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Assessment of the influence of the structural characteristics of granular
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ABSTRACT

The article discusses experimental studies of the size and shape of structured particles of microsilica small
angle x-ray scattering method and a photophonon theoretical description of the heat transfer process in
complex heterogeneous structures to assessment of the structural characteristics of granular systems for the
properties of thermal insulating materials. The mechanism of heat transfer in granular, porous systems is quite
complex, since heat exchange occurs in a material consisting of two phases (solid and gas) and at the phase
boundary. Heat transfer in liquid thermal insulation coatings can be carried out from one solid particle to
another. In this case, the thermal conductivity will depend on: the chemical and elemental composition of the
material; particle granulometry; surface topology - the presence of inhomogeneities, defects on the surface;
the number of touches and the contact area between the particles. The heat transfer of gas in the pores is
carried out when gas molecules collide. Thermal conductivity will be determined by the ratio of the free path
of molecules and linear pore sizes, temperature and dynamic viscosity of the gas phase, the nature of the
interaction of gas molecules with the solid phase. Heat transfer by radiation depends on the nature of the
particles, the dielectric, magnetic permeability and the degree of blackness of the particle surface. Based on
the analysis of possible mechanisms of heat transfer in granular systems, it can be argued that the effective
thermal conductivity of the system depends, all other things being equal, on the structure of the pore space of
granular materials, topology and the number of particle touches. Considering idealized models of the structure
of granular materials in the form of ordered folds of perfectly smooth balls, we can obtain several variants of
structures: with tetrahedral; hexagonal; cubic packing of balls.

Keywords: x-ray diffractometer, microsilicon, thermal conductivity, diatomite, structure, filler.
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Introduction

To determine the main structural parameters
that affect the thermal conductivity of filled
polymer binders, let us consider the mechanisms of
heat transfer in solid, liquid, gaseous media.

It is customary to distinguish between three
main mechanisms of heat transfer: thermal
conductivity (conduction); convection; radiation
[[1], [2], [3], [4], [5]].

The conduction mechanism of heat transfer
occurs due to the exchange of kinetic energy when
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moving molecules collide with each other or with
the surfaces of a solid or liquid phase that limits
space.

Convection - heat transfer
environment, air or liquid streams.

Radiation - emission of electromagnetic energy
emitted by some kind of heat, such as the sun.

In quantum theory, heat transfer in solids by
thermal conductivity is considered as a process of
nonequilibrium phonon distribution, and thermal
conductivity is determined by the deviation of the
phonon distribution from the equilibrium state at a
given temperature gradient.

Considering the transfer of heat in the gas
phase of the composite (in pores, hollow spheres),
the molecular kinetic theory assumes the presence
of two mechanisms of heat transfer by gas - due to
the collision of molecules and radiation.

The efficiency of molecular heat transfer in
pores, spheres of liquid heat-insulating coating
further (LTC), depends on temperature, pressure,
geometry of the pore space, the nature of
interaction at the boundary of a solid with gas.

Experimentally established, that the effective
thermal conductivity of heterogeneous finely
dispersed granular systems, even at atmospheric
pressure, may turn out to be lower than the
thermal conductivity of the gas filling the pores.

To describe the process of heat transfer in
continuous media and determine the coefficient of
thermal conductivity, the most often used methods
are based on the application of the principle of
generalized conductivity, which is based on the
analogy (similarity) between the differential
equations of stationary heat flux, temperature,
mass, current, etc.

It is possible to use topological models, when
solving more complex problems to determine the
thermal conductivity coefficient. However, they do
not take into account the features of the quantum
mechanisms of heat transfer through the main
matrix of the material [[5], [6], [7]].

by a moving

Analysis of modern research in this area

To assess the effect of the structural
characteristics of granular microsilica systems on
the properties of heat-insulating materials, a
comprehensive analysis showed that the only
mechanism for heat transfer for granular systems
would be:

- heat transfer through a flat, two-layer and
multi-layer plate.

In the works of Krainov A.Yu. To calculate the
heat transfer through a flat plate, the value of the
heat flux through a plate of thickness L, having a
thermal conductivity coefficient A, the walls of
which have a constant temperature TO and T1, is
determined. The mathematical formulation of the
problem consists of a stationary one-dimensional
heat equation with boundary conditions of the first
kind [8].

- heat transfer of coatings with a coefficient of
thermal conductivity that depends on the
temperature of the environment.

In the works of V.A. Maksimov, S.R. Vitaly. the
values of the thermal conductivity coefficient of
some ultrathin liquid composite heat-insulating
coatings have been experimentally determined.
The calculation of the measurement error has been
performed. As a result of the work done, the
thermal conductivity coefficient of ultra-thin liquid
composite heat-insulating coatings was
experimentally determined for sample No. 1 A =
0.086 W / (m - ° C), for sample No. 2 A =0.091 W /
(m - ° C). But, the real thermal conductivity
coefficient of the samples under study in practice
turned out to be higher than the declared one.

According to the authors, this discrepancy is
possible due to the fact that manufacturers of
liguid coatings in laboratory determination of
thermal conductivity either used some "ideal"
conditions, or the coefficient was obtained by
theoretically solving the problem of thermal
conductivity in liquid composite heat-insulating
environment.

Despite this, the authors consider such liquid
thermal insulation coatings to be of great interest
for builders, since they allow insulating objects of
complex geometric shapes (valve bodies, complex
units, etc.), which in some cases makes them
practically irreplaceable. Correct consideration of
the thermal properties of paints will allow avoiding
excessive increases in heat losses of insulated
pipelines with a coolant or building enclosing
structures, and will also protect them from possible
defrosting during periods of negative temperatures
[9].

- heat transfer of a plate with a coefficient of
thermal conductivity depending on the coordinate.

The work of Kolmychkov V.V., Mazhorova O.S.
is devoted to the numerical study of convective
structures arising near the stability threshold in a
non-Bussinesq fluid, the thermal diffusivity of
which depends on the vertical coordinate. The main
attention is paid to the study of the existence and
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stability of a flow in the form of square cells for
various values of the Prandtl number [10].

- phonon-photon model for the theoretical
description of the process of heat transfer in
complex heterogeneous structures.

In the works of Gladkov S.O. for an arbitrary
type of porous structures, a theoretical approach is
proposed for calculating their thermal conductivity
coefficient k as a function of porosity ¢,
temperature T, density p, and a number of other
parameters. The general calculation algorithm is
based on the theory of nonequilibrium processes.
Its modification in the language of the gas-kinetic
approximation allows one to obtain compact
formulas for k and easily estimate the
corresponding dependences. On a specific example
of such a very important in practical terms
refractory substance, like concrete, the theoretical
formulas are compared with experimental results
and their good agreement is shown [11].

Methods for determining the structural
characteristics of granular systems

1. To study the properties of microdispersed
materials, a Hecus S3 - MICRO small-angle X-ray
diffractometer was used.

The most important feature of this method is
the ability to analyze the internal structure of
disordered systems - particles, pore space,
interfaces between heterogeneities of
heterogeneous substances.

As the scattering coordinate, we used the
magnitude of the scattering vector modulus s = 4n
sin® / A, where 20 is the scattering angle, A = 1.5418
A is the wavelength of the radiation used.
Scattering intensities were recorded in the range of
s values from 0.0094 to 0.40 A-1, which made it
possible to study inhomogeneities with linear
dimensions L~ (2m) /S, in the range of 2 ... 60 nm.

2. One of the most important parameters that
determine the thermal insulation properties of
materials based on microstructured mineral
powders (silica, diatomite) is thermal conductivity.
Knowing a number of characteristics of dispersed
systems, such as the size, thermal conductivity of
the material of primary particles, the method of
filling and some other characteristics, it is possible
to theoretically calculate the thermal conductivity
of granular systems based on the polystructural
theory and, as a result, it is possible to assess the
structural characteristics of granular systems for

the properties of heat-insulating materials [[12],
[13], [14], [15], [16], [17]].

Assessment of the structural
characteristics of granular systems to the
properties of heat-insulating materials

For the theoretical description of the process
of heat transfer in complex heterogeneous
structures, a photophonon model was used,
according to which the general expression for the
thermal conductivity of a porous system is written
in the form of an additive function [[12], [13], [14],
[15], [16], [17]].

2
=(1-1 LS LS
1= (1m 2 a2 (1= 2) 0

(- 2t () 4n

mp

where m — porosity of the structure;

Ago - thermal conductivity of the main matrix;

A1 - thermal conductivity of pores;

Ao1 - phonon-photon thermal conductivity at
the interface between pores and the main matrix;

A10 - photon-phonon thermal conductivity;

my, - percolation threshold for the basic matrix
model.

Using the gas-kinetic approximation, we
represent the thermal conductivity of the main
matrix in the form:

1
Aoo = gcfonvzrfon (2)

where  cro, - phonon heat capacity per unit
volume of the main matrix;

v - average speed of sound in the material;

Tfon phonon relaxation time, which is
associated with phonon scattering by structural
inhomogeneities and at the boundaries of contact
of pores with the main matrix.

The phonon heat capacity is determined by the
formula (at T>>6p)

3k
Cfon = —3 (3)

a3
where k - Boltzmann constant;
a - average interatomic distance of the main
matrix material.
The phonon
expression [10]:

relaxation time satisfies the
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4 m
pa*v (1— —)
mp mp

m kT (4)

Tfon ~
where p — base matrix material density;
T — absolute temperature (K).
Substituting (3) and (4) into (2), we obtain the
expression

/100=<1_ﬂ) ere e (5)

mp T m

Similarly, representing the photon flux as a
photon gas, we can write

1
Ap = chotcztfot (6)

where
pore volume;

c - speed of light in pores;

Tfo¢ - Photon relaxation time within pores.

The work presents an expression for
determining the photon heat capacity:

Crot - Photonic heat capacity per unit

kT\3
o ~ k(i) (7)
(h— Planck's constant), and the photon
relaxation time for the case of vacuum or a low
concentration of gas molecules in the pores:

L
Trot =7 (8)

L — linear pore sizes. Substituting (7) and (8)
into (6), we obtain

1kL (kT\3 (kT\3

() (F) ()
It is shown in the work that in formula (1) the

terms containing A_ 01 and A_10 are small

compared to other terms and can be discarded.
Then expression (1) will look like this:

M1 =

2 2
/1:(1— mﬂ) Aoo+(mﬂp) All ,and

P

given
(5) and (6):
3 3
— (1 M™) pvary
a=(1 m) ALy 3

1({ m\2kL (kT)3
3\ my c? h

(10)

The resulting formula makes it possible to:
estimate the dependence of the thermal
conductivity of the LTP on the porosity of the
material structure (m), linear pore size (L), density
(p) on temperature and calculate the effective
thermal conductivity of a dispersed porous
substance, based only on the knowledge of some
macro- and microscopic material parameters; to
solve the inverse problem - by measuring the
effective thermal conductivity of a dispersed
powder by the method of stationary heat flux or by
the method of laser flash, knowing the density,
speed of sound and average interatomic distances,
calculate the characteristic linear dimensions of its
pores. At low temperatures, the thermal
conductivity of a granular system is determined
mainly by its phonon component. With an increase
in temperature (T>>0p), this component decreases
o« T~1, but radiant heat transfer (by photons of
electromagnetic radiation) « T3 increases. If the
dependence of thermal conductivity on
temperature (10) is represented in the form

A(T)=2+BT? (11)

then the minimum value of the effective
thermal conductivity A (T) will be observed at a
temperature.

Tmin = 3B (12)

In this case, the photon thermal conductivity
(10) will be the smaller, the smaller the dimensions
L of the pores of a given material. Consequently,
formulas (10) and (12) make it possible, on the
basis of the data obtained as a result of studying
the structural characteristics of the pore space of
dispersed powders, to reasonably recommend
granular systems for use as a filler for LTM. It is
proposed to determine and evaluate the structural
characteristics of filler powders by the method of
small-angle X-ray scattering (SAXS) [1]. The features
of structural inhomogeneities of microsilica [[1],
[18], [19]] and natural diatomite of the Utesai
deposit, as well as a filler powder of the FRONT-VIP
vacuum insulating panel from VACU - ISOTEC KG
were investigated.

Experimental part

Small-angle X-ray scattering is a diffraction
method widely used to study nanoobjects of
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various physical nature and state of aggregation,
including highly dispersed powders.

The experimental material was obtained in the
form of small-angle X-ray scattering indicatrices for
all investigated dispersed powders. As the
scattering coordinate, we used the magnitude of
the scattering vector modulus s = 4 sinB/A, where
20 is the scattering angle, A = 1.5418 A is the
wavelength of the radiation used. Scattering
intensities were recorded in the range of s values
from 0.0094 to 0.40 A-1, which made it possible to
study inhomogeneities with linear dimensions L ~ (2
nt) / S, within 2 ... 60 nm. The character of the | (s)
curves indicates that the studied materials contain
scattering inhomogeneities (pores) of different
linear sizes, and high values of the scattering
intensity are due to the sharp contrast caused by
the large difference between the density of silica
particles and pores. Fig. 1 shows the experimental
SAXS curves of the natural diatomite of the
Utesayskoye deposit and the filler powder of the
FRONT-VIP insulation panel. The scattering indices
of the other three microsilica have a similar form to
the FRONT-VIP SAXS curve.

1
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Figure 1 - Curves of small-angle X-ray scattering of
dispersed powders: 1 - natural diatomite; 2 - filler
powder FRONT- VIP
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Figure 2 - Size distribution of scattering
inho.mogeneities: 1 - natural diatomite; 2 -

microdispersed silica obtained from diatomite; 3 -
condensed silica; 4 - white soot; 5 - FRONT-VIP filler
powder.

To find the approximate size distribution
functions of scattering inhomogeneities (for
spherical particles), the SAXS curves were
rearranged into coordinates In I(s) — s2. Using the
Kitaygorodsky = method, we obtained the
dependencies shown in Fig. 2. Pore size distribution
curves of dispersed microsilica have pronounced
maxima; a similar function of natural diatomite is
bimodal. Table 1 shows the results of the analysis
of distribution curves - the maxima of the
distribution functions dBs; average values of the
linear dimensions of the scattering inhomogeneities
<d>; variances of distribution functions Ad.

Table 1 - Pore size distribution of dispersed microsilica

Powder type ds, Nm <d>, nm Ad, nm
Natural diatomite 2 10 |2 7 7-15
Dispersed 8 12 3-18
microsilica

obtained from

diatomite

Condensed silica | 22 26 10-34
fume

White soot 2 13 2-21
FRONT-VIP 20 20 8-37

In general, the average linear dimensions of the
scattering inhomogeneities of the investigated
dispersed powders are ~ 10 - 30 nm, which,
according to the classification of M.M. Dubinin,
officially adopted by the International Union of
Pure and Applied Chemistry (IUPAC), corresponds
to mesopores. Capillary condensation of water
molecules occurs in them, which are partially
removed during heating (calcination) of dispersed
powders [11].

The SAXS indicatrices were rearranged into
double logarithmic coordinates 1gI(s) —Igs. An
analysis of these dependences showed that, in all
investigated dispersed materials, a fractal character
of scattering by structural inhomogeneities of the
nanoscale level is observed. To determine the
fractal dimensions of these inhomogeneities, a
method was used, which consists in determining
the slope of the corresponding linear section of the
scattering curve plotted in the indicated
coordinates. If the investigated structural elements
of the nanoscale, such as pores, pore clusters, and
interfaces of inhomogeneities are of a fractal
nature, then in certain intervals of values of the
modulus of the scattering vector, a power-law
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decay of the scattering indicatrix I(s) ~ s with a
non-integer value of the exponent should be
observed, and a < 4. At 1 £ a <3, the power-law
decay of I(s) is characteristic of scattering from
fractal clusters or aggregates of nanoparticles (mass
fractals) with the dimension D = a. In the case when
3 <a <4, scattering from nanoparticles with a
nonsmooth fractal surface is observed, the fractal
dimension of which is determined as Ds = 6 - a. The
exponent | (s) in this case is defined as a = Algl(s) /
Alg s.

On the SAXS curve of diatomite from the Utesai
deposit, three rectilinear sections are distinguished,
corresponding to the values of the scattering vector
0.013 - 0.026 A%, 0.031 - 0.061 A*, and 0.067 —
0.095 A, The parameter a for these sections is
2.59 1.56 and 3.73. Sizes of inhomogeneities are 24
-48 nm, 10 - 20 nm, and 7 - 9 nm, respectively. The
most large-scale scattering objects behave like
mass fractals with a fractal dimension D = a = 2.59,
which is typical for branched self-organized porous
structures. The second rectilinear segment of the
indicatrix Igi(s) —1gs corresponds to
inhomogeneities with fractal dimension D = 1.56,
which can be clusters in the form of curved chains
of spherical pores of nano- and micrometer scale,
possibly pore channels. In addition to mass fractals,
the natural diatomite of the Utesayskoye field
exhibits inhomogeneities with a fractal interface.
The dimensions of such inhomogeneities are 7 - 9
nm, and the fractal dimension is Ds = 6 - a = 2.27.
This value of the fractal dimension corresponds to a

Table 2 - Fractal characteristics of the investigated materials

slightly indented surface, if we take into account
that a perfectly smooth surface has Ds = 2.0, and a
highly indented porous surface - 3.0. Fractal
characteristics of all studied materials are shown in
Table 2.

Dispersed microsilica obtained from natural
diatomite also contains three types of scattering
inhomogeneities, two of which are mass fractals
with dimensions 2.32 and 2.13. The scale of such
objects is 8 - 40 nm. Small-scale pores 4 - 8 nm have
rather heavily indented interfaces (Ds = 2.64).
Condensed silica fume, in contrast to other
investigated dispersed powders, does not have X-
ray scattering inhomogeneities that could be
attributed to mass fractals. The interfaces of the
SiO; particles - the pores have a fractal dimension
Ds = 2.40. White microsilica contains fractal clusters
of pore space with linear dimensions of 4 - 25 nm.
The interfaces of larger scattering formations (25 -
40 nm) are strongly indented - their fractal
dimension is Ds = 2.83. The scattering curve
lgI(s) —lgs of the FRONT - VIP filler powder has
two crossover points: branched porous aggregates
20 - 40 nm in size have a fractal dimension D = 2.59,
and inhomogeneities on a scale of 12 - 20 nm have
highly irregular surface with Ds = 2.70. In addition,
the data of small-angle X-ray scattering allow us to
suggest that on the surface of the smallest
elements of the structure of the filler powder (4 -
12 nm), there may be Ilayers of scattering
inhomogeneities with a lower electron density than
that of silicon dioxide (parameter a = 4,10).

Ne Material As, At a D Ds d, Hm
1 Natural diatomite 0.013-0.026 2.59 2.59 24 -48
0.031-0.061 1.56 1.56 10-20

0.067 —0.095 3.73 2.27 7-9
2 Dispersed microsilica obtained 0.016 - 0.025 2.32 2.32 25-40
from diatomite 0.025-0.080 2.13 2.13 8-25
0.080-0.160 3.36 2.64 4-8

Condensed microsilica 0.016-0.160 3.60 2.40 4-40
White soot 0.016 - 0.025 3.17 2.83 25-40

0.025-0.160 2.66 2.66 4-25
5 0.016 —0.032 2.59 2.59 20-40
FRONT - VIP 0.032-0.056 3.30 2.70 12-20

0.056 - 0.160 4.10 4-12

Analysis of the data obtained gives grounds to
believe that the studied granular systems are
suitable: for the creation of new generation heat-

insulating materials; as fillers for LTC, VIP. At the
same time, condensed microsilica and white soot
do not require preliminary heat treatment, since
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their low moisture content is determined by the
production conditions (subject to the rules of
storage and transportation of bulk material).
Dispersed microsilica obtained from diatomite and
natural diatomite must be calcined at temperatures
not lower than 400 - 500 °C for 3 - 5 hours. This
modification of dispersed powders leads to their
deep dehydration and helps to remove residues of
organic material of sedimentary origin present in
natural diatomites.

Conclusions

1. It was found that dispersed microsilica
obtained from natural diatomite also contains three
types of scattering inhomogeneities, two of which
are mass fractals with dimensions 2.32 and 2.13.
The scale of such objects is 8 - 40 nm. Small-scale
pores 4 - 8 nm have rather heavily indented
interfaces (Ds = 2.64). Condensed silica fume, in
contrast to other investigated dispersed powders,
does not have X-ray scattering inhomogeneities
that could be attributed to mass fractals. The
interfaces of the SiO, particles - the pores have a
fractal dimension Ds = 2.40. White microsilica scoot
contains fractal clusters of pore space with linear
dimensions of 4 - 25 nm. The surface of the larger
scattering formations (25 - 40 nm) are strongly
indented - their fractal dimension is Ds = 2.83. The
scattering curvelgI(s) —lgs of the FRONT - VIP
filler powder has two crossover points: branched
porous aggregates 20 - 40 nm in size have a fractal
dimension D = 2.59, and inhomogeneities on a scale
of 12 - 20 nm have highly irregular surface with Ds =
2.70. In addition, the data of small-angle X-ray

scattering allow us to suggest that on the surface of
the smallest elements of the structure of the filler
powder (4 - 12 nm), there may be layers of
scattering inhomogeneities with a lower electron
density than that of silicon dioxide (parameter a =
4.10).

The results obtained confirm the presence of a
developed pore space of particles and
agglomerates of dispersed silicon dioxide of
nanometer sizes, can be used to calculate the
effective thermal conductivity of heterogeneous
systems, for example, mineral silica powders of
various origins. The investigated dispersed
materials have similar parameters of the pore
system at the nanometer level.

2. As a result of the analysis of the influence of
the structural parameters of a granular system
formed from synthesized silicon dioxide particles, it
was found that during the production of LTC, their
heat-shielding properties can be adjusted by
changing: pressure, viscosity of the molecular
weight of the gas; porosity of the macrostructure
and clusters; thermal conductivity of the solid and
gas phase of the system; accommodation
coefficient; coordination number; size of primary
particles; fractal dimension that characterizes the
topological features of the structure of particles,
aggregates, globules, clusters and their tendency to
dissipate the energy of gas molecules.
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TYWIHAEME

Makanaga a3bypblWTbl PEHTreHAK  Walbipay d4iCiMeH  KypblibIMAanfaH MUKPOKpeMHesem
6enweKTepiHiH, Menwepi MeH (GOPMacbiH 3IKCMEPUMEHTTIK 3epTTey »KIHEe KblJy OKLlaynafbil
MaTepuangapabiH, KacueTTepi YWiH TyMipwikTtenreH Kyienepaid, KypbinbIMAbIK CUNaTTaManapbiH
6afanay makcaTtblHAa@ KypAeni reteporeHai Kypblibimaapaarsl $oToGoHOHAbI Kblny 6epy npoueciHiH,
TEOPUANbIK CMNATTaMackl KapacTbipblafaH. TYMipLWIKTI, KeyeKTi Xyrienepaeri xblny 6epy mexaHusmi ete
KypAeni, eUTKEHI bly anmacy eki ¢asafaH (KaTTbl KaHe ras) TypaTblH maTepuanga aHe dasanbik
Wwekapaga Kypeai. CyiblK Kby OKLWaynafrbiw KabbiHaapaa Kbiny 6epy 6ip KatTbl benwekTeH
eKiHwiciHe 6epinyi MymKiH. Byn »kafgalga Kblny OTKI3riWTIK: MaTepuangblH XUMUANBIK KaHe
3/1EMEHTTIK KypamblHa; 6elweKTepaiH rpaHy1oMeTpuacbiHa; 6eT TononornacbiHa — 6eTTiH apPTEKTINiriHe,
6etTe aKkaynapablH, 60nyblHA; GenlWeKTepaiH, KaHacy caHbl MeH jKaHacy almafbiHa 6ainaHbICTbl
6onagpl. Keyekteppe rasgpiH, Kblny 6epyi ras monekynanapbiHbIH, COKTbIFbICYbl apPKbNbl Ky3ere
acbipbinagbl. by OTKI3riWTIK - MonekynanapgpiH, 60C JKypici MeH KeyeKTepAiH CbI3bIKTbIK
eflleMAepiHiH, KaTblHacbl, ra3s ¢asacbiHblH, TemnepaTypacbl MeH AWHAMMKaNbIK TYTKbIPAbIFbl, a3
MOIEKYN1IaNapbIHbIH, KaTTbl ha3ameH e3apa dpeKeTTecy cunatbl apKblabl aHbIKTanaabl. CoyNemeH blny
bepy 6enwekTepaiH, TabuFatbiHa, AMINEKTPAIK, MAarHUTTIK OTKI3riWTiKKe XaHe GenwekTepain, 6eTiHiH,
KapanblK [AeHreiiHe GalnaHbicTbl. TyMipWikTi Kyhenepgeri Kolny 6epyaiH  MymKiH  6onaTbiH
MeXaHU3MIepiH TangJayfa CyileHe OTbIpbIN, KYMEHIH TWiMAai Kby  OTKI3riwTiri  TyhipwikTi
MaTepuangapabliH, Keyek KeHICTiriHiH KypblibIMblHA, TONONOTUAFA KaHe BenlleKTepaiH, }KaHacy caHblHa
6aiinaHbicTbl 6onagbl gen anTyFa 6onaabl. MiHci3 Teric WwapnapaplH, peTTenreH Katnapaapbl TypiHaeri
TYRIPWIKTI MaTepuangap KypblabiMbIHbIH, UAeanfgaHabIpbiAFaH MoAeNnbAepiH KapacTbipa oTbipbin, 6i3
KYPbINbIMHBIH, BipHelle HYCKacbiH anambli3, onap: TePT Kblp/bl, anTblbypbIwTbl, KyOTbIK KanTamackl Hap
Lap Tapisaec.

