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Investigation of the mechanism and kinetics of extraction from plant materials
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A comprehensive systematic study on the mechanism of solid-liquid extraction of valuable components from plant
materials was conducted. Experimental series of extraction of flavonoids from red geranium roots - Geranium
Sanguineum L. (extractant 70% C,HsOH), and of tobacco concrete from tobacco leaves - Nicotiana tabacum L.
(extractant H,0), were done. Parametric investigations of the effect of: solid phase size (R = 0.2x10° + 1.2x10 m),
effective diffusion coefficient (Der = 1070 + 10? m?s?), partial mass transfer coefficient (k = 10° + 107 ms?),
temperature (T = 20 + 60 °C) and liquid/solid ratio (¢ = 0.01 + 0.03 m®kg?), on the changes in the solid/liquid
concentration were done. Significant correlation between the experimental data and the model values is established.

Key words: Solid-liquid extraction, Numerical solution, Kinetics, Effective diffusion coefficient, Partial mass transfer

coefficient, Modeling, Plant materials

INTRODUCTION

Solid-liquid extraction is a process, the products
of which are widely used in pharmaceutics,
cosmetics and food industries, and also applied for
environmental purposes. The description and
calculation of the process faces serious difficulties
both from methodological and mathematical points
of view. The latter provoked numerous scientific
studies focused on the process kinetics [1-7], the
diffusivities [8-12], the extraction yields [6,9], or
the process design [13-15]. Mathematical modeling
is a powerful means for optimization of the
equipment, simulation, design and control, allowing
theoretical description of the process and evaluation
of the mass transfer coefficients. Yet, the process
description is very difficult because of the influence
of a large number of parameters: variable in time
solid phase pore structure, irregular particle shape,
large particles size distribution, etc. The initial
concentration of the active substance may also
differ for the same raw material as a function of the
crop area, storage conditions, operational
temperature during the processing, and liquid/solid
ratio. The kinetic coefficients also vary during the
extraction process. To set up an experimental
installation one needs to be acquainted with the
diffusion type and the factors that are of main
importance for the process. For that purpose, there
are two different approaches, the first one is an
analytical solution based on some simplifications
for the three classic shapes of the solid phase. The
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second approach is a numerical solution combined
with experimental data to obtain the necessary
kinetic parameters applying the method of standard
function or characteristic function [15].

The process of extraction of useful components
from plant raw materials has been almost ever
limited by the mass transfer inside the solid phase
pores. Each  experimental Kkinetic  curve
(dependence) includes indirectly all factors that
influence the diffusion process velocity, as solid
polydispersion and anisotropy, solid particles form,
change in liquid phase concentration.

Such a kinetic curve can be represented by an
equation of the type:

_ (—H.7)
C,=A-Be , (1)

where A, B andH are constants determined
numerically on the basis of the experimental data
that have specific physical meaning, compared with
the analytical solution of the process of solid phase
extraction [10,14]. Quantitatively, these factors are
reported by the effective diffusion coefficient (Des).
The exact calculation of Des is of significant
importance for the engineering solution of the
process. In practice, there are experimental methods
and such combining experimentally obtained data
with analytical solutions. Chilev et al. (2014)
suggested a new empirical model for the calculation
of Det that was valid for a wide range of plant
materials from which useful components were
extracted with hydroalcoholic solutions [16].

The aim of the present study is to determine the
mechanism and method of calculation and
description of an extraction process by classical
diffusion models, based on experimentally obtained
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data. Furthermore, it establishes the effect of a
number of parameters, characterizing a real system,
on the extraction Kinetics, in order to obtain more
accurate modeling and control of the process.

EXPERIMENTAL
Plant materials

Experiments were carried out with two plant
materials important to practice. The roots from
Geranium Sanguineum L. were used as a solid
phase for the extraction of flavonoids, and tobacco
leaves (Nicotiana tabacum L.) - for obtaining
tobacco concrete (extractable substances).

Extraction design

The kinetic experiments were performed in a
stirred vessel. The ground raw material with
suitable size was placed in the reactor and poured
on with 70% C;HsOH/H,O or pure H;O. The
reactor was immersed in a water bath and the
temperature was maintained constant, controlled by
a thermometer. The mixture was continuously
stirred. To ensure limiting internal diffusion the
angular velocity of the mixer was regulated. After
extraction, the samples were taken and filtered
through pleated filter to separate the solid from the
liquid phase.

