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Introduction

Luma chequen (Molina) A. Gray is a species within the
genus Luma and Myrtaceae family. It grows between
2500 and 4000 meters ASL in the region of Arequipa,
Peru. This plant may be found in inter-Andean valleys
because it is capable of adapting to humid and
sandy soils (Reynel and Marcelo, 2009; Sotta, 2000).
Its essential oil has antioxidant, antibacterial and
fungicide properties (Cabrera, 2019; Carhuapoma et
al., 2006; Fernández, 2019; Gonçalves et al., 2011;
Moina, 2015). This is found in internal secretion
structures of its leaves, stems and flowers, specifically
in secretory cavities of the schizolysigenic type
(Ciccarelli et al., 2008; Retamales and Scharaschkin,
2015).
While new methods have been developed to
extract essential oils (Dima and Dima, 2015; Stratakos
and Koidis, 2016) which can potentially provide
improved yield, product quality or reduced energetic
demands (Kusuma and Mahfud, 2017; Kusuma and
Mahfud, 2018), steam distillation is still the standard
method for such extractions at large scales due
to its lower costs of installation, operation and
maintenance (Masango,2005; Talati, 2012). Steam
distillation has been effectively used before for the
extraction of the essential oil of Luma chequen
(Fernández, 2019; Moina, 2015; Ruíz et al., 2015)
because of such suitable characteristics of the species
as high permeability, access to cellular cavities, and
humidity content (Berka et al., 2010; Talati, 2012).
The moisture content of the raw material may have
an important effect on the extraction yield; therefore, a
dehydration pre-treatment is recommended (Moreno,
2010). From the different methods available, drying
with warm air best preserves the volatile components
contained in the vegetable material (An et al.,
2016); however, the parameters of the material should
be considered -the microstructure and distance the
internal liquid takes to reach the surface- as well as
parameters of the drying air-temperature, humidity,
velocity and the direction of flow. (Dávila, 2004;
McCabe and Smith, 2007). The drying velocity is
constant until the critical moisture content is reached.
Hereafter, the internal migration of water from the
interior towards the surface of the material decreases
and stabilizes at the equilibrium moisture, where the
vapor pressure of the liquid inside material is equal
to the partial pressure of the vapor in the gaseous
state (Freire et al., 2012). During drying, the loss
2

of water and volatiles results in important structural
changes in the materials, such as shrinkage due to the
reduction of their cellular dimensions. This shrinkage
affects the heat and mass transfer parameters, and
it can be evaluated from the micromorphology of
the materials that are subjected to drying. The
estimation of these microstructural alterations can
be carried out using Euclidean Geometry, which
evaluates entire dimensions of objects; and Fractal
Geometry, that models the irregular components of
the microstructure (Muchtar et al., 2016; Ramos
et al., 2003; Santacruz et al., 2008); this is based
on parameters of fractal dimension (measure of the
complexity or heterogeneity of spatial arrangements)
and lacunarity (measure of the distribution of empty
spaces) (Azor, 2016).
In drying, the predominant mechanisms in the
transport of moisture from the interior to the surface
of the material are liquid diffusion, vapor diffusion,
liquid flow, and vapor flow; all of them often included
within an effective diffusivity parameter, which is
evaluated in the modeling of the drying process of
various materials. The effects of drying phenomena
cannot be generalized for biological materials because
they have particular characteristics associated with
properties that can undergo significant alterations
during dehydration (Freire et al.,2012; Salcedo et
al.,2016), which will alter the mass transfer rate of
the volatile components when the dried materials are
subjected to a subsequent extraction of their essential
oils. It is due to this fact that the objective of this
study is to evaluate the effect of drying on leaves and
young stems of Luma chequen (Molina) A. Gray in
terms of the extraction yield of essential oil produced
by steam distillation at pilot scale, supported by the
micromorphology of the vegetable material.

2

Materials and methods

The vegetable material (leaves and young stems)
was collected from the gardens of the National
University of Saint Agustin of Arequipa (UNSA),
from December (2019) to December (2021). The
material was technically identified as Luma chequen
(Molina) A. Gray, as stated in the certificate N° 081A2018 issued by the Herbario Arequipense (HUSA).
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2.1

Drying process

The moisture content of the materials was determined
according to the standard NMX-F-428-1982 by means
of a moisture analyzer (OHAUS MB90, USA). The
drying process took place in the automatic forced flux
convective dryer (A&C Ingenieros, Perú), at 40 °C
(Boutebouhart et al., 2019; Vieira de Souza et al.,
2016). The moisture content percentage on a wet basis
was calculated as shown in Eq. (1):
Xwet basis =

w1 − w2
× 100%
w1

(1)

where, w1 is initial weight of the sample, g; and w2 is
weight of the sample after drying, g.

