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Abstract

Purpose: This article discusses the electrochemical method of directional conversion of carboxylic acids,
which are the most aggressive hydrocarbons oxidation products back into the corresponding hydrocarbons.
Existing methods for the regeneration of waste petroleum oils have significant drawbacks, which include the
formation of new hard-reclaimed waste and loss of a significant part of the oil during regeneration.
Methods: Electrooxidation processes of carboxylic acid on various electrode materials: platinum, graphite
and shungite anodes were studied. Results: Potentiostatic polarization curves with simultaneous
measurement of near-electrode solution pH showed differences in the process on these anode materials:
dimer yield for Kolbe is decreased under the transition from platinum to shungite. At potentials higher than
2.0 v, carboxylic acid has a higher adsorbability compared to water. Therefore Faraday’s side-process of
water oxidation doesn’t almost occur, which contributes to high yield of expected product according to
current. Electrolysis of carboxylic acids solutions under controlled potential (2.0 and 2.4 V) and
chromatographic analysis of the formed products showed that along with the dimeric structures formation
for Kolbe reaction, the occurrence of a hydrocarbons mixture takes place, which may be the result of
disproportionation of hydrocarbon radicals (alkane and alkene ) and hydrocarbons of isomeric structure, by
further oxidation of the hydrocarbon radical to carbocation and its subsequent transformation into the
corresponding saturated and unsaturated isomers. Such statement is not supported by conception of the
process of one- and two-electron carboxylic acid oxidation. Discussion: General carboxylic acid oxidation
scheme according to one-electron mechanism (dimerization and disproportionation of the radical) and two-
electron mechanism (formation and carbocation rearrangement) is proposed. The formation of
hydrocarbons under carboxylic acid electrooxidation of waste oils during their regeneration can promote
the increase of oil yield without formation of dangerous by-products.

Keywords: electro-oxidation; carboxylic acid; regeneration; shungite; waste oils.

1. Introduction. chain mechanism through the stages of hydro- and
dehydroperoxide formation, aldehydes and ketones
are some of the degradation products. The last in
their turn experiences further oxidation with the
formation of carboxylic acids the content of which
can be up to 1% by oil weight. They negatively
affect the quality of oil and significantly increase its
corrosivity. Due to mentioned above transformations
oils no longer satisfy quality characteristics,
especially such as the kinematic viscosity, acid
number, flash point, base number, lubricating ability
and require replacement, leading to formation of
large quantities of hazardous waste — waste oils. [2]
There are several ways of disposing of waste oils
the most promising one is the regeneration. Most of
regeneration methods are based on oils adsorption

The annual world usage of petroleum oils became
widespread. In 2014, annual production reached 38.6
million tones. It is predicted that in 2019 the needs
in oil will increase up to 42.8 million tones, which
corresponds to 2.1% increase. Mineral oils make up
90% of total world production, while the synthetic
oils — only 10%. At the same time the market of
synthetic oils is developing more actively.
Automotive oils make up 56.0% of the total oil
production, industrial oils — 26.2%, processing oils —
9.4%, cutting oils — 5.3%, and grease — 3.1% [1].
Use of oils is accompanied by triggering of
additives, accumulation of wear products, water,
solids, and the progress of hydrocarbons oxidation.
Hydrocarbons oxidation occurs according to radical
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and oils cleaning processes with sulfuric acid. These
methods are rather effective but cause the formation
of new and high difficultly recyclable waste [3].
Therefore the development of new methods for
waste oils regeneration is a promising and topical
task.

This work is dedicated to the research of
electrochemical methods of carboxylic acid waste
oils regeneration by means of -electrochemical
anodic oxidation up to hydrocarbons and to search
for new effective electrode materials.

2. Analysis of the latest research

Kolbe reaction or anodic condensation process
includes the electrochemical oxidation of carboxylic
acids up to hydrocarbons which contain twice the
number of carbon atoms relative to the initial acid.
Kolbe electro-synthesis example is the formation of
ethane and carbon dioxide by the electrolysis of
acetate aqueous solutions [4].

