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Abstract. The extraction of the solid component from the
rectilinear capillary has been investigated. The presence of
two extraction zones (convective and molecular diffusion)
was confirmed. The effect of the system vacuumizing on
the extraction rate has been studied. The convection zone
during vacuumizing was found to be increased due to the
appearance of the vapor phase bubbles. The mass transfer
coefficients for the convective zone have been determined.
A mathematical model of the molecular diffusion stage is
given, taking into account the nonlinear change in the
component concentration in the liquid due to the
displacement of the extraction boundary. The molecular
diffusion coefficients in the capillary have been determined.
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1. Introduction

The components extraction from porous bodies is
widely used in the chemical, food, pharmaceutical,
hydrometallurgical industries, and this issue is reflected in
a number of scientific publications. The process is
relevant from the environmental standpoint, when large
areas of soil are to be treated from inorganic and organic
contaminants. Soil is the solid porous particles, the pores
of which may contain liquid contaminants (e.g., oil and its
derivatives) and solids (pesticides, heavy metals, salts).
The peculiarity of extraction from porous bodies is the
fact that the pore diameter of the solid phase is so small
that the mass transfer in the pores occurs mainly due to
the molecular diffusion.

According to the literature, the regularities of
extraction are identical and described by the same kinetic
dependences, similar equipment and methods of
intensification.' There are three parameters that have the
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greatest impact on the extraction process. This is the
structure of the inert skeleton from which the valuable
component is extracted and the component to be
extracted. The third component is the extractant, the main
requirement for which is the high solubility of the
component in it and the possibility of easy separation of
the system extractant — extracted component.

The structure of the inert skeleton significantly
affects the transport of the component extracted from the
solid phase to the volume of the liquid phase. First of all,
the inert skeleton provides an isotropic or anisotropic
distribution of the component.™* The solid skeleton may
contain the component in a liquid or solid state. One of the
characteristics of the inert phase is its porosity, which is
created by individual capillaries. The size of the
capillaries is determinative one. Depending on the
capillary diameter, the following types are distinguished:
macro-, meso- and microcapillaries. The presence of
capillaries of different sizes affects the extraction process
and particularly the process rate. In the presence of
macropores, not only molecular diffusion but also
convective mass transfer is possible. This phenomenon is
described in works,® where the regions near the capillary
external surface, in which convective diffusion prevails
over molecular one were detected.” In mesopores, and
especially in micropores, the transport of solid phase
components occurs only due to the molecular diffusion
and the main quantitative indicator is the internal
molecular diffusion coefficient.® Complex processes
include extraction processes from plant raw materials,
when the mass transfer of the useful component occurs in
the cellular and intercellular media. A mathematical
model of this process has been proposed and the kinetic
constants that characterize this process have been
determined.”"

Any solid particle can be represented by a
capillary-porous body, in which the inert skeleton forms a
system of capillaries with the component to be extracted.
The mechanism of the extraction process is as follows.
During the contact of the solid particle with the liquid
extractant, it seeps into the capillaries and dissolves the
solid component. On the surface of the solid component
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that interacts with the liquid, the concentration is equal to
the saturation concentration, which depends on the
process temperature. So, it is necessary to establish the
coefficient of internal diffusion of the component in the
capillary,' which determines the process rate. This value
can be determined experimentally on the basis of a certain
mathematical model. Mathematically, this problem
belongs to the problems with the moving boundary of the
solid-liquid interaction.'>" Analytical solutions of such
problems cause difficulties, so simplified mathematical
models are used, on the basis of which the coefficient of
internal diffusion of the extracted component in the
capillary is determined. This method was used by
Gumnitskii et al® The method involved a rectilinear
distribution of concentrations in the capillary. The internal
diffusion coefficient D was determined from Eq. (1):
r’ 2D*(CS—C1) )
t Ps

where [ is the length of the solubility zone, m; ¢ is time, s;
Cs and C; are the saturation concentration and the
component concentration on the capillary external surface,
respectively, kg/m’; pg is the density of the solid phase,
kg/m’.

