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ANALYTICAL METHODS IN CHEMISTRY
AND CHEMICAL TECHNOLOGY
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AMPEROMETRIC DETERMINATION OF PERRHENATE ANION
USING A MICROSCOPIC INTERFACES BETWEEN TWO IMMISCIBLE
ELECTROLYTE SOLUTIONS
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Voltammetric responses associated with the simple reaction of perrhenate anions transfer across
polarized micro-interfaces between two immiscible electrolyte solutions (micro-ITIES) was investigated,
and their sensing applications were demonstrated. The micro-ITIES array was formed at polyethylene
terephthalate membranes containing a 196 microhole array of radius 10.0+0.1 um using a
femtosecond laser. The characteristics of perrhenate ions transfer at the water/ 2-nitrophenyloctyl
ether interface were first investigated using cyclic voltammetry (CV). CV was used in the estimation
of some of the perrhenate anions thermodynamic parameters, such as the formal transfer potential
and the Gibbs transfer energy. The technique of alternating current stripping voltammetry (ACSV)
was also utilized to improve the sensitivity of the perrhenate anion detection. Under optimized pre-
concentration and detection conditions, a limit of detection of 0.3 uM with a wide linear dynamic
range extending from 1.0 to 100 uM was achieved. The effect of various potential interfering anions
on the perrhenate sensor was also investigated and an excellent selectivity over SCN', I', NO_,
NO,, CO/, SO/, MoO, WO, and CH,COO" ions was also achieved. This enabled quantitative
measurements of rhenium in some mineral raw samples and the data was also validated by
comparing with inductively coupled plasma atomic emission spectroscopy.

Keywords: perrhenate ion, water/2-nitrophenyloctyl ether interface, micro-ITIES, ion transfer
reaction, femtosecond laser, stripping voltammetry.

DOI: 10.32362/2410-6593-2018-13-4-5-16

AMITIEPOMETPUYECKOE OIIPEJEJIEHUE ITEPPEHAT-AHUOHA
HA MUKPOTI'PAHUIIE MEXAY ABYMA HECMEIINBAIOIIUMUCA
PACTBOPAMM DJIEKTPOJIMTOB

A.YO. MapTeinoB!©, E.B. Aonaryxun’!, A.A. Acradser?, A.M. Illaxor?,
B.A. HaaToueukxo?, H.K. 3aiuesn’

IMHPSA — Pocculickuli mexHosoeuueckull yHusepcumem (MHcmumym moHKUX XUMUUEeCKUX MeXHO02Ull
umeru M.B. Aomonocoea), Mockea 119571, Poccus

2Hnemumym xumuueckoll ¢pusurxu umeru H.H. Cemerosa PAH, Mockea 119991, Russia

@Aemop ons nepenucku, e-mail: Ly.martynov@gmail.com

Toukme xumudeckue texHororuu / Fine Chemical Technologies 2018 Tom 13 Neo 4 5



Amperometric determination of perrhenate anion ...

Hacmoswas paboma nocesiuyeHa UsyueHUuro npocmozo0 UOHHO020 NepeHOca NeppeHam-uoHa uepes
NONIPUIYEMYHO MUKPOZPAHULY pasdena ¢pas 08YX HECMEUUBAIOULUXCS. PACMEOPO8 3/1eKMpPOSIUMO8
(muxpo-I'BZTHPS) u npumeHeHUro 0aHHO020 SI8NeHUSL 015 AHAIUMUYECKO020 onpedesieHust peHust. ns
coz0aHust cucmemol ¢ mukpo-I"B/THPS useomoegieHa MuKponepgopupos8aHHas NOSIUMEPHASL Membpa-
HO U3 nosusmuieHmepegpmanama , 8 KOmopoi ¢ NOMOUbLIO PeMmOCeKYyHOH020 a3epa NPooesaH
Mmaccug uz 196 muxpoomeepcmuii ouamempom 10%0.1 mrm. C uchonvzogaHuem 0aHHOU cucmembl
MEemMOOOM yuruueckoli sonemamnepomempuu (LIBA) enepevle ucciedo8aHsl nepsuUuHble xapaKme-
PUCMUKU NepeHOCa NeppeHam-UoHA Ha MUKpOoZpaHuye pasoena ¢pas eooa,/ 2-HumpogeHuI0Kmulo-
eblll a¢hup u onpedeneHbl MePMOOUHAMUUECKUE NAPAMEMPLL NEPEHOCA, maKue, KaK POpMATbHbLI
NomMeHyuUal UOHHO20 hepeHoca, sHepaust [ ubbca u mexxgpasmblii Koaghgpuyuernm pacnpeoeneHust. [1ns
NoBbIUEHUS. UYBCMBUMEILHOCMU 0OHAPYIKEHUSL NEPPEHAM-UOHA NPUMEHSLIUL MAKHKEe MEexXHUKY UH-
8epCUOHHOU sostbmamnepomempuu (MBA). IIpu onmumusuposaHHbLX YCA08USX 3/IEKMPOXUMUUECKO-
20 KOHUEHMpPUpPOoBAaHUsL U OOHAPYIKEHUSL 00OCMULHYM npeodest OOHAPYIKeHUSE NeppPeHAM-UOHA, PABHBLIL
0.3 MM, ¢ wuporum auHeliHbM JuHaAMUUecKUM ouanazoHom om 1.0 0o 100 mxM. HsyueHo enusi-
HUEe X MeWaruux UOHO8 HA INIeKMPOXUMUUECKUTL OMKUK NePPeHam-UoHA, U OOCMUZHYMA OMuUY-
HQasl cesleKMueHOCMb No omHoweHuro K aruoHam SCN-, I, NO,, NO,", CO,”, SO, MoO,, WO, u
CH,CO". 9mo noseosuso nposecmu KoJau4ecmseHHoe onpeoesieHue peHust 8 HeKomopbLx 06pasyuax
MUHEPAIBLHO20 Cblpbsi U CPABHUMb NOSYUEHHblEe OaHHbLE C pe3ylbmamamul, NOAYUEeHHbILMU MEMOoOoM
AMOMHO-9MUCCUOHHOT CNEKMPOCKONUU C UHOYKMUBHO C8SI3AHHOT N1a3MOU.

Knroueesvle cnosa: neppeHam-uoH, 800a,/2-HumpogeHunrokmunosslii agpup, muxpo-I'B/IHPS,

pearxkyust UOHHO20 nepeHoca, cpemmoce;cyudnbtli Jiasep, UH8epCUOHHAsl 80Jlbmamnepomempust.

1. Introduction

The analysis of various species of rhenium is of great
importance due to its unique physicochemical properties and
wide application in various fields of chemical, aerospace
and nuclear industries [1, 2]. In particular, due to high
refractoriness, mechanical strength and chemical inertness,
rhenium is a valuable material for the manufacture of steels
and alloys for turbines of jet engines, high-temperature
thermocouples and components of electronic contacts and
electromagnets. In addition, rhenium has proven itself in the
production of rhenium-platinum catalysts used in petroleum
reforming for the production of high-octane hydrocarbons,
which are used in the production of lead-free gasoline [3].
The estimated value of rhenium consumed in 2017, was
about $ 80 million [4].

Rhenium is a rare element: its content in the Earth's
crust is about 7x107®* % by weight [5]. The most important
raw sources of rhenium are sulfide (molybdenum and
copper) and carbonaceous (uranium) concentrates. Minerals
of thenium themselves are extremely rare in nature.

There was a requirement of extraction of rhenium
from secondary raw materials, industrial waters and
plants due to its high cost and small content in natural
materials [6]. Both analyzed natural and technogenic
rhenium-containing raw materials have a complex
and diverse composition. The content of rhenium in
rhenium-containing raw materials varies in a wide range
of concentrations — from 1077 to tens of weight percent.
This leads to the creation and improvement of methods
for its analytical control in different materials [7].

In modern analytical practice, methods such as
inductively coupled plasma atomic emission spectroscopy

(ICP AES) [8], inductively coupled plasma — mass
spectrometry (ICP-MS) [9], X-ray fluorescence analysis
[10] and spectrophotometric methods [11] are used for
direct determination of rhenium in the aqueous phase.
Although these methods provide reliable, accurate and
reproducible analysis, their sensitivity is not sufficient
for direct determination of rhenium due to low element
contents in the analyzed objects and the interfering effect
of matrix components. Moreover, implementation of
these methods requires expensive equipment, as well as
collection and transportation of environmental samples
for laboratory analysis.

Electrochemical methods take a significant place
in the analytical chemistry of rhenium due to the high
speed and accuracy of the analysis, the possibility
of miniaturization, as well as high sensitivity
and selectivity. In particular, direct voltammetric
determination of rhenium based on measurement of
diffusion waves of the recovery of perrhenate ions
and indirect determination using different types of
mercury-film and carbon electrodes in conjunction
with linear sweep or stripping voltammetry are reported
[12-14]. For instance, the adsorptive accumulation
of rhenium in the form of a rhenium oxide film of
low solubility onto a polyethylene-impregnated
graphite electrode followed by the oxidation of the
adsorbed species using square-wave voltammetry was
developed for Re(VII) ion analysis with a detection
limit of 0.8 nM. Nevertheless, the selectivity of the
voltammetric analysis of rhenium is rather low due to
the interfering effect of metal ions (Mo, W, Cu, Ag,
Au ions) occupying a higher position on the scale of
standard potentials than the perrhenate ion.

6 Toukue xumndeckue TexHororun / Fine Chemical Technologies 2018 Tom 13 No 4



L.Yu. Martynov, E.V. Lopatukhin, A.A. Astafyev, A.M. Shakhov, V.A. Nadtochenko, N.K. Zaitsev

An alternative to solid-electrode-based
voltammetry for rhenium analysis is the transfer
reaction at a polarized interface between two immiscible
electrolyte solutions (ITIES) [15]. The ITIES method
is based on reversible ion transfer across a polarized
liquid-gel interface upon application of a potential
difference. lon transfer from one phase to another
gives rise to a current that can be monitored. On this
basis, a sensitive and selective platform is realized
for amperometric sensing of various inorganic ions in
aqueous solutions, as well as organic compounds that
do not decompose into ions [16]. For a long time, the
analytical use of the ITIES method with a large liquid
interface was mainly due to mechanical instability and
uncompensated ohmic losses due to the strong resistivity
of the organic phase. The solution to this problem was
the approach demonstrated by Campbell and Girault
[17] based on the use of the micro-liquid/gel interface
supported on a microporous polymeric membrane. The
use of microporous polymeric membrane-supported
ITIES made it possible to significantly simplify the
experimental design of the method and served as the
basis for creating new platforms for arrays of micro-
interfaces for portable sensors [18-20].

In this paper, the reaction of simple transfer of
perrhenate ions at the water/2-nitrophenyloctyl ether
(2-NPOE) micro-interface array was investigated.
The approach to interface miniaturization used in this
study is based on microfabricated porous polyethylene
terephthalate  (PET) membranes prepared by
femtosecond laser-etching processes. The characteristics
of perrhenate ion transfer reaction were studied using
cyclic voltammetry (CV) and alternating current
stripping voltammetry (ACSV). The thermodynamic
parameters for the perrhenate ion transfer are discussed.
The effect of interfering ions on the obtained analytical
perrhenate signal is also estimated. Stripping analysis at
the micro-liquid/liquid interface arrays is suitable for the
detection of analytes in rhenium containing alloys and
mineral raw materials.

a

2. Experimental

2.1. Reagents

2-Nitrophenyloctyl ester (2-NPOE, Sigma-Aldrich),
tetradodecylammonium  tetrakis(4-chlorophenyl)borate
(TDATpCIPB, Fluka), magnesium sulfate (MgSO,,
Chimmed Co.), tetramethylammonium chloride (TMACI,
Sigma-Aldrich), polyvinylchloride (PVC, high molecular
weight, BSK Co.), potassium perrhenate (KReO,, Sigma-
Aldrich), sodium hydroxide (NaOH, Sigma-Aldrich),
sodium molybdate (Na,MoO,-2H,0, Acros Organics),
sodium tungstate (Na,WO,-2H,0, Acros Organics),
rhenium (Re, Sigma-Aldrich), sulfuric acid (H,SO,, Acros
Organics), hydrogen peroxide solution (30% H,O,, Sigma-
Aldrich) were all used as received. All aqueous solutions
were prepared using bidistilled water.

2.2. Fabrication of microhole array-liquid/liquid
interface

A 196 (14x14) microhole array was created by drilling
a polyethylene terephthalate film (PET, 10 pwm thick, from
Vladipor LTD, Russia) using the previously reported
method [17] with a modification: the micromachining
of the hole was performed using nonlinear ultrafast laser
photoablation processing by a femtosecond Ti:Sapphire
laser. Compared with other machining techniques, this
method provides an advantage of localized, precise and
reproducible material processing [21]. Femtosecond
laser pulses at 790 nm were amplified in a four-pass laser
amplifier up to 2 pJ energy and coupled to the Olympus
IX71 optical microscope. Pulses were focused into a
2 um focal spot by an objective lens (Newport M-10x
0.25NA). Cylindrical holes were drilled in a film using a
programmed circular movement performed by a 2D piezo-
stage (NT MDT) with a 100 nm step, at each step the film
was processed with a single pulse. The average radius of
each microhole was determined as around 10 um both for
the entrance and exit side, while the average centre-to-
centre distance between two neighboring microholes in the
196 microhole array (approximately 100 pm) is at least 10
times larger than that of each microhole radii (Fig 1).

Fig. 1. Scanning electron micrographs of microperforated PET membrane (a)
and representative image of 20 um single microhole (b).

Tonkue xummudeckue TexHororuu / Fine Chemical Technologies 2018 tom 13 Ne 4 7
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Twenty microliters of the organic solution composed
of 5% PVC and 10 mM TDATpCIPB dissolved in
2-NPOE were casted onto the laser-machined PET film
over the micro-hole array region at a 80 °C and kept for
a minimum of 6 h at room temperature to cool down and
form a gelified layer.

2.3. Electrochemical measurements

All electrochemical experiments were performed
using potentiostat Ecotest-VA-4 (Econix-Expert Ltd.,
Russia) together with the Ecotest VA software supplied
with the instrument. Despite the fact that the IR drop
effect at micro-ITIES system is not too high as compared
to macro-ITIES system, in this study a four-electrode
electrochemical cell was employed. The reference
electrode in the aqueous phase was an Ag/AgCl electrode.
The reference electrode in the organic phase was an Ag/
AgTpCIPB electrode made by electrochemical oxidation
of a silver wire in a 0.1 M solution of TDATpCIPB. Two
platinum counter electrodes placed in the aqueous and
2-NPOE phases were used for supplying the current flow
(see the schematic presentation in Fig. 2a inset).

The borosilicate glass tube with PET-membrane
sealed to one end with silicone sealant contained
200 microliters of the organic solution of 10 mM of
TDATpCIPB in 2-NPOE. This was then immersed in 25
mL of the aqueous phase 10 mM solution of MgSO,.

Organic
reference
PET membrane
AgTpCIPB/Ag | electrolyte | 50 'y 0 NpoE
10 mM 10 mM
RE TDATpCIPB
i NPOE TDATpCIPB
Pt-CE

All measurements were carried out at room
temperature without any IR drop compensation by cyclic
voltammetry (CV), alternating current voltammetry
(ACV) and alternating current stripping voltammetry
(ACSV) technique with a modulation amplitude of
50 mV and a pulse frequency of 5 Hz. The parameters
pre-concentration potential, pre-concentration time and
sweep rate were explored to determine the optimum
values, and these were implemented in subsequent
experiments. The scan rate for cyclic voltammetry
experiments was 12 mV s unless otherwise stated.

3. Results and Discussion

3.1. Electrochemical characterization of perrhenate
anion transfer across a micro-water/gel interface

The simple transfer of perrhenate ion across the
microhole array interface between water and a PVC-
NPOE gel layer incorporating TDATpCIPB as an organic
supporting electrolyte were first studied using cyclic
voltammetry. The TDATpCIPB supporting electrolyte
not only helps to keep sufficient conductivity of the
organic phase, but also offers a wide polarization window
to characterize the voltammetric response of perrhenate
anions, which could limit the negative end potential.
The process of simple ion transfer of perrhenate anion
across the micro-ITIES was studied using conventional
electrochemical cell setup in Fig. 2a inset and Cell 1.

Water
10 mM MgSO, AgCl/Ag
x uM ReO,
RE" Cell 1
Pt-CE’

where x is the concentration of the perrhenate anion in the aqueous phase.

In the absence of perrhenate ion ReO, the potential
window was determined by the transfer of the electrolyte
ions dissolved in each phase, which resulted in a current
rise. At the positive end, the potential window is limited
by Mg*" or TpCIPB- ion transfer, while the negative end
is set by TDA" or SO,* ion transfer across the polarized
interface [see Fig. 2a]. The clear potential window
between —0.40 and +0.60 V is available for studying the
ReO, transfer.

The addition of ReO,  ions into the aqueous
phase resulted in the occurrence of a pseudo-steady
state voltammetric response in the cathode region of
the potential window on the forward scan, while more
pronounced peak-shaped responses were observed
on the reverse scan at ca. 0.05 V (vs. Ag/AgCl). Such
voltammetric characteristics are typically observed when
utilizing a microhole-water/PVC-NPOE gel interface
with a gel-filled microhole; on the forward scan, ReO,

ions transfer from water to the organic gel phase is
usually associated with a hemi-spherical diffusion flux
that results in a pseudo-steady state current response.
While the peak current for the ion transfer from
the organic to the aqueous phase is associated with a
hemi-spherical diffusion regime, the reverse flux from
the aqueous phase to the hole region is governed by
a linear diffusion [22]. This is due to the fact that the
incorporation of PVC in the organic phase increases the
viscosity, and hence slows down the diffusion of ions in
the organogel, so that the diffusion coefficient of a target
analyte in the gelled organic phase may be ca. nine times
lower than in the aqueous phase [23]. However, in this
study, the CVs on the forward scan show that the foot
of the ion transfer wave was at a very negative applied
potential difference (0.4 V), close to the upper limit of
the potential window (Fig. 2a). The current increased
steadily with applied potential up to the switching
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Fig 2. Representative cyclic voltammograms for the simple transfer reaction of different concentrations
of ReO,” ions across water/NPOE microinterface. Cell 1 was used.
(a) The ReO," ion concentration (x in Cell 1) was varied from 5 to 100 uM. Scan rate was 12 mV s'. Inset
in (a) shows a schematic of the electrochemical system for the study of ion transfer reactions across
a micro-liquid/liquid interface.
(b) A series of cyclic voltammograms for the transfer of ReO,~ ions at different scan rates ranging
from 4 to 96 mV s7'. x = 50 in Cell 1 was used. Inset in (b) shows a plot of the peak current versus
the square root of the scan rate.
(c) Representative alternating current cyclic voltammograms for different concentrations of ReO,~ ions
transferring across water/NPOE microinterface. Inset in (c) shows a plot of the peak current versus the concentration
of perrhenate anion: 1 — 10 mM MgSO, solution in the absence of ReO, 2 — 5 uM; 3 — 10 pM; 4 — 20 pM;
5—40 uM; 6 — 60 uM; 7 — 80 uM; 8 — 100 uM.

potential, so that a fully-develop steady-state wave shape
was not obtained. A similar observation was reported by
Osborne and Girault [24] for the transfer of ammonium
ions across a water/1,2-dichloroethane (DCE) interface
and by Cacote et al. [25] for the direct transfer of Ag®
ions across a water/DCE interface.

As the concentration of Re(VII) ions increased, the
current on both the forward (ReO, ion transfer from
water to NPOE) and reverse (from NPOE to water) scans
also linearly increased. A linear slope of 2.71 pA mM™!
was obtained from a plot of the steady-state current
changes (forward) vs. Re(VII) ion concentration, which
can be correlated to Saito [26] equation developed for
radial diffusion-controlled reversible ion transfer process
at an array of microhole-water/gel interfaces:

I"P =4z nFD"* C. 7 (1)

ReO, ~ReOy

where I """ is the steady-state current responsible
for the ReO4* ion transfer from water to the organic
phase, z is the charge of the ReO, ion, F is the Faraday
constant, Dl;“eO; is the diffusion coefficient of ReO," ions

in the aqueous phase 1.47x107° cm? s [27], C_is
RCO4

the concentration of the perrhenate ion in the water
phase, and 7 (10.0 wm) is the radius of the interface. The
experimental slope was slightly smaller as compared to
the theoretical value of 2.25 A mM™,

The peak current response with respect to the
scan rate was also investigated (see Fig. 2b), where
the peak potential for 50 uM ReO," ion transfer was
found to be almost independent of the scan rate.
When plotting the current versus the square root of
scan rate (see Fig. 2b inset), a linear relationship with
a slope 0f 0.022 pA (V s7')? also obtained. This value
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was slightly smaller than 0.033 pA (V s')'2, which
was obtained from Randles-Sevcik equation developed
for a diffusion-controlled reversible ion transfer process
across a polarized ITIES:

1, =0.4463z,4FC, ,/%JEJE @)

where 7, is the peak current responsible for Re(VII)
ion transfer from the organic to the water phase, A
is the area of the liquid/liquid interface, R is the gas
constant, 7 is the absolute temperature, and v is the
scan rate. The differences in both the linear fit values
for the concentration and scan rate dependence can be
attributed to possible errors coming from the estimation
of the exact liquid/liquid interface size. In addition, the
peak to peak separation was about 7.5 mV and changed
little with respect to the scan rate change. These results
indicate that the ReO,” ion transfer reaction is regarded
as a reversible diffusion-controlled process.

In order to further enhance sensitivity alternating
current voltammetry (ACV) was applied, Fig. 2c. In the
absence of the perrhenate ion ReO,” the potential window
is restricted by the transfer of background electrolyte ions
and resembles the shape of a bath. When increasing the scan
rate (8-99 mVs™) and amplitude modulation (5-50 mV),

background current increases from 0.02 to 0.40 pA. In this
case voltamperograms are not distorted. The addition of
different concentrations of the perrhenate ion ReO,  (5-100
UM) in aqueous solution induces a broad voltammetric peak
on the forward and reverse scans at ca. —0.16 V (vs. Ag/
AgCl). The separation of the peaks increased with respect to
the ReO," ion concentration ranging from 5 to 100 uM and
was about 42.5 mV at the concentration of the perrhenate
ion 100 uM. A peak current area increased proportionally
as a function of the perrhenate ion ReO,” concentration. A
notable fact is that ACV response of the ReO," ion has a
greater intensity of current in absolute value. This result is
very interesting for increasing the sensitivity of the sensor
for the perrhenate ion in a very simple way (changing
only the modulation amplitude or scan rate). The resulting
ACV peaks area current was also plotted against various
concentrations of target ions (Fig. 2¢ inset). As can be seen,
from the plot of the ACV peak area current versus the ReO,”
concentration a linear fit with a slope of 57.6 pA mV mM™!
for the Re(VII) concentration ranging from 5 to 100 uM was
obtained.

3.2. Thermodynamic parameters of ReO transfer
at the water/NPOE interface

A number of thermodynamic parameters for the
ReO, ion transfer were determined from the CV data.
These are listed in Table 1.

Table 1. Thermodynamic data for the transfer of ReO,” ion
at the micro-water/NPOE interface arrays

w0 w0 W ~0 - w
Parameter oPreo; P or AoG,. 12 P, ypor (ReOy) DReO;
>
Value —0.184V 0264V 17.8 kI mol™ -3.12 14.6x10% cm? ¢!
*Data obtained from Ref. [26].
"ljh.e Va¥ue of jche formal transf;r potential of an AVZ(P? = A'p, —A'p, +A” (po @)
ReO, ion is obtained by transposing the measured S Re0; S Re0; ST ™A

experimental value to the Galvani potential scale, as
given by the following expression [28]:

w_ 0 w w w 0
AOqokeog - AOqDReO; ~ AP TPy 3)

where A Yo, Aﬂo is the formal transfer potential of the
TMA+ lon, AoW(p(Re04-) TMA+)
potentials of the ReO,” ion and TMA™ ion, respectively.

In this study, a value of +0.140 V was used for
ALY Py A+)O [29]. TMA" ion was selected as a model ion,

and A o, are the experimental

since the transfer potential differs from that of ReO," ion,
and there is no mutual interference. The calculated
Galvani transfer potential of ReO, ion across a
water/NPOE interface is obtained using Eq. (3) to
be —0.184 V (Table 1).

A value for the half-wave transfer potential of the
ReO, ion can be obtained using Eq (4):

w .
where Aj@,  and AVg, are the experimental
E,Re04 E,TMA+

half-wave potentials of the ReO, ion and TMA" transfer,

w

respectively. The Aoq)? oo ofthe ReO, ion is obtained
E, (S

4

using Eq. (4) to be 0.264 V (Table 1).

The Gibbs energy of transfer is directly related to
the formal transfer potential of the ion transfer [30] and
for any ionic species is expressed as:

AN} G?

tr,i

Al =
0¢)1 ZiF

®)

where A ™ G(mi)0 is the formal Gibbs transfer energy of
the ion from the aqueous (w) to the organic (o) phase.
The ability to measure this value depends on the

10 Toukue xumndeckue TexHororun / Fine Chemical Technologies 2018 Tom 13 No 4



L.Yu. Martynov, E.V. Lopatukhin, A.A. Astafyev, A.M. Shakhov, V.A. Nadtochenko, N.K. Zaitsev

condition that the transferring ion has a lower magnitude
of the Gibbs transfer energy than the ions of the supporting
electrolytes. The calculated value is presented in Table 1.
The formal Gibbs energy of transfer of the ReO,” ion
was 17.8 kJ mol™" across a water/NPOE interface. Values
of 16.9 and 20.1 kJ mol™ have been reported previously
for the perchlorate ion (CIO,) transfer across a water/
NPOE interface [29] and the permanganate ion (MnO,")
transfer across a water/o-dichlorobenzene interface
[31], respectively. This suggests that that the perrhenate
anion has a similar hydrophobicity and occupies an
intermediate position in the general scale of standard
ion transport energies in systems with different organic
solvents.

Another important thermodynamic parameter is the
coefficient (IgP,,,.) of a given solute partition between
two immiscible solvents. This is a measure of its relative
affinity for the two phases, and is related to the free energy
of transfer of the solute between the two solvents. The
coefficient of the perrhenate ion ReO, partition between
water and 2-NPOE is obtained from Eq. (6) [32]:

W ~0
O~ tr,i

A
lg P ReO;)=—F"—— 6
&P, npox( 4 ) 2 3RT (6)

The partition coefficient of the perrhenate ion was
—3.12 (Table 1), while the value for the perchlorate ion
was —2.96 [33], both for the water/2-NPOE system.
Comparison of the partition coefficients of both ions
shows that perrhenate is more hydrophobic, since a
higher partition coefficient value indicates a more
hydrophobic property. A review of the electrochemical
investigations made on the transfer of ions and ionic
species at ITIES to determine their partition coefficients
employing voltammetric methods for water/nitrobenzene
(NB), water/2-NPOE, and water/DCE systems does not
include any data for the perrhenate ion.

3.3. Optimisation of the ACSV parameters for the
detection of ReO, ions

In order to detect lower concentrations, ACSV
was employed, as this entails a pre-concentration step
that enhances sensitivity. In the pre-concentration step,
the ReO,” ions were extracted from the aqueous to the
organogel phase under potential control. Then, the pre-
concentrated analyte was stripped out of the organogel
using a voltammetric scan. The pre-concentration step is
important in ACSV as it enables the detection of lower
concentrations relative to CV. As aresult, the optimization
of ACSV parameters, namely the sweep rate, the pre-
concentration potential and the pre-concentration time
were explored employing Cell 1. Voltammetric scans were
conducted in the positive direction, from —0.5 to 0.6 V.

To assess the impact of sweep rate on the results
(figure not shown), the sweep rate value was varied
between 5 and 100 mV s using 5x10° M ReO, ion.

The pre-concentration potential was fixed at —0.40 V,
while the pre-concentration time was set at 60 s. A blank
ACSV was recorded in the absence of the analyte, so
that background-subtracted ACSV could be obtained
by subtracting the blank response from that of the
analyte. The stripping peak current was found to be
linearly-dependent on the square root of the sweep rate,
indicating a linear diffusion-controlled organic phase to
aqueous phase transfer process [34]. Despite this result, it
was found that lower sweep rates produced a more clearly
defined peak shape consistent with peak distortion by
cell resistance and capacitance at the higher sweep rates.
Consequently, all subsequent experiments employed a
sweep rate of 12 mV s7, since this sweep rate produced
a well-defined peak shape with less sensitivity to these
distortions.

The influence of the pre-concentration potential
was studied by employing 5.0 uM ReO,” with a 60 s pre-
concentration time, while varying the pre-concentration
potential from—0.40to 0.20 V inincrement of 0.05 V, Fig.
3a. From the inset graph, it can be seen that the stripping
peak current decreases when the pre-concentration
potential shifts to the positive area. As observed earlier
by CV, ReO, transfers at an applied potential very close
to the upper limit of the potential window. The maximum
stripping peak current was observed when the pre-
concentration potential was —0.40 V. Thus, this potential
was applied for all subsequent experiments.

The influence of pre-concentration time was
studied at —0.40 V pre-concentration potential using
5 uM ReO,, with variations in the pre-concentration
time from 30 to 360 s (Fig. 3b). The stripping peak
current increased as the pre-concentration time
increased, eventually reaching a constant value, as
illustrated in the inset graph. This effect was reported
previously for the detection of perchlorate [35] and
hexachromic anions [36] at the micro-ITIES array
and was attributed to the diffusion of the analyte away
from the interface to the bulk organic phase during
the longer pre-concentration times. Therefore, during
the stripping step, these analytes are not stripped back
to the aqueous phase and do not contribute to the
stripping peak. The optimum pre-concentration time
of 90 s was selected and applied in all subsequent
experiments.

Employing all of the optimized parameters (12 mV s
sweep rate, —0.40 V pre-concentration potential, 90 s
pre-concentration time), low concentrations of ReO,” in
the range 1.0-100.0 pM were analysed, and a calibration
graph of stripping peak current versus concentration of
ReO, ion was plotted (Fig. 4).

The stripping peak increased linearly with respect
to the ReO,” ion concentration (Fig. 4 inset) with a linear
concentration dependence observed within the range
studied. An excellent detection limit of 0.3 uM using
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Fig. 3. Influence of pre-concentration potentials from —0.4 V (dark green) to 0.2V (black) in increment of 0.05V on the ACSV
of 5 uM ReO, ion (a). The pre-concentration time and sweep rate were fixed at 60 s and 12 mV s, respectively.
Inset: graph of current at selected pre-concentration potentials of —0.40, —0.35, —0.30, —0.25 and —0.20 V.
Influence of pre-concentration times on the ACSV of 5 uM ReO,~ion (b). The pre-concentration potential and sweep rate were
fixed at —0.40 V and 12 mV s7!, respectively. ACSV response of 30 (dark green), 60, 90, 180 and 360s (light green)
pre-concentration times. Inset: calibration graph of peak current versus pre-concentration times.
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Fig. 4. Representative alternating current stripping voltammograms (ACSV) for the sensing of perrhenate anions
at the micro-ITIES arrays. The voltammogram was scanned from low to high potentials to strip the preconcentrated
perrhenate ion from the organic gel layer to the aqueous phase. A 90 s of pre-concentration by means of holding
the potential of —400 mV was used to accumulate ReO,” anions in the gel layer before the stripping.
Cell 1 was used where x was varied from 1 to 100. Inset shows the calibration curve of ACSV peak area current versus
the concentration of ReO,” anions:
1 — 10 mM MgSO, solution in the absence of ReO, 52~ 1 uM; 3 -2 uM; 4 — 4 uM; 5 — 6 pM;
6—8 uM; 710 uM; 8 —20 uM; 9 — 40 uM; 10 — 60 uM; 11 — 80 uM; 12 — 100 uM.

a signal to noise ratio of 3:1 was established, which
comfortably exceeds the requirements for detecting the
perrhenate ion in environmental samples. The LOD
obtained for the perrhenate anion is of the same order
of magnitude of those found by other investigators by
stripping voltammetry.

3.4. Amperometric ReO ion selective sensors for real

10 mM TDATpCIPB
in NPOE PET membrane
AgTpCIPB/Ag Organic reference 5% PVC-NPOE
RE electrolyte 10 mM
TDATpCIPB
Pt-CE

sample analysis

The selectivity of the sensor for ReO,” ions was finally
investigated in the presence of different interfering anionic species
(v or z in Cell 2) including SCN', I, NO,, NO,, CO,*, SO*,
MoO,, WO,*,and CH,COO" anions was investigated at a fixed
concentration of 10 pM perrhenate ions. Cell 2 was used.

Water
10 umol dm” ReO, AgCl/Ag
1 mmol dm”*Nay or Na,z
RE' Cell 2

Pt-CE
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These ions were selected, since they are all models
of substances likely to be present in ore concentrates
and natural water samples. The interfering ions were
investigated at a fixed concentration of 1 mM, which
is a hundred times in excess compared to that of ReO,
ions. The selectivity coefficient (log k. *™) for all the
interfering anions studied are listed in Table 2 calculated
using the Eq (7) [37]:

kf;‘np =, -1)C, /]iCj @,

where i and j correspond to the ReO,” and interfering
ions, respectively, C is the concentration of each ion
species, and / is the total current, which is the sum of
the current associated with the ReO,” ion (/)) and other
interfering ions.

Table 2. Summary showing amperometric selectivity coefficients of ReO,” ion detection responses

over different interfering ions

Interfering ion SCN* | No, | NO, | Cor | SO | MoOZ | WO CH,CO0"

3 2

gk 0585 | —2564 | —1.982

n.i. n.i. n.i. n.i. n.i.

n.i. — not interfering

In the hundred times excess presence of CO,>,
SO, CH,COO" anions, the ReO," sensor did not show
any responses. The hundred times excess of MoO,* and
WO,* ions, which are usually present in the ore together
with rhenium, does not affect the response of the sensor.
However, for the hundred times excess of SCN", NO,” and
NO; anions, the perrhenate sensor responded significantly.
Nevertheless, the simultaneous presence of these ions
together with perrhenate in real objects is unlikely.

3.5. Determination of ReO, ion in mineral raw

As a final demonstration, the sensor was applied
to the detection of rhenium in mineral raw samples.
The first sample was rhenium itself, and the other two

different samples were prepared by adding different
amounts of potassium perrhenate to the dolomite and
copper-zinc pyrite ore. For dissolution the analyzed
sample was treated with a mixture of conc. H,SO, and
H,0, (36%) taken in a 3:1 ratio, and then the resulting
solution was neutralized with 1M NaOH. Details of
the sample preparation are described in [12].

The determination of perrhenate in mineral raw as
the aqueous phase electrolyte solution was conducted
using Cell 3.

The ACSV analysis data using our perrhenate
sensor were also compared to those of the standard
ICP-AES analysis method summarized in Table 3.

Org:lr; lftrrglf e::nce PET membrane Real sample AoCl/A
AgTpCIPB/Ag d 5% PVC-NPOE x umol dm™> KReO gLing
10 mM TDATpCIPB 4
in NPOE 10 mM RE' Cell 3
RE TDATpCIPB Pt-CE
Pt-CE

Table 3. Comparison of real sample analyses utilizing the microhole array-water/NPOE sensor
and ICP-AES method

Sample number® Added perrhenate ion Our method verification ICP-AES method S

P concentration (M) (Conc. (uM) in undiluted sample + error) (Conc., uM) r

1 10 11+3 10 0.15

2 50 56+7 55 0.12

3 100 106+ 11 110 0.11

*Sample 1 is the sample of metallic thenium; Samples 2 and 3 are the dolomite and copper-zinc pyrite ore spiked with

the perrhenate concentration of 50 and 100 mM respectively.

It was found that the added concentrations of
ReO, estimated using our sensors in ore samples were
in good agreement with the data within a S_15% error.
An excellent agreement achieved in both the portable
sensing and conventional ICP-AES method indicates
that our method can be utilized for real-time analysis
of perrhenate anions in any environmental mineral raw
samples.

4. Conclusions

Voltammetric responses of simple transfer of
ReO,” ions across the microhole array-water/organic
gel interface was investigated. The results show that
ReO,” ions can be detected via CV and ASV. Important
characteristics of ReO,” ion transfer across the micro-
ITIES — the reversibility, formal transfer potential, the
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Gibbs energy of transfer and the partition coefficient —
were evaluated and then usefully employed. In addition,
employing the ACSV, the detectable concentration
of ReO, ions down to 0.3 uM was obtained with a
dynamic range of 1 to 100 pM. The novel amperometric
ReO, ion selective sensor was successfully applied to
determine the perrhenate anion concentration in mineral
raw samples, and the results were in good agreement
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In this paper the finite element method (FEM) is used to solve three problems that are of
the paramount importance in Chemical Engineering. The first problem is related with the
bidimensional flow of an ideal fluid around a cylindrical body, and the objective is to determine
the velocity distribution of the flow. To model the flow, the potential formulation is used to
obtain an analytical solution, and then, the approximated solution obtained by using FEM is
compared with the analytical solution. From this comparison, it is deduced that both solutions
have a good agreement. The second problem is the calculation of the temperature profile in a
two-dimensional body with specified boundary conditions. This problem is modeled by the
two-dimensional Laplace equation, and from the problem data and using variables separation,
an analytical solution was obtained. Then, FEM was used to obtain an approximate solution
and compared with analytical ones. Besides, from this comparison, it is concluded that both
solutions agree. Finally, in the third problem the temperature distribution in a bidimensional
body with internal heat generation is studied. This problem is modeled by Poisson equation in
two dimensions, but due to the boundary conditions and the complications that arise by adding
some heat sources in the final FEM discretization, the problem does not have an analytical
solution. However, the analysis of FEM solution indicates that this solution is correct.

