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This study reports the features of the mass transfer kinetics during the extraction of
phenolic compounds and flavonoids from the Carlina acaulis roots. The extraction process
of target compounds was optimized and the mathematical model was selected, which
implies that the mass transfer of target compounds occurs during the extraction of the
solid phase (plant cells) into the liquid phase (extractant). The most effective hydrodynamic
conditions for the production of phenolic compounds and flavonoids were determined.
An experimental verification of the kinetic equation was carried out by extracting the
target compounds from the studied object of various sizes in a vessel with a stirrer using
40% and 70% ecthanol as an extractant. The results of the experiment indicated that the
target compounds extraction process, namely phenolic compounds and flavonoids from
the Carlina acaulis roots, proceeds more efficiently under stirring conditions when using
particles with a diameter of 2 mm and 70% ethanol as an extractant. The experimental
data are in good agreement with the theoretically calculated results, which confirms the
appropriateness of using the selected mathematical model. Studies of the kinetics of
Carlina acaulis roots extraction process will allow minimizing the losses of target
compounds, and improving the extraction process and the quality of final product.
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Introduction

Currently, there is a great need to produce drugs
based on plant raw material (PM) under industrial
conditions. It is important not only to develop a
calculation and isolation of biologically active
substances (BASs) methodology, as well as to ensure
optimal conditions for their isolation from extract,
which means to achieve equilibrium of all components
that are removed from a mixture. Phytodrugs, obtained
by the methods of extraction, such as concentrated
extracts from PM and its biomass cultivated in vifro
have become an industrial significant [1]. Extraction
of BASs from PM is an important technological
operation used in the chemical, pharmaceutical, food
and other industrial fields [2,3]. Therefore, it is
important to study aspects of extraction kinetics, mass
transfer process intensification, and equipment

modernization, that can solve the problem of zero
waste technology of the drugs production'.

Studies of BASs extraction kinetics from Carlina
acaulis are extremely relevant today, since this
medicinal crop has a wide spectrum of pharmacological
activity due to the content of phenolic compounds
and flavonoids [4—6] and it is used for drugs
production. It is necessary to know the equilibrium
states and the mechanism of the extraction process in
order to implement a certain extraction technology
into industry and provide the process with appropriate
equipment [7,8].

BASs are dissolved in a cytoplasm that is why
its extraction is different from the extraction from
mineral raw material. First, there is an internal transfer
to the phase contact surface, then an external transfer
of BASs from the phase contact surface in the bulk.
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BASs pass through a cell wall, which is the main
barrier to penetration of an extractant into the
intercellular space, and then there is diffusion in the
intercellular space to the phase boundary (the particles
surface).

The low content of target components (0.05—
3%) is the special feature of BAS extraction from
PMs (leaves, stems, flowers, bark, and fruits). Due to
the cellular structure of these objects, the extraction
process is very slow, as the internal diffusion is a
rate-determining step. Therefore, in order to accelerate
this process there is a need to increase the surface of
contact between the phases (grinding the material),
select a certain type and concentration of the extractant,
etc. [9].

Mathematical models of extraction process are
based on the fact that the extraction of the solid
phase (plant cells) by the liquid phase (extractant) is
the mass transfer of BAS which takes place in three
stages: target substances diffusion through the cell
membrane into the intercellular space; diffusion in
the intercellular space to the solid surface; the transition
from solid to the extractant medium. These processes
are described by the equation to establish the mass
transfer coefficient [10]:
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where D, is the coefficient of target substances diffusion
through the cell wall; D,, is the coefficient of diffusion
in the intercellular space to the solid surface; D, is
the coefficient of diffusion in the extractant medium;
o is the thickness of cell wall; and d is the average
particle diameter.

The total coefficient value is equal to:
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where k is the total value of the mass transfer
coefficient; k. is the mass transfer coefficient through
the cell wall; k,, is the mass transfer coefficient in the
intercellular space; and k, is the mass transfer
coefficient in the extractant medium [11].

It is known that phenolic compounds and
flavonoids are hydrophilic and soluble in polar solvents.
In addition, viscosity and surface tension have a
significant effect on the rate of diffusion process.

