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Abstract: This work was aimed at analyzing the kinetics and mass transfer
phenomena for different extraction processes from thyme (Thymus vulgarisL.)
leaves. Different extraction processes with ethanol were studied, i.e., Soxhlet
extraction and ultrasound-assisted batch extraction on the laboratory scale, as
well as pilot plant batch extraction with mixing. The extraction processes with
ethanol were compared to the process of supercritical carbon dioxide extraction
performed at 10 MPa and 40 °C. The experimental data were analyzed by a
mathematical model derived from the Fick’s second law to determine and com-
pare the diffusion coefficients in the periods of constant and decreasing extrac-
tion rates. In the fast extraction period, the values of the diffusion coefficients
were one to three orders of magnitude higher compared to those determined for
the period of slow extraction. The highest diffusion coefficient was recorded
for the fast extraction period of supercritical fluid extraction. In the cases of the
extraction processes with ethanol, ultrasound, stirring and increasing extraction
temperature enhanced the mass transfer rate in the washing phase. On the other
hand, ultrasound contributed the most to the increase of mass transfer rate in
the period of slow extraction.

Key words: Thymus vulgaris; ethanol extraction; supercritical extraction; ex-
traction kinetics, modelling; diffusion coefficients.

INTRODUCTION

Common thyme (Thymus vulgaris L.) is a perennia shrub native to southern
Europe, widely cultivated for its strong flavour, resulting from its content of
thymol. Due to their antimicrobial, antioxidant and antifungal activity, flavour
properties and aroma-active constituents (thymol, carvacrol, p-cymene, limonene
and y-terpinene), thyme essential oils and extracts have been widely applied as
additives in the food and cosmetic industries thereby increasing the economic
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800 PETROVIC et al.

value of this crop worldwide.12 In recent investigations, thyme was identified as
avaluable raw material for the production of antibacterial agents, whereby thyme
isolates showed stronger antibacterial activity than those of sage and rosemary.3
Nowadays, different extraction techniques have been widely investigated
and applied to obtain valuable natural compounds from plant material for com-
mercia application in the food, pharmaceutical and cosmetic industries.4 Steam
distillation is an appropriate technique for the isolation of volatile components
from plant materials, such as essentia oils, some amines and organic acids, as
well as other, relatively volatile compounds, insoluble in water. Since it is per-
formed at elevated temperature, it requires substantial energy consumption and
may cause therma decomposition of the components of the essential oil, result-
ing in flavour changes.® Extraction with organic solvents or water is used for the
isolation of thermolabile substances from plant materials. The organic solvents
are removed from the extracts by evaporation under vacuum to obtain concretes
which are further subjected to degreasing with ethanol to obtain essential oils for
application in the cosmetic and perfumery industries. Processes of extraction
with organic solvents are limited by the compound solubility in the specific sol-
vent used, and hence the quality and quantity of the extracted mixture are deter-
mined by the type of extractant applied.# Solvent extraction in a Soxhlet appa-
ratus enables the isolation and enrichment of compounds of medium and low vo-
latility and thermal stability. It allows a high recovery, but has a number of short-
comings, such as long extraction times, large consumption of solvents, cooling
water and electric energy and often unsatisfactory reproducibility.6 These short-
comings have led to the consideration of the use of new so-called “green” sepa
ration techniques with shortened extraction time, reduced organic solvent con-
sumption, and increased pollution prevention, such as microwave extraction, su-
percritical fluid extraction, ultrasound extraction, ultrafiltration, flash distillation,
the controlled pressure drop process and sub-critical water extraction. Nowadays,
extraction processes for the isolation of phytochemicals under extreme or non-clas-
sical conditions are constantly being developed in applied research and industry.7,8
Ultrasound-assisted extraction (USE) is considered as an emerging potential
technology that could improve heat and mass transfer of the solutes and increase
the efficiency of the isolation of bioactive principles from plant materials. Ultra-
sound waves produce a cavitational effect that facilitates the erosion of the solute
from the interfacial surfaces of a plant material and the release of the extractable
compounds by disrupting the plant cell walls.6.7.9.10 The USE process thus en-
ables high reproducibility along with a reduction of the solvent consumption and
extraction time. Several classes of food components, such as aromas, pigments,
antioxidants, and other organic and mineral compounds, have been efficiently
isolated by a USE process from a variety of matrices (mainly animal tissues, food
and plant materials).” Scanning €electron micrographs have provided evidence of
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DIFFUSION COEFFICIENTS FOR THYME EXTRACTIONS 801