Keywords: analytical solution, approximate solution, Laplace equation, Poisson equation,
potential formulation, the finite element method.
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8asl 3a0aua cesi3aHa ¢ obmeKaHuem 08YMepHbLM NOMOKOM UOEATbHOU JKUOKOCMU UUNUHOPUUECKO20
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AHAUMUUECK020 peuleHust OaHHOU 3a0aull CPABHUBAIOMCS C Pe3YIbMAMAMU YUCEHHO20 PeuLeHUs.,
noayueHHozo ¢ uchonwvsoearuem MKD. IlokazaHo, umo pe3ytemambl 060UX peuleHUll XOPoulo Co2Na-
cyromest mexoy coboti. Bmopasi sadaua — pacuem npogunisi memnepamypsl 8 08YMEPHOM mese C
300AHHBIMU ZPAHUUHBIMU YCA08USMU. [INst peuleHUst 9motl 3a0aui UCNOIb308AHO 08YMepHOe Ypas-
HeHue Aansiaca u memoo pasdeneHus: nepemeHHblx. TIonyueHHoe aHAUMuUYecKoe peueHue marike
CPasHUBAEMCSL C UWUCTIEHHbIM peuleHuem, HatideHHbm nocpedcmeom MKD. Kaxk u e npedvbloyuiem
cnyuae, ommeueHo Xopouiee Conaco8aHue NolYyueHHsblx pesyromamos. Harxorney, mpemueli 3adaveti
slesslemest OnUCaHue pacnpeoesieHust memnepamypol 8 08YMepHOM mese ¢ HYMpeHHel menioom-
oaueti. [Ins. Mooenupo8aHus NpumeHeHo 0symepHoe ypasHeHue Iyaccora. OOHako 3a0aua 8 OaHHOM
cnyuae He umeem AHAUMUYECK020 peuleHUsl. AHAIUS3 YUCEHHO20 peuleHUst Ha ocHoge MKD yrasbl-
eaem Ha e20 KOPPeKmHoOCMb.

Knroueesle cnosea: aHaniumuueckoe peweHue, YucieHHoe peuleHue, ypasHeHue Aannaca, ypas-
HeHue Hyaccona, memoo nomeHyuasioe 8 meopuu menﬂonepedattu U MexaHuKe CniouHou Cpedbl,

Memo0 KOHEeUHbLX JIeMEeHMO8.

1. Introduction

For solving complex engineering problems, it is
necessary to have methods that be computationally
effective. Ideally, an effective computational method
should have the following features:

1. It should have a sound mathematical as well as
physical basis (i.e., yield convergent solutions and be
applicable to practical problems).

2. It should not have limitations with regard to the
geometry, the physical composition of the domain, or the
nature of the ‘loading’.

3. The formulative procedure should be
independent of the shape of the domain and the specificity
of the boundary conditions.

4. The method should be flexible enough to allow
different degrees of approximation without reformulating
the entire problem.

5. It should involve a systematic procedure that
can be automated for use on a computer.

The finite element method is a technique in
which a given domain is represented as a collection
of simple domains called finite elements, so that it is
possible to systematically construct the approximation
functions needed in a variational or weighted-residual
approximation of the solution of a problem in each
element (Hughes [1], Lewis etal. [2], Zienkiewicz-Taylor
[3, 4], Ciarlet [5-7]). Thus, the finite element method
differs from the traditional Rayleigh-Ritz, Galerkin, least
squares, colocation, and other weighted-residual methods
in the manner in which the approximation functions are
constructed. But this difference is responsible for the
following three basic characteristics of the finite element
method:

1. Division of whole into parts, which allows
representation of geometrically complex domains as
collections of geometrically simple domains that enable
a systematic derivation of the approximation functions.

2. Derivation of approximation functions over each
element; the approximation functions are often algebraic
polynomials that are derived using interpolation theory.

3. Assembly of elements, which is based on
continuity of the solution and balance of internal fluxes;
the assemblage of elements represents a discrete analog
of the original domain, and the associated system of
algebraic equations represents a numerical analog of the
mathematical model of the problem being analyzed.

These three features, which constitute three
major steps of the FEM formulation, are already
closely related. The geometry of the elements used to
represent the domain of a problem should be such that
the approximation functions can be uniquely derived.
The approximation functions depend not only on the
geometry, but also on the number and location of
points, called nodes, in the element and the quantities
to be interpolated (e.g., solution, or solution and its
derivatives). Once the approximation functions have
been derived, the procedure to obtain algebraic relations
among the unknown coefficients (which give the values
of the solutions at the nodes of finite elements) is exactly
the same as that used in the Rayleigh-Ritz and weighted-
residuals (Gelfand-Fomin [8], Weinstock [9]). The FEM
not only overcomes the shortcomings of the traditional
variational methods, but it is also endowed with the
features of an effective computational technique.

2. Theoretical Basis

2.1.Mathematical Preliminaries

To understand how a differential equation set in a
given bounded domain of the plane, is modeled by the
use of the FEM, consider the following elliptic partial
differential equation:

-V -(cVu)+au= f on Q, (1)

where Q is a bounded domain of the plane;
a(x,y),c(x,y), f(x,y)and the unknown u(x, y)
are functions defined on Q. The specified boundary
conditions are a combination of and its normal derivative
on the boundary:
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» Dirichlet: hu = r on 0Q.

*  Generalized Neumann: 1 -(cVu)+qu =g on
oQ.

*  Mixed: applicable only to differential partial
equations system.

The vector 71 is the outer unit normal vector,
g(x,¥),q(x,¥),h(x,y)and u(x,y)are functions
defined on OQ.

For the discretization (division) of Q in subdomains,
triangles are used (Hutton [10], Bhatti [11], Chandrupatla
[12]).If u, (x, ) is alinear polinomial in two variables,
ie., if u,(x,y) =, + a,x + o,y inside each triangle,
itis not clear what a second derivative term means. Inside
of the triangle, Vi, is a constant (because U 5 1s flat),

and thus the second derivative vanishes. At the edges
of the triangles, ¢Vu,, is in general discontinuous, and

further derivatives make no sense. Since U is only an
approximation, it follows that:

=V (cVu,)+au, - f =R(x,y) %0 , 2)

where is called the residual.

What is looked for is the best approximation of
u in the class of continuous piecewise polynomials.
Therefore, the equation for U, is tested against all
possible functions v(x, y) of that class. Testing formally
means to multiply the residual against any function and

integrate, i.e., determine U, such that:
IQ[—V~(cVuh)+auh—f]vdxdyzO (3)

for all possible V. The functions V are usually called tes?
functions.
The Eq. (3) is integrated by using Green’s formula

(Evans [13]). Therefore, U, should satisfy:

IQ[(cVuh YWV +au,v]dx dy—'[mﬁ (cVu,) vds = J.va dxdy, Vv, (4)

where O is the boundary of €, and ds is the
arclenght differential on the boundary. Note that the
integrals of this formulation are well-defined even if

U, and V are piecewise linear functions.
Boundary conditions are included in the following

way: if U, is known at some boundary points

(Dirichlet and boundary conditions), the test functions

are restricted to v = 0 in those points and require U,
to attain the desired value at those points. At all other
points, generalized Neumann conditions are imposed, i.e.,
(CVu " ) n+qu, = g . The FEM formulation reads:

find U, such that

IQ [(cVuh Vv + auhv] dxdy — _LQ] qu,vds = J;) fvdxdy+ J;Ql gvds, Vv. (5)

In Eq. (5) ©€, is the part of boundary with
Neumann conditions. The test functions V must be zero
on 6Q — 89, .

Any  continuous
is represented as a

uh(xay) :Zci¢i(xﬂy)’

where ¢, are piecewise continuous functions, and C,
are scalar coefficients. Choose ¢, like a tent, such that
it has the height 1 at the node i and the height 0 at all
other nodes. For any fixed v, the FEM formulation
yields an algebraic equation in the unknowns C. It
is necessary to determine N unknowns, so N different
instances of Vare needed. What better candidates than

piecewise
linear

linear u,
combination

V=0, j=1,2,...,N? This gives a linear system
KC = F, where the matrix K and the right-hand vector
F contains integrals in terms of functions ¢, 9, and the
coefficients defining the problem: ¢, a, f, ¢ and g. The
solution vector C contains the expansion coefficients of

U, , which are also the values of © p at each node.

3. Computational aspects of FEM

From previous exposition, it is deduced that for the
FEM applications, computer programs that help in the
many calculations involved in such method are needed.
The following are the main steps that are necessary
for solving through FEM, physical problems that are
governed by partial differential equations (case of the
present work):

1. Preprocessing. In this step the following is
considered:

*  Meshing: the bidimensional region € is divided
in triangles. It is necessary to have a computer program
for this task.

*  Geometrical and physical data related with the
problem at hand.

e The assemble of triangular element equations
for obtaining the final system of algebraic equations. For
linear problems, this system is linear.

2. Processing. This consists in the solution of
equations system for obtaining the nodal values of the
scalar quantity that is being approximated.
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3. Postprocessing. Calculation of solution gradients
and other variables of interest; and presentation of results
in tabular or graphical form.

To solve the problems of this paper, a Matlab®
based program was written that implements the main
steps of FEM.

4. Examples

4.1. Example 1

4.1.1. Statement

Determine the velocity distribution for the irrotational
flow of an ideal fluid around a cylindrical body, 40 mm in
diameter, centered between two parallel walls which are 80
mm apart. The fluid has a uniform velocity of 40 mm/s at a
location far removed from the cylinder (see Figure 1).

L e

> 40mm

Jo=40mm/s 80mn
os —
_— — 40mm
—
_—> G E—

Fig. 1. Flow around cylindrical body.

4.1.2. Mathematical model

For a dimensional and incompressible flow, the
continuity equation (Cengel-Cimbala [14], Reddy [15])
is written as:

ou Ov
ML Py, ©6)

ox 0Oy
where and are the vertical and horizontal components of
the velocity V of the fluid. The flow is called irrotational,
if =0, which implies:

u_ov_,. @)

oy ox

The irrotational flow of an ideal fluid may be
formulated in terms of a stream function or in terms of a
potential velocity. The potential formulation is used here.

The potential velocity, ¢(x, ), is defined by:

__9 _ 0¢
o (8)

From Eq. (8), it follows that:

2 2
u_v__09 09 _ 9)
oy Ox  0Oyox Oxoy

Eq. (9) means that the irrotational condition, Eq. (7),
is satisfied automatically.
From continuity equation (6), it is obtained:

99 9 _y 10
ox> oy’ (10
or

2 2
vig=2,99_y (11
X~ Oy

The Eq. (11) is the bidimensional Laplace equation.
The normal component to fixed boundary is:

v =%=0 (12)
on
or
V,,Z%cos0+%sen6’=0. (13)
Ox oy

In polar coordinates, the function ¢(x, y) satisfies the
following BVP (Edwards [16]):

r2¢rr+r¢r+¢€9=0’ r>0
lim[ §(r,0)-U,rcos@ =0, (14)

#(R,0)=0, ¢(r,0)=¢(r,~0).

Using the separation variables method, the solution
of BVP (14) (Asmar [17]) is:

2
Po(r,0)=U,_ (r+R—J0050. (15)
r

It is possible, from (15), to derive expressions for u,
v, u, u, 1, 0 being the polar coordinates, R the cylinder
radius, and U_ is the velocity of approximation of the
fluid to cylinder.

4.1.3. Solution

The triangular mesh that was used for the solution of
the problem is shown in Figure 2. The mesh has 445 nodes
and 64 triangular elements. The boundary conditions of
the problem are shown in Figure 3. The symmetry of the
geometrical configuration makes possible to analyze a
cylinder quadrant.

A form to validate the solution obtained from FEM is
to compare its solution with the value U, =40 mm / s
in the left border of Figure 2 where are located the nodes
37,38, 39, 40, 41, 42, 43, 44 and 45.
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In these nodes, the horizontal component of the velocity has the following values:
40.99 40.52 40.45 40.24 40.03 39.89 39.81 39.67 39.31

BT 4=
F 18 10 2
5 17 ] 1
"J Al 2
8 20 12 4
il 19 11 3
5. B t 3
30 22 14 B
28 2 13 5
1:—-"""‘—"-
1 24 16 B
H 23 15 ki
57 a8 = # 34 =
58 = o 5
59 St a4 e
52
& ar
53
51 5 & 36
g2
a8
- 5 a7
o 8 48 40
" -

Fig. 2. Triangular mesh for Example 1.

ad
50
A y
i)
"% = Ue
B i)
el

Fig. 3. Boundary conditions for the potential formulation.

These values are close to the value U_ = 40 mm / s .
Therefore, the FEM solution is a good approximation to
the solution of the considered problem.

4.2. Example 2
4.2.1. Statement

Use the FEM to calculate the temperature
distribution in the dimensional body shown in Figure 4
and compare its results with the analytical solution.

4.2.2. Mathematical model

The mathematical model of the problem is the
bidimensional Laplace equation V?7 =0, where
T =T(x,y), is the temperature. The boundary
conditions consist of specified temperature in
inferior border and insulation in superior border;
the left border is subjected to a heat flux, and the
right, to convection with specified surrounding
temperature.

Insulated
> .
r Convection
»
Air flow
q,=-50W/m? ViT=0 Im

| .

Steel

k=380.7W/m* °C B=113.5W/m? °C
-
Ll

T =100°C
< Im »

» A
>

Ty = 50°C

Fig. 4. Graphics for Example 2.

Toukme xumudeckue texHororuu / Fine Chemical Technologies 2018 Tom 13 Neo 4 21



The finite element method (FEM): An application to fluid mechanics and heat transfer

4.2.3. Solution
By using the separation of variable method (Asmar [17]), the analytical solution of the problem is:

Sen [(2;1 +1)r ;J(:osh [(2;1 +1)r 2’;}

reo -1, + 0TS
T

= n+ 1)[(2;1 + 1)2% Senh [(2;1 + 1)’2”‘;} + 3 Cosh [(2;1 + 1)’2’;’ﬂ

Sen [(2;1 + 1)’2} {Cosh[@n + 1)”;} — Tanh [(211 + l)ﬂba}Senh {(211 + 1)’;"}}

(2n+1) Tanh [(2,1 + 1)7261}

(16)

o0

4bM
krz? ;

Now, the solution by FEM is presented. Figure 5 shows the triangular mesh of region in Figure 4. The mesh has
121 nodes and 200 triangular elements.
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U i e Pidalr el
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Fig. 5. Triangular mesh for the Example 2.

In Table 1 the analytical and FEM solution for 18 nodes FEM and analytical solution. In particular, the FEM solution
are shown. This table shows the good agreement between reproduces the temperatures specified in the nodes.

Table 1. Analytical and FEM solutions for Example 2

Node | X (m) | Y (m) T, °C T exac., °C | Error Node | X(m) | Y (m) T °C T exac., °C | Error
1 0.0 0.0 50.00 50.0 0.00 10 0.9 0.0 50.00 50.0 0.00
2 0.1 0.0 50.00 50.0 0.00 11 1.0 0.0 50.00 50.0 0.00
3 0.2 0.0 50.00 50.0 0.00 12 0.0 0.1 50.68 50.67 -0.10
4 0.3 0.0 50.00 50.0 0.00 13 0.1 0.1 50.69 50.69 0.00
5 0.4 0.0 50.00 50.0 0.00 14 0.2 0.1 50.72 50.72 0.00
6 0.5 0.0 50.00 50.0 0.00 15 0.3 0.1 50.77 50.77 0.00
7 0.6 0.0 50.00 50.0 0.00 16 0.4 0.1 50.84 50.85 0.01
8 0.7 0.0 50.00 50.0 0.00 17 0.5 0.1 50.95 50.96 0.01
9 0.8 0.0 50.00 50.0 0.00 18 0.6 0.1 51.08 51.11 0.03
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4.3. Example 3

4.3.1. Statement

Use the FEM to calculate the temperature
distribution in the dimensional body shown in Figure 6.
The dimensions of the body are 5x12 m.

~ Insulating

v

-5 F
Q) = SO0W Steal
Tom=230°C
- k =16.6W/m* *C
- B =S0W/me
-
T !
% Air flow
To=150"C 3
ot M s h | v
Y,
.
€ = SOW ™
o
R
-
X

——

Fig. 6. Graphics for Example 3.

To=100°C

4.3.2. Mathematical model
The partial differential equation that models

the problem is the Poisson equation V'T =(Q, where
T =T (x, y),and Q is the heat generation in units of E/m?.
The boundary conditions are: specified heat flux in the
straight sides of left side and specified temperature in the
curve part of the left side; the superior side is insulated;
the inferior side has a specified temperature; and the
right side has convection with surroundings. The value
of O will be specified later (see Solution).

i

12

Fig.7. Triangular mesh for Example 3.

4.3.3 Solution

The figure 7 shows the triangular mesh for the
bidimensional region of Figure 6. It has 36 nodes and
48 triangular elements. After discretization, nodal heat
sources of Q= 4000 W/m? are added to nodes 6, 18 and
31; and to elements 15 and 34. This problem does not
have an analytical solution.

In Table 2 the results obtained by FEM are presented.
As it is expected, the FEM solution reproduces the correct

Table 2. Nodal coordinates and temperatures for the Example 3

Node X (m) Y (m) T, °C Node X (m) Y (m) T, °C
1 0.000 4.000 150.00 19 4.000 6.000 122.30
2 0.000 2.667 193.70 20 5.000 6.000 47.65
3 0.000 1.333 143.60 21 1.848 6.765 150.00
4 0.000 0.000 100.00 22 2.899 7.510 166.60
5 0.765 4.152 150.00 23 3.949 8.255 147.00
6 1.344 2.768 243.50 24 5.000 9.000 61.14
7 1.922 1.384 159.40 25 1.414 7.414 150.00
8 2.500 0.000 100.00 26 2.609 8.943 214.10
9 1.414 4.586 150.00 27 3.805 10.470 169.70
10 2.609 3.057 214.80 28 5.000 12.000 58.42
11 3.805 1.529 154.30 29 0.765 7.848 150.00
12 5.000 0.000 100.00 30 1.344 9.232 201.60
13 1.848 5.235 150.00 31 1.922 10.620 266.50
14 2.899 4.490 169.80 32 2.500 12.000 223.70
15 3.949 3.745 157.40 33 0.000 8.000 150.00
16 5.000 3.000 85.69 34 0.000 9.330 175.50
17 2.000 6.000 150.00 35 0.000 10.670 188.50
18 3.000 6.000 202.90 36 0.000 12.000 187.80
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temperatures, where they are specified. The high temperatures
are located in nodes or in the vertices of triangles, where heat
sources are specified. The nodes with specified heat source
are 6, 18, and 31, and the corresponding temperatures are
243.5,202.9 and 266.5 °C. The elements with specified heat
source are 15 and 34. The vertices of element 15 are the
nodes 10, 11 and 15, and their temperatures are 214.8, 154.3
and 157.4 °C. The vertices of element 34 are the nodes 23,
26 and 27, and their temperatures are 147,214.1 and 169.7 °C.
The maximum temperature is located at node 31 with value
266.5 °C that corresponds to a node with a specified heat
source. The above considerations permit to conclude that the
FEM solution is correct.
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TEOPETUYECKHE OCHOBBI XHMHYECKON TEXHOAOTHH
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XJIOPOITPEHOBBIN KAYUYK: IPUMEHEHME U ITOJTYYEHUE
10.A.Tperep!, K.A. Mopo3oB'?@, I'.C. acaeBa', A.K. ¥poakoBa’

HayuHo-uccnedosamensckuil uHkeHepHolil yenmp «Curmes», Mockea 119571, Poccus
?MHPS5A — Pocculickuli mexHonozuueckulli yHueepcumem (MHcmumym mMOHKUX XUMUUECKUX
mexHonoauitl umeHu M.B. AomoHocoea), Mockea 119571, Poccusi

@Aemop oas nepenucku, e-mail: kamorozov@mitht.ru

IonuxnoponpeH umeem wupokKoe npumeHeHue 8 Kauecmee Kayuyka CneyuaibHo20 HasHaue-
HUSL 8 MAKUX OMPACTSX, KAK agmomobusiecmpoerue, Cmpoumeabcmao, meKCmuabHast NPOMbLUL-
JleHHoCcmb. XioponpeHosslil KayuyK 3aHumMaem 3HauUmesnibHyo 000 HA PblHKE 3/10CMOMepo8
b6razodapst ceoum ceoticmeam. B nocnedHue 2006l oxxudaemesi NOCmMeneHHulil pocm cnpoca Ha
xnoponpeHosble kKayuyku. Haubonee aprko sma meHOeHUUsl NPOCMAmpuU8aemcs. 8 peeuoHax C
pazsumoti aemomobunbHOlU npombluieHHocmbl0. Mupogble udepsbl 8 npousgoocmee Xao0ponpe-
HO8bLX KAYUYKo8 U 1ameKco8 0eMOHCMPUPYHOM C80H 3AUHMEPECOBAHHOCMb 8 Y8EAUUEHUU NPO-
usgoocmeeHHblX mMouiHocmetl. B Poccuu x10ponpeHosblil Kayuyk He Npousgooumest, Cpoc nos-
HOCMbI0 Y0081eMB8OPsiemcst 3a cuem umnopma.

B danHoll pabome paccmompeHbl U NPOAHANUSUPOBAHbL CYULeCmayowue 8 MUPo8oll npaKmu-
iK€ OCHOB8HblE NPOMBLUIEHHbLE CNOCOObL NONYUEHUSL XJIOPONPEHA-MOHOMEPA, 6asupyrouiuecs Ha
PA3NUUHOM UCXOOHOM cblpbe: auemuneHe u bymaoduere-1,3. IIpusedersbl docmouHcmea U He-
docmamru Kax0020 U3 YKA3AHHbLLX CNocob08 NoaYyUeHUsl XoponpeHa-moHomepa. TIpednoxernl
mexHuuecKue peuleHust N0 YcoeepuleHCMa808AHUID MEXHOL02UU NOAYUEHUST X0PONPEeHA-MOHO-
Mmepa o0ns cmaodull xnopuposaHrust bymaodueHa-1,3 u dezudpoxnopuposarus 3,4-ouxnopbymeHra-1
8 KonoHHOM annapame. OnuUcaH YycoeepuleHCm808AHHbLU NPoOUect NOAYUEHUST XT0PONPEHO8020
rayuyka us 6ymaoduera-1,3. Paspabomka cogpemeHHOl mexHOo02UlU npou3eoocmea Xioponpe-
H08020 Kayuyka Ha ba3e omeuecmeaeHHo20 Cblpbsl NO380AUM NOAYUAMb Ye1e80l NPoOYKm &blLco-
K020 Kauecmaa, umo npugedem K UCKIIOUeHUI0 €20 UmMnopma.

Knroueevle cnoea: Xni0oponpeH-moHoOMep, auemuneH, bymaoduer-1,3, euHurauemuieH,
JuxnopbymeHost, HKUOKOPA3HOE XA0puposarue, 0e2udpoxXiopuposaHue, IMYabCUOHHASL NOSU-
MepU3aAUUSL, XJIOPONPEHOBbLI KayuyK, lamerc.

DOI: 10.32362/2410-6593-2018-13-4-26-38

CHLOROPRENE RUBBER: APPLICATION AND PRODUCTION

Yu.A. Treger!, K.A. Morozov! %@, G.S. Dasaeval, A.K. Frolkova?

IScientific Research Engineering Center "Sintez", Moscow119571, Russia

?MIREA - Russian Technological University (M.V. Lomonosov Institute of Fine Chemical
Technologies), Moscow 119571, Russia

@ Corresponding author e-mail: kamorozov@mitht.ru

Polychloroprene is widely used as a special-purpose rubber in such industries as automotive,
construction, textile industry. Chloroprene rubber takes a significant share in the market of elastomers
due to its properties. In recent years, a gradual increase in demand for chloroprene rubbers is expected.
This trend is most clearly seen in regions with a developed automotive industry. World leaders in
the production of chloroprene rubbers and latex demonstrate their interest in increasing production
capacity. In Russia, chloroprene rubber is not produced, the demand is completely met by import. In
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this paper, the main industrial methods for the production of chloroprene monomer, based on various
feedstocks: acetylene and butadiene-1,3, exist in the world practice. Advantages and disadvantages
of each of the above methods for producing chloroprene monomer are given. Technical solutions for
the improvement of the chloroprene-monomer preparation technology for the steps of chlorination of
butadiene-1,3 and dehydrochlorination of 3,4-dichlorobutene-1 in a column apparatus are proposed.
An improved process for the preparation of chloroprene rubber from butadiene-1,3 is described. The
development of a modern technology for the production of chloroprene rubber based on domestic raw
materials will make it possible to obtain a high-quality target product, which will lead to the exclusion
of its imports.

Keywords: chloroprene-monomer, acetylene, butadiene-1,3, vinylacetylene, dichlorobutenes,
liquid-phase chlorination, dehydrochlorination, emulsion polymerization, chloroprene rubber,

latex.

XIOponpeHoBble KaydyyKd OTHOCSATCS K CHH-
TETUYCCKHUM KaydyKaM CHOCIHAJIbHOTO Ha3HA4YCHUI
Omaromapsi KOMIUICKCY CHEIU(UIESCKUX CBOUCTB,
00yCJIOBJICHHBIX MPUCYTCTBUEM B UX MaKpPOMOJEKY-
Jax aToMoB xjopa. OHU XapaKTepu3yTcs yCTONYu-
BOCTBIO K PACTBOPUTEISM U MacjaM, CTOMKOCTBIO K
030HY, COJIHEYHOMY CBETY, NOIOJHBIM BO3AEHCTBU-
M, CTapeHHUI0. XJOPOMPEHOBLIC KAayuyyKH OTIHYA-
IOTCSL XOPOUIMMH MEXaHUYECKUMHU CBOMCTBaMU: BbI-
COKOM MPOYHOCTBIO HAa PACTSIKEHUE, YHPYTOCTHIO.
OHM OpUTOJHBI JUIS IKCIUIyaTallUu IpU TeMIepary-
pax ot -25 °C no 90 °C, xpatkoBpemenno g0 110 °C
(cnenmanpubie Mapku: oT -40 °C mo 110 °C, kpart-
koBpeMeHHO 10 140 °C). Xn0oponpeHOBbIE KaydyKH
OTHECTOWKH, HE MOAJIEPKUBAIOT ropeHus. ['azomnpo-
HUI[AEMOCTh PE3UH U3 XJIOPONPEHOBBIX KaydyKOB
HU)KE, Y€M PE3UH M3 HENOJSAPHBIX H30NPEHOBBIX,
OyTaIMEHOBBIX KayIyKOB.

XJ0pONpeHOBbIE KayuyyKH UIPAOT BaXKHYIO POJb B
MHPOBOH 3k0oHOMUKe. KittoueBbIMH 00NacTsIMU NpHMe-
HEHUS SIBIISIIOTCST aBTOMOOMIIECTPOCHHE, TeKCTHIIRHAS U

XMMHUYECKasi TPOMBIIIIEHHOCTh, CTPOUTEIBCTBO H TI0-
TpeOUTEILCKUE TOBAPHI.

OcCHOBHAsT 9acTh XJIOPOIIPEHOBOTO KaydyKa HIET
Ha OPOU3BOACTBO PE3MHOTCXHUYCCKUX HSHGHHﬁ, TJ1aB-
HBIM 00pa30M TPAaHCMHUCCHOHHBIX U KOHBEHEPHBIX JICHT,
pEeMHE#l, pyKaBOB, a TaKKe JeTaleH, IKCIUTyaTHPYEMbIX
B KOHTAaKT€ C arpeCCHBHBIMH CpEIaMHU: YIUIOTHUTEJCH,
IJIAHTOB, MPOPE3NHEHHLIX TKaHeﬁ, 3allIUTHBIX IOKPbI-
THH, 000JI0YEK MPOBOJOB W Kabeyed. 3HaYMTEIBHOE
[IPOMBIIIUICHHOE 3HAYEHHE UMEIOT KJICH HA OCHOBE XJIO-
POIIPEHOBOTO Kay4IyKa M XJIOPOIPEHOBBIC JIATEKCEI.

PBIHOK XJIOPOIIPEHOBOIO Kaydyka OICHHBACTCS Kak
yCTOUmBEIA. OKUACTCS, UTO CETMEHT MPUMEHEHHUS MO-
JU(UIIPOBAHHBIX KJICEB HA PHIHKE XJIOPOIPEHOBOTO Kay-
gyka OyJIeT 0XBaThIBATh OCHOBHYIO JIOJIFO OOIIEro Crpoca
n3-3a YBCJIIMYCHUA HOTpe6JIeHI/I$I B CTPOUTCIILCTBC U aB-
TOMOOMJIBHOM TIPOMBIIIIICHHOCTH. [IpOW3BOJCTBO TIPO-
MBIIIJICHHBIX PE3UHOBBIX HSHGHHﬁ, BKJIKOYas MMPOKJIaJIKH,
PEeMHH W [UIAHTH, SBILIIOTCS CaMBIM OBICTPOPACTYIIIIM
CErMEHTOM B pe3yibrare pocta oOpabarbiBarolield mpo-
MBIIIIEHHOCTH BO BCEM MHpE.

Taoanua 1. MupoBoii cripoc Ha XJIOPOTIPEHOBBIN Kay4dyK 110 pETHOHAM (B THIC. TOHH)

U OJKUJIAEMbIE TEMIIBI POCTa!

Paiion 2000 2005 2010 2014 2020* | 2025* 2030* 2040* CoBOKYNHBIN cpeHUH

Temn pocta (CAGR), %
Asust 122 146 167 163 178 197 215 245 1.6
CesepHast AMepHKa 63 59 64 66 68 69 70 72 0.3
3anagnas EBporma 63 74 80 80 83 86 87 90 0.5
Boctounas Espona 9 13 11 10 12 14 17 21 2.9
OxHas Amepuka 16 14 16 18 20 22 24 27 1.7
bamiinii Boctorc/ 7 10 11 7 8 9 10 11 1.7

Adpuxa
Bcero: | 280 317 350 344 370 397 423 466 1.2
* IPOTHO3

B nonrocpouHoii nepcrekTuBe Cpoc Ha XJIOPOoIpe-
HOBBIH Kay4yK, BEPOSITHO, BBIPACTET MPHOIU3UTEIHEHO
Ha 1.2% B roz, ¢ o0bemMaMu OTPEOICHHSI, YBETHYHBAIO-
nmMucs ¢ 344 teic. ToHH B 2014 T. 10 PHOJIM3UTEIIEHO
423 Teic. ToHH B 2030 1. (Tabn. 1). CeBepHas AMmepuka
u 3ananHas EBpora, rje pelHKH yKe HACBIIICHBI, TI0-BH-

JuMoMy, BbIpacTyT HeHamHoro: 0.3-0.5%. Ilo mepe
YBEIUUEHHS CIIPOCA B aBTOMOOIIBHOM MPOMBIIUICHHO-
CTHU M Ha KJIEEBYIO ITPOAYKIIHIO IIPOM3BOJCTBO TOJIMXJIO-
POIIPEHOBEIX TPOXYKTOB KOHEYHOTO HCIIOIB30BAHHUS
nepeMecTuTcss B 0Oojiee JieleBble HMPOU3BOICTBEHHBIC
peruonbl. B nmporHozupyemsiii iepuoxa (2015-2040 rr.)

'Assessment of Technical and Financial Viability of Nairit Chemical Plant Operation. Jacobs Consulting Ltd., 2015. 205 p.
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CIIPOC Ha XJIOPOTIPEHOBBIE KaydyKH B A3HH, a Takke B
peruoHe brimxnuit Boctok/Adpuka, Kak 0XKHUIA0T, BbI-
pacret Ha 1.7%. Pacmmpenue nesrensHOCTH B 00macTu
UHPPACTPYKTYPHI, IMIaBHBIM 00pazoM B Munuu u Kurae,
YBEIHMUCHHE aBTOMOOMIBHOTO cekTopa B Muanu, Kutae,
Mannaiizuu, Tannange OyaeT CTUMYIUPOBATH POCT Peru-
OHAJIBHBIX PBHIHKOB.

MupoBasi MOIIHOCTH HPOM3BOJCTBA XJIOPOIPEHO-
BBIX KaydyKoB CHU3WIach. B 2014 r. MupoBast MOIIIHOCTh
MIPOU3BOJICTBA XJIOPOIIPEHOBBIX Kay4yKOB COCTaBIIsLIa
400 teIC. TOHH (Tabm. 2). B 2000-2014 rr. HabmrOMAT0CH
COKpAIIIeHHE/3aKPBITHE OCHOBHBIX Tpou3BoAcTB B Ce-
BepHOW Amepuke u 3amamHoii EBpore. AmepukaHckue
KOMITAaHUH-TTPOU3BOJUTEIN  XJIOPOMPEHOBOTO KaydyKa
DuPont 1 Dow 00beMHSUIACH, U HA TTAPUTETHBIX Haya-

j1ax Obuia coszmana komranus DuPont Dow Elastomers.
B 2015 1. cocrosmace nponaxa moapasaesnenus Heo-
npeHa (TMoJIMXIIOPOTIPeHa) SMOHCKON Kommanuu Denka
Performance Elastomer, xoTopas npenctaBiseT coOoi
coBMecTHOe mnpennpusarue, Ha 70% KOHTpOIUpPyEeMoe
anoHckoil gupmoii Denki Kagaku Kogyo KK, ocrans-
Hble aKkTWBBI TpuHaanexar Mitsui & Co. Hemernkas
koMmnanus Lanxess, pacnosararomias MOITHOCTBIO MPO-
m3BojicTBa 83 000 TOHH B 0/, BKJIFOYAs XJIOPOTIPEHOBBIN
Kay4dyK M JIaTeKC, SIBJIACTCS €MHCTBEHHBIM IIPOU3BOJIH-
TeneM npoaykTa B 3amanHoit EBpore. 3aBox mo mpomns-
BOJICTBY XJIOPOIIPEHOBOTO KaydyKa MOIIHOCTBIO 43 000
TOHH B IO, IPUHAJUICKAMUN (PPaHITy3CKOH KOMITAHUN
Enichem, u3-3a yxyamamomuxcsi SKOHOMHUECKUX YCIIO-
BUH ObLT 3aKphIT B 2005 TOIy.

Ta6auua 2. MOIHOCTH MPOU3BOCTBA MOTUXIOPONPEHOBBIX KaydIyKOB IO CTpaHam!'

KoMmars Crpana Mo1HOCTh pou3BoAcTBa | J{0Nsi B MHPOBOM IIPOU3BO/CTBE,
B 2014 1., THIC. T/TOJ %

“Lanxess” I'epmanus 83 21

“Denki Kagaku Kogyo K.K” (Denka) / Slnonns / CHIA 175 38

“Mitsui JV USA”

“Tosoh Corporation” Snonust 34 9

“Showa Denko” SInonus 23

“Shanxi Synthetic Rubber Group Co Ltd.”/ Kuraii / Apmenus 50 10

“Nairit”

“Chongqing Changshou Chemical Co., Ltd.” Kurait 30 8

Kuraiickue komnaHuu Kurait 5 1
Bcero: 400 100

B cBoem npecc-penuse’ kommnanus Arlanxeo (jo-
4epHss CTPYKTypa koMnaHuu Lanxess) cooOmuna o Ha-
MEpEHUH PacCIIMPUTh MPOU3BOACTBO Ha 70 ThIC. TOHH B
roJ] Ha TeppUTOpUu cBoero 3aBoaa B Jlopmarene (I'epma-
HUsT) K KoHIy 2019 Tozma, 9To CBHACTENBCTBYET O Pa3BHU-
TUH PbIHKA U BOCTPEOOBAHHOCTH MPOJYKTA.

B 10 ke BpeMs HOBBIC MOITHOCTH OBLIM OCBOCHBI
B Kutae u pacmmpens! CylECTBYIOLIME IPOU3BOACTBA
B SInonun. SInoHus sBisieTcs JOMUHAHTHBIM IIPOU3BO-
JUTENIEM XJIOPOIPEHOBBIX Kay4yKOB, € IPHHAIJIEXKHUT
60% MHpPOBOTO pBIHKA, B MPOU3BOJCTBE XJIOPOIPEHO-
BBIX JIATEKCOB TUAUpyeT [epmanus’.

CesepHasi AMepuKa SIBIE€TCS HETTO-UMIIOPTEPOM
nocje 3aKpbITHUs CBOMX 3aBOJIOB. 3amnajHas EBpona siB-
JII€TCSI HETTO-9KCIIOPTEPOM, IIOCKOJIbKY U3-3a HACBILIEH-
HOCTH PbIHKA B pErHOHE crpoc ynai. bavxanii BocTok,
Adpuxa n FOxHast AMeprka B HacTosIIee BpeMs He
HMMEIOT CBOMX MOIIHOCTEH IIPOM3BOACTBA XJIOPOIPEHO-
BOTO KaydyKa M, CJIE[0BAaTe/IbHO, SIBJISIIOTCS HETTO-UM-
noprepamu 3Toro npoaykra. OTCyTCTBHE IPOU3BOJCTBA

XJIOpOIIPEHOBOI0 Kayuyka B Bocrounoit EBporne n3-3a 3a-
KpbITHs 3aBoJa «Hauput» B ApMEHUH NPUBEJIO K TOMY,
YTO 3TOT PETUOH CTaJl UCKIFOYUTEIBHO UMIIOPTEPOM.

HIIO «Haupur» (ApmeHust) SBISIOCH MOHOIOIb-
HBIM TPOU3BOJUTENIEM XJIOPOIPEHOBOTO KaydyKa Ha
tepputopun CCCP. ITonyuenue xinoponpeHa-MoHOMepa
OBUIO OCBOCHO OOOWMH H3BECTHBIMH CIIOCOOAMH — Ha
OCHOBE aleTujaeHa U OyTaaueHa. DMYJIbCUOHHBIH XJI0-
POTIPEHOBBIM Kay4dyK BBIMTYCKAJICS O]l TOPTOBBIM Ha3Ba-
HUeM «HaupuT». B 1980 r. ObL1 OCyIIECTBIIEH MYCK MPO-
M3BOJICTBA XJIOpoTnpeHa u3 Oyraauena. Jlo konna 1980-x
TOZI0B MPOAYKIHS 3aBojia 3aHuMaia okoso 10-12% mu-
pOBOTO phIHKA CUHTeTHYeCcKoro Kayuyka. B 2006 1. 90%
akuui koMnanuu «Haupur» ObU1HM IpoJaHbl OpUTAHCKO-
My koHcopumuyMy Rhainoville Property Ltd. ITpeampus-
tue «Hauput», BbIycKaroliee CHHTETHYECKH KayuyK,
HECKOJIBKO Pa3 3akpbiBajock U B 2014 L. MOJHOCTHIO
MPEKPATHIIO PadoTy.

