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Hayuno-texHuueckuil pereHsupyemslil xypHai «ToHkHe XuMu-
YeCKHE TEXHOJIOTHID) OCBEIIIAeT COBPEMEHHBIE JIOCTIDKEHHS (QyHIa-
MEHTAJIbHBIX U NMPUKIAJAHBIX HCCIEIOBAHUH B OONIACTH TOHKHUX
XUMHMYECKUX TEXHOJIOIUM, BKJIIOYAs TEOPETUYECKHE OCHOBBI XUMHU-
YEeCKOHW TEXHOJOIHM, XUMHUI U TEXHOJOTHUIO JEKapCTBEHHBIX
TIperaparoB 1 OHOJIOTMYECKH aKTUBHBIX COSIMHEHHH, OpTraHUYeCKAX
BEIIECTB M HEOPraHUIECKUX MaTePHaJIOB, CHHTE3 H IiepepaboT-
Ky HOJIUMEPOB U KOMIIO3UTOB Ha UX OCHOBE, AHAJIMTUYECKHUE U Ma-
TeMaTHIECKHe METO/IbI M MH(POPMAIIMOHHBIE CHCTEMBI B XUMUHU U
XUMHUYECKOH TEXHOJIOTHH.
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Objectives. Since the end of the 20th century, liquid crystals have taken a leading position
as a working material for the display industry. In particular, this is due to the advances in
the control of surface orientation in thin layers of liquid crystals, which is necessary for setting
the initial orientation of the layer structure in the absence of an electric field. The operation of
most liquid crystal displays is based on electro-optical effects, arising from the changes in the
initial orientation of the layers when the electric field is turned on, and the relaxation of the
orientation structure under the action of surfaces after the electric field is turned off. In this
regard, the high quality of surface orientation directly affects the technical characteristics of
liquid crystal displays. The traditional technology of rubbing substrates, currently used in the
display industry, has several disadvantages associated with the formation of a static charge
on the substrates and surface contamination with microparticles. This review discusses an
alternative photoalignment technology for liquid crystals on the surface, using materials sensitive
to polarization of electromagnetic irradiation. Also, this review describes various applications of
photosensitive azo dyes as photo-oriented materials.

Results. The alternative photoalignment technology, which employs materials sensitive to
electromagnetic polarization, allows to create the orientation of liquid crystals on the surface without
mechanical impact and to control the surface anchoring force of a liquid crystal. This provides the
benefits of using the photoalignment technology in the display industry and photonics—where
the use of the rubbing technology is extremely difficult. The optical image rewriting mechanism
is discussed, using electronic paper with photo-inert and photoaligned surfaces as an example.
Further, different ways of using the photoalignment technology in liquid crystal photonics
devices that control light beams are described. In particular, we consider switches, controllers
and polarization rotators, optical attenuators, switchable diffraction gratings, polarization image
analyzers, liquid crystal lenses, and ferroelectric liquid crystal displays with increased operation
speed.

Conclusions. The liquid crystal photoalignment and photopatterning technology is a promising
tool for new display and photonics applications. It can be used for light polarization rotation;
voltage controllable diffraction; fast switching of the liquid crystal refractive index; alignment of
liquid crystals in super-thin photonic holes, curved and 3D surfaces; and many more applications.
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Ienu. C koHya XX gera sudKue Kpucmasibl 3aHUMAOM Judupyrouiee noosKeHue cpedu pabouux
mamepuanog osst oucnieliHolli uHoycmpuu. B uacmHocmu, 9mo cmasio 803MOXKHbIM bnazodapst 0o-
CMUPKEHUSM 8 001acmu YnpagieHust NOBEPXHOCMHOU opueHmayuell 8 MOHKUX C/IOSIX JKUOKUX KPU-
cmasios, Heobxo0umotl 0s1st 3a0aHUSL UCXOOHOU OPUEHMAUUOHHOU CmMpyKmypbl c/10s1 8 omcymemaue
anekmpuueckozo nosas.. Paboma 60/buUHCMBA IHUOKOKPUCMANIUUECKUX OUCNIee8 OCHO8AHA HA
2IEKMPOONMUUECKUX IGPPerMAX, 03HUKAIOULUX 30 CUEm UBMEHEHUSL UCXOOHOU OpuUeHmayul Cioes
Npu 8KIOUEHUU 3/IeKMPUUEcK0oz0 NOJsL U 00pamHoll pesnaKcayiliL OpuUeHmayUOHHOU cmpyKkmypsl OO
delicmauem nogepxHocmetl nocie 8blKIIOUEHUsL 2eKmpuueckozo noast. ITo amoii npuuuHe 8blcokoe
Kauecmso NO8EepPXHOCMHOU OPUEHMAUUU HANPSIMYIO 8AUslem HA MeXHUUeCKuUe Xapakmepucmuru
JKudKoKpucmaiiuueckux ouchaees. Mcnonosyemas 8 Hacmosiuiee 8pemst 8 OUCNNEliHOU UHOYCMpPUU
MPAOUYUOHHAS. MEXHON02UU HAMUPAHUSL NOOIOIKEK Umeem psi0 HedoCmamekos, C8si3aHHbLX ¢ 0bpa-
308aHUEM HA NOOJIOIKIKAX CMAMUUECKO020 3apsi0a U 3azpsi3HEHUCM NOSEPXHOCMU MUKPOUACMUUAMU.
B daHHoM 0630pe paccmompeHa abMepHAMUSHASL MEXHOA02UsL POMOOPUEHMAUUU HUOKUX KPU-
CMAUU108 HA NOBEPXHOCMIL C UCNOIb308AHUEM MAMEPUAIIOB8, UYECMBUMEIbHBIX K NOSPUSAUUL INEK-
MpoMazHUMHO020 uznyueHus. Taroke onucaHbl pasiuuHble NPUOIKEHUsL ¢ UCNOb308aHUECM ¢homo-
yyecmaumenbHbIX azokpacumeeli 8 Kauecmae homoopueHMUPYemblx MOMepuaios.
Pesynomameul. AnbmepHamusHasi mexHo02eust homoopueHmayuil no38osiem co30aeams OpuUeH-
mayuro SKUOKUX KPUCMALI08 HA No8epXHOCMU 6e3 MexaHUuuecKozo 8030elicmausl, a makxe KOH-
MpoAUPOBAMb CUNY CUENIeHUST HKUOK020 KPUCMAIA C NOBEPXHOCMbIO NodsloxKkeK. Omo obecneuu-
8aem npeumyuiecmso UCNO/IL308AHUSL MEXHOI02UUL (pOmOoopuUeHmMayul 8 OUCNAetHOU UHOYCMpPUL
u 8 ghomoHuke, 20e NpUMeHeHUe MexXHO02UU HaMmUpaHusl Kpatine 3ampyoHumensHo. Ha npumepe
2NIEKMPOHHOU 6YMazUu ¢ pOMOUHEPMHOU U POMOUYBCMBUMENLHOU NOBEPXHOCMAMU PACCMOMPEH
MEXAHUBM OnmuUueckoli nepe3anucu uzobparerus. ONUCaHbL pasiuuHble 8apUAHMblL UCNO63080-
HUSL MexXHON02UU POMOOPUECHMAYUUU 8 IHUOKOKPUCMANTUUECKUX Ycmpolicmeax c¢homoHuku, obe-
Cheuusaruux ynpasieHue ceemosblmMil hyurkamu. B uacmHocmu, paccmompeHbl neperiiouament,
KOHMpPOSIepbl U 8pauiameni NOASPU3AYUL, onmuueckue ammeHioamopbl, neperouaemble oug-
POAKUYUOHHbLlE peulemiKi, NOJSIPU3AUUOHHblEe AHAIUSAMOPLL U306ParKeHUsl, JIKUOKOKPUCMANIUUECKUE
JWUH3bL, a MarxKe geppoasieKkmpuueckue KUOKOKpUCmaiiudeckue ouchaiel ¢ nogbluLeHHbIM bblem-
podeticmsuem.

Bwbleoowbtl. TexHosozust pomoopueHmauui U pomonammepHuHza HKUOKUX KPUCMALIO8 SI8ASeCst
MHOo200bewarouetl O/ist HO8bLX NPUOIKeHUTL 8 obiacmu oucnieeg U (pomoHuKuU. TexHonozust moxcem
6bliMb UCNONTL30BAHA 0151 8PAULEHUSL NONPUAUUL c8ema; OUPPAKUUL, YNPABNSIEMOU HANPSIHKEeHU-
em; bblcmpozo nepeksItoUeHUst NOKA3AMEest NPEeOMIAEHUSL HKUOK020 KPUCMAIA, OPUEHMAUUU HUO-
KUX KPUCMALI08 8 CYNEPMOHKUX (hOMOHHbLX Oblpax, HA UCKPUBNEHHbLX U 3D nogepxHocmsix; U MHO-
2020 Opy2020.

Knroueesle cnosa: ssiekmpoonmuueckue a¢hpeKmobl 8 HKUOKUX KPUCMATIAX, KUOKUE KPUCMATbL 8
BOJIOKOHHOUL onmuKe, NO8EPXHOCMHASL OPUEHMAYUSL HKUOKUX KPUCMAILI08, ONMUUYECKUe 31eMeHMbL
U mamepuasibl 015t KUOKOKPUCMANUMECKUX Yyempoticma.

/s yumuposanusn: Chigrinov V.G. Photoalignment and photopatterning: New liquid crystal technology for displays and
photonics. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2020;15(2):7-20. https://doi.org/10.32362/2410-6593-2020-15-2-7-20
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Vladimir G. Chigrinov

PHOTOALIGNMENT AND
PHOTOPATTERNING TECHNOLOGY

The paper presents a comprehensive review of
liquid crystal (LC) photoalignment technologies,
based on the use of polarization-sensitive (photo-
anisotropic) materials with anisotropic substances. Such
materials demonstrate photo-induced optical anisotropy
(birefringence and dichroism) upon absorbance of
polarized (or non-polarized but direct) optical (ultraviolet
(UV) or visible) irradiation. The mechanism of this effect
can be explained as a result of photochemical mono-
or bimolecular reactions, or orientation ordering, of
photochemically stable molecules in solid state films. In
fact, light-molecule anisotropic interactions have been
in the focus of researchers for a long time, and it is still
an intriguing topic. These materials have been shown to
provide a high-quality alignment of molecules in an LC
cell under specific light irradiation.

Over the past two decades, tremendous improvements
have been made in the field of photoalignment [1-4].
Photoalignment materials are now commercially
available. A number of new applications, apart from the
alignment of LC displays (LCDs) and other LC devices,
have been proposed and demonstrated. In particular,
the use of photoalignment to activate optical elements
in optical signal processing and communications is
currently a major direction in display and photonics
research.

Photopatterning via the advanced photoalignment
technology can make a great contribution to the
development of new classes of such devices.
Photoalignment has obvious advantages over the
usual “rubbing” treatment of glass substrates of LC
display cells [5, 6]. The potential benefits of such
techniques include [7, 8]:

— elimination of electrostatic charge, impurities,
and mechanical damage of the surface;

— controllable pretilt angle and anchoring
energy of the LC cell, high thermal and UV stability,
and ionic purity;

— some advanced applications of LC in optical
data processing, fiber communications, holography
and many more—where the traditional “rubbing”
treatment is impossible because of the high spatial
resolution of the processing system, and/or the
complicated geometry of the LC cell;

— capability of efficient LC alignment on
flexible and curved substrates;

— manufacturing of new optical elements, e.g.,
patterned phase retarders and polarizers, tunable
optical filters, polarization-insensitive optical lenses
with electrically controlled focal length, etc.

In this review, we will analyze different
applications of photoalignment and photopatterning

based on azo dye layers. We will also discuss certain
new applications of the photoalignment technology,
including optically rewritable E-paper (ORW), and
certain LC photonics devices, such as LC switches,
polarization controllers and polarization rotators,
variable optical attenuators, photonic crystal fibers
filled with LC, switchable diffraction gratings, LC
sensors, electrically tunable LC g-plates, LC optical
elements with integrated Pancharatnam—Berry phases,
fast ferroelectric LCs, and new, highly efficient
photovoltaic, optoelectronic, and photonic devices.

OPTICALLY REWRITABLE LIQUID
CRYSTAL ALIGNMENT

Traditionally, most approaches in LC E-paper
were based on photo-degradation [9, 10] and photo-
crosslinking mechanisms [11], thus the erasing
and writing capabilities of photoalignment films
were very limited [7, 12]. The only reversible
writing and erasing process can be achieved by the
photoalignment in solid films observed in sulfonic
azo dye SDI1 layers, explained in our pioneering
work on its diffusion model [7, 12]. Optical LC
alignment can be considered as rewritable, even
though it encounters the complete image decay due
to the exposure under direct sunlight, the image can
be facilely restored or changed through a rewriting
cycle via a specific exposure device. Photo-stability
requirements of such optically rewriteable LC cells are
practically diminished, since a display unit does not
undergo reversible changes. The optically rewritable
technology is a modified method of azo dye based
photoalignment, which possesses a considerably
high azimuthal anchoring energy, and has a unique
feature of reversible in-plane reorientation via
photoalignment—photosensitive molecules tend to
reorient perpendicular to the polarization of incident
light. Typically, an ORW LC cell is comprised of two
substrates with different alignment materials (Fig. 1).

One aligning material is optically passive and
keeps the alignment direction on one substrate. The
other aligning material is optically active and can
change its alignment direction after exposure to
polarized light through the substrate. In comparison
with electrically controlled plastic displays, ORW is
significantly thinner, and does not require transparent
conductive electrodes, thus indium tin oxide
photolithography and etching on a plastic substrate are
not needed. By controlling the alignment direction of
the photoalignment azo dye layer, which is insoluble
in the LC, the switching and continuous gray scale can
be achieved. Hence, one can reach the transmission
level that corresponds to the specified twist angle of
LC in the ORW cell under the initial configuration of
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the polarizers. The tolerance of the cell gap variation
of the ORW is very high, as no obvious change in LC
transmission is observed when the cell gap changes by
50%, and the achromatic switching of all grey levels in
ORW can be achieved [7, 12]. Each transmission level
is stable, and the visualization of information on the
ORW requires zero power consumption for a long time.

Due to the recent developments in ORW LCD and
progress in LC photoalignment, it is possible to separate
the E-paper display unit and the driving optoelectronic
part, and a significant reduction in the complexity of
the ORW E-paper structure makes both devices as
cheap as paper [7, 12]. Thus, ORW E-paper is durable,
economical and flexible. More research on ORW
has revealed that a cheap and low power consuming,
highly efficient blue light-emitting diode (LED)
can be used as an alternative exposure light source,
instead of expensive and highly consuming mercury
lamps or lasers. The prototype of the ORW E-paper
with the device structure based on a polarizer and
plastic substrates was experimentally implemented
[12] (Fig. 2).

Fig. 2. ORW E-paper in plastlc substrates is highly
resistant to mechanical pressure [12].

Mnlecules allgned
To desired direction

Fig. 1. Left to right: operation mechanism of ORW LC cell—an azo dye photoalignment film rotates its alignment
direction in-plane, and eventually reorients perpendicular to the polarization of the writing beam; LC molecules are
switched between homogeneous and twisted states controlled by the top photoalignment direction; images of ORW samples.

This prototype uses the optically rewritable
alignment technology, and possesses a grey scale
capability; it is truly stable, has no electrodes and does
not require electric power to display the image with
high contrast and wide viewing angles. Nowadays, a
new function of the ORW E-paper based on the LC
technology, has been developed: it can be used for
displaying 3D images to enrich the performance of
the single-side light printable ORW E-paper, which
was originally designed for 2D images [7, 12].

The light-sensitive photoalignment materials
and LC layers were developed to fulfill the
following requirements [12]: optical writing/
erasing time <2 s; energy of the writing beam <1 J/cm?;
more than 1000 reversible cycles; blue LED used as
exposure light source. Because of the insufficient
durability of contact bonding and the flexible
conductor, E-paper displays have the issue of high
complexity of the driving electronics. Therefore, an
optically rewritable technique is highly desirable.
The merits of the ORW E-paper include: no current—
conducting layer; no drivers; high tolerance to layer
thickness; low manufacturing cost (the price of the
ORW E-paper is approximately equal to the price of
two polarizers, i.e., around 20 USD/m?). Due to the
plastic substrates, the ORW E-paper, as a pioneering
innovation in LCD E-paper, exhibits the outstanding
flexibility characteristics, and will easily find its
place on the market. Some possible applications of
the ORW E-paper include light re-printable paper,
labels, plastic card displays, 3D paper for security
applications, and many more (Fig. 3).

Fig. 3. Left to right: ORW E-paper for advertisements, plastic cards and security applications.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(2):7-20

10



Vladimir G. Chigrinov

APPLICATION OF PHOTOALIGNMENT
IN PHOTONIC LC DEVICES

LC photonic devices based on the photoalignment
materials, including passive elements for fiber optical
communication used in the fiber-to-the-home (FTTH)
program, are becoming increasingly important. FTTH
is a form of fiber optical delivery where the fiber
extends from the central office to the subscriber’s
working or living space. Since the Gigabit and Terabit
Ethernet can be efficiently used, configurations that
bring the fiber right into a building can offer the
highest speeds of voice, video, and data delivery. Fast-
switching photoaligned LC cells, with microsecond and
sub-microsecond switching time, have the potential to
replace the currently used micro-electro-mechanical
(MEM) switching devices in FTTH systems, with
millisecond switching time [13].

The reliable passive optical components are still in
high demand, and this trend will continue to grow for
a long time. Some LC components, such as LC-based
polarization controllers, phase retarders, and coaxial
variable optical attenuators have already appeared on
the market'?. For example, a USA-based company
Vescent Photonics announced that LC waveguides could
be a great electro-optic technology platform for various
applications, such as beam steerers, interferometers,
lasers, tunable filters, etc.’.

Further investigations on passive LC elements for
fiber optical communication systems are needed. Silicon
photonic devices (high-quality LC switches, voltage
controllable filters, and variable optical attenuators) and
photoalignment LC devices (e.g., polarization rotators
and controllers) are to be developed. New prototypes
for packaging are highly desired. New LC materials for
fiber optical communications that work in the infrared
(IR) range need to be tested. LC tunable sensors,
including those based on complementary metal-oxide—
semiconductor (CMOS) and LC lenses, are becoming
very important for LC photonic applications.

LC switches

Switches for optical fiber networks are becoming
more and more important. LC switches have certain
advantages compared to MEM switches that are on

"Manufacturers of Innovative of Fiberoptics Components.
Lightwaves2020  [Internet].  Milpitas, CA,  USA:
Lightwaves2020 Inc.; 2020 [Accessed January 15, 2020].
Available from: http://www.lightwaves2020.com

2Precision Electro-Optic and Laser Technologies. Vescent
Photonics [Internet]. Golden, CO, USA: Vescent Photonics;
2020 [Accessed January 15, 2020]. Available from: https://
www.vescent.com

3Precision Electro-Optic and Laser Technologies. Vescent
Photonics [Internet]. Golden, CO, USA: Vescent Photonics;
2020 [Accessed January 15, 2020]. Available from: https://
www.vescent.com

commonly used for this purpose, for instance: (i)
fast-switching time; (ii) low power consumption
and controlling voltages; (iii) high reliability and
durability [13]. Nevertheless, the characteristics of
thermal drift and wavelength-dependent response
time of LC switches should be avoided. We have
investigated several LC electro-optical modes, which
can be utilized for manufacturing LC switches for
optical fiber networks [14].

1. LC switches can make use of the effect of
total internal reflection in nematic LC [14]. The
total internal reflection switch operates only in the
transverse electric mode, and the most promising
approach is based on the vertical aligned nematic
configuration, realized by photoalignment. The
switching time of 1 ms can be facilely achieved at the
switching pulse amplitude of 5 V [14].

2. A bypass optical switch based on two nematic
LC (NLC) cells with the switching time <200 ps was
created from two temperature-stabilized photoaligned
(NLC) cells [15]. Two subsequent NLC cells with
mutually orthogonal optical axes compensate the
relaxation of NLC birefringence when they are turned
off simultaneously. Thus, the switching time of the
two-cell switch can be as short as the turn-on time of
the NLC cell. NLC cells can be designed for a certain
fiber wavelength by adjusting the cell gap thickness.

3. An LC switch can be designed to control the
light propagation in the plane of LC layers [16]. It was
experimentally demonstrated that the propagation of
the light beam can be noticeably changed by refraction
and reflection of light at the sharp boundaries between
the regions with different LC orientations induced
by photoalignment. LC switches can be electrically
controlled. Certain methods were proposed for
optimizing the insertion loss and crosstalk of the
1 x 2 switch for practical photonic applications. It
is possible to create an N x M switch and various
optical processing data elements (e.g., attenuators)
by using different photoalignment templates. There
are many ways to optimize such types of LC devices,
and employment of fast-operating ferroelectric liquid
crystal layers is one of these approaches, which can
provide the microsecond-level operation time.

Polarization controllers and polarization rotators,
variable optical attenuators

Polarization controllers are optical elements that
can convert an arbitrary input state of polarization
(SOP) to a desired one, thus governing the
unpredictable polarization change that stems from
the polarization-dependent components of the optical
fiber system. These optical elements can be made of
three successively placed LC cells, which utilize the
electrically controlled birefringence to modify the
evolution of the SOP [17]. The switching time typically
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the depends LC material, and is around 10 ms for the
wavelength of 1.3 um [17].

A polarization rotator is an optical element that
can rotate the linear polarization of the input light to
any desired polarization plane. The configuration of our
proposed LC polarization rotator comprises a polarizer
and two LC homogeneous cells, placed in such a way that
their optical axes are at an angle of 45° to each other. One
LC cell provides a voltage controllable phase change, and
the other is fixed as a quarter wave plate [12]. Such optical
element can rotate the light polarization state at any angle
between 0° and 90°, depending on the voltage.

LC variable optical attenuators (VOA) typically
have the attenuation range of 30 dB for the applied
voltage of 12 V in the wavelength range between
1525 and 1575 nm [13], with the response time of
approximately 10-30 ms. Some of these attenuators
are dependent on the light scattering of a polymer
network (PN) filled LC (PN-LC) cell. Due to the
refractive index mismatching of the polymer and the
LC in the absence of driving voltage, the light from
the input fiber is scattered, and it can pass mostly
through the PN-LC layer, because of the refractive
index match of the polymer and the LC in the presence
of applied voltage.

LC-filled photonic crystal fiber

Photonic crystal fiber (PCF) is a polymer or glass
fiber with an array of tiny air holes running along
the length of the fiber. The waveguide properties of
such fibers can be controlled by filling the air holes
with additional material [13, 18-21]. The refractive
index of LC can be easily tuned by electric field or
temperature, therefore LC is suitable for this purpose.
The technique of light reconfigurable alignment of
LC in glass micro-tubes and in PCF was developed
(Fig. 4) [13, 18-21].

A fairly homogeneous alignment was verified
by polarizing optical microscopy and Fourier-
transform infrared spectroscopy (FTIR). Since the
presented technique is based on properly developed
photoalignment azo dye materials [22], it is a
promising non-contact method of LC orientation in
complicated photonic crystal structures. The order
parameter S of LC was acquired from FTIR data,
and the good quality of alignment was confirmed.

Moreover, LC-filled thin porous films are to be
investigated for the purpose of practical applications
in electrically controlled optical attenuators and
polarization-insensitive optical switches [23, 24].

Switchable diffraction gratings

Remnant high-efficiency polarization gratings
are produced in nematic LC cells by exposing
the azo dye molecule layers deposited on the
substrate, to “interfering” beams with opposite
circular polarizations [25]. The diffraction pattern is
controlled by an electric signal applied across the LC
cell. Polarization gratings are suitable for electrically
controlled detection and discrimination of polarized
components of light. All molecules of LC tend to be
reoriented to a uniform homeotropic state at high
voltage, and the modulation of LC alignment in the
cell is terminated. Applications in LC optical switches
are being discussed.

A diffraction grating was proposed by periodically
defining the liquid crystal director distribution to form
alternating planar aligned (PA) and twist nematic
(TN) regions in an LC cell sandwiched between
two crossed polarizers. Both 1D and 2D diffraction
gratings demonstrate the diffraction efficiency of the
total 1st order up to 12.0% and 18.2%, respectively
(Fig. 5), due to their different voltage-dependent
transmittance and phase modulation. When voltage
was applied, four characteristic states were achieved,
and the intensity of the 1st order could be suppressed
by approximately 2 orders within 0.3 Vp-p at the
driving voltage <2.5 Vp-p.

A Dammann grating based on hybrid photoaligned
dual-frequency nematic LCs was demonstrated in
2016 [26-28]. The configuration of the Dammann
grating is comprised of two substrates, one of which is
coated with the homeotropic alignment, and the other
substrate provides a planar, patterned alignment with
mutually orthogonal easy axes in every two adjacent
alignment domains. The produced polarization-
independent Dammann grating could generate an
optical array with equal light intensity distribution,
which was characterized by the low uniformity
deviation of ~0.081, diffraction efficiency of more
than 58%, response time <1 ms, and low driving
voltage of ~3 V/um (Fig. 6).

Polarizer

+ Analyzer

Fig. 4. Left to right: typical alignment of LC molecules in micro-capillary: planar, splay (axial, escaped radial), transverse;
single-frame excerpt from a video recording of micro-capillaries filled with LC, in which two stable
alignments (planar and tilted at 45°) have been obtained simultaneously [13, 21].

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(2):7-20

12



Vladimir G. Chigrinov

Optically rewritable technology for photonic
devices

The ORW technology, pioneered in our research
[12], can be successfully used for photonic applications.
LC materials with optimized electro-optical properties
provide a promising opportunity for application devices.
As we know, there are no publications published by
other groups on the application of optically rewritable
technology for LC photonics devices. Several key devices
have been developed, for example, light controllable LC
plane waveguides, LC polarization-dependent elements,
lenses and wave plates, LC polarization rotators and
polarization controllers, light and voltage controllable
diffraction gratings for optical filters, efc. One of such
applications is shown in Fig. 7.

Using ORW photoalignment techniques, the smooth
collimating refractive interface can be written by light in
front of the waveguide immerged into LC (Fig. 6) [12].
The LC structure can be stabilized by the photoalignment
layer without applied voltage. The s-polarized light can
be coupled and it comes from the waveguide, going
into a collimated beam inside the LC bulk for further
processing, while the p-polarized light can be guided by
matching polarization maintaining the LC waveguide
[28]. We have developed a polarization-independent
LC photonic device that can convert both polarization
components, out-coupled from a polarization-
independent waveguide to one polarization for further
processing of light by a polarization-dependent LC
structure for routing or other purposes. This new design
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Fig. 5. Diffraction from periodically photoaligned
homogeneous/twisted LC structures.

Top: LC switchable 1D diffraction grating.

a) Transmittance—voltage curve (TVC) of the cell (black line)

and contrast ratio between voltage-dependent intensity
of the 1st and Oth orders (red line);
b) intensity of the 1st order vs. driving voltage.
Bottom: LC switchable 2D diffraction grating.

a) Four states of 2D TN-PA cell under different applied voltages;

b) intensity of the 1st order vs. driving voltage.
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(a) Experimental setup for measuring the IVC.
(b) Molecular alignment in the absence of an
electric field; when a low-frequency high electric
field was applied, the LC molecules were turned
to the molecular state shown in (c).

(d) Diffraction pattern of the dual-frequency LC
Dammann grating in the diffractive state.

(e) Electro-optical response of the Dammann
grating (bottom) when a dual-frequency signal
(top) was applied [26].
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Fig. 7. Refractive interface for s-polarized light by nematic LC in the bulk of an LC cell [12].
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consists of polarization-maintaining LC waveguides, an
LC polarization-dependent passive lens, and an active
half-wave plate (HWP) [12].

Based on the outstanding ORW properties of the
photoalignment material, a binary-phase LC circular
Dammann grating, with two mutually orthogonal
light-induced alignments in neighboring alignment
domains, was proposed to generate annular patterns
with an equal-intensity distribution in the far field
[29]. A simple mask-free real-time optical tuning of
the LC circular Dammann grating was achieved by
mere control of the polarization of ultraviolet exposure
light, as well as the energy dose, as shown in Fig. 8.

(A)

odd zone

The proposed LC circular Dammann gratings with
high efficiencies and desirable uniformities exhibited
outstanding optical and electrical tunabilities.

Patterned micro-polarizer array with the
Pphotoalignment technology for image sensors

A thin patterned micro-polarizer array, generated
by the photoalignment method for complementary
metal-oxide—semiconductor (CMOS) image sensors,
can be designed for the simultancous detection of all
four Stokes parameters of an output optical image
(Fig. 9) [12]. A 2-um pitch can be achieved by using
UV light to rotate the four micro-polarizer elements.
The experimental results have proved the concept

o)

e ) evenzone
Ty

16min

Fig. 8. Schematic diagrams of optical tuning of the 3 angle between the alignments in even zones and odd zones,
micrographs under crossed polarizers, and corresponding diffraction patterns. Scale bars represent 200 um. Respective
optical tuning process for (A) reducing and (J) enlarging the p angle between the LC directors in even zones and odd
zones by using linearly polarized UV light (denoted by purple double-headed arrow). (B—E) Micrographs for angle f3,
decreasing from 90° to 47°, with the increasing exposure time. (F-I) Corresponding diffraction patterns with even
diffraction orders fading out. (K—N) Micrographs for angle B, increasing from 42° to 85°, with the increasing exposure
time. (O—R) Corresponding diffraction patterns with even diffraction orders fading in [29].

<«—>| 0degree polarizer

90 degree polarizer

-45 degree polarizer

7 45 degree polarizer
N

- (0 degree reference

Applications

Polarization Imaging

Fig. 9. Patterned micro-polarizer array for complementary metal-oxide—semiconductor (CMOS) image sensors
with simultaneous detection of all four Stokes parameters of an output optical image, including “invisible objects”
(constant transmission or reflection and no color) [12].
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of high-performance photoaligned LC micro-polarizer
arrays, with a high transmittance of ~80% and extinction
ratio as high as ~3200 (35 dB).

The micro-polarizer array technology with a
high transmittance and extinction ratio, exploiting the
“guest—host” LC mode, can be used for visible imaging
polarimetry [12, 30]. This high-resolution thin micro-
polarizer array, with a 5 x 5 p pixel pitch and 0.95 p
thickness, was made by the “host” nematic LC
molecules, photoaligned by the sulfonic azo dye
SD1. The averaged major principal transmittance,
polarization efficiency, and order parameter are 80.3%,
0.863, and 0.848, respectively, for the 400—700 nm
spectral range. The proposed production technology
completely removes the need for any selective etching
during the manufacturing/integration process of the
micro-polarizer array. It is fully CMOS-compatible,
simple, and cost-effective, requiring only spin-coating
followed by a single ultraviolet exposure through a
“photoalignment master.” It is well adjusted for low-
cost polarization imaging applications.

Electrically tunable liquid crystal q-plates

The photoalignment technology is used to
create LC g-plates, tuned by electricity with various
topological charges for generating optical vortex
beams with definite orbital angular momentum (OAM)
per photon [31-34]. Several tests have been conducted
on the g-plates, including OAM tomography, showing
excellent optical performance. These devices can be
used in general and quantum optics. The azo dye
materials showed a very high-resolution capability of
LC alignment in these experiments (Fig. 10).

Electrically switchable liquid crystal Fresnel
lens

A LC Fresnel lens based on alternate TN
and PA regions (Fig. 11) was made by a two-step
photoalignment process [35-38]. The LC Fresnel
lens manifested two identical focal lengths because
of the TN and PA alignment domains, giving rise to

Fig. 10. LC pattern tunable g-plates made by
photoalignment with high resolution [33].

the double light intensity at the focal point, and thus
offered double efficiency of the conventional Fresnel
zone plates.

A method of production of a LC Fresnel lens,
based on a single alignment layer with patterned
planar-aligned regions, was disclosed by Xiaoqian
Wang et al. [39]. The binary-phase LC Fresnel
lens demonstrated a diffraction efficiency of 39%
at the focal point. Due to the mutually orthogonal
alignment in neighboring domains (Fig. 12), the lens
is polarization-independent, which is indeed a merit
in the viewpoint of efficient energy use.

A polarization-independent Fresnel lens, based
on a patterned hybrid aligned nematic dual-frequency
LC, was demonstrated [40]. The LC Fresnel lens
was made by assembling two glass substrates with
different alignment materials. One substrate was
coated with a homeotropic alignment layer, and the
other was coated with an in-plane patterned alignment
layer, wherein the easy axes in every two adjacent
alignment domains were mutually orthogonal, as shown
in Fig. 13. Due to the outstanding electro-optical
properties of the dual-frequency LC, the proposed
Fresnel lens exhibited fast-switching time under
alternate high frequency and low-frequency electric
fields.

Liquid crystal optical elements with integrated
Pancharatnam—Berry phases

A polarization-dependent diffractive bifocal
vortex lens based on the Pancharatnam—Berry phase
was experimentally demonstrated [41-46]. The phase
expression of the Pancharatnam—Berry phase optical
vortex lens (PBOVL) comprised of two terms, i.e.,
a Pancharatnam—Berry lens term and a g-plate term.
The non-separable spin angular momentum (SAM)
and OAM photon states were established when an
incident beam passed through the PBOVL, as shown
in Fig. 14. Different OAM states at the output of

(Active alignment fayer) SD1

LC layer—

SUERRREL

(Passive alignment layer) PI\

IT0
Glass substrate

Fig. 11. Configuration of the LC Fresnel lens based
on alternate TN and PA regions. One indium tin oxide
coated glass substrate was coated with a polyimide layer,
while the other substrate was coated with a photoalignment
(SD1) layer. The white and black regions represent
the TN and PA domains, respectively [35].
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the PBOVL could be sorted by the bifocality of the
manufactured lens. By using the underlying physics
of the Pancharatnam—Berry phase polarization
holography, the device was facilely, efficiently,
and economically realized. The transmittance and
diffraction efficiency of the device was 90% and
91%, respectively.

A LC Pancharatnam—Berry axilens was produced
via a digital micro-mirror device (DMD)-based
photopatterning system [47]. The polarization-
dependent device behaved as an anti-axilens for RHC
polarized incident light, for which an optical ring
gradually expanded in the transverse direction at the
output, and it acted as the axilens for LHC polarized
incident light, for which an optical ring was focused
with a long focal depth at the output. The modification
of'the size and sharpness of the diffracted hollow beam
was demonstrated by encoding a positive (negative)
PB lens term into the director orientation expression
of a PB (anti-)axicon, as shown in Fig. 15.

Imo \\_~ 7 AC signal

(Active alignment layer) SD1—"
LC layer-

ITO

Glass substrate T

Polarized
light

Azo-dye aligning film
/ (SD1 layer) X

LCcell {=

(c)

Fig. 12. (a) Configuration of liquid crystal Fresnel lens.
(b) Schematic of photoalignment process. The SD1
molecules aligned perpendicular to the polarization
of the incident light after sufficient exposure dosage.

(c¢) Photopatterning process with an amplitude photomask.
The magnified area in the red dashed circle represents
the easy axis distribution in two different alignment
domains [39].
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A LC beam-splitting lens was made, with spatially
separated focuses via the LC photoalignment technology
[48-50]. The proposed lens with exotic optical properties
was created by integrating a polarization grating with a
Pancharatnam—Berry phase LC lens. The two focuses
of the proposed lens, i.e., +f and —f, could be spatially
separated (Fig. 16). When a linearly polarized incident
light successively passed through a conventional convex
glass lens with a proper focal length and the fabricated
lens, the two emergent light beams exhibited convergent
optical behavior and the two focuses were spatially
separated. Moreover, by adjusting the distance between
the proposed lens and the conventional glass lens, the
focal lengths of the lens system could be modulated.

FAST FERROELECTRIC LCD

The ferroelectric liquid crystal (FLC) is the fastest
LC mode, which can work with fast-response time and
low driving voltages, and is highly suitable for field

Glass substrate
ITO
SD1 (active)
LC layer —
Cremalon (passive) —
ITO of &
Glass substrate n l 1

-
;-
_?1

...........

Fig. 13. Configuration of hybrid aligned nematic
dual-frequency liquid crystal Fresnel lens. The SD1
molecules under black regions (even zones) and white
regions (odd zones) orient in the X-O-Z plane
and the Y-O-Z plane, respectively. The magnified area
in the blue dashed square depicts the easy axis distribution
in two different alignment domains, and the area
in the blue dashed circle represents the homeotropic
alignment of LC molecules [40].

OAM = 20h
RHC

LHC
S
PBOVL

Helical
wave front

Fig. 14. Coupling of SAM-OAM states at the output of the PBOVL.
(a) For the right-handed circularly (RHC) polarized incident beam, each photon of the focusing output beam possessed
an OAM of —2Q#4 and was left-handed circularly (LHC) polarized with a corresponding SAM of +4.
(b) For the LHC polarized incident beam, each photon of the defocusing output beam possessed an OAM of +2Q#
and was RHC polarized with a corresponding SAM of —4 [41].
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D (mm)

sequential applications [12, 51-55]. Fast-switching
ferroelectric liquid crystal displays (FLCD) have the
potential to become the new generation of the field
sequential color (FSC) LCD, which is proved to have
a better response time than the usual nematic LC. The
best FLC parameters can be obtained on the basis of
electrically suppressed helix mode [12].

A reflective display cell has been proposed—
suitable for projection displays based on electrically
suppressed helix ferroelectric liquid crystal (ESHFLC)
with a fast-response time, which is quite suitable for
the field sequential display [56, 57]. The pulse width
modulation technique is used to control the residual
light and provide several grey levels.

The electro-optical performance of the reflective
cell at the electric field of 3 V and frequency of 5
kHz was set to achieve a high number of colors.

The response time vs. the driving frequency, at
different driving voltages, is shown in Fig. 17. Even
at small driving voltages, the reflective FLC cell
still maintains the contrast ratio (CR) enough for
the display, CR > 10000 : 1. The response time of the
reflective FLC cell at 5 kHz and the electric field of 5V
was around 14 ps. Such a fast-response time allows us
to drive the FLC cell even at a very high frequency of
5 kHz (Fig. 17).