the mechanical effects of ultrasound, mainly shown by the destruction of cell
walls and release of cell contents, leading to more effective mass transfer in solid
phase as well.11 The average time of ultrasonic extraction typically ranges from a
few to 30 min, although it can be as long as 70 min, whereby the recoveries ob-
tained during this time are comparable to those obtained after a dozen or so hours
of Soxhlet extraction, performed at the same temperature.6.10 The extraction con-
ditions could be optimized with respect to time, polarity and amount of solvent,
as well as the mass and kind of sample, whereby solvent polarity and extraction
time have the greatest effect on the recovery.12 The extraction could be realised
at room temperature, which makes it suitable for the extraction of thermally la-
bile compounds. The need for the separation of the organic solvent from the ex-
tract is a disadvantage of this technique.

The process of supercritical fluid extraction (SFE) has gained a lot of atten-
tion for the extraction of bioactive principles from herbs and spices, especially in
the field of high value added compounds, such as pharmaceuticals and nutra-
ceuticals. In order to isolate essential oil rich extracts from aromatic herbs and
spices, the SFE process is optimally performed under mild pressure (910 MPa)
and temperature (40-50 °C) conditions.13 The SFE process is superior to the
conventional extraction processes in a variety of ways. speed of extraction, com-
pleteness of extraction, elimination of organic solvents, suitability for thermally
sensitive compounds, simplified procedure, selectivity, reduced environmental
hazard/non-toxicity and cost savings. Due to their low viscosity and higher dif-
fusivity compared to liquids, supercritical fluids have better transport properties
than liquids, and can diffuse through solids more easily.

Knowledge of the mechanism and kinetics of extraction processes is gene-
rally needed for optimizing the operating conditions and extraction process de-
sign. Independent of the type of plant material or solvent polarity, two extraction
periods could be observed: a) arapid increase in the concentration of the extract-
able substances in the solvent in the initial stage of the process, known as the
washing or the fast extraction period and b) a slow increase in the concentration
of the extractable substances in the solvent with increasing progress of the ex-
traction, known as the slow extraction period. Mathematical modelling of extrac-
tion processes from different herbaceous materials has been of great importance
for design purposes because it allows generalization of the experimental results
and successful prediction of the extraction kinetics. A mathematical model based
on the second Fick’s Law, which was introduced by Crank,14 has been widely
used to describe the process of unsteady diffusion in the solid phase for different
extraction processes and particle geometries,14-20

In this study, a model based on the Fick’s Second Law14 was used to esti-
mate and compare the diffusion coefficients for different extraction processes
from thyme leaves. The method proposed by Osburn and K atz,18 which considers
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802 PETROVIC et al.

two parald diffusion processes in the solid, was used to determine and compare
the diffusion coefficients in the periods of so-called fast and slow extraction.
Comparative analysis of diffusion coefficients was provided in order to investi-
gate and quantify the influence of the extraction temperature, ultrasound and stir-
ring on the mass transfer rate during ethanol extraction as well as to compare
different extraction processes with ethanol and supercritical carbon dioxide with
respect to the diffusion coefficients.

EXPERIMENTAL
Materials

Dried leaves of Thymus vulgaris L. (crop 2009) were supplied by the Institute for Medi-
cinal Plant Research “Dr. Josif Panci¢” (Belgrade, Serbia). The moisture content of the air-
-dried plant material, determined by Karl Fischer volumetric titration, was 10.9 mass %. The
ground plant material (average particle diameter of 0.4 mm) was used for the extractions.
Ethanol (96 %, Alba, Novi Sad, Serbia) and demi water (NIS Petrol Rafinerija nafte, Novi
Sad, Serbia) were used to prepare the solvent mixture of ethanol and water (70:30 v/v) for the
solvent extractions. Commercial carbon dioxide (99 % purity) supplied by Messer-Tehnogas
(Serbia) was used for the supercritical extraction.