Therefore, the use of ethanol solutions with different
concentrations as the extractant for the extraction of
phenolic compounds and flavonoids is the most
expedient [12]. The optimal concentration of ethanol
is in the range from 40 to 70% [13].

The research of the extraction kinetics of Carlina
acaulis will allow minimizing the losses, improving
the process. This, in turn, will improve the quality of
the final product.

The purposes of the work are to study the kinetics
of mass exchange in the process of extraction of
phenolic compounds and flavonoids from the roots of
Carlina acaulis needle, to optimize the process of
extraction of target compounds and to prove the most
effective hydrodynamic conditions for the production
of phenolic compounds and flavonoids.

Experimental

The study on BASs release kinetics, such as
phenolic compounds and flavonoids from the roots of
Carlina acaulis, was carried out in a vessel with a
stirrer. Ethanol solutions with different concentrations
(40% and 70%) were used as extractants. Dried roots
of Carlina acaulis (moisture content — 10%) were
used for the experiment. Previously, they had been
ground in a laboratory grinder type LMT-2 and sifted
through a sieve type SLM-1. The particle size of
dried roots was in the range from 2 to 5 mm. The
shape of the sifted particles is considered to be spherical
[11].

10 g of crushed Carlina acaulis roots were loaded
into a flask with a volume of 0.250 1 and 0.1 1 of
extractant was added to the raw material, extractant
ratio being 1 to 10. The extraction process was
performed in the vessel with a stirrer at the temperature
of 20£2°C for 2 hours. Samples for analysis were
taken from the vessel with a certain periodicity (every
10 minutes), then they were filtered and used for
determination of the phenolic compounds and
flavonoids content using standard methods with
«Sigma-Aldrich» and «Merck» reagents. The total
content of phenolic compounds was determined by
spectrophotometry method with Folin-Ciocalteu
reagent on a spectrophotometer type U Lab 108UV,
and flavonoids were determined with silver chloride
AgCl reagent [10].

Results and discussion

Hydrodynamic conditions essentially affect the
extraction process of plant raw material, especially
the process of mass transmission in a diffusive sublayer

! Handa S.S., Khanuja S.P.S., Longo G., Rakesh D.D. Extraction technologies for medicinal and aromatic plants. International
centre for science and high technology, Trieste. 2008; 21-25. Available from: https://www.morningmystbotanics.com/wp-content/
uploads/Extraction_technologies_for_medicinal_and_aromatic_plants.pdf#page=25.
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and in an external extractant. As the mixing speed
increases, the molecular transfer mechanism changes
into the convective one and the size of the diffusive
layer decreases [14].

The results of the study on kinetics of extraction
in the vessel with the stirrer for the content of phenolic
compounds and flavonoids are presented as the
dependences BAS content vs. extraction time in Fig. 1
and Fig. 2, respectively. The results of the experiment
indicate that the equilibrium concentration of phenolic
compounds for particles with a size of 2 mm is reached
in 80—90 min (Fig. 1); it is equal to 0.62 kg/m? and
0.86 kg/m? in 40% EtOH and 70% EtOH, respectively.
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For particles with a size of 3 mm, the equilibrium
concentration of phenolic compounds is reached in
100 min. For the largest particles with a size of
5 mm, the equilibrium concentration of phenolic
compounds is reached in 110—120 min. Therefore,
the most optimal parameters for extraction are observed
for particles with a size of 2 mm after 90 min of
extraction in the vessel with the stirrer when using
70% EtOH as the extractant. In this case, maximum
concentration of phenolic compounds is 0.86 kg/m’.
As the particle size decreases to 2 mm, the equilibrium
concentration establishes faster.
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Fig. 1. Time dependence of the phenolic compounds content during extraction in the vessel with the stirrer for Carlina acaulis
roots particles with different sizes in 40% and 70% EtOH
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Fig. 2. Time dependence of the flavonoids content during extraction in the vessel with the stirrer for Carlina acaulis roots
particles with different sizes in 40% and 70% EtOH
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The results of the study on flavonoid content
changes (Fig. 2) show that the maximum
concentration of flavonoids is observed when using
70% EtOH; it equals 0.122 kg/m? while it is
0.07 kg/m? when using 40% EtOH. Equilibrium
flavonoid concentration is reached in 90—100 min
for particles of all sizes when using 40% EtOH
extractant and in 90 min for 2—3 mm particle sizes
and 70% EtOH as an extractant. Therefore, the most
optimal parameters for extraction are observed for
particles with a size of 2—3 mm after 90 minutes of
extraction in the vessel with the stirrer when using
70% EtOH as the extractant. In this case, maximum
concentration of flavonoids is 0.112 kg/m?>.

