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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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@Aemop ons nepenucku, e-mail: eechigr@ust.hk

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

Toukue xuMmudeckue TexHosoruu = Fine Chemical Technologies. 2020;15(2):7-20
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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.
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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 time

"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
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typically depends on the LC material, and is around 10 ms
for the wavelength of 1.3 pm [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].
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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 simultaneous 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 of high-performance

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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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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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,
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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].

—=— response with 2V
—e—response with 5V
—a— response with 3V

w
=1
1

(%3
®
1

(X}
-3
1

Response time(us)
Contrast Ratio

=
1

T T T
3000 4000 5000

frequency (HZ)

T T
1000 2000

4

10* 4 QZQ;QZQ:Q:QQZQQRQHQ
. S
0 ~@-CR_3V_ Q °
—0—CR_1.5V_ \ e
10% =Y
g —o—0=—20 11008 Q
10]e® g °
K] o 75 E
0 ]lg 20 ———Q &
10 4£20] | 50 &
s | P £
10-1_: 10/ ¢ —@— Tilt Angle =
;i: ?—G—Transmit‘tance 25 g
10° 4 &
k| 0 D
0 3 6 9 =
107 v, Volt : .
10 100 1000 10000
f, Hz

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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which is one 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, etc. [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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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 (Budennouvsk, Stavropol
krai, Russia) has begun commercially operating the catalyst.

Keywords: hydrogenation, carbon oxides, nickel catalyst, phase composition, mechanical
strength, activation, catalytic activity, industrial use.
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HukesieBble KaTaau3aTophbl AJI5 MPoLecca 0OUNCTKH
a30TOBOJOPOIHOM CMeCH OT OKCH/I0B yIjiepoaa

E.3. T'oaocman®, B.H. E¢dpemon, A.B. KamiHHCKas

OO0 «HHAIT-KATAAHU3ATOP, Hosomockosck, Tyswckas obacms, 301660 Poccust
@Aemop ons nepenucku, e-mail: evgolosman@yandex.ru

Ienu. Hacmosiwee uccnedosaHue nocesiuyeHo paspabomrKe HUKEe8020 Kamaiudamopa Ho8o-
20 NOKOJIeHUSL OJIsL OUUCTMKU A30MO08000POOHOTL cMeCcU om 0KCUO08 Yyanepooa, KOmopbslil 00/KeH
aKKymyauposams ayuuiue kauwecmsa konmaxkmos cepuu HHAII-07.

Memooust. Hcnonwvzogarnsbl depusamozpaduueckuil U peHmeeHozpaguueckuil. memoodbl aHA-
auU3a; memoosbl. memnepamypHoO-npPoZpaAmMMUpPoO8aAHH020 80CCMAHOBIEHUS, PA3T0IKEHUSL U CO-
8MeCmMH020 memnepamypHO-NPoZPaAMMUPOBAHHO20 PA3IOIKEHUSL U 80CCMAHOBNEHUSL, HU3KO-
memnepamypHasi adcopbyus azoma (onpedeneHue yoenvHol noeepxHocmu). MexaHuueckas
npouHocme onpedensinace Ha npubope MII-2C pasdasiugaHuem 2paHysl ¢ NPuLolKeHuem
HazpysKku Ha mopely. XumuuecKulli cocmasg U KamaiumuuecKyro aKkmueHocms onpeoensiniu
no memoouxam TY 2178-003-00209510.

Pesynemamet. BblnosHeHbl UCCAE008AHUSL HUKENbANIOMOKANIbYUUCB020 KAMAAUSAMOPA Me-
MOHUPOBAHUSL HA 8Cex cmaodusix e2o npuzomosneHust. IlokazaHo, umo npu cmeueHuu 2udpokx-
cokapboHama HUKeNsl ¢ AKMUBHbIM OKCUOOM ANIOMUHUSL 8 NPUCYmMcmeuu 800H020 pacmeopa
ammuarxa npoucxooum obpaszogarue 2udpocoxapboantomuHama HUKes, s8AsIouLe20cst npeo-
UeCmeeHHUKOM AKMUEH020 KOMNOHEHMA Kamaau3damopa, U YCmaHo8AeHA €20 XUMUUEeCKAasl
popmyna. O6HaApYIeHO, UMO 8eNUUUHA MEXAHUUECKOU NPOUHOCMU KAMAu3amopa onpeoess-
emcesi Kouuecmaom mexHuuecKozo alloMUHAMA Kanbyus, oobasasiemozo 8 Ni-Al komnosuyuro.
OnmumusuposaHsl cocmassbl KAMAaiu3amopa, UMernuiezo pasiuuHoe co0epIKaHue aKmueHozo
KOMNOHeHmaA.

Bbleoosl. PaspabomaHHbLil Kamaausamop umeem NOHUNKEHHY memnepamypy aKmueayul,
8bLCOKYI0 KOAMAAUMUUECKYH AKMUBHOCMb U MepmocmaduibHOCMb, OONbULYI0 MEXAHUUECKYHO
NpPoOUHOCMb, YCmoliuugocmes K 8030eliCmeuto Op2aHUUeCcKuxX U Ujesl0uHblx abcopbeHmos-nozniomu-
mesell yenekucnozo 2a3a. Kamaniusamop moxem us20maeniusamsest 8 popme Koabua, YUauH-
Opuueckux mabiemokx U IKempyoamos ¢ pasiutHbLMU 2e0MEMPUUECKUMU PABMEPAMU.
Hauama npomvluineHHAsT 9KCNAYyamayust Kamaaiu3amopa 8 YcmaHo8Ke MemaHUupo8aHus
OO0 «Cmasposnen», 2. ByoeHHosck, Cmasponoavckuil kpati, Poccusi.

Knroueenle cnoea: 2udpuposaHue, orxcudsl yenepooa, HukKesiesvlli kamaauzamop, ¢pa3oaslil
cocmas, MexaHuueckast NPoUHOCMb, AKMUBAYUUS,, KAMAIUMUUECKAs. AKMUSHOCMb, NPOMBLULLEHHOE
8HedpeHue.

Ana yumuposanua: I'onocman E.3., Eppemos B.H., Kamunckas A.B. HukeneBble KaTaau3aTophl A1 Ipoliec-
ca OYHMCTKH a30TOBOJIOPOJHON CMECH OT OKCHUIOB yriaepona. Toukue xumuueckue mexumorozcuu. 2020;15(2):21-29.

https://doi.org/10.32362/2410-6593-2020-15-2-21-29

INTRODUCTION

The fine purification of a nitrogen—hydrogen
mixture (synthesis gas) from carbon oxides is used
in the large-scale production of synthetic ammonia.
The quality of methanation catalysts determines the
performance as well as stability of the operation and
technical and economic indicators of such industries.
Methanation catalysts are produced by a number
of foreign companies. In the Russian Federation,
methanation catalysts are produced in Novomoskovsk
by the catalyst production of NIAP-CATALIZATOR.

Methanation catalysts in the form of metal oxides
contain nickel (Ni) as the active component, have a
high reduction temperature, are manufactured using
various carriers, and differ in geometric shape. The
NKM-series catalysts manufactured in the Russian
Federation (NIAP-07 and TO-2M)' are widely used
in the chemical and petrochemical industries, among
others.

U Tekhnicheskie usloviva TU 2178-003-00209510-2006.
Katalizatory metanirovaniya (Technical Conditions TU
2178-003-00209510-2006. Methanation catalysts) (in Russ.).
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An increase in the established capacity of the
ammonia synthesis unit from 1360 to 1700 t/day led
to a decrease in the temperature of the synthesis gas at
the inlet of the methanator to 270-290°C, indicating
that methanation catalysts must be improved. Such
improvement should be implemented through 1)
the development of technology that would make
it possible to obtain the active component, Ni, in a
highly dispersed state; 2) the creation of technology
that would enable the preparation of catalysts with
a low activation temperature (220-230°C) that can
be operated at high space velocities; and 3) the
manufacturing of a catalyst that has various geometric
shapes (cylindrical tablets, rings, and extrudates with
or without an aperture).

This study is devoted to developing new-
generation catalyst that encompasses the best qualities
of the NIAP-07-series solid catalysts.

The object of the study is a Ni—Al (aluminum)-
calcium (Ca) catalyst. Ni hydroxocarbonate (NHC),
active alumina, industrial Ca aluminate (talyum), and
aqueous ammonia were used as raw materials for its
preparation.

MATERIALS AND METHODS

To determine the phase composition and
dispersion of crystallites, X-ray diffraction studies
were performed using a DRON-3 diffractometer
(CuK —radiation with a graphite monochromator on
a reflected beam). To identify the phases, we used
the database of the Joint Committee on Powder
Diffraction Standards. Complex thermal studies were
carried out using an OD-103 optical derivatograph
(linear temperature rise rate of 5°C/min.). The
total specific surface area was determined by low-
temperature nitrogen adsorption. Total porosity was
calculated from true and bulk density data. Bulk
density was calculated by the formula

where m is the mass of the measuring cylinder with
an absorber, kg; m, is the mass of the graduated
cylinder without an absorber, kg; and V' is the volume
of the cylinder, dm°.

The mechanical strength was determined using an
MP-2C device by crushing granules with an applied
load on the end face. The chemical composition and
catalytic activity during the process of methanation
in a pilot plant at a pressure of 3.0 MPa and a space
velocity of W = 4000 h™' were determined by the
methods described in TU 2178-003-00209510. The
decomposition and activation processes were studied
using temperature-programmed decomposition (TPD)
and reduction (TPR) on a thermochromatographic
installation.

RESULTS AND DISCUSSION

Catalyst development was based on many years
of experience operating methanation catalysts [1-9]
(in particular, those in the NIAP-07 [NKM] series) as
well as on the results of studies regarding mixed-type
catalysts [10—18].

The basis of the new-generation methanation
catalyst NIAP-07-07 (NKM-7) is a Ni—Al compo-
sition, which is a precursor responsible for catalytic
properties. It was found that the most profound
interaction between nickel hydroxocarbonate (NHC)
and active alumina (y-Al,0O,) occurs when the A1,O,/NiO
ratio is no more than 1.2.

To identify the differences in the synthesis of the
Ni—Al composition, X-ray studies of samples 1-4 were
carried out, in which the concentration of aqueous
ammonia used in the preparation (Table 1) and the non-
processed mechanical mixture of NHC+y-Al O, differed.
To determine the interplanar spacing for all the studied
samples, a line of 100% intensity corresponding to
the reflection from a plane with a Miller index of 003
for Ni hydroxocarboaluminate (NHCA) was recorded

p=(m,—m)V, at a speed of 0.25°/min in the angle range 26 = 8—14°.

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

on the interplanar spacing of the Ni-containing phase
Sample Ne Conion 70 d, A
Mechanical mixture NHC+y-Al O, Unprocessed 52
Talcovite (Ni Al,(OH), CO,-4H,0) - 7.54
1 0 7.6
2 5.0 7.8
3 15.0 7.8
4 25.0 7.8
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According to the data given in card 15-0087 (PCPDF-
WIN 1999 database), the Ni-containing phase
Ni,AL(OH), CO,-4H,0 (falcovite) has an interplanar
spacing of d = 7.54 A and a hexagonal lattice.

Using data from the X-ray diffraction method
of analysis, the interplanar spacing of the formed Ni-con-
taining phase was determined (Table 1).

An X-ray analysis revealed that NHC was absent
from the phase composition, and a new Ni-containing
compound was recorded. It is worth noting that
the use of ammonia during the preparation of an
aqueous solution causes the interplanar spacing of
the new Ni-containing phase to increase to 7.8 A,
which attests to the fact that, during the preparation
at the mixing stage, a chemical interaction occurs
between NHC and alumina with the addition of the
[AI(OH),]™" anion into the NHC structure due to its
anion exchange to CO, [19].

An analysis of the obtained data shows that,
regardless of the concentration of an aqueous solution
of ammonia, the interplanar spacing of this compound
remains constant and equal to 7.8 A (Table 1), allowing
us to assume that the dispersion of this Ni-containing
phase in the prepared samples will also remain
constant. X-ray diffraction studies of activated
samples 1-4 showed that the dispersion of Ni in said
samples does not change and remains at 60-70 A.
Since the resulting Ni-containing compound is a
precursor of the NIAP-07-07 (NKM-7)-brand Ni
methanation catalyst prepared through the chemical
mixing of the initial raw material components in
an aqueous ammonia medium, it is of particular
interest to study the composition of this compound.
An analysis of the experimental data obtained using
derivatographic and radiographic methods of analysis,

temperature-programmed recovery, decomposition,
and combined recovery allowed us to establish
that the structure of the Ni component of the Ni—Al
composition after being treated with an aqueous
solution of ammonia along with Ni contains the anions
[AI(OH),]™", CO,?, and OH™". Thus, this compound
is NHCA. It was established experimentally that the
NHCA composition formed during the preparation of
Ni—Al has a structure similar to that of NHC.

To prepare a Ni—-Al-Ca catalyst containing 25
(p- 1), 28 (p. 2), 31 (p. 3), and 36 (p. 4) mass % NiO,
varying amounts Ca aluminate were added to the
Ni—Al composition. Table 2 shows the calculated
data of the catalyst mixture’s chemical composition.
It is worth noting that the minimum amount of
Ca aluminate (28%) will have a catalyst mixture
containing 36% NiO, and the maximum amount of
Ca aluminate (45.5%) will have a catalyst mixture
containing 25% NiO.

A mechanical mixture consisting of non-calcined
Ni—Al mass, Ca aluminate, and graphite was molded
in the form of rings with external diameters of 10 mm
and tablets with diameters of 6 mm.

Table 3 presents data related to the phase
composition, mechanical strength, and bulk density of
the finished catalyst that has passed the hydrothermal
treatment (HTT) stage.

With equal values of the mechanical strength of
all the studied experimental batches at the input of
the tablet machine, after the tablet machine and in the
finished catalyst values of the mechanical strength
differ (Table 3).

The increase in the mechanical strength of the
catalyst after the HTT stage from 15—17 to 64-78 MPa
is explained by the fact that the Ca aluminate added

Table 2. Calculated content of the components in the catalyst mixture

Batch Ne 1 2 3 4
NiO-ALO,, mass % 54.5 61 67.6 72
Calcium Aluminate, mass % 45.5 39 324 28

Table 3. Phase composition, mechanical strength, and bulk density of the finished catalyst

with different contents of NiOfAIZO3 and Ca aluminate

Batch Ne Phase composition Mechanical strength, MPa v, kg/dm?
1 78 1.05
2 Ni hydroxocarboaluminate, y-Al,O,, C,AH,, AI(OH),, 75 1.07
CaCO,, graphite
3 3 67 1.07
4 64 1.08
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to the Ni—Al composition acts as a hydraulic binder,
which hydrates during hydrothermal treatment,
and the hydration products in the form of highly
basic Ca aluminate (C,AH-3Ca0O-Al,0O,6H,0)
and Al hydroxide modifications gibbsite form a
mechanically strong catalyst frame. Small pressing
forces and the use of the HTT stage contribute to the
fact that in the finished catalyst, there is practically
no internal microstress that has a negative effect on
the mechanical strength during either its activation or
future operations.

To determine the minimum activation
temperature, studies were carried out using the TPR
method. Studies have shown that the activation
process of the NIAP-07-07 catalyst is combined with
the decomposition of the Ni component (NHCA) and
is multistage.

