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The extraction of essential oil from peppermint leaves with supercritical carbon dioxide was studied in a
semibatch-flow extraction apparatus. The extraction rates of the major components, /-menthol and menthone,
were measured at various conditions: 313-353 K, 8.83-19.6 MPa. The exit concentration of /-menthol extracted
from peppermint leaves was much smaller than the solubility of -menthol. The extraction curves at various
flow rates coincide in the plot of yield versus quantity of CO, consumed. A mathematical model based on the
local adsorption equilibrium of essential oil on lipid in leaves and mass transfer well described the extraction
results. The adsorption equilibrium constant determined by fitting the theoretical extraction curve to the
experimental data increased with temperature and decreased with pressure.

Introduction

Steam distillation, expression and solvent extrac-
tion have been used for the isolation of essential oils
from plant materials. Most essential oils such as mint
oils have been predominantly recovered by steam distil-
lation. Although that method has been widely applied, it
has some disadvantages: the heat instability of essential
oils, and the fact that only volatile components can be
isolated, which sometimes leads to instability of product
oil. Expression is applied in limited cases such as the
production of citrus oil. Solvent extraction is useful for
the full extraction of chemicals in plants, but denatur-
ation by a solvent and the difficulty of removing the sol-
vent from product oil are inevitable problems.

Supercritical fluid extraction has become a focus of
interest in the field of extraction from natural materials.
Supercritical fluid has advantages such as excellent mass
transfer properties and ease of control of solubility by
temperature, pressure or entrainer. Carbon dioxide is
mainly used because of its near ambient critical tempera-
ture, absence of residual problems and the inexpensive,
odorless, colorless, nontoxic, nonflammable, and non-
corrosive nature of the solvent.

The dissolving power of a supercritical fluid
depends significantly on the temperature and pressure®.
At lower pressure near the critical point, only volatile
components, such as essential oils, are extracted, while
total extracts including fats, waxes, resins and dyes are
extracted at higher pressure where the fluid has a liquid-
like density.

The extraction of natural solid materials involves
dissolution of solid component, diffusion in cellular
material and external mass transfer around the solid par-
ticle. A diffusion model has been used to explain the
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extraction rate of caffeine from coffee beans?. Peker et
al¥ used a mathematical model based on mass transfer
and partitioning of caffeine between the water phase and
the supercritical fluid phase to explain the extraction of
caffeine from water-soaked beans. The extraction
behavior of adsorbed solute from an adsorbent such as
activated carbon has been explained by intraparticle and
external mass transfer with linear or nonlinear adsorp-
tion-desorption kinetics!% 1D,

The objective of this work is to study the extraction
of essential oil from plant materials and to analyze the
dynamic behavior of the extraction by a mathematical
model in a manner similar to that employed by Peker et
al.® and Srinivasan et al.'”

1. Experiments

1.1 Experimental apparatus

The experimental apparatus is schematically
shown in Fig. 1. Carbon dioxide from a cylinder with
siphon attachment is passed through a cooling bath and
compressed to the operating pressure by a HPLC pump
(Jasco, PU-980). The flow rate of the fluid is regulated at
the HPLC pump. The compressed fluid is passed
through a constant-temperature water bath and then
flows to the extractor column in the water bath. The fluid
exiting from the extractor is expanded to ambient pres-
sure through a back-pressure regulator (Jasco, PC880-
81) and bubbled in a cold ethanol trap to collect
extracted materials. For runs with entrainer, 2 - 6 wt% of
ethanol was mixed with carbon dioxide by pumping eth-
anol into the carbon dioxide line with the HPLC pump.
To prevent deposition of extracts beneath the back-pres-
sure regulator, another HPLC pump supplies ethanol into
the line before entry into the back-pressure regulator.
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Fig. 1 Experimental apparatus

The pressure in the extractor is controlled by the back-
pressure regulator.