The experimental results of the study on phenolic
compounds and flavonoids extraction from Carlina
acaulis in the vessel with the stirrer allow us to perform
mathematical processing experiment, considering the
solid phase is a living object (plant) that consists of
cells that contain these BASs. In the course of
extraction, target components pass through the cell
wall into intercellular space, and then there is diffusion
in the intercellular space to the interface (the surface
of the particle). We use the following designations in
this study: C,c is the isolated compound (IC)
concentration (phenol compounds or flavonoids) in
the cell; V. is the cell volume, a constant value
regardless of the BASs content in the cell; 7 is the
time; and C, is the IC concentration in the extraction
volume, this value being much smaller than the
concentration in the cell space since solid particles of
PM consist of a large number of cells and have a
spherical shape.

The mathematical model described elsewhere
[13] was used for this extraction process. The first
equation of the system describes the change of the
target substance concentration in the cell volume over
time:

dc,

dt = _kc (Cc _C)

(3)

The second equation describes the change of
the target substance content in the intercellular space
over time:

dC

o kc(Cc _C)_kM (C_Cc)

ot (4)

The third equation is the material balance
equation:

V.C. =V.C. +V(1-£)C+WC,, (5)

t=0,C=0,Cc=C,;C, =0

where k, is the mass transmission coefficient through
the cell wall; W is the volume of extract; k,, is the
mass transmission coefficient in the intercellular space
to the particles surface; Vis the volume of extract that
is contained in the free space of the solid particle
(phase), in the cell and in the intercellular space; and
¢ is the porosity of the raw material layer.
Subsequently, kinetic constants determined based
on experimental data are used. The extraction process
kinetics is described by the following equation:

C=C,(1- Ae™). (6)

where C'is the instantaneous IC concentration in the
extract; C, is the equilibrium IC concentration in the
extract; A is the logarithmic constant (leaching
coefficient); k is the mass transmission coefficient;
and 7 is the time of extraction.

Note that Ae ® is a small quantity that can be

neglected when 7=t,=o0, C=C,; here 1, is the time of
achieving the equilibrium.

If we find the logarithm for the equation, we
obtain the equation in the following form:

In(l— Cl} _In(A)-kt

Clp

The calculation In(1—C1/Clp) was performed
at different points in time while isolating phenolic
compounds and flavonoids. Based on the data, the
following dependence was constructed:

In 1—E Vst
Clp :

This dependence gives us an opportunity to
determine the leaching coefficient (4) and the total
mass transmission coefficient (k) for each value of
the solid particles size (phase) when using different
extractant concentrations.

The equation of a linear function for particles
size may be written as:

(7)

y, =Inl 1- G

1p

Based on the obtained dependences (Figs. 3 and
4), set of equations for phenolic compounds and
flavonoids were obtained (Table 1), that describe the
approximated logarithmic lines in the second extraction
period, which makes it possible to accurately determine
the mass transmission coefficient.

Using the basic extraction equation and
determining the mass transmission coefficient k and
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Carlina acaulis roots in the vessel with the stirrer

the leaching coefficient A4, the change in phenolic
compounds and flavonoids concentrations depending
on time were described.

Mass transmission coefficients and leaching
coefficients depend on the particle diameter. The
dependence k vs. d is described by the following
equations for phenolic compounds and flavonoids
extraction depending on the PM particle size:
—0.1478-107%d+3.76-10*

k= (8)

)

The dependence A vs. d is also described by the

k=—0.1495-10"*d+3.68-10*

following equations for phenolic compounds and
flavonoids extraction depending on the PM particle
size:

A=0.0108d+0.8954 (10)

A=0.00864+0.8991 (11)

The calculated values of k and A are summarized
in Tables 2 and 3.