Novel photoaligned FLC devices may include FSC
FLC with a high resolution, low power consumption
and extended color gamut, which can be used in the
screens of portable computers, mobile phones, personal
digital assistants. The switchable goggles and lenses
based on new FLC prototypes can be efficiently
applied in the new generations of switchable 2D/3D
LCD TV. The FSC FLC micro-display, which is one

b)c)

(@)

Laser

Fabricated
lens

Test
pattern

Convex
lens

(b)

s @ LCP Incidence . 104 (0) RCP Incidence
Ephage™"r TR Tphase, T a A
;’;’I%_r a=m/A o ﬁﬁ)oér a=m/A

6 E thasc s : - E thase ek
E;"@_,a=7rr‘/2/’fi s Eﬁnf ‘a—nrz/Z/.fi
| phase o : g 6 zl;tlmsc .

4_;2§[0jr“"7’ /Zlfi Il Hizan y 0= =T ifi
,,,,,,,,,,,,,,,,,,,,,,, Q 4_...................

5 y m=1

1 ; m=-1 2
-rrﬁ:uf*“/}r "

0 ‘ , ‘ : . 0 . : ; ; .

0 100 200 300 400 500 0 100 200 300 400 500
L (mm) L (mm)
L= 12.5mm 62.5mm 87.5mm 175mm 500mm

IV fiv V.|V
©

vV [iv vV Y
(d
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(b) when a pentagram is used as the test pattern
and (c) when the test pattern is changed
to the letters “HG” [48].

Fig. 15. Comparison of the diffraction properties of three PB axilenses (PBALs). Diagrams of the diffracted ring
diameter (D) vs. propagation distance (L) for three PBALs under (a) the left-handed circularly polarized (LCP)
and (b) the right-handed circularly polarized (RCP) incident beams. The inserts in (a) and (b) show mutually
reversed phase profiles for the corresponding director distributions under different circularly polarized beams.
The diffraction patterns for (c) PBAL-I (m = 0), (d) PBAL-II (m = 1), and (¢) PBAL-III (m =—1) under (I-V) LCP
and (i-v) RCP incident beams at representative distances [47].
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Fig. 17. Left: response time vs. driving frequency at different driving voltages [56].
Right: electro-optical response of the photoaligned ESHFLC [12].
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of the most advanced technologies for pico-projectors,
can be also made on the basis of new materials and
electro-optical modes in FLC [12]. The photoalignment
technology enables to solve the key problems usually
faced in FLCD applications, such as (i) quality of
FLC alignment on sufficiently large surface area; (ii)
appropriate adjustable anchoring energy and pretilt
angle; (iii) low loss in the alignment layers due to their
small thickness, efc. [12].

Future development of novel photoaligned fast
FSC FLCD is aimed at: (i) further fundamental study
of the new appropriate electro-optical modes used for
switching; (ii) better understanding of the physical
mechanisms of FLC interaction with a photoaligned
surface of different photosensitive nature to produce a
stable alignment with a controllable anchoring energy
and pretilt angle over a sufficiently large surface area;
(iii) development of new fast-response FLC materials
with fast switching and a sufficient number of switchable
grey levels (V-shape switching); (iv) implementation
of the working prototypes of novel FSC FLC displays;
(v) investigation of operation modes to allow the use of
efficient addressing of FLCD.

CONCLUSIONS

The LC photoalignment and photopatterning
technology for new display and photonic applications
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is a prominent research area. Such elements have
started to appear in displays and on the photonics
market. The electro-optical modes are used for light
polarization rotation, voltage controllable diffraction,
and fast switching of the LC refractive index. The
photoalignment technique makes it possible to
develop new LC fiber components. Photo-aligning
materials are used to align LC in super-thin photonic
holes, curved and 3D surfaces, and as cladding
layers in micro-ring silicon-based resonators. The
prototypes of new efficient LC photonic devices,
such as optically rewritable LC E-paper, waveguides,
and voltage controllable diffraction gratings are
envisaged. The polarization controllers, polarization
rotators, VOA, and other passive LC optical elements
for fiber communication networks are in development.
We hope that this review can be interesting not
only to a wide range of engineers, scientists, and
managers, who are willing to develop new LC displays
or other LC photonic devices and optical components,
but also to researchers in other practically important
fields, where the formation of new highly-ordered
structures of organic molecules is desirable.
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HuxesieBble KATAJIU3ATOPHI JJIS MPOIECCA OUNCTKH
A30TOBO/IOPOIHOM CMeCH OT OKCH/I0B YIJiepoaa

E.3. Toaocman®, B.H. Edbpemor, A.B. Kamiuuckas

OO0 «HHAIT-KATAAHU3ATOP, Hosomockosck, Tynbckas obnacms, 301660 Poccus
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Ienu. Hacmosiwee uccnedogarue nocesiueHo paspabomre HuKe1e8020 KAmaaiusamopa H08020
nokosieHust 051 OUUCMKU A30MO8000POOHOU cMecCu Om OKCUO08 Yyanepood, KOmopbulil 00/ KeH
aKKYyMyiuposams ayuuiue kauecmea konmarxmoes cepuu HHUAIT-07.

Memoodut. Hcnonvzoearnsbl depusamozpagpuueckuil u peHmeeHozpaguueckuii Memoodbl aHa-
AU3a; memoosbl. memnepamypHo-nPoPaAMMUPOBAHHO20 80CCMAHOBAEHUS, PA3I0XKEHUS U CO-
8MECMH020 memnepamypHoO-NPoPAMMUPOBAHHOZ0 PA3IOIEHUS U 80CCMAHOBEHUS, HU3KO-
memnepamypHas adcopbyus azoma (onpedeneHue yoenvbHol nogepxHocmu). MexarHuueckas
npourHocms onpedensnace Ha npubope MII-2C pazdasiusarHuem 2paHys ¢ NPULOIKeHUEM
HazpysKku Ha mopely. XumuuecKull cocmag U KamaiumuuecKkyro aKmueHocms onpeodensnu
no memoouxam TY 2178-003-00209510.

Pesynemamet. BolnosHeHsbl UCCAE008AHUSL HUKEAbANIOMOKANbUUEB020 KAMAAUIAMOPA Me-
MAaHUPOBAHUSL HA 8CeX cmaodusix e2o npuzomosaeHus. Ilokasaro, umo npu cmeweHuu suopox-
cokapboHama HUKessi C AKMUBHbIM OKCUOOM ANIOMUHUSL 8 NPUCYMCMBUU 800H020 PACMBOPA
ammuara npoucxooum obpazogarue 2udpocokapboaioMuHaAmMa HUKesl, S8AS0ULe20Cst npeod-
WecmeeHHUKOM aKmueH020 KOMNOHEeHMAa Kamaausamopa, U YcmaHoeeHa e20 Xxumuueckas
popmyna. ObHapYIKeHO, UMO 8EAUUUHA MEXAHUUECKOT NPOUHOCMU KAMAAU3amopa onpeoesis-
emest KOAUUecmeoMm mexHuueckozo aniomuHama kaneyus, oobasssiemozo 8 Ni-Al komnosuyuro.
Onmumusupo8aHsl coCmassbl KAMaiu3amopa, umernuiezo pasiuuHoe cooeprKarue aKkmueHoz20
KOMNOHeHmaA.

Bwieo0dsl. PaspabomanHblil Kamaiuzamop umeem NOHUIKEHHYI memnepamypy axmueauull,
8bICOKYI0 KAMAAUMUUECKYIO AKMUBHOCMb U MepMocmabuibHOCMb, 6ONbUYI0 MEeXAHUUECKYTO
NPoOUHOCMb, YCmoliuueocms K 8030eiliCmeuto 0p2aHUUEeCKUX U WelouHbLx abcopbeHmos-noziomu-
mesell yaneKucaioz2o 2asa. Kamaausamop moxem u32omasiugamscs 8 popme KoAbua, YUSAUH-
Opuueckux mabnemox u 9Kcmpyoamos ¢ pasiuUtUHbIMU 2e0MeMpuUUecKuUMU PASMEPAMU.
Hauama npombluuneHHas sxcnayamayust kamaausamopa 8 ycmaroske memaruposarust OO0
«Cmasponety, 2. ByoeHHosck, Cmagponossckuil kpail, Poccust.

Knroueesle cnoea: 2udpupogaHue, oKkcuovl yaiepooa, HuKenessblii Kamaaudamop, ¢pas3osslil
cocmas, MexaHuueckast NPOUHOCMb, AKMUBAUUSL, KAMAAUMUUECKAS. AKMUSHOCMb, NPOMbLULTEHHOE
gHeopeHue.

Jlna yumupoeanusn: Tonocman E.3., Edppemos B.H., Kamuuckas A.B. HukeneBbie kaTanuzatopsl JUis npoiecca
OYUCTKHU a30TOBOJOPOJHON CMECH OT OKCHIOB yriepoaa. Tonkue xumuueckue mexvonrozauu. 2020;15(2):21-29.
https://doi.org/10.32362/2410-6593-2020-15-2-21-29
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Nickel catalysts for nitrogen—hydrogen mixture purification
from carbon oxides

Evgeniy Z. Golosman®, Vasiliy N. Efremov, Anna V. Kashinskaya

NIAP-KATALIZATOR, Novomoskovsk, Tula oblast, 301660 Russia
@Corresponding author, e-mail: evgolosman@yandex.ru

Objectives. This study is devoted to developing new-generation nickel (Ni) catalysts for the
purification of a nitrogen—hydrogen mixture from carbon oxides, which should encompass the
best qualities of the NIAP-O7-series solid catalysts.

Methods. This study used derivatographic and radiographic methods; temperature-programmed
recovery, decomposition, and joint temperature-programmed decomposition and recovery; and
low-temperature nitrogen adsorption (specific surface determination). The mechanical strength of
catalysts was determined using an MP-2C device by crushing granules with an applied load on
the end face. The chemical composition and catalytic activity were determined by the methods of
TU 2178-003-00209510 Technical Conditions.

Results. Many studies regarding Ni—aluminum (Al)-calcium (Ca) methanation catalyst at all
stages of its preparation have been conducted. It is demonstrated that Ni hydrocarboxyaluminate,
a precursor of the active component of the catalyst, is formed when Ni hydroxocarbonate is mixed
with active alumina in the presence of an aqueous solution of ammonia, and its chemical formula
is established. Moreover, it was found that the mechanical strength of the catalyst is determined
by the amount of industrial Ca aluminate added to the Ni-Al composition. The compositions of
catalysts with different contents of the active component have been optimized.

Conclusions. The developed catalyst has a low activation temperature and high catalytic
activity, thermal stability, and mechanical strength and is resistant to organic and alkaline carbon
dioxide absorbers. The catalyst can be produced in the form of a ring, cylindrical tablets, and
extrudates of various geometric sizes. The methanation unit at Stavrolen (Budennovsk, Stavropol
krai, Russia) has begun commercially operating the catalyst.

Keywords: hydrogenation, carbon oxides, nickel catalyst, phase composition, mechanical

strength, activation, catalytic activity, industrial use.

For citation: Golosman E.Z., Efremov V.N., Kashinskaya A.V. Nickel catalysts for nitrogen—hydrogen mixture
purification from carbon oxides. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2020;15(2):21-29 (in Russ.).
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BBEJEHMUE

ToHKkast ouncTKa a30TOBOJOPOAHOM cMecH (CUH-
Te3-Ta3a) OT OKCHJIOB yIIIepoJa IPUMEHSIETCS B KPYTI-
HOTOHHQ)XHBIX MPOU3BOACTBAX CHHTETHUYECKOIO aM-
Muaka. KadecTBo Kkaranu3aropoB METAaHUPOBAaHMS
ompeneNsieT MPOU3BOIUTEIBHOCTh, CTaOMIBLHOCTH
paboOThl U TEXHHKO-?KOHOMHYECKHE MOKA3aTeNIu II0-
IOOHBIX TMpom3BOACTB. Karammszatopsl MeTaHUpPOBa-
HUS TPOU3BOASTCA psanoM uHOopupM. B Poccuiickoit
®denepanuu KaTaiau3aTopbl METAHUPOBAHUS IPOU3BO-
narcst B . HOBOMOCKOBCKE KaTalau3aTOPHBIM IIPOU3-
BosnctBoM OO0 «HUAII-KATAJIU3ATOP».

Karanuzaropel MeTaHMpoBaHHsI B KaueCTBE akK-
TUBHOIO KOMIIOHEHTa COAEp)KaT HUKENb, SBIISIOTCS
METaJUIOOKCUIHBIMU, HMMEIOT BBICOKYIO TEMIIEpaTypy
BOCCTAHOBJIEHUS], U3TOTABJIMBAIOTCS C UCHOJIb30BAHUEM
Pa3IUYHBIX HOCUTEJIEH U PA3IMYaIOTCs TEOMETPUYECKON
¢dopmoii. Brimyckaembie B PD karamuzaTopbl cepuu

HKM (HUATI-07 u TO-2M)' Hanutu mmpokoe npume-
HEHHE B XUMHUYECKOU, HE(DTEXUMUIECKOH U JPYTUX OT-
pacisx MpOMBIIIIEHHOCTH.

YBenmnueHne pernaMeHTHON IMPOU3BOAUTENBHOCTH
arperata cunteza ammuaka ¢ 1360 no 1700 1/cyTku 00-
YCIIOBWJIO YMEHBIIIEHHE TeMIepaTypbl CUHTE3-ra3za Ha
Bxozie B MeraHatop 10 270-290°C, uro morpeboBaiio
MPOBEICHUS PaboT IO YCOBEPIICHCTBOBAHUIO KaTalH-
3aTOPOB METAHWPOBAHMs. YCOBEpIICHCTBOBAHME Kara-
JM3aTOPOB JOJDKHO MATH B CIEOYIOLIMX HAaIpPaBIeHU-
ax: 1) pazpaboTka TEXHOJIIOTUH, KOTOpas MO3BOJIsIa Obl
MOJYYUTh AKTUBHBI KOMIIOHEHT HUKEJIb B BBICOKOANC-
MEPCHOM COCTOSHUM; 2) CO37aHHE€ TEXHOJOTHH MPUTO-
TOBJIEHUSI KaTaju3aropa ¢ MOHWKEHHOM TemIeparypoit

! Texumueckue ycious TY 2178-003-00209510-2006. Ka-
TaNXM3aTopbl MeTaHupoBaHwus. [Tekhnicheskie usloviya TU
2178-003-00209510-2006.  Katalizatory — metanirovaniya
(Technical Conditions TU 2178-003-00209510-2006.
Methanation catalysts) (in Russ.)].
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aktuBanuu (220-230 °C), KOTOPBIA MOXKET IKCILTyaTh-
POBAThCs MpH OONBIINX 00BEMHBIX CKOPOCTAX; 3) o0e-
CIEYEHHE BO3MOXHOCTM M3TOTOBJIEHMS Karajau3aropa
pasNIuYHON reoMeTpudeckoi (GOpMBbI (LIIIMHIPUIECKHE
TaOJeTKH, KOJBIIA, IKCTPYHATHl M SKCTPYNATHI C OTBEp-
CTHEM).

Hacrosiee nccnmemoBanme MOCBSIICHO pa3padoT-
K€ KaTanu3aTopa HOBOTO IOKOJICHHS, KOTOPBIN JOMIKEH
AKKyMyJIUpOBaTh JIy4IlIME KayecTBa KOHTAKTOB CEpUU
HUAII-07.

OOBECKTOM WICCIICNOBAHMS SIBIBUICS HHUKEITHAJIFOMO-
KaJIbLIUEBbIN KaTamu3arop. B kadecTBe ChIpbs ISt €T0 MpH-
TOTOBJICHUS FHICTIONB30BAaHbI  THIPOKCOKAPOOHAT HUKEIS
(I'KH), akTuBHBII OKCHJI aJTFOMUHUSL, TEXHUYECKUIA AJTFOMHU-
HAT KBS (TaTIOM) U BOTHBIN PACTBOP aMMHUAKa.

MATEPHAJIBI 1 METO/IbI

Hns ompenenenust Gpa3oBOro cocraBa M IUCIIEPC-
HOCTH KPHCTAIUIUTOB TIPOBOIIIIN PEHTTCHOTpadude-
CKHE HCCIICIOBAHUS C HCIIONB30BAHUEM T (paKToMeTpa
JAPOH-3 (CuK -usny4enue ¢ rpaguroBsiM MOHOXpOMa-
TOPOM Ha OTpakeHHOM Iryuke). s unenTudukanmu ha3
HCTIONB30BAIN 0a3y MaHHBIX MeXTyHapoIHOTO KOMHUTE-
Ta MOPOUIKOBBIX NU(ppakIHoHHbIX cTaHaapToB (JCPDS
— Joint committee on power diffraction standards). Kom-
IUICKCHBIC TEPMUYCCKHUE HCCIICIOBAHUS OCYILIECTBISLTU
C TPUMEHEHHEM ONTHYECKOTO AepuBaTrorpada MapKu
O/1-103 (cxopocTh JMHEHHOTO TOABEMa TEMIEpPaTypbl
5°C/muH.). OOIIYyO0 YIEIbHY0 TOBEPXHOCTh OMpPEIeIs-
JIM TI0 HU3KOTEMIIEpaTypHOH ancopbuuu azora. OO01IyI0
MOPHUCTOCTH PACCUNTHIBAIH 110 TaHHBIM NCTUHHOH U Ka-
JKYIICHCS TIOTHOCTU. HachITHYIO TUIOTHOCTH Paccym-
TBHIBAIU 110 POpMYJIe

p=(m —m)/V,

[JI€ M, — Macca MEPHOTO LUIMHPA C TIONIOTHTENEM, KT
m, — Macca MEPHOTO HUIIMHAPA O€3 TIONIOTHTENIS, KT
V — 06beM HMIMHApa, IM>.

MexaHnnueckasi IPOYHOCTE OTIperessiach Ha MPHU-
6ope MII-2C pa3zgaBiauBaHHEM IpaHyJ ¢ MPUIOKEHUEM
HAarpy3k Ha Topel. XHMHYECKHI COCTaB U KaTalUTH-
YECKyl0 aKTHBHOCTh B IIPOIleCCE€ METAaHHUPOBAHMS Ha
MAIOTHOH ycTaHoBKe mpu nasienuu 3.0 MIla u o6beM-
HO#t ckopoctr W =4000 4! onpeaensuTi Mo METOANKAM,
npuBeaeHabsM B TY 2178-003-00209510. Hccnenoa-
HUSI TIPOLIECCOB PA3TIOKEHUS U aKTUBAI[MH IIPOBOAUIN C
HCTIONIE30BaHUEM METOA TEMIIEpaTyPHO-IIPOTPAMMHEPO-
BanHoro pasnoxenus (TIIP) u BoccranoBnenus (TI1B)
Ha TepMOXpoMaTorpaduIeckoll yCTaHOBKE.

PE3YJIBTATBI U UX OBCYXKJIEHUE

Pa3paboTka karanmuszaTopa 6a3upoBagack Ha MHOTO-
JICTHEM OTIBITE YKCIITyaTaIliX KaTaJIi3aTOPOB METaHUPO-
Banus [1-9] u, B wactnoctu, cepun HUAII-07 (HKM),
a TaKKe Ha Pe3ynbTaTax HCCICIOBAHMS KaTaln3aToOpOB
cMmentanroro Tuna [ 10—-18].

OCHOBY KaTanu3aropa METaHUPOBAHHS HOBOT'O ITOKO-
nenust HUAII-07-07 (HKM-7) cocraBiisieT HUKENb-aIlio-
MUHHEBasi KOMITO3UIHS, KOTOpas SBISETCS TPEKypco-
POM, OTBEYAIOIIMM 33 KaTAIUTHICCKHE CBOWCTBA. bbu1o
YCTaHOBJICHO, YTO Haunboliee TIy0OKOe B3aUMOJICHCTBHE
MEXY THIPOKCOKapOOHATOM HUKEIIS U AKTHBHBIM OKCH-
nom amoMuHus (y-AlO,) TPOMCXOMUT NPH COOTHOIIE-
auu Al,O,/NiO ue 6onee 1.2.

JI71s1 BBISIBIIEHUS! pazIu4Mii Tpoliecca CUHTE3a HH-
KEJb-aJIIOMAHUCBON KOMITO3MIIUU BBITIONHEHBI PEHTIE-
Horpaduueckue uccienoBanus odpasnos 1-4, orTinya-
FOIIMXCSl KOHIIEHTPANUEH BOJHOTO PacTBOpa aMMHaKa,
MIPUMEHSIONIETOCs TTPHU MPUTOTOBRJICHUH (Tab:. 1), a Tak-
)K€ HE TOIBEPrHYTOH 00pabOTKe MEXaHUYECKOH CMeCH
'KH+y-ALO,. Jlnsa onpeneneHus MEKIIIOCKOCTHOTO
paccTosiHHSL U BCEX HCCIENyeMBIX 00pa3loB ObLIa
npornucana Ha ckopoctd 0.25°/mMuH B 003acTd yIiioB
260 = 8-14° muans 100%-0li UHTEHCUBHOCTHU, COOTBET-
CTBYIOIIAsE OTpaykeHHIO oT mockocTr hkl 003 st coe-
JIMHEHUs Tuipokcokapooamomunara nukens ([KAH). B
COOTBETCTBUH C JAHHBIMH, MPUBEICHHBIMU B KapTOUKe
15-0087 (6a3za manusix PCPDF-WIN Bepcun 1999 r),

Taﬁ.lmua 1. Bausuaue KOHOEHTpAllUU BOJHOTO paCTBOpPAa aMMHaKa Ha BEJIMYUHY

MCKIIJIOCKOCTHOTO paCCTOSAHUSA HHKGHLCOHSP)Kameﬁ (1)3351

Table 1. The effect of the concentration of an aqueous solution of ammonia

on the interplanar spacing of the Ni-containing phase

= A
MexaHH.qecxaf[ cmeck ['KH+y-ALO, be3 o6paboTku 59
Mechanical mixture NHC+y-Al O, Unprocessed
Ta{lbkosum / Talcovite B 754
(Ni, AL (OH),,CO,-4H,0)
1 0 7.6
2 5.0 7.8
3 15.0 7.8
4 25.0 7.8
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nukenbconepkamas pasa Ni Al (OH), CO,-4H,0 (mazrw-
KOGUIM) NUMEET MEKILIOCKOCTHOE paccTosHue d = 7.54 A u
TeKCArOHATBHYIO PEIICTKY.

C 1CrnoNB30BaHUEM JaHHBIX PEHTICHOrPapHUECKO-
ro MeTola aHaiu3a OBUIM OINPEAETICHBI MEKIUTOCKOCT-
HBIC PACCTOSHUSI 00pa30oBaBIICHCs HUKEIbCOACPIKAIIEH
¢aser (Tadm. 1).

Pentrenorpaguaeckum METOO0M aHau3a ObUIO yCTa-
HOBIICHO oTcyTcTBHE B (pazoBom cocraBe ['KH u 3adukcu-
POBaHO HOBOE HHKEIbCOACPIKAIEe COCAUHEHHE. MOXHO
OTMETHUTbh, YTO HCIIONB30BAHNE HA CTAIUX ITPUTOTOBJICHHUS
BOJIHOTO PacTBOpa aMMHAKa MPUBOAUT K YBEIMYCHHUIO Be-
JIMYUHBI MEKIDIOCKOCTHOTO PACCTOSIHHSI HOBOH HHKEITHCO-
nepsxareit hasel 10 7.8 A. YBenuueHne MeKIIIOCKOCTHOTO
paccTosiHUsI HOBOM 00pa30BaBIICHCS HUKEITbCOACPIKAIICH
(ha3el CBUACTENBLCTBYET B MOJB3Y TOTO, YTO NPU IPUTO-
TOBJICHHH Ha CTAJIUH CMEIICHHS MIPOUCXOIUT XUMIIECKOe
B3auMozeiicTeue Mexxay I'KH u okcuaom antoMuHus ¢ BHe-
npenueM B cTpykrypy I'KH annona [Al(OH),]™" 3a cuer ero
anronHoro oomena na CO, 2 [19].

AHamM3 TONYYEHHBIX NaHHBIX IIOKa3bIBACT, YTO
MEKIUIOCKOCTHOE PACCTOSHUE 3TOTO COCIAMHEHUS He3a-
BHCHMO OT KOHIICHTPAIIMH BOJHOTO PAacTBOpAa aMMHaKa
ocTaeTcs TIOCTOSHHBIM U paBHO 7.8 A (Tabn. 1). Do 10-
3BOJISIET CEIaTh MPEAIOIOKEHHE, YTO H TUCTIEPCHOCTh
3TOM HHKeIbcoAepikameil (a3pl B NPUTOTOBICHHBIX
oOpa3nax Takxe OyJeT MmocTosHHOW. PeHTreHorpagwu-
YeCcKHUe UCCIE0BaHUS aKTUBUPOBAHHBIX 00pa3noB 14
MOKa3aJIH, 9YTO JUCIIEPCHOCTH Ni B HUX HE U3MCHSICTCS U
ee 3HaueHHe HaxoauTcs Ha yposHe 60-70 A. IMockomns-
Ky oOpa3oBaBIeecsi HHUKEIbCOICpKaIlee COEANHCHUE
SIBIISIETCSI IIPEKYPCOPOM HMKEJIEBOTO KaTalU3aTopa Me-
tanupoBanus mapku HUAII-07-07 (HKM-7), mpuro-
TOBJICHHOI'O METOAOM «XHUMHYCCKOIO CMCILICHUSA» HC-
XOITHBIX KOMIIOHEHTOB CHIPBS B BOTHOAMMHUAYHOHU Ccpeze,

0COOBIH MHTEpEC MPEJCTABIISAET MCCIICOBAHUE COCTaBa
9TOTO COEMHEHUs. AHAJIHU3 HKCIEPUMEHTAIbHBIX JaH-
HBIX, IOJIyYEHHBIX C TpPHUMEHEHHEM jepuBarorpadu-
YECKOr0 M PEeHTreHorpaduueckoro METOIOB aHalu3a,
TeMIIepaTypHO-IIPOrPaMMHUPOBAHHOTO BOCCTaHOBJIE-
HUS, PA3IOKEHUS U COBMECTHOTO TEMIIEpaTypHO-TIPO-
rPaMMHUPOBAHHOTO PAa3JIOKEHUS W BOCCTAHOBJICHUS,
MO3BOJINII YCTAHOBUTb, YTO B CTPYKTYPY HUKEJIEBOH CO-
craBisromet Ni—Al koMmo3unuu mocie e€ o0paboTKu
BOJIHBIM PacTBOPOM aMMHaka Hapsay ¢ Ni BXOIAT aHU-
onbl [AI(OH),]™", CO,? u OH™". Takum oGpaszom, JaH-
HOE COEeIMHEHHE MPEJCTaBIseT co00il ruapoKcoKapOo-
ATFOMHUHAT HHUKEJS. DKCIIEPUMEHTAIBHBIM TyTeM OBLIO
YCTaHOBJIEHO, YTO OOPa3yIOMIMKCS B MPOLECCE MPHUIO-
toBieHus Ni—Al komnosurnuu ['KAH 6im30k no cBoei
crpykrype k I'KH.

Jst Toro 9TtoOBl MPUTOTOBUTH HUKEIEBBIA aJIioO-
MO-aJIIOMOKaJIbIIMEBBII  KaTalau3artop, COJAepKallnui
25 (m.1), 28 (1.2), 31 (n.3) u 36 (m.4) macc. % NiO, B
HUKEJb-aTIOMUHUEBYIO KOMIIO3UIIUIO J100aBISUIA B pas3-
JIMYHOM KOJIMYECTBE AIFOMHHAT Kajablva. B TalOm. 2
MIPUBEJICHBl pacueTHBIE JTaHHBIE XUMHYECKOTO COCTaBa
KaTaJIM3aTOPHON IMUXThI. MOXXHO OTMETHTh, UYTO MHHH-
MaJTbHOE KOJIMYECTBO aJIFOMUHATA KaJbLUst paBHOE 28% Oy-
JICT UMETh KaTaIn3aTopHast MKXTa, coneprkamias 36% NiO,
a MaKCUMaJIbHOE KOJIMYECTBO alFoMUHAaTa Katbiws (45.5%)
— KaTaJn3aTopHas IMxTa, coxeprkarmast 25% NiO.

MexaHU4eCKyI0 CMECh, COCTOSIIIYIO M3 HEMpOKajeH-
HOU HUKEIh-aJIIOMUHUEBOM MACChl, AJITFOMUHATA KAJIBIHUS U
rpacdwuta, popmMoBau B BUJIE KOJIEI] C BHELITHUM JTHaMETPOM
10 MM ¥ TaOJIETOK C TUAMETPOM 6 MM.

B Ttabn. 3 mpuBeneHs! JaHHBIC 10 (DA30BOMY COCTaBY,
MEXaHUYECKOM ITPOYHOCTH U HACBHIITHOM TUNIOTHOCTH TOTOBO-
TO KaTajnu3aropa, MPOLIEAIIEro CTaJANI0 THIPOTePMaIbHON
obpadotku (I'TO).

Taoauuna 2. PacaetHsle cosepkaHns KOMIIOHEHTOB B KaTalIU3aTOPHON IINXTE
Table 2. Calculated content of the components in the catalyst mixture

Ne napruu
Batch Ne 1 2 3 4
NiO-ALO,, macc. %
NiO-ALO,, mass % 54.5 61 67.6 72
AmoMuHAT KaJbIws, Macc. %
Calcium Aluminate, mass % 45.5 39 324 28

Tadmuna 3. ®a3oBblil cocTaB, MEXaHUYECKast IPOYHOCTD M HACKIITHASI INIOTHOCTH TOTOBOTO
KaTanmM3aTopa ¢ pasaudanbM conepxkanuem NiO-Al O, u anmroMuHara KaibIus
Table 3. Phase composition, mechanical strength, and bulk density of the finished catalyst

with different contents of NiO-Al,O, and Ca aluminate

Ne napruu ®a30Bblii cOCTaB Mexannyeckasi npo4ynocts, MIla Y, Kr/am?
Batch Ne Phase composition Mechanical strength, MPa v, kg/dm?
1 78 1.05
2 FKAH, ’Y-A1203, CSAHé’ AI(OH)3, CaCO3, Fpa(l)I/IT 75 1.07
Ni hydroxocarboaluminate, y-Al,O,, C,AH,, AI(OH),,
3 CaCO,, graphite 67 1.07
4 64 1.08
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IIpu paBHBIX 3HAYEHUAX MEXAaHUYECKON TPOUYHOCTH
BCEX HCCIICAYEMBIX OTBITHBIX MapTUil mocie TadbaeTou-
HOW MalllUHBI U B TOTOBOM KaTaJU3aTOPE €€ BEJINYMHBI
paznuuarotcs (Tadm. 3).

VBenndeHne MEXaHW4YeCKOW IPOYHOCTH KaTalld-
3atopa nocie nposenaenus craguu ['TO ¢ 15-17 Mlla
10 64-78 MIla oOBsicHSIETCS TEM, YTO JT0OABISEMBIN B
Ni—Al KOMMNO3MILIMIO ATIOMHHAT KaJbIUS BBITOJIHSIET
POJIb TUIPABINYECKOTO BSDKYILEr0, KOTOPBIH B IIpoliecce
THUAPOTEPMAIBHOM 00pabOTKU THIPATUPYET, a MPOAYK-
Thl TUJpaTallud B BHUJE BBICOKOOCHOBHOIO aJllOMUHATa
kanpiust (C,AH —3Ca0-Al,0,-6H,0) u ruapookcuia
AJTFOMHHUS MOTU(UKAIIMA THOOCUT 00pa3yroT MEXaHH-
YEeCKU MPOYHBIA KapKac Karaju3aropa. Maibie yCuIus
npeccoBanus 1 npumeHeHne [ 'TO crmocoOCTBYOT TOMY,
YTO B TOTOBOM KaTaJlM3aTope MPaKTUYECKH OTCYTCTBY-
I0OT BHYTPEHHHUE MHUKPOHAIPSIKEHUsI, OKa3bIBAIOLINE
HEraTUBHOE BO3JIEHCTBME HAa MEXaHWYECKyIO MpoY-
HOCTh B IPOLIECCE aKTHUBALUM M IPU JaJbHEUIIEH €ro
3KCIUTyaTaluu.

Jns onpenenenns MUHUMAJIbHON TEMITEPATYPhI aK-
THUBAIlMK OBLJIM MPOBEJCHBI HCCIIEOBAHUS C IPUBJICYE-
HueMm Mmerona TIIB. MccnenoBanus mokasanau, 4To Mpo-
necc aktuBanuu karanuzaropa HUAII-07-07 coBmenien
C TPOLIECCOM PAa3JIOKCHHsI HHUKEJIEBOM COCTABIISIOLIEH
('KAH) u siBisieTcss MHOTOCTaIUHHBIM.

Haunnas ¢ remmeparypsr 210-220 °C, mponucxonut
pasinoxkenue rudb6cuta 10 y-Al O, 1 BOMIbI, a TaKKe yja-
nenue u3 'KAH mexcnoeBoit Bombl. OMHOBpEMEHHO ¢
9TUM 00pasyeTcs U BOCCTaHaBIMBaeTCs 10 Ni HEKOTOpoe

konm4aecTBO BeicokomucniepcHoro NiO. Ilponece ynae-
HUS MEKCIIOEBOH BOJIBI COMTPOBOXKIAETCS] 00pa30BaHUEM
BBICOKOIVICIICPCHOH (ha3bl THAPOKCOATIOMIHATA HUKEIIS,
KOTOPBIY MPH AaJIbHENIIIEM HArPEBaHUH B TPOTOKE BOJIO-
pozia pasnaraeTcs ¢ BblIeeHneM B rasosyio pasy CO,. B
9TOM ke TemIrieparypHom unrepsaie (270-370 °C) nauu-
HaeT MHTCHCHUBHO akTUBUpOBaThcs NiO. MakcumaibHas
ckopocTh aktuBaiu NiO Ha 3TOM CTa UK JOCTHUTASTCs
mipu 330 °C. OcHoBHas yacTh NiO BOCCTaHABIMBACTCS B
unTepsaie temneparyp 380-650 °C.

B Tabn. 4 mpuBeneHbl pe3yNabTaThl UCCIICIOBAHHIA
KaTaJIUTUYECKOM aKTUBHOCTU B PEAKIMH METaHMPOBa-
HUSI UCCIICMYEMBIX KaTaJH3aTOpPOB, UMEIONINX Pa3Ind-
HOE coJlep)KaHHe aKTUBHOIO KOMIOHeHTa. s cpas-
HeHHMs B Tabn. 4 TpWBENCHA TakKe KaTalUTHIecKas
akTuBHOCTb Karanusaropa HMAII-07-01, conepaxatero
39% NiO, KOTOpHIi HCTIONB3YETCS B KAYECTBE CTaHAaPT-
HOro obOpasia JAjs OLEHKH MPaBUIIBHOCTH pabOTHI ycTa-
HoBKkH. Conepxanrie CO B a30TOBOIOPOHON CMECH Ha
BXOJI€ B PEaKTOp METAaHUPOBAHUS HAXOIWIOCH B TIpejie-
nax 0.65-0.72 06. %, uro B 2—3 pa3za OoJblile, 4eM ero
cofiepsKaHue Tepell NPOMBIIIIJICHHOM METaHATOPOM.

AHanmM3 TPENCTAaBICHHBIX HAKCIICPUMEHTATBHBIX
JAHHBIX 10 KaTAJIMTHYECKOW aKTUBHOCTH HCCIIETyEeMbIX
KaTaJM3aTOPOB TTOKA3BIBACT, YTO ITOCIEC aKTHBALIUH MPU
210°C ne mocrturaercs periamenTHoe 3HaueHue CO B
ountieHHOM Taze (<10 ppm). OxHaKO, TOBHIIIEHUE TEM-
neparypbl aktuBanuu Bcero Ha 10 °C mpuBeno x Tomy,
YTO KaTaJII3aTOPBl HE3aBUCHMO OT COIEPYKAHMSI aKTHBHOTO
KOMITOHEHTa TPOSIBIISIOT OJMHAKOBYIO KaTAIUTUYECKYIO

Ta6auua 4. Karanuruyeckast akTUBHOCTh HUKEJICBBIX KaTalu3aToOpOB B IIPOLIECCE METaHUPOBAHMS
Table 4. The catalytic activity of Ni catalysts during the methanation process

Ocrtarounoe conep:kanue CO B 0UHIIEHHOM ra3e, ppm
TeMnepaTypoa The residual CO content in the purified gas, ppm Copepmanue CO
Lt e C| HuAD-07-01 HUAII-07-07 B 0YHIAeMOM rase, 00. %
Activation | NyAP-07-01 NIAP-07-07 CO content in the purified gas,
temperature, o o 1%
oC macc. % NiO / mass % NiO vo
39 25 36
210, ~10 ~10 -1 - -
Hoere 20 0.00 0.00 0.00 0.00
215 0.00 0.00 0.00 0.00 0.70
214 >10 >10 >10 >10
110525223300 0.00 0.00 0.00 0.00
215 0.00 0.00 0.00 0.00
214 0.00 0.00 0.00 0.00
213 0.00 >10 0.00 0.00 0.72
208 0.00 - 0.00 0.00
207 >10 — >10 0.00
202 — — — 0.00
201 - - - >10
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Taoaunma 4. OxoHuanue
Table 4. Continued

OcrarouHoe coaep:xkanue CO B 0uMIIIEHHOM ra3e, ppm
Temmneparypa The residual CO content in the purified gas, ppm Conepxanme CO
HELLELE LG °C | HHMAM-07-01 HHUAII-07-07 B OUHMIIIAEMOM rase, 06. %
SCHELDL NIAP-07-01 NIAP-07-07 CO content in the purified gas,
temperature, N N o
oC mace. % NiO / mass % NiO vol %
39 25 31 36
TTocne 550
After 550 0.00 0.00 0.00 0.00
176 0.00 0.00 0.00 0.00
175 0.00 >10 0.00 0.00
171 0.00 - 0.00 0.00
170 0.00 - >10 0.00 0.65
167 0.00 - 0.00
166 0.00 — >10
154 0.00 -
153 >10 - -

akTuBHOCTh. IIpu sTOM Temmeparypa mnpockoka CO
B oumIiieHHOM rasze coctaBmseT 214 °C. JlanbHeiiee
yBeJIMYeHUE Temreparypsl aktuBauuu 1o 230 °C mpu-
BOJIUT K POCTY KAaTAJIUTHYCCKOM AKTHBHOCTH TOJIBKO
JUIst 00pa3loB KaTaln3aTopoB, UMEIOLINX OBBIILIEHHOE
coJiepKaHue aKTUBHOTO KomroHeHTa (3639 macc. %).
Heo0xonuMo OTMETUTh, YTO aKTHUBAIMS HCCIETYEeMBIX
KaTajau3aTopoB B uHTepBasie Temmeparyp 220-230°C
MO3BOJISIET JIOCTUraTh BBICOKMX 3HAYEHUH KaTaJlUTHYe-
CKOM aKTUBHOCTH, TOCTATOYHOM IS UX IPOMBIIIIICHHON
JKCIUTyaTaluH.