2CH;COO" - 2¢¢ —» 2CH;CO0® —>»

2CHy* +2C0, — CH;CH,

The reaction mechanism of the anode
decarboxylation of carboxylic acids includes the step
of forming a carboxylate radical which in its turn
can be oxidized further to carbocation that
depending on the conditions of the electrolysis
process and an anode material leads to the following
products [5]:

—e_ _C02

R-CO,” [ R-CO, |

|

Alkene, Alkane

A typical anode, on which many of the researches
are performed, is smooth platinum. But the use of
platinum in industry is extremely expensive and is
accompanied by a gradual removal of metal from an
electrode. Therefore, the search for new electrode
materials for anodic oxidation of the carboxyl
compounds is an important scientific and technical
challenge.

[r] —

R-R

There are directions [4] for the implementation of
Kolbe reaction on graphite anodes and at the same
time yields in these cases are much lower than for
platinum. Use of platinum is caused by having high
overvoltage of water oxidation and corrosion
resistance even at high positive potentials. For
example, under electro-oxidation of sodium acetate
aqueous solution, current output of dimeric product
has made up: for a smooth Pt - 89%,; for platinized
Pt - 3%; for Au, Ni, PbO, - 0%; for retort coal -
21%; for graphite - 4.0%. One of the byproducts of
the anode reaction are alcohols, although in some
cases they are in fact the only product of the
conversion, it is observed in alkaline media where
the probability of encountering a hydrocarbon
radical with hydroxide radical is significantly higher
than with the hydrocarbon radical to form the
dimeric structure of hydrocarbons. [4] In addition, in
[4 - 6] works the optimum conditions for increasing
the yields of products are not determined, namely
the influence of the medium pH on the product
nature and the ratio of their yields under electrolysis,
and the possibility of reaction spreading from the
alkali metal acetates to carboxylic acids of higher
molecular weight.

A disadvantage of graphite anodes is large
porosity and low mechanical resistance, due to that
during electrolysis, electrode material is partially
destroyed [7]. This thing prompted us to search for
alternative electrode materials on which the process
of anodic decarboxylation (Kolbe reaction) would

[~ ]

R-Nu  Alkene C-Cbond cleavage
rearrangement

—-a

Nu: OH, OMe, OAc,

NHC(O)Me, etc.

pass satisfactorily and it would have high
mechanical resistance. Our choice was focused on a
natural mineral - shungite. Shungite is the final stage
of natural graphite formation. It has high electrical
conductivity and mechanical stability (Table. 1),
making it perspective for use as a new electrode
material.

3. Purpose
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The focus of this paper is given to comparative
research of course mechanisms of carboxylic acid
electro-oxidation on various materials — platinum,
graphite, shungite, to determine the possibility of
applying for such processes shungite anodes and
search for conditions of their performance in the
transformation direction of the carboxyl compounds
back into hydrocarbons, i.e. in the direction opposite
to petroleum oil oxidation processes under their
operation.

4. Experimental

Major world deposits of shungite are in the Republic
of Karelia (Russia), and total about 1 billion tons.
Main shungite mining is produced on Shungskom,
Maksovo, Zazhoginskom, Nigozerskom,
Myagrozerskom and Turastamozerskom deposits.
There are known deposits on Kamchatka too.
Mining is also underway on Koksuyskom deposit
(49 million tons) in Kazakhstan. Small deposits of
shungite are known in Austria, India and the
Democratic Republic of Congo [8].

Comparison of the physical properties of natural
graphite and shungite is shown in Table 1. [9-10].

Conductivity, S/m 125-10° [(1-3)-10°
Average temperature 10_
coefficient of thermal 6 12-10°
. o 8,210
expansion, 1/°C

From Table 1it is seen that shungite is an
electrically conductive material but in comparison
with the graphite it has a higher resistivity and lower
electric current conductivity. At the same time, it has
much less porous and substantially higher ultimate
tensile strength, bending and compression. These
shungite properties indicate the possibility of its use
as an anode material instead of mechanically less
stable graphite and especially expensive platinum.

Differences of graphite from shungite are
explained by their nature and origin conditions and
element characteristics and chemical composition
(Tables 2 and 3). Unlike of graphite it has
considerably lower carbon content, but contains
more silicon, which is in the form of polymeric
oxide SiO, and oxides of many metals that provide
high mechanical stability [11].