Starting from a temperature of 210-220°C,
gibbsite is decomposed to y-Al,O, and water,
and interlayer water is removed from the NHCA.
Simultaneously, a certain amount of highly
dispersed NiO is formed and reduced to Ni. The
process of removing interlayer water is accompanied
by the formation of a finely dispersed phase of Ni
hydroxoaluminate, which decomposes upon further
heating in the hydrogen duct with the release of CO,
into the gas phase. In the same temperature range
(270-370°C), NiO begins to be actively activated.
The maximum rate of NiO activation at this stage is
achieved at 330°C. The bulk of NiO is reduced when
the temperature is 380—-650°C.

Table 4 shows results of catalytic activity in the
methanation reaction of the studied catalysts with
different contents of the active component and also, for
comparison, the catalytic activity of the NIAP-07-01
catalyst containing 39% NiO, which is used as a
standard sample to evaluate the correct operation
of the installation. The CO content in the nitrogen—
hydrogen mixture at the inlet to the methanation
reactor was 0.65—0.72 vol %, which is 2—3 times more
than its content before being added to an industrial
methanator.

An analysis of the presented experimental data
on the catalytic activity of the studied catalysts shows
that after activation at 210°C, the regulatory value
of CO (<10 ppm) in the purified gas is not reached.
However, a mere 10°C increase in the activation
temperature caused the catalysts to exhibit identical
catalytic activity regardless of the content of the
active component. The temperature of the CO slip in
the purified gas is 214°C. A further increase in the
activation temperature to 230°C leads to an increase
in catalytic activity only in catalyst samples with a
high content (3639 mass %) of the active component.
It must be noted that the activation of the studied
catalysts at 220-230°C makes it possible to achieve
high values of catalytic activity sufficient for their
industrial operation.

Thus, the conducted studies have confirmed
that the NIAP-07-07 catalyst begins to be activated
at 220°C, which is more than 100°C cooler than the
methanation catalysts used for industrial conditions.

Table 4. The catalytic activity of Ni catalysts during the methanation process

The residual CO content in the purified gas, ppm
Activation NIAP-07-01 NIAP-07-07 CO content in the purified gas
temperature, 1% >
oC mass % NiO ol'ze
39 25 31 36
After 210 >10 >10 >10 >10 0.70
After 220 0.00 0.00 0.00 0.00
215 0.00 0.00 0.00 0.00 0.70
214 >10 >10 >10 >10
After 230 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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Table 4. Continued

The residual CO content in the purified gas, ppm
Activation NIAP-07-01 NIAP-07-07 CO content in the purified gas,
tempgrcature, mass % NiO vol %
39 25 36
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 - —

It can also be noted that, even with an active
component content of 25-31 mass %, the developed
catalysts will ensure stable long-term operation
in compliance with the regulatory values of the
methanation stage since the working temperature of
the methanator is 300-320°C.

The activation process at 550°C led to a
significant increase in catalytic activity for all samples
studied. One can note that the catalytic activity tends
to increase as the content of the active component
increases. In addition, it was found that the developed
catalysts practically retain their catalytic activity at
165-175°C even after overheating at 650°C for 30 h,
which confirms their high thermal stability.

In ammonia synthesis units, the converted gas
is purified from CO, in absorbers using absorbers
such as Beinfield and Karsol alkaline solutions as
well as organic absorbers in the form of aqueous
solutions of monoethanolamine and activated
methyldiethanolamine [20, 21]. Due to technological
violations, the absorption of absorbents from the
stage of purification of the converted gas from CO,
to the methanation reactor can occur. In most cases,
for Ni—Al catalysts, a decrease in catalyst activity
and an increase in the gas-dynamic resistance of
a methanation reactor occur [22]. As a result of
these studies, it was established that the developed
catalysts remain highly stable when exposed to these
absorbents at 280-320°C [23, 24].

In 2017, an NIAP-07-07 catalyst with a lower
activation temperature was loaded into the methanator
of the CO methanation unit of the Pyrogas Separation

and Benzene Production workshop at Stavrolen
(Budennovsk, Stavropol krai, Russia). The catalyst
was activated by process gas. After heating, the
temperature in the methanator was increased to 220°C,
and the CO content at the inlet of the reactor was increased
to 0.7-0.8 vol % with a load of 4000-6000 m?/h. After
the methanator began operating (inlet temperature:
235°C; temperature in the catalysis zone: 255°C), the
total residual content of CO and CO, in the purified
methane—hydrogen fraction was less than 1 ppm. The
catalyst provides the necessary degree of purification
from oxygen-containing compounds at a load of
feedstock of up to 16 000 m*/h.

CONCLUSIONS

It was established that, under the selected conditions
for preparing a mechanical mixture of HNC and active
alumina with a liquid reagent, a chemical interaction
occurs between the two and NHCA is formed as a result
of this chemical reaction. The compositions of the
catalyst with various amounts of the active component
were optimized, and the temperature regions of the active
phase precursor’s activation process were determined.
The catalyst has a low activation temperature and high
catalytic activity, thermal stability, and mechanical
strength. It can be created from the same catalyst
mixture by tableting or extrusion in the form of granules
of various geometric shapes and sizes. As a result, the
catalyst has been used for industrial purposes.

The authors declare no conflicts of interest.
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Quantum chemical approach to calculating the enthalpies
of the formation of alkali metal xanthates
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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.
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KBaHTOBO-XUMHUYECKHI MOAX0] K pacyeTy IHTAJbIUN
00pa30BaHUA KCAHTOTCHATOB IIEJT0YHbIX METAJLJIOB

I0.B. IIonos!, A.C. Hoarauen?, E.B. Illumxuu’®, I0.A. 3oros!, B.E. lllnmukun'

! Bonzoepadckuli 20cyoapcemeeHHbUL mexHuueckuli yHusepcumem, Boszoegpad, 400005 Poccust
2A0 «Boswkckuii Opecunmes», Boaokekuil, Boneoepadckas obnacms, 404117 Poccust

@Asmop ons nepenucku, e-mail: shishkin@ustu.ru

IMenu. Llenvio pabomobl si8asiemest Ucciedo8aHue 803MOIKHOCMU COBMECMHO20 UCNO/Ib308AHUS
K8AHMOBO-XUMUUECKUX Mem0008 U KOPPESNAYUOHHO20 aHAIU3A 011 onpedesieHus. IHmatbnuil
006pa308aHUSL MEMANIOCOO0EPIHAULUX OP2AHUUECKUX 8eUjecme HA npumepe KcaHmozeHamos we-
JIOUHBIX MemaJiiios, KOmopbvle Npedcmasasiiom uHmepec Kaxk buosioeuuecku akmusHble seuie-
cmea u agpgpexmugHble hiomopeazeHmal.

Memoowsl. Hcnonb308aHbl NOAYIMNUPUUECKUE MEeMOObl KEAHMOBO-XUMUUECKUX DPACUEMO8
Modified Neglect of Diatomic Overlap, Austin Model 1, Recife model 1 u nuHetliHblil pezpeccuoH-
HbLL aHAU3.

Pesynomamet. C nomowbio nonyamnupuueckux memooos Modified Neglect of Diatomic Overlap,
Austin Model 1, Recife model 1 ebluucneHsbl sHmatbnuu obpaszogarus 16 ankKuniKkcaHmozeHamos
Kanus u Hampust, npoeedeHo CconocmasieHue NOAYUeHHbIX pes3ylbmamos ¢ sIKcnepumeHmaito-
HblMU OaHHbIMU. BbliICHEeHO, Umo HAUAYUUAs Koppeasyusl 0151 Kaluessblx U Hampuesblx conell
a¢gpupo8 oumMuUoYyz016HOU Kucsiomel Habarooaemces npu ucnoavzosaHuu memooa Austin Model 1.
C nomowbto NONYUEHHBbIX YpasHEeHU pe2peccuul 8bluUcieHbl IHMabnuu obpasosarust oast 30
KCaHMO2eHamos, Op2aHUUeCcKdsl uacme KOMopblx cooeprkum anKulbHble, YyuKauueckue Heapo-
Mmamuueckue cmpykmypsl U 00uH unu 0sa eemepoamoma, maxue kax N, O, F, u skchepumeH-
masbHble 0aHHbLE N0 KOMOPbLM OMCYMCmeyiom.

Buleoousl. B pesysibmame npogedeHH020 UCCAe008aHUSL ObLIa YCMAHOBNEHA NPEEOCX00HASL KOP-
pensyust mesk0y 9KCNepuMeHmaibHbMU U pACCUUMAHHBbIMU NO mMemody AM 1 3HaueHUusMuU 9H-
manenuil 06pasosaHus anKuiKcaHmozeHamos Kaius U Hampust. IlonyueHHble 0aHHble Mmozym
6blMmb UCNONB308AHBL O/ISL pacuema mensiog8o2o spexma pearKyuil KCaHmMo2eHUPo8aHUsL Cnup-
moe u NpoeKmupo8aHuUs NPOU3BOOCME COOMBEMCMBYOULUX KCAHMO2eHAMOS.

Knroueeble cnoea: KCaHmMozeHAmMbl ULeJI0UHBbLX MEMAJJI08, nosnysmnupudecKkue KeaHmogo-Xxumu-
yecKkue mMemoobl pacuema, KOppefLﬂu,LLOHHbLil aHaaus, sHmalenusi O6pCISOGCLHLL$L

Jna yumupoesanusa: Ilonos 10.B., lonraues A.C., lInmkun E.B., 3otos F0.JI., Humkun B.E. KBantoBo-xumuueckuii moj-
XOZ K pacueTy dHTaJIbINI 00pa30BaHUsI KCAHTOI€HATOB IIEJIOYHBIX METAIIOB. Tonkue xumudeckue mexnonocuu. 2020;15(2):30-37.

https://doi.org/10.32362/2410-6593-2020-15-2-30-37

INTRODUCTION

The thermodynamic characteristics of a substance
are its most important parameters. Thermodynamic
analysis of a chemical process allows one to determine
the direction of the reaction, the equilibrium
conditions, and the thermal effect of the process.
However, the task of determining the thermodynamic
characteristics, primarily, the enthalpies of formation
of various organic substances, is time-consuming, and
for some compounds, it is not feasible at all. Due to
the development of quantum chemistry and computer
technology, the thermodynamic parameters of many
compounds can now be quickly calculated using

various methods; however, it is not possible to fully
rely on the obtained values, and it is always necessary
to verify the results of calculations with experimental
data. Earlier studies, using a combination of semi-
empirical quantum chemical methods of calculation
and correlation analysis, determined the enthalpies of
formation of many organic compounds, for example:
cyclophanes [1]; nitrogen-containing heterocycles
[2]; and derivatives of adamantane [3]. For the
calculations, compounds were used that included the
most frequently found elements in organic chemistry:
carbon, hydrogen, oxygen, nitrogen, and sulfur. At
present, many other organic substances are widely
used in the national economy, which, in addition to
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the elements listed above, also include various metals.
Calculating the thermodynamic characteristics of
these types of substances is challenging. Therefore,
research into the possibility of combining quantum
chemical methods and correlation analysis to find the
formation enthalpies of such compounds is urgently
needed.

MATERIALS AND METHODS

As representatives of the studied group of
substances, the salts of dithiocarbonic acid O-esters
(xanthates of alkali metals) were chosen, represented
by the general formula:

S—M
R—o0—¢”

Ny

where R, is the organic part of the molecule, M = Na, K.
These compounds are widely used as flotation-reagent
collectors [4], and also have a pronounced biological
activity [5, 6]. The numbering and structure of xanthates
are presented in Table 1.

To identify the correlation between the calculated
and experimental values of the enthalpy of formation,
16 compounds were selected: methyl (I, II), ethyl (III, IV),
isopropyl (V, VI), propyl (VIL, VIII), butyl (IX, X), amyl (XI,
XII), hexyl (XIII, XIV) and heptyl (XV, XVI) potassium
and sodium xanthates (odd numbers correspond to
potassium xanthates, even numbers to sodium). The
literature [7—11] contains experimental data on the
thermal effect of the xanthogenation reactions of the
corresponding alcohols (AHS 208 )

ROH + CS, + KOH — ROC(S)SK + H,0.

The formation enthalpies of substances [-XVI
(AH f ) were determined using reference data on the

participants’ enthalpies of formation in the reaction and
Hess’s law. For these compounds, geometry optimization
and calculation of formation enthalpies were also performed
using the Modified Neglect of Diatomic Overlap (MNDO),
Austin Model 1 (AM1), and Recife Model 1 (RM1) methods
in the HyperChem software package. The calculation results
are presented in Table 2.

exp.

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

No. Compound No. Compound
S CH, CH,4 S
L1 XXIII, XXIV cHy S u
) CH, , J: CH, CH,
~0”" SSK(Na) i~ ~07 skov)
S S
1, IV XXV, XXVI CH, u
CPGCHZ\O/ " SK(Na) @ oo S
S S
CH, u
V, VI “CcH XXVII, XXVIII
Cﬁ3 ~o0~ \SK(Na) CHZ—O/ \SK(Na)
S O\C _SK(Na)
VII, VIII CH CH XXIX, XXX L]
3 2
~CH, ~0~ “NSK(Na)
S o\C /SK(Na)
IX, X CH CH XXXI, XXXII U
2 2
CH, ~CH, ~0~ “SSK(Na)
S O\C /SK(Na)
XI, XII CH CH, CH, XXXIII, XXXIV u
“CH, ~CH,  ~07 NsK(Na)
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Table 1. Continued

No. Compound No. Compound
X1l i 0__ Sk
; CH CH CH XXXV, XXXVI
XIV R
8 CH CH, 0 SK(Na)
XV, XVI o oL cn XXXVII, & S0 Sail SN
’ CH H
CH,  SCH;  SCH,  ~07 NsK(Na) XXXVIII
S
CH,F (0] SK(N!
CH; H 2\ ~ (Na)
v - XXXIX, XL cH, ¢
XVIII et o “NSK(Na) : U
cff
S
T T i, u
XIX, i u o, o o,
XX P N XLI, XLII \ N o N
CH; “~CH, SO SK(Na) /
CH,—CH,
CH;—CH,
. I CH, 0 SK(Na)
i l ﬂ XLIIL, XLIV \N/ ~ct; ¢
H s
XXII N
CH;—CH, o SK(Na) e,
—
XLV, \CHZ\ - et CH,4
XLVI CH
L SK(Na)
\C

It was found that a general linear correlation was
absent; however, the experimental and calculated
data fitted on a straight line separately for potassium
and sodium xanthates. Moreover, for each of the
calculation methods, the correlation coefficients for
the group of sodium xanthates were slightly higher
than for the group of potassium xanthates. The
highest correlation coefficient in both cases was
characteristic of the AM1 method in which r > 0.99,
which indicates excellent correlation. The regression
equations in this case are:

A]—Igexp.,l( 20'8736XAH20310WK _922980 (1)
AH? exp., Na = 08738 x AHtE) calc., Na - 1240000 (2)

The obtained dependencies can be used to
find the formation enthalpy of those potassium and
sodium xanthates, experimental data for which are
not available in scientific and technical literature. For
further calculations, potassium (odd numbers) and
sodium (even numbers) xanthates were selected based
on the following alcohols: 2-methylpropan-1-ol (XVII,
XVIII), 3-methylbutan-1-0l (XIX, XX), butan-2-ol
(XXI, XXII), octan-1-ol (XXIII, XXIV), (1-adamantyl)
methanol (XXV, XXVI), 2-(1-adamantyl)-ethan-1-ol
(XXVIL, XXVII), bicyclo-[2.2.1]-heptan-2-ol (XXIX,
XXX), 2-(vinyloxy)-ethan-1-ol (XXXI, XXXII),
2-fluoroethan-1-ol  (XXXIII, XXXIV), 2-(N,N-
diethylamino)-ethan-1-ol (XXXV, XXXVI), 2-(N,N-
diethylaminoethoxy)-ethan-1-ol (XXXVII, XXXVIII),
cyclopentanol (XXXIX, XL), cyclohexanol (XLI, XLII),
1,3-di-(2-methylpiperidino)-propan-2-ol (XLIII, XLIV),
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and tricyclo-[5.2.1.0]-decan-9-ol

(XLV, XLVI). The results of the calculation of the above xanthates

All these substances are described in the literature by the AM1 method, and subsequent recalculation of
[6, 12—-19] and are either highly efficient flotation the formation enthalpies according to the regression
reagents-collectors or exhibit high biological activity. equations (1) and (2), are given in Table 3.