Takum 00pazoM, MPOBEACHHBIC MCCIIEOBAHUS TI0-
3BOJIMJIM yCTaHOBUTH, uTO Karamuzarop HUAII-07-07
HauMHAeT aKTUBUpOBaThcsi mpu Ttemmeparype 220 °C,
yto Oosee yeM Ha 100 °C Huxe 10 CpaBHEHUIO € IKCILTY-
ATHPYIONIMMHCS B MPOMBIIIICHHOCTH KaTalu3aropaMu
METaHUPOBAHUSL.

MOKHO Tak)Ke OTMETHTD, YTO pa3padoTaHHbIE KaTa-
JIU3aTOPBI JaKe € COIeP)KaHUEeM aKTUBHOIO KOMIIOHEHTa
25-31 macc. %, OynyT obecrniednBaTh yCTOUYUBYIO JTH-
TENFHYIO0 JKCIUTYaTalldi0 C COOIIONCHUEM pErIaMeHT-
HBIX 3HAYCHUH CTaUM METAaHUPOBAHUS, MMOCKOJIBKY pa-
Oouas Temmeparypa MeTaHATOpa HAXOIUTCS Ha YPOBHE
300-320 °C.

IIpoBenenue npouecca akruBauuu npu 550 °C npu-
BEJIO K CYIIECTBEHHOMY YBEIIMYCHHUIO KaTaJTUTHYCCKON
AKTHBHOCTH UIS BCEX UCCIEIYeMbIX 00pa3moB. MoxHO
OTMETHUTH OOIIYI0 3aKOHOMEPHOCTh YBEITUYCHUS KaTallu-
TUYECKOI aKTUBHOCTH C POCTOM COZIEP)KaHUSI aKTUBHOTO
KoMITOHeHTa. Kpome Toro, ObUIO yCTaHOBIICHO, YTO pas-
paboTaHHBIE KaTaau3aTtopbl B TeueHHU 30 9 mpakTHde-
CKH COXPaHSIOT CBOI KaTaJUTUYECKYI0 aKTUBHOCTH Ha
ypoBHe 165—175 °C u nocie neperpesa mnpu 650 °C, yto
MOJTBEPIKIAET UX BBICOKYIO TEPMOCTA0MIBLHOCTb.

B arperarax cuHTe3a amMMHaka OYHCTKAa KOHBEp-
tupoBanHoro rasa or CO, mpoucxoaut B abcopbepax
C IPUMEHEHHEM TaKuX MOIIOTUTeNe KaK BOJHbIE Ile-
nounsle pacTBopbl «beltnpunny u «Kapcom», a Taxke
OpPraHWYeCKUX MOMIOTUTENEH B BUJIE BOOHBIX PACTBOPOB
MoHod3TaHonamMuHa (MDA) 1 aKTHUBHPOBAHHOTO METHII-
nuatanonamuna (MIADA) [20, 21]. BeaenctBue TexHO-
JIOTMYECKHUX HapyIICHUH MOXET MPOUCXOJUTh YHOC a0-
COpOEHTOB CO CTAANU OYUCTKU KOHBEPTUPOBAHHOI'O ra3a
or CO, B peakTop METaHUPOBaHusl. B GonbumHCTBE CIty-
yaeB JIJIsl HUKEJIb-aJJIOMUHUEBBIX KaTallu3aTOpOB IPOHC-
XOIUT CHIKCHHE aKTUBHOCTH KaTaJM3aTOPOB M yBEJH-
YeHHE Ta30JMHAMHYECKOTO CONPOTHUBICHHUS pPeaKTopa
MeTaHupoBaHus [22]. B pesynbrare IpoBENEHHBIX HUC-
CJIeZIOBaHUH Obljla yCTaHOBJIEHA BBICOKAsl yCTOHYHUBOCTD
pa3paboTaHHBIX KaTalIn3aToOpOB K BO3ACHCTBHIO TaHHBIX
abcopOenroB mpu Temneparypax 280-320 °C [23, 24].

B 2017 r. xaranuzatop HUAII-07-07 ¢ nonuxken-
HOM TemriepaTypoil akTUBalMM ObUI 3arpy>k€H B MeTa-
Hatop y3ia Meranuposanus CO nexa «Paznenenue nu-
porasza u nonyuenue 6enzona» B OO0 «Cmasponeny,
r. bynennosck, CraBpononbckuii kpaid, Poccusi. Aktu-
BallMsl Karajau3aropa OCYLIECTBISJIaCh TEXHOJIOrHYe-
ckuM razoM. [locne pazorpeBa MOBBICHIN TEMIEPATypy
B MeTaHatope 10 220°C c yBeJIMYeHHUEM COIep>KaHUs
CO Ha Bxone B peaktop 110 0.7-0.8 00. %, nmpu Harpy3ke
4000—6000 m>/u. TTociie BBIBO/Ia METAHATOPA HA PAOOUHA
pexuM (Temrieparypa Ha Bxoae 235 °C, temmneparypa B
30He Kartanuza 255 °C) cymMMapHOe OCTaro4yHoe Conep-
sxanue CO u CO2 B OUMIIEHHOW METaHO-BOJOPOJHON
(pakuuy HaxoIWJIOCh Ha ypoBHe MeHee 1 ppm. Kara-
nmu3aTop oOecreurnBaeT HEOOXOAUMYIO CTETICHb OUHCTKU
OT KUCIIOPOJCOEPIKAIIUX COSTUHEHUH [TPHU HArpy3Ke 110
HCXOIHOMY ChIpbIO J10 16000 M*/4.
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3AKJIIOYEHUE

YcTaHOBIEHO, YTO MPU BHIOPaHHBIX YCIOBUSIX 00-
PabOTKH KHUIKOCTHBIM PEareHTOM MEXaHHUCCKOH cMecn
TUIPOKCOKapOOHAaTa HUKEIN U aKTUBHOTO OKCHJIA allfo-
MHHHS MEXJTY HAMH IPOUCXOANUT XUMHUCCKOE B3aUMO-
JelicTBHe ¢ 00pa3oBaHMEM THIPOKCOKapOOaFOMHUHATA
Hukesss. ONTUMU3MPOBaHBl COCTaBBl KaTajau3aropa,
MMEIOIIETO pa3iMyHble CONEp)KaHUsI aKTUBHOTO KOMIIO-
HEHTA, U OTIPE/ICIICHBI TeMIIepaTypHbIe 00JIacTH MpoLec-
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ca aKTUBAIIMH TIPEIIICCTBCHHNKA aKTHBHOM (a3bl. Kara-
JIU3aTOp UMEET TOHWKEHHYIO TeMIIepaTypy aKTUBAIIUH,
BBICOKHE KaTAIUTHYCCKYIO aKTHBHOCTb, TEPMOCTAONITb-
HOCTh U MEXAaHUYECKYIO MPOYHOCTb. MOMKET M3roTaB-
JIMBATHCSI U3 ONHOW M TOM K€ KaTaJIU3aTOPHOMN IIMXTHI
TabJIeTUPOBAHUEM WJIM DKCTPY3HEH B BUJE TPaHyl pas-
JTUYHOW TeoMeTprueckor popmbl U pazmepoB. Karamm-
3aToOp BHEJPEH B IPOMBIIIIIEHHOCTb.
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KBaHTOBO-XUMHUYECKHH MOAX0] K PacueTy IHTAJIbIIUN
00pa3oBaHMsl KCAHTOI€HATOB IIEJOYHbIX METAJJIOB

I0.B. IlonoB!, A.C. Hoarauesn?, E.B. lIIumuxuu'®, F0.A. 3oroB!, B.E. llnmxun'

I Bonzoepadckuii 2ocyoapcmeeHHblil mexHuueckuii yHusepcumem, Boszogpad, 400005 Poccust
2A0 «Boswxckuii Opecurmes», Bosvkckuil, Boneoepadckas obnacme, 404117 Poccust
@Aemop oas nepenucku, e-mail: shishkin@ustu.ru

Ienu. ILlensto pabomel seasiemest uccnedo8aHuUe 803MOIHOCMU COBMECMHO20 UCNOAb308AHUSL
KB8AHMOBO-XUMUUECKUX MEeMO0008 U KOPPENSUUOHHO020 AHAAU3A O/l onpedeseHust SHMANbRUl
06pa308aHUSL MEMATLIOCO0EPIAULUX OP2AHUUECKUX 8EULECTNE8 HA NpuMepe KCaHMO2eHamos uie-
JIOUHBLX MEemasnios, Komopble npedcmasasiom uHmepec Kak 6uosozuuecki aKkmueHble seuje-
cmea u agpghpexmugHble hromopeazeHmal.

Memoovut. FHcnonw3oeaHvl hnoaysmnupuueckue memodbl KEAHMOBO-XUMUUECKUX pACUemo8a
Modified Neglect of Diatomic Overlap, Austin Model 1, Recife model 1 u nuHeliHblil pe2peccuoH-
HblU aHAUS.

Pesynemamet. C nomowbro nonyamnupuueckux memoooe Modified Neglect of Diatomic Overlap,
Austin Model 1, Recife model 1 sbiuucneHvl sHmanbnuu obpaszosarust 16 ankunkcaHmozeHamos
KAUsL U HAmMpusl, NPo8eo0eHO CONOCMAaseHUe NOAYUEHHbLX pe3ylbmamos ¢ 9KCnepumeHmaJib-
HbMU OaHHbIMU. BblsicHeHo, umo Haunyuuias Koppeasyus 0t Kaauesblx U Hampuessblx conell
aghupo8 ouMuUoy2016HOU Kuciomosl Habarodaemest npu uchosis3osaruu memooa Austin Model 1.
C nomoubto NONYUEHHbLX YPABHEHUIL pezpeccut 8bluUCTIeHbL IHmanbnuu obpasoearus oast 30
KCAHMO2EeHAMO8, OP2AHUUECKAs UACTMb KOMOPbIX CO0epIKUM ANKUNbHbBLE, YUKAUUECKUEe Heapo-
Mmamuueckue cmpykmypsbl U 00uH unu oea eemepoamoma, maxue kaxk N, O, F, u skchepumeH-
mastbHble OAHHblLe N0 KOMOPbIM 0MCYmcmayom.

Bwieo0dbsl. B pesysnbmame npogedeHH020 Ucciedo8aHust 0biia YcmaHoeieHa NPpe8ocxooHas Kop-
pensyus Mexoy IKCNepuUMeHmMaibHblMU U PACCUUMAHHBIMU NO memody AM1 3HaueHUsiMU 9H-
manbnuil 06pa3o8aHuUsl ANKUNKCAHMO2eHaMOo8 Kalust U Hampust. TTonyueHHble OaHHble Mo2ym
b6bimb UCNOL308AHBL OISl pacuema meniogozo sgpgexma peakyuli KCAHMOoeHUPOBAHUSL CRUD-
moe u NPoeKmuposaHusl NPoOU3800CME8 COOMEEeMCcmayoUUX KCAHMO2EeHAMOS.

Knroueesle cnoea: KcaHmozeHamol WEJIOUHBbLX MEeMAJLI08, nosyasmnupuiecrue KeaHmoso-xumu-
uecKue memoonl pacuema, KOppeJLFLL_l,uOHHbLa aHa/ius, sSHmMmasibnusi o6pa306auuﬂ.

Jlna yumuposanus: 1lonos 10.B., [lonraues A.C., [llmmkun E.B., 3otos 10.JI., lllnmkun B.E. KBantoBo-xummdeckmii mos-

XOJI K pacyeTy SHTaJIbIUI 00pa30BaHUs KCAHTOTCHATOB IIEIIOYHBIX METAINIOB. Tonkue xumuueckue mexuonoeuu. 2020;15(2):30-37.
https://doi.org/10.32362/2410-6593-2020-15-2-30-37

30

Toukue xumudeckue TexHosoruu = Fine Chemical Technologies. 2020;15(2):30-37


mailto:shishkin@vstu.ru
https://doi.org/10.32362/2410-6593-2020-15-2-30-37
https://doi.org/10.32362/2410-6593-2020-15-2-30-37

I0.B. llonos, A.C. loaraues, E.B. IIIHIIKHH H Ap.

Quantum chemical approach to calculating the enthalpies
of the formation of alkali metal xanthates

Yuriy V. Popov’, Aleksandr S. Dolgachev?, Evgeniy V. Shishkin'®, Yuriy L.
Zotov!, Veniamin E. Shishkin?

Volgograd State Technical University, Volgograd, 400005 Russia
?Volzhskii Orgsintez, Volzhskii, Volgograd oblast, 404117 Russia
@Corresponding author, e-mail: shishkin@ustu.ru

Objectives. The aim of this work is to study the possibility of the joint use of quantum chemical
methods and correlation analysis to determine the formation enthalpies of metal-containing
organic substances using the example of alkali metal xanthates, which are of interest as
biologically active substances and effective flotation reagents.

Methods. Semi-empirical methods of quantum chemical calculating (Modified Neglect of Diatomic
Overlap, Austin Model 1, Recife model 1 methods) and linear regression analysis were used.
Results. Using the semi-empirical Modified Neglect of Diatomic Overlap, Austin Model 1, and
Recife model 1 methods, the enthalpies of formation of 16 potassium and sodium alkyl xanthates
were calculated, and the obtained results were compared with experimental data. It was found
that the best correlation for potassium and sodium salts of dithiocarbonic acid esters could
be observed using the Austin Model 1 method. Using the obtained regression equations, the
enthalpies of formation were calculated for 30 xanthates, the organic part of which contained
alkyl, cyclic non-aromatic structures, and one or two heteroatoms such as nitrogen, oxygen, and
fluorine, and for which there are no experimental data.

Conclusions. As a result of the study, an excellent correlation was established between the
experimental and the calculated (by the Austin Model 1 method) values of the enthalpies of
formation of potassium and sodium alkyl xanthates. The data obtained can be used to calculate
the thermal effect of the xanthogenation reactions of alcohols and to design the production of the
corresponding xanthates.

Keywords: alkali metal xanthates, semi-empirical quantum chemical calculation methods,
correlation analysis, formation enthalpy.

For citation: Popov Yu.V., Dolgachev S.A., Shishkin E.V., Zotov Yu.L., Shishkin V.E. Quantum chemical approach to
calculating the enthalpies of the formation of alkali metal xanthates. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2020;15(2):30-37
(in Russ.). https://doi.org/10.32362/2410-6593-2020-15-2-30-37

BBEAEHUE Panee B psze paboT ¢ MOMOILBIO COYETAHUS TTOTYIM-
MUPUYCCKUX KBAHTOBO-XUMHUYECKUX METOIOB pacuera U
TepmonnHamMudeckne XapakTEPUCTHKH  SIBIISI- KOPPESILIOHHOIO aHau3a ObUIH OINpe/e/eHbl SHTAIBIINN

IOTCS BaKHEUIITUMU mapaMeTpaMun BCIICCTBA. Tep-
MOJWHAMUYECKUN aHaau3 XHUMHYECKOTO mponecca

00pa30BaHMS MHOTUX OPTaHUYECKUX COCAMHCHHUIA: IIHKIIO-
(banoB [1]; a3orconeprkalmx reTepoLMKIIoB [2]; Mpou3Bo-

MO3BOJISICT OINPEHCIUTh HANPaBICHUE IPOTEKAHUS
peaKIuu, yCIOBUS PABHOBECHS, €€ TEIIIOBOM 3PP EeKT.
OpHako 3amada ONpPENEICHHUS TEPMOIMHAMUYCCKUX
XapaKTePHUCTHK, B MEPBYIO OYEpedb, SHTAIBINNA 00-
pa3oBaHUs Pa3IUYHBIX OPTaHMYECKUX BEIIECTB, SIB-
JSETCS JTOCTATOYHO TPYAOEMKOW, a AN HEKOTOPBIX
COeMHEHUI BoOOIIe HeocyllecTBUMOH. B HacTos-
Imee BpeMs B CBS3H C Pa3BUTHEM KBAHTOBON XUMHHU
U KOMIBIOTEPHBIX TEXHOJOTHU TEPMOIMHAMHYECKUE
mapamMeTpsl MHOTHUX COeIMHEHHH MOTYT OBITH OBICTPO
pacCYMTaHbI pa3IMdHBIME MeTonaMu. OTHAKO ITOTHO-
CTBIO TIOJIATaThCSI HA MTOTYYCHHBIC 3HAUCHUSI HEIb35, U
BCerna HeoOXOIUMO CBEPSITh PE3YJIbTaThl PACUETOB C
IKCIEPUMEHTATHHBIMA JaHHBIMH.

JIHBIX anaManTaHa [3]. st pacyeToB B 3TUX paboTax ObLIH
HCTIONT30BaHbI COCTMHEHIS, BKITFOUAIOIIME B ceOsT Hanbo-
Jiee YacTo BCTPEUAIOIIMECS AJIEMEHTBI B OpPTaHUYECKHI
XUMUH: YIIEPOHd, BOIOPOI, KHCIOPOI, a30T U cepy. B Ha-
CTOsIIIIEE BPEMsI IMUPOKOE IPUMEHEHHE B HAPOJTHOM XO3sTH-
CTBE HaXOIAT U MHOTHE JPyIHe OPraHUYECKUC BEIICCTBA,
KOTOPBIE ITOMHMO MEPEYNCIICHHBIX BBIIIIE IIEMEHTOB BKITFO-
YaroT B ceOsl TakkKe pa3iandHble MeTawibl. Pacuer Tepmo-
JIMHAMUYECKUAX XapaKTePUCTHK BEIIECTB TAKOTO Pofia, Kak
mpaBuio, 3arpyaHeH. [loaToMy uccnemnoBaHme BO3MOKHO-
CTH COBMECTHOIO HCIOJIb30BaHMS KBAHTOBO-XUMHUYECKHX
METOIIOB M KOPPEJIAIIMOHHOTO aHAIM3a JUT HAXOXKICHHS
SHTAITBITNI 00Pa30BaHUsI TAKUX COCIMHCHUI SIBISICTCS aK-
TyaJIbHOH 3a7a4eil.
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MATEPHAJIBI U METO/IbI

B xauecTBe mpencraBUTeNel HCCIENyEeMOW IpyIl-
Bl BEIIECTB OBLTH BHIOpAaHBI KCAHTOTEHATHI IIETOYHBIX
MeTaisioB (comn O-3(uUpoB JUTHOYTOIHHON KHUCIOTHI)
o01iei hopMyIbL:

S—M

R—o0—¢”

Ny

rie R, — opranuyieckas 4acthb Mosiekyiibl; M = Na, K. Otu
COCAMHEHMS HAXOIIT IIMPOKOE IIPUMEHCHHE B KAIECTBE
¢dioropearenToB-codupareneit [4], a Takxke o0IaaaAOT
BBIPAKEHHOW OMOJIOTHYECKON aKTUBHOCTBIO [5, 6]. Hy-
Mepalus U CTPYKTypbl KCAHTOTEHATOB MPECTABICHBI B
Tabm. 1.

J1 BBIABTICHUS KOPPEIALIUU MEXKLy PACUETHBIMU U
IKCTIEPUMEHTANEHBIMH 3HAUCHUSMH SHTAIBIINN 00pa3o0-
BaHMS ObIIM BbIOpaHBl 16 COEMHEHMI: METHUIOBBIN
(I, II), srunosend (111, 1V), uzonpomwiossii (V, VI),

npormwiosiid (VII, VIII), oyrumossrit (IX, X), amwumno-
BoIif (X1, XII), rexcunossiit (XIII, XIV) u rentunoBblii
(XV, XVI) kcaHTOreHaTHl Kaius W HaTpus (HCYCTHBIC
HOMEpa COOTBETCTBYIOT KaJIHEBbIM KCAHTOI'€HATAM, YeT-
HbIC — HAaTpUEBBIM). B muteparype [7—11] npucyrcTByror
JKCIIEPUMEHTAIbHBIC TAaHHBIC O TEIUIOBOM 3 dekre pe-
Ak KCAHTOTCHUPOBAHUS COOTBETCTBYIOIINX CITHPTOB
( AH ro 298 ):

ROH + CS, + KOH — ROC(S)SK + H,0.

Outansimn o0pazosanus BemiecTs [-XVI (AH f sen.)
MBI OIPEJENIA C TIOMOIIBIO CIIPABOYHBIX JAHHBIX 00
SHTAJBIUAX 00pa30BaHUS yYYACTHHKOB PEAKIMH W 3a-
koHa [ecca. [lias 3THX coeAMHEHUN Takke ObLia BbI-
MTOJTHEHA ONTHMH3AINS TEOMETPUH U PACUeT dHTAIBITHI
obpazoBanus ¢ momorbio MeTooB Modified Neglect of
Diatomic Overlap (MNDO), Austin Model 1 (AM1), and
Recife Model 1 (RM1) B makere HyperChem. Pe3synsra-
TBI PACUCTOB MIPEACTABICHEI B TAOM. 2.

Tadsmmma 1. [TepedeHs rccie10BaHHBIX KCAHTOTEHATOB KaJIUsl M HATpusl (HEYETHbIE HOMepa
COOTBETCTBYIOT KQJIMEBBIM KCAaHTOT€HATaM, YETHBIE — HATPUEBBIM)

Table 1. List of investigated potassium and sodium xanthates (odd numbers correspond to
potassium xanthates, even numbers correspond to sodium xanthates)

N CoenquHeHHne N CoenquHeHue
: Compound : Compound
S CH, CH,4 S
I, 1I H XXIII, XXIV CHZ/ \CHZ/
) CH, , l CH, CH,
~0~" “NSK(Na) W, ~cH, SN0 Nsk(Na
S S
111, IV CH XXV, XXVI CH, /u\
2
CH; ~0~ “SSK(Na) E‘CHZ/ o SK(Na)
S
CH, E u
V, VI CH XXVII, XXVIII
o, 07 sk CH—07 " SK(Na)
s 0__SKN)
VII, VIII CH CH XXIX, XXX U
3 2
~CH, ~0~ “SSK(Na)
S O\C /SK(Na)
IX, X CH CH XXXI, XXXII U
2 2
CH, ~CH, ~0~ “SsK(Na)
o) SK(Na)
S \C/
X1, XII CH CH CH XXXIIT, XXXIV U
3 2 2
~CH, ~CH, ~07 “NSK(Na)
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Ta6auna 1. Oxonyanue
Table 1. Continued

No Coenunenue e CoenuneHue
i Lol ) Compound
XIIT i 0.
; CH, CH CH XXXV, XXXVI
X1V c H; 2\C H; Z\C H; 2\0 _ \SK(Na)
8 CH cH, 0 SK(Na)
XV, XVI o en XXXVIL, o o sal S
> CH CH
o RCH, SCH, 07 NSK(Na) XXXVIII
S
CH,F (0] SK({
XVII, Chy CH, ﬂ Z\CHz/ N N
XVIII %H/ \O/ \SK(Na) XXXIX, XL U
off
S
XIX 0 ﬁ CH;—CH, u
, CH 0 CH,
XX /lH AN XLI XLII \ e N o N
CHj ~CH, SO SK(Na)
cH,—cf,
CH,—CH,
" I CH, 0 SK(Na)
ot l M XLIIL, XLIV N ~cu; ¢
H 9
XXII NG
CH;—CH, O SK(Na) ct—ch,
-
XLV, \CHZ\ /CHZ H,
XLVI CH
J) SK(Na)
\C

BBUI0 BBISICHEHO, YTO 00IIast IMHEHHASI KOPPEIISIHS
OTCYTCTBYET, O/IHAKO SKCTIEPUMEHTAIIbHBIE ¥ pACUETHBIE
JaHHBIC YKJIAIBIBAIOTCS HA IPSMYIO OTJCIBHO JUIS KaJIH-
€BbIX U OTACJIbHO [JIs1 HATPUCBLIX KCAHTOICHATOB. HpI/I
3TOM JIJISl K&KJIOTO U3 METOIOB pacyera KodhdUIueHTh
KOoppejauuu [Jist IpyINnbl KCAHTOICHATOB HATpUsA HE-
CKOJIBKO BBIIIIE, YeM [T TPYTITBl KCAHTOTCHATOB KIS
HaunbGonpmmii k03(hHumeHT Koppensuuu B 000ux ciy-
yasx xapakrepeH ais metona AMI, mpu 3ToM, Tak Kak
r>0.99, To MO)XHO TOBOPUTH O NMPEBOCXOTHON KOPpPEIsI-
IIUH. YpaBHEHUS PETPECCHU UMEIOT B 9TOM CIIydae BHI:

AH{ .. « =0.8736 X AH, ..  —92.2980 (1)
AH? . =0.8738xAH? . —124.0000  (2)

[oxy4eHHbIC 3aBUCHMOCTH MOTYT OBITH HCIIOJNB-
30BaHbl JUI1 HAXOXKJCHUS SHTANBIUN 00pa30BaHMS TEX
KCAHTOTCHATOB KalIUSl M HATPHs, IKCIIEPUMEHTAIbHBIC
JlaHHbIE TI0 KOTOPBIM OTCYTCTBYIOT B Hay4YHO-TEXHH-
yeckol nureparype. s nanpHEHIIMX pacdyeToB ObLTH
0TOOpaHbI KaJHeBble (HEUETHbIC HOMEpA) U HATPUEBbIC
(ueTHBIE HOMEpa) KCAHTOTEGHAThl Ha OCHOBE CIEIYIO-
IMX COMPTOB: 2-Mmermianpomnas-l-on (XVII, XVIII),
3-metunOyTan-1-on (XIX, XX), Oyran-2-on (XXI,
XXII), oxran-l-on (XXII, XXIV), (l-amamantun)-
metaHon (XXV, XXVI), 2-(1-amamantwin)-3Tas-1-om
(XXVII, XXVIII), ounwmkino-[2,2,1]-renran-2-on (XXIX,
XXX), 2-(BuHmiokcH)-3Tan-1-om (XXXI, XXXII),
2-propatan-1-on (XXXII, XXXIV), 2-(N,N-qudTui-
aMuHO)-3TaH- 1 -om (XXXV, XXXVI), 2-(N, N-nuaTun-
aMUHOAITOKCH )-3TaH-1-o1 (XXXVII, XXXVIII), nuxmno-
nenTanon (XXXIX, XL), muknorekcanon (XLI, XLII),
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1,3-nu-(2-MetunnunepuanHo)-ponan-2-on  (XLIII,
XLIV), Tpunukio-[5,2,1,0]-nexan-9-on (XLV,
XLVI). Bce aTu BemiecTBa OMHCaHBI B JUTEPAType
[6, 12—19] u aBnsaroTcst 1u60 BBICOKO3(h(HEKTUBHBIMU
¢dioropeareHTaMH-cOOUpATEIAMH, JTUOO MPOSBISIOT

N 0
Tabunua 2. JlaHHble KBAaHTOBO-XHMMHYCCKOTO pacueTa SHTaIbIuil 06pasoBanust AH

BBICOKYIO OHMOJIOTHYECKYIO aKTHBHOCTBH. Pe3ympraTs
pacueTa yKa3aHHBIX BBbIIIE KCAHTOT€HATOB IO METOAY
AMI1 u nocieaymoIero nepecyeTa HTAIBINN o0pa-
30BaHMsI O ypaBHEHUsIM perpeccuu (1) u (2) mpuse-
JIeHbI B Ta0I. 3.

pacu, ? BBIITOJIHCHHBIC

Table 2. Data of quantum-chemical calculation of formation enthalpy AH

metonamu MNDO, AM1, RM1 ains kcarroreratoB [-X VI 1 kKodppHUIIMEHTH KOppeTSIHn

0
f, calc.

performed by MNDO, AM1,

RM1 methods for xanthates I-XVI and correlation coefficients

AHrO, 8 AHE S Angacq_ , KJ[/M0Ib
MOJIb MOJIb
No % . ’ KIA[“deO - : AH? . kJ/mol
kJ/mol kJ/mol MNDO A AM1 A RM1 A
I —-45.10 -312.31 -376.94 —64.63 -259.89 52.42 —231.55 80.76
I -28.35 —297.19 -324.9 -27.71 -210.57 86.62 —175.56 121.63
111 -47.20 —348.21 -399.41 -51.2 -284.41 63.8 -256.46 91.75
v -32.79 —335.43 —345.92 -10.49 —235.15 100.28 -200.5 134.93
A% —6.50 —345.3 —405.33 -60.03 —299.78 45.52 —285.9 59.4
VI -4.97 -345.4 -346.01 -0.61 -250.42 94.98 -230.76 114.64
VIl -52.80 -376.54 -419.27 —42.73 -310.46 66.08 -2717.5 99.04
VIII -36.20 -361.57 -361.57 0 -261.2 100.37 -220.48 141.09
IX -43.50 —384.14 -438.96 —54.82 —335.14 49 —297.7 86.44
X -30.92 —373.19 —-380.05 —6.86 —289.69 83.5 —241.14 132.05
XI -35.40 -403.99 —455.74 =51.75 -360.26 43.73 -319.04 84.95
XII -27.50 -397.72 -396.82 0.9 -315.15 82.57 -259.29 138.43
XII -32.20 —428.69 -475.2 -46.51 —384.39 443 -337.92 90.77
X1V -26.10 —424.22 -417.16 7.06 —343.76 80.46 —279.53 144.69
XV -31.80 —-450.75 —494.75 —44 —411.76 38.99 -358.4 92.35
XVI -24.54 —445.12 -433.24 11.88 -369.12 76 -296.99 148.13
Koapdunment xkoppensunu r, =0.9875 r, = 0.9907 r, = 0.9669
Correlation coefficient r,, = 0.9907 r,, = 0.9919 r,, = 0.9841

Tadmuma 3. Duransnun odpazoBanus coeaunennii X VII-XLVI, paccunrannsie ( AH ? pam') o metony AM1

u croppektuposannbie ( AH f

pacu.

*) mo ypaBaenusMm (1) u (2)

Table 3. Enthalpies of the formation of compounds XVII-XLVI, calculated (AH ?

) by the AM1 method

calc.

and corrected (AH 2 el ) by equations (1) and (2)
o Angacq‘, kJK/MOJIb Angm_ *, kJK/MOTB - Angm_ , KJIK/MOIB AHf(",)pacq. *, kJLK/MOTB
AHY .. » kd/mol AH . * kJ/mol AH . kJ/mol AH? . * kd/mol
XvIl —328.39 —379.18 XVIII —282.02 -370.43
XIX -359.04 —405.96 XX -309.78 -394.69
XXI -325.57 -376.72 XXII —268.17 —358.33
XXIII —452.03 —487.19 XXIV —403.36 —476.46
XXV —420.30 —459.47 XXVI -371.44 —448.56
XXVII —401.41 —442.97 XXVIII —342.18 —423.00
XXIX —259.93 -319.37 XXX —209.58 -307.13
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Tadnauma 3. OxoHyaHnue
Table 3. Continued

- AH f(? paca, » KAUK/MOIE Angmv * kJIzK/MOIb " AH g paca, ? kJlx/monb | AH 2 pace, *, KJIK/MOJIb
AHY . > kJ/mol AH . * k/mol AH; . > kI/mol AH .. * kol

XXXI 265.90 ~324.59 XXXII 242,03 ~335.49
XXXII -359.40 -406.27 XXXIV -304.94 -390.46
XXXV 32061 37238 XXXVI 27113 36091
XXXVII -335.89 -385.73 XXXVII 28598 -373.89
XXXIX 484.10 -515.21 XL ~434.06 -503.28
XLI 27055 -328.65 XLII 219.63 31591
XLII —481.88 51327 XLIV ~401.58 ~474.90
XLV -323.05 37451 XLVI 27431 ~363.69

[Ipu coctaBieHUHM IAHHOTO MEpEeYHs KCaHTOreHa-
TOB COCAMHCHMS BBIOMPAIUCH TAaKUM 00pa3oM, 4TOOBI
UX pacyeTHas YHTAIBITNI 00pa30BaHUS JeKala B HHTEP-
Bajax oT —200 o —500 x/[k/MOb JIs KaJUeBBIX U OT
—200 mo —450 x/I>x/mMoinb 11 HaTpueBbIX. O BO3MOXKHO-
CTH TIpuMeHeHus ypaBHeHu# (1) u (2) ans KcaHTOreHa-
TOB, COZIEPIKAILMX IeTepOaTOMbl B OPraHUUECKOM paju-
Kaje, CBUACTEILCTBYIOT NIPOBEICHHBIC aBTOPAMHU paHee
uccnenoBanus [20]. [Ipu pa3paboTke METOIUKH MOJTyUe-
HUS IUATUIIAMUHOATHIIOBOTO KCAHTOTCHATA KaJIMsl HAaMH
ObLIa BEITIOTHEHA OIIEHKA TETUIOBOTO d((PEKTa peakInuy B
aanadaTHYeCKUX yCIOBUSIX. BBISICHEHO, 4TO H3MEHEHUE
SHTAJIBIIUU PEAKLUU KCAaHTOT€HUPOBAHUS JUITUIIAMUHO-
3TaHoNa JIeKHUT npesenax ot —30 g0 —45 kJx/monb. [pu
9TOM BBIYHCIICHHE TEIUIOBOTO 3(h(heKTa 3TON peakiuu ¢
Y4eTOM TOJIYYCHHBIX PacUeTHBIX JIAHHBIX JTAeT Pe3ylib-
taT = —29.56 k/[>/MONb. YUHTBIBas, YTO B PEATLHOCTH
HapsALy C OCHOBHOM peakliel KCaHTOr€HUPOBaHUsl [IPo-
TEKaIOT M0O0UHBIE IKZ0TEPMUUECKHUE ITPOLIECCHI:

6KOH + CS, — K,CO, + 2K S + 3H,0
6KOH +3CS, — K,CS, + 2K,S + 3H,0
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MNOJIYYCHHOC PACYCTHOC 3HAUCHWEC HM3MCHCHUSA DHTAJIb-
AU KCAHTOTCHUPOBAHUA JUITUIAMHWHOITAHOJIA MOXXHO
CUHUTATb HaACKHBIM.

3AK/IIOYEHUE

Taxum 00pa3zom, B JaHHOU paboTe Oblia yCTaHOBIIE-
Ha MPEBOCXOTHAST KOPPEILIHS MEXKTY IKCIIEPUMEHTAb-
HBIMHU U PACCUUTAHHBIME 110 MeTony AM1 3HaueHUIMU
SHTAJBIUN 00pa30BaHUs ATKUIKCAHTOTCHATOB KA U
Harpus. C MOMOIIBIO MOMYYCHHBIX KOPPEIAIIHOHHBIX
YpaBHEHUH OBUIM BBIYHCICHBI SHTAIBIIHN 00pa30BaHHUS
Pa3INYHBIX KCAHTOICHATOB, OPraHUYECKas 4acTh KOTO-
PBIX COIEPKUT ANKHWJIBHBIC, IUKIMYSCKIE HeapoMaTH-
YEeCKHEe CTPYKTYPHI M OJTUH WK JBa T€TEPOATOMA, TAKUE
kak N, O, u F. IlonyueHnHsle naHHbie B JanbHEHUIIIEM
MOTYT OBITh UCIIOJIL30BAHBI JJIsI pacyeTa TeIIOBOro 3(-
(eKTa peaknuu KCAaHTOT€HUPOBAHMS COOTBETCTBYIOIINX
CIIMPTOB ¥ MPOEKTHPOBAHHUS MIPOU3BOJICTB JAHHBIX KCAH-
TOTEHATOB.
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MHoroc/i0iiHbI€ YIVIEPOHbIE HAHOTPYOKH —
KOMIIOHEHT JHEPrOeMKHUX CYCIICH3MOHHBIX PEAKTUBHbBIX TOPHOYUX

A.C. Kapnymenkona®, I'.5I. Kabo, A.B. BAoxuH

Benopycckuil 2ocyoapcmeerHulii yHugepcumem, Murck, 220030 Pecnybauka Benapyco
@Aemop ons nepenucku, e-mail: karpushenkava@bsu.by

IMenu. /lobassnieHue 8blCOKONNOMHBIX Y2/ePOOHbLX MAMEPUAIO8 8 PeaKmueHble Mmoniu8a Mo-
JKem npugecmu K 3HAUUMENbHOMY YB8eaAUUeHUIO e20 06bemHOol sHepzoemKkocmu. Llens pabombl
3aKaruanacse 8 npogedeHuUu mepmoouHAMUUECK020 AHANAUSA 803MONAHOCMU NOSAYUEHUSL MO-
OenbHbIX Y2/1e8000PO00HbLIX monaiue u3 moayoaa u T-1 ¢ MHO20C/0UHBbIMU YaiepOOHbIMU HAHO-
mpybramu (MYHT).

Memoodut. Csoticmea MYHT 6buiu ucciedos8arvl NPu NOMOUU CAeOYOWUX Memodo8: dHepaus
C20pAHUSL 8 KPUCMANIUUECKOM COCMOSIHUU onpedeseHa memoodom 60mb60801l Kaniopumempuu,
memnepamypHasl 3a8UCUMOCMb menioemrkocmu 8 uHmepgane 5-370 K — memodom aduaba-
muueckoll Kanopumempuu, usuueckast NIOMHOCMb — NUKHOMempuuecKum memooom, ceou-
MEHMAYUOHHASL Ycmoluugocms cmecell ¢ muokocmsamu — yeHmpugyauposarHuem npu 7000 g.
Pacuemut npogodunuce 8 npozpamme MS Excel.

Pesynemamel. OnpedenieHbl 9HEpP2USL U SHMATIbNUSL C2OPAHUSL mexHuueckozo obpasya MYHT e
Kpucmaaniuueckom cocmosHuu. Ha ocHo8aHUU C2narKeHHbLX 3HAaUeHUll menioemKocmu noay-
ueHblL cmaHoapmHsle mepMoOuUHAMUUECKUE PYHKYUU (IHMATIbNUSL, IHMPONUSL U NPUBEOEHHAS
aHepeus ['ubbca) MYHT e kpucmannuueckom cocmossHuu 8 unmepsane 0-2000 K. Dxempano-
asyus mennoemxocmu MYHT 0o memnepamypel 2000 K nposedeHa ¢ ucnosb3osaHuem me-
nioemKocmu Kpucmasiuueckozo paguma. Yemarosnero, umo cmecu MYHT ¢ skuokocmsamu,
cooepxxawumu MYHT 6onee 33 macc. %, ceOumeHmMAyuUOHHO Yycmoliuugsl 8 yeHmpugyee npu
7000 g. [lna modenvHoix cucmem moayon—-MYHT, zoprouee T-1-MYHT eviuucneHsl maccosgvle U
ob6beMmHble sHepauu czopaHust, aduabamuueckue memnepamypsl 20peHust, Ycl08HASL KOHEeUHAs
MAKCUMANBHASL CKOPOCMb MOO0ENbHBLIX PAKEem C 20PIOUUM PA3IUUHBLX COCMABOS.

