefore, the antioxi-
dant activity of Juniperus essential oils may also be due to other minor components, such as
oxygenated sesquiterpenes.

In relation to Pinus essential oils, significant differences were found in antioxidant ac-
tivity between essential oil of the two Pinus species studied in the present work. P. sylvestris
essential oil showed the lowest activity evaluated by the ORAC assay of all plant materials,
and similar results measured by the DPPH assay were found by Ka¢aniova et al. [87]. In
contrast, P. pinaster essential oil revealed higher activity than P. sylvestris. Our results are in
accordance with those reported by Tiimen et al. [88], in which higher activity for essential
oils from P. pinaster was also observed, particularly for those obtained of the cones of this
Pinus tree.

The antioxidant capacity of R. officinalis essential oil demonstrated in our study by
the ORAC method was also found by a DPPH free radical scavenging test [65,89,90].
According to Papageorgiou et al. [77], the antioxidant activity of rosemary oil could be due
to the synergistic action of minor compounds, instead of the oxygenated sesquiterpenes’
contents. Other authors have identified some oxygenated monoterpenes as responsible for
the antioxidant activity of R. officinalis [91].

Taking into account the antioxidant capacity of the essential oils obtained from C. ladan-
ifer, E. globulus, E. nitens, |. communis, P. pinaster, P. sylvestris, and R. officinalis, these oils
could be used as natural antioxidants in the food industry.

4. Materials and Methods
4.1. Plant Material Collection and Preparation

The plant material (twigs) of each one of the species considered was collected in Spain
(central or northern location) in two different periods separated by one or two years, as is
shown in Table 4.

Table 4. Location and date of the plant material collection.

Species Coordinates (WGS84 Google) 1st Collection Date 2nd Collection Date

Cistus ladanifer X: —2.979643 Y: 41.09917 September 2018 October 2019
Eucalyptus globulus X: —5.31016776 Y: 43.5112467 July 2018 June 2020
Eucalyptus nitens X: —7.3083651 Y: 41.9822278 July 2018 April 2020
Juniperus communis X: —2.463912 Y: 42.004695 May 2018 June 2020
Pinus pinaster X: —2.490868 Y: 41.601647 July 2018 April 2020
Pinus sylvestris X: —2.478987 Y: 42.033522 July 2018 April 2020
Rosmarinus officinalis X: —1.988602 Y: 41.562386 July 2018 April 2020

Samples were randomly taken from a minimum of 10 plants of a similar age by cutting
twigs up to a maximum stem diameter of 30 mm. The biomass of the 10 plants was mixed
to obtain samples of 20 kg of green material from each species. A voucher specimen was
deposited in the herbarium of the Forest Botany Unit (Forestales building) of the Technical
University of Madrid, with reference F-102.
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Fresh samples were ground to a size of 30 mm using a shredder (90 kW, slow rotating
single-shaft type, 70 r.p.m., SILMISA, Onil, Spain), just before distillation. Subsamples
were taken to determine the moisture content in an oven at 105 °C until they reached a
constant weight, following the standard ISO 18134-2:2017 [92].

4.2. Essential Oil Extraction

The freshly ground samples were distilled in a 30 L stainless steel still using steam
produced in an electric boiler (ETE, Madrid, Spain). The steam conditions used for the
extractions were 15 kg /h of steam with a boiler pressure of 50 kPa. Batch extractions were
carried out, with three repetitions of 5 kg each per sample and an extraction duration of
30 min for each batch. Time was measured from the moment the first drop of distillate
fell. The temperature inside the still was kept constant at 98 °C. The hydrolate and the
essential oil were separated by density using a glass Florentine flask, and the samples were
collected in glass flasks. They were then dried using anhydrous sodium sulfate. After
filtration, they were weighed and stored in brown bottles at a temperature of 4 °C until
further analysis. The oil yield for each sample was calculated as a percentage (w/w) on a
biomass dry weight basis.

Figure 3 shows the different processes carried out with one of the species used from
the manual collection to the distillation.

Figure 3. Processes carried out during the pretreatment of Pinus sylvestris to obtain essential oil: (a) vegetal material

collected manually, (b) milling, and (c) distillation of the milled biomass.