Table 2. Data of quantum-chemical calculation of formation enthalpy AH 19

performed by MNDO, AM1,
RM1 methods for xanthates I-XVI and correlation coefficients

calc.

0 0
No | e | o A Ul
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
I —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
\Y —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
VII -52.80 -376.54 -419.27 —42.73 -310.46 66.08 -277.5 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
X111 -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
oo o o
Table 3. Enthalpies of the formation of compounds XVII-XLVI, calculated (AH E calc.) by the AM1 method
and corrected (AH f ale. ) by equations (1) and (2)
No. AHY . » kd/mol AH .. * kol No. AH . » kJ/mol AH ., * kJ/mol
XVII -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
XXII —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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Table 3. Continued

I AHY . » kd/mol AH] ;. % kd/mol B AH] .. > kJ/mol AH? . * kJ/mol
XXXI ~265.90 -324.59 XXXII 242,03 -335.49
XXX -359.40 ~406.27 XXXIV -304.94 -390.46
XXXV 32061 37238 XXXVI 27113 -360.91
XXXVII -335.89 -385.73 XXXVII -285.98 -373.89
XXXIX —~484.10 51521 XL ~434.06 -503.28
XLI -270.55 32865 XLII -219.63 31591
XLIT —431.88 -513.27 XLIV 401.58 ~474.90
XLV -323.05 374,51 XLVI 27431 -363.69

In compiling this list of xanthates, compounds were
chosen so that their calculated formation enthalpy lay in
the range from —200 to —500 kJ/mol for potassium and
from —200 to —450 kJ/mol for sodium. The possibility of
applying equations (1) and (2) for xanthates containing
heteroatoms in an organic radical is evidenced by
previous studies [e.g., 20]. When developing a method
for producing potassium diethylaminoethyl xanthate,
we evaluated the thermal effect of the reaction under
adiabatic conditions. It was found that the change in
the enthalpy of xanthogenation of diethylaminoethanol
lies in the range from —30 to —45 kJ/mol. In this case, the
calculation of the thermal effect of this reaction, taking
into account the obtained calculated data, gave the result
AH? o= —29.56 kJ/mol. Given that in reality, along
with the main xanthogenation reaction, side exothermic
processes occur:

6KOH + CS, — K,CO, +2K,S + 3H,0
6KOH + 3CS, — K,CS, + 2K,8 + 3H,0
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CONCLUSIONS

In this work, an excellent correlation was established
between the experimental and calculated (using the
AMI1 method) formation enthalpies of potassium and
sodium alkyl xanthates. Using the obtained correlation
equations, the formation enthalpies of various xanthates
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Stacked-cup multiwall carbon nanotubes as components
of energy-intensive suspension jet fuels
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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 (MWCNTS).

Methods. Bomb combustion calorimetry was used to define the combustion energy of the
MWCNTs in the crystalline state. The temperature dependence of the MWCNTs’ 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 MWCNTSs 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.
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MHorocJ/ioiiHbI€ YIVIEPOHbIE HAHOTPYOKH —
KOMIIOHEHT SHEProeMKHX CYCIIEH3MOHHBIX PEAKTUBHBIX T'OPHOYMX

A.C. KapnymenkoBa?, I'.51. Ka6o, A.B. BaAoxuH

Benopycckuli 2ocyoapcmeeHHulii ynusepcumem, Murck, 220030 Pecnybaurxa Benapyce
@Aemop ona nepenucku, e-mail: karpushenkava@bsu.by

IMenu. /lobassieHue 8bLCOKONIOMHBIX Y2AepPOOHbIX MAMEPUANO8 8 PeaKMUBHble MONAUBA MO-
JHKem npusecmu K 3HAUUMeNbHOMY Y8eAUUEHUD e20 06beMHOU IHepeoemiocmu. Llenv pabomut
3aKIUANACL 8 NPOBEOEHUU MEePMOOUHAMUUECKO20 AHAAU3A 803MONHOCMU NOAYUEHUSL MO-
O0enlbHblX Yan1e8000p00HbLX monaue u3 moayoaa u T-1 ¢ MHO20CNOUHBIMU Y2repOOHbLMU HAHO-

mpybramu (MYHT).

Memoowst. Csoiicmea MYHT 6buiu ucciedo8aHbl NPU NOMOWU CAeOYULUX MEmo008: IHepaust
C20pAHUSL 8 KPUCMALIUUECKOM COCMOSIHUU onpedesieHa memooom 60mb6080l Kaniopumempuu,
memnepamypHasl 3a8UCUMOCMb menioemikocmu 8 uHmepeane 5-370 K — memodom aduaba-
muueckoll Kanopumempuu, pusuueckast NIOMHOCMb — NUKHOMEempuuecKum memooom, ceou-
MEHMAYUOHHASL Yyecmoliuueocms cmeceli ¢ skuokocmsamu — yeHmpugpyauposarHuem npu 7000 g.
Pacuemut npogodusiuce 8 npoepamme MS Excel.

Pesynemamel. OnpeodenieHbl 9HEpaUsl U SHMAbNUSL C2OPAHUSL MexHuuecKozo obpasya MYHT e
KpUucmaaniuueckom cocmosiHuu. Ha ocHo8aHUU C2naiKeHHbLX 3HAUeHUl menioemKocmu nony-
YeHbl cmaHoapmHule mepmoouHaMuUecKue PYHKYUU (IHMANbNUSL, FHMPONUS U NPUBEOEHHAS
aHepeus ['ubbca) MYHT e kpucmannuueckom cocmostHuu 8 unmepeane 0-2000 K. Dxempano-
asyus mennoemkocmu MYHT 0o memnepamypel 2000 K npogedeHa ¢ uchoib308aHuem me-
nioemKocmu Kpucmaaniuueckozo spaguma. YemaroeneHo, umo cmecu MYHT ¢ skuokocmsamu,
cooepxxauwumu MYHT 6onee 33 macc. %, ceOuUMeHMAYUOHHO Ycmoliuugsl 8 yeHmpugyze npu
7000 g. [ns modenvHoulx cucmem moayon-MYHT, zoprouee T-1-MYHT sbluucneHsbl maccossle U
ob6beMmHble IHep2uU c20paHust, aduabamuueckue memnepamypsl 20peHust, YCca08HASL KOHEUHAS
MAKCUMANBHASL CKOPOCMb MOO0ENbHbIX PAKem C 20pOUUM PA3IUUHBLX COCMABOS.

Bbteoodbst. TepMoOuHAMUUECKUT AHAU3 noKa3ast, umo dobasrieHue MYHT cywecmeeHHO nogol-
waem 06 beMHYI0 IHEeP20eMKOCMb MPAOULUOHHBLX PeaAKMUBHbLX MONUE, UMo 00JKHO NPUBO-
oumos K YyayuuleHuw IKCNAYamayloHHbIX XapaKmepucmuk 1emamesibHblX annapamos.

Knroueewvle cnoea: modenbHoe Yane8000po0HOEe MONAUBO, IHEP2OEMKOCMb, MHO20CAOUHbLE
yanepooHvle HaAHOMPYOKU, Mmacco8ass menioma czopaHusl, 06bemMHaAsE Menioma Cz2opaHusl,
aduabamuueckas memnepamypa eopeHust, YoeabHblili UMNYAbC, YCA08HASL KOHEUHAS MAKCU-
MANBHASL CKOPOCMb, NPOMbLULLEHHOE 8HEOPEeHUe.

Mna yumuposanusa: Kapnymenkosa JI.C., Kabo I'Sl., bioxun A.B. MHorocioliHble yIJI€pOJHbIE HAHOTPYOKH —
KOMIIOHEHT ?HEProeMKHX CYCICH3MOHHBIX PEAKTHUBHBIX roprouux. Toukue xumuueckue mexroroeuu. 2020;15(2):38-46.

https://doi.org/10.32362/2410-6593-2020-15-2-38-46

INTRODUCTION

The development of energy-intensive chemical
fuels for unmanned aerial vehicles and various jet
engines is undoubtedly an urgent task. Carbon materials,
such as carbon black and C_ fullerite, are often used
as components of energy-intensive liquid (pasty) and
solid (reactive) fuels due to their high physical density,
high combustion energy, and the formation of non-
condensable products (CO,) during combustion [1].

This paper presents the results of a study on the
thermodynamic properties and density of a technical
sample of multiwall carbon nanotubes (MWCNTs,
Vision Development, Japan). Some of the commercial

physicochemical and structural parameters of the
investigated MWCNTs are outlined in Table 1.

Table 1. Physicochemical parameters of MWCNTs
as provided by the supplier

Parameter Value

Physical state Black powder

Average length, m <(1-2) x 10°®

Average inner diameter, m ~50 x 10°°

Outer diameter, m (10-80) x 10°°

Thermal stability, K <973
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Kabo et al. [2, 3] have demonstrated that the
density and combustion energy of MWCNTs in
terms of 100% carbon content are almost similar
to the corresponding parameters of crystalline
graphite (Table 2). Moreover, the physical density
of MWCNTs is significantly higher than the density
of carbon black and fullerite C,, (by 16 and 32%,
respectively), indicating them as a promising
component for the development of energy-intensive
fuels in mixtures with hydrocarbons. Fullerite C,, has a
higher (~ by 10%) specific energy of combustion [4, 5]
than graphite and MWCNTs, whereas its physical
density is significantly lower than that of graphite
by about 30% (Table 2). Fullerite Cj is also slightly
soluble in hydrocarbons, meaning that the internal
cavity of the C,, molecules is not filled with liquids,
thus presenting a low potential as a component of
liquid fuels.

Given our earlier report that liquids with
low molecular weight can fill the inner cavity of
MWCNTs, while the sorption enthalpy of the liquid
components (ionic liquids) is very small [7], this
paper presents estimates of the energy efficiency of
combustible toluene-MWCNTs and T-1-MWCNTs
model systems.

MATERIALS AND METHODS

The density of the MWCNTs was measured in a
glass pycnometer with a volume of 0.8876 = 0.0009 cm?
using bidistilled water (p = 998.3 kg'm™) (292 K)
[3] and freshly distilled toluene (p = 867.8 kg-m3)
[2] as pycnometric liquids. A pycnometer filled with
nanotubes and a pycnometric fluid was heated in
boiling water and, after cooling to ~293 K without
contact with air, was filled to the mark with a
pycnometric fluid and weighed. The average physical
density of MWCNTSs was 2210 + 22 kg-m™ [2], which
practically corresponds to the density of hexagonal
graphite 2265 kg-m™ [6]. Moreover, the bulk density
of MWCNTs has been reported to be approximately
400 kg-m™ [2].

The combustion enthalpy of a technical sample
of MWCNTs was determined in an automated
combustion calorimeter [8] with a 326 c¢m? calorimetric
bomb and an energy equivalent of 14605 + 3 J-K'!.
The MWCNTSs samples were dried at 130 and 200°C
under vacuum (P = 100 Pa). According to the results
of burning in a calorimetric bomb, the ash content
in the MWCNTs was estimated to be 0.88 = 0.07%,
which corresponds to 0.69% of nickel metal used as
a synthetic catalyst. It was also shown that metallic
nickel cannot be removed from the MWCNTSs neither
by magnetic separation nor by dissolution in nitric
acid within 24 h. According to the results that were
obtained after burning the vacuum-dried technical
samples of MWCNTs in plastic bags with cotton thread
for ignition, the average combustion energy was determined
as A U°(298.15 K) = (32336 + 13) kJ-kg ™' [2].

The heat capacity of a technical sample of
MWCNTs in the range of 5-370 K was measured in
a TAU-10 adiabatic calorimeter [8]. It has also been
shown in [2, 3] that the heat capacity of MWCNTs,
graphite, and fullerites C,, C_ in a temperature range
of 300-350 K differs only by 3%. The extrapolation
of the specific heat C of the technical sample
MWCNT,_, from 400 to 2000 K was carried out by
the equation:

C(MWCNT,, , T(K)) = 0.9931C (graphite, 7(K)) +
+0.0069C (Ni(cat.)) x T(K) )
The thermodynamic properties of the technical

sample of MWCNTs in the range 0-2000 K are
presented in Table 3.

RESULTS AND DISCUSSION

Physical and chemical properties
of the MWCNTs-liquids (ionic and nonionic) mixtures

In a detailed study of the interaction of ionic and
nonionic liquids with MWCNTs [7], it was found that
nonionic liquids (toluene and water) penetrate the

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

MWCNTs, and fullerite C

Property Crystalline graphite MWCNTs C,
—A U°(298.15 K), kJ-kg™! 32764 + 4! 32336 + 13 [2] 35802 [4]
p (298.15K), kg'm™ 2265 [6] 2210 +22[2] 1720 [4]

! 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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inner cavity of the MWCNTs when mixed at 293 K
and P = 1 bar. In comparison, ionic liquids (IL) do not
penetrate into the internal cavity of the MWCNTs at
atmospheric pressure, but they completely penetrate
into a MWCNT under vacuum conditions, thus allowing
the determination of the cavity volume. Moreover, the
enthalpy of mixing MWCNTs with ILs (e.g., 1-butyl-
3-methylimidazolium hexafluorophosphate) does not
exceed the sensitivity of the mixing calorimeter [7, 8].
Finally, it was demonstrated that the sedimentation
stability of the MWOCNT-IL systems during
centrifugation at 7000 g depends on the components’
ratio. In particular, at a mass content of MWCNTs > (.33
in the mixture, no separation of the systems was
observed, implying that systems containing MWCNTs

that exceed the bulk density are stable in sedimentation.
Furthermore, based on computer simulations [9],
it was established that the packing density (@) of
figures of different geometry depends slightly on their
configuration and has a mean value of 0.58, which allows
the estimation of the formation of the T-1-MWCNTs and
toluene—-MWCNTs compositions with a mass fraction
of up to ® =0.75.

Certain technical characteristics of the suspension
fuel type C H ~-MWCNTs

The physicochemical and thermodynamic properties
of the suspension fuel type C H -MWCNTs can be
calculated based on the additivity of the corresponding
compositions (Tables 4-6).

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 Gy, J kg K AyS°, Jkg K™ AH®, kI kg™ @°, 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 3536 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 4343
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

“The thermodynamic properties of MWCNTs at 400-2000 K were extrapolated according to equation (1).
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Table 4. Physicochemical properties of the fuel components

Component Composition | M, g-mol™ | p,kgm™ | —A H°298.15)", kJ-kg™' —A H°(298.15)", MJ-m™
MWCNTS [2] CNi, o010 12.094 2210 32336 71463
Toluene [1] C.H, 92.141 867.1 40963 35519
Combustible T-1[1] | C_H, 178.05 800 42900 34320
Carbon black [1] C 12.011 1900 32781 62284

" Net calorific value.