Table 2

The main element composition of shungite
and natural graphite

Table 1 Content, % (wt.)
Physical ties of natural graphite and shungit Element
ysical properties of natural graphite and shungite graphite shungite
Index Graphite Shungite F* 0,03060 _
: 3
EDEeI;ig}c,’c%:rr:nt resistivity 20 2’312_92’4 cr 0,00200 —
s . -6 7
Ohmem 5-30-10 3.53-10° Na* 0,00300 0,27000
Thermal conductivity, 1.65 38 Mg* 0,01980 0,34000
W/meK ’ ’ Al* 0,02060 1,46000
Thermal conductivity Si* 0,13000 17,01000
. 10,87 5
osfliciont. Vfé“illf " p* 0,00040 0,02000
elting point (at P=0.9 - i o
atm), °C 3845 - 3890 S* 0,07270 0,37000
Boiling point, °C 4200 — K* 0,00170 0,51000
. 32769 - Ca* 0,02130 0,09000
Combustion heat, kJ/kg 32869 31380 i+ 0.00080 0.14000
Magnetic properties diamagneti dlamagnet \ 0,00030 0,01500
Soootol . ¢ 1 Cr 0,00010 0,00720
pecific heat capacity i 0.09000
(298,15 K), kI/(kg+K) 0,79-0,81 0,98 Mn 0,00060 ,
Ultimate tensile strength Fe 0,09360 0,91000
Ni 0,00140 0,00850
Fl 1 strength, MP 6,9 -100 13062,2 2 2
xS : i Cu 0,00350 0,00370
Compressive strength, MPa 20-200 10054,75 Mo 0,00080 0,00310
Hardness according to Mohs 1-2 3_4 Ba 0,00090 0,32000
scale As 0,00001 0,00035
1 0,
E?mts'lt% s dulus (E), MPa | 8 301_531203 30f5 _183 Pb 0.00010 0.02230
asticity modulus (E), MPa | 8- Zn 0,00020 0,00670
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C matrix | 2626000 Zr0, 0,012
Cl 0,2
* for these elements in shungite, content is calculated ¢ . 35
. . . Lanthanides 0,004
on the basis of their oxide contents
Table 5

Table 3

Averaged chemical composition of oxides in shungite

Physical and chemical properties of natural graphite
used for experimental researches

For experimental researches of carboxylic acid
electro-oxidation, we used natural shungite, the
chemical content of which was determined by X-ray
spectroscopy (Table 4). The carbon content in the
graphite anode, which was used for comparative
electrochemical measurement was 91.5% (Table 5).

Table 4

The chemical composition of natural shungite used as
an electrode material for electrochemical
measurements in this paper.

Components Content, % (wt.)
SiO, 51,6
TiO, 0,18
Al,O4 3,04
F6203 1,07
MnO -
MgO 0,6
CaO 0,66
NaZO -
K,O 1,27
P,0;s 0,87
Cr203 -
V,05 0,019
C0304 -
NiO 0,028
CuO -
ZnO 0,012
SO; 5,4
BaO 0,026
Au 0,011

Components Content, % (wt.)

SiO, 18,793 Index Value
T102 0,457 . . . 2
ALO, 4287 Specific electric resistance, Ohm-mm™/m, 150
F6203 3,67 more
FeO 0,34 Flexural strength, MPa 200
MnO 0,006 Compressive strength, MPa 500
MgO 1,193 Rockwell hardness under a load of 60 kg, 50-75
Ca0 0,293 HRB -
Na20 0,14
E{IiOO) 12’70253 As a model substance which contains a carboxyl

2 E) . . .
P,0, 0,07 group we used chemically pure hexanoic acid:
Cr,0; 0,02 CH3CH2CH2CH2CH2COOH, M = 116.16 g/mole,
V505 0,256 tmel = - 3.4°C, tpon = 202°C. Solution neutral pH of
I(\:I?g 88(2)? output media was put with NaOH.
CuO 0.007 Polarization measurements were performed on a
ZnO 0,01 potentiostat P-5827M, where we used three
Saar- - 2,833 electrode thermostated chamber (10 °C) with a
Wastes under decrepitation 684 working electrode made of natural shungite, graphite

and platinum, a platinum wire separated from the
working electrode with a porous glass septum was
an auxiliary electrode, potentials were measured
against a silver chloride electrode, and enumerated
according to a normal hydrogen scale. At the same
time pre-anode layer pH (pH-meter pH-150MI) was
measured during the measuring of anodic
polarization.