BobLeoost. TepmoouHaAMUUECKUTL AHAU3 noKasast, umo dobasserue MYHT cyuiecmseeHHo nogol-
waem 06 bemMHYI0 IHepP20eMKocms MPAadUUOHHBLX PeaKmuU8HbLX MONAU8, Umo 00JIKHO NPUBO-
oumos K yayuwleHuo 9KCNAYamaylloHHbIX XapaKmepucmuk jemamesbHblXx annapamos.

Knroueevble cnoea: mooesibHoe Y271e8000p00H0E MONAUBO, IHEP20eMKOCMb, MHO20CNOUHbLE
YyanepooHsvle HAHOMPYOKU, MACCOBASL MENOMA C2OPAHUSL, 00bemMHAsl Menioma C2OPaHUsl,
aduabamuueckass memnepamypa 20peHust, YyoenbHbulil UMNYAbC, YCA08HASL KOHEUHASL MAKCU-
MANBHASL CKOPOCMb, NPOMbLULTIEHHOe 8HedOpeHue

Jlna yumuposanusn: Kapnymenkosa JI.C., Ka6o .., bnoxun A.B. MHOTOCIIOHBIC YIIEpOAHbIE HAHOTPYOKH — KOM-
MOHEHT DHEPTOEMKHX CYCIEH3WOHHBIX PEAaKTUBHBIX TOpIOYUX. Toukue xumuueckue mexuorozuu. 2020;15(2):38-46.
https://doi.org/10.32362/2410-6593-2020-15-2-38-46
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Stacked-cup multiwall carbon nanotubes as components
of energy-intensive suspension jet fuels

Larisa S. Karpushenkava®, Gennadii Ya. Kabo, Andrey V. Blokhin
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@Corresponding author, e-mail: karpushenkava@bsu.by

Objectives. The addition of high-density carbon materials to jet fuels can lead to a significant
increase in the volumetric energy of the fuel combustion. The purpose of the current study was
to thermodynamically analyze the possibility of obtaining model hydrocarbon fuels from toluene
and T-1 using stacked-cup multiwall carbon nanotubes (MWCNTSs).

Methods. Bomb combustion calorimetry was used to define the combustion energy of the
MWCNTs in the crystalline state. The temperature dependence of the MWCNTSs’ heat capacity in
the range 5-370 K and the fusion parameters were estimated using low-temperature adiabatic
calorimetry. The physical density of MWCNTs was measured using the pycnometric method.
The sedimentation stability of the mixtures of MWCNTs with liquids was determined using
centrifugation at 7000 g. The calculations were carried out in MS Excel.

Results. The energy and enthalpy of combustion of a technical sample of MWCNTs in the
crystalline state were determined. Based on the smoothed heat capacity values, the standard
thermodynamic functions (enthalpy, entropy, and Gibbs reduced energy) of MWCNTs in the
crystalline state were obtained in a temperature range of 0-2000 K. The extrapolation of the
MWCNTs’ heat capacity was carried out at a temperature of up to 2000 K using the heat capacity
of crystalline graphite. It has been established that mixtures of MWCNTs with liquids containing
more than 33 mass % of MWCNTs are stable during centrifugal sedimentation at 7000 g. For the
toluene-MWCNTs and fuel T-1-MWCNTs model systems, the specific and volumetric combustion
energies, the adiabatic combustion temperatures, and the conditional final maximum speed of
the model rockets with fuel of various compositions were also calculated.

Conclusions. The thermodynamic analysis showed that the addition of MIWCNTs can significantly
increase the volumetric energy intensity of traditional jet fuels, which can in turn improve the
operational characteristics of drones and rockets.

Keywords: model hydrocarbon fuel, energy intensity, cup multiwall carbon nanotubes, specific
energy of combustion, volumetric energy of combustion, adiabatic combustion temperature,
specific impulse, conditional final maximum speed, industrial implementation.

For citation: Karpushenkava L.S., Kabo G.Ya., Blokhin A.V. Stacked-cup multiwall carbon nanotubes as components
of energy-intensive suspension jet fuels. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2020;15(2):38-46 (in Russ.).
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BBEJEHUWE

Pa3paboTka SHEProeMKUX XHMHYECKHX TOPIOYUX
JUIsT OECTIUJIOTHBIX JIETATeNbHBIX alaparoB U pa3iud-
HBIX PEAKTUBHBIX JBUTaTelNell, HECCOMHEHHO, aKTyalbHast
3agada. Mcrnonp3oBaHMe yIIEPOAHBIX MAaTEPHAIOB — TEX-
HUYECKOro yriepona, ¢ymiepura C,; B KaueCTBE KOM-
MOHEHTOB JHEProeMKHX KHUIKHUX (TacTOOOpa3HBIX) M
TBEPIBIX (PEAKTUBHBIX) TOIUIMB OINPAaBIAHO BCIIEACTBHE
UX BBICOKOH (DU3MUECKOI MIIOTHOCTH, BHICOKOM SHEPTUU
cropanusi 1 00pa3oBaHUsl HEKOHJEHCHPYIOLIErocs Mmpo-
aykra (CO,) npu ropennu [1].

B Hacrosmeit pabore mpeacTaBieHbl Pe3YJbTaThl
WCCIIEIOBAaHMS TEPMOJJUHAMUYECKUX CBOWCTB M MJIOTHO-
CTH TEXHUUYECKOr0 00pa3lia MHOTOCIOWHBIX YIIIEPOIHBIX
HaHoTpyOok (MYHT, Vision Development, SInonwust), He-
KOTOpBIEe (PH3UKO-XUMHUESCKUE U CTPYKTYPHEIC TTapaMe-
TPBI KOTOPBIX MTPUBECHBI B Ta0M. 1.

Taodnauna 1. Ousuxo-xumudeckue napamerpsl MYHT,
3asiBJICHHBIE TI0CTABIIMKOM

Table 1. Physicochemical parameters of MWCNTs

as provided by the supplier

I[Mapametp
Parameter

3HaueHue
Value

Dduznueckoe COCTOSTHUE
Physical state

UYepHblil mopouIok
Black powder

Cpenssist [yTHHA, M
Average length, m

<(1-2) x 106

Cpennunii BHyTpEHHUH TUaAMETP, M
Average inner diameter, m

~50x 107

Bremrnuit nuametp, M
Outer diameter, m

(10-80) x 10

Tepmuueckas cTabMIBHOCTB, K
Thermal stability, K

<973
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B paborax [2, 3] mokazaHo, 94TO TUIOTHOCTb ¥ SHEP-
rust cropanust MYHT B nepecuere Ha 100% conepxa-
HUS yIJepola O4YE€Hb MaJlo OTJIMYAIOTCS OT COOTBET-
CTBYIOIIMX NapaMeTpOB KPUCTAIIMYECKOTO TpaduTa
(Tabu. 2). ®dusnyeckas miotHocth MYHT 3ameTHO
BBIIIE TUIOTHOCTH TEXHUUYECKOTO yriaepoaa u Qyiiepu-
ta C,, (Ha 16 1 32%, COOTBETCTBEHHO), YTO MO3BOIISET
CUHMTATh UX MEPCHEKTUBHBIM KOMIIOHEHTOM MJIS MOJTY-
YEeHUs YJHEPrOEMKHUX TOPIOYUX B CMECSX C YITIEBOJOPO-
namu. @ymnepur C, umeet Gonee BbICOKYIO (~ Ha 10%)
MacCOBYIO JHEpruro cropanus [4, 5] 1Mo cpaBHEHUIO
¢ rpa¢putoM 1 MYHT, HO U CyIIECTBEHHO MEHBIIYIO
(~ Ha 30%) (QuU3MUECKYIO IIOTHOCTh 0 CPABHCHHIO C
rpadgurom. ®@ymiepur C,, OrpaHUYEHHO PACTBOPUM B
YIIEBOAOPOAAX (BHYTPEHHsS MONOCTh Mosiekyn C ) He
3aMOJIHAETCS B )KHJKOCTSIX), U TIOITOMY MEPCTIEKTUBBI
€r0 MCIIOJNIb30BaHMs B KAUeCTBE KOMIIOHEHTOB KUAKUX
TOTUIUB COMHHUTEIbHBL.

Panee mamu Obu1O ycTaHOBIEHO [7], UTO HH3KO-
MOJIEKYJISAPHBIE JKUAKOCTH 3alONHAIOT BHYTPEHHIOIO
nontocte MYHT, a sHTanemms copOIUM JKUIKUX KOM-
MTOHEHTOB (MOHHBIX JKUAKOCTEH) o4eHb Mana. B HacTos-
mieit paboTe NpUBEICHEI OLICHKH YHEProd(dekTHBHOCTH
MOJEeIbHBIX roptounx tonyon—-MVYHT, T-1-MVYHT.

MATEPHUAJIBI U METO/bI

[InotHOCcTE MYHT M3MEpeHa B CTEKISIHHOM NHKHO-
Mmerpe oobemoM (0.8876 + 0.0009) cM? ¢ HCTIONB30BaHUEM
OUANCTIIITHPOBAHHOM Bompl p = 998.3 kr-m (292 K) [3]
U CBEXKEIIEPErHAHHOTO Tomyomna p = 867.8 kr-m ° [2] B Ka-
YECTBE NUKHOMETPHUYECKUX XKUIKocTed. [IukHOMETD,
3alOJIHEHHBI HAHOTPYOKaMH U HUKHOMETPUYECKOM
KHUIIKOCTBIO, HAarpeBajcs B KHUILIIICH Boae W, IMOCIHe
oxjaxaeHus: 10 ~293 K 0e3 KOHTaKkTa ¢ BO3AYXOM,
JOBONMJICS THUKHOMETPHUYECKOH JKHIKOCTBIO IO MET-
Ku U B3BewmmBaics. Cpennss ¢unyeckas IIOTHOCTb
MVYHT cocraBuna (2210 + 22) xr-m > [2], 4ro mpak-
TUYECKH COOTBETCTBYET IJIOTHOCTH T'€KCArOHAIBLHOTO
rpaduta 2265 kr-m 3 [6]. Haceimuas mmotHocts MYHT
~400 xr-m 3 [2].

OHTanpnusl CropaHus TEXHUYECKOro obpasua
MVHT omnpenenesna B aBTOMAaTU3UPOBAHHOM KaJOpu-
MeTpe cropanus [8] ¢ kajlopuMmeTpudeckoir OOMOO
o6beMoM 326 cM® M DHEPreTHYECKHM IKBHBATICHTOM
(14605 + 3) Ik K™'. O6pasisr MYHT BeICYIIEHBI TIpU
130 u 200 °C nox BakyymoMm (P =~ 100 Ila). ITo pe3yns-
TaTaM C)KUTaHUS B KaJIOPUMETPUUECKOIT O0MOE OIICHEHO
conepxkanue 30161 B MYHT (0.88 + 0.07)%, 4T0 cOOT-
BercTBYeT 0.69% MeTamInueckoro HUKeNs, HCIOJb3Y-
e€MOro B KadecTBE KaTajm3aropa cuHTe3a. [lokaszaHo,
YTO METAJUIMYECKUH HHMKEJIb HEBO3MOXKHO YAAJIUTh U3
MVYHT #u MarHuTHOM cenapauyei, Hu pacTBOPEHUEM B
a30THOM Kkuciore B TeueHue 24 yacos. 1o pesynsraram
C)KMTaHMS BBICYIICHHBIX IOJI BaKYYMOM TEXHUYECKUX
o6pasoB MYHT B MOMUATHIICHOBBIX MAKETaX € XJIOMKO-
BOI HUTBIO JJISI MOJKUTA OMpEJeNIeHa CPEAHSST SHEPTHs
cropanus: A U°(298.15 K) = —(32336 + 13) k/lx-kr ' [2].

TermoeMkocTs  TexHHuUeckoro oobpasna MVYHT
B mHTepBaie 5-370 K wu3MmepeHa B ajnadaTuvecKoM
kanopumerpe TAY-10 [8]. B [2, 3] noka3aHo, 4To Te-
moemkocte MYHT, rpadura u dymnepuros C,, C, B
unrepsaie 300-350 K pasnuuatorcsa He Oosee, yeM Ha
3%. Oxctpanoisuusa TermioeMkocTd C - TeXHHYECKOro
obpasua MYHT ot 400 no 2000 K mposeznena mo
YpaBHEHHUIO:

C(MYHT,__, T(K)) = 0.9931C (rpacpur, TTK)) +
+0.0069C, (N i(xp.)) x T(K), )
TepMoauHaMHUYECKHE CBOWCTBA TEXHHUECKOTO 00-

pasua MYHT B unrepsasie 0-2000 K npezncraieHs! B
Tabm. 3.

PE3YJIBTATBI U UX OBCYXKJIEHUE

Du3nKo-XMMHYECKHE CBOMCTBA cMecel
MYHT + :xkuakocTth

[Ipu peransbHOM WCCIENOBAHUU B3aMMOACHCTBUS
HOHHBIX M HE MOHHBIX xwuakocteii ¢ MYHT [7] Gbuio
YCTaHOBIICHO, YTO:

Tabumua 2. Suepruu cropanus —A U°(298.15 K) u 10THOCTH p KPUCTAIIMYECKOTO rpadura,

MVYHT u pynnepura C,,

Table 2. Combustion energy —A U°(298.15 K) and density p of crystalline graphite,

MWCNTs, and fullerite C

CaoiicTBO I'padurt kpucraniuveckuii MYHT C
Property Crystalline graphite MWCNTs 60
—A,U°(298.15 K), kJlx-kr™! .
~A UP(298.15 K), k) kg ! 32764 +4 32336+ 13 [2] 35802 [4]
p (298.15 K), kr-m 3
0 (298.15 K), kg'm 2265 [6] 2210+ 22 [2] 1720 [4]

I'NIST Chemistry Webbook, SRD 69. URL: webbook.nist.gov/chemistry/ [ [lata obpamienust 15.03.2019]. https://doi.org/10.18434/
T4D303 [NIST Chemistry Webbook, SRD 69. Available from: webbook.nist.gov/chemistry/ [Accessed March 15, 2019] https://

doi.org/10.18434/T4D303].
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1. HewoHHBIEC KHUIKOCTH — TOIYOT M BOIA TPOHU-
KaroT BO BHyTpeHHIow nosnocte MYHT npu cmemenun
ipu 293 Ku P ~ 1 Gap.

2. Nonnsie xuaxoctu (MDK) npu arMocdepHoM 1aBie-
HHH BO BHYTPEHHIOIO MTOJIOCTH HOHHOH JKIIKOCTH HE IPOHH-
KAlOT, IPY BAKyyMUPOBAHHH ITOJTHOCTBEO MIPOHUKAIOT BHYTPb
MVYHT, 49to 1o3BOJISIET OMPEIEeUTL 00BEM TTOTIOCTH.

3. Owranemus cmemenns MYHT ¢ VDK (1-Oytun-3-
METHIIMMHTIA30JIHH rekcadropdocdar v Jip.) He TpeBbIIa-
€T YyBCTBUTEIILHOCTH KalOpUMeTpa cMelenus [ 7, §].

4. CenuMeHTAIMOHHAS YCTOMYMBOCTH  CHCTEM
MYHT-X npu ueHTpuyrupoBaHUU C YCKOPEHHEM
7000 g 3aBHCHUT OT COOTHOIICHHS KOMIOHEHTOB. [lpm
MmaccoBoM copepxkanuu B cmecd MYHT > 0.33 paccro-
SHHUS CHCTeM He HaOIOIaIoCh, T.6. MOXKHO CUHTATH, YTO

CHUCTeMBI, cofeprkarue komruectsa MYHT, npeBpimarorue
HACBITHYIO TJIOTHOCTbD, CETUMEHTAIMOHHO YCTOWYMBBL

B pesynbrare KOMIBIOTEPHOTO MOAENMpOBaHUs [9]
YCT@HOBJICHO, YTO IJIOTHOCTh YIMAaKOBKU (() pa3iIUYHbIX
0 TeOMETpHH (PUTYp Majo 3aBUCHT OT MX KOH(HTypa-
uuu u cocranisieT B cpeaneM 0.58. [Ipu TakoM 3HaYeHUN
BO3MOYKHO TIPEJITOJIOKUTh 00pa30BaHHEe KOMITO3HUITUN
T-1-MVYHT u Tonmyor—=MYHT ¢ maccoBoii goneit 1o o =0.75.

HexoTopble TexHHYeCKHe XapaKTePUCTUKH
cycnieHsnoHHbIX ropwoyux tuna C H ~-MYHT

DU3UKO-XUMHUECKHUE ¥ TEPMOIMHAMHUYCCKHE CBOM-
CTBAa TaKHX TOIUIMB MOYXHO BBIYMCIHTH Ha OCHOBAHHH
MPOCTOW AJTUTUBHOCTH JJISi COOTBETCTBYIOIIMX COCTa-
BOB (Tabi. 4-06).

Tadmmma 3. TepMmoarHaMUUecKkre CBOWCTBA (CTaHAAPTHBIE TETFIOEMKOCTh, SHTPOIHS, SHTAIIBITNS
u nipuBezieHHas sHeprust [mo66ca) MYHT (99.31 macc. % C, 0.69 macc. % Ni)

Table 3. Thermodynamic functions (standard heat capacities, entropies, enthalpies

and Gibbs reduced energy) of MWCNTs (99.31 mass % C, 0.69 mass % Ni)

T K Cg , ok kr K AlS°, - kr K ALH®, ]l kr! D° | I xr K
Cy, I kg K AyS°, I kg K! AyH®, kI kg™ D°, J kg K"
0 0 0 0 0

50 51.91 28.62 0.9388 9.846
100 158.5 95.64 6.082 34.82
150 290.2 184.0 17.20 69.32
200 437.8 287.5 35.36 110.7
250 591.6 401.7 61.10 157.3
298.15 733.7 518.1 93.04 206.1
300 739.0 522.7 94.40 208.0
370 932.0 697.5 153.0 284.0
400* 932.0 697.5 153.0 284.0
500 1261 1027 296.3 434.3
600 1453 1274 4323 553.9
700 1598 1510 585.1 673.8
800 1710 1731 750.6 792.4
900 1796 1937 926.0 908.3
1000 1864 2130 1109 1021
1100 1921 2311 1298 1130
1200 1961 2480 1492 1236
1300 2009 2639 1691 1338
1400 2051 2789 1894 1436
1500 2092 2932 2101 1531
1600 2113 3068 2311 1623
1700 2134 3197 2524 1712
1800 2900 3340 2775 1798
1900 3004 3499 3070 1883
2000 2175 3633 3329 1968

“3uauenust TepmoguHaMudeckux ceoiicteB MYHT mpu 400-2000 K skcrpanonuposassl o ypaBaenuto (1).
*The thermodynamic properties of MWCNTSs at 400-2000 K were extrapolated according to equation (1).

Toukue xuMmudeckue TexHoaoruu = Fine Chemical Technologies. 2020;15(2):38-46

41



MHOrocAoOHHEIE yraepoaHsnie nano'rpyﬁm — KOMIIOHEHT 3HEPro€MKHX CyCII€EH3HOHHBIX PEAKTHBHBIX F'OPIOYHX

Taoauna 4. PU3UKO-XUMUYECKHE CBOMCTBA KOMIIOHECHTOB TOILJINB
Table 4. Physicochemical properties of the fuel components

Kommonent CocraB M, rvoan™ | p, kv | —A HO298.15)%, kllk-kr' | —A HO298.15)*%, MUk-m™
Component | Composition | M, g'mol™" | p,kg'm™ | —A H298.15)%, kJ kg | —A H°(298.15)* MJ-m™
MVHT [2] ,
MWCNTS [2] CNi 40,4 12.094 2210 32336 71463
Tonyon [1]
Toluene [1] CH, 92.141 867.1 40963 35519
Toprouee T-1 [1]
Combustible T-1[1] | Crzsthasr 178.05 800 42900 34320
VYrnepon
TexHu4eckuii [1]
Carbon black [1] ¢ 12.011 1900 32781 62284

“Hus1iuast Teniora cropatusi.
“Net calorific value.
Tabamuua 5. Huzmme sHTansnuu cropanust cMeceid Tonyol-MYHT B cTeXxuoMeTprUuecKUX KOIMYECTBAX
Kucioporna u Bo3myxa mpu 298.15 Ku P =1 bar
Table 5. Lower enthalpies of combustion for the toluene—-MWCNTs mixtures in stoichiometric quantities
of oxygen and air at 298.15 K and P =1 bar

IJHTAJTBNNS CTOPAHUS TOIIMBA
o(MYHT), DHTAJNBIINSA CTOPAHHUS TOPIOYEro Fuel combustion enthalpy
Mace. 101 Combustible combustion enthalpy ¢ KHCJI0POIOM C BO3IyXOM
o(MWCNTs), with oxygen with air
mass fract. —AH°, Mk kr! | — A H°, Mk am> | — A H°, Mk kr! ACH°*, Mk am | — AH°, Mk kr!
—A H°, MJ kg™ -AH°,MJ-dm™ - A H°, MJ kg™ AH*, MJ-dm™ —A H°, MJ kg™
0 40.96 35.52 9.929 10.52 2.825

0.10 40.10 37.02 9.834 10.60 2.805

0.20 39.24 38.73 9.737 10.69 2.785

0.30 38.37 40.69 9.637 10.78 2.764

0.40 37.51 42.97 9.535 10.88 2.743

0.50 36.65 45.65 9.430 10.99 2.721

0.75 34.49 54.95 9.156 11.29 2.663

"TIpu pacueTe MIOTHOCTH TOTINBA MPHHATO JUTA TIOTHOCTH KHIKOTO Kucnopoza suadenue p(0,) = 1140 xr-m° [1].
"When calculating the fuel density, the liquid oxygen density was considered to be p(O,) = 1140 kg-m* [1].

Tabnuna 6. Huzmue sutanenuu cropanus cmeceil T-1 ¢ MYHT B cTexuoMeTpHUecKUX KOIMYECTBaX
Kucioporna u Bo3myxa mpu 298.15 Ku P =1 bar
Table 6. Lower enthalpies of combustion for the T-1-MWCNTs mixtures in stoichiometric quantities
of oxygen and air at 298.15 K and P =1 bar

DHTAJIBINS CTOPAHHUS TOIIMBA
Fuel combustion enthalpy

o(MYHT), DHTAJIBINS CTOPAHHUS TOPIOYEro
Mace. 105 Combustible combustion enthalpy ¢ KHCJIOPOJIOM ¢ BO3LYXOM
o(MWCNTs), with oxygen with air
mass fract. | _A go MJlucwkr | —A HO, Ml am™ | —A H, Ml | A HY, Moc-am= | — A_HC, M k™!
~AH,MJ'kg" | —AH,MJ-dm? | —AH°,MJkg"' AH”,MJ-dm™ | —AH°, MJkg"
0 42.90 34.32 9.786 10.17 2.747
10 41.84 35.76 9.708 10.27 2.735
20 40.79 37.40 9.627 10.38 2.722
30 39.73 39.31 9.544 10.50 2.710
40 38.67 41.54 9.457 10.62 2.696
50 37.62 44.19 9.367 10.76 2.682
75 34.98 53.66 9.128 11.15 2.643

"TIpu pacueTe MIOTHOCTH TOIINBA IPHHATO JUTA TIOTHOCTH KHIKOTO Kucnopoza suadenue p(0,) = 1140 xr-m° [1].
"When calculating the fuel density, the liquid oxygen density was considered to be p(O,) = 1140 kg-m ™ [1].
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Pacuer mmotHOCTM cMmecel JKHIKUX TOPIOYUX H
MVHT He nopuuHsieTcs npaBWiaM aJIUTUBHOCTH, 110-
ATOMY TIOTHOCTH OTIPEACIISIACh KaK OTHOIICHHE MaCChl
CMECH K CyMMe 00BbeMOB BXOJISIIUX B CMECh KOMITOHEH-
TOB C YYETOM COCTaBa.

YcnoBHbIE aiMadaTHYecKie TEeMIIEPaTypbl TOPEHUs
T .z OTPCIICIICHBI C MCIIOIb30BAHHEM TEIUIOEMKOCTEH Ta-
3000pasubix CO,, H O, N,, Ar*’, Ha 0CHOBaHHH COOT-
HoteHus (2):

T

an
“AHygg15= | aiCp,idT’ 2)
298.15

rae AH, . | — HU3LIas TEIIOTa CTOPAHUS TOPIOYETO Ha
BO3/1yX€, d, — MOJIbHBIE JIOJIU KOMIIOHEHTOB JIbIMOBBIX
razoB B cmecH, C . — TEMIOEMKOCTh KOMIIOHEHTOB,
Ix-monp -K™!. B cocTaB TOIIMBHBIX Ta30B BXOIUJIH
CO,, H,0O, N, u Ar, npu ycJlOBHU OTCYTCTBHUS JHC-
COIMALlMM U KOHBEPCHUU MPOAYKTOB ropenus. Coctas
KOMIIOHEHTOB BO3/yXa 3aMMCTBOBAH U3 MEXIocynap-
CTBEHHOIO CTaHjaapra‘, a pe3yabTaThl PaCYeTOB MPH-
BeaeHbl B Tabi. 7.

Jnst onenku ¢ dexruBHOCTH Tormue ¢ MYHT pac-
CUMTaHbl KOHEUHas! CKOPOCTh MCTEUEHUs ra3oB (yCJIOB-
HBIN yaenbHbIi ummysibe (M-¢ ') [10, 11] Ha ocHOBaHUU
cooTHoteHus (3):

Tabmmuna 7. U3HKO-XUMHYECKHE XapaKTepPUCTHKU roprounx cycrersuit Toxyonr~MYHT u T-1"-MVYHT
Table 7. Physicochemical characteristics of the combustible suspensions’ toluene’-MWCNTSs and T-1"-MWCNTs

CBoiicTBO MaccoBas g04s1 ®(MYHT) B roprouem
Property Mass fraction o(MWCNTS) in fuel
0 0.20 030 | o040 | 050 0.75
ToJayoa -MYHT
toluene—"MWCNTs
]
P, KM~ 867.1 987.1 1060 1146 1246 1593
p, kg'm
T ,K®0)
aw B Y, 6227 6302 6343 6387 6433 6565
T ,K(@nO,
; E Efni%?;’g) 2507 2496 2491 2486 2480 2465
ad’®
I ,mc!
Pl 2004 1990 1983 1975 1967 1946
spec’
Poo CS 204.4 202.9 202.2 201.4 200.6 198.4
ol
gmax’ xcsl 4615 4816 4928 5049 5181 5574
T-1"-MYHT
T-1"-MWCNTs
]
P, KM~ 800 917 989 1074 1175 1534
p, kg'm
T ,K®B0)
w B Y, 5738 5870 5944 6025 6114 6378
T ,K(@nO,
; E Efnicl’f;’g) 2408 2413 2417 2421 2425 2436
ad’®
I ,mc!
LA 1977 1969 1984 1959 1954 1940
spec’
]]}u’ CS 201.6 200.7 202.3 199.7 199.2 197.8
ol
gmax’ xcsl 4553 4776 4950 5037 5186 5634

“ronyon: C.Hg; M= 92.1 r-momb™; C°,

98.15

= 1693 Tk-xr "K' [1].

“toluene: C.H; M =92.1 g-mol™'; C° =1693 J-’kg "K' [1].

298.15

M=178.1rMoms 5 C°, .
M=178.1 g'mol™; C°

“roprouee T-1: C, H,, ;
“combustible T-1: C,, H

12.87724.12 298.15

= 1921 ik K [1].
=1921 J'kg "K' [1].

2 NIST Chemistry Webbook, SRD 69. Avaliable from: webbook.nist.gov/chemistry/ [Accessed 18.03.2019] https://doi.org/10.18434 T4D303
3 basza manaeix UBTAHTEPMO. URL: http://www.chem.msu.ru/rus/handbook/ivtan/ (mata oopamienust 18.03.2019)
[IVTANTERMO Database. Available from: http://www.chem.msu.ru/rus/handbook/ivtan/ [Accessed 18.03.2019] (in Russ.).]
4TOCT 4401-81. Atmocdepa cranmaprras. [Tlapamerpsr. Mocksa: M3a-Bo cranmaptos, 1981. 179 c¢. [GOST 4401-81. Standard
atmosphere. Parameters. Moscow: Publishing House of Standards; 1981. 179 p. (in Russ.).]
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1, =W =2(=AH)n,, m-c”" | (3)

e A H — Hu31ias SHTaNbIUs CrOPaHus TOILIMBA CO CTe-
XHOMETPUYECKUM KOJIMYECTBOM OKuciuTens (Jx-kr'),
n, —TepMUdECKUH 5QQEKTUBHBIN K.I1.JI. PAKETHOIO JIBUTA-
TEJIsl, OTPEJIEIISIEMBbIH 110 COOTHOIICHUIO (4):

k-1
n,=1-(P0j ‘. 0
P

rie P, P — 1aBieHus B KaMepe CropaHust U Ha Cpe3e Coruia
(mpunsTo, uto P /P = 0.01); kK — nokasarens amuadarsl,
3aBHUCAIINI OT MOJICKYJISIPHBIX Macc MPOAYKTOB CTOPaHUS
(k= Cp/ C,), npu ycinosuu k(7) = const. Jlns cmecei mpo-
JIYKTOB CTOpaHMs TEIIOEMKOCTh PACCUMTHIBANIACH Kak
C,=Za,C, , T a,— MONbHAs JOIIs KOMIIOHCHTA B CMECH,
C,, — TerIoemMKocTh KomnonenTa. Torna B mpuOmmKeHun
UIEaILHOTO Ta3a CV = Cp —R.
VYhenpHas TSAra pacCUUTaHA MO BBIPAKEHHUIO (5):

P=2c, ®
g
e g — YCKOPEHHE CBOOOTHOTO MaICHHUSI.

VYcnoBHast KOHeuHas (MakCHMalbHas1) CKOPOCTh Jie-
TarejbHOro ammapara (M-c”') B MOMEHT 3aBEPILEHHUS TO-
peHnst 6e3 ydera CHIIBI TSHKECTH W adPOJMHAMHYCCKOTO
COMPOTHUBIICHUSI PAacCUMTaHa 1O COOTHOIIeHHIO [lnon-
KOBCKOTIO (6):

Vmax = Iy}:l ln 4 s (6)

m
e Z=1+—"-:m
mKOHCTp

Macca KOHCTPYKINU 03 TOTIIHBA.

[TapameTp InZ onpenenen ayist MOJAEIBHON pake-
el Maccoit (im__ +m__ ) =1000 kr 6e3 MYHT (® = 0)

TOILT KOHCTD:

¥ MaCCOM KOHCTPYKIMH m = 100 kr = const. das

TakoW Mozmenu o0beM TommmBHOrO Oaka (V) paseH

— Macca TorumBa (Kr); m —

TOIUT KOHCTP
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3aBrCHMOCTB MapameTpa InZ ot MaccoBoi JI0JM HAHOTPYOOK:
1) nst emecu T-1-MVYHT, 2) nnst cmecu tonyon—-MYHT.
Dependence of the parameter InZ on the mass fraction
of nanotubes:
1) for the mixture T-1-MWCNTs,
2) for the mixture toluene-MWCNTs.

900/p, . Ans tomyoma V'=1.0379 M, ans Tonnusa
T-1 V" = 1.125 »’. 3aBucumocTs mapameTpa InZ ot
MacCOBOH JJ0JIM HAHOTPYOOK MPEICTAaBICHA HAa PUCYHKE.

3AKJIIOYEHUE

Pacuets! nokaseiBatort, uro 11 Torms ¢ MYHT ye-
JIOBHAsi MakCHMajbHasg CKOPOCTh MOJACIBHOH CHCTEMBI
Bo3pacraeT Ha 24—26% mpu ® = 0.75, 4T0O 10KHO NpH-
BOOUTH K COOTBCTCTBy}OHleMy yBCJ’II/I‘IeHI/IIO JaJIbHOCTHU
TMoJIeTa JIETATeNLHOTO arnmapara. EcTecTBeHHO, BBIBOIT O
HpaKTI/I‘leCKOM l'[pI/IMCHCHI/II/I 3HCpFO€MKI/IX FOp}O‘lI/IX C
HaHOTpYyOKaMu TpeOyeT MCCIeIOBaHUs U IPYTUX TEXHH-
YECKHU BaKHBIX CBOMCTB: BSI3KOCTH, CKOPOCTH TOPEHUS 1
T.1. OntHako coobmienne [12] o ToM, 9TO KaTaau3aTopsbl
Ha OCHOBE YIJIEPOAHBIX HAHOTPYOOK C HaHOYACTULIAMH
METAJIJIOB U OKCHJIOB O0JIaJIal0T CIOCOOHOCTBIO pery-
J'II/IpOBaT]) CKOpOCTb FOpCHI/ISI, ITOBBIIIACT MOTCHIIUAJI UC-
TIOJIb30BAHUS YITICPOHBIX HAHOTPYOOK B Ka4eCTBE KOM-
IIOHCHTOB SHCPFOCMKI/IX TOIIJINB U BBI3BIBACT I/IHTepeC K
TaKOTO POJIa CUCTEMAaM.
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drepupuranmsa 10J09HOM KUCJIOTHI HA PA3JITHYHBIX
KaTaJu3aropax
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@Aemop ons nepenucku, e-mail: kusminans@yandex.ru

ITenu. O6ocHosame 8blbOp 3hheKkmusHo20 Kamanudamopa smepugurayuu 1610UHOU KUCI0MbL
O/151 NONYUEHUSL CIOIKHBLX 9hUPO8 8bILCOKOLL CMmeneHU Yucmomal.

Memoout. /Ins onpedeneHuss KAUECMEEHH020 U KOAUUECEEHHO20 COCMA8A PeaKUUOHHbLX
Mmacce OblU UCNONBL308AHBL cledyouue Memoobl AHAIU3A! MACC-CneKkmpocKkonust (Ha npubope
FinniganTrace DSQ c 6asoii NIST 2002, Xcalibur 1.31. Sp 5) u 2a302KuU0KOCMHASL XPOMAMOZPA-
dus (Ha annapamHo-npo2pammHom komnnerce «Kpucmann 2000M»).

Pesynemamut. CuHmesuposaHsl CA0XKHble 3¢hupsl SION0UHOT KUuciomsl U 6ymusnogozo cnupma
HOPMABLHO20 CMPOEHUSL HA CeOYULUX KAMAlu3amopax: cepHast, opmogocgopHast, N-moayo-
cynvgpokucnoma, Amberlyst 36 Dry, Amberlyst 36 Wet, KY-2-®III1 u KHUP-T. IlonyueHHble npo-
JyKmul NPOAHANUSUPOBAHBL MEMOOOM 20.302KUOKOCMHOU xpomamozpaguu. CmpoeHue npooyk-
moe noomeeprKk0eHo macc-cnekmpomempuueckum memooom. IIpeonorxeHsl cxemobl 06pazosaHust
nobouHblx npodyxmos. OyeHeHsblL 8blxo0bl U uucmoma 6ymuno8ozo 3gpupa s60UHOT KUC/IOMbL,
NONYUeHHO020 HA pasHblx kamanuzamopax. Iloka3zaHo, umo 0151 NOAYUEHUSL UUCMO20 CIOIHO20
agpupa s1610UHOT KUCIOMbL ¢ MAKCUMATLHBIM 8bLX000M ONMUMANLHBLIM S8JSLeMCs 2eMepo2eH-
HbLll kamanuzamop Amberlyst 36 Dry.

Bbleoodbl. YcmaHo81eHo, Umo npu smepugurayuu S6104HOU KUCIOMblL 6YMUL08bILM CNUPMOM
HOPMABLHO20 CMPOEHUSL HA PA3HBbIX KAMAu3amopax obpasyromest nobouHsle npooyKmol — C/LOIK-
Hble aghupbl pymaposoli u maneurosoll kKucrom. HarxonneHue nobouHsblx npoodyKmoes npoucxo-
oum e pesyabmame peakyuii deecudpamayui S60UHOT KUC/IOMbL UNU €20 C02KH020 agpupa. Io-
KA3aHo, umo Kosauuecmeo nobouHsblx NpooyKmoe NpaKmuuecku He 3a8ucum om Kamaiu3amopa,
3a ucKaroueHuem cepHoli kuciomel. [nsi noayueHust 0ubymunogozo agpupa si610UuHOU KUC/I0MbL
perxomeHoyemcest UCnoab308ame cyabpokamuorum Amberlyst 36 Dry, obecneuusarowuii onmu-
MANLHOE COOMHOUWEeHUE MexK0Y KoHeepcuell U CenekmugHOCmbio.

Knroueevle cnoea: smepugurKayus,, CAOIXKHble 3¢upbl, sbnouHas kKucioma, H-6YmaHo,
Amberlyst 36 Dry.

Jna yumupoeanusn: Kyssmuna H.C., IToptaoBa C.B., Kpacusix E.JI. Drepudukanus s0I09HON KHCIOTH HAa Pa3IHYHBIX
karanusaropax. Toukue xumuueckue mexnonoeuu. 2020;15(2):47-55. https://doi.org/10.32362/2410-6593-2020-15-2-47-55
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OTepuduKanusa 16A0YHOH KHCAOTBI Ha Pa3AHMYHBIX KaTaAH3aTopax

Esterification of malic acid on various catalysts

Natalia S. Kuzmina®, Svetlana V. Portnova, Eugen L. Krasnykh

Samara State Technical University, Samara, 443100 Russia
@Corresponding author, e-mail: kusminans@yandex.ru

Objectives. The study aims to identify the optimal choice of an effective catalyst for the
esterification of malic acid to produce esters of high purity.

Methods. To determine the qualitative and quantitative composition of reaction masses, the
following analysis methods were used: mass-spectroscopy (using FinniganTrace DSQ device
with NIST 2002, Xcalibur 1.31 Sp 5 database) and gas-liquid chromatography (using the Kristall
2000M software and hardware complex).