Soxhlet extraction

Ground dried thyme leaves (50 g) were placed in a thimble-holder and continuously
filled with condensed fresh solvent from a distillation flask filled with 600 ml of ethanol
aqueous solution (70 % v/v) for approximately 16 h (the solvent to feed ratio was 12:1). Each
time when the liquid reached the overflow level, the solution in the thimble-holder was si-
phoned back into the distillation flask, carrying the extracted solutes into the bulk liquid. After
each extraction cycle, 5 ml of the solution was taken from the flask, filtered and evaporated to
the dryness using arotary vacuum evaporator (Devarot, Elektromedicina, Ljubljana, Slovenia).

The mass of the extract was determined and the extraction yield (Y) was calculated from
the formula:

Y (%,w / w)=100-—Te 1)

m

where m is the mass of the extract and my,, is the mass of the raw material.
Ultrasonic-assisted extraction

The batch ultrasonic-assisted extraction was performed in an open rectangular ultrasonic
cleaner bath (Bandelon Sonorex, RK 52, 60 W, internal dimensions: 150 mmx140 mmx2100
mm, Bandelon Electronic, Munich, Germany) using the indirect sonication mode at 35 kHz.
Ground plant material (20 g) was added into round bottom flask filled with 240 ml of ethanol
aqueous solution (70 % v/v) and subjected to ultrasound-assisted extraction (solvent to feed
ratio 12:1). The flask with the sample was partially immersed into the ultrasonic bath, filled
with water and sonicated for 90 min at 40 °C (x1.0 °C). In specific time intervals (5, 10, 15,
25, 35, 45, 60, 75 and 90 min), 4 ml of the solution were taken from the flask, filtered and
evaporated to the dryness using a rotary vacuum evaporator. The mass of the extract was
determined and the yield of extraction was calculated by Eq. (1).
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DIFFUSION COEFFICIENTS FOR THYME EXTRACTIONS 803

Pilot-scale extraction

The pilot-scale extraction (PSE) from thyme was performed in a self-made batch appa-
ratus presented in Fig. 1. The batch extractor was filled with 600 g of the ground plant ma-
terial and 7.2 dm? of ethanol agueous solution (70 % v/v) (solvent to feed ratio 12:1). The
extractions were performed at 40 °C and at the boiling temperature of the ethanol agueous
solution (80.5 °C) for 2 h. The temperature of the water bath was regulated and maintained at
aconstant level (0.5 °C). In specific time intervals (10, 30, 60, 120, 180 and 240 min), 30 ml
of the solution were taken from the flask and filtered. The solvent was removed from the
filtered samples using a rotary vacuum evaporator and the differential mass of the extract was
determined. The extraction yield was calculated by Eq. (1).

Fig. 1. Scheme of the pilot-scale extraction apparatus. 1 —water bath; 2 — extraction vessel;
3 —electromotor; 4 — frequency regulator; 5 —mixer; 6 — thermoregulation unit;
7 —temperature indicator controller; 8 — heaters; 9 —water bath mixer; 10 — electric
power source; 11 —water level in the bath; 12 —level of the solvent
and plant material in the vessel.

Supercritical CO, extraction

Extraction with supercritical carbon dioxide was performed in an Autoclave Engineers
SCE Screening System with a 150 cm3 extractor, which was previously described in detail 2!
The extractions were performed at 10 MPa and 40 °C in order to isolate the essential oil rich
extracts and to minimize the yield of higher molecular weight compounds.13 The initial mass
of the plant material used for the extraction was 32 g. At the beginning of the SFE, the plant
material was exposed to the influence of the supercritical fluid for one hour under the ex-
traction conditions (without flow of the supercritical carbon dioxide) as a pre-treatment. The
chosen pre-treatment of the herbaceous matrix enhances the rate of the SFE due to the glan-
dular trichomes cracking during the exposure to supercritical fluid.22 After one hour of pre-
treatment, continuous flow of supercritical fluid was established. Extraction was realized until
total exhaustion of the plant material and maximal extraction yield was determined after
consumption of 94.3 kgCO, kg! plant material (i.e., after 5 h of extraction). The mass flow
rate of the CO, was 0.66 kg h'L. The experiment was performed in triplicate.
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804 PETROVIC et al.

Mathematical model

Chosen extraction processes were analyzed with the diffusion model proposed by
Crank,14 which is derived from the Fick’s Second Law.14

The model used in this study was based on the following assumptions:15-18 g) the solid
particles are considered as spheres with a diameter of 2R; b) the solute is initially homoge-
neously contained in the solid; c) the solute content in the solid varies with time and distance;
d) the extraction of solute occurs in a two-step process, i.e., a constant rate and a decreasing
rate stage; €) thermodynamic equilibrium is established at the interface and f) the porous solid
is considered as a pseudo-homogeneous medium.