B Poccuiickoit denepanun Xn0ponpeHoBbIi Kaydyk
HE MPOU3BOAUTCS. Bech crpoc oTeuecTBEeHHON MPOMBILI-

Press Release Arlanxeo Holding B.V. ot 22 siaBapst 2018 1. [Dnexrponnstii pecypc] Pexum nocryma http:/arlanxeo.com/en/media/press-
releases/arl-arlanxeo-to-expand-production-capacities-for-chloroprene-rubber/

3The Observatory of Economic Complexity of MIT Media Lab — Chloroprene (chlorobutadiene) rubber (CR) except latex 2018 [DnekrpoHHbIit
pecypce] Pexxum mocryma https://atlas.media.mit.edu/en/profile/hs92/400249/

4The Observatory of Economic Complexity of MIT Media Lab — Chloroprene (chlorobutadiene) rubber (CR) latex 2018 [DnekTpoHHBII
pecypce] Pexxum mocrtyma https://atlas.media.mit.edu/en/profile/hs92/400241/
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JIEHHOCTH YZIOBJIETBOPSIETCS 3 CUET UMIIOPTA XJIOPOIIpe-
HOBOTO Kayuyka (puc. 1). bosee mogoBUHBI HIMIIOPTHBIX
MOCTaBOK 3TOro npoaykra B Poccuro mpuxoaunoce Ha
npennpuste «Hauput» 1o ero 3akpeitus. B Hacrosiee
BpEMs OCHOBHBIMHU [TOCTABIIMKAMH XJIOPOIIPEHOBOTO Ka-
yuyka B Poccuu saBnsatorcs I'epmanus u Snonus.

lepMaHus Opyrue cTpaHbl

Cnopenun

Kurai

XnoponpeHossie NATEKCk
KNOpOenpPeHoBLIE KayHyKn

AnoHua
Puc. 1. Ctpykrypa ummnopta B Poccuio XJI0ponpeHOBbIX
TTOJIMMEPOB TI0 CTPaHAM-TIOCTABITUKAM
B 2016 roxy, % (M. $)>*.

[To umerommMcs TaHHBIM 00BeM OTPEOIICHUS XJI0-
POIIPEHOBOrO Kayuyka B Poccuu olieHuBaeTcst Ha ypoBHE
3-4 tpic. ToHH’. OTMEYEH POCT MOTPEOICHUsI XJIOPOIIpe-
HOBOro kayuyka B nepuof ¢ 2015 no 2016 rox nHa 7.1%.

B Poccumn xjoponpeHOBBIH KaydyK NpPUMEHSIETCS
JUIsL TIONyY€HMs] PE3MHOBBIX CMECEH, XapaKTepHu3ylo-
IIMXCS MOBBIIICHHOW aaresueit k Meramty. OHU KO-
KO MCIIONIb3YIOTCA Kak I IPa)IaHCKUX LIeJel, Tak u
B 000pOHHOM MpombIlIeHHOCTH. Ha ocHOBe xsopomnpe-
HOBOI'0 KayuyyKa IPOU3BOAAT KOHTAKTHbIE YHHBEPCAJIb-
HBIC KJIeeBble KOMIIO3ULIMHU, TPUMEHSIEMbIE JIs CKJIeHBa-
HUS pa3IMuHBIX MaTepuasoB (pe3uH, METAJIOB, CTEKJIA,
KOXH, KEPaMHUKH, IepeBa, TKAaHEU U 1p.).

Cymectsytomme B PO pon3BoicTBa pe3snHOTEXHNIE-
CKHX U3[EIMH, KOMIIO3UIIMOHHBIX MaTepUalioB U BOJIOKOH,

KJIeeB 0A3UPYIOTCSI Ha FIMIIOPTHOM XJIOPOTIPEHOBOM Kaydy-
Ke ¥ Jatekce. Pa3paboTka COBPEMEHHON TEXHOJIOIHH TIPO-
M3BOJICTBA XJIOPOIPEHOBOTO KaydyKa M3 OTEUCCTBEHHOTO
CBIPbsl — OyTaMeHa U XJIOpa MPE/IoJaraeT MoCIeJ0BaTe b-
HOE TIPEBPAIICHNE HCXOITHOTO CHIPHS B IIETIEBHIC IPOIYKTH,
cepbl UCIOIB30BaHMS KOTOPBIX XapaKTepPU3YIOTCsl BBICO-
KOH TEXHUYECKOW M CONMAIBHOH 3(pQeKkTHBHOCThIO. OT-
CYTCTBHE OTCUCCTBEHHOTO IPOM3BOCTBA XJIOPOIPEHOBBIX
Kay9IyKOB SIBJSICTCSI CACP)KUBAIONINM (PaKTOpPOM TIPH pac-
LIAPEHHUH [POM3BOJICTBA MOIUXIIOPOIPEHOBOH MPOITYKIIUH,
MOTPEOHOCTH B KOTOPOW Ha POCCHHCKOM PBIHKE CTAOMILHO
pacrer. Co3aHue OTEYECTBEHHOTO IPOM3BOJICTBA XJIOPO-
MIPCHOBBIX KayUyKOB MO3BOJUT OOECIICYHTH HMIIOPTO3a-
MEIIEHUE KCXOIHOIO CBIPhs UIS TIOTYyYEHHS MPOTYKTOB
KOHEYHOTO MCIOJIF30BAHIS Ha X OCHOBE. JTO MPUBENET K
YBEIIMYCHUIO 0OBEMOB TIPOM3BOICTBA M PACIIMPEHUIO ac-
COPTUMEHTA BBIITyCKaeMOH TPOMYKIHH, a TAKKe K UCKITIO-
YEHUIO KPUTHYIECKON 3aBUCUMOCTU OT BHEIIHHX ITOCTABOK
QHAJIOTHYHOTO MaTepHalIa H HaIeKHO 0OSCIICUHT BHIITOTHE-
HHE I0C3aKa30B M0 pa3paboTKe HOBBIX IMPOU3BOJICTB COBPE-
MEHHBIX CHHTETHICCKUX KayTyKOB.

OCHOBHBIM TIPOMBIIIICHHBIM CIIOCOOOM MOy YCHHUSI
XJIOPOMPEHOBBIX KayUyKOB SIBIISETCS SMYIIECHOHHAS T10-
JMMEpU3aIis XJIOporpeHa-MoHoMepa. [IpombIiieHHOe
MIPOM3BOJICTBO XJIOPOTIPEHA-MOHOMEpa OasmpyeTcs Ha
MIPUMEHEHUH B KAueCTBE HMCXOIHOTO CBHIPbs allCTHJICHA
wim OyTaaueHa.

CHHTE3 XJIOpOTPEHa-MOHOMEpa Ha OCHOBE alleTH-
JIeHa OCYIIECTBISICTCS B JBE CTAAWH: MEpBas CTaIUs
— MOJIYYCHUE BUHUIAICTUIICHA KATAIUTUICCKON TUMe-
pu3amuell ameTmieHa, BTOpas — THAPOXIOPHUPOBAHHE
BHHMUJIAIIETUIICHA C MTOyYeHHeM XJoporpena [1].

[Iponiecc numepusanuu arerwieHa — peakus (1),
MIPOBOAUTCS MPU HEOONBIIOM H30BITOUHOM [aBICHUU
(0.15 MIla) u Temneparype 65—85 °C B NpPUCYTCTBUH
KaTanusaropa — pacTBop xiopuaoB meau(l) u ammonus
B COJITHOM KHCJIOTE — B peakTope 0apO0OTaKHOTO THIIA.

Cucl
& + S, PG (1)
NH,Cl
AueTuneH BuHunauetunex

AlleTusIeH, WCIOJIb3YEMBbI B Ka4eCTBE HCXOAHOTO
CBIPBSI, B 3aBUCUMOCTH OT CIOC00a MOyUYCHHS, TOJDKEH
OTBEYATh CIEIYIOIINM TpeboBaHusIM (Tabm. 3).

ConepxaHrie B MCXOJHOM alleTHUIICHE KHCIOpOJa,
KOTOPBI MOXKET 00pa30BBIBATh B3pPhIBYATHIC MEPOKCH/I-
HBIE COEIMHEHHMs, UMEET 0c0o00€ 3HaueHue i 0e30-
MACHOTO BEJIEHUS Mpoliecca AuMepu3annu. Jis npenot-
BpallieHHs] 00pa30BaHuUs MEPOKCUIOB YaCTO A0OABISIOT
WHTUOUTOPBI: TOIU(EHOIBI, TUAPOXHUHOH, apoMaTHye-
CKH€ aMUHBI.

Bonplioe BiusiHUE Ha MPOIIECC TUMEPU3ALIIN AllCTH-
JIeHa UMEIOT aKTMBHOCTB KaTan3aropa, TeMIleparypa, Bpe-
Ml KOHTaKTa, YMCTOTa AIleTUIICHA U KUCIIOTHOCTh CPE/IBL.

CrerneHb KOHBEPCHH alleTHIICHA TIOJICPIKUBACTCS Ha
ypoBHE 25%. CelneKTHBHOCTh 00pa30BaHUs BUHNIIAIECTH-
nena coctaBisieT 83-85%. Kpome BuHMIaneTuinena, mo-
Jy4aeTcst psiji MOOOYHBIX TPOAYKTOB: IMBUHUIIALICTHIICH,
aleTabJICT /I, THAICTHIICH, BHHUIXJIOPH/I, MCTUIIBUHHII-
KETOH, XJIOPOIIPEH, a TAaKXKe TPOAYKTHI MOJTMMEPU3AIN 1
TUJIpaTalliK alleTHIICHA.

5B neHTpe BHUMAaHUsSI — XJIOPOIPEHOBBI Kayayk. 2007 1. [DnekrpoHusiii pecypc] Pexum noctymna http://www.newchemistry.ru/letter.php?n

1d=2520.
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TaﬁJmua 3. KauecTBeHHBIC TOKA3aTEIN allCTUJICHA, ITOJ1y4YaeMOro pa3jin4YHbIMU criocodamu

MaccoBsblii cocTaB aneTuieHa, Moay4eHHoro, %

KommnoneHTbI
MTUPOJIM30M METaHa u3 KapOuIa KaibIus
AneTHIICH, HE MCHEe 99.55 99.9
IIpumecu, e 6onee:
Dochopoconepxramme coeTTHEHIS - 20 mr/m?
Kucnopon 0.005 0.005

Junanerniex 0.003 -
0.27 -

Beicmime romororu aneTuieHa

HenpopearupoBaBuiuii aleTusaeH, BbIACICHHBIA U3
ra3oBOi cMecH, MOJTyYeHHOU B TIpoliecce TUMepr3aliuu
alleTUJICHA, BO3BPAIIAlOT CHOBA B IUKJI JIUMEPU3AIIUU.
Hcnonp3oBanue B mporecce JUMEpHU3aiuy BO3BPaTHOTO
alleTUIICHA, COJIEPIKAIIETO MIPOAYKThI €r0 IUMEPHU3allnu,
MIPUBOJIUT K 00Pa30BaHUIO CMOJIUCTHIX COCMHEHUH, UTO
OTPUILIATENIFHO BIMSIET HA aKTUBHOCTh KaTaM3aropa.

Brigenennbpii U3 peakuMOHHOW Ta30BOM CMECH
METOJIOM KOHJCHCAIIMK BUHWIALICTUJICH HAIpaBJIsieTCs
Ha pekTUUKAKP. BuUHWIANETHICH-pEKTH(PHUKAT CO-
nepkut He MeHee 99.9% OCHOBHOTO KOMIIOHEHTA U JI0
0.01% aneranpaeruaa.

Cucl

P + Ha
BuHunauetunex

Kpome ocHOBHOW peakiuu MoJlydeHHs XJIOpOMpe-
Ha, TIPOTEKAIOT 1 MOOOYHBIE PEaKIHU: THIPOXIOPHUPOBa-
HUe XJoporpeHa Jo 1,3-auxnopOyTeHa-2 u rugparamnus
BUHIJIALICTIJICHA JI0 METHIIBHHIUIKeTOHA. OOpa3oBaHne
JuxnopOyTeHa 0coOeHHO HexenarenbHo. [Ipu yBeauye-
HUH CKOPOCTH TO/Iauil BHHWIIAIICTHIICHA Yepe3 KaTad-
3aTOp BBIXOJ JUXJIOPOYTEHA YMEHBIIACTCSL.

KonBepcust BHHMIIAIICTHIIEHA TIPH THAPOXJIOPHPO-
BaHUM 15-25%, BBIXOJ XJOPOIPEHa Ha Mpopearupo-
BaBIIMKM BuHMIANEeTWIEeH nocturaer 90-96%. Brixon
OCHOBHOTO MOOOYHOTO MPOAYKTa — AUXJIOpOyTEeHa CO-
crasisier 3—4%.

Bolaenensblii  HenpopearupoBaBLIMKM  BUHMIIALE-
THJIEH U3 CMECH TPOAYKTOB PEAKIHH B KHUIKOM BHJIC
BO3BpAILACTCA B PEAKTOP. XJIOPONPEH, aleTalbAeruj
W BHHUIIXJIOPH, COACPIKAIIUECs B KaueCTBE TpHMeceit
B BO3BPAaTHOM BHUHMJIALICTUJICHE, B YCIOBUAX Mpolecca
THIPOXJIOPHPOBAHUS MTPEBPAIIAIOTCS B CMOJHCTHIE CO-
enuneHus. OOpa3oBaHHE W HAKOIUIGHHE TOCIEIHUX B
pacTBOpe KaTalu3aTropa CHIDKAET ero aKTHBHOCTH. Jliis
MPEAOTBPALICHUS] 00pa30BaHMs B3PHIBOOIACHBIX AICTHU-
JICHUZOB MEAX B JIMHHUIO IOCTYIUICHHS BUHHJIALICTHIICHA
MIOAAETCsl COMSHAS KUCIOTA.

Brienenue 4rcToro XJIoporpeHa oCymeCTBISIeTCS
MOCTE0BATENbHON PeKTU(UKaIeH oA BakyyMoM. Jliist
MPEAYTIPEKACHIUS TTOJMMEPU3AIMH  XJIOPONpeHa IpH-

[pouecc THAPOXIOPUPOBAHUS BUHHJIALCTUICHA C
TIOJTyYEHUEM XJIOPOTIpeHa — peakiys (2), MPOBOJAT B MPH-
CYTCTBHHU KaTajli3aTopa — BOTHOIO COJISTHOKHCIIOTO pac-
tBOpa xnopuaoB menu(l) u xeneza(ll) nmpu Temmeparype
40-50 °C, n3osrrounom gasnaenun 0.02 MIla B aguabaru-
4ecKnX ycimoBHsaX. OTBOM TEIUIOTH PEaKIUH W TETUIOTHI
PacTBOPEHUSI XJIOPUCTOTO BOAOPOJA B PACTBOPE KaTallH-
3aTopa OCYIIECTBIACTCS 33 CUET MCIApEeHUs MPOIYKTOB
PEaKIMK U YHOCUMBIX UMH MApoB BObL. J{iis1 yBenuueHus
pactBopumocTr CuCl mpuMeHsieTcs XJIOPHIT aMMOHHS
WU COJISTHOKUCIIBIA METHJIAMHH. AKTUBHOCTD KaTajm3a-
TOpa 00yCIIOBIICHA KOHIICHTpAEeH XIOpUIa MEIH.

¢ g

Cl

Xnoponpex

MEHSIOT HMHTHOUTOPBI. OCYHICHHBIH XJIOPOTPEH-PEK-
tupukar comepxur 99.9% xmoponpena, 0.02% Bu-
HunaneruneHa, 0.05% guxmopOyTeHOB, oOcTambHOE
— areTagbACT Ul U BUHUIXIOPH/I.

Bunun- u JUBHHUIACTHIICHBI OKa3bIBAlOT HET'aTHUB-
HOE BJIMSHHE Ha CBOIMCTBA XJIOPOIPEHOBOTO KaydyKa, BBI-
3bIBasi CTPYKTypHpoBaHue noianmepa. Conepikanue mpu-
Meceill B XJIOPOTIPEHE, CHHTE3UPOBAHHOM U3 alleTHIICHA,
CTPOr0 PErIaMEHTHPYETCS U KOHTposupyetTcst (Tadi. 4).

Tadsmuna 4. Cocras XJI0ponpeH-MOHOMEPa, % Macc.

XJopompeH, He MeHee 99.8
[Ipumecu, ue 6onee:
Bununanerniex 0.1
Aueranbaerua + METHJIBUHUIKETOH 0.1
JuxnopOyTeHbl 0.2
JlMBUHIIIATIE TUIICH 0.05
Bnara 0.01
Kucnornocts (B pacuere na HCI) 0.015
[ommmepst CIIe/Ib

[Ipom3BonCTBO XJIOpONpEHa W3 aleTHICHA CBs3a-
HO C TPYIHOCTAMH H3-32 CHJIBHON KOPpPO3UH Ha 00EUx
CTaIMsIX, B3PHIBOONACHOCTH alleTHJICHA, TUAllCTHIICHA,
BUHWI- ¥ TUBUHHUJIAIICTUICHOB.
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3a mpomrenmee BpeMs CHOCOO IMOTYYEHHS XJIO-
ponpeHa-MOHOMEpa Ha OCHOBE alleTWJIeHa ObLI CyIle-
CTBEHHO YCOBEPIIICHCTBOBAH, UTO TO3BOJIMIIO YITYUIINTh
TEXHUKO-IKOHOMHYECKHE TT0Ka3aTeNn, HO 3HAYUTEIILHO-
TO CHIDKCHHS KalTNTaJIOBIOKCHNH TOCTUTHYTO HE OBLIO.
BapeupoBanue 1ieH Ha aneTwieH 1 Ha OyTajneH M03B0-
JIAJIO TIOCTICTHEMY BBITECHHUTD AIleTHIICH B Ka9eCTBE MC-
XOJIHOTO CHIPBsI B OOJIBIIIMHCTBE CTPaH-PON3BOIUTEINEH.

B MHpOBOI mNpakTHKE MNPOU3BOJACTBO XJIOPOIpe-
Ha-MOHOMepa U3 OyTajHeHa OCYIIECTBISIETCS 110 TeX-
HOJIOTHSIM pa3indHbIX GupM. Pa3paboTkoit crocobos
NPOU3BOJICTBA  XJIOPONPEHA-MOHOMEpa  3aHMMAJIHCh
takue ¢pupMmel, kak “DuPont” (CILA) [2], “Bayer AG”
(I'epmanms), “Toyo Soda” (SAnonus), “Denki Kagaku
Kogyo” (SImonus), “Distillers Co.” (BenmukoOpuTanwus).
Bce pa3paboTanHble TEXHOIOTHH 0a3UPYIOTCS HA TPEX-

cl
=== + C, — %\)
Cl

1,3-6yraguen 3,4-puxnopbyTen-1
Jannas peakuus SIBJISETCS 3K30TEPMHUYECKOH,
ee tertoBod 3ddekr cocrarnsger 39 kkan/monb. [lo-
MHUMO OCHOBHOW PEaKIIMH, MPOTEKAIOT Takke Mmodou-
HBIC, TpUBOMINIKAE K oOpaszoBaHuio: 1,2-guxmopOy-
TaHa, 2,3,4-tpuxnopOyreHa-1, 1,1-guxiopOyTena-2,
1,2,4-tpuxnopOyrana-1, 1,2,3,4-teTpaxiopOyTana u ap.
[Iponiecc xmopupoBanus OyranueHa-1,3 ocymect-
BJSIFOT B mapoBoi ¢ase npu temmeparype 290-310 °C,
nasiaenun 0.1-0.7 MIla. Conepkanue kuciopona u
Bimaru (<0.01%) B UCXOMHOM CBHIpbE: OyTaaueHEe H XJIO-
pe cTporo orpaHn4mMBaercs. byraguen nomaercs mo ot-
HOIIICHHUIO K XJIOpY B OonbiioM u30bITKe [3]. MonbHOE
ornomenue Cl, k Gyramueny konebmercs ot 1:5 o 1:50.
W36pITOK OyTamreHa Mmocie BBIACICHUS BO3BPALIAIOT B
XJIOpaTop BMECTE CO CBEXHUM OyTajareHoM. KonBepcus
Oyranuena coctaBisier 10-25%. CooTHolleHue moiy-
qaeMbIX 3.4-puxiop-1-6yrena u 1,4-guxnop-2-OyTeHa
npubmu3uTenbHo paBHo 0.7. OOIWME BBIXOJ JUXIIOP-
OyteHoB coctaBmsger 80-90% oT mpopearnpoBaBIIETro
Oyranuena. IloGouHble MpPOAYKTHl Ha IMEPBOH CTaguU
BKITIOYAIOT COJISIHYKO KHCIOTY, 1-xiop-1,3-OyTtaaueH,
TpHUXIIOPOYTESHBI ¥ TETPAaxJIOPOYTaHbI, AUMEp OyTaareHa
W MPOAYKTHI ¢ O0Jiee BHICOKOM TeMIepaTypol KUICHHSI.
CMech TONyYCHHBIX AWXIOPOYTCHOB, OTHCICHHAS OT
HEeNpopearupoBaBiero OyTagueHa, XJIOPHCTOrO BOJO-
poza, HarpaBJIAeTCs Ha CTa/IUI0 H30MEPHU3ALUH.
XKunkopasnoe xmopupoBanue Oyraanena-1,3 ocy-
mecTrisiercs: pu temreparype ot -10 °C mo 60 °C
pU aTMOC(EpPHOM JIABJIICHUHU B Cpelie PACTBOPUTEIS B
MIPUCYTCTBUHU KaTaJ3aTOpa — YETBEPTUYHBIX XJIOPHJIOB
ammoHnus, pochonus, cynbhonus. [Tpornecc mpoBoasT B
anabaTHIeCKUX YCIOBHAX. MOIBHOE COOTHOIICHHUE TI0-

CTaIUIHOM TIpoIlecce IMOMYUICHHUS XIJIOPOIpPEHa-MOHO-
Mepa: kuakopasHoe WM TapodaszHoe XJIOpHPOBaHHE
OyTagueHa ¢ TOJydeHHeM cmecH 3,4-muxiop-1-Oyre-
Ha (3,4-AXb) u 1,4-muxnop-2-Oyrena (1,4-I1Xb); ka-
TaquTHIecKas u3omepusanus 1,4-nuxiop-2-0yTeHa B
3,4-nuxnop-1-0yTeH U JOETHUIPOXJIOPUPOBAHKE KAyCTHU-
yeckor comoi 3,4-muxiop-1-OyTeHa 10 XJIOpOIIpEHa.
OTmunst pa3pabOTaHHBIX TEXHOJOTHI 3aKIIIOYAIOTCS B
YCIIOBUSIX M CIIOCO0aX TPOBEACHUS OTACIBHBIX CTAIHH,
CBEIICHUS O KOTOPBIX BECHhMA Pa3pPO3HCHBI.

3,4-luxnopOyTren-1 w3 OyTajguieHa MOXHO IOIY-
YHUTh TPeMsl CIOCo0aMu: razoa3HbIM XJIOPUPOBAHHEM,
KUIKO(pa3HBIM XJIOPHUPOBAHUEM B CPEIE PACTBOPUTEILS
1 KUIKO(Da3HBIM XJIOPUPOBAHUEM B cpejie OyTaaueHa.

[Tpu 5TOM TIpOTEKACT CICAYIOMIAs [IeIeBasi XUMUYe-
CKasl peaKuus:

Cl

N 3)

cl

1,4-auxnopbyTeH-2

naBaeMbIx OyTtanueHa u xsopa (1-3):1. B kadectBe pac-
TBOPUTEIISL UCIIOIB3YIOTCS MepPrajoreHupoBaHHbIE aJlu-
(baTnueckue yrieBogopoasl [4]; pacTBOp OCH30HUTPHIIA,
coziepKamii  xyopun Menu [5]; OyTaH, NEHTaH W
(pTOpUpPOBAHHBIC YIIEBOXOPOABI [6, 7]; uYeThIpexxio-
PHUCTBI  yIJIEPOA, COACPKAIIUA ITUMETHII(HOPMAMILIT
[8]; xmopucThlii 3TUN [9], HACKIIIEHHBIE YITIEBOJOPOIBI
u TpuxjopstwieH [10], HachIIEHHBIE YIIEBOAOPOIbI,
umetonue 4—7 aromoB yriepona [11]. Ilpennoxen cro-
co0 xuaKo(azHOro XJIOpUpOBaHUS OyTaaneHa B cpele
camoro pearenra — Oyranuene-1,3 [12—14]. PactBopu-
Tenb Oepercst B KojudecTBe 4—8 Moneit Ha 1 Moib Oy-
tagueHa. [locie OTHeneHUs HENpopearupoBaBIINN
OyTaWeH M pPacTBOPHUTENb BO3BPAIIAIOTCS B PEAKTOP.
CyMMapHBIi BBIXOJ AMXJIOPOYTEHOB nocturaer 98%,
coortHomenue nonydeHHsix 3,4-J1Xb un 1,4-J1Xb uzme-
mstetest ot 1.0 10 4.9.

[pomuecc mapodaszHoro xyoprupoBaHus OyTaIucHa B
OTIIMYKE OT XJIOPUPOBAHUS B JKUKOH (haze MPOBOTUTCS
IIPY BBICOKHUX TEMIIEpaTypax B peakTopax aauadaruye-
CKOTO MJIM TpyO4aToro Tuma ¢ HMCIOIb30BaHUEM O0Ib-
mroro U30bITKa OyTanueHa. B3sTeiid B 0ONBIIOM M30BITKE
OyTaJueH Urpaer pojib TEMJIOHOCHUTENS, CHUMAs TETIO
3K30TepMHUECKOr peakiuu (~167.47 k/x/mMoinb), a Tak-
JKE OrpaHWYMBaeT O00pa3oBaHHE MOJUXIOPHUPOBAHHBIX
npoaykroB. OTHOCHTENFHO HHU3Kash KOHBEpCHs OyTaiu-
€Ha 3a OJIMH MPOXOJ] MPUBOANT K PEIUPKYIISAIMHA OTPOM-
HOTO KONMYEeCTBa OyTaJneHa, U4TO B CIydae sKuakodasz-
HOTO XJIOPHpOBaHHUs He TpeOyeTcs. XJIOpUpOBaHUE B
MapoBoil (pase B OTIUYUE OT KHUIAKOPA3HOTO XIOPHPO-
BaHUS XapaKTepU3yeTcsi 00pa30BaHHEM IOBBIIICHHOTO
KOJMYECTBA HEKEJATEIBHBIX IOOOYHBIX MPOIYKTOB,
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TaKUX KaK XJIOPHCTBHIH BONOPOJ, IMOJHXJIOPOYTaHEBI, a
TaKKe cMojooOpasHele coenuHeHus. CozaepikaHue I10-
TUXJI0pOyTaHOB KoJeOneTes B MHTEpBaie ot 5 mo 10%.
CMo1000pa3Hble COeNMHEHHs] HaKallJIMBalOTCS B pe-
akTope mapoazHOTO XJIOPHUPOBAHUS U TION ACHCTBHEM
BBICOKOIl TeMIlepaTypbl MOJBEpPraroTcsi KOKCOBaHHUIO
C OTIICIUICHHEM XJIOPHCTOTO Bomopoxa. B mpomecce
KHUKO(A3HOTO XJIOPUPOBAHHS, OCYIIECTBISIEMOIO MpH
HU3KHX TeMIleparypax, KOKCOOOpa3oBaHHs HE HaOIo-
npaercsi. CeleKTUBHOCTb 00pa3oBaHUs TUXJIOPOYTEHOB
n coorHomenne 3,4-J1XbB/1,4-IXb npu mpoBeneHUU
KHUKO(A3HOTO XJIOPUPOBAHHMS BBIIIE MO CPABHEHHIO C
XJIOpUpOBaHUEM OyTaJleHa B Ta30Boil (ase.
IlenecooOpa3HOCTh HCHOJIB30BaHUS KUAKOGA3-
HOTO MJIM Mmapoda3Horo crmocoba XJIOpUpoBaHus OyTa-
JIMeHa OIPEeAessIeTCs] COOTHOUIEHHEM JIBYX OCHOBHBIX
¢dakropoB. IlepBblii — BeNMWYMHA SKCILTyaTAIHOHHBIX
3aTpar M KallUTaJOBJIOKEHUI B 00OpynOBaHHE, Ipei-

| CuCl |
~J =

Cl cl

1,4-puxnopbyten-2

[Iponecc u30MepH3aLUN OCYIIECTBISCTCS B KHUJI-
kol (haze mpu Temmeparype 60-120 °C u naBieHUn
55-65 kIla B nmpucyTcTBUU KaTajau3aropa — cojiel Meau
(xnmopun, HadreHar). PeakioHHass cMech B peakTope
M30MEpU3aIMU TOCTOSIHHO LUPKYIHUPYET, a U3 Bepxa pe-
aKTOpa B MapoBOil (pa3e HEMPEPHIBHO OTBOAUTCS CMECH,
oboramienHas 3,4-auxnop-1-0yrenom. Hempopearupo-
BaBIIMiA 1,4-TuXJI0p-2-0yTeH, TeMIieparypa KHIICHUS
KOTOPOTO BBIIIE, 4eM Y 3,4-nuxiop-1-0yTeHa, oraemnser-
Csl METOJIOM PEKTH(HKAIIMH W BO3BPAIIACTCS B PEaKTOP
n3zomepuzanmu. 3,4-/luxmnop-1-OyTeH HampaBnseTcst Ha
CTaIuIo NeTHIpoxIopupoBaHust. CeleKTHBHOCTh IIPO-
recca cocranisieT 95-98%.

3,4-Jluxynop-1-0yTeH TOJABEPraT JETHAPOXJIIO-
PUPOBAHUIO BOJHBIM PACTBOPOM EAKOTO HaTpa B MpH-

Cl

~ .

Cl

e

NaOH

3,4-puxnopbyTen-1

XIOpOIpeH-ChIPEL], BBIIEICHHBIN CO CTAIIAM ACTUIPOXIIOpPU-
]POBaHUS, HAMPARIISAICTCST HA OYKICTKY METONIOM PEKTU(DHKAIN TIpH
TIOHVDKEHHOM JIARTICHHN OT CIIGYFOITUX MprMeceid: 1-xmop-1,3-0y-
TaJlMeHa, atetanbaeriig, 1-xmop-1,3-0yrammena. st mpenorepa-
TIICHUS TIOIAMEPH3ALIH XJIOPOIPEeHa TIPH PEKTH(PUKAIIAN JT00aB-
JISTFOTCS] MHTHOUTOPBL

LeneBoe 3HaueHne YUCTOTHI XJoporpeHa — 99.9%.
X70poIpeH, NOMy4YeHHbIH U3 OyTajneHa, He COACPIKHUT

3,4-pnxnopbyren-1

Ha3HAUEHHOE Ul BBIICICHUS U BO3BpaTa pacTBOPHUTE-
751 B ClTy4ae KUAKO(pa3HOrO XJIOPUPOBaHUs U OyTaaue-
Ha B CiIyJae XJOPHPOBaHUS B mapoBoi ¢aze. Ciemyer
TaK)KE€ YUYHUTBHIBATh PACXOAbl HA OUUCTKY XJIOpaTropa oOT
KOKCa B cJIy4yae XJIOPHUPOBaHHUsS B mapoBoi (aze. Bro-
poii hakTop — BO3MOKHOCTHh MHTEHCUUKAMU (yBeJIn-
YeHHUE CheMa JUXIOPOYTECHOB C PEaKIIMOHHOTO 00beMa)
npoliecca XJIOpPUPOBaHUs, MOBBIIMIEHUS BbIX0Ja (U30u-
paresnbHOCTh 00pa3zoBanusi) 1eieBoro 3,4-J1Xb B 3apu-
CHUMOCTH OT YCJIOBHH MPOBEACHUS IpoLecca XJIOpUpo-
BaHUs OyTaJHCHA.

Kaxk npu xnopupoBaHuu B mapoBoi (ase, Tak U Ipu
KUIKO(pA3HOM XJIOPHPOBAHUM OTMEUYACTCSl HEBBICOKAs
U30UpaTeIbHOCTh 00pazoBanus 3,4-muxinop-1-OyTeHa,
YTO JIeNaeT HEOOXOIMMBIM MPOBEICHUE CTAJNU H30Me-
puzanuu nodouroro 1,4-nuxiuop-2-6yteHa (peaxuus 4)
C TIOJTyYSHHEM JIOTIOTHUTEIFHOTO KOJIMUECTBA IEICBOTO
nponykra [15].

“)

CYTCTBUHM MHTHOUTOPOB (OKMCH a30Ta B cMecH ¢ obec-
KHCIOPOKEHHBIM ~ a30TOM, N-HUTPO30AH(EeHUITaMUH
u cynbdun Hatpus) [16-18]. Peakuuro (5) npoBoasT
npu temrneparype 40-90 °C u nasnenunu 0.25 Mlla B
IPOTOUHOM peakTope ¢ Mmemankoit [19, 20]. B peak-
TOP JIETUAPOXIOPUPOBAHHS TIOACTCS OCTPBIN IMap st
HOoAJepKaHUsl TEeMIepaTyphl, a TaKXke JUIs HcHape-
HUsL 00pasyronierocst Xjoponpena. M3 BepxHeld yacTu
peakTopa BMECTe C MHapaMd HENpopearupoBaBIIECIO
3,4-nuxnopOyTeHa-1 XJIOpONpeH MOCTYMaeT B PEKTH-
(hUKaLMOHHYIO KOJIOHHY JJIsl OTAeTeHUs 3,4-1uxaopoy-
TeHa-1, KOTOPBIH 3aTeM BO3BpaIlaeTcs B PEakToOp Je-
THAPOXJIOPUPOBaHUs. B kauecTBe TOOOUHOTO MPOAYKTA
obpasyercst 1-xiyiop-1,3-0yraauen (o-xmoponpeH). Boi-
XOJI XJ0pompeHa coctaiseT 90-95%.

{’\( + NaCl + H0 (5)

Cl

XnoponpeH

TaKUX BPEIHBIX IpUMecei, KaK BUHWI- U JUBHHUIIAIIC-
THJICHBI, MCTUIBUHUIIKCTOH.

TexHONOTHS MpoIIecca MOTYyYCHHS XJIOPOIpeHa-MO-
HoMepa zaelictBoBaBuiero Ha EpeBanckoM 110 «Haupur»
MIPOM3BOICTBA BKIIIOYAa TPH CTA IHH:

- razodazHoe xjopupoBaHue OyTaaueHa ¢ oOpas3o-
BaHHEM CMecH m3oMepoB 3,4-muxiopOyreHa (35-40%)
u 1,4-guxmnopOytena (60-65%);
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- m3omepm3arys 1,4-mmxiopOyTeHa B 3,4-muxiiopOyTeH B
JKuIKoH (pase B PHUCYTCTBUM KaTalM3aropa HadyTeHara Mefiu;

- kuKo(ha3HOE TeTHAPOXIOPUPOBAHHE 3,4-THXIIOP-
OyTeHa TUIPOOKCUIOM HATPHs C IMOJIY4YCHHEM XJIOPO-
peHa-MOHOMepa.

XJI0pOTIpeH-MOHOMEP HATPABIISUICS HA AMYJIbCHOH-
HYIO TTOJMMEpPHU3AINIO C MOTYIEHHEM XJIOPOIPECHOBOTO
Kay4yka.

K aemocrarkam ykazaHHOH TEXHOIOTHH CIIETyeT OTHECTH:

- mpumeHeHue TapodazHoro Tepmudeckoro (~260 °C)
MeTozIa XJIOPUPOBAHNS, XapaKTePH3YIOMIErocss HI3KAM COOT-
HomenneM 3,4-J1Xb k 1,4-/1Xb, noBbIieHHIM 00pa30BaHAEM
TIOOOYHBIX TIPOIYKTOB 1 JAXKE CAXKH, A TAKOKE 3HAUUTEITHHBIMI
SHeprosarparaMy Jyisi PELUKYIHPOBAHKS OONBIIIOTO KOIHde-
CTBa BO3BPATHOIO OyTajMeHa.

- IOCTaTOYHO CJIOKHOE ammaparypHoe oopMiieHne
CTaJINU JACTUAPOXIOpHpOBaHus 3,4-muxiaopOyTeHa ¢ uc-
MOJIb30BaHHEM Oy THIILIEIIIO30JIbBA.

3a mocienHre TOABI OBUTH MPOBEACHBI HAyYHO-HC-
ClIe/IOBaTeNbCKUE PabOTHI MO pa3paboTKe TEXHUYECKHX
pelIeHN, HallpaBICHHBIX Ha YCOBEPIIIEHCTBOBAHUE TEX-
HOJIOTUH MOJYYCHUsI XJIOPOIPEHa-MOHOMEpA.

PesynpraTel mccmenoBaTeNbCKUX paboT MO3BOIS-
IOT BHECTU NMPHUHIIMITHAIBHBIC U3MEHECHUS B TEXHOJO-
ruto neiicrBoBaBmiero Ha EpeBanckom [10 «Haumpwury»
MIPOU3BOJICTBA XJIOPOTIPpeHa-MOoHOMepa. V3MeHeHus Ka-
CalOTCsI BCEX CTaIuil mporecca, HO B MEPBYIO OYepemb
XJIOPUPOBAHHUS U JICTHIPOXIOPUPOBAHUSI.

PaspaboTaHHBII peakIMOHHBIN Y3el KUAIKO(Pa3HO-
ro XJIOPUPOBaHUs OyTaJreHa MO3BOJISAET YIPOCTUTH U
MHTEHCH(UIIIPOBATE MPOIIECC XJIOPHPOBAHUS (YBEIHIe-
HUe cbema 3,4-1uxyIopOyTeHa ¢ peakIMOHHOTO 00beMa
B 3-5 pa3), MOBBICUTH BBIXOA (M30HUpaTeIbHOCTH 00pa30-
Banus) uenesoro 3,4-/1Xb ¢ 30-35 no 60-80% 1o cpas-
HEHUIO ¢ napogazHbIM IporieccoM (Tadd. 5).

Taoauna 5. OcHOBHEIE ITOKA3aTENN IPOIIECCOB XJIIOPUPOBAHNUS OyTareHa

Crioco6 npoBeAeHUs MpoIecca XJIOPUPOBAHMS

IToxazarenu
Iapodazusrii YKunkohazubrit
Konsepcwust 1,3-Oyranuena, % 20-30 70-90
CenexktuBHOCTH 00paszosanus 3,4-/1Xb, % 30-35 60-80
Otromenne nony4yaembix 3,4-J1Xb u 1,4-1Xb 0.7 2-3
CoorHomienue OyTaueH/xyop (MoJIbHOE) 3-5):1 (1.1-1.4):1
Coem 3,4-IXB, r/m a 80-90 200-500

YcoBepIIEHCTBOBAHNE PEAKLIMOHHOIO Y3I1a IEI0UHO-
TO JICTHPOXJIOPUPOBAHUS 3,4 TUXIOpOyTEeHA 3aKITFOUaeTCsl
B COBMEILIEHUH MPOLECCOB JETHIPOXJIOPUPOBAHUST U PEK-
TH(MUKAINH B OTHOM aIlapare, 9To B 3HAUUTEIBHOH CTerie-
HH YIPOCTUT armaparypHoe ogopmiieHue 3Toi cTaauu. B

TIOJIB3Y U3YYEHHUS JJAHHOTO PEILEHHs TOBOPAT paboTsl [21,
22]. IlpoBenenwue mporiecca JETHIPOXIOPUPOBAHUS B TIPH-
CYTCTBUHM KaTajlM3aTopoB Mex(azHOro mepeHoca MO3BO-
JISIET HE TOJIBKO YCKOPUTH PEAKIIMIO, HO M PE3KO TTOBBICHTD
M30HMpaTeIhbHOCTL 00pa30BaHMsI XJIOpoIpeHa (Talir. 6).

