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Abstract
Introduction. Electrochemical treatment of mineral suspensions is used in electrochemical
conditioning of flotation pulp and electrochemical dissolution of minerals and metals in the
processes of gold-bearing products electrochemical chlorination.
Research objective is to develop and implement the procedures for determining the values of
the liquid phase resistance, contact resistance under contact polarization, and ion discharge
energy loss resistance under contactless polarization of the electrically conductive part.
Methods of research. Equivalent circuits of electrochemical processes have been built for
various electrochemical cells. Circuits for various polarizations of electrically conductive
particles are established. A formula is proposed for calculating the electrically conductive
particle resistance through the electrical resistivity of a unit of volume. A procedure has been
developed for calculating the liquid phase resistance through the resistance increment under
changing distance between the electrodes. The contact area and pressure influence on the
value of the contact resistance is studied through the contact of pyrite and chalcopyrite with
an iron electrode.
Results. When studying the electrical resistivity of the liquid phase, it was found that increased
distance between the current-carrying electrodes leads to an equivalent increase in the liquid
phase resistance. It has been established that increased pressure and contact area between the
contacting particles and the current-carrying electrode results in decreased contact resistance.
The contact resistance between the particle and the electrode in the electrolyte solution is
much less than the contact resistance under dry surfaces contact. This phenomenon
is explained by electrons tunneling through the electrolyte film. The obtained experimental
data on the determination of the liquid phase resistance, contact resistance and ion
discharge energy loss resistance make it possible to mathematically describe the processes of
electrochemical chlorination under a large number of particles in the pulp.
Conclusions and scope of results. Procedures have been developed and specific data have
been obtained on the liquid phase resistance, contact resistance, and ion discharge resistance.
They can be used for practical application when implementing electrochemical technologies
for mineral suspensions treatment.

Keywords: electrochemical treatment; mineral suspensions, contact polarization; contactless
polarization; electrically conductive particle; bipolar electrode; electrical resistivity of the
liquid phase, ion discharge energy loss resistance.

Introduction. Electrochemical treatment of mineral suspensions is becoming more
common in mineral processing and hydrometallurgy. Methods for the electrochemical
conditioning of flotation pulps, reagents, and industrial and reclaimed water [1] are
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developed as well as methods for the electrochemical dissolution of minerals and
metals [2-6].

Direct current acting upon on the mineral suspension, depending on the parameters,
is accompanied by the electrolysis processes with the release of gaseous oxygen, chlorine,
and hydrogen, the process of acid and alkali formation and electrically conductive
particles polarization, and the process of excitation of oxidizing anodic and reduction
cathodic electrochemical reactions on their surface [6, 7].

Electrochemical processes are characterized by the fact that the electric current flows
through the solid phase (current-carrying electrodes, conductive particles) in the form
of electrons, while through the liquid phase it flows in the form of ions. There are
resistances to the ion discharge on the surface of electrically conductive particles [4, 8].

In a constant electric field, cations and anions move towards each other. The speed
of anions and cations in an electric field depends on the medium viscosity and ions
concentration and mobility [5, 9].

Since the electric current flow in the liquid phase obeys Ohm’s law, an important
characteristic is the liquid phase electrical conductivity or its reciprocal, the resistance.
The liquid phase resistance is commonly determined at increased values of the current
frequency, in order to eliminate the effect, the electrochemical processes on the
current-carrying electrodes have on the electrical conductivity [3, 10]. It is obvious that
the electrical conductivity measured in this way will not correspond to the liquid phase
electrical conductivity when a direct current passes through it when the electric current
carriers (ions) come into motion due to the electric field strength gradient.

It is impossible to accurately determine the liquid phase resistance under the specific
conditions of the electrochemical process using the existing methods.

When determining the parameters of a direct current flow through a mineral
suspension, it is necessary to set the values of ion discharge energy loss resistance on the
anode- and cathode-polarized surfaces of electrically conductive particles. The physical
interpretation of the ion discharge resistance is that the ions overcome the electric field
of the electrical double layer (EDL) [11].

When a direct current flows through a suspension, contact and contactless polarization
of electrically conductive particles of the solid phase are possible [12—14].

In contact polarization of electrically conductive particles, the contact resistance
between the particle and the current-carrying electrode is of decisive importance for the
excitation of electrochemical reactions on the particle surface [12, 13].

In contactless polarization, electrically conductive particles act as a bipolar
electrode. The surface of the particle directed towards the anode is cathodically
polarized, and the surface of the particle directed towards the cathode is
anodically polarized. Cathodic and anodic processes can be simultaneously excited on
a particle [15]. To excite electrochemical reactions on a bipolar particle, it is necessary
to create a potential gradient on the particle sufficient to overcome the ion discharge
resistance on the cathode and anode sides of the particle [16, 17].

To provide the required preset conditions for the mineral suspensions electrochemical
treatment, it is necessary to determine the values of the direct current flow electrical
parameters [18-21].

This research studies the parameters of contact and contactless polarization of
particles, the procedures for determining are proposed, and suspension liquid phase
resistances, the contact resistances of the zone of contact between particles and current-
carrying electrodes, and ion discharge energy loss resistance on the anode and cathode
sides of a bipolar particle are determined for specific conditions.

10



OBOrALLEHUE Moposos FO. I1. u op. / Hzsecmus 6y306. Toprwiil sicypran. Ne 2, 2023. C. 9-20

developed as well as methods for the electrochemical dissolution of minerals and
metals [2-6].

Direct current acting upon on the mineral suspension, depending on the parameters,
is accompanied by the electrolysis processes with the release of gaseous oxygen, chlorine,
and hydrogen, the process of acid and alkali formation and electrically conductive
particles polarization, and the process of excitation of oxidizing anodic and reduction
cathodic electrochemical reactions on their surface [6, 7].

Electrochemical processes are characterized by the fact that the electric current flows
through the solid phase (current-carrying electrodes, conductive particles) in the form
of electrons, while through the liquid phase it flows in the form of ions. There are
resistances to the ion discharge on the surface of electrically conductive particles [4, 8].

In a constant electric field, cations and anions move towards each other. The speed
of anions and cations in an electric field depends on the medium viscosity and ions
concentration and mobility [5, 9].

Since the electric current flow in the liquid phase obeys Ohm’s law, an important
characteristic is the liquid phase electrical conductivity or its reciprocal, the resistance.
The liquid phase resistance is commonly determined at increased values of the current
frequency, in order to eliminate the effect, the electrochemical processes on the
current-carrying electrodes have on the electrical conductivity [3, 10]. It is obvious that
the electrical conductivity measured in this way will not correspond to the liquid phase
electrical conductivity when a direct current passes through it when the electric current
carriers (ions) come into motion due to the electric field strength gradient.

It is impossible to accurately determine the liquid phase resistance under the specific
conditions of the electrochemical process using the existing methods.