2.2

Essential oil extraction

The pilot plant for the extraction of essential oil by
steam distillation was deployed, model EM15 A&C
Ingenieros (Perú), in stainless steel AISI 304, located
at the Laboratory of Unitary Operations at the UNSA.
In this process, the extractor (with a chamber capacity
of 12.6 L) is preheated, making steam circulate to
distribute the previously chopped vegetable material
(3 to 6 mm) into a metallic support provided with
three plates, each one has a stainless-steel mesh at
the base to allow the vapor flow. The saturated vapor
generated in the electric boiler is injected from the
bottom part of the extractor, interacting with the
vegetable material, and, thus, extracting the essential
oil. Then, the mixture of steam and essential oil goes to
a vertical condenser (a shell and tube condenser) and is
collected in a gravity separator (Florentine) connected
to a cold bath at 4 °C to improve the separation
between essential oil and hydrolate (Chávez et al.,
2018) (Figure 1).
To evaluate the effect of moisture of the raw
material on the yield of the extraction, 18 tests by
triplicate with 700g of material were run, varying
moisture in intervals of 4%, within the range of the
fresh moisture (Xfresh = 72%) and the equilibrium
moisture (Xeq = 8%), as shown in Table 1.
The water vapor input pressure in the extractor was
held constant at 34.5 kPa (Montoya, 2010), the total
time of extraction was 40 minutes and the packing
factor (PF) calculated using Eq. (2), was held constant
at 54 Kg/m3 (Moghrani and Maachi, 2008; Rezzoug et
al., 2005):
WV M
PF =
VEC

(2)

Fig. Fig.
1. Diagram
of theofsteam
distillation
equipment
for essential
1. Diagram
the steam
distillation
equipment
for oil.

essential oil.
Table 1. Experimental design for the evaluation of the
effect of moisture on extraction yield.
Essay N°
1
2
3
4
5
6
7
8
9

Moisture (%)
Xfresh
70
66
62
58
54
50
46
42

Essay N°

Moisture
(%)

10
11
12
13
14
15
16
17
18

38
34
30
26
22
18
14
10
Xeq

where, WV M weight of vegetable material, kg; and
VEC is volume of extractor chamber, m3 .

2.3

Histological method

The leaves and the stems were wrapped in paraffin
and cut into histological sections of 5 µm, utilizing
the rotation microtome RM2125RT (Leica, Germany),
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followed by dewaxing and rinsing in xylol. The
histochemical staining of the cuts was conducted using
the method of hematoxylin and eosin. The mounting
was performed with Canadian balsam (Arenas, 2010;
Prophet et al., 1995). The sections of leaves and
stems were observed using the optical microscope
DM 500 (Leica, Germany). All chemical reagents
were purchased from Merck Laboratories (Darmstadt,
Germany).

2.4

Estimation of microstructural changes

2.4.1

Size estimation of secretory cavities

Ten samples were considered for each moisture level
(fresh moisture, critical moisture and equilibrium
moisture). Then, using the LAS EZ Leica Application
Suite v 3.4 software, measurements were taken of the
major and minor diameters of all secretory cavities
observed in the images captured by the model ICC50
camera of the optical microscope DM 500 (Leica,
Germany).
2.4.2

Lacunarity

To calculate lacunarity, the gliding box method was
used (Allain and Cloitre, 1991). For this, the images
obtained from the optical microscope were converted
to binary data using the graythresh and im2bw tools of
the Matlab software. The box size (r) was varied from
10 to 90 pixels in intervals of 20. The box of size r was
slid through the binary matrix of the image and the box
mass was calculated (sum of the sliding box).

2.5

Chemical analysis of essential oil (CGMS)

identification of polar and non-polar components of
the sample. The columns deployed in the analysis
where DB-SMS (apolar) (J& W Scientific, Folsom,
CA, USA) [5%-phenyl-poly (dimethyl siloxane), 60 m
x 0,25 mm x 0,25 µm] and DB-WAX (polar) (J& W
Scientific, Folsom, CA, USA) [Poly (ethylene glycol),
60 m × 0.25 mm × 0.25 µm]. The injection was
performed in split mode (30:l), Vny = 2µL.

3

3.1

Results and discussion
Kinetics of the drying process

The kinetics of the drying process in the automatic
convective dryer with forced flow at 40°C is shown
in Figure 2. Period of constant drying rate can be
identified until reaching the range of 24±1%, which
corresponds to the critical moisture (Xcr); and of
decreasing rate, where the equilibrium moisture (Xeq)
falls between the values of 8.2±0.5%. Based on the
equations corresponding to the drying periods (Figure
2), the drying times were determined for the different
moisture levels considered in the extraction tests
(Figure 8).

3.2

Evaluation of microstructural changes
in leaves and young stems of Luma
chequen (Molina) A. Gray

The micromorphology of the young leaves and stems
was evaluated at the moisture levels corresponding
to the fresh state, critical moisture, and equilibrium
moisture, determined in the previous section, in
the sense of observing the microstructural changes
caused by the loss of water and volatile components.

The analysis of the essential oil sample composition
80.0
from the vegetable materials with optimal moisture
y = -0.0009x - 0.1061x + 71.642
content was carried out at the mass chromatographer
70.0
R² = 0.9955
and spectrophotometer of the Universidad Industrial
60.0
de Santander, Colombia. The analysis was performed
y = -0.2487x + 75.619
50.0
R² = 0.9962
according to the standard ISO 7609-1985 (E):
40.0
Essential oils - Analysis by gas chromatography
on capillary columns - General method. The
30.0
y = 0.0003x - 0.2855x + 69.584
gas chromatograph AT 6890 Series Plus (Agilent
R² = 0.9984
20.0
Technologies, Palo Alto, California, USA), coupled
10.0
to a selective mass detector (Agilent Technologies,
0.0
MSD 5975), and the gas chromatograph AT 7890 GC
0
100
200
300
400
500
Time (min)
System (Agilent Technologies, Palo Alto, California,
2. Drying curve
young
stems of
Luma
chequen
A. Gray in
Fig. of
2. leaves
Dryingand
curve
of leaves
and
young
stems(Molina)
of
USA), coupled to a mass selective detector Fig.
(Agilent
at 40 ° chequen
C.
(Molina) A. Gray in convective dryer
Technologies, MSD 5975C) operated in convective
the full dryer Luma
at 40°C.
frequency scan mode (full scan) and were set for the
Moisture on wet basis (%)

2

4
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Fig. 3. Exit mechanism of essential oil and water in the leave of Luma chequen (Molina) A.
Gray in fresh state (72%). Cross section at 50 µm, hematoxylin and eosin staining. a.adaxial
epidermis. b. abaxial epidermi. c. cuticle. d. Palisade parenchyma. e. esquizolisigenous
cavity. f. spongy parenchyma. g. vascular bundies. h. stomata. i. epithelial cells.