Experimental conditions
System I: Geranium Sanguineum L. - 70% C,HsOH

The kinetic study was carried out by periodical
extraction from the roots of Geranium Sanquineum
L. in a stirred vessel. The process temperature was
T = 20°C. To eliminate the external mass transfer
resistance the agitation rate was maintained at n =5
st. The experiments were performed with three
sizes of the solid phase particles (R = 0.2 - 0.4 mm,
R=04-08mmandR =0.8-125mm), at a
liquid/solid ratio ¢ = 0.02 m® kg! and 70%
C2HsOH/H>O solution as a solvent. The extracts
were filtered with paper folded filter (Boeco
Germany, Grade 6). The concentration of valuable
compounds in the liquid phase (Ci) after the
extraction was measured. Each experimental point
of the kinetic curve was determined based on the
average value of three independent experiments.

System II: Nicotiana tabacum L. — water

The experimental results were obtained in a
batch reactor at the following conditions: extraction
temperature — T = 20°C and agitationrate—n=7¢
1 which ensured internal diffusion as a rate limiting
stage (the external resistance was eliminated). The
extraction experiments were conducted at three

400

liquid/solid values: &= 0.01 m3 kg?, £=0.02 m® kg
Land ¢ = 0.03 m® kg. The initial concentration of
the extractable substance (tobacco concrete) was
experimentally determined - C, = 607.97 kg m=.

Analytical methods for the extraction analysis
Spectrophotometric analysis for the determination
of total flavonoids for system | - Geranium
Sanguineum L. - 70% C,HsOH

The content of total flavonoids was determined
by a colorimetric method with catechin. A
calibration curve was obtained following the
procedure: in a 10 ml volumetric flask 4 ml distilled
water, 0.3 cm® NaNO; and 1 cm?® of previously
prepared 100 mg dm catechin solution were
added; the solution mixture was well shaken. After
5 min 0.3 cm® AICl; and 2 cm® of NaOH were added
and the solution was made up to 10 cm® with
distilled water. Four more solutions with different
catechin concentrations were prepared following
the above cited procedure. The absorbances were
measured on a UV/VIS spectrophotometer
(BOECO — Germany S-22), at a wavelength of 510
nm vs a blank sample [17].

Weight analysis for the determination of
extractable substances for system Il - Nicotiana
tabacum L. — water

A weighing method with precision of 102 g was
applied for the quantitative determination of
tobacco concrete. The extracts were evaporated in a
drying oven at T = 70°C.

Kinetics study and modeling

In the absence of convective transport, the
extraction from solid materials is described by the

oC
2 2 const
X

nonstationary diffusion equation (

oC, .
anda—;tO). In porous solids, for the three
T

"classical" shapes (unlimited plate, infinite cylinder
and sphere) of the solid phase, the summary
equation for symmetrical mass transfer has the
following form [18]:

6C2(X,r): 1 i{XtDﬁ 6C2(X,r)} @

or Xt X oX

At D, =const.it can be rearranged by solving

the one-dimensional Fick’s law for the three
“classical” shapes of the solid phase — plate, sphere
and cylinder:
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ox? X OX

oc, . (é%C,
61’ eff

t aczj
+ (3)

with the following boundary conditions:

C
_ Deﬁ (aCZ j — k 25y _ Cl (4)

OX m
oc,
=0
( 6X jx—o (5)
C,,=Co (6)
ﬂ(co_c_:Z):Cl_Cm (7)

The general analytical solution has the form:

- 5 Dert 7
C,-C, _ 1 5 4.(v+1) ——

CO _Cm 1+ﬁ n=1 ,ur? +4(U+1)2'ﬂ(1+;8) .

(8)

where Cy is the initial concentration in the solid
phase; Cn = Cy;i by periodical processes; Ci -initial

concentration in the liquid phase;C.- average
concentration in the solid phase; Det — effective
diffusion coefficient in the pores of the solid phase;
R - size of the solid particles; 7 -

time; f = A; Cieq -

C0 _Cleq
concentration in the liquid phase; wi — roots of the
characteristic equation; v — shape factor for the
solid phase; m - distribution coefficient,
m ~ 1because of the low concentration range (well
known fact in literature for the investigated plant
material).

The boundary condition of the third kind — eqgn.
(4), which assumes equality of the mass flow from
the solid phase to the surface towards the mass flow
in the fluid phase, can be presented as follows:

equilibrium

oC = =
-=2  =Bi(Cs. —Ci . (9)
OV |,
where R is a characteristic particle size,

y = x/t - relative coordinate, and Bi =kR/D,; -

Biot number.

The value of the partial mass transfer coefficient
k depends on the hydrodynamic conditions of the
porous particle wrapping, and it is a major Kinetic
indicator of the stage of the extraction process,
which involves mass transfer from the solid surface

through the boundary layer to the core of the fluid
flow. The value of Bidetermines the mode of the
diffusion extraction.