The final kinetic equations were obtained by
substituting equations (10) and (11) into the main
equation (6). Thus, we have obtained kinetic equations
for determining the target extraction products depending
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Table 1

Systems of equations for phenolic compounds and flavonoids that describe the approximated logarithmic lines in the
second extraction period

Concentration of EtOH |

Systems of equations

for phenolic compounds:

40%

y,=0.00032t-0.11025

Yy»,=0.00028t-0.10853

y5=0.00025t-0.07320

70%

y,=0.00036t-0.16621

y,=0.00032t—0.12642

y5=0.00028t—0.10568

for flavonoids:

40%

y,=—0.00027t-0.10388

y,=0.00025t-0.05672

y5=0.00022t—0.04287

70%

y;=—0.00030t-0.14528

Yy»,=0.00028t-0.12542

y5=0.00022t-0.10857

Table 2

Kinetic constants of the extraction process of phenolic compounds from the Carlina acaulis roots in the vessel with the
stirrer at different concentrations of EtOH

Parameters Values
40% EtOH 70% EtOH
d, mm 2.0 3.0 5.0 2.0 3.0 5.0
k10 1/s 34 3.0 2.2 35 32 2.6
A -0.835 -0.868 —0.924 -0.882 -0.984 —0.992
Table 3

Kinetic constants of the extraction process of extraction of flavonoids from the Carlina acaulis roots in the vessel with

the stirrer at different concentrations of EtOH

Parameters Values
40% EtOH 70% EtOH
d, mm 2.0 3.0 5.0 2.0 3.0 5.0
k107, 1/s 34 28 2.3 3.5 3.0 2.6
A —0.844 —0.872 —0.887 —0.894 -0.976 —-0.934

on the particle size, time and the extractant
concentration:

— for the phenol compounds extraction in the
vessel with the stirrer:

C=0.86(1—(0.01084+0.8954)-
exp(—(3.76-1074=0.1478-10"*d)1)); (12)

— for the flavonoids extraction in the vessel
with the stirrer:

C=1.112(1—(0.00864+0.8991)-

exp(—(3.68-1074—0.1495-107*d)1)). (13)
The obtained equations allow determining the

phenolic compounds and flavonoids concentrations

at any time ¢ for a given size of solid phase particles
or to calculate the required size of solid phase particles
for achieving equilibrium concentration during the
given time.

Conclusions

1. The process of phenolic compounds and
flavonoids extraction from the Carlina acaulis roots
in the vessel with the stirrer has been optimized based
on the experimental and calculation investigations.
The main parameters of optimization were particle
size and extractant concentration.

2. The results showed that the optimal particle
size is 2 mm, and the extractant (EtOH) concentration
is 70%. The small size of particles and this extractant
concentration contribute to an increase in the
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effectiveness of phenolic compounds and flavonoids
extraction. A technique, that was used to establish the
process mechanism, is comparable with experimental
data on kinetics.

3. The kinetics of extraction was experimentally
investigated and the kinetic equations of the extraction
process of phenolic compounds and flavonoids from
the Carlina acaulis roots in the vessel with the stirrer
were derived. The obtained equations allow determining
the phenolic compounds and flavonoids concentrations
in the extract at a certain point in time with a particle
size of the solid phase of 2—3 mm.

4. The obtained results adequately describe the
extraction process of phenolic compounds and
flavonoids from the Carlina acaulis roots in the vessel
with the stirrer. Moreover, these results make it
possible to predict the extraction process in a production
environment.
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JTOCIIIXKEHHA OCOBJIMUBOCTEI KIHETUKU
EKCTPATYBAHHSI METABOJIITIB CARLINA ACAULIS
ITPU NEPEMIIITYBAHHI

O.M. Dedopumun, P.O. Ilempina, A.C. Kpeasuu,
K.C. Kuszesa, 3.B. I'yopii, B.M. Amamanrox