TyiiiH ce3pep: peHTreHAiK AMPpPaKTOMETP, MUKPOKPEMHUI, Kblay OTKI3FLWTiK, AMaTOMMUT, KypblIbIM,
TONTbIPFbILL.
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AHHOTALUMUA

B cTaTbe paccmMaTpuBalOTCA 3KCMEPUMEHTANbHbIE UCCAEA0BaHMA pa3mepa U GOpPMbl CTPYKTYPUPOBAHHBIX
YacTUL, MMKPOKpemHe3ema MeTOAOM Masioyr/ioBOr0 PEeHTreHOBCKOrO paccesHus W TeopeTuyeckoe
onuncaHve $oTOPOHOHHOrO NpoLecca TenonepeAadn B COMKHbIX FeTEPOreHHbIX CTPYKTYpax C Lenbio
OLIEHKM CTPYKTYPHbIX XapaKTEPUCTUK TPaHY/JMPOBAHHbIX CUCTEM A/ CBOWCTB Ten0U30/ALMOHHbIX
maTepuanos. MexaHu3m Tensonepesayn B rpaHy/sIMPOBaHHbIX, MOPUCTLIX CUCTEMAX AOBOJILHO COMKEH,
NOCKO/IbKY TennoobmeH npoucxoauT B maTepuasne, cocTosuiem u3 asyx ¢as (TBepaoit v razoBoi) U Ha
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rpaHuue pasgena ¢as. lNepefaya Tenna B KUAKMX  TEMAOM3OAALMOHHBLIX MOKPbITUAX  MOMKET
OCYLLECTBAATLCA OT OAHOM TBEPAOM YacTULbI K ApYroit. B aTom cnyyae TennonpoBogHocTb 6yaeT 3aBuceTb
OT: XMMMYECKOTO U 3/1eMEHTHOTO COCTaBa MaTepuana; rpaHyJIoMeTpuM YacTuLl; TONOIOTMN NOBEPXHOCTY -
Hannuna HeoaHopogHocCTel, AedeKTOB Ha MOBEPXHOCTU; KONMYECTBA KacaHWM M NOLWAAM KOHTaKTa
Mexay vactvuamu. Tensionepefaya rasa B Mopax OCYLLECTBAAETCA MPU CTONKHOBEHUM MOJIEKYN rasa.
TennonpoBogHoCTb ByaeT onpeaenaTbca COOTHOLEHMeM CBOBOAHOrO npobera MOMEKYN U AUHERHbIX
pa3mepoB nop, TeMnepaTypoi 1 AMHAMUYECKON BA3KOCTbIO ra30Boi $hasbl, XapaKTepOM B3aUMOAENCTBUA
MONeKyn rasa c TBepAoi ¢asoi. Mepedaya Tenna W3NyYEHWEM 33aBUCUT OT MPUPOABI YacTul,
[OV3NEKTPUYECKOW, MAarHUTHOM NPOHULL@EMOCTM U CTENeHU YepPHOTbI NOBEPXHOCTM YacTuL,. OcHOBbIBasACh
Ha aHa/M3e BO3MOMHbIX MEXaHM3MOB TEenaonepesayv B T[PaHYAMPOBAHHbLIX CUCTEMAX, MOMXKHO
yTBEpKAATb, YTO 3PdEeKTUBHAA TENIONPOBOAHOCTL CUCTEMBI 3aBUCUT, MPU NPOYUX PABHbIX YCNOBUAX, OT
CTPYKTYpbl MOPOBOrO MPOCTPAHCTBA MPaHY/AMPOBAHHLIX MaTepuasnos, TOMOMOTMU U  KOJMYecTsa
COMPUKOCHOBEHUI  YacTuu. PaccmaTpvBans MAEanv3MpoBaHHble MOAENN  CTPYKTYpbl  3€PHUCTbIX
MaTepuanoB B BUAE YMNOPAAOYEHHbIX CKNALOK WAEANbHO TNAJKUX LUAPUKOB, Mbl MOXEM MONYYMUTb
HECKOJ/IbKO BapMaHTOB CTPYKTYP: C YETbIPEXTPAHHOM; LIECTUYTONbHOM; KyBUYecKo YNaKoBKOW LUIAPUKOB.
KnioueBble cnoBa: PEHTTEeHOBCKWUI AUPPAKTOMETP, MUKPOKPEMHWI, TennonpOBOAHOCTb, AMATOMMT,
CTPYKTYpa, HaMoAHUTEb.
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ABSTRACT

This paper presents the results of determining the optimal plans for pumping oil through the main oil pipelines
of Kazakhstan. The calculation methodology is based on determining the minimum unit cost of pumping
depending on oil flow rate. Oil pumping energy-saving modes are determined under optimal operating
conditions of pumping units and heating furnaces at stations. Determination of the optimal pumping plan is
implemented as a separate module of the SmartTranPro software. Pumped oil volumes on the oil pipeline
sections were determined on the basis of the automated system of control and metering of electrical energy
data of KazTransQil JSC. Optimal pumping plans for monthly oil volumes in the Kalamkas — Karazhanbas and
Dzhumagaliev — Atasu pipeline sections for cold and warm periods were calculated on the basis of the found
dependence of the pumping unit cost. For each range of oil mass flow rate, specific costs for oil pumping and
a list of operating pumps at oil pumping stations located along the pipeline section are indicated.

Keywords: oil pipeline, flow rate, optimal pumping plan, energy-saving mode, unit cost.
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Introduction

arises. Pumping units must be able to pump the

Increasing energy consumption efficiency when
transporting oil by main pipelines mostly depends
on the system of organization and management of
technological modes of oil pipeline operation and is
achieved by modeling optimal conditions of its
operation [[1], [2], [3], [4]].

Optimizing  the process of  pipeline
transportation of oil is of great practical importance,
and a number of works are devoted to the problem
of optimizing distribution of cargo flows through the
system of main pipelines [[5], [6], [7], [8], [9], [10],
[11], [12], [13], [14], [15], [16], [17]].

When considering this problem, the question of
choosing rational volumes of pumped oil naturally

amount of oil that is required according to optimal
operation of the oil pipeline. Therefore, associated
with the problem of choosing rational oil volumes
along oil pipeline routes is the problem of choosing
the most effective modes of operation of pumping
and power equipment for reliable operation of the
main oil pipeline.

Management of energy-saving modes is
determined under optimal operating conditions of
equipment of oil pumping stations and technological
modes of oil pumping through main oil pipelines.
Determination of energy-saving modes of pumping
is important for estimating the efficiency of
operation of main oil pipelines.
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Methodology for finding
the optimal oil pumping plan

The optimal pumping mode is considered to be
such the mode in which the least amount of financial
costs is consumed for given performance. Oil
pumping costs are the sum of electricity expenses
consumed by pumps and fuel for operation of
heating furnaces.

The problem of finding the optimal pumping
mode of a given volume of oil is as follows: G is the
total volume of oil (in tons), which must be pumped
optimally over a period of time T; Q; is the capacity
(in t/h) of the pipeline at the mode No. i without
using a pressure regulator (PR) or a variable
frequency drive (VFD); t; is the total operating time
of the pipeline in the mode No. i during the period
T; E; is the unit costs per unit of time (in tenge/h)
when pumping oil in the mode No. i; Q™™ s the
minimum specified capacity (in t/h) of the pipeline
at the mode No. i, which can be achieved using a PR
or a VFD.

Each optimal plan is represented by one of the
following three cases:

1) The mode No. i with shutdowns, i.e. the plan
consists of alternating states: pumping in the mode
with the capacity Q; (total t; hours) and stopping
pumping (total (T — t;)) hours):

Qiti = G, ti <T

2) The combination of modes No. i and No. j, i.e.
the plan consists of alternating states: pumping in
the mode with the capacity Q; (total t; hours) and in
the mode with the capacity Q; (total t; hours):

Qiti + Q]t] = G, ti + t] = T,
Eiti + E]t] — min

3) The mode No. i with the selection of rotor
speed:

G )
Qvrp = ?: imm < Quvrp = Q;

In this case, the pumping plan consists of one
mode with the constant capacity Qyrp. Required
pump rotor speed is determined based on the value
of Qurp.

The energy efficiency of oil transportation can
be estimated by specific electric energy
consumption according to the work performed [18]:

E W (1)
PG Hipss
where W is the amount of consumed electricity,
kWh; G is the volume of pumped oil, t; H, is the
required head for pumping the volume of oil G
through the pipeline, m.

In practice, in addition to specific electric energy

consumption  Ej,, specific electric energy
consumption by pipeline capacity is used:
w
Eeap =477 (2)

where L is the oil pipeline length, km; E.4,, has the
dimension of kWh/(thousand tons- km).

The energy-saving mode of main oil pipeline
operation is estimated by specific electric energy
consumption for pumping one ton of oil. Specific electric
energy consumption in kWh/t is found by the formula
([18], [19]]:

TlHj

1
Espj = E Nconsjn + Z Nconsij (3)

=1

where Ngonsjn is the power consumed by electric
motors of booster pumps of the head pumping
station (PS) when operating in the j-th mode; N¢op;j
is the same for electric motors of mainline pumps of
the i-th PS; nyj is the total number of mainline
pumps at stations in the j-th mode.

Power consumed by the pumping unit when
operating in the j-th mode is found from the
expression [[18], [19], [20]]:

pgH;Q;
N = — (4)
consi N1jM2M3;j

where Hj, Qj, 13 are the head, the flow rate and the
efficiency of the pump, respectively, when operating
in the j-th mode, 7, ; is the efficiency of the electric
motor in the j-th mode, 7,; is the efficiency of the
mechanical transmission, for the mechanical clutch
can be taken 1,; = 0.99.

Pump efficiency is calculated by the formula
(18], [19]]:

N3j = Co+c1Q; + CzQJ2 + C3Q]3

where ¢y, ¢q, C,, c3 are the empirical coefficients,
which are determined for each type of rotor.
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The efficiency of an electric motor is expressed
by the formula [19]:

1- Nnom

-1
my=[1+ (1+ k)|

2r)nomkload

where 1,,om is the efficiency of an electric motor at
nominal loading, k;,,4 is the operation factor of an
electric motor.

Thus, to assess the efficiency of energy-saving
modes of pumping oil blends along oil pipeline
routes, it is possible to use specific electric energy
consumption (3), specific electric energy
consumption for the work performed (1) or specific
electric energy consumption for cargo turnover (2).

Calculation results

Determination of the optimal pumping plan is
implemented as a separate module for the
SmartTranPro software package [21]. The software
module selects the most optimal combination of
pumps for each flow rate Qin the interval (10, Q yax)
with a step of 0.5 t/h and calculates specific energy
consumption E(Q).

Using this module for the Kalamkas -
Karazhanbas and the Dzhumagaliev — Atasu oil
pipeline sections, optimal modes of pumping oil and
oil blends were calculated. According to production
data, the lowest ground temperature value is
observed in March, and the highest — in September,
therefore calculations were carried out for these
two months.

To calculate financial costs, tariffs for electricity
and fuel in respective regions for 2020 were used.
Pumped oil volumes on considered sections of oil
pipelines were determined on the basis of the
ASCAPC (Automatic System for Commercial
Accounting of Power Consumption) system data of
KazTransQil JSC.

The following data were used as
parameters:

- average monthly values of soil temperature
along the pipeline;

- an actual value of the pumped oil volume
during the month.

When carrying out optimization calculations, the
following restrictions are taken into account, which
are necessary for safe operation of oil pipelines:

- maximum allowable pressure at the station
outlet;

- maximum allowable pressure at the oil
pumping station outlet (up to the PR);

initial

- minimum allowable pressure at the pump inlet;

- a safe range of pump flow rate;

- minimum allowable rotor speed.

For listed sections of oil pipelines, dependences
of the minimum unit cost of pumping on capacity
were plotted. Based on the found dependence,
optimal pumping plans were calculated for various
values of monthly planned volumes.

Optimal pumping plans are presented in a
tabular form, which displays a list of ranges of
monthly planned volumes with corresponding
optimal pumping modes.

Tables show lists of pump operating modes in
ascending order of obtained performance. A
performance range corresponds to each individual
table mode. If, opposite to the performance range in
the list of operating pumps, any pump is indicated
"with a VFD" (for example, "mainline pumping unit
(MPU) No. 1 with a VFD"), it is assumed that any
performance value from the corresponding range
can be obtained by adjusting rotor speed of the
specified pump. If, opposite to the performance
range in the list of operating pumps, no pump is
indicated "with a VFD", it is assumed that any
performance value from the corresponding range
can be obtained using a VFD at the starting station,
or by creating backpressure at the inlet to the
terminal station. In addition, if names of pumps are
indicated in a cell on one line, then this means that
given pumps operate in parallel, if on different lines
of one cell, then sequentially.

The Kalamkas - Karazhanbas oil pipeline

At the Kalamkas — Karazhanbas section (Fig. 1) of
the Kalamkas — Karazhanbas — Aktau main oil
pipeline, Buzachi oil with constant physical and
chemical composition is pumped [22]. Optimization
calculations were carried out using the actual data
of the SCADA system [23].

Initial parameters for performing optimization
calculations are given in Table 1. At 0.6 km and
23 km of the Kalamkas - Karazhanbas pipeline, there
are associated oil pumping points of Buzachi neft LLP
and Arman JV. Based on the archival data of the
SmartTranPro database for 2019, monthly pumping
volumes from Buzachi neft LLP and Arman JV are 15-
16 thousand m3® and 10-12 thousand m?3,
respectively. Therefore, in order to take this fact into
account, monthly average values of pumping flow
rate were used as the initial calculation parameter.

Figure 2 shows the dependency curve of unit
costs for pumping oil for the Kalamkas —
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Karazhanbas oil pipeline section from
performance obtained for the cold period. Tables 2
and 3 show optimal pump operation modes for
different performances and optimal pumping plans
for different monthly volumes for the Kalamkas —
Karazhanbas oil pipeline.

Height, m

As a result of the calculation, two optimal pump
operation modes were selected for this section: in
the range of mass flow rate values 100 — 231 t/h, the
pipeline can operate in the mode No. 1 with
shutdowns, in the range of flow rates 232 — 740 t/h
— in the mode No. 2 with the selection of required
rotor speed.

72 834 435 558 620

¢0 82 124 - 243 310
HOPS "Kalamkas" OPS "Karazhanbas"
& . Q@
0 a2
Figure 1 — Diagram and profile of the Kalamkas - Karazhanbas pipeline section
Table 1 — Initial parameters for calculating unit costs in the section of the Kalamkas — the Karazhanbas
Parameter names Parameter value
March September
Initial oil temperature, °C +52.5 +54
Initial pressure, bar 0.5 0.5
Flow rate of pumping from "Buzachi neft" LLP, t/h 20 20
Flow rate of pumping from "Arman" JV, t/h 14 14
Residual pressure at the inlet of the terminal station, bar 1.2 1.2
Soil temperatures, °C 4+9.2 (0 km) +24.8 (0 km)
+10.6 (62 km) +25.5 (62 km)
Electricity tariff, kWh/tenge 19.49 19.49

Unit financial costs, tenge/t

0 A A : P 4 . N 1

400

550 700

Capacity, th

Figure 2 — Dependence of unit costs on capacity in the Kalamkas — Karazhanbas section for March
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Table 2 — Optimal operating modes of pumps for various performance values of the Kalamkas — Karazhanbas section

MNO(;:Ie Flow rate, t/h Costs, thousand tenge/h Unit costs, tenge/t Operating pumps
1 100 - 231 (March) 1.6 - 1.8 (March) 15.8 - 7.7 (March) booster pump unit
100 - 242 (September) | 1.6-1.8 (September) 15.8 - 7.4 (September) | (BPU) No. 1

) 232 - 740 (March) 1.8 - 14.7 (March) 7.6 - 19.8 (March) BPU No. 1
243 - 750 (September) | 1.8 - 14.9 (September) 7.4 - 19.8 (September) MPU No. 3 with a VFD

Table 3 — Optimal pumping plans at different monthly
volumes for the Kalamkas — Karazhanbas section

Table 4 — Initial parameters for calculating unit costs in
the Dzhumagaliev — Atasu oil pipeline section

Pumping volume, t Required modes Parameter Parameter value
0-171000 (March) Mode No. 1 with names March September
0 - 174000 (September) shutdowns Initial oil
171000 — 550000 (March) | Mode No. 2 with the temperature, °C +10 +24
174000 - 540000 selection of required Initial pressure,
(September) rotor speed bar 0.6 0.6
Residual
The Dzhumagaliev — Atasu oil pipeline pressure at the
inlet of the 1 1
For optimization calculations of the Z:;::é:albar
Dzhumagaliev — Atasu section (Fig. 3) of the Pavlodar ’ +4.3 (0 km) +22.1(0 km)
— Atasu main oil pipeline, parameters of Aktobe oil Soil 1 ‘4 (175.7km) | +18 '(175 7 km)
at the outlet of the Pavlodar - head oil pumping temperature, °C | +3.3 (267.6 km) | +19.2 (267.6km)
station (HOPS) were used. +2.7 (427.3 km) | +16.4 (427.3km)
Initial data for optimization calculations are Electricity rate
given in Table 4: initial oil temperature, pressure at | \wh/tenge 1549 1549

the inlet of the booster pump at the Dzhumagaliev
HOPS, residual pressure at the inlet of the Atasu — oil
pumping station (OPS), soil temperature values at
main points and electricity tariffs.

E 438

g -~

g %6 7 Q \/’\,«":“
't

7 315 1 L 1 1 1 1 1
0 ’i B3 1282 4 291 u13 7]
HOPS "Dzhumagalieva” OPS "Barsengir” PL&R "Kyzyl-Zhar" HOPS "Atasu”
— & O ®

=T

%7 ED o

X

Figure 3 — Diagram and profile of the Dzhumagaliev — Atasu pipeline section

Figure 4 shows the dependency curve of unit
costs on performance obtained for cold and warm
periods of Dzhumagaliev — Atasu pipeline section
operation. The zigzag change in specific energy
consumption on the graph is explained by switching
to another pump or a group of pumps.

Table 5 shows found optimal operating modes
of pumps for various performance values of the
Dzhumagaliev — Atasu section for the cold period.
For each range of oil mass flow rate, specific
pumping costs and lists of pumps that operated at
oil pumping stations of the considered section
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(Dzhumagaliev HOPS and Barsengir OPS) are
indicated. If the cell is empty, then this pumping
station is not turned on.In accordance with obtained
modes for the Dzhumagaliev — Atasu pipeline
section, optimal plans for pumping oil were found at
various monthly volumes.

Table 6 shows data on optimal pumping plans
for the cold period. For example, in the range of
monthly oil flow rates from 738,000 to 1,066,000
tons, the most optimal for energy saving is the use
of a combination of modes No. 4 and No. 13 when
pumping oil in this section.
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Figure 4 — Dependence of unit costs on performance at the Dzhumagaliev — Atasu pipeline section: a) cold period
(March); b) warm period (September)

Table 5 — Optimal operating modes of pumps for various performance values of the Dzhumagaliev — Atasu oil pipeline
section in the cold season

; Operating pumps
Mode No. Flow rate, t/h Unit costs,
tenge/t Dzhumagalieva HOPS Barsengir OPS
1 2 3 4 5
BPU No. 1
1 200 - 658 82.6-30.1 MPU No. 1 (Q=0.5)
BPU No. 1
2 659 - 715 39.4-36.9 MPU No. 3
BPU No. 1
3 716 -718 39.5-394 MPU No. 4 (D=465mm)
BPU No. 1
4 719 -993 47.4 - 38.5 MPU No. 1 (Q=0.5) MPU No. 3 (Q=0.5)
BPU No. 1
5 994 - 1069 445-425 MPU No. 1 (Q=0.5)
MPU No. 3
BPU No. 1
6 1070 - 1076 42.6-425 MPU No. 3 MPU No. 3 (Q=0.5)
BPU No. 1
7 1077 - 1078 44.0-44.0 MPU No. 4 (D=465mm) MPU No. 3 (Q=0.5)
BPU No. 1
1 -1 .1-43. .1
8 079 - 1086 44.1-43.9 MPU No. 1 (Q=0.5) MPU No
BPU No. 1
9 1087 - 1128 49.4-48.2 MPU No. 3
MPU No. 4 (D=465mm)
BPU No. 1
10 1129-1172 48.3-46.9 MPU No. 3 MPU No. 1
BPU No. 1
11 1173 -1174 48.4 - 48.3 MPU No. 4 (D=465mm) MPU No. 1
12 1175-1187 49.0-48.8 BPU No. 1 MPU No. 3 (Q=0.5)
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MPU No. 1 (Q=0.5) MPU No. 4
BPU No. 1
13 1188 - 1434 54.0-48.3 MPU No. 1 (Q=0.5) MPU No. 3 (Q=0.5)
MPU No. 3
BPU No. 1
14 1435 - 1435 49.4-49.4 MPU No. 1 (Q=0.5) MPU No. 3 (Q=0.5)
MPU No. 4 (D=465mm)
BPU No. 1
15 1436 - 1511 53.2-51.4 MPU No. 1 (Q=0.5) MPU No. 1
MPU No. 3
BPU No. 1
16 1512 - 1518 51.9-51.8 MPU No. 2 MPU No. 3 (Q=0.5)
MPU No. 3
17 1519- 1519 525-525 BPU No. 1 MPU No. 3 (Q=0.5)
MPU No. 3
MPU No. 4 (D=465mm)
18 1520 - 1599 56.3-54.2 BPU No. 1 MPU No. 1
MPU No. 2
MPU No. 3
19 1600 - 1600 55.0-55.0 BPU No. 1 MPU No. 2
MPU No. 2
MPU No. 3
20 1601 - 1601 552-55.2 BPU No. 1 MPU No. 1
MPU No. 3
MPU No. 4 (D=465mm)
21 1602 - 1602 56.0-56.0 BPU No. 1 MPU No. 2
MPU No. 3
MPU No. 4 (D=465mm)
BPU No. 1
22 1603 - 1685 57.0-54.8 MPU No. 1 (Q=0.5) MPUM':)% ;c()Q;O'S )
BPU No. 2 .
BPU No. 1
23 1686 - 1688 55.2-55.1 MPU No. 1 (Q=0.5) MPUMNP‘L‘ ic()Q;O'S)
MPU No. 3 :
BPU No. 1
24 1689 - 1753 58.6-56.8 MPU No. 1 (Q=0.5) MPUMI\T(;J g?dio 5)
MPU No. 2 : :
BPU No. 1
25 1754 - 1757 57.5-57.4 MPU No. 1 (Q=0.5) MPUM,\TS gc(’(';o ‘)
MPU No. 3 : :
BPU No. 1
26 1758 - 1766 57.7-57.5 MPU No. 2 MPUM'\;‘L' iéQZO'S)
MPU No. 3 ’
BPU No. 1
27 1767 - 1770 59.2-59.2 MPU No. 3 MPUM'\;% ic()Q;O'S)
MPU No. 4 (D=465mm) )
BPU No. 1
28 1771- 1828 61.1-59.4 MPU No. 1 (Q=0.5) mgﬂ mz ;
MPU No. 2 :
BPU No. 1
29 1829 - 1839 59.6 - 59.3 MPU No. 2 MPUMI\T;J. gk()dio.s)
MPU No. 3
BPU No. 1 MPU No. 2
30 1840 - 1843 60.4 - 60.4 MPU No. 2 MPU No. 3 (Q=0.5)
MPU No. 3
BPU No. 1
31 1844 - 1844 61.4-61.4 MPU No. 3 MPUMIE:)J 2‘(’(';0 »
MPU No. 4 (D=465mm) : :
BPU No. 1
32 1845 - 1848 62.5-62.5 MPU No. 3 MPUMBT: ’;c()dio ‘)
MPU No. 4 (D=465mm) : :
BPU No. 1
33 1849 - 1863 63.9-63.5 MPU No. 2 mﬂ EZ ;
MPU No. 3
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Table 6 — Optimal pumping plans at different values of monthly volumes for the Dzhumagaliev — Atasu section for

March

Pumping volume, thousand tons

Required modes

0 —489000

Mode No. 1 with shutdowns

489000 - 738000

a combination of mode No. 1 and mode No. 4

738000 — 1066000

a combination of mode No. 4 and mode No. 13

1066000 - 1304000

a combination of mode No. 13 and mode No. 24

1304000 — 1368000

a combination of mode No. 24 and mode No. 29

1368000 - 1386000

a combination of mode No. 29 and mode No. 33

Thus, for each range of monthly flow rates, the
most optimal pump operating modes were
determined for the coldest and warmest periods of
time for the Dzhumagaliev — Atasu oil pipeline
section.

Conclusions

With the use of the control module of optimal
oil pumping modes of SmartTranPro SP for the
Kalamkas — Karazhanbas and the Dzhumagaliev —
Atasu oil pipeline sections:

- dependences of the minimum unit cost of
pumping on performance for warm and cold periods
were plotted;

- on the basis of the found dependence of the
unit cost, optimal pumping plans were calculated for
various values of monthly planned volumes for
warm and cold periods of time.
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MyHai1 aaayAabiH, OHTaMbI XKOCNAP/apbiH aHbIKTAy
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2C.C. Kymamenadze amoiHdarbl Tenaogusuka uHcmumymel, Peceli Folabim akademuscoiHelH Cibip 6enimweci, Hosocubupck, Peceli

TYWNIHAEME

Byn makanaga KasaKCTaHHbIH, MarnctTpanbAblk MyHal Kybbipaapbl apKblibl MyHai aipayablH, OHTainb
KOCMap/apbIH aHbIKTAy HaTUXKenepi KenTipinreH. EcenTtey agictemeci MyHal LWbIfbIHbIHA HGalNaHbICTbI

avipay GipAiriHiH, MUMHUManabl MEHLUIKTI KYHbIH aHblKTayfa HerisgenreH. MyHall alfayablH, sHeprus

Makana kengj: 17 Keipkyliek 2021
CapantamagaH eTTi: 03 KazaH 2021
KabbingaHabl: 26 Kapawa

YHEMAEY pPeXUMAEPI CTaHUMANAPAAFbI COPFbl KOHAIPFbIIAPbI MEH XbIbITY NELUTEPiHIH, OHTaNIbl }KYMbIC
afAannapbiHaa aHblKTanabl. AgayablH, OHTal/bl KOCNapbliH aHblKTay SmartTranPro 6araapaamansik,
NaKeTi YWiH }XeKe MOAyNb PeTiHAe Ky3ere acbipbingpbl. MyHall KyObipiapbiHbIH, yyacKkenepi apKbiabl

anpanatblH MyHal Kenemi «KasTpaHcOun» AK ASKUE xyieciHiH, aepeKTepi GOWbIHIIA aHbIKTAaAAbl.

AHbIKTanfaH Bip/iK KyHbIHbIH, afblH XKbl1AaMAblFbiHA Tayenainiri Herisinge «Kanamkac — KapakaHbac»

XaHe «Xymaranue — ATacy» yvackenepiHgeri CyblK (Haypbi3) XaHe Kblibl (KbIpKYMeK) yakpIT

apasblfblHAAafbl MyHalAbIH, aiNblK KenemiHe aiaayaplH, OHTalIbl Xocnapaapbl ecenTtengi. 9pbip WbifblH

AManasoHbl YWiH MyHall ailJayFa apHanfaH HaKTbl LUbIFBIHAAP KOHE Kybblp yyacKeciHiH, 6oibiHAA

OpPHANACKaH MyHal aligay CTaHUMANAPbIHAAFbI }KYMbIC ICTEMTIH COPFbIIAPAbIH, Ti3iMi KepceTingi.

TyitiH ce3aep: MmyHalt Kybbipbl, MaccanblK LWbIFbIH, OHTAM/bl aiAay *KOCMAPbI, SHEPTUAHBI YHEMAEY PEKUMI,

MEHLUIKTI WbIFbIHAAP.
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AHHOTAUMA

B fJaHHON cTaTbe npuBefeHbl pe3ynbTaTbl onpefeneHUs ONTUMAsbHbIX NAAHOB Nepekaykn HedTU no
marucTpanbHbiM  HedTenposodam KasaxcTaHa. MeToguKka pacyeTa OCHOBaHa Ha onpefeneHuu
MWHWUMAIbHOW YAENbHOW CTOMMOCTM NepeKayku B 3aBUCMMOCTM OT pacxoga HedTu. dHeprocbeperatowme
PEXMMbI NEpPeKaykn HepTU ONpeaensatoTca NPU ONTUMANbHbBIX YCNOBUAX PaboTbl HACOCHBIX arperaTos M
neyein noporpesa Ha ctaHuuax. OnpejeneHne ONTUMAZIbHOrO MNaHa NepPeKayku peasnsoBaHO B BUAe
OTAENbHOrO MOAYNA ANA NPOrpaMMHOro Komnaekca SmartTranPro. O6bembl nepekaynBaeMoit HepT no
y4acTkam HedTenpoBogos 6binn onpegeneHbl No AaHHbiM cuctembl ACKY3 AO «KasTpaHcOnn». Ha
OCHOBaHMMN HAWAEHHON 3aBUCMMOCTU YAENbHOM CTOMMOCTM OT pacxosa bbian paccynUTaHbl ONTUMAsbHbIE
NNaHbl NepeKkaykn ANs MecAavHblx 06bemoB HedTM Ha ydvacTkax «Kanamkac — KapaskaHbac» u
«[Jskymaranvesa — ATacy» AN XoNo4HOro (MapT) 1 Tennoro (ceHTA6pb) NeproaoB BpemeHW. 115 Kaxaoro
AvanasoHa pacxofa yKasaHbl yaenbHble 3aTpaTbl Ha nepekayky HedpT U nepeyeHb paboTatoLwmx Hacocos
Ha HedTenepeKkayMBaloLWMX CTAHLMAX, PACNONOKEHHbIX BAONb yHacTKa HedTenposoaa.

KnioueBble cnoBa: HedTenpoBos,  MACCOBbIM  pacxof,  ONTUMANbHLIA  NAAH  MepeKaykiy,
3HeprocbeperaoLmii pexnm, yaenbHble 3aTpaTtbl.
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ABSTRACT

The work is devoted to the synthesis and characterization of gels based on the monomers pentaerythritol
triaacrylate (PETriA) and 2,2 '-(ethylenedioxy)diethanethiol (EDODET) by thiol-ene "click" polymerization. The
properties of the obtained gels were investigated by IR, Raman spectroscopy, mechanical analysis. Sol-gel
analysis of obtained networks was carried out and the degradability was investigated. The results of IR
spectroscopy confirmed the presence of -C = O and -C-O-C- groups in the composition of the obtained gels.
The presence of unreacted C = C bonds conjugated with C = O, as well as thiol groups, varies depending on
the composition of the initial monomer mixture (IMM). Raman spectroscopy results correlate well with IR
data. Raman spectra also show C-S, S-S and SH characteristic bands that are difficult to identify by IR
spectroscopy. It was found that the composition of MM affects the physicochemical properties of the
synthesized gels. The highest yield of the gel fraction of obtained polymers was found in samples with an
equimolar composition of IMM. The analysis of mechanical properties showed that gels with an excess of
PETriA exhibit more elastic properties, and an excess of EDODET leads to the formation of networks with a
higher crosslinking density. The study of the ability of obtained PETria-EDODET gels to degrade in a 3%
solution of hydrogen peroxide showed that the polymer network degrades by 12% within 60 days. This
property of the obtained gels can find application in the creation of targeted drug delivery systems with their
prolonged release.