Results. Esters of malic acid and butyl alcohol of normal structure were synthesized using
the following catalysts: sulfuric, orthophosphoric, p-toluenesulfonic acid, Amberlyst 36 Dry,
Amberlyst 36 Wet, KU-2-FPP, and KIF-T. The obtained products were analyzed by gas-liquid
chromatography. The structure of the products was confirmed by mass spectrometry. Schemes
for the formation of byproducts are proposed. The yields and purity of the malic acid butyl esters
obtained using different catalysts were evaluated. The results show that the heterogeneous
catalyst Amberlyst 36 Dry is optimal for obtaining a pure malic acid ester with a maximum yield.
Conclusions. The results show that during the esterification of malic acid with butyl alcohol
of normal structure, byproducts, such as esters of fumaric and maleic acids, are formed using
different catalysts. An accumulation of byproducts occurs as a result of reactions of dehydration of
malic acid or its ester. The results also show that the number of byproducts is almost independent
of the catalyst, with the exception of sulfuric acid. The Amberlyst 36 Dry catalyst provides an
optimal ratio between conversion and selectivity for malic acid dibutyl ester production.

Keywords: esterification, esters, malic acid, n-butanol, Amberlyst 36 Dry.

For citation: Kuzmina N.S., Portnova S.V., Krasnykh E.L. Esterification of malic acid on various catalysts. Tonk. Khim.
Tekhnol. = Fine Chem. Technol. 2020;15(2):47-55 (in Russ.). https://doi.org/10.32362/2410-6593-2020-15-2-47-55

BBEJEHUE

CoBpeMeHHbIE TEHICHIIUH B PA3BUTHH XUMHUYECKON
MIPOMBIIVICHHOCTH HAIMPABJICHBI HAa MOWCK IPOIECCOB,
HE3aBUCUMBIX OT HE(TH U HedTenpoayKToB. bonbroii
HMHTEpEC TPOSIBISETCS K MaTepHajiaM, HMONTyYeHHBIM W3
BO300HOBIISICMBIX HCTOYHUKOB CHIPBs [l], TakuM Kak
CIHPTHI 1 KAPOOHOBBIE KUCIIOTHL.

Ha ceromusmanii eHb CIIOXKHBIE I(QUPBI UMEIOT
6ompII0i cripoc Ha peiHKE. OHE BOCTPEOOBAHBI B IPO-
U3BOJICTBE JIAKOKPACOUHBIX BEIIECTB, M1ACTU(PHUKATOPOB,
COTIOJIMMEPOB, Pa3THYHBIX MPUCAJOK K MaciaM, a Tak-
ke B (papmanieBtike. OcoOblil MHTEpEC MNPEACTaBIAIOT
CIIOKHBIC A(PUPBI THIPOKCOKAPOOHOBBIX KHCIIOT, IOMY-
YaeMbIX U3 BO30OHOBIEMbIX IPUPOJIHBIX pecypcoB. Ha-
IpUMep, TpHU3aMEIIEeHHBIE (HUPBI JTUMOHHOH KHCIOTHI
— TPUAJKWILUTPATHI, MOJdy4aemble dTepudukauent am-
MOHHOH KHCJIOTBI anudarnyeckumu crupramu C, n C,,
UCIIOJIB3YIOTCS B KAUECTBE HETOKCUUHBIX IIACTH()UKATO-
poB ans [IBX-u3aenuii uny pactBoputesneil npu npous-
BOZICTBE IMUILEBHIX JOOABOK, AETCKUX HTPYIIEK, OBITOBBIX
ymakoBok [2]. Ilnactudukaropsl Ha OCHOBE CIOXKHBIX
3(pUPOB JMMOHHON KHCIOTHI SKOJOTMYHBI M OO0TamarloT
BBICOKOH IIACTH(GHITUPYIOIECH crocoOHOCThIO. JIpyrim

MEPCIICKTUBHEIM TPOMBIIUICHHBIM TIPOIYKTOM, IIOJHO-
CTBIO TIONYy4aeMbIM M3 PACTUTEIBHBIX KOMIIOHCHTOB,
SIBJISIETCS. CTIOKHBINA 3(DUp SOJOUHON KUCIOTHI M H-OyTH-
JIOBOTO CIUpTa. SI0NMOYHAs KUCIOTa — 3TO TBYXOCHOBHAS
OKCHKapOOHOBast Kuca0Ta. OHA MPUMEHSETCS KaK IHIIe-
Bast J0OABKA B MUIIEBON IPOMBIIUICHHOCTH U B METUIIU-
He. M3BecTHBI crtocOOBI MOMydeHHs SIOIOYHON KUCTOTHI
U3 PAaCTUTEIBHOIO CBIPbs, HAPHMEP, HECHENbIX SIOJOK,
OOJICTIXH, JHUCTHEB XJIOMYATHUKA, U XUMHIECKHE — Ka-
TAUTUYCCKAs THAPATALUS MAICHHOBOW WK (PyMapoBoit
KHCJIOTBI, KOTOPBIE SIBIISIIOTCS TIPOU3BOAHBIME OT MaJIeH-
HOBOTO aHTHIPUAA. JTOT MPOLECC KaTAIU3UPYeT (pyma-
parruaparasa win Gymapasa. MajaenHOBbIA aHTHAPHI, B
CBOIO OYepe/ib, MOTYYal0T OKHCICHUEM YITIEBOJOPOJIOB, B
ocHOBHOM OyTtaHa [3]. Tarke GpyMapoByrO KHCIOTY MOX-
HO TIOJTy4YHTh U3 PA3IHIHBIX (PEPMEHTATHBHBIX THIPOIIHU-
3aTOB IIEJUIIOJI030COAEPIKAIIETO CHIPhS TIOf JCHCTBHEM
Ouokaranuzaropa [4]. H-ByTuiI0BBIi cIUPT NpUMEHsETCA
B JIAKOKPAaCOYHOW MPOMBIIUICHHOCTH B KadeCcTBE pac-
TBOPUTEJIS, B IPOU3BOICTBE CMOJI ¥ IUTACTU(DHUKATOPOB U
MHOTHX JPYTHX OPraHWYEeCKUX coequHeHH. OH MOXeET
OBITh MOJYYEH W3 XMMHYECKOIO CBHIPbs M IyTEeM Iepe-
pabOTKH CENbCKOXO3SHCTBEHHBIX KYJABTYpP W3 CaXaposbl,
KpaxMajia WiId HeJUTIoNO03bI [5].
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Haubosee mpocTeiM crioco6oM nonydeHus 3Gupos
SIBJSICTCSL TpsiMasi STEPUPHUKALUS KUCIOT CHUPTaMHU B
MIPUCYTCTBUU Karajmu3aropa [6]. DTepuduKamnuro JuKap-
OOHOBBIX KHCJIOT CIHHPTaMH MOXKHO OCYIIECTBUTH 0e3
KaTaJu3aTopa, HO TOTJa PEaKlus MPOTEKaeT MEICHHO
U JUUTSI TOCTHO)KEHHS JIOCTATOYHOW CKOPOCTU TPeOyIOTCs
BbIcOKHe Temneparypsl (200-300 °C) [7]. dus atepudu-
KaIly JUKapOOHOBBIX KUCIOT B OCHOBHOM HCIIOJNIB3YIOT
IpOIIeCC, B KOTOPOM B KaUueCTBE KaTaIn3aTopa MpUMCEHs-
I0TCSI MUHEpAJIbHBIE KUCIOTHI (CepHasi, CONsHAs, OpTO-
(docdopHas, 6opHas), aNKWICYIbHOKUCIOTH (OeH307I-
WIH 7N-TOXYONCYIb(GOKHUCIOTE) U apuwiCyIb(OXIOPH
[8—-10]. BeICOKyI0 aKTUBHOCTH TIPOSIBISIIOT TaKKe Opra-
HUYECKHUE coenHeHus TuTana [11]. B mocnennee Bpemst
B TIpOIeccax MONyYeHHsT d(PUPOB HCIOIB3YIOT TETEepo-
TeHHbIEe KaTaiu3aTopsl [12—-14].

B mpowmpImuieHHOCTH, TIaBHBIM 00pa3oM, IIpHMe-
HSIOT METOJ] dTepUPHKALUK B KHUIKOH (a3e B ammapa-
TaxX TEPUOIMYCCKOTO WM HEIPEPBIBHOTO ICHUCTBHSA,
OCHOBHBIMHU CTaJMSIMU KOTOPOTO SIBIISIOTCS: dTepudu-
Kalusl, HEUTpanu3anusl peakuOHHON MaccChl, MPOMBIB-
Ka OT TOMOTEHHOTO Karanu3aropa, pektuduxanus [15].
[TpuMeHeHNe TeTepOTeHHBIX KaTaIN3aTOPOB MTO3BOJISIET
VIPOCTUTh ammaparypHoe OGOPMIICHHE TEXHOJIOTHU
TIOJTYYEHHS CIIOKHBIX H(UPOB 33 CUET HCKIFOYCHUS CTa-
UM HEHTpanu3aluu, MPOMBIBKU JTepuduKara U ero
CYIIKH, a TakXe CIIOCOOCTBYET COKpAICHHIO MOTEPh
OpraHMYeCcKoi KHUCIOTHl. Kpome TOro, rereporeHHbie
KaTaJM3aTophl JETKO PETCHEPUPYIOTCS, YTO ITO3BOJISICT
UCIIONIb30BaTh X MHOTOKPATHO. Taryke Ba)KHBIM SIBIISI-
eTCSl CHIDKCHHE KOJMYECTB OOPa3yIONIMXCS MOOOYHBIX
MPOJYKTOB, YTO IO3BOJHUT YMEHBIIUTH YHEPro3arpaThl
Ha CTaJN¥ PEKTU(DUKALINH.

B nuteparype UMEIOTCsI CBEICHUSI O BO3MOKHOCTH
MOJYYCHHS CIIOKHBIX 3(PHUPOB SOJOYHON KHUCIOTHI pe-
aKiend sTepuUKalUUd C MPUMEHEHHUEM TI'OMOTCHHBIX
katanmsatopoB [16—18]. [lanabie 00 sTepudukanuu
SIOJIOYHOW KHCJIOTBI HA TETEPOTCHHBIX KaTalIn3aTopax
OTCYTCTBYIOT. TakuM 00pa3oM, 1eJbIo HacTosIIel pado-
ThI SBJSIETCS. BBIOOP 3(h(hEeKTUBHOTO KaTaau3aTopa 3Te-
pUUKAIIH SOIOYHONW KHUCIOTHI JUIST TIONYUCHHS CIIOXK-
HBIX 2(UPOB BHICOKOH CTEIIEHU YHCTOTHI.

MATEPHAJIBI U METO/IbI

Jitst cuHTEe3a CIOKHOTO (Hpa UCTIONB30BATIH palie-
Mar ss0ouHoi kuciaoTel DL ¢ conepkaHreM 0CHOBHOTO
BenlecTBa He MeHee 99.3%; n-OyTUIIOBBIN CIUPT MapKu
«X9» ¢ YHCTOTOH He MeHee 99.8%, OEH301 MapKH «Iaa»
B KauecTBe a3e0Tponoodpasyrouiero areura. B kauectse
KaTaJM3aTOpPOB MPHUMEHSUIN KOHIIEHTPHUPOBAHHYIO Cep-
Hyto Kucioty 98%, oprodochopHyio KUCIOTY MapKu
«X4» ¢ YUCTOTON HEe MeHee 85%, n-Tonyoscynbdokuc-
JIOTY MapKd «4», CyJIb(OKaTHOHUTHBIE KaTaJln3aTOpPbI
Amberlyst 36 Dry u Amberlyst 36 Wet, KY-2-®IIII u
KHUO-T.

Ilepen cuHTE30M MPOBOIMIN OYHUCTKY 71-TOIYOJI-
cynbdoxucnotsl [19]. Cynpdokarnonutsr KY-2 OIIIT
(conepxanue Bnaru He Oonee 30%) u KUD-T (conmep-
»kaHue Biaru He Oosee 30-60%) u3menbuanu A0 pas-
MepoB 1-2 MM W UCTIONB30BaIH O€3 OTIOTHUTEIBHOM
ocymku. Amberlyst 36 Dry (cogepskanue Biaru He 60-
nee 1.5-2%) u Amberlyst 36 Wet (conepxaHue Biaru
He 0osee 53—-59%) Takke UCTIOIb30BaANIH O3 JOMOJTHHU-
TEJIbHOU OCYIIKH.

Otepudukanyst #-OyTWIOBOTO CIUPTA SOIOYHOM
KHCJIOTOH MPOTEKAET B COOTBETCTBUU C peakiuei 1.

B kpyrmononnyro kondy oobemoM 250 mi, cHab-
JKeHHYI0 JoBymkoi Jlmaa-Crapka U 0OpaTHBIM XOJO-
qunbHUKOM, 3arpyxanud 10 r (0.07 monp) sOnouHOR
KHCIIOTHI, 4-X KpPaTHBIM MONBHBIH H30BITOK CIIHPTa
(22 mn n-Oyranona), 40 mu Oenzona u 1 macc. % kata-
nu3aropa. [lomydeHHYI0 cMech KHIIITIIIN C a3€0TPOII-
HOIl OTTOHKOM BOJBI 10 IMPEKpPAILEHUS €€ BbIACIICHUS.
[Ipu nconb30BaHIH TOMOTEHHOTO KaTajln3aTopa peak-
LMOHHYIO CMeCh CHavasia IPOMBIBAJIM PacCTBOPOM COABI
JUTS HeMTpann3alnuu KUCIOTHI, 3aTeM AMCTHIIIINPOBAH-
HOW BOAOM 10 HelTpanbpHOro pH, npu rereporeHHOM —
oT(huIBETpoBEIBaIH. [l0NMydeHHYI0 peakIInOHHYIO Maccy
MEPETrOHsUIM MPH OCTATOYHOM AaBiieHHUu 50 MM.pPT.CT.
JUISL OTZEJICHUs OcH307a U N30BITKA OyTHIIOBOTO CITHP-
ta. YncTeiid 3¢up BbIIEISITH (QPaKIMOHHON TIEPETOH-
KoM mpu ocraroyHoM aAasiieHuu 13—-15 mm.pr.cT. Tem-
neparypa KUIEHHS IuOyTHIIOBOro 3¢upa sO104HON
kuciaotel 185-186 °C.

0
o OH H O
+
He” > oH = o O+ uc” > ow
OH O -H,0
H* 0
NN OWCH3
-H,0 H,C o)

OH

Peaxknusa 1
Reaction 1
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PE3VJIIBTATBI 1 UX OBCYXKJIEHHUE

AHanmu3 peakIMOHHONW MAacChl U MOMYYCHHBIX 3(u-
POB IIPOBOJMIIN METOAOM Ia30KMIKOCTHON XpoMarorpa-
¢ (I7KX) Ha ammapaTHO-IPOrpaMMHOM KOMIUICKCE
«Xpomatdok Anamutuk» Ha 6a3e xpomarorpada «Kpu-
ctami-2000M», OCHAIEHHOTO IIJIAMEHHO-MOHHU3AIMOH-
HBIM JIETEKTOPOM U KalMJUIAPHON KOJIOHKOM ¢ MPUBUTOM
HenossipHoi dazoit DB-1, 100m x 0.2 MM % 0.5 MKM.
[TapameTpsl aHanu3a:

1) TeMmepaTypHBIM pEXHUM KOJIOHKH: B TCUCHHE
20 mmu BbIAepkuBanu Temmeparypy 150 °C, nmamee
nogHuUManu temueparypy 1o 260 °C co ckopocThIo Ha-
rpesa 5 °C B MUHYTY;

2) Ttemneparypa ucnapurens — 250 °C;

3) remmeparypa aerextopa — 280 °C;

4) ra3-HOCUTEJNb — IejIui, AesieHue moroka 1/40.

O06beM npoOsl 1 MKJI.

TunmuHass xpomarorpamMma AHOYTHIIOBOTO 3dupa
SIONIOYHON KUCIIOTHI TIPEICTaBIeHa Ha pHC. 1.

Ha xpomarorpamMmMe 4eTKO BUHBI ABA ITHKA PSATIOM C
OCHOBHBIM IPOAYKTOM. J{JIsl MX MICHTH(UKALINH TTPOBO-
JIUJICST MacC-CIIEKTPOCKONINYECKUI aHaIU3 Ha mpudope
Finnigan Trace DSQ noHu3a1uel 3JeKTPOHHBIM yIapoM
IIPU SHEPTUN MOHM3UPYIOIIUX 3J1eKTpoHOB 70 3B ¢ ba-
301t NIST 2002, Xcalibur 1.31. Sp 5'. Ycnosust ipoBejie-
HUSI aHAIIU3a: KaUIIpHas KojoHka ZB SMS co ciabo-
noJisipHO# (azoi, nuHa 30 M; BHYTPCHHUN THAMETP
0.32 mm; Temmneparypa unxkekropa — 250 °C; temre-
parypa tpancdepnaiina — 280 °C; pexxuM TepMOCTaTH-
pPOBaHUS KOJIOHKH: B TeUeHHE | MUHYTBI BBIICPIKUBAIIN
temmeparypy 80 °C, maiee MOBBIIAIN TEMIIEPATypPy
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Puc. 1. Xpomarorpamma quOyTHIOBOTO dhupa
SIOJIOUHOM KUCIIOTHI.
Fig. 1. Chromatogram of malic acid dibutyl ester.

10 300 °C co ckopoctsio Harpea 10 °C B MUHYTY;
ra3-HOCUTENb — TeNUi; pacxo] ra3a-HOCHUTENS —
1.3 ma/muH.

[To manHbpIM 6231 NIST OBUTIO yCTAHOBIEHO, YTO
MUK Ha 34 MUHYTE MIPUHAIIICKUT AUOYTHIIOBOMY dDUpPY
MaJICMHOBOM KHUCIIOTHI (pHC. 2), Ha 36 MUHYTE — TUOYTH-
noBoMy 3¢upy (hyMapoBoii KUCIOTHI (pUC. 3), U OCHOB-
HOW nuK Ha 38 MUHYTE — OyTHIIOBOMY 3(DUpYy SAOTOUHOM
KHUCJIOTHI (puc. 4).

OO6pa3zoBaHne 3(pUPOB MaJCHMHOBOW W (yMapoBO
KHCJIOT BO3MOXKHO ABYMsi criocobamu. Bo-mepBbix, 3T0
aTepu(UKaAINs COOTBETCTBYIOMINX HENPENEIbHBIX KHC-
JIOT, COACPIKAIIUXCSI B KAYECTBE MPUMECEH B s0I09HON
KHCJIOTE, OyTaHOIOM IO PEaKIiy 2.

[pu 3TOM comeprkanue TUOYTHIOBOTO 3huUpa Mae-
MHOBOU KHCIIOTHI TOJDKHO OBITH 3HAYUTEIHHO OOIBIIE,
MOCKOJIBKY 3Ta KHCJIOTA SIBJISIETCS] OCHOBHOW MPUMECHIO
B FICXOJTHOM CBIPbE.
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Puc. 2. Macc-criektp 1u0yTHI0BOTO 3Hpa MaJIeHHOBOH KUCIIOTHI.
Fig. 2. Mass spectrum of maleic acid dibutyl ester.
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Puc. 3. Macc-criektp mu0yTtrioBoro s¢upa GpyMapoBoi KHCIOTHI.
Fig. 3. Mass spectrum of fumaric acid dibutyl ester.
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Puc. 4. Macc-cniextp qu0yTHII0BOTO 3pHpa SIO0IO0UHON KUCTOTHI.
Fig. 4. Mass spectrum of malic acid dibutyl ester.
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Bropoit BapmaHT — 3TO Jeruaparanus sSOJIOYHOM
KHCJIOTHI ¢ TIocleaytomel srepudukanmen (peakuus 3
W JIajiee peakius 2) Wi JeTuapaTanus caMux 3QUpoB
sI0JIOYHON KHUCIOTHI 1O peakuuu 4. bonee BEpOATHBIM
MIPOYKTOM B 3TOM cliydae sBisieTcs 3hup GpymapoBoit
KHCJIOTHI.

Beixon OyTriioBoro aupa s0I09HOM KHCIIOTBI COCTa-
BUIL: 71% Ju1s1 cepHO kuciotsl; 68% st oprodochopHOit
KUCTIOTBL; 56% B ciydae n-TOIXyolcymbPoKucIoTsr, 70%
quist Amberlyst 36 Dry u 86% ms KY-2-®IIII. Ipu uc-
TMOJTB30BaHMHK Katamu3atopoB Amberlyst 36 Wet u KUD-T
HaOJIOAJIN OCMOJICHHE PEaKLIMOHHON Macchl B Ipoliecce
CHHTE3a, BCIICJICTBHE YETO ITOTYyYHTh YHCTHIN (DU HA TaH-
HBIX KaTajau3aTopax He yaaiock. [Ipumecu a¢gupos maneu-
HOBOW ¥ (hyMapoBO# KHCIIOT MPUCYTCTBOBAIIM BO BCEX TIO-
Jy4eHHBIX 00pa3lax B pa3HbIX KonuuecTBax. KonmnuectBo
3(UpPOB MaCMHOBOM KHCIIOTHI TPEBBIIIANO COACPIKAHNE
3¢pupoB (HyMapoBOi KUCIIOTBI, YTO CBUJIETEIBLCTBYET 00 X
00pa30BaHMH 10 BTOPOMY BapUaHTY.

Jig OLIEHKH aKTHUBHOCTH MPUMEHSEMBIX KaTaju-
3aTOpOB OBUT TIPOBENEH DA AKCIIEPUMEHTOB B HICH-
TUYHBIX Ha4YallbHBIX YCJIOBHUSX: Temmeparypa — 85 °C;
KOJIMYECTBO Kartanuzaropa 1 macc. %; Bpems CHUHTE3a
80 munyT. IIpoBOaMIM aHANNU3 pEaKIMOHHOW Macchl U

HO
OH O H'

SlonoyHas Kuciiora

Malic acid

PACCUUTHIBAIA KOHBEPCHUIO SOIIOYHON KHCIOTHI. Takxke
AQHAJIM3UPOBAIN COCTAB OTOBOTO MPOAYKTA IMOCIE BBI-
JEJICHUST M OYHNCTKH I10 OITMCAaHHOM BEIIIIE METOIHKE. Pe-
3yABTaThl TIPE/ICTABICHBI B TAOJIHIIE.

AHanmu3 TaONHIBI TIOKAa3BIBACT, YTO KOHBEPCHS
A0JIOYHON KUCIOTHI, KaK U CIEI0BAIIO OXKUAATh, MAKCH-
MalibHa Ha cepHoll kmcrmore. KonBepcus Ha cymbhoka-
tuoHute Amberlyst 36 Dry cpaBHIMa ¢ KOHBepcHeH Ha
n-Toyosicyabpokuciaore. CHIDKEHIE KOHBEPCUH S0JI0Y-
HOM KUCJIOTHI IpH ucnonb3oBanuu Amberlyst 36 Wet 00b-
SICHSICTCS. MCHBIIMM KOJHYCCTBOM AKTHBHBIX I[CHTPOB
no cpaBHeHuto ¢ Amberlyst 36 Dry u3-3a Gosbiiero
COofIepKaHWs BIarW B KaTtamu3arope. HamMensmyio ka-
TaJUTUYECKYI0 aKTUBHOCTh B peakluu 3Tepuduxanuu
SIOJIOYHON KHCIIOTBI 32 PACCMOTPEHHBIH TMPOMEKYTOK
BPEMEHHU IPOSIBISIIOT OpTO(POChOpHAs KUCIOTA, KaTHO-
Huthl KY-2-OIIIT u KUOD-T.

Ipu BBIIENEHUH TOTOBOTO MPOIYKTa COACPXKAaHUE I10-
OOYHBIX TIPOTYKTOB IMPAKTHYESCKH HE U3MEHSUIOCh. 13 Tabnm-
bl BU/IHO, YTO HAMOOMBIIMI MPOIIEHT pUMecel Hadmona-
©TCsI TIPH WCTIONB30BaHMH B Ka9ECTBE KaTalM3aTopa CepHOI
kucnotsl. Cozepaxanue 3pUpoB MajIerHOBOM U (hymapoBoit
KHUCIIOT TIPH WCTIONG30BAHIN APYTHX KaTaan3aTopoB (3a Hc-
xmodeHreM Amberlyst 36 Wet 1 KU®D-T) naxomurcst Ha

0]

H)W
O /

ManeuHoBast Kucinora

Maleic acid

OH

o}
®ymapoBast KUcI0Ta

Fumaric acid

Peaxnus 3
Reaction 3
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Fumaric acid dibutyl ester
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Peaxkuus 4
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AHaJu3 MoJy4eHHOTO IPOAYKTa Ha Pa3HBIX KaTainzaropax
Analysis of reaction mass and product on different catalysts

Conep:xanue 3(pupoB nocJe BblAeIeHUS U 0UUCTKH, %o
Kougepcust si6;104HOi Concentration of the product after purification, %
HaumeHoBaHME KaTAJIM3aTOPA 80 M;:;g?::;::ﬂ o, q{[nﬁ;;mnonuﬁv o -
5 /0 3¢up ¢pymapoBoii | OCHOBHOIi POTYKT
Catalyst Conversion of malic | [10004HBIE IPOXYKTHI KHCTOTHI Main product
acid at 80 minutes, % Byproducts Fumaric acid
dibutyl ester
CepHas kuciora
Sulfuric acid 95.0 0.9 12.6 86.5
OprodocdopHas Kuciora
Orthophosphoric acid 15.9 0.05 L15 8.8
n-Tonyon-cybokuciora 454 0.2 1.1 98.7
p-Toluenesulfonic acid
Amberlyst 36 Dry 47.1 0.05 1.25 98.7
Amberlyst 36 Wet 30.8 OCMOJI;HI/Ie PEAKIMOHHON MACCEI
Tarring of the reaction mass
KY-2-®I1I1T
KU-2-FPP 14.3 0.06 1.24 98.7
KUD-T 508 OcmMmorneHne peakinOHHON MacChl
KIF-T ' Tarring of the reaction mass

omHOM ypoBHE H coctaBmsier 1.2-1.3 macc. %. Ocmonenue
PEaKIMOHHONW MAaCChl MPH HCIOJB30BAHUU KaTaIH3aTo-
poB Amberlyst 36 Wet 1 KU®-T Bo3M0OXKHO CBSI3aHO €
0osiee BBICOKOM KaTaJUTHYECKOH aKTHBHOCTBHIO B pe-
aKIWK JETUAPATAIIMN W BO3MOKHOW OJIMTOMEpHU3aIneit
HENpeAeabHBIX KUCIIOT, XOTS 110 OCHOBHBIM TTapameTpam
(TIOJTHO# CcTaTH4ecKo OOMEHHOW €MKOCTH W TUIOIIATH
nosepxHocTH) Amberlyst 36 Wet u Amberlyst 36 Dry
MPAKTUYCCKU PaBHBI.

TakuM 00pa3oM, W3 PaCCMOTPEHHBIX KaTaIHM3aTo-
poB cynbhokarnorut Amberlyst 36 Dry no3BosisieT npo-
BOJUTH MPOIECC ITePUDUKAIUHU SIOTOUHOU KHUCIOTHI C
BBICOKOW KOHBEPCHEH M CEJIEKTUBHOCTBIO.

3AKJIIOYEHUE

YCTaHOBIIEHO, YTO MPH ATEpUPHUKALMU SAOTOUHOM
KHCJIOTHI OyTHJIOBBIM CITUPTOM HOPMAJIBHOTO CTPOSHUS
Ha pa3HbIX KaTaau3aTopax oOpa3yloTcsi MoOOYHbIE MPO-

CIIMCOK JIMTEPATYPbI

1. KysnenoB B.H. AxryanbHble HampaBleHUS XUMHUYeE-
CKOHM mepepaboTKH BO30OHOBIISIEMON PAaCTUTEIBHON OnoMac-
cbl. Xumus yem. paze. 2011;19(1):77-85.

2. CymikoBa C.B., JleBanosa C.B., I'mazko N.JI., Anex-
canyipoB A.1O. Drepudukanms TMMOHHONW KUCIIOTHI alrdaTH-
ueckumu cripramu C,—C,. Tonkue xumuueckue mexnoio2uu.
2017;12(3):28-32.
https://doi.org/10.32362/2410-6593-2017-12-3-28-32

3. Hermann, B.G., Patel, M. Today’s and tomorrow’s
bio-based bulk chemicals from white biotechnology. Appl.
Biochem. Biotechnol. 2007;136(3):361-388.
https://doi.org/10.1007/s12010-007-9031-9

JYKTBI — CIIOXHBIE 3(QUPBI PyMapoBOH M MaJeHHOBOH
kucinoT. HakoruieHre moGovHBIX POIYKTOB IPOUCXOIUT
B pe3yabTaTe peakiui Jeruparanny sOI0YHONH KHCIIO-
TBI WJIH €ro CIIOXKHOTo 3¢upa. [lokazaHo, 4To Konude-
CTBO TMOOOYHBIX TPOAYKTOB MPAKTHUECKH HE 3aBHCHUT
OT KaTalu3aropa, 3a HMCKIIYCHUEM CEPHOM KUCIOTHI.
Jliis monmydyenuss TUOYTHIIOBOTO 3dupa sIOIOUHOW KHC-
JOTBl PEKOMEHIYETCsl HCIIONB30BaTh CYIb()HOKATHOHHUT
Amberlyst 36 Dry, obecrieunBaroniyii oNTHMajibHOE CO-
OTHOIICHHE MEKTy KOHBEPCUEH U CEIIEKTHBHOCTEIO.
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HUccaenoBanue BAMSIHUA NpoLecca MOAU(PpUKALNKT
Ha rPpyNIoBo# cocTaB OMTYyMa U MOAM(PHUKATOPOB
MeToaoM Dypbe-UK-cnekTpockonuu
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ITenu. B cmambe npoaHAIU3UPOBAHO 8AUSIHUE NPOUEcca MOOUDUKALUL HA 2pYNnogoil cocmas
bumyma U BUMYMHBIX BIKYULUX, COOEPIKAUUX PE3UHOBLLIL NOPOULOK U 2UbPUOHbLI ModugpuKa-
mop Ha ocHoge 6YymadueH-CMupoIbHO20 MEPMOINACMONIACMA U pe3uHogoll Kpowku. Llenvto
uccnedosaHust 6bL10 onpedeseHue HAUUUS. UL 0MCcYymemaeust PYHKYUOHANbHBLX 2pynn, ompa-
2AKAIOUUX HANPABNEHHOCMb (PUUKO-XUMUUECKUX NPOUECCO8 NPU NOSYUeHUU 2UOPUOH020 MOOU-
guramopa 8 pomopHbLX ducnepaamopax u npu MoOUGUKAUUU OUMYMHBLX 8SIOKYULUX.
Memoowul. Pe3urogblii NOpouwoK U eubPUOHBLIL MOOUPUKAMOP NOAYUEHBL METMOOOM EblCOKOMEM-
nepamypHozo c08U208020 USMENbUEHUSL HA pPOMOPHOM ducnepeamope. Bumymbl u moougpuyupo-
8aHHblE BUMYMHBLE 8SLKYUUE UCCTE008AHbL MEMOOOM UHPPAKpacHoil cnekmpockonuu ¢ Pypve
npeobpasogaruem. C noMouibio Memooa 8bluumaHust CneKmpos YCmaHoe1eHo, Umo 8 npouecce
U320MOBAEHUSL MOOUPUUUPOBAHHBIX OUMYMHBIX SINYULUX NPOUCX00SIM CMPYKMYypHble U3Mme-
HeHusl KaK 8 bumyme, max u 8 moougukamopax. B pabome makrike npogedeHa KCMpaKyus
Mo0uUpUKAmMopos8 (pe3urHo8o20 NOPOULKA U 2ubPUOH020 mMoouguramopa) 8 moayose.
Pesynemameut. [Ipogeder KonuuecmeeHHbslii aHANU3 USMEHEHUT, NPOUCXOOSULUX 8 2PYNNO8oM
cocmase moougpuramopos 00 u nocie npoyedypsl moougurayuu. OnpedesneHbl AKMUBHBLIL No-
AUMepHbLIT U cmpyKkmypHbLil uHOeKxcol. OmmeueHa obuas meHOeHYUUSs. 8 UBMEHEHUU AKMUBHO20
NOUMEPHO20 U CMPYKMYPHO20 UHOEKCO8 OJIsl UCXOOHbBLX CNeKmpo8 pe3uH08020 NOPOUKA U 2u-
6puUdHO020 MOOUUKAMOPA U UX CNEKMPO8, NONYUEHHbLX NOCEe NPOUEOYpPbl BLIUUMAHUSL U3 CNekK-
mpoe bUMYMHBLX 8SLKYWUX cnekmpa bumyma.
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H.B. 'opaeeBa, [.A. Measuukos, B.H. 'op6aToBa u ap.

Buleoowst. [ToomeeprkdeHa 83aumooudpysust apomamuueckux coeOuHeHUll Meskoy bumymHoil
cocmasnsiiowell U uacmuyamu moougurkamopos. Ha ocHogaHuu pe3yibmamoe skempaKyuu mMo-
Juguramopos 8 moayonae u ¢ yuemom oaHHoix HK-cnekmpockonuu HatioeHo, umo 8 npouecce
npouszgoocmaa 2ubpudH020 MOOUPUKAMOPA COBMECMHBIM COUBMENbUEHUEM PE3UHOB0U KPOULKU
u 6ymaodueH-CmuposibHO20 MEePMOINACMONAACIA MeHKOY HUMU NPOUCXOOUM XUMUUECKOe
e3aumodeiicmsue.

Knroueevle cnoea: 6umym, pe3uHO-NOAUMEPHbLE KOMNO3ZUMBbL, pPe3UHO8ble NOPOUKU,
HK-cnekmpocikonusi, bumymHble esokyuiue, 2ubpuoHbsbLil MoOUpuKamop, blcokomemnepamypHoe
coguz080€e UsMeNbUeHUe, CMPYKMypHbLU UHOEKC, MemMo0 8blUUMAHUSL CNEKMPOS.

Jna yumuposanusa: Topneesa U.B., Mensauko JI.A., Top6aroa B.H., Pesanuenxo [I.C., Haymona FO.A. MccnenoBanwue
BIIMSTHHS TIpoIiecca MoAN(HKAIIMN Ha TPYNIOBON coctaB Outyma u Mmoaupukaropos merogoM dypee-UK criekrpockonuu. Tonkue
xumuueckue mexronoeuu. 2020;15(2):56-66. https://doi.org/10.32362/2410-6593-2020-15-2-56-66

Investigation of modified bitumen binders
via Fourier-transform infrared spectroscopy
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Objectives. This study evaluates the effect of the modification process on the group composition
of bitumen and bitumen binders containing rubber powder and hybrid modifier that is based
on styrene-butadiene thermoplastic elastomer and rubber crumb. The aim of the study was to
determine the presence or absence of functional groups that reflect the direction of physicochemical
processes during the preparation of a hybrid modifier in rotary dispersers and during the
modification of bitumen binders.

Methods. Rubber powder and hybrid modifier were obtained by high-temperature shear grinding
using a rotary disperser. Bitumen and modified bitumen binders were investigated via Fourier-
transform infrared spectroscopy. Using the method of spectral subtraction, it was determined
that during the process of manufacturing modified bitumen binders, structural changes occur in
both bitumen and modifiers. During this study, the extraction of modifiers (rubber powder and
hybrid modifier) in toluene was performed.

Results. The quantitative analysis of changes in the group composition of modifiers before and
after the modification procedure was carried out. The active polymer and structural indices were
determined. The general trend of the change in the active polymer and structural indices was
noted for the initial spectra of the rubber powder and hybrid modifier, and their spectra were
obtained after the procedure of subtraction from the spectra of bitumen binders.

Conclusions. The interdiffusion of aromatic compounds between the bitumen component and
modifier particles was confirmed. On the basis of the results of the extraction of modifiers in
toluene, and by taking into account the infrared spectroscopy data, it was determined that during
the production of hybrid modifier during the simultaneous grinding of rubber crumb and styrene—
butadiene thermoplastic elastomer, there was a chemical interaction between them.

Keywords: bitumen, rubber-polymer composites, rubber powders, IR-spectroscopy, bituminous
binders, hybrid modifier, high-temperature shear grinding, structural index, spectrum subtraction
method.

For citation: Gordeeva 1.V., Melnikov D.A., Gorbatova V.N., Reznichenko D.S., Naumova Yu.A. Investigation of modified
bitumen binders via Fourier-transform infrared spectroscopy. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2020;15(2):56-66 (in
Russ.). https://doi.org/10.32362/2410-6593-2020-15-2-56-66
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HccaezmoBaHHe BAMSTHHA Npoliecca MOAu(MHKAIMK Ha IPYIINIOBOH COCTaB GHTYyMA ...

BBEJIEHHME

B nmocnennue roasl, Kak B HalIel cTpaHe, Tak U BO
BCEM MHUpE CYIIECTBEHHO BO3pPOCIa MHTEHCUBHOCTH
JIOPO’KHOTO JABIDKCHHSA. B CBSI3WM C 3THM COXpaHSIOT
CBOI0 aKTYaJIbHOCTh BOIPOCHI KaueCTBa BSIKYIIETO
JUISL TOPOXKHBIX MOKPBITUH, MOCKONBKY BKIAJ BSIKY-
miero B 00pa3oBaHue OCHOBHBIX J€(DEKTOB IMOKPBITHS
coctasisieT oT 40 no 90% [1]. I[Ipu sToM MHOTOUMC-
JIGHHbIE HccienoBaHus [2—5], mpoBeleHHbIE B pa3-
HBIX CTpaHaX, MOKa3bIBAIOT, YTO HEMOAH(DHUIIMPOBAH-
HbI OUTYM He crocoOeH oOecleduTh HaJJjiexalniee
Ka4eCTBO JOPOKHBIX TOKPHITHH B YCIOBHUSIX COBpe-
MEHHOT0 MHTEHCHUBHOTO ABMXkeHUA. OO0sA3aTeIbHBIM
YCJIOBHEM CO3JaHUSI BBICOKOKAUYECTBEHHOTO ac(aib-
TOOETOHHOrO MOKPBITUS SBJIsETCS MOAU(DUKALUS Ou-
TYMHOTO BsiKyIIero [6—8].

B kadectBe MoaudpuUKaTOpOB OUTYMOB MpEeUMyIIIe-
CTBEHHO MCTONB3YIOT TepMmoaactoruiactel (TOI) u pe-
3uHoBbIe mopoluku (PII), Takke B MUPOBOI IpaKkTHUKE
OCYIIECTBISIOTCS TIONBITKH CO3JaHMs THOPHIHBIX MO-
nudukaropos (I'M) [9-13].