The composition in the ethanol trap is analyzed
with a gas chromatograph (Yanaco, G2800) equipped
with FID detector and G-column (G-100, 40m X 1.2 mm
id.).

The extractor column is 50 mm long and 23 mm
i.d. Dried peppermint leaves are packed in the column.
The void space is filled with glass beads to reduce the
dead space and make the flow uniform in the extractor
column. To prevent channeling of the flow in the packed
bed, the peppermint leaves are crushed into pieces
around 3 mm square and stored in a desiccator.

1.2 Experimental procedure

About 2 g of dried peppermint leaves were placed
in the extractor column for the extraction run. At the
beginning the six-port valve was set so that the carbon
dioxide passes the back-pressure regulator without
passing through the extractor column. After the pressure
and the flow rate reached the desired values, the six-port
valve was switched so that carbon dioxide passed
through the extractor column to start the extraction. Soon
after the desired pressure was regained, the flow of eth-
anol into the line was started at the back-pressure regu-
lator to prevent deposition of extracts.

A small amount of solution from the ethanol trap
was withdrawn by microsyringe in a certain interval to
measure the concentration of components. To confirm
that whole components extracted were collected without
dissipation by gas flow, three ethanol traps were placed
in series. Depending on the operating condition, some
components were detected in the second trap. However,
one trap was enough to collect all extracts in most extrac-
tion runs.

The extraction runs were carried out in a tempera-
ture range of 293 - 353 K, a pressure range of 8.82-19.6
MPa, and a flow rate of 3.3 — 13 x 107® m¥s at a pump
condition (ca. 273 K) corresponding to 3.2 - 12.8 x 107
kg/s.

The solubility of /-menthol in supercritical carbon
dioxide was measured with the same apparatus used for
peppermint extraction in the following manner. Crushed
crystals of pure [-menthol were placed in the extractor
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Fig.2 Schematic diagram of extraction mechanism

column. Extraction of I-menthol was carried out at a
flow rate of 3.2 x 103 kg/s and various pressures and
temperatures. This measurement was based on the
assumption that the flow rate was slow enough to reach
equilibrium solubility within the extractor so that the
concentration in the cold ethanol trap increases lincarly
with time. This assumption was confirmed to be valid by
changing the flow rate (3 — 6 x 107 kg/s).

2. Mathematical Model

Dried peppermint leaves are comprised of struc-
tural materials such as cellulose and the other compo-
nents such as essential oil, lipid and protein. The
extractable components are mainly essential oil and
some lipid. As discussed later, the lipid may influence
the extraction of essential oils. From the viewpoint of
engineering application, we prefer a simpler model to an
exact but complicated model.

We make the following assumptions. 1) Pepper-
mint leaves are a porous solid which involves essential
oils and lipid. 2) Essential oils are extracted from leaves
as if desorbed from solid biotissue where lipid is associ-
ated with essential oils. 3) Essential oils dissolved in
supercritical fluid diffuse to the external surface and
through the external film to be carried away by bulk
flow. Figure 2 shows the schematic extraction process.

Consider a differential bed containing particles of
slab geometry, with an initial concentration of solute in
the leaf, C;,. Pure solvent enters the bed, the pore and
void volumes are initially free of solute, and the process
is isothermal. The governing equations are as follows.

The mass balance for the solute in the bulk solvent
in the differential, continuous-flow extractor column is:

«f i Gati-abalc-Chl O

where 7 refers to a residence time, given as the total bed
volume divided by the volumetric flow rate of supercrit-
ical fluid at the conditions of the extractor column, and

thickness of the slab is 2h. Specific surface area a, is

(4
given by a, = 1/h.
The mass balance for the solute in the pores is:
aC; J°C; aC,
BG=D. % -1-A @