According to the study of Osburn and Katz,18 who investigated the kinetics of extraction
from lamina soybean flakes, it was necessary to consider the presence of two paralel dif-
fusion processes inside the solid; one faster and one slower. This method can also be applied
to describe of the extraction from different particle geometries (spheres or flat plates).1518 The
mass transfer from the spherical particles is described by the following equation: 151618

C.—C —m2Dgt 2Dt
=FRexps——— +Fex 2
c 1 p{ R? } 2 p{ R? @)

where: F; = 6f;/n2 and F, = 6f,/n? are the fractions of the solute that are extracted with dif-
fusion coefficients D1 and D, respectively, f; and f, are constants, t is the extraction time and
R is the radius of the spherical particles. In the later stages of the extraction, only the second
term on the right hand side of Eq. (2) remains significant. Therefore, the parameter D, could
be obtained from the slope and the parameter f, from the intercept of the curve when
In (c./(c.. — ¢)) is plotted as function of t. In the earlier stages of the extraction, the second
exponential term is close to unity and D4 and f; could be determined from the same plot.1°

RESULTS AND DISCUSSION

00

Extraction kinetics study

The determined extraction yields obtained by the employed methods are pre-
sented in Table I. The extraction yields for the extraction processes with ethanol
are plotted as function of the extraction time in Figs. 2 and 3. The extraction curve
for the supercritical extraction process is presented as a plot of extraction yields
vs. specific amount of supercritical carbon dioxide consumed (mco,) in Fig. 4.

TABLE |. Theyields obtained by laboratory and pilot-scale extraction from thyme leaves
Extraction type Notation T/°C t/h tg?/h V&/I Ultrasound Stirring Y < %

Laboratory scale
Soxhlet SE 805 15 100 0.60 No No 29.80+2.16
Ultrasonic USE 400 15 125 0.24 Yes No 18.5+0.75
Supercritical SFE 400 50 160 4.8 No No 1.15+0.15
Pilot plant scale
Batch solvent PSE1 400 20 140 7.2 No Yes 21.23+0.52
PSE2 80.5 2.0 0.66 7.2 No Yes 27.60+0.37

*ime reguired for the achievement of 90 % recovery of extractible substances in the given process; ®yolume of
solvent (70 % v/v agqueous solution of ethanol or supercritical carbon dioxide); Caveraged values of extraction
yields determined in triplicate with the absol ute deviation
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DIFFUSION COEFFICIENTS FOR THYME EXTRACTIONS 805
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As expected, much higher extraction yields were obtained by the solvent ex-
tractions due to the lower selectivity of the agueous ethanolic solution compared
to that of supercritical carbon dioxide. According to the presented results, 1.5 h
of ultrasonic extraction at 40 °C enabled 85 % recovery of thyme extract achieved
by the Soxhlet extraction at a higher temperature (80.5 °C) and for a much longer
extraction time (=15 h) with the same solvent. This can be explained by the be-
neficial effects of ultrasound waves to the extraction efficiency that have been as-
signed to mass transfer intensification, cell disruption, improved penetration and
capillary effects 9-11

Considering the kinetic plots (Figs. 2—4), the presence of two extraction
stages were noticed: a constant rate stage followed by a stage of decreasing rate.
Namely, transfer of the extractible substances from thyme included: a) a solid to
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806 PETROVIC et al.

liquid (or supercritical carbon dioxide) phase transfer, corresponding to the ex-
traction of the easy available solute, from exogenous glands disrupted by milling,
by simple washing, and b) a molecular diffusion of the inaccessible fraction of
solute (intact glandular trichomes) throughout the porous herbaceous matrix.
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-1

plant material
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the SFE at 10 MPaand 40 °C.

m_ ./ kgCO kg

The shape of extraction curvesin the Figs. 2b and 3 and the results presented

in the Table | indicated that the rate of solvent extractions within the initial wash-
ing stage was enhanced by increasing temperature, stirring and ultrasound. More-
over, the rate of solvent extraction during the slow extraction period was particu-
larly enhanced by ultrasound. As for the SFE process, the applied pre-treatment
of the plant material (exposure to supercritical carbon dioxide) led to the cracking
of additional glandular trichomes, which contributed to an increase of the extrac-

tion rate within the early stage of the SFE process.
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DIFFUSION COEFFICIENTS FOR THYME EXTRACTIONS 807