Keywords: 2,2 '-(ethylenedioxy)diethanethiol, pentaerythritol triacrylate, gel, biodegradation, thiol-ene
"click" polymerization.
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Introduction

The popularity

materials with residual unreacted functional groups
both in the bulk and on the surface. The presence of
unreacted thiol groups on the surface of
nanoparticles as a result of nonstoichiometric thiol-

thiol-ene "click"

polymerization for the synthesis of various polymer
materials is growing every year. These reactions are
very versatile and can be carried out using radical
conditions including photochemical initiation, or can
simply be promoted with polar solvents such as N,
N-dimethylformamide (DMF) [1].

Thiols and unsaturated compounds are often
used in stoichiometric ratios (1:1) to achieve
complete conversion and increase the mechanical
properties of the target product by thiol-ene
polymerization [2]. However, the resulting materials
usually have inactive surfaces with such a ratio of the
starting components. The work [3] reports the first
use of nonstoichiometric thiol-unsaturated
compound ratios leading to the production of

ene interactions can impart mucoadhesive
properties to materials - the ability to adhere and
retain on the surface of the mucous membrane due
to the formation of disulfide bonds with cysteine
residues of mucins [4].

Recently, the use of thiol-ene polymers is mainly
concentrated in the biomedical field, mostly in the
form of gels [5]. A wide variety of polymer systems
have been successfully synthesized using various
types of multifunctional unsaturated compounds
and thiols [[6], [7]]. Biodegradable thiol-ene systems
are of particular interest [8]. Biodegradation in the
case of biomaterials for medical use focuses on
biological processes within the body that cause
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gradual destruction of the material [9]. The
following  mechanisms of destruction are
distinguished: hydrolytic and enzymatic [10]. In this
work, we studied polymeric materials that contain
hydrolysable bonds in the polymer chain, such as an
ester group, and, accordingly, degrade by a
hydrolytic mechanism.

Experimental part

Materials. Pentaerythritol triaacrylate (PETriA)
manufactured by Aldrich Chemical Co (USA),
containing 350 ppm of hydroquinone monomethyl
ester as an inhibitor, was used without further
purification.

2,2'-(ethylenedioxy)diethanethiol (EDODET)
manufactured by Aldrich Chemical Co (USA) was
used without additional purification.

N,N-Dimethylformamide (DMF) manufactured
by Aldrich Chemical Co (USA) was used without
additional purification.

Gel synthesis. Synthesis of gels of various
compositions (the ratio of monomers
[PETriA:EDODET] = [2:1], [1:1] and [1:2] mol/mol)
was carried out in closed glass penicillin vials in a
DMF solvent (50 mass.% solvent and 50 mass.%
monomer mixture) with constant stirring on a
laboratory shaker GFL 3005 (Germany) for 24 hours
at 30°C. The formation of a crosslinked gel structure
was carried out within 24 hours, depending on the
composition of the initial monomer mixture (IMM).
Then the resulting gels were washed from unreacted
monomers for 1 hour in DMF, 6 hours in acetone (3
changes of acetone) and 24 hours in water (3
changes of water). The washed polymers were dried
in a lyophilic freeze-dryer to constant weight.

Physicochemical research methods. The study
of the kinetics and equilibrium degree of swelling in
distilled water was carried out by the gravimetric
method. The equilibrium degree of swelling was
calculated by the formula

— Mswollen—Mdry (1)
Mary

where Mswolien aNd Mgry — Mass of swollen and dry
samples, respectively.

For sol-gel analysis the synthesized gel samples
were washed from unreacted monomers for 1 hour
in a DMF solution, then in an acetone solution (3
changes of solvent), and then in water. After that
washed gels were dried in a freeze-dryer to constant
weight.

The content of sol and gel fractions was
calculated using the formulas

G% = Z4™: 5 100% (2)
Mgynt
5% = 100% — G% (3)

where mgynt — mass of the synthesized gel; mgry
w.= mass of the washed and dried gel.

An analytical balance Sartorius BP 121S
(Germany) with an accuracy of 0.0001 g was used to
determine the mass of synthesized and washed
dried gels. Labconco FreeZone freeze-dryer (USA)
was used for drying the samples.

In order to confirm the chemical composition of
the synthesized samples, the methods of IR and
Raman spectroscopy were used. IR spectroscopy
was performed on a Carry 660 Agilent IR Fourier
spectrometer (USA).

Raman spectroscopy was performed using a
Solver Spectrum setup (Russia). Dried gel samples
with a diameter of 0.5 mm were used for the
analysis.

The physicomechanical characteristics of the
synthesized samples were determined on a
TA.XTplus Stable Micro Systems instrument (UK) in
the compression mode.

Biodegradation degree. The degradability of the
resulting gels was studied in a 3% hydrogen peroxide
solution. The experiments were carried out in closed
glass penicillin vials at a constant temperature of 37
°C in an incubator with occasional stirring
Determination of degradable properties was carried
out in several parallel experiments. The degree of
degradation (DD) was investigated by the
gravimetric method to a constant value of the mass
of the samples and was calculated by the formula:

— mo— My

DD =" % 100% (4)

mo

where my — mass of degraded gel; mg — initial
mass of gel.

Discussion of results

In this work, the thiol-ene "click" polymerization
method was used to synthesize gels based on

pentaerythritol triaacrylate (PETriA) and 2,2'-
(ethylenedioxy)diethanethiol (EDODET) with
different ratios of components in the IMM

[PETriA:EDODET] = [2:1], [1:1] and [1:2] mol/mol in
the presence of DMF.
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The chemical composition of the synthesized
PETriA-EDODET gels was studied by IR and Raman
spectroscopy. IR spectra of dry samples of PETriA-
EDODET gels of various compositions are shown in
Figure 1. All three presented spectra have a high
peak in the range of 1745-1725 cm, which
corresponds to vibrations of the —C=0 group. A
broader peak of lower intensity in the region of
1180-1140 cm™ indicates the presence of (-C-O-C-)
groups in the composition of the resulting gels [11].
It is also worth paying attention to the peaks in the
region of 1640-1630 cm™ for compositions 2:1
mol/mol and 1:1 mol/mol which confirm the
presence of unreacted -C=C- bonds conjugated with
—C=0. At the same time, for the 1:2 mol/mol
composition with a predominance of the thiol
component, no characteristic bands are observed in
this region, which proves that all double bonds have
reacted with -SH groups.

—_—"21" -C=0 -CH=CH:2 -C-0-C
«gqH
12"
M\
T — l\...ﬁ"’“" N
3750 2750 1750 750

Wavenumber, cm™*

Figure 1 - IR spectra of PETriA-EDODET gels with various
compositions of the IMM. [PETriA-EDODET] = [2:1], [1:1]
and [1:2] mol/mol

It is known from the literature that the
determination of -SH groups content requires the
use of Raman spectroscopy, since thiol groups show
a weak signal in the IR spectra. Figure 2 shows the
results of Raman spectroscopy of PETriA-EDODET
based gels. It was found that peaks at 700-650 cm™
are responsible for vibrations of the C-S bond. The
peak at 525 cm indicates vibrations of the S-S
bonds. The absorption band at 2590-2550 cm
confirms the presence of SH-groups, which indicates
an excess of EDODET in the PETriA-EDODET gel with
a monomer ratio of 1:2 mol/mol.

The absorption bands in the region of 1680 cm™?
are responsible for the vibrations of the -CH=CH,
bond which confirms the presence of alarge number
of multiple bonds characteristic of PETriA-EDODET
gels structure obtained with an excess of PETriA in

the composition of the IMM (2:1 mol/mol) and
correlates with IR spectroscopy data.

Based on the results obtained by IR and Raman
spectroscopy a mechanism for the formation of
crosslinked gel structure was proposed. During the
polymerization reaction, the interaction of
monomers with the formation of covalent bonds
occurs through the reaction of functional groups
such as double bonds of PETriA and thiol groups of
EDODET. With an excess of PETriA in the IMM, gels
with unreacted multiple bonds in their composition
are formed, while an excess of EDODET leads to the
formation of gels with unbound thiol groups. Thus,
in this work, the formation of such gel structures was
confirmed by the data of IR and Raman
spectroscopy.

-5~ CH=CH; .C=0 -5H

—

- o7\ — Y, R

v v L L) L L4 v L4
0 500 1000 1500 2000 2500 3000
Wavenumber, cm™*

Figure 2 - Raman-spectra of PETriA-EDODET gels with
various compositions of the IMM. [PETriA-EDODET] =
[2:1], [1:1] and [1:2] mol/mol

Sol-gel analysis is one of the main characteristics
of gels. This method allows determination of the
polymer network yield. According to the results of
sol-gel analysis of PETriA-EDODET gels (Figure 3), the
highest yield of gel fraction is observed for the gel
sample with the IMM composition of 1:1 mol/mol.
This may be due to the fact that for the given IMM
composition, the starting monomers PETriA and
EDODET are taken in an equimolar ratio. When the
ratio of monomers PETriA and EDODET in IMM is 2:1
or 1:2 mol/mol, the yield of the gel fraction
decreases. It is likely that with a lack of one of the
monomers in IMM, the amount of reacted monomer
molecules decreases. Then, unreacted monomers
are washed out of the polymer network during
washing. In this case, the yield of the gel fraction at
1:2 mol/mol monomer ratio in the IMM is higher
than at 2:1 mol/mol ratio. This may be due to the
high activity of thiols to form disulfide bonds, which
leads to the formation of PETriA-EDODET gel of a
higher crosslinking density with an excess of 2,2 '-
(ethylenedioxy) diethanethiol in the IMM.
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Figure 3 - Dependence of sol and gel fractions yield of
PETriA-EDODET gels on IMM composition

In this work, the swelling ability of obtained
PETriA-EDODET gels in distilled water was
investigated. Figure 4 shows data on the change in
the swelling degree of PETriA-EDODET gels over
time. It can be seen from the results obtained that
the ratio of the starting monomers affects swelling
rate of the gels. With an increase in the content of
2,2'-(ethylenedioxy) diethanethiol, the swelling
capacity of PETriA-EDODET gels decreases. This
behavior may be due to the high content of —SH
groups in the gel structure, which form additional
disulfide bridges and increase the density of the
polymer network.

0.03 +
0.025 +

0.02 -
= / .
= 0.015 - —*1:1
-] “1:2*

0.01 -

0005 1 /

0 -~ T v T v y
0 50 100 150 200 250
t, min

Figure 4 - Dependence of the swelling rate of PETriA-
EDODET gels on IMM composition in distilled water

The study of the mechanical characteristics of
the gels makes it possible to draw conclusions about
the mechanical strength of the gels and indirectly
judge their composition. In this work, the
mechanical strength of the synthesized gels based
on PETriA-EDODET in the compression mode was
investigated. Figure 5 shows the deformation curves
of PETriA-EDODET gels of various compositions. It
was found that all gel samples are sufficiently strong
and elastic and do not undergo significant

mechanical destruction. The figure also shows a
noticeable effect of the ratio of monomers in the
IMM on strength of the resulting gels. The presence
of an excess amount of EDODET in the composition
of the IMM contributes to a slight decrease in
elasticity of the polymer network and an increase in
its strength (hardness). This is probably due to the
formation of a larger number of crosslinks in the gel,
which reduce the mobility of macromolecules. Gels
with an excess of PETriA in the IMM composition are
more elastic, which may be due to the presence of a

larger number of multiple bonds in the gel
composition.
03 v
" 0.2
2
- 11"
I
= 12"
v 01
y.
.-/.
0 + t + 4
0 5 10 15 20

Strain, %
Figure 5 - Deformation curves of PETriA-EDODET gels of
various IMM compositions

According to the mechanical analysis data, the
elastic modulus was also calculated for each gel
sample presented in Table 1. The elastic modulus
was calculated as the slope of the initial straight
section of the gel deformation curve obeying
Hooke's law. It was found that an increase of
EDODET concentration in IMM composition of
PETriA-EDODET gel promotes an increase in the
elastic modulus.

Table 1 - Values of the elastic modulus of PETriA-EDODET
gels of various compositions of IMM

IMM composition Elastic modulus, Pa

[PETriA:EDODET], mol/mol

2:1 17500
1:1 21428
1:2 25745

It is known from the literature that in the human
body in places of inflammation, including in places of
formation of oncological tumors of various thiology,
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hydrogen peroxide is released in small quantities.
The release of hydrogen peroxide prevents the
spread of infection and serves as a signal to attract
leukocytes [12]. Various concentrations of hydrogen
peroxide can be found in the literature to study
oxidative degradation in vitro, mimicking in vivo
conditions. While the ISO 10993-13 standard implies
the use of 3 wt.% (approximately 1 M) H,0,, Cosgriff-
Hernandez and colleagues used 20% H,0; with
0,1 M CoCl;, Sun and colleagues used 5 mM H,0,
with 50 MM CuS04[13]. In this work, the degradation
degree of gels based on PETriA-EDODET was studied
in 3% hydrogen peroxide solution. Based on the data
obtained, a graph of the dependence of the
degradation degree of gels on the residence time in
solutions was plotted, which is shown on Figure 6.
This figure shows that the degradation of the sample
with a composition of 2:1 mol/mol occurs after 40
days and the stage of swelling precedes the
degradation of the gel. In the first week, the gel
swells rapidly, that can be noticed by a significant
increase in its mass, then it decreases and the
degree of degradation increases, respectively, this
behavior correlates with the research data [13],
where the degradability of gels based on
pentaerythritol tetrakis (3-mercaptopropionate)
and tri-/tetraacrylates synthesized by thiol-ene
"click" reaction was studied. The degree of
degradation of gels based on PETriA-EDODET by day
60 amounted ~ 12%. Polymers with hydrolyzable
bonds generally undergo slow degradation from
several weeks to a year [14].
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[PETriA:EDODET] = [2:1] mol/mol

Figure 6 - Dependence of the degree of degradation of
PETriA-EDODET gels on time in a 3% solution of
hydrogen peroxide

Conclusions

In this work, gels based on the monomers
pentaerythritol triacrylate (PETriA) and 2,2 '-
(ethylenedioxy) diethanethiol (EDODET) in various
ratios and in the presence of a solvent
dimethylformamide (DMF) were synthesized by the
thiol-ene ‘"click" polymerization method. The
properties of the obtained gels were investigated by
various physicochemical methods. The results of IR
spectroscopy confirmed the presence of —-C=0
(1745-1725 cm), -C-O-C- (1180-1140 cm™) groups
in the composition of the obtained gels. Bands in the
region 1640-1630 cm™ for compositions 2:1 mol/mol
and 1:1 mol/mol established the presence of
unreacted C=C bonds, conjugated with C=0,
whereas for 1:2 mol/mol composition with a
predominance of the thiol component, there are no
characteristic peaks in this region. Obtained results
of Raman spectroscopy correlate well with IR
spectroscopy results and confirm them. Raman
spectra also show C-S, S-S and -SH characteristic
bands that are difficult to identify by IR
spectroscopy. It was found that IMM composition
affects  physicochemical properties of the
synthesized gels. Analysis of mechanical properties
showed that gels with an excess of PETriA exhibit
more elastic properties, while an excess of EDODET
leads to the formation of networks with a higher
crosslinking density.

The ability of the obtained PETriA-EDODET gels
to biodegradation in 3% hydrogen peroxide solution
was investigated. It was found that the polymer
network degrades by 12% within 60 days. This
property of the obtained gels can find application in
medicine as a targeted drug delivery system with
their prolonged release.
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2,2 '- (3TMNEeHaNOKCH) ANITAHTUON MEH NEHTA3PUTPUTON TPUAKPUAAT HerisiHge
6uonoruanbik aerpagaumarsa yWbIPaiTbiH }KaHa renbaepaiH, CMHTesi meH

cnnaTramachl

WyneH P.A., Kasbi6aesa [.C.

In-®apabu ameiHOarel Kasak yammelK yHusepcumemi, Aamamel, KazakcmaH

Makana kengj: 06 Koipkyliek, 2021
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Kabbinganapi: 30 kapawa, 2021

TYRIHAEME

HKYMBbIC TON-eH «K/MK» NOAUMEPU3ALMACHI aPKbIAbl NeHTaspuTputon Tpuakpunat (M3Tpua) kaHe 2,2 '-
(aTunenpmokeun) amatantron (ELOAIT) moHomepnepi Heri3iHAe renbAepai CUHTe3heyre KaHe onapapl
cunaTtTayfa apHanfaH. AfbiHFaH renbaepaid, kKacuettepi UMK-, PamaH CNeKTPOCKOMUACHI, MeXaHWKanbIK,
Tangay apKblabl 3epTTengi. AnbiHFaH TopAapfFa 30/b-TefibAik Tangay Kyprisingi keHe aerpagauusara
KabinetTiniri 3epTrenai. UK-cneKkTpoCKONUACHIHbIH, HTUXKENEepPi anblHFaH renbaepaiH KypambiHaa -C=0
oHe -C-O-C- TonTapbliHblH, 60naTbiHAbIFbIH pacTagbl. C=0-meH TyiickeH peakuusaFa TycnereH C=C
6aiinaHbicTapbl, COHAAK-ak TWON TonmTapbl 6acTankbl MOHOMeEp KocnacbiHbiH, (BMK) KypambiHa
6aiinaHbiCTbl  e3repesi. PamaH CMEKTPOCKOMUACBIHLIH,  HaTwxkenepi WK aepekTtepimeH  »KaKkcbl
KoppensaumanaHagbl. PamaH cnektpnepi coHbimeH KaTap UK cnekTpocKkonuAcbIMeH aHblKTay KublH C-S, S-S
oHe SH-ToH »KonakTapapbl Kepceteni. BMK Kypambl cuHTe3genreH renbaepaiH, Gusnkanbik-XMMUANbIK
KacueTTepiHe acep eTeTiHi aHbIKTanAbl. ANbIHFAH NONMMEpPNEpAiH renbaik GpPaKUMACBIHbIH, eH ¥Kofapbl
WhifbIMbl BMEK, 3KBUMONAPABIK, Kypambl 6ap yarinepae Tabbingpl. MexaHUKanblK Kacuettepai Tangay
KepceTkeHael, MITpma menwepi apTbiK renbgep cepnimai kKacvetrepre ne, an EAOOIT-TiH, apTbik 60ybl
©3apa TbIfbI34blfbl }KOFapbl TOPAAPAbIH, Nainaa 6onybiHa akenedi. AnbiHFaH M3Tpua-EQOOIT renbaepiHiy,
cyTeri acKblH TOTbIfbIHbIH, 3% epiTiHAiciHAe blablpay KabineTiH 3epTTey NOMMEPIK KeniHiH, 60 KyH iwiHae
12% blablpPaTbIHbIH KepCeTTi. ANbIHFaH renbaepaid, 6yn KacveTi Aspi-49PMEKTEPAiH, TapreTTi (MakcaTTbl)
YKETKI3Y KyienepiH Kypyaa KongaHyfsa 6onaabl.

TyiiH ce3gep: (2,2 '- (3TMNEHANOKCH) SUETAHTUOA, MEHTA3PUTPUTON TPUAKPUAAT, renb, buogerpagaums,
TUON-EH KKAUK» NOANMEPAEHYI).
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CUHTE3 U XapaKTepUCTUKaA HOBbIX Buoaerpagupyembix reneii Ha ocHose 2,2’-
(3TMneHaMoOKCH) AUITAHTUONA U NEHTA3PUTPUTON TPUAAKPUAATA
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AHHOTALUMA

Pabota nocesAlleHa CUHTE3y M XapaKTepUCTUKE reneil Ha OCHOBE MOHOMEPOB MNEHTA3PUTPUTON
Tpuaakpunat (N3TpuA) u 2,2'-(atmneHgmokcu) austantvon (3A0A3T) METoAoM TUOM-EH  «KAMK»
nonumepusaumm. CBOWCTBA MOMYYEHHbIX rene 6biAn  uccnegosaHbl  mMetogamu  UK-,  PamaH
CNEKTPOCKOMMUU, MEXaHUYECKMM aHanu3om. bbiin nposeaeHbl 30/1b-refib aHaM3 MONYYEHHbIX CETOK U
nccaepoBaHa cnocobHoOCTb K Aerpagdaumu. Pesynbtatel MK-cnektpockonun noareepannmn Hannumne —C=0 n
-C-O-C- rpynn B coCTaBe NoJsiy4yeHHbIx renei. Haanumne Henpopearvposaslumx C=C cBsA3el, CONPAKEHHbIX C
C=0, a TaKXe TMONbHbIX rPynn BapbMpyeTca B 3aBUCMMOCTM OT COCTaBa MCXOLHON MOHOMEPHOW CMeCH.
Pe3ynbTaTbl PamaH-CNeKTpOCKONMM XOPOLLO KOPPENUpPYHOT € AaHHbIMKU MK-aHann3a. PamaH-cnekTpbl Takxke
nokasblBatoT C-S-, S-S 1 SH- xapaKTepucTUYecKmne No0Cbl, KOTOPbIE TAXKENO0 UAEHTUPULMPYIOTCA METOAOM
NK-cnekTpockonuu. YCTaHOBNEHO, YTO COCTaB MCXOAHOM MOHOMepHoM cmecn (MMC) BaunseT Ha ¢usmKo-
XMMUYECKMEe CBOWMCTBA CUHTE3MPOBaHHbIX resneil. Hambonblumit Bbixod renb Gpakuum MoayYeHHbIX
nonMmepos obHapy»KeH y 06pasLoB C 3KBUMONbHbIM cocTaBou MMC. AHanm3 mexaHUYecKMx CBOMCTB
NnoKasan, 4to reau ¢ usbbitkom MITpMA npoasnatoT 6onee anacTMyHble CBOMCTBA, a M3bbiTok 4043T
nNpMBOAMT K 06pa3oBaHWUIO CETOK C 6oAblueit NAOTHOCTBbIO clumMBaHMA. MccnegoBaHue CnocobHOCTU
nonyyeHHbix renen N3Tpuna-34003T K aerpagaumm B 3% pactBope NepeKkucu BoAOpoLa NOKA3ano, Yto
noMMepHan ceTka Aerpaampyet Ha 12 % B TedeHum 60 cyToK. [laHHOe CBOMCTBO NOJIyYEHHbIX reNei MOXKeT
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HalTM MNpUMeHeHWe MpU CO34aHMM CUCTEM TapreTHOW [OCTaBKM JIEKAapCTBEHHbIX CPeACTB, C WX
NPOSIOHMMPOBaHHbIM BbICBOBOMXKAEHNEM.

Kniouesble cnoBa: (2,2'-(3TMNEHAMOKCHM)  AMITAHTMOA,  MNEHTA3PUTPUTON  TpUaakpuaat, renb,
6uoaerpagaums, TMON-eH «KANK» NOAMMepHU3aLms).
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ABSTRACT
The paper analyzes data on the removal of arsenic by sorption methods using materials that have prospects
for large-scale application in water treatment. These materials include transition metal oxides in the micro-
and nano-dimensional form, including those in the composition of composite materials with inorganic
matrices, or hybrid sorbents in the composition with polymer resins or natural biopolymers. Examples of the
use of composite (hybrid) sorbents for the removal of arsenic from solutions with low concentrations (at the
level of MPC) are given. The objective of this article was to sum the up-to-date information about the most
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Introduction the maximum permissible concentration (MPC) of As
in drinking water down to 10 pg/L [1].
Various technologies are used to solve Arsenic  enters the environment from

numerous environmental problems. In particular,  geothermal and ground waters, as a result of
the following methods are used for the removal of ~ weathering, soil erosion, and volcanic activity. In
toxic pollutants from water: oxidation/precipitation,  addition, arsenic contamination has anthropogenic
coagulation,  co-precipitation, sorption, ion  origins, such as the use of pesticides, mining
exchange, and membrane technologies [[1], [2], [3],  processing, and burning of fossil fuels [[1], [2], [3]].

[4]]. Among them, sorption/adsorption s Although most of the indicated methods,
considered as a relatively simple, effective, and cost- ~ provided that they are carried out under optimal
efficient techniques for removing pollutants, it is  conditions, allow reducing the arsenic concentration
also suitable for the use in rural areas. In addition,  below 10 pg/L, the majority of them are rather

no sludge is formed when applying this technology.  costly, especially the membrane technologies [[1],
Arsenic is known to be one of the most toxic  [2]].
chemical elements at very low concentrations [[1], At present, a wide range of materials was tested

[5], [6], [7], [8]]: it is one of the most well-known  for the purpose of removing As at low

environmental pollutants. Arsenic affectsthe human  concentrations: natural ores, minerals, activated

body at very low concentrations, so that the World  carbons (AC), ion exchange resins, agricultural and

Health Organization (WHO) recommended reducing  industrial waste, natural biopolymer chitosan [[1],
(2], [7], (8], [9], [10]].
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Among the materials recommended for use as
adsorbents in water treatment, the following
transition metal oxides were studied: Al;Os, TiO,,
MnO,, and iron oxides/hydroxides [[6], [11], [12],
[13]]. The latter ones are of the greatest interest,
since their application allows isolating powders
(nanopowders) from the media to be
decontaminated by magnetic separation on the
condition that the oxide has magnetic properties. Of
iron oxides, goethite (a-FeOOH) and hematite (a-
Fe,0s) are non-magnetic, whereas magnetite
(Fes04), maghemite (y-Fe,0s), and hydrated iron
oxides are characterized magnetic properties [[13],
[14]].

The separation of iron hydroxides, which are
considered as among the most effective sorbents for
arsenic, requires sedimentation or filtration and is
hard to perform due to their low mechanical
strength [[13], [15]].

The solution to this problem consists in the
immobilization of iron oxides into a carbon or
polymer matrix to obtain composite materials [[13],
[14], [15], [16], [17], [18]].

Another group of materials that are widely
studied as sorbents for arsenic includes carbon
materials (CM) in various forms like conventional
commercial carbons or carbon nanotubes. However,
activated CM, despite their high specific surface
area, the presence of surface functional groups, and
a well-developed porous structure, are not very
suitable for removing anionic pollutants, which
include arsenic compounds. At the same time, CMs
comprise one of the most suitable matrices for the
production of composites, even despite their high
cost and the method of their production, which is
not particularly environmentally friendly [[19], [20]].

In recent years, numerous works were devoted
to nanoscale metal (hydro)oxides, such as Fes;Q,,
hydrated iron oxide (HGO), TiO,, MnO,, etc., which
demonstrate high sorption efficiency towards heavy
metals. However, these hydroxides cannot be
directly used in the flow-through systems due to
high pressure in the columns caused by the ultra-fine
particle sizes. These technological disadvantages can
be avoided by placing the oxide on to conventional
porous adsorbents, including activated carbons,
cellulose granules, alginate beades, or polymer
adsorbents to produce hybrid sorbents for further
application [15].

Another approach to obtaining composite
materials consists in the immobilization of iron
oxides directly into polymer matrices. Cation-
exchange and anion-exchange synthetic resins are

used for immobilization [[13], [15], [16], [21], [22],
[23], [24], [25], [26], [27]].

Commercial arsenic sorbents were synthesized
on the basis of industrial ion-exchange resins by
immobilization of iron oxides in them. Among these,
the ArsenX™ hybrid sorbents show high efficiency in
removing arsenic from model solutions [[21], [23],
[24]].

Currently, the development of highly effective
sorbents is tending to low-price sorbents based on
natural biopolymers, the most preferred of which is
the natural polymer chitosan (CS) [[7], [10], [28],
[29], [30], [31], [32], [33]].

The use of biopolymers as sorbents is
determined by their unique combination of
properties: non-toxicity, biodegradability,
biocompatibility, bioactivity, and production from
renewable sources [[30], [31]].