When determining the parameters of a direct current flow through a mineral
suspension, it is necessary to set the values of ion discharge energy loss resistance on the
anode- and cathode-polarized surfaces of electrically conductive particles. The physical
interpretation of the ion discharge resistance is that the ions overcome the electric field
of the electrical double layer (EDL) [11].

When a direct current flows through a suspension, contact and contactless polarization
of electrically conductive particles of the solid phase are possible [12—14].

In contact polarization of electrically conductive particles, the contact resistance
between the particle and the current-carrying electrode is of decisive importance for the
excitation of electrochemical reactions on the particle surface [12, 13].

In contactless polarization, electrically conductive particles act as a bipolar
electrode. The surface of the particle directed towards the anode is cathodically
polarized, and the surface of the particle directed towards the cathode is
anodically polarized. Cathodic and anodic processes can be simultaneously excited on
a particle [15]. To excite electrochemical reactions on a bipolar particle, it is necessary
to create a potential gradient on the particle sufficient to overcome the ion discharge
resistance on the cathode and anode sides of the particle [16, 17].

To provide the required preset conditions for the mineral suspensions electrochemical
treatment, it is necessary to determine the values of the direct current flow electrical
parameters [18-21].

This research studies the parameters of contact and contactless polarization of
particles, the procedures for determining are proposed, and suspension liquid phase
resistances, the contact resistances of the zone of contact between particles and current-
carrying electrodes, and ion discharge energy loss resistance on the anode and cathode
sides of a bipolar particle are determined for specific conditions.

10



Morozov Yu. P. et al. / Minerals and Mining Engineering. No. 2, 2023. Pp. 9-20 MINERAL PROCESSING

Methods of research. To study the electrical parameters of electrochemical processes
in various modes, electrochemical cell variants are considered, the schematic diagrams
of which are shown in Figure 1.

1 3

Figure 1. Basic diagrams of electrochemical cells without an electrically
conductive particle — @, with a contact of an electrically conductive particle and
a conductive anode — b, with an electrically conductive particle in the liquid phase — c:
1 — electrochemical cell body; 2 — conductive anode; 3 — conductive cathode; 4 — liquid
phase; 5 — electrically conductive particle
Pucynok 1. [IpHHIMTIHATBHBIC CXEMBI JJICKTPOXUMUUYECKHX sueeK Oe3 3IeKTPONpOBOIHOM
YaCTHIIBI — @, C KOHTAKTOM 3JIEKTPOIIPOBOJHON YaCTUIIBI U TOKONPOBOALIIETO aHOAA — b,
C JICKTPOIPOBOJHON YacTHIEH B KUAKOW daze — ¢: [ — KOPIyC DNIEKTPOXUMUIECKOM
SIYCHKH; 2 — TOKOTIOABOMSAIIMN aHOJ; 3 — TOKOMOJBOSIINIA KaToa; 4 — xuakas (dasa;
5 — pIIeKTpOINPOBO/IHAS YacTHIIA

To calculate the electrical parameters of processes in electrochemical cells,
similarly to [15], equivalent circuits are compiled and shown in Figure 2, where
R, R_are the resistances of the current-carrying anode and cathode; R, R | are the
ion discharge energy loss resistances on the current-carrying anode and cathode;
R, is the liquid phase resistance; R, R, are the liquid phase resistances involved
in the supply of electricity to the particle from the anode and cathode sides; R is
the particle resistance; R is the contact resistance between the particle and the
current-carrying electrode; R |, R | are the ion discharge energy loss resistances on
the anode and cathode sides of the particle.

The total resistance of the circuit R, equivalent to two electrodes in the liquid
phase (Figure 2, a), is determined by the sum of the resistances that make up the
circuit:

R=R +R,, +R +R, +R..

When an electrically conductive particle contacts a current-carrying anode
(Figure 2, b), the contact area is many times smaller than the anode area. Approximately,
it can be assumed that in parallel with the resistance R_, a circuit is switched on which
makes up the contact resistance R_, the particle resistance R, and ion discharge energy
loss resistance on the particle R . Then the total resistance R is determined by the
formula:

R :R + Rela (Rcon + Rp + Relap) )
“ R,+R,, +R,+R

elap
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When an electrically conductive particle is placed in the liquid phase without
contact with the electrodes (Figure 1, ¢), the particle is polarized as a bipolar electrode.
The surface of the particle directed to the current-carrying anode is cathodically
polarized, while the surface of the particle directed to the current-carrying cathode is
anodically polarized.

The total resistance R of the circuit with an electrically conductive particle in the
liquid phase (Figure 2, ¢) is determined by the formula:

(R +Ry, + R+ Ry + R, )le L

R, +R +R +R, +R. +R

elcp elap l.one

R=R +R, + +R,

elc c

R, ..1s the resistance of the liquid phase, which is not involved in the supply of electricity
to the particle; R_and R, are the resistance of the liquid phase involved in the supply of

electricity to the partlcle from the side of the current-carrying anode and cathode.

O = H H=H* O

= e 1O
Rcon I_I Rp |_| Rclap }J

= O
N N o S Wyt

Figure 2. Electrical circuits equivalent to electrochemical cells with conductive
electrodes in the liquid phase — @, upon contact of an electrically conductive particle
with an anode — b, with an electrically conductive particle in the liquid phase — ¢
PucyHOK 2. DIICKTPHYECKHE CXEMBbI, IKBUBAJICHTHBIC JICKTPOXMMHYCCKUM sYCiiKam
C TOKOIOABOMSAIIMMH OJIEKTPOJAMH B IKHIKOW (ase — a, NpH KOHTaKTe
9NIEKTPOIIPOBOTHON YACTHIBI C AHOJIOM — b, C OIIEKTPOIPOBOJHON YaCTHLCH B
KuAKoit ¢ase — ¢; R,, R, — CONPOTHBIICHUS] TOKOTOIBOAALINX aHOJA U KaToAa; Ry,
Relc — CONPOTUBIICHHUS TOPMOXKEHHS pa3psi[ia MOHOB Ha TOKOIOJBOJUILIMX aHOJAE U
Katone; Ry — COMpOTUBNEHME KUAKOH (asbl; Ry, Ry, — COMPOTUBJIEHMS KHAKOH
(a3pl, yyacTByIOUIelH B MOABOJAE 3JIEKTPUYECTBA K YACTUIE C aHOJHOW M KaTOIHON
CTOPOH; R, — CONPOTHMBIEHHE YACTULBL;, R, — CONMPOTHBIECHHE KOHTAKTa MEXKIY
YacTULEH M TOKONOABOIAIIMM OJEKTPOAOM; Reap, Reep — CONPOTHBIECHHUS
TOPMOKCHUSI pa3psila HMOHOB Ha aHOMHOM M KaTOMHOI CTOPOHAX YaCTHIIBL
R one — COIPOTHBIICHHE JKUIKON (a3bl, HE yJacCTBYIOMICH B MOABOJE JJIEKTPHIECTBA

K 4acTULE

To calculate the equivalent circuits shown in Figure 2, all the resistances in the
circuits should be determined.