Preparative electrolysis of hexanoic acid solution
under concentration of 0.5 mol/L we carried out
under controlled potential (potentiostat) of shungite,
graphite and platinum electrodes (Eyox = 2.0 - 2.4 V
(HBE)), the current of the electrochemical process
was measured by milli-ammeter M2020 with a scale
of 1 micron uA.

To determine the products of electrooxidation
carboxylic acid — the analyte — was subjected to
isooctane extraction followed by chromatographic
analysis (gas chromatograph Crystal 5000.2 with
capillary columns and temperature programming
device). To identify the peaks we used standard
samples of substances.

5. Results discussion

Fig. 1 shows the potentiostatic polarization curves of
shungite, graphite and platinum in the background
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solution and Fig. 2 shows the corresponding curves

of pH dependence on potential during measuring of

potentiostatic polarization curves.
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E
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o
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z
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Potential / V7

Fig. 1 Potentiostatic polarization curves of various
anodes in the aqueous neutral background solution: 1—-
platinum; 2 — shungite; 3 — graphite.

According to potentiostatic polarization curves
(Fig 1.) we can see areas of water oxidation, which
exist under potentials higher than 1.23 V in neutral
solutions according to an electrode reaction, which
causes acidification of analyte (Fig. 2):

2H,0 =0, +4H" + 4¢

10 -
1
8 7 2
EN 3
T4
0 T T T ¥ T 1
0 0.5 1 1.5 2 25

Potential / V7

Fig. 2. The pH value dependence on potential during
measuring potentiostatic polarization curves in the
aqueous background solution at various anodes: 1 —
graphite; 2 — platinum; 3 — shungite.

Fig. 3, 4 show potentiostatic polarization curves
of shungite, graphite and platinum correspondingly
in 0.5 mol/l hexanoic acid solution and the analyte
pH change when receiving the curves.

Only one area of the limiting current can be seen
on the polarization curves, which corresponds to the
process of hexanoic acid oxidation:

20+

Current dengity / mA/cm?
— —
(") [ L
1 1 1

~
1

Potential / ¥

Fig. 3 Potentiostatic polarization curves of various
anodes in 0.5 mol/l hexanoic acid solution: 1 — platinum;
2 — shungite; 3 — graphite.

-e”
RCOOT —» R* 1(CO,

I

PH value

6 T T T T T 1
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Fig. 4 Dependence of pH value of 0.5 mol/l hexanoic
acid aqueous solutions on the potentials of various anodes
while receiving potentiostatic polarization curves: 1 —
platinum; 2 — graphite; 3 — shungite.

Fig. 4 shows that when reaching potentials of
water oxidation the process of its oxidation on the
anode does not proceed and curves pH — E are linear
and there is no acidification of the solution, that
indicates organic acid adsorption and the course of
its only oxidation process.

To evaluate the electrooxidation velocity of
carboxylic acid solutions we carried out preparative
electrolysis of its solution under controlled
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potentials of 2.0 V and 2.4 V (HBE). Fig. 5 shows
the current fall of hexanoic acid electrooxidation
according to time at carrying out electrolysis under
the potential of 2.0 V on various anode materials.
The current decreases regularly in the process of
electrolysis, which indicates a decrease of the
explored organic acid concentration at the expense
of its oxidation process, and this reaction occurs
quickly enough.

20 4

S mAfem?
—
Loy
|

—
[
|

Current density

H 20 410 60 20 100
Electrolyziztime / min

Fig. 5 Dependence of electrooxidation current of
hexanoic acid on different anodes according to time under
the potential of 2.0 V (pH=7): 1 — graphite; 2 — shungite;
3 — platinum.