Chitosan is a natural aminopolysaccharide
synthesized by alkaline hydrolysis of chitin (a cheap
natural raw material, among other sources, it is a by-
product of the fishery industry). Chitosan can be
considered as the most suitable material for the
removal of anions (including some charged forms of
arsenic), since it contains a large number of amino
groups protonated in an acidic medium. This ensures
the removal of anionic forms of arsenic by an ion
exchange mechanism [29].

However, there are several factors that prevent
the full-scale use of chitosan. The modification of CS
is necessary to overcome its solubility in an acidic
medium, low porosity, and residual crystallinity.

The best sorption properties are demonstrated
by the materials based on modified chitosan, which
include grafting functional groups or compounds of
other compounds (that have a strong affinity for
arsenic) incorporated into a biopolymer matrix [10].

Impregnation with metal oxides or metals was
suggested to increase the sorption capacity or
improve the selectivity towards arsenic [[10], [30],
[31], [32], [33], [34]]. A large group of modifier
compounds consists of metal oxides (Al, Ti, Mn, Fe,
Ce, Cu, and Mo) [[5], [7], [10], [31], [34]].
Molybdenum oxide is especially remarkable of these
due to the different mechanism of interaction with
As as a result of the formation of an
arsenomolybdate complex [[6], [10]].

It is necessary to single out a group of sorbents
in which the biopolymer (polysaccharide) chitosan is
modified with molybdenum, which has a strong
affinity for both chitosan and As: this allows the use
of Mo-containing chitosan as a sorbent for arsenic
[[6], [7], [10], [31], [35], [36]]. Mo-containing
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Table 1 - Examples of hybrid sorbents based on metal oxides

Sorbent Initial Solution Mode Passed Final Refere
concentration volume* concentr | nce
ation,
ug/L
Polystyrene (polyHIPE) coated | 50-200 pg/L | deionized and dynamic <10 [38]
with iron hydroxide As(ll1), As(V) tap water
Layers of sand coated with | 1 mg/L 0.01 M NaNOs | pilotunit, <50 [39]
manganese oxide and iron solution dynamic
oxide As(l11), As(V)
Iron coated chitosan flakes, | 500 pg/L real ground | dynamic | 147 b.v. <10 [40]
Iron doped chitosan granules | As(lll), As(V) water As(l1)
180 b.v.
As(V)
TiO2/montmorillonite 120-410 pg/L | real ground | column 4300- <10 [41]
water 10500 b.v.
FeO/activated carbon 0,5 mg/L potable water column 1,250 ml <10 [42]
of solution
Al>O3/chitosan 91 mg/L As | deionized water | dynamic | 40 b.v. | <10 [43]
(), As(I11)
101 mg/L As 120  b.v.
(V) As(V)
Activated carbons imregnated | 40-60 pg/L real ground | dynamic | 20000 b.v. | <10 [44]
with iron hydroxide 70-75% As(V) water
25-30% As(Il1)
Activated carbon fiber | <1000 pg/L water solution static m/v = 0.7 | <10 [45]
impregnated with nanosized g/L
magnetite
Macroporous anion exchanger | 1 mg/L As (V) solution in the | dynamic | max 2000 | <10 [15]
D-201 loaded with hydrated presence of b.v.
ferric oxide S042°, CI, PO4%,
SiO2, HCOs
npRio gel-type strong base | 20 ug/L solution in the | dynamic | ~7500 b.v. [23]
anion exchange resin presence of 30
Impregnated iron oxide pg of SiO2
ArsenX"P 17500 b.v.
Strong base anion exchange | 600 pug/LAs (V) | solution in the | dynamic | ~12000 <10 [22]
resin based on styrene- presence of b.v.
divinylbenzene loaded PO4*, Si02
hydrated ferric hydroxide
ArsenX"P 80-100 pg/L 25000 b.v. | <50 [21]
140-180 pg/L 20000 b.v.
Natural zeolite coated with | 50 pg/L potable water pilot unit, | 10000 b.v. | <3 [46]
nanocomposites of Mn-Fe | As(lll), As(V) dynamic
oxides
Purolite A-500P resin filled | 100 pg/L solution in the 12000 b.v. | 10 [47]
with hydrated iron oxide As(ll) presence of
S04%°, CI,, HCOs"

Note: *) b.v - empty bed volumes,
m/v — mass to volume ratio

chitosan resins can be synthesized in the form of  concentrations close to the MPC are shown in Table
magnetic sorbents [37]. Some examples of the use 1.
of hybrid sorbents for the removal of arsenic at low The objective of the present work was to study

the sorption properties and stability of Mo-

— 34 ——
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containing sorbents based on both pristine carbon
fiber and fiber modified with chitosan during the
processes of arsenic removal from model olutions
ith low concentrations in bidistilled and tap water.

Experimental part

Carbon fiber and chitosan-carbon materials
modified with molybdenum oxide were chosen as
the objects of the research. To produce chitosan
carbon materials, chitosan (in various forms) was
deposited by different methods on the initial carbon
fiber Aktilen (grade brand B) produced by St.
Petersburg Research Institute Chemical Fiber
"Khimvolokno".

The chitosan-carbon material CCM(-900) was
produced by depositing chitosan from a solution on
a carbon fiber (CF), which was used as a working
electrode, in a standard electrochemical cell, while it
was polarized into the cathode region with holding
at the reached potential of -900mV for a given time.
The deposition potential was measured relatively to
the Ag/AgCl reference electrode.

The sample of CCM(SO4) was prepared by
deposition of nanoscale chitosan on the surface of
CF by ionotropic gelation method. To do this, the
carbon fiber was pre-soaked in a chitosan solution
and then the wet fiber was treated with a
concentrated solution of the strong electrolyte
Na,S0.. The fiber was washed with water to remove
the excess of the electrolyte and dried in the air.

The preparation of chitosan-carbon materials is
described in detail in [48].

The modification of carbon fiber and chitosan-
carbon materials with molybdenum oxide was
performed by adsorption of molybdenum from
solutions of sodium molybdate with different
concentrations at pH 3, at which the maximum
sorption of molybdenum from the solution was
observed. The sorption of molybdenum was carried
out under static conditions ataratioof m:V=1:
1000. The concentration of molybdenum in the
sorbent was determined by the difference between
the initial and equilibrium concentrations from a
given volume of the solution to the carbon sample.

The sorption properties of composite sorbents
were studied under static conditions with a phase
ratio of S: L =1 :1,000. The sorption kinetics was
studied on the model solutions prepared with tap
water by the limited volume method (0.05 mg
sorbent: 50 ml solution, pH 3.0). In accordance with
this method, probes were taken from the solution,
the initial concentration of which is known, at
certain intervals of time, in which the concentration

of the element was determined during its extraction
by the sorbent. Arsenic(V) sorption isotherms were
obtained by the method of variable concentrations
in the solutions prepared with bidistilled water from
50 to 1000 pg/L (pH 3.0) and tap water from 50 to
1500 pg/L (pH 6.4-6.5). To prepare model solutions,
a standard solution of Na;HAsO47H,0 in 1 M HCI
with 25 mg/L As was used. Standards for the
determination of arsenic were prepared with tap
and bidistilled water.

To study the sorption dynamics, a model
solution was prepared with bidistilled water with a
concentration of arsenic(V) of ~100 pg/L, pH 2.9.
Arsenic breakthrought curves were taken in a
polyethylene column of a diameter of 0.9 cm and a
height of 5.8 cm at a solution passing rate of 1
ml/min. The volume of the loaded sorbent layer was
1 cm? with a packing density of 0.15-0.16 g/cm?. The
samples were analyzed for the content of As(V) as 50
ml of the solution was passed. The following
sorbents were tested in the dynamic mode: initial
CF—Mo, CCM(-900)-Mo, CCM(SO4)—Mo.

Results and discussion

Despite the advantages of using chitosan as a
sorbent for the removal of certain pollutants, there
are a number of objective reasons that prevent its
widespread use as a sorbent for the removal of
arsenic, in particular. These include: 1) weak stability
of chitosan at pH optimal for As extraction, 2) low
sorption capacity, especially towards As(lll), 3)
difficulty in standardization of initial chitosans due
to heterogeneity depending on the degree of
deacetylation, 4) low porosity of chitosan and,
accordingly, low availability of sorption sites, 5)
physicochemical characteristics of granules that
prevent their use in industrial units in a dynamic
mode [[30], [31]].

Although chitosan can sorb arsenate ions [[29],
[49], [50]], the sorption capacity towards arsenic is
very low, it rarely reaches 10 mg of As (V)-g?, and
only a few mg of As(lll)-g}[35]. Therefore, chitosan
undergoes modification by physical or chemical
methods [7]. The choice of a metal modifier
(specifically, a metal oxide) is determined by both
the nature of the interaction of this metal directly
with the matrix and its interaction with the extracted
toxic agent. The immobilization of metal oxides into
chitosan implies an increase in arsenic sorption
capacity and the emergence of selectivity over other
metals and related ions [7]. As was mentioned
above, metals such as molybdenum and iron are




Complex Use of Mineral Resources. 2022; 320(1)

ISSN-L 2616-6445, ISSN 2224-5243

effectively used to obtain sorbents due to their
strong affinity for chitosan.

The removal of arsenic using granules of a
chitosan sorbent containing molybdenum depends
on the characteristics of the granules, as does the
sorption of molybdenum by granules of the original
chitosan. This is related to the fact that the sorption
of molybdenum is influenced by both the degree of
deacetylation and the molecular weight of chitosan.
The correlation between the parameters is not
direct. However, it was shown that the sorption of
molybdenum depended on the degree of
crystallinity of the polymer. High degree of
crystallinity reduces the availability of water and
metal ions to binding (reactive) amino groups [51].

On the other hand, the sorption of molybdenum
is completely controlled by the pH of the solution
and the concentration of molybdenum in the
solution, which determine the appearance of
charged poly-nuclear hydrolyzed forms of
molybdenum at pH 3-3.5, which are most preferable
for its sorption by chitosan [[52], [53]].

Thus, some part of molybdenum is well sorbed
due to electrostatic interactions with polymer
molecules, while the other part is in the form of
clusters adjacent to the polymer structure [54].

Chitosan sorbents containing molybdenum can
be prepared in various ways: 1) impregnation of
chitosan granules with molybdate, 2) coagulation of
CS granules in a solution of molybdate. The first
process is essentially an adsorption process and is
largely determined by the properties of chitosan,
which cause different sorption of molybdate. The
second method of production is based on ion
gelation of chitosan using molybdate as gelling
agent, which leads to the formation of micro and
nanoparticles of chitosan [[35], [36], [55]]. lonic
gelation with molybdate is an analog of the
processes of ionotropic gelation of chitosan in

solutions of tripolyphosphate or sodium sulfate.
The difference between the materials obtained in
different media was confirmed by electron
microscopy. The granules obtained in sodium
hydroxide are characterized by large open porous
structure (with a thin outer layer). When the gel is
coagulated with molybdate, then treated with
sodium hydroxide solutions, the structure is
heterogeneous. The external layer is relatively
compact (100 um) without obvious pores, and the
inner part is characterized by a small pores structure
[[54], [56]].

The sorbents used in the work were based on
activated carbon fiber (ACF) and were obtained
using these fiber modification techniques. Chitosan

deposition on the fiber surface in the base form was
performed by electrodeposition on the cathode
from CF, that is, by gelation of chitosan with sodium
hydroxide generated at the cathode at a potential of
-900 mV [57]. Another sample was prepared by
coagulation of chitosan with sodium sulfate in the
presence of CF as a carrier [48]. The modification of
the prepared samples with molybdenum was carried
out by adsorption of Mo from a solution of sodium
molybdate. The use of CF as a carrier creates
favorable conditions for the sorption of arsenic. The
deposition of CS on a highly developed CF surface
contributes to the increase of the chitosan surface
and, accordingly, the availability of amino groups of
CS molecules [[58], [59]].

The features of Mo sorption by carbon fiber and
chitosan-carbon materials, and the characterization
of materials by atomic adsorption and electron
microscopy were described in [[58], [59], [60]]. In
order not to repeat the published data, we included
only the part related to the sorption of arsenic.

The surface morphology of the initial CF and
composite chitosan-carbon materials with chitosan
deposited in various forms were characterized by
scanning electron microscopy (Figure 1). When
carbon fibers are modified with chitosan, two
different films are deposited: an insoluble chitosan
film in the base form under cathodic polarization
and a film in the sulfate form, both of them are solid,
homogeneous, completely covering the pores of the
original carbon fiber.

The non-modified materials (in the absence of
Mo) do not virtually sorb arsenic. On the contrary, as
the test results show, the materials modified with
Mo effectively decontaminate solutions from
arsenic under static conditions: at initial arsenic
concentrations of 50-1500 pg/L, the equilibrium
concentration reaches 10 pg/L. The effectiveness of
Mo-containing sorbents can be explained by the
formation of an open porous structure formed in a
film deposited on the carbon fiber surface, similar to
the structure in chitosan gels, which were prepared
by the interaction of chitosan with molybdate
polyoxyanions as crosslinking agents [[54], [61]].

Figure 1 - SEM image of the surface of composite
sorbents based on CF modified with molybdenum: a) CF—
Mo; b) CCM(-900)-Mo; c) CCM(SO4)-Mo
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The difference between the sorbents is
displayed in the processes of arsenic(V) extraction.
From the analysis of the sorption isotherms, it can
be seen that in bidistilled water in the studied
concentration range, the sorbents differ slightly
from each other (Figure 2a). While in tap water, the
best sorbent is a Mo-containing chitosan-carbon
material in which the polymer is deposited on the
carbon fiber surface in the sulfate form (Figure 2b).

The difference in the behavior of chitosan-
carbon materials is clearly displayed in the dynamic
mode of arsenic removal from aqueous solutions.

As follows from the data presented in Figure 3,
the sorbents CCM(-900)-Mo and CF-Mo have
approximately the same full dynamic capacity,
which is achieved when passing 900-950 bed
volumes of the solution.

At the same time, the total exchange capacity of
sorbent CCM(SO4)—Mo is not achieved even when
passing 1800 ml (b.v.) of the solution. The numbers
at the intersection of the output curves with the line
of 50 pg/L correspond to the dynamic capacity
before the slip. Here, at the selected sorbent loading
density and a given solution passing rate, sorbents
containing Mo, in which CF is coated with a chitosan
film in various forms, show satisfactory
characteristics: CCM(-900)-Mo retains a
concentration of up to 10 pg/L when passing 300
bed volumes, and CCM(SO4)—Mo when passing 750
bed volumes.
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Figure 2 - Isotherms of sorption of As(V) on Mo-
containing sorbents from a) bidistilled and b) tap water,
1) CCM(-900)-Mo, 2) CCM(SO4)-Mo, 3) CF-Mo. a —
sorption capacity, Ceq. — equilibrium concentration
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Figure 3 - Output curves of sorption of As (V) by the
sorbents: 1) CF-Mo, 2) CCM(-900)—Mo, 3) CCM(SOa)—
Mo, pH 2.9, Co ~105 pg/L; C/Co -- the ratio of the
concentration of As (V) in the eluate to the initial
concentration

The isolation of arsenic is known to be based on
a complexation reaction in a solution between
Mo(VI) and As(V). The structure of these complexes,
the so-called heteropolyanions, is very complex and
depends on both the initial Mo/As ratio and the pH
of a solution [6].

However, the monolybdate ion, which is located
in the chitosan film in various bound forms (strongly
bound and labile), can be released into the solution,
leading to secondary contamination. Also, a weakly
bound form of molybdate, partially released into the
solution, can form complexes with arsenic, thereby
reducing the efficiency of the sorption process.

The curves of Mo leaching from the sorbents in
comparison with the kinetic data of arsenic
extraction are shown in Figure 4.

As follows from the above data, during the
sorption of arsenic, labile molybdate is washed out
of the sorbent into the solution, which leads to
contamination of the solution with molybdenum in
concentrations significantly exceeding the MPC of
molybdenum (250 pg/L). Mo leaching is not
accompanied by an increase of the concentration of
As in the solution, which is probably due to the bond
strength of the arseno-molybdate complex with the
carbon matrix. The problem of reducing the leaching
of molybdate and increasing the bond strength of
molybdate with the sorbent can be solved by
treating the sorbent with phosphate ions before
using the Mo-chitosan sorbent to prevent the
leaching of mobile molybdate [[6], [36], [55]].
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Figure 4 - Kinetics of the sorption of As(V) (a, ¢, e) and
the kinetics of leaching of molybdenum (b, d, f) from the
composite sorbents: a, b) CF-Mo; c, d) CCM(-900)—-Mo;
d, e) CCM(S04)—Mo; C/Co— the ratio of the concentration
of As(V) at the time t to the initial concentration, Cwmo is
the concentration of molybdenum at time t.

Conclusions

1. Oxides of transition polyvalent metals in an
ultradispersed state in the composition of
composite sorbents, being deposited on an
inorganic carrier or included in a polymer matrix, can
be successfully used to remove arsenic from
solutions with low concentrations to a level that
meets WHO standards.

2. Sorption of As(V) by Mo-containing sorbents
based on carbon fiber and chitosan-modified fiber in
various forms under static and dynamic conditions
has been studied.

3. The determining role of the form of chitosan
deposited on the surface of carbon fiber on the
sorption properties of composite Mo-containing
sorbents has been shown.

4. During the removal of As(V) from acidic
solutions, the composite sorbents are destroyed,
which is accompanied by the release of Mo into the
solution to be cleaned. Therefore, the synthesized
sorbents can be used in combined schemes of
purification of industrial water and technological
solutions.
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TYWIHAEME

Makanaga cyabl Ta3apTyda KeH Kenemae KongaHblnaTblH Matepuangapdpl naiganaHa oTbipbin

COpOLMANBIK SAICTEPMEH MbILLBAKTbI KETiPY BOMbIHLIA MaAiMeTTep TanaaHaabl. OnapFa MUKPO KaHe

Makana kengi: 19 mamelip, 2021
CapantamagaH eTTi: 25 Keipkyliek, 2021
Kabbinganap!: 30 kapawa, 2021

HaHO Menwepnik Kyngeri

aybiCnanbl  MeTangapaplH, OKCUATEpi  Kipepi, onapAablH iwiHaoe

OpraHUKasblK emec MaTpuuanbl KOMMO3ULMANBIK MaTepuangap KypambiHAa Hemece noaumepni
Wwakblpnap Hemece Tabusn 6uononumepnepi 6ap rmbpuari copbeHTTep 60naabl. KOHLEHTPaLMACHI

TemeH LUPK (LweKTi pyKcaT eTinreH KOHUEeHTpauusa) geHreiige epitiHainepaeH MbilWbAKTbI KETipY YLWiH

KOMMNO3UTTIK (rMbpuaTi) copbeHTTepAai KonaaHy Mbicangapbl KeATipiareH. by makanaHblH, MaKcaTbl

— AACY TanantapblHa COMKEC KeNeTiH TOMeH KOHLEHTPauMALa MblbAKTbI KeTipy npouectepiHae

KONAaHyY YWiH Mo-6ap xMTo3aH MeH 6i3 }acafaH XMTO3aH-KeMIPTEKTI MaTepuansapabiH, MaHbIi3apl
epeKLenikTepi Typanbl COHFbI akMapaTTbl XMUHaKTay. MaKkanafa CTaTUKasbIK KaHe AMHAMMKaNbIK

Kafgada anbiHFaH BUMAMCTUANAEHTEH XKaHe afblHAbl cyaaH 6Genin anfaH Kesge MblwbAKKa (V)

KaTbiCTbl KypambiHaa Mo 6ap 6enceHaipireH Kemip Ta/lbIKTapbl MeH XMTO3aH-KeMipTeKTi

KOMMO3ULMANBIK MaTepuangapaplH, COpbUMANbIK KacueTTepi Typanbl AEPeKTep KenTipinreH.
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TanwblK TypiHae TyHb6afa TyceTiH Buononumep dopmacbiHa KIHE MbIWbAK COPOUMACHI KesiHae
copbeHTTepaiH, TypaKTblibiFbiHA BainaHbICTbl COpbeHTTEpPAiH, ap TypAai apeKeTTepiHiH, cebenTepi
TasKblaHaAbI.
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frbpugHble copbeHTbl ANA yAaNEeHUA MbllLbAKa
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AHHOTAUMUA

B paboTe aHanaHaAM3MPYIOTCA AaHHble MO W3B/NEYEHMIO MbllUbAKa COPBUMOHHBIMM METo4aMMu C
MUCNONb30BAaHMEM MaTEPWANOB, MMEIOWMX MNEPCNeKTUBbl  WMPOKOMACIWITaBHOro MNPUMEHEHUA B
BOZAOMNOATOTOBKE. K HUM OTHECEHbl OKCUAbl MEPEXOAHbIX METaN/IoB B MWUKPO- M HAHO- PasmMepHOM

Moctynuna: 19 masa 2021 COCTOAHMM, B TOM UYMC/Ie B COCTaBe KOMMO3UTHbIX MaTepManioB C HEOPraHUYECKUMU MaTpULAMK, UN
PeueHsupoBaHue: 25 ceHmabpsa 2021 TMbpUAHbIX COPOEHTOB B COCTaBE C MOAMMEPHBIMM CMOMAMU UAM NPUPOAHBIMM Buonoanmepamm.
MpuHATa B neyaTtb: 30 HoAbpA 2021 MpuBeaeHbl NPUMeEpbl UCMOMb30BAHUA KOMMO3UTHBIX (rMBpUAHBIX) COPBEHTOB ANA U3BAEYEHUA

MbILbAKA U3 PACTBOPOB C HU3KMMM KOHUEHTpauuamu (Ha yposHe MAK). Llenb HacToswei cratbn —
0606WNTb aKTyanbHylo WHPOPMALMIO O Haubonee BaxKHbIX 0COb6eHHOCTAX Mo-cogepiKalmx
XUTO3aHOBbIX M Pa3paboTaHHbIX HAMW XWUTO3aH-YINEPOAHbIX MaTepuanax ANA WCNO/b30BaHUA WX B
npoueccax YyAaneHUs  MbIWbAKA Ha YPOBHE HU3KUX KOHUEHTPaLMU [0  KOHLEHTpauui,
yaosneTsopstowmx TpebosaHnam BO3. B paboTte npeacraBaeHbl faHHble N0 COPOLUMOHHbBIM CBOMCTBAM
Mo-copepiKalnx aKTUBUPOBAHHbIX YrePOAHbIX BOMIOKOH U XWUTO3aH-YINepOoAHbIX KOMMO3ULIMOHHbIX
MaTepuanos MO OTHOLWEHUIO K MbIWwbAKY (V) Npu M3BNEYEHUUM €ero W3 BUAWUCTUAIMPOBAHHON WU
BOZOMNPOBOAHOM BOAbI, NONYYEHHbIE B CTAaTUYECKUX U MHAMUYECKUX YCN0BUAX. OBCYKAIOTCA MPUYUHBI
pasnnYHOro noseAeHNs copbeHToB B 3aBUCMMOCTM OT GOPMbI OCAXKAEHHOTO HA BOJIOKHO 61Mononnmepa
M YCTOMUYMBOCTb COPHEHTOB B NpoLiecce copbLMM MblLLbAKA.

KnioueBble cnoBa: MbllWbAK, copbums, KOMNO3WTbl, rMbpuaHble COpBEeHTbl, yrnepoaHoe BOMOKHO,
XWUTO3aH.
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ABSTRACT

One of the modern approaches for the effective development of small deposits is the construction and
operation of wells with a complex architecture: horizontal wells (HW), sidetracks (BS, BGS), multilateral
wells (MLW). Sidetracking makes it possible to reanimate an old well that is in an emergency state or
inactivity for technological reasons, by opening layers that have not been previously developed, bypassing
contamination zones, or watering the formation. This study examines the possibility of using horizontal
sidetracks in the operating wells of the field of the Zhetybai group. To select the optimal length of the
horizontal sidetrack of the wells, graphs of the dependences of the change in flow rate versus length of the
horizontal well were built, taking into account the pressure losses due to friction. It can be seen from the
dependence of NPV versus length of the horizontal wellbore that the maximum NPV is achieved with a
horizontal wellbore length of 100 m. A further increase in the length of the horizontal wellbore leads to a
decrease in NPV. This is due, firstly, to a decrease in oil prices, and secondly, interference of wells, a small
number of residual reserves, and a small oil-bearing area. As a result of a comparison of technical and
economic criteria, the optimal length of a horizontal wellbore is from 100-300 meters. Comparison of the
flow rates of vertical wells and wells with horizontal sidetracks showed a clear advantage over the latter in
all respects.

Keywords: horizontal sidetrack, hydrodynamic modeling, flow rate, friction pressure loss, Net present
value — NPV.
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Introduction

One of the current approaches for the efficient
development of small reservoirs is the drilling and
operation of complex design wells - horizontal wells
(HW), sidetracks (S, HS) and multilateral wells
(MLW).

Sidetracking makes it possible to reanimate an
old well that is in a breakdown state or inactivity for
technological reasons, by penetrating layers that
have not been previously developed and bypassing
zones of contamination or water encroachment.

In the United States, multilateral drilling began
in 1930. The first wells with two sidetracks each
about 7 m long drilled in Texas at a depth of 900 m.

The oil flow rate of one of these wells increased
from 0.25 to 9.6 tons/day (during the first ten
days). Steady flow rates of sidetrack wells was 5-7
tons/day.

The first experimental work of drilling
multilateral wells in the Soviet Union was carried
out in 1952 at the Kartashovskoye field in wells 65-
45. Almost 80% of the well length was drilled
directly through the producing formation. The
distance between the individual sidetracks
bottomhole were increased to 300 m [1].

The works of the authors [[2], [3], [4], [5], [6],
[71, [8], [9]] are devoted to the analysis of the
horizontal sidetracks exploitation, determination of
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well flow rates, drilling problems, planning and
location of the horizontal sidetracks.

Differences in the horizontal wells production
rate determination were defined as a result of
statistical analysis in [[10], [11], [12]]. The main
factor affecting the productivity of high-flow wells
is reservoir pressure, for low-flow wells - the length
of the horizontal section of the wellbore.

To enhance oil recovery and improve well
productivity formation stimulation methods are
considered in [[13], [14]].

This study is devoted to horizontal sidetracks
application in the operating wells of the X oil field
of the Zhetybai group.

Experimental part

Field X, related to the satellite of the Zhetybai
field, is located in the steppe flat part of the
Mangyshlak peninsula and is territorially included in
the Mangistau region. This is one of the small fields
in terms of oil reserves, which is part of the
Production Office "Zhetybaimunaigaz". The oil-
bearing capacity of the field was established in
1975, when a gush of oil was obtained from the J-IX
horizon in exploration well 3.

One production zone the J-IX horizon was
identified based on the analysis of geological field
data and the results of the X oil field development
analysis.

The initial geological and physical
characteristics of the production zone are shown in
Table 1.

Table 1 - Initial geological physical characteristic J-IX
horizon of the X oil field of the Zhetybai group

Parameter Horizon J-IX
Average depth, m 1861
Reservoir type NnopoBbIi
Oil Productive area, thous m? 3853
Gas Productive area, thous m? -
Porosity, unit fraction 0.19
Average oil saturation, unit fraction 0.67

Absolute permeability, 10 mkm? 0.0215 (core) /

( from core/from hydrodynamic 0.0615
study) (hydrodynamic)
Reservoir temperature, °C 85
Reservoir pressure, MPa 18.2
Reservoir oil viscosity, mPa*s 2.31
Reservoir oil density, ton/m? 0.783
Formation volume factor, unit 1.166
fraction

Bubble point pressure, MPa 5.96
Gas-oil ratio, m3/ton 48

The production well stock includes six wells: 2
exploration and 4 production wells (108, 110, 114
and 120).

The hydrodynamic model uploaded a total of
11 wells placed according to depth, geological and
physical characteristics and productive zone
capabilities in accordance with development
project production data (see Figure 1).