Fig. 3. Exit mechanism of essential oil and water in the
leave of Luma chequen (Molina) A. Gray in fresh state
(72%). Cross section at 50 µm, hematoxylin and eosin
staining. a.adaxial epidermis. b. abaxial epidermi. c.
cuticle. d. Palisade parenchyma. e. esquizolisigenous
cavity. f. spongy parenchyma. g. vascular bundies. h.
stomata. i. epithelial cells.

For this, it becomes necessary to understand the
outlet mechanisms of both of these components. In
this regard, it is known that the liberation of essential
oil from the secretory cavities happens predominantly
through the coating of cells most proximate to
the cuticle and that the outlet of water contained
in intercellular gaps is ejected mainly through the
stomata, but smaller quantities of water are expelled
through the cuticle (Alves de Assis et al., 2020).
Therefore, regarding the Luma chequen it is expected
for the water loss to be given in greater measure
through the abaxial epidermis (underside) of the
leave, where the stomata is located (Retamales and
Scharaschkin, 2015), as shown in Figure 3.
In the transverse cross sections views of the fresh
leaf at 72% moisture, the secretory cavities were

mostly in contact with the adaxial epidermis (the
beam) behind the cells of the palisade parenchyma. In
some cases, they were also in contact with the abaxial
epidermis (the underside). In this side, the cavities may
be affected by the proximity to the stomata, where
greater water loss occurs.
Even though drying at 40°C preserves volatile
components, the cavities nearest to the adaxial side
(the overside) may lose part of their most volatile
components, as occurs with monoterpenes, which,
according to Guenther et al. (1991), are emitted mostly
from the adaxial side.
As moisture decreases, the palisade parenchyma
and the spongy are fold towards the epidermis (Figures
4B y 4C) due to the reduction in size of the cells
of which they are composed. This folding results in
the cavities being closer to the surface, as observed
in Figures 4B (24% moisture) and 4C (8% moisture).
Nevertheless, in the latter case, cell collapse can be
observed, which would lead to the tearing of secretory
cavities, liberating the essential oil with greater ease
through the cuticle without the need for a driving
force. This could produce a substantial loss of essential
oil prior to extraction.
Based on the measurements made with the LAS
EZ Leica Application Suite v 3.4 software of the
secretory cavities at the 3 moisture levels, the size
distribution was obtained and evaluated in 10 µm
intervals (Figure 5).
As can be seen, in Figures 5A, 5B and 5C, the
distribution of larger diameters shifts to lower values
as the moisture of the plant material decreases, and
not presenting cavities with the largest diameters, from
121 to 140 µm. Similarly, the frequencies in the ranges
from 71 to 110 µm, become more uniform in the 8%
moisture sample.

e. schizolysigenous cavities, d. palisade parenchyma, f. spongy parenchyma

Fig. 4. Micrography of the secretory cavities of the leaves of Luma chequen (Molina) A. Gray
Fig. 4. Micrography of the secretory cavities of the leaves of Luma chequen (Molina) A. Gray at different levels of
at different levels of moisture. (A-C) Cross sections of the leave at 50 µm: (A) Leave with
moisture. (A-C) Cross sections of the leave at 50 µm: (A) Leave with 72% moisture, (B) Leave with 24% moisture,
72%with
moisture,
(B) Leave
with 24%
(C) leave with 8% moisture. Hematoxylin and
(C) leave
8% moisture.
Hematoxylin
and moisture,
eosin staining.
eosin staining.
5
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72% moisture, (B) Leave with 24% moisture, (C) leave with 8% moisture. Hematoxylin and
eosin staining.
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Fig 5. Size distribution of the secretory cavities contained in the leaves of Luma chequen

Fig 5. Size distribution of the secretory cavities contained in the leaves of Luma chequen (Molina) A. Gray with
(Molina) A. Gray with moisture levels of 72, 24 and 8%. Major diameters (A-C). Minor
moisture levels of 72, 24 and 8%. Major diameters (A-C). Minor diameters (D-F). The x-axis intervals are in µm
diameters (D-F). The x-axis intervals are in µm units.
units.
Table 2. Ratio of major and minor diameters.
Moisture
%

Average ratio
(Dmajor/Dminor)

Standard deviation

1.2
1.3
1.7

0.2
0.3
0.3

72
24
8

e. schizolysigenous cavity, t. trichome

Fig. 6.
Micrography
of secretory
cavities of
young stems
of Luma
chequen
(Molina)
A. Gray
at different
levels of
Fig.
6. Micrography
of secretory
cavities
of young
stems
of Luma
chequen
(Molina)
A. Gray
moisture.
(A)
Stem
cross
section
at
72%
moisture
at
20
µm.
(B)
Longitudinal
section
of
the
stem
at
72%
moisture
at different levels of moisture. (A) Stem cross section at 72% moisture at 20 µm. (B)
at 20 Longitudinal
µm. (C) Cross section
stem
at 24%
moisture
at 20 at
µm.20Hematoxylin
and eosin
staining.
sectionofofthethe
stem
at 72%
moisture
µm. (C) Cross
section
of the stem at