The resistances of the current-carrying anode and cathode R , R can be determined
through the electrical resistivity of the material and the geometry of the electrodes:
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H

;o Ro=po——s
LB P8

a - a cC

a

R, =p,

where p_and p_ are anode and cathode electrical resistivities, Ohm - m; H_and H_are
anode and cathode lengths, m; L, L_ are anode and cathode widths, m; B, and B,
are anode and cathode thicknesses, m.

In a similar way, the particle resistance can be determined in terms of particle unit
volume electrical resistivity and particle volume:

R, =pV,

where P, is the electrical resistivity of a particle, Ohm/m?*; V'is the particle volume, m°.

To determine the liquid phase resistance for specific electrochemical process
conditions, a procedure is proposed based on the determination of electrical parameters
under variable values of the distance between the current-carrying electrodes.

The total resistance R of an electric cell with current-carrying electrodes is determined
by Ohm’s law.

A greater distance between the current-carrying electrodes under a constant cross
section of the liquid phase results in resistance increment by the value of resistance AR,
of the additional liquid phase volume.

There is an assumption that under a constant concentration of ions in the liquid
phase and a constant value of the electric current flowing through the electrochemical
cell, the ion discharge energy loss resistances R, R, will not change their values
significantly. Based on the assumption, the resistance increment AR, can be determined
as the difference in resistances at higher and lower distances between current-carrying
electrodes:

AIel = Rtwo - Ronc >
where R _and R are the total resistance of the electrical circuit under a smaller and
greater distance between the current-carrying electrodes.

Studies on the contact resistance value determination were carried out on the example
of sulfide minerals (pyrite and chalcopyrite) contact with an iron rod. An installation
was used to measure the contact resistance. The schematic diagram of the installation is
shown in Figure 3.

The installation consists of a mineral plate / placed on an insulating plate 2, an iron
rod 3 covered with an insulating coating 4 on the outside. The rod 3 is inserted into the
guide tube 5 of the tripod 7. A load 6 of variable mass is placed on top of the rod 3.

Since the resistances of the electrical wires, iron rod, and mineral plate are fractions
of an Ohm, the contact resistance between the iron rod and the mineral sample was
measured with a small error using an ohmmeter §. The influence of the contact area and
pressure on the mineral particle per the resistance value has been studied. The pressure
on the contact area of the mineral was changed using weight 6 mounted on an iron rod,
taking into account the weight of the iron rod.

The studies were carried out under the contact of mineral surfaces / and rod 3 and
under the contact with the surface of a mineral moistened with a 5% NaCl solution.

Studies on the ion discharge energy loss resistance determination were carried out
using the electrochemical cell shown in Figure 1, a. The electrical parameters were
measured with and without the vertical electrically conductive plate that blocks the

13
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liquid phase into two compartments. Changes in resistance AR with the blocking mineral
particle, under otherwise equal conditions, are the sum of the ion discharge energy loss
resistances on the cathode and anode sides of the bipolar plate.

Experimental results. Experimentally, the procedure for determining the liquid
phase electrical resistivity R, was implemented in an electrochemical cell 0.036 m wide,
0.06 m high, and 0.65 m long. Current-carrying electrodes made of graphite with a width
equal to the width of the electrochemical cell were installed in the cell at a distance from
each other with a gap 0 0.2; 0.4; 0.6 m. NaCl solution with a concentration of 50 g/l was
poured into the electrochemical cell to a level of 0.024 m.

6
7
- 5
4 8
3 1
o O
%
‘N
2 —
BN \\\\\\\I\\I

Figure 3. Schematic diagram of an installation for measuring the contact
resistance between sulfide minerals and an iron rod: / — model mineral
plate; 2 — insulating plate; 3 — iron rod; 4 — insulating coating; 5 — guide
tube; 6 —load; 7 — tripod; 8§ — ohmmeter
Pucynox 3. IIpuUHUMNHWANbHAS CXeMa YCTAHOBKH JUIL H3MEPEHHS
KOHTAKTHOTO COIPOTHBICHUS MEXKIy CyIbOHIHBIMA MHHEpalaMd U
JKENEe3HBIM ~ CTepxkHeM: [ — MoOZeNbHas IUIACTHHA  MHHepaia;
2 — U30IIMOHHAS IUTaCTHHA; 3  — OKEJNe3HBIH  CTepIKEHS;
4 — M30JSILIMOHHOE TMOKPBITHE, 5 — Hampapisitomas Tpybda; 6 — Tpys3;
7 — IITaTuB; § — OMMETP

In each mode, the current was set to 0.1 A, and the voltage on the electrodes was
recorded. The electrical parameters observation data are given in Table 1.

It has been found that, under specific experimental conditions, when the distance
between the current-carrying electrodes is increased by 200 mm (from 200 to 400 and
from 400 to 600 mm), the voltage on the electrodes increases by 3.1 V, and the resistance
increases by 31 Ohm (AR =31 Ohm).

Electrical resistivity of the liquid phase:

AR(BH) _31-0,036-0,024
AL 0,2

p, = =5,35-10" Ohm-m.

The values of contact resistances between a metal rod and the minerals of pyrite and
chalcopyrite are studied under a contact area of 0.1 mm? and 0.5 mm? under the pressure
of 50 to 200 Pa. The observation data for the contact resistance under the dry surfaces
contact are given in Table 2.
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It has been found that an increase in pressure in the range from 50 to 200 Pa and an
increase in the contact area result in decreased contact resistance.

The observation data for the contact resistance between a metal rod and a mineral
moistened with a 5% NaCl solution are shown in Table 3.

Table 1. Observation data of electrolysis electrical parameters of sodium chloride solution with
a concentration of 50 g/l
Ta6una 1. Pe3yabTaTsl 3aMepoB 3/1eKTPUYECKHX APAMETPOB 3JIEKTPOJIH3Aa PACTBOPA XJIOPHAA
HATpHUs KoHUeHTpauueit S0 r/n

Distance betweep the Current through Total resistance
current-carrying th tem ﬁ Voltage, V RL. Ohm > AR, Ohm
electrodes, mm © system, b

200 0.1 3.7 37 -
400 0.1 6.8 68 31
600 0.1 9.9 99 31

It has been established that in the NaCl solution, the contact resistance decreases
as compared to the contact resistance under the surfaces contact. This phenomenon can
be explained by electrons tunneling through the electrolyte film [12, 13]. Calculations
of the contact resistance conditioned by electrons tunneling were performed using
formula (7) from work [12].