Tabauua 6. [Tokazarenu npouecca WENOUHOTO Aeruapoxiaopuposanus 3,4-1Xb

[Noxkazatenn Cy1iecTByIoas TeXHOIOTHS [To nanubM marenTa [21] [Ipennaraemas TexHOMIOTUSA
Temmeparypa, °C 70-100 80 100
CbeM XJIOpOIIpeHa, KT ¢ M B yac 110-120 300-400 300-500
BBbIX0J1 TOOOYHBIX IPOJIYKTOB 35 23 12

(crtupTsI, 3¢upsn), %

[Ipennaraemslii mpouecc MOMyYEHUs! XJIOpPOMpe-
Ha-MOHOMepa W3 OyranueHa-1,3 OCyIIecTBIseTCS He-
HPEPLIBHBIM CIIOCOOOM M COCTOUT U3 CIEAYIOIIUX OC-
HOBHBIX cTaani (puc. 2):

- XJIOpHpOBaHUE OyTaJUCHA;

- m3oMepm3anus 1,4-nuxyiopOyTeHa B 3,4-auXJI0p-
OyTen;

- IETHJPOXJIOpUPOBaHHE 3,4-TUXIIOpOyTEHA.

Ocymennbie (H,O — 0.01%) xnop u Oyramuen-1,3
B BHJE PacTBOpa IOAAIOTCSA Yepe3 CHEeLHUaIbHOE CMe-
CHTENBHOE YCTPOMCTBO B PEAKTOP KUAKO(PA3ZHOIO XJIO-
pupoBanust (1). Peakrop-xmopatop mpeacTaBiseT co-
0011 mpoTOYHBIN ammapar KOJOHHOTO THUma. B peaktop
MOIaeTCs PAcTBOP KaTaiam3aropa (YeTBEPTUUHBIC COIU

amMmoHus). Karanutuueckoe XjopupoBaHue OyTanue-
Ha npoBoasT nipu Temmeparype 30-50 °C, xonmdecTBoO
karanuzatopa — 0.003% wmacc. Byranuen-1,3 Oepercs
B M30BITKE, YTOOBI HCKIIOYUTH HEXETaTeIbHBIC 000Y-
HbIE peakuuu. MOIbHOE COOTHOIICHHE OyTaJHueH/XIIop
Bappupyetcs ot 1.2 no 1.4. KonBepcus OyTtaaueHa co-
craBisier npumepHo 90% Ipu MOJHOI KOHBEPCHU XJIO-
pa. CeleKTHBHOCTh 00pa30BaHUs AUXJIOPOYTCHOB OKOJIO
97%. CootHomenue 3,4/1,4-nuxnopOyTeHOB KoneOneTcs
or 2 1o 3.

OOpasyromasicsi B pe3ynbTare XJIOPUPOBaHUs
Mapo-ra3oBas CMECh COIEPKHT B OCHOBHOM HETpPOpe-
arupoBaBIIMi OyTaaneH-1,3 u XJIOPUCTBIA BOAOPOA, a
takke 3,4-muxiopOyren-1, 1,4-yuc-nuxmopOyTeH-2,
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XNOPUPOBAHUE
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Puc. 2. HpI/IHLlI/IHI/IaJ'IBHaH TCXHOJIOTUYCCKAA CXEMa IMOJYYCHUS XJIOPOIIPEHA-MOHOMEDPA.

1,4-mpanc-nuxiaopOyten-2. OHa BBIBOOUTCS U3 BEpX-
Hell yactu peakropa (1) U mocTymaeT yepes XOJIOHIIb-
HUK-KOHEHCATOp B (azopasfenuTeb, U3 KOTOPOro ra-
30Bas (asza, cojpepkamnias OyrajueH-1,3 W XIOPUCTHIN
BOJIOPOJ], HAIpaBiseTcsl Ha aOCOpOLUIO XJIOPUCTOTO
BoJIopoia B ckpy00ep (3). CkoHJICHCHPOBaBIIIAsICS YaCTh
MapoBOro TMOTOKa, coaepxkamas 3,4-nmuxiaopOyren-1,
1,4-yuc-nuxiopOyren-2, 1,4-mpanc-nuxnopOyTeH-2, u3
(dazopazgenuTens MoiaeTcs B OTIAPHYIO KOJIOHHY (2).

W3 kel yactu peaktopa (1) OTBOIMTCS CMECh, CO-
Jieprkalias CMech JIUXJIOpOyTEHOB, HEMpOpearnpoBaBILIMIA
1,3-6yramuen n HC, 1 momaeTcst B OTHapHyo KOJIOHHY (2),
e u3 AUXJIOpOyTEHOB M3BIIEKAIOT HEMPOpearupoBaBIIMNA
1,3-OyramueH W XJIOpUCTBIA Bomopoa. M3 BepxHel wactu
KOJIOHHBI (2) BBIBOAMTCS cMech OyTtamueHa-1,3 u xsopu-
CTOTO BOAOpOJA, KOTOpas 3aTeM HarpaBisieTcss Ha ao-
copOLMOHHYI0 KOOHHY (3). XJOopHCThIi Bomopos ad-
copOHpyeTCsl BOJIOW, W TIOJYYCHHBIA PacTBOP COJISTHOM
KHCJIOTBI, COICPKAIIMN IPHUMECH XJIOPOPTaHHYCCKUX
COCIMHEHMH, OTBOIUTCA W3 HI)KHEH 4YacTH KOJIOHHBI
(3) u HanpaBnsieTcs HA yTHIM3aNKO. 3 BepxHel yacTu
KOJIOHHBI (3) oTOMpaeTcst OyTajueH-1,3, KOTOphIi 3aTeM
HanpaBigeTcs Ha MPOLYBOUYHYIO CBEUY.

KyOoBBIil TIpOJYKT OTHApHON KOJIOHHBI (2), TIpea-
cTapisifoIMit  coboii  cmech  3,4-nuxiiopOyTena-1,
1,4-yuc-nuxnopOyrena-2, 1,4-mpanc-npuxnopOyTeHa-2,
MocTymnaeT B anmapar Juist usomepusauuu (4). XKun-
Ko(aszHas W3OMEpH3alMs Yuc- W MPAHC-A30MEPOB
1,4-nuxnopoyrena-2 B 3,4-nuxnopOyTten-1 ocymect-
Bisiercs ipu 120 °C B npucyTcTBUM Karanusaropa (Cu/
HocuTelb). [Ipouecc BeayT oA HEOOIBIIMM BaKyyMOM
(62 kIla) B pexxrMe HEPEPHIBHOW OTIOHKH 3,4-IHUXJIOP-
OyTeHa-1. PeakunoHHas *KUIKOCTh B peakTope HU30Me-
pH3anny MOCTOSHHO IIUPKYIUPYET MPU ITOMOIIH HAcOCA.

[TapoBas cmech u3 anmnaparta (4) nocTynaeT B pekTudu-
KaI[MOHHYIO KOJOHHY (5), rme BhiAenseTcs 3,4-nuxiop-
OyreH-1 B Buae aucTwuIATa. TspKesble TPOIYKThI, TaKk
Ha3bIBaeMble BhICOKOKHUTIsIUE KommoHeHThl (BKK), u3
Ky0a KOJIOHHBI (5) HanpaBJIsAIOTCS HA YTHIIN3ALHIO.
3,4-JTuxnopOyTeH- 1 -peKTru(uKaT HanpaBIseTcs Ha
JETUAPOXJIOpUpOBaHUEe B peaktop (6), MpeacTaBisio-
M cOOOH CEKIIMOHMPOBAHHBIN ammapar. B HIKHIOO
4yacTh PeakTopa TakKe MOJaeTcs BOJHBIA pacTBOp €l-
xoro Harpa (20% NaOH) u nap. Eaxuil Harp nonaercs
C HEKOTOPhIM H30BITKOM MPOTHUB CTEXHOMETPUYECKOTO
cootHomeHus. llporecc AeruapoXIOpUPOBaHMS TIPO-
BoIAT Ipu 85-90 °C ¢ opHOBpEeMEHHON OTrOHKOH 00pa-
3yronierocst xygopornpena. OOpa3yromuicst XI0ponpeH
MIPOXOAUT PEKTU(PUKALIMOHHYIO YacTh peakTopa (6) ans
OTJIeTICHHsI Herpopearuposasiero 3,4-nmuxiaopOyreHa-1
U TIOCTYIAaeT B PeKTU(UKAIUOHHYIO KOJOHHY (8). duc-
THJUTAT KOJIOHHEI (8) SBISIETCS TOBAPHBIM XJIOPOIIPSHOM.

W3 Hikueii yactu peakropa (6) oTOMpaeTcs meIouHoMl
PacTBOp XJIOPHCTOTO HATPHSL, COAEP KAl HEPOpearupo-
BaBLIMH 3,4-11xJ10pOyTeH-1, 1 HampaBsieTcsl B OTIAPHYIO
kononHy (7). HenpopearupoBaBimii 3,4-muxnopOyTeH-1
BBIBOJIMTCS C BepXa KOJIOHHBI (7) 1 4epe3 XOIOIIbHUK-KOH-
JICHCATOp BO3BpaIlaeTCsl Ha UTaHue B peaktop (6). OcBo-
OOXKIIEHHBI OT XJIOPOPraHMYECKUX NpHUMeceil pacTBOp
XJIOPHCTOTO HATPHS TIEpPEaeTCs Ha yTIIN3ALIHIO.

Ky6oBbIif mpoaykT peKTH(UKAIUOHHONW KOJOHHBI
(8), cocrosmuii B 0OCHOBHOM 13 1-xyopOyTanueHa-1,3,
HanpasisieTcs B peakrtop xjopuposanus (1).

IIpouece mosryueHust XJI0PONPEHOBOT0 KAy4yKa Me-
TOJIOM SMYJIbCUOHHOMW MOJIMMEPU3ALUU B BOAHOH aze
BKITtO4aeT (puc. 3):

- IOJIUMEPHU3ALIUIO;

- BEIJICJICHHE KaydyKa.
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NONNMEPU3ALINA

OEFA3ALINA

XIOPONPEH — peLyKkn

MepkanTaH
kaHudonb

XrioponpeH

oucTunnsT R-SO,0ONa
<l

p-p K2S20g — nHnumatop

p-p Tuypama E v HeosoHa [

narekc
Ha BblAeneHune

Puc. 3. HpI/IHI_[I/IHI/IaJ'ILHaﬂ TEXHOJIOTHUYICCKAsA CXEMa IMOJYUYCHU XJIOPONPCHOBOIO Kay1yKa.

VYreBopoponHyto ¢asy, MpeaCcTaBIAIONIyI0 co00i
pacTBOp MepKanTaHa M KaHH(OIM B XJOPONpEHe, a
TaKke BOTHYIO (ha3y — BOIHBIA PacTBOP SIKOTO HATpa
(NaOH) un ankuncynbponara narpus (R-SO,0ONa) npu-
TOTaBJIMBAIOT B COOTBETCTBYIOLIUX dMaJIMPOBAHHBIX all-
naparax, CHaOKEHHBIX MEIIATIKOH.

['oToBBIC YITIEBOOOPONHYIO H BOAHYIO (ha3bl 3aJIHBa-
10T B nonumepu3zatop (1), mpeacrapistomuii codoit ar-
mapaT ¢ Mellalikod u pyOarikoii jist mogorpesa. [lepen
HA4YaJIoOM TOJUMEPU3ALUK MIPU PabOTaoLIe Melanke
MIPOBOIAT AIMYIBTHPOBAHIE YKAa3aHHBIX (Da3 C IEIbI0 TO0-
JIy4eHUsl YCTOMUMBOM HMYJIbCUU XJIOPOIPEHA IIPU TEM-
neparype 40 °C B teuenne 20 MuH. 3aTeM B OJIUMEPHU-
sarop (1) momarot pacteop nepcynbpara kamus (K, S 0O,),
KOTOpBI HCIIONBb3YeTCsl B KayecTBe uMHUIMartopa. llo-
auMepusanus nposonurcs npu temuneparype 40+£2 °C
B TeueHne 3-3.5 4. [myOmHa mpeBpameHns xyoporpe-
Ha OIpEAEssIeTCs] MO M3MEHEHHUIO IUIOTHOCTH JIaTeKca
(TIOTHOCTH  JIaTeKca M3MEHSETCS MPSMOIPONOPLIHO-
HAJBHO CTENCHH MPEBpAIEHUs] MOHOMEpA B TIOJHMED).

[lo mocTwxeHMM 3aaHHOW MIIYOMHBI HOJIUMEPH-
sammu (65-67%) JaTeKc OXJIAKIAIOT, W 3aTeM BBOJIST
CTaOMIN3aToOp — AMYJIBCHIO OCH30JBHOTO pacTBOpa THU-
ypama E u Heo3ona /I, mepeMemnBaloT HECKOJIBKO MH-
HYT, [TOCJIE YeTO CIMBAIOT B MPHEMHBIH COOPHHUK, B KO-
TOPBIN MOJAETCs MEHOTAaCUTENb (CHIIOKCAHOBOE MAacio)
JUIs TPEAOTBpAILECHUs] BCIIEHUBAHUS JIaTeKca. 3ampas-
JICHHBIN MEHOTACUTENEM JIATEKC U3 TPUEMHON €MKOCTH
HAcocoM 4epe3 GUIBTp (2) HapaBJIIeTCs Ha JIera3aliio

B BEPXHIOIO 4acTh Jierazaropa (3), paboTaromniero moj Ba-
KYYMOM.

Jerazatop (3) nmpeacrapiseT coOO0i OTHAPHYFO Mpsi-
MOTOUHYIO KOJIOHHY, B BEPXHIOIO 4aCTh KOTOPOH MoaeT-
¢4 OCTpBIM BOAsHOM map. TeMrepaTypa Jiarekca B Jera-
3arope nozaaepxusaercs Ha ypoHe 50 °C. B nponecce
Jlera3allid M3 JIaTeKca OTIOHSAIOTCS HEe3aloJIMMEpHU30-
BaBILIUICS XJIOPOMPEH, Mapbl BOABI U OEH30J1a, KOTOPBIi
MIPUMEHSJICS B KaueCTBE KOMIIOHEHTa CTa0WIIN3HUPYIO-
et cycnensuu. JlerazupoBaHHbBIN JaTeKC Yepe3 TUAPO-
3arBOp (5) BHIBOIUTCS HA BBIJICTICHUE.

IMTape! x70ponpeHa, BOALI U OeH307a OTBOAATCS U3
KonoHHBI (3) yepes cemaparop (4) B KOHIEHCATOP, OX-
JaxxaaeMblil paccosioM. Bona, otaensemas B gazopase-
JUTENe, HapaBIIAeTCs Ha yTUIM3ALUI0. XJI0PONpeH U3
(hazopaszaenuTens BBIBOIUTCS B IPHEMHYIO €eMKOCTb, OT-
KyJla HACOCOM HAIIPABJISIETCSI B BUJIE PELIMKIIA B EMKOCTh
HPUTOTOBJIEHUS YITICBOJOPOIHOMN (ha3bl.

PaccmarpuBaemble TEXHONOTMH TMOMYYEHHUS XJIOPO-
MPEHA-MOHOMEPA U XJIOPONIPEHOBOTO KaydyKa OTIMYAIOT-
Csl HOBU3HOW IPEIIOKEHHBIX TEXHUYECKUX PELIeHUH U
MOJIXOZIOB, COAEPKAT 3HAYUTEIIBHOE YCOBEPIICHCTBOBAHNE
B ammaparypHoM O(OPMIICHHH, XapaKTepU3yIOTCsl HHU3KH-
MH PacXOIHBIMA HOPMaMH MO CHIPbEBBIM KOMIIOHEHTaM H
SHEproeMKocTd. [Ipemmaraemast TEXHOIOTHSI MOXKET OBITh
BHE/IPEHA Ha NIPEIPUATHSIX-TIPOU3BOIUTENISIX TIPOYKTOB
TIOJTYTIPOAYKTOB TOHKOT'O OPraHUYECKOr0 CUHTE3a.

ITomyuaemblil XJIOPOIIPEHOBBIN KaydyK MOXKET Haii-
TH NPUMEHEHHUE B Ka4eCTBE 3AILUTHOIO Marepuana s
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AMEKTPUIECKUX Kabenei 0co00ro MpUMEHEHMs, 3aIluT-
HOU 000JIOUKH MTPOBOIOB CUCTEMBI 3aKUTaHUs (TPaKToOp-
HBIX, aBTOMOOWJIBHBIX W APYTUX JABUTATENCH), IPH KOH-
CTPYUpPOBAHUU KaOelnel, mpeaHa3HaYeHHbIX Ui PaOOThI
B [IIAXTaX M MOKapOOIIACHBIX TIOMETICHUSIX, KaOEeIsIX, IKC-
IUTyaTUPYEeMBbIX MY OypeHUr HEPTH U B pa3BEIOYHBIX pa-
6orax. [lommuxoponper NpUMEHSIeTCS AT U3TOTOBIICHHS
3alIUTHBIX Y€XJIOB U1 HOyTOyKOB, TenedoHOB, ¢oToarl-
1aparoB, 3alIUTHON U TYPUCTHYECKON SKUITUPOBKH, IIO-
CKUX M KJIMHOBHUJIHBIX PEMHEH, TPAHCIOPTEPHBIX JIEHT,
Pa3IIYHOTO posia PYKaBOB, IPOTEKTOPOB LIS aHTHOOIE-
Jenureneil. [TonuxmoponpeHoBbIil JIATEKC UCTIONb3YETCA
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OCOBEHHOCTH B3AUMOJIECTBUS U30IIUAHATOB
C HPOU3BOAHBIMU I'MIPASUHA

A.[. Kupuaunl, A.O.BeaoBa®, H.H. Kupuaunua?, A.B. I[lerporpaackui!,
H.A. lllemGean!

IMHP5A - Pocculickuili mexHosozuueckuli yHueepcumem (MHcmumym moHKUX XUMUUECKUX
mexHosozuil um. M.B. Aomorocosa), Mockea 119571, Poccus

?I'ocydapcmeeHH bl HAYUHO-UCCTIe008aMENbCKUTL UHCMUMYM XUMUU U MEXHOJI02UU 3/1leMeHmMo-
opaaHuueckux coeoureHuil (FTHHUHUXTO0C), Mockea 111123, Poccusi

@Aemop ons nepenucku, e-mail: belova.lya@inbox.ru

B 0630pe 0600weHbl pe3ytemambl UCCe008AHUTL NO USYUEHUIO XUMUUECKUX NPpespauieHuli opeaHu-
YECKUX U KPEeMHUTIOP2AHUYECKUX USOUUAHAIMO8 NPU UX 83AUMOOETICMEUL C NPOU3BOOHBIMU 2UOPA3U-
Ha. TTokaszaHo, 4mo ¢ Op2aHUUECKUMU USOUUAHAMAMU 2UOPASUH U €20 NPOU3BOOHbLE, 8 MOM UUCe U
KpemHuliopeaHuueckue, 00cmamouHo ae2ko obpasyrom coomgememayrouue cemurkapbasuost. Ilpusge-
OeHbl Ycnosust npogedeHUsl pedkyuil, okasblearoujie 8AUsiHUe HA coOCMmas, CmpoeHue U 8blxo0 06pasy-
rouuxcst yentegblx npodyrxmos. IToka3aHo cyuiecmeeHHoe omaudue 83aumooeticmaus mpumemuicu-
JUSUBOUUAHAMA C OP2AHUUECKUMU U KPEMHUTIOp2AHUUECKUMU NPOU3BO0HbIMU 2udpasuHa. ITokasaHo,
UMO NPUUUHOTL HEBOIMONHOCMU 8blOeSIeHUSL MPUMEMUICUNIUSIbHBLX NPOUIBOOHBIX CemMuKapbasuoa
S8JISLeMCSL UX HU3KASL 2UOPOSIUMUUECKAs. CMAbUIbHOCMb, A MAKXHKEe 8blCOKASL CUTUTUPYHOULASL CNOCOD-
Hocmb. ObcyskOeHbl 0CO6eHHOCMU PeaKyUll 83UMO0eticMaUst MPUMEMUICUSUUIOYUAHAMA U OuMe-
MUXIOPMEMUAUSOYUAHAMOCUNAHA € 1, 1-OumemunzudpasuHom, €20 mpuMemuiCUIUTHBbIM AHAJLO-
20M U u3oHUasuoom. IlpuseoeHbl B0BMOIKHbLE 8APUAHMBL CXeM 00PA308AHUSL paHee HEeU38eCmMHO20
O-mpumemuncunun-1, I-oumemuneudpasuriapborcumudoama. IToxasaHbl pesyibmamol UCNOT630-
8aHUSL 8 OAHHbIX NPoYeccax KapbohyHKYUOHANbHBIX KpeMHULloOpeaHUUecKux uzoyuaHamos. IIpeo-
cmaesieHbl OCHO8HblE HANPABIEHUS. NPAKMUUECK020 UCNOBb308AHUSL NOAYUACMbIX COEOUHEHUT — 8
Kauecmase pusuU0I02UUECKU AKMUBHBIX NPEenapamos, 8 NOJUMEPHOT XUMUL U 8 CeJTbCIKOM Xo3silicmae.

Knroueevle cnoea: npousgooHbsle 2u0pa3uHa, U30UUAHAMbL, KpeMHULlopeaHuuecKkue coeOuHeHUs.,
cemurapbaszudsbl, MPUMEMUACUNUAUSOUUAHAM, KapOOPYHKUUOHATbHbLE KPeMHUTIOpeaHUUecKue
usoyuaHamet.

DOI: 10.32362/2410-6593-2018-13-4-39-49

PECULIARITIES OF ISOCYANATES INTERACTION
WITH HYDRAZINE DERIVATIVES

A.D. Kirilin!, L.O. Belova’®, N.I. Kirilina?, A.V. Petrogradsky', N.L. Shembel’

IMIREA - Russian Technological University (M.V. Lomonosov Institute of Fine Chemical
Technologies), Moscow 119571, Russia

2State Scientific Research Institute of Chemistry and Technology of Organoelement Compounds,
Moscow 111123, Russia

@Corresponding author e-mail: belova.lya@inbox.ru

The results of studies on chemical transformations of organic and organosilicon isocyanates in
their interaction with hydrazine derivatives have been summarized in this review. It is shown
that hydrazine and its derivatives including organosilicon compounds reacting with organic
isocyanates form corresponding semicarbazides readily enough. The reaction conditions that effect
the composition, structure and yield of the resulting target products are presented. A significant
difference in the interaction of trimethylsilyl isocyanate with organic and organosilicon derivatives
of hydrazine is demonstrated. It is demonstrated that the reason for the impossibility to isolate
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trimethylsilyl derivatives of semicarbazide is their low hydrolytic stability, as well as high silylating
ability. Peculiarities of the reaction of trimethylsilyl isocyanate and dimethylchloromethylisocyanate
silanewith 1, 1-dimethylhydrazine, its trimethylsilyl analog and isoniazid are given. Possible schemes
for the formation of a previously unknown O-trimethylsilyl-1, 1-dimethylhydrazinecarboximidoate
are presented. The results of using carbofunctional organosilicon isocyanates in these processes
are discussed. Basic trends in practical use of the prepared compounds as physiologically active
preparations in polymer chemistry and agriculture are shown.

Keywords: hydrazine derivatives, isocyanates, organosilicon compounds, semicarbazides,
trimethylsilyl isocyanate, carbofunctional organosilicon isocyanates.

W3BecTHO, YTO HM3OIMAHATHI OTHOCITCS K YHCITY
BEIIECTB, OOJAJAIONIMX BBICOKOH PEaKIMOHHOW CIO-
cobnocTro. Hanbosee THIHYHBIME IS HUX SBIISIFOTCS
peaKiuu ¢ COeAMHEHUSMHE, COACPIKAIMMHU TTOABHIKHBIN
aToOM BOJIOpO/IA.

AHaJIOrMYHBIMU CBOMCTBaME 00T Iat0T U KPEMHHICO-
Jieprkarpe u3onuanarel. OMHAKO, B OTIIMYKE OT OpraHuye-
CKHX aHAJIOTOB, [TPU B3aUMOJICHCTBHH C THAPA3UHOM U €T0
MPOU3BOJHBIMU OHU JCHCTBYIOT 0oJiee M30UpaTeihb-
HO. [Ipu 5TOM clielyeT OTMETHUTh, YTO €CIU PEeaKInu

PhIN=C=0
4‘ H,NNH,*H,0

HM30IIMAHATOB ¢ aMUHAMHM JJOCTATOYHO MOAPOOHO pac-
CMaTpUBAJINCH paHee B tuTeparype [1-4], To B ciayuae
THJpa3lHa U ero MPOM3BOAHBIX TAKHE HCCIICTOBAHUS
emie He MpOoBOAMWINCH. HacTtosmuii o030p siBisieTcs
MOIBITKOM BOCIOJIHUTB 3TOT IpoOe.

B xonne XIX Beka Th. Curtius u A. Burkhard [5]
YCTaHOBWJIM, YTO B3aMMOJCHCTBHE OPraHHYECKUX IMPO-
U3BOJHBIX T'MApasvuHa WK €ro ruapara ¢ (beHI/UH/I?)OL[I/I-
aHATOM 3aKaH4YMBaeTCs 00pa3oBaHUEM CEMHKApOa3HIIOB
L, II:

i
> PhNHCNHNH,
I

2PhN=C=0

[
——> PhNHCNHNHCNHPh
1

AHaJIOru4HO BEAYT cebs 1 JAUTUAPA3UHBL [6, 7], IIpH 5TOM OTMEYECHO, UTO MPUCOCIUHCHUE ITPOTEKACT 11O BHYTPCH-

HHUM aToMaM a3oTa:

PhNHC(O) _C(O)NHPh
PhN=C=O0 + H,NNH(CH,),NHNH, —> N(CH,),N
/
H,N NH,
n=2,6

ITozxe M.J. Gelderen [8] oOHapyXuil CylIeCTBEH-
HYI0 0OCOOCHHOCTH JaHHOW pEeakInH, 3aKII0YaloIyIo-
Csi B TOM, YTO Ha COCTaB U CTPOEHHUE 0OpazyIOIIMXCs
MIPOIYKTOB BIUSIOT KaK TUI 3aMECTUTENEH B HCXOTHOM
TUpa3uHe, TaK M BUJ HCIOJIb3yEMOTO PACTBOPUTEIIS.
B cnydae ankmizaMeneHHBIX MPOW3BOTHBIX THAPA3HHA
Bcerga obpasyrorcs 2,4-cemukap0a3uabl, a Ipu Hallu-
YUH apWIBHBIX TPy — Kak 2,4-, Tak u 1,4-3aMenieHabie
TPOIYKTHI:

R =Alk
——> H,NN(R)C(O)NHR'

RNHNH, + RN=C=0 —

R =Ar RNHNHC(O)NHR'
e
H,NN(R)C(O)NHR'

[o3xe maHHBIN (BakT OBLT MOATBEPXkKAEH HA IIPH-
Mepe HCHOJIB30BaHUS ANN(paTHIECKNX H30LHAHATOB B
peaknusx ¢ 17-Tbio apuIMPOU3BOAHBIMY I'Hpa3zuHa [9].

Coycts cronerune nosiBuinochk yrounenue [10], ato
CTPOCHHUE UCIONb3yEMOTO H30I[HAHATa OKA3bIBACT BIIUS-

HUE He TOJILKO Ha BBIXOJ 00pa3ylolIerocs ceMukapoasu-
na (ot 51 1o 91%), HO ¥ Ha ero arperaTHoOe COCTOSTHHE.

B nanbHeiiiem ObIJI0 yCTaHOBIIEHO, YTO M BBICOKOTOK-
cnunblil 1, 1-mumernnruapasun taxoke nerko, npu 0 °C, pe-
arupyeT ¢ OpraHu4ecKuMHU u3ouuanaramu [11], a Berxog
nenesbix npoaykroB III gocturaer 93-96%. J{ns Takux
cemukap6a3uoB Metonom SIMP ucciienoBanbl BHYyTpH-
MOJIEKYJIIPHBIE TMHAMMUYECKUE IPOLECChl — 3aTOPMO-
JKEHHOE BparnieHue 1o cBsizu N—N [12].

I
RN=C=0 + H,NNMe, —> RNHCNHNMe,
R = Ph, tert-Bu I

Opnaxo yxe B 2003 rony FO.B. CagenneB ¢ cotp.
[13] ma ocHoBanun WK-, SAIMP-criekTpoB u HaHHBIX
90YJNTMOCKOTIMUECKUX HMCCIeIOBAHUI CAENald BaXKHOE
YTOUHEHHE, 3aKjroyarolieecs B TOM, YTO TOJIBKO MpHU
3HAYUTENBHOM H30bITKE 1,l-auMeTunruapasuHa OTHO-
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CHUTENbHO (PEHIITH30IIMaHaTa MOKHO MOMY4HTh 1,1-1m- IPYTHX COOTHOIICHHSX WCXONHBIX MPOTYKTOB 00pazy-
meTuin-4-pennncemukap6asun III (R = Ph); Bo Bcex torcs ouypetst Tuna [IV-VII:
i 0 [ i
PhNHCNNMe, PhI\|ICNHNM e PhI\|I C Il\INM62 PhITTCNHNMeQ PhNHCIl\INMe2
= = O0=C 0=C
O=CNHPh  O=CNHPh 0=¢ (709 | |
v \'% PhNH NHPh PhN?NHPh PhNCNHPh
VI é VI y) VI

[Ipu 3TOM ClleyeT OTMETUTh, YTO MCIIOJIb30BAaHKME B TAHHOM IPOIIECCEe METHITHUIPA3HHA U aJIKUIM301IMaHATOB
[14] nenaet BO3MOXXHBIM NOJTY4YEHHE 2-METHIICEMHUKapOa3uia:

[
2MeN=C=0 + MeNHNH,—> MeNHCNNHCNHMe

Me
Kpowme Toro, okazanoch, 4To ¥ HAJIUYUE B MOJIEKYJIE CKa3bIBaeTCs KaK Ha YCJIOBUSX MPOBEACHUS JaHHOU pe-
rUApa3rHa 0oJiee CIIOKHBIX 3aMECTHTEINeH, Harpumep, aKIMY C AJIKWII- U apuinu3oranaramu [ 15—17], Tak u Ha
KaKk 3TO MMEEeT MECTO B KapOa3arax, MPaKTHYECKH He BBIXO/IaX 00pa3yOIUXCs MPOIYKTOB:

RN=C=0 + H,NNHCOEt —> RNHCNHNHCOEt

OpHako MpH OJHOBPEMEHHOM BBEACHUHU Oolee JIOTBI, TpeOyeTcsl yKe MOBBIICHHE TeMIepaTypsl 110 25 °C
CIIOHBIX U OOBEMHBIX 3aMECTHTENCH, HalpuMmep, Ipu 1 UCIIOIb30BaHNE OPTraHNIECKUX OCHOBAHUH B Ka4eCTBE
WCTIONB30BaHUM TUApasuaa audeHnipocGuHoBor Kuc- katanuzatopa [18]:

Ph,PNHNH, + PAN=C=0 ——> Ph,PNHNHCNHPh

IIpu aTOM, HECMOTPS Ha yaaneHue 00bEMHBIX 3aMe- TpeOyeTcsl HarpeBaHHe PEaKIMOHHOM MacChl B TEUCHHE
CTHTENICH OT MOJICKYJIBI THIpa3HHa depe3 KapOOMOCTHK 10-12 4, a Berxon runpazunakapdokcamunos IX ocraercs
[19], nnst ycmemrHoro 3aBepiieHHs MpoLecca BCE-TaKU MPAKTUYECKU Ha TIpexHeM ypoBHe (58—81%):

\)RLOVNHNHz O=C=N

X " Y ——>

f NuNm | N
. X@/W % y

X=Y=0OMe,n=1,2

IX
Eme B Oosee XeCTKUX YCIOBUSAX NMPOTEKAeT B3a- YyeHHe 2 4 3aKaHYMBAETCS MOJIYUEHHEM COOTBETCTBYIO-
UMOJIeHicTBUE OyTHJIM30IIMaHATa W €r0 THOAaHaora C IMX CeMUKapOa3uaoB win THoceMukapoazuaos X [20]
(S)-mposiun ruapasunamu. Kunsiuenne npu 80 °C B Te- ¢ BbIX0JOM 76—-98%:
NHNH,; + X=C=NBu ——> O\ NHNH NHBu
R o R=H,Bn; X=0,S R o X X

Toukme xumudeckue texHororuu / Fine Chemical Technologies 2018 Tom 13 Neo 4 41



OCOGEeHHOCTH B3aHMOZAEHCTBHS H30LHAHATOB C MIPOH3BOAHLIMH FHAPA3HHA

C HCII0NB30BaHNEM TaKOM JKe TTaphl H30IMAHATOB, B AHa-
JIOTUMHBIX YCJIOBUSIX, HO TPAKTHYECKH C KOIMYCCTBEHHBIM
BbIx0oM A.M. Pieczonka [21], Ha OCHOBE paHee UM e CHHTe-
3upoBaHHOTO [22] KapOoruapasuna X1, BriepBble MOMy T He-
M3BECTHBIC CeMHKApPOa3n/Ibl, COMEPIKAIIIE UMHIA30IbHBIN

¢parment (XII): 2-[(1-6eH3ui-5-metni-3-okcuno-1H-
UMUAa307-4-111)-KapOoHMI |- N-Oy TUIT U Ipa3HHKapOOKC-
amun U N-Oytwn-2-[(1,5-nqumernn-3-okcuno- 1 H-umu-
a3011-4-11)KapOOHWI [THIpa3UHKApOOKCAMHI, a TaKKe
UX THOQHAJIOTH:

/NH<_ NHBu
O NHNH, o ~Nu Y
+ —(0 + —(0
4 + X=C=NBu——> 4/
| (5]
. R'=Me,Bn; X=0, S .
R XI R x1

C 1enpio MOTyYeHUS] HOBBIX OMONOTHYECKN aKTHB-
ueix npoaykroB E.L. Luzina u A.V. Popov [23] Taxxke
WCTIONB30BAI JAaHHYIO peaknuro. B KauecTBe mcxon-
HBIX COeTUHEHMI Obun B3ATHI 1,1-Ouc(TpudTopmern)-

F;C
R, —

F;C N I
R; —NHCNHNHCR,
F5C XV

ankwmzonuanar u ruapasuast X1 u XIV, conepxamme
obbemusle 3amecturend (R, u R,). Ilpu 9ToM GbLI10 yeTa-
HOBJIEHO, YTO LIEJIEBBIMU IPOAYKTaMU SIBJISIOTCS] UCKIIIO-
yuTeNnbHO 1,4-mpousBoanbie cemukapOasunos XV u XVI:

—NHCNHNHSR;
F5C XVI

C ananoruuHoi menbio Z. Rychtarcikova ¢ cotp. [24] yenemHo ucnons3oBanu n3onua3ua X VII u apomarudeckre

n3onranatel X VIII:

O=CNHNH,

XVII XVIII

Cremyer OTMETUTb, YTO BIEPBbIE BO3MOXHOCTb HC-
TIOJTH30BaHUS B JAHHOM TIPOIECCE KPEMHHUHOPTaHNIECKIX
coenuHennit Obuta n3yuena U. Wannagat u C. Kriiger [25].

Me;SiNHNH,

_l PhIN=C=0

Me3SiNHNHSiMe3 J

KpOMe TOI0o, HAJIMYUEC, TIOMUMO TPUMETUICWINIIBHBIX,
€lIC U AJIKWIbHBIX WJIN apUJIbHBIX 3aMECTHUTEJICH B MoOJIe-
KYJIC IruJpasrHa HE OKa3bIBACT CYIICCTBCHHOI'O BJIMAHHWSA

0 R
0= CNHNHCNH@

OHHM yCTaHOBUJIM, YTO U BBEACHHUE B MOJIEKYITy THIpa3HHa
OZIHOM WJIM JIBYX TPUMETWICWIMIIBHBIX IPYIIl HE IPErsT-
CTBYET B3aUMOJCHCTBHUIO ¢ (DEHUITN30IIMAHATOM:

0]

Il
——> Me;SiNHNHCNHPh

| |
L PhNHCN(SiMe;)N(SiMe;)CNHPh

Ha BbIx0A (10 98%) COOTBETCTBYIOIIMX CEMHKapOa3HIIOB,
ofHaKo TpeOyeT, KaK MpaBWUiIO, HATPEBAHUs PEAKIMOHHOM

Maccsl (710 50-70 °C) 1 ucTonbp30BaHUS MHEPTHOTO ra3a:
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PhNHNHSiMejs

—> PhNHN(SiMe;)CNHPh

PhN(SiMe;)NHSiMe; 4‘ PAIN=C=0

PhE{NNHSiMe;

CoBeplIeHHO NO-APYroMy IMPOTEKAeT B3aUMOACH-
CTBUE THJpa3HMHAa M €ro MPOU3BOIHBIX C KpEeMHHiicO-
Jep KaliMHU M30IMaHaTaMH. Tak, MyTeM NpHOaBiIeHUS
K CYCICH3UH O€3BOAHOTO THAPA3HHA FUIH TPUMETHIICH-
JTUITHAPa3HHA B OEH305I€ pacTBOpa TPUMETHIICHITHIIN30-
[[MaHaTa U NOCIEeIYIOIIEro HarpeBaHus ObUIM MOJTYUYEeHbI

H,NNH,

A‘Me3SiN =Cc=0

|
> PhN(SiMe;)N(SiMe;)CNHPh

|
——> PhE{NN(SiMe;)CNHPh

4-tpumetwicunmicemukapoazun  (XIX) u 1,4-0uc(tpu-

Metuicuimt)cemukap6asua (XX) coorBeTcTBeHHO [25].
[Ipu 3TOM yCTaHOBIEHO, YTO CHHTE3UPOBATh TAKUM 00pa-
30M 1,2,4-Tpuc(TPUMETHIICHIIHI )cCeMUKAPOa3H/I, HCIIONb-
3ys1,2-6uc(TpUMETHICHIIIT ) THAPA3HH U TPUMETHIICHIINII-
M30IIMAHAT, HE YIaeTCsl.