24% moisture at 20 µm. Hematoxylin and eosin staining.
This behaviour is also observed in Figures 5D, 5E
and 5F, corresponding to the smaller diameters, with
a much more skewed weight to the left. These trends
show that the cavities may be 1.4
reducing and, in some
cases, collapsing, as a result of the folding caused
by
y(72%) = 1.69x-0.102
drying.
R² = 0.998

Likewise, Table 2 shows the average ratio of
the largest to the smallest diameter of the secretory
cavities observed in the samples of the 3 moisture
levels, showing that the diameter ratio increases
as the moisture 7%
decreases, indicating that, the
cavities become thinner as the moisture decreases.
73%

1.3

6

21%

Lacunarity
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1.2
y(8%) = 1.65x-0.096
R² = 0.997

t different levels of moisture. (A) Stem cross section at 72% moisture at 20 µm. (B)
Longitudinal section of the stem at 72% moisture at 20 µm. (C) Cross section of the stem at
4% moisture at 20 µm. Hematoxylin and eosin staining.
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1.4

fluids characteristic of the fresh state are observed
in black, therefore, irregular spaces are seen inside
21%
the cells, in addition to epithelial cells surrounding
73%
1.3
the cavity being very well defined, creating additional
voids.
Figure 7 shows that the curves approximately
follow
a power law, where the exponential values
1.2
would characterize the cross section of the Luma
y(8%) = 1.65x
chequen (Molina) A. Gray leaf at moisture levels of
R² = 0.997
72%, 24% and 8%, with values of -0.102, -0.082 and
1.1
y(22%) = 1.51x
-0.096, respectively.
R² = 0.997
The fractal dimension of our samples was also
estimated at different conditions but, consistent with
1.0
Camelo et al. (2013) and Monroy et al. (2021), it
0
20
40
60
80
100
was found that this parameter does not allow the
Box size
identification of significant morphometric differences.
Fig. 7. Lacunarity curve of cross-sectional samples
The estimated value was 2.1, similar to that of the
Fig. 7. Lacunarity curve
of cross-sectional
samples(Molina)
of leavesA.from
Luma
(Molina)
of leaves
from Luma chequen
Gray,
at chequen
Copaifera sp. (Calla et al., 2016)
A. Gray, at moisture
levels
of
72%,
24%
and
8%.
Dotted
lines
represent
polynomial
fits.
moisture levels of 72%, 24% and 8%. Dotted lines
represent polynomial fits.
7%

Lacunarity

y(72%) = 1.69x-0.102
R² = 0.998

-0.096

-0.082

3.3

These metrics hence allow us to detect the gradual
geometric deformation of the cavities (Del Rosario et
al., 2022).
Conversely, young stems also contain secretory
cavities in the parenchymal tissue but in smaller
proportion compared to leaves, as can be observed
in the samples of young stems with 72% moisture,
both in the cross section (Figure 6A) and longitudinal
section (Figure 6B). The water loss in the stems occurs
through their vascular tissue, mainly in the xylem
(Rosner et al., 2019). In Figure 6C, at 24% moisture, it
is shown that the secretory cavity preserves its shape.
This could be the result of the protective action of
the trichomes on the mesophyll (palisade and spongy
parenchymal tissues) in an excessively hot atmosphere
(Esau, 1982).

Relationship between moisture content
and extraction yield

The experimental results of the relationship between
the yield, expressed in terms of volume of oil per unit
of mass (v/w) with the moisture content on wet basis
of the vegetable material, are shown in Figure 8. The
extraction yield is given by Eq. (3):
veo
× 100%
(3)
Yield(v/w) =
WV M
where, WV M weight of vegetable material, g; and veo
is volume of essential oil, ml.
In Figure 8A, the section on the left shows the
increase in yield as the moisture of the plant material
(X) decreases, following a y function, as shown in Eq.
(4).
yield(v/w) = 0.00009X 2 − 0.0173X + 0.840

(4)

Also, from Figure 8B for this section we have Eq. (5),
which relates the yield with the drying time (t).

Estimation of lacunarity
In Figure 7 it is observed that as the size of the box
is increased, the lacunarity decreases tending to 1,
becoming more homogeneous as the observation scale
is greater. A lacunarity value of 1 indicates that the
object is completely uniform (Azor, 2016). Likewise,
it can be noted that for the 24% moisture sample, the
lacunarity values are lower, evidencing a lesser degree
of disorder between the empty spaces. Clearly, the
8% moisture sample has higher lacunarity values due
to the disorder of its structure generated by drying.
However, the 72% sample shows values similar to the
8% sample, because in binary data, the intercellular

yield(v/w) = 0.000006t2 + 0.0007t + 0.0661

(5)

The maximum yield of 0.52 ± 0.01% (v/w) is reached
at a moisture of 22% (Figure 8A) with a drying
time of 225 minutes (Figure 8B). Beyond such a
point, a decrease in yield is observed until the
equilibrium moisture (8.2%) is reached, following a
linear function. It is important to note that the moisture
where maximum yield is achieved is very close to the
critical moisture of 24±1%. That is, both the migration
of water at 40 ° C and that of essential oil at 92 ° C
from the interior of the plant material to the surface,
decreases after arriving at the critical moisture.
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dCt
= k(C s − Ct )2
(8)
dt
3.4 Extraction kinetics of the essential oil of