During the electrolysis of hexanoic acid solution,
adsorption and correspondingly water electrooxidation
process on the anodes does not nearly occur, as
evidenced by the almost constant pH (Fig. 6).

F300

1250 |~

F200
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150

100 1

Detector signal intensity, mV

Lso 4
7 W9 10

\'?\12 N - S—
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1
h%
P

-1

PH value

6 T T T T 1
H 20 40 60 30 100

Electrolysis time / min
Fig. 6 The dependence of pH on electrolysis carrying out
time of 0.5 mol/l hexanoic acid solution on the anodes: 1
— platinum; 2 — graphite and shungite.

Chromatographic analysis of the reaction mass
after the electrolysis (Fig. 7) showed that the product
of hexanoic acid electrooxidation in aqueous neutral
solution on shungite anode is a mixture of
hydrocarbons. Similar results were obtained with
extracts chromatography after hexanoic acid solution
electrolysis on the graphite and platinum anodes.

Formation of products obtained by acid
electrooxidation conforms to the reaction course
mechanism, proposed for process on a platinum
anode [12-19].

According to the one-electron mechanism
(dimerization and disproportionation of hydrocarbon
radical) these representations are reflected by the
scheme 1.

1415 16 a7 18 19 207

Retention time / min

Fig. 7 Chromatogram of products extract of 0.5 mol/l hexanoic acid electrooxidation
on shungite electrode under 2.4 V: 1 — n-pentane; 2 — pentene; 3 — isopentane; 4 — 2-methyl-
2-butene; 5 — iso-octane (solvent-extractant); 6 — n-decane.
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2H,C—CH,—CH,—CH,—CH,—C — 2H3C—CH2—CH2—CH2—CH2—C\
0~ o’
-2CO,
2H;C—CH,— CH,— CH,—CH,
Disproportionation Dimerization
H3C_CH2_CH2_CH2_CH3
. H;C— CH, }--CH;
H3C_CH2_CH2_CH:CH2
Scheme 1. One-electron oxidation mechanism hexanoic acid.
This scheme does not fully reflect all and isomeric structure. This point of view

electrochemical processes occurring on the anode in
aqueous solutions of carboxylic acids under pH
close to neutral. The totality of electrolysis products
defined in this paper can be explained on the basis of
representation of two-electronic circuit, which
provides electrochemical oxidation of the initially
generated alkyl radical into carbocation, and its
subsequent transformation into the corresponding
saturated and unsaturated hydrocarbons of normal
0

-e”

H3C_CH2_CH2_CH2_CH2—C

O

—— H;C—CH,—CH,—CH,—CH,—C

corresponds to the general concepts of organic
chemistry in relation to the rearrangement of hyper-
coordinated carbon atom in thermo-catalytic
processes [12].

The general mechanism of carboxylic acids
electro conversion under their anodic oxidation in
close to neutral media can be submitted by the
following scheme 2.

0

7
AN

o
-CO,

H,C— CH,— CH,—CH,—CH,

¢-e

Formation of carbocation

+

H3C_CH2_CH2_CH2_CH2 —

+

CH2 — CH2
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CH3 +

—
CH,—CH—CH,~CHj

CH,

CH,

+ |
szCH CH,—CH,

H,C——C——CH,—CH;

+

H;C——C—CH—CH;

CH,

CH

=+ HzC_CHz_CHz_CHZ_CHg)
3
+

H3C_CH_CH2_CH2 + H3C_CH_CH2_CH2_CH3

-HT

H2C —_— CH — CH2 - CH2_ CH3

Scheme 2. Two-electron oxidation mechanism hexanoic acid

The proposed mechanism explains the formation
together with the products of one-electron anode
reaction also the substances emergence which can be
explained by two-electron mechanism of the process
course involving carbocations.

Fig. 8 shows a percentage ratio between the
mentioned above substances in electrolysis products
of 0.5 mol/l hexanoic acid solution under the
potential of 2.4 V on various electrode materials.

Fig. 8 shows that the ratio of product yield under
the same anodic potential (2.4 V) depends on an
electrode material, that is the evidence of their
electro-catalytic effect. The formation of products of
carboxylic acid anodic oxidation (pentane, pentene
and decane) on the selected anodes can be explained
by one-electron acid anion oxidation course, and
isopentane and 2-methyl-2-butene is explained by
two-electron oxidation course.