4.3. Essential Oil Analysis

An apparatus Agilent HP 8890/5977 (Agilent Technologies, Santa Clara, CA, USA)
was used to identify the essential oil components, and an apparatus Agilent HP 8890
(GC-FID) (Agilent Technologies, Santa Clara, CA, USA) was employed to quantify the
identified components. Both of them were equipped with DB-WAX Ul-fused silica columns
(60 m x 0.25 mm inner diameter, film thickness 0.5 pum) and retention time locking. The
column temperature program was 50 °C for 6 min, followed by an increase of 2 °C/min
to reach 190 °C; then, a gradient of 4 °C/min to 220 °C was used, and it was maintained
for 10 min. Finally, an increase of 4 °C/min was employed to reach 250 °C, which was
maintained for 10 min. The carrier gas was helium at a variable flow rate and a head
pressure of 30.75 psi. The injection volume was 0.1 pL and split mode injection (ratio
1:100) was used. The temperatures of the injector and detector were 240 °C. GC-MS was
performed with the same capillary column, carrier gas, and operating conditions described
for GC analysis. Mass spectra were taken over the m/z range 33-350 with an ionization
voltage of 70 eV.
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The individual components were quantified using the relative area percentage accord-
ing to the internal normalization method (ISO 7609:1985 [93]). They were identified by
comparison of their Kovats retention index calculated using cochromatographed standard
hydrocarbons relative to C6-C30 n-alkanes and mass spectra, with reference samples and
those of the computer libraries (NIST 14, Wiley 10, and Chromessence library built through
standards injection) and available data in the literature [94].

4.4. Antioxidant Activity

Antioxidant activity of essential oils was determined with oxygen radical absorbance
capacity (ORAC) methods, as described by Davalos et al. [95]. Previously, the essential
oils were diluted with ethanol (1%). The assay was carried out in 75 mM phosphate
buffer (pH 7.4) with the final reaction volume of 200 pL, including 20 uL of the diluted
sample, blank or Trolox (used as standard curve 1-8 uM Trolox in each assay), 120 pL
of fluorescein solution and 60 uL of AAPH solution, dispensed in a 96-well microplate
(NUNC A/S, Roskilde, Denmark) and loaded into a microplate reader (FLUOstar Optima,
BMG, Labtech Inc., Durham, NC, USA). The fluorescence was recorded every minute for
104 min (kex = 485 nm, kem = 520 nm). ORAC values were expressed as pmol Trolox
equivalents/g of essential oil and were calculated from the regression equation of Trolox
concentrations and net area under the fluorescence decay curve, which was generated by
FLUOstar Optima software (V2.1 0 R4, BMG Labtech Inc., Durham, NC, USA). All samples
were analyzed in triplicate.

4.5. Statistical Analysis

Statistical analysis of the data set corresponding to the essential oil yields within the
species was performed using Statgraphics Centurion XVILI version 17.1.06 software pack-
age (Statgraphics Technologies, Inc., The Plains, VA, USA). A variance analysis (ANOVA)
was used to determine statistically significant differences within the species. A statistically
significant difference at a p-value of the F-test below 0.05 was considered.

With regard to the antioxidant activity, to identify the statistically significant differ-
ences (p < 0.05), one-way ANOVA was applied to the obtained analytical data, as well as
Duncan’s test. Pearson’s correlation coefficients between the different essential oil compo-
nents and the ORAC values were calculated using SPSS (Statistical Package for the Social
Sciences) 14.0 software package (IBM Corporation, Armonk, NY, USA).

5. Conclusions

The exploitation of essential oils obtained from residues of tree and shrub species
foliage produced in some forestry enhancement operations could be an incentive to increase
forest management while obtaining natural products with added value. In this sense,
regarding the yield of the production of essential oil, interesting results are obtained with
E. globulus and E. nitens, considering the tree species, and with R. officinalis and |. communis,
considering the shrub species. Since there are significant differences between the yields
obtained with the biomass collected from these species in two different years, more research
must be conducted regarding the influence of different factors related to the plant and the
weather conditions on the essential oil yield.

In general, the essential oil yields obtained on a pilot scale using the operating con-
ditions described in this work are lower than those performed on a laboratory scale and
reported in the literature. Therefore, this study is a step toward the production of essential
oils using industrial equipment, although more research must be conducted to optimize
the operating conditions during the extraction with the aim of obtaining results that can be
extrapolated to an industrial scale.

On the other hand, taking into account the antioxidant activity of the oils studied,
and the abundance of the forest residues from which they can be obtained, they could be
interesting natural sources of antioxidant additives with potential applications in the food
industry as alternatives to synthetic antioxidants. Specifically, oxygenated sesquiterpenes’
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contents, one of the minor components of oils, were significantly correlated with ORAC
values (p < 0.05). However, further investigations are required to determine the antioxidant
activity of the active compounds and other biological activities useful in the food industry.
The high antioxidant activity by ORAC assay of Cistus ladanifer essential oil could increase
the interest in this species because, despite its low essential oil yield, its availability in
surface area in Spain is, by far, the highest among the studied species.

Supplementary Materials: The following are available online, Table S1: Analysis of the essential oils
by GC-MS and GC-FID: monoterpene hydrocarbons, Table S2: Analysis of the essential oils by GC-
MS and GC-FID: oxygenated monoterpenes, Table S3: Analysis of the essential oils by GC-MS and
GC-FID: sesquiterpene hydrocarbons, Table S4: Analysis of the essential oils by GC-MS and GC-FID:
oxygenated sesquiterpenes, Table S5: Analysis of the essential oils by GC-MS and GC-FID: others.
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