The research was aimed to propose the
intensification of extraction from the solid phase,” to
identify regions of convective and molecular diffusion
during the extraction from rectilinear capillaries and to
investigate the possibility of the process intensification
using the system vacuumizing and creating boiling
conditions for the extractant.

The aim of this work is to experimentally
determine the mass transfer coefficient for the convective
diffusion section and to create a mathematical model for
the extraction from a part of the capillary under the
conditions of molecular diffusion with a moving solubility
limit and nonlinear concentration distribution.

2. Experimental

2.1. Experimental Setup

The experimental setup is represented in Fig. 1.
The setup provides a number of elementary processes that
must be implemented during the extraction process from a
single capillary when a liquid is boiled under vacuum. It
was necessary to visually monitor the displacement of the
solid solubility limit in the capillary, to create the
necessary vacuum, to determine and maintain the required
temperature in the apparatus, to determine the amount of
vapor phase which stirs the liquid. The presence of a
magnetic stirrer allowed stirring the liquid without
vaporization and thus creating the identical hydrodynamic
conditions in the liquid phase.
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Fig. 1. Scheme of experimental setup: glass extractor (1);
electric heating (2); magnetic stirrer (3); drive of the magnetic
stirrer (4); capillary with the studied component (5); condenser-
flowmeter (6); cooling solution (7); vacuum pump (8); vacuum
gauge (9) and thermometer (10)

The main part of the setup is the extractor 1,
equipped with the electric heating 2, which provides a
constant temperature of the liquid in the extractor.
Mechanical stirring of the liquid in the extractor is carried
out by a magnetic stirrer consisting of a magnet 3 and a
drive 4. The capillary 5 fixed on the solid rod can move
vertically. Extractor 1 is connected to a condenser-
flowmeter 6, immersed in cold water in a tank 7. The
extractor 1 is connected to the vacuum pump 8 through
the condenser-flowmeter 6. The vacuum in the reactor
was measured by a vacuum gauge 9, and the temperature
by a thermometer 10. Water vapor from the reactor was
condensed in the condenser-flowmeter 6. and allowed to
determine the intensity of vaporization. The experiments
were performed at the same temperature of 343 K.

2.2. Experimental Procedure

The procedure was as follows. The liquid was
poured into the extractor 1. A capillary mounted on a
metal rod was installed above the surface of the liquid.
The liquid was heated by the electric heating and stirred
with a magnetic stirrer. After reaching the set temperature,
the capillary rod was immersed in the liquid and the time
of the extraction process beginning was recorded. The
length of the region released from the extracted
component was recorded with a reference microscope. At
the temperature of 343 K the absolute pressure in the
system was 3.12:10% Pa. A similar extraction of the
component from the capillary was performed at vacuum
under which the liquid boils.

Model rectilinear capillaries with a hole diameter
of 0.8 mm were used in the experiments. The capillaries
were filled with potassium chloride, the density of which
was 1980 kg/nr’. Stuffing of capillaries did not allow to
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reach salt integrity. For example, one of the samples
showed a density of 1742 kg/m’, which corresponds to a
porosity of 0.129. Density of the component of each
capillary was determined before the extraction, because
their value was taken into account for mathematical
modeling of the extraction process. Using a reference
microscope the displacement of solubility limit of the
solid vs. time was determined during the extraction under
mechanical stirring and under vacuum.

3. Results and Discussion

3.1. Interpretation of Experimental
Results

Fig. 2 shows the experimentally obtained values of
the displacement zones of potassium chloride solubility
limit in a straight capillary during the extraction under
mechanical stirring and vaccumizing the system. The
extraction temperature of 343 K allows to exclude the
temperature factor from the analysis and to compare only
the hydrodynamics. In both cases, two zones are clearly
distinguished. In the initial time intervals (0—150 s) there
is a rapid displacement of the extraction boundary, which
is possible only in the region of convective diffusion. A
comparison of mechanical stirring and vacuum method
shows that vacuumizing significantly expands the
convection zone. For capillaries with a displacement zone
length up to 10 mm (zone B), the extraction occurs with a
higher intensity. The second one is a zone of molecular
diffusion (zone A), which is characterized by a slow
displacement of the extraction zone. This zone begins
after 100-150 s for mechanical mixing and 150-200 s for
vacuum conditions. In the time interval between
convective and molecular diffusion there is a transition
zone. Studies have shown that the vertical and horizontal
placements of capillaries slightly affect the extraction
kinetics (Fig. 3). Similar results with the presence of two
zones (convective and molecular) were obtained during
the study of copper sulfate extraction from a single
capillary." Similar phenomenon is observed during
adsorption processes. For example, when studying the
kinetics of copper ions adsorption by a natural zeolite, one
can observe an external diffusion region in the initial
stages, which further turns into the intradiffusion one."