The local extraction rate, which is equivalent to the des-
orption rate, is assumed to be reversible and linear.
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in terms of the adsorption rate constant k, and the
adsorption equilibrium constant K.
The initial and boundary conditions are:

aC;
De(—(ﬁ)yzhzkf[c_(ci]yzh] 4)
C(y,t=0)=C;(y.1=0)=0 (5)
Cs(y!t=0)=csyo (6)

It is assumed here that the combined internal and
external mass transfer processes are described by a linear
driving-force approximation®, which is derived by
assuming a parabolic concentration profile within the
particle. The overall mass-transfer coefficient for a slab
geometry is given by
ky

ke =T3Bi3

(N

where the Biot number, Bi = kh / D,. Average intrapar-
ticle concentrations are evaluated using the parabolic
profile.

— h
Comt | ctiay ®)

In terms of average concentration C;, the mass conserva-
tion equations become

a%.F%:_(l—a)kpap(C—E,-) (9)
Bk 0, (c-C)-(1-p) %S (10)
dES o~ ES
d =k“[c"_7] an

It is supposed here that equilibrium in the pores is
established instantaneously for a relatively fast adsorp-
tion-desorption rate,

C,=KC; (12)

Combining Egs. (10) and (12) to eliminate C,, yields

fooolSoinfeg] o

In the equilibrium case, the total initial solute concentra-
tion existing both in solid phase and within the pore is
given by

Co=[R+1-)] .o a4

In terms of dimensionless variables, the above
equations can be written as

sy O020)( 5 (15)
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dx,  ¢(x-x,/K)

a6 ~[BIK +(1- B] 1o

Initial conditions are
x(6=0)=0 (17)
x(0=0)=_ K (18)

(B+(1-p K]

where x=C/ Cy, x,= C,/ Cp, 0=1/7,and ¢ = ka,r.
The solution to Eqgs. (15)-(18) is:

x(6)=Alexp(a, 6)-exp(a, )] (19)
where
a1=%(—b+ma,a2=%(—b—\/?——4c] (20)
_ (1-o)¢
A== B K] ala,—a) @

with b and ¢ defined as

- 9
Y EIEY T

¢
[B+(1-BK]a (22)

¢(1-0a

+ o

Q=

+

c=

These equations are equivalent to the special case (m =
1) of the model developed by Peker ez al.¥ for caffeine
extraction. The cumulative fraction of solute extracted
up to dimensionless time 8 is given by

1 2]

__A
-

exp(a; 6)-1 exp(a, 9)—1] (23)
aj a,

‘When mass transfer resistance is negligible, that is,
when ¢ = oo, Eq. (23) reduces to

_ 7]
FlO)=1-ew = v e @4

3. Results and Discussion

3.1 Solubility of I-menthol

The extraction measurement with pure /-menthol
crystal solid gave the amount of /-menthol extracted as a
function of extraction time. Since the extracted amount
increased linearly with time and was not affected by
changing flow rate, the concentration leaving the
extractor was constant during a run, which means that
equilibrium is established in the extractor. The concen-
tration leaving the extractor corresponds to the solubility
at that condition. Thus, solubilities of /-menthol were
calculated from the slops of the extraction curve.

Figure 3 shows the measured solubilities at var-
ious pressures and temperatures. The solubility
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Fig. 3 Solubility of [-menthol in carbon dioxide (solid curves
are estimated by Peng-Robinson EOS”)

decreases as temperature increases at pressures of 8 to 12
MPa, but increases as temperature increases at pressures
above 15 MPa. The solubility increases with pressure up
to around 10-20 MPa depending on the temperature and
decreases as pressure further increases. Therefore, the
highest solubility was observed around 10-20 MPa
depending on the temperature. The solubilities reported
by Maier and Stephan® are compared in Fig. 3. They
almost agree with values of this work except for higher
pressure at 333 K.