Table 2. Observation data of contact resistance in contact with dry surfaces
Ta0uauna 2. PesyabTaThl H3MepeHUs] KOHTAKTHOIO CONPOTHBJICHHS NIPH KOHTAKTE CyXUX

NOBEPXHOCTEMH
Contact resistance, Ohm
Pressure, Pa Contact area, m? - -
Pyrite Chalcopyrite
50 0.1 425 180
0.5 340 98
100 0.1 375 160
0.5 280 90
200 0.1 325 130
0.5 220 60

The values of the electrical resistivity of ion discharge energy loss per unit area of
bipolar particle contacts in a NaCl solution are further calculated.

Studies to determine the values of the ion discharge energy loss resistance on the
anode and cathode sides of a bipolar electrically conductive particle were carried out
with copper or pyrite plates installed in the electrochemical cell. An electrochemical
cell 600 mm long, 26 mm wide, and 56 mm high was used. A bipolar plate 2 mm thick,
26 mm wide, and 56 mm high was placed in the center of the electrochemical cell.
A NaCl solution with a concentration of 50 g/1 in a volume of 650 ml was poured into the
cell. A current equal to 0.5 A was applied to the current-carrying electrodes, the voltage
on the electrodes was recorded, and the total resistance of the circuit was calculated
using Ohm’s law, with and without a bipolar plate. The difference in resistance values
was taken as the ion discharge energy loss resistance. The experimental results are given
in Table 4.
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It follows from Table 4 that the ion discharge energy loss resistance on a copper plate
will be 16 Ohm, and 18 Ohm on a pyrite plate. The electrical resistivity of ion discharge
energy loss on the anode and cathode sides was 14,679 Ohm/m? on the copper plate and
16,514 Ohm/m? on the pyrite plate.

Table 3. Observation data of the contact resistance between a metal rod and a mineral surface
moistened with a NaCl solution
Tabuauna 3. Pe3yJbTaThl H3MepeHHs] KOHTAKTHOIO CONPOTHBJICHUS MEKAY METANIMYECKHM
cTep:kHeM M cMoveHHol pacTBopoM NaCl noBepxHocThI0 MUHEpaJia

Contact resistance, Ohm
Pressure, Pa Contact area, m? - -
Pyrite Chalcopyrite
50 0.1 400 170
0.5 320 89
100 0.1 350 148
0.5 258 77
200 0.1 305 125
0.5 198 50

Discussion. The paper considers variants of contact and contactless polarization of
particles under the electrochemical treatment of mineral suspensions. It is proposed
to determine the electrical parameters of the mineral suspensions electrochemical
treatment process through the equivalent circuits calculation. Procedures are proposed
for determining the liquid phase resistances, the contact resistances of the contact
area between the particle and the electrode, the ion discharge resistances on the anode

Table 4. Observation data of electrical parameters of an electrical circuit with and without
a bipolar plate
Tabauna 4. Pe3yJbTaTbl H3MepeHHsl 3JIeKTPHYECKUX NapaMeTPOB 31eKTPHYeCKOi enu npu
OTCYTCTBHHU Y HAJIMYMH OUIOJISIPHOI IIACTHHBI

Parameter Copper plate Pyrite plate
Current, A 0.1 0.1
Voltage without a plate, V 10.0 10.0
Voltage with a plate, V 11.6 11.8
Resistance without a plate Rone, Ohm 100.0 100.0
Resistance with a plate Riwo, Ohm 116 118
AR = Rtwo — Rone 16 18
Width R of the area of immersion, m 0.026 0.026
Depth H of the area of immersion, m 0.042 0.042
Contact area F = 2RN, m? 0.00109 0.00109
Electrical resistivity of the ion discharge energy
loss on the anode and catode sides of a bipolar
plate AR/F, Ohm/m? 14 679 16 514

and cathode sides of the electrically conductive particle for specified conditions of the
process implementation. The procedure developed by the authors proposes to determine
the liquid phase resistance through the resistance increment under the changing distance
between the electrodes and makes it possible to accurately determine the liquid phase
resistance under specific conditions of electrochemical treatment. The contact resistance
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of the electrode contact area and the electrically conductive particle with a liquid phase
film between the contacting elements reduces the contact resistance due to electrons
tunneling through the liquid phase. The presence of ion discharge resistance on the anode
and cathode parts of the electrically conductive particle necessitates higher voltage on
the working electrodes to overcome the resistance and excite electrochemical reactions.

Experimental data on the determination of liquid phase resistances, contact
resistances, and ion discharge energy loss resistances on the surface of an electrically
conductive particle offer opportunities for modeling processes with a large number of
particles in the pulp.

Conclusions. The paper substantiates and experimentally implements the procedures
for determining the values of liquid phase resistance, contact resistance in contact
polarization, and ion discharge energy loss resistance in contactless polarization of
electrically conductive particles. The possibilities of calculating the electrical parameters
of electrochemical processes are determined by calculating the equivalent circuits of the
process.

New experimental data can be turned to practical use when implementing
the electrochemical technologies of mineral suspensions treatment.
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HccnenoBaHue d1eKTPUUECKHX MAPAMETPOB KOHTAKTHOM M 0€CKOHTAKTHOI
MOJISIPU3AIUH YACTHUI] TPU JIEKTPOXUMHUYECKOiT 00padoTKe MUHEPATbHBIX
cycreH3ui

Moposos 1O. I1.!, Baabuesa A. N.?

! Vpanbckuiit TocyIapCTBEHHBINH TOpHBIN yHUBEpCHUTET, T. ExatepunOypr, Poccust.