Table 5. Lower enthalpies of combustion for the toluene-MWCNTs mixtures in stoichiometric quantities

of oxygen and air at 298.15 K and P = | bar

Fuel combustion enthalpy
o(MWCNTS), Combustible combustion enthalpy with oxygen ith air
mass fract.
—A H° MJ-kg™! —AH°,MJ-dm™ —AH°, MJ kg™ AH, MJ-dm™ —AH°, 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

"When calculating the fuel density, the liquid oxygen density was considered to be p(O,) = 1140 kg-m* [1].

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

Fuel combustion enthalpy
Combustible combustion enthalpy
o(MWCNTs), with oxygen with air
mass fract.
—AH°, MJ kg™ —AH°, MJ-dm™ —AH°, MJ kg™ AH*, MJ-dm™ —AH°, MJ kg™
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

"When calculating the fuel density, the liquid oxygen density was considered to be p(O,) = 1140 kg-m ™ [1].
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In contrast, the calculation of the density of the
mixtures of liquid fuels and MWCNTs does not obey the
rules of additivity. Therefore, the density was determined
as the ratio of the mass of the mixture to the sum of the
volumes of the components included in the mixture,
taking into account the composition.

The conventional adiabatic  combustion
temperatures (7,,) were determined using the heat
capacities of gaseous CO,, H,O, N, and Ar,>* as follows:

Tad
A Hyg 5= | aiCp,idT, 2
298.15

where AH,, . is the net calorific value of the fuel in

air, a, represents the mole fractions of the components
of the fuel gases in the mixture, and C . is the heat

i

capacity of the components in J-mol '*K'. The fuel

gases consisted of CO,, H,O, N,, and Ar, provided
that there was no dissociation and conversion of
combustion products. The composition of the air
components was obtained from the State Standard*
and the calculation results are presented in Table 7.

To assess the efficiency of the fuels including
MWCNTs, the final gas flow rate (conditional specific
impulse (m-s!)) was calculated [10, 11] based on the
following formula (3),

Ispec = W = V 2(_A(,H)n[ > m. Si] b (3)

where A H is the lower enthalpy of fuel combustion with a
stoichiometric amount of oxidizing agent (J-kg™'), and , is
the thermal effective efficiency rocket engine determined
by the ratio:

Table 7. Physicochemical characteristics of the combustible suspensions’ toluene’-MWCNTSs and T-1"-MWCNTs

Mass fraction o(MWCNTS) in fuel
Property
0 0.20 0.30 0.40 0.50 0.75
toluene’-MWCNTs
p, kg'm™ 867.1 987.1 1060 1146 1246 1593
T ,K(nO,) 6227 6302 6343 6387 6433 6565
T, K (in the air) 2507 2496 2491 2486 2480 2465
ey 'S 2004 1990 1983 1975 1967 1946
e’ 204.4 202.9 202.2 201.4 200.6 198.4
oS! 4615 4816 4928 5049 5181 5574
T-1"-MWCNTs

p, kg'm™ 800 917 989 1074 1175 1534
T ,K(nO,) 5738 5870 5944 6025 6114 6378
T, K (in the air) 2408 2413 2417 2421 2425 2436
[, ,ms! 1977 1969 1984 1959 1954 1940
e S 201.6 200.7 202.3 199.7 199.2 197.8
V oms’! 4553 4776 4950 5037 5186 5634

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

“combustible T-1: C,, _H

12.87724.12°

M=178.1 g-mol™; C°

298.15

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

2 NIST Chemistry Webbook, SRD 69. Available from: webbook.nist.gov/chemistry/ [Accessed March 18, 2019] https://doi.org/10.18434/

T4D303

3 IVTANTERMO Database. Available from: http://www.chem.msu.ru/rus/handbook/ivtan/ [Accessed 18.03.2019] (in Russ.).
4 GOST 4401-81. Standard atmosphere. Parameters. Moscow: Publishing House of Standards; 1981. 179 p. (in Russ.).
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k-1

(3
P

where P and P, represent the pressure in the combustion
chamber and at the nozzle exit, respectively (it is assumed
that P/P = 0.01), and £ is the adiabatic exponent, which
depends on the molecular masses of the combustion
products (k = Cp/ C,), provided that k&(7) = const. For
mixtures of combustion products, the heat capacity was
calculated as Cp = Eal_Cp’l_, where a, is the mole fraction of
the component in the mixture and o is the heat capacity
of the component. Then, in the ideal gas approximation,
C,=C—R applies.

Moreover, the specific thrust could be calculated by
the following formula:

=—=, s, ©)

where g is the acceleration of gravity.

The conditional final (maximum) speed of
the aircraft (m-s™') at the time of the combustion
completion without taking into account the gravity and
aerodynamic drag was calculated by the Tsiolkovsky
ratio:

Vmax = Ispec InZ > (6)
rie Z =1+ el . m,, is the mass of the fuel (kg), and

str

m__is the mass of the structure without fuel (kg). The

str

parameter InZ was defined for a model rocket with
mass (m,  +m_)= 1000 kg without MWCNTs (o = 0)
and a constant m__of 100 kg. The volume of the fuel
tank (V) in this model was 900/p, . Accordingly,
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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.
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ITenu. O6ocHogams 8bl60p 3hheKmueH020 KaMaiu3amopa smepugurkayul si610UHOU KUC/I0mbl
O/151 NOYUEHUSL CIOIKHBLX 9PUPO8 8bILCOKOTUL CMmeneHU Yucmomal.

Memoovl. /[ onpedeneHus KAUecCmeeHHO20 U KOJUUECMEEHHO20 COCMA8A PeaKyUuoHHbLX
Mmace O6bLu UCNONBL308AHbLL Ccedyruue Memodsbl AGHANIU3A: MACC-CneKkmpockonust (Ha npubope
FinniganTrace DSQ c 6asoii NIST 2002, Xcalibur 1.31. Sp 5) u 2a3ookudkocmHast xpomamozpa-
pus (Ha annapamHo-npo2pamMmHom komnaerxce «Kpucmann 2000M»).

Pesynomamut. CuHmesupogaHsl CA0XKHble Ihupbl 160UHOT Kuciomsl u 6ymusnogozo cnupma
HOPMANLHO20 CMPOEHUSL HA Ce0YoUUX KAMAAU3amopax: cepHast, opmogocopHast, N-moayos-
cynvorucnoma, Amberlyst 36 Dry, Amberlyst 36 Wet, KY-2-®DI1I1 u KH®D-T. [TonyueHHble npo-
dyKmbl NPOAHANUIUPOBAHBL MEMOOOM 2A302KUOKOCMHOU xpomamoepacgpuu. CmpoeHue npooyr-
moe noomeepiKOoeHo Macc-cneKkmpomempuueckum memooom. IIpednorxersbl cxemul 06pazosarus
nobouHblx npodyxKmos. OueHeHbl 8blX0o0blL U yucmoma 6ymuaio8ozo 3gpupa s60UHOT KUC/IOMbL,
NOYUeHHOo20 HA pasHblx kKamasausamopax. ITokazaHo, umo O/t NOAYUeHUSL YUCMO20 CAOIHHO20
agpupa sI6I0UHOT KUCIOMbL ¢ MAKCUMATLHBIM 8bIX000OM ONMUMANbHbIM SI8ASLeMCSL 2emepozeH-
Houlll kamaauzamop Amberlyst 36 Dry.

Bwleoodsl. YcmaHoenieHo, umo npu smepugurayuu s6104HOl KUCI0MbL 6YMUNL08bIM CRUPMOM
HOPMANLHO20 CMPOEHUSL HA PA3HBIX KAMAAU3AmMopax obpasytomest nobouHble NPoOYKmbl — CILOXNK-
Hble agpupbl pymapoeoll u maneurosoll kucriom. HaxonnerHue nobouHslx npodyKkmos npoucxo-
odum 8 pesysemame peakyuil 0esudpamayuu ss610UHOT KUCIOMbL UL €20 CALO2KH020 acghupa. I1o-
KA3aHO, UMO KOAUUEeCcma80 NoboUHBLX NPOOYKMO8 NpaKmuuecku He 3a8UcCUm om Kamaau3amopa,
3a ucKkroueHuem cepHoil Kucaomol. /lns noayueHus oubymusiogozo agpupa sibnouHoll Kuciomaol
pexomeHOyemcesi ucnoss3zosams cyabgokamuoHum Amberlyst 36 Dry, obecneuugarowuii onmu-
MANTLHOE COOMHOULEHUE MeKOY KOHeepcuell U CeneKkmugHoCmbio.

Knroueevle cnoea: smepuguiauust, CaoXKHble 9¢upbl, sibrouHas Kucaoma, H-0YmaHos,

Amberlyst 36 Dry.

Jlna yumuposanus: Kyzemuna H.C., TToptHoBa C.B., Kpacubix E.JI. Dtepudukarius si07049HON KUCIOTHI Ha Pa3IHYHBIX
Katanuzaropax. Toukue xumuueckue mexnonoeuu. 2020;15(2):47-55. https://doi.org/10.32362/2410-6593-2020-15-2-47-55

INTRODUCTION

Modern trends within the chemical industry have
been aimed at finding processes that are independent
from oil and petroleum products. Great interest is
shown in materials obtained from renewable sources
of raw materials [1], such as alcohols and carboxylic
acids.

Today, esters are in high demand in the
production of paints, plasticizers, copolymers, various
additives to lubricants, and pharmaceuticals. Esters
of hydroxycarboxylic acids obtained from renewable
natural resources are of particular interest. For example,
trisubstituted citric acid esters-trialkylcitrates, obtained
by esterification of citric acid with aliphatic alcohols

C, and C,, are used as non-toxic plasticizers for
PVC products or solvents in the production of food
additives, children’s toys, and household packaging
[2]. Plasticizers based on citric acid esters are
environmentally friendly and have a high plasticizing
ability. Another promising industrial product,
completely obtained from plant components, is the
ester of malic acid and n-butyl alcohol. Malic acid is a
dibasic oxocarboxylic acid and is used as an additive
in the food industry and in medicine. There are known
methods for obtaining malic acid from vegetable raw
materials, such as unripe apples, sea buckthorn, and
cotton leaves as well as and from chemical methods,
such as the catalytic hydration of maleic or fumaric
acid, which are derived from maleic anhydride.
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This process is catalyzed by fumarate hydratase or
fumarase. Maleic anhydride, in turn, is obtained
by the oxidation of hydrocarbons, primarily butane
[3]. Fumaric acid can also be obtained from various
enzymatic hydrolysates of cellulose-containing raw
materials under the action of a biocatalyst [4]. n-Butyl
alcohol is used in the paint industry as a solvent as well
as in the production of resins, plasticizers, and many
other organic compounds. It can be obtained from
chemically raw materials or by processing sucrose,
starch, or cellulose from agricultural crops [5].

The simplest method for producing esters is direct
esterification of acids with alcohols in the presence
of a catalyst [6]. Esterification of dicarboxylic
acids with alcohols can be performed without a
catalyst; however, the reaction proceeds slowly,
and high temperatures (200-300°C) are required to
achieve sufficient speed [7]. For the esterification
of dicarboxylic acids, a process involving mineral
acids (sulfuric, hydrochloric, orthophosphoric, boric),
alkylsulfonic acids (benzene or p-toluene sulfonic
acids) and arylsulfochloride as catalysts are used
[8—10]. Further, organic titanium compounds are also
highly active [11], and recently, heterogeneous catalysts
have been used in the production of esters [12—14].

In industrial applications, the liquid phase
method of esterification is widely used in periodic- or
continuous-motion equipment. The main stages of the
liquid phase method are esterification, neutralization
of the reaction mass, washing from a homogeneous
catalyst, and rectification [15]. However, in order
to simplify the design of technology used to obtain
esters, the use of heterogeneous catalysts simplifies
the process by eliminating the stages of neutralization,
washing, and drying, and it also helps to reduce the
loss of organic acid. Additionally, heterogeneous
catalysts are easily regenerated, allowing them to
be used repeatedly. It is also important to reduce the
number of generated byproducts, which will reduce
energy consumption at the stage of rectification.

Several studies have researched the possibility
of obtaining malic acid esters by esterification using

homogeneous catalysts [16—18]; however, there are
no data on the esterification of malic acid using
heterogeneous catalysts. Thus, the aim of this work
is to select an effective heterogeneous catalyst for the
esterification of malic acid to produce esters of high
purity.

MATERIALS AND METHODS

To synthesize esters, racemic DL-malic acid was
used with a base substance concentration of at least
99.3%, along with CP grade n-butyl alcohol with a
purity of at least 99.8%. AR grade benzene was used
as an azeotroping agent. As catalysts, this experiment
used concentrated sulfuric acid (98% solution), CP grade
orthophosphoric acid with a purity of at least 85%,
pure grade p-toluenesulfonic acid, KU-2 FPP, KIF-T,
and sulfocationic catalysts Amberlyst 36 Dry and
Amberlyst 36 Wet.

Before synthesis, p-toluenesulfonic acid was
purified in a similar method as in [19]. The catalysts
KU-2 FPP (moisture content no more than 30%)
and KIF-T (moisture content no more than 30—60%)
were crushed to the size of 1-2 mm and used without
additional drying. Amberlyst 36 Dry (water content
no more than from 1.5 to 2%) and Amberlyst 36 Wet
(moisture content no more than 53—59%) were also
used without additional drying.

Esterification of n-butyl alcohol with malic acid
proceeded according to the scheme in Reaction 1.

A 250 ml round-bottom flask equipped with a
Din—Stark trap and a Liebig condenser was filled with
10 g (0.07 mol) of malic acid, 4% molar excess volume
of alcohol (22 ml of n-buthanol), 40 ml of benzene,
and 1 wt % of'the tested catalyst. The resulting mixture
was boiled with azeotropic distillation of water until
the reaction ended. When using a homogeneous
catalyst, the reaction mixture was first washed with a
solution of sodium bicarbonate to neutralize the acid,
then with distilled water to a neutral pH. When using
a heterogeneous catalyst, it was filtered. The resulting
reaction mass was distilled at a residual pressure

Reaction 1
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of 50 mm Hg for separation of benzene and excess
butyl alcohol. Pure ester was extracted by fractional
distillation at a residual pressure of 13—15 mmHg.
The boiling point of dibutyl ester of malic acid is
185—-186°C.

RESULTS AND DISCUSSION

The analysis of the reaction mass and the obtained
esters was performed using gas—liquid chromatography
on the Chromatec Analytic Kristall-2000M
chromatograph, equipped with a flame ionization
detector and a capillary column with a grafted non-
polar phase DB-1, 100 m x 0.2 mm x 0.5 um. The analysis
parameters were as follows:

1) The column temperature was 150°C during
the first 20 min, then the column temperature rose up
to 260°C with a heating rate of 5°C per minute.

2) The injector temperature was 250°C.

3) The detector temperature was 280°C.

4) The carrier gas was helium, split ratio 1/40.

The sample volume is 1 pl.

A typical chromatogram of malic acid dibutyl
ester is shown in Fig. 1.

The chromatogram clearly shows two peaks
next to the main product. To identify these peaks, an
analysis was conducted using a Finnigan Trace DSQ
mass spectrometer via electron impact ionization, set
at 70 eV, using the National Institute of Standards
and Technology (NIST) 2002, Xcalibur 1.31 Sp 5
database'. During the analysis, a 30 m long ZB 5MS
capillary column with a weak polar phase and an
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Fig. 1. Chromatogram of malic acid dibutyl ester.

inner diameter of 0.32 mm was used. The injector
temperature was set at 250°C, and the transfer line
temperature was setat 280°C. The column temperature
was initially 80°C during the first 1 min, followed by
a temperature elevation rate of 10°C/min until 300°C.
The carrier gas was helium, set at a flow rate of
1.3 ml/min.