According to the presented kinetic data, the time required for achievement of
satisfactory recovery of extractible substances (90 % recovery), denoted as tgg,
can be determined (Table ). The rate of achievement of a satisfactory yield of
extract was noticeably affected by the nature of the employed solvent. The highest
recovery rate was achieved in the supercritical extraction process (1.60 h). Anin-
crease of the extraction temperature in the case of the pilot plant extraction also
increased the rate of achievement of a satisfactory extraction yield (0.66 instead
of 2 h).

Evaluation of the diffusion coefficients

Equilibrium concentrations (or saturation concentrations) of thyme extracts
in ethanol aqueous solution or supercritical carbon dioxide at infinite time (C,)
represent concentrations of solute in solvent when all resistances are overcome.
Since the ethanol extractions are batch processes and SFE is characterized by a
continuous flow of the supercritical fluid, different procedures were used to de-
termine C,. Equilibrium concentrations of extractible substances for extraction
with ethanol at a given temperature were determined by exhaustion of the plant
material. In the case of the SFE process, c,, was determined by the following pro-
cedure: milled plant material was placed in the extractor vessel and pressurized to
the extraction conditions. Sudden fast depressurization followed in order to dis-
rupt the untouched glandular trichomes and plant cells and to minimize cell wall
resistance in the extraction process. The extraction vessel was pressurized again
and the solubility of saturation was determined from the slope of the extraction
curve in the early stages of extraction. The obtained ¢, values are presented in
Tablell.

TABLE Il. Corresponding values of c,, of extractible substances from thyme for laboratory
and pilot-scale extraction processes

Extraction type Notation C, / kgm3
Laboratory scale
Soxhlet SE 27.1
Ultrasonic USE 16.9
Supercritical SFE 0.90
Pilot plant scale
Batch solvent PSE1 24.0
PSE2 27.0

The corresponding plots of the function In (c./(C. — €)) against the extrac-
tion time are presented in Figs. 57 for the fast stage as well as for the slower
stage of the chosen extraction processes.

During the SFE process, the concentration of extractible substances in the
supercritical carbon dioxide, which flows continuously, decreased with time due
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808 PETROVIC et al.

to exhaustion of the plant material, and therefore the function In (c../(C.. — C))
against t had a downward trend (Fig. 7). However, this function had an upward
trend for USE, SE and PSE as batch processes due to the enrichment of ethanol
with solute over time (Figs. 5 and 6).
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1 scale @) Soxhlet extraction at
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= . . . : . . . : . , sisted extraction (USE) of thyme
0 20 40 60 80 100 at 40 °C (— fast extraction; ===
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The corresponding diffusion coefficients for the periods of constant and
decreasing extraction rate, D1 and Do, respectively, are presented in Table Ill.
Diffusion coefficients in the initial washing period were one to three (in the case
of the SFE process) orders of magnitude higher compared to those for the period
of slow extraction. Moreover, the calculated value of the diffusion coefficient for
the SFE process in the washing period was two or three orders of magnitude
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DIFFUSION COEFFICIENTS FOR THYME EXTRACTIONS 809

higher compared to those reported for the extraction processes with ethanol. This
was expected since supercritical fluids penetrate into samples of plant material
amost as well as gases, due to their low viscosity. At the same time, their dis-
solving power is similar to those of liquids. In addition, there was a higher con-
tent of lower molecular weight compounds in the thyme supercritical extract
(mainly essential oil with thymol as the most abundant compound 3:23.24) than in
the thyme ethanol extracts, which also contributes to faster diffusion rate of the
solute in the case of the thyme SFE. Recently, phenylindolizine was identified as
main component of the thyme ethanol extract.2>
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1.8 - T—— B
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S 08] g
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-0.2 —— 1 —— T 11— temperatures (PSE1 and PSE2);
0 50 100 150 200 250  _ faqt extraction: - Slow ex-
t/ min traction).
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810 PETROVIC et al.