At  high  wrapping velocity Kk — o0,
Bi —» w0 (Bi >30+40), the mode is internal
diffusion, and the extraction rate is limited by solid
phase diffusion. The opposite results correspond to
lower values of the mass transfer coefficient k . At
k — 0, C, — const. and Bi < 1 the mode is external
diffusion, and the process rate is limited by external
diffusion — mass transfer from the solid surface.

In the boundary conditions, the concentration C,
of the extractable component in the liquid phase is
introduced. This concentration is approximately
constant when the amount of the extractant is much
greater than the amount of the extractable
component. Such a ratio between the phases is
some times artificially created in experimental
conditions to facilitate the processing of the
experimental data.

RESULTS AND DISCUSSION
Numerical solutions and analysis

The model described above can be used for
extraction processes with various types of plant
materials with different type of the internal
structure and different size of the solid phase
fractions, as well as when applying various
extractants for the same raw material, etc.
Practically, to use this model it is necessary to
clarify the influence of the individual parameters on
the type and accuracy of the solution and to present
subsequent comparison with the experimental
results for different liquid/solid systems.

Initially, a numerical study on the impact of
various factors on the overall solution of the model
was conducted. The programming environment
MatLab 8.0 was used. The function ,,pdepe”, which
solves initial-boundary value problems for systems
of parabolic and elliptic partial differential
equations (PDES) in the one space variable X and
time = with variable coefficients, was selected.

The coefficients may depend on x, z, C and§.

OX
This function can be used for different types of
symmetry - slab, cylindrical, or spherical.

The plant material may have different shapes
and sizes. Usually they represent bits of herb
leaves, flowers or roots. Therefore, the geometry of
the system is a plate or a sphere. Thus, the
numerical experiments were conducted for both
types of system geometry. The solution of the
differential egn. (8) gives the distribution of
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concentration in the solid phase over time. By the
boundary condition egn. (4), however, the
concentration profiles in the liquid phase could be
determined, and they can be compared with the
experimental data. Therefore, the effect of
individual ~factors on the distribution of
concentration first in the solid phase and then in the
liquid phase was initially examined. During the
numerical experiments the following values of the
variables, which were not changed in the course of
the calculation procedure, were used: C,o = 317 kg
m3, C1o0=0kg m=and Ceq=5.8 kg m=.

Factors influencing the concentration change in
the solid phase

The parameters affecting the concentration
distribution in the solid phase could be summarized
as direct and indirect, or internal and external. The
first group of parameters, on which the external
diffusion mass transfer depends directly, includes
the particle size Rand the coefficient of effective
diffusion Desr. The latter is directly related to the
structure of the solid phase. The second group
includes factors associated with the external mass
transfer of a substance: the partial diffusion
coefficient in the boundary layer around the particle
k and the concentration change in the liquid phase
Cu.

Factors directly influencing the change of solid
phase concentration

Effective diffusion coefficient (Def)

The first parameter of this type is the effective
diffusion coefficient. It is a complex function which
depends on the pore diffusion coefficient and the
structure of the solid phase — pore size distribution,
pore curvature, etc. [14,15]. During the extraction
process, the solid phase changes its structure
regularly or irregularly, thus Dexr will generally
depend on the spatial coordinates and time. To
determine the effect of this parameter on the
solution, numerical experiments at D, = const

but changing in a different order, were conducted
(Fig. 1).

The obtained solutions were for a plate. In this
case, the system is symmetrical with the axis of
symmetry passing through half the thickness of the
plate. The numerical solutions were obtained for
solid particle thickness R = 0.3x10° m and this
spatial coordinate was divided into 10 parts (size of
the integration step). Time changed from 0 to 7200
s, and the time interval was divided into 100 parts.
The partial external diffusion coefficient was k =
10°m s, Figure 1 presents the change of the solid
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phase concentration C, depending on the spatial
coordinate x, i.e. amending half the plate thickness
from zero to R = 0.3x10 m. With respect to the
time coordinate, the figure depicts the concentration
profiles for the initial moment “zero™ (C, at time
zero) and for the final moment (all other curves) at
7 = 7200 s. Obviously, at z = 0 s the concentration
of the extractable component is C, = 317 kg m?®
and it is regularly distributed in the solid phase
volume. At z = 7200 s for all values of D the
solution displayed the highest concentration in the
particle center at x = 0, which decreased to the
boundary value at x = R.
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Fig. 1. Effect of Der on the change of solid phase
concentration (Cy).