3.2 Dynamic behavior of extraction of peppermint

Peppermint oil consists of a variety of components
such as /-menthol, menthone, menthyl acetate, mentho-
furan, pinene, 1,8-cineole, etc.! The composition of the
oil strongly depends on the harvest place and time, the
drying method of the raw leaves, and the extraction pro-
cess and its condition. Barton! showed that the composi-
tion of oil is almost the same between steam-distilled and
supercritical CO, extracted. The major constituents are /-
menthol and menthone. The content of other components
is less than 10%.

Typical extraction curves for /-menthol, menthone
and menthyl acetate are shown in Fig. 4. The yield [kg/
kg] is defined as amount extracted per unit mass of dried
peppermint leaves. The yield increased almost linearly at
the beginning of the run. It is interesting that these three
components behaved similarly regardless of the initial
content. When the yields are reduced by the final yield,
the curves of reduced yield versus time almost coincide
with each other. The extraction of these components was
completed in the same time, around 40 min.

Ozer et al.” analyzed the extracted components of
spearmint leaves in detail. They found that monoterpenes
are preferably extracted at the beginning and that other
components such as mono-cyclic terpene ketone, bicy-
clic sesquiterpene and cyclic terpene ketone are preferen-
tially extracted later. Combining the results of our
experimental work, components having similar structure
were extracted similarly while components having dif-
ferent structures were extracted at different rates.

The concentrations in the exit fluid are calculated
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Fig. 5 Comparison between initial exit concentration of /-
menthol for the extraction of peppermint and the
solubility

from the slope of the linear part of the extraction curves.
The exit concentrations of -menthol extracted from pep-
permint leaves are compared with the solubility previ-
ously shown in Fig. 5. The exit concentration, which
corresponds to the extraction rate, is higher at lower tem-
perature and higher pressure. However, the exit concen-
trations are considerably smaller than the solubility. This
discrepancy may be due to one of the following reasons.
The solubility data correspond to the phase equi-
libria for the pure I-menthol/carbon dioxide system,
while the extraction data were obtained from a multi-
component mixture/carbon dioxide system. The fluid-
phase concentration for single component/fluid system
might be different from that of the multi-components/
fluid system because of a mutual entrainment effect.
When equilibrium is not attained in the extractor,
the concentration leaving the extractor is smaller than
equilibrium value. The extraction rate might be affected
by the dissolving process or mass transfer process within
the particle or in the external film. Another possible
explanation is that high-boiling point components such
as lipids which exist in biotissue affect the phase equi-
libria. The essential oil components maybe exist with
lipid at the same place. In other words, the essential oils
are adsorbed in lipid. The phase equilibria for this situa-
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Fig. 6 Effect of flow rate on extraction of I-menthol (solid
lines indicate predicted curves)

tion correspond to the adsorption equilibria of essential
oil on lipid. In that case, essential oil components must
be desorbed from lipid in which essential oil compo-
nents are adsorbed.

One of the evident adsorption phenomena was
observed in the following situation. When ethanol was
not flowing at the back-pressure regulator, the apparent
extraction rate of the essential oils was extremely slow,
because extracted lipid was deposited in the valve and
tubes after pressure reduction to atmospheric level,
causing adsorption of extracted essential oil in the lipid.
Deposition of solid material such as wax was observed
in the tube downstream of the back-pressure regulator.
Thus, the observed extraction rate was for the desorption
process from lipid at atmospheric pressure. The mathe-
matical model developed above is based on this phe-
nomenon.

We consider here the effect of mass transfer on the
extraction process. The extraction curve from solid
material is usually reported to be linear at the beginning,
then changing to a logarithmic curve®. This behavior has
been considered to be due to the effect of mass transfer.