The physical interpretation of capillary extraction
processes is shown in Fig. 3, which schematically shows
the distribution of concentrations of the extracted
component in the convective and molecular-diffusion
regions. The convective part is near the capillary hole and
its length is equal to /;. The extraction zone did not reach
Iy (Fig. 3a). The distribution of the extracted component
concentrations is typical of the convective zone.
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Fig. 2. The displacement of the extraction zone boundaries
depending on the process time: extraction under mechanical
stirring (1-3); extraction under vacuumizing the system with a
boiling liquid (4-6). For 1, 4 there is a horizontal position of the
capillary; for 2, 6 the extraction zone is directed upwards; for 3,
5 the extraction zone is directed downwards
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Fig. 3. Physical representation of convective and molecular-
diffusion extraction from a single capillary: the extraction occurs
in the convective zone and the solid-liquid phase boundary is
smaller than that of the convection zone (a); the extraction has
reached the convection zone (b); the extraction occurs in the
zone of molecular diffusion (c)

On the surface of the solid phase, the concentration
is equal to the saturation concentration (solubility) Cs. A
boundary diffusion layer is formed near the solid surface,
which is typical of convective-diffusion processes. The
concentration in the layer decreases to the concentration in
the volume of liquid C;, which is equalized in the volume
of liquid and capillary space to length /; due to the stirring
(Fig. 3b). After dissolving and extracting the component
from the part of the capillary of length /, the process takes
place in the region x> /i, in which there are no turbulent
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pulsations, and the mass transfer is provided by a
molecular diffusion. The distribution of concentrations is
shown in Fig. 3¢. No boundary layer is observed and the
concentration of dissolved component decreases from the
saturation concentration Cg to the concentration C;. This
transition is often represented as a straight line, although
the process with a moving phase boundary, where the
change in concentrations is nonlinear, occurs as well. This
must be taken into account for the mathematical
description of the process. The theoretical analysis of the
process and its analytical confirmation are given below.
Two stages of extraction are considered: a convective
diffusion and a molecular-diffusion stage.

3.2. Mass Transfer in the Region of
Convective Diffusion

The dissolution intensity in the region of
convective (turbulent) diffusion, which lies in the region
of the capillary length 0—/;, is determined by the mass
transfer equation, which includes the mass transfer
coefficient S, determining the intensity of this process:

M=/3-F-(CS—C)T 2)
where M is the mass of the extracted component, kg; F'is
the surface area of the extraction, m2; C, and C are the
saturation and running concentrations, respectively,
kg/m’.

The mass M was determined as follows:

M=F-I-p; 3)
where [ is the length of the convection zone, m; pg is the
density of the solid phase, kg/m’.

The determined value of the mass transfer
coefficient f for extraction under mechanical mixing and
horizontal position of the capillary is 1.78:10% m/s; for
vacuum conditions it is 3.55-10 m/s. The values of the
mass transfer coefficient are characteristic of externally
diffusion mass transfer processes.™®

For the wvertical position of the capillary during
mechanical mixing of the liquid, the values of S were:
2466:10" m/s (a capillary was open from above) and
2.6:10™ m/s (a capillary was open from below). For vacuum
conditions for vertically fixed capillaries, the mass transfer
coefficients are 2.5-10* and 2.47-10* m/s. The obtained
values indicate the same hydrodynamic conditions, due to
which the mass transfer coefficients are close in their
values. The arithmetic mean value of the coefficient is
2.51-10" m/s, and the maximum error is 1.75 %.