The figure shows that the smaller value of De,
provokes the higher concentration in the center of
the particle at the final time. At Der = 10! m? s?,
the concentration in the core was practically equal

to that at the plate surfaceC, | _,=C, |5, i.e. the

total quantity of the extractable component was
extracted from the solid phase. Hence, the more
intense the internal diffusion, the less amount of
extractable component remained in the solid phase
after specific time. According to Fig. 1, a relatively
small modification of Des, with only one order of
magnitude, resulted in large differences in the
concentration profiles in the final point of time, i.e.,
a strong influence of the effective diffusion
coefficient on the final solution was observed. It is
known that atBi<1the process is limited by
external mass transfer, for 1<Bi<30+40 a
combined mass transfer mechanism is observed,
and at Bi>30+40 the diffusion is internal
[14,18]. In the case of the presented numerical
experiments, Bi changed in the region 300 - 3000,
i.e. the process was limited by internal diffusion.
Such study is essential when the target
component is of high price, and it is necessary to be
fully recovered from the solid phase. Thus, for a
particular system at known Des, the final point of
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time can be determined so that practically 100% of
the extractable component can be extracted from
the solid phase.

Solid phase particles size

From practice, it is known that one of the stages
during the preparation of the raw material for
extraction is crushing or cutting of the solid phase,
i.e. the particle size influences the overall process.
To investigate this dependence, numerical
experiments for different particle radius (in a
spherical coordinate system) and different leaves
thickness (for a plate) were conducted. The
obtained results at Derr= 101t m? s are presented in
Fig. 2. The other parameters are as in the numerical
experiments for Dess in the previous section. Figure
2 displays the solutions for spherical coordinate
systemat z=0and r = 7200 s.

Obviously, the larger the particles, the greater
amount of the extractable component remained in
them after 7200 s. At R = 1.4x10° m, the
concentration in the particles center after 7200 s
approximated the initial concentration. For small
particles with R < 0.4x107 m, practically the entire
guantity of the extractable component was
extracted after 7200 s. Consequently, at a given
intensity of the external diffusion, the greater the
particle size, the greater amount of extractable
components remained there after a certain period.
In this case, Bi number varied between 200 and
1400, i.e. the rate limiting stage was internal
diffusion. This study is essential when the target
compound is of high price, and the optimization
problem for choosing the time of extraction and
particle size has to be solved, so that substantially
the whole of the extractable component has to be
extracted from the solid phase.
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Fig. 2. Effect of the solid particles size (R) on the
change of solid phase concentration (C,).

Factors indirectly influencing the change of solid
phase concentration

Partial mass transfer coefficient

This parameter is related to the external mass
transfer through the boundary layer of the particle.
Numerical experiments for various k values, Dt =
10 m? st and slab symmetry — R = 0.8x10° m,
were conducted. The other parameters were as in
the previous numerical experiments for Des. Figure
3 presents the numerical solutions for the initial and
final time moments.

Obviously, for k > 10% m s, the latter parameter
actually did not influence the concentration change
in the solid phase, as these values of k correspond
to Bi > 80, which means rapid diffusion through the
external boundary layer. Thus, the process was
limited by internal diffusion, and the external mass
transfer did not influence the derived solution. For k
~ 10" m st and Bi = 8 the external diffusion
affected the overall process rate, i.e. the latter
depended on both external and internal diffusion. In
this case, k influenced the concentration distribution
in the solid phase, which was confirmed by the
numerical experiments presented in Fig. 3.
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Fig. 3. Effect of k on the change of solid phase
concentration (Cy).

Liquid/Solid ratio

The second parameter that indirectly affects the
solution is the liquid/solid ratio & It is directly
related to the concentration in the liquid phase C.
The concentrations in both phases are
interconnected by the boundary condition eqgn. (4).
Since the concentration in the liquid phase is
generally lower than that in the solid and it changes
in a narrow range, very little influence of this
parameter on the solution could be expected (i.e.
the distribution of the concentration in the solid
phase). Thus, numerical experiments at Des = 102
m2s?t, k=10°ms'and at two values of the particle
sizes R = 0.8x10% and 1x10° m were carried out.
The values of the other parameters were the same
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as those of the numerical experiments for D, in

Section 3.2.1. To ascertain the impact of C; on C,,
numerical solutions were obtained in which the

boundary condition was set sequentially C, =0 (at
liquid/solid ratio infinity) for the entire time
interval and C; # const., 1.e. likewise C1 changes

over time depending on the solution.
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Fig. 4. Effect of the liquid/solid ratio (£) on the solid
phase concentration (Cy).

According to Fig. 4 for both selected particle
diameters, the difference between the solutions at

constant and variable C was very small, i.e. the

influence of this parameter on the distribution of
concentration in the solid phase was very weak, as
already mentioned.

In conclusion, the concentration profiles in the
solid phase were mainly influenced by the effective
diffusion coefficient and particle size. Depending
on their values for a given system, an optimum
solution with regard to the necessary extraction
time and the recovery rate of the target component
has to be found. The influence of the other
parameters was much slighter, and it probably
manifests in mixed modes (with both external and
internal diffusion control), which practically do not
occur for extraction processes from raw plant
materials.