MonudukaTops! B 3aBUCUMOCTH OT TEXHOJIOTHH HX
BBEJICHUA B OUTYMBI JIJIATCS Ha IBE TPYIIIbL:

1) MoaudukaTopbl, penHa3HAUYCHHBIE IS YITy4-
LIeHUsI CBOMCTB OUTYMa IO MPUTOTOBIEHHS acasbrode-
TOHHOW CMECH B Pe3yJbTare MPOBEACHUS «MOKPOID MO-
nuuKay, Tpearnoyiaraomnei 3tan npoaoKUTEIbHON
BapKu OMTYMOB IIPH BBICOKHX TeMmIleparypax (kKak mpa-
BuJio, 6onee 180 °C). DddexkruBHOCTS MOTUDUKALIIH B
9TOM CITydae JOCTHTaeTCsl MyTeM IMOBBIIICHUS CTETICHU
TUCTICPTUPOBAHUST MOIU(PHUKATOPOB B OUTYME C ITOMO-
IIBI0 BEICOKOCKOPOCTHBIX CMECHUTEIEH.

2) Monudukaropsl, IpeaHa3HAUCHHbBIC IS YITyd-
IICHUS XapaKTePUCTUK ac(anbTOOCTOHHOM CcMecH B
pesynbrare «cyxoi» Momudukanuu. B aTom ciydae
HCKITIOYACTCS HEOOXOTUMOCTH IPOBEACHUS POTOIIKHI-
TEJIbHBIX U DHEPro3aTPaTHBIX CTAIMI MOIy4YeHUs] MOAU-
(UIMPOBAHHBIX OMTYMHBIX BSOKYIIMX. MOIU(MUKATOPHI
BBOJSITCS B ac(haIbTOOCTOHHYIO CMECh B MOMEHT €€ IIPH-
TOTOBJICHUS B ac(haipToOeTOHHOM cMmecuTene. K Takum
Moaudukaropam otHocsates PIT u I'M, nonyyaemblie Me-
TOZOM BBICOKOTEMIEPATYPHOTO CABHTOBOTO HM3MEINBUC-
Hust. DddekTuBHOCTD MoudUKAIMK JOCTHTaeTCs 3a
cueT OBICTPOH earyioMepanyuy YacTUI] PE3HHOBOTO MO-
POIIKa WK THOPUIHOTO MOAU(DHUKATOPA MPU KOHTAKTE C
ropssauM ouTymom [6, 14—16].

K nepBoii rpymnmne OTHOCSTCS MPaKTUYECKH BCe
M3BECTHBIC MOAUPUKATOPBL. «MOKpPBIM» CIIOCOOOM B
OCHOBHOM IOJIY4alOT ¥ THOpHUAHbIE Bxylue. OaHaKko
B PenepaabHOM HCCIEIOBATEIECKOM IICHTPE XUMHUYe-
ckoil pusmku Poccuiickoit akagemun Hayk pazpadota-
JIM YHUKAIBHBIM THOPUIHBIA MOIUPUKATOP, KOTOPBIN
MOXKHO BBOJHUTb «CYXHUM)» CIOCOOOM, aHAJIOTHYHO
BBeneHuto PIT (Mmogudukaropsl 2 Tpymmbl). DTO CTalo
BO3MOXHBIM OJjarogapsi COBMECTHOMY COHM3MeEbYe-

HUO pe3nHoBoid kpomiku (PK) u OyTanueH-cTupoIh-
Horo Tepmosnacromiacta (BCTIIT) meromoM BeICO-
KOTeMIIepaTypHOro ciBUroBoro uamensueHus (BCH).
B nacrosmeit pabore merogom MK-criekrpockonuu
MIPOBOIMIIOCH HMCCIICIOBAaHHE OWUTyMa, MOTU(PHKATOPOB
U MOIU(DUIMPOBAHHBIX OMTYMHBIX BSDKYIIUX. JaHHBII
METOJI IO3BOJISIET (PUKCHPOBATH M3MEHEHHS B TPYIIIIOBOM
COCTaBE U CTPYKTYpE OUTYMHBIX MaTEpPHAIOB B IPOIIECCE
nux Moaupukarmu [17-19]. Lensto uccnenosanus ObUIO
ompeneneHrne (YHKIMOHATBHBIX TPYII, HAJIHYAC WU
OTCYTCTBHE KOTOPBIX OTpakaeT HAIPaBIECHHOCTH (H-
3UKO-XUMHYECKUX TPOIECCOB, MPOTEKAIOMINX IPH MO~
JTy4eHUHN THOPHIIHOTO MOAHU(PHUKATOPA B POTOPHBIX JTHC-
mepraropax M mpu MOAU(PUKAIMN OUTYMHBIX BSDKYIIUX.
JIse MOCTHXKEHMST TIOCTABJICHHOM 1€MW HMCIOIb30BaIN
nporpaMmubIi TpoxykT OMNIC, ¢ mOMOIIBI0 KOTOPOTO
MIPOBOAVIIN TIPOIEYPY BBIUUTAHUS CIIEKTPOB OMTYMa U
MOIU(HUKATOPOB U3 CHEKTPOB MOMU(DUIIMPOBAHHBIX OHU-
TYMHBIX BSOKyIIUX. [IpoBemeHa sKcTpakmuyst pe3HHOBOTO
MOPOIIKA U THOPUIHOTO MOMM(UKATOpA TOIYOJIOM ISt
YCTaHOBJICHHUS HAMYUSI XAMHUYCCKOTO B3aWMOICHCTBHS
MEXJTy PE3MHON U TePMOAJIACTOILIACTOM B IPOIECCe MO-
JTy4deHUs] THOpUIHOTO MomudukaTopa metogom BCU.

MATEPHAJIBI U METO/IbI

B kauecTtBe HMCXOQHOTO OMTyMa HCIOJIb30BaJICA
BHJI 60/90, koTOpHBIii peKOMEHIyeTCS MPUMEHSTh TSI
JIOpOKHO-KIUMaTuyeckux 30H II-V. ®akruueckue
3HaYCHUsl (U3UKO-XMMHUECKUX ITOKa3aTeled MCXO.-
noro outyma BHJI 60/90 (OAO «Crasnegpmov — HApoc-
nasHepmeopecunmes», Spocnasnb, Poccus) mpen-
cTaByieHbl B Ta0JI. 1.

Monudukaropsl OMTYyMa, UCIIONb3yEeMbIC B JIaH-
HOM HCCIIeJOBAaHUM, 3TO PE3UHOBBIA MOPOIIOK Ha OC-
HoBe oTpaboranHbix mmH CTO 11101543-006-2015
(PIT wmccnegoBaHusa) W TUOPUAHBIA MoaudHUKATOD,
MOJTy4aeMblii COM3MENBYCHUEM PE3MHOBOW KPOIIKHU
(kackaJHBII METOA Moy4YeHHus ) U OyTaJueH-CTUPOIIb-
Horo tepmonnactominacra CTO 11101543-008-2015
(I'M  wuccnenoBanus). OCHOBHBIE XapaKTE€PUCTUKHU
JUCIIEPCHBIX 2IaCTOMEPHBIX MOAU(DUKATOPOB MPUBE-
JeHbl B Tabm. 2. Jlanubsle MoAu(UKATOPBI OBLIN MOJTY-
yensl MmeTogoM BCU Ha cOBpeMEHHBIX yCTaHOBKAX, B
POTOpHBIX Aucnepraropax (mareHt 2612637 Poccuii-
ckas @enepamusi, B29B13/00). McxoaHbIM ChIpbeM
JUJISL IOJIyYEHUS TUCTIEPCHBIX MOIU(DUKATOPOB BBICTY-
MaJu: PE3MHOBAsI KPOIIKA C pa3MepoM dacTull >1 Mm
— TY 2511-002-56465277-14 (OOO «Opuc Ilpomy,
r. JI3epxxuHck, MockoBckasi obnactb, Poccus). s
nonyuenus ['M ucnonb3zoBanu cmech ucxonnoi PK u
BCTOII mapku CBC 30-01 JI (OAO «Boponesccun-
mesxayuyx», T. Boponex, Poccus).

PenientypHbIii cocTaB OMTYMHBIX BSIKYIIHX, HCCIIC-
JIyeMbIxX B pabote merofom MK-crnekrpockonuu, npea-
CTaBJICH B Ta0I. 3.
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Taéauna 1. dusuko-xumMuyeckue nokasareau bHJI 60/90
Table 1. Physicochemical characteristics of BND 60/90

HaumeHoBaHHe MOKa3aTeas

Hopma no 'OCT 22245-90

dakTHYecKOe 3HAUYEHHE

Parameters Norm according to GOST 22245-90 Actual value
I'my6una nponukanus uriel, 0.1 Mm
Penetration grade of unaged binders, 0.1 mm:
mpu 25 °C/ at 25 °C 61-90 74
mpu 25 °C/at 0 °C >20 22
TeMneparypa pa3MsArdeHus 1o Kojblly U Mapy ~47 49
Softening point of unaged binders, °C
PactspxkumocTts, cM / Ductility, cm:
npu 25 °C/at 25 °C >55 88
ripu 25 °C/at 0 °C >3.5 3.7
Temmneparypa xpynkoctu / Fraass breaking point, °C <15 -22
Temmeparypa Bembimrku, °C
Flash point, °C =230 276
V3ameneHne teMIieparypbl pa3sMsIrdeHus mocie mporpesa <5 5
Changing the softening point after hardening, °C
WHunekc nenerpauun 10<+10 04

Penetration index

Tadmuna 2. XapakTepuCTHKN TUCTIEPCHBIX MOTU(PHUKATOPOB
Table 2. Characteristics of disperse modifiers

Iloxa3zarenan Ennnnna n3mepenus PII uccaen. I'M uccaen.

Parameters Units RP studied HM studied
Cpennwuii pasmep YacTHIL MKM 270 250
Average particle size pum

2
V/:[en.LHaﬂ MOBEPXHOCTh MZ/I‘ 0237 0312
Specific surface m?/g
HacelnHas I0THOCTh r/em’
. 36+0. 32=0.

Bulk density g/em? 0.36+0.5 0.32%0.5
Brnaxnocth % 1o Macce, He Oojee 4 32
Humidity % by weight, no more than ’
Ocrarok Ha cute 0.63 MM %, He OoJjiee ) 2
Residue on the 0.63-mm sieve %, no more than
WHzeke armoMepanun HE MeHee 3 3
Agglomeration index no less than

Tadmuna 3. PenenTypHblil cocTaB nccieyeMbIX OUTYMHBIX BSDKYIIHX
Table 3. Compounding composition of the investigated bituminous binders

IMudp odpasuna Oopa3zen Tun moaudgukaropa Coornomenne BH/I mogudukarop, mace. %
Sample cipher Sample Modifier type Ratio BND/modifier, mass %
butrym (BH/I) _
! Bitumen (BND) 100/0
Pe3nHoBBII OPOLIOK,
Pesuno-0utymHoe o
msoxymee (PEB) TOTy4aeMbli METOZIOM BCH
2 L Rubber powder obtained
Rubber-bituminous .
. by high-temperature shear
binder (RBB) .
grinding (HTSG)
90/10
I'mbpunnoe OurymHoe T'uOpuanblil Mogudukarop,
3 ssoxyuee (I'bEB) nonyuyaemslii Merogom BCH
Hybrid bituminous Hybrid modifier obtained by
binder (HBB) HTSG
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O6pasiel PEB u 'BB 0butn mOy4YeHbI IyTeM cMe-
HIeHus: OUTyMa ¥ MOJM(UKATOPOB, TONTYy4aEMbIX METO-
nom BCU, ipu remmiepatype 160 °C B reuenne 10 MunyT
TP CKOPOCTH BpartieHus jonacteit memmanku 600 06/MuH.

Wzyuenne BAMSHUS Tporecca MOAW(PHUKAINN Ha
TPYNIIOBOW cOCTaB OMTYyMa TPOBOAWIM C ITOMOIIBIO
HK-criekrpomerpa Nicolet™ iS5  dupmsr  Thermo
Scietific™ (CIIIA) ¢ mpucTaBKOl MHOTOKPAaTHOTO Hapy-
IIEHHOTO TIOJTHOTO BHYTpeHHero otpakeHus iD3 ATR.

PE3VJIIBTATBI 1 UX OBCYXKIEHUE

Metonom MK-criekTpockoriy OBUTH MOMYYeHBI CIICK-
TPBI HCXOAHOTO HeMonuduuuposanHoro Outyma BHJI
60/90, pe3nHO-OMTYMHBIX M OMTYMHBIX BSDKYIIHX, COACP-
sKamux '™, a Takke CeKTpbl MOIU(PUKATOPOB — PE3UHO-
BOTO MOPOIIIKA ¥ THOPUTHOTO MOAM(UKATOPA, OTYIaeMbIX
metonomM BCHU. CormocTaBUTENbHBIA aHATN3 MOTU(HUIIH-
PYIOILIETO JISHCTBUSI PE3MHHOTO TIOPOIIKA M THOPUIIHOTO
MOZM(UKATOpPa TIPOBOWIICS ITyTEM CPABHEHHS CIIEKTPOB
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OuTyMa ¥ ero MOIM(UKATOPOB JI0 ¥ TIOCIIEC TIPOBEACHUS MO-
Juukaiy OuTyMoB. [[1st 3TOro U3 CrieKTpoB MOAU(HUITH-
POBaHHBIX BSLKYIIMX BRIYUTAJIN CIICKTPHI OMTYMa MITH CITEK-
Tpbl PIT 1 I'M, a nomy4eHHbIE pe3yIIbTaThl COIOCTABIIIIN CO
CIIEKTPaMH UCXOHBIX KOMIIOHEHTOB MOIU(DHITPOBAHHBIX
OUTYMHBIX BSDKYIIIUX.

Ha mepBoM 3Tare mpoBoAMIOCk HCCIIETOBAHUE U3-
MEHEHHs COCTaBa OMTyMa MOCJe ero MoIupUKaIu pe-
3WHOBBEIM TOPOIIKOM W THOPHUIHBIM MOIU(DHKATOPOM.
Pesynbsrupytomiue CekTpsl, MojydyaeMble MPH BBIYUTA-
HUHM U3 CIIEKTPOB MOAM(HUINPOBAHHBIX OUTYMHBIX BS-
Kynmx (00pasnsl Ne 2 11 3) crieKTpoB HUCXOTHBIX MOJH-
(puKaTopoB, MpruBeIeHHI Ha puc. 1.

KauecTBeHHBIN aHATU3 CIEKTPOB, TPHUBEACHHBIX
Ha puc. 1, JEMOHCTpHpYET, UTO CTPYKTypa OWTYMHOM
cocTaBistomeil B mpouecce (OPMHUPOBAHUS BSKYIIUX
MeHsteTcs. MOYKHO OTMETHTH CYIIECTBEHHOE M3MCHCHHE
TPYIIIOBOTO COCTaBa apOMaTUYECKUX COCIMHEHUH B
outyme. Ilocine momudukanum OUTyMa PE3MHOBBIM
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Puc. 1. Criextp ncxognoro 6uryma BH/I (kpacHast THHAS) U CICKTP OUTYMHOH COCTABIISIOICH (CHHSS JINHSSA),
noy4eHHBIN BerauTanueM crekrpa PII (a) u I'M (b) u3 criekTpa Moan(UIIPOBaHHOTO OUTYMHOTO BSDKYIIIETO.
Fig. 1. Spectra of original BND bitumen (red line) and bituminous component (blue line) obtained by subtracting
the spectrum of rubber powder (RP) (a) and hybrid modifier HM (b) from the spectrum of the modified bituminous binder.
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nopomkoM (puc. la) BBIPOXKIAIOTCS TOJIOCHI TIOTJIO-
[ICHUST TAKUX COCIAUMHEHMH Kak m-kcuinon (753 cm™') u
n-xcwon (781 cm '), Takke UcYe3aeT Mmojaoca apoMaru-
YECKHX COCMMHEHUH mpH WHTeHcHBHOCTH 1600 cM' 1
0JI0Ca M3 apOMaTHIECKOTo TpHIieTa outyma (746 cm ).

Ha criektpe OUTYMHOI COCTaBISFOLLIEH, MTOTYyYEHHOM
BbIUMTaHKUEM W3 criekTpa PBB criekTpa pe3nHoBOro nopou-
Ka, He HAOMIOAI0TCsI ITOJIOCHI TIOMIOIIEHUST, OTHOCSIIIUECS K
napahuHO-HAPTEHOBOW (ppakIuK (HarpUMep, MPH WHTCH-
cuBHocTd 1030 cm!). Hanmmure miecTUUICHHBIX apoOMaTH-
YEeCKUX IUKIIOB MOYKHO OOHAPYXKHTh B OUTYME TOJIBKO IT0-
cie Momudurarmu (muk mpu 1892 em' [20]).

Hanmmune Ha MOBEPXHOCTH PE3MHOBOTO ITOPOIIKA
AKTUBHBIX PAJIMKAJIOB TPUBOJUT K U3MEHEHHUIO TPYII-
MIOBOTO COCTaBa KHCIOPOACOICPKAIINX COCAMHCHHUH.
Tak, BBIPOXKAAIOTCS TOJIOCHI TIOMIOMICHUSI aHTHIIPHUIIOB
u 3¢upoB (1771 u 1752 cM!, COOTBETCTBEHHO), OIHAKO
HOSBJISICTCS TI0JIOCA, OTBEYAIOIIAsi BAaJCHTHBIM Koyeba-
ausivm CO rpymsr (1243 cm ! — arerarsr).

XapakTep U3MEHEHUH B CTPYKType OMTyMa Mocie
MOJIU(BUKAIIMKA THOPUIHBIM Moau(uKaTopoM (puc.1b)
CXOX C M3MEHEHMSIMH, BHI3BAHHBIMHU BBEICHHUEM DPE3U-
HOBOTO MOpOIIKa. ['pymnmoBoil cocTaB mnapaduHO-Ha-
(TEeHOBBIX YIIIEBOJOPOAOB MeHseTcst B obmactu 1030
cM !, KoTjia Ha CIeKTpe OUTYMHOM COCTaBIAIONIEH 110~
cine MoAM(UKAIUN BBIPOXKAAETCS JaHHAs Mojoca Io-
IJIOIICHHUS, TPHUCYTCTBYIOMAs HA CIEKTPE HCXOTHOTO
outyma [21].

[Ipu mcnonp30BaHUM THOPHIHOTO MOIU(pUKATOpa
HabrogaroTes u3MeHenus B odnactu 900-600 cm™!, or-
HOCSIIENCS K apoOMaTHYeCKuM coenHenusM. [Ipoucxo-
JIUT BBIPOXKICHUE TOJIOC MHUBUAYAIBHBIX apoMaTuyie-
ckux coemuHenuit (746, 753, 804 cm!), a Takke moyoC
npu uaTeHcuBHOCTH 1600 U 1892 cM™!, Xapakrepusyro-
WX TIATH-, TIECTHWICHHBIX TUKIIBI aPOMATHIECKIX COe-
quHeHui [21-23]. Monuduxarust ruOpuaHbIM MOTU(H-
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KaTOpOM TIPHBOIUT K TTOSIBJICHUIO ITOJIOCHI TIOTIIONICHUS
B obOmactu 1243 cm! (aterars, GeHOITBI).

B OutymHO# cocraBisiromeit Moau@UIIMpOBaHHBIX
BSKYIIMX, Kak B ciayyae PII, tak u I'M, Beigensiercst nmo-
noca 1043 cM !, KoTOpasi COOTBETCTBYET COCAMHEHHSIM,
conepxkaruM rpymmny S=O (coeaunenust tumna R—SO*).

OTIUYUTENEHOW 0COOCHHOCTBIO, XapaKTEePHOM ISt
CIIEKTPOB, MOJYYCHHBIX TOJLKO MPU HCIOIB30BAHUH
I'M, sBIsieTcs MPHUCYTCTBHE TIOJOCH TTOTIIONMICHUS TIPH
unrercusroctd 700 cm!, orBeuaromieit 6(CH)-rpyrme
apOMaTHIECKOTO KOJIbIA (TTOJMCTHPONT), & TAaKXKE OTCYT-
CTBHE MONOCHI TIpH HHTeHCcuBHOCTH 1016 ™!, cBume-
TEJIBCTBYIOMIEH O MPUCYTCTBHH B 00pa3ile COCTUHCHUN
cepsl B BUJIE cTpykTyp R—SO-R.

AHaJIoTHUHAsT TIPOLEypa COMOCTAaBIICHHS CITICKTPOB
HCXOIHBIX MOJU(UKATOPOB CO CIEKTPAaMU, MOITYYEHHBIMU
BBIYUTAHUEM M3 MOIM(DHITMPOBAHHBIX OMTYMHBIX BSDKYIIIUX
CIIeKTpa OUTyMa, TOKa3asa, YTO U3MEHEHHUsI B Habope (yHK-
[IFOHATEHBIX TPYTII IO HX ACCOPTUMEHTY H MHTCHCHBHOCTH
MMMKOB HE3HAYMTENbHBI. [JIaBHOM OCOOEHHOCTBIO CIIEKTPOB
Momudukaropos, kak B ciydae PI1, tak u qus ['M, mocie
KOHTaKTa C OUTYMOM SIBJISICTCSI MOSIBIICHUE ITHKOB B HHU3KO-
YaCTOTHOM O0OJacTH, COOTBETCTBYIOIIMX apOMAaTHICCKIM
coenuHennsM (645, 680, 773, 798, 841, 881, 946 cm™), uro
nonTBepKIaeT UBPy3Ur0 apoOMaTHUECKUX YITICBOIOPOIIOB
13 OUTyMHOI! cocTaBIIsTtoILel B 00beM MOU(UKaTopoB [23].

C yd4eToM MONYYCHHBIX JAHHBIX, HA BTOPOM JTare
JAHHOTO HCCIIeJOBaHMs ObLIa MOCTABJIEHA 3ajJada U3y-
YeHHS BJIMSHUS MOJU(PHUKAIMKA OUTyMa Ha (U3UKO-XH-
MHUYECKUE MPOLECCHI, MPOTEKAIOIINE MEXTY PE3UHOBOM
kpomkod U TOII npu monmydeHun THOPHIHOTO MO DH-
kaTtopa. Jls peleHust MoCcTaBIeHHON 3a1auu ObLT Mpo-
BE/ICH CPABHUTEIBHBIA aHAIN3 PE3yIBTHPYIOMNX CIICK-
TPOB, MOJYYCHHBIX BBIUUTAHUEM CIICKTpa PE3UHOBOTO
MOPOIITKA M3 CIIEKTpa THOPUIHOTO Moau(HKaTopa 10 1
nociie Mmoaudukanuu outyma (puc. 2).

965.41
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Puc. 2. Criektpsl, monydeHHbIe BerauTanneM crektpa PIT u3 ciekrpa I'M (CHHSISI THHAS — AT HCXOTHBIX MO (PHUKATOPOB,
KpacHasi INHUS — TSI MOTU(PHIKATOPOB TIOCTIE MPOIeTyphl MOAU(UKAIIIH ONTyMa).
Fig. 2. Spectra obtained by subtracting the RP spectrum from the HM spectrum (blue line for the original modifiers,
red line for modifiers after the bitumen modification procedure).
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Ha crektpe m0 Momudukanuu (CUHSS JIMHSIA),
MpEeACTAaBICHHOM Ha PUC. 2, BBIACIAIOTCS Mojoca Mo-
riotteHuss O(CH)-rpymmbl  apoMaTHYecKOTO KOJIbIla
(ctupon) mpu 700 cM!, U moioca, XapakTepH3YIO-
mas npucytcrBue aBoiHBIX cBszeir C=C (965 cm!)
[22, 23]. ITocae mpoueaypsl MoaupUKanuu OUTyMa
WHTEHCHUBHOCTH NAHHBIX MHUKOB CYIIECTBEHHO CHH-
KAETCs, UTO MOXHO MPEIINOIOKUTEIBHO CBA3aTh C
nporexkanueM TU((PY3HOHHBIX MPOIECCOB IMepexoja
HEHACBIIEHHBIX COSAMHEHUN B OUTYM.

7 KONMMYeCTBEHHOTO aHajiHM3a CHEKTPOB MOJH-
(UIMPOBAHHBIX OUTYMHBIX BSDKYIIMX ObUI TpPUMEHEH
METOJ, ONHMCaHHBIA B padore [24]. JlaHHBIA MOIXON
OCHOBBIBA€TCS Ha TOM, 4TO B Ipolecce MoauDUKaIuu
HHTEHCHBHOCTB M XapaKTep IMHKa mpu 965 cM !, oTHOCS-
IIETOCS K mpaHc-allkeHaM, 3aMeTHO MeHsieTcs. Tak jxe
OBLIO YCTaHOBJICHO, YTO MMojIoca morromenus 810 cm !,
xapaktepusyromas C—H cBsi3u B apoMaTHUECKUX COENIU-
HEHHSX, HA000POT, OCTACTCS MPAKTHICCKH HEN3MEHHOM,
MOTOMY €€ PacCMaTpPUBAIOT B KayeCTBE MOCTOSHHOMN
BesmuuHbI (puc. 3). [lapaMeTpoM, ONMTUCHIBAIOIIIAM KOJIU-
YECTBEHHBIE M3MEHEHHUs, IPOUCXOASIINE B MOAUPHIIU-
poBaHHOM OWTYMHOM BsDKyIIeM U B I'M B miporiecce Mo-
nuUKaY, SBJISETCS aKTUBHBIA MOJTUMEPHBIA WHICKC
(ATIA — wHAEKC aKTUBHOTO TIOJMMEPA), PACCUUTAHHBIN
10 YpaBHEHUIO:

AIIH = Sois

810

e S%s — IUIoLIaab MUKa IpH 965 cm; S810 — IUJIOLIA/Ib
nika pu 810 cm'.

B pabore [25] ans konudectBeHHoro ananiza MbB
WCTIOJIB3YETCsl CTPYKTYpPHBIH WHIEKC (OTHOCHTEIbHAs
ONTUYECKAs TWIOTHOCTB) I\ ., KOTOPBIH paBEeH OTHO-
HICHHIO TIONIA I IHKa pu 965 cM™! K 001eit miommaam
obmactu mexy 2000 cm! u 600 cm '
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Puc. 3. Onpenenerne nukoB 1 pacyera AT
Ha npumepe I'bB.
Fig. 3. Determination of peaks for calculating API using
HBB as an example.

PesynpraTel KOMMUECTBEHHOTO aHAM3a CIIEKTPOB
MOAUGUIIMPOBAHHBIX OUTYMHBIX BSDKYIIHX MPECTABIIC-
HBI B Ta01. 4.

AHaNM3 JaHHBIX, IPUBEICHHBIX B Ta0i. 4, 1M03BO-
JSIET OTMETHUTH 00IIne TeHneHInH B m3MeHenun AT u
I, ., B VICXOMHBIX CIEKTPAX PE3UHOBOTO MOPOLIKA U T~
OpunHOTO MOAM(MUKATOPa U UX CIEKTPAX, TMOIyYCHHBIX
Moclie TPOLEAYPbl BBIYUTAHUS U3 CHEKTPOB OUTYMHBIX
BSDKYIIUX CIIEKTpa OuTyma. boriee BBICOKHME 3HAYCHUS
JAHHBIX TOKa3aTenel Al rMOpUAHOTO MOIU(UKATOpa
10 CPABHEHUIO C PE3NMHOBBIM ITOPOIITKOM SIBIISTFOTCS 3aK0-
HOMEPHBIMH 1 CBS3aHBI C HAIMYHEM TOJIUOYTalueHOBOM
cocrasstroneit bBCTOII.

OOpartHas kapThHa, HaOlogaeMas MpPU aHAIH3E
cniektpoB PIT u 'M mocne nonydeHusi OUTyMHBIX BSi-
KYIIUX, MO3BOJISIET CHENaTh MPEANONOKEHHE O BO3-
MOKHBIX XUMHYECKHUX B3aHMOICHCTBHAX MEXKIY pe3H-
HOBOI1 kpomikoif 1 TOII B mporecce UX COU3METBUCHUS.
[Ipu ananm3e CHEKTPOB MOIU(DUIMPOBAHHBIX OHUTYM-
HBIX BSDKYIIMX IOJIyYEHBI CYIIECTBEHHO 0ojiee HU3KHE
uncnennble sHavenus AIIA u I, .. DTO MOXeET ObITh
00yCIIOBIEHO Kak 0ojlee HU3KMMU KOHLIEHTPALUSMU
Monu(HUKATOpOB B BsXKymeM (OUTYyM/MOIupUKATOP
90/10 macc. %), Tak U BCTpaWBaHHEM 4YacTH CBOOO[-
HOW HHM3KOMOJEKYISIPHOM IOJMMEPHONW KOMITIOHEHTHI
MOAU(PUKATOPOB B (HOPMHUPYEMYIO CTPYKTYpy OUTyM-
HOTO BsDKymIero. CHIDKEHHE 3HAYeHUH CTPYKTYpHOTO
unjexca I, ., y rubpuaHoro moauduraropa mocie
MOTU(HUKAINA TTOATBEPKIACT JaHHBIE KaueCTBEHHOTO
aHaJn3a, MPUBEIEHHOTO Ha pUC. 2. DTO 03HAYAET, 4YTO
B IIpoIiecce MPOU3BOJICTBA THOPUIHOTO MOJU(PUKATOPA
HIPOMCXOAUT 3aMETHOE (PU3UKO-XUMHUECKOE B3aHMO-
IefcTBHE MEKIY UCXOIHBIMUA KOMIIOHCHTAMH.

Hust BeIssBIIeHUs (pakTa HAJTHYHUS XUMHUYECKOTO
B3aMMO/ICHCTBUS MEXKy pe3nHOBOM Kpotmkoit u TOII
B IIpoliecce MOJIydeHHUs] THOPUIHOTO MOAM(HUKATOpa
outyma MerogoM BCH Obuta mpoBeneHa 3KCTpak-
nusi OyTaJMeH-CTUPOIBHOTO TEPMO3JIacToIIacTa U3
obOpasna ['M. UcxoaHblil pe3nHOBBIA MOPOMIOK U TH-
OpuaHbIi MoguduKaTOp, MoydeHHsle MeTooM BCH,
ITOMEINaly B TOXYOJ M BBIACPKAIN B HEM B TCUCHHUE
14 nueil. [locae ¢uubTpanuu 0O6pasIbl BHICYITHBAIH
n B3BemuBanu. Cymka 0o0pa3oB OCYIIECTBISAIACH
MPU TOCTOSIHHBIX TeMmIeparype u BiaxHocTu. [Ipo-
JOJDKUTENBHOCTD CYIIKH OMpenessiiach TOCTHKEHU-
€M IOCTOSHHOW BENWYMHBI Macchl JKCTparupoBaH-
HBIX 00pa3noB ¢ TouHOCThIO 10 =£0.001 1. Pesymbrarsl
WCIIBITAHUH TIpeicTaBiIeHbl B Ta0m. 5.

W3 Tabm. 5 BUAHO, YTO B TOJYyOJIe PacTBOPSET-
cs O6onbiiag yacte TOI (>75 % B cnyuae I'M 5/95 u
>85 % mns I'M 20/80), BBeZICHHOTO B THOPUIHBIA MO-
IudUKaTOp, YTO TAKXKe MOATBEPXKAaeT (haKT HAIUYUSL
B3aMMOJICHCTBUS MEXAY IOJIMMEPOM H PE3UHOBOU
KpPOILKOM Ha CTaJuu MX COU3MENBYCHHUS B POTOPHOM
JCTIepraTope.
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Tadauna 4. KonmaectBenHsli anammus cnekrpoB MbB u moandukaropos
Table 4. Quantitative analysis of the spectra of MBB and modifiers

Oo6pazen AKTHBHBIH noanMepHbIii nuaeke (AITN) CrpykTypHbIi unaexe I, .
Sample Active polymer index (API) Structural index 7, .,
Jo moaupukanumn
Before modification
PIT/RP 1.466 0.0277
I'M/HM 3.245 0.0443
Ilocne momnpukanun
After modification

PIT/RP 0.2400 0.0086
I'M /HM 0.2110 0.0052

Taonanuna 5. Pesynsrarst sxctpakuuu PIT u TOII Tonyonom

Table 5. Results of the extraction of RP and thermoplastic with toluene

Momudukaropsl/Conep:xxanne BCTIII, mace. %

Modifiers/styrene-butadiene thermoplastic elastomer (TPE)

IMoka3zareu content, mass %
Parameters PII / RP M /HM
0 5 20

Macca obpasua, r 0.1207 0.1915 0.1984
Sample mass, g
Macca obpasiia mocie SKCTPaKI|H, T
Mass of the sample after extraction, g 0.1128 0.1723 0.1543
Macca BeIecTB, SKCTParupoOBaHHBIX TOIYOIOM, T
Mass of substances extracted with toluene, g 0.0079 0.0192 0.0441
MaccoBast 0l BEIMIECTB, IKCTPATHPOBAHHBIX TOIYOTIOM
Mass fraction of substances extracted with toluene, % 6.54 10.02 22.23
Maccosas gomst TOII, skcTparupoBaHHOTO TOIYOJIOM B 3381 17.0
Mass fraction of extracted with toluene, % ’ ’

3AK/IIOYEHUE

[Ipumenenne MeTona BBHIYATAHUS CIIEKTPOB IIO-
3BOJIWJIO OIECHHUTH CTPYKTYPHBIC W3MCHEHUS, IIPOHC-
XOIIIUe B OUTyMe M €ro MOIU(HUKATOpax B Mpolecce
M3TOTOBJICHUSI MOAM(DUIIMPOBAHHBIX OUTYMHBIX BSKY-
MIKX. YCTAHOBJICHO, YTO MPU TAKOH MOTU(PHUKALIUK TIPO-
ucxoauT aud@y3us apoMaTHUSCKUX YIIICBOIOPOJIOB M3
OUTYMHOI COCTABISIONICH B YaCTUIIBI MOAU(DUKATOPOB.
B mponecce Mmomudukanuu B OuTyMHON YacTH (GopMu-
PYIOTCS LIECTUWICHHBIC IHUKIMYCCKHE apOMaTHICCKHE
COCIIMHCHUS, U3MEHSETCS cocTaB napaduHo-HadTeHO-
BBIX YIVIEBOJOPOIOB, OOpPA3yIOTCS COCIUHEHUS CEpBHl,
KOTOpasi «IePEeXOUT» U3 YacTUI] MOAU(PHUKATOPOB B OU-
TyM. Takum 00pa3oM, B JaHHOM HCCIICIOBAHUH C ITOMO-
nipro MK-cniekTpockoniu ObUTO MTOJTBEPKICHO SBICHUE
B3auMoIu(pPy3un Mexy OUTYMOM U MOTU(UKATOpaMu
(PII u I'M).

AHanmm3 pe3ynbTaToB IKCTPAKIIMH THOPHUIHBIX MO-
nuduKaTopoB B ToIyose M naHHbIX 1o MK-cnekrpocko-
MUY MO3BOJISIET CAENIaTh BBIBOMA, YTO MEXAY PE3HMHOBOM
KpOILIKOM M TEPMO3JIacTOIUIACTOM TIPU MX COBMECTHOM
COM3MEJIBYEHUHA HAa POTOPHOM JUCIIEPrarope METOIOM
BCH npouncxonuT XuMHYECKOE B3aMOJIEHCTBHE.
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ITenu. Llenwto pabomsl bbLna pazpabomra HO8bLX Memo0o8 cuHmesa orxcuoa moauboeHa(VI), sensiro-
uie2o0cst NPeoulecCmeeHHUKOM O1st CUHMe3a (PYHKUUOHAIbHbIX MAMEPUATIO8 HA €20 OCHO8Ee, A MAKIKe
uccnedo8aHuUe YPUIUKO-XUMUUECKUX C80TICME NOYUEHHBLX (Pas.

Memoowst. CurmesupogaHHsle hasbl U NPOOYKMbL UX MEPMOAUIA USYUALU MemodamU OUg-
eperHyuanbHo-mepmuueckoeo aHanusa, HK-cnekmpockonuu, peHmeeHoga3o8020 GHANU3A,
eparyiomempuu.

Pe3synemamel. Paspabomarbl mpu memooa cuHmesa oxcuoa monuboera(VIl) u uccnedosamvl pu-
BUKO-XUMUUYECKUX C80TiCm8a NOAYUEHHbIX OKCUOHbIX ¢pas. Ilepsblii chocob 3aKIH0UANCs. 80 83AUMO-
deticmeuu NeHMax1opuoa MoAUbOeHA C PAcCmeOpPOM AMMUAKA KOHueHmpayueli 6.0-9.5 monv/n,
8mopoti — 80 gzaumodelicmauu NEHMAxX10puda HUOOUsL ¢ paCMEOPOM CEPHOLL KUCIOMbL, mpemuil —
80 83aumoldelicmeuu Moauboama AmMMOHUsL ¢ a3omHoll Kucaomot. B nepgom cnyuae obpaszosancst
2uoporcud monuboera(V) MoO(OH), 6ypozo usema, 60 emopom ciydae Habooanoce obpasosanue
ocadka sipKo-cuHe2o ugema — moauboerosoii curu MoO, .., 8 mpembem cryuae 06pasoeancs 2uopa-
muposarHblil okcud MoO, H,O 6enozo yeema.

Bwb1800bl. /[uchpepeHiuuaibHO-MepMULecKUil U peHM2eHoga308blil AHAUSbL NOKA3AIU, WMO 80 8CeX
cnyuasix obpasysbl npedcmagasirom coboti amopgpHule cpaszel. Tepmuueckas obpabomra (T = 580 °C)
CUHME3UPOBAHHbLX (a3 Npu8ooUm K 06pa308aHUI0 MPUOKCUOA MONUOOEHA POoMOUUECKOl MOOUpU-
rayuu. /Ins ecex npooyKkmog mepmonusa paccumaHbl Napamempsbl peuemKu U peHmeeHO8CKAs
nnomHocme. IIposedeHo uccnedogaHue 8AUSTHUSL MEPMUMECKOll 06pabomKu Ha pasmep Uacmuy, CUH-
Me3upo8aHHbLIX 00pA3U08 U NPOOYKmMos ux mepmoausa. I paHyromempuueckuii aHanUu3 NOKA3An,
YUMo 8 3a8UCUMOCIU OM cnocoba NONYUEeHUst MPUOKCUOA MOAUOOEHA, 00pa3yoMest UACmuybl pa3Ho20
Juamempa. HaumeHbwiuil pazmep uacmuy, (0.3-0.6 mxm) obHapyskeH Yy mpuokcuoa moauboeHa —
npooyKma mepmosusa obpasua, noayueHHo20 npu 83aumooeticmsull. NeHMaxa0puoa MoauboeHa ¢
KOHUEHMPUPOBAHHbLIM PACMBOPOM AMMUAKA.