Figure 1 - Location of production and injection wells on
the hydrodynamic model

At 2015, the remaining reserves of the X oil
field of the Zhetybai group amounted to 3123.5
thousand tons of oil and it was the initial criteria for
the selection of the candidate wells from the old
stock. At the same time, when choosing wells for
sidetracking operation, it is necessary to take into
account the degree of formation waterflooding. In
this regard, for each well it was necessary to carry
out a detailed analysis of adjacent wells sections
and the nature of the reservoir distribution in the
formations that are the objects for sidetracking.

It was significant to determine the location of
candidate wells, when designing the sidetrack
wells. To determine the trajectory and justify the
length of the horizontal sidetrack of the well,
horizontal well (HW) production rates were
calculated using various formulas. First, the areas of
maximum residual oil reserves were determined
using the hydrodynamic model of the field. As can
be seen from Figure 2, the areas with the maximum
residual oil saturation are located along the paleo
channel in the central part of the field. Based on
this, candidate production wells were identified in
which horizontal sidetracks (HS) were designed
(Figure 2). In total, three production wells were
selected: 108, 114 and 120, which are located in
the central part of the paleo-channel deposits with
the highest effective oil saturation.
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Figure 2 - Trajectory of horizontal sidetracks in
producing wells (108, 114, 120)

After determining the maximum residual oil
reserves areas, various options for the horizontal
sidetracks trajectory were calculated, which
differed in many directions.

One of the characteristic features of the field is
the occurrence of the aquifer below the oil
reservoir, and due to intensive waterflooding, the
water cut of the selected wells in 2015 was up to
95%. Therefore, it was decided to design the
horizontal sidetracks trajectory along the
paleochannel, closer to the top of the reservoir to
reduce the water cut in the wells.

Fluid inflow to vertical and horizontal wells
differs significantly. Thus, the inflow to a vertical
well is radial, and streamlines are distributed
parallel to the top and bottom of the formation,
because a vertical well penetrates the entire
thickness of the formation. With an increase in the
penetrated formation thickness, the flow rate
increases, the pressure distribution in the vertical
plane does not change. For horizontal wells, fluid
flow occurs both vertically and horizontally. Well
flow rate is affected by horizontal and vertical
permeability, reservoir boundaries, horizontal
borehole length, presence of local depressions in
the borehole (water and gas accumulate in them)
and the behavior of the bottomhole formation zone
[15].

In cases when horizontal sidetracks are drilled
at a late stage of development, it is necessary to
take into account the effect of continuously
changing field conditions (the presence of residual
reserves not covered by waterflooding, current

water cut, formation depletion, etc.) [15].
Application of hydrodynamic modeling allows these
changes to be taken into account to the maximum
extent.

The results of theoretical research carried out
by P.Ya. Polubarinova-Kochina [16] can be used
when the reservoir thickness is many times greater
than the wellbore length. If the reservoir thickness
is comparable to the length of the deviated well,
then the formulas cannot be used.

In work [1] Yu.P. Borisov, an approximate
solution to the problem of inflow to horizontal and
deviated wells in a homogeneous reservoir was
presented. Based on the method of equivalent
filtration resistance, simple expressions were
obtained to determine the productivity of
horizontal and deviated wells in a reservoir with a
circular external reservoir booundary (Figure 3).

[—p

Figure 3 - Model of a circular formation with a central
location of horizontal well

The total filtration resistance can be
represented as the sum of two resistances: external
- the inflow from external reservoir boundary to a
rectilinear vertical gallery, and internal - the fluid
flow in the vertical plane to the linear drain:

Q= 27KhAP (1)
Inﬂ+hlnL
T

Cc

In the work of S.D. Joshi [17] was considered a
steady fluid flow to a single horizontal well located
in an elliptical formation.

The summation of the filtration resistances of
the two flat solutions allows obtaining an
expression for determining the productivity of a
horizontal well:
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Joshi's formula for calculating the production
rate of a horizontal well taking into account the
formation anisotropy is as follows:

(3)

Q- 27khAP (4)
;,B{.n[aw -y Jhﬂ.{hﬂ
L/2 L 27,
denoting the anisotropy coefficient
I(h
= [t (5)
B .

The most accurate formula for calculating the
horizontal well flow rate is Joshi's formula, taking
into account heterogeneity (anisotropy). Thus, for
calculation the flow rate of the selected wells (108,
114, 120) with horizontal sidetracks, Joshi's formula
was used, presented below:

27kh(P,—P,,) (6)

B A{In[aJr “az U2y J+Wln(hj+s:|
° L 27,

L/2
where Lis the length of the horizontal wells, m;

Q=

R, is the radius of the circular external reservoir

boundary, m; [, is the well radius, m; h is the

effective formation thickness, m; ais the main
semiaxis of the drainage ellipse in the horizontal

plane; kh is the formation horizontal permeability,
m?; kv is the formation vertical permeability, m?; Pe

is the reservoir pressure, Pa; ow is the well

pressure, Pa; £ is the reservoir oil viscosity, Pa-s; B0

is the oil formation volume factor;Sis the skin
factor.

Consider a calculation of the flow rates of the
wells (108, 114, 120) with the horizontal sidetracks,
taking into account the reservoir parameters and
different length of horizontal sidetracks. For all

selected wells, we take the general values of the
parameters presented in Table 2.

Table 2 - General parameters for calculating the
horizontal wells flow rate

Parameter Sign Value Unit
Well radius rc 0.057 m
External Rk 150 m
boundary radius
Rerservoir oil Mo res 2.31 mPa:-s
viscosity
Reservoir oil Po res 783 m3/d
density
Oil formation B 1.166 unit
volume factor fraction
Average Kav 0.0215 mkm?
reservoir
permeability
Formation B 3.162 unit
anisotropy fraction

An increase of the wellbore horizontal length
leads to an increase in hydraulic losses and a
continuous decrease in the drawdown in the lateral
direction of the well. Studies by various authors
[[15], [16], [17], [18]] have shown that when
opening high-permeability sections of horizontal
wells, frictional pressure losses along the length of
the horizontal section can lead to a significant
decrease in well productivity. Friction pressure
losses in a horizontal wellbore depend on the
horizontal wellbore length, the diameter of the well
(liner), fluid velocity, roughness of the inner pipe
surface, fluid density and flow pattern (Figure 4).
Therefore, it is important to choose the optimal
length of the horizontal wellbore, which will
provide high rates of flow rate and NPV with
minimum well drilling costs.

AP,

Q -
e 22 ymunll

X ey =

Figure 4 - Friction pressure loss in horizontal wellbore

To select the optimal length of the horizontal
sidetrack of the wells, curves of production rate
versus length of the horizontal sidetracks were built
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taking into account the friction pressure losses
(Figures 5-8). As can be seen from Figures 5-8, the
optimal length of a horizontal wellbore is a length
not exceeding 500 m.

i
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Figure 5 - Production rate versus horizontal sidetrack
108 length with the friction pressure loss
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Figure 6 - Production rate versus horizontal sidetrack
120 length with the friction pressure loss
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Figure 7 - Production rate versus horizontal sidetrack
114 length with the friction pressure loss

The anisotropy over the reservoir was taken
equal to 3.16. It can be seen from the graphs 5-7
that the drop in drawdown (as a result of friction)
along the length of the wellbore horizontal section
limits the flow rate only after 600-700 meters. It is

also necessary to take into account the
technological criteria - pump productivity and
economic criteria - capital costs for the horizontal
wellbore drilling. The economic criteria is the
accumulated discounted cash flow - NPV. The
optimal well length is at which the NPV will be
maximum.

:
NPV =-K+) D'} (7)
i=1

where D' is the cash flow in the i-th year; /1"

- discounted rate; K -capital expenditures.

For the calculation of the economic criteria field
hydrodynamic simulation conducted with changing
the horizontal length of the well. The length
increases from 100 to 500 meters. Further increase
in the horizontal length of the well is impractical
due to the small reservoir drainage area. As a
result, the diagram of NPV versus horizontal length
of the well was obtained (Figure 8).

From the digram of the NPV versus horizontal
length, it can be seen that the maximum NPV is
achieved with a horizontal wellbore length of 100
m (Figure 8). A further increase in the length of the
horizontal wellbore leads to a decrease in NPV. This
is due, firstly, to a decrease in oil prices, and
secondly, interference of wells, a small amount of
residual reserves, and a small oil-productive area.
By comparing the technical and economic criteria
of the optimal horizontal wellbore length was
obtained of 100-300 meters.
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Figure 8 - NPV project versus horizontal sidetrack length
Results discussion

The parameters of the horizontal sidetrack
wells, as well as the results of the calculated flow
rates of horizontal sidetracks wells according to the
Joshi formula are shown in Table 3.
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Table 3 - Well parameters with horizontal sidetracks

Parameter Well #
108 114 120
Horizontal length (L), m 236 | 230.9 263

Reservoir thickness (h), m 19 20 18.8
Draw-down pressure (AP)— | 3.3 2.5 3.1
the difference in external
boundary and bottomhole
pressure, MPa
Calculated well flow rate, 98.5 | 70.7 | 109.8

m3/d

The calculated flow rates were used in the
hydrodynamic model to define the input
parameters oil and water flow rates. As a result, the
field development parameters were obtained
depending on the geological and physical
conditions of the reservoir, the properties of
reservoir fluids and the production capabilities of
the wells in the hydrodynamic model.

Table 4 - Wells production rate on X oil field of the
Zhetybai group (in 01.2016)

Well # oil Water Watercut,
production | production %
rate, m3/d | rate, m3/d

6 1.5 28.4 94.9
108 c TBC 67.07 47.4 41.4
110 4.1 52.3 92.7
114 ¢ TBC 50.3 39.6 44.04
120 c BC 90.4 59.7 39.7
121 17.2 25.6 59.8
122 29.6 22.9 43.6
123 24.5 33.06 57.4

Aty neditn o Cmasmman, w2 /cyt

Figure 9 - Oil production dynamics by wells (2015-2025)

Comparison of the results of the vertical wells
flow rates and horizontal sidetrack wells showed a
clear advantage of wells with horizontal sidetrack in
all criteria (Table 4, Figure 9). Figure 9 shows that

the horizontal sidetrack wells flow rates are higher
than drilled new wells flow rates for the analyzed
period from 2015 to 2025, except for well 114, the
flow rate of which decreases from 2021 to 10
m3/day. Oil flow rates vary from 4.7 to 90.4 m3/day,
with an average of 35.7 m3/day. The inlet water cut
of horizontal sidetrack wells at the beginning of
production reached 40%, which is explained by the
close location of the bottom water and water
flooding by the injected water.

In general, the oil production rates of wells
operating with horizontal sidetracks are on average
5-6 times higher (35.7 m3/day versus 6.2 m3/day),
water cut is 1.2 times lower for conventional wells
(70.65% versus 88.2%) (Figure 9). Taking into
account that the water cut is 1.2 times lower for
wells operating with horizontal sidetracks, it can be
assumed that previously not drained layers will be
involved.

Conclusions

Based on the study results, the following brief
conclusions can be drawn:

1. To select the optimal length of the horizontal
sidetrack of the wells, curves of the production flow
rate versus horizontal sidetrack length were built,
taking into account the friction pressure losses. It
can be seen from the graphs that the drawdown
drop (as a result of friction) along the horizontal
section length of the wellbore limits the flow rate
only after 600-700 meters.

2. From the NPV versus the horizontal length, it
can be seen that the maximum NPV is achieved
with a horizontal wellbore length of 100 m. A
further increase in the horizontal length leads to a
decrease in NPV. This is due, firstly, to a decrease in
oil prices, and secondly, interference of wells, a
small amount of residual reserves, and a small oil-
productive area. By comparing the technical and
economic criteria of the optimal horizontal
wellbore length was obtained of 100-300 meters.

3. Comparison of the results of the vertical
wells flow rates and horizontal sidetrack wells
showed a clear advantage over the latter in all
respects. The flow rates of horizontal sidetrack
wells are higher than the new drilled wells flow
rates for the analyzed period from 2015 to 2025.
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fr'MppoanHaMUKaNbIK moaenbaey aaicimeH KenaeHeH, 6yiipnik yHFbIMaHbIH,
THimainirid 3eprrey (KasakcrtaHAbIK KEH OPHbI MbICaNbiHAA)

! ContaHbekosa K.A., 1 Acunbekos B.K., 2 3on0TyxuH A.B.

1 Cam6aee yHusepcumemi, Anmamsi, Kazakcmax
2 N.M. T'ybKkuH amoiHOarsl Peceli Memaekemmik MyHal #aHe 2a3 yHusepcumemi, Mackey, Peceli

TYWNIHAEME

LLlafblH KeH OpblHAAPbIH TWIMAI UrepyaiH 3amaHaym TacingepiHiH, 6ipi Kypaeni apxutekTypacbl 6ap
YHFbIManapapl (KenaeHeH, yHfbimanap, KengeHeH byiip yHFbimanap, Ken oknaHAabl yHfFbimanap) cany
)KoHe nanganaHy 6onbin Tabbinagpl. KengeHeH, Oyiiip yHFbIMaHbl Oypfbinay apKbiabl anaTTbik
KaFAanaasbl Hemece TEXHONOMUANBIK cebenTepmeH XKyMbIC iCTeMel TypFaH ecKi YHFbIMaHbl KaanbiHa
KenTipyre MyMKiHAiK 6epegi. Byn 6ypbiH urepinmereH KabaTrapapl albin, NacTaHFaH HEMECE CyNaHFaH

Makana kengj: 12 mamelp, 2021 aiMaKTapabl aiHanbin eTy apKbiabl icke acagpl. byn 3eptreyae MKeTibalh TobblHa KipeTiH KeH
CapantamagaH eTTi: 28 mayceim 2021 OpPHbIHAAFbl XKYMbIC iCTEN TypfaH YHFbIManapga KengeHeH, OyWip oknaHabl nakganaHy MyMKiHAiri
Kabbinganapi: 30 kapawa, 2021 KapacTbipbinfaH. ¥HfbiManapablH, KengeHeH 6yripnik oknaHbIHbIH, OHTaMbl Y3bIHABIFbIH TaHAAY YLWiH

yViKenicke 6ainaHbICTbl KbICbIMHbIH, OfanyblH €CKepe OTbipbiN, AeOUTTIH KeNAEHEH, YHFbIMAaHbIH,
y3blHAbIFbIHA Tayenainik rpadukrepi canbiHabl. NPV KengeHeH yHFbIMA OKMaHbIHbIH, Y3bIHAbIFbIHA
ToyenainirineH makecumanabl NPV KenfeHeH yHFbIMa OKMaHbIHbIH, y3biHAbIFbl 100 m 6onFaHaa Kon
YKeTKi3ineTiHiH Kepyre 6onagpl. KengeHeH yHfbiMa OKMaHbl Y3blHABIFbIHBbIH, 04aH api yafatobl NPV
TemeHaeyiHe oKenepi. byn, 6GipiHwigeH, MyHail 6afacblHblH, TeMeHZeyiMeH, eKiHwWiaeH,
YHFbIManapablH MHTepbEpeHLMACbIMEH, KaNAblK KOPbIHbIH, a34blFbIMEH KIHE MYHaWbl aliMaKTbIH, a3
6onybIMeH BainaHbICTbl. TEXHUKaNbIK-SKOHOMUKANbIK KpUTEpUINEpAi CanbICTbipy HITUXKeciHae
KONAEHEH, YHfbIMa OKMaHbIHbIH, OHTaMAbl y3biHAbIFbl 100-300 meTp apanbiFbiHaa 6onagpl. Tik
YHFbIManap KaHe KenfeHeH YHfbiMa OKMaHbl 6ap yHFbiIManapapiH, AebUTiH canbicTbipy 6ap/biK
YKaFbIHaH eKiHLWICiHiH, alKbIH apTbIKLWbIIbIFbIH KEPCETTi.

TyliH ce3pep: KenaeHeH, OyWip OKNaH, rMAPOAMHAMMKANbIK MOAEbAEY, AebUT, YyliKenicke
6aiiNaHbICTbl KbICbIMbIHbIH, WbIFbIHbI, Ta3a AUCKOHTTaNFaH MaH — NPV,
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AHHOTALUMUA
OAHMM M3 COBPEMEHHbIX MOAX0A0B AN 3GdeKTMBHOW pa3paboTku Hebo/bliMX 3anexen ABaseTcs
CTPOUTENILCTBO M 3KCM/IYaTaLMA CKBAXKMH CO CNOXKHOM apXWUTEKTYPOM: rOPU30HTa/bHbIX CKBaxuH (IC),
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6okoBbix cTtBoMI0B (BC, BIC), mHOrosaboiHbix cksaxkuH (M3C). BypeHue 6G0OKOBbIX CTBOJIOB AaeT
BO3MOHOCTb PEAaHMMMPOBATb CTAPYI CKBAXKMHY, HAXOAALWYOCA B aBAapUMHOM COCTOAHUWU WU
6e34eiCTBMM NO TEXHONOTMYECKMM MPUUMHAM, 3@ CYET BCKPbLITUA NAACTOB, paHee He pa3pabaTtbiBaembiX,

MNoctynuna: 12 mas 2021 obxofa 30H 3arpAasHeHuMAs WAM 06BOAHEHWA nnacta. B HacTosAwem wccneaoBaHWM paccMoTpeHa
PeueHsnposaHue: 28 utoHa 2021 BO3MOXHOCTb MPUMEHEHWUA TFOPU30HTa/NbHLIX OOKOBbLIX CTBOMIOB Ha AENCTBYIOWMX CKBaXKMHAX
MpuvHaTa B neyatb: 30 HoA6pAa 2021 mecTopoxaeHua HeTbibavickoi rpynnbl. Ana Bbibopa ONTUMaNbHOW A/1MHbI TOPU3OHTAZIbHOTO HOKOBOTO

CTBOMA CKBAaXMH 6biAM  NOCTPOEHbl rPaduKM  3aBUCMMOCTEN WM3MEHeHua aebuta OT  ANMHbI
rOPU30HTaNbHOW CKBAXMHbI C y4EeTOM MoTepb AaBneHuA Ha TpeHue. M3 3asucumoctn NPV oT giuvHbl
rOPU30HTaNbHOrO CTBOMIA BUAHO, YTO MaKcMmanbHbli NPV gocTuraetca npu g/ivHe ropu3oHTaNbHOMO
ctBona 100 m. JanbHelwee yBennyeHne AJ/IMHbI TOPU3OHTAZIbHOTO CTBOJIA NPUBOAMUT K CHUMKeHUto NPV.
310 06yCc/noBNAEHO, BO-MEPBbLIX, CHUMKEHWEM LeH Ha HedTb, BO-BTOPbIX WMHTepdepeHUMEen CKBaXKUH,
He60bWMM 06BEMOM OCTAaTOMHbIX 3aNacoB, Masol NiowWaablo HepTeEHOCHOCTU. B pesynbTaTte cpaBHeHUA
TEXHUYECKMX U SKOHOMUYECKUX KPUTEPUEB ONTUMAbHAA A/IMHA FTOPU3OHTA/IbHOrO CTBONA COCTABAAET OT
100 go 300 metpos. ConocTaBneHue pe3ynbTaToB Ae6UTOB BEPTUKANbHbLIX CKBAXKUH W CKBAXKMH C
rOpU30HTa/IbHbIMW  OOKOBbIMM CTBOJIAMM MOKa3aso ABHOE MPEVMMYLLECTBO 3a BTOPbIMU MO BCEM
nokasaTtenam.
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ABSTRACT

The article presents the results of large-scale laboratory tests carried out in the conditions of the Chemical
and Metallurgical Institute named after V.I. Zh. Abishev on the use of briquetted mono-charge in the
smelting of carbon ferrochrome on a 250 kVA furnace. The purpose of these studies was to determine the
technological parameters of the use of briquetted mono-charge containing in its composition chrome ore,
wastes from the production of high-carbon ferrochrome, middlings and various carbonaceous reducing
agents. The main idea of using these briquettes was to multiply the contact surface of the reductant and
ore, which should speed up the technological process. The principal possibility of smelting a standard alloy
using briquetted mono-charge is shown. The alloy for individual charge options meets the requirements of
the standards. In comparison with the technology without the use of briquettes, the mono-charge
technology has shown advantages in all main parameters. The technology with the use of briquettes from
the dust of the AktZF gas cleaning system is distinguished by a low yield of non-standard metal and slag,
the bulk of the material goes into the gas collection system. Technologies from briquettes from fines pellet
production area of Donskoy ore mining and processing plant and flash have very low specific technical and
economic indicators and cannot be recommended for industrial use. Improvement of briquetting modes
and technology of their smelting is required. The technical and economic indicators were higher than the
current one, showed briquettes from ore and coke of the People's Republic of China, briquettes of ore
from borlin and shubarkol coals of Kazakhstan.

Keywords: ferroalloy, carbon ferrochrome, mono-charge, reducing agent, slag, briquette.
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Introduction

In the conditions of the Chemical and
Metallurgical Institute named after Zh. Abishey,
large-scale laboratory tests were conducted on the
use of briquetted mono-charge for the smelting of
carbonaceous ferrochrome in a 250 kVA furnace.
The duration of the experimental company was 9

days. Six variants of briquettes containing various
reducing agents were tested. As a comparative
variant, the charge materials used at the AktPF
were used. A total of 98 swimming heats were held.

The furnace is lined with magnesite brick. The
furnace hearth is made of a packed hearth mass
that has been coked for 11 hours under current
with periodic shutdown of the furnace [[1], [2], [3],
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[4]]. The furnace transformer has four voltage
stages: 18.2 V; 24.4 V; 36.6 V and 48.8 V. During the
experiments, they worked at a voltage of 36.6 V
and 48.8 V. The furnace has a graphite electrode
with a diameter of 150 mm. The heating of the
furnace began on a traditional charge.

After heating the furnace for 0.92 days on a
traditional charge, they switched to a charge using
briquettes.

The following is a consistent description of the
technologies:

1 - traditional charge (China coke+special
coke+Borly coal);

2 — briquettes with Shubarkol coal;

3 — briquettes with Borly coal;

4 — briquettes with coke ChNR;

5 — briquettes made of gas cleaning dust;

6 — briquettes from a small product from Pallet
Production Site;

7 — briquettes from obloy;

Technical and economic indicators of the
smelting of carbonaceous ferrochrome using
briquetted mono-charge in enlarged laboratory
conditions are shown in table 8.

Calculated part

Stage No. 1 (traditional charge). The tests
began with a comparative version, as which the
technology was chosen as close as possible to the
technology at the Aktobe ferroalloy plant.
According to this option, they worked for 0.92 days,
carried out 11 melt. The average chemical analysis
of melting products during this period was: metal —
67.05% Cr; 1.23% Si; 9.30%C; 0.024%S; 0.012%P;
slag — 5.48% Cr,0s3; 31.05% SiO,; 0.74% CaO;
44.20% MgO; 17.01% Al,0s; 1.12% FeO; 0.215% S;
0.010% P.

The grate worked without fistulas, with uniform
gas release over the entire surface of the grate. The
charge sits down by self-propelled. The furnace
capacity was 155.0 kg Cr/day, chromium extraction
was 79.3%.

Stage No. 2 (briquettes with Shubarkol coal).
At this stage, smelting was carried out using

briquettes with Shubarkol coal in the charge in the
amount of 42.4 kg per ear. According to this option,
we worked for 0.75 days, conducted 9 melt. The
average chemical analysis of melting products
during this period was: metal — 69.12% Cr; 0.85% Si;
9.71% C; 0.020% S; 0.011% P; slag — 5.33% Cr,0s3;
32.16% SiOz; 1.09% CaO; 42.36% MgO; 17.29%
Al,03; 1.28% FeO; 0.206% S; 0.011% P.

The transition to briquettes with Shubarkol coal
in general led to an intensification of the process
with a more stable current load. The grate worked
without fistulas, with uniform gas release over the
entire surface of the grate. The furnace capacity
was 165.9 kg Cr/day, chromium extraction was
88.17%.

Stage No. 3 (briquettes with Borly coal). At this
stage of large-scale laboratory tests, smelting was
carried out using briquettes with Borly coal in the
charge in the amount of 42.0 kg per ear. According
to this option, we worked for 0.5 days, conducted 6
melt. The average chemical analysis of melting
products during this period was: metal — 70.28% Cr;
1.21% Si; 9.22% C; 0.027% S; 0.015% P; slag — 4.63%
Cr,05; 34.03% SiO,; 1.10% CaO; 36.08% MgO;
20.57% Al,03; 0.35% Fe0; 0.210% S; 0.011% P.

The grate worked without fistulas, with uniform
gas release over the entire surface of the grate. The
charge sits down by self-propelled. The furnace
capacity was 152.6 kg Cr/day, chromium extraction
was 84.91 %.

Stage No. 4 (briquettes with coke ChNR). In
this test period, briquettes from ore fractions of O-
10 mm and coke of the ChNR in the amount of 30
kg per ear were used in the charge. According to
this option, they worked for 1.25 days, spent 15
melt. The average chemical analysis of melting
products during this period was: metal — 69.4 %Cr;
0.85%Si; 5.83%C; 0.018%S; 0.042%P; slag -
8.29%Cr,03; 27.77% SiO,; 3.03% Ca0; 36.25% MgO;
8.41% Al,03; 1.64% Fe0; 0.011% P.

The compressive strength of the briquettes
ranged from 154-238 kg per briquette. Such high
strength ensured their safety during transportation
from Aktobe to Karaganda.

Table 1 — Chemical composition of dust from the gas capture system during the testing of briquettes from the dust of

the gas purification of the AktPF

Chemical composition, %

Material

MgO Cao Al203 SiO2 Fe203 P20s Cr203 c S
Dust from the furnace No. 1 69.74 0.68 3.07 11.98 - 0.033 - 3.21 1.3
Dust from the furnace No. 2 46.74 1.36 5.31 14.1 - 0.044 - 6.05 1.2
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Stage No.5 (briquettes made of gas cleaning
dust). The use of gas cleaning dust briquettes had
very serious distinctive features. The braces
themselves were made without the addition of
additional binders. The gas cleaning dust itself,
when water is added, sets like cement and acquires
sufficient strength during subsequent pressing and
drying.

During the melting, there was an intense
release of dust, unlike other options. Dust was
taken from the gas capture system, the chemical
composition of this dust is shown in table 1.

As can be seen from these data, the dust is
characterized by a relatively high MgO content and
high dispersion. It is quite possible to use it as an
additive to a mixture for the manufacture of
periclase bricks or for a mixture in shotcrete masses
for the shotcrete lining of converters. The output of
slag and metal was insignificant. As can be seen
from this table, the metal is characterized by large
fluctuations in chromium and other impurities. It
does not correspond to standard compositions and
it is almost difficult to implement such a
ferrochrome [[5], [6], [7]].

The chemical composition of the slag is also
unstable. The output of metal and slag from
melting to melting is also unstable, often either slag
or metal came out in small quantities. This mode of
operation is unacceptable and cannot be
recommended for industrial development. At the
same time, this technology is of particular interest
for further research and possible improvement with
the use of electric arc units for remelting steel
scrap. Such briquettes can be put into the
chipboard furnace together with scrap for direct
alloying of steel or cast iron with chromium. The
technology is characterized by a high energy
consumption per 1 ton of chromium and low other
indicators (table 2).

Stage No. 6 (briquettes from a small product
from Pallet Production Site). The small product of
Pallet Production Site DGOK is a dropout from the
site for the production of pellets with a size of less
than 5 mm. Currently, this material does not find
proper use, although it contains an average of 50 %
Cr,03 in its composition. Using this material, we
have obtained briquettes. The chemical
composition of the briquettes is given in table 3.

Table 2 — Technological parameters of the smelting of high-carbon ferrochrome using briquettes from the dust of the

gas purification of AktPF

Name of the articles meal:::'tecr:ent Parameters
Briquettes consumed kg 1260
Metal received kg 277.05
Slag is obtained kg 226.2
Multiplicity of slag 0.816459123
Melt were carried out pieces 25
Specific power consumption kWh/t Cr 22166.3
Specific consumption of briquettes kg/t Cr 7651.2
Working hours day 2.17
Efficiency Cr kg/day 75.95
Average Cr content in the metal % 59.4

Table 3 — Chemical composition of briquettes from a small product of Pallet Production Site DGOK

Chemical composition, %

Name of materials

Cr203 SiO: MgO CaO FeO Al203 P S C
Briquette from the 31.8 13.0 14.9 35 13.9 6.2 001 | 016 | 11.4
Pallet Production Site

At this stage of large-scale laboratory tests,
smelting was carried out using briquettes from the

fines of the Pallet Production Site DGOC product in
the amount of 30.0 kg per ear in the charge.
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According to this option, they worked for 1.83 days,
carried out 22 melt. The average chemical analysis
of melting products during this period was: metal —
67.5% Cr; 2.09% Si; 5.35% C; 0.003% S; 0.024% P;
slag — 9.38% Cr,03; 28.0% SiO,; 4.94% Ca0; 39.24%
MgO; 12.67% Al,Os; 2.65% FeO; 0.040% P.