2 Vpanbckuii eepanbhblii yausepcuteT um. riepsoro [pesunenta Poccun b. H. Enbuuna,
. ExarepunOypr, Poccus.

Pegpepam
Bgeoenue. Dnexmpoxumuueckas 06pabomka MUHEPATbHbIX CYCHEH3UL HAXOOUm NPUMEHEHUE
npu  INEKMPOXUMUYECKOM KOHOUYUOHUPOBAHUU  (DIOMAYUOHHBIX NYIAbN, INEKIMPOXUMULECKOM
PACMBOPEHUU  MUHEPAIO8 U  MEMALlo8 6 NpOYeccax ONeKMpPOXUMUUECKOU XAOPUHAYUU
30/10MOCO0ePHCAUUX NPOOYKIMOS.
Llenvio padomwr sensiomcs paspabomxa u peanuzayusi Memooux Onpeoesenus 3HAYeHUll
CONpOMuUBNeHUs  HCUOKOU  hasvl,  KOHMAKMHO20 — CONPOMUGNEHUs — NpU  KOHMAKMHOU
NONAPU3AYUL U CONPOMUBTLEHUS. MOPMOICEHUS. PA3PAOA UOHOE NPU OECKOHMAKMHOU NONAPUAYUL
ANMEKMPONPOBOOHBIX YACTIUL.
Memooonocusn. {1 pasiuynblX  6apUANMOS  ANEKMPOXUMUYECKUX — AYeeK  COCMAGIEeHbl
IKGUBAIEHMHbBLE INEKMPUUECKUE CXeMbl INEKMPOXUMUYECKUX npoyeccos. Onpedenenvl cxembl
07151 PA3IUYHOU NOIAPUAYUU DNEKMPONPOBOOHBIX YACIUY, NPedSodiceHd Gopmyna Ol paciema
CONPOMUBTIEHUsL  INEKMPONPOBOOHOU  YACMUYbL 4epe3 YOelbHoe CONPOMUBNeHue eOuHUuybl
obvema. Paspabomarna memoouxa paciema cONpomusieHus HCUuoKol ¢hazvl uepes npupocm
CONPOMUBTIEHUsL NPU USMEHEHUU PACCMOsIHUSL Medcdy anekmpodamu. Ha npumepe xonmaxma
NUPUMA U XATTLKORUPUINA C JCENEIHBIM INEKMPOOOM UCCIEO08AHO GIUSHUE NAOUAOU KOHMAKMA U
0aGIeHUsl HA 6ETUYUHY KOHIMAKMHO20 CONPOMUGLEHUSL.
Pesynvmameot. [pu ucciedosanuu yOerbHo2o cOnpomuGaeHus JCUOKOU (azvl YCMaAHOBIEHO, YUMo
yeenuuerue paccmosinus Medxicoy mokonoOGOOAUUMU DNEKMPOOAMU NPUBOOUNN K IKEUBALEHIMHOMY
VBEIUYEHUIO CONPOMUBTEHUs. JHCUOKOU (hasvl. Yemanoeneno, umo ysenuuenue O0agieHus u
NIoWAOU KOHMAKMA MeXCOY KOHMAKMUPYEeMbIMU YACTIUYAMU U MOKONOO0B0O0AUUM DNIEKMPOOOM
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NPUBOOUM K CHUNCEHUI) KOHMAKMHO20 conpomueierus. Konmaxmruoe conpomusnenue mexcoy
yacmuyel u 31eKmMpoOOM 8 PACMEOpe NeKMPOIUMd 3HAYUMENbHO MeHbUle N0 CPABHEHUIO C
KOHMAKMHbIM CONPOMuUeieHuemM npyu KOHMaxkme Cyxux nogepxnocmeti. Imo seinenue 00vacHaemcs
00pazosanuem MyHHEIbHO20 Nepexood S1eKMPOHO8 uepe3 NieHKY anekmponuma. IlonyuernHvie
IKCNEepUMEHMANbHble OAHHble N0 ONpedeleHU0 CONPOMUBLEHUs HCUOKOU (pa3bl, KOHMAKMHBIX
COnpomusnenul U CONpomMuUBIeHUs MOPMONCEHUS pA3PAOd UOHO8 NO3OAION  BLINOTHUMb
Mamemamuyeckoe ONUCAHUE NPOYecco8 INeKMPOXUMUUECKOU XJIOPUHAYUU Npu  OOTbUIOM
Konudecmese 4acmuy 8 nyivhne.

Buvieoovt u oonacme npumenenusn pesynvmamos. Paspabomanvl memoOuku u HOIYy4YeHbl
KOHKpemHvle OaHHble N0 CONPOMUBLEHUAM JICUOKOU (Da3bl, KOHMAKMHbIM CONPOMUBTEHUM
U CONpOMUBIEHUIO pA3PAOA UOHOB, KOMOopble MO2ym Oblmb UCHONb308AHbl OJi NPAKMULECKO20
NPUMEHEHUs. NpU  Peanu3ayuil dNeKMpPOXUMUYECKUX MEXHON02UL 00padOmKU  MUHEPATLHBIX
CYCneH3ull.

Kniouesvie cnosa: snexmpoxumuueckas oopabomka; MuHepaibHvle CYCNeH3ull; KOHMAKMHAs
noaspuzayusi;, OECKOHMAKMHAsL  NOAAPUIAYUSL,  DNEKMPONPOBOOHAs  4aACmuyd,; OUnOIsApHbILL
NEKMPOO; yoenbHoe COnpomusieHue JCUOKol hasvl, CONPOMUBTIEHUE MOPMONCEHUSL Pa3paod
UOHOB.
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Methods of research. To study the electrical parameters of electrochemical processes
in various modes, electrochemical cell variants are considered, the schematic diagrams
of which are shown in Figure 1.

’ I ’ I ’
4
1 1

Figure 1. Basic diagrams of electrochemical cells without an electrically
conductive particle — @, with a contact of an electrically conductive particle and
a conductive anode — b, with an electrically conductive particle in the liquid phase — c¢:
1 — electrochemical cell body; 2 — conductive anode; 3 — conductive cathode; 4 — liquid
phase; 5 — electrically conductive particle
Pucynox 1. [IppHIMnmanbsHbele CXEMBI SIEKTPOXHMMHUUECKUX sTUeeK 0e3 3IeKTPONpPOBOTHOM
YJaCTUIIBI — @, C KOHTAKTOM 3JIEKTPOIIPOBOTHON YaCTUIBI M TOKOPOBOAAIIETO aHOAa — b,
C QJICKTPOIPOBOJHON YacTHIEH B KUAKOW daze — ¢: [ — KOPIYC DNIEKTPOXUMUIECKOM
SIYEHKH; 2 — TOKOTIOABOMSAIIMN aHOJ; 3 — TOKOMOJBOJSIINIA KaToa; 4 — xuakas dasa;
5 — pIIeKTPOIPOBO/IHAS YaCTHIA

To calculate the electrical parameters of processes in electrochemical cells,
similarly to [15], equivalent circuits are compiled and shown in Figure 2, where
R, R_are the resistances of the current-carrying anode and cathode; R, R _are the
ion discharge energy loss resistances on the current-carrying anode and cathode;
R, is the liquid phase resistance; R, R, are the liquid phase resistances involved
in the supply of electricity to the particle from the anode and cathode sides; R is
the particle resistance; R is the contact resistance between the particle and the
current-carrying electrode; R |, R | are the ion discharge energy loss resistances on
the anode and cathode sides of the particle.

The total resistance of the circuit R, equivalent to two electrodes in the liquid
phase (Figure 2, @), is determined by the sum of the resistances that make up the
circuit:

R=R +R,, +R +R, +R..

When an electrically conductive particle contacts a current-carrying anode
(Figure 2, b), the contact area is many times smaller than the anode area. Approximately,
it can be assumed that in parallel with the resistance R_, a circuit is switched on which
makes up the contact resistance R_, the particle resistance R, and ion discharge energy
loss resistance on the particle R . Then the total resistance R is determined by the
formula:

R :R + Rela (Rcon + Rp + Relap) )
“ R,+R,, +R,+R

elap
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When an electrically conductive particle is placed in the liquid phase without
contact with the electrodes (Figure 1, ¢), the particle is polarized as a bipolar electrode.
The surface of the particle directed to the current-carrying anode is cathodically
polarized, while the surface of the particle directed to the current-carrying cathode is
anodically polarized.