The presence of a turbulent diffusion zone in the
capillaries significantly accelerates the extraction process.
The appeared vapor phase stirs the liquid, reducing the
boundary diffusion layer near the dissolution surface in
the capillary. At the same time, the high values of mass
transfer coefficients differ slightly. Therefore, the main
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intensifying effect is caused by the displacement of
extraction zones due to convection.

3.3. Molecular-Diffusion Stage
of Extraction

After the ending of the turbulent diffusion stage,
the reaching of the extraction zone /; and the transition to
the zone x> [, the extraction process is determined by
the molecular diffusion. On the surface of the solid phase
in the capillary which is in contact with the liquid, the
concentration of the component in the liquid is equal to
the saturation concentration Cs. As can be seen from Fig.
3b, there is a smooth transition from the saturation
concentration to the concentration in the turbulent zone
C. The application of the extraction model in this zone is
approximate because it does not take into account the
displacement of the solubility limit.® The method used by
us is based on the balance ratios of the changes in the
component mass over an infinitesimal period of time dz in
a rectilinear capillary on an infinitesimal section. The
capillary is filled with a solid component to be extracted.
The solid component consists of individual particles and
its volumetric fraction is equal to . The space between the
particles during the extraction is filled with a liquid
extractant and its volumetric fraction is (1-¢). It is
obvious that during the extraction the extractant will
dissolve the solid phase and its concentration will be equal
to the saturation concentration of this component Cs. The
scheme of such rectilinear capillary is shown in Fig. 3c.
The crosshatched region represents the solid phase to be
dissolved and extracted. Zone A is the region of a
component transferred by a molecular diffusion, zone B is
the region of convective diffusion. The phenomenon of
convective diffusion is observed near the external surface
in many cases of extraction. The zone /; is insignificant
and is clearly observed during the experiments. The
extraction time is determined by the molecular-diffusion
zone, which determines the required extraction time. In
the convective zone, the liquid is stirred and the
component concentration is equal to the concentration in
the volume of liquid surrounding the particle. This
concentration is denoted as Cj.

In zone A, the component is transferred by the
molecular diffusion. The differential equation that
describes the nonstationary process of one-dimensional
diffusion in a capillary has the view:

2
CoplS o)
ot Ox
where C; is the running concentration in zone A, m; D * is
the molecular diffusion coefficient in the capillary, m’/s.

Eq. (4) is supplemented by the equation of material

balance, which takes into account the movement of the
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dissolution zone. The material balance at the solubility
limit can be recorded as Eq. (5):

L
i{F(L—xS)pn + | FCzdx}dr =
drt L

—xg

=-FD’ (%j dt-FCe (%jdr
ox )., dt

The left side of Eq. (5) is the mass of the extracted
component in the solid phase on the section (L — xs) and in
the volume of the liquid phase F-xs. The right part
represents the mass of the component leaving the
diffusion region and the mass coming to the capillary
from the outside with the concentration of the component
in the volume of liquid C;. The concentration of C; is a
running component in the molecular diffusion region.

After reduction and regrouping, Eq. (5) can be written:

L
_d | Czdx=—D(aC2j (6)
d L—-xg 5x =L
The boundary conditions for molecular diffusion at
the boundaries of zone A have the view:

©)

dx
d—;(e-C1+pn)

G, (l,(,r)= C

Gl(1-1,).r]=C

oG ©
5x2 |x=l,

('32C2 0

5)62 Jx=i-1,

The function corresponding to the boundary
conditions is obtained by solving the third and fourth
equations of the system (7) and is similar to the boundary
conditions of thermal conductivity:'

c, = CIS —ZC1 (1-x)+C, ®)
%

Taking into account the boundary conditions (7)

and (8), Eq. (6) has a view:
%(S-Cﬁpn—A—C—Clj:D*A—C ©)
dr 2

Xs

where AC = Cs— C).
After performing certain transformations, we
obtain a differential equation:

'fxs-dx= ac 0
0

i -D*[dr
[e-cl+pn —E(CS +cl)} 0

Integrating Eq. (10) within the specified limits, we
obtain:

(10)

x; _ AC (11)
2Dt £ Ctp,—05(Cy+C)