.75%

Knroueesvle cnoea: monuboeH, okcudbl, mepmMuuecKuil aHaus3, peHmeeHoga308blil GHAUS,
HK-cnexmpockonusi, epaHyiomempuueckuit aHaius.
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Molybdenum(VI) oxide: New methods of synthesis
and properties

Elena E. Nikishina®, Elena N. Lebedeva, Dmitry V. Drobot

MIREA - Russian Technological University (M.V. Lomonosov Institute of Fine Chemical Technologies),
Moscow, 119571 Russia
@Corresponding author, e-mail: helena_nick@mail.ru

Objectives. The present study aims to develop new methods for the synthesis of molybdenum(VI)
oxide, which is a precursor for the synthesis of functional materials, as well as to investigate the
physicochemical properties of the resulting oxide phases.

Methods. The synthesized phases and the products of their thermolysis were studied by
differential thermal analysis, IR spectroscopy, X-ray diffraction analysis, and granulometry.
Results. Three methods for the synthesis of molybdenum(VI) oxide were developed, and the
physicochemical properties of the oxide phases obtained were studied. The first method consisted
in the reaction of molybdenum pentachloride with a 6.0-9.5 mol/L ammonia solution, the second
one was the reaction of niobium pentachloride with a sulfuric acid solution, and the third method
involved the reaction of ammonium molybdate with nitric acid, affording brown molybdenum(V)
MoO(OH), hydroxide, a bright blue precipitate of molybdenum blue MoO, .., and white hydrated
oxide MoOH,O, respectively.

Conclusions. A series of thermal and X-ray diffraction analysis demonstrated that in all cases
the samples were amorphous phases. Heat treatment at 580 °C of the synthesized phases led
to the formation of a rhombic modification of molybdenum trioxide. The lattice parameters and
X-ray density were calculated for all thermolysis products. The effect of heat treatment on the
particle size of the synthesized samples and their thermolysis products was studied. Particle
size analysis demonstrated that particles of different diameters were formed depending on the
synthetic method. The smallest particle size (0.3-0.6 um) was found in molybdenum trioxide, a
product of the thermolysis of the sample obtained by the reaction of molybdenum pentachloride
with a concentrated ammonium solution.

Keywords: molybdenum, oxides, thermal analysis, X-ray diffraction analysis, IR spectroscopy,
particle size analysis.
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BBEJIEHUE
3200 T X

MonuOnen o0pasyeT CoOeTUHEeHHUsI, B KOTOPBIX CTe- T.K <2\890 K L L+G
eHb OKHCICHWS MeTaina Bapbupyercs B mmpokux 2700 (M(;)j;[;\\ _____ - :1;2573 K
npenenax, 4ro oOyCHaBIMBAEeT OOraTyl0 XUMHUIO €ro 2200 24BK ETEi T [[M0O; b0,
OKcHAHBIX (ha3. HecMOTpsl Ha MOBBIIEHHBIH HHTEPEC K fmlooz G
OKCHJIHBIM (pa3aM MonuOieHa, B ocobennoctn MoO, u 1700 - 16
MoO,, cBenenus 06 nX CBOHCTBAX ABHO HEOCTATOYHBI. Mo+MoO L
N3ydenne okcuioB MONMHOACHA TIO3BOJIUT OOHAPYKUTH 1200 2 1091 Kot
HOBBIE c(epbl UX HCIOJIL30BAHUS B COBPEMEHHOM IPO- f; («Mo(g?m}
MBIIUIEHHOCTA. B 9acTHOCTH, OHM sABASIOTCS moreH- 700 o =TI mﬁ‘ o0n e
[UAIBHBIMHA KaHAUAaTaMu Uit 3(QQPEKTUBHBIX CHCTEM i |‘ !
ANMEKTPOXUMHUYECKOTO HAKOTUICHUsI dHEPTUU Onaromapsi 20({\40 10 20 30 40 50 60 70 80 90 O
CBOMM YHHUKQJIBHBIM (PH3UKO-XUMHUECKAM CBOWMCTBaM, ar.% O /at.% O
TaKUM KakK MPOBOJMMOCTh, MEXaHUYECKas U TepMUYe-
cKast cTabuibHOCTD [1-4]. Puc. 1. ®a3oBas nuarpaMma CHCTEMBI

Ha puc. 1 npencrasiena (fo)p-I[I/IanaMMa COCTOsI- . MOJTHOICH-KUCITOPOX [5].
HHUSL CHCTeMbI MOJNGICH—KHCIOPOL. Fig. 1. Phase diagram of the molybdenum—oxygen system [5].
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E.E. Hukumuna, E.H. AeGenenBa, I.B. Ipo6oT

CTaOWIFHBIME OKCHIAMHU JTAaHHOW CHCTEMBI SIBIIS-
10TCst TpuoKcH Monubaena MoO, (o-¢pasa) u 1uoKeH
mommbnena MoO, (8-¢asa). M3BecTHO cymecTBoBaHue
BOCbMH (pa3 mpomexyTounoro mexay MoO, u MoO,
cocraBa: Mo,O,,, Mo,O,,, Mo, O ., Mo.O,;, Mo,O,,,
Mo,0O,,, Mo, .O,., Mo O.,. V naunbix a3 nabmonaercs
SIPKO BBIPaKCHHAS! HECTEXHOMETpHs. BompmuHCcTBO U3
Hux HecrabunbHbl. Hampumep, ¢pasza Mo, O, mucmpo-
nopuroHupyer ¢ oopazosannem MoO, n MoO,. Xapaxk-
TEp CBS3M B OKCHUIAaX B OCHOBHOM HOHHBIH, YaCTHYHO
KOBAaJICHTHBIN. JIeTy4ecTh OKCH0B OATBEPKIAET KOBaA-
JICHTHBIH Xapakrtep cBsi3u [5—8].

Oxcnn MmormoOaeHa(IV) KpruCTaM3yeTcsl B HCKaKeH-
HOM MOHOKJIMHHOM pemeTke THma pytuna (a = 0.5611 uwm,
b =0.4856 HM, ¢ = 0.5628 HM). OKCHIl UMEET ITIeroYey-
HYIO CTPYKTYPY, COCTOSIIYIO U3 0KTaspoB MoO,, koro-
pBI€ CBSI3aHBI MEXKIY COOOH 0OIUMH peOpaMu | BEPIITH-
Hami (puc. 2) [5, 9].

Oxcnn MoO, npencrasnsier co000i1 Oenble ¢ 3e-
JICHBIM OTTCHKOM ILIOCKHE POMOUYCCKHE KPUCTAIIBI
(a = 0.3963 um, b = 1.3855 um, ¢ = 0.3696 HM) cIo-
UCTOH CTPYKTYphl. B Mosekyne MoO, koopauHaimon-
HOE YHCI0 MoiuOeHa paBHO 6. CTpyKTypa mocTpoeHa
U3 KOOPIMHAIIMOHHBIX MOJIHIIPOB, KOTOPBIE MOTYT OBITh
COYJICHEHBI BEPIIMHAMH, peOpaMu WIN U TeM, U APYTUM.
Ona cxoxa O CTPYKTypol kpucramimdeckoro ReO,.
HepaBHOIICHHOCTD CBsI3el MOJHOJICH—KUCIOPOI, COCMH-
HCHHBIX BEpIIMHAMH U peOpaMu, MPUBOIUT K CHIBHO
HMCKa)KCHHOM OKTa’qpUYECKOM KOOPJIWHALIMK METajuia.
ATOMBI MOITMO/IEHA HAXOMATCS B LIEHTPE OKTasapa MoO,,
KK aTOM OKPY)KEH IMIECTHI0 aTOMaMH KHCIIOPOJa,
KOTOpBIC PACIONIOKEHBI B BEpIIMHAX OKTadapa. OKcuj
monubaeHa(VI) uMeeT HECKONBKO MOTMMOP(HBIX MO-
nupukanuii (puc. 3): a-MoO, (Hauboree TepMoIMHAMY-
YEeCKH CTaOWIbHAS, TPOCTPAaHCTBEHHAS Tpymmna Pnma),

11°

L,

B-MoO, (meractabunbhas momupukanus) u h-MoO,.
B kaxnoi n3 MoauuKamii OKTadapsl MoO6 CBSI3aHbI
MexTy 000 mo-pasHomy: B a-MoO, u h-MoO, onu
CBSI3aHBI PYT C JPYroM Kak BEpIIMHAMU, TaK U pedpa-
mu, a B f-MoO, — Tonbko Bepumnamu [5, 10-12].
Oxcun MoO, siBisieTCs TIPUBJIEKATENBHBIM TIPUME-
POM TIEpCIIEKTHBHBIX aHOAHBIX M KATOJIHBIX MAaTCPHAJIOB
JUIA  DJIEKTPOXMMHUYECKOTO KOHJEHcaropa Ojaromaps
YHUKaIIbHOU croncToil crpykrype [4]. U3BecTHO mipm-
MEHEHHE KaTAIMTUYECKOTO Marepuana Ha ocHoBe MoO,
B IIPOIIECCAaX OKHUCICHHS METAaHOJIA, N30MEPH3AINH U TH-
JPUPOBAHUS OJIC(PUHOB, TepepabOTKN HEMPTH (KPEKUHT,
TUIPOOYHCTKa, pehopmuHr) [13, 14]. B HacTosiee Bpe-
Ms TIOJIy4YEeHHE MaTepuasioB Ha €ro OCHOBE OrpaHU4HU-
BACTCS METOIOM XHMHYECKOTO OCAKICHUS, THIPOTEp-
MaJJbHBIM METOAOM, 30Jb—TCJIb METOIO0M, Fa30(1)a3HbIM
metogoM [15-20]. BombmMHCTBO W3 TEPEYUCICHHBIX
METOJI0B TPEOYIOT BHICOKUX TEMIEpaTyp U JaBICHUH.

Puc. 2. CtpykTypa qIHOKCHIa MOITHOICHA.
B BepmmHax OKTasIpoB HaXOMATCS aTOMBI KHCIIOPOA,
B IIEHTPE OKTA3IPOB — aTOMBI MONHOICHA [5].
Fig. 2. Structure of molybdenum dioxide.
Oxygen atoms are located at the vertices of octahedra,
and molybdenum atoms are located in the center of octahedra [5].

Puc. 3. Ctpykrypbl moguMophHBIX MOAM(DUKAIINI TPHOKCHIA MOJINOICHA:

a) a-MoO,, b) f-MoO,, ¢) ~-MoO,. Bo Bcex cTpyKTypax B BUJIE TOHKOH Y€PHOM JIMHUM MOKa3aHa dJIEMEHTapHas sJelika,
aTOMBI KMCJIOPO/Ja 0003HAaY€EHb! YEPHBIMU Cepamu, BHYTPH CEPhIX OKTaspos MoO, pacronoxkeHsl arombl Monmbena [12].
Fig. 3. Structures of polymorph modifications of molybdenum trioxide:

a) a-MoO,, b) -MoO,, ¢) h1-MoO.. In all structures, a unit cell is shown as a thin black line, oxygen atoms are indicated
by black spheres, molybdenum atoms are located inside the gray MoO, octahedra [12].
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enpro paboThl SBISICTCST pa3pabOTKa HOBBIX Me-
TOJIOB cuHTe3a okcuaa monubneHa(VI), seisromerocs
MIPEANICCTBCHHUKOM IS CHHTE3a (DYHKIIMOHAIBHBIX Ma-
TEpUaJIOB HA €r0 OCHOBE, a TAKXKE HCCIENA0BAHUE (HU3H-
KO-XUMHYECKHIX CBOMCTB IOIYICHHBIX (a3.

MATEPHAJIBI 1 METO/IbI

B xauecTBe UCXOIHBIX BELIECTB B paboTe HCIIOIB30-
BaHBI MIEHTAXJIOPU MOJIMOIeHa (KBATU(DUKAIIUN «OCY»,
Merck, T'epmanus), MonubaaT aMMOHUS (KBaU(pUKAIHS
«ana», Merck, l'epmanusi), cepHasi KHCIIOTa (KBaJIM(hUKa-
st «xa», TOCT 4204-77, XUMME]], Poccus), a3ot-
Hasi kucnora (kBamudukanms «oca», [OCT 11125-84,
XUMME]], Poccusi) 1 aMMHaK BOAHBIHN (KBaJU(UKALUS
«ocu 25-5», TOCT 24147-80, XUMME/], Poccus).

OkcujHbie a3kl MOTUO/ICHA TIOydaal TpeMsl Ba-
pHAHTaMU CHHTE3A.

IlepBBlii cUHTE3 3aKirOYalics BO B3aMMOJEMCTBUU
MICHTAaxXJIOPUAAa MOJHOICHA C PAacTBOPOM aMMHaKa KOH-
neHTparuent 6.0-9.5 momnw/i1. [Tpu aToM 0OpazoBascs oca-
JIOK Oyporo IBeTa, 4TO MOKET CBUJICTEIILCTBOBATh 00 00-
paszoBanuy rupokcuaa Momudaena(V) MoO(OH), [21]:

MoCl, + 5NH,-H,0 — MoO(OH), + SNH,C1+ H,0 (1)

[Tpu mpoBeIcHUN BTOPOTO CHHTE3a K IEHTAXJIOPUTY
MOJIMO/ICHA TMPHUJIMBAIA PACTBOP KOHIIEHTPHUPOBAHHOMN
cepHoil kucnoTel. [Ipu B3auMoaelicTBUU HAOIHOIAIOCH
00pa3oBaHHE 0CaJKa IPKO-CHHETO 1BeTa. MOKHO Mpe/I-
nojaratb 0Opa3OBaHHWE «MOJIMOJICHOBOM CHHW» (ITOJ
STHM Ha3BaHHUEM OOBETUHSIOT (a3bl, B KOTOPHIX MOJIHO-
JIeH TIPOSIBJISIET CTETIEHW OKUCIEHUs +5 1 +6). OOBIMHO
«MOJTHOICHOBYIO CHHBY TIOJTy4ar0T BOCCTAHOBJICHHUEM CO-
enuaennit mommoaena(VI) no mommbaena(V) [22, 23]. B
HallleM CIIy4yae Mbl, HA00OPOT, OKUCIUIN MOIuoOaeH(V)
1o monmubaeHa( V1), HCIoNb3yst CHIIBHBIA OKHCITUTENh —
CEPHYIO KHCIIOTY:

4MoCl +2H,S0, + 9H,0 — 4Mo0, __ + SO, + 20HCI (2)

Tpernii cUHTE3 3aKJIIOYACd BO B3aHMMOICHCTBHH
MOJIMOZAaTa aMMOHUS C KUIALIENH a30THON KHUCIOTOH I10
peakuun:

(NH,),Mo0O, + 2HNO, — MoO,'nH,O + 2NH NO, (3)

B pesynbrare 06pa3oBasicsi MENKOAUCIEPCHBIH MO-
POIIIOK OEIIoro IBeTa.

Huddepennmansao-tepmudeckuit ananus (ATA-
JTT) o0pa3noB MpoOBOJMIN HAa BO3IyXE Ha JEPHUBATO-
rpade Q-1500 D (F. Paulik, J. Paulik, L. Erdey; MOM,
BeHrpusi) ¢ OIHOBPEMEHHOH 3alMChi0 YETHIPEX KpH-
BeIX: AuddepennuansHoit (JATA), remneparypuoii (T),
mudepennmansHo-TepMmorpaBumeTpudeckoit  (IATI)
U MHTerpanbHON KpuBoi m3MmeHeHus maccsl (TT) ¢ uc-
MOJb30BAHUEM POTPAMMHO-AMNIAPATHOTO KOMILIEKCa,

paspadorannoro OO0 UII «Tempany, Poccus, B cpene
LabVIEW 8.21 dupmsl National Instruments, OcTuH,
Texac, CIIIA. Temmnieparypy u3Mepsum TepMOTIapoil ria-
tuHa—tatuHoponuii (I1I1-1) ¢ morpemHocThio +5 °C B
naTepBane remmeparyp 20—1000 °C mpu ckopocTr Harpe-
Ba 10 °C/mMun, ncnonb3ys B kadecTse cTanaapra o—AlO,.

Pentrenodazoseiii ananmusz (PDOA) ocymiectsisim
Ha nudpaktomerpe Bruker D8 Advance (u3mydenue
CuK , Bpamenne obpasua, HempepbiBHbIA (1 °/mMun),
nomaroBeiii (mar 260 = 0.02°, skcnosunus 0.5 c/mar)
pexuMBI B HHTEepBae yriioB 260 = 5°—80°). [1pu unenTH-
¢ukannu a3 ucnonszosanu kaproreky ICDD-JCPDS.

Pacuér peHTreHOBCKOW MIOTHOCTH MPOBOAMIIN IO

(hopmyre:

M xZx1.66
= MXZHLES @

e M — MomneKysipHasi Macca, I/Moib; Z — 9ucio Gop-
MYJIBHBIX €IUHHMIL; V — 00BEM DIIEMEHTAPHOM STYEHKH, A3,

B ciayyae pomOndeckoil MOmTU(pUKAIIMK TPHOKCH 1A
MomubaeHa (a #b # ¢, a = =y =90°):

V=axbxc. ®)

UK criexrpsr nonornerus B obmacta 3600400 cv !
cHUManu Ha cnekTpoMerpe Specord M80 ¢ ucnosb3o-
BaHMEM METOJHKH IPECCOBAHUS TaOIETOK aHAIN3UpYe-
moro Bemecta ¢ KBr. [TorpenrHocTs mpu perucrpaiuu
4acTOT He MpeBbImana 3—4 cm .

['panynomerprueckuii ananus (onpeaencHue QyHK-
IIUH PACIpEACICHHUs YacTUI] TI0 pa3Mepam) IPOBOIIIN
C IMOMOIIBIO JIa3epHOTo aHanmu3aropa yactui DelsaNano
dupmel Beckman Coulter, CI1IA, mo3Bostoniero omnpe-
JEISITh PacIpeeNiCHrs] YacTull 1o pa3mepam. [Ipudop
MOKET TIPOBOJHUTH W3MEPCHHE YACTHII, AUCTICPTUPOBAH-
HBIX B JKHIKOCTH, B AMara3oHe uzmepenus ot 0.6 HM 10
7 MKM audpakMoHHBIM MeToioM. B mpubopax cepuun
LS ucnone3yercs na3epHblii CBET ¢ ATMHON BOHbI 780 HM.

Tepmuueckyro 00pabOTKy 00pa3lloB NPOBOIUIH
B jaboparopHoii meun TK-12.1250.H.1® ¢ aBromaru-
YECKHM pEerynsiTopoM Temrmeparypbl « TepmomaTtuk-Hy».
[orpemHOCT, aBTOMATHYECKOTO PErYIHPOBAHUS IPU
HOMHHAJIbHOU Temmneparype cocrapisiia =1 °C.

PE3YJIBTATBI U UX OBCYXJIEHUE

TepMuueckne MpeBpamICHUS CHHTE3UPOBAHHBIX
(ha3 uzyuanu B unTeppaie temmeparyp ot 20 go 1000 °C.

Ha puc. 4 npencrasiena kpusbie ITA o0pasios.

Ha xpusbix ITA npucyTcTBYIOT 3HIOTEpMUYECKHE
3¢ deKThI, CBA3aHHBIC C TIPOIleCCOM Jeruaparanuu. [1o-
MHMO 3TOTO, Y 00pasla, MOoJy4YeHHOTO MPU B3aUMOICH-
cTBUM Xjopuaa MoiubaeHa(V) ¢ KOHIEHTPUPOBAHHBIM
PacTBOPOM CEpPHOM KUCIIOTHL, SHI0TepMUUecKue dhdek-
TBI MOTYT OBITH CBSI3aHBI C YJICTyYHUBAHHEM ITOOOYHBIX
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Puc. 4. Kpussie JITA cuHTE3MpOBaHHBIX 00pa3IIOB:

a) OJIyYeHHOTO ITPY B3aMMOAEHCTBUH XJIOPHIA
Monn6aeHa(V) ¢ KOHIEHTPUPOBAHHBIM PacTBOPOM
amMMuaka (rmopourok Oyporo nsera);

b) nosydeHHorO 1IpY B3anMoeHeTBIM XJ1opuia MonmoneHa(V)
C KOHLICHTPUPOBAHHBIM PACTBOPOM CEPHOM KHCIIOTHI
(MonMOIeHOBAs CHHB);

C) HIOJIyYEHHOTO ITPH B3aMMOEHCTBUU MOIHOIaTa
AMMOHUS M @30THOM KUCIIOTHI.

Fig. 4. Differential thermal analysis curves of
a) the sample obtained by the reaction of molybdenum(V) chloride
with a concentrated ammonium solution (brown powder),

b) the sample obtained by the reaction of molybdenum(V)
chloride with a concentrated sulfuric acid solution
(molybdenum blue),
and c) the sample obtained by the reaction between
ammonium molybdate and nitric acid.

npoxyktoB peakuuu (SO,, HCI). Hannuue sk30Tepmu-
geckoro addexra npu 350-400 °C Ha puc. 4a orBeya-
et npoueccy okucienus Mo(V) no Mo(VI), uto nox-
TBEPXKIIACTCsl YBEIMUSHHE Macchl o0pasia B Iporecce
OTXHra. DK30TepPMUUECKUI 3P PEKT B HHTEpBaJIE TEMIIe-
paryp 410—460 °C y oOpa3siia, MoJiydeHHOTO TIpY B3au-
MOJICHCTBUM MONMOAAaTa aMMOHHUSL U a30THOM KHCIIOTHI
(puc. 4¢), MOXKET OTBEYATh PA3JIOKEHHIO ITOOOYHOTO MPO-
JyKTa peakiuu — okconurpara monubaena MoO,(NO,),
10 IWOKCHa a30Ta NO2 A OKCHAa MoJiMOaeHa MoO3.
JlaHHBII poLecC COMPOBOXKAACTCS YOBUIBIO MacChl 00-
pasna. Jx3orepmuueckuid apdekr (555-565 °C) orBeua-
eT IpoLeccy KPUCTAJUTM3aLUH aMOP(HHOro TPHOKCHIA
MOJIMOIEHA.

Juis Bcex 00pasnoB npu Temneparype Boitre 600 °C
HaOJTIOAIOCh 3HAYUTEIHHOEC YMEHBIIICHUE MAacChI, CBS-
3aHHOE C ucmnaperueM okcuna monudaena(VI). Cornac-
HO JINTEpaTypHBIM ITaHHBIM, OH HAaYMHACT HCIIAPSTHCS
HIDKE TEMIIepaTypsl mnassieHust (B uarepsaie 600795 °C).
3aMeTHOE yBEIWYCHHE MABJICHUS MMapa HACTYNaeT MPHU
temneparype miasienus (795 °C) [24].

Ha ocHoBaHNY MOTyYEeHHBIX PE3yNbTaTOB, IS IIPO-
Beaenus: MK cnekrpockonuu u peHTreHo(}ha3oBoro aHa-
nr3a OBUTO PEIIeHO OTXKUTATh 00PA3IIBI TIPH TEMITepaTy-
pe 580°C (nmpu naHHOU Temmeparype macca o0pasioB

OCTaBaslach MOCTOSHHOM, MPOILECC WCIAPCHUS emie He
Ha4YMHAJICH ).

B UK-criekTpax HaOIMr0Ma€TCS MHOTO CXOXKHX TI0JI0C
MOTJIOLIEHHSI, B YACTHOCTH, OCTATOYHAs I0J0Ca MOIJIO-
mienust B obmactu 3600-3000 cM™!' ¢ MaKCHMyMOM TIpH
~3465 cMm' oOycioBieHa BAJCHTHBIMHU KOJICOAHHSIMU
TUAPOKCO-Tpynn U Boasl (puc. 5) [25]. Tonoca moro-
nterust 993-987 cm ! orBeuaet konebanuo Mo=0. Ona
XapakTepHa Ui Kpuctammdeckoro MoO,, B koTopom
KaXIbI aToM MOJHO/IeHAa OKPYXKEH MIECThI0 aToMaMu
KHCII0poyia, 00pasys Takum 06pasom okrasap MoO, [26].
TMonocel nortomieHust B obmactu 880-860 cM ' orBeua-
FOT CUMMETPHUYHBIM Kosiebanusivm Mo—O—Mo, a monoca
nornormenus 820 cM ! — acCHMETPUYHBIM KoJeOaHUsIM
Mo—-O-Mo Ttpuokcuaa MonuOeHa. ATOM KHCIOpoJa
SIBJIETCS MOCTHKOBBIM MEKILY IByMst OKTasapamu MoO,
[27]. Tonoca mormomenust 623—583 cm™! oTBevaeT KoJe-
Ganusim Mo,~O. B nanHOM ciy4yae aToM KUCIIOpo/a siB-
JsieTCs OOIIMM yiKe JUTSl TPEX OKTadIpOB MoO6 [27, 28].

Janee oOpasiipl moABEpraay H30TEPMUIECKOMY OT-
xury nipu 580 °C B Teuenue 15 wacos. Temmneparypa BbI-
Opana 1o pesynsraram AuhepeHInaTEHO-TEPMUUECKO-
ro aHanmza — rpu 580 °C 0Opa3ipl MpeKpaIiaiy TepsTh
cBor0 Maccy. IlomydyeHHsle (pa3bl MpeaCTaBIsLIN COO0it
MTOPOIIIKH CEPO-3€JICHOTO IIBETA.

J1,0TH. ex. / rel. un. 583
2.4+ 568

2.2
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1.84 820 582
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Puc. 5. UK-cnexTpsl NOIMIOMIEHUS IPOAYKTa
TEPMHYECKOTO PA3JIOKEHHs 0Opasia:

a) TOJTyYEeHHOTO TIPH B3aNMOZICHCTBIN XJIopHyia MonroeHa(V)
C KOHIICHTPHUPOBAHHBIM PAaCTBOPOM aMMHAaKa
(moporrok Oyporo mBera);

b) momyueHHoTO IpH B3arnMoeicTBIN Xitopuaa MormoneHa(V)
C KOHIICHTPHUPOBAHHBIM PACTBOPOM CEPHOM KHCIIOTHI
(MONMHUOICHOBAS CHHB ),

C) MOJIYYSHHOTO MPH B3aUMOJCHCTBUU MOIHOaTa
AMMOHWUS U @30THOU KUCIIOTHL.

Fig. 5. IR spectra of the products of the thermal
decomposition of
a) the sample obtained by the reaction of molybdenum(V) chloride
with a concentrated ammonia solution (brown powder),

b) the sample obtained by the reaction of molybdenum(V)
chloride with a concentrated sulfuric acid solution
(molybdenum blue),
and c) the sample obtained by the reaction between
ammonium molybdate and nitric acid.
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Jlis uneHTH(GUKANY TTOTYYSHHBIX (a3 MpoBeIeHO
peHtreHo(ha3oBoOe UCCICIOBAHUE CHHTE3MPOBAHHBIX 00-
pasIoB, a TaKXe MPOAYKTOB X TepMoiu3za (ripu 580 °C).
Bce cunTe3upoBaHHbBIE 00pa3Ibl MPEACTABISIIN COOOMH
amopdHbIe (a3bl.

JudpakrorpaMMbl MPOTYKTOB TEPMHYECKOTO pa3-
noxenust (T = 580°C) mpencrasnensr Ha puc. 6. Bo
BCEX Cllydasix HaOmomaercs 00pa3oBaHHe POMOUYECKON
MOJU(PHUKAIIMA OKCHJIA MOJTHO/IeHA MoO,. [lns nee mpo-
BEJICHBI PacyeThl TAPAMETPOB IICMEHTAPHOMN SUCHKH U
PEHTTECHOBCKOM TNIOTHOCTH (CM. TaOJIHILY ).
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2757 @on)
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Puc. 6. ludpaxrorpamma rnpoykra TEpMHIECKOTO pasiio-
xenust mpu 580 °C B Teuenue 15 gacos oOpasia:

) TIOJTy9YeHHOTO TIPY B3auMozIecTBIN XJtopria MonroeHa(V)
C KOHIICHTPUPOBAHHBIM PACTBOPOM aMMHUaKa
(moporrok Oyporo mBera);

b) nomy4eHHOTrO IPY B3anMoieHeTBIM XJopuia MononeHa(V)
C KOHILICHTPUPOBAHHBIM PaCTBOPOM CEPHOM KHCIIOTHI
(MonmOieHOBas CHHB);

C) TOJTYEHHOTO IIPH B3aMMOJIEHCTBUH MOJTO/1aTa aMMOHHS
M a30THOM KHCJIOTBI.

Fig. 6. X-ray diffraction patterns of the products obtained
after thermal decomposition at 580 °C for 15 hours of
a) the sample obtained by the reaction of molybdenum(V)
chloride with a concentrated ammonia solution
(brown powder),

b) the sample obtained by the reaction of molybdenum(V)
chloride with a concentrated sulfuric acid solution
(molybdenum blue),
and c) the sample obtained by the reaction between
ammonium molybdate and nitric acid.
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[IpoBeneHo ncciteIoBaHNE BITUSIHUS TSPMHUYECKOH 00-
PaboTKK Ha pa3Mep YacTHI] CHHTE3UPOBAaHHBIX 00pa3IioB U
mporayktoB ux Tepmorm3a (T = 580 °C). Ha puc. 7a npen-
CTaBJICHO pacHpesiesIeHHe YacTHUI 10 pa3Mepy y obpas-
a, TTOJyYCHHOTO TPU B3aUMOJICHCTBUH TIEHTAaXJIOPHIA
MonubaeHa ¢ pacTBOpoM ammuaka. OcHOBHOH (hpakuu-
ell aBinstoTcs yacTulpl pasmepoM 0.7-1.2 mxMm (~90%).
IIpu Tepmuueckoid 06paboOTKe AaHHOTO OOpasia Moiy-
YUIIA TPHOKCH]T MONHOIeHa (prc. 7b) ¢ yacTUIiamMu pas-
Mepom 0.3-0.6 MkM (~95%).

YcTaHOBUTE pa3Mep JacTUIl 0Opasia, MOIyIeHHOTO
MIPU B3aUMOJICHCTBUH TICHTAXJIOPUIa MOJIMOIEHA C pac-
TBOPOM CEpHOU KHCIIOTHI, HE yNalI0Ch, TaK Kak OH pac-
TBOPSJICS B BOJIE.

Ha puc. 8 mpencrasieno pacrpeneieHHe YacTHI]
IO pasMepy y NMPOAYKTa TEPMOJIM3a JAHHOTO o0pasna.
OCHOBHOW (pakiyelt SBISIFOTCS YaCTHIBI Pa3sMepoM
0.6-0.9 mxm (~95%).

0- + .
03 04 050607 1 2 3 4
Juamerp 4actuu, pm / Particle diameter, pm

Puc. 8. Pacnipenienenue yactuil mo pazmepy y mpoaykra
TepMoiH3a 00pasia, MOMyYSHHOTO MPU B3aUMOACHCTBHN
MEHTAXJIOPU/Ia MONHOICHA C PACTBOPOM CEPHOM KHCIIOTHI.
Fig. 8. Particle size distribution of the product
of the thermolysis of the sample obtained by the reaction
of molybdenum pentachloride with a sulfuric acid solution.

Ha puc. 9a mnpeacraBieHo pacnpeneieHue 4ya-
CTHII TI0 pazMepy 00pasia, MOIyYeHHOTO IPU B3aHMO-
JIEHCTBUU MONMOaTa aMMOHHS C PacTBOPOM a30THON
KkucIOTE. OCHOBHOH (pakmueil sBISIOTCS YaCTHIIBI
pasmepom 3.0-5.0 mm (~90%). Ilpu Tepmuveckoi
00paboTke 00pa3iia MONYyIMIH TPHOKCUI MOIHOIEHA C
JIBYMS (ppakIusiMH 4acTHUIL (pUc. 9b) — yacTUIlEI pa3Me-
pom 0.7—1.0 mxm (~80%) u 3.0—-6.0 Mxm (~6%).

X
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Puc. 7. Pactipenenenne gacTuil o pazmepy o0pasiia, MoJiydeHHOTO MPH B3aUMOJIEHCTBUY MEHTAXJIOPHIa MO0 IeHA
C pacTBOPOM aMMHMaKa (a), ¥ mpoayKTa ero Tepmuueckoit oopadorku mpu T = 580 °C (b).
Fig. 7. Particle size distribution of (a) the sample obtained by the reaction of molybdenum pentachloride
with an ammonia solution and (b) the product of its heat treatment at T = 580 °C.
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JlaHHBIC PEHTICHOBCKON TU(PaKIMK 00pa3ioB, MOIyYeHHBIX Tocie oTxura rnpu 580 °C

XRD data of the samples obtained after annealing at 580 °C

ITapameTpbl pelieTKH CHHTe3UPOBAHHBIX 00Pa3L0B
Lattice parameters of the synthesized samples

Hannbie ICDD-JCPDS st MoO, (pom0OuvecKasi CHHIOHMS)
ICDD-JCPDS data for MoO, (orthorhombic)

Cunres 1 (meHTaXI0pua MOUOIEHA
7 pacTBOp aMMHAKa)

Synthesis 1

(molybdenum pentachloride

and ammonia solution)

a=(1.382+0.001) am
b=(0.3696 + 0.0005) M
¢=1(0.3956 = 0.0005) am
V'=202.07 x 107 am?
P, =473 r/cm?
a=(1.382+0.001) nm
b=(0.3696 + 0.0005) nm
¢=1(0.3956 = 0.0005) nm
V'=202.07 x 10 nm?
P =473 g/em’

CunTe3 2 (MeHTaxJIopHI MOJIMOICHA
U CepHasl KMCII0Ta)

Synthesis 2

(molybdenum pentachloride

and sulfuric acid)

a=(1.383£0.001) am

b =(0.3699 + 0.0005) M
¢ =1(0.3960 £ 0.0005) am
V'=202.70 x 107 am*
P, = 454 r/em®
a=(1.383+0.001) nm
b=(0.3699 + 0.0005) nm

¢=1(0.3960 £ 0.0005) nm
V'=202.70 x 1073 nm?
P = 454 g/em?

a=(13.817£0.01) am
b=1(3.694+0.001) um
¢=1(3.959 £0.005) um
V'=202.07x10" am*

Cuntes 3 (MoubIaT aMMOHHMS = 4.73 T/em?

7 a30THast KUCIIOTA)
Synthesis 3 (ammonium molybdate
and nitric acid)

P penm.

a=(13.817+0.01) nm
b=(3.694 +0.001) nm
¢ =(3.959 % 0.005) nm
V'=202.07 x 10~ nm®

a=1.3825 um
b=10.3694 um
¢=0.3954 am
V'=201.93 x 1073 am?
P =473 r/em?
a=1.3825nm
b=10.3694 nm
¢=0.3954 nm

V'=201.93 x 107 nm?
P =473 g/cm®

— 3
Py =473 g/em
gl % 1%
741‘ 10-
¢ s
) 6-
3 .
21
24
1
0 RNRRREN .
2 3 4 5678910 20 30 0.4 06081 2 4 6 810
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a

Puc. 9. Pacnipenenenue gactuii o pazmepy y odpasia, moaydeHHOTro Mpy B3aUMOACHCTBUN MOTUO1aTa aMMOHUS
C a30THOM KUCIIOTOH (), ¥ POayKTa ero Tepmudeckoit oopadotku mpu T = 580 °C (b).
Fig. 9. Particle size distribution of (a) the sample obtained by the reaction of ammonium molybdate with nitric acid
and (b) the product of its heat treatment at T = 580 °C.

Kak BuIHO U3 pacmpeeieHuii, YacTHIIbI HAUMCHb-
Iero pazMepa 00pa3oBalIuCh y MPOIYKTa TepMOIH3a 00-
pasiia, MOJXy4YEeHHOTO MIPH B3aUMOICHCTBHH IEHTAXIOPH-
J1a MosTO/IeHa ¢ paCTBOPOM aMMHaKa.

3AKIIOYEHUE

1. CuHTE3UpOBaHBI OKCHIHBIE (Aa3bl B CHCTEME MO-
THOIEH—KUCIIOPO TpeMs criocobamu. IlepBerid criocob

3aKJII04aeTCs B TreTepodazHoM B3aWMOJICHCTBUU TICH-
TaxJIOpUIa MOJHO/IEHA ¢ KOHIICHTPUPOBAHHBIM PACTBO-
pOM amMMHaKa, BTOPOH — BO B3aUMOJICHCTBUU MTEHTAXJIO-
puaa MoimbieHa ¢ KOHICHTPHUPOBAHHBIM PAaCcTBOPOM
CEpPHOM KUCIOTHI, TPETUH — BO B3aUMOJICHICTBUU a30THOU
KHUCJIOTHI C MOJIMOIaTOM aMMOHHUS.

2. C ucnoJib30BaHHEM KOMILIEKCca MeTO10B (PDA,
ATA-ATT, UK-crekTpocKomuu, TPaHyIOMETPUHN)
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HCCIEeIOBAHBl (PM3MKO-XMMHIECKUE CBOMCTBA CHHTE3H-
POBaHHBIX 00PA3II0B U IMPOAYKTOB HX TEPMOJIU3A.

3. JluddepeHInanbHO-TEPMUICCKUIT W PEHTTE-
HO(A30BBIM aHATU3BI TOKA3aJld, YTO BO BCEX CIydasx
00pas1pl MpeacTaBIsoT coboit amopdHbie ¢a3el. Tep-
muueckas oopadotka (T = 580 °C) mpuBomuT Kk 00Opa-
30BaHHUI0 TPHUOKCHJIA MOJHUOJCHa POMOMYECKOW MOJH-
¢buxanuu. 11 Bcex MPOAYKTOB TEPMOJIH3a PACCUUTAHBI
mapamMeTphl PEIIeTKN H PEHTTCHOBCKAS TNIOTHOCTD.

4. Pe3ynbrarhl TPaHYIOMETPUYECKOTO aHaH3a
MOKa3aJH, YTO B 3aBHCHMOCTH OT CIIOCO0a ITOIYYICHUS
TPHOKCHIA MOJHOIEHAa 00pa3yrOTCsl YaCTHIBI PA3HOTO
nuamerpa. Haumensmmii pazmep gactuit (0.3—0.6 Mkm)
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Pa3pa0oTka u BaJuganus MeToAa onpeaeaeHus
cnenupuUecKoil AKTUBHOCTH PEKOMOMHAHTHOIO
MOHOKJIOHAJILHOT0 AHTUTEJIA IKYJIU3yMad
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ITenu. ITpu noomeeprkdoeHuu 6uonodobHocmu npenapamog Heobxoo0umo co30aHuUe HAO0eIKHbLX U
MOUHBLIX AHANUMUUECKUX Memo008 CPABHUMENLHBLIX UCCe008AHULL 0151 00KA3GMEeNbCMa8a CXO0-
JKecmu npenapamog no pesyslbmamam puauKo-xumuueckux, buosiozuueckux (in vitro), dokau-
HUUeCcKuxX U KauHuueckux ucnosimaruil. OcHoeHoU 3adaueil Hacmosiuell pabomul sieisiemcest pas-
pabomka u sanudayus memooa onpeoeseHus. Cneyuuueckoil. akmueHocmu peKkomMOuUHAHMHO20
MOHOKJIOHANILHO20 AHMUMENA IKYAUSYMAD.