The total resistance R of the circuit with an electrically conductive particle in the
liquid phase (Figure 2, ¢) is determined by the formula:

(R +Ryy + R+ Ry + R, )le L

R, +R +R +R, +R. +R

elep elap l.one

R=R +R, + +R,

elc c

R, .1s the resistance of the liquid phase, which is not involved in the supply of electricity
to the particle; R,_and R, are the resistance of the liquid phase involved in the supply of

electricity to the partlcle from the side of the current-carrying anode and cathode.

O H e H H=H* O

| ] L] |
O~ e & & HH* O
Rcon I_I Rp |_| Rclap }J

R e e T N e
S e o S Syt

Figure 2. Electrical circuits equivalent to electrochemical cells with conductive
electrodes in the liquid phase — @, upon contact of an electrically conductive particle
with an anode — b, with an electrically conductive particle in the liquid phase — ¢
PucyHOK 2. DIICKTPHYECKHE CXEMbI, IKBUBAJICHTHBIC JICKTPOXMMHYCCKUM sYCiiKam
C TOKOIOJABOMSAIIMMH OJIEKTPOJAMH B IKHIKOW (ase — a, IpH KOHTaKTe
9NIEKTPOIPOBOTHON YACTHIBI C AHOJAOM — b, C AIIEKTPONPOBOJHON YaCTHLICH B
Kuakoit ¢ase — ¢; R,, R, — CONPOTHUBICHUS] TOKOTIOIBOAALINX aHOJA U KaToAa; Ry,
Rejc — CONPOTUBICHHUS TOPMOXKEHHS pa3psi[ia MOHOB Ha TOKOIIOJBOJUILIMX aHOJAE U
Katoe; Ry — COMpOTUBNEHME KMAKOH (asbl; Ry, Ry, — COMPOTUBIEHMS KHAKOH
(a3pl, yyacTByIOUIel B MOABOJAE 3JIEKTPUYECTBA K YACTUIC C AHOAHOW M KaTOIHOU
CTOPOH; R, — CONPOTHBIEHHE YACTULDL;, R, — CONMPOTHBIECHHE KOHTAKTa MEXILy
HacTULEH M  TOKONOABOIAIIMM  JJEKTPOAOM; Ry, Reep —  CONPOTHBIECHHUS
TOPMOKCHUSI pa3psila HOHOB Ha aHOMHOM M KaTOMHOI CTOpPOHAX YaCTHIIBL
R one — COIPOTHBICHHE JKUIKON (ha3bl, HE yJacCTBYIOMICH B MOABOJE DJIEKTPHIECTBA

K 4acTULe

To calculate the equivalent circuits shown in Figure 2, all the resistances in the
circuits should be determined.

The resistances of the current-carrying anode and cathode R , R can be determined
through the electrical resistivity of the material and the geometry of the electrodes:

12
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H

;o Ro=po—
LB P8

a - a cC

a

R, =p,

where p_and p_are anode and cathode electrical resistivities, Ohm - m; H_and H_are
anode and cathode lengths, m; L, L_ are anode and cathode widths, m; B, and B,
are anode and cathode thicknesses, m.

In a similar way, the particle resistance can be determined in terms of particle unit
volume electrical resistivity and particle volume:

R, =pV,

where P, is the electrical resistivity of a particle, Ohm/m?*; V'is the particle volume, m®.

To determine the liquid phase resistance for specific electrochemical process
conditions, a procedure is proposed based on the determination of electrical parameters
under variable values of the distance between the current-carrying electrodes.

The total resistance R of an electric cell with current-carrying electrodes is determined
by Ohm’s law.

A greater distance between the current-carrying electrodes under a constant cross
section of the liquid phase results in resistance increment by the value of resistance AR,
of the additional liquid phase volume.

There is an assumption that under a constant concentration of ions in the liquid
phase and a constant value of the electric current flowing through the electrochemical
cell, the ion discharge energy loss resistances R, R, will not change their values
significantly. Based on the assumption, the resistance increment AR, can be determined
as the difference in resistances at higher and lower distances between current-carrying
electrodes:

AIel = Rtwo - Ronc 4
where R _and R are the total resistance of the electrical circuit under a smaller and
greater distance between the current-carrying electrodes.

Studies on the contact resistance value determination were carried out on the example
of sulfide minerals (pyrite and chalcopyrite) contact with an iron rod. An installation
was used to measure the contact resistance. The schematic diagram of the installation is
shown in Figure 3.

The installation consists of a mineral plate / placed on an insulating plate 2, an iron
rod 3 covered with an insulating coating 4 on the outside. The rod 3 is inserted into the
guide tube 5 of the tripod 7. A load 6 of variable mass is placed on top of the rod 3.

Since the resistances of the electrical wires, iron rod, and mineral plate are fractions
of an Ohm, the contact resistance between the iron rod and the mineral sample was
measured with a small error using an ohmmeter §. The influence of the contact area and
pressure on the mineral particle per the resistance value has been studied. The pressure
on the contact area of the mineral was changed using weight 6 mounted on an iron rod,
taking into account the weight of the iron rod.

The studies were carried out under the contact of mineral surfaces / and rod 3 and
under the contact with the surface of a mineral moistened with a 5% NaCl solution.

Studies on the ion discharge energy loss resistance determination were carried out
using the electrochemical cell shown in Figure 1, a. The electrical parameters were
measured with and without the vertical electrically conductive plate that blocks the

13
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liquid phase into two compartments. Changes in resistance AR with the blocking mineral
particle, under otherwise equal conditions, are the sum of the ion discharge energy loss
resistances on the cathode and anode sides of the bipolar plate.

Experimental results. Experimentally, the procedure for determining the liquid
phase electrical resistivity R, was implemented in an electrochemical cell 0.036 m wide,
0.06 m high, and 0.65 m long. Current-carrying electrodes made of graphite with a width
equal to the width of the electrochemical cell were installed in the cell at a distance from
each other with a gap 0f 0.2; 0.4; 0.6 m. NaCl solution with a concentration of 50 g/l was
poured into the electrochemical cell to a level of 0.024 m.