Factors influencing the change of liquid phase
concentration

Liguid phase concentration depends on the
following three factors:

1. Mass transfer to the interior of the liquid
phase;

2. Intensity of mass transfer through the
boundary layer around the particle;

3. Concentration on the solid

surfaceC, |,_5 .

phase
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The first factor is related to the mechanism of
mass transfer of the extractable component in the
liquid phase (molecular and convective diffusion).
Typically, using suitable techniques (e.g., vigorous
stirring) with a rather high accuracy the operation
of the extractors approaches the ideal mixing
regime. Thus, the concentration of the extractable
component in the liquid phase at a given time is
instantaneously equalized for the entire phase
volume. Therefore, the impact of this parameter
was eliminated.

Intensity of mass transfer through the boundary
layer around the particle

The intensity of mass transfer through the
boundary layer around the particle depends on the
partial mass transfer coefficient, k. This coefficient
depends mainly on the nature of the solvent and the
extractable component and is in the order of 10* -
10% m s Rarely, for highly viscous extractable
agents and for mass transfer of organic
macromolecules or complexes, it may be reduced to
107 m s, By the Biot number, calculated on the
basis of the values of k and D the rate limiting
mass transfer mechanism - internal or external
diffusion, could be determined. For extraction from
plant materials, D, is usually of the order of 10"

m? s, while k£ = 10° m s. The latter implies a
limitation of the diffusion process in the solid phase
pores, which is confirmed by numerous
experimental results [10,14,18]. The effect of the
mass transfer coefficient through the boundary
layer around the solid particle on the liquid phase
concentration ~ was investigated. = Numerical
experiments (Fig. 5) were conducted for various k

values at the following conditions: D, = 10 m?

s!, R = 0.8 m, phase equilibrium constantm =1.
The other parameters: initial  solid/liquid
concentration, etc., were the same as those in the

previous numerical experiments. Bi number
changed in the range 8 — 8000.
&
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Fig. 5. Effect of k on the change of C;.
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Figure 5 displays the concentration profiles in
the liquid phase, obtained by the numerical solution
of the model for the time period 0 — 7200 s.
Obviously, at k = 10* and 10° m s and Bi = 8000
and 800, respectively, the curves practically
interflowed. These values corresponded to rapid
mass transfer through the boundary layer around
the particle, and demonstrated that further increase
of Bi by k would be senseless and would not alter
the rate of concentration change in the liquid phase.
The effect of k became apparent at values

k <10°ms?, i.e. Bi <80. Then the mass transfer
through the boundary layer around the particle was

hindered, as for Bi=80 (k =10"" m s%) the rate
of C; increase was significantly reduced.

Phase equilibrium constant

The equilibrium state of extraction represents
the dependence of the equilibrium concentration in
the liquid phase on the solid phase concentration
for a given temperature and at various liquid/solid
ratios. Usually, it is a straight line of the
type: C; =m.C,, where m is the phase

equilibrium constant. The values of this constant
could be larger or smaller than unity. The
equilibrium type affects the entire extraction
process. The equilibrium constant is included in the
boundary condition presented by eqn. (4), thus
influencing the solution of the task. The effect of
this parameter on the liquid phase concentration
change was numerically investigated. The
numerical experiments were conducted for m = 0.5,
1, 2 and 3, corresponding to equilibrium line
slopes:  25°65, 45°, 63°43'and 71°57,
respectively. The values of the other parameters
were as follows: k = 10° m s Dett = 10t m? s, R
= 0.3x10° m and Bi =30. Figure 6 presents the
strong influence of this parameter on the type of the
obtained solutions. The equilibrium constant
affected the nature of the curvature of the obtained

solutions, and hence the accuracy of the calculation.

50,
I
|

s

Concentration C, [kgim’]
L) L

wn

3333
oo
W= o

0 . . , . .
0 1000 2000 3000 4000 5000 6000  TFOOO 2000
Time = [s]

Fig. 6. . Effect of m on the change of Ci.

