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ABSTRACT

To characterize the dynamic behavior in supercritical CO2 extrac-
tion of essential oil components (carvone and limonene) from
spearmint leaves under pressures of 69.0 bar (near-critical), 84.5
bar (supercritical), and 103.4 bar (supercritical) and temperatures
of 39 and 49°C, a simplified desorption kinetic model was devel-
oped. In the desorption model, a linear irreversible desorption ki-
netics was assumed, and the releasing rate of oil components from
the leaf particle matrix was defined by a desorption rate constant as
a model fitting parameter. Despite the simplicity of the desorption
kinetic model, the experimental data and the predicted values by
the desorption kinetic model were in good agreement. In the pre-
sent study, the desorption rate constant mostly increased as the
CO2 flow rate and pressure were increased and as the temperature
and leaf particle size were decreased.

Key Words: Supercritical carbon dioxide; Extraction; Desorption
kinetics; Spearmint oil.
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INTRODUCTION

Supercritical CO2 extraction has received much attention for its potential
applications in the food and pharmaceutical industries. Most supercritical fluid ex-
tractions using natural materials have been limited to laboratory-scale operations.
So far, few processes, such as the decaffeination of coffee beans, have been ex-
tended to commercial scale. The difficulty in scale-up is partly due to a lack of un-
derstanding about the extraction behavior in the supercritical fluid extraction
(SFE) of real materials. While many studies on supercritical fluids (SCFs) have
focused on the thermodynamic aspect, less attention has been paid to kinetics in
SFE. From an industrial viewpoint, knowing about both extraction kinetics and
thermodynamics is important, since in the SFE of real substrates the solubility be-
havior is found to be only one of several important factors (1).

In the SFE of plant materials, compared with the number of SFEs performed
on plant seeds (2–14), relatively few extraction kinetic and mass transfer studies
have been performed on herbaceous materials (15–19). The supercritical CO2

(SC-CO2) extraction of herbaceous materials generally results in a lower oil yield
and a more complex final product profile (15,17–19) than that of plant oil seeds.
In the herbaceous substrate extraction, the mass transfer of solute may be more af-
fected by the interaction of solute with complex inner matrix of herbaceous sub-
strates, as well as the interactions between different solutes, than by the solubility
of solute in the fluid phase.

The herbaceous materials are complex in terms of geometry, solute distri-
bution, and matrix structure. The application of internal diffusion and external
mass transfer models to the SFE of herbaceous materials is not satisfactory despite
the difficulty in obtaining their solutions, since it gives unreasonably low esti-
mates of internal diffusion coefficients as found in previous studies (17,18,20,21).
Moreover, from an engineering viewpoint, a simplified model is preferred to an
exact but complicated model. By applying the heat transfer analogy of a hot ball
in a uniform medium to the mass transfer, Bartle et al. (22) proposed a simple SFE
model that only takes into account the internal mass transfer resistance. In the 
SC-CO2 extraction of peppermint leaves, the desorption of essential oil from lipid
materials existing in the leaf matrix was found to be the rate–controlling step in
the entire extraction process (15).

The objective of this study was to develop and evaluate a simplified de-
sorption kinetic model for the SFE of essential oil components—carvone and
limonene—from spearmint leaves. The effects of pressure, temperature, CO2 flow
rate, and leaf particle size on the desorption rate were also investigated. Therefore,
estimated parameters can be used to predict the extraction behavior of similar sys-
tems with the desorption model in the same range of extraction conditions used in
this study.
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EXPERIMENTAL SECTION

Spearmint leaves, a local product obtained from southern California, were
washed with deionized water to remove dirt and air–dried at room temperature for
one week. They were then cut into pieces with an average radius of 0.15 mm. The
cut spearmint leaf particles were homogeneously mixed and then stored in a des-
iccator. When fine particle sized leaves were needed, the cut leaves were ground
using a mortar and pestle and the average radius of the ground leaf particles was
reduced to 0.03 mm.

The particle sizes of the above leaf particles were measured with USA Stan-
dard Testing Sieves. The apparent density of spearmint leaf particles was mea-
sured by shortly immersing leaf particles in ethanol (99.9%) and immediately
measuring the total volume increase. To calculate the porosity of the leaf particles,
the solid density of completely ground leaves (particle size smaller than 0.001
mm) was measured. Both the apparent density of leaf particles and the solid den-
sity of the ground leaves were used in calculating the leaf porosity by the method
used by Goto et al. (15).