6
7
- 5
| A U
4 8
3 1
L o O
7
q
2 —
AN \\\\\\\I\\I

Figure 3. Schematic diagram of an installation for measuring the contact
resistance between sulfide minerals and an iron rod: / — model mineral
plate; 2 — insulating plate; 3 — iron rod; 4 — insulating coating; 5 — guide
tube; 6 — load; 7 — tripod; 8§ — ohmmeter
Pucynox 3. IIpuHUMNHMANbHAS CXeMa YCTAHOBKH JUIL H3MEPECHHS
KOHTAKTHOTO COIpPOTHBICHUS MEXKIy CyIbOHIHBIMA MHHEpalaMd U
JKENe3HBIM ~ CTepkHeM: [ — MoOZeNnbHas IUIACTHHA  MHHepaia,
2 — U30IIMOHHAS IUTaCTHHA; 3  —  OKEJNE3HBIH  CTepIKCHS;
4 — N30JSILIMOHHOE TMOKPBITHE, 5 — Hampapisiiomas Tpybda; 6 — Tpys3;
7 — IITaTuB; § — OMMETP

In each mode, the current was set to 0.1 A, and the voltage on the electrodes was
recorded. The electrical parameters observation data are given in Table 1.

It has been found that, under specific experimental conditions, when the distance
between the current-carrying electrodes is increased by 200 mm (from 200 to 400 and
from 400 to 600 mm), the voltage on the electrodes increases by 3.1 V, and the resistance
increases by 31 Ohm (AR =31 Ohm).

Electrical resistivity of the liquid phase:

AR(BH) _31-0,036-0,024
AL 0,2

P, = =535-10" Ohm-m.

The values of contact resistances between a metal rod and the minerals of pyrite and
chalcopyrite are studied under a contact area of 0.1 mm? and 0.5 mm? under the pressure
of 50 to 200 Pa. The observation data for the contact resistance under the dry surfaces
contact are given in Table 2.
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It has been found that an increase in pressure in the range from 50 to 200 Pa and an
increase in the contact area result in decreased contact resistance.

The observation data for the contact resistance between a metal rod and a mineral
moistened with a 5% NaCl solution are shown in Table 3.

Table 1. Observation data of electrolysis electrical parameters of sodium chloride solution with
a concentration of 50 g/l
Ta6auna 1. Pe3yabTaTsl 3aMepoB 3/1eKTPUYECKHX APAMETPOB 3JIEKTPOJIH3Aa PACTBOPA XJIOPHAA
HATpHUs KoHLeHTpauuei S50 r/n

Distance betweep the Current through Total resistance
current-carrying th tem ﬁ Voltage, V RL. Ohm > AR, Ohm
electrodes, mm ¢ system, b

200 0.1 3.7 37 -
400 0.1 6.8 68 31
600 0.1 9.9 99 31

It has been established that in the NaCl solution, the contact resistance decreases
as compared to the contact resistance under the surfaces contact. This phenomenon can
be explained by electrons tunneling through the electrolyte film [12, 13]. Calculations
of the contact resistance conditioned by electrons tunneling were performed using
formula (7) from work [12].

Table 2. Observation data of contact resistance in contact with dry surfaces
Tabauna 2. Pe3syabTaThl H3MepeHUsS] KOHTAKTHOIO CONPOTHBJICHHS NIPH KOHTAKTE CyXHUX

NOBEPXHOCTEMH
Contact resistance, Ohm
Pressure, Pa Contact area, m? - -
Pyrite Chalcopyrite
50 0.1 425 180
0.5 340 98
100 0.1 375 160
0.5 280 90
200 0.1 325 130
0.5 220 60

The values of the electrical resistivity of ion discharge energy loss per unit area of
bipolar particle contacts in a NaCl solution are further calculated.

Studies to determine the values of the ion discharge energy loss resistance on the
anode and cathode sides of a bipolar electrically conductive particle were carried out
with copper or pyrite plates installed in the electrochemical cell. An electrochemical
cell 600 mm long, 26 mm wide, and 56 mm high was used. A bipolar plate 2 mm thick,
26 mm wide, and 56 mm high was placed in the center of the electrochemical cell.
A NaCl solution with a concentration of 50 g/1 in a volume of 650 ml was poured into the
cell. A current equal to 0.5 A was applied to the current-carrying electrodes, the voltage
on the electrodes was recorded, and the total resistance of the circuit was calculated
using Ohm’s law, with and without a bipolar plate. The difference in resistance values

was taken as the ion discharge energy loss resistance. The experimental results are given
in Table 4.
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It follows from Table 4 that the ion discharge energy loss resistance on a copper plate
will be 16 Ohm, and 18 Ohm on a pyrite plate. The electrical resistivity of ion discharge
energy loss on the anode and cathode sides was 14,679 Ohm/m? on the copper plate and
16,514 Ohm/m? on the pyrite plate.

Table 3. Observation data of the contact resistance between a metal rod and a mineral surface
moistened with a NaCl solution
Tabauna 3. Pe3yJbTaThl H3MepeHUsS] KOHTAKTHOIO CONPOTHBJICHUS MEKAY METANIMYeCKHM
cTep:kHeM M cMoveHHol pacTBopoM NaCl noBepxHocThI0 MUHEpaJia

Contact resistance, Ohm
Pressure, Pa Contact area, m? - -
Pyrite Chalcopyrite
50 0.1 400 170
0.5 320 89
100 0.1 350 148
0.5 258 77
200 0.1 305 125
0.5 198 50

Discussion. The paper considers variants of contact and contactless polarization of
particles under the electrochemical treatment of mineral suspensions. It is proposed
to determine the electrical parameters of the mineral suspensions electrochemical
treatment process through the equivalent circuits calculation. Procedures are proposed
for determining the liquid phase resistances, the contact resistances of the contact
area between the particle and the electrode, the ion discharge resistances on the anode

Table 4. Observation data of electrical parameters of an electrical circuit with and without
a bipolar plate
Tabmuna 4. Pe3yJbTaTbl H3MepeHHsl 3JIeKTPHYECKUX NapaMeTPOB 31eKTPHYeCKOoii uenu npu
OTCYTCTBHYU ¥ HAJIMYHMH OHIOJISAPHOI IIACTHHBI

Parameter Copper plate Pyrite plate
Current, A 0.1 0.1
Voltage without a plate, V 10.0 10.0
Voltage with a plate, V 11.6 11.8
Resistance without a plate Rone, Ohm 100.0 100.0
Resistance with a plate Riwo, Ohm 116 118
AR = Riwo — Rone 16 18
Width R of the area of immersion, m 0.026 0.026
Depth H of the area of immersion, m 0.042 0.042
Contact area F = 2RN, m? 0.00109 0.00109
Electrical resistivity of the ion discharge energy
loss on the anode and catode sides of a bipolar
plate AR/F, Ohm/m? 14 679 16 514

and cathode sides of the electrically conductive particle for specified conditions of the
process implementation. The procedure developed by the authors proposes to determine
the liquid phase resistance through the resistance increment under the changing distance
between the electrodes and makes it possible to accurately determine the liquid phase
resistance under specific conditions of electrochemical treatment. The contact resistance
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of the electrode contact area and the electrically conductive particle with a liquid phase
film between the contacting elements reduces the contact resistance due to electrons
tunneling through the liquid phase. The presence of ion discharge resistance on the anode
and cathode parts of the electrically conductive particle necessitates higher voltage on
the working electrodes to overcome the resistance and excite electrochemical reactions.