Effective diffusion coefficient in the solid phase
pores

Since the concentration on the grain surface,
C, |,_r, depends on the one hand on the effective

diffusion coefficient of the  extractable

component D, , and on the other on the partial

external mass transfer coefficientk in the boundary
layer around the particle, the complex influence of
both parameters was tested. Des and k participate in
the calculation of Bi. Since C; is lower than the
solid phase concentration C, (increased driving
force) and if the mass transfer through the boundary
layer is very intensive (at k = 104, 10° m s?), the
concentrationC, |,_, ceases to depend on Des and

depends only on k. The change in the value of De,
in this case, influenced the distribution of the
extractable component inside the particle (as
depicted in Fig. 1), but did not influence the

boundary  concentrationC, |,_,, which was

approximately equal to Ci. Figure 7 presents the
change of boundary concentration with time for k =
10* and 107 m s, Der = 10° and 10" m? s?,
respectively, and R = 0.3x10® m. The
corresponding values of Biare 30, 3000 and 0.03,
3, respectively.
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Fig. 7. Effect of k and Des on the concentration
C2|x=R‘

According to the data in Fig. 7 in the case of
large values of k=10 ms™, i.e. rapid mass
transfer through the external boundary layer,
corresponding to Bi =30 and 3000 (mixed mass
transfer mode), D, did not influence the type of
the obtained curves. Hence, the change of C, |, _
depended only on k, rather than D, . For Det = 107

and 10 m? s the curves coincided (Fig. 7). For
small values of k = 107 m s, i.e. hindered mass
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transfer through the boundary layer, the curves for
both D, values were well distinguished. In this

case, the external and internal diffusion became
commensurable (Bi = 0.03 and 3). Fork =107 m s
and Der = 10° m? st (Bi=0.03) there was a
pronounced external diffusion mode and D,

started to affect the change of the liquid phase
concentration. According to the figures, the impact
of D, was less pronounced than that of k.

Consequently, the dependence of the change of C,
on D, varied but only when the overall speed of

the process was limited by external diffusion and
this change was insignificant. De did not affect C
for the cases of limiting internal diffusion or mixed
mass transfer mode.

Solid particles size

Almost similar results were obtained when the
impact of particle size on the change of
concentration in the liquid phase was investigated
(Fig. 8).

The corresponding values of Bifor the four
cases displayed in Fig. 8 were 3000, 13000 and 0.3,
3. Hence, at k = 10% m s? the process was
controlled by internal diffusion, andatk = 10" ms’
! the mode was mixed. Obviously, the effect of
solid particles size was more significant for low k
values, i.e. mixed mass transfer mode - Bi <3. At
k= 10* m s?, the curves coincided. In that case, C,
did not depend on the solid particles size.
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Fig. 8. Effect of the solid particles size (R) on the
change of C, .

It can be summarized that C; was influenced
mainly by the rate limiting diffusion mechanism
related to Bi, which is in direct correlation with k.
At k = 10* - 10° m s? (Bi>60=70), the
diffusion is fast, thusC, and C, |,_; did not depend
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on D, and the solid particles size. At k = 10° - 10

7 m?s7(Bi~30+0.03), slight dependence of the
concentration profiles in the liquid phase on
D, and on the solid particles size was established.

The equilibrium phase constant also affected the
accuracy of the solution, although less than k, but
again in the regions of mixed and external diffusion
control of the process. The influence of this
parameter in the case of internal diffusion was
insignificant. For most extraction systems, the
value of the -equilibrium phase constant is
approximately 1, but in some cases of multi
component extraction of polymers, and when mixed
extracting agents (containing both polar and non-
polar molecules) are applied, this value can be
variable.

Numerical studies aimed to establish the
influence of the size of the integration step on the
spatial coordinate and time were conducted. For
this purpose, solutions were obtained by dividing
the spatial coordinate and the time interval into 5,
10, 100, 200, 500 and 1000 parts. The resulting
solutions were identical regardless of the step of
integration in space or time. This indicated greater
resistance of the solution and could be accepted as a
criterion for reliable results.

Experimental validation

The experimental data for target compounds
extraction at different process conditions are
presented in Table 1.

The experimentally obtained data for the
extraction kinetics of the investigated solid-liquid
systems can be described with an acceptable
accuracy by eqgn. (1). The values of A, B and H
were estimated by nonlinear regression analysis of
the experimental data and presented in Table 2 for
different sizes of the solid phase - System |
Geranium Sanguineum L. - 70% C;HsOH and
different solid-liquid ratios - System Il Nicotiana
tabacum L. — H20.

Effect of the liquid/solid ratio

To investigate the effect of the liquid/solid ratio
on the process kinetics, extraction experiments with
Nicotiana Tabacum L. were conducted. The
experimental results are presented in Table 1.They
were described with sufficient accuracy by eqn. (1).
The values of the constants A, B and H were
determined by non-linear regression on the basis of
the experimental data. The effective diffusion
coefficient was calculated by the Standard function
method [14-18]. Its values are presented in Table 2.
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Numerical solutions of the model for the three
liquid/solid ratios were obtained. Figure 9 displays
the experimental data and the numerical solutions.

Obviously, satisfactory compliance between the
experimental and model curves was achieved.
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Fig. 9. Mathematical modeling of the experimental
results for different liquid/solid ratios.