Luma chequen
The kinetic of extraction was evaluated at the same
way of Ismanto et al. (2018), comparing first and
second kinetic models, because of it dealt with a
8

where k is the second-order rate constant (L g−1
min−1 ), and C s and Ct have similar meaning as before.
Equation (8) can be integrated and put in linear form
as:
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Table 3. Fit parameters of the first and second order kinetic models.
First-order kinetic model

Moisture

Second-order kinetic model

%

Cs

K1

R2

MSE

F cal

Cs

K

R2

MSE

Fcal

72
62
50
22
14
8

0.222
0.224
0.42
0.888
0.551
0.272

0.02
0.057
0.059
0.075
0.084
0.157

0.946
0.963
0.954
0.979
0.978
0.904

0.0001
0.0001
0.00086
0.00182
0.00066
0.00096

0.058
0.04
0.049
0.022
0.023
0.117

0.355
0.355
0.715
1.33
0.746
0.288

0.037
0.106
0.046
0.04
0.094
1.339

0.946
0.959
0.942
0.974
0.965
0.782

0.0001
0.00022
0.00109
0.00305
0.00105
0.00216

0.058
0.044
0.062
0.028
0.037
0.232

t
1
t
=
+
Ct kC 2s C s

(9)

which allows the calculation of C s and k from a t/Ct
vs. t plot.
As can be seen in Table 3, the values of C s for
both models track the trend for the extraction yield
for the different levels of humidity. The values of R2
and MSE for both models are quite comparable for
all cases (except for the 8% humidity level), with the
first-order model exhibiting a slightly but consistently
higher correlation. Application of the F-test with 95%
confidence level reveals that both models are valid

regressors of the data, with calculated F values smaller
than threshold values (2.3 to 2.6). Figure 9 reveals
that none of the two models is able to fit the data
at short times, which likely reflects transient physical
mechanisms that the models are not set to capture.
For example, the diffusion of the vapor within the
vegetable bed takes 1-2 min. and is part of the “lag
time” that occurs between the moment the steam
enters the unit until the moment the first distillate
drop is detected. While the “zero” time for extraction
kinetic analysis could be adjusted based on different
criteria, the improvement on R2 is marginal and hence
the results presented can be seen as representative.
While on the basis of the numerical fits neither the
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first nor second order model could be singled out as
being significantly more suitable, the values and trends
of the C s and k1 /k values appear to be more physical
for the first order model. Indeed, if one takes C s to
correspond to the yield that would be attainable at
infinite extraction time, the values found for the 2nd
order model appear to be too large. Likewise, while k1
monotonically and gradually increases as the humidity
level decreases (which would correlate with the effect
of shorter diffusion lengths), the k values exhibit
a non-monotonic trend and more disparate values.
Note, however, that while a first-order model considers
the diffusion within the solid to be the phenomenon
determinant of the extraction kinetics (Meziane et al.,
2019), this describes an effective diffusion process,
since, as discussed in Sec. 3.5, the extraction rate will
depend on multiple factors such as level of exposure
of the oil cavities, the dissolution and evaporation of
the oil, etc.

3.5

arranged in thin, highly porous beds so that the gas
phase can readily flow through the bed and the main
resistance to volatile mass transfer occurs at the level
of individual leaves. Figure 10 illustrates two simple
isothermal mechanistic models which are consistent
with this premise, one based on an effective diffusivity
(Fig. 10A) and the other based on effective interfaces
(Fig. 10B). In the former model, intra-leave gradients
are seen as the main driver of mass transfer, and drying
curve data can be used to estimate the evolution of
an effective intra-leaf diffusivity, while in the latter
model the liquid-vapor interface represents the main
resistance to mass transfer, and connections in oil
evaporation rates can be looked at during both drying
and extraction over periods when spatial concentration
gradients are small. Key details and results from both
models are summarized below:
1) Effective-diffusion model (Fig. 10A). At the level
of a single leaf, the system can be approximated
as a “slab” of thickness L whose internal
gaseous compartments form an effectively pseudohomogeneous medium where the humidity resides
and “diffuses”, primarily in a unidirectional manner
(along x axis) toward the outer slab plane formed
by the abaxial epidermis where the stomata are
concentrated (see Fig. 3). In such a model, the effective
diffusivity coefficient De embodies the concentrationgradient induced diffusion of moisture overcoming
any resistance in both the vapor phase and through any
internal interfaces. This process can then be described
by Ficks’ 2nd law of diffusion using as boundary
conditions a constant concentration of humidity in
the air stream passing over the abaxial surface and no
flux condition at the adaxial epidermis plane, and as
initial condition a slab with uniform composition.

Relationship between drying velocity
and essential oil extraction

Multiple approaches have been used to model
the drying of volatiles from porous materials.
Different models involve different frameworks,
some mechanistic others phenomenological, some
incorporating heat transfer effects, others accounting
for spatially anisotropic mass transfer (Katekawa and
Silva, 2006; Kiranoudis et al., 1992). Such models
adopt specific assumptions regarding the system’s
geometry, homogeneity, and boundary conditions, and
can be tailored to describe different length and times
scales (Crank, 1975).
We only consider the case where the material is