Figure 6 shows the effect of flow rate on the
extraction of /-menthol at 333 K and 8.83 MPa. The
reduced yields are plotted as a function of extraction
time in Fig. 6 (a) and are plotted in Fig. 6 (b) as a func-
tion of the amount of carbon dioxide consumed. The
reduced yield is defined as the ratio of yield to final
yield. Since the final yield does not accurately reflect the
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same value, reduced yield was used for the purpose of
comparison. As can be seen in Fig. 6 (a) the extraction
rate is higher for larger flow rate. On the other hand, the
extraction rate in the plot of Fig. 6 (b) is not affected by
flow rate at the beginning of the extraction run. This
indicates that the exit concentration of extracts is inde-
pendent of flow rate, at least at the beginning, and there-
fore equilibrium is considered to hold. If intraparticle
diffusion resistance is important, the slopes of the
extraction curve in the plot of yield versus CO, become
smaller for higher flow rate. If the external mass transfer
affects the extraction process as in the case of desorption
from activated carbon!'?, the curve for lower flow rate
becomes gentler in Fig. 6 (b). Therefore, the reason why
the extraction curves deviate from a straight line does
not seem to be the effect of mass transfer limitation.

To confirm the above findings, extraction experi-
ments were carried out with peppermint leaf powder
ground in a porcelain mortar. A comparison of the
extraction curve between ground and non-ground sam-
ples is shown in Fig. 7. Since a considerable menthol-
like smell was observed during the grinding process,
some extractable components dissipate from the leaves,
resulting in the disagreement of the final yield. The
extraction curves are very similar to each other. There-
fore, the phenomena of decreasing extraction rate, that
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Table 1. Extraction conditions and estimated parameters

T P P ux10° @x10° Re kx10° D, x10° Bi k,x10*
[K] [MPa] [kg/m?®] [kg/m-s] [kg/s] [-]1 [m/s] [m¥%s] [-] [m/s}
313 8.83 411 277 327 0459 480 7.01 513 1.77

313 147 787 629 338 0208 171 257 500 0.642
313 196 849 737 344 0181 1.6 170 5.13 0428
333  8.83 227 217 327 0584 797 112 531 2.88
333 147 577 392 338 0334 329 492 502 1.23
333 196 720 543 344 0246 233 352 496 0878
353  8.83 183 215 327 0.591 10.3 146 529 372
353 147 406 294 338 0445 463 672 516 1.70
353 196 574 400 344 0334 326 485 504 1.22
333  8.83 227 217 654 1.17 941 112 627 3.04
333 B8.83 227 217 131 234 116 112 773 3.24

is, deviation from the straight line, cannot be explained
by the intraparticle mass transfer resistance.

Both the slow-dissolving rate model and the
adsorption model may be able to explain these phe-
nomena. In conjunction with the effect of adsorption in
lipid mentioned above, we analyze the data by the
adsorption/desorption model with mass transfer.

3.3 Effect of entrainer

The effect of entrainer on the initial extraction rate
is shown in Fig.8. When 2 wt% ethanol in carbon
dioxide was used as an entrainer, the extraction rate of /-
menthol was increased threefold, while the extraction
rate of menthone was not affected. The extraction rates
of both /-menthol and menthone were decreased with
further increase in the concentration of entrainer. The
final extraction yield was not affected by the entrainer.
Since extracts with 6 wt% entrainer had darker color and
wax, further increase of ethanol accelerates the extrac-
tion of coloring pigments such as chlorophyll and lipid,
resulting in a reduction of the extraction rate of essential
oils.

3.4 Estimation of properties for theoretical analysis

Properties of supercritical carbon dioxide under the
operating conditions are listed in Table 1. The density
was estimated by the method used by Goto et al.¥) The
binary diffusion coefficient of -menthol was estimated
by Reid et al.” with Takahashi’s correlation. The
external mass transfer coefficient k; was estimated by the
Wakao and Kaguei correlation'?. The effective intrapar-
ticle diffusion coefficient was estimated as D, = D, 8>

The physical properties of peppermint leaf were
measured. The solid density, apparent density and spe-
cific surface area of the leaf were p, = 1460 kg/m?, p p=
676 kg/m* and a, = 1.3 x 10* 1/m, respectively. The

. porosity of the leaf was calculated with these values to be
B=1-p,/ p,=0.538. The bed void fraction was & =
0.745.