Considering the solvent extractions, the mass transfer rate described by Dy
could be increased by ultrasound, temperature increase or by stirring within the
initial washing phase, while ultrasound particularly affected the mass transfer
rate during the slow period of extraction (described by D) (Tablell1).

TABLE I11. Diffusion coefficients of solute obtained for different extraction processes of thyme

Extraction method f1 fy Fi F, Dx100/m2sl Dyx101/m2st
Laboratory scale

SE 0.842 0802 0512 0.488 0.13 0.81

USE 0.253 1392 0153 0.846 2.07 9.18

SFE 0370 1274 0225 0.775 15.0 0.523
Pilot plant scale

PSE1 0.910 0.732 0554 0.446 4.04 341

PSE2 1298 0346 0.790 0.210 7.04 243

During the batch extraction of thyme with ethanol on the pilot plant scale, a
temperature increase from 40 to 80.5 °C enhanced the extraction efficiency due
to its positive effect on the solubility of the solutes. The temperature increase also
enhanced the mass transfer rate in the washing phase due to the reduced viscosity
at elevated temperatures. Agitation enabled enhancement of the mass transfer of
solute particularly in the period of fast extraction (washing period), which was
confirmed by the one order of magnitude higher diffusion coefficients for the
PSE compared to the SE process at the same temperature (80.5 °C) (Table lIl).

To the best of our knowledge, there are no data available in the open litera-
ture on the values of the diffusion coefficients in extraction processes from thyme,
except in one previously published study23 in which the diffusion coefficient for
the mass transfer through the glandular trichomes membrane in the SFE process
was determined using mathematical modelling on the micro-scale.22 Obtained
value of the diffusion coefficient through the peltate gland membrane was
3.5x1012 m2 571,23 This diffusion coefficient corresponds to the diffusion coef-
ficient in the process of the slow extraction (after the easily accessible oil is ex-
hausted), which was determined in this study to be 5.32x10-12 m2 s1 (Table I11)
using the mathematical model based on the Fick’s Second Law. The similar va-
lues of the diffusion coefficients can be explained by the same extraction condi-
tions (10 MPa and 40 °C), as well as by the similar chemical composition of the
extracts, mainly composed of essential oil.

Herodez et al.17 investigated the kinetics of extraction from balm (Melissa
officinalis L.) belonging to the same plant family as thyme (Lamiaceae) with an
ethanol:methanol:2-propanol ratio 90:5:5 v/v in an ultrasonic bath for 1 h at room
temperature. The authors used the same mathematical model as applied in this
study except they considered the solid particles as flat plates with a thickness of
2L and reported one order of magnitude lower diffusion coefficients of carnosic,
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DIFFUSION COEFFICIENTS FOR THYME EXTRACTIONS 811

ursolic and oleanolic acids for the period of the fast extraction (order of magni-
tude 1011 m2 s-1) as well as for the period of slow extraction (10-13-10-12 m2
s1) compared to the values obtained in this investigation. The reason for thislies
in the fact that the higher molecular weight compounds present in the bam
leaves (carnosic, ursolic and oleanolic acid with molecular weight of 332.43—
—456.71 kg kmol—1) need more time to diffuse from the solid particle than the
compounds present in the thyme ethanol extract. Reportedly,2425 the thymol
(molecular weight 150.22 kg kmol—1) content in athyme ethanol extract was still
very high (8 %) and phenylindolizine (molecular weight 193.25 kg kmol—1) was
identified as the most abundant component. The lower values of diffusion coeffi-
cients reported by HerodeZ et al.17 could be also result from performing the etha-
nol extraction at a lower temperature (room temperature) than the temperatures
applied in this study (40 and 80.5 °C).

CONCLUSIONS

An analysis of the mass transfer phenomena in the extraction of phytoche-
micals on the laboratory and pilot plant scale is necessary for process design.
This work provides new data on the values of the diffusion coefficients in diffe-
rent extraction processes from thyme. In the fast extraction period, the diffusion
coefficients were one to three orders of magnitude higher compared to those in
the period of slow extraction. The highest diffusion coefficient was reported for
the early stage of the SFE process, which was due to the physical properties of
supercritical carbon dioxide. Concerning the solvent extractions, the mass trans-
fer rate in the period of fast extraction and the corresponding diffusion coefficient
can be enhanced by a temperature increase, ultrasound and stirring. The mass
transfer rate and corresponding diffusion coefficients in the period of slow ex-
traction was most affected by ultrasound.

