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Allspice essential oil was extracted with supercritical carbon dioxide (SC-CQO,) in a static process at three different temperatures
(308.15, 313.15, and 318.15 K) and four levels of pressure (100, 200, 300, and 360 bar). The amount of oil extracted was measured
at intervals of 1, 2, 3, 4, 5, and 6 h; the most extraction yield reached was of 68.47% at 318.15K, 360 bar, and 6 h of contact time.
In this supercritical extraction process, the distribution coefficient (K,), the mean effective diffusion coefficient (D), the energy
of activation (E,), the thermodynamic properties (AG’, AH®, and AS°), and the apparent solubility (S) expressed as mass fraction
(w/w) were evaluated for the first time. At the equilibrium the experimental apparent solubility data were successfully correlated

with the modified Chrastil equation.

1. Introduction

Allspice, Pimenta dioica L. Merrill, or Pimenta officinalis
belongs to the family Myrtaceae and is known in English as
allspice or pimento, in French as piment jamaique or toute-
epice, in Portuguese as pimenta da Jamaica, and in Spanish
as pimienta gorda [1]. Traditionally the dried mature but
not ripe berries are consumed as spice and commonly used
for flavoring food, but the essential oil of this fruit and the
aqueous extracts of leaves of the pimento tree have been
used as carminative, hypoglycemic, stimulant, antimicrobial,
acaricide, and antifungal pharmaceutical preparations [2-8].
Moreover, since mankind has chosen to consume natural
products the allspice essential oil is used massively in food,
pharmaceutical, and perfume industries [9]. Due to its high
content of eugenol, methyl eugenol, myrcene, and caryophyl-
lene [7, 10] The high levels of eugenol contained in clove
essential oil give it strong biological activity and antimicrobial
activity. This phenolic compound can denature proteins and

reacts with cell membrane phospholipids changing their
permeability [11]. This essential oil has been studied for
different applications. The antioxidant potential of allspice
oil was evaluated by many researchers and all of them have
found that this essential oil has good antioxidant activity and
can be utilized as a natural antioxidant [7, 8, 12, 13]. In more
specific applications the allspice essential oil was used as an
anti-inflammatory [14, 15]. Also extraordinary applications of
the leaves and berries extracts of allspice have been reported
in the fields of medicine and materials science [16, 17].

Based on these studies, it is important to develop new
and clean processes for extracting essential oils from solid
matter. Traditionally, allspice essential oil was extracted by
hydrodistillation, steam distillation, or solvent extraction.
Recently, in concordance with green chemistry, supercritical
fluid extraction has increased the attention as an important
alternative to conventional methods. Supercritical fluids have
adjustable extraction characteristics due to their density,
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which can be controlled by changes in temperature and
pressure [18].

Carbon dioxide is commonly used as a supercritical fluid
because of its nontoxicity, nonflammability, low cost, mod-
erate critical pressure, high critical density, and low critical
temperature. The low value of critical temperature is the most
attractive property to extract thermolabile compounds [19].
The allspice essential oil extracted with supercritical CO, has
superior quality and has better flavor, compared with the oil
obtained through steam distillation [20].

Several advantages offer the technology of supercritical
fluids in the processes of extracting essential oil from veg-
etable matter with SC-CO,, but in many of these solid—fluid
systems, it is not well defined as the kind of phenomenon that
controls the extraction process. The extraction of essential
oil from a solid matter could be controlled by diffusion or
kinetics phenomena but the thermodynamic properties could
indicate if the process is possible to develop. Depending on
the extraction conditions and the solid sample matrix, either
the rate of initial extraction step or the elution step can control
the extraction rates. In the systems where the solubility is
sufficient for the extraction feasible, the solubility of the solute
in the supercritical fluid greatly affects the rate of extraction,
due to its effect on the distribution coefficient [21, 22]; in
other cases, the rate of extraction is limited by many transfer
mass mechanisms; among these is the internal diffusion of the
solute into the interstices of the solid matter; this mechanism
is related to the effective diffusion coefhicient.

The solubility is one of the most important thermophysi-
cal parameters considered in the application of the supercrit-
ical fluid technology in the supercritical extraction processes
using CO, [23]. Generally, the solubility depends on the
temperature and pressure of the system, besides the chemistry
nature of the solute, as well as the physicochemical properties
such as molecular weight, polarity, and solute vapor pressure,
which are related to the intermolecular interactions [24, 25].

The estimation of transport parameters like the diffu-
sion, the distribution coeflicients, and the physicochemical
properties like apparent solubility, the activation energy, and
the thermodynamic properties could facilitate the design of
extraction process at pilot plant.

The aim of this work was to study the effects of pres-
sure and temperature on the apparent solubility of allspice
essential oil in SC-CO,, correlate the experimental apparent
solubility data with the modified Chrastil equation, and
determine the distribution coefficient, the mean effective
diffusion coefficient, the energy of activation, and the ther-
modynamic properties of the supercritical extraction process.

2. Materials and Methods

2.1. Sample Preparation. Allspice berries were bought previ-
ously dried in a laboratory fluidized bed dryer [26] at 343.15K
of inlet air temperature to “El Pimiento” ranch, located at
La Mesa, Puebla, Mexico. The dried berries were ground
using a conventional electric mill and sieved with mesh
number 20, giving an average size of particles of 8.5 - 10~* m.
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Carbon dioxide (99.99% purity) was purchased from INFRA
(México).

2.2. Static Extraction Process. The high-pressure extraction
cell was loaded with 100g of dried and milled allspice.
The cell was connected to the apparatus tubing lines and
immersed in a water bath, equipped with a temperature
controller which controls the operational temperature within
(0.1K). A CO, stream was passed through the lines in order
to displace the air in the pipe and in the extraction cell.
Carbon dioxide was compressed using a high-pressure liquid
pump (LabAlliance A19284). When the water bath reaches
the experiment temperature, the cell is pressurized with CO,
until the desired experimental pressure is attained. Pressure
was measured with a high-pressure transducer (Sensotec
THE/7093-03). After the pressure and the temperature are
stable, the magnetic stirring plate positioned under the
extraction cell is switched on, and the heterogeneous mixture
of milled allspice with CO, is left to stir for a determined
time. After reaching the specified contact time, the super-
critical CO, with dissolved essential oil passes through a
heated micrometer valve and is subsequently discharged in
a refrigerated recovery cell (273.15K) where the extracted
oil is collected. The outflow rate was carefully controlled
by micrometer valve because the abrupt expansion of the
mixture causes cooling and frost formation obstructing the
exit. A calibrated wet gas meter (Precision Wet Test Meter,
Model 63126) was used to measure the total amount of CO,.
The amount of allspice oil collected in the recovery cell
was determined by gravimetric measurements performed on
an analytical balance with an uncertainty of +0.001g. The
complete extracted oil accumulated in the outlet tubes was
recovered by ethanol solvent. The procedure was repeated in
duplicate and the identical operation conditions.

A schematic representation of the experimental apparatus
constructed in stainless steel is shown in Figure 1.

2.3. Solubility. The apparent solubility expressed as mass
fraction (w/w) was determined in intervals of 1h for each
temperature and pressure. The results of the experimental
apparent solubility were correlated with modified Chrastil
model [27, 28]. This model is based on the density of the
pure supercritical CO, and is widely used for the correlation
of solid-supercritical fluid equilibrium, mainly due to its
simplicity and easy application.
The modified Chrastil model is expressed as follows:

-d
(ay +a, )+b

) @)
T

InS = (ky +k, -d)Ind +

where S is the solubility expressed as mass fraction (w/w), T
is the temperature in K, the association numbers k, and k,
are the average number of solvent molecules in the solvated
complex, a, and a, depend on the heat of solvation and
vaporization of solute, and b is a function of k and depends



Journal of Chemistry

CO, out

FIGURE 1: Schematic diagram of experimental setup. 1, carbon dioxide cylinder; 2, high-pressure pump; 3, pressure transducer; 4, pressure
indicator; 5, temperature indicator driver; 6, high-pressure extraction cell; 7, magnetic stir device; 8, oil recovery cell; 9, wet gas meter.

also on molecular weight of the solute and the supercritical
fluid, and k also depends on the supercritical fluid density (d):

k=ky+k, -d,
)
a=ay,+a, -d.

2.4. Distribution Coefficient. In a solid-fluid extraction sys-
tem, the distribution coefficient (K,) is expressed by

Kp=—, (3)

or

where m,, is the mass of essential oil in the SC-CO, and m,,
is the mass of essential oil remainder into the milled allspice.
This model assumes that the kinetics of the initial extraction
step and subsequent fluid-solid partitioning are rapid and
thus do not significantly affect the extraction rate. If the size of
the solid particles is uniform and does not change, the mass of
the oil in each unit mass of extraction fluid that remains into
the milled allspice for a particular period can be calculated
based on the K, values.

In order to obtain m,,, firstly it was necessary to calculate
the maximum amount of essential oil in the milled allspice
(3.815%) in dry basis, according to the standardized method
of the Mexican Norm (NMX-FF-063-1987).

2.5. Effective Diffusion Coefficient and Energy of Activation.
To estimate the effective diffusion coefficient (D) at different
temperatures, the equation obtained from the approximate
analytical solution of Fick’s second law is used [26, 29].
Ground allspice particles were considered as spherical par-
ticles of constant diameter. The resulting expression of Fick’s
second law for this particular case is represented by

1
2

18

6 t
0 n

[
—

where g is the concentration of remaining oil in the solid
particle, g, is the initial concentration of oil, r is the particle
radius of the solid sample, and ¢ is the time of extraction.

To calculate the activation energy (E,) for the diffusion
process, firstly it is necessary to calculate the mean effective
diffusion coefficient (D_ef) utilizing (5) and the experimental
data of isothermal extraction curves

[ Det (q) dq
T Ta g
9o

ef

The E, is a temperature dependent parameter and follows an
Arrhenius relationship as is shown in

— E, /1
lnDef:InDo—E“(?). (6)
Using (6), a plot of In D¢ versus 1/T yields a straight line with
slope —E,/R, where D, is the Arrhenius factor, R is the gas
constant (8.314 J/mol K), and T is the absolute temperature in
K.

2.6. Thermodynamic Properties. The thermodynamic param-
eters of the extraction process could determine the feasibility
of the process. Negative values of the free energy (AG®)
indicate that the process is spontaneous, endothermic, or
exothermic which is determined depending on the value of
the enthalpy (AH") and the reversibility of the process could
be described by the value of entropy (AS°).

The thermodynamic parameters were evaluated from the
following equation:

AG® = —RTInKp, ?)

where K, is the distribution coeflicient, AG® (Jmol™) is the
free energy of extraction, T' (K) is the absolute temperature,
and R is the universal gas constant.
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FIGURE 2: Extraction yield (%) of allspice essential oil at different
contact times, temperatures, and pressures.

K}, may be expressed in terms of the AH % Jmol™!) and
AS® (Jmol™ K™!) as a function of the temperature:

AH°(1> AS°
— +_

— (8)
R \T R

InK, =
and the values of AH® and AS° can be calculated from the
slope and intercept of the In K}, versus 1/T plot.

2.7. Characterization of Essential Oil. The concentration of
various major components of the essential oil was determined
by the gas chromatography method coupled to a mass
spectrometer (GC-MS). It was performed by an HP Agilent
190915/433E team with an HP-5MS column (30 m x 0.25 mm
id. 0.25um). Helium is used as the carrier gas with a
constant flow of 1 ml- min~". The division ratio will be 100:1,
and the sample volume injected will be 1.0 ul. For different
temperature ranges the heating ramps were 20 K- min™" for
343.15-503.15 K (retention time of 10 min), also 20 K - min™
at 503.15 K (retention time of 2 min), and then 8 K- min™! at
553.15K (retention time of 5min). The temperatures of the
injector, the transfer line, and the ionization source are 513.15,
523.15, and 503.15 K, respectively. Electron ionization energy
was 70 eV. Mass spectra were recorded within 20 to 250 GC-
MS. The components of the oil were identified by comparison
of their mass spectra with those of the system database.

3. Results and Discussion

3.1. Temperature and Pressure Effect on the Yield Extraction.
The pressure and the temperature affected significantly the
extraction yield of allspice essential oil (Figure 2). Pressure
and temperature modify the apparent solubility of allspice oil
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in the SC-CO, (Table 1). Increasing the pressure at constant
temperature will increase the density and the solvent power
of SC-CO,. The effect of temperature upon the extraction
could be explained in two ways. Increasing temperature
under a constant pressure, on one hand, increases the solute’s
volatility and diffusion, which helps the extraction of the
solute; on the other hand, it decreases the density and
consequently the solubility capacity of supercritical CO,
[30]. In this case only at the first hour the extraction yield
decreases when temperature increases (Figure 2). This means
that at higher contact time the equilibrium was reached; also
the effect pressure increases the solvent power of SC-CO,,
minimizing the temperature effect. Similar results were found
in the oil extraction process rosehip seed and parsley seed
with SC-CO, [22, 31, 32].

As shown in Figure 2 the percentage of oil extracted
increased with the time. This result shows that extraction
process of allspice essential oil requires long extraction times
to obtain more than 60% of yield. This agrees with other
studies where essential oil from savory was extracted with
supercritical CO, [21]. According to the results presented
in Figure 2, it is possible to say that only at the highest
pressures and temperatures is the equilibrium reached and is
the process favorable.

3.2. Solubility Calculation and Correlation. It is important to
note that although the percentage of allspice oil extraction
increased with increasing temperature and pressure, the effect
of temperature on the apparent solubility of allspice oil is not
as prominent as the effect of pressure due to an increase in
temperature; this causes an increase in solute vapor pressure
but decreases the density of supercritical carbon dioxide [33].

The apparent solubility of allspice essential oil was deter-
mined at 308.15, 313.15, and 318.15K, in the pressure range of
100, 200, 300, and 360 bar. Table 1 shows the experimental
and calculated apparent solubility of allspice essential oil in
SC-CO,, as a function of the temperature and the pressure
at 6h of contact time when the equilibrium was reached.
By comparing the S and S the average absolute relative
deviations (AARDs) were less than 1.0%.

The apparent solubility data of allspice essential oil were
correlated with (1), and the correlation results are plotted
in Figure 3. The optimal fitting parameters are presented in
(9) which correlates adequately with (r* = 0.9996, rmsd =
0.0018) the experimental apparent solubility values, at 6 h of
contact time when the equilibrium was reached

InS = (—1.47 - 1.88- 10‘3d) Ind

(5.46d - 1.17 - 10%) )

+ +30.29.
T

3.3. Distribution Coefficient, K,. The K, values determined
at different values of pressure and constant temperature are
reported in Figure 4. The K, values decreased with an
increase in pressure, which indicates that the concentration
of allspice essential oil in the supercritical CO, at equilibrium
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TaBLE 1: Apparent solubility” of allspice essential oil in SC-CO, at equilibrium time of 6 h.
T (K) P (bar) 10°S™P (w/w) 10°5! (w/w) AARD (%)
100 1.395 1.385
308.15 200 1.724 1.719 051
300 1.867 1.877
360 1.939 1.948
100 1.873 1.893
313.15 200 2.389 2.395 0.68
300 2.594 2.589
360 2.707 2.674
100 2.612 2.605
318.15 200 3.360 3.345 0.38
300 3.571 3.571
360 3.639 3.666
#Solubility is expressed as mass fraction (w/w).
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FiGure 3: Validation of the modified Chrastil model for allspice
essential oil in the pressure range of (100 to 360) bar at different
temperatures. Symbols represent the experimental data and dash
lines are calculated with (9).

increases with the pressure. This was due to the increase of the
density of supercritical CO,, which led to the increase of the
solvent power of the SC-CO, [30]. Increasing the temperature
increases the diffusivity of the allspice oil through the solid
matrix into the fluid; this phenomenon is reflected in the
decrease of distribution coefficient. Only at higher pressure
and temperature for 5 and 6h of contact time did the
extraction process have an adequate development (K, > 1),
indicating that the concentration of essential oil in the SC-
CO, is greater than the remainder concentration.

3.4. Effective Diffusion Coefficient and Energy of Activation.
The values of the effective diffusion coefficient at different
pressures and temperatures are shown in Table 2. The
temperature exhibits a small positive effect on the diffusion

t (h)

100 bar, 313K
200 bar, 313 K
300 bar, 313K
360 bar, 313 K

m 100bar, 308 K
® 200bar, 308 K
& 300 bar, 308 K
* 360 bar, 308 K

m 100bar, 318K
@ 200bar, 318K
& 300 bar, 318 K
# 360 bar, 318 K

» O 00

FIGURE 4: Distribution coeflicient of allspice essential oil in a
supercritical extraction process.

coeflicient. The effect caused by an increase of 10 degrees of
temperature on diffusion coeflicient is twice that achieved
with an increase in the pressure of 360 bar. This suggests
that to improve the extraction of allspice essential oil would
be sufficient to carry out the supercritical extraction at
elevated temperatures. However, allspice oil quality obtained
at elevated temperatures is inferior, due to loss of volatile
compounds.

Small values of the diffusion coeflicient are because the
main components of allspice oil (eugenol and methyleugenol)
are polar compounds. Jin et al. [34] reported that the presence
of hydroxyl and carboxyl functional groups renders the
extraction more difficult when using only SC-CO, as the
extracting agent, because the polarity of supercritical carbon
dioxide is only comparable with the polarity of pentane.
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TABLE 2: Mean effective diffusion and activation energies.
100 bar 200 bar 300 bar 360 bar
T (K) 107D, (m?/s) 107D, (m*/s) 107D, (m?/s) 107D, (m?/s)
308.15 2.072 2.159 2.288 2.484
313.15 2.410 2.415 2.315 2.581
318.15 2.416 2.480 2.463 2.621
E, (kJ/mol) 12.594 11.328 5.976 4.397
r 0.771 0.894 0.858 0.945
TaBLE 3: Thermodynamic parameters of the supercritical extraction 60000000 -
process.
50000000 -
AG’ (J/mol) 0 0
AH" (J/mol) AS” (J/molK) i
30815K 31315K  31815K y 40000000
=}
5h 116535 -277.33 -1882.48 —-95053.96 304.61 £ 30000000
=]
6h 111738 -299.24 -2050.74 —98687.18 316.46 3
< 20000000 -
The difficulty of the extraction process can also be 10000000
inferred from the values of the activation energy. The high 0 ‘ |
values of the activation energy of this supercritical extraction 2 4 6 8 10 12 14 16 18 20 22

are typically characteristic of highly energy-demanding pro-
cesses.

3.5. Thermodynamic Properties. In Table 3 are shown the
results of thermodynamic properties of the supercritical
extraction process of allspice essential oil at 5 and 6 h, when
the equilibrium was practically reached.

According to the definition of free energy (7), this ther-
modynamic property can be positive or negative depending
on the value of the partition coefficient (Kp). If K, > 0,
the value of the free energy is negative; this means that
the amount of extracted oil is greater than the amount of
remaining oil and thus the removal process is favorable.

The enthalpy is related to the amount of heat transferred
to the extraction process. In this case the process is exother-
mic and requires removal of a substantial amount of heat. This
type of process is favored with increasing temperature.

Positive values of entropy change indicate the irreversibil-
ity of the process. At least, for experimental conditions
of 300 bar and 318.15K and also 360 bar and 313.15K and
360 bar and 318.15K the supercritical extraction process is
spontaneous and irreversible.

3.6. Chromatographic Analysis. The components of the
essential oil extracted under supercritical conditions were
identified by GC-MS, and the mass fraction of each com-
pound was determined. Figure 5 shows the chromatographic
profiles of the extracts obtained with supercritical CO,, in
which the presence of eugenol, isoeugenol, methyl eugenol,
myrcene, and caryophyllene is found.

Figures 5 and 6 show the chromatograms of the oil
obtained by steam distillation (SD) and with supercritical
CO,, respectively. A total of 72 compounds are observed
in the chromatogram of the oil obtained by SD and 76
compounds in the chromatogram of the oil obtained with

Time
FIGURE 5: Typical chromatogram of essential oil extracted with
supercritical CO,.
70000000 -
60000000 -
50000000 -
40000000 -

30000000 -

Abundance

20000000 -

10000000 -

oL

0 2 4 6 8
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- |

10 12 14 16 18 20 22
Time

FIGURE 6: Typical chromatogram of essential oil obtained by steam
distillation.

supercritical CO,, many of which are in very small con-
centration. This higher number of compounds obtained by
extraction with supercritical carbon dioxide confirms that
there are substances that by SD are not extractable. The
composition of the essential oils is characterized by having
well-defined molecular weight compounds: monoterpenes
sesquiterpenes, in addition to other compounds, such as low
molecular weight hydrocarbons.

Table 4 shows some of the terpenes extracted by both
methods. An interesting fact is the difference between the
chromatograms of the oil obtained by SD (Figure 6) and that
obtained using supercritical CO, (Figure 5), in relation to
the concentration of monoterpenes, which are not possible
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TABLE 4
Oil obtained by SD Oil obtained by SC-CO,
% Compounds % Compounds
1 2734 Eugenol 1 34.44 Eugenol
2 033 Myrcene 2 0.54 Myrcene
3973 Caryophyllene 3 1.64 Caryophyllene
4 037 Methyl eugenol 4 2.54 Methyl eugenol

to obtain by SD, since the use of high temperatures does not
allow its efficient extraction. These differences in composition
of terpenes affect the physicochemical properties of the
oil: the oil richer in sesquiterpenes will be more stable at
temperature and more polar and will have higher boiling
point, while the oil richer in monoterpenes will be more
volatile and less polar and will have lower boiling point.

4. Conclusions

The extraction process for allspice essential oil with supercrit-
ical CO, is a temperature and pressure dependent operation.
The maximum extraction yield reached was of 68.47% at
318.15K, 360 bar, and 6 h of contact time. The higher exper-
imental apparent solubility values obtained between 100 and
360 bar and reported in mass fraction ranged from 1.385-107°
to 1.948 - 107, 1.893 - 107 to0 2.674 - 10~°, and 2.605 - 10°°
to 3.666 - 10°° at 308.15, 313.15, and 318.15K, respectively.
The experimental apparent solubility data were successfully
correlated with the modified Chrastil equation. The values
of the thermodynamics properties AG® < 0, AH® > 0, and
AS® > 0 indicate that the supercritical extraction process
of allspice oil is spontaneous, exothermic, and irreversible.
The values of the effective diffusion coefficient as function of
temperature and pressure are between 1.95 - 107'° and 2.11 -
10~ m%/h; the energy of activation [107.96-123.70 kJ/mol]
and the distribution coeflicient [0.03-2.17] suggest that this is
adifficult operation and high energy-demanding process. The
essential oil extracted with supercritical CO, was analyzed
with GC-MS, finding differences in the composition with
the oil extracted by steam drag, finding that in the extrac-
tion with supercritical carbon dioxide a greater amount of
compounds is obtained that they present a greater molecular
weight. Therefore, supercritical extraction is considered as an
optimum process for obtaining allspice oil with high quality.

Additional Points

Highlights. (i) The higher extraction yield reached was of
68.47% at 318.15K, 360bar, and 6h of contact time. (ii)
The experimental apparent solubility data were successfully
correlated with the modified Chrastil equation. (iii) The
values of the thermodynamics properties (AGO <0,AH" > 0,
and AS > 0) indicate that the supercritical extraction process
of allspice oil is spontaneous, exothermic, and irreversible.
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