3nilicCHEHO AOCIIIKEeHHS! KIHETUMHUX 3aKOHOMipHOCTe
MacoOOMiIHHOTO TpoLecy MpU eKCTPaKUiiHOMY BUJTyYeHHI ¢e-
HOJIBHUX CINOJyK i ¢diaBoHoiniB 3 kopeHiB Carlina acaulis.
OnTHUMi30BaHO MPOIIEC EKCTPATyBaHHS IIUX IILTbOBUX MPOIYKTIB
Ta 00paHO MaTeMaTHMYHY MOJeEJNb, SIKa TPYHTYETHCS HA TOMY,
1[0 B TpoLeci ekcTparyBaHHsI TBepaoi (asu (pOCIMHHI KITiTH-
HU) y pinKy ¢asy (eKcTpareHT) BinOyBaeThCs MacoTlepeHeCceH-
HST LIThOBUX KOMITOHEHTIB. Bu3HaueHo HalteheKTUBHillli Tizpo-
NIMHAMiuHi yMOBU OJepXaHHs (DEHOJIbHUX CIOJYK Ta (iaBo-
HoiniB. [TpoBeneHo ekcriepuMeHTalIbHY MepeBipKy KiHETUYHO-
TO PIBHSIHHSI €KCTPAKIIEIO IIJTbOBUX KOMITOHEHTIB 3 JTOCIi-
JOKYBaHOTO 00’€KTY pi3HMX PO3MipiB B arapari 3 MillaJKkolo 3a
BukopuctanHst 40% i 70% eraHony. Pesynbrati eKcriepumeH-
TaJIbHUX OCTIIKEHb BKA3YIOTh Ha Te, 10 MPOIEC BUIIICHHS
IJIbOBUX KOMIIOHEHTIB, a came (heHOJIbHUX CITOJIYK i (haBo-
HoiniB 3 KopeHiB Carlina acaulis, iepedirae edeKTUBHIlIEe B
YMOBax TIepeMilllyBaHHSI TIPU BUKOPUCTAHHI YaCTUHOK JiaMeT-
pom 2 MM ta 70% eranosy. JlocniaHi gaHi 3a10BiIbHO y3rof-
KYIOThCSI 3 TEOPETUYHO PO3PAXOBAHUMU, IO IMiITBEPIXKYE
TONUTBHICTh 3aCTOCYBaHHS 00paHOi MaTeMaTuaHoi Mozeni. Jloc-
JIIKEHHST KIHETUKM TIpoliecy ekcTpakuii kopeHiB Carlina acaulis
JO3BOJISITH MiHIMi3yBaTH BTpaTH, YIOCKOHAIUTH TpoOIiec, 0 B
CBOIO Yepry TMOKPAIUTh SIKICTh KiHIIEBOTO MPOIYKTY.

Research on aspects of the extraction kinetics of metabolites of Carlina acaulis while mixing
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koedilieHT MacoBignadi, nudysisa, Carlina acaulis.

RESEARCH ON ASPECTS OF THE EXTRACTION
KINETICS OF METABOLITES OF CARLINA ACAULIS
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K.S. Kniazieva, Z.V. Hubrii, V.M. Atamanyuk

Lviv Polytechnic National University, Lviv, Ukraine
“e-mail: romanna.o.petrina@lpnu.ua

This study reports the features of the mass transfer kinetics
during the extraction of phenolic compounds and flavonoids from
the Carlina acaulis roots. The extraction process of target
compounds was optimized and the mathematical model was
selected, which implies that the mass transfer of target compounds
occurs during the extraction of the solid phase (plant cells) into
the liquid phase (extractant). The most effective hydrodynamic
conditions for the production of phenolic compounds and
flavonoids were determined. An experimental verification of the
kinetic equation was carried out by extracting the target
compounds from the studied object of various sizes in a vessel
with a stirrer using 40% and 70% ethanol as an extractant. The
results of the experiment indicated that the target compounds
extraction process, namely phenolic compounds and flavonoids
from the Carlina acaulis roots, proceeds more efficiently under
stirring conditions when using particles with a diameter of 2 mm
and 70% ethanol as an extractant. The experimental data are in
good agreement with the theoretically calculated results, which
confirms the appropriateness of using the selected mathematical
model. Studies of the kinetics of Carlina acaulis roots extraction
process will allow minimizing the losses of target compounds,
and improving the extraction process and the quality of final
product.

Keywords: extraction; kinetics; phenolic compounds;
flavonoids; mass transfer coefficient; diffusion; Carlina acaulis.
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