Fig. 10.
Schematic
representation
of models used
to analyze
volatile
transfer
from a leaf
to the
gas phase.
(a) a
Fig.
10.
Schematic
representation
of models
used
to mass
analyze
volatile
mass
transfer
from
Effective diffusion model where a leaf is approximated by an infinite slab model of pseudo-homogeneous material
leaf to the gas phase. (a) Effective diffusion model where a leaf is approximated by an infinite
containing humidity, (b) Interfacial model illustrating compartments of water and essential oil.
slab model of pseudo-homogeneous material containing humidity, (b) Interfacial model
illustrating compartments of water and essential oil.
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A solution of this model and its application
to the drying of our system is described in the
Appendix. It is shown there that De for the humidity
increases during the drying period, a trend that has
also been reported in the drying of onion slices
and banana foam mat (Pathare and Sharma, 2006;
Thuwapanichayanan et al., 2008). Such an increase in
De suggests that structural changes occur inside the
leaves during drying which facilitate mass transfer;
note, however, that the overall drying rate decreases
as the concentration gradient decreases more rapidly.
Moreover, such a variation in De is moderate (∼
a factor of < 10 over the total drying period).2)
Effective interfacial model (Fig. 10B). This model
is primarily intended to describe the evaporation of
essential oil in the open compartments inside the
leaves. Unlike the previous model where evaporation
was described as an effective concentration-driven
process, this model takes explicitly into account the
key physical mechanism responsible for the mass
transfer resistance, the liquid-vapor boundary layer,
contributing to any effective diffusivity. While liquidphase diffusion, distributed evaporation models or
serial compartments could be used to also account
for spatial variations (Bartzanas et al., 2010; Datta,
2007), here we neglect such gradients and model
representative “average” interfaces. We assume that
the oil is pooled in small, accessible compartments
and hence the main resistance to mass transfer is
interfacial evaporation. This model is motivated by
our experimental finding that, upon reaching critical
drying conditions, the essential oil thereafter sustains
large evaporative loses during drying. This suggests
that under such conditions the essential oil has become
more “interfacial”, i.e., more exposed to the gas
phase and prone to evaporation. In the following
we detail this model and probe the relation between
oil evaporation rates during air drying and steam
extraction.
Based on an abstraction of the micromorphology
of the material described above, in figure 10B the
compartments for water (component 1) and essential
oil (component 2) are represented separately. For
simplicity, only one compartment per component
is shown in this schematic, and the essential oil
is represented as a single pseudocomponent. The
evaporation rate for component i is shown in Eq. (10):
dNi
= −Ai Ji
dt

(10)

where N is number of moles, A is effective interfacial
area and J is molar flux per unit area, which is given

by Eq. (11) (Cussler, 1984):
Ji =

Di ∗
(c − ci,g )
li i

(11)

where D is diffusion coefficient in the boundary layer,
l is the thickness of the boundary layer, c∗i is molar
concentration at the liquid-vapor interface and ci,g
is concentration in the bulk of the gaseous mass
flowing outside the interface. Note that Di /li could
also be expressed in terms of an effective mass transfer
coefficient and that Eq. (11) constitutes the boundary
evaporative condition for a diffusion equation model
taking into account mass transfer resistance for the
liquid to move up to the surface [in such a context,
the prefactor in Eq. (11) averages out the effect of
diffusivity in the liquid phase]. If we assume that such
gas concentrations of volatiles are dilute and hence
negligible relative to the concentration at saturation
conditions c∗i for both components during drying, and
for oil during extraction; in such cases Equations (10)
and (11) can be combined to give Eq. (12):
Ai Di ∗
dNi
=−
c
dt
li i

(12)

Assuming that components 1 and 2 are insoluble in
the liquid state, that the interfacial concentrations c∗i
correspond to the vapor in equilibrium with the liquid,
and that the pressure is low, then Raoult and ideal gas
laws can be combined to obtain Eq. (13):
c∗i = (Poi (T ))/RT

(13)

Where P0i (T ) is the saturation pressure of component
i (whose dependence on temperature T is explicitly
expressed) and R is the ideal gas constant. Equations
(12) and (13) combine to give Eq. (14),
o
dNi
Ai Di Pi (T )
=−
dt
Rli
T

(14)

As the right-hand side of Equation (14) is a constant
for a given temperature and other external constant
conditions, the model predicts a constant evaporation
rate as long as internal morphological factors of the
material (reflected in the values of A and l) do not
change. While D and l could be estimated based
on theoretical models, it would be very difficult
to estimate the parameter A based on theory or
experiment and hence to use Eq. (14) to make direct
quantitative predictions. In the following we show
how it is possible to productively use Eq. (14) for a
semi-quantitative analysis which does not require the
knowledge of individual parameters D and l.
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Although model (14) could be applied to the
drying of moisture over narrow periods when physical
properties of the material are relatively constant, in the
following we constrain its use to describe oil transfer
during the drying and extraction operations.

Comparing (15) and (16), it is expected that A2 is the
same and that the change in the ratio D2 /l2 is small
between 40 ºC and 92 ºC, therefore, these relationships
can be combined to give Eq. (17):
o
(dN2 )/dt)extraction P2 (365.3K)/365.3K
≈ o
(dN2 )/dt)drying
P2 (313.1K)/313.1K

Essential oil evaporation during drying
For component 2, the fact that the loss of essential
oil is negligible before the critical drying point would
be associated in the model with a very small value
of A2 /l2 , corresponding to the very limited access
to the oil compartments. After the critical point, the
associated microstructural changes would lead to a
drastic change in the A2 /l2 factor that would generate
a significant evaporation of the oil. In such a situation
and as long as A2 /l2 does not change, the oil drying
speed must be constant and with a value given by:
!
o
A2 D2 P2 (313.1K)
dN2
=−
(15)
dt drying
Rl2
313.1K

The right-hand side of Equation (17) can be evaluated
using Antoine’s equation for alpha-pinene (as the most
abundant and representative component of essential
oil) (Hawkinds and Armstrong, 1954). The left side
of Equation (17) can be estimated based on the
post-critical linear portion of Figure 8B (for the
denominator) and the first linear portion of the
extraction after the initial non-stationary period of a
sample dried to the critical point, considering the 22%
moisture of Figure 9 (for the numerator). The result is:
−(0.352 − 0.090)%)/(12.2 − 3.1)min
(0.519 − 0.310)%)/(225 − 300)min
0.1447bar/365.3K
≈
0.0139bar/313.1K
10.2 ≈ 8.9

This approximately constant slope regime is observed
in Figure 8 for drying times greater than 225 min.