CO2 at 99.6% or 99.9% purity was used for extraction. Methanol (99.9% pu-
rity) was used as a collection solvent. Spearmint leaf particles (2 g) were placed
with glass beads (2 mm diameter) in the extraction vessel (50 cm3 internal volume,
Valco, Houston, TX). Extraction was performed by using a supercritical fluid con-
troller and delivery system (Computer Chemical System, Unionville, NJ). The to-
tal contents of carvone and limone in the spearmint leaves were determined by
carrying out SFE in duplicate at 39°C and 103.4 bar for 1500 min. These oil con-
tents were used to estimate the initial oil concentration of spearmint leaf particles.
The detailed description of the extraction apparatus and experimental procedure
was reported previously (16).

RESULTS AND DISCUSSION

Development of the Desorption Kinetic Model

Entering the extractor at a constant flow is SC-CO2, and leaving at the same
flow rate is the SC-CO2 solution containing extracted essential oil components.
The slow mass flow rate of CO2 compared to the large void volume of packed bed
in the extractor rendered the following assumptions: the essential oil concentra-
tion in the bulk fluid of the extractor is uniform and the fluid temperature is con-
stant. Using the analogy of spearmint leaves to peppermint leaves which showed
the desorption–controlled extraction rate (15), it was assumed that the oil faced no
additional mass transfer resistance once the oil was desorbed from leaf matrix to
the CO2 phase, regardless of whether it was in the leaf pores or in the bulk fluid.

SUPERCRITICAL FLUID EXTRACTION OF SPEARMINT OIL 1439
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Release of essential oil components from the plant matrix is specified by the
desorption rate constant, k. Due to a lack of information about the adsorption
isotherm equilibrium, the irreversible linear desorption kinetics was used on the
mass balance of oil components in leaf particles as in Eq. (1). c� is the concentra-
tion of solute inside pores of leaf particles, W is the weight of leaf particles per ex-
traction, � is the void fraction of leaf particles, and �p is the apparent density of
leaf particles.

� �ke� �
�
W

p
� c� (1)

The bulk fluid mass balance for essential oil components in the extractor is
written as Eq. (2). The essential oil components desorbed from the leaf matrices
are instantaneously carried away by the bulk fluid. The bulk fluid with a solute
concentration C leaves the extractor with the void volume V at the constant flow
rate q.

�
d(V

dt
C)
� � �qC (2)

The initial oil concentration in the bulk fluid is zero, and the initial oil 
concentration inside leaf particles is expressed as c�0. Therefore, the following
boundary conditions are obtained:

C � 0 at t � 0 (3)

c� � c�0 at t � 0 (4)

Let

� �
�
W

p
� � Vp (5)

where Vp is the total pore volume inside leaf particles packed in the extractor.
By integrating Eq. (1), we find the concentration of oil in the leaf particles

to be:

c� � c�0e�kt (6)

To find the variation of oil concentration in the bulk fluid with time, the oil
concentration in leaf particles from Eq. (6) is substituted into Eq. (2) governing
the rate of oil mass change in the bulk fluid. Thus,

�
d
d
C
t
� � k ��

V
V

p
��c�0e�kt ��

V
q

� C (7)

d�� �
�
W

p
� c��

��
dt

d�� �
�
W

p
� c��

��
dt
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The above first-order linear differential equation can be solved by introduc-
ing an integrating factor, exp(qt/V ). The integration results in the following:

Ce
�
q

V
t
� e��

q

V
�k�t

� constant (8)

By using the initial condition, C � 0 at t � 0, we find the constant to be:

constant � (9)

The final solution is obtained as Eq. (10), which shows the oil concentration
change in the bulk fluid over time.