The main product of the anodic hexanoic acid
oxidation is a dimer (n-decane) — a product of Kolbe
reaction. On platinum which is a typical anode
material for Kolbe process, products formation
through the stage of forming carbocation did not
practically observed.

20%
30%
70%
60%
0%
402
30%»
20%
10%»
0%p

Fig.8 Product yields ratio during electrooxidation
process of 0.5 mol/l hexanoic acid solution (pH = 7) on
platinum (I), graphite (II), shungite (IIT) anodes under the
potential of 2.4 V: 1 — decane (dimer); 2 — 2-methyl-2-
butene; 3 — isopentane; 4 — pentene; 5 — pentane.

6. Conclusions

Based on the comparison of the physicochemical
properties of natural shungite with graphite and
platinum, we show that the application of a shungite
electrode material in technology of electrochemical
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carboxylic acids oxidation into hydrocarbons is
perspective for oxidized hydrocarbons regenerating,
including waste petroleum oils. We show that
shungite allows satisfactorily and with a high yield
to oxidize carboxylic acids up to a mixture of
hydrocarbons, the main of which is a dimer formed
by Kolbe reaction. Anode material reveals electro-
catalytic effect causing a comparative decrease in
dimer yield under the transition from platinum to
shungite.

According to one-clectron mechanism of an
anode reaction decarboxylation of carboxylic acid
occurs, followed by disproportionation of
hydrocarbon radical into saturated and unsaturated
hydrocarbons.

Electrooxidation of carboxylic acids under high
anodic potentials we explain by conceptions of the
intermediate forms formation — hydrocarbon radical
and subsequent carbocation.

To explain this mechanism we propose the
general scheme, which allows the formation and
rearrangement of hyper-coordinate carbon atom,
resulting in the formation from hexanoic acid,
besides the product of Kolbe condensation, also
saturated and unsaturated hydrocarbons of pentane
series.

Due to the high adsorption of carboxylic acid on
the anode under operating potentials of 2.0 V or
even higher, the Faraday by-product water oxidation
process is not almost observed, which contributes to
high yield of expected product according to current.

Comparative evaluation of anode materials
including shungite showed the possibility of
application of different electrode materials to
perform process of carboxylic acids electro-
oxidation.