Il
— > H,NNHCNHSiMe;
XIX

Me;SiNHNH,

Kpome Toro, He ymamach W IOMBITKA MOTYYCHHS
1,2-6uc(Tpumermicunui)cemukapoazuga XXI unm ero

I
L > Me;SiNHNHCNHSiMej

XX

OpraHnyeckoro aHanora — cemukap6asuma XXII mpu
WCIIOJIb30BAHUU COJITHOKHUCIIOTO TUjipa3uHa [26]:

H,NNH,* HCI + Me;SiNCO —%—>[Me;SiNHC(O)NHNHC(O)NHSiMe; | —>

—> H,NC(O)NHNHC(O)NH,
XXII

B 10 e Bpems, B ciiydae ruapasuna, 1, 1-qumern-
runpazuHa u {1-metun-1-[2-(1-MeTuruapasuto )ITum| } -
THIpa3uHa, HarPEeBaHHE C TPUMETHIICHITIITH30IHAHATOM
npu 60 °C B rekcaHe 3aKaH4YMBAETCsl 00pa30BAHIEM CEMHU-
kap6azuoB XXIIIb—XXVb, He conepkammx TpUMETHII-
CHJIHJIBHBIE TPYIIIIBL.

[Nomydenue Takux ceMrKapOa3nuIoB yKa3bIBaeT Ha TO,

XXI

YTO TIporiecc, Oe3yCIOBHO, MPOTEKACT Yepe3 CTAANI0 CHH-
Te3a TPUMETHICHIMIITPON3BOAHbBIX coenuHennit XXIITa—
XXVa, o0nmajaronmx HU3KOH THAPOIUTHICCKOW YCTOM-
YUBOCTBIO [26], 1100, MOKOOHO KPEeMHUHOPraHUYECKUM
MOYEBUHAM, BBICOKOU CHTHIMPYIOLIEN AKTUBHOCTBIO, KOTO-
pBIE B YCIIOBUSIX IIpOLIECca CHIIMIINPYIOT KaK caM THJIPA3UH,
TaK | ero Mpou3BOIHEIE [27]:

[Me,NNHC(O)NHSiMe;] —— Me,NNHC(O)NH,
A

XXlIIa

MCQNNHZ

H,NNH

XXIIIb

Me;SiNCO ——— [Me;SINHC(O)NHNHC(O)NHSiMe;] — H,NC(O)NHNHC(O)NH,

HZNITIC2H4I\|INH2
Me Me

Y

XXIVa XXIVb

[Me3SiNHC(O)NHNC2H4I\|INHC(O)NHSiMe3] — HZNC(O)NHI\|IC2H4ITINHC(O)NH2

Me Me

XXVa

Me  Me  xxvb
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o]

y |
[ MeaNNHC(O)NHSiMes | + MeNNH, —* Me;NNCNH, + Me;NNHSiMes

XXlIla

KXIVb

[ MesSiNHC(O)NHNH C(O)NHSiMe; | + Hy;NNH, —  HyNCNHNHCNH, + Me;SiNHNHSiMe;

XXIVa

KXIVb

|:Me3SiNHC(O)NHI|\1C2H4I|\1NHC(O)NHSiMe3:| + HZNITIC2H4I\|INH2—>

Me Me

XXVa Me Me

| I
— H2NCNHITIC2H4I\|INHCNH2 + Me3SiNHI\|IC2H4ITINHSiMe3

Me Me XXVb

AHAJIOTUYHO BeJeT ce0sl U TUMETHIXIOPMETHIU30-
IaHaToCHIaH. HecMOTpsi Ha HamuUue B €ro MOJIEKYIe
JIBYX pEaKkIIMOHHBIX LIEHTPOB, B3auMojencTaue ¢ 1,1-au-
METHIITHIPA3MHOM TMpoTekaeT Jmimb 1o C=N-cBsi3u,

MCQNNHQ

ClCHzSi(Me)zNCO -

Heckonpko mHaue OCyIIECTBISETCS B3aHMMOZCHCTBHE
TpUMETHICHIIIM30UManata ¢ 1,1-aumeTun-2-(TpumMeTii-
CHITHIT)TUIpa3iHOM [28]. Peakius npoTekaeT 10CTaTouHO

Me Me

yepe3 CTafuio 00pa3oBaHUsl KPEMHUHCOIEPXKAIIEro ce-
MHKap0a3naa, KOTOPBI JIETKO TPEBPAIAcTCsl B OpTaHHU-
yeckuii cemukap6azug XXIIIb:

XXIIIb

¢ Me,NNHCH,Si(Me),NCO

JICTKO, OJIHAKO 3aKaHYMBAETCS 00pa30BaHHEM paHee He-
M3BECTHOTO O-TPUMETHICHINII-1,]-TUMETUATHAPA3HH-
kapOokcumugoara XXVI:

(‘)SiMe3

Me,NNHSiMe; + Me;SiNCO ——> Me,NNC=NH

[TonmyueHHble pe3yabTaThl MO3BOJISIOT MPEATIOKHUTD
B BO3MOYKHBIX HAIPABIEHHS MPOTEKAHUS IIpoIecca.
CHauaja B pe3ylbTare BHEJPEHUS TPUMETUICHININ30-
nuanara mo cBs3u Si—N 1,1-gumeTwin-2-(TpuMeTHII-
cuimi)ruspa3uHa oopasyercs cemukapbasua XXVII
C IBYMS TPUMETHICHIMIBHBIME TPYIIIaMH. 3aTeM II0

H
XXVI
MEPBOMY HalpaBJICHUIO (@) IPOUCXOJUT CHATUE OAHOI
TPUMETHICHINIBHON TPYIIBI, puBosAmee K 1,1-am-
METHJI-2-(TPUMETHIICHIII ) THAPA3UHKApOOKCAMU Ty

XXVIII, koTopsIid B pe3yapTaTe CHIATPOIIHON HU30Me-
pHUU IEPEXOIUT B KOHEUHBIN NponyKT peakuuu XXVI:

0
Il

Me,NNHSiMe; + Me3SINCO ——> | Me,NNHCN(SiMes), | ——>

. f

XXVIII

OSiMe;
\

H XXIX

>| Me,NNHCNHSiMej;

L6 o MezNI‘\IC = NSiMe;

XXVII

O‘SiMe3
— MezN]\‘IC=NH
H xxvi
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o Bropomy Hanpasienuto (6) cemukapbazug XXVII
caM usomepusyercs B coenunenne XXIX, koropoe us-3a
HU3KOW THUIIPOJIMTHYECKON CTAOMIBHOCTH B YCIIOBHSX pe-
aKnuy npespamaercs B O-TpuMeTwicHin-1,1-mumerun-
ruipasuHkapookcumumoar XXVI.

[Ipu aTOM paccMaTpuBajIOCh W TPEThE HAIpaBIe-
HUE JJaHHOM peakiuu (8), KOTopoe Mmpeanoiaraet npu-
COeMHEHNE HE3aMEeIIeHHOTO aTOMa BOJIOPOA TPYIIITHI
NH 1,1-gumeTun-2-(TpUMEeTHICHIMI)THpa3uHa 110
cBs13u N=C TpUMETHIICUITMITN30I[MaHATA:

H /SIMC3

MezNI\‘ISﬂ\/Ieg, + Me;SiNCO - MezNI‘\IC

H

i
——> | Me,NNCNH,

\
SiM€3

Peanuzanus 1aHHOTO HampaBlIeHUH MpHUBENa Obl K
cunTesy  O-tpumetwiicunui-1,1-auMerunrunpa3zoHo-
kapbamara XXX. Opnako, mockonbky B MK-cmekrpe
CUHTE3UPOBAHHOIO COCIMHEHHUS HE OBUIM 3aperucTpH-
POBaHBI TIOJIOCHI TIOTVIONICHUSI BAJICHTHBIX U Jiedopma-
IIMOHHBIX KOJICOAHUI CBA3EH TpyIIIbI NHZ, OBLI clellad
BBIBOJI O TOM, YTO JJAHHOE HAIIPABIICHHUE B YCIOBUAX ATOH
peaKInu He peasn3yeTcsl.

O =CNHNH,

SiMe3

OSiMe;

—> Me,NN=C —NH,

XXX

CoBepIICHHO ApPYTUe pe3yabTaThl ObUIN MOIYYICHBI
MPU HKCIIOJIb30BAHUK TIPOU3BOAHBIX THJpa3uHa Oolee
CJIO)KHOTO CTPOCHHUS, HAIPUMEP, THIPa3uia H30HUKOTH-
HOBOU KUCIOThl XXXI, ¢ TPUMETUIICUITUIN30UUAHATOM.

Oxkazanoch [28], yTo faxe JUIUTENbHOE HarpeBa-
Hue (18 1) nmpu temneparype 80 °C He mpUBOIUIO K
00pa30BaHUI0 TPHUMETUICWIMIIPOU3BOAHOTO CEMHU-
kapOazuga XXXII:

O
0= CNHNHCNHSlMe3

X
| + Me;SiNCO %H O
—

N

Kpome ToOro, mpuMeHeHHe B HaHHOW pEaKIUU
pactBopuTens — TerparuapodypaHa U BbICOKOI(DheK-

XXXII

THBHOTO KaTallM3aTopa — OKTOATa 0JIOBA TAKXKE HE TPH-
BEJIO K JKEJIaeMOMY Pe3yJIbTary:

0 =CNHNH, 0 =CNHNHCNHSMe;
N Tr'®, K, 60° A
| + Me3SiNCO KLU,
~ ~
N™ xxxi N™ xxxan

[Monyuyennsie B.JI. llenynsaxoseim u H.IT. Cme-
TaHkuHOW [29-31] xapOOyHKIHOHAIbHBIE KpEM-
HUWOpPTaHWYECKUe W30IMaHaThl o0uieit Gopmyms:
R Si[(CH,) N=C=0], (R=Me, AlkO;m=1,3;n=
1-3) Tak)ke TOCTATOYHO JIETKO BCTYMAIOT B PEAKIINH C

Me

OpTaHWYEeCKUMHU MPOU3BOAHBIMU TUIpa3una [32-35].

B kadecTBe TMU30MMAHATOB OBLIN HUCIIOIB30BaHbI
1,3-6uc-(y-U301IMaHATONIPOITHIITUMETHIICHITII )IIPOTIaH
u 1,3-6uc-(y-uzounanaronpomnun)-1,1,3,3-rerpameruii-
JTUCHIIOKCAH:

O Me Me O

I Il . I
RNHNH, + R[Si(CH)sN=C=0) —= —mh‘fCh‘l—[(CH;);?iR':'sii(CH:)_;E‘I—[CiH—

Me

R Me Me

R=H.Me. Ph: R'=0. (CHy)3
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Me

|
HgXﬁ(CH:);(ﬁNH; + O[SI(CH:N =C =0]
|

Me;NN NNMe;  Me

Cwmetankunoit H.IL. ¢ cotp. [36] Obutn npoBeneHsbl
WCCIICJIOBAaHHUS OTHOCHUTEITLHON PEaKIMOHHOW Ccroco0-
HOCTH KapOO(pyHKLUMOHATBHBIX KPEMHUHOPraHMYeCKUX
M30IIMaHATOB Ha MPUMEpE Y-H30IIMaHATOPOIHITPH-
STOKCUCHJIAaHA B PEaKUUsAX C COCOTUHEHUSIMH, COepIKa-
MU TIOJBHXKHBIHA aTOM BOJIOPOJIa, YTO TIO3BOJIMIIO CO-
CTaBUTb CJIEAYIOLIUI P aKTUBHOCTH:

i i
BuNH, > PhCNHNH, > H,0 > EtOH > PhCNH,
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XHMHUSI I TEXHOAOI'HSI OPTAHHYECKHX BEIIIECTB
CHEMISTRY AND TECHNOLOGY OF ORGANIC SUBSTANCES
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WHTEHCH®UKALMS MTPOLECCA KUIKO®A3ZHOTO OKMCJIEHUS
IAKJOTEKCAHA

A.C. ®posros, E.A. Kypranosa®, E.M. SIpkuna, H.B. Aebenera, I'.H. Komeas,
A.C. KaaeHoBa

Spocnasckuil 2ocydapcmeeHHblil mexHuueckuil yHugepcumem, Spocnasns 150023, Poccus
@Aemop ons nepenucku, e-mail: kurganovaea@ystu.ru

H3yuero rxudrogasHoe oKuUCIeHUE YWUKI02EKCAHA 8 YUIKTI02EKCAHO U YUKI02EKCAHOH 8 omcymemaue
pacmeopumeneti, noo dasneruem 8ozoyxa 0.5-5 MIla, e uHmepsane memnepamyp 115-150 °C, ka-
manusupyemoe N-zudporcugpmanumudom (N-I'dH). Bnepagoble ycmaHo81eHOo, YUMo UCNO/Ib308AHUE 8 KA-
uecmse kamasuzamopa N-I'dH emecmo mpaduyloOHHO UCNOIb3YeMblX CONell Memaiog nepemeHHoOU
saneHmHocmu nosgossiem 8 2-3 pasa nosvlCumes KOHBEPCUIO UCXOOHO020 Y271ee000poda, a ceseKmus-
Hocmb — ¢ 70-75 0o 90%. Coemecmroe npumererue N-I'DH ¢ auemamom kobanema(ll) npusooum r
00NONTHUMENTbHOMY NO8bLULEHUIO KOH8epcuu yurnozerxcara Ha 30-40%, cenexmusHocmu 06pas3osaHus
YUKI02eKCAHOIA U YUKI02eKcaHOHa — 00 94-97%, umo, no-eudumomy, c8s13aH0 C CUHEepemuUeckKum
agppexmom mexwdy 08ymsi KomnoHeHmamu kamanuzamopa. ObcyixoeH MexaHuamM Kamaiumuue-
CK020 OKUC/IeHUSL YUIKTI02eKCaHA 00 YUKI02eKCaHONA U YUKI02eKCaHOHA. Boickasaro npednosioixeHue,
umo N-I'dH 8 npoyecce OKUCTEHUSL YUKTI02EKCAHA 8bLNOJIHSIeM 080SIKYI0 POJib — KAMAUSUpYem npe-
8paweHue YUKI02eKCaHa 8 YUKI02eKCaHOL U YUKI02EeKCAHOH U, ¢ OpYaoll CMOpoHbL, cnocobcmayem
npespawieHuro YUKI02eKCaHoNA 8 YUKI02EKCAHOH, MeM CaMbLM CYULeCMBEHHO CHUXKAsL obpasosaHue
adunuHoeoll KUC0mMbL U ee 9¢pupo8 — NoBOUHBLX NPOOYKMO8 PeaKyuil U nosbliuaem CeleKmueHoCMb
oKucsieHust. Omo maroke obbsicHsiem HeobbiuHo blcokoe (1.3-1.5 : 1) coomHoweHue KemoH : cnupm &
npooyKmax okucieHust yurnozexcara 8 npucymemsuu N-I'dH. Buicokast cesiekmueHocms 0b6paso-
8aHUS Uesiesblx NPOOYKMO8, KOH8epPCUsl UUKI02EKCAHA, YMepeHHAas. memnepamypa, 0ocmynHulil
Kamaausamop 0arom OCHO8AHUE cuumame, Umo OAHHBLI Memo0 OKUCAEeHUS YUKL02eKCaHa 8
YUKTI02EKCAHON U YUKI02EKCAHOH MOXKem npedcmasisimes uHmepec 05t 0anbHeliuiezo npaKkmu-
UecKo20 UCNOIb308AHUSL.

Knroueesle cnoea: yukniozekcaH, okucaeHue, N-2udpokcugpmanumud, YUKI02€KCAHO,
UUKI02EKCAHOH.

DOI: 10.32362/2410-6593-2018-13-4-50-57

INTENSIFICATION OF THE CYCLOHEXANE LIQUID PHASE OXIDATION
PROCESS

A.S. Frolov, E.A. Kurganova®, E.M. Yarkina, N.V. Lebedeva, G.N. Koshel,
A.S. Kalenova

Yaroslavl State Technical University, Yaroslavl 150023, Russia
@Corresponding author e-mail: kurganovaea@ystu.ru

Liquid-phase oxidation of cyclohexane to cyclohexanol and cyclohexanone was studied in the
absence of solvents under an air pressure of 0.5-5 MPa, in the temperature range 115-150 °C,
catalyzed by N-hydroxyphthalimide (N-HPI). It was established for the first time that the use of
N-HPI as a catalyst in place of the conventionally used metal salts of variable valence allowed a
2-3-fold increase in the conversion of the initial hydrocarbon and selectivity from 70-75 to 90%. The
combined use of N-HPI with cobalt(ll) acetate results in an additional increase in the conversion of
cyclohexane by 30-40%, the selectivity of cyclohexanol and cyclohexanone formation to 94-97%,
which seems to be due to the synergistic effect between the two components of the catalyst. The
mechanism of catalytic oxidation of cyclohexane to cyclohexanol and cyclohexanone is discussed.
It has been suggested that N-HPI plays a dual role in the oxidation of cyclohexane: it catalyzes the
conversion of cyclohexane to cyclohexanol and cyclohexanone and, on the other hand, promotes
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the conversion of cyclohexanol to cyclohexanone, thereby substantially reducing the formation of
adipic acid and its esters, by-products of the reaction, and increases selectivity of oxidation. This
also explains the unusually high (1.3-1.5 : 1) ketone: alcohol ratio in the oxidation products of
cyclohexane in the presence of N-HPIL. The high selectivity of the formation of the desired products,
the conversion of cyclohexane, the moderate temperature, the available catalyst, suggest that this
method of oxidizing cyclohexane to cyclohexanol and cyclohexanone may be of interest for further

practical use.

Keywords: cyclohexane, oxidation, N-hydroxyphthalimide, cyclohexanol, cyclohexanone.

Cpenu 0OMBIIOr0O MHOr0OOpa3usi KPyMHOTOHHAKHBIX
TPOIECCOB HE(DTEXUMUIECKOTO CHHTE3a OKHCIICHUE ITUKIIO-
rexcana (L") B uukiorekcanoH (LII™-0H) 1 LuKIIOreKcaHo
(IIl'-omm) 3aHMMAeT OMHO W3 JHUAMPYIOMIMX MO3UIMH. DTO
cBsi3aHo ¢ TeM, uto [II['-on u HT'-on sBustoTcs pacmpo-
CTPaHEHHBIMHU PACTBOPHUTEISIMH, 0a30BEIMH MOHOMEpa-
MU B UHYCTPHHU ITOJIMAMHUIHBIX [TOJTUMEPOB, MJIACTMACC,
M30JSIIMOHHBIX MaTtepuanoB u ap. [1]. LI-om Takxke
HCHOJNB3YETCSl B KaueCTBE MPOTHBOBCIEHUBATENS U IO-
MOTEHH3UPYIOIIETO CPECTBA, HATPUMED, B JIe3UH(UIIH-
PYIOLIMX Mpenaparax; MaTUPYIOLIEro CpeAcTBa I XU-
MHUYECKHX BOJIOKOH; ITPH a3€0TPOITHOM 00E3BOKMBaHUHT
ruapasuna [2]. [IpousBoactso u norpednenue L{I-ona n
[I'-oHa mOCTOSTHHO BO3PACTAIOT.

Texnonorust okucienns LI ornuvaercs mpocro-
TOM, OIHOCTAANIHOCTBIO, IOCTYITHOCTBHIO M HU3KOM CTO-
UMOCTBIO ChIPbsl U OKHCIUTEIBFHOTO areHTa — BO3ayXa.
B 10 e Bpemsi, HeCMOTps Ha OTMEUEHHBIE TPEuMYyIIe-
cTBa, npouecc xugkodazHoro okucienus LT umeer
PSIL CYHIECTBEHHBIX HEAOCTATKOB. Tak, HampuMmep, Ipu
oxucnenuu LI (temneparypa 120-160 °C, naBienue
Bo3ayxa 1-2 MIla, B puCyTCTBUH KOOAIBTCONEPIKAIIINX
KaTanuzaTopoB) konsepcus L' He mpesbimaer 3-5%,
CEJICKTUBHOCTh OOpa30BaHMUs IEJIEBBIX MPOMYKTOB 70-
75%, a cootHowienue LI'-oa u LII'-oHa B momyyaeMom
okcugare Onmsko k 1:1 [3]. TpaaumonHo Oosbiive 3a-
Tparhl HA YTHJIN3ALHUIO TTOOOYHBIX MPOJAYKTOB, BblJIENE-
Hue U ounctky LI B 3HaUMTENBHOM CTENEHU CHUKAIOT
PEHTa0EIbHOCTD ATOTO MTPOU3BOJICTBA.

Hecmotpst Ha ykazanHble HEAOCTATKU, OKUCICHUE
L' 10 cux mop 3aHUMAaET JUAUPYIOLIEE MECTO Cpeau
U3BECTHBIX MeTo0B nojyudeHus L{I'-ona u LI-ona. B
9TON CBSI3M BAXKHOM 3ajadell sIBIETCS MOUCK IyTeH
YCOBEPIICHCTBOBAHUS CYHIECTBYIOIIEH TEXHOJOTUU
okucnenus I

3a mmmTensHbI (6onee 50 jeT) mepruod MpOMBIII-
JIEHHOW 3KcIutyaranuu mpouecca okucienus LHIT B
HI-om u II'-0H ero TexHOIOTHsI HE TIpeTepIiena Cyie-
CTBEHHBIX M3MEHEHUIl. 3a 3T0 BpeMsl ObLIO MPEIIPHHS-
TO OOJIBIIIOE KOJUYECTBO MOMBITOK HHTCHCU(DUITUPOBATH
3TOT MPOLECC, OJJHAKO HU OffHA U3 HUX HE HalllJla CBOETO
IIPAKTUYECKOIO IpUMEHEHUs [4-6].

YCOBEpIIICHCTBOBAHHE — IIpoLiecca  KHAKO(PAZHOTO
oxucienus LI, HanpaBneHHOE Ha MOBBIIIEHNE KOHBEPCUU
HI" u cenextuBHOCTH 0OpazoBanust [II-oma u L{I-oHa, siB-
JISIeTCsl BaXKHOM M aKkTyaJbHOM 3ajaueil, KoTopas MOXeT

OBbITH pellleHa ¢ MCHONb30BAHUEM OPraHUYECKHUX Kara-
JM3aTOPOB.

[Ipennaraemslii B JaHHOW paboTe METOZ a’poo-
Horo okucieHus LII' B orcyrcrBue pacTBOpUTENS,
B MNPUCYTCTBUU «OPTaHUYECKOTO KaTanau3aTopay —
N-ruppoxcupramumuna (N-I'®@U) — oguH U3 BO3MOXK-
HBIX pPEAJbHBIX MyTeH TMOoBbIIEHHS 3(QdeKTHBHOCTH
npouecca okucnenus LI

3KCHepI/IMeHTaIﬂ>HaH qacTb

B pabore ncrnonbs30Bay MUKIIOTEKCaH 1 aleTar Kooasb-
Ta MapKu «x.4.» 0e3 JIOMOIHUTENIFHOW OYHCTKH. B Kadectse
KaTajau3aropa IPUMEHSUICS N-THIPOKCH(PTAIIMU], TOTy9eH-
HbII B3amMozelicTBieM (raneoro anrmapuza (0.1 Momnb) u
runpokcuiamuHa consiHokucnoro (0.11 monb) B cpene mupu-
quHa ipu Temneparype 42 °C. Ocagox N-I'®U otnensnu,
npombiBanu Ha ¢uisTpe 0.01 H. pacTBOPOM YKCYyCHOH
KHCJIOTHl U CYIIMIN B BakyyMe. UHCTOTa MOITydeHHOTO
MPOAYKTA OMPEACIsUIACh 10 €ro TeMIepaType IiaBie-
nus (T, 231.5 °C, nurep. nannpie T =233 °C [7]).

OKuCleHHe IUKIOTeKCaHa MPOBOIUIN B ycCTa-
HOBKE JUISi OKHCJICHUS CXKIDKCHHBIX YIJIEBOZOPOIHBIX
razoB (YOCVYT) B peakrope, BBITIOJTHEHHOM W3 CTaJIA
1X18HI9T. Cxema yctaHOBKH M300pakeHa Ha puc. 1 u
COCTOUT M3 CIEAYIOMIUX Y3JIOB: PEAKTOP-OKUCIUTENb
(1) (momerii mummaIp oobemom 180 cm?). Ha BepxHeit
YacTH PeakTopa MMEETCsl HapyXHas pe3p0da, Impu Io-
MOIIM KOTOPOW OH COEAMHSETCS] TalKOi ¢ rojoBKoi. B
KPBIIIKE PEeakTopa yKpEIUIeHbl TPyOKu: OGapOorep st
BO3/lyXa, IMOCTYHAIOUIETO HAa OKHUCICHHE, ¥ KapMaH IS
TepMmonapel. Takxke B KPBIIIKE PEaKTOpa YKPEIUICH KO-
HeIl BOASHOTO XOJOMWIbHUKA. Ha peakTop HameBaercs
aJIeKTpuueckas mnedb (2) mast oborpeBa peakMOHHON
Macchl. MarauTHas memainka (3) MpPUBOAUTCS B JIBH-
JKCHUE C TIOMOIIBIO CEPJICYHNKA U MAaTHUTHOW KaTYIIKU
(4). TlonepeMeHHOE BKIIFOYCHHE U BBIKIIOUCHUE TOKA B
KaTYIIKE C IOMOIIBIO MPEPHIBATEIIS TPOBOIUT MEIIAIKY
B JIBIDKCHHUE «BBEPX-BHM3». MarHUTHAs MEIIalKa ycTa-
HOBJICHA MPSIMO Ha BOASHOM XOJIOAWIBHHKE (5), MpuBa-
PCHHOM K TOJIOBKE PEaKTOpPa, 9TO 00ECIEUNBACT XOPOIIIHEe
ycioBusL paboTHl KaTyIIku. Bee coenHeHus ycTaHOBKU
BBIIIOJTHEHBI HA (PTOPOIIACTOBBIX MPOKIagKax. B peak-
top 3arpyxanu L[I" u karamu3arop. 3ateM peakTop mpu-
COCJIMHSIIN K TOJOBKE C MOMOINBIO raku. Bo3myx u3
OarutoHa (8) yepes peakTop nojaBaiu B cuctemy. Pacxon
BO3/yXa 3aMepsuTd peoMeTpoM (6), YCTAaHOBJICHHBIM Ha
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muHuHA cOpoca. OJHOBPEMEHHO OCYIIESCTBIISUIM HarpeB
PEaKIMOHHOM CMECH MEYbl0 M BKJIIOUEHUE MEIIAJKHU.
[Ipouecc oxucnenwns mpopomkanu 1-2 4. [To okoruannm
OKHCIIEHUS BBIKIIOUAIM O0OTPEB, PEAKTOP OXJIAXKAATU
XOJIOJTHOW BOJIOM, JIaBJICHWE B CHCTEME COpachIBaIN 0
aTMOC(EpHOr0 M PEeakTop OTCOCTUHSIIM OT TOJIOBKU.
[Tocrne yero moy4eHHBIH OKCHIAT OTHUIBTPOBBIBATH
OT BbInaaromero B ocajgok N-I'@UW u ananuzuposanu
Ha coaepxkanue L{I'-ona u LII'-oHa meTog0M razoxua-
KOCTHOH XpoMarorpaduu.

Puc. 1. [IpuHIimnuanbHas cXeMa yCTAaHOBKH OKUCIICHHS
CKIDKCHHBIX YTIIEBOIOPOAHBIX Ta3oB (YOCVYT):
1 — aBTOKJIaB; 2 — BIEKTPOIICYb; 3 — MATHUTHAS MEIIANKa;
4 — 2JIEKTPOMATHUT; 5 — XONOIMIEHUK; 6 — PEOMETD;
7 — penykTop; 8 — 6aJIOH CO CKATHIM BO3IyXOM;
P « — BEHTHITb PETYINPOBOYHBIN.

Xpomatorpadudeckuil aHaIH3 MPOBOIMWIN Ha XPO-
Marorpade «Xpomarek-kpuctama 5000.2» ¢ miaMeH-
HO-MOHM3ALMOHHBIM JIeTeKTopoM. KoroHka kamumusip-
nast CK-5, nmunaoit 30 M, nnamerpom 0.32 MM, 3artoiHeHa
5% ¢enun - 95% nuMeTHINIONMCHUIOKCaHOM. [ a3-HOoCH-
Telb — a30T, pacxon 2 cM*/MuH. [IporpaMMHUpOBaHHBIM
nogbeM Ttemneparypsl — oT 80 1o 200 °C co ckopocTbto
8 rpax./MuH. KonMndecTBEeHHBIH pacueT MPOBOAMICS Me-
TOAOM BHYTPEHHETo cTtaHjaapra. IlorpemHocts ananmsa
KOHIICHTPAIII TPOAYKTOB OKUCICHUS — 5%.

HK-cnekTpockonuueckuil aHaliu3 OCYLIECTBIIIN
Ha npubope MK-dDypre RX-1. OOpabOTKy CHEKTpOB
MIPOBOAMIIN TI0 Tiporpamme «Spektrumy, mpeaocTaBieH-
Hoii (pupmoit Perkin Elmer [8, 9]. CnekTpsl 3amuchiBa-
nuck B obmactu 4000-400 cm!, oOpa3ibl TOTOBUIM B
BUZI€ MUKPOCIIOS MEXITy CTCKIIaMH U3 OpOMHIa KaIus U
B KioBeTe u3 Opomuaa kanus ¢ d =0.0011 cm.

Pe3yabrarhl U HX 00Cy:KIeHHE

OxucleHrne LMKIOreKcaHa A0 IUKIOreKcaHoda M
[MKIIOTEKCAHOHA MPOBOMIIA BO3TYXOM II0]T IaBICHUEM
B OTCYTCTBHE DPACTBOPHUTENEH, C MCIOJB30BAHUEM KO-
banpTconepkaimx coenuaeHuid, N-I'OU n ux cmeceit.

Kak BuaHO HM3 Tabn. 1, mpu HCMOIB30BAHUU KO-
OanpTCconepKallluX KaTalu3aTopoB, HE3aBUCHMO OT HX
CTPYKTYpHI, conepxanue L{['-ona u L{I'-oHa B mpoxykrax
oxucienus LI' ve npessimaer 1.5 u 1.6% macc. coot-
BETCTBCHHO IIPH CEJICKTUBHOCTH UX 00pa3oBaHus 65—
75%. Coortnomenue IlI'-ona u IlI'-oma B 3TOM ciy-
gae Omu3ko k 1:1. Kpome 1eseBbIX, B X0Je peakIuu
obOpasyercsi psall MOOOYHBIX MPOIYKTOB, Ipeobiana-
IOIUM SIBISICTCSI alUIINHOBAsI KUCJOTA, COACpKaHUE
KOTOpOIt cocTasnseT okoso 0.4% macc. IlomyueHHbIe
Ha YOCVYT pe3ynbraTsl XOpOIIO COBIIAIAIOT C Mapa-
MeTpamu okucieHus L{I' B mpOMBIIIIEHHBIX yCJIOBH-
X, YTO TIO3BOJISIET B MTOJIHOM Mepe HCIIONB30BATh ATY
YCTAHOBKY JJIs U3YUYEHHUs 3aKOHOMEPHOCTEN OKHcIe-
Hua L' ¢ mocrtaToyHo Xopomeil BOCHPOHU3BOAUMO-
CTBIO PE3YJbTATOB.

OmHUM 13 BO3MOYKHBIX HaIPaBICHAH HHTEHCH(HKA-
uuu npouecca okucienus LI' B LI ™-om u L{I'-oH siBiisieTcst
WCTIONIH30BAaHIE TaK HA3BIBAEMBIX «OPTaHMUYECKUX KaTa-
JM3aTOPOBY», HAUOOJIbIIIEE PACTIPOCTPAHEHHE U3 KOTOPBIX
nipuodpern N-I'OU u ero npousBoaHbie. VX mpuMeHeHwe,
KaK M3BECTHO, IO3BOJISIET CYIIECTBEHHO MOBBICUTH CEJIEK-
THBHOCTb M CKOPOCTH OKHCIICHHUSI OPTaHHIECKUX COCIH-
HEHUH B TOM 4YHCJIE alKWI- U IMKIOreKCHIapoMaTHuye-
ckux yrieBogopoaos [10-13].

JelicTBUTENBHO, KaK BUIHO U3 Ta0I. 1, MCTIONB30BaHIe
B KadecTBe Karanm3aropa N-I'®U Bmecto comneli kobasTa
MO3BOJIMIIO B 2-3 pa3a MOBBICUTH KOHBEPCHIO HMCXOIHOTO
ymeBonopona. Tak, Harpumep, ipu Temrieparype 150 °C 3a
ofMH vac peakuun coaepxanue L{[-oma u LI'-oHa B mpo-
JyKTax OKHCJIeHus coctaBisieT 3.2 u 5.7% macc. cooTBeT-
CTBEHHO, npu kouBepcuu L™ 9-10%, a cenexruBHOCTH 88-
90%. OCHOBHBIM MOOOYHBIM TIPOIYKTOM, OOPa3YIOIIIMCS
nipu okucieHuu LI, sBrsieTcss amunuHoBasi KMCIIOTa, KOTO-
past ObDTa BBIIENICHA W3 KyOOBOTO OCTarKa, OCTaBILETOCS
noclie BakyyMHOW pektudukanmi. Haubonbliee BiusHue
Ha mapameTpbl okuciieHust L[[' oka3pBaeT Temmeparypa:
nipu ee nosbieHnu ¢ 125 1o 150 °C xoHBepcus Bo3pacTta-
et ¢ 0.6 mo 8-10%. [ToBropHOE Hctonb3oBanue N-I'OU He
CHIDKAET €ro KaTaJIuTHYECKON aKTUBHOCTH.

Jpyrum HampaBieHHEM MMOBBIICHUS 3P PEKTHB-
HocTH okucnenus LI sBisieTcs vConb30BaHKE B Ka-
yecTBe KaTaian3aTtopos nponecca N-I'OU coBmecTHO
C COJSIMM METaJUIOB MEPEMEHHOW BalleHTHOCTH [,
14]. llpumenenue N-I'OU c anerarom kobdaibTa (110
CPaBHEHHIO C OKUCICHHEM B MPUCYTCTBUU MHIUBH-
nyanpHOro N-I'®M) npu temneparype 145 °C npu-
BOJUT K JOTOJHUTEIbHOMY IOBBINICHUIO KOHBEP-
cun L' Ha 30-40%, cCeneKTUBHOCTH 00pa30BaHUI
HI-oma u [I'-ona ¢ 88-90% no 94-97% (Tadn. 2).
[lo-BunguMoMy, 3TO CBA3aHO C CHHEPTETHUYECKUM
s dexkToM Mexay AByMS KOMIIOHEHTaMHU KaTaJlu-
3aTopa, OXHON W3 MPUUYHH KOTOPOTO MOXKET OBITH
o0pa3zoBaHUE HX MPOMEKYTOYHBIX KOMIIJIIEKCOB C
KOMIIOHEHTaMH cCHCcTeMBI [15].
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Tadmuua 1. Xunkodasuoe oxucienus LI, karannzupyemoe N-I'OU
(maBnenne 2.0 MlIla, mpoomDKUTENIFHOCTD peakiy 60 MUH)

Couepma}me B IIPOAYKTaX OKHUCIICHUA, CeJIEKTUBHOCTD
Temmeparypa, | Conepsxanne N-I'OU, % macc. Kongsepcus LI, oOpazoBanus LI -ona
°C % macc. % u [1[-oHa,
Wor | won | e "
125 1.50 0.2 0.2 0.2 0.6 66.7
130 1.50 0.2 0.6 0.2 1.0 80.0
135 1.50 0.6 0.8 0.5 1.9 73.7
140 1.50 2.9 2.7 0.5 6.1 91.8
145 1.50 3.2 4.5 0.8 8.5 90.6
145 0* 1.5 1.6 1.2 43 72.1
145 0** 1.2 1.1 1.2 3.5 65.7
145 QF** 1.3 1.3 1.3 3.9 66.7
150 0.10 2.6 2.2 0.5 53 90.6
150 0.25 3.6 4.2 0.9 8.7 89.7
150 0.50 3.6 4.7 1.1 9.4 88.3
150 1.00 3.6 5.2 1.1 9.9 88.9
150 1.50 32 5.7 1.0 9.9 89.9

* B kayecTBe KaTamu3aropa ucroib3oBacs amerar kobdansra(ll) (0.03% macc.).
** B kauecTBe Karanusaropa ucrosb3osaics creapat kobansra(ll) (0.03% macc.).
*#%* B kauecTBe Karajau3aTopa ucrosib3oBaiics HapTeHnar kodanera(ll) (0.03% macc.).

Tadmumna 2. Xuakodasznoe okucienue LI, karanuzupyemoe N-I'OU
¢ nobaskoii (0.15% macc.) anerara kobansra(ll)

Conepare Conepxanue B ;‘[pOI[yKTaX OKHCJICHUS, CeJleKTUBHOCTD
Temneparypa, | Hanenue, | Bpems, N-TOU, % %o Macc. Kongsepcust o0pa3oBaHus
°C MIIa MUH 10601. ur, % II'-oma u LI™-oHa,
Macc. II"-oma | LlI'-ona IpOMYKTOB A
115 1.5 60 1.5 0.4 0.4 0.2 0.9 78.7
120 1.5 60 1.5 1.1 1.0 0.2 23 91.3
125 1.5 60 1.5 2.0 24 0.1 4.4 97.7
130 1.5 60 1.5 2.4 3.7 0.2 6.3 96.8
135 2.0 60 0.1 34 2.8 0.2 6.4 96.9
135 2.0 60 0.25 4.0 4.5 0.4 8.9 95.5
135 2.0 60 0.5 3.7 4.5 0.3 8.5 96.5
135 2.0 60 1 3.9 4.2 0.4 8.5 95.3
135 1.5 60 1.5 2.2 3.1 0.3 5.6 94.7
135 2.0 60 1.5 2.5 6.3 0.4 9.2 95.7
135 5.0 60 1.5 3.6 53 0.5 9.4 94.7
135 2.0 60 2 2.5 5.0 0.4 7.9 94.9
135 2.0 60 2.25 2.3 2.0 0.6 4.9 87.8
140 1.5 60 1.5 3.1 3.6 0.3 7.0 95.7
145 0.5 60 1.5 1.2 1.4 0.2 2.8 92.9
145 1.0 60 1.5 4.2 5.8 0.4 10.4 96.2
145 1.5 15 1.5 1.4 1.5 0.1 3.0 96.6
145 1.5 30 1.5 1.9 2.1 0.2 4.2 95.2
145 1.5 45 1.5 33 3.5 0.4 7.2 94.4
145 1.5 60 1.5 52 7.2 0.8 13.2 93.9
145 1.5 90 1.5 5.0 6.8 1.0 12.8 922
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Tao6auna 2. OxkoHuanue

145 1.5 120 1.5 4.8 6.8 1.1 12.7 91.3
145 2.0 60 1.5 43 5.7 0.6 10.6 94.3
145 3.0 60 1.5 43 54 0.6 10.3 94.2
145 4.0 60 1.5 4.0 53 0.7 10.0 93.0
145 5.0 60 1.5 4.2 6.0 0.8 11.0 92.7
150 1.5 60 1.5 5.3 6.1 0.8 12.1 934

Kak u B ciayuyae okucnenust L' ¢ ncronb3oBaHu-
eM N-I'®OU, ocoboe BIMSIHNME HA CEIEKTHBHOCTH U KOH-
BEPCHUIO Mpoliecca OKa3bIBaET TEMIIEPATypa, MpU ITOM
COOTHOIIIEHNE KETOHA W CIUPTa COCTABISIET MPUMEPHO
1.3-1.5:1. Haubomnsurero conepxxanust L[I'-oma u LI'-oHa
— 5.2 u 7.2% ™acc. COOTBETCTBEHHO YIAeTCsl TOCTHYb

3a 60 mun oxucnenusa HI' mpu temneparype 145 °C,
nasienun 1.5 MIla u maccoBom coorHotrennu N-I'OU:
anerat kobanera(ll) 10:1. CenexkTHBHOCTH 00pa30BaHHUS
[IETIEBBIX TPOIYKTOB MPHU 3TOM COCTABISIET OKOI0 94%.
MarepuanpHbiii OaaHC Mpolecca B JAaHHBIX YCIOBHIX
TpejcTaBieH B Tab. 3.