3.5 Analyses of experimental extraction curve by the
model

The experimental extraction rate was analyzed by
the local equilibrium model where the overall mass
transfer coefficient k, and adsorption equilibrium con-
stant K were involved as parameters. Since the mass
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transfer coefficient was estimated by the correlation, the
parameter which must be determined is the adsorption
equilibrium constant, K. The theoretical extraction curve
and experimental curve were fitted visually on PC
graphics with the adsorption equilibrium constant, K, as
a fitting parameter. When the values of the overall mass
transfer coefficient, kp, estimated above were used, the
mass transfer resistance did not affect the extraction
curve. Mass transfer in both particles and external film
was so fast that adsorption equilibrium alone controlled
the overall extraction rate. When an overall mass
transfer coefficient of 1/10 smaller in magnitude than the
estimated one was used for the calculation, the effect of
mass transfer began to appear in the overall extraction
process.

The lines in Fig. 6 show predicted curves at various
flow rates. Since equilibrium is held, predicted extrac-
tion curves fall on the same line when plotted against
amount of carbon dioxide. The adsorption equilibrium
constant K was therefore independent of the flow rate.

The adsorption equilibrium constants obtained by
the above procedure are shown on a van’t Hoff plot in
Fig. 9, which gives an approximate heat of adsorption of
AH =15 - 25 kJ/mol.

A the comparison between experimental data and
predicted curves are shown in Fig. 10 for various pres-
sures and in Fig. 11 for various temperatures. As can be
seen, the predicted curves agree well with experimental
data by using the adsorption equilibrium constant in Fig.
9.

Conclusions

The extraction rate of peppermint oil by supercrit-
ical carbon dioxide was measured. The extraction rate of
I-menthol was much smaller than that expected from sol-
ubility. The extraction rate was analyzed by a mathemat-
ical model accounting for both the local adsorption
equilibrium of essential oil on lipid and mass transfer.
Comparison between experimental data and the model
gave the adsorption equilibrium constant. The extraction
curves were simulated well by the model.
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Nomenclature
a, a, = eigenvalues defined in Eq. (20) -1
a, = specific surface area [1/m]
A = quantity defined by Eq. (21) [-]
b, c = parameters defined in Eq. (22) [-]
Bi = Biot number (= k4 /D,) -1
C = solute concentration in CO,

in bed void volume [kg/m?]
C; = solute concentration in pore volume of leaf  [kg/m?]
C; = average value of C; [kg/m?}
C, = solute concentration

in leaf [kg/m? of solid fraction of leaf]
C, = average value of C; [kg/m? of solid fraction of leaf]
Co = total solute concentration [kg/m3)
D,g = binary diffusion coefficient [m?/s]
D, = effective intraparticle diffusion coefficient [m3/s)
F = cumulative fraction of solute extracted [-]
h = half-thickness of leaf [m]
AH = apparent heat of adsorption based upon X [kJ/mol]
k, adsorption rate constant [1/s]
ke = external mass-transfer coefficient [m/s]
K, = combined mass-transfer coefficient [m/s]
K = equilibrium adsorption constant [-]
(4] = mass flow rate of supercritical CO, [kg/s]
t = time [s, min]
x = dimensionless solute concentration

in effluent (C/Cg) [-1
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dimensionless solute concentration in pore (C/Cy) [-]
dimensionless solute concentration in leaf (CJ/Cy) [-]

coordinate in slab [m]
void fraction in bed [-]
porosity of leaf [-]
dimensionless mass-transfer coefficient (k,7) [-]
dimensionless time (/1) [-]
viscosity of fluid [kg/m:-s]
density of fluid [kg/m3]
apparent density of leaf [kg/m?]
density of solid part of leaf [kg/m?]
total bed volume / volumetric flow rate [s]
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