The formation of hydrocarbons during carboxylic
acid electrooxidation is aimed at improving existing
technologies of waste oils regeneration and
increasing their yield.
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EnexkTpooKuCHeHHS KAPOOHOBHUX KUCJIOT HA LIYHTITOBOMY €JIeKTPOi
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MeTta: CtaTTs po3MsiIae SIeKTPOXIMIYHHA METOJ CIPSIMOBAHOTO MEPETBOPEHHS KapOOHOBUX KHUCIIOT, SIK
HallarpeCHBHINIMX TPOIYKTIB OKMCHEHHS BYTJICBONHIB, Ha3aJ y BIOMOBIAHI BYTJIEBOAHI. IcHyIOUi MeTomn
pereHeparttii BimmparboBaHUX HA(QTOBHUX OJMB MAlOTh CYTTEBI HEJOJNIKH, O SKHX HAJICKUTH YTBOPEHHS
HOBUX Ba)XKOYTHIII30BAaHMX BIIXOMIIB Ta BTpaTa 3HAYHOI YACTHHW OJIMBH IIiJl 4ac pereHepartii. Meroau:
JocnipkeHHI MPOLecH eJIEKTPOOKHCHEHHS KapOOHOBOI KHCIIOTM Ha PI3HMX EJNEKTPOJHUX Marepiaiax:
IUIATUHOBOMY, TpadiTOBOMY Ta INyHriTOBOMY aHoiax. Pesyabratn: [loTeHIiOCTaTHYHI MOJSIpU3aIliiHI
KpHUBI 3 OJHOYACHMM BHMipIOBaHHSIM pH MpHENEeKTpOIHOTO pO3YMHY IOKa3ald BiIMIHHOCTI mepediry
MpOoIIeCY Ha JaHWX aHOJHMX MaTepiajax: BUXiJ auMepy 3a peakiiero KonanOe 3MEeHIIyeThCest IpU MEepexoi
BiJl TUIATHHM JO IIYyHTITY. 3a MHOTeHIianiB, Bummx 3a 2,0 B, kapOoHOBa KHCIOTa Ma€ OUIBII BHCOKY
aJcopOIliiiHy 3MaTHICTh MOPIBHAHO 3 BOJOK. ToMy mobOiuHOro (apageiBCbKOro MpoIecy OKUCHEHHS BOIU
Maiike He CIIOCTEpIraeThCsl, IO CIIPHUSIE BUCOKOMY BUXO/AY 3a CTPYMOM IITBOBOTO MPOAYKTY. Enekrpomizom
PO3UMHIB KapOOHOBUX KHCIIOT NMPH KOHTpOJboBaHOMY moreHmiami (2,0 ta 2,4 B) Ta xpomarorpadidHum
aHaJI30M YTBOPEHUX IPOJYKTIB MOKAa3aHO, IO Pa3oM 3 YTBOPEHHSM IUMEPHUX CTPYKTYp 3a peakxiliero
Konbbe, cmocrepiraeThcsi BWHHKHEHHS CyMillli BYTJICBOJAHIB, SKI MOXYTh OyTH pe3yapTaToM
JUCIIPOTIOPLIOHYBAaHHS BYTJICBOAHEBOIO paluKally (alKaH Ta aJKeH), Ta ByIJIEeBOAHIB 130MEpHOiI CTPYKTYPH,
32 paxyHOK IOAAJbIIOTO OKWUCHEHHS BYIJICBOAHEBOIO paAMKaly 0 KapOKaTioHy 1 Horo mnomajibiIi
TpaHcopManii y BiANOBITHI HacW4eHi Ta HEHAacHuYeHi i3omepH. Take TBEpIKEHHS HE MiATBEPIKYETHCS
ySBICHHAM TNpPO Mepedir oJHO- Ta ABOX-CIIEKTPOHHOTO OKHUCHEHHsI KapOoHOBOi kucioTH. OOroBopeHHs:
3anmpomnoHOBaHa 3arajbHa CXeMa OKHCHEHHS KapOOHOBOI KHCIOTH 32 OJHO-EICKTPOHHUM MEXaHi3MOM
(mumepu3amis Ta JUCIPONOPLIOHYBaHHS paiHKaly) 1 JBOX-CIEKTPOHHMM MEXaHi3MOM (YTBOpEHHSA Ta
neperpynyBaHHs KapOKaTioHy). YTBOpPEHHS BYIJICBOJAHIB NPH EJIEKTPOOKHCHEHHI KapOOHOBUX KHCIOT
BiANpalbOBaHUX OJMB MpHU iX pereHepauii, MOKe CHpPHUATH 30UIBIICHHIO BUXOIY OJHMBH 0O€3 yTBOpEHHS
no0iYHMX HeOe3NeUyHNX MPOIYKTIB.