According to the NIST database, the peak at 34 min
was attributed to the maleic acid dibutyl ester (Fig. 2),
the peak at 36 min was attributed to the fumaric acid
dibutyl ester (Fig. 3), and the main peak at 38 min
was attributed to the malic acid butyl ester (Fig. 4).

The formation of maleic and fumaric acid esters
is possible by two means. The first option is the
esterification of the corresponding unsaturated acids
contained as impurities in malic acid, by butanol, as
represented in Reaction 2.

0
Hac/\\/\o)K/\u/ ~—"_-CHs
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Fig. 2. Mass spectrum of maleic acid dibutyl ester.

! NIST Chemistry Webbook, SRD 69. Available from: webbook.nist.gov/chemistry/ (Accessed September 20, 2017). https://doi.

org/10.18434/T4D303
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Fig. 4. Mass spectrum of malic acid dibutyl ester.
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Reaction 2
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At the same time, the content of maleic acid
dibutyl ester should be significantly higher since this
acid is the main impurity in the initial material.

The second option is either the dehydration of malic
acid followed by esterification, as shown in Reactions
3 and 2, respectively, or dehydration of the malic acid
esters themselves, as shown in Reaction 4. The more
likely product in this case is fumaric acid ester.

The yields of butyl ester of malic acid
were as follows: 71% for sulfuric acid, 68% for
orthophosphoric acid, 56% for p-toluenesulfonic
acid, 70% for Amberlyst 36 Dry, and 86% for KU-2
FPP. When using the Amberlyst 36 Wet and KIF-T
catalysts, the reaction mass was tarred during the
synthesis process, so that it was not possible to obtain
a pure ester when using these catalysts. Impurities of
maleic and fumaric acid esters were present in all the
samples and were obtained in different amounts. The
amount of maleic acid esters exceeded the content of
fumaric acid esters, indicating that their formation
occurred in the second option.

To assess the activity of the studied catalysts,
several experiments were conducted under identical
initial conditions; the temperature was set at 85°C,

Malic acid

H
o / HO
OH -H,0
HO
OH O H
o}

h\

the amount of catalyst was 1 wt %, and the synthesis
time was 80 min. The reaction mass was analyzed,
and the conversion of malic acid was calculated. The
composition of the final products was also analyzed
after isolation and purification, according to the method
described above. The results are given in the table.

The results show that the conversion of malic
acid, as expected, is maximal on sulfuric acid. The
conversion on Amberlyst 36 Dry is comparable to the
conversion on p-toluenesulfonic acid. The decrease in
malic acid conversion when using Amberlyst 36 Wet
is due to the smaller number of active centers than
Amberlyst 36 Dry (a limitation of the water content
in the catalyst). Orthophosphoric acid, KU-2 FPP, and
KIF-T had the least catalytic activity in the reaction
of malic acid esterification during the considered
time period.

When the finished products were isolated, the
content of byproducts did not change significantly.
The table shows that using sulfuric acid as a catalyst
yields the highest percentage of impurities. When
using the other catalysts, except for Amberlyst 36 Wet
and KIF-T, the concentration of maleic and fumaric
acid esters is approximately the same level and is

w
0 OH

Maleic acid

OH
HO =

o]
Fumaric acid

Reaction 3

+

H
o) /
PN O\/\/CH3
HaC o] H'

(e}
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Malic acid dibutyl ester

0o
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Fumaric acid dibutyl ester

Maleic acid dibutyl ester

Reaction 4
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Analysis of reaction mass and product on different catalysts

. . Concentration of the product after purification, %
Catalyst aggn:te;(s)l(;li::lflg: l(1yc0 Fumaric acid
> Byproducts dibutyl ester Main product

Sulfuric acid 95.0 0.9 12.6 86.5
Orthophosphoric acid 15.9 0.05 1.15 98.8
p-Toluenesulfonic acid 45.4 0.2 1.1 98.7
Amberlyst 36 Dry 47.1 0.05 1.25 98.7
Amberlyst 36 Wet 30.8 Tarring of the reaction mass

KU-2-FPP 14.3 0.06 1.24 98.7
KIF-T 5.98 Tarring of the reaction mass

1.2-1.3 wt %. Regarding Amberlyst 36 Wet and KIF-T,
the tarring of the reaction mass may be associated with
higher catalytic activity in the dehydration reaction and
possible oligomerization of unsaturated acids, although
the main parameters, i.e., total static exchange capacity
and surface area, of Amberlyst 36 Wet and Amberlyst
36 Dry are almost equal.

Overall, these results show that, among the
catalysts tested in this study, Amberlyst 36 Dry yields
higher conversion and selectivity in the malic acid
esterification process.

CONCLUSIONS

The results of this study show that during the
esterification of malic acid with butyl alcohol of
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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.
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MeToaoM Dypbse-UK-cniekrpockonnmu
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IMenu. B cmambe npoaHAIU3UpPO8AHO 8AUSTHUE NPOUecca MOOUDUKALUL HA 2pYnnogoll cocmaes
bumyma u BUMYMHBLX BIIKYUUX, COOEPIKAULUX PE3UHOBLLU NOPOULOK U 2UubpUOHbLI Modugura-
mop Ha ocHoge 6YymadueH-CMuUpOabHO20 MEPMOINACMONAACMA U pe3uHo8oll Kpowku. Llenvto
uccnedogaHust 6blLlo onpedeneHue HaIuUUUsL UAU Omeymemaeust QYHKYUOHANIbHbIX 2pynn, ompa-
HKAOWUX HANPABIEHHOCMb (PUBUKO-XUMUUECKUX NPOYUECcco8 Npu NOAYUeHUU 2UOpUOH020 MOOU-
uramopa 8 pomopHbsLX ducnepaamopax u npu MoOUPUKAUUU OUMYMHBLX BSLOKYULUX.
Memooubt. Pe3urosblii nopoulok U 2ubpudHsblil MoOUpUIKAMOp NOAYUEHbL MeMOOOM 8blCOKOMEM-
nepamypHozo c08U208020 USMENbUEHUSL HA pPOMOPHOM ducnepeamope. Bumymbl u MoOUPUUUPO-
8AaHHblE BUMYMHbBLE 8SLKYUUE UCCTE008AHbL MEMOOOM UHGPpaKpacHoii cnekmpockonuu ¢ Pypve
npeobpasogaruem. C noMouibio Memooa 8bluumaHust CneKmpos YyCmaHoe/leHOo, WMo 8 npouecce
U320MOBNAEeHUSL MOOUPUUUPOBAHHBLX OBUMYMHBIX BSIKYULUX NPOUCX00SIM CMPYKMYpHble U3Me-
HeHusl KaK 8 bumyme, mak u 8 moouguxkamopax. B pabome marixe npogedeHa sKCMpaKyus
MOOUPUKAMOPO8 (PE3UHOB020 NOPOUUKA U 2UOPUOHO20 MOOUPUKAMOPA) 8 MOSYOSE.
Pesynemameul. [Ipogeder KoAUUECMBEHHbLU AHANU3 USMEHEHUL, NPOUCXO0SUUX 8 2PYNNO8OM
cocmasge moougpuramopos 00 u nocie npouedypsl moougurayuu. OnpedesieHbvl AaKMUBHBLIL No-
JAUMepHbLIL U cmpyKkmypHbLil uHOeKcbl. OmmeueHa obuast meHOeHYUs. 8 USMEHEHUU AKMUBHO20
NOIUMEPHO20 U CMPYKMYPHO20 UHOEKCO8 OJIsl UCXOOHbLX CNeKmpo8 pe3uH08020 NOPOUUKA U 2u-
6pUOHO020 MOOUDUKAMOPA U UX CNeKMPOo8, NOAYUEHHbLX NOCAE NPOUEOYPbl BLILUMAHUSL U3 CNeK-
mpo8 bUMYMHbBLX 8SLKYWUX cnekmpa bumyma.

Buleoowst. [ToomeeprkdeHa 83aumooudpysus apomamuueckux coeOuHeHUll mMeskoy bumymHoil
cocmasnsiiowell U uacmuyamu moougurkamopos. Ha ocHogaHuu pe3yibmamoe skempakyuu Mo-
Juguramopos 8 moayone u ¢ yuemom oaHHoix HK-cnekmpockonuu HatioeHo, umo 8 npouecce
npouszgoocmaa 2ubpudHo20 MOOUPUKAMOPA COBMECTMHBIM COUBMENbUEHUEM PE3UHOB0U KPOULKU
u 6ymaodueH-CmuposibHO20 MEePMOINACMONAACIA MEHKOY HUMU NPOUCXOOUM XUMUUECKOe
e83aumodeiicmsue.

Knroueevle cnoea: 6umym, pesuHO-NOSUMEPHbLE KOMNO3UMbL, pPe3UuUHO8ble NOPOULKU,
HK-cnexmpockonusi, bumymHoble ssokyuiue, 2ubpudHoslii moduguramop, gblcokomemnepamypHoe
co0suz080€e usMenbUueHue, CmpyKkmypHlil uHOeKe, Memoo 8blUUMAaHUsL CNeKmpos.

Jna yumuposanusa: Topneesa U.B., Mensauko JI.A., Top6aroa B.H., Pesanuenxo [1.C., Haymona FO.A. MccnenoBanme
BIIMSTHHS TIpoIiecca MoAN(HKAIIMK Ha TPYNIOBOH cocTaB Outyma n Moaupukaropos merogoM Dypee-UK criekrpockonuu. Tonkue
xumuueckue mexronoeuu. 2020;15(2):56-66. https://doi.org/10.32362/2410-6593-2020-15-2-56-66
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Investigation of modified bitumen binders ...

INTRODUCTION

In recent years, both in Russia and around the
world, traffic has considerably increased. Therefore,
the quality of binder for pavements remains relevant
because the contribution of binder to the formation
of main coating defects is between 40 and 90% [1].
Moreover, numerous studies [2—5], which have been
conducted in different countries, show that unmodified
bitumen does not provide the proper quality of road
surfaces under the conditions of modern heavy traffic.
A prerequisite for creating a high-quality asphalt
concrete pavement is to modify bitumen binder [6—8].

Thermoplastic elastomers (TPEs) and rubber
powders (RPs) are mainly used as bitumen modifiers;
in addition, attempts have been made to create hybrid
modifiers (HM) [9-13].

Modifiers, depending on the technology of their
addition into bitumen, are divided into two groups:

1) Modifiers that are designed to improve bitumen
properties prior to the preparation of the asphalt mix
by “wet” modification, which involves the stage of
continuous cooking of bitumen at high temperatures
(usually higher than 180°C). The modification
efficiency in this case is achieved by increasing the
degree of dispersion of modifiers in bitumen using
high-speed mixers.

2) Modifiers that are designed to improve the
performance of the asphalt mix by “dry” modification.
In this case, the need for long and energy-intensive
stages of obtaining modified bitumen binders is
eliminated. Modifiers are introduced into the asphalt
mix at the time of its preparation in the asphalt
mixer. Such modifiers include RP and HM, which
are obtained by high-temperature shear grinding.
The modification efficiency is achieved by the fast
deagglomeration of RP particles or a hybrid modifier
upon contact with hot bitumen [6, 14-16].

The first group includes almost all known
modifiers. Hybrid binders are mainly obtained by
the “wet” method. However, the Federal Research
Center of Chemical Physics of the Russian Academy
of Sciences has developed a unique hybrid modifier
that can be introduced by the “dry” approach, which
is similar to the introduction of RP (2nd group
modifiers). This approach became possible owing
to the joint co-grinding of rubber crumb (RC) and
styrene—butadiene thermoplastic elastomer (SBTPE)
by high-temperature shear grinding (HTSG).

In this study, infrared (IR) spectroscopy was
used to study bitumen, modifiers, and modified
bitumen binders. This method allows you to record
changes in the group composition and structure of
bitumen materials in the process of their modification
[17-19]. The aim of the study was to determine the

functional groups, the presence or absence of which
reflects the physicochemical processes occurring
upon receipt of hybrid modifier in rotary dispersants
and upon the modification of bituminous binders. To
achieve this goal, we used the OMNIC software, with
which we performed the procedure of subtracting
the spectra of bitumen and modifiers from the
spectra of modified bitumen binders. RP and hybrid
modifier were extracted with toluene to establish the
presence of chemical interaction between rubber and
thermoplastic elastomer in the process of obtaining
the hybrid modifier by the HTSG method.

MATERIALS AND METHODS

As initial bitumen, BND 60/90 was used, which
is recommended for use in road climatic zones
II-V. The actual values of the physicochemical
parameters of initial bitumen BND 60/90 (Slavneft-
Yaroslavnefteorgsintez,  Yaroslavl, Russia) are
presented in Table 1.

The bitumen modifiers used in this study are rubber
powder, which is based on used tires STO 11101543-
006-2015 (RP studied), and a hybrid modifier obtained
by co-grinding RC (cascade production method)
and styrene—butadiene thermoplastic elastomer
STO 11101543-008-2015 (GM studied). The main
characteristics of dispersed elastomeric modifiers are
given in Table 2. These modifiers were obtained by
the HTSG method on modern installations in rotary
dispersants (patent 2612637 Russian Federation,
B29B13/00). The raw material for producing dispersed
modifiers was RC with a particle size of >1 mm TU
2511-002-56465277-14 (Oris  Prom, Dzerzhinsk,
Moscow oblast, Russia). To obtain GM, we used a
mixture of initial RK and SBTPE of the SBS 30-01 L
brand (Voronezhsintezkauchuk, Voronezh, Russia).

The composition of bitumen binders studied in
this study by IR spectroscopy is presented in Table 3.

The samples of RBB and HBB were obtained by
mixing bitumen and modifiers obtained by the HTSG
method at 160°C for 10 min at the rotation speed of
the mixer blades of 600 rpm.

The effect of the modification process on the
group composition of bitumen was studied using
a Nicolet™ iS5 FT-IR Spectrometer from Thermo
Scientific™ (USA) with an iD3 ATR Plate.