NOMENCLATURE

c Concentration of solute in the solution at timet, kg m3

Cy Concentration of the solute in the solution at infinite time (t—o0), kg m3

D;  Diffusion coefficient in the constant extraction rate period, m? s1

D, Diffusion coefficient in the decreasing extraction rate period, m? s1

F1, F» Fractions of the solute, which are extracted with diffusion coefficients D; and D,
respectively

f1, o Parameters obtained from the intercept of the curve when In (c,/(c.—)) is plotted as a
function of the extraction timet

Mg Mass of the extract, g

Mcoo  Specific amount of supercritical carbon dioxide consumed, kg CO, kg‘1p|am material

My Massof the plant material

R Radius of the spherical particles, mm

T Temperature, °C

t Extraction time, min
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too Extraction time required for the achievement of 90 % recovery of the extractible sub-
stances under the given extraction conditions and extractant

Vs Volume of solvent (70 % v/v aqueous solution of ethanol or supercritical carbon di-
oxide)

Y Extraction yield, mass %.
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U3BOJI

VIIOPEAHA AHAJIM3A KOEOUITUIEHATA TUDY3UJE 3A PA3JIMYUTE
IMMPOLIECE EKCTPAKIIMIJE U3 TAMJAHA

CJIOBOJIAH C. IIETPOBURY, JACHA UBAHOBURZ, CTOJA MIJIOBAHOBUR? n UPEHA YXIDKOBIR?

'BUOCC — I1C u ocitianu, Byaeeap ocaobobersa 401u, 11000 Beozpad u *Yuueepauitieiti y beozpady,
Texnoaowko—meiiarypuiku gaxyaitiein, Kaprezujesa 4, ii. tip. 3503, 11120 Beozpao

Llusb oBor pana Ouna je aHann3a KHUHETHKE M ()eHOMEHA IIPEeHoca Mace 3a pa3InuuTe NpoLece
ekcTpakiuje u3 nucra tumujana (Thymus vulgaris L.). Mcnuranu cy pasiuyuTH HOCTYILH €KC-
TpaKIyje ca BOJCHUM PACTBOPOM €TaHOJA: eKCTpakiuja y amapaTypu no Cokciery, mapxHa yi-
Tpa3By4YHa €KCTpaKL{ja Ha Ja0OpaTOPHjCKOM HHBOY Kao H IIap)KHA EKCTPaKIHja ca MEIIamkeM Ha
HOJIYMHIYCTPUjCKOM HHUBOY. IIpoliecu excTpakiije ca eTaHojIoM cy nopeheHu ca mpouecom exc-
Tpakuuje ca HaTKkpuTuuHuM yribeHuK(lV)-okcumom Ha 10 MPa u 40 °C. ExcriepuMeHTaIHH 10~
JIaly Cy aHAIN3UPAHU NOMONY MaTeMaTHYKOr Mojielia 3aCHOBAHOT Ha JpyroM OHKOBOM 3aKOHY Y
mwby onpehuBama u mopehema koedpunujeHara nudysnje y NepHoy KOHCTaHTHE M omaznajyhe
Op3uHe eKcTpakinmje. Y meproay Op3e eKCTpakiHje, BpeAHOCTH KoeduijeHata nudysuje cy Omne
jenaH o TpH pena BenmuumHe Behie y OfHOCY Ha BPEOHOCTH KoepuuujeHata Audysuje 3a MepHoI
crnope ekcrpakuyje. Hajseha BpenHoct koepuuujenta audysuje 6uia je oapehena 3a nepuos Op3e
eKCTpaKIfje KoJ| Ipolieca HaTKpUTHYHE eKcTpakuuje. Kox mporeca excrpakiyja ca €TaHOIOM,
MIpUMEHa yJITpa3ByKa, Mellame U noBehame Temneparype ¢y MO3UTHBHO yTUIAIN Ha Op3uHy mHpe-
HOca Mace y mepuoay uctupama. C apyre crpane, Hajsehu ytunaj Ha nmoehame Op3nHe mpeHoca
Mace y MepHoAy CIIope eKCTpaKIyje MMaia je MpUMeHa yITpa3ByKa.

(Mpumsbeno 11. jyna, peumupano 31. okto6pa 2011)
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