Effect of the particle size

To study the influence of the solid phase size on
the process kinetics, extraction experiments of total
flavonoids from Geranium Sanguineum L. were
performed. The experimental data are presented in

Table 1. Solid particles with average sizes of
0.4x103, 0.8x10° and 1.25x10° m were used for
the experiments. The values of the parameters from
eqgn. (1) and those of Der are presented in Table 2.
Figure 10 illustrates the experimental data and the
numerical model solutions for the three studied
cases.
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Fig. 10. Mathematical modeling of the experimental
results for different particle sizes.

Table 1. Experimental data for extracted components concentration in the liquid phase C; (kg m) under different

process conditions

Nicotiana Tabacum L.

Geranium Sanguineum L.

©) £=001 £=0.02 £=0.03 R=(0.2-0.4) R=(0.4-0.8) R=(0.8-1.25)
i (Mkgl) (mPkgl) (mPkgd)  x10° (mm) X103 (m) X102 (m)
300 25.14 11.93 10.38 0.527 0.470 0.364
600 36.15 18.45 13.26 0.823 0.767 0.428
900 39.99 20.28 13.94 0.717 0.661 0.725
1200 - - - 0.929 0.915 0.491
1800 45.16 21.5 15.00 0.922 0.887 0.604
3600 43.7 21.68 13.77 0.965 0.823 0.746
5400 42.64 23.19 14.60 - - -
7200 - - - 0.937 0.852 0.788

Table 2. Values of the coefficients A, B, and H from egn. (1) and of D, calculated by the standard function
method.
Parameter A B H Dy x10% (m2 s
For Liquid/Solid Ratios (Nicotiana Tabacum)

& =0.01(m*kg?) 43.7 43.1 0.003 0.30955

& =0.02(m3kg?) 222 221 0.0026 0.28064

& =0.03(m*kg™) 14.3 13.8 0.0045 0.47784

For particle size (Geranium Sanguineum)

R=04x10" (m) 0.933 0.9272 0.002713 1.2097

R=0.8x10"° (m) 0.8406 0.8391 0.002824 5.0567

R =1.25x10"%(m) 0.7532 0.6815 0.001053 4.7499
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According to Fig. 10, when the particles size was
reduced, the quantity of the extracted component
increased and the kinetics of the process was
intensified. Satisfactory correlation between the
experimental and model data was observed.

Effect of temperature

To study the effect of temperature on the
concentration profiles in the liquid phase,
experimental data from a previous publication of
the scientific team was used [16]. The obtained
numerical solution for the examined system was
compared to the experimental data.

Concentration [ kg / i 1

» o T=40°C| A

*  T=20°C
T=50°C

0 . . , .
0 1000 2000 3000 4000 5000 6000 7000 8000
Time = [s]

Fig. 11. Mathematical modeling of the experimental
results for different temperatures.

Figure 11 presents the experimental results and
numerical solutions of tannins extraction from
Cotinus coggygria. The processing temperature was
T = 20, 40, and 50°C. The experiments were
performed at liquid/solid ratio & = 0.02 kg m?,
density of the solid phase pss = 961 kg m?,
characteristic solid particle size R = 1.5x10*m, and
initial tannins concentration in the solid phase Co =
353.66 kg m=. The values of the constants A, B and
H and the coefficient D, (calculated by the

standard functions method) were published
previously [16]. A direct relationship between
temperature and the quantity of the extracted
tannins was observed. There is a good agreement
between experimental and modeled results.

CONCLUSIONS

A parametric study of the influence of various
parameters on the concentration change in the solid
and liquid phase, during the extraction of target
components from plant materials, was conducted.
The extraction kinetics of the systems Geranium
Sanguineum L.-70% C;HsOH and Nicotiana
tabacum L. — H,O was experimentally investigated.
The comparative analyses outlined that the effect of
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the wvarious tested parameters on the process
kinetics was complex and its magnitude was
determined by the mode of the diffusion control
based on Bi number values. The experimental data
showed that, in all cases of extraction from plant
materials, the process was controlled by internal
diffusion. Thus, the main parameters influencing
the kinetics of the process were the effective
diffusion coefficient and the size of the solid
particles.