RESULTS AND DISCUSSION

Using IR spectroscopy, we obtained the spectra
of initial unmodified bitumen BND 60/90, rubber-
bitumen, and bitumen binders containing HM,
as well as the spectra of modifiers (i.e., RP and
hybrid modifier obtained by the HTSG method).
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Table 1. Physicochemical characteristics of BND 60/90

Parameters Norm according to GOST 22245-90 Actual value
Penetration grade of unaged binders, 0.1 mm:
at 25°C 61-90 74
at 0°C >20 22
Softening point of unaged binders, °C >47 49
Ductility, cm:
at 25°C >55 88
at 0°C >3.5 3.7
Fraass breaking point, °C <15 =22
Flash point, °C >230 276
Changing the softening point after hardening, °C <5 5
Penetration index -1.0++1.0 -0.4

Table 2. Characteristics of disperse modifiers

Parameters Units RP studied HM studied
Average particle size pm 270 250
Specific surface m%/g 0.237 0312
Bulk density g/em’ 0.36+0.5 032+0.5
Humidity % by weight, no more than 4 32
Residue on the 0.63-mm sieve %, no more than 2 2
Agglomeration index no less than 8 8

Table 3. Compounding composition of the investigated bituminous binders

Sample cipher Sample Modifier type Ratio BND/modifier, mass %
1 Bitumen (BND) - 100/0
Rubber-bituminous Rubber powder obtained
2 binder (RBB) by high-temperature shear
grinding (HTSG)
90/10
3 Hybrid bituminous Hybrid modifier obtained by
binder (HBB) HTSG
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A comparative analysis of the modifying action
of the RP and hybrid modifier was carried out by
comparing the spectra of bitumen and its modifiers
before and after the modification of bitumen. Thus,
the spectra of bitumen or the spectra of RP and HM
were subtracted from the spectra of modified binders,
and the results were compared with the spectra of the
initial components of modified bitumen binders.
During the first stage, a change in the composition
of bitumen after its modification with RP and hybrid
modifier was evaluated. The resulting spectra
obtained by subtracting the spectra of the original
modifiers from the spectra of modified bitumen
binders (samples No. 2 and 3) are shown in Fig. 1.
The qualitative analysis of the spectra is shown
in Fig. 1, which demonstrates that the structure of the
bitumen component changes during the formation
of binders. A considerable change in the group
composition of aromatic compounds in bitumen is

observed. After bitumen modification with RP (Fig. 1a),
the absorption bands of m-xylene (753 cm™') and
p-xylene (781 cm™) degenerate, and the bands of
aromatic compounds at 1600 cm™' and the band of
aromatic triplet of bitumen (746 cm™') disappear.

The absorption spectrum related to the paraffin—
naphthenic fraction (e.g., at 1030 cm™) is not
observed in the spectrum of the bitumen component
obtained by subtracting the spectrum of RP from
the RBB spectrum. The presence of six-membered
aromatic cycles can be detected in bitumen only after
modification (peak at 1892 cm™ [20]).

The presence of active radicals on the surface
of RP leads to a change in the group composition of
oxygen-containing compounds. Thus, the absorption
bands of anhydrides and esters degenerate (1771 cm™! and
1752 cm™!, respectively); however, a band appears,
which corresponds to the stretching vibrations of the
CO group (1243 cm™, acetates).
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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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The nature of changes in the structure of bitumen
after modification with a hybrid modifier (Fig. 1b)
is similar to the changes caused by the introduction
of RP. The group composition of paraffin—naphthenic
hydrocarbons changes at 1030 cm™', when the
absorption band present on the spectrum of initial
bitumen degenerates in the spectrum of the bitumen
component after modification [21].

When using a hybrid modifier, changes are
observed at 900-600 cm™', which are related to
aromatic compounds. The degeneration of bands
of individual aromatic compounds (746, 753, and
804 cm™) as well as bands at 1600 cm™ and 1892 cm™,
which characterize five- and six-membered cycles
of aromatic compounds [21-23], takes place.
Modification with a hybrid modifier leads to the
appearance of an absorption band at 1243 cm™
(acetates, phenols).

In the bitumen component of modified binders,
both in the case of RP and HM, a band at 1043 cm™ is
observed, which corresponds to compounds containing
the S=0 group (R-SO*-type compounds).

A distinctive feature characteristic of spectra
obtained using only HM is the presence of an
absorption band at 700 cm™!, which corresponds to the
S(CH) group of the aromatic ring (polystyrene) and to
the absence of a band at 1016 cm™, which indicates
the presence in the sample of sulfur compounds in the
form of R-SO-R structures.

A similar procedure for comparing the spectra
of initial modifiers with the spectra obtained by
subtracting the spectrum of bitumen from the spectrum
of modified bitumen binders showed that the changes
in the set of functional groups according to their
assortment and peak intensities are insignificant. The
main feature of the spectra of modifiers, both for RP
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and HM, after contact with bitumen is the appearance
of peaks in the low-frequency region corresponding
to aromatic compounds (645, 680, 773, 798, 841, 881,
946 c¢cm™), which confirms the diffusion of aromatic
hydrocarbons from the bitumen component into the
volume of modifiers [23].

On the basis of the obtained data, the second
stage of this study was dedicated to studying the effect
of bitumen modification on the physicochemical
processes occurring between RC and TPE upon the
receipt of a hybrid modifier. To solve this problem,
a comparative analysis of the resulting spectra was
obtained by subtracting the spectrum of the RP from
the spectrum of the hybrid modifier before and after
bitumen modification (Fig. 2).

In the spectrum before modification (blue line),
shown in Fig. 2, the absorption band of the 3(CH)
group of the aromatic ring (styrene) at 700 cm™' and
the band characterizing the presence of C=C double
bonds (965 cm™') are observed [22, 23]. After the
bitumen modification procedure, the intensity of these
peaks considerably decreases, which is associated
with the occurrence of diffusion processes during the
transition of unsaturated compounds to bitumen.

For the quantitative analysis of the spectra of
modified bitumen binders, the method described in
[24] was applied. This approach is based on the fact
that during modification, the intensity and nature of
the peak at 965 cm™!, which is related to trans-alkanes,
noticeably changes. It was also established that the
absorption band at 810 cm™', which characterizes
C-H bonds in aromatic compounds, remains almost
unchanged; therefore, it is considered to be a
constant value (Fig. 3). The parameter that describes
the quantitative changes that occur in the modified
bitumen binder and in HM during the modification

700.12

965.41

| |

}\/ V

2200 " 1600 1000

Wave number (cm‘1 )

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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process is the active polymer index (API), which is
calculated by the following equation:

API = s

810

where S is the peak area at 965 cm™, and S, is the

peak area at 810 cm™'.

0.008 |
_ 810

0.006

gﬁ |

g _ /
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f; '\\,/ 965 \
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O 0.002 ‘\\¥J¥f\,
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Fig. 3. Determination of peaks for calculating API using
HBB as an example.

In [25], for the quantitative analysis of MBB,
the structural index (relative optical density) I, .,
is used, which equals to the ratio of the peak area at
965 cm! to the total area of the region between 2000 cm™!
and 600 cm ™

S 965

Z A) 2000-600

The results of the quantitative analysis of the spectra
of modified bitumen binders are presented in Table 4.

The analysis of the data shown in Table 4 allows
us to note the general trends in the change in API and
I, ., in the initial spectra of RP and hybrid modifier
and their spectra obtained after the procedure of
subtraction of the spectrum of bitumen from the

I —

CH=CH

spectra of bituminous binders. The higher values of
these indicators for a hybrid modifier compared to RP
are natural and are associated with the presence of the
polybutadiene component of SBTPE.

The reverse picture observed in the analysis of
the RP and HM spectra after obtaining bituminous
binders, which allows us to make an assumption about
the possible chemical interactions between RC and
TPE during their grinding. When analyzing the spectra
of modified bitumen binders, considerably lower
numerical values of API and I ., ., were obtained. This
can occur due to the lower concentrations of modifiers
in the binder (bitumen/modifier is 90/10 mass %) and
the incorporation of part of the free low molecular
weight polymer component of the modifiers into the
formed structure of the bitumen binder. A decrease in
the structural index I, ., of the hybrid modifier after
modification confirms the data from the qualitative
analysis shown in Fig. 2. This means that during
the manufacturing process of the hybrid modifier,
a noticeable physicochemical interaction occurs
between the starting components.

To identify the presence of a chemical interaction
between RC and TPE during the process of obtaining
a hybrid bitumen modifier by the HTSG method,
styrene—butadiene thermoplastic elastomer was
extracted from the HM sample. The initial RP and
hybrid modifier obtained by the HTSG method were
placed in toluene and kept there for 14 days. After
filtration, the samples were dried and weighed.
Samples were dried at constant temperature and
humidity. The drying time was determined by
achieving a constant mass value of the extracted
samples with an accuracy of £0.001 g. The test results
are shown in Table 5.

Table 5 shows that most TPE (>75% for GM 5/95
and >85% for HM 20/80) that are dissolved in toluene
are added to hybrid modifier, which confirms the
presence of interaction between the polymer and RC
during their co-grinding in a rotary disperser.

Table 4. Quantitative analysis of the spectra of MBB and modifiers

Sample Active polymer index (API) Structural index 7, .
Before modification
RP 1.466 0.0277
HM 3.245 0.0443
After modification
RP 0.2400 0.0086
HM 0.2110 0.0052
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Table 5. Results of the extraction of RP and thermoplastic with toluene

Modifiers/styrene-butadiene thermoplastic elastomer (TPE)

content, mass %

Parameters

RP HM

0 5 20
Sample mass, g 0.1207 0.1915 0.1984
Mass of the sample after extraction, g 0.1128 0.1723 0.1543
Mass of substances extracted with toluene, g 0.0079 0.0192 0.0441
Mass fraction of substances extracted with toluene, % 6.54 10.02 22.23
Mass fraction of TPE extracted with toluene, % - 3.81 17.0

CONCLUSIONS

The use of the method of subtraction of spectra made
it possible to evaluate the structural changes occurring
in bitumen and its modifiers during the manufacturing
of modified bitumen binders. It was determined that
using such modification, aromatic hydrocarbons diffuse
from the bitumen component to modifier particles.
During the modification process, six-membered cyclic
aromatic compounds are formed in the bitumen part;
the composition of paraffin—naphthenic hydrocarbons
is changed, and sulfur compounds are formed and
“transferred” from the particles of modifiers to bitumen.
Thus, in this study, the phenomenon of interdiffusion
between bitumen and modifiers (RP and HM) was
confirmed by IR spectroscopy.
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Molybdenum(VI) oxide: New methods of synthesis
and properties
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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 MoO,H,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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Molybdenum(VI) oxide: New methods of synthesis and properties

Oxcua mosuoaena(VI): HoBbie MeToabl CMHTE3A U CBOICTBA

E.E. Hukumnua®, E.H. Aebenena, [I.B. Ilpo6oT

MHPSA — Poccuiickuil mexHono2uueckuil yHusepcumem (MHcmumym moHKUX XUMUUECKUX MeXHO. 102Ul
umeru M.B. Aomonocosa), Mockea, 119454 Poccusi
@Aemop ons nepenucku, e-mail: helena_nick@mail.ru

ITenu. Llenwvto pabomebl bbLna pazpabomra HO8bLX Memo0o8 cuHmesa okxcuoa moauboeHa(VI), sensio-
uie20cst NPeouecCmeeHHUKOM 015t CUHMe3a (PYHKUUOHAIbHbIX MAMEPUAIIO8 HA €20 OCHO8e, A MAKIKe
uccnedosaHue huaUKO-XUMUUECKUX C80TICME NOYUEHHbIX (has3.

Memoobst. CunmesupogarHbsle pasvbl U NPOOYKMblL UX MEPMOAUSA USYUALU Memodamu OuUg-
epeHyuanbHo-mepmuueckozo aHanusa, HK-cnekxmpockonuu, peHmeeHogda308020 GHANU3A,
epaHyiomempuul.

Pesynemamel. Pazpabomarbl mpu memooa cuHmesa oxcuoa monuboerHa(VI) u uccnedosarvl gpu-
BUKO-XUMUMECKUX C80TICMmE8a NOAYUEHHbIX OKCUOHbLX ¢pas. Tlepablii cnocob 3aKiioUancst 80 83aUMO-
delicmeuu NeHmMax1opuoa MOAUOOEHA C PACMBOPOM AMMUAKA KOHueHmpauuet 6.0-9.5 monv/n,
emopoti — 80 gzaumodelicmauu NEHMax1opuda HUObUSL ¢ PACMEOPOM CEPHOUL KUucombl, mpemuil —
80 83aumoldelicmeuu MoaUbOamMa AMMOHUSL ¢ a30mHol Kuciomotl. B nepeom cnyuae obpaszosancst
audporcud monuboera(V) MoO(OH), 6ypozo usema, 60 6mopom cayuae Habnodanioce obpasosarue
ocadka spKo-cuHe20 ueema — moauboerosoil curu MoO, .., 8 mpemvem cayuae 06pasoeancs auopa-
muposarHblil okcud MoO,'H,O 6enozo ysema.

Bwbteo0owsl. /[uhpepeHiuaibHO-MepMULecKUll U peHmeeH0a308blil AHAUSbL NOKA3AIU, MO 80 8CeX
cnyuasx obpasybl npedocmaensirom coboti amopgpHote gpasel. Tepmuueckas obpabomra (T = 580 °C)
CUHMEe3UPOBAHHbLX ha3 npusooum K ob6paz0eaHu0 mpuokcuoa moauboeHa pombuueckoil moougu-
rayuu. [Ins ecex npooykmog mepmoausa paccuumaHsbl Napamempsbl peuemrKu U peHmeeHO8CKast
nnomrocme. IIposedeHo uccnedosaHue BAUSIHUSL MepMUUEecKoll 0bpabomKku Ha pazmep Yacmul, CUH-
Me3upo8aHHbLIX 00pA3U08 U NPOOYKMo8 ux mepmonusa. I paHynomempuueckuti aHAAU3 NOKA3AT,
Ymo & 3a8UCUMOCMU OM CNOcoba NONYUEHUSE MPUOKCUOA MOSUOOEHA, 06pa3yromest Uacmuybl pa3Hoeo
Juamempa. Haumenvwiuii pazmep uacmuy, (0.3-0.6 mrxm) obHApYIKEH Y MpPUoKcUOa MoauboeHa —
npooyxma mepmoausa obpasya, NoAYyueHHo20 npu 83aumooeticmseull NeHMaxao0puoa mMoauboeHa c
KOHUEHMPUPOBAHHBLIM PACMEOPOM AMMUAKA.

Knroueesvte cnoea: monuboeH, okcudsvl, mepmuueckuil aHANIU3, PeHmzeHOpas308bllil aAHANAUS,
HK-cnexkmpockonus, 2paHysiomempuieckuil AHaIuU3s.

Jna yumuposanus: Hukummaa E.E., Jlebenesa E.H., [Ipo6or [.B. Oxcun momnbaeHa(VI): HoBbie MeTombI CHHTE3a U CBOUCTBA.
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INTRODUCTION
3200 T 5 ]
Molybdenum forms compounds having a wide T’K<\2\890K L \| L+G
variety of metal oxidation states, which results in 2700 (M(;)-TIL‘\ _____ L+Moil)~2573k
oxide phases that are characterized by a rich chemistry. 2200 2423K ETE 2 [[M0O: ni0,
Despite the increased interest in the oxide phases TMLOZ G
of molybdenum, especially in MoO, and MoO,, the {7q¢ - i¢
available information about their properties is still Mo+MoO, | L
scarce. Further study of the oxides of molybdenum 1200 1091 Koo
is essential for the development of new applications fi ( Moé?}\:g'oltc
in modern industry. In particular, these compounds 700 MowOn|—] /";I‘i"g"o :
are potential candidates for efficient electrochemical 200 | )
energy storage systems due to their unique physical Mo 10 20 30 40 50 60 70 8 90 O

and chemical properties such as conductivity and
mechanical and thermal stability [1-4].

Figure 1 shows the phase diagram of the
molybdenum—oxygen system.

at.% O

Fig. 1. Phase diagram of the molybdenum—oxygen system [5].
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The stable oxides of this system are the a-phase
of molybdenum trioxide (M0O,) and the é-phase of
molybdenum dioxide (MoO,). Additionally, there are
eight phases of intermediate composition between
MoO, and MoO,: Mo,0O,, Mo,O,,, Mo O ., Mo.O,,
Mo,0,,, Mo,0O,,, Mo O, and Mo O,,. These phases
have a pronounced nonstoichiometry, and most of
them are unstable. For example, the Mo,O, phase
disproportionates into MoO, and MoO,. The bonds in
oxides are mainly ionic, but also partially covalent;
the volatility of oxides confirms the covalent nature
of their bonds [5-8].