KrouoBi ciioBa: Bi,[[HpaLILOBaHa OJIMBa; CJIICKTPOOKUCHCHHS Kap6OHOBa KHUCJIOTa, pereHepauiﬂ; IJ_Iy'Hl"iT.
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Henwb: [lanaas craThsi paccMaTpUBaeT OJIIEKTPOXMMHYECKHI METOJ HAIMpPaBIEHHOTO IPeoOpa3oBaHuUs
KapOOHOBBIX ~ KHCIIOT, KaK arpecCHBHBIX TIPOJYKTOB OKHCJICHHS yTJIEBOJOPOIOB, OOpaTHO B
COOTBETCTBYIOIIME YIIIeBOOPOABI. CyIIeCTBYIONIME METOBI pereHepauy 0TpaboTaHHBIX HEPTIHBIX Mace
HUMEIOT CYIIECTBEHHBIC HETOCTATKH, K KOTOPBIM OTHOCHTCSI 00pa3oBaHHE HOBBIX TSKENO YTHIU3UPOBAHHBIX
OTXOJIOB W TOTeps 3HAYMTENBHON YacTH Maciia NpHu pereHepanuu. Metoabl: McciaenoBanuu mporiecchl
DJICKTPOOKUCIICHUA Kap6OHOBOI>'I KHCJIOTBI Ha pas3JIMYHBIX OJJICKTPOAHBIX MaT€puajax: IIJIaTUHOBOM,
rpadMTOBOM W IIYHTHTOBOM aHojAax. Pe3ysibTaThl: MOTEHIHOCTATHYECKHUE MOJSPU3ALMOHHBIE KPUBBIE C
OJTHOBpEMEHHBIM HM3MepeHHeM pH mpuenekTpomHoro pacTBopa MOKa3ald pa3idyusl TEUYEeHUs Ipoliecca Ha
MAHHBIX aHOAHBIX MaTepHajax: BBIXOJ AWMepa 3a peaknueil KompOe yMmeHbIaeTcs Nmpu mepexoie OT
IUTATHHBI 0 ImyHrurta. [Ipu moTteHnumanax, npessimatonmx 2,0 B, xapOoHoBas kuciora umeer Oosee
BBICOKYIO aJCOPOLIMOHHYIO CHOCOOHOCTH MO cpaBHEHMIO ¢ BoAoH. [losTomy mobGouHoro QapaaenBcbKoOTo
mporiecca OKMCIICHWS BOIBI IMOYTH HE HAONIOJAETCs, YTO CIIOCOOCTBYET BBICOKOMY BBIXOAY IO TOKY
LEJIEBOTO MPOAYKTA. DIEKTPOIN3OM PACTBOPOB KaPOOHOBBIX KHUCIOT MPU KOHTPOJIHMPYEMOM MOTEHIIHAIE
(2,0 m 2,4 B) u xpoMaTorpauyeckuM aHaJIHM30M OOpPa30BAHHBIX MPOIYKTOB IIOKAa3aHO, YTO BMECTE C
o0pa3oBaHHEeM JUMEpPHUX CTPYKTyp 3a peaknueir Kompbe, HaOmomaeTcs BO3HHUKHOBEHHE CMECH
YTIIEBOJIOPOIOB, KOTOPBIE MOTYT OBITh PE3YIBTATOM AMCIIPOIIOPINOHUPOBAHHUS YTIIEBOJIOPOJIHOTO pagnuKaia
(anxkaH W anmKeH) W YIJICBOAOPOIOB H30MEPHOH CTPYKTYpbl, 3a CYeT JajJbHEHIIEero OKUCICHHS
YTIEBOOPOTHOTO paauKaia B KapOKaTHOH W €ro JajbHeWmme TpaHcpopManud B COOTBETCTBYIOIIWE
HaCBIIIICHHbIE M HEHACHIIIEHHbIE M30Mephbl. Takoe yTBep)kleHHe HE IOATBEP)KIACTCS TPEACTABICHHEM O
XO0JIe OJTHO- M IBYX-3JICKTPOHHOTO OKUCJICHHS KapOOoHOBOH KuCIOTHL. Q6cyxaenue: [Ipennoxxennas oOmias
cXeMa OKHUCICHHsS KapOOHOBOH KHCIOTBI C OIHO- DJJIEKTPOHHBIM MEXaHM3MOM (OUMEpH3alus |
TUCTIPOTIOPIIMOHUPOBAHUS ~ paguKana) ¥ JIBYX-3JEKTPOHHBIM  MexaHu3MoM  (oOpazoBaHue U
NeperpymnmnupoBKH  kKapOkaTroHa). OOpa3oBaHHME YIJIIEBOJOPOJOB MPH DIICKTPOOKUCICHUH KapOOHOBBIX
KHCIIOT OTpabOTaHHBIX Macel MPU UX pPereHepary, MOXKeT CIIOCOOCTBOBATh YBEINUYCHHUIO BBIX0/1a Macia 0e3
00pa30BaHUsI TOOOYHBIX OMACHBIX MTPOAYKTOB.

KuroueBble ciioBa: KapOOHOBAsI KMCIOTA; OTPAOOTAaHHOE MACIIO; PEereHepallHs; IIYHTUT; JICKTPOOKUCIICHHUE.
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