The grate worked without fistulas, with uniform
gas release over the entire surface of the grate. The
charge sits down by self-propelled. The furnace
capacity was 114.45 kg Cr/day, chromium
extraction was 84.1 %. The main technological
parameters are presented in table 4.

The strength of briquettes made of small items
of the Pallet Production Site DOK ranged from 43-
81 kg per briquette, which is significantly lower
than the strength of briquettes made of gas
cleaning dust of the AktPF. In addition, this material
is heavily subjected to briquetting by the vacuum-
extrusion method, the yield of briquettes is not
more than 30 % of the total mass of materials

passed through the press. In addition, the
technology is distinguished by a very high specific
energy consumption per 1 ton of chromium
(10266.6 kWh/t Cr). The resulting metal complies
with the standard. This technology with the use of
briquettes from small things of Pallet Production
Site DGOK can not yet be recommended for
industrial use due to the above negative aspects. It
is required to work out the briquetting modes and
the technology of conducting the melting process.

Stage No. 7 (briquettes from obloy). Obloy is a
fine-dispersed waste from the production of
briquettes in the conditions of DGOK. This material
does not find proper use, although it also contains
an average of 49.96 % Cr,0s3 in its composition.
Using this material, we have obtained briquettes by
the vacuum-extrusion method. The chemical
composition of the briquettes is given in table 5.

The ratio of reducing agent, ore and binders is
presented earlier in table 6.

Table 4 — Technological parameters of the smelting of high-carbon ferrochrome using briquettes from small of Pallet

Production Site DGOK

Name of the articles Unit of measurement Parameters

Briquettes consumed kg 1380
Metal received kg 308
Slag is obtained kg 458.5
Multiplicity of slag 1.49
Melt were carried out pieces 22
Specific power consumption kWh/t Cr 10266.6
Specific consumption of briquettes kg/t Cr 6637.78
Working hours day 1.83
Efficiency Cr kg/day 113.6
Average Cr content in the metal % 67.5

Table 5 — Chemical composition of briquettes from a small product of Pallet Production Site DGOK

Chemical composition, %

Name of the articles

Cr203 SiO: MgO

CaO FeO Al203 P S C

11.2 19.4

Briquettes from obloy 24.8

1.1 13.3 5.6 0.04 0.39 9.7

At this stage of large-scale laboratory tests,
smelting was carried out using briquettes from the
chip in the charge in the amount of 30.0 kg per ear.
According to this option, we worked for 0.83 days,
conducted 10 melt. The average chemical analysis
of melting products during this period was: metal —
61.54% Cr; 1.59% Si; 5.17% C; 0.026% S; 0.033% P;
slag — 13.63% Cr;0s3; 24.27% SiO2; 3.01% CaO;

41.24% MgO; 10.83% Al,03; 2.78% FeO; 0.057%
P,0s.

The grate worked unsatisfactorily with frequent
emissions. The charge sits down with difficulty. The
furnace capacity was 95.57 kg Cr/day; chromium
extraction was 72.3 %. The main technological
parameters are presented in table 7.

—— 54 ——
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Table 6 — Compositions of experimental versions of briquettes made of chromium ore and carbon reducing agents

Option no. Type of technology Materials Ratio,%

Chrome ore 77.24

1 Traditional without briquetting Coke ChNR 9.03
Shubarkol coal 5.15
Borly coal 8.58

) . Chrome ore 71.94

2 Briquettes with Shubarkol coal Shubarkol coal 28.06
Chrome ore 72.63

3 Briquettes with Borly coal Borly coal 27.37
Chrome ore 74.0

4 Briquettes with coke ChNR Coke ChNR 18.5

. 7.5
Binder
Briguettes made of gas

5 cleaning dust Gas cleaning dust without additives -

A small product of Pallet Production 71.43
Briquettes from a small product | Site )

6 from Pallet Production Site Coke ChNR 21.43
Binder 7.14
Obloy 71.43

7 Briquettes from obloy Coke ChNR 21.43

Binder 7.14

Table 7 — Technological parameters of the smelting of high-carbon ferrochrome using briquettes from the chip

Name of the articles Unit of measurement Parameters
Briquettes consumed kg 750
Metal received kg 129.5
Slag is obtained kg 502.9
Multiplicity of slag 3.9
Melt were carried out pieces 10
Specific power consumption kWh/t Cr 21777.5
Specific consumption of briquettes kg/t Cr 9417.1
Working hours day 0.83
Efficiency Cr kg/day 95.57
Average Cr content in the metal % 61.5
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The discussion of the results

The strength of briquettes made of scrap
ranged from 41-67 kg per briquette, which is lower
than the strength of briquettes made of gas
purification dust of the AktPF. In addition, this
material is heavily subjected to briquetting by the
vacuum-extrusion method, the yield of briquettes is
not more than 20 % of the total mass passed
through the press of materials. In addition, the
technology is distinguished by a very high specific
energy consumption per 1 ton of chromium

(21777.5 kWh / t Cr). The resulting metal differs
from the standard one. This technology using
briquettes made of scrap can also not be
recommended for industrial use due to the above
negative aspects. It is necessary to work out the
briquetting modes and the technology of
conducting the melting process [[8], [9], [10]].
Below are the main technical and economic
indicators of single-charge technologies, which, in
our opinion, can be recommended for industrial
testing, since they have significant advantages
compared to traditional technologies (table 8).

Table 8 — Technical and economic indicators of carbon ferrochrome smelting with the use of briquetted mono-charge

. Periods
Unit of — -
. Traditional Briquettes . . . .
Indicators measur . . Briquettes with Briquettes with
ement without with coke Shubarkol coal Borly coal
briquetting ChNR
1. Working hours day 0.92 1.25 0.75 0.50
2. The number of melt pieces 11 15 9 6
3. The charge is set
Dry briquettes kg 930 555.1 350.1
including chrome ore kg 688.2 392.5 250.1
content Cr203 % 50.0 52.5 52.5
it has chromium in it kg 234.0 141.1 89.9
Coke ChNR kg 172.05
Shubarkol coal kg 162.6
Borly coal kg 100.1
Chrome. ores of fr. 0-10 mm kg 162.9 688.2
content Cr203 % 52.5 50.0
it has chromium in it kg 58.6 234.0
Chrome. ores of fr. 10-80 kg 3379
mm % 52.2
content Cr203 ke 120.6
it has chromium in it )
Total ore 50% Cr203 523.7 688.2 412.5 262.8
it has chromium in it 179.2 234.0 141.1 89.9
Quartzite kg 14.0
Carbon reducing agents:
Coke ChNR kg 56.4 172.05
special coke kg 34.0
Shubarkol coal kg 162.6
Borly coal kg 56.1 100.1
The restorer of everything kg 146.5 172.05 162.6 100.1
4. Electric power kWh 1680.0 2448 1408.0 888.0
5. Metal received
Total kg 211.9 307.29 180 108.6
kg Cr 142.1 212.95 124.4 76.3
Chemical composition of the metal
Cr % 67.05 69.4 69.12 70.28
Si % 1.23 0.85 0.85 1.21
C % 9.30 5.83 9.71 9.22
S % 0.024 0.018 0.020 0.027
P % 0.012 0.042 0.011 0.015
6. Slag is obtained kg 243.5 372.36 176.7 118.0
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It has chromium in it kg Cr 9.13 20.99 6.44 3.74
Multiplicity of slag 1.15 1.21 0.98 1.09
Chemical composition of slag
Cr203 % 5.48 8.29 5.33 4.63
SiO2 % 31.05 27.77 32.16 34.03
CaO % 0.74 3.03 1.09 1.10
MgO % 44.20 36.25 42.36 36.08
Al,03 % 17.01 8.41 17.29 20.57
FeO % 1.12 1.64 1.28 0.35
S % 0.215 0.204 0.206 0.210
P % 0.010 0.011 0.011 0.011
7. Technical and economic indicators
kg
Efficiency Cr/da 155.0 170.36 165.9 152.6
y
Average melting weight kg Cr 12.92 14.19 13.82 12.72
Extracting chromium % 79.30 90.0 88.17 84.91
Specific consumption of materials
chrome. ore 50% Cr203 ki/rt 3685.9 3224.73 3315.2 3442.7
. kg/ t

reducing agent Cr 1031.2 806.18 1306.9 13111
Coke ChNR ki/rt 397.0 806.18
special coke ke/ t 239.3

Cr
Shubarkol coal EE/ t 1306.9
Borly coal Ef/ t 394.9 1311.1
Quartzite ke/ t 112.5

Cr
Speuf.lc consumption of kWh/ 11824 11470.69 11317 11635
electric energy tCr

Conclusions

The technology using briquettes from the dust
of the gas purification of the AktPF is characterized
by a low yield of metal and slag, the bulk of the
material goes into the gas capture system. During
these melts, the resulting ferrochrome does not
correspond to the standard composition. The dust
caught in the gas cleaning system contains a high
concentration of MgO, which is a prerequisite for
its use in the refractory industry. The technology
has low specific technical and economic indicators,
especially high power consumption. It is not
recommended to use briquettes from the gas
purification dust of the AktZF with a complete
replacement of the traditional charge, they can be
used as an additive to the usual charge in a certain
proportion. Technologies made of briquettes from

small pieces of of Pallet Production Site DGOK and
debris have very low specific technical and
economic indicators and cannot be recommended
for industrial use. It is necessary to finalize the
briquetting modes and the smelting technology.

Technical and economic indicators are higher,
compared to the current one, showed briquettes
from ore and coke of the People's Republic of
China, briquettes from Borlin and Shubarkol coals
of Kazakhstan.
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KeH wuKi3aTbl MeH eHepKacin eHimpepi HerisiHae KemipTeKTi peppoxpompabl
6anKbITy HYCKanapbl }XaHe oNapAbl TEXHONOTUANbIK 6aFanay
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TYAIHAEME

Makanaga *.06iweB aTblHAAFbI XMMUA-METANNYPIUMA MHCTUTYTHI XKaFgaiblHga Kyatbl 250 KBA newTte
KemipTekTi deppoxpomabl HankbiTy KesiHae 6puKeTTeNreH MOHOLWEKKypaM KongaHy 6olibiHwa
JKYPFi3inreH KeHeWTinreH 3epTxaHanblK 3epTTeynepiH, HaTuKenepi KenTipiareH. Byn 3epTTeynepgin,
MaKcaTbl KypamblHAA XPOM KeHi, XOfapbl KeMipTeKTi ¢peppoXpom eHAIpICiHiH, KanabiKTapbl, apasbik,
OHIMAEDP KOHe SPTYPNiI KOMIpTeKTi TOTbIKCbI3AaHAbIpFbIWTap 6ap OPUKETTENreH MOHOLIEKKYpamabl
nafanaHyApblH TEXHONOTMUANBIK KepceTKiWTepiH aHbikTay 6onapl. bactbl naea ocbl 6pukeTTepai KONAAHY
6apacbiHAA TOTLIKCLI3AAHALIPFbIW MEH KEHHIH 9peKeT eTy ypaiciH yafanTy 6onbin Tabblnagbl.
BpuKkeTTenreH MOHOLWIEKKYPamabl KONAAHA OTbIPbIN, CTaHAAPTTbl KOPbITNaHbl GankpITyAblH, Herisri
MYMKIHAiM KepceTinreH. LUeKKypamHbIH KeKkenereH HycKanapbl 6oMblHWA KOpbITNA CTaHAAPTTapAblH,
TanantapbliHa COMKec Kenepj. bBpuKeTTepcis  TEXHONOTMAMEH  CanbiCTbipFaHA@  MOHOLUEKKYpam
TEXHONOrMACbI BapAblK Herisri napameTpiep 6GOMbIHWA apTbIKWbLIbIKTapAbl KepceTTi. AKT3® rasgaH
TasapTy WaHplHaH BpuKeTTepai NailaanaHy TEXHONOTUACHI CTaHAAPTTbI eMeC MeTanN MeH LUNAKTbIH TOMeH
WbIFbICBIMEH CUMATTanagbl, MaTepuangpblH, Herisri 6eniri rasgpl ycray yiveciHe Tycegi. [JoH Tay-KeH
6aliblTy KOMOWHATbIHbIH, LUEKeMTacTap eHAipy y4vackeci mMeH 0610MAbIH, YyCaK-Tylek 6puKeTTepiHeH
acanFaH TeXHONOrMANap eTe TeMeH TeXHUKaNblK-9KOHOMMKa/bIK KepcCeTKilTepre ne XaHe onapapl
OHepKacCinTiK nalganaHy ywiH ycbiHyfa 6onmaiapl. bpukettey pexumaepiH KaHe onapapl 6ankpity
TEXHONMOTUACBIH  KETINAIPY  KaeT. TexXHWKaNblK-9KOHOMUKaNbIK — KepceTkiwTep  Kpitall  Xanbik
PecnybnuKkacbl KeHi MeH KOKCblHaH anbiHFaH 6pukeTTep, KasakcTaHHbIH, 6opabl kaHe Lwybapken
KeMipiHeH anblHFaH KeH bpuKeTTepi aFbiMAaFrbl KOPCETKILUTEPMEH CanbICTbIPFaHAA KOFapbl.

TyiiiH ce3gep: deppoKopbITNa, KEMIPTEKTI GEPPOXPOM, MOHOLLMXTA, TOTbIKCbI3AAHAbIPFbIL, KOX, BPUKET.
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AHHOTALMUA

B cTaTbe WM3N0XEHbl pe3ynbTaTbl YKPYNHEHHO-1abopaToOpHbIX WMCMbITAHWI, NPOBEAEHHblE B YCAOBUAX
XUMMKO-METANNYPIUYECKOTO MHCTUTYTa WM. . ABUWEBA NO NPUMEHEHWUID BPUKETUPOBaHHOW
MOHOLUMXTbI MPU BbINAABKE YrAepoguctoro ¢peppoxpoma Ha neuym mouwHocTbio 250 KBA. Lenbto atux
nuccnepoBaHuii 6bin0 onpeaeneHve TEXHONOTMYECKUX MNOKasaTenel NpuMeHeHUs BpPUKeTUPOBAHHOW
MOHOLLUUXTbI, COAEepXKallell B CBOEM COCTaBe XPOMOBYIO pydy, OTXOAbl MpPOM3BOACBA BbICOKO
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PeueHsupoBaHue: 19 okmabpsa 2021 yrnepoaucTblii Geppoxpom, MPOMMNPOAYKTbl U Pa3AUYHbIe YINepoAUCTblie BOCCTaHOBUTENMU. [NaBHas uaes
MpuHAaTa B neyatb: 30 HoAbps 2021 npuMeHeHWe 3TUX BPMKETOB 3aK/loyanacb B MHOTOKPAaTHOM YBENMYEHUM MOBEPXHOCTM KOHTaKTa

BOCCTAHOBUTENA W pyAbl, YTO [OMKHO OPCMPOBATb TeEXHOMOrMYeckuidi npouecc. [lokasaHa
NPUHLMNMANbHAA BO3MOXHOCTb BbIMIABKM CTaHAAPTHOrO CM/aBa C UCMO/Ib30BaHUEM BPUKETUPOBAHHOWM
MOHOWMXTbl. Craas no OTAeNbHbIM BapuaHTaM LUMXTbl COOTBETCTBYeT TpeboBaHWAM CTaHAAPTOB. B
CpaBHeHUW C TexHosnorvei 6e3 npumeHeHUs OGPUKETOB MOHOLUMXTOBAA TEXHONOTMA MoKasana
npenmyLL,ecTsa No BCEM OCHOBHbIM MapameTpam. TeXHOMOrUA C UCMO/b30BaHMEM OGPUKETOB U3 Mblau
rasooumcTkM AKT3® OTIMYAETCA HU3KUM BbIXOAOM HECTaHAAPTHOrO METa/l/a U LWaKa, OCHOBHaA macca
maTepuana yxoAauT B CUCTEMY YNaBIMBaHMA ra3oB. TeXHONOrMM M3 BPUKETOB M3 MEJIoYM y4acTka
NPOU3BOACTBA OKaTbiWwel [JOHCKOro ropHo-060raTUTeNbHOrO KOM6MHaTa U 06109 UMEIOT OYeHb HU3BKKE
yAe/bHble TEXHUKO-IKOHOMMYECKME MOKa3aTe M U He MOryT BbITb PEKOMEHA0BaHbI A MPOMbILIIEHHOTo
ncnonb3oBaHuA. TpebyeTca A0paboTKa pPekMMOB BPUKETUPOBAHMA U TEXHOMOMMW UX BbINIABKU. Bonee
BbICOKME TEXHUKO-3KOHOMMUYECKME MOKa3aTeNn, Mo CPAaBHEHMIO C TEKYLLENW, NOKa3ann 6pUKeTbl U3 pyabl U
KOKca Kutalickolt HapogHoit Pecny6aunku, 6puKkeTbl U3 60PAMHCKMX M WybapKoAbCKux yrnei KasaxcraHa.
Kniouesble cnoBa: ¢epppocnnas, yrnepoaucTbiii GeppoXpom, MOHOLIMXTA, BOCCTAHOBWUTENDb, LIAAK,
BbpuKer.
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ABSTRACT

In the history of civilization, materials and technology that defined the face of the era have appeared more
than once. It is enough to recall the “age” of bronze and iron, steam and electricity, the atomic “age” and the
computer age. Nanomaterials (NM) are undoubtedly among such materials, and the 21st century opens the
era of nanotechnology. Most experts in the field of science and technology policy, strategic planning and
investment are confident that in the next decade nanorevolution is expected in all areas of science,
production, defense, medicine, mode of life, recreation and entertainment. Its consequences will be more
extensive than the consequences of the computer revolution in the last third of the 20th century, i.e., a large-
scale and systematic invasion of nanostructured materials, products and methods of their production will
literally come to all spheres of life. The paper analyzes the ways of nanotechnology development and the use
of various nanomaterials and nanoproducts in various sectors of the world economy and environmental
protection. Nanotechnology is a field of fundamental and applied science that provides theoretical
justification for practical methods of research, production, and products application with an atomic structure
by manipulating atoms and molecules. The aim of the work is to study the development of nanotechnology
and its role in the modern economy. The article considers the ways of development of nanotechnology in
Kazakhstan, as well as promising directions of their development and application in the field of mechanical
engineering and industry in general.

Keywords: nanotechnology, nanomaterials, nanoscience, nanosystem technology, nanoproducts,
nanomarket, nanotechnology development program, nanoproducts application, nanoindustry.
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Introduction

Manipulation at the atomic level enables to
control  features of new materials and
nanomaterials. A material with measurement of one
to 100 nm controls nanotechnology. Moreover,
nanotechnology consists of showing, measuring,
modeling and developing substanses in mentioned
measurement range and they can been used in new
ways [[1], [2]].

The main feature of nanomaterials to the
nanosphere is that their size allows us to attribute
objects in the nanoscale range from 1 to 100

nanometers by two or three dimensions. Except the
main nanomaterials (nanofibers, nanotubes, and
nanoparticles), there is a category of derived
nanomaterials, which are complex structures
formed from the main nanomaterials.
Representatives of nanomaterial derivatives include
nano-ceramics obtained by pressing and
synthesizing initial nanoparticles, for instance,
complex metal oxides. In this case, the composition
of nanoceramics includes an amorphous (glassy)
binder component as well as the crystalline
nanoscale phase. Another example of nhanomaterial
derivatives are nanocomposites consisting of initial



mailto:aigerimnauryz@mail.ru
mailto:aigerimnauryz@mail.ru
mailto:kazrah@mail.ru
https://e.mail.ru/compose?To=toleubek_a@mail.ru
mailto:aizazhunussova.93@mail.ru
mailto:ozgurkilit@gmail.com
https://creativecommons.org/licenses/by-nc-nd/3.0/

KomnnekcHoe Ncnonb3osaHne MuHeparnbHoro Coeipbs. Ne1 (320), 2022

ISSN-L 2616-6445, ISSN 2224-5243

nanoparticles, nanopipettes, nanophiles and (or)
nanotubes interconnected by a polymer bond [[2],
(311

This derivative provides nanomaterials by new
useful properties such as increased strength, more
elasticity, heat resistance, thermal and electrical
conductivity, etc.

Experimental part

Worth to say, some previously known materials
with nanoparticles were not considered as
nanomaterials. Academician Tretyakov Yu.D. stated
that faience, decorated with colored glaze to give
ceramics a special shinea, was the first nanoparticle.
The technology of creating a nanoproduct like
faience was used by Umbrian potters in Italy in the
15th century. At that time, the reflectivity of
nanoparticles (gold, silver and other metals) was
used to give the faience an appropriate glitter of
gold, silver, etc. Porcelain, created in China during
Qin dynasty, is also a nanostructure, however, only
in 1980-s when a scanning tunneling microscope was
invented it became possible to distinguish
nanostructures, that is, the necessary tool base
appeared [[4], [5]].

With the development of nanotechnology, a
number of new concepts have emerged in science:
nanomaterials, nanosystem technique,
nanotechnology, nanoappliances and nanoindustry.
In the nanoindustry, markets of various directions
are being formed and developed as nanocomplexes:
nanoproducts (sale of licenses, certificates and
industrial models); nanotechnology; nanoproducts;
nanostructures and devices for monitoring
nanoparticles.

Any of these markets is a “nanotechnological
and economic paradigm” as a system representing a
set of government bodies (at the macro level,
supporting the development of nanotechnology and
nanosciences), intersectoral regional scientific and
production centers (at the level conducting research
and development of nanoproducts), organizations
and individuals interacting in order to realize their
interests, nano projects and plans, scientific and
technical and industrial programs (at the micro level,
producing nanoroducts and having a targeted effect
at micro-level). At the microlevel, nanoparticle
producers (sellers) and buyers (legal entities —
organizations and individuals) represent
nanoparticle markets, each of them are trying to
earn a commercial profit from sale-purchase
transaction (Figure 1) [[5], [6]].

N
eNanotechnologies in the automotive

industry
J

N
eNanotechnologies in household electrical
engineering
J

~

*The total marketable mass in the world

will be produced using nanodevelopment
J
~

eNanotechnologies in pharmaceuticals

*Nanotechnologies in the production of
computer science tools

) S < < < 4

Figure 1 - The share of nanorevelopment in the
commercial mass of industrial goods [5]

15% of the total marketable mass in the world
will be produced using nanodevelopments. Today,
there are more than 800 consumer products
manufactured using nanotechnology on the world
market — electronics, clothing, cosmetics, food,
pharmaceuticals and household appliances [5].

The United States was the first to understand
that nanotechnology is the near future of all
mankind. Annual public and private investments in
the US over the recent seven years amounted to
about 2.5 billion US dollars. The state programs of
americans for developing nanotechnology led to the
leading positions in volumes of research in
nanoindustry and output. The share of the United
States (more than three thousand units in the sum
of companies and individuals) accounts for about
forty percent of patents in the field of
nanotechnology obtained in all countries of the
world [[6], [7], [8]].

M Asia 52.3%
W Europe 24.4%
North America 14.7%

Latin America 2.7%

B Africa 1.9%

Figure 2 - Geographical distribution of publications on
nanotechnology [9]
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At the same time, according to the study, the
largest number of scientific papers on
nanotechnology falls on the countries of Asia and
Oceania, more than half — on European countries
and America, the smallest is on Africa (1.9%).

In the global nanoindustry, nanotechnology is
used in the production of 600 types of primary
nanomaterials and components and 80 groups of
consumer goods.

Herein, 46% of the global nanoproducts and
nanomaterials production is accounted for
companies of the US nanoindustry, 28% of the
nanoproducts production is accounted for European
companies and 20% is accounted for East Asian
countries (China, Japan, South Korea, and Taiwan).
The rest of the world accounts for about 6% of the
global  production of nanomaterials and
nanoproducts. The most popular material used in
the production of nanoproducts are silver
nanoparticles, using which about 320 types of
nanomaterials and nanoproducts are produced.
About 100 types of nanoproducts are produced
using carbon nanoparticles (carbon nanotubes and
nanopowders), 60 types using titanium dioxide and
more than 40 types using silicon (Figure 2) [[9], [10],
[11]].

The leaders of the rating are China, the United
States, India, South Korea and Iran. At the same
time, Russia took 12t Belarus - 58", Armenia - 81,
Uzbekistan - 86™, Georgia-89™, Tajikistan - 93",
Kyrgyzstan-98™, Turkmenistan - 101° places. At the
same time, according to the study, the largest
number of scientific papers on nanotechnology falls
on the countries of Asia and Oceania, more than half
— on European countries and America, the less on
Africa (1,9%) [11]

Figure 3 - Analysis of promising areas of nanotechnology
use [14]

The importance of nanotechnologies [12]
presents a specific research work in the field of
nanoscale building materials carried out by the
Federal Institute for Materials Research and Testing
in Berlin.

Nanotechnologies create incredibly useful
structures from individual atoms or molecules, the
study [13] discusses the latest innovations in the
field of oral health, nanocorporated products,
patient safety and occupational safety.

The issues of using the historical penetration of
nanotechnologies as a contribution to a reliable
assessment of technological capabilities and a
critical assessment of technological manifestations
are considered (Figure 3) [14].

Research results and discussion

The analysis shows that there are research
teams in Kazakhstan that carry out research and
development in the field of nanotechnology and
related disciplines. Nevertheless, the
implementation of the program titled "Development
of nanoscience and nanotechnology in the Republic
of Kazakhstan for 2007-2009" showed that the
country lacks a developed infrastructure that
ensures the production of the necessary clean
primary materials, the disposal of harmful waste,
etc. All this hinders the development of fundamental
and applied research, as well as the creation of
nanomaterials and nanotechnologies, small
innovative companies designed to become the
driving force of the country's innovative
development strategy.

Research centers that contribute to scientific

and technical research in the field of
nanotechnology are: Nazarbayev University,
National Laboratory, National Nanotechnology

Laboratory on the basis of KazNU named after al-
Farabi, laboratory of the Institute of Physics and
Technology, laboratory of engineering profile at
TarSU, SKSU n.a. M. Dulati, SKSU n.a. M. Auezov,
KazNU named after al-Farabi, Satpayev university,
JSC “NSMC”, EKSTU n.a. D. Serikbayev, as well as the
National Scientific Laboratory at East Kazakhstan
State University n.a. S. Amanzholov. A significant
contribution to the solution of scientific and
technical problems in the field of nanotechnology
was made by Nazarbayev University, national
laboratories, in particular,  the National
Nanotechnology Laboratory on the basis of al-Farabi
Kazakh National University, the laboratory of the
Institute of Physics and Technology, the laboratory
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of engineering profile at TarSU, SKSU n.a. M. Dulati,
SKSU n.a. M. Auezov, KazNU named after al-Farabi,
Satpayev university, JSC “NSMC”, EKSTU n.a. D.
Serikbayev, as well as the National Scientific
Laboratory at East Kazakhstan State University n.a.
S. Amanzholov.

National Scientific Laboratory for Collective Use
at the EKSU named after Sarsen Amanzholov was set
up on October 8, 2009. The laboratory is equipped
with a modern avance-lll 500 nuclear magnetic
resonance spectrometer manufactured by Bruker
(Germany), X-ray diffractometers, electronic and
optical microscopes, a vacuum station and other
technological equipment that allows conducting
studies of the structural and phase state and
properties of materials. An experimental-industrial
site has been created at the Laboratory.

A hydraulic press, 3D-draft and molding
equipment for angular pressing of an equal channel
were developed and manufactured with the support
of the Foundation of the First President of the
Republic of Kazakhstan. The mechanical properties
of aluminum have significantly increased using
them, namely, the hardness is 3 times, the vyield
strength is 18 times, the tensile strength is 5 times,
the hardness of Titanium is 1.5 times.