Taoauua 3. MarepuaabHBIN OalaHC OKUCIIEHHS HUKIorekcana (cogepkanue N-I'®U 1.5% macc.,
coneprkanue arerara koodansra(ll) 0.15% macc., remneparypa 135 °C, nasnenue 2 Mlla, Bpems peakuuu 1 1)

3arpyxeHo [Monyyeno
Kommnonent
r % macc. r % macc.

ur 38.90 98.35 33.7 82.9
1T -om - - 2.1 5.2
HI'-on - - 2.9 7.2
Anerar xobanbra 0.06 0.15 0.1 0.1
N-T®OU 0.60 1.50 0.6 1.5
ATMTIMHOBAsT KUCJIOTA - - 0.2 0.6
Jpyrue no6ouHble IPOAYKThI - - 0.1 0.2
TloTtepn - - 0.9 22

CymmMa: 39.60 100.00 40.7 100.0

Kak m3BecTHO, OCHOBHOHM NMPUYMHONW HHU3KOW CEJeK-
tuBHOCTH OKucienus L' B LI"-om u LII™-on sBasiercs To,
YTO 3TH BellecTBa B Oonblieii crernenu, yem LI, criocoo-
HbI K OKMCJIUTENIbHBIM IpeBpamieHusam. Ilo cBoel peakiu-
OHHOM CI10cOOHOCTH IHMKIorekcan, 1{I-om u LI'-on Haxo-
naresi B cootHomenun 1:40:27 [16]. Takum obpazom, s
nioBbIieHnst koHBepcuu LI u cenexTrBHOCTH Tporecca
HCO6XOI[I/IMO BBIBOAWTL MMPOAYKTBI OKUCIICHUA U3 30HBI pe-
akin. [Ipennoxennsiii A H. bamkupoBeiM 1 peaim3oBan-
HBII B IPOMBIIITIEHHOCTH MeTof, okucienust LI ¢ ucrons-
30BaHHEM OOPHOW KHUCJIOTHI [3, 16] MO3BOJSIET MOBBICUTH
CENeKTHBHOCTb M KOHBepcHro okucnenus LI 3a cuer Toro,
41O OHA CBs3bIBacT LI['-011 B citokHBIE 3(DUPHI, HE CIIOCO0-
HbIE K JaybHeleMy okuciaeHuto. Pois N-I'OU npu okuc-
siennd LI, mo-BUIMMOMY, 3aKITFOHYAETCsl B TOM, YTO B XOI€
psiia MOCTe0BaTeNbHBIX PEAKIHi, KaK MOKA3aHO Ha PUC. 2,
LI"-on npespamaercs B LI'-0H 1, TakuM 00pa3oM, CHIXa-

€TCs1 BO3MOXKHOCTh AajibHelero npespaiienus LI-ona B
AIMITMHOBYIO KUCTIOTY U ee 3(upsbl. B pesynsrare, cooTHO-
menue LI -on:11I-om Bo3pacraer ¢ 1:1-2 mo 1.5:1.
OCHOBI)IBaHCL Ha HM3BECTHLIX MPEACTABJICHUAX O
Mexanu3max okucienus LI, karanuszupyemoro coiasimMu
METaJIJIOB MIEPEeMEHHON BaJIeHTHOCTH [3] U yIIeBoAOpoO-
JIOB B MMPUCYTCTBHU (DTATMMHUIHBIX KaTann3aTtopos [10],
xumu3M okuciienus LI ¢ ucnonap30BaHrEM KOMIUIEKCHO-
ro karanuzaropa (N-I'®U wu anerar kobdansra(ll)) Mmox-
HO TPEACTaBUTh CICAYIONMM 00pazoM. B npucyrcTBumn
COJIEH METAaJNIOB NIEPEMEHHON BAJICHTHOCTH, TAKUX KaK
Co(Il), peakuusi OKHCIECHHUSI IMKIOTEKCaHa He Tpeoy-
eT TepMHuYecKoro nHuuuupoBanus. [Ipu 3tom mpornecc
WHUIIMAPOBAHUS, BEPOATHEE BCEro, 3aKIOYaeTcs B 00-
paszoBanuu pagukaibHoro komruiekca Co(II1)OO° (pe-
akiust 1), kotopslit pearupyer ¢ N-I'OU ¢ nonyueHnnem
N-oxcudramumuaaoro pagukana (PINO®) (peakuus 2):

AcCo(Il) + O, AcCo(IIOO" (1)
o) o)
AcCo(noo” t N—OH —> AcCo(IMOOH N-O @)

O
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[IpeBpamenue L' B mpomykThl OKHCIEHUS TPO-
TEKaeT M0 paJUuKaJbHO-IETTHOMY MEXaHU3My IyTeM
MIOBTOPSIIOIINXCST IUKJIOB IEMECHTAPHBIX CTAIHH, 0CO-
OEHHOCTb KOTOPBIX B TOM, YTO Y4acCTBYIOIIHE B ITHX pe-

O, oo O

:. : 00
IIIWIV

AKIUSAX CBOOOIHBIC PaTuKaibl, B ToM uucie u PINO®,
pereHepupyIoTcs B mpejenax Kaxaoro uukia [15]. Cxe-
Ma OKMCIHUTENbHBIX TipeBpamenuii LI nmpencrasiena Ha
puc. 2.

AcCo(I)
AcCo(1IT)

2 orbe F
s
U(}

VIlI

VI

Puc. 2. Cxema BO3MOXKHBIX npeBpateHuii mpu okucnenuu LI' B LI'-o1 u L{I'-oH.

O6pazoBapmmiicst paaukan PINO® (I) orpeiBaer
atom Bosopona ot C-H csizu LI (I) ¢ obpazoBanuem
COOTBETCTBYIOIIETO IHMKIOTeKCHIIbHOTO panukaia (I11),
KOTOpBI B MPUCYTCTBHM KHUCIOpPOAA NpEBpallaeTcs B
nepokcwibHBIA paaukan (IV). Tlociaennuit npu B3au-
Mmozelicteun ¢ N-I'®U nmpeBpamiaercst B MUKIOTEKCHII-
ruaponepokcun (V), pa3iokeHne KOToporo MPUBOIUT K
oOpasoBanuto npoaykros peakuuu (VI, VII).

OHOBPEMEHHO C 3TUM, N-OKCHU(PTATUMUIHBIA pa-
nukan PINO® orpeiBaeT aroM BOJI0pO/ia OT IIUKJIOTEKCa-
Hona (VII) ¢ oOpazoBaHreM O-THAPOKCHKAapOOpa HKaa
(VIII). IMocnenuuii mpu B3aMMOJAEHCTBUU C KHCIOPOAOM
mpeBpalaeTcss B O-TUApPOKcU-a-miepokcupaaukan (1X),
KOTOpBIH 3aTeM TpaHC(HOPMHUPYETCS B LIUKIOTEKCAHOH
(VI) gepe3 mpomexxyTouHOE 00pa3oBaHUE O-THAPOKCH-
ruzapornepokcuaa (X).

Bosmoknocts okucienus LI-ona B L{™-oH B ycnoBu-
X peakyy OblIa MOATBEPHKIICHA B CEPUU IKCIIEPUMEHTOB
no okucnennto gucroro I{[-oma B mpucyrctBun N-I'OU
npu AaBieHun Bo3ayxa 2 MIla u Temneparype 135 °C.

Bricokast cenextuBHOCTE (90-93%) oOpazoBanus
LI -ona u LI'-ona, kouBepcus LI (10-13%), ymepennas
TEeMITepaTypa, TOCTYITHBII KaTalnn3aTop Aal0T OCHOBAHHE
CUMTaTh, UTO AAaHHBIM MeTon okuciaeHus LI B I{I™-on u
HI'-oH MOXeT mpencTapiIsiTh HHTEPEC I JaTbHEHIIEro
MIPAKTUYECKOTO UCIIOIB30BAHUSI.
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3ak/oueHue

Nzydeno xuakodazHoe OKHUCIECHHE IMKIOTEKCa-
Ha (LII') B muxnorekcanon (I-01) u mHKIOTeKCaHOH
(LIT"-0H) B OTCYTCTBHE PAaCTBOPHUTEIS, KaTaIHM3UPyeMOe
N-I'OU, B untepsane temmeparyp 115-150 °C Bo3ny-
XOoM 1oJ1 1aBneHueM B npezenax 0.5-5.0 MlIla. Haiinenst
ycnoBus (temneparypa 145 °C, naBnenue Bo3ayxa 1.5
MIla, Bpemst peakuuu 1 1), Ipu KOTOPBIX C HCIIOJIB30BA-
HueM N-ruapokcudramumuaa (N-I'ON), mo cpaBHEHHIO
¢ aneraroM kobanpra(ll), konBepcus LII' Bo3pactaer B
2-3 paza npu ceJeKTUBHOCTH oOpazoBanus [[[-oma n
T -ona oxomno 90%.

Oxkucnenue LI' B mpucyTCTBUU Karajau3aropa, Mo-
JUGUIIMPOBAHHOTO JT00ABKOM arerara KoOaibra, TO-
3BOJISIET JIOTIOJIHUTENBHO MOBBICUTH KOoHBepcuto LI Ha
30-40%, a CelneKTUBHOCTh 0Opa30BaHUs IEJIEBBIX MPO-
IyKTOB — 710 93-95%. OOcyXJieH MeXaHU3M PEaKIIUU.
Beoickazano npennonoxenue, uro N-I'OM B npouecce
okucnenust LI" BBINOIHSET ABOSKYIO POJb — KaTajlu3u-
pyet npespawenue I B I{I'-o1 u II'-on u, ¢ apyroi
CTOPOHBI, crIocoOCTBYeT npeBpamiernto [[[-oma B 11I'-0H,
TEM CaMbIM CYIIECTBEHHO CHMXasi 00pa30BaHHE aJUITH-
HOBOH KHCIIOTBHI U €€ 3(PHPOB — MOOOYHBIX IPOTYKTOB
peakuuu.
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BJUSTHUE TEXHOJIOTHYECKNUX TAPAMETPOB JIASEPHON HAILJTIABKH
HA CBOMCTBA KOMITO3UTOB NiCrBSiC-WC
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B pabome uccnedog8aHo SAUSIHUE MEeXHOJN02UUECKUX Napamempos Ja3epHoll Haniasku Ha
MONUWUHY MBepOoCNAABHBIX KOMNO3IUMHBLX NOKPbLMULl CO cxoxell no cocmasy u ceolicmaeam
mampuyeti NiCrBSiC u pasHbiM munam YnpouHsiowux skioueHull (cgpepuueckue kapbuosl
gonbppama WC u kapbuodvl 8onvgppama uz omxodog meepoocniagHozo npousgoocmea). Oco-
6oe sHUMAHUe 0bpauleHO Ha PUIUKO-MexaHUuecKkue U cayskebHole cgolicmea KoMno3umos, 8
yacmHocmu, mgepoocms U cmotikocms K abpa3ugHoMYy U3HOCY. YCMAHO8MEHO, UMO MOJAULUHA
meepooCnia8HbIX KOMNO3UMHBLX NOKPbIMUL 8o3pacmaem ¢ ygeauueHuem MouHocmu aasepa
U pacxoda mpaHcnopmupyrou,ezo 2asa, a markskKe ¢ ymMeHbueHuem CKOpocmu U uaza HanaiasKu.
BuisisnieHo, umo npu dobaeneruu 50% macc. WC-mampuya umeem meHbuLUe 3HAUEHUSL Mmeep-
docmu: 540-560 HV, umo no3gossiem noayuames cmpykmypy meepoocniagHblX KOMNOIUMHBLX
nokpoimuii 6e3 mpewuH, mozoa Kax npu oobaenerHuu 80% macc. WC meepdocms mampuubl
meepooCniagHbIX KOMNO3UMHBbLX nokpuimuil nogsltiuaemest 0o 670 HV u cmpyxkmypa noxkput-
muii 6e3 mpewur He obecneuusaemcest. H3nococmotixocms komnozumos NiCrBSiC-WC, kax u
CKJIOHHOCMb K MPeujuHoobpasoeaHulo, Yyeeiuuusaemecst ¢ pocmom nNpoueHmHo20 coOOepIaAHUSL
Kapbuda sonvppama. OmmeueHo, umo U3HOCOCMOUKOCMb NOKPLLMUSL, NOAYUEHHO20 U3 NOPOLU-
Ka TexHuropo 655-CA ¢ ynpouHeHuem Kapouoom eonbdpama us omxoo0o8 meepoocniagHozo
npouszeoocmaea, conocmaguMma ¢ marKoeoll 051 nokpulmuii ¢ dobassieHuem cpepuueckKozo Kap-
6uda sonvppama Tekmat WC-125. INokpoimust uz komnosumos NiCrBSiC-WC, nonyuerHble me-
mMoooM na3epHOU HaNAA8KU, NO38OII0M NO8blLCUMb pecypc 060pYy008aHUSL MenemMempuueckux
cucmem. Yoaemess npedomepamums ucmupaHue u obecneuums Cpok CaAyxmbbl KOHMAKMHBLX
naowadok pezucmugumempa 0o 500 u.

Knroueebsle cnoea: nazepHast HANIABKA, KOMNO3UMHOe Nokpbimue, meepooCmb U UZHOCOCMOUKOCMb
noKpblmust.
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A.E. 3aToka, [1.B. Ipo6or, C.II. MepueB, C.B. HeBexxun, A.C. 'epacumos, [1.A.POHXHUH

It was investigated the influence of technological parameters of laser cladding on the thickness of the
carbide composite coatings with similar composition and properties of matrix and different types of
reinforcing inclusions (spherical tungsten carbides (WC) and recycled carbides). Special attention is
paid to physical-mechanical and service properties of the composites such as hardness and resistance
to abrasive wear. It is established that the thickness of the carbide composite coatings increases with
increasing laser power and flow rate of the carrier gas, and with decreasing speed of the laser and the
step of cladding. The study showed that at the addition of 50 wt.% WC matrix has smaller hardness
values 540-560 HV, which allows to obtain the structure of the carbide composite coatings without
cracks. At the same time, at addition of 80 wt.% WC matrix has higher hardness 670 HV, which does
not provide the structure without cracks. Resistance of composites NiCrBSiC-WC to cracking, as well
as their wear resistance, increases with increasing content of tungsten carbide. The wear resistance
of the coatings received from powder Technicord 655-SL, with a reinforcement by recycled carbide,
comparable to that for coatings from spherical tungsten carbide Tekmat WC-125. Coatings NiCrBSiC-
WC, obtained by laser cladding, are used to increase the service life of the equipment telemetering
systems, in particular, it is possible to prevent of abrasion and provide of increasing the service life of
the contact pads of the equipment for measurement while drilling.

Keywords: laser cladding, composite coatings, hardness and wear resistance of the coating.

BBenenue

TexHomorus na3zepHON HAIUIABKU MPUMEHSIETCS JUTs
HAHECEHHs TBEPIOCIUIABHBIX KOMIO3UTHBIX ITOKPBITHI
Ha W3HAILIMBAEMbIC YaCTH Y3JOB 0OOpYIOBaHHS OTBET-
CTBEHHOTO Ha3HAUCHMS, HAIPHMeEp, 000PYI0BaHHS TeIIe-
METPHUECKUX CUCTEM, IPEAHA3HAYEHHOTO A7l reodu3u-
YECKHX HCCIICNOBAHUH CKBaKHH M KOHTPOJS 3a00HHBIX
napaMeTpoB MPOILECCOB OypEHHS € IeNIbI0 0OecieueHus
TpeOyeMOoro cpoKa HX CITYKOBI.

B nacrosimee Bpemst A1 3alIUTHI OT M3HOCA IIH-
poKoe TpUMEHEHHWE Hamui camModurocyrommecs Ma-
tepuanbl NiCrBSiC!: xpom obecmednBaeT CTOHKOCTb
K OKHCIICHUIO W KOPPO3WHU TIPU TIOBBIIICHHBIX TEMIIC-
partypax; 60p U ymIepof, B CBOIO O4Yepe/b, IMOHMKAIOT
TeMIepaTypy IUIABJICHUS M CIIOCOOCTBYIOT (hOPMHPO-
BaHMIO KapOOOOPUAOB, MOBKIIIAST TBEPAOCTh U M3HOCO-
CTOWKOCTB MOKPBITUI; KPEMHHI TOOABJISIOT JJIs YBEIH-
YEHUS] CMaYMBA€MOCTH OCHOBBI JKUJKUM MeTaioM [1].
B pesynbrare npermpoBaHus 60pOM B KPEMHHEM B TIPO-
I[[eCCe HAIUIABKU TAKXKE MPOUCXOIUT CaMO(IIOCOBAHNUE!
IIPU BBICOKHX TEMIIepaTypax o0pa3yeTcs CTEKIOBHIHOE
IIJIAKOBOC TOKPBITHE, 3aIIUINAIONIEE METAI HATUIaBKU
OT B3aMMOJCHCTBHSI C KHUCIOPOIOM H a30TOM BO3AyXa
[2]. CrmaBer NiCrBSiC umeroT HM3KyIO TeMIeparypy
TUTABJICHHS, YTO CIIOCOOCTBYET YMEHBIICHUIO TepPMUYe-
CKOTO BO3/ICICTBUS HA JIeTajb B IIPOIECCe HAILIABKH, 3a
CUET Yero ypoBEHb OCTATOYHBIX NepOpMaIuii U Hamps-
JKEHUH B OCHOBE 3HAYMTEIILHO CHIDKAeTCs [3—35].

JlazepHasi HaruTaBKa KOMITO3UTHBIX TBEPIOCILIAB-
HbeIXx TOKpbITUl NiCrBSiC+WC sBnsercss omHHM U3
HanOonee 3(pQEKTUBHBIX METOIOB, NMPUMEHSEMBIX IS
3alIUThl OT M3HOCA, CPEAU TAaKUX aJbTePHATHBHBIX Me-
TOZOB HAHECCHUS IOKPBITHHA, KaK Ta30TepPMHUYECKOe
HarbUICHUE U MJIa3MEHHas HaIlJIaBKa OKPBITUH, yIIpoU-
nennbix coemuuenuamu WC/W.C, Cr,C,, SiC, TaC,

'TOCT 21448-75. TIopoIIKA U3 CIUIABOB JUIsl HAIUIABKU. TeXHH-
YECKHE yCIIOBHSI.

TiB,, n mCHonb30BaHUs M3HOCOCTOMKMX CTajel TuIa
Hardox 400 [6—-10]. B HacTosi1iee BpeMs OIyOIMKOBAHO
OoJbIIoe KOMM4YecTBO padoT [11-14], B KOTOPBIX COTIO-
CTaBJISIFOTCSL METOJbI HAHSCCHHUSI KOMIIO3UTHBIX TBEPIO-
crutaBHBIX TOKpbITHHA NiCrBSiC ¢ pasnuunbiM conepika-
HHUEM YIPOUHSIONUX BKIOYeHUA. [Ipu 3TOM cpaBHEHUE
XapaKTEPUCTHK KOMITO3UTHBIX TBEPIOCIDIABHBIX II0-
KPBITHI C pa3HBIMH TUIIAMU YIPOUHSIONINX BKITIOUCHUN
MIPUBE/ICHBI JINIIh B OTACIBHBIX ITyONMKAIMAX, 9TO HE
MO3BOJISICT OLICHUTH Y(PPEKTUBHOCTH IPUMCHEHUS TBEP-
nocrnaBHbIX MOKpeITHid NiCrBSiC+WC muist iobitire-
HUS pecypca 000pyI0BaHUsl, TOIBEPIKEHHOTO KOMILICK-
cy paspymaromux (akropos [15].

Lens Hacrosileli pabOThl — yCTAHOBUTH 3aBHCHU-
MOCTB TOJIIIWHBI KOMITO3UTHOTO TOKPBITHS OT Mapame-
TPOB JIa3ePHOI HATUIABKY, a TAK)KE MPOCIEIUTD BIUSHUC
THUIa YTPOYHSIOINX BKJIIOYCHUI HA €r0 TBEPAOCTb U
HU3HOCOCTOMKOCTb.

MeTtoanuyeckasi 4acThb

[Ipu HaHECEeHUM NOKPBITUH UCII0JIb30BAJIN IIOPOLIOK
Texuukopa 655 CJI (Texnonornueckuit nuentp «TexHu-
Kop», Poccust) ¢ ynpouHeHuem kapOuiaMu Bosib(ppama
M3 OTXOJOB TBEPAOCIUIABHOTO MpPOM3BOACTBA. [lomuMo
9TOTO, ISl JIa3€PHOW HAIJIABKHM B KA4eCTBE MAaTPHIIBI
KOMIIO3UTHBIX IOKPBITUI Opanu caMo(IroCyFOIIHIACS
crmaB Hogands 1035-40 (Kommanmst Hogands, 1llBe-
1HUs), B KAYECTBE YIPOUHSIOUINX BKIIOYEHUN — MOPOILI-
K1 chepraecknx kapounos Bonsppama Tekmat WC-125
(Kommanus Tekna, Utanus). XuMudeckuii cocTaB JaH-
HBIX ITOPOIIKOB MPEJICTaBIIeH B Ta0. 1.

[omnoxkol ciyxuja HHU3KOYIJIEPOAMCTAs CTallb
Cr20, pa3zmep o0pasmoB 25x45x10 Mm.

C 1enpl0 YCTAaHOBJICHHUS BIUSHUS PEXKUMOB Jla3ep-
HOU HAIJIABKHU HA TOJIIMHY KOMIO3UTHOTO TIOKPBITHS U3
nopouka Texuukopa 655-CJI ucnonb3oBaiu 4eTblpex-
(hakTOpHBIN SKCTICPUMEHT JIsl IMHEHHON MOJICIIN B BUJIC
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BAusIHHE TEXHOAOTHYECKHX IapaMeTPOB AA3€PHOH HATIAABKH Ha CBOHCTBa KoMmro3uToB NiCrBSiC-WC

MOJTYPEIUTHKU 2*! 110 KPHUTEPHUSIM OPTOTOHATBHOCTH U
poratadbensHOCTH. DyHKIMEH OTKIIMKA SBISIIACh TOJ-
IMHA HAHOCHMOTO TOKPHITHA. DaKkTOpPBHl U WHTEPBAJIBI
UX BapbHpOBaHWs, NPHUBEACHHBIE B Talll. 2, COOTBET-
CTBYIOT THITOBBIM 3HAUCHHSM JJIS JTa3epHOH HAIUIABKH.
OtpaboTaHHbIE PEKUMBI HCIIOIB30BAIH JIJII HAHECSHUS
KoMIo3uTHEIX TOKpBITHH NiCrBSiC+WC, ympounen-
HBIX C(EepHUECKUM KapOugoM Boib(pama. YcIoBUS
TIPOBEIICHNUS SKCTIIEPHIMEHTOB TIPHUBEICHEI B TAOM. 3.

Tatmuua 1. Xumudeckuii cocTaB HUCCIeTyeMbIX MaTeprasioB

[opomku XuUMHUuecKuii coctas, % macc.
Ni—ocH.; Cr—12.8; B—1.00; Si—1.48;
W-247,C-0.24; Fe—3.25

Ni—ocH.; Cr—6.67; B—1.22; Si—0.45;
C—-0.30; Fe—3.37

W —ocH; C—4.10; Fe — 0.53; Ni—0.51;

Texuuxopn 655-CJI

Hoganés 1035-40

Tekmat WC-125

OO0OpaboOTKy OSKCIEPUMEHTAIBHBIX JaHHBIX OCY-
MIECTBISUIM € MOMOMIBI0 MHCTpyMeHTa Design of
experiments u Multiple Regression nmporpamMMHoro ma-
kera STATISTICA 102

[ToxpbITHS HAHOCHIIN TIPU TIOMOIIHM KOMILIEKCA Jia-
3epHoil HarmmaBku LDF 6000-100 (Komnanus Trumpf,
I'epmanus; nazepHas roioBa Process Optic) mo mMeTo-
nuke [16].

C mernpio MCCIEIOBAaHUS MHUKPOCTPYKTYPHI 00pas-
OB 3apaHee TIOTOBWJIM MHUKPOLUUIM(BI, JUII Yero Ha-
IUTaBIEHHOE TOKPBHITHE PE3ajH, IPECCOBAIH, ILTA(O-
BN U NonupoBaiu. Pe3ky o0pas3LoB OCYIIECTBISIH
Ha Tpenu3noHHOM oTpe3HoM cranke Tuna BRILLANT
220 (ATM, I'epmanus). Mcnonb3oBaau Takke KOPYH-
JoBeie oTpe3nbie aucku @ 150%0.45x12.7 mm. Tloaro-
TOBKY IMOBEPXHOCTH «Ta0JCTKW» BBIMOJHSIM HA ILIH-
(hoBanmpHO-TIONMPOBaNTEHON MammHe Saphir 520 (ATM,

Cr—044 I'epmanust). 3ampeccoBKy 00pa3IoB MPOBOAWIM HA T'H-
Taoauna 2. ®axTopsl 1 HHTEPBAIBI X BapbHPOBAHUS
YpoBHH WutepBan
®axrop Haumenosanue O6o3naueHye - - -
HIDKHUH OCHOBHOM BEPXHUH
X1 MousocTs nazepa, KBt P 1 1.25 1.5 0.25
X2 CKOpOCTb HaIlIaBKU, M/MUH v 0.004 0.006 0.008 0.002
X3 Ilar HaraBku, MM L 1.2 14 1.6 0.2
X4 Pacxon TpaHcriopTup.rasa, JI/MUH G 12 18 24 4
Tabnuna 3. YcnoBust IpOBEASHUS YKCIEPUMEHTA
DaKTOpPBI SKCIIEPUMEHTA Kpurepuii ontumunzanuu
Ne skenieprmvenTa
X1, xBr X2, M/MuH X3, Mmm X4, n/mMun Y, MM
1 1 0.004 1.2 12 2.8
2 1.5 0.004 1.6 12 2.5
3 1 0.004 1.6 24 23
4 1 0.008 1.2 24 1.4
5 1.5 0.008 1.2 12 1.7
6 1.5 0.004 1.2 24 35
7 1 0.008 1.6 12 1.2
8 1.5 0.008 1.6 24 2.8

npasimueckoM mpecce Opal 460 (ATM, T'epmanust), oc-
HAIICHHOM CHCTEMOW HarpeBa M BOASHOTO OXJIAXKICHHUS

Ju1g monmy4eHHbIX 00pa3loB UCCIEI0BAIN CTPYKTY-
Py ¥ U3MEpsUTH MHKPOTBEPAOCTH Mo Bukepcy ¢ momo-
b0 aBTOMAaTH4eCcKoro Mukporsepaomepa ZHVu-AF
(Zwick/Roell, Tepmanus) ¢ mporpaMMHBIM obecrieue-
HUEM i1 00pabOTKM pe3ynbTaToB. MUKPOTBEPIOCTh
m3mepsin o ['OCT 9450-76 «V3mepenne MUKpPOTBep-
JIOCTH BIABIMBAHMEM aJIMa3HBIX HAKOHEYHHUKOB» MpHU
Harpyske 200 rc. TonmuHy MOKpBITHS U3MEPSUIN C T10-
MOIIBIO ONTHYECKOro Mukpockomna Axiovert 40 MAT
(Carl Zeiss, T'epmanwusi). M3HOCOCTOHKOCTH TOKpBI-
TUR ompezensuy, cormacHo crannapry ASTM G65-04
«Standard Test Method for Measuring Abrasion Using

the Dry Sand/Rubber Wheel Apparatus» mo cxeme cy-
XOM TecOK — 00pe3NHEHHBIH AUCK. AOpa3uBHBIM MaTe-
pHAIOM CIYKMJI TpaHyJIMPOBaHHbII KBapLEBbIM MECOK,
BEJMYMHA 3€pHa BapbupoBanack oT 150 mo 425 Mxwm.
g oGecriedeHns HYKHOTO pa3Mepa 3epHa MecoK rnepes
WCTIBITAHUEM TTPOCEUBAIN C TIOMOIIIO TPOCEHBAOIIECH
mamabl «tHAVER EML 200 Digital Plus T» (Kommanust
HAVER & BOECKER, I'epmanust). Coneprkanue Biaru
B necke He npesbimano 0.5% ot obmieit maccsl. [Ipu
9TOM TIECOK TPEABAPUTEIHHO BBICYIIMBAIH, HArpeBas
10 100 °C u BblAEpKHMBasi IpU ITOW TEMIIEpaTrype B Te-
yenue 90 MuH.

2STATISTICA: PyxoBozactBo mosb3oBatesst. Copyright Stat
Soft, 2011.
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HcnpiTanus pOBOAMIN O CIEAYIOLUIUM PEKUMAM:

*  JUINTCIBHOCTH UCHBITaHUH — 10 MHH;

* mHarpy3ka— 130 H;

*  CKOpOCTb BpaieHus nucka — 200 o0/MuH.

KoaddunmeHT H3HOCOCTOMKOCTH PaCcCUNTHIBAIIH,
UCXOAS U3 00beMa, MOTEPSIHHOTO BO BPEMS UCIIBITAHUI
HOKPBITUA. MI3HOC onpenensiiu myTeM B3BEeIUBaHUsI Hc-
cieyeMoro oopasiia 0 U Mociie IpoBeeHHs UCIIbITa-
Huil. B3BenmuBanne 00pa3IoB OCyIIECTBISIIOCH Ha aHa-
mutnyeckux Becax tuna ES 520A Precisa (1Lseiinapus)
¢ ToyHocThio 0.0001 .

Pe3y.]'lLTaTI)I H UX 06cy>1c21elme

PesynbraThl perpeccHOHHOTO aHaIu3a IKCIEPUMEH-
TaJbHBIX JAHHBIX II0 BIMAHUIO IAPaMETPOB JIA3€pPHOI
HAaIUIaBKM Ha TOJILMHY KOMIIO3UTHOTO TBEPAOCIUIAB-
HOTO HOKpBITUS U3 noporka Texnukopa 655-CJI npu-
BeJIcHBI B TaOI. 4, 5. JIuHeliHOe ypaBHEHHE perpeccuun
aJIeKBaTHO YKCIIEPUMEHTAIBHBIM JAHHBIM 110 KPUTEPHIO
dumepa T cc-9rcia CTENeHeH CBOOOIBI U 33 JaHHOTO
P-YPOBHS 3HAUUMOCTH. Bee ko pUIMeHTh! ypaBHEHUS
perpeccum CTaTUCTUYECKH 3HAYUMBbl 110 t-KpUTEPUIO
CrbroficHTa /IS 33JaHHOTO P-YPOBHSI 3HAUUMOCTH.

Taoéauna 4. Ouenka ageKBaTHOCTH JIMHEHHON MOAETH

daxkrop CymMbI KBaipatoB (SS) cc Cpennue kBaaparsl (MS) F P
(1) P, xBt 0.980000 1 0.980000 3.178378 0.017263
(2) V, M/muH 2.000000 1 2.000000 6.486486 0.008417
3)L,mm 0.045000 1 0.045000 0.145946 0.072789
4) G, n/mun 0.405000 1 0.405000 1.313514 0.0334890
Omnbka 0.925000 3 0.308333
Ornbka SS 4.355000 7
Tadauna 5. OneHka cTaTHCTUYECKOH 3HAYMMOCTH PETPECCHOHHBIX KOAP(UITEHTOB*

Daxrop 1 2 3 4 5 6
Cs. wneH 1.875 1.89324 0.99036 0.039500
P, kBt 0.474372 0.266082 1.400 0.78528 1.78280 0.017263
V, M/MuH -0.677674 0.266082 -250.000 98.16016 -2.54686 0.008417
L, Mmm -0.101651 0.266082 -0.375 0.98160 -0.38203 0.072789
G, /MuH 0.304953 0.266082 0.038 0.03272 1.14609 0.033489

*[Ipumeyanue: 1 — cTaHAAPTU30BaHHBIC perpeccuoHHble K03 duuuents! bera; 2 — cranaapraele omunoku bera;
3 — 00bIuHBIE perpeccuonHbie Ko3dduitnentsr B; 4 — cranaaprabie omrbku B; 5 — t(3); 6 — p-ypoBeHb.

CornacHo pe3ynbraraM PEerpecCHOHHOrO aHaim3a
(Tabim. 5), 3aBUCUMOCTB TOJIIMHBI TIOKPBITUS OT Tapa-
METPOB JIa3epHOIl HAIUIABKH MOXET OBITh OIIEHEHa MO
YPaBHEHHUIO PErPECCUH:

S§=0.474x P-0.678x V- 0.102x L+0.305% G

Wnrtepnperariys NpUBEACHHOTO YPaBHEHHS [TOKA3bI-
BacT, 4YTO TOJIIWHA TBEPAOCIIJIABHBIX KOMIIO3UTHBIX I10-
KPBITHI BO3pacTaeT C yBEINICHHEM MOITHOCTH Jia3epa U
pacxojia TpaHCIIOPTHPYIOILETO rasa, a TaKKe ¢ YMEHbIIIe-
HIEM CKOPOCTH JIa3epa U IIara HarIaBKy.

[lonyuenHsle B HacTosIIeH paboTe 3aKOHOMEPHO-
CTH HE NPOTHUBOpPEYAT JUTECPAaTypHBIM IaHHBIM. Tak, B
[17] moka3aHo, 4TO MpH JIA3epHON HAaIJIaBKe TOJIIH-
Ha TIOKPBITHS YBEIWYMBACTCS C YBEIMYCHUEM pacxona
TPaHCHIOPTHPYIOIETO ra3a (aAproHa) ¥ MOIHOCTH JIa3epa.
Hamu BBISIBIICHO, YTO yBENMUCHHE MOIIHOCTH Jia3epa Ha
0.25 kBT npuBOOUT K YBEIMYEHUIO TOJIUHBI HATUIABKU
B 1.8 pa3, a yBenuueHune pacxojia TPaHCIIOPTUPYIOIIETO
rasa Ha 4 J/MHMH — K YBEJIMYCHUIO TOJIIMHBI B 1.5 pa3a.
Menee 3HaYMMBIM (DAKTOPOM SIBIISICTCS IIar HAIUIABKH:

YMCHBIIICHHE 1ara HarutaBKy Ha (0.2 MM COTPOBOXKIACTCS
YBEIWYEHHUEM TOJIINHBI HAa TPETh. B TO e BpeMst yMeHb-
meHre ckopoctr HariaBku Ha 0.002 M/MUH NPUBOIUT K
YBEJIMUYEHUIO TOJIIIMHBI HAIUIABKU B 2.5 pasa.

C yd4eToM pe3yibTaToB PErpecCHOHHOTO aHaIH3a
BBIOPAHBI CICAYIOMNE PEKUMBI HAHECCHUS TOKPBITHI
NiCrBSiC+WC:

e MoIIHOCTSG Jazepa — 1350 Br;

e ckopocth HaraBku — 0.007 m/c;

*  Iar HarjiaBK# — 1.6 MM;

*  pacxoj 3alIUTHOTO Ta3a aproHa — 14 j/MuH.

PerynupoBky pacxoma TpaHCIOPTHPYIOIIEro rasa
U3MCHSJIH B 3aBHCHMOCTH OT TpeOyeMoro oOBEeMHOTO
COZIEpKaHUS YNPOUHSIOMNX BKIIIOUCHUNH B KOMITO3MT-
HBIX TBEPAOCIUIABHBIX MIOKPBITHSX.

Merannorpadguyeckue HUCCIEIOBAHUS KOMIIO3HU-
TBIX TBEPHOCIUIABHBIX TOKPBITHH C Pa3lUYHBIMHU THIIA-
MH ynpouHsionmx Briarodenuit (Texunukopm 655-CJI;
Hogands 1035 + 50% Tekmat WC-125; Hogands 1035 + 80%
Tekmat WC-125), mokaszamy, 4TO UMEIOTCS Pa3THUUS
[0 TBEPIOCTU MATPHUIBI U YIPOUYHSIONIMX BKIIOUCHUN
(Tabm. 6).
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Tabdauua 6. TBep10CTh KOMIO3UTHOTO TBEPAOCIIIIABHOTO MOKPBITHUS

Hasganue KOMIO3MTHOTO TBEPIOCILIABHOIO MOKpbITUs | TBeprocth Marpuiisl, HV | Teeprocts ynpounsronmx Brmodennid, HV
Hoganiés 1035 + 50% Tekmat WC-125 561 2720
Hogands 1035 + 80% Tekmat WC-125 674 2590
Texnukopn 655-CJ1 620 1580

OueBunHo, yto 1pu nodasieHnn 50% macc. Tekmat
WC-125 marpunia MOKpbeITHsT 0o0najaer Oojee HU3KUMHU
3HaYEHUSAMU TBEPIIOCTU B CPABHEHUH C MACTIOPTHBIMU JIaH-
HBIMH, ¥ YIAeTCsI TIOyYHUTh CTPYKTypy 0e3 TpeumwH. [Ipu
9TOM TBEPAOCTh YIPOUYHSIONIMX BKIIOYECHUI KapOUIOB
COOTBETCTBYET MACIIOPTHBIM JIAHHBIM. B TO ke Bpems nipu
nobapiennn 80% macc. Tekmat WC-125 B xoMITo3uTHBIE

TBEPHOCIUIABHBIC IOKPHITUS YBEIIIYUBACTCS TBEPHAOCTh Ma-
TPHIIBI U CHIYKACTCSI TBEPAOCTD YIIPOUHSIFOIINX BKIFOUCHHI
B CPaBHCHHUH C TACIIOPTHBIMU JaHHBIMU, YTO MPHBOIHUT K
00pa3oBaHHIO TpelwH (puc. 1), BEpOSTHO, BCIICICTBHUE Jie-
KapOuIu3aIy NepBUYHOrO Kapouaa Bonsdpama (WC) 10
Bropu4Horo W,C ¥ MOBBILIEHUs COAEPKAHUs yIIIepozia B
marpuuroM crutaBe NiCrBSiC [18].