Memooewl. B pabome ucnonsb308aH Memoo Henpsimo20 UMMYHOPEPMEHMHO20 AHANUSA.
Pe3synomamet. Bnepsvle paspabomaHr memoo onpedeseHust cneyuguueckoil aKkmugHoCmu 2yma-
HU3UPOBAHH020 PEKOMOUHAHMHO20 MOHOKJOHANBLHO20 AHMUMENA IKYAUIYMAD U nposedeHa e20
sanudayus. C ucnonwv3zosaHuem paspabomaHHo20 mMemooa npogedeHa CPABHUMENbHASL OUeHKA
cneyuguueckoll akmueHocmu opusuHaibHozo npenapama Conupuc® (Alexion Pharmaceuticals
Inc., USA) u ezo 6uoaranoea PRK-001 (OOO «Papmanapr», Poccusi).

Bweoodsl. /JokaszaHa buoananozuuHocms npenapamosg Coaupuc® u PRK-001 ¢ omHoOweHUU ux
cneyuguueckoli aKkmugHOCmuU.

Knroueeble cnoea: sanudayusi, 80CNpouU3se0eHHblil 1eKapcmeeHHblll npenapam, napoKCcuUIMalsb-
HAasl HOUHASL 2eM02/100UHYPpUSL, Cneyuguueckasl aKkmueHoCms in vitro, UMMyHopepMeHmHulil
aHanus, cucmema KomniemeHma.

Jna yumuposanusn: 3pi6un JI.U., Ceperun A.C., AckperkoB A.Jl., Opnosa H.B., Ceperun F0.A., IlpoctsikoBa A.U.,
Kanycrun J1.B. PazpaGorka n Bajmiarus METo/a onpeeeHns crieln(uyeckoil akTMBHOCTH PEKOMOMHAHTHOTO MOHOKJIOHAIIBHOTO
aHTHUTena 3Kynu3ymMad. Tonxue xumuueckue mexuonozuu. 2020;15(2):77-85. https://doi.org/10.32362/2410-6593-2020-15-2-77-85
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Development and validation of a method
for the determination of the specific activity
of recombinant monoclonal antibody eculizumab
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Objectives. Developing reliable and accurate analytical methods is necessary for comparative
pharmaceutical analysis using physicochemical, biological (in vitro), preclinical, and clinical trials.
The main objective of this study was to develop and validate an in vitro method for determining
the specific activity of the recombinant monoclonal antibody eculizumab.

Methods. The method of indirect enzyme immunoassay was used in the study.

Results. A method for determining the specific activity of the humanized recombinant monoclonal
antibody eculizumab was described and validated for the first time. A comparative evaluation
of the specific activity of Soliris® (Alexion Pharmaceuticals Inc., USA), and its biosimilar PRK-001
(Pharmapark, Russia) was performed using the developed method.

Conclusions. The similarity of PRK-001 and the original Soliris® in relation to their specific
activity, that is, binding to the human complement system C5 protein, was proved.

Keywords: validation; paroxysmal nocturnal hemoglobinuria; reproduced drug; specific in

vitro activity,; enzyme-linked immunosorbent assay; complement system.

For citation: Zybin D.I., Seregin A.S., Askretkov A.D., Orlova N.V., Seregin Yu.S., Prostyakova A.L, Kapustin D.V.
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BBEJEHME

[TapokcuzmainbHas HouHast reMornoounypust (ITHI)
— Ype3BBIYAIHO pesikoe 3a0oeBanue (B cpeaHeM 3 ciry-
gass Ha | mmumoH [1]), yacto compoBOXKAarOIIeeCs
CEpPBE3HBIMU OCIIO)KHEHUSIMH, TAKUMH KaK T€MOJIUTH-
Yyeckas aHeMusi, TpOMOO3 B aTHIUYHBIX y4acTKaxX, KOoc-
THOMO3TOBasl HEJOCTATOYHOCTD, ITOUCYHAsT HEI0CTATOU-
HOCTh. Otnojoruio ITHI' cBs3pIBalOT ¢ coMaTwdecKon
myTarmei B rene PIG-A, npuBosiieii Kk OJIOKHpOBaHUIO
OuocuHTe3a TIHUKO3MI(HOCHATUIUINHOZUTONA, TIUKO-
munua, Haspieaemoro ['®OU-sxopb, HEOOXOAUMOTO ISt
yaepKUBaHUS psifa OEJIKOB Ha KIIETOYHOM MmemOpaHne,
B wactHoctr CDS55 u CDS59, kotophie SIBISTOTCST MHTH-
outopamu MmemOpan-arakytomiero komiuiekca (MAK)
cuctembl koMmruieMenTa. Jlepumur CD55 u CD59 Ha
MTOBEPXHOCTH KJIETOYHOH MeMOpaHbl IPUBOJHT K HAPY-
IICHUIO TIojIaBlieHusI oOpa3oBanus MAK, 4to siBisieTcs
IJIaBHOM NpUYMHON remonusa spurpouuros npu ITHT
[2, 3]. D10 ompenenseTcst MPH MOMOIIM TPOTOYHON ITHU-
Tometpuu [4, 5].

Ha nanssiii MomenT s tepanuu [THIT ucnonssy-
€TCsl €IMHCTBEHHO JIOCTYIHbII KOMMEpUeCKUi mperna-
par — Comupuc® (Alexion Pharmaceuticals Inc., CIIA).
JleficTByIOIIMM BEIIECTBOM B YKa3aHHOM IIpernapare
SIBISIETCSl  peKOMOMHAHTHOE — KaIllla-MOHOKJIOHAJIEHOE
aHTHTeN0 cMenranHoro 1gG2/4 tuma — sxynu3ymad, co-
CTOSIIlIeE U3 YeJIOBEUECKO KOHCTaHTHOW LEenH U ompe-
JETISIOIIee KOMITJICMEHTAPHOCTD MBIIIMHBIX yYacTKOB,
NIPUBUTHIX Ha YeJIOBEUECKUE KapKacHble 00JacTu B Ba-
pHadeTbHOM U TAXKETOH IIenH, C CyMMapHOH MOJICKYIISIP-
HOM Maccoii Mosiekyiisl B 148 kDa!. Mexanusm neiicTBust
Okynu3ymaba 3aKiIro4aeTcsl B CBsI3bIBaHUU ¢ Oenkom C5
CUCTEMbI KOMIUJIEMEHTA C IMOCJIEAYIOUIMM €ro JIMTHYe-
CKUM pa3pylICHHEM B JIN30COMAX, 4TO OIOKHpYET oOpa-
30BaHHE MEMOpPaHOATaKYyOMIETO KOMIUICKCA H ITOCIEIy-
FOIIMH JIU3UC KIETOK [6—8].

Beuny Bwicokoit croumoctu Tepanuu (600000
nomtapoB CIIIA B rom mist ogHoro manueHta) [9] u

! DRUGBANK. Eculizumab. URL: https://www.drugbank.ca/
drugs/DB01257 [/lara obpamenus 22.10.2019].
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HEOOXOJMMOCTH B €€ TTOKU3HEHHOM IIPOBE/ICHHH, yBe-
JTUYMBAETCS 4HUCIo  (apMaleBTUYECKUX KOMIAHMU,
AKTHBHO 3aHUMAIOMINXCS pa3paboTKoil OwmoaHamora
npenapara Comupuc® (Generium Pharmaceutical, Poc-
cust; Samsung Bioepis, YOxunas Kopes; Amgen, CILA),
B CBA3M C Y€M CTAaHOBUTCS OYEBHJIHA MOTPEOHOCTH B
pa3palboTke HaJEKHBIX METONOB KOHTpOJIS KauecTBa
nojy4yaeMoro npoaykra. OZHUM U3 HauOoJee Ba)KHBIX
nokasaresel KauecTBa, HECOMHEHHO, SIBJIIETCS €ro akx-
TUBHOCTb, T.€. CBsI3bIBaHKE ¢ Oenkom C5 [10-12].

B Hactosiiee BpeMs B JUTEpaTrype HE ONHUCaH Me-
TOJI, TO3BOJISIOUIMI OICHUBaTh CHECHU(PUYCCKYIO aK-
TUBHOCTh MOHOKIJIOHAJIEHOTO aHTHTENA JKYIH3ymad ¢
JIOCTaTOYHBIM YPOBHEM TOYHOCTH U BOCIIPOM3BOIUMO-
CTH pe3yJIbTaToB Ha BCEX 3Tamax npou3BoicTBa. CTOUT
OTMETHUTh, YTO Ha PBIHKE MPEJICTABIEH KOMMEPUYECKUI
Haobop Soliris/Eculizumab ELISA Kit (Arsh Biotech Pvt.
Ltd., Iaust), ¢ MOMOIIBIO0 KOTOPOTO (TI0 3asBICHHUIO aB-
TOPOB) BO3MOXKHO OLIEHMBATh aKTUBHOCTB IIperapara B
Ouonornyeckux Kuakoctax. OqHaKo, B OpraHu3Me ye-
JIOBEKa OCHOBHAS YaCTh MOJIEKYJ dKyIH3ymada CBs3aHa
C aHTUIEHOM, OLIEHUTh €ro COJEP)KaHHE M aKTHMBHOCTH
¢ TpeOyeMbIM YPOBHEM TOYHOCTH 0€3 MPUMEHEHUsS J0-
MIOJTHUTEJIBHBIX 3TAMOB MPOOOMOATOTOBKH, HE OMHCaH-
HBIX TIPOM3BOIUTEISIMU YKa3aHHOTO Habopa, HEBO3MOXK-
Ho. Kpome Toro, He 5iICHO, 3(h(EKTUBHO JIM IPUMEHEHUE
HaOopa Ha Pa3IMYHBIX dTalax IPOU3BOICTBA IIperapa-
Ta, B YaCTHOCTH, TIOCTIE IPOBENICHUS CTaANi BBIICTICHNUS,
OYHCTKU W (UIBTPALUH, KOTOPEIE MOTYT CYIICCTBEHHO
BJIMSITH HA CBOMCTBO KOHEYHOTO MPOIYKTA.

B nacrosmieir paboTte mpencTaBieH HOBBIA METO[
onpeneneHus cnenupuyeckoil akTHBHOCTH KyJIU3yMa-
0a, KOTOpBIN MPUIOAEH KakK JUIsl IPOBENEHUS KOHTPOJIS
KauecTBa IIpernapara Ha pa3lUYHBIX dTamnax pas3pador-
KM, TaK W Ul OCYILIECTBJIECHHS BBIXOJHOI'O KOHTPOJIS
rotoBoro nponykra. Ilposenena ero Banunauus. Ilpen-
JIO)KEHHBI HAMM METOJl UCIIOJIb30BaH ISl CPABHUTEIb-
HOHN OIICHKM CIICHU(PUICCKON aKTUBHOCTH TpEX cepuit
npenaparoB Comupuc® (Alexion Pharmaceuticals Inc.,
CIIIA) u PRK-001 (OOO « @apmanapky», Poccus).

MATEPHUAJIBI 1 METO/bI

PazpaboranHas B 1aHHOM HCCIIEJOBAaHUU METOAMKA
KOJIMYECTBEHHOM OIICHKH CHEeNU(PUYECKON aKTHBHOCTH
IKynH3yMaba METOIOM HMMYHO(GEPMEHTHOIO aHan3a
(MDA) mpemycMaTprBaeT MCIOIB30BaHUE CTaHIapPTHOTO
oOpasua sKynu3ymada ¢ MoATBEPKAEHHBIM POU3BOIUTE-
JIeM 3Ha4eHHeM crieni(pUIecKoii akTHBHOCTH. B kauecTBe
oOpasua cpaBHEHHUSI B pabOTe MCIONB30BAM Ipernapar
Comupuc® (Alexion Pharmaceuticals Inc., CIIA).

IIpuroroBjieHHE CTAHAAPTHBIX PACTBOPOB
Ilpucomosnenue gocpamno-conesoeo Oygheprozo
pacmeopa («bBygepuviii pacmeop A»)

Onny Tabnerky cyxoro rotosoro Oydepa (Sigma
Aldrich, CIIIA) pactBopsiii B 100 MJI JeHMOHM30BaH-

HOU Bombl, pH monydeHHOTro pacTBOpa AOBOAWIH, MPU
HeoOxonumocTd, 10 7.4 ¢ ucnonb3oBanueM pH-merpa
(Mettler Toledo, CILIA). T1ony4eHHBIA pacTBOP XPaHHIH
B IUIOTHO 3aKPBITOM eMKOCTH, pu Temneparype +4 °C.

Ilpucomosnenue gocamno-conesoeo Oypeprozo
pacmeopa c 0.01% Tween 20 («bygepusiii pacmeop by»)

OxHy TabJIeTKy CyXOro ToToBoro Oydepa, coaepxa-
mero 0.01% Tween 20 (Sigma Aldrich, CILIA) pacTtBo-
psimu B 500 MIT I€MOHU30BAaHHOM BOJIBI TIPU TTOCTOSTHHOM
nepeMenBanuy npu Temmneparype 25 °C. pH nonyuen-
HOTO pacTBOpa JIOBOAMIIH, TIPU HEOOXOAUMOCTH, 110 7.4.
[Mony4eHHbII pacTBOP XPAHUIIU B IUIOTHO 3aKPBITON eM-
KocTH, ipu Temmneparype +4 °C.

IIpueomognenue xonocmozo pacmeopa

1 T OblYBETO CHIBOPOTOYHOTO ajbOymuHa (Sigma
Aldrich, CIIA) pactBopsiimu B 100 mut 6ydepHoro pac-
TBOpa A. Jlanee pacTBOp XpaHWIM B TUIOTHO 3aKPBITON
Tape npu temneparype +4 °C.

Hmmoounuzayus 6enxa C5 na MDA nranweme

Pactop ©Oenka C5 (Complement Technology,
CIIIA) pazbaBisanu 10 KOHLIEHTpauu 1.5 Mxr/mi Oerka
C5 npu nomorntu Oydeproro pacteopa A. ITo 100 Mk
MOJIY4YEHHOTO PacTBOpPa BHOCWIM B JIYHKH IUIAHILIETA U
WHKyOupoBaM B TeueHue 48 4 ipu Temmeparype +4 °C.

Ilpueomognenue epadyuposouHbIX pacmeopos

IMpenapar Conupuc® co crenuduaeckoll akTHBHO-
ctbi0 9138000 ME na 300 Mr pa3BoAMIIN XOJIOCTHIM pac-
TBOpPOM, cormtacHo Tao. 1.

IIpuecomoenenue pacmeopa 6mopudHbIX aHmMumen

Pabounii pacTBOp BTOPUYHBIX aHTUTEN, KOHBIOTHU-
POBaHHBIX C NEPOKCHIA301 XPEHa Pa3BOIUIN XOIOCThIM
pacTBOpPOM COINIACHO PEKOMEHJALUU IPOU3BONUTEIS
(Genway Biotech Inc., CIIIA).

Onpedenenue cneyughuueckol axKmueHOCMU K-
auzymaba

Uccnenyemblii pacTBOp dKyIn3ymMada, pa3BeieHHbIN
B XOJOCTOM pAacTBOpE, W TPaTyHPOBOYHBIC PACTBOPHI
S1-S6 BHOCHIIM B JYHKH IUIaHIIETa C [IPEIBAPUTEIILHO
nMMOOMIT30BaHHBIM OenkoM C5 B xomraectse 100 M
HAa JIYHKY B TpeX MOBTOpax Kaxaplid. [LnaHmer nakyou-
poBanu B Teuenue 2 4 npu 4 °C. [lanee myHKH TIIaHIIe-
Ta npomeiBaiu OydepHbM pacTBopoM b mo 200 Mk
B TpeX IMOBTOpaxX JJIs yHaJeHHWs MaTpukca oOpasma. B
JyHKH TUiaHmera BHocwin mo 100 Mk pactBopa BTO-
PUYHBIX aHTHTEN W MHKYOHMPOBAJIM B TEUCHHE 2 U IPH
37 °C. Ilocae nHKyOaIUU TyHKU IPOMBIBAIH Oy(epHbIM
pactBopom b o 200 MK B Tpex MOBTOpax sl yIAICHUS
He cBs3aBlIuxcs antutedn. llocie ynanenus OydepHoro
pactBopa b B nyHku mmanmera BHocuiu mo 100 Mk
roToBoro pacteopa 3,3',5,5'-rerpameTHIOCH3UMHA, CO-
JIepKaIero nepekuck Bomopona (Sigma Aldrich, USA).
[Inanmer uukyO6upoBanu B TedeHue 10 muu 25°C, u
octanaBmmBanu peaknuio 0.5 M pactBopom cepHOi
kucnotel (XMMMEJ], Poccus). I3mepeHne onTu4yecKoi
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wioTHOCTH 1ipu 450 HM 1 650 HM (pedepeHc) mpoBoIu-
JM Ha IUIAHIIETHOM crekTpodoromerpe Tecan Infinite
200 Pro (Tecan, UlBetitiapust). OCymiecTBISUIA TOCTPO-
€HHe CUTMOUJIAJIEHOM KPUBOH MO TPajlyHpOBOYHBIM pac-
TBOpaM dKynn3yMada B KOOPIUHATAX ONTHYECKAs IIIOT-
HOCTb — aKTUBHOCTb. [10 ypaBHEHUIO, OMUCHIBAIOIIEMY
KPHBYIO TIPOBOIMIIM pacyeT aKTHBHOCTH IKyIH3yMaba B
HCTIBITYeMOM 00pa31ie.

O0paboTKy pe3yabTaTOB IPOBOIMIH TIPH ITOMOIITH
nporpammuoro obecneuenus Origin 9.1 (OriginLab
Corp., CIIIA).

Banuoayus memooa

Banmunaruto pa3paboTaHHOTO METO/Ia IPOBOIMIIH B
COOTBETCTBUU ¢ TpeboBaHusAMU ['ocynapcTBeHHON Dap-
Mmakorien Poccuiickoit @eaepanun X1V no cnemyromum
napamMerpaM: CHenu(pUIHOCTh; JIMHEWHOCTD; MOBTOPSI-
€MOCTB; TPOMEXKYTOYHAsI MPEIM3HOHHOCTD; IPaBHIIb-
HOCTB; aHAIUTHYECKAsl 00JIACTh U YCTOHYUBOCTb.

PE3VJIIBTATBI 1 UX OBCYKJIEHUE

Ha niepBoM 3Tarie B JIyHKaX IUIAHINETA TOTyYaid KOM-
IUIEKC «MMMOOWITH30BaHHbIA Oeok C5 — sKynmu3ymady.
Ha BTOpOM 3Tare oCcymecTBIslIOCh CBSI3bIBAHUE BTO-
PUYHBIX aHTUTEN, cnennpuuHbix Kk Fc ¢pparmenty IgG
4 TUma ¥ KOHBIOTHPOBAHHBIX C MEPOKCHIA301 XpeHa.
Ha tpeTbhem 3Tane 100aBIsUIH XPOMOTEHHbBIN PEAreHT,

OCTaHAaBJIMBAIIM PEAKIHIO, ONPEACISUIA  ONTHYCCKYIO
IUIOTHOCTH. CxeMarnyeckoe n300pakeHne MeToja Npu-
BEJICHO Ha puc. 1.

3,3',5,5'-TeTpameTunbeH3nanH
3,3',5,5'-Tetramethylbenzidine

HaC, CHs

HaC

I

/N N

L\ W\ W\
W S W 3 W &
H ]| ]|

co

Puc 1. Cxemarmuaeckoe H300pakeHHe OTPEICTCHUS
cnenn(UIecKor aKTHBHOCTH KyIH3ymMada.
Omnuncanue craguidi METOAa IPUBECHO B TEKCTE.
Fig 1. Schematic for determining the specific activity
of eculizumab. The stages of the method are described
in the text below.

Tadaumna 1. Pazsenenne crangapTHoro o0pasna Juist IPUTrOTOBICHUS TPayHPOBOYHBIX PACTBOPOB
Table 1. Dilution of a standard sample for the preparation of calibration solutions

HaunmenoBanue pacrsopa | Odbem o0pasua, Mk | O0bem x0/10¢T0ro pacTeopa, Mk | Cnennduyeckas akrupHocTb, ME/mu
Sample name Sample volume, pl Volume of blank solution, pl Specific activity, IU/ml
10 Mk mpenapata
ES
gfrgaTZ‘i%IT)Dli Comuprc® 294.6 300 000
P 10 il of Soliris®
O6pa3zen ITD 2
Sample ITD 2 100 ITD1 900 30 000
O6paszen ITD 3
Sample ITD 3 100 ITD2 900 3000
Oopaszen ITD 4
Sample ITD 4 100 ITD3 900 300
Obpasen S1 500 ITD4 500 150
Sample S1
Obpasen S2
Sample S2 500 S1 250 100
Obpasen S3
Sample S3 400 S2 400 50
Obpa3zen S4
Sample S4 400 S3 400 25
O6pasern S5
Sample S5 400 S4 400 12.5
Obpasen S6
Sample S6 400 S5 140 9.3

*O6pa3ub1 C YCJIOBHBIM ob6o3naucHueM «ITDy HCIIOJIB3YIOTCA B KaUCCTBE MMTPOMEIKYTOIHBIX pa3BeHeHHI7L

*Samples labeled “ITD” are used as intermediate dilutions.
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Oyenka cneyuguynocmu

CrneunuyHOCTh MeTOna OmpeAensercs Crnocod-
HOCTBIO OLIEHUBATH CONIEPIKAHHIE UCCIIETyEeMOTO KOMIIO-
HeHTa Ha (OHE COMYTCTBYIONIMX BEIIECTB B PacTBOpE
oenka [13]. Jlns noATBepKACHUS CrIeU(PUIHOCTH Me-
TOJIa HCCIIe0BaH BIUsHUE Oy(epHBIX pacTBOPOB Mpe-
napatoB PRK-001 (manmee o6paszen SP1) u Comupuc®
(manmee oOpaszenr SP2), mpuUroTOBIEHHBIX B COOTBET-
CTBUHU C MHCTpYKUMEH npousBoauTens. [lapamiensHo
OLICHUBAJIM BIUSHUE KOMIOHEHTOB Oy(epHBIX pacTBO-
POB, UCTIOJIB3YEMBIX Ha KaKIOM dTale OYNCTKH IIperia-
para (mpu ucnoiab3oBaHUM oOpasna SP3 — OydepHoro
pacTBopa IMociie OYUCTKH C HMCIOJb3oBaHueM ahduH-
HOTO COPOEHTAa, MPH UCII0JIb30BaHUU 00pasia SP4 — Oy-
(hepHOTO pacTBOpa IMOCIIE OYHCTKH C HCIOIH30BAHUEM
HOHOOOMEHHOTO copOeHTa). 3HaYeHHe ONTHYECKOH
IUIOTHOCTH HCCIEIYyeMbIX PacTBOPOB IOJDKHO Haxo-
nuThes B quana3one =10% OT onTHYECKOH MIOTHOCTH
XOJIOCTOTO pacTBOpa. Pe3ynsraTel MccluenoBaHus MpH-
BeJCHBI B Ta0II. 2.

[omydeHHbIe pe3ynbTaThl MO3BOISIOT CYAUTH 00
OTCYTCTBUM BJIMAHHSA BCIIOMOI'aTCJIbHbBIX KOMIIOHCHTOB
BEIIIECTB ITperapara Ha pe3ysbTaThl aHaau3a. TakuM 00-
pa3oM, crieu(pUIHOCTh METO/Ia YCTAHOBIIEHA.

Ouyenka tuneinocmu Memooda

Hacrosiimass MeTonuka He JAEMOHCTPHPYET JIMHEH-
HYIO 3aBHCHMOCTB IPU TIOCTPOCHHHM KPHUBOW B KOOp-
JuHaTax «crneuupuyeckas aKTHUBHOCTH/ONTHYECKAs
IUIOTHOCTB» B BEIOpaHHOM auanaszone (ot 9.3 ME/ma
1o 150 ME/mn), mosToMy JUid ONUCAHUA MOy4YEeHHON
3aBHCHUMOCTH HCIIOJIF30BATM CUTMOUIATIBHYIO KPHUBYIO,
OnuChIBaeMyI0 ypaBHeHueM [ 14, 15]:

A2_A1

y=A1+W,

e A, A,— acCHMITOTBI, TIOJTyYEHHbIE NIPU OMMCAHUY 3a-
BHCHMOCTH; X — 3Ha4eHHe akTuBHOCTH, ME/MIT; p — KO-
s umment Xunna; x, — KOOpMHATa TOYKH Neperuda.

[Ipr mocTpoeHuM TrpagyHMpOBOYHON KpPHUBOW HC-
MOJIb30BANIUCH 6 CTaHJAPTHBIX PACTBOPOB CO CIIEAYIO-
MMM 3HAYCHUSIMH crienn(pudeckoil aktuBHOCTH: 150,
100, 50, 25, 12.5, 9.3 ME/mn. Ilony4yeHHass KpuBas
npecTabiieHa Ha puc. 2. KoaduiueHT Koppemnsiuu co-
ctaBui 0.9987, uTo HE MeHee MUHUMAJIbHO-10ITyCTUMO-
ro 3HadeHust 0.99. Takum 00pa3zoM, JIMHEHHOCTh METOJIA
YCTaHOBIICHA.

1.5 4

1.0

OnTuveckas NNOTHOCTb
Optical density

0.0

0 I SIO I 1(|)O I 1%0
AxTtuBHOCTL pacTteopa, ME/mMn
Activity of solution, IU/ml

Puc 2. [TonydenHast rpagyupoBoUHas KpuBas
IIPY OLICHKE JIMHEHHOCTH METO/Ia.
Fig. 2. The calibration curve obtained when evaluating
the linearity of the method.

Oyenxa nogmopaemocmu memooa

[ToBTOpsieMOCTh MeTOAA OICHHBAIHM, AaHAJIU3UPYS
CTaHIapTHBIC 00Pa3Ibl CO 3HAYCHUSIMH CHCIUPUUCCKOI
aktuBHOcTH: 150, 25, 12.5 ME/Mit B miectr moBTOpax
KaxIplii. OTHOCHUTEIBPHOE CTAHAAPTHOE OTKIOHCHUE
(relative standard deviation — RSD) st kaa0ro KOH-
LEHTPAIMOHHOTO YPOBHS HE JOJDKHO TPEBHIMATE 3%.
PesynbraThl OIEHKH MMOBTOPSIEMOCTH METOJ/Ia NPEICTaB-
JeHBI B TaON. 3. 3HAUCHUE OTHOCHUTEIBHOTO CTaHIAPT-
HOTO OTKJIOHCHHUS JUIS BCEX KOHIICHTPAIIMOHHBIX YPOB-
Heil He npeBbInaet 3%, 4To TOBOPUT O MOBTOPSIEMOCTH
METOA.

Tabauna 2. Pe3ynbrarsl uccienoBaHus cieupUIHOCTH METO/Ia

Table 2. Determination of method specificity

HaunmenoBanune OnTHyeckas IVIOTHOCTH* OnTHyeckas IVIOTHOCTH® X0J10CTOT0 PpacTBOpPa
Sample name Optical density* Optical density* of blank solution
Oo6paser SP1
Sample SP1 0.0154 + 0.0004
Obpasen SP2 0.0153 + 0.0004
Sample SP2
o6 SP3 0.0151 £ 0.0004
paser
Sample SP3 0.0151 £ 0.0003
O6pa3zen SP4
Sample SP4 0.0155 £ 0.0004

* JlaHHbIC B TaOMIIe TIPUBEICHBI B (hopMare cpeHee 3HaYCHUE + CTaHJapTHOE OTKIIOHEHHE (11 = 3).
*The data in the table are given in the following format: average value + standard deviation (n = 3).
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Tpomescymounas npeyu3uoHHOCMb U NPABUTLHOCHTL

[IpomexxyTouHasi IPEU3NOHHOCTh U MTPABUIILHOCTh
OLIEHMBAJIACh IIyTEM IIPOBEACHUS 6 aHATUTUYECKUX Cec-
cuil B TeueHue 6 AHeH IByMs omepatopamu. B kaxoit
AQHAJIUTUYECKOW CEeCCHU CTPOMJIach IpagyHupOBOUYHAS
KpHUBasi U UCCIEIOBAINCH 5 UCIBITYEMBIX PACTBOPOB CO
CIICAYIOIIUMH 3HAYCHUSMH CHEHU(PHUSCKON aKTHBHO-
ctu: 150, 75, 37.5, 18.7, 9.3 ME/mn. [y ycTaHOBICHHS
MIPaBUJIBHOCTU METOJa 3HAYEHUE CTENEeHHM H3BJIEYEHMS
(R) HEe TOMKHO BBIXOAUTS 3a Auana3onsl 85—-115%. Ipo-
MeXKyTOYHas MPELM3MOHHOCTh METOJ]a CUUTAEeTCs yCTa-
HOBJIEHHOH, ecnu RSD mo pesynsratam 6 ceccuil st
Ka)/I0T0 KOHLIEHTPAllMOHHOTO YPOBHSI HE NPEBBIILIAET
15%. Pe3ynbTarhl OLEHKU IPOMEXKYTOUHOM NPEIU3UOH-
HOCTH W TIPaBIJILHOCTH TPEICTABIICHEI B Ta0II. 4.

[TonmyueHHbIE Pe3yNbTAaThl YIOBIETBOPSIOT TPeOO-
BaHUSM, TaKUM 00pa3oM, MPOMEKYTOYHAsI MPELU3UOH-
HOCTb Y TIPaBUIIBHOCTH METO/IA YCTaHOBIICHBI.

Ouyenka ananumuyeckou oonracmu

AHATUTHYECKYIO 00NAacTh METOJA OIICHUBAIH HC-
XOIISl U3 PE3yJIbTaTOB, MOJYYCHHBIX TPU OIpPEIeICHUN
JUHEHHOCTH, MOBTOPSAEMOCTH W MPABUIBHOCTH METOIa
B auaraszone aktuBHocTd 9.3—150 ME/Mmi1. Tak xak Mme-
TOAMKA YIOBICTBOPSET BCEM BalMIAIIMOHHBIM TPeOO-
BaHMSIM, MOKHO CUWTATh, YTO aHAJIMTHYECKass 00JacTh
METO/Ia HaXOAUTCA B Auarnas3one 9.3—150 ME/ma.

Oyenka ycmoriyugocmu
Haubonee kputudeckum napameTpoM MeToja, Ko-
TOPBI MOXKET OKa3aTh BIMSHHUE HA PE3YNIbTaT, SBISCTCS

CpPOK XpaHEHHs IDTaHIIeTa ¢ IMMOOMITH3HPOBAHHEIM OelI-
koM C5. JI71s1 OLEHKH yCTOWYMBOCTH METOJA IUIAHIIETHI
C WMMMOOWIM3MPOBaHHBIM OciikoM C5 HWHKYyOHpOBaIH
npu 4 °C B Teuenue 7 u 14 cyTok, ociie 4ero NpoBOgUIN
aHaJIN3 UCIBITYEMOro o0pasiia ¢ MapauleIbHBIM TpOBe-
JICHWEM aHalln3a B IUIaHIeTe (Bpems xpaHeHus 0 cyTok).
Pe3ynbrarel ompeneneHus aKTHBHOCTH B IUIAHIIETAX,
MOJIBEPTHYTHIX XPAHEHUIO, CPABHUBAJIM C PE3yIbTaTaMu,
MIOTyYCHHBIMH B TUIAHIIETE 0€3 INTENFHOTO XPaHECHHS.

OTKJIOHEHHE Pe3yNIbTaTOB aKTUBHOCTH UCIIBITYE-
MOTO 00pasma, MOJYYCHHBIX B IIJAHIIETaX, MOABEP-
THYTBIX XpaHEHHUIO, KaK B TEUCHHE 7, TaK M B TeUe-
Hue 14 cyTok, He IPEBBIIIAIN YCTAHOBICHHOTO MIpeaea
(£5%) OT UCTHHHOTO 3HAYCHUS, YTO TOBOPUT 00 yCTOIi-
YHBOCTH METO/IA TI0 MTapaMeTPy CPOK XpaHEHHS IDTaHIIIe-
Ta ¢ UIMMOOMIM3UPOBaHHBIM OeskoM CS5.

Cpasnumenvhoe ucciedoganue cneyuphuueckol ax-
musHocmu npenapamos PRK-001 u Conupuc®

[Ipenapar nponsBoactea komnanuu OO0 «Dapma-
napk» — PRK-001 siBnsieTcst Bocipon3BeIcHHBIM OHOJIO-
TUYECKHUM JIEKAPCTBEHHBIM CPeACTBOM. Takum oOpa3om,
HEOOXOANMO MOATBEPJUTH €r0 CXOACTBO C OPUTHHAIIb-
HBIM OMOJIOTHYECKUM JICKAPCTBCHHBIM MpernaparoM [16].
B nacrosmeit pabote npoBeneHa cpaBHUTEIbHAS OIICH-
Ka crenu(pHUeCcKOi aKTUBHOCTH TPEX CEpUil Mpenaparos
Comupuc® u PRK-001 st moarBepkaeHHs KadecTBa
MOJIy4eHHOT0 OmoaHanora. B kadecTBe cTaHIapTHOTO
obpasia ucnoab3oBanmu Comupuc® cepun 1000325 ¢
M3BECTHBIM 3HaUE€HUEM aKTUBHOCTH.

Taoanna 3. Pe3ysbrarhl HCCIICIOBaHUS TOBTOPSICMOCTH METO/IA
Table 3. Results of the method repeatability study

Teopernyeckas cnenupuyecKast 3HayeHHMe U3MEPEeHHON crnenuduyeckoi
aKTHBHOCTH 00pa3ua, ME/mu aKTHBHOCTH 00pa3ua*, ME/mu RSD. ¥
Theoretical specific activity The value of the measured specific activity > 0
of the sample, IU/ml of the sample*, IU/ml
150 1549+4.4 2.8
25 255407 2.5
12.5 12.3+0.1 0.8

* JlaHHbIC B TaOHIIE TIPUBEICHBI B (hopMare cpeHee 3HaYCHUE + CTaHJapTHOE OTKIIOHEHHE (11 = 6).
*The data in the table are given in the format average value + standard deviation (n = 6).

Taéauua 4. Pe3ynprarsl OLEHKH TPOMEKYTOUYHOI NPEHU3HOHHOCTH U MPABUIBHOCTH METOIA
Table 4. Evaluation of the intermediate precision and accuracy of the method

Teopernyeckas cnenupuyecKas 3HayeHHe U3MepeHHOl crnenuduyeckoii
*
"Theorctcal speciic acivty | The value of the mensarcd specifc sctvity | RSD@=00% | R.%
of the sample, IU/ml of the sample*, IU/ml

150.0 1573+ 153 9.7 104.9

75.0 75.9+6.0 7.9 101.2

37.5 37.5+22 5.9 100.0

18.7 199+ 1.7 8.5 106.1

9.3 93+09 8.7 108.1

*JlaHHbIC B TaOIMIIe IPUBENICHBI B (hopMmare cpeHee 3HaYCHUE + CTaHJapTHOE OTKIIOHEHHE (11 = 6).
*The data in the table are given in the format average value + standard deviation (n = 6).
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OnTMYecKkana NAOTHOCTb
Optical density
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—@— PRK-001 0010418
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AKTMBHOCTb pacTeopa, ME/mn / Activity of the solution, IU/ml

Puc. 3. ['paduk 3aBUCUMOCTH «ONTHYECKAS IFIOTHOCTB — CHeM(HUIeCcKas aKTHBHOCTB (CBSI3bIBAHHUE ),
nonyueHHb st npernaparos Comupuc® (cepun 0006502, 0005909, 0006301) u PRK-001
(cepumn 0010418, 0021018 1 0031018) B cpaBHeHuu ¢ npenaparom Comupuc® cepun 1000325,
Fig. 3. “Optical density-specific activity (binding)” dependence plot obtained for Soliris®
(Series 0006502, 0005909, and 0006301) and PRK-001 (Series 0010418, 0021018, and 0031018)
in comparison with Soliris® Series 1000325.
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Puc. 4. CpaBHenue crienupuyeckoil akTMBHOCTH Tpex cepuil mpernaparos Conupuc® u PRK-001.
Fig. 4. Specific activity of three series Soliris® and PRK-001.

Ha puc 3. npencraBieHbl KpUBbIE 3aBUCHMOCTH OTI-
THYECKOM TUIOTHOCTH OT CHEeNH()UYSCKONH aKTHUBHOCTH
BCEX UCCIIEYEMbIX B padOoTe Mpernaparos.

Jliis Bcex cepuid MCCIieNyeMbIX TpenapaToB ObLIa
ompeneneHa yaenbHas creuupuieckas aKTHUBHOCTH C
HCTIONB30BaHUEM pa3paboTaHHOTO MeTora. Pe3ympraTs
WCCIIIOBaHMS ITPUBEJICHBI HA pUC. 4.

[TosmyueHHbIE Pe3yabTaThl MOATBEPKAAIOT COOTBET-
ctBue npemnaparoB PRK-001 u Conupuc® B OTHOIICHUH
AKTHBHOCTH — CBSI3BIBAHUU ¢ OenkoM C5 cHCTEMBI KOM-
TUIEMEHTa 4elloBeka. M3aMepeHHas crenuduueckas ax-
tuBHOCTH 00pa3noB Comupuca® u PRK-001 ommmuanacs
He Oonee yem Ha 9%.

3AK/IIOYEHUE

B Hacrosmierr paboTe BIepBBIC OIMICaHA M IPOBE-
JICHA BaJMJalUsl METOJA ONpPECICHUS CIICIM(DUIECKO
AKTHBHOCTH T'YMaHHU3UPOBAHHOTO PEKOMOWHAHTHOTO
MOHOKJIOHAJIBHOTO aHTHTeNna 3Kyausymad. Ilposenena
CpaBHUTEJIbHAS OIIEHKa BOCIIPOM3BEIECHHOIO IMpernapa-
ta PRK-001 u opurunansaoro — Comupuc®. Jlokazano
CXOJICTBO 000X MPETapaToB B OTHOIICHHUH UX CIICIH (-
YECKOM aKTUBHOCTH.
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