Essential oil evaporation during extraction of
dried material
As the oil and moisture access interfaces of the
material are different (as shown in Figure 3, where
water is lost primarily through the stomata and
oil through the beam), the initial water absorption
during extraction should have minimal effect on oil
evaporation. Consistent with the previous analysis, the
evaporative velocity for samples whose moisture was
not reduced to the critical value, would have small
values of A2 /l2 that produce negligible evaporation
during drying (at 40 ºC) and slow oil extraction (at
92.2 ºC).
The relevance of model (14) is most clearly
revealed by applying it to the initial period of
essential oil extraction from samples that were
dried to or beyond the critical point. It is assumed
that microstructural changes caused to the oil
compartments at the critical point are irreversible
so that the parameters A2 /l2 associated with the
evaporation of oil by drying [and that appear in Eq.
(15)] are the same as those that act during the oil
evaporation in extraction. Then applying model (15)
to the extraction temperature of ∼ 92.2 ºC = 365.3 K:
!
o
dN2
A2 D2 P2 (365.3K)
=−
(16)
dt extraction
Rl2
365.3K
12

(17)

The proximity between these values supports the
model presented and is consistent with the expectation
that the same evaporation mechanism governs both
processes: the loss of oil in drying and the subsequent
extraction of oil in the dried samples. In effect, this
analysis demonstrates how, for certain conditions,
drying data could be used to make predictions of
initial steam distillation kinetics. On the other hand,
the model does not directly capture the delay in the
extraction velocity at longer times that reflect changes
in the accessibility to residual oil compartments (i.e.,
changes in A2 /l2 ).
Consistent with this finding, for the Eucalyptus
globulus species, also belonging to the Myrtaceae
family, Moreno (2010) reports that the optimal range
of humidity of the plant material, which is subjected
to extraction of essential oil by steam distillation,
varies from 25 to 30% and the critical humidity is
34.35%, also demonstrating the proximity between the
mentioned values.

3.6

Composition of the essential oil of
Luma chequen (Molina) A. Gray

The analysis of CG-MS performed for the sample
of vegetable material with 22% moisture presents a
proportion of monoterpenes of 70.8%, among which,
the following components may be found in higher
proportion: α-pinene, 1,8-cineole, limonene, β-pinene
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and linalool (Table 4); and 18.1% of sesquiterpenes,
standing out the selinenes: α-Selinen, β-Selinen and
δ-Selinen (10.9%). In contrast to what Gonçalvez et
al. (2011) and Vallverdú et al. (2006) report, parity
between non-oxygenated monoterpenes was observed,
with the exception of α-pinene, which is present in a
proportion smaller to the 57% found in these studies.
Incidentally, this is the component of lowest boiling

point of non-oxygenated monoterpenes present in the
sample. In consequence, it is presumed that part of the
α-pinene was lost during the drying process due to that
fact that studies show that monoterpenes tend to exit
through the adaxial epidermis (beam), especially those
located in cavities closer to the surface (Guenther,
1991).

Table 4. Composition of the sample of Luma chequen (Molina) A. Gray essential oil with 22% moisture.

tR , min

linear retention rates, LRR

DB-5MS

DB-5MS

16,38
16,78
17,53
18,77
19,68
20,10
20,24
20,77
20,98
21,15
22,19
23,34
23,81
23,91
26,91
27,19
27,72
36,27
38,02
38,64
38,84
39,40
39,89
41,53
41,60
41,89
43,42
43,60

DB-WAX

Relative quantity
Tentative identification

%

915

1092

2-methylpropyl 2-Methylpropanoate

1.5

929
938
954
982
1003
1013
1016
1029
1034
1038
1063
1090
1102
1104
1181
1188
1202
1434
1485
1503
1510
1528
1544
1599
1601
1612
1669
1676

1025
1022
1065
1108
1177
1195
1198
1270
1198
1211
1245
1283
1546
1282
1706

α-Thujene
α-Pinene
Camphene
β-Pinene
2-methylpropyl 2-Methylbutanoate
3-methylbutyl 2-Methylpropanoate
2-methylbutyl 2-Methylpropanoate
p-Cymene
Limonene
1,8-Cineole
γ-Terpinene
Terpinolene
Linalool
2-methylbutyl 2-Methylbutanoate
Borneole
Terpinen-4-ol
α-Terpineol
Trans-β-Caryophyllene
Eudesma-4(14),7(11)-diene (δ-Selinen)
β-Selinen
α-Selinen
δ-Cadinene
Flavesone
Caryophyllene oxide
Globulol
Cubeban-11-ol
α-Cadinol
Selin-11-en-4a-ol