)49 v
1577,52 pm|3

§
e p I 1

=

Puc. 1. CtpykTypa KOMIO3HTHBIX MTOKPHITHAH P yBeNMnIeHUH 500 MKM:
Hogands 1035 + 50% Tekmat WC-125 (a); Hoganés 1035 + 80% Tekmat WC-125 (6).

IIpy HaneceHuy NOKpwITHI K3 mopomka TexHUKOp
655-CJI Her HEOOXOIMMOCTH B UCIIOJIB30BAHMM MEXAHUYE-
CKHX CMECEH, MOATOMY YAAETCsl 00ECTIeYUTh PABHOMEPHOCTh
pacrpeneneHust YIpOUHSIONIMX BKIIOYEHUH, MpeoTBpa-
TUTh WX PACTBOPEHHE B METATMYECKON MATpPUIIE, CHU3UTh
KOJIMYECTBO TPEIIMH U TIOP B MOKPhITHH (prc. 2). B xommo-
3UTHOM TBEP/IOCIUIABHOM TOKPHITUH U3 THopolka TexHu-

T ‘"\ = :___(

kopn 655-CJI Marpuiia IMeET CXOKUE 3HAYEHUST TBEPIIOCTH
¢ okpeITHeM Hogands 1035 + 50% Tekmat WC-125. 3nechb
YIIPOYHSIOINIHE BKJIFOUCHNS KapOUIOB U3 OTXOIOB TBEP/IO-
CIDIABHOTO TIPOW3BOZICTBA UMCIOT OoJiee HU3KHE 3HAYCHUS
TBEPAOCTH TI0 CPABHEHHIO CO C(HEPUUECKUMU KapOumaMu
BOJIb(ppama, 00yCITOBIICHHBIE, TTO-BUIMMOMY, THIIOM UCXOII-
HOTO CBIPbsI, HCTIONB3YEMOTO JUTS MX MPOM3BOJICTRA.

Puc. 2. Crpykrypa KOMIO3UTHOTO TOKPEITHS Texankopn 655-CJI npu yBenmmaernn 1000 MrM.
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H3H0COCTOHKOCT NOKPBITHIH

Poib yripounsronmx ¢a3 B KOMIO3UTaX OMpeessieTcs
WX TIOBE/ICHUEM TIpU BcTpede ¢ abpazuBom. OOBIYHO OHU
MMEIOT 0o0Jiee BBHICOKHME MEXaHHUYECKUE CBOMCTBA U Xapak-
TepU3YIOTCS OONBIICH SHEepruci paspymieHus, yeM alpa-
3uBbl. [lo9TOMY B mpoliecce aOpa3suBHOIO W3HAIIMBAHHUS
CTOJIKHOBEHHE C YIPOUHSIOIICH (pa30ii MPHBOIHT K YACTHY-
HOMY WJIM TIOJHOMY Ppa3pyIICHUIO a0pa3WBHOM YaCTHIIbI
U K MPEeKpaleHUI0 eJUHUYHOIO aKTa M3HAIIMBaHUS WU
YMEHBIIECHUIO pa3MepoB mnospexaeHus [19]. JlokanbHoe
TI0JIE HAIIPSLKEHUH, CYIIECTBYIOIEE BOKPYT YacTHILl YIIPOU-
HSFOLMX (a3, 3aTPy/IHSET JBIKESHUE TUCITIOKAIMI TIPH T~
CTHYECKOU Ae(hopMaIiy, MPeIIIeCTBYIOMICH pa3pyIIeHHIO
METAJUTMYECKOM CBS3KH, TEM CaMbIM 3aTPY/IHSS €€ M3HAIIH-
BaHme. OyHKIMHI OaphepoB HA IyTH aOpa3MBHBIX YACTHI]
yIpoyHstomre (a3pl BBITIOIHSAIOT Jy4llle B KOMITAKTHON
(hopme: TOHKHE W JIMHHBIC TUIACTHHBI YIIPOUHSIONHX (a3
HE B COCTOSHUU MTPOTHBOCTOSITH abpasuBy [20]. DTum 00b-
SICHSICTCST OOMBIIast 3PPEKTUBHOCTH YIIPOYHEHHS CILTABOB
NiCrBSiC xoMmakTHeIME KapOHIaMH BOJIb(ppaMa, KOTO-
pble 00pa3yIOT KOMILJIEKCHI U3 YaCTHL OKPYIJIOTO CEYEHUs B
CpaBHEHHUH C MEPBUYHBIME (ha3aMH, BBIICISIONIMMUCS TIPH
KPUCTAJUIN3ALUM CIUIABOB MPEUMYIIIECTBEHHO B BUJIE MPs-
MOYTOJIFHUKOB BBITIHYTOU (POPMBIL.

Pesynbrarsl MCHBITaHNN W3HOCOCTOWKOCTH TBEP-
JOCILIaBHBIX MOKPbITHH B coorBeTcTBUH ¢ ASTM G65
MOKa3bIBAIOT HE3HAYUTENbHYIO Pa3HUIY B CTOMKOCTH
KOMIIO3UTOB C aHAJOTUYHBIM COJIEp)KaHHUEM KapOHIIOB
Pa3TUYHBIX TUATIOB (puc. 3).

Puc. 3. U3HOCOCTOWKOCTH NOKPBITHIL:
1 — Hogands 1035 + 50% Tekmat WC-125;
2 — Hogands 1035 + 80% Tekmat WC-125;
3 — Texuuxopp 655-CJI.

M3HOCOCTOMKOCTD IOKPBITUS U3 MOPOIIKa TeXHUKOP
655-CJ1 ¢ ympovHeHreM KapOuaamu BOJIb(paMa U3 OTXO-
JIOB TBEPIIOCILIABHOTO POM3BO/ICTBA COIIOCTAaBUMA C TaKO-
BOH JIJIsI IOKPBITHH C T00aBIIeHneM c(hepryecKoro kapouia
Borb(pama Tekmat WC-125 npu MeHbIieit croumoctu
Marepuania.

[NomydeHHbIe pe3yabTaThl COIIAacylOTCs C JIAHHBIMH
[15], tae obcyxaaeTcsi CTOMKOCTh K M3HAIMBAHUIO HE3a-
KperuieHHbIM abpa3uBoM ciuiaBoB NiCrBSiC ¢ pa3miynbl-
MH BUJIaMH KapOUIOB B KauecTBe ynpouHstonmx ¢as. Tak,
MaccoBbIif m3HOC Komnoszuta NiCrBSiC + 50% WC B 2.5
pasza Hmwxke, yeM y komno3utoB NiCrBSiC + 50% TiC u
NiCrBSiC + 50% VC.

HccnenoBanue CTOMKOCTH KOMIIO3UTOB C KapOu-
namu TiC, NbC n WC npu TpeHHH O 3aKperuieHHbIE
abpa3uBHBIC YacTHIBI Mokazayno [21], uto B kapOume
BOITb(ppama BBICOKast TBEPOCTH COYETACTCS C JOCTATOU-
HOU MPOYHOCTHIO M IUIACTUYHOCTBIO, BCICICTBHE YETO
abpa3uBHBIC YACTHUIIBI CKOJIB3SIT 10 Kapouny WC, He u3-
HAIlIUBAasl €ro, B OTJIMYKE OT 0O0Jiee TBEPIBIX U XPYIKUX
kapounoB TiC u NbC.

W3 mony4eHHBIX JaHHBIX CIIEAYET, YTO MOKPBITHSI
n3 NiCrBSiC+WC, nomydeHHbIe METOIOM JIa3epHOM Ha-
TUIABKH, IO3BOJISIIOT BOCCTaHABIIMBATH JETalIH 000pyI0-
BaHMS OTBETCTBCHHOTO HAa3HAYCHUSI.

B xonie aKcIuTyaTalinOHHBIX UCIBITAHUN YCTaHOBIIE-
HO, 9TO JIJIsI KOMIO3UTHBIX TBEPIOCIUIABHBIX MOKPBITHH,
MOJTY4EHHBIX TIA3MEHHOW HAIUIaBKOM, UCTHPAHUE KOH-
TaKTHBIX IDIOMIAJ0K PE3UCTUBUMETPA HACTYMIACT ITOCIE
Hapabotku B 350 u. Kommo3uTHBIE TBEPAOCILIABHBIC
nokpbITast NiCrBSiC+WC, nosiydeHHbIe 110 0TpaboTaH-
HOU HAMH TEXHOJIOTUH JIA3ePHOMN HAIUIABKOM, TPOIICBa-
FOT CPOK CITyKObI pesuctuBumerpa 110 500 9 (puc. 4).

Puc. 4. Baemnnii BUI TOKPBHITHIA, TOTYIEHHBIX
ITa3MEHHOW HAILIaBKOH (a) M Ta3epHOH HaATIaBKoit (0).

BriBoabI

B xonme mponenanHoi paboThl HAMH YCTaHOBIICHO,
YTO TONIIMHA TBEPJOCIUIABHBIX KOMITO3UTHBIX MOKPBI-
THH BO3pacTacT ¢ yBEIMUYCHHEM MOIIHOCTH Jlazepa U
pacxosa TpaHCIIOPTUPYIOLIETO rasa, a TakKe ¢ yMEHbLIIe-
HHEM CKOPOCTH M IIara HaIIaBKH, HanOoIee 3HAYNMBIM
(hakTOpOM SIBIIIETCS CKOPOCTb HarulaBku. CKIOHHOCTb
koM1to3uToB NiCrBSiC+WC, momydeHHBIX METOJ0M
Ja3epHOM HalIaBKW, K TPELIMHOOOPAa30BaHUIO, KaK U
X W3HOCOCTOWKOCTB, YBEIWYHMBACTCS C POCTOM IIPO-
LIEHTHOTO CoJiepKaHusl KapOuja Bosib(hpama: marpula,
cozepxkamast 80% Macc. kKapOuI0B, IPOBOIMPYET 00pa-
30BaHME TPELIUH MIPEANONOKUTENLHO 32 CUET PacTBOpe-
HUS YIPOYHSIONINX BKIIOYCHHH B MAaTPHIIC C M3HAYAIb-
HO BBICOKOM TBEpPIOCTbIO M (POPMUPOBAHUS XPYIKOH
9BTEKTHKH ITyTEeM JeKapOHUpU3aIMy EPBUIHOTO KapOu-
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na Bosibhpama WC 710 BTOpHIHOTO W2C. Marpwma c io-
OaBnennem 50% macc. kapOuaa MO3BOJISIET 00ECIIEUnTh
HanMeHbIIIee CMEIIEHHUE CIIOS C MTOTIOKKON 1 pacTBOpe-
HHUE KapOuIa, COOTBETCTBEHHO, MPEIOTBPATUTH MUKPO-
pe3anne MaTpuIsl aOpa3uBHBIMU YaCTHIIAMU U BBIKpa-
[IMBAHKE U3 HEC YIPOUHSIOMINX BKIFOUCHUIA.
M3HOCOCTOMKOCTh MOKPHITHS U3 Mopomika TexHu-
kopa 655-CJI ¢ ynpouHeHuem kapouaoM Bosib(ppama 13
OTXOZOB TBEPAOCILIABHOTO ITPOM3BOACTBA COMIOCTABHMA
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CHHTES H IEPEPABOTKA IIOAMNMEPOB
H KOMIIO3HTOB HA HX OCHOBE

SYNTHESIS AND PROCESSING OF POLYMERS
AND POLYMERIC COMPOSITES
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PU3UKO-XUMHUYECKHUE CBOMCTBA BUOPA3JIATAEMOI'O
CBEPXPA3ZBETBJIEHHOI'O ITOJIUD®UPITOJINOJIA
HA OCHOBE 2,2-BUC(METHWJIOJ)ITPOIIMOHOBOM KHCJIOTHI

B.H. 'om3ak'?%, A.A. IIyukoB!?, H.E. Apramonoga', [I.K. IloaskogB?,
I'.A. CumakoBa', H.A. 'punukosa’, C.H. YBaayn!?

MHPS5A - Pocculickuili mexHoso2uueckuili yHugepcumem (HMHcmumym MOHKUX XUMUUECKUX
mexHosozuli umeru M.B. Aomorocoea), Mockea 119571, Poccust

?HayuoHanbHbLil uccnedosamensvekuil uenmp «Kypuamoackuili uHemumym, Mockea 123182, Poccust
@Aemop ona nepenucku, e-mail: vgomzyak@gmail.com

CuHmemuuecKkue no8epxXHOCMHO-AKMUBHbLE 8EULeCMBA UUPOKO UCNOb3YHMCSL 8 CaMbLX pPA3-
JUUHBIX OMPACASIX — OM MEeOUUUHBL 00 CEeNbCKO20 X035lcmaa, npuuem NnoeblULeHHbLI UHMme-
pec npedcmaensitom 6buodecmpykmupyemvle IIAB. IlepcneKkmuHbiMU COEOUHEHUSAMU OJis
cuHmesa makux ITAB siensitomest NOAUIMUNCHOKCUO U CIOIKHblE NOAUIPUPLL A-2UOPOKCUKUC-
Jlom: NOAUNAKMUO, NOAULAUKONAUO, NONU(E-KANPOSAKMOH), NOAULUOPOKCUbYyMUpam, a maxiKe
ux conoaumepsl. Ilockonbky npodykmamu oecmpykyuu maxkux noaumeproix IIAB saeasom-
csi ecmecmeeHHble memaboaumsl, UX npumeHeHue 8 meduyuHe U buomexHosiozuu 00801bHO
nepcnexmugHo. B pside pabom nokasaHbl NpeumMyu,ecmeaa NOAUMEPHbLX CEePXPa38emaENLeHHbLX
ITAB no cpagHeruio ¢ auHetinbimu [TAB, 00HAKO cucmemamuueckue Ucc1e008aHUsl 83AUMOCEI3U
cmpykmypsl ampupuibHblx ceepxpazeemeasieHHblx ITAB ¢ ux nogepxHoCmHOU aKmugHoCmusio
omcymemeyrom.

CeepxpaseemeneHHble buopaziazaemble NOAUIPUPNONUONTLL HA OCHO8e 2,2-buc(memusion)nponuo-
HOB0UL KUC/IOMbL ULUPOKO UCNONB3YOMCS 8 Kauecmae MoOUpUKAmMopo8 NOAUMEPHBLX Mamepu-
anos (Hanpumep, npu npouszeoocmee JAAKOKPACOUHbLX MAMepuanos), 006agox K noiumepam
0151 YAYUUWEHUSL IKCMPY3UU, A makKKe 8 Kauecmee HaHOKOHmMeliHepos 0t adpecHoll docmas-
KU JleKkapcmeeHHblx coeduHeHull. B nacmosiweli pabome u3syueHbl KONNOUOHO-XUMUUECKUE
ceoticmea noausgupnoauona 2,2-6uc(memunon)nponuuoHo8oli Kuciomel uemaepmotil ncegoo-
2eHepayuu (mopeosoe ums Boltorn H40) u nokaszaHo, umo 0aHHoe coeduHeHue obaadaem no-
8EPXHOCMHO-AKMUBHBbIMU C8OTICMBAMU U CHUXKAEM MeNpa3Hoe HamsioKeHUe HA 2paHuye yaie-
8000p0o0HbLil pacmeop ITAB/8oda 0o HU3KUX 3HAUEeHUT.

Knroueewvie cnoea: 6uopa3ﬂa2aaMbLe nojsumepsl, ceepxpaseemsesieHHble nojiumepsl, nosepx-
HOCMHO-aKmuseHble sewiecmea, HaHouacmuuybl.
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PHUIHKO-XHMHYECKHE CBOHCTBA GHOpa3AaraeMoro CBEpXpasBeTBACHHOTO IMOAH3(HPIIOAHOAA. ..

Synthetic surfactants have a wide application in various areas from medicine to agriculture, with
biodegradable surfactants holding the greatest promise. Promising compounds for the synthesis
of such surfactants are polyethylene oxide and polymers are the poly(a-hydroxyacid)s: polylactide
(i.e. PLA), polyglycolide (ie. PGA), poly-e-caprolactone (PCL), polyhydroxybutyrate (PHB) and their
copolymers. Because the biodegradation of polymeric surfactants yields natural metabolites, their
medical and biotechnological applications are most attractive. A number of studies shows advantages
of branched polymer surfactants compared linear surfactants, however, systematic studies of the
correlation between the branched structures of amphiphilic copolymers and their surface activities are
absent.

Hyperbranched polyester polyol based on 2,2-bis(methylol)propionic acid are widely used as modifiers
of polymeric materials (for example, in the manufacture of paintwork materials), additives for polymers
to improve extrusion and also as nanocontainers for targeted drug delivery. In the present study
the colloidal chemical properties of the polyether polyol 2,2-bis (methylol) propionic acid of the fourth
pseudo generation (trade name Boltorn H40) were studied and it was shown that they reduce the
interfacial tension at the hydrocarbon solution of surfactant/water to low.

Keywords: biodegradable polymers, hyperbranched polymers, surfactants, nanoparticles.

Anucgarndeckrue CBEpXpa3BEeTBICHHBIC OHMOpa3sna-
raeMble TONMUA(UPHI TPHUBICKAIOT BCE OONbBIIEE BHH-
MaHHE HccieaoBareneii 61aronapss CBOUM HEOOBIYHBIM
cBOHCTBaM. B 9acTHOCTH, MOIMAPHUPIIONHONEI Ha OCHO-
Be 2,2-OMC(METHIION)IPONUOHOBOM KHCIOTHI IIHPOKO
UCTIONB3YIOTCSI B Ka9eCTBE BCIIOMOTATEIFHBIX arcHTOB
U MOIU(UKATOPOB MPHU TPOM3BOACTBE SIMOKCUIHBIX U
QIKHUTHBIX CMOJ, TIOJINYPETAHOB, OPTAaHMUYECKIX CTEKOJ
u ap. Hannune 60mbIoro konudecTsa nepuepuiHbIX
THIPOKCIJIBHBIX TPYII JETaeT UX MPHBICKATCIHHBIMA
JUISL NCTIOJIb30BAHNUS B KAUECTBE OCHOBBI IIPH MOTYyUCHUN
Omopa3zmaraeMbIX OJOK-COMONUI(DHUPOB IS HANPaBJICH-
HOH TOCTaBKH JIGKapPCTBEHHBIX BEIECTB.

W3 nureparypsl m3BectHO [1-3], yro momuadup-
MOJINONBI ceMeiicTBa Boltorn, B yactHoct Boltorn H40
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(puc. 1), XOpoIIO PacTBOPSIIOTCS B HEKOTOPHIX OpPTaHHU-
YEeCKUX TMOJSIPHBIX PACTBOPHUTEIISIX, TAKUX KaK AUMETHII-
dbopmamug (JAM®DA), mumeruncynbdokcun (AMCO),
alleTOH W JIp., U HE PAaCTBOPSIOTCA B METHJICHXJIOPHIE,
tetparuapodypane (TI' D), stunanerare, alleTOHUTPHUIIE.

Hanmaune 607161110T0 KOTHYIecTBa TPOTOHOIOHOPHBIX
THAPOKCHIIBHBIX ¥ IIPOTOHOAKIENTOPHBIX KapOOHWUIIb-
HBIX TPYIII B CTPYKTYpe MOIMI(PHUPIIONNOIOB 00yCIOB-
JIMBaeT HAJIMYKE SIPKO BBIPAKEHHBIX KaK BHYTPUMOIIEKY-
JSPHBIX, TaK ¥ MEKMOJIEKYJISIPHBIX BOJOPOAHBIX CBA3EH,
KOTOpPBIE COXPAHSIOTCS JaXke MPH MOBBIIICHHBIX TEMIIe-
parypax.

BBumy OOJBIIOrO KONMMYECTBA T'MAPOKCHIIBHBIX
rpymI, momm3Ups! cemeiictBa Boltorn OTHOCAT K TOIH-
CIIUPTaM, U JUIsl OLEHKH UX TUAPO(UIBHO-ITUITO(QUIBHO-
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Puc. 1. CrpykrypHas popmyna nommndupnonwona Boltorn H40.
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ro 6ananca (I'JIB) Mbl IpeIIOKMIH TIOAXO/BI, OIMUPAIO-
IIAECs] Ha XOPOIIO M3BECTHBIC B OPraHUYCCKOW XUMUU
(haxTBI O TOM, YTO HIU3KOMOJIEKYISIPHBIC TIEPBUIHBIC aJIH-
(haTuuecKue CIUPTHI, J0 MPOMUIOBOTO BKIIIOUHTEILHO,
CMEIINBAIOTCSI ¢ BOIOW BO BCEX OTHOMICHMSIX. OmHAKO
IPU JOCTIKCHUH YUCIIA aTOMOB YIVICPOJIOB B MOJICKYIIE
MOHO(YHKITHOHAIEHOTO TEPBUYHOTO CIHPTA, PABHOTO
4, cBoifcTBa CIUPTOB CKAUKOOOPa3HO U3MEHSIOTCA: CY-
IIECTBEHHO TTaJaeT PACTBOPUMOCTH B BOJIC, MI3MEHSIOTCS
BSI3KOCTb, CIICKTPAJIbHBIC XapaKTePUCTHKH U T. 1. C 1ab-
HEWIIMM TTOBBIICHHEM MOJEKYIISIPHOTO Beca pacTBOPHU-
MOCTb CIIUPTOB YMEHBIIIACTCS U [UIS BHICIIMX TOMOJIOTOB
OHA MPaKTHYECKH paBHA HYJIIO.

BeposiTHBIM ~ 0OBSICHEHHEM  yKa3aHHOMY  (hakTy
CUUTAIOT JIECOBBATAINIO, KOTOPAsl M BBI3BIBACT CKAYKO-
00pa3HOe W3MEHEHHE CBOMCTB. AHAJOTUYHBIC SBICHUS
MOTYT OBITH TIPOAEMOHCTPHUPOBAHBI M Ha MPUMEpE ajn-
(baTryecknx (KUPHBIX) KapOOHOBBIX KUCIIOT. Hwusmme
YIICHBI Psi/ia )KUPHBIX KHUCIOT CMEIIMBAIOTCS C BOIOH B
TFOOBIX OTHOIICHUSIX, @ HAYMHAS C MACIISTHOM (TaKkKe n30-
MACIISTHON) KUCIOTEI, 9TO — OTPaHIMYCHHO PACTBOPUMEIC B
BOJIC MACJISIHUCTBIC JKUAKOCTH. MOXHO OTMETUTD, YTO, B
OTJIMYHE OT CITUPTOB, CYIIECTBEHHOE M3MEHCHUE CBOMCTB
KapOOHOBBIX KHCIJIOT OTMEYaeTcs IIPU Iepexojie OT Mac-
JISTHOM K BaJIepUAHOBOW KUCIIOTE (4 U 5 yIIIEpOJHBIX aTo-
MOB COOTBETCTBEHHO). JTO CBHJETEIBbCTBYET B MOJB3Y
TOTO, YTO KapOOKCHIJIBHBIC TPYIIBI OoJiee TPOYHO CBS-
3aHbI BOIOPOIHBIMHE CBSI3sIMU C BOJIOH, Y€M TUJIPOKCUIIb-
HBIC, W JIECONBBATHUPYIOTCS HECKOJIBKO TpyIHEE, COXpa-
Hsisl TeM He MeHee 3(D(EKT CKauKoOOPa3HOTO U3MEHEHUS
CBOMCTB TIPH yBEIWYCHUH YHCIA YIICPOTHBIX aTOMOB B
MOJIEKYJIe BCEro Ha OJIMH.

OCHOBHBEIM MOHOMEPOM IS TIOYICHUS MOTHIPH-
poB Boltorn sensercs 2,2-0uc(METHIION)IPOITHOHOBAS
kuciora (MIIK), xopomo pactBopumas B Boze, Hepa-
cTBopuMas B aretone. Vccnemyemslit B pabote moiu-
a¢up Boltorn H40, BBUY HEHJCATLHOCTH €T0 CTPYKTY-
pbI, MIPUHSTO HA3BIBATh MOJUIDUPIIOIUOIOM YETBEPTON
«rceBnoreHeparumy. [Ipu currese noiamadupos Boltorn
KoHJleHcarelt TpuMeTwionnponana (TMII, passer-
Bistroruit eHTp) ¢ MIIK B ycnoBusx, ONM3Kux K uie-
QJIBHBIM, HEU30e)KHO HPOUCXOMUT IepepacipeieeHne
ruIpoOOHBIX ¥ TUAPOQUIBHBIX €e YacTed I0 XOmy
mporecca, MPUYEeM TOCIESIHSS BBITCCHACTCS ONMKE K
nepudeprn. Bo3HuKaeT MUPUILHOCTH MOJIEKYIBI B Iie-
JIOM, MPUYEM YETKOrO pasrpaHUucHust TuapodhoOHOro
sapa u TuapoduibHON nepudepun Het. BHenHUH ciioi,
HaunboJiee OOraThiil TUIPOKCUIIEHBIME TPYIIIAME, MOXKHO
paccMaTpuBarh Kak HanOoJiee THIPaTHPOBAHHBIN BOIOM.
BHyTpeHHHE CIIOM, BEPOSTHO, XapaKTEPU3YIOTCS MOCTe-
TICHHBIM TIEPEXO0J0M K THIPOPOoOHOCTH [3—5].

K coxanenuro, JuteparypHbie JaHHBIC, TTOCBSIICH-
HBIC UCCIIEAOBAHUIO PACTBOPIMOCTH B BOJIE TONMUA(PUPOB
Boltorn, npaktudecku oTcyTCTBYIOT. Ham ynanocs ycra-
HOBUTH, YTO OPHCHTHPOBOYHAS KOHIIEHTpAIWS IIOIY-

YEHHOTO TIPH KOMHATHOH TeMmeparype, BU3yaJbHO Ipo-
3pavyHoOro BOIHOTO pacTBopa noiuddupa Boltorn H40 ne
npessimaet 0.001% macc. OgHako qaxke CTOIb HEBBICO-
Kasi KOHIIGHTpAIUsl PacCTBOPUBIIETOCS IMOJIMONA JIEMOH-
CTPHPYET COBEPILCHHO SBHBIC €TO TIOBEPXHOCTHO-aKTHB-
HBIC CBOMCTBA, B PE3yJbTaTe 4Ero MHOTHE BEILIECTBA B
9THX YCIOBHUSIX AMYJIBIHPYIOTCS B BoAE (TOIyoI, anmuda-
TUYECKUE YIIIEBOAOPOIBI, KHUPHI). [Ipy MOBBIIEHUN TEM-
rieparypsl Bojibl BIDIOTH 710 100 °C pactBopumMocTh Boltorn
H40 3aMeTHO TOBBIIIAETCS, OAHAKO MPH MOCIEAYIOIIEM
TTOHIDKCHUH €€ IO KOMHATHOU YacTh ITOJIMMEpa BHIIAIacT
B BUJIC TOHKOH CyCHEH3UH, IPU 3TOM HaOJOgaeTcst mo-
BEIIICHUE BI3KOCTH. OpHEHTHPOBOYHAS PACTBOPHMOCTH
Boltorn H40, onipeneneHHas rpaBUMETPHUUECKH, COCTaB-
nsiet oxono 0.08% macc.

Kak yxe oTMeuanoch BBIIIE, OONIBIIOE BIUSIHUE Ha
(m3ngeckre CBOWCTBA MHOTO(DYHKIIMOHAIBHBIX HHU3KO-
MOJIEKYJISIPHBIX COETUHEHUM, COAEpKaIluX KaK THAPOK-
CWIIBHBIC (CITUPTHI), TaK ¥ KapOOKCHIIbHBIC (KapOOHOBEIC
KHCJIOTBI) TPYIIbI, OKa3bIBA€T COOTHOIIEHHE JUTUHBI
YIJIEBOZOPOIHON IEMH W KOJMWYECTBA TOJISIPHBIX TPYIIIL.
OmnpezieneHHoe COOTHOIIEHUE, CKOpPEe BCEro, NUMEET Me-
CTO W TPAKTUYCCKH KOIMUCCTBCHHO MOBTOPSIETCS IS
OTHOCHUTEJIBHO BBICOKOMOJIEKY/ISIPHBIX MHOTO(YHKIHO-
HaJBHBIX COCIUHEHHH, B YAaCTHOCTH, IONHPA3BETBIICH-
HBIX TIOJHOJIOB. Takoe M3MEHEHHE CBOWCTB HACTYIAcT
TOT/Ia, KOT/Ia BaH-IIeP-BaajlbCOBO B3AHMOACHCTBIE MEXKIY
YIJIEBOIOPOAHBIMH LIEMIOYKaMH HAYMHAET KOHKYPUPOBATh
C BOIIOPOIHBIMH CBSI3IMH MEXKITy TOJSIPHBIMH TPYTIIIAMH.
VYkazaHHOE B3aUMOJEICTBUE HE Pa3pylLacT BOLOPOIHBIX
CBsI3€H M acCOIMAIMI MKy TOISIPHBIME TPYTIIIaMH, HO,
BEPOSTHO, 3aTPAruBaeT X BHEIIHIO (COJIBBATHYI0) 000-
JIOUKY, 9TO XapaKTEPHO ISl PACCMaTPUBAEMBIX TIOJTHOJIOB,
IJe accoluarus OOyCJIOBIEHA TOJIBKO OJAHOUMEHHBIMU
(YHKINOHATBHBIMH (THIPOKCHIHHBIME) TPYIITTAMH.

Ha cerogHsmHuii J1eHb TUTEpaTypHBIX JAHHBIX,
MTOCBAIICHHBIX TONYYCHUIO yCTOWYMBBIX HAaHOYACTHIL
n3 nonudpupnonuona Boltorn H40, nHe oOHapy»XeHO.
Bo Bcex omyOnMKOBaHHBIX padoTax MOMMIPUPHI THIIA
Boltorn mpenBapuTenbHO KapOOKCUIUPYIOT, MOAUGU-
nupytoT nomuaTwieHokcwaoMm  (II2T unupytrot), 1modo
HCTONB3YIOT B KAY€CTBE MAKPOHHUIIMATOPOB MOJIMMEPHU-
3alliU JIAKTOHOB C MOCJIEAYIONIeH ruapoduimnzanuei, u
JUIIB TIOCTIE BCEX BBILICTIEPEUUCIICHHBIX MPOLENyp MO-
JTy4aloT HAHOYACTHUIIBI PA3JIMYHBIMU CTAaHJAPTHBIMH Me-
togamu [5-9].

JKCIepUMEHTAbHAS YaCTh

B pabote wncmomp30BaH MOTHI(PHUPIIONHON MapKH
Boltorn H40 (Perstorp Group). MccnenoBanue BOJHBIX
CYCTICH3MI HAHOYACTHII TIPOBOIMIIN Ha rprbope Malvern
Zetasizer Nano ZS (pabounii 1uana3oH AETEKTUPYEMbIX
pasMepoB vacTull oT 4 HM 70 6 MKkM). Kputruaeckyto KoH-
neHTpanuio arperauuu (acconuanuu, KKA) onpenensu
METOIOM (pITYOPECIICHTHON CIIEKTPOCKOIIMU Ha TPUOOpe
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Cary Eclipse (ontrueckuii quanazon 200-900 uwm). Hc-
CclleloBaHNE MEX(A3HOTO HATSKEHUS Ha TPaHUIle paszie-
na ¢a3 pactsop [IAB — Boja mpoBOIWIM METOJIOM JTHO
Hyu (orpbiBa Konblla) Ha 1u¢ppoBoM TeHzuomerpe K9
(Fepmanmsi, KRUSS). MexpaszHoe HaTsKEHHE TPH
Kak/101 KOHIIEHTpaLUU U3Mepsiin He MeHee 3 pa3. CHUM-
ku ACM mnonydanu Ha yctaHoBke Veeco Multimode V
SPM (Veeco, CIIIA) B mOyKOHTaKTHOM PEXUME.

Pe3y.]'ll>TaTl)I U UX oﬁcy;wlelme

Mertonom uanu3a (TOCTEEHHON 3aMEHBI HECEeNeK-
THBHOTO PAacTBOPHTENS HAa CEIEKTHBHEIN) pacTBOPa ITONH-
sa¢upnionuona Boltorn H4() B aleToHe TIPOTUB BOIBI OBLTH

20

Intensity (Percent)

wh

0 | 1 I[IIIII; 1

1 10

HOJTYYEHbl YCTOMUMBBIE AUCIEPCHHU, KOTOPbIE HCCIIE0BAIN
METOJZIOM JTUHAMUYECKOTO CBETOPACCESIHUS. YCTAHOBIIEHO,
4T0 KOMMepueckuid monuddup Boltorn H40 ciocobeH
arperany B HAHOYACTUIIBI C AUAMETpaMH B HHTEpBaje
ot 68 mo 255 uMm (puc. 2), co CpeTHUM pacCIpe/IeIeHN-
eM o guaMerpam 127 um, {-moTeHnua npyu 3ToM UMeeT
3HaueHue okosao —20 MB.

Merton ¢iryopecleHTHOH CIIEKTPOCKONUH € UCHOJb-
30BaHMEM ITHPEHa B KauecTBE (DIIyOpecIieHTHOTO 30HIA
SBJISETCS JETANIbHO Pa3pabOTaHHBIM U IIHUPOKO MpUME-
HSIEMBIM CIIOCOOOM OTpe/IeTIeHHs] KPUTHIECKOH KOHIIEH-
Tparuu accoranun (KKA) ampuduibHeix nomumepon
B BonmHBIX cpenax [10-12]. 3nauenne KKA mommadupa

Boltorn H40 coctasuio 1.3x10° M (puc. 3).

- Pl ——

100 1000 10000

Size (d.nm)

Puc. 2. IHTEHCHBHOCTH pacTipeieiieH sl HAHOYACTHI] HAa OCHOBE arperaroB nonmmdupa Boltorn no muaMerpam.
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KOHUeHTpauus Bojforn H40, M

Puc. 3. 3aBUCUMOCTB OTHOITICHHSI MHTEHCHBHOCTEH (ITyOpECIICHIINYU MTUPEeHa OT KOHIeHTparuu Boltorn HA0).
KKA =1.3x10° M.

Bbonee Toro, BnepBble MPOBEJEHHOE HCCIIEIOBAHNE
METO/IOM aTOMHO-CHJIOBOII MMKPOCKOIIMM HAHOYACTHUI]
Ha ocHoBe nonudupa Boltorn H4(0, nocne BbIcylIrBa-
HUS Ha CIIOISHOU MOIJIOKKE, I10Ka3al0, 4YTO B CHUCTEME
HUMEIOTCSl YIOPSIIOYEHHBIE CTPYKTYPBI, On3kue K (pax-
TaIbHBIM (pHC. 4).

Takum 00pa3oM, MOXKHO OXKHJaTh, YTO, HECMOTPS
Ha BBIPQXCHHYIO CIIOCOOHOCTH K caMoarperanui, Hc-
cieyeMblid TOIMA(UPIIONNOI BCE XKe TOJDKEH 00aaTh
IMOBEPXHOCTHO-aKTUBHBIMHU CBOMCTBaMu. [lockonbKy B
JUTEparype OTCYTCTBYIOT MONOOHBIE CBEJCHHS, B IEp-
BYIO OdYepe/b INPEACTaBIJIOCh MHTEPECHBIM H3YyUUTh
€ro KOJUIOMIHO-XMMHUYECKHE CBOICTBAa M CIMOCOOHOCTH

s

Puc. 4. ACM-1m300pakeHusT HAHOCTPYKTYD,
o0pazyembIx onmmupom Boltorn H40.
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00pa3oBHIBATH YCTONUMBEIC (HCXOIHBIE) BOTHBIC dMYITh-
CHM BUHUJIOBBIX MOHOMEPOB ¢ ero yuactueM. C 3Toii ne-
JIBIO TIPOBEJICHO UCCIIEIOBAHIE MEK(PA3HOTO HATSKCHHUS
cucteM pactBop Boltorn H40 B yrieBonopose/Boa.

Ha puc. 5 npuBenena n3orepma MexdasHOTO HATSI-
JKeHHS Ha TpaHulie pacTBop Boltorn H40 B xnopodopme/
BOZA M, JJIS CPaBHEHHs, M30TepMa MeK(a3HOTO HaTs-

LIERETHCSLTS

50

JKeHHs Ha rpanuiie pactBop IIAB B ctupone/Bona mis
J-n-Tonui-o-kapOankokcudenmnkapounona  (ATK),
Taxke HepacTBopumoro B Boze [TAB. U3 mpencrasnen-
HBIX JaHHBIX BUIHO, 4T0 U JATK, u Boltorn H40 cHmkaroT
MeskdazHoe Hartsukenue 10 ~18 mMIx/M%, ogHako Boltorn
H40 mposBnser Ha rpaHUIE YDIEBOAOPOA—Bojxa Ooiee
BBICOKYIO TIOBEPXHOCTHYIO aKTHBHOCTS (TaONunIa).

&

\
L

20

T
2/

i0

o

o 10 20 30

40 50 50 70

¢ (ITAB), »mvoas/x

Puc. 5. UzorepMbl Mexda3HOTO HATSHKCHUS Ha TpaHuie: pacTBop B ctuporne A TK/Boxa (1)
u pacTBop B xsopodopme Boltorn H40/Bona (2). Temmeparypa 25 °C.