The Laboratory of New Materials and Energy
Saving Systems is known for its innovations, best
practices and novelties, with a reputation as a world-
class research institution that attracts the best
students and employees not only in Kazakhstan, but
also around the world. The laboratory closely
cooperates with international researchers from
leading world universities and research centers,
such as the Tokyo Institute of Technology (Japan),
the University of Warwick (Great Britain), Chungnam
National University (Korea), Tokyo Metropolitan
University (Japan), Sejong University (Korea), Tokyo
University (Japan), Hanyang University (Korea),
Hebei University of Technology (China), the French
National Research Center (France), etc.

The National Laboratory for Nanotechnology
"Nanofab" was established in 2008 at the South
Kazakhstan State University (Shymkent city) to
implement promising projects of nanotechnology
and nanoindustry in order to implement state policy
in the field of nanotechnology, create and develop
innovative infrastructure in the field of
nanotechnology, form the sector of Kazakhstani
researchers in the nanoindustry as a whole. To
conduct research and development work in the
laboratory, it is planned to create conditions for the
world's leading scientists and the possibility of
training highly qualified domestic specialists. The

laboratory plans to develop breakthrough projects
in the field of nanotechnology based on the raw
materials of Kazakhstan.

The laboratory is equipped with a scanning
electron microscope of the Japanese company JEOL,
as well as a system of energy-dispersion
microanalysis and  structural  analysis  of
polycrystalline objects manufactured in the UK. Such
a complex allows us to study the fine structure of
organic and inorganic substances at the nanoscale.

The activity of the laboratory of engineering
profile in the mining metallurgical and oil and gas
sectors at KazNTU n.a. K. |. Satpayev is aimed at
strengthening the material and technical base of the
university, as well as at training highly qualified
engineering personnel and developing innovative
technologies in the field of earth sciences,
metallurgy, mechanical engineering, oil and gas,
ecology, bio- and nanomaterials, information
systems [15].

“IRGETAS” Regional University Laboratory of
engineering profile at the East Kazakhstan University
is in the direction of “high technology for obtaining
new materials based on the integrated use of
resources of the mining and metallurgical industry.”
It conducts research on natural nanomaterials,
technologies for obtaining natural carbon
nanoparticles, nanotechnology for opening ores of
non-ferrous and precious metals, nanotechnology
for obtaining nanofilms and nanowires, technical
ceramics based on rare metal compounds, etc.

The laboratory of engineering profile
"nanoengineering  research  methods"  was
established at Taraz State University to create a new
generation of food products with high nutritional
value based on the use of nanostructured food
materials; to develop a technology for producing
nanofiber from carbon-containing gas raw materials
of the Amangeldy deposit; to conduct a complex of
studies on improving the technology for obtaining
composite materials on the basis of industrial waste;
on the development of nano-and biotechnologies
for obtaining new materials for the production of
textile and light industry products based on
vegetable and cellulose fibers; on the development
of nanostructured coatings for natural and artificial
leather with high performance property.

However, the development of nanotechnology
in Kazakhstan also has weaknesses, in particular:

e there is no tradition of creating and
developing nanotechnology;

e there is no coordination center for the
implementation of state policy in the field of
nanotechnology, the development of innovative
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infrastructure in the field of nanotechnology, the
implementation of projects to create promising
nanotechnology and nanoindustry;

e insufficient funding of
development  projects in  the
nanotechnology;

¢ lack of long-term scientific and technical
programs; Laboratories are practically not provided
with modern technological equipment for the
production of nanomaterials;

e lack of qualified personnel to support the

research and
field of

industry; there are no permanent large-scale
nanotechnology forums and world-class
conferences;

e low level of information support on

nanotechnology issues, lack of information in the
state language;

e there is no unified terminology on
nanotechnologies and nanomaterials that regulates
the regulatory and methodological framework for
conducting measurements, tests and control,
establishing criteria for compliance, quality and
safety of nanoobjects, nanomaterials and other
nanotechnological products;

e |ow share of production of high-tech and
knowledge-intensive types of products.

The main reason for the problems of technology
development is the neglect of humanity to the core
of its civilization — science — over the past few
decades.

Fundamental science is a civilizational resource
accumulated by past generations, wasted for profit.
Kazakhstan now needs an innovative breakthrough
in the nanotechnology of new plants, workshops and
factories for the production of high-tech products
based on domestic developments [[16], [17], [18]].

For the development of nanotechnology in
Kazakhstan, the scientific side is being developed
and the necessary specialists are being trained.

In mechanical engineering, there is an
opportunity to increase the resource of metal
cutting and processing tools using special coatings
and emulsions due to the widespread introduction
of nanotechnological developments and
nanomaterials both in the modernization of the
existing fleet of high-precision and precise
machines, and in the production of new
nanotechnological equipment.

Conclusions

Nowadays, there is a rapid growth of the market
for consumption products based on
nanotechnology. For example, the size of the global
electronics and IT market using nanotechnology is
more than $ 0.5 billion in 2010. Up to $ 1.8 billion by
2015, that is, more than three times. At that time,
enterprises should be ready to develop high-tech
products, otherwise new technologies may be sold
abroad and not bring the necessary income to the
country. As practice shows, many Russian
enterprises cannot create competitive products
based on high technologies.

As for nanomaterials, their fields of application
and sales markets are growing very rapidly. The
forecast for 10-12 years is that their volume will
amount to more than 350 billion US dollars. The
total volume of sales of nanoproducts per year is $
1000 billion. Currently, nanomaterials are used in
various spheres of human life, in the near future the
scope of their application will significantly expand.

Kazakhstan's science is only taking the first steps
in the field of production and use of nanomaterials
and nanotechnologies, so in the future we can
expect positive results from it.
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TYRIHAEME

OpKeHWETTIH Kasipri TapuxbiHAa A3YipAiH KeNbeTiH aHblKTaFaH MaTepuangap MeH TexHonoruanap bipHewe
peT nainga 6ongpl. Kona meH TemipaiH, 6y MeH anekTpAiH "FacbipbiH", aToM "FacbipbiH" }KaHe KomnbloTep
FacbIpbIH ecKe Tycipy KeTkinikti. HaHomaTtepuangap (HM) cesci3 ocbiHgal matepuangapAblH, KatapbiHa
KaTagbl XKoHe 21 facblp HAHOTEXHONOrUA A3YipiH awaapl. FbIAbIMU-TEXHUKANbIK CanacaT, CTpaTernanbik
Kocnap/iay »KoHe WHBEeCTUUMANAp CanacblHAAFbl CapanwblNapaplH, Kenuwiniri angafbl OHXKbIAAbIKTA
HaHOPEBOIOUMAHDBIH, FbIbIM, BHAIPIC, KOPFaHbIC, MeAULMHA, eMip, AEeMasbiC KaHe OWbIH-CaybIKTbIH,
6apnblK cananapbiHAA KyTineTiHiHe ceHimgi. OHbiH cangapbl XX facblpAblH, COHFbl YWiHWIi 6eniriHgeri
KOMMNbIOTEPIK PEBONIOLMAHBIH CangapaapbiHaH Aa YAKeH 60naabl, AFHU HAHOKYPbIbIMALI MaTepranaap,
bylibimaap MeH onapabl eHAIPY a4icTepi emipaiH 6apabik cananapbiHa KEH ayKbiMAb! KaHe Xyiheni Typae
6acbin Kipeai. Makanaaa HaHOTEXHONIOTUAHBI AAMBITY KaHe dN1eMiK IKOHOMMKA MeH KopLuafaH OpTaHbl
KOpFayAblH SPTYp/i cananapbiHAa apTyp/ii HAHOMaTepuangap MeH HaHoeHIMAepAi NnainganaHy xongapbl
TangaHagpl. HaHoTexHonorua — byn atomgap MeH monekynanapabl 6ackapy apKblibl aTom KypblabiMbl 6ap
eHiMaepai 3epTTeyaiH, eHAIPYAiH XoHe KONAaHyAblH, NPAKTUKANbIK dA4iCTepiH TEOPUANbIK Heridgeyai
KamTamacbi3 eTeTiH ipreni »kaHe KonZaH6anbl FblAbIMHbIH, canacbl. MYMbICTbIH, MakcaTbl —
HAaHOTEXHONOTMAHbIH, AAaMyblH »KJHE ONapApblH, Kasipri 3KOHOMWKadafbl MaHbI3ObI/IbIFbIH - 3epTTey.
Makanaga KasakctaHaafbl HAHOTEXHONOTMANAPAb! AAMBITY »KOMAAPbI, COHAANM-aK 0MapAbl AaMbITYy MeH
MallMHa )Kacay JKoHe JKanmbl ©HepKacin canacblHAa KoAAaHyablH 6onawakTafbl  HafbiTTapbl
KapacTbipblnagpl.

TyiliH  ce3pep: HaHOTEXHONOTMUANAP, HAHOMAaTepuangap, HaHOFbIIbIM, HAHOMKYWENiK  TEXHWKa,
HaHOBHIMAEep, HaHOHapbIFbl, HAHOTEXHONOTMAHbI AambITy 6aFgapnamacbl, HaHOBHIMAepAi KonAdaHy,
HaHOMHAYCTPUA.
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AHHOTAUMUA

B cOBpeMEHHOW MCTOPUM LMBUIM3ALMM MaTepuanbl M TEXHONOTMM, onpesenvsliMe OBAMK 3MOXK,
noABAANUCb He pa3. [loCcTaTouyHO BCMOMHUTL "Bek" BPOH3bI U XKenesa, napa v 3N1eKTPMYecTBa, aTOMHbIN
«BEK» M KOMNbIOTEPHbIV BeK. HaHOMaTepumanbl (HM), HECOMHEHHO, OTHOCATCA K YACNY TaKUX MaTEPUANOB,
M 21 BeK OTKpbIBaeT 3py HAHOTEXHONOrMi. BONbLWMHCTBO 3KCNepToB B 06/1aCTM Hay4HO-TEXHMYECKOI
MOMIMTUKKN, CTPATErMYECcKOro MIaHMPOBAHMA M MHBECTULMI yBepeHbl, 4To B BiusKaiilee gecatunetve
HaHOPEBOJIIOLMA OXMNAAETCA BO BCeX chepax HayKu, NPoM3BoACTBa, 060POHbI, MeANLMHbI, 6biTa, OTAbIXa
n passnedeHuin. Ee nocneacteua 6yayT 6osee macwTabHbIMM, YemM MOCIAEACTBMA KOMMbIOTEPHOM
peBosilouMM mocnegHen TpeTu XX BeKa, TO eCTb MacwTabHOe M CUCTEMATMYECKOE BTOPXKEHWE
HaHOCTPYKTYPUPOBaHHbIX MaTepManos, U34e i U METOA0B MX NPOM3BOACTBA NpUAET 6YKBaNbHO BO BCE
cdepbl KM3HW. B cTaTbe aHaAM3MPYIOTCA NMYTU Pa3BUTMA HAaHOTEXHO/IOMMIA M MCMNOAb30BAHMA Pa3/IMUHbIX
HaHOMaTepKanos U HAHOMPOAYKTOB B Pa3INYHbIX OTPACAAX MUPOBOM S3KOHOMMKM U OXpaHbl OKpY»KatoLuei
cpeapl. HaHoTexHosorMa — 3T0 06s1acTb PpyHAAMEHTANbHOW M MPUKNAZHOM Hayku, obecrneyvsaiowyas
TeopeTnyeckoe 060CHOBaHME MPAKTUYECKUX METOLOB MCCEL0BaHUA, MPOM3BOACTBA UM MPUMEHEHMA
NPOAYKTOB C aTOMHOI CTPYKTYPOW MyTEM MaHUMNYyAMPOBaHWA aTomamu M Monekynamu. Llenbio paboTbl
ABNAETCA M3ydeHMe Pa3BUTMA HaHOTEXHOMOMMIA M MX 3HAYeHMA B COBPEMEHHOM 3KOHOMMKe. B cTaTbe
paccmaTpuMBaloTCA MyTU Pa3BUTMA HAHOTEXHOOMMI B KasaxcTaHe, a TaKKe NepcrneKTMBHbIEe HanpaBaeHus
WX Pa3BUTMA U MPUMEHEHMA B 061aCTU MALWMHOCTPOEHMA U MPOMBbILJIEHHOCTM B LLE/IOM.
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ABSTRACT

We present the results of the physical and chemical properties of cake from nitric-acid leaching of titanium
production sludge. It was found that all silicon in the cake is in the form of quartz, albite, sillimanite, sodium
aluminosilicate. In total, these minerals make up the majority of the cake 60.24%. Titanium is presented in
the form of rutile, titanium aluminum oxide, which in total is 35.56%. Iron is part of sillimanite and hematite,
the total content of which is about 4.2%. The optimal parameters of fluoroammonium processing of cake
were determined: silicon distillation into sublimates at 300°C for 6 hours, sublimation of titanium in the form
of titanium tetrafluoride at 800°C for 2 hours. The process of alkaline hydrolysis of sublimates of fluoride
compounds and cinder was carried out. Purification of impurities and calcination of hydrated titanium dioxide
were carried out. The resulting titanium and silicon dioxide products contain: 96.2% TiO2, 88 % SiO»,
respectively; a niobium-containing intermediate product with a content of 11.6 % Nb>Os was also obtained.
Keywords: cake, sublimates, cinder, fluoroammonium processing, alkaline hydrolysis, titanium dioxide.
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Introduction hydroxide to pH 7-8.5. The resulting slurry is
pumped into sludge collectors and accumulates
The Kroll process is the main method for therein. The reserves of sediments or sludge of

producing titanium sponges in all countries
manufacturing titanium sponges [1], which consists
of magnesium-thermal reduction of titanium
tetrachloride at 850°C. The production chain of this
process includes the production of magnesium
metal from its molten salts by electrolysis.
Dehydrated carnallite is the raw material for the
production of electrolytic magnesium, and the spent
electrolyte is used in the chlorination of titanium
slags. Natural carnallite is preliminarily enriched and
dehydrated. At the stages of titanium slag
chlorination and magnesium electrolysis, a
significant amount of chloride waste is formed.
Industrial waste is a hazard to the environment,
as it contaminates soil and groundwater during
neutralization and storage of solid waste in sludge
dumps and the resulting industrial wastewater [2].
Part of the titanium production chloride waste is
leached with water and neutralized with calcium

titanium production are about 320 thousand tons.
The multicomponent composition thereof is present
in the form of oxides, oxychlorides, and carbonates
[3].

In Russia, the Bereznikovsky Titanium-
Magnesium Plant (AVISMA JSC) obtains iron oxide
pigments from waste [4]. However, the available
research on hydrometallurgical processing of
titanium-magnesium  production waste was
economically ineffective and lengthy due to the low
filtration rate of slurries after leaching of chloride
waste from titanium-magnesium production.
Therefore, according to the existing technology, the
Bereznikovsky Titanium-Magnesium Plant, washes
out this waste with water and neutralizes acidic
effluents with alkaline effluents of soda production,
and sends to a sludge dump.

Thus, titanium-magnesium plants usually do not
process solid chloride waste and often discharge
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wastewater that contains chlorides and harmful
substances into water bodies, polluting the soil and
water of the surrounding area [5]. The plant has to
pay huge fines for waste maintenance. The creation
of integrated technology for the processing of this
technogenic raw material will make it possible to
obtain additional products in the form of titanium
dioxide and calcium nitrate. Titanium dioxide can be
returned to production for chlorination of titanium
slags and calcium nitrate will be used as a fertilizer
and a component in the cement industry, so these
products will be in demand both in Kazakhstan and
on the world market.

In recent years, fluoroammonium processing of
multicomponent raw materials has been of great
interest [6]. Ammonium bifluoride is a white
crystalline substance with good solubility in water of
434 g/L, a melting point of 126.2°C, and a boiling
point of 238°C, accompanied by decomposition into
NH; and HF.

The interaction of oxygen-containing
compounds of titanium and other metals with
ammonium bifluoride is of great importance in
terms of the technological attractiveness of the
method for extracting components from raw
materials through the formation of ammonium
fluorometallates [7] that, due to their physical and
chemical properties, ensure the solubility of
products and the possibility of separating mixtures
by sublimation. Fluorination by-products (water
vapor, ammonia, hydrogen fluoride) in gas-
collecting systems are regenerated into ammonium
fluoride and, upon drying, are formed into
ammonium bifluoride, which ensures environmental
safety of production and allows such by-products to
be used in the circulation of a fluorinating agent.

[[8] and [9]] show the possibility of separating
aluminosilicates with ammonium bifluoride into
alumina and silicon oxide by sintering. In the
complex processing of kaolin concentrates,
ammonium bifluoride (NH4HF;) was used as a
fluorinating reagent. Under normal conditions,
ammonium bifluoride does not pose a significant
environmental hazard and is a strong fluorinating
reagent when heated. Its melting and
decomposition points are 126.2°C and 238°C,
respectively. This is because each reaction needs to
be activated, and the activation of hydrogen fluoride
and halogen fluorides requires less energy than
gaseous fluorine, so such reactions can be carried
out at a lower temperature. The kaolin concentrate
with NH4HF, is sintered at 190-200°C with the
formation of a powdery product. This product is

desiliconized under oxidizing conditions at a
temperature above 320°C. Gaseous ammonia and
water vapor are trapped and enter the absorption
apparatus; ammonium fluoride enters the same
place. Evaporation of the resulting solution obtains
regenerated NHsHF; which goes to the head of the
process. The method for processing [10] titanium-
containing raw material of ilmenite concentrate
includes the fluorination of the raw material by
sintering with a fluoride reagent, heat treatment of
the fluorinated mass to separate fluorination
products by sublimation, pyrohydrolysis of post-
sublimation residues to obtain iron oxide.
Fluorination uses ammonium fluoride, ammonium
bifluoride, or their mixture in a stream of inert gas as
a fluoride reagent. The sublimation products are
trapped in water when obtaining an ammonium
fluorotitanate solution, and hydrated titanium
dioxide is precipitated with an aqueous solution of
ammonia, then the precipitate is heat-treated to
obtain titanium dioxide.

In the available patent and scientific literature,
almost all presented information about the
fluoroammonium treatment is related to the
processing of ores or concentrates, but not to the
processing of titanium production waste by this
method. Taking into account the differences in the
physical and chemical properties of ammonium
fluorometallates, we can select the conditions for
the complete separation of the mineral product
fluorinated with ammonium bifluoride into
individual components. All this is a prerequisite for
the development and creation of a more progressive
and promising fluoride technology for processing
titanium-containing raw materials.

The main purpose of this work was to study the
physical and chemical properties of the previously
obtained cake [11] from nitric-acid leaching of
sludge from Ust-Kamenogorsk Titanium Magnesium
Plant JSC and the processing of cake from leaching
of sludge by the fluoroammonium method to obtain
marketable products.

Experimental part and discussion of results

This research proposes to use a cake from nitric-
acid leaching of sludge from Ust-Kamenogorsk
Titanium Magnesium Plant JSC as a raw material
source; its phase composition is shown in Table 1.
Based on the results of X-ray fluorescence and
chemical analyzes, the elemental composition of the
cake was determined as follows, wt. %: 19.7 Ti, 3.1
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Fe, 1.2 Ca, 3.3 Al,0.4S,20.5Si,0.1V, 3.6 Nb, 51.03
0,0.4F,0.72r,0.2 Cr,0.06 Mn, 0.4 W.

The polished surface of a polished section
prepared from the cake from nitric-acid leaching of
sludge was examined using an EDAX ORBIS MICRO-
XRF X-ray fluorescence spectrometer. The research
results are shown in Figure 1.

Table 1 — Phase composition of the cake

Phase Formula S-Q, %
Quartz SiO, 37.8
Rutile TiO, 25.5
Albite (Na,Ca)Al(Si,Al)30g 13.2
Niobium-

aluminum-titanium Tio.sAlo.1Nbp 10, 10.0
oxide

Sillimanite (Al1.9gFe0.02)SiOs 5.7
Iron oxide Fe,03 4.2
S.o.dlum aluminum Na(AISi,O¢) 36
silicate

The results of physical and chemical studies
draw the following conclusions: all silicon is in the
form of quartz, feldspar as albite, sillimanite, sodium
aluminosilicate. In total, these minerals make up the
majority of the cake (60.24%). Titanium is presented
in the form of rutile, titanium aluminum oxide,
which in total is 35.56%. Iron is part of sillimanite
and hematite with a total content of about 4.2%.

Experiments on fluoroammonium processing of
cake from sludge leaching were carried out. For the
interaction of ammonium bifluoride with cake,
preliminary sintering was carried out. Preliminary
sintering of the cake with ammonium bifluoride and
a small amount of water (25% of the initial mixture)
was carried out in a vertical furnace at 200°C for 60
min in a fluoroplastic crucible. The cake sintering at
200°C with ammonium bifluoride is necessary for
the interaction of the silicate components of the

cake with ammonium bifluoride [12]. The following
reactions occur during fluoridation:

2Si0+7NH4HF,=2(NH)3SiF7+4H,0+NH;
SiOz+3NH4HFz:(NH4)zsiF5+2H20+NH3

(1)
(2)

At the same time, the sinter yield for each
experiment was stably in the range of 85-87%; the
rest was losses with the gas phase in the form of
ammonia, water vapor, and hydrogen fluoride.
Silicon and titanium were sublimated in a stainless
steel tube with an argon supply at a rate of 1 to 1.5
dm3/min. Silicon was sublimated at 200°C and 300°C
with a change in the duration of the process from 60
to 360 min. The results of studies on the sublimation
of silicon are shown in Table 2. Based on the results
of silicon sublimation, a histogram of silicon
extraction into sublimates and a cinder was built
(Figure 2).

According to Table 2 and the diagram in Figure
2, the increase in the time of the sublimation process
from 60 to 360 min at both temperatures increased
the extraction of silicon into sublimates from ~55 to
~91-94%, respectively. At the same time, the
extraction of titanium into sublimates increased in a
small amount, in the range from ~1.6 to ~3.2%,
respectively. The best results were shown by
experiment 8, which was carried out at a
sublimation temperature of 300°C for 360 min, at an
argon flow rate of 1.2 dm3/min, where the
extraction of silicon into sublimates was 94.2%. The
content of silicon and titanium in sublimates was
25.9% and 1.9%, respectively. The sublimate yield
was 29.5%, the cinder yield in the boat was 29.0%,
the rest was the gaseous phase trapped in the flask
with 10% ammonia water for the regeneration of
ammonium bifluoride.
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Figure 1 — Energy Dispersive X-ray (EDX) Analysis
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Table 2 — Study of the process of silicon sublimation after sintering cake with ammonium bifluoride

Exp. No. Sinter yield, % T, °C T, min Argon, dm3/min | Sublimate yield, % Cinder yield, %

1 85.64 200 60 1 8.95 57.98

2 86.55 200 120 1 10.33 48.05

3 86.35 300 120 1 12.81 43.26

4 85.39 300 180 1 17.9 38.02

5 85.90 300 240 1 17.22 38.43

6 87.00 300 300 1 25.18 35.5

7 86.71 300 360 1 26.43 30.23

8 85.85 300 360 1.2 29.53 29.04

9 86.10 300 360 1.5 30.15 29.43
e "
P | | (NHa);TiFs =NH,TiFs + NH3s T+ HF (6)
% P - e 8 NH.TiFs = TiFs T + NHsT + HFT (7)
; & ‘ = If there is not enough ammonium bifluoride,
E E part of the titanium dioxide is not completely
§ 1 s 8 fluorinated to the formation of ammonium
E ] 16 ::_ oxyfluorotitanates, which form titanium oxyfluoride

A S S S S T S (TiOF,) upon thermal decomposition [13].

Experience number

Figure 2 — Diagram of silicon and titanium extraction in
silicon sublimates

Titanium sublimation was the next stage. For
sublimation of titanium, cinders from experiments
5-9 were combined. The resulting material was
crushed, averaged, and divided into 5 experiments.
For each sample, an additional amount of
ammonium bifluoride was added to maintain the
ratio with the amount of cinder equal to 1:1. The
samples were preliminarily sintered at 200°C for 60
min. The sinter yield for each experiment was in the
range of 90-94%. The second sintering of the cinder
at 200°C with ammonium bifluoride was carried out
for the complete fluorination of titanium oxides and
impurity components according to the following
reactions:

Ti02+3NH4HFZZ(NH4)2TiF5+2H20+NH3 (3)
Fe203+6NH4HF2:2(NH4)3FeF6+3H20+NH3 (4)
A|203+6NH4HF2=2(NH4)3A|F5+3H20 (5)

Impurity compounds such as Mg, Mn, Nb, Al, Fe,
emerging during fluorination, form simple and
complex fluorides, which remain in the cinder.

The ammonium hexafluorotitanate formed
during fluorination with an excess of ammonium
bifluoride decomposes to titanium tetrafluoride
stepwise with the elimination of the ammonium
fluoride molecule from the complexes according to
the following reactions:

Titanium tetrafluoride was sublimated at 700-
800°C during 60-120 min. The argon supply rate in
all experiments was maintained at 1.2 dm3/min. The
results of studies on titanium sublimation are
presented in Table 3. Figure 3 shows the extraction
of titanium into sublimates and cinder.

The research results presented in Table 3 and on
the diagram (Figure 3) show that the increase in the
process temperature from 700 to 800°C and
duration from 60 to 120 min increases titanium
extraction into sublimates from ~68 to ~92%. The
extraction of silicon into sublimates was in the range
of ~6.25 to ~6.75%. The best performance was
achieved at the temperature of 800°C, duration of
120 min, argon flow rate of 1.2 dm3/min, while
titanium extraction into sublimates was 91.82%. The
content of titanium and silicon in the sublimates was
35.75% and 2.56%, respectively. The sublimate yield
was 33.41%; the cinder yield in the boat was 17.5%.
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Figure 3 — Diagram of titanium and silicon extraction in
titanium sublimates
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Table 3 — Study of the titanium sublimation process

Exp. No. Sintervyield, % | T,°C T, min Argon, dm3/min Sublimate yield, % Cinder yield, %
1 93.5 700 60 1.2 21.67 24.24
2 90.95 750 60 1.2 27.61 20.36
3 92.9 750 90 1.2 27.54 17.45
4 92.98 800 90 1.2 32.5 18.85
5 93.98 800 120 1.2 33.41 17.50

Table 4 shows the chemical composition of the
products of fluoroammonium processing.

According to Table 4, the titanium content in the
initial cinder was 24.45%; after fluoroammonium
processing with its transfer to sublimates, the
residual titanium content in the final cinder was
3.1%. At the same time, the content of such
impurities as iron, calcium, aluminum, niobium, and
sodium in the final cinder increased in comparison
with their value in the initial cinder supplied to the
ammonium fluoride processing. Only an insignificant
part of iron, a little calcium with aluminum, and a
residual amount of silicon passed into titanium
sublimates.

To transfer the obtained fluoride products into
oxides, experiments on alkaline hydrolysis were
carried out. To carry out studies of the alkaline
hydrolysis process, batches of fluoride sublimates of
silicon and titanium, as well as cinder, were
preliminarily produced under the established
optimal conditions of previous experiments. Alkaline
hydrolysis of ammonium hexafluorosilicate and
titanium tetrafluoride was carried out according to
the following reactions [[13], [14]]:

(NH.),SiFe+4NHs3+(n+2)H,0=6NH4F+Si0O,xnH,0  (8)
TiF4 + 4NHs + 2H,0 = TiO, + 4NH4F (9)

Experiments on alkaline hydrolysis of titanium
fluorides were carried out to remove fluorine and

obtain titanium dioxide. For this, 20 g of titanium
fluoride sublimates were taken, placed in a glass
with 400 ml of 10% ammonia water at a S:L ratio of
1:20, and heated to 50°C with stirring at 50 rpm.
Upon reaching the desired temperature, the mixture
was kept for 60 min, then cooled and defended for
30 min. The clarified part was decanted, water was
added to the precipitate at a S:L ratio of 1:20, stirred
for 10 min, and filtered. Then, the precipitate was
dried at 105-110°C to constant weight. Hydrated
titanium dioxide with the following composition was
obtained, wt. %: 45.54 Ti, 1.6 Fe, 0.8 Si, 0.59 Al, 0.1
Nb, 0.03 Ca (75.9 TiO,, 1.7 SiO3).