0.3
44
0.4
4.7
0.5
0.6
2.3
1.1
4.7
9.4
0.8
0.3
2.7
0.5
0.4
0.3
1.7
1.6
1.1
4.7
5.1
0.4
0.4
1.1
0.5
0.6
0.5
2.4

Monoterpenes
Oxygenated monoterpenes
Sesquiterpenes
Oxygenated sesquiterpenes
Others
Total identified

56.3
14.5
12.9
5.1
5.8
94.6

1700
1605
1680
1725
1729
1758
1990
2080
2059
2236
2259
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On the other hand, it can be noted that the content
of sesquiterpenes is high (18.1%) with respect to the
values obtained in the aforementioned studies, 2.9%
and 3.1%. High concentrations of sesquiterpenes were
also evidenced in the essential oil of Eugenia uniflora,
obtained from material dried at a temperature of 45°C
(Alves de Assis et al., 2020). It should be mentioned
that the vapor entry pressure of 34.5 kPa would have
favored the extraction of sesquiterpenes (components
with higher molecular weight). Also, a high content
of these components could improve the antioxidant
property of essential oil (Stashenko et al., 2003).

Conclusions
A comprehensive study was conducted on the
steam-distillation extraction of the essential oil from
Luma chequeen. Besides characterizing the extract
composition, our analyses included the morphological
evaluation of the leaves and stems, the assessment of
the effect of the humidity level on the extraction yield,
and the modeling of the extraction kinetics, elucidating
the connection between extraction and oil evaporation
rates.
The micromorphological evaluation of the leaves
and young stems of Luma chequen (Molina) A.
Gray reveals that drying causes folding in the tissue
surrounding the secretory cavities, thus reducing the
structural barrier for the exit of essential oil. The ratio
of cavity diameters increases from 1.2 to 1.7, as the
moisture decreases from 72±1%, in the fresh state, to
the equilibrium moisture of 8.2±0.5%, evidencing the
thinning of the cavities. According to the lacunarity,
the cross sections of the Luma chequen leaves present
exponential values that characterize them; between
-0.102 and -0.082; and the sample at the critical
moisture of 24±1 presents the highest degree of order,
forboding a favorable microstructural change at this
moisture level.
A maximum yield of 0.52±0.01% (v / w) was
achieved in the extraction of the essential oil of
Luma chequen (Molina) A. Gray when the moisture
of the plant material is 22% (225 min drying at 40
° C), close to critical humidity (24±1%). First and
second order models were fitted to the experimental
extraction kinetic data and found that while both
models provide statistically significant regressions,
the first order model was found to provide not only
slightly better fit to the data, but also more physical
values for the fitting parameters (rate constant and
saturation capacity). The optimal conditions found
14

here for oil extraction yield are also associated with
fast kinetics and hence relatively short processing
times, which can potentially translate into reduced
energetic consumption per unit weight of product.
A mathematical model was introduced that
supports the tenet that oil evaporation represents the
main resistance for oil mass transfer during both the
drying of the material (causing oil losses) and steamdistillation extraction for cases when the sample was
dried at (or beyond) the critical humidity. Therefore,
from the kinetics of drying one could predict the
early, linear portion of the essential oil extraction
kinetics. It is posited that a similar predictive dryingextraction-rate connection could be applicable to other
species with micro-morphologies and essential oil
compositions similar to those of Luma chequen.
The monoterpenes components α-pinene, 1,8cineole, limonene, β-pinene y linalool of essential oil,
which correspond to the extraction test with highest
yield (22% moisture), are in the ratio of 44%, 9.4%,
4.7%, 4.7% and 2.7%, respectively, preserving the
components with known pharmacological properties.
Likewise, it contains sesquiterpenes (18.1%) in
proportions greater than reported in other studies.
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Appendix
Macroscopic model solution. The solution of the
diffusion equation for the boundary and initial
conditions and slab geometry outlined in Sec. 3.4 and
Fig. 10A is given by (Crank, 1975):
∞

MR =



8 X
1
Xt − Xe
2 2 De
= 2
exp
−(2n
+
1)
π
t
X0 − Xe π n=0 (2n + 1)2
L2
(A1)

where MR is the fractional residual humidity, Xt is the
humidity constant at time t, X0 is the initial humidity
content, Xe is the humidity at equilibrium, n is a
positive integer, De is the effective diffusivity of the
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humidity through the material (m2 s−1 ), t is time (s),
and L is the thickness of the hypothetical slab (m),
which is twice the thickness of a leaf to exploit
the symmetric solution (which is symmetric around
the hypothetical slab center-plane where the no-flux
boundary condition applies).
For long drying periods, la Eq. (A1) simplifies to
the first term in the series,
!
!
8
π2 De
ln(MR) = ln 2 −
t
(A2)
π
L2
Equation (A2), based on the assumption of a constant
De at the given temperature, predicts a linear relation
between the logarithm of the residual humidity
and time. However, Figure 11A shows that this
relationship is not linear, in which case the values
of De can be estimated by the method of slopes
(Karathanos et al., 1990), for fixed L.


De =

dMR
dt exp 2

 L
dMR
dF0 th

(A3)

where F0 is Fourier’s number given by F0 = De t/L2
(Pathare and Sharma, 2006), so that Eq. (A2) can be
rewritten as
MR =

8
exp(−π2 F0 )
π2

De =

F0
t/L2

(A6)

The value of L was 0.35 ± 0.05 mm. As can be
observed in Fig. 11B, De varies during the drying
period. This analysis indicates that the drying process
can be seen as a sequence of short pseudo-steady state
regimes where in each regime De and related physical
properties remain unchanged.
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