KomnounHo-xumudeckue cBoiictsa nonmddupnonuona Boltorn H40 u JTK

MAB O 5 min KKA, IToBepxnocTHas akTuBHOCTH G, r_.x 10¢, IInomanm, 3aHuMaemast
MJDK/M> MOJTB/IM? MJKXM/MOJTB MOJTB/M? Mortekymoi, S x10%, m®
Boltorn H40 18.0 1.3x10° 4.0 10.0 17.0
JTK 18.0 1.6x10* 1.0 5.6 30.0
BoiBoabi OnpezneneHHble IPEeUMYILECTBa OTKPLIBAIOTCI U B JIpY-

Takum 00pa3oM, B COOTBETCTBUU C MOIYYEHHBIMU
JIAaHHBIMH, MOJKHO YTBEP)K/IaTh, YTO, HECMOTPSI Ha HU3-
Kyl0 BOJOPacTBOPUMOCTb, MOTUIPHUPIIOINON MapKH
Boltorn H40 mpencrapnsieT co0o0il TOCTATOYHO AaKTHB-
Hoe, paHee He uzyudeHHoe [TAB, ocobeHHOCTBIO KOTO-
pOro SBISICTCST OMOPA3IaraeMocTh, YTO CO3JACT SIBHBIC
9KOJIOTUYECKHE TPEUMYILIECTBA MPU €T0 UCII0JIb30BAHUU
B KauecTBE CTAOWIM3aTOpa MPU SMYILCHOHHOW IOJIN-
MEpH3alMU Pa3IUYHbBIX MOHOMEPOB BUHWJIBHOTO THUIIA.
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MATEMATHYECKHE METOAbI H HH®OPMAIIHOHHBIE
CHCTEMBI B XHMHYECKOH TEXHOAOI'HHA

MATHEMATICS METHODS AND INFORMATION
SYSTEMS IN CHEMICAL TECHNOLOGY

Y/IK 303.732.4

WH®OPMAIIMOHHASI CACTEMA TUIIOBOM UCTIBITATEJIbHOM
JJABOPATOPUU PAAIMAITMOHHOI'O KOHTPOJIA

K.IO. KoasibanoB'®, P.E. Ky3un?, C.C. IIucanenko?, T.H. Taupos?
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HHrdpopmayuoHHo-aHaUMuueckas cucmema paduayUoHH020 KOHMPOas paspadbomaHa HA OCHO8e
cyuiecmsyrouux MemoouK U annapamHo-npo2pPamMmHslx cpedcms usmMepeHull ¢ yesibto cucmemamu-
3ayuu, XpaHeHusi u o6pabomru pe3yibmamo8 aHAU3a Npob obpasyos uccriedyemvlx cped, pasHoo-
b6pasHblx no cocmasy u npoucxoxcoeruro. IIpu uccnedosaruu 6016UL020 NOMOKA NPOO IKON02UUECKO20
MOHUMOPUH2A PABUUHBLX MEPPUMOPUTL U MEXHOI02UUEeCKUX NPob NPouU3s00CcmeeHHbIX U HAYUHbLLX
noopasoeseHuli, Haubosiee CrloKHOU ocmaemcst 3adaua obecheueHust mpebyemoti mouHocmu pacue-
ma axmusHocmetl u nogpeuwHocmell 8 MUHUMAIbHO OemeKkmupyemoti obnacmu.

AnnapamHoe obecneuerue UHGOPMAUUOHHOU CUCEeMbL 8KI0UAem COB0KYNHOCMb npubopos, npeo-
HASHAUEHHbLX OISl UBMEPEeHUS. aKmusHocmu o6pasyos, U JJOKAbHYI0 sbluuciumensHyo cemo. Cep-
B8EPHASL UACMb NPOZPAMMHO20 KOMNIEKCA S8KAIOUAEm KAUEHM-CEPBEPHYIO CUCMeMY YnpasieHust
bazamu OaHHbIX U 8eb-npuiosKeHuUe No adMuHuUcmpuposaruro b6asbl OaHHbLx. KnueHmcekast uacmo
NPOZPAMMHO20 KOMNIEKCA, NOMUMO CMAHOAPMHBIX NPOZPAMM, 8XOOSULUX 8 KOMNIEKM NOCMasKu
paduomempuueckozo obopyoosarusi, sksrouaem npozpammy «OQ/IPA» (Obpabomra laHHbix Paduayu-
OHHO20 AHAU3A), pa3pabomMaHHY0 HA 06beKMHOo-opueHmuposaHHom sisbike C# 8 cpede paspabomiu
Microsoft Visual Studio. B npoepammy «O/IPA» ekntoueHsbl MoOYU 0151 pacuema YyoenbHol (06bemHotl)
axmugHocmetl paduoHYKIUO08 8 MAMEPUANAX U 06bEeKMax oKpyxarouell cpedsl Ost HUSKOAKMUS-
HbLX 00pasyos, a makske 0151 pacuema OmHOCUMEbHOU U abcoitomHol nogpeutHocmu onpedesieHus.
axmugHocmu. [Ipoepamma obadaem yoobHbim 2pacghuueckum unmepgpeticom ot pabomst ¢ 6a30ti
OQHHBLX.

HHrpopmayuoHHas cucmema ucnblmamesbHol 1abopamopuu paduayuoHH020 KOHMPOSL NPeonpust-
must, npoeoosiyez0 padbomul ¢ paAOUOAKMUBHBIMU MAMEPUATIAMU, NPOULTLA UeMbIPEXTIeMHIO anpo-
bayuro 8 pexxume onblmHo-npombluuieHHoU sxcnyamayuu 8 AO «BHHHXT» e 2014-2017 22. u no3eo-
Jislem 3HAUUMeTbHO COKPAmums 8pemst 06padomru pe3yiemamos onpedesieHust paduoaKmusHocmu
MEeXHOI02UUEeCKUX U 9KOJI02UUECKUX NPpob U CHU3UMb (haKmop ouubku onepamopa.

Knroueesie cnoea: KOHMpPoab paduUoOHYKAUOHO20 cocmasa, UHPOPMAYUUOHHAS cucmema,
UHpopMmayuoHHas 6e30nacHocms, TOKANbHASL 8blUUCAUMENbHAS CeMb.
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K.IO. Koabi6aHnos, P.E. KysuH, C.C. IIucanenko, T.H. Taupos

Development of information-analytical system of radiation control is based on existing methods
and hardware-software measuring instruments for the purpose of systematizing, storing and
processing the results of analysis of samples of various composition and origin. Studying a large
flow of environmental and technological samples includes the most difficult task to ensure the
required accuracy of calculation of activities and errors, especially at low activities levels at the
threshold of detectable area.

The information system hardware includes a set of devices designed to measure the activity of
the samples, and a local computer network. The server part of the software package includes a
client-server database management system and a web application for database administration.
In addition to the standard programs included in the delivery of radiometric equipment the client
part of the software package includes the program "ODRA", developed using object-oriented
language C# in Microsoft Visual Studio. The program "ODRA" includes modules for calculating the
specific (volumetric) activity of radionuclides in low-active samples of materials and environmental
objects, as well as for calculating the relative and absolute error of activity determination. The
program has a convenient graphical user interface for database communication.

The information system of the radiation testing laboratory of the enterprise that conducts work
with radioactive materials has undergone a four-year approbation in the experimental production
mode at VNIIHT in 2014-2017 and can significantly reduce the processing time of the results
of determining the radioactivity of technological and environmental samples and reduce the
operator error factor.

Keywords: control of radionuclide composition, information system, information security, local

area network.

BBenenue

Bo ucnonaenue 3akoHoB PO «O0 oxpaHe okpyxaro-
el cpeas» 1 «O0 aTOMHON PHEPIUN» UCCIEJOBAHUEM
PaTMOHYKIHIHOTO COCTaBa pa3HOOOPa3HbIX Mpob' B Ha-
IIei cTpaHe u 3a pyOesKoM 3aHIMAIOTCS HCITBITATEIILHBIC
naboparopun paauanmonHoro koutpons (MJIPK), ak-
KpEIUTOBAaHHbIE HAa KOMIIETEHTHOCTh U HE3aBUCHUMOCTb
rocyaapctBeHHbIME opranamu. MJIPK cranu TunoBsimMu
NoApasJeNeHUsIMM Ha MHOTHUX Hay4YHO-HCCJeJ0BaTelb-
CKHX W TPOU3BOJACTBEHHBIX NPEANPHUITHAX aTOMHOMH,
METAJITypPrUYeCKOi, Ta30BOW, XUMHUYCCKOM, He(pTeXH-
MHUYECKOM, CyAOCTPOUTEIBHOM U IPYTUX OTpaciiel mpo-
MblieHHOCTH [1]. OCHOBHBIE Hay4YHO-TEXHUYECKHE
peIIeHUs 10 CO3/IaHuI0 MH(POPMAITMOHHOW CHCTEMBI IS
tunioBoit MJIPK paccmorpenst Ha npumepe Bemymiero
Hay4YHO-UCCJIEIOBATEICKOTO HMHCTUTYTa XUMHYECKOH
texHonoruu ['ockopropanuu «Pocarom» (manee NJIPK
BHUUXT). NWJIPK BHUUXT umeer Takyio akkpeau-
tauio ¢ 2001 roma. O6macth akkpemutaruu WMJIPK
BHUUXT — omnpeneneHue paauoaKTUBHOCTU 3JIEMEH-
TOB arMocdepsl, ruapocepsl, JTUTOCHEpPhl, CTOYHBIX
BOJI, CTPOUTENIBHBIX MaTepHUaioB, MUHEPAIHHOIO ChIPBS,
TBEPBIX U KUAKUX TEXHOJIOTHMYECKUX MaTepuasoB, OT-
XOJI0B IIPOM3BOICTBA.

B cBs3u ¢ BBINOMHEHHEM KPYITHOMACIUTAOHbBIX UC-
CJICIOBAHUH, CBI3aHHBIX C OOJBIIUM ITIOTOKOM Ipob 00-
Pas3IoB HCCIIEAYEMBIX Cpell, Pa3HOOOPA3HBIX IO COCTABY

"Hopwmsi pamarionHoi 6ezonacHoctd (HPB-99/2009). CanurapHbie
npasuna U HopMmarueel CanlluH 2.6.1.2523-09. M.: ®enepanbHbIit
LEHTp TUTHeHB! U srraemuonorun Pociorpebraazopa, 2009.

W TIPOMCXOXKJICHUIO [2], ¢ EeNbI0 XpaHEHUs, CUCTeMa-
TU3alUM, OOpaOOTKU JAHHBIX HCCIEAOBaHHI COTPYI-
nukamu MJIPK BHUMXT Obuta paspaborana uHbOp-
MAaIlMOHHO-aHAJUTUYECKAsl CHCTEMa PaJAUallMOHHOTO
koHTposst (MAC) Ha OCHOBE CyHIECTBYIOIIUX METOIUK
U amnmnapaTHO-MPOTrPAMMHBIX CPEACTB H3MepeHuil [3].
[Ipn ucciaenoBanny OOJBIIOTO ITOTOKA MPOO IKOJIOTH-
YeCKOr0 MOHUTOPHHIA PA3NUYHBIX TeppuTopuil [4, 5] u
TEXHOJIOTHYECKUX P00 MPOU3BOICTBEHHBIX U HAYYHBIX
nojipa3zienieHuil Hanbojee CIOXHOI ocTraeTcst 3aaada
obecrnieyeHus: TpeOyeMOW TOUYHOCTH pacyeTa aKTHBHO-
CTEH Y MOIPEIIHOCTE B MMHUMAJIBHO AETEKTUPYEMOi
obmactu.

MeTtoabl onpene/ieHus AKTUBHOCTENH
PaaAuOHYKJINA0B

XapakTepHbIMH METOIaMU  MHCTPYMEHTAJIbHOTO
aHanm3a B chepe paananroHHBIX U3MEPCHUI, peannsye-
MbIX TunoBoit MJIPK, sBnsroTcs:

*  raMMa-CIIeKTPOMETPUYECKHUIA;

e anb(ha-CeKTpoMeTpUIEeCKUil U (MIIN) paauome-
TPUUECKUN METOZBI C MPEIBAPUTEIILHON paguoXxuMuye-
CKOM MTpOOOTIOATOTOBKOM [6].

['amMma-criekTpoMeTpudeckuii MeTo[ ONpenessieT
AKTUBHOCTH BCEX raMMa-U3Iy4aloluX PaJldOHYKIHIO0B
B U3MepsieMoM obpasiie [7]. [Ipu ncnoap30BaHUM paIno-
XUMHYECKOTO METO/Ia IPOBOAUTCS XUMHUUECKOE BhIJIENIe-
HUE ONPEAEICHHOIO PaJUOHYKINIA 110 YTBEPKIECHHBIM
METOAMKAM, MO3BOJISIIOIIEE OTACTUTh €ro OT IPYTUX pa-
JUOHYKJIUJOB U TpUMECEH, KOTOpble MOI'YT HCKa3UTh
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HudopMaumHoOHHAsI CHCTEMA THIOBOH HCIBITATEABHOH AaGOPaTOPHH PAAHALLHOHHOIO KOHTPOAS

pe3ysbTaThl pacueToB. M3MepeHne pagioakTHBHOCTH C
MPEIBAPUTEIBLHOM paJInOXUMHUYECKOI TIOITOTOBKOM ITpe-
BOCXOJISAT TI0 YyBCTBUTEIBHOCTH BCE JIPYIHe METOJIbI, U
MOATOMY €ro HCIIOJIb30BaHUE MPU aHAJIN3E MPOO IKOJIO-
TUYECKOT0 MOHUTOPHHTA Hanboee 3gpdekTuBHO [8].

HNudopmannonHo-aHATUTHYECKASI CHCTEMA
pPaIManOHHOT0 KOHTPOJIS

Arnmapatypablii komiuieke MAC Brirodaer B ceds
COBOKYIHOCTb PUOOPOB, MPEIHA3HAYCHHBIX JJIsl U3Me-
peHmii 00pasIoB — 3To allb(a- ¥ TaMMa-CIIEKTPOMETPBI,
CYETHOE paJMOMETPUYECKOE OOOpYIOBaHHE, a TaKKe
AIIEKTPOHHO-BBIYUCIUTEILHOE 000pyJ0BaHUE, O0BEeIH-
HEHHOE B JIOKAJIbHYIO BBIYUCIUTEIbHYIO CeTh [9].

JlaGoparoprsi MMeeT psi aTTECTOBAHHBIX METOIHMK
BBITIOJIHCHHSI M3MEPEHHUN aKTHBHOCTH PA3JIUYHBIX PajUO-
HYKJIUIOB Kak pamuoxumudeckumu metomamu (U-234,
U-235, U-238, Th-230, Pu-238, Pu-239, Pu-240, Sr-90,
Po-210, Pb-210), Tak 1 Hepa3pyHIarOIIUM raMmma-crekK-
TpoMeTpudyeckuMm MetoaoMm (Am-241, Cs-134, Cs-137,
Co-60, Np-237, Pb-210, Ra-228, Ra-226, Th-228, Th-
234, Ac-228, Ac-227, K-40). MeTonuku omnpenesnsoT
YCIIOBUS BBHITIONHCHHST M3MEPCHUI, METOI U alTOPUTM
W3MEPEHUs PalMOHYKIM/IOB, a TAKXKe JUara3oHbl H3Me-
PEHHUI U IOTPEIHOCTH.

IIporpammusril kommiaeke MAC MoxxHO moapasze-
JIUTH Ha CEPBEPHYIO M KIMEHTCKYIO JacTh.

CepBepHasi yacTh BKIIIOUAeT B ceOs KIIMCHT-CEp-
BEpHYI0 cucTeMy ymnpasieHus 6a3amu naHubix (CYB/)
—MySQL [10] u Beb-miprIto’keHNE 110 aIMUHUCTPHPOBA-
HUIO 6a3bl faHHBIX phpMyAdmin. B Ga3e gaHHBIX Xpa-
HUTCS HH(POPMAITHS O 3aKa3unKax, MOCTYMAIOIINX TIPO-
0ax, pe3ynpraTax U3MepeHuil, npuoopax, KOMIETEHIUIX
COTPYIHHUKOB JIAOOPATOPHH.

Knuenrckas yacTb COCTOUT U3 KOMILIEKCA IIPOrpaMM
U o-, B- u y-m3mMepenuii (Spectraline GP, Spectraline
ADA, UMS) [11, 12] u mporpammbl «OIPA» (O6pabot-
ka JlanHbIX PagumarmonHoro AHamuza), pa3paboTaHHOM
Ha 00bEKTHO-OPUEHTHPOBAHHOM s3bIke C# B cpeze paspa-
ootku Microsoft Visual Studio 2010 [13]. B mporpammy
«O/1PA» BKITIOUEHBI MOIYIIN AT PACUCTOB AKTUBHOCTEH! B
obpasmax u norpemHocteld. OHa 001a1aeT yI00HbIM Ipa-
(pnueckum uHTEphEicom s paboThl ¢ 6a30i TaHHBIX.

Hexotoprie anropuT™Mel U JaHHBIE, UCTIOIB3yEMBIC
B METOJUKAX OIpEAETICHUS] aKTUBHOCTEH B oOpasmax,
peanu3yeT mporpaMMHOE obecriedeHue 1o oopadoTke
crnekTpoB. OJJHAKO B U3MEPEHUSX HU3KOAKTUBHBIX MPOO
C TPEIBAPUTEIBHON PATHOXHUMUYECKON IOATOTOBKOU
HPOrpaMMBI HE B COCTOSTHUHU OITUCATh IMUKH ITOTVIOIIEHUS
OTIpEIeTSICMBIX PAJNOHYKIHIOB H KOPPEKTHO paccuu-
TaTb aKTMBHOCTU C IOTPEIIHOCTSIMU MO BCTPOCHHOMY
aNropuT™My 00pabOTKH creKTpoB (cM. puc. 1). B cBsizu
C 3TUM OBbUI HANKCaH MOIYNb pacdyera AJIs HU3KOAKTUB-
HBIX TIP00 ¢ rpaduvIecKoil 000IOUKON U BCTPOECH B MPO-
rpammy «OJIPA» (cm. puc. 2).

Hauano

BBopx mapamerpoB o6pasua
B CBOMCTBA CIIEKTpa

O6paboTka HAOPaHHOTO

CIIEKTpa:

®  [OWCK MUKOB

. l/I)leHTl/l(i)l/lKaLIl/lﬂ IIUKOB
C MIOMOLIBIO OUOIHOTEKH
PaauoOHYKIUI0B

Pacuer aktuBHOCTH 1TPU
OJIHO3HAYHOI
l/ljleHTl/Iqu/lKaLll/U/l ITMKOB U
MorpenHocTei
U3MEpeHHs

Pacuer akTuBHOCTH TIpH
HAITHIUH
uHTepEPUPYIOIIHX
JIMHUH U TOTPEeLTHOCTEN
HU3MEPeHHs

—

BsIBoj pe3ynbTaToB pacyeToB
AKTHBHOCTH PaAHOHYKIU/IOB H
MOTPEIHOCTEH

Koneny

Puc. 1. biok-cxema anroputma 00pabOTKU CIIEKTPOB B POrpaMMax sl O~ M Y-H3MEPCHHUH.
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&2 Pacuethuk na au b

= |

Twun pacyeta |U-234.U-238 b4
U-234, U238
Th-232, Th-280, Th-228
WexopHei ofiben PL-239
- Po-210. Pb-210
Pacuer U234, U-2i ¢ on

Memaa: 1.1

EHO 10, MN: 100

Bpema.c: 7322 XB. o™. en. D.48

U238 (42 105 AU',%" 0.68

U238(477: 137 b 0.89
(4.77) U334 -

U-232(5.34) 858

Crexporers EE
CNEKTPOMETPOE
0

Ammeeora.mn 1

U-234/1-238
Owmbia, Bie/n U.T
Oumbka, Be/n 0.1 Ownica, % 18

PacueT [ Mousa

= 1.3
Oumbia, % 13

L

Puc. 2. Dxpannas Gopma pac4eTHOro NPOrpaMMHOTO MOAYJISI aKTHBHOCTEH PaHOHYKIIUIOB
Y MTOTPEITHOCTEN B MPO0ax 0-CIIEKTPOMETPHH U B-paJHOMETPHUH.

Pacyer akTUBHOCTH U MOTPENIHOCTE U3MepeHuil
JJI51 HU3KOAKTHUBHBIX 00Pa310B

Buenpennsiii B MAC HOBbIM BBIYUCIUTENBHBIN MIPO-
TPaMMHBIH MOJYJIb OCYIIECTBISIET pacyeT YAEIbHOU (00b-
€MHOM) aKTUBHOCTH PaAMOHYKIINIOB B MaTepHanax u 00b-
€KTax OKPY>KaroLIeH cpesibl A7 HU3KOAKTUBHBIX 00Pa3LoB.

PaccmorpuM BhIYHCIICHHE YICNBbHOW (0OBEMHOI)
AKTUBHOCTHU U NOrPEIIHOCTEH U3MEpEHUIL:

AKTUBHOCTE (4, BK) onpenenseMoro pajuoHyKiu-
Jla B HABECKE BBIUUCIISIOT IO (hopMyIe:

A :A x_n(bx_nnpx
n, —ng,

e A — aKTHBHOCTb HYKIIM/Ia METKH, BHECEHHAs B IIPO-
0y, bk (113 poTOKOIIAa U3TOTOBJICHHS CYETHOTO 00pa3Ia);

n_— CyMMapHas CKOPOCTb CYeTa OT 00pasua B MUKe
OIpe/IeNIsIeMOro HYKINAa, ¢

n,, — CKOPOCTh cueTa COOCTBEHHOTO (hOHA CIEKTPO-
MeTpa B [THKE ONpPeeIseMOoro HyKiusa, c';

n,, — CKOPOCTE CYeTa, B IHKE ONPEENICMOro Hy-
K/, 0OYCIIOBJICHHAS NPUMECHIO OIPEJeNISIeMOro Hy-
KJIM/Ia B METKE, C';

n_— CyMMapHas CKOPOCTb CueTa OT 00pasiia B MHKe
OCHOBHOTO HYKJIHJIa METKH, C';

n,, — CKOPOCTB cYeTa COOCTBEHHOTO (hOHA CIIEKTPO-
MeTpa B [TUKE METKH, C.

3HaYCHHs BENUIHMH 1, ¥ 71, , & TAKKE SPPEKTHBHO-
CTH TIPUOOPOB OMPENEISIOT MEPHOJHISCKA B COOTBET-
CTBUM C HMHCTPYKLMEHl MO OSKCIuTyarauuu ajibga-criek-
TpOMETpa, MCHONB3ys (POHOBBIE CHEKTpHL. [Iporpamma
HO3BOJISIET PEIAKTHPOBATh U XPAHUTh (DOHOBBIC 3HAYCHHUS
" 3pdextuBHOCTH MprbopoB (cM. puc. 3). [laHHbBIE cO-
XpaHSIOTCS B OTICIBbHBIX (aiiiax ¢ pacurpenuem .conf
[IpY HaXKaTUH Ha KHOTIKY « COXpaHHUTh H3MEHEHUS, TEM
caMbIM YIPOLIasi XpaHEHUE U PEAKTHPOBAaHHUE ATUX 3Ha-

YeHHUH.

82 Hacrpoitkn cnekTpoMeTpos = | [
C3A-1 C3A2 CAN
BfpdernEHOCTE a |
CHEKTPOMETPOE 0 027 0-2‘1|
DoHOBERIE THIMeHAA A1 U (BMIc)
®on mersa (U-232) 000013393757 0,00007780082 0,00014387802
Por U-238 000007797875 0,00007789982 0,00196936342
Por 234 0.0002330363¢ 0,00007789982 0,0008023340¢
PoHOBEIE 3HATeHEA Aad Pu (mym/c)
Dor memsar (Pu-242) 000007797875 0,00007789982 0,0003646973(
@om Pu-239 _0_000077975?5 0,00013579964 0,0002188183F

L

A

Puc. 3. Dxpannas popma HACTPOUKH CIIEKTPOMETPOB B PACUCTHUKE aKTUBHOCTEH
Y TIOTPEIIHOCTEH PaJMOHYKIH/IOB JUIS 0.-CIICKTPOMETPUH | J-paiiOMETpUH.
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Cropocmb cuema, 00ycl08/1eHHAL RPUMECHIO
onpeoensaemozo HyKauod ypana 6 MemKe, BbIAUCIsSeTCs
o gopmyne:

nnpx = (n,w - ndw )Hx’
rae [1 — 107 aKTUBHOCTH ONPEENAEMOTO HyKIHIQ
OT aKTHUBHOCTH OCHOBHOTO HYKJIMJIa METKH (M3 CBHE-
TEIIbCTBA).
Omuocumensuylo  CayuaiHyl0  nOZPEULHOCHIb

onpeodenenus AKMUGHOCHU HYKIUO08 YPAHA 6 HABECKe
unu anuKeome S, BBIYHUCISIOT 1O (popmyIe:

SAx = VS]%/M—'_S]%/X ?

rac SN.u — OOrpCHIHOCTb UBMEPCHHMA YHUCjla UMITYJILCOB B
ITMKE OCHOBHOT'O HYKJIMJIa METKH;

SNx — MNOTPEIIHOCTb UBMEPCHUS YNCJIa UMITYJILCOB B
ITUKE ONPEACIACMOTO HYKIIHUaA.

OmmnocumenvHbvle nozpeuwtnocmu uimeperus 4uc-

J14 UMnyibCo6 6 nuKax HyKJlu008 YpaHa BbIYUCIIAIOT I10

dbopmynam:
K t—1/2 3 . +nz1w
Nm —

n/w - nqu

0 \/(nM +ny, + nnpx)

(n,w - n(ﬁm - nnpx )

SNx =t ?

e ¢ — Bpems Habopa cIreKTpa, C.

Omuocumensnylo Cayuaiinyio RnoZpeutHocms
onpedeneHua AKMUGHOCHMU HYKAUO06 YpaHa B IPO-
0c pu P = 0.95 1 AByX M3MEPEHUAX BBIYUCISAIOT 1O

dbopmyite:
SAx

>~

Omuocumenvuylo CyMmapHyio HeucKkaouaemyro
CUCEMAMUYECKyI0 NOZPEeUIHOCMb BBIUUCISIOT 110

dbopmyie:
0=1.1,6,+0;+0,,

rae ¢ —NorpemHoCcTh aKTHBHOCTH PaIMOHYKIIH/Ia MET-
KH (M3 CBUIICTEIILCTBA), OTH. €]I.;

), — NOTPEIIHOCTh U3MEPEHUA 00bEMa BHECEHHOTO
00pa31oBoro paauoakTuBHOro pacteopa (OPP);

6 —morpermHocTs pasbasnenus OPP.

[TorpemHocTr @ ¥ 6 BBIYUCISIFOTCS 110 (hOpMYyITaM:
v P

e =196

0,=A, 1Vyu6 =A, IV,

rae AV” — NOTpeIIHOCTb U3MEPECHUA 06'beMa AJIMKBOTHI,
JUTSL TIATIETOK BTOPOTO KJIACCA TOYHOCTH B COOTBETCTBHU
¢ TOCT 29227-91, cm3;

V,, — 06Bem anmKBOTEI, 0TOGPAHHOI UMETKOMH, CM;

AVK — HOTPEIIHOCTh U3MEPEHUs: o0beMa padodero
pactBopa, npurotosiaeHHoro w3 OPP, s MepHbIX Ko0JI0
BTOPOro Kiacca TodyHocTH B cooTBercTBUUM ¢ [OCT
1770-74, cm3;

V. — 00bem pabouero pacTBopa B MEPHOH KOJOe.

Jlanee BBIYHCIAIOTCS 3HAYeHUs 008EPUMETbHBIX
2PanUY OMHOCUMENbHOI ROZPEUIHOCIU Pe3YTbmama
uzmepenuii akmuenocmu npu P = 0.95:

S, =+, +0°

Yoenwvnyro akmusenocme nyknuooe ypana B tBep-
abIx mpobax 4~ (BK/r) Beraucisior o hopmye:

A, =4 1m,

TJIe M — Macca HaBeCKH, T.
O6vemny10 aKmugHOCHb HYKIUO08 yPaHa B KUJI-
kux npobax 4 _ (bx/m) Beramcisror o gpopmye:

A, =41V,

rae V — o0beM anuKBOTHI, B3SITOW Ha aHAMU3, J (€Ciu
MPOBOIMIACH OMEpalusl BBIIAPUBAHUS, TO V — 00BeM
MPOOBI TIepe]T BEITAPUBAHUEM ).

Omuocumenvnas CyMMapHaa  NOZPEULHOCHIb
onpeoenienus yoenvHoll uiu 00beMHOoll aKmUuGHOCHU
HYKUO006 ypaHa o, ¥ J, PaCCUMTHIBACTCS KaK:

Sy, =A02+ 02 u Sy, =467 +62,

e J_— OTHOCHTEJbHAS MOTPENIHOCTh W3MEPEHHUS aK-
TUBHOCTH HYKIIUJIOB ypaHa B pooe;

0, 0 — OTHOCHTENbHBIE HEUCKITIOYAEMBIE CHCTEMA-
TUYECKHE MOTPEITHOCTH OMpPECTICHISI MACChl M 00beMa
poOBI, COOTBETCTBEHHO.

Abconromuyro  0oeepumenvHyr0  HOZPEeUiHOCHLb
pe3yivmama usmepenus yoeavHou unu 00bemMnoil ax-
mueHOCmU PACCUNTHIBAIOT TI0 (POpPMYIIaM:

Ame = 5ZmAm nim AZxV = 52VAV

3akjoueHue

C 1menpio CyIIECTBEHHOTO MOBBIIICHUS 3(P(eKTHB-
Hoctu MJIPK Oblia paspaborana HHGOPMAIMOHHO-aHA-
JTUTHYECKas cucTema paguannoHHoro koutpons (MAC)
Ha OCHOBE CYMICCTBYIONIMX METOIWK U armaparyp-
HO-TIPOTPaMMHBIX CPEACTB U3MepeHuil. B nndopmann-
OHHO-aHAJIMTUYECKOM CHCTeMe pealin30BaHa 00paboTKa
HECKOJIBKUMH MAaTeMaTHYECKHMMU METOaMH IOJydae-
MBIX B I3MEPHTEIFHOM 000PYIOBAaHHHU CIIEKTPOB.
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K.IO. Koabi6aHnos, P.E. KysuH, C.C. IIucanenko, T.H. Taupos

Ha ocHoBe MH(pOpPMAIIMOHHBIX TEXHOJIOTHIA TPOBE-
JIEHO 00beIMHEHNE BCEX TEXHHUYECKUX, METOIUYECKHX
U TIPOTPaMMHBIX CPEICTB JTA00PAaTOPUH PaTHaliOHHOTO
KOHTPOJIA B €IWHYI0 HH()OpPMaIMOHHYIO-aHAJIUTHYE-
CKYIO CHCTEMY, YTO OOCCIICUMBAET CYIIECCTBEHHOE IIO-
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ITIamaTu npodeccopa AeoHnza AHToOHOBH4Ya CepacdhumoBa

CEPA®PHUMOB AEOHHI AHTOHOBHY
29.09.1929 - 16.07.2018

Vien u3 KU3HU KPYHMHBIH poccuiickuil y4eHblH, 94bu TPY/b! B 00JIaCTH TEOPETUIECKUX OCHOB XMMHUUECKON TEXHOIO-
THH M TEPMOJMHAMHKH TeTEPOTCHHBIX CHCTEeM Mpu3HaHbl BO BceM Mupe. CEPAPHUMOB AEOHH /1 AHTOHOBHY
— JIOKTOp TEXHHUYECKUX HaykK, mpodeccop, 3aciykeHHbIH aesTens Hayku U TexHUku PCDCP, [ToueTHblil paboTHUK
BEICIIIEro mpodeccruoHanbHOro odpasoanusi PD, kaBanep opaena Ilodera, M3obperarens CCCP, Berepan Tpyna,
ITouetnsiif noxTop Accoruanuu «OCHOBHBIE MPOLECCH U
TEXHHMKA MIPOMBIIUICHHBIX TEXHOJOTHIY, [TodeTHbIH ipodec-
cop MUTXT um. M.B. JlomoHOCOBa.

Jleonnn Antonouu CepadumoB poauics B T. banakiasa
Kpeimckoii obnactu. O6pazoBaHue, KOTOPoe CHOPMUPOBAIO
JIeTI0 BCe ero *ku3Hu, oH noiaydni B MUTXT um. M.B. Jlo-
MoHocoBa. 31ech JI.A. CepauMoB mpo1en myTs OT CTY/IEHTa
10 mpoheccopa, 3aBeAyIOmero Kadeapoii, OTBETCTBEHHOTO pa-
6oTtHuKa Munsy3a PCOCP.

Cepadumon JILA. cozman HayuHyro mkony «Teoperude-
CKHE OCHOBBI U TEXHOJOTMYECKHE MPUHLUIBI MaccooOMeH- | [
HBIX ¥ COBMEILEHHBIX MPOLECCOB OPraHUYECKOI0 CHHTE3a», &
KOTOpasi 3aKpernuiia IPUOPUTET POCCUHCKUX YUEHBIX B 3TOM 00JIACTH U MPOAOIDKAET ycrenHo pa3BuBarbesi B MUTXT
uM. M.B. JlomonocoBa. Ha ocHOBe (pyHIaMEHTAIIbHBIX 3aKOHOMEPHOCTEH TeTepOreHHBIX PABHOBECUI U MaTeMarTH-
YECKUX METOJIOB CO3aHbI TEPMOJIUHAMUKO-TOIIOJIOTHYECKUN aHaIN3 (Pa30BBIX JUArpaMM, TEOPHs TAHT€HIIUAIbHON
a3€0TPOINH, TCOPHSI COBMEIICHHBIX PEaKIIMOHHO-PEKTH(OUKAITMOHHBIX MPOIECCOB; pa3paboTaH oOmMiA MOIXo K
CHUHTE3Y CXEM pa3/elCHUs XKUJKUX cMecell 000 KOMIIOHEHTHOCTH, COAEPKAIINX JIF000€ YUCIO0 a3€0TPOIOB.

B mocnennee Bpems Cepadpumon JILA. paboTan Haj mpobIeMaMH TOMOJTOTHIECKAX WHBAPHAHTOB M MX POJIH B
XUMUYECKON TeXHOJIOTUH, UCUUCIICHUS CTeTeHeH CBOOOIbI XUMUKO-TEXHOJIOTMYECKUX CUCTEM, CTPYKTYPHOH ONTHMU-
3aIUH CXEM, CIICIIHATBHBIX PE)KUMOB PEKTH(PHUKAIIIH KaK BUPTYaJIbHBIX, TaK M PEaTbHBIX MOJEICH U MHOTHM JAPYTHM.
IToucTtuHe ero HayuHbIC UHTEPECHI OBLIM MHOTOIPAaHHBI U HEUCUEPIIAEMBI.

Hayumste pazpaborku Cepadrmvona JILA. HCIONB3YIOTCS B CO3MAHUN OPUTHHAIBHBIX YYEOHBIX KypCOB MOITOTOBKH Ma-
TUCTPOB, CHEIMAIICTOB, ACMUPAHTOB. VM omy6nukoBaHo okosio 40 cTareii o Bompocam MOJEpPHHU3AIHHU BBICIIETO 00pa3oBa-
HUS B cTpaHe. MHOTHeE To/IbI OH BO3IIIABIISLT JIAOOpATOpHIo TpoOiieM Beiciiel mkoinbl B MUATXT.

JL.A. CepacumoB — aBrop okoso 800 HayuHbIX padoT. Cpenu HUX 6 HayyHBIX MOHOrpaguii, 33 aBTOPCKUX CBU-
nerenbeTBa U 10 3apyOekKHBIX MaTeHTOB, 580 HAay4YHBIX cTaTel, OMyOIMKOBAaHHBIX B BEAYIIUX XKypHamax Poccun u 3a
pyoexom. OH — naypeat npeMur MexxyHapoIHOM akaIeMUYeCcKol n3areiabckoil komnanuu «Haykay.

B pasHbie rojpl uccnenoBanus HaydHoi mkoisl JILA. Cepadhumona nonnepxuBanuch [ panrom [Ipesunenra PO,
npoexramu DenepalbHbIX LENEBBIX NporpammM, rpanramu POOU, PH®, xo3gorosopamu. HayuHo-niegaroruueckuit
KOJIJICKTUB, KOTOPBIH OH BO3IIIABIISLL, 00CCIIEUNBACT 00ECIICINBACT YCTOMIHMBEIA IPHOPUTET U HAyIHOE MaepcTBO Poc-
CHH B 00JaCTH CO3JJaHUSI TEOPETUUECKUX OCHOB U TEXHOJIOIMYECKUX MPUHIUIIOB MACCOOOMEHHBIX MTPOIIECCOB.

CepadumorbiM JILA. TIONTOTOBIIEHO 75 KaHAUAATOB U 14 TOKTOPOB Hayk, Oosee 30 MarucTpos.

Cepacumos JI.A. 6bUT IPEKPACHBIM JIEKTOPOM, OJIECTAIINUM OpaTopoM. Ero HeogHOKpaTHO mpumIaIang Ajs uTe-
HUS JISKIIUH B 3apyOeskHbIe YHUBEPCUTETHI U UpMbI (PocTokckuid 1 JIOpTMYHICKHIA YHUBEPCUTETHI, [ epManus; YHU-
Bepcuter I. Penn, ®pannust; « YauBepceutet npod. Acena 3naraposay», bonrapus; @upma BASF, lltytrapr), on mpo-
BOJMJI MacTep-KJIacChl IJIsl CTYA€HTOB, aCIIMPAHTOB U KOJUIET U3 PA3HBIX BY30B.

Cepadumos JLA. sBnsiics wieHoM EBponelickoil HHXXEHEPHO-XMMUYECKOI paboueit Tpynisl 10 AUCTUIIISIIH,
abcopOIIH M HKCTPAKINH, YKCIIEPTHOTO coBeTa BAK, Tpex muccepTanroOHHBIX COBETOB, 3aMECTHUTEIIEM IIpeceIaTe-
151 nuccepranuonHoro copera MUTXT, skcnieprom PO®U, unienom coseta PAH 1o HayuyHbIM OCHOBaM XUMHUYECKON
TEXHOJIOTHH, YWICHOM OPTKOMUTETOB MEXIYHAPOIHBIX KOH(EepeHINH «XuMuueckas TepMonnHamuka B Poccumy,
«HaykoemMKue XMMHYECKUE TEXHOJIOTUW», WIEHOM peAKoiieruil xkypHanos «Teoperndeckue OCHOBBI XMMHYECKOH
TexXHOJIorum» 1 « ToHKHe XUMUYECKIE TEXHOIOTHI.

Jleonun AutonoBuu CepahrMOB — HEOPTUHAPHBIM YUEHBIH, YUUTEIb U TPAXK/JaHKH.

Kosuteru, npy3bst u yueHuku JleoHnga AHTOHOBHYA HABCEIZa COXPAHST CBETIYIO IaMsITh 00 3TOM YHUKaJIbHOM
yeoBeke!

Toukme xumudeckue texHororuu / Fine Chemical Technologies 2018 Tom 13 Neo 4 81



CeugerenbctBo 0 peructpaumu CMU ITH Ne @C77-64884 ot 10 despans 2016 1.

IToamucano B neuats 30 ageycma 2018 2. dopmar 60x90/8 [Meyars nudponas
Vy.-u3n. nuctos 10,25 Tupax 100 sk3. 3aka3 Ne 803

MUPDA - Poccuiickuii TEXHOIOTHYECKUN YHUBEPCUTET
119454, Mocksa, nip. Bepnaaackoro, 78.

Lena 998.90 py0.