C � c�0 �
V
V
p
� k� � � (10)

Prediction by the Desorption Kinetic Model

Table 1 shows various parameters used in prediction by the desorption ki-
netic model. The densities of CO2 at experimental conditions were calculated by
Altunin–Gadeskii equation of state (23). The desorption kinetic model was fitted
to the extraction data for the oil concentration in the bulk fluid (C) by optimizing
the desorption rate constant, k. Nonlinear regression was carried out using a sci-
entific graphing software SigmaPlot® for PC (Jandel Scientific Co., Chicago, IL)

e
��

q

V
t

�
k ��V

q
�

e�kt

�
�
V
q

� � k

��
V
V

p
��kc�0

�

��
V
V

p
��kc�0

�

��
V
q

� � k�

Table 1. Parameters Used in the Prediction by the Desorption Kinetic Model

Property Value

Average radius of leaf particle (R) 1.52 � 10–2 (cm)
Apparent density of leaf particle (�p) 1.11 (g/cm3)
Porosity of leaf particle (�) 0.333
Initial concentration of carvone in pores of leaf particles (c̄0) 8.25 � 10–3 (g/cm3)
Initial concentration of limonene in pores of leaf particles (c̄0) 3.60 � 10–3 (g/cm3)
Total void volume of the packed extractor (V) 16.2 (cm3)
Mass of leaf particles per extraction (W) 2.0 (g)
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to optimize the constant, k. The oil concentration in the bulk fluid, C was then cal-
culated using optimal k values on each extraction condition. The cumulative mass
of oil components was obtained by integrating the oil concentration over time.
Both the concentration of oil in the bulk fluid and the cumulative mass of oil com-
ponents were compared with the experimental data in the figures.

Effect of Temperature

The temperature effects at 69.0 bar (near-critical) and at 84.5 bar (super-
critical) are shown in Figs. 1 and 2, respectively. Table 2 lists the estimated 

Figure 1. Comparison of oil concentration in bulk fluid (Conc.) and cumulative mass of
oil components (Cum.) between experimental data and predicted curves by the desorption
kinetic model for the effect of temperature on carvone and limonene extraction at 69.0 bar.
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Figure 2. Comparison of oil concentration in bulk fluid (Conc.) and cumulative mass of
oil components (Cum.) between experimental data and predicted curves by the desorption
kinetic model for the effect of temperature on carvone and limonene extraction at 84.5 bar.

Table 2. Effects of Temperature and Pressure on the Desorption Rate Constant in Ex-
traction of Carvone and Limonene

k (min–1)
T (°C) P (bar) Carvone Limonene

39 69.0 7.71 � 10–3 1.46 � 10–2

39 84.5 2.18 � 10–2 1.43 � 10–2

39 103.4 5.74 � 10–2 7.04 � 10–2

49 69.0 4.95 � 10–3 1.42 � 10–2

49 84.5 1.33 � 10–2 2.18 � 10–2

49 103.4 2.38 � 10–2 2.71 � 10–2
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desorption rate constants at different temperatures and pressures. As in the exper-
imental data, faster extraction rates were predicted at lower temperatures at both
pressures in the carvone extraction. Thermodynamically, a lower temperature at a
fixed pressure results in a higher density of CO2 than at a higher temperature at the
same pressure. The SC-CO2 of a higher density thus renders a higher solubility to
solute as seen in the equilibrium solubility study of spearmint oil components in
SC-CO2 (1). Therefore, the faster extraction rate of carvone at 39°C than at 49°C
is attributable to the higher solubility of carvone in SC-CO2 at 39°C. However, the
extraction rates of limonene at 69.0 bar were similar at 39°C and at 49°C, thereby
giving the similar desorption rate constants. The lower initial concentration of
limonene in leaf pores and the higher equilibrium solubility of limonene than car-
vone (1) may account for the insignificant temperature effect on the limonene ex-
traction.

Effect of Pressure

Figure 3 displays the effect of pressure in the extractions carried out at 49°C.
The effect of pressure was more pronounced in the carvone extraction than in the
limonene extraction, showing a significantly higher extraction rate at a higher
pressure. Accordingly, the desorption rate constants became larger with an in-
crease in pressure. The magnitude of increase of extraction rate with increasing
pressure was much higher when pressure was increased from 69.0 bar (near-criti-
cal) to 84.5 bar (supercritical) than when it was increased from 84.5 bar to 103.4
bar (supercritical). This may be explained by the abrupt increase of solute solu-
bility in the fluid phase near the critical point of CO2. As seen in Table 2, the des-
orption rate constant generally increased with increasing pressure. This result is in
accordance with increased solubility at a higher pressure due to a higher density
of CO2 at a higher pressure. The similar trend has been observed in desorption of
ethyl acetate from activated carbon (24).