Molybdenum(IV) oxide crystallizes in a distor-
ted rutile-type monoclinic lattice (¢ = 0.5611 nm,
b = 0.4856 nm, ¢ = 0.5628 nm). This oxide has a
chain structure consisting of MoO, octahedra that are
connected by common edges and vertices (Fig. 2) [5, 9].

Molybdenum(VI) oxide consists of white,
green-tinged, flat rhombic crystals (¢ = 0.3963 nm,
b = 13855 nm, ¢ = 0.3696 nm) with a layered
structure. In the MoO, molecule, the coordination
number of molybdenum is six. Its structure, which is
similar to that of crystalline ReO,, is constructed from
coordination polyhedra that can be joined by vertices,
edges, or both. The unequal number of molybdenum—
oxygen bonds connected by vertices and edges leads
to a strongly distorted octahedral coordination around
the metal centers. Each molybdenum atom is located
in the center of a MoO, octahedron and surrounded
by six oxygen atoms, which are located at the vertices
of the octahedron. MoO, has several polymorphic
modifications (Fig. 3): the most thermodynamically
stable phase a-MoO, (Pnma space group), the

11°

V' W WX
R oﬂ‘yVﬁ‘
9,08

i?‘ T

i
%ﬁ@

L, t

metastable modification f-MoO,, and /#-MoO,. In
the a-MoO, and A-MoO, modifications, the MoO,
octahedra are linked to each other by both vertices and
edges, whereas they are linked only by the vertices in
f-MoO, [5, 10-12].

The unique layered structure of MoO, renders
it a promising material for anode and cathode in
electrochemical capacitors [4]. Catalytic materials
based on MoO, have been used in processes such as
methanol oxidation, isomerization and hydrogenation
of olefins, and oil refining (cracking, hydrotreating,
and reforming) [13, 14]. Currently, the production
of MoO,-based materials is carried out via a limited
number of methods including chemical deposition,
hydrothermal process, sol-gel method, or chemical
vapor deposition [15-20], most of which require high
temperatures and pressures.

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].

Fig. 3. Structures of polymorph modifications of molybdenum trioxide:
a) a-MoQ,, b) f-MoO,, ¢) #1-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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The aim of this work is to explore new methods
for the synthesis of molybdenum(VI) oxide, which is a
precursor for the synthesis of functional materials, as
well as to study the physical and chemical properties
of the resulting phases.

MATERIALS AND METHODS

The precursors used in this work were
molybdenumpentachloride (qualificationACS, Merck,
Germany), ammonium molybdate (qualification AR,
Merck, Germany), sulfuric acid (qualification CP,
GOST 4204-77, CHIMMED, Russia), nitric acid
(qualification ACS, GOST 11125-84, CHIMMED,
Russia), and ammonia solution (qualification ACS 25-5,
GOST 24147-80, CHIMMED, Russia).

Molybdenum oxide phases were obtained by the
three following synthesis methods:

* The first synthesis consisted in the reaction
of molybdenum pentachloride with a 6.0-9.5 mol/L
ammonia solution. In this case, a brown precipitate
was formed, which was indicative of the formation of
molybdenum(V) hydroxide MoO(OH), according to
reaction (1) as follows [21]:

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

¢ In the second synthetic procedure, a solution of
concentrated sulfuric acid was added to molybdenum
pentachloride. During this reaction, the formation
of a bright blue precipitate was observed, which
corresponds most likely to molybdenum blue.
This compound, in which molybdenum exhibits
the oxidation states +5 and +6, is usually obtained
by reducing molybdenum(VI) to molybdenum(V)
[22, 23]. In contrast, we oxidized molybdenum(V)
to molybdenum(VI) using sulfuric acid as a strong
oxidizer according to reaction (2):

4MoCl, +2H,S0, + 9H,0 — 4MoO, . + SO, + 20HCI (2)

* The third synthesis consisted in the reaction
of ammonium molybdate with boiling nitric acid as
follows:

(NH,),Mo0, + 2HNO, — MoO, nH,0 + 2NH,NO,  (3)

As a result, a fine white powder was formed.

Differential thermal analysis of the samples was
performed on a Q-1500 D derivatograph (F. Paulik,
J. Paulik, L. Erdey; MOM, Hungary) in air with
the simultaneous recording of four curves, namely,
differential (DTA), thermal (T), differential
thermogravimetric (DTG), and integral weight loss
(TG) curves using the software and hardware systems

developed by [P Tetran, Russia, in the LabVIEW
8.21 environment (National Instruments, Austin,
Texas, USA). The temperature was measured using
a PP-1 platinum/platinum-rhodium thermocouple
with an error of £5°C within a temperature range of
20-1000°C, at a heating rate of 10°C/min, and using
a-Al,0, as a reference sample.

X-ray diffraction (XRD) analysis was performed
on a Bruker D8 Advance diffractometer using CuK
radiation, continuous sample rotation (1°/min), and
step-by-step (step 26 = 0.02°, exposure 0.5 s/step)
mode in the angle range 20 = 5-80°. The International
Center for Diffraction Data—Joint Committee on
Power Diffraction Standards (ICDD-JCPDS) card
file was used for phase identification.

The X-ray density was calculated using the
formula:

pX—ray = M . ZV—X 1 66 > (4)

where M is the molecular weight, g/mol; Z is the
number of formula units; and ¥V is the volume of the
unit cell, A2,

In the case of the rhombic modification of
molybdenum trioxide (a # b # ¢, a = =y = 90°), the
following formula applies:

V=axbxc. ®)]

Infrared (IR) absorption spectra in the area of
3600-400 cm' were recorded on a Specord M80
spectrometer by using KBr pellets, with an error
below 3—4 cm™!.

Granulometric analysis for the determination of
the particle size distribution was performed using a
DelsaNano laser particle analyzer from Beckman
Coulter, USA. This device can measure particles
dispersed in a liquid in the measurement range from
0.6 nm to 7 um by diffraction method. The LS series
devices use laser light with a wavelength of 780 nm.

Heat treatment of samples was carried
out in a laboratory furnace TK-12.1250.H.1®
equipped with an automatic temperature controller
“Thermomatic-N.” The error of automatic control at
the nominal temperature was +1°C.

RESULTS AND DISCUSSION

The thermal transformations of the synthesized
phases were studied in the temperature range from 20
to 1000°C.

Figure 4 shows the DTA curves of the samples.

The DTA curves demonstrate the occurrence of
endothermic effects associated with a dehydration

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(2):67-76

70



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

50 100 150 200 250 300 350 400 450 500 55}) 06C(')0

9

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.

process. Inaddition, forthe sample obtained by reacting
molybdenum(V) chloride with a concentrated sulfuric
acid solution, the observed endothermic effects may
be associated with the wvolatilization of reaction
byproducts such as SO, and HCI. The presence of an
exothermic effect at 350-400°C (Fig. 4a) corresponds
to the oxidation process of Mo(V) to Mo(VI), which
was confirmed by the increase in the mass of the
sample during the annealing process. An exothermic
effect in the temperature range of 410—-460°C for the
sample obtained by the reaction between ammonium
molybdate and nitric acid (Fig. 4c) can be attributed
to the decomposition of the reaction byproduct, i.e.,
molybdenum oxonitrate MoO,(NO,),, to nitrogen
dioxide (NO,) and molybdenum oxide (MoO,). This
process was accompanied by a decrease in the mass
of the sample. Moreover, an exothermic effect in the
temperature range of 555-565°C can be assigned
to the crystallization of amorphous molybdenum
trioxide.

At temperatures above 600°C, a significant
decrease in mass was observed for all samples due
to evaporation of molybdenum(VI) oxide. According
to the literature, this compound begins to evaporate
below its melting point (in the range of 600-795°C).
Thus, a noticeable increase in pressure occurs at the
melting temperature (795°C) [24].

On the basis of the IR spectroscopy and XRD
results, we decided to anneal the samples at 580°C
because the mass of the samples remains constant at
this temperature, and the evaporation process has not
yet begun.

Similar absorption bands are observed in the IR
spectra of the three samples. In particular, the residual
absorption band in the region of 3600-3000 cm™!, with
a maximum at ~3465 cm™!, is attributable to valence
vibrations of hydroxo groups and water (Fig. 5) [25].
The absorption band at 993-987 cm! corresponds
to the Mo=0O bonds. This band is characteristic of
crystalline MoO,, in which each molybdenum atom
is surrounded by six oxygen atoms, thus forming a
MoO, octahedron [26]. The absorption bands in the
880-860 cm™' region correspond to symmetrical
Mo—-O—-Mo vibrations, and the absorption band at
820 cm™' corresponds to asymmetric Mo—O-Mo
vibrations of molybdenum trioxide, in which the
oxygen atom bridges two MoO, octahedra [27]. The
absorption band at 623-583 c¢m!' corresponds to
Mo O vibrations. In this case, the oxygen atom is
shared between three MoO, octahedra [27, 28].

Then, the samples were subjected to isothermal
annealing at 580°C for 15 hours. The annealing
temperature was selected according to the results of
differential thermal analysis; at 580°C, the loss of
mass was completed. The resulting phases were gray-
green powders.

To identify the obtained phases, the synthesized
samples and their thermolysis products were subjected
to an XRD analysis at 580°C. All the synthesized
samples were amorphous phases.

2'4_-1, rel. un.

2.2
2.0-_
1.8
1.6 3465
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1.2
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0.8 3465
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0.4 820
0.2 4 3462
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oA . T * T . 1
1250 1000 750 500
v,cm-

3500 3375

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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The XRD patterns of the thermal decomposition
products (T = 580°C) are shown in Fig. 6. In all cases,
the formation of a rhombic modification of molybdenum
oxide MoO, can be observed. The unit cell parameters
and X-ray density are summarized in table.

The influence of heat treatment on the particle
size of the synthesized samples and their thermolysis
products at 580°C was studied. Figure 7a shows the
particle size distribution of the sample obtained by
reacting molybdenum pentachloride with an ammonia
solution. The main fraction corresponds to a particle
size of 0.7-1.2 um (~90%). Upon heat treatment of
this sample, molybdenum trioxide having particles
of 0.3-0.6 um (~95%) was obtained (Fig. 7b).

Unfortunately, the determination of the particle size
of the sample obtained by reaction of molybdenum
pentachloride with a sulfuric acid solution was
hindered by its solubility in water.

Figure 8 shows the particle size distribution of
the thermolysis product of this sample. The main
fraction corresponds to a particle size of 0.6-0.9 um
(~95%).

Figure 9a shows the particle size distribution of
a sample obtained by reacting ammonium molybdate
with a nitric acid solution. The main fraction
corresponds to particles with a size of 3.0-5.0 pm (~90%).
During heat treatment of the sample, molybdenum
trioxide having two particle fractions, i.e., particles
of 0.7-1.0 pm (~80%) and 3.0-6.0 pm (~6%), was
obtained (Fig. 9b).

As can be seen from the particle distributions,

300!, % 10) the smallest particles were formed upon thermolysis
275] of the sample obtained by reacting molybdenum
250 200) %0 am pentachloride with an ammonia solution.
225 o11)  (600) (002) (020) o13
o1y 4(410) gs01)  (102) (112)(121)(810) (620)1000)1010) (302)
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Fig. 6. X-ray diffraction patterns of the products obtained 21
after thermal decomposition at 580°C for 15 hours of 0, : : :
03 04 050.60.7 1 2 3 4

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

Lattice parameters of the synthesized samples

ICDD-JCPDS data for MoO, (orthorhombic)

a=(1.382+0.001) nm

Synthesis 1 b=(0.3696 + 0.0005) nm
(molybdenum pentachloride ¢=1(0.3956 + 0.0005) nm
and ammonia solution) V'=202.07 x 10 nm?

Pray = 4.73 g/em?

a=(1.383+£0.001) nm a=1.3825nm
Synthesis 2 b=(0.3699 + 0.0005) nm b=0.3694 nm
(molybdenum pentachloride ¢=1(0.3960 £ 0.0005) nm ¢=0.3954 nm
and sulfuric acid) V'=202.70 x 103 nm? V'=201.93 x 103 nm?
Prrgy =454 g/em? Prrey = 473 glem’®
a=(13.817+0.01) nm
. . b=(3.694+0.001) nm
i}l/(rlltnhli;lz 2c(izr)nmon1um molybdate ¢=(3.959 % 0.005) nm
V'=202.07 x 10 nm*
Prrgy = 473 glem?’
gl % 1%
7. 10-
6 g
i 6
3 4
2,
1 21
O 4 5678910 20 30 04 06081 2 4 6 810
Particle diameter, pm Particle diameter, pm
a 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.

CONCLUSIONS

1. Oxide phases in the molybdenum—oxygen
system were synthesized following three procedures.
The first method consists in the heterophase reaction
of molybdenum pentachloride with a concentrated
ammonia solution, the second in the reaction of
molybdenum pentachloride with a concentrated sulfuric
acid solution, and the third in the reaction of nitric acid
with ammonium molybdate.

2. Using various analytical methods including
XRD, DTA-DTG, IR spectroscopy, and granulometry,
the physicochemical properties of the synthesized
samples and their thermolysis products were studied.

3. DTA and XRD analysis demonstrated that in all
cases the samples were amorphous phases. Heat treatment

at 580°C led to the formation of a thombic modification
of molybdenum trioxide. Lattice parameters and X-ray
density were calculated for all thermolysis products.

4. The results of granulometric analysis showed
that particles of different diameters were formed
depending on the synthetic method. The smallest
particle size (0.3-0.6 pm) was found in molybdenum
trioxide, a thermolysis product of the sample obtained by
reacting molybdenum pentachloride with a concentrated
ammonia solution.
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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.
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Pa3pa0doTka ¥ BaJIuganus MeToAa onpeae/eHust
crenu(puIeCcKoil AKTUBHOCTH PEKOMOMHAHTHOIO
MOHOKJIOHAJILHOI'0 AHTHUTEJIA IKYJIU3yMad

O.H. 3p10un’®, A.C. Ceperun?, A.ll1. AckpeTkoB', H.B. OpaoBa?, }J0.A. Ceperusn?,

A.H. IIpocTakosa®, [1.B. KanycTuu?

1000 «DbAPMAITIAPK», Mocksa, 117246 Poccus

?HUII «Kypuamosckuii uHcmumym — I'ocHHHeenemukxa», Mockea, 117545 Poccus
SHHcmumym 6uoopearuueckotl xumuu um. Axademuros M.M. Illemskura u FO.A. O8uuHHUKO8Q,
Poccuiickas akademus Hayk, Mockea, 117997 Poccus

@Aemop ona nepenucku, e-mail: zybin@pharmapark.ru

ITenu. IIpu noomeeprkdeHuu 6uonodobHocmu npenapamo8 Heobxo0umo co30aHuUe HAOEIHBLX U
MOUHBLX AHAAUMUUECKUX Mem0008 CPABHUMENbHBbIX UCCLe008GHUTL 0151 00KA3AMEe/lbCmaa CXo-
JKecmu npenapamog no pesyibmamam Pu3uKo-xumuueckux, buosiozuueckux (in vitro), doxau-
HUUeCKuxX U KauHuueckux ucnoimaHuii. OcHoeHoU 3adauell Hacmosiuell pabomol siensiemest pas-
pabomka u sanudayus memooa onpedeseHus. Cneyuguueckoll. aKkmueHocmu peKomMOouUHAHMHO20
MOHOKJIOHANILHO20 AHMUMeNa IKYausymao.