Theoretically obtained Eq. (11) may be used to
determine the internal diffusion coefficient D*. Moreover,
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the nonlinearity of the concentration caused by the
moving phase boundary is taken into account. Eq. (1)
assumes that the linear distribution of concentrations in
the capillary is approximate. Taking into account that the
monolithic capillary packing was not achieved in the
above experiments, it is necessary to consider the share of
a solid phase ¢ in Eq. (1). Bringing the specified
dependence in the left part of Eq. (1) to a similar
expression in Eq. (11) and taking into account the value of
&, we obtain:
2
X5 _ AC (12)
2Dt p,—Cg(1-¢)
x5
T
ximate solution obtained from the theory of rectilinear

concentrations distribution (12) and for the exact solution

(11).

For experimental studies, the values of

The values of

were compared for the appro-

x5

T
approximate A; (12) and exact 4, (11) solutions were
determined. For experimental conditions AC = 300 kg/m’;
the density of filling the capillary with the solid phase p, =
1742 kg/m’; ¢ = 0.871; 4, = 0.1761; A, = 0.1884. The
error for A, and 4, was 6.9 %.

The determined value of the internal diffusion
coefficient D* for different positions of the capillary and
approximate and exact theories are:

1) approximate theory

— vertical position D* = 9.82:10” m?/s;

— horizontal position D* = 1.768:10"* m%/s;

2) exact theory

— vertical position D* = 9.3-10” m’/s;

— horizontal position D* = 1.674:10™* m%s.

for

4, Conclusions

The obtained results indicate the presence of two
mechanisms of extraction from rectilinear capillaries with
a diameter of 0.8 mm: the convective one at the beginning
of the capillary and the molecular-diffusion one after the
convective zone. The length of the convective zone for
capillaries of this diameter depends on the intensity of the
hydrodynamic impact on the system. Vacuumizing the
system allows to increase the convection zone without
affecting the mass transfer coefficient. Two zones of
extraction of the solid component from rectilinear
capillaries (convective and molecular-diffusion) were
found. Owing to the vapor phase formation the system
vacuumizing allows to increase the convective zone due
to the influence of the vapor phase on the liquid in the
capillary. The mass transfer coefficients inside the
capillary were experimentally determined and their
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independence from the type of stirring was shown. A
mathematical model of molecular diffusion based on the
use of balance relations, according to which the obtained
concentration profile is nonlinear due to the moving phase
boundary, was proposed. The internal diffusion coefficients
for this model were determined and their discrepancy with
the corresponding coefficients of rectilinear distribution
concentrations model was shown.
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PIBUKO-MATEMATHYHA MOJEJIb
EKCTPAT'YBAHHS HIVIbOBOT'O KOMITIOHEHTA
3 NPSIMOJITHIMHUAX KAILJISIPIB

Anomauisn. [locriodiceno excmpazysantst meepooco KOMNo-
Henma 3 NpsAMoniniHo20 Kaninspa. Iliomeepoiiceno HasgHicmb
080X 30H eKCMpPA2Y8aHHA: KOHBEKMUBHOI MA MONEKYIAPHO-OUdy-
3iuHoL. Jlocniosiceno 6niue 8aKyyMy6aHHs CUcmemu Ha WEUOKICIb
excmpazysannsi. Tlokazano 36invuientss 30HU KOHEeKYii nio uac
6AKYYMYBAHHSL BHACIIOOK GUHUKHEHHs 6YIbOAUIOK naponooionol
Gazu. Busnaueno roegiyichmu macogiooaui Onsi KOHGEKMUBHOL
30nu. Hagedeno mamemamuuny mooeib MONeKyIspHO-Ougy3iiHol
cmadii 3 8paxy8anHsIM HEIHIHOL 3MIHU KOHYEeHmMPAayii KOMNOHeHma
y piouni HACHIOOK nepemiujenHs: epanuyi excmpazyéawHs. Bu-
3HAYeHO KoeghiyieHmu MONeKYIAPHOT Oupysii' y Kaniispi.

Knwuosi cnoea: excmpazysanus, Kaninap, mamemamuyna

MoOenb, Koegiyicnm macosiooaui, KoepiyicHm MONeKVIAPHOT

oughysii.