The decrease in the solid particles size at
constant other parameters lead to a decrease of the
Bi value. According to the conducted numerical
experiments, the extraction process was intensified
at smaller particle sizes. At particles sizes smaller
than R = 0.4x10° m, practically the entire quantity
of the target component was extracted after 7200s.
The latter was confirmed by the experimental data
for extraction of flavonoids from Geranium
Sanguineum L. The effective diffusion coefficient
depended predominantly on the temperature and the
solid phase structure, as confirmed by both the
performed numerical experiments and the
experimental data for tannins extraction from
Cotinus coggygria L. Therefore, by increasing the
temperature the amount of the extracted material
was increased. The liquid/solid ratio was directly
related to the change of the liquid phase

concentrationC,. The numerical experiments

displayed slighter influence of this parameter on the
numerical model solution. The liquid/solid ratio
affected predominantly the driving force and
therefore, the intensity of the diffusion process. The
latter was confirmed by the experimental data of
target compounds extraction from Nicotiana
tabacum L.

The influence of the partial mass transfer
coefficient through the external boundary layer and
the equilibrium phase constant was investigated
numerically. These two parameters affected the
model solution only in the regions of mixed and
external diffusion control (Bi<30+40). For
internal diffusion, the influence of both parameters
was insignificant.

The numerical modeling of all experimental data
displayed satisfactory compliance between the
experimental and model results. The comparative
analyses and the suggested mathematical model
could be applied for the simulation and description
of extraction processes from various plant materials
at verified technological parameters influencing the
process intensity.
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NOMENCLATURE

A = coefficient defined by eqn. (1)

B = coefficient defined by eqgn. (1)

Bi = Biot number (Bi = kR/De)

C1 = concentration in the liquid phase (kg m)

Cieq = equilibrium concentration in the liquid phase
(kg m?)

C> = concentration in the solid phase (kg m)

C, = initial concentration in the solid phase (kg m)

C,= average concentration in the solid phase (kg m’

3
)
Deit = effective diffusion coefficient (m? s
H = coefficient defined by egn. (1)
k = external mass transfer coefficient (m s?)
m = distribution coefficient
n = agitation rate (s?)
R = characteristic size of the solid particles (m)
T = temperature (°C)
x = coordinate (m)
Greek Letters
¢ = solid particles size (mm)
ui = roots of the characteristic equation
v = shape factor
¢ = liquid/solid ratio (m®kg?)
psol = density of the solid phase (kg m)
7 =time (s)
w = relative coordinate (i = X/t)
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N3CJIIEABAHE HA MEXAHU3MA U KNHETUKATA HA EKCTPAKIIMA OT PACTUTEJIHU
CYPOBUHU

E. Cumeonos®”, 3. fIuepa?, U. Ynnes!

Kameopa ,, Hnocenepna xumusa “, Xumuxomexnono2uuen u memanypauyen ynusepcumem, o6yna. ,, Kn. Oxpuocku 8,
1756 Cogus, bvreapus

2Cexyus ,, Xumus “, Kameopa ,, Dapmaxonozus, guszuonozus na sxcusomuume u GusuoI02U4Ha Xumus *,

Bemepunaprnomeouyuncrku paxynrmem, Tpaxuiicku ynueepcumem, Cmyoeumcku epao, 6000 Cmapa 3acopa, bvacapus

Iocrenuna Ha 11 ronu 2016 r.,.xopurupana Ha 24 sayapu 2017 r.
(Pesrome)

ITpoBeaeHO € ISIOCTHO CHCTEMATHYHO HU3CJICABAHE Ha MEXaHM3Ma Ha W3BIMYAHE HA MOJIC3HH KOMIIOHEHTH IIPU TBBPAO-
TEYHA SKCTPAKIMS OT PACTUTEIHU CYpOBHHH. VI3BBPIICHH Ca CEPHH OT KCIEPUMEHTH HA eKCTPAKIMOHHO M3BINYaHE
Ha (hIIaBOHOHMIM OT KOPEHH Ha KpbBeH 37pasell - Geranium Sanguineum L. (ekctparent 70% C;HsOH), u Ha TiOTIOHEB
KOHKpeT oT TIoTIoHeBH nmcta - Nicotiana tabacum L. (ekcrparent HpO). 3a menra 6e HpoBeAEeHO MapaMeTPUYHO
U3clieZBaHe Ha BIMSHUETO HA MapaMeTpHuTe: pasMep Ha TBbpaaTa dasza (R = 0.2x107° + 1.2x10° m), xoepuuueHTsT Ha
edextusna judysus (Der = 1071° + 1072 m??1) uwacren xoedunment ma maconpenacsane (k = 10° + 107 ms?),
temneparypa (T = 20 + 60 °C) u xugpomomyn (¢ = 0.01 + 0.03 m3kg™?), BEpXy H3MEHEHHETO Ha KOHLEHTPALUATA B
TBBpJATa U TeyHaTa pasa. YCTaHOBEHA € MHOI'O BUCOKA CTEIEH Ha KOPEalHsl MEKy eKCIIEPUMEHTAITHUTE M MOJIEITHH
CTOHHOCTH.
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