Memooutl. B pabome ucnonsb3o8aH Memoo Henpsamoz0 UMMYHOPEPMEHMHO20 AHAUSA.
Pe3synemamelt. Bnepsvle paspabomaH memoo onpedesneHust cneyuguueckoli akmugHoCmu 2yma-
HU3UPOBAHHO020 PEKOMOUHAHMHO20 MOHOKJIOHAILHO20 AHMUMeNA IKYAUIYMab U nposedeHa e2o
eanudayust. C ucnoavzosaHuem paspabdomaHH020 Memooa npogedeHa CPABHUMENIbHASL OUeHKA
cneyuguueckoli akmueHocmu opuuHaneHozo npenapama Conupuc® (Alexion Pharmaceuticals
Inc., USA) u ezo 6uoaranoza PRK-001 (OOO «Papmanapr», Poccus).

Boreoodwst. /lokaszaHa buoaHaniozuurHocms npenapamoe Coaupuc® u PRK-001 8 omHoweHuuU ux
cneyuguueckoli aKkmugHoOCmu.

Knroueenvle cnoea: sanuoayus, 60CNpouU3ge0eHHblll eKapCcmeeHHblll npenapam, nNapoKCcusmMaslb-
Hasl HOUHASL 2eMO02/I00UHYpUsl, cneyuguueckass aKmMueHoCms in Vitro, UMMyHopepmMeHmHbLi

aHaius, cucmema KomnjiemeHma.

s yumuposanus: 3p10un J1.U., Ceperun A.C., AckperkoB A./l., Opnosa H.B., Ceperun 10.A., [Ipoctskora A.U., Kanyctun
J1.B. PazpaboTka 1 Baymumanysi METoJa OrnpeiesieHus crielupruyeckoll aKTHBHOCTH PEKOMOMHAHTHOIO MOHOKJIOHAJIBHOTO aHTUTENA
aKynu3yma0. Touxue xumuueckue mexronoeuu. 2020;15(2):77-85. https://doi.org/10.32362/2410-6593-2020-15-2-77-85

INTRODUCTION

Paroxysmal nocturnal hemoglobinuria (PNH) is
an extremely rare disease (an average of three cases per
million [1]) accompanied by serious epiphenomena,
such as hemolytic anemia, atypical thrombosis,
bone marrow failure, and renal failure. The etiology
of PNH is associated with a somatic mutation in
the PIG-A gene, which blocks the biosynthesis of
glycosylphosphatidylinositol, a glycolipid called GPI
anchor, necessary to retain a number of proteins on the
cell membrane, in particular CD55 and CDS59, which
are inhibitors of the membrane attack complex (MAC)
complement systems. The deficiency of CD55 and CD59
on the surface of the cell membrane leads to dysfunction
in the suppression of MAC production, which is the
main cause of erythrocyte hemolysis in PNH [2, 3]. This
is determined by flow cytometry [4, 5].

Currently, the only commercially available drug,
Soliris® (Alexion Pharmaceuticals Inc., USA) is used
for PNH therapy. The active substance of Soliris® is
a recombinant kappa-monoclonal antibody of mixed
type 1gG2/4—eculizumab consisting of a human
constant chain and determining the complementarity
of murine regions grafted onto human framework
regions in the variable and heavy chain with a total
molecular mass of 148 kDa'. The mechanism of
eculizumab action is the binding of the complement
system to protein C5 followed by its lytic destruction
in lysosomes, blocking the formation of a MAC, and
subsequent cell lysis [6—8].

Due to the high cost of therapy (USD 600 000 per
year for one patient) [9] and the need for its lifelong

! DRUGBANK. Eculizumab. Available from: https:/www.
drugbank.ca/drugs/DB01257 [Accessed October 22, 2019].
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implementation, the number of pharmaceutical
companies actively developing a bioanalog of Soliris®
increases  (Generium  Pharmaceutical, Russia;
Samsung Bioepis, South Korea; Amgen, USA).
Therefore, the need for the development of reliable
methods for controlling the quality of the resulting
product becomes obvious. One of the most important
quality indicators is its binding to protein C5 [10-12].

Currently, no method has been described to
evaluate the specific activity of eculizumab with
accuracy andreproducibility atall stages of production.
Although the Soliris®/Eculizumab enzyme-linked
immunosorbent assay (ELISA) Kit (4rsh Biotech Pvt.
Ltd., India) is already at the market and can help to
evaluate the activity of the drug in biological fluids,
because the main part of eculizumab molecules in the
human body is bound to an antigen, it is impossible
to evaluate its content and activity with the required
level of accuracy without using additional sample
preparation. In addition, it is unclear whether the
use of the kit is effective at various stages of drug
production, in particular, after the stages of isolation,
purification, and filtration, which can significantly
affect the property of the final product.

In this work, we present a new method for
determining the specific activity of eculizumab. Our
method is suitable for both monitoring the drug quality
at various stages of development and implementing
the output control of the finished product. The
suggested method was used for the comparative
evaluation of the specific activity of three series of
Soliris® (A4lexion Pharmaceuticals Inc., USA) and
PRK-001 (Pharmapark, Russia).

MATERIALS AND METHODS

We used ELISA to quantify the specific activity of
eculizumab. The specific activity of a standard sample
of eculizumab used in this study was confirmed by the
manufacturer. Soliris® (Alexion Pharmaceuticals Inc.,
USA) was used for comparison.

Preparation of standard solutions

Preparation of phosphate-buffered saline (“Buffer
solution A”)

One tablet of the dry prepared buffer (Sigma Aldrich,
USA) was dissolved in 100 ml of deionized water. The
pH of the resulting solution was adjusted to 7.4 using a
pH meter (Mettler Toledo, USA). The resulting solution
was stored in a tightly closed container at 4°C.

Preparation of phosphate-buffered saline with
0.01% Tween 20 (“Buffer solution B”)

One tablet of a dry finished buffer containing
0.01% Tween 20 (Sigma Aldrich, USA) was dissolved

in 500 ml of deionized water under constant stirring
at 25°C. The solution pH was adjusted to 7.4. The
resulting solution was stored in a tightly closed
container at 4°C.

Blank solution preparation

1 g bovine serum albumin (Sigma Aldrich, USA)
was dissolved in 100 ml buffer solution A. Then, the
solution was stored in a tightly closed container at 4°C.

Immobilization of C5 protein on an ELISA plate

A solution of C5 protein (Complement
Technology, USA) was diluted to a concentration
of 1.5 pg/ml using buffer solution A. 100 ul of the
resulting solution was added to the wells of the plate
and incubated for 48 h at 4°C.

Preparation of calibration solutions

Soliris® with a specific activity of 9138000 IU per
300 mg was diluted with a blank solution according to
Table 1.

Preparation of the solution of secondary antibodies

A working solution of secondary antibodies
conjugated to horseradish peroxidase was diluted
with a blank solution according to the manufacturer’s
recommendations (Genway Biotech Inc., USA).

Determination of the specific activity of eculizumab

The test solution of eculizumab diluted in the
blank solution, and S1-S6 calibration solutions were
added into the wells of a tablet with pre-immobilized
C5 protein in an amount of 100 pl per well in three
repetitions each. The plate was incubated for 2 hat4°C.
Next, the wells of the plate were washed with 200-ul
buffer solution B in three repetitions toremove thematrix of
the sample. 100-pl solution of secondary antibodies was
added into the wells of the plate and incubated for 2 h
at 37°C. After incubation, the wells were washed with
200-pl buffer solution B in three repetitions to remove
unbound antibodies. After removing buffer solution B,
100-ul 3,3", 5,5'-tetramethylbenzidine containing
hydrogen peroxide (Sigma Aldrich, USA) was added
into the wells of the plate. The plate was incubated
for 10 min at 25°C, and the reaction was stopped
using 0.5 M sulfuric acid (CHIMMED, Russia). The
optical density was measured at 450 nm and 650 nm
(reference) using a Tecan Infinite 200 Pro plate reader
(Tecan, Switzerland). A sigmoidal curve was plotted
using the calibration solutions of eculizumab in the
optical density—activity coordinates. The equation
describing the curve was used to calculate the activity
of eculizumab in the test sample.

The results were processed using Origin 9.1
software (OriginLab Corp., USA).

Method validation
The wvalidation of the developed method was
carried out in compliance with the requirements of the
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Russian Federation State Pharmacopeia XIV in terms
of specificity, linearity, repeatability, intermediate
precision, accuracy, analytical area, and stability.

RESULTS AND DISCUSSION

First, the immobilized protein C5—eculizumab
complex was obtained. Second, secondary antibodies
specific for the Fc fragment of type 4 IgG and
conjugated to horseradish peroxidase were bound.
Finally, a chromogenic reagent was added, the
reaction was stopped, and the optical density was
determined. A schematic representation of the method
is shown in Fig. 1.

Specificity evaluation

The method specificity was determined by
the ability to evaluate the content of the studied
component against the background of related
substances in the protein solution [13]. To confirm
the method specificity, we studied the effect of buffer
solutions on PRK-001 and Soliris® (hereinafter
referred to as SP1 and SP2, respectively) prepared in
accordance with the manufacturer’s instructions. At
the same time, the effect of the components of the
buffer solutions used at each stage of drug purification
was evaluated. When using sample SP3, the buffer
solution after purification using an affinity sorbent

was used. When using sample SP4, the buffer solution
after purification using an ion-exchange sorbent was
used. The optical density of the investigated solutions
should be in the range of £10% of the optical density
of the blank solution. The results of the study are
presented in Table 2.

3,3',5,5-Tetramethylbenzidine
Cl

HaC, Hy
HZNNHZ

HaC CHq

e
7N /N

A\N _ N\ X N\ _

H = H = n -

®@ ©

Fig 1. Schematic for determining the specific activity
of eculizumab. The stages of the method are described
in the text below.

Table 1. Dilution of a standard sample for the preparation of calibration solutions

Sample name Sample volume, pl Volume of blank solution, pl Specific activity, [U/ml
Sample ITD 1* 10 pl of Soliris® 294.6 300 000
Sample ITD 2 100 ITD1 900 30000
Sample ITD 3 100 ITD2 900 3000
Sample ITD 4 100 ITD3 900 300
Sample S1 500 ITD4 500 150
Sample S2 500 S1 250 100
Sample S3 400 S2 400 50
Sample S4 400 S3 400 25
Sample S5 400 S4 400 12.5
Sample S6 400 S5 140 9.3

*Samples labeled “ITD” are used as intermediate dilutions.
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The obtained results indicate that the auxiliary
components of the drug do not affect the analysis
results. Thus, the specificity of the method was
established.

Linearity evaluation

Our method does not demonstrate a linear dependence
between specific activity and optical density for the
selected range (from 9.3 IU/ml to 150 IU/ml). Therefore,
we used a sigmoid curve described by the following
equation [14-15]:

Az _Al

ST

where 4, and 4, are the asymptotes, x is the value
of activity, IU/ml; p is the Hill coefficient; x is the
coordinate of the inflection point.

When plotting the calibration curve, six standard
solutions with the following values of specific activity
were used: 150, 100, 50, 25, 12.5, and 9.3 IU/ml. The
resulting curve is presented in Fig. 2. The correlation
coefficient was 0.9987, which is above the minimum
allowable value of 0.99. Thus, the linearity of the
method was established.

Repeatability evaluation

The repeatability of the method was evaluated by
analyzing standard samples vis-a-vis specific activity
values (150, 25, and 12.5 IU/ml) in six replicates
each. The relative standard deviation (RSD) for each
concentration should not exceed 3%. The results
obtained for the method repeatability are presented in
Table 3. The value of the RSD for all concentration
levels does not exceed 3%, proving the repeatability
of the method.

Intermediate precision and accuracy

Intermediate precision and accuracy were
evaluated by conducting six analytical sessions over
six days by two operators. In each analytical session,
a calibration curve was plotted, and five test solutions
were studied with the following values of specific
activity: 150, 75, 37.5, 18.7, and 9.3 IU/ml. To
establish the method accuracy, the value of the degree
of extraction (R) should not go beyond 85-115%. The
intermediate precision of the method is considered
to be established if the RSD according to the results
of six sessions for each concentration level does not
exceed 15%. The results are presented in Table 4.

The obtained results meet the requirements.
Thus, the intermediate precision and accuracy of the
method were established.

Evaluation of the analytical field

The analytical region of the method was evaluated
on the basis of the results obtained when determining
the method linearity, repeatability, and accuracy

1.5 1

1.0 H

Optical density

0.0

(IJ I 5|0 I 1(IJO I 150
Activity of solution, IU/ml

Fig. 2. The calibration curve obtained when evaluating
the linearity of the method.

Table 2. Determination of method specificity

Sample name Optical density* Optical density* of blank solution
Sample SP1 0.0154 + 0.0004
Sample SP2 0.0153 + 0.0004
0.0151 £ 0.0004
Sample SP3 0.0151 + 0.0003
Sample SP4 0.0155 + 0.0004

*The data in the table are given in the following format: average value + standard deviation (n = 3).
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for the activity range of 9.3—150 IU/ml. Since the
technique meets all the validation requirements, we

can assume that the analytical region of the method is
in the range of 9.3—150 IU/ml.

Stability evaluation

The most critical parameter of the method,
which may affect the result, is the storage time of the
tablet with immobilized C5 protein. To evaluate the
method stability, plates with immobilized C5 protein
were incubated at 4°C for 7 and 14 days. Next, the
test sample was analyzed with parallel analysis
in the tablet (storage time 0 days). The results of
determining the activity in the tablets subjected to
storage were compared with the results obtained in
the tablet without any long-term storage.

The deviation of the activity of the test sample
from the true value obtained in the tablets subjected
to storage, both for 7 and for 14 days, did not exceed
the set limit (£5%). This proves the method stability
with respect to the storage time of the tablet with
immobilized protein C5.

Comparative study of the specific activity of
PRK-001 and Soliris®

The drug manufactured by Pharmapark—PRK-
001—is a reproduced biological drug. Thus, it is
necessary to confirm its similarity to the original [16].
In this work, we performed a comparative evaluation
of the specific activity of three series of Soliris® and
PRK-001 to confirm their similar bioactivity. Soliris®
1000325 series with a known activity value was used
as the standard.

Figure 3 presents the optical density dependence on
the specific activity of all the drugs studied in the work.

For all the series of studied drugs, the specific
activity was determined using the developed method.
The study results are shown in Fig. 4.

The obtained results confirm the compliance of
PRK-001 and Soliris® preparations with respect to
their specific activity, that is, binding to the human
complement system C5 protein. The measured
specific activity of Soliris® and PRK-001 samples
differed no more than 9%.

Table 3. Results of the method repeatability study

Theoretical specific activity The value of the measured specific activity RSD. %
of the sample, IU/ml of the sample*, IU/ml i
150 1549+44 2.8
25 25.5+0.7 2.5
12.5 12.3+0.1 0.8

*The data in the table are given in the format average value + standard deviation (n = 6).

Table 4. Evaluation of the intermediate precision and accuracy of the method

Thesrtinlspelic sy | Thevaue o the messrodpce s | s 56| %
150.0 157.3+15.3 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 9.3+0.9 8.7 108.1

*The data in the table are given in the format average value + standard deviation (n = 6).
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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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Fig. 4. Specific activity of three series Soliris® and PRK-001.
CONCLUSIONS first time. A comparative evaluation of the reproduced

In this work, a method for determining the specific
activity of the humanized recombinant monoclonal
antibody eculizumab was described and validated for the
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