The resulting hydrated titanium dioxide contains
impurities of iron, aluminum, etc., which may affect
the quality of the final product. For purification from
impurities, the obtained hydrated titanium dioxide
was subjected to nitric-acid processing.

Nitric acid purification was carried out under the
following conditions: 10% HNO3, at 60°C, at a S:L
ratio of 1:10, for 60 min. After washing, the titanium
dioxide precipitate was dried at 105-110°C to
constant weight, then calcined in a chamber furnace
at 500°C for 120 min. As a result, we obtained a
product corresponding to a rutile concentrate in
terms of chemical composition, %: 57.7 Ti, 1.1 Fe,
0.64Si, 0.28Al, 0.03Ca, 39.50, etc. (96.2 TiO2, 1.57
Fe203, 0.52 Al203, 1.37 Si02, 0.014 Ca0, etc.).

Table 4 — Chemical composition of fluoroammonium processing products

Name Sinter S|I'|con Cinder Titanium sublimes Final cinder
sublimates
Element Content, %

Ti 7.65 1.85 24.45 35.75 3.1
Fe 0.98 0.24 3.13 1.0 11.6
Ca 0.15 0.14 0.37 0.06 1.56
Al 1.15 0.4 3.50 0.40 15.06
Si 8.10 25.85 1.61 1.56 0.10
Nb 0.79 0.01 2.62 - 5.5
Cr 0.07 - - - -
P 0.23 0.03 - - -
Na 0.70 - 0.85 - 3.9
F 61.96 65.38 35.86 53.02 39.54
0] 12.74 2.90 23.39 4.50 17.84

Other 5.48 3.2 4.22 3.71 1.8
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According to the results of the XRD analysis of
the titanium dioxide obtained, which is presented in
Table 5 and Figure 4, the product mainly consists of
rutile (TiO;) and has small amounts of iron impurities
in the form of hematite, as well as aluminum oxides.

Table 5 — Phase composition of the titanium dioxide
product

Phase Formula Content, %
Rutile TiO2 95.2
Iron oxide Fe203 4.0
Aluminum oxide Al203 0.8

I N

| 1 Rutile, syn TiO2

2 Hematite, syn Fe203
3 Corundum, syn Al203

Figure 4 — Diffractogram of the titanium dioxide product

Alkaline hydrolysis of silicon sublimates and final
cinder was carried out according to a similar scheme.
Amorphous silica, wt. %: 41.8 Si, 4.2 Ti, 0.075 Ca,
0.054 Al, 0.027 P, 0.08 Fe, 0.16 F (88.07 SiO,, 7 TiO,)
and a niobium-containing product of the following
composition, wt. %: 6.7 Ti, 0.35 Si, 20.5 Fe, 19.3 Al,
8.1 Nb, 4.2 Na, 0.7 Ca, 0.1 F. (11.17 TiO,, 0.75 SiO,,
29.32 Fezog, 36.45 A|203, 11.6 szOs, 5.7 Nazo) were
additionally obtained.

Thus, according to the results of the studies,
titanium dioxide of rutile modification, containing

96.2 TiO,, was obtained. In terms of titanium dioxide
as the main component and the content of
impurities, the obtained one corresponds to the
rutile concentrate according to GOST 22938-78.

Conclusions

The results of the investigated physical and
chemical properties of cake from nitric-acid leaching
of titanium production sludge show that all silicon in
the cake is in quartz, feldspar in the form of albite,
sillimanite, sodium aluminosilicate; in total, these
minerals make up most of the cake (60.24%).
Titanium is presented in the form of rutile, titanium
aluminum oxide, which in total is 35.56%.

For the selective extraction of silicon and
titanium, the fluoroammonium method of cake
processing was chosen. The optimal parameters of
fluoroammonium processing of cake were
determined: silicon distillation into sublimates at
300°C for 6 hours, sublimation of titanium in the
form of titanium tetrafluoride at 800°C for 2 hours.

The alkaline hydrolysis process for titanium
tetrafluoride sublimates was carried out. Hydrated
titanium dioxide was obtained and subjected to
nitric-acid treatment, drying, and calcination at
500°C for 120 min. As a result, rutile titanium dioxide
containing 96.2% TiO, was obtained. Alkaline
hydrolysis of fluoride silicon compounds and the
final cinder additionally gave amorphous silica with
a content of 88% SiO, and a niobium-containing
intermediate product with a content of 11.6%
szOs.

Conflict of interests. On behalf of all authors,
the author declares that there is no conflict of
interest.

Acknowledgements. This research was
supported by a grant project of the Science
Committee of the Ministry of Education and Science
of the Republic of Kazakhstan, Project No.
AP05130436.

Cite this article as: Yessengaziyev AM, Ultarakova AA, Burns PC. Fluoroammonium method for processing of cake from

leaching of titanium-magnesium production sludge. Kompleksnoe Ispol’zovanie Mineral’'nogo Syr'a = Complex Use of
Mineral Resources. 2022;320(1):67-74. https://doi.org/10.31643/2022/6445.08

TutaH-marHum eHgipiciHaeri waamapbl Wwanmanay 6apbicbiHAA aNblHFAH CY3iHAIHI
(kekTi) dTOPALI aMMOHMI BaicimeH eHaey

!Ecenrasues A.M., ' Ynbrapakosa A.A., 2BepHc . C.

1Satbaev University, «Memannypaus xaHe KeH 6alisimy uHcmumymol» AK, Aamamsi K-cbl, Kazakcmat

2Homp-fam yHusepcumemi, «Typakmel 3Hepaus opmaneirsl» AKLL, Caym-beHd, AKLL



https://doi.org/10.31643/2022/6445.08

Kommrercuoe McnonssoBarme Munepansaoro Ceipsa. Nel (320), 2022  ISSN-L 2616-6445, ISSN 2224-5243

Makana kengi: 15 mamei3 2021
CapantamagaH eTTi: 08 Kapawa 2021
Kabbinganapl: 15 weamokcar 2021

TYWNIHAEME

TuTaH eHajpiciHaeri wnamabl a30T KblWKbIAbIMEH LWaiimanay 6apbicbiHAA anblHFAH CY3iHAiHIH, (KeKTiH)
DUBUKO-XMMUANDBIK KacMeTTepiHiH, HaTuxKenepi KenTipinreH. KpemHWWZiH, cy3iHAI KypambiHAa KBapu,
anbbuT, CUANUMAHWT, HaTPWIN aNlOMOCUIMKATLI TYpiHAe KespeceTiHi aHbiKTanabl. Tytac anfaHga 6yn
MWHepanaap cysiHAiHIH aykbimabl 60,24 % 6eniriH Kypanabl. TUTaH pyTUA, TUTAHANOMOHMOBUI OKcKAi
KyWiHAe Kesfecei KaHe onapAblH WbIHTbIFbI 35,56%-abl Kypalhiapl. TeMip CUAIMMAHUT NeH remaTut
KypamblHa Kipegi, *annbl menwepi 4,2%. Cy3iHAiHI $pTOP-aMMOHUINIK BHAeYAIH OHTalNbl NapameTpaepi
aHbIKTanapl: KpemHuin 300 °C TemnepaTtypada, 6 cafaT iwiHae 6yfa alHanbin aiganagbl, TUTAH TUTaH
TeTpadTOpUAi TYpiHAE 2 caFaT iwiHae 800 °C byFa aHanagbl. PTOp/bl KOCbIIbIC BO3rOHAAPbI MeH KyHiHaire
KaTbICTbI CIATINI rmaponmns3 npoueci Xyprisingi. KocnanapaaH ta3apTy aHe ruapatTanFaH TUTAH SUOKCUAIH
KbI3AbIPY YKYMbICTapbl XYpPridingi. AnbiHFaH TUTaH MeH KPeMHUI AWOKCUAI eHimaepiHae, CalKeciHwe:
96,2% TiO2, 88% SiO2 6ap kaHe KypambiHaa 11,6% Nb,Os 6ap HMOBMIKYpamAabl apasblk 6HIM anbliHAbI.
TyiiH ce3aep: cy3iHAi, BO3roHAap, KyniHaj, TopaMmMoHUINNIK eHaey, CinTini ruaponus, TMTaH ANOKCUA;.
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AHHOTAUMA

MpuBeaeHbl pesybTaTbl GU3NKO-XMMUYECKMX CBOMCTB KEKa OT BblLLie1a4MBaHNA a30THOM KMCAOTOM Waama
TUTAHOBOIO NPOM3BOACTBA. YCTAaHOB/IEHO, YTO BECb KPEMHMUIA B KeKe HaxoauTca B popme KBapua, anbbuTa,
CUNNIMMaHUTA, aNOMOCU/IMKATA HAaTPUA. B cymme 3TM MUHepasibl COCTaBAAOT HOAbLUYIO YacTb Keka 60,24%.
TuTaH NpeacTaBieH B BUAE PYTUIA, TUTAHOAIOMOHUOBUEBOrO OKCMAA, KOTOPblE B CYMMe COCTaBAAIOT
35,56 %. eneso BXoAWT B COCTAB CUANMMAHUTA U TemaTuTa, obluee COAepKaHWe KOTOPbIX COCTaBNAET
0KoNOo 4,2 %. YcTaHOB/NEHbl ONTUMAasbHblE MapameTpbl GTOPOAMMOHUINHOW NepepaboTKM KeKa: OTFOHKa
KpemHus B Bo3roHbl npu 300 °C B TeueHue 6 YacoB, BO3roHKa TUTaHa B BuAe TeTpadTopuaa TutaHa npu 800
°C B TeueHMe 2-x Yacos. [poBeaeH NpoLecc LWeNoYHOro rMapPoNn3a BO3roHoB GTOPUAHbBIX COeAUHEHUN K
orapka. OcylecTBNeHa O4YUCTKA OT MpUMecelt U NPOKaAuMBaHWE MMAPATUPOBAHHOMO AMOKCMAA TUTaHa.
MonyyeHHble NPOAYKTbI AMOKCUA0B TUTAHA U KpeMHUA cogepaT: 96,2% TiO2, 88 % SiO,, cooTBeTCTBEHHO,
TaKXe NoslyyeH HMobucoaepKalmMii NPOMENKYTOUHBIN NPOAYKT ¢ coaepikaHnem 11,6 % Nb,Os.
KnioueBble €noBa: Kek, 80320HbI, 02apOK, hmopoammoHuliHas nepepabomeka, wjesno4yHol audposnus,
OuoKcud mumaHa.
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ABSTRACT

This research aims to test the effect of the kit Programmable Logic Controller (PLC) on the achievement of
vocational school students' competencies in electrical motor control courses for form 3 students in Aceh,
Indonesia. Constructivist theory and Bloom's Taxonomy are referenced in this study in relation to learning.
While the ADDIE model is used in relation to product development. This study used a quasi -experimental
design with pre- and post -tests. The population (N = 333) in this study was level 3 vocational students in
Aceh, Indonesia. The number of samples was 98 people, consisting of the experimental group (n = 50) and
the control group (n = 48) selected by cluster random technique. The instruments used in this study included
pre- and post -test interview protocols. The values of the KR20 reliability coefficient of the question items on
the knowledge aspect were 0.97 and 0.81 on the skills aspect. The results of the descriptive analysis found
that the experimental group (mean = 64.08; SD = 4.548) showed better competency achievement than the
control group (mean = 63.06; SD = 5.487). The result of hypothesis test using Mann Whitney test is [Asymp.
Sig. (2-tailed) = .000, p <0.05] which means that the teaching aids developed have successfully had a positive
effect in improving the achievement of student competencies. The implications of this study have produced
a teaching aid that can be used as a template by teachers to build teaching aids that are more affordable,
easy and safe to use so that they can be motivated to innovate in learning and become a new career
opportunity. Given that the Covid-19 epidemic has affected face-to-face learning, the proposal for further
research is the need to integrate logic control programming (PLC) learning aids into a technology-based
learning trend. Researchers, on the other hand, suggest a broader scope of study whether teachers and
students in a wider area and other fields of knowledge related to the utilization of PLC programming.
Keywords: effectiveness, teaching aid, programmable logic controller, motor electric installation, vocational
schools.
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Introduction

Vocational education is an education that trains
graduates with employment skills. Entering the era

the needs of the industry. The Indonesian
industrial world needs high-quality human
resources. Graduates of vocational schools with
skills can meet the needs of Indonesian industry.
Thus, graduates of vocational schools that suit the

of Industrial Revolution 4.0, the skills needs of all
walks of life and workers have undergone
remarkable changes [1]. The skills possessed by
graduates of vocational schools must correspond to
industrial world can reduce the unemployment rate
in Indonesia [2]. With the government's policy
through the Ministry of National Education, it is
expected that the number of vocational schools will
exceed public schools in the next 10 years at 70%
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compared to 30%. Given that Indonesia needs a
large number of mid-level skilled workers to meet
the needs of the world of employment and industry,
this consideration seems logical.

However, it is certainly not easy to realize this
hope, needed the support of all sectors of society,
the business community, and industry [3]. Currently,
there is an impression that the skills of vocational
school graduates are not good enough, and they are
worried about losing competition with existing
foreign workers. With good quality of graduates of
vocational schools, it is hoped that they will not only
work in their home countries, but are also expected
to compete with the foreign workforce globally [4].
It is often heard that on the one hand, there are a
large number of graduates from vocational schools,
but on the other, there are still very few (limited)
graduates who are able to work independently and
according to their capabilities [5].

Certain factors that can influence the
achievement of students in this programming topic
have also been identified. Among them are the
factors of knowledge, skills and interests of the
students themselves. Thus, the use of teaching aids
is expected to have an influence in the learning
process. There is a lot of talk about the use of
teaching aids for teachers in teaching and learning
activities. Some of the obstacles or constraints faced
by teachers in the implementation and provision of
teaching kit in the teaching and learning process
include insufficient teaching materials, heavy
teaching burden, lack of time, impracticality,
inability to write teaching materials on their own,
and insufficient funds [6].

According to Mohd Yasin et al [7], the use of
teaching aids in teaching and learning activities in
vocational schools has not reached satisfactory and
inadequate levels, especially involving the use of the
latest technical skills. Facilities in the process of
inadequate teaching and learning are one of the
factors that hinder the implementation of the
vocational school curriculum. The next factor is due
to the knowledge, skills and attitude of the teacher
himself, if laboratory facilities are insufficient for
practical training, no steps will be taken [8].
According to Pheng [9], teachers do not have
enough time to provide teaching and learning
equipment and perform system maintenance on
practical equipment. Moreover, the old method of
using blackboards by teachers is boring and less
effective in giving students understanding. This can
lead to a lack of teaching growth in institutions and
an inability to consistently coordinate to support

learning in a more complex and challenging teaching
environment.

Based on the initial studies conducted in
learning the topic of logical control programming
(PLC) in the electrical machine installation course, it
was found that there are weaknesses in the
practical teaching process due to various factors,
among which is that the absence of teaching aids is
enough to cause students to lack understanding of
the teaching and learning process. Existing teaching
aids are very simple and will not encourage students
to think creatively about programming system
solutions. In addition, simply applying theoretical
concepts to practical activities will not directly affect
the performance of students. In addition,
insufficient funding, teachers with no experience,
inexperienced management staff and lack of
materials in the library [8]. Therefore, portable PLC
kit, It is hoped that it will help the teaching and
learning process as a training media in vocational
schools.

The objective of this study is to test the effect of
portable teaching aids programming logic control
(PLC) for electric motor control courses among
students of form 3 vocational school in Aceh,
Indonesia.

The research question of study: What is the
effect of teaching portable PLC kit on student
competency achievement for electric motor control
courses among students of form 3 vocational
schools in Aceh, Indonesia?

A hypothesis should be built to answer the
questions studied to find out the impact of portable
PLC teaching aids in learning electric motor control
in students. Here are the hypotheses in this study:
Ho = There is no difference in the effect of portable
PLC kit for electric motor control courses among
students of form 3 vocational school in Aceh,
Indonesia; Ha = There is a difference in the effect of
portable PLC kit on electric motor control courses
among students of form 3 vocational school in Aceh,
Indonesia.

Theoretical Framework

In this study, researchers used the theory of
Constructivism founded by Vygotsky, Piaget and
Bruner. This Constructivism Theory was also co-
adapted with the ADDIE development model by
Branch [10] and Dick & Carey [11].

Constructivist learning theory is one of the
learning methods based on the student's experience
related to existing knowledge. This theory
emphasizes student activity. The learning process is
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not only dominated by the teacher but the student
is also active in it. One of the learning strategies that
actively involves students is constructivism. The
method of constructivism places students in the
main role in the student centered process [12].

In the context of constructivism learning related
to assists in the learning process, students are
required to be actively involved and interact to make
learning more meaningful. One of the challenges
teachers face in applying constructivism methods is
adapting and changing instructional design
strategies to enable students to actively participate
in effective project activities and assignments, thus
encouraging students to explore, test, build,
collaborate, and reflect on what is being studied
[13].

It is believed that constructivist learning related
to the use of teaching aids can help students solve

problems more quickly, since this process
emphasizes aspects of group thinking and
discussion, and can establish bilateral

communication between students and teachers,
students and students [14].

Referring to Bloom's Taxonomy theory, general
instruments, competencies are divided into three
parts: attitude, knowledge, and skills. Taxonomy
Bloom is one of the development of cognitive
theory, usually associated with problems setting
learning goals and standard problems assessing or
measuring learning outcomes, as curriculum
development [15].

The attitude aspect covers all things related to
emotions, such as feelings, values, appreciations,
passions, interests, motivations and attitudes.
According to Gunawan & Palupi [16], the aspect of
attitudes related to a student's attitude and interest
towards subjects among them is recieving attitude,

which is related to the sensitivity of students in
receiving external stimuli in either in the form of
problems or specific conditions. Feedback, is a
reaction to the stimulus given from the external one.
Assessing (valuing), this has to do with value or belief
in a stimulus. Organization, that is, the attitude of
aligning values into an organization. The
characteristics of values that are the integration of
the values that a person possesses are reflected in
attitude and personality.

Cognitive aspects are a field that deals with the
purpose of learning that deals with mental processes
that begin at the level of knowledge up to the
evaluation stage [17]. Knowledge level is a person's
skill in recalling terms, formulas, names and so on

The psychomotor aspect is a student's skill in
acting related to physics skills including a physical
movement and coordination to achieve learning
outcomes [18]. Psychomotor aspects include
physical mobility and coordination, practical skills
and physical skills. These skills can be measured in
terms of speed, accuracy, distance,
method/implementation  technology. In PLC
programming competencies, the psychomotor
aspect can be interpreted as a student's skill in
applying PLC programming that covers practical
knowledge and skills.

The level of teaching aids is to refer to the ADDIE
model. This stage includes the design and
development of PLC teaching aids [19]. While the
evaluation section is to test the usability and impact
of PLC teaching aids on students' competency
achievement through expert assessment and post-
testing. The resulting PLC teaching aids are expected
to have a positive impact on teachers and students
during the teaching and learning process. Figure 1
shows the theoretical framework of the study.
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Figure 1 - Study theory framework
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Research Methodology

Study Design. The study wused quasi-
experimental design through quantitative approach.
Quantitative approaches are used because this
study requires data in the form of figures. Sang [20]
believes that the use of quantitative approaches can
demonstrate the discovery of comprehensive
information, differences and consequences. This
study aims to study the impact of the development
of portable PLC kit on the achievement of student
competencies on electrical machine installation
courses for form three students of vocational
schools in Aceh area, Indonesia. Figure 2 is a flow
chart from this study.

0O, —> X1 —> 0,

Note:

01 = Pre-Test

X1 = Learning through experience
02 = Post Test

Figure 2 - Study framework. Adapted from Hastjarjo in
Chook & Campbell [21]

Population. Based on the data obtained from
the database of institutions that manage the
vocational school data, the number of form 3
students in electrical engineering of vocational
schools in Aceh area, Indonesia is 539 people. The
number of schools identified is 16 schools which in
turn are categorised as urban and rural schools to
focus on the selection of sample studies. The
determination of the urban or rural school category
is based on the geographical position of the school.
Referring to Table 1 below, there are 6 schools that
fall into the rural school category in the field of
electrical engineering. The total number of students
in rural schools is 126. Table 1 shows data on the
number of schools and students categorised as rural
schools in the field of electrical engineering in Aceh,
Indonesia.

Table 1 - Data of students and vocational schools in the
field of electrical engineering in Aceh rural area

Number of
No | School Name Area Student
1 Lhok ' Nga  Aceh  Besar | Rural 5 Student
Vocational School
5 DaruI. Kamal Aceh Besar | Rural 29 Student
Vocational School

3 Tanah Luas Vocational School | Rural 9 Student
No. 1
Bener Meriah  Vocational | Rural

4 school No. 1 28 Student
Bener Meriah  Vocational | Rural

> School No. 2 9 Student

6 Abdya Vocational School No. 1 | Rural 32 Student

7 Sinabang Vocational School Rural 21 Student
No. 2

Total 126

Student

Source: Ditpsmk, 2020.
http://peta.ditpsmk.net/peta2/index.php/chome/pencar
iansekolah/

Based on Table 2 below, there are 9 schools that
fall into the urban area school category. The total
number of students in schools in the urban area is
413. But the actual number was 333 people who
went on to become the population in this study.

Table 2 - Data of students and vocational schools in the
field of electrical engineering in the Aceh urban area

Bill | School Name Area Number of
Student

1 Banda Aceh Vocational Urban 48 Student
School No. 2

2 Sigli Vocational School No.2 | Urban 50 Student

3 Bireuen Vocational School Urban 51 Student
No.1

4 Lhokseumawe Vocational Urban 15 Student
School No.5

5 Langsa Vocational School Urban 100 Student
No.2

6 Karang Baru Aceh Tamiang | Urban 54 Student
Vocational School No.2

7 Takengon Middle Aceh Urban 28 Student
Vocational School No. 2

8 Peureulak East Aceh Urban 23 Student
Vocational School No.2

9 Meulaboh West Aceh Barat Urban 44 Student
Vocational School No.2

Total 413 Student

Source: Ditpsmk, 2020.
http://peta.ditpsmk.net/peta2/index.php/chome/pencar
iansekolah/

Based on the two tables above, researchers
chose urban area schools as the place where the
study was conducted as it was easily accessible thus
minimizing the production of study costs. In
addition, the number of urban school students has
more students than the number of students in rural
schools. Therefore, researchers only need to choose
the two schools that are the place of study until the
implementation of the study becomes simpler,
simpler and time-saving.
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Sample. The samples in this study consist of
form 3 students from electrical engineering
vocational school who took courses in electrical
motor courses. Refers to school and student data of
designated urban areas. Next, out of the 9 schools in
the city area, researchers selected the schools that
were used as study places by randomly selecting
using cluster sampling techniques. From the 9
schools in the town area, one school was chosen
randomly by voting method, until it was found
Peureulak East Aceh Vocational School No.2. The
purpose of this school selection is to be used as a
school for pilot studies to carry out the analysis of
the needs of kit development and testing of research
instruments [22]. According to Panahbehagh [23],
this technique is used when the population is not
made up of individuals, but consists of groups or
groups of individuals or clusters. District sampling
techniques are used to determine samples when
objects to be studied or data sources are very
extensive [24]. Figure 3 shows a map of population
dissemination and samples of studies.

When it was obtained from the school used as a
place of study, researchers selected two schools that
were used as places of study. Out of the remaining 8
urban schools, researchers selected two schools
using the voting method until 2 schools, namely
Banda Aceh Vocational School No. 2 and Karang Baru
Aceh Tamiang Vocational School No.2. But, as early
as 2020, almost the entire country was faced with a
Covid-19 pandemic. Indonesia is one of the
countries affected by the Covid-19 pandemic. The
spread of covid-19 has rapidly spread throughout
the 34 existing areas, not to mention the
westernmost area of Aceh.

O

l - Picie M, M
SMK 2 Banda : e
VoYY

Banda Aceh as an area city and being one of the
places to conduct this study itself has a fairly high
number of covid-19 positive cases compared to
other districts in Aceh area. The area has been
designated as a red zone for the spread of covid-19
with the number of victims continuing to increase,
until the local government designates the area as an
area that applies social blocking, this includes the
blocking of teaching and learning activities in schools
[25]. Therefore, researchers made changes by
aborting Banda Aceh Vocational School No.2 as one
of the places to conduct studies and replace them
with other urban area schools whose rate of spread
of Covid-19 was lower. Thus, the remaining 6 schools
were re-elected by voting for a replacement school
that had been dropped previously, hence found
Langsa Vocational School No. 2 as a replacement
school. It is one of the urban schools that is still
implementing the teaching and learning process
during the Covid-19 pandemic. Figure 4 is the
sampling technique in this study.

Based on Figure 4, Langsa Vocational School
No.2 was selected as an experiment group, while
Karang Baru Aceh Tamiang Vocational School No.2
was selected as the control group. As for the
purpose of selection of the two schools, it is to avoid
internal threats to the validity of the study. The 3
table below shows that the samples were 98 people
comprising 48 students of control school and 50
students from experiment school. The number of
non-permanent students per semester makes it
difficult to accurately state the number of students.
In addition, the Covid-19 pandemic has an impact on
the number of students who are following the
teaching and learning process.
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Figure 3 - Population dissemination study
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The characteristics of the subject in the
population are inaccurate, the population can be
considered as an abstract element as well as difficult
or unquantifiable or accurately calculated [26].
According to Table 3, the sample number is 154
students. But the number of samples during the
study was 98 students only. The number is based on
the attendance list of students owned by the teacher
who teaches at the course

Table 3 - Number of study samples

ng technique

written tests, since written tests are a common way
to test students' cognitive abilities [27].

The preparation of pre-test and post-test questions
is aimed at seeing the extent of the impact of
portable plc teaching aids on the achievement of
students' competencies through the use of such
teaching aids. These questions are first tested
through a pilot study test before doing an actual
study. Students are given 30 minutes to answer the
pre-test. Then at other sessions the student
conducts a 4-hour laboratory session. As for the
post-test session, students are given 30 minutes to

answer all questions. In the actual test, the answer

paper was reviewed by 3 experts in the field based

School Class A Class B Total
Karang Baru Aceh 24 24 48
Tamiang Vocational Student Student Student
School No.2 (control)
Langsa Vocational 26 24 50
School No.2 Student Student Student
(Experiment)
98
Student

Instruments. The study used pre-tests and
post-tests. Testing is a measurement tool with
objective standards, so it has multiple uses and can
be used to measure and compare the behavior of an
individual or group. Pre- and post-test tests are used
to measure students' competency achievement
before and after using developed teaching aids. Pre-
and post-test tests are conducted in the form of

on the schemes provided to ensure the reliability of
the results obtained.

The instruments that have been constructed
have been reviewed by three experts comprising
vocational teachers in electrical engineering in Aceh
and senior lecturers of the Sultan Idris Education
University of Malaysia with  experience teaching
over 10 years. The instrument of the test question
item also tested its validity and reliability.

The validity and reliability of the instrument is
important to ensure that the results obtained are
reliable and indisputable [28]. The value of thetest
item is calculated using the Kuder-Richardson 20
formula (K-R20). According to Yap et al. [29], the
Kuder-Richardson formula is used to avoid giving
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tests twice and avoiding problems dividing tests into
two parts. This formula can be wused for
homogeneous tests where each test item measures
the same factors of general or personality abilities.
According to him, the Kuder-Richardson formula
depends on the consistency of individual
performance of an item by item based on the
standard deviation of the test. The value of KRy is
between zero (0) and 1.00, although a negative
value is possible. Ahigh KRy value indicates that the
test has internal consistency. For Carey [30], a value
above 0.90 showed very high reliability. The
coefficient value of reliability is .974 on the
knowledge aspect and .811 on the skills aspect.
According to Ghafar [31], in case the coefficient
value is high (0.8 and above), it can be concluded
that the test set has high reliability.

Besides, researchers also use protocol
instruments. The interview protocol in this study is
also an in-depth source of data on the most
important teaching practices. Through the interview
method, researchers were able to meet several key
conditions, which involve students' knowledge of
motor installation based on PLC programming. The
interview method can also make it easier for
researchers to conduct deeper exploration, since
new information obtained can only