Experimental data on the determination of liquid phase resistances, contact
resistances, and ion discharge energy loss resistances on the surface of an electrically
conductive particle offer opportunities for modeling processes with a large number of
particles in the pulp.

Conclusions. The paper substantiates and experimentally implements the procedures
for determining the values of liquid phase resistance, contact resistance in contact
polarization, and ion discharge energy loss resistance in contactless polarization of
electrically conductive particles. The possibilities of calculating the electrical parameters
of electrochemical processes are determined by calculating the equivalent circuits of the
process.

New experimental data can be turned to practical use when implementing
the electrochemical technologies of mineral suspensions treatment.
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HccnenoBaHue d1eKTPUUECKHX MAPAMETPOB KOHTAKTHOM M 0€CKOHTAKTHOI
MOJISIPU3AIUH YACTHUI] TPU IEKTPOXUMHUYECKOiT 00padoTKe MUHEPATbHBIX
cycreH3ui

Mopo3os 1O. I1.!, Baabuesa A. 1.’

! Vpanbckuii TocyIapCTBEHHBINH TOpHBIN yHUBEPCUTET, T. ExkatepunOypr, Poccust.

2 Vpanbckuii eepaibhblii yauBepcuteT um. riepsoro [pesunenta Poccuu b. H. Enbuuna,
. ExarepunOypr, Poccus.

Pegpepam
Bgedenue. Dnexmpoxumuueckas 06pabomka MUHEPATbHbIX CYCHEH3UL HAXOOUm NPUMEHEHUE
npu  INEKMPOXUMUYECKOM KOHOUYUOHUPOBAHUU  (DIOMAYUOHHBIX NYIAbN, INEeKIMPOXUMULECKOM
PACMBOPEHUU  MUHEPAIO8 U  MEMAllo8 6 NpOYeccax ONeKMpPOXUMUUECKOU XAOPUHAYUU
30/10MOCO0ePHCAUUX NPOOYKIOS.
Llenvio padomur sensiiomcs paspabomxa u peanuzayusi Memooux Onpeoesenus 3HAYeHUll
CONpomueneHus — HCUOKoUu  hasvl,  KOHMAKMHO20 — CONPOMUBNEHUs — NpU  KOHMAKMHOU
NONAPU3AYUL U CORPOMUBTLEHUS. MOPMOICEHUS. PA3PIOA UOHOE NPU OECKOHMAKMHOU NOJAPUAYUL
ANMEKMPONPOBOOHBIX YACTIUL.
Memooonocusn. J{ns  pasiuynblX  6apUANMOS  ANEKMPOXUMUYECKUX — AYeeK  COCMAGLEeHbl
IKGUBAIEHMHbBLE INEKMPUYECKUE CXeMbl DNEKMPOXUMUYECKUX npoyeccos. Onpedenenvl cxembl
OJ151 PA3IUYHOU NOTAPUAYUU INEKMPONPOBOOHBIX YaCmUY, NPediodicena Gopmyna ol paciema
CONPOMUBTIEHUs.  DNEKMPONPOBOOHOU  YACIUYbL 4epe3 YOeIbHoe CONPOMUBNeHue eOuHuybl
obvema. Paspabomana memoouxa paciema CONpomusieHus HCUuoKol ¢hazvl uepes npupocm
CONPOMUBTIEHUsL NPU USMEHEHUU PACCMOsIHUSL Medcdy anekmpodamu. Ha npumepe xonmaxma
NUPUMA U XATLKORUPUINAL C JCENEIHBIM INEKMPOOOM UCCIEO08AHO GIUSHUE NAOUAOU KOHMAKMA U
0aGIeHUs Ha 6ETUYUHY KOHIMAKMHO20 CONPOMUGLEHUSL.
Pesynvmameot. Ilpu ucciedosanuu yOerbHo2o conpomugneHus JCUOKoU (asvl YCMaHOBIEHO, YUMo
yeenuyeHue paccmosinus Mexicoy mokono0GOOAUUMU DNEKMPOOaMU NPUBOOUN K IKEUBALEHIMHOM)
VBEIUYEHUIO CONPOMUBTEHUs. JHCUOKOU (hasvl. Yemanoseneno, umo ysenuuenue OdagieHus u
nI0WAOU KOHMAKMA MeXCOY KOHMAKMUPYEeMbIMU YACTIUYAMU U MOKONO0O0B0O0AUUM INIEKMPOOOM
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NPUBOOUM K CHUINCEHUI) KOHMAKMHO20 conpomueieHus. Konmaxmmuoe conpomusnenue mexcoy
yacmuyel u 31eKmpoOOM 8 PACMEOpe NeKMpPOIUMd 3HAYUMENbHO MeHbUle NO CPABHEHUIO C
KOHMAKMHbIM CONPOMuUeiIeHuemM npyu KOHMaxkme cyxux nogepxnocmeti. Imo seinenue 00vacHaemcs
006pazosanuem MyHHEIbHO20 Nepexood 31eKMPOHO8 uepe3 NieHKY anekmponumd. IlonyuenHvie
IKCNEepUMEHMAanbHble OAHHble N0 ONpedeNeHU0 CONPOMUBLEHU HCUOKOU a3bl, KOHMAKMHBIX
conpomusnenul U CONpomMuIeHUs MOPMONCEHUS pA3PAOd UOHO8 NO3OJAION  BLINOTHUMb
Mamemamuyeckoe ONUCAHUe NPOYecco8 INeKMPOXUMUHECKOU XJIOPUHAYUU npu  OOTbUIOM
Koudecmese 4acmuy 8 nyishne.

Buvieoovt u oonacme npumenenus pezynvmamos. Paspabomanvl mMemoOuku u HOIY4eHbl
KOHKpemHvle OaHHble N0 CONPOMUBLEHUAM JICUOKOU (Da3bl, KOHMAKMHLIM CONPOMUBTEHUM
U CONpoOmMuUBIeHUI0 paspsa0d UOHO8, KOMopble MO2ym Oblmb UCHONb308AHbL OJid NPAKMULECKO20
NPUMEHEHUs. NpU  Peanu3ayuil dNeKMpPOXUMUYECKUX MEXHON02UL 00padOmKy MUHEPATbHBIX
CYCneH3ull.

Kniouegvie cnosa: snexmpoxumuveckas oopabomka; MuHepaibHvie CYCNeH3ull; KOHMAKMHAs
noaspuzayus;, OECKOHMAKMHAs  NOAAPUIAYUSL,  DNEKMPONPOBOOHA  4aACmuya,; OUNOIApHbILL
NeKMPOO; yoenbHoe COnpomusieHue JCUOKoU hasvl, CONPOMUBTIEHUE MOPMOICEHUSL Pa3paod
UOHOB.
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