Effect of CO2 Flow Rate

Figure 4 illustrates the comparison between extraction data and prediction
curves for the effect of CO2 flow rate at 39°C and 84.5 bar. The desorption rates
for both carvone and limonene increased with an increase in CO2 flow rate, thus
exhibiting a more rapid increase in cumulative mass curve at a higher flow rate.
The oil concentration in bulk fluid was kept lower at a higher flow rate. In terms
of extraction efficiency (i.e., g solute extracted/g CO2 used), a higher CO2 flow
rate gave a lower extraction efficiency as we know from the cumulative mass
curve, of which slope did not increase by the ratio of CO2 flow rate increase. As
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shown in Table 3, the desorption rate constants for carvone and limonene in-
creased with an increase in CO2 flow rate.

Effect of Leaf-Particle Size

The experimental data and prediction curves for the extraction of spearmint
leaves with different particle sizes are shown in Fig. 5. With the smaller particle
size, a higher carvone concentration was observed in the initial extraction period;
hence, the slope of the cumulative amount curve became steeper. Accordingly, the
desorption rate constant was higher for the smaller leaf–particle size as listed in

Figure 3. Comparison of oil concentration in bulk fluid (Conc.) and cumulative mass of
oil components (Cum.) between experimental data and predicted curves by the desorption
kinetic model for the effect of pressure on carvone and limonene extraction at 49°C.
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Figure 4. Comparison of oil concentration in bulk fluid (Conc.) and cumulative mass of
oil components (Cum.) between experimental data and predicted curves by the desorption
kinetic model for the effect of CO2 flow rate on carvone and limonene extraction at 39°C
and 84.5 bar.

Table 3. Effects of CO2 Flow Rate and Leaf-Particle Size on the Desorption Rate Con-
stant in Carvone Extraction at 39°C and 84.5 Bar

Mass Flow Rate of Radius of Leaf k (min–1)
CO2 (g/min) Particles (cm) Carvone Limonene

0.086 1.52 � 10–2 8.31 � 10–3 5.87 � 10–3

0.174 1.52 � 10–2 1.22 � 10–2 8.85 � 10–3

0.352 1.52 � 10–2 2.18 � 10–2 1.43 � 10–2

0.168 2.50 � 10–3 2.91 � 10–2 —
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Table 3. Therefore, the smaller particle size was more effective for the rapid car-
vone extraction. However, the final yield of limonene in the extraction of the
smaller particles was lower than that of the larger particles, probably due to the
loss of limonene in the grinding process for making the smaller leaf particles, as
reported by others (15).

Effect of Ethanol Modifier

Figure 6 summarizes the effect of an ethanol modifier. Mainly, the addition
of ethanol to leaf particles prior to extraction as a modifier to SC-CO2 did not re-
sult in significant differences in extraction behavior regardless of the amounts of
ethanol added. The addition of 0.5 g ethanol caused the fastest carvone extraction,
thus giving the highest desorption rate constant as seen in Table 4. Meanwhile, the

Figure 5. Comparison of oil concentration in bulk fluid (Conc.) and cumulative mass of
oil components (Cum.) between experimental data and predicted curves by the desorption
kinetic model for the effect of leaf-particle size on carvone extraction at 39°C and 84.5 bar.

Table 4. Effect of Ethanol Modifier to CO2 on the Desorption Rate Constant
in Extraction of Carvone and Limonene at 39°C and 84.5 Bar

k (min–1)
Ethanol Added (g) Carvone Limonene

0.0 1.22 � 10–2 8.85 � 10–3

0.2 1.41 � 10–2 3.11 � 10–2

0.5 1.46 � 10–2 1.37 � 10–2

3.0 1.12 � 10–2 9.63 � 10–3
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most rapid extraction of limonene resulting in the highest desorption rate constant
for limonene was observed with the 0.2 g ethanol addition.

CONCLUSIONS

The dynamic behavior of essential oil components (carvone and limonene)
extraction from spearmint leaves was well–predicted by a simplified desorption
kinetic model. In general, the desorption rate constant increased with an increase

Figure 6. Comparison of oil concentration in bulk fluid (Conc.) and cumulative mass of
oil components (Cum.) between experimental data and predicted curves by the desorption
kinetic model for the effect of ethanol modifier on carvone and limonene extraction at 39°C
and 84.5 bar.
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in extraction pressure and CO2 flow rate and with a decrease in extraction tem-
perature. Although the desorption model did not enable the complete understand-
ing of the spearmint oil extraction behavior, the estimation of the desorption con-
stant may be useful for predicting extraction curves for the similar solute–solvent
system within the range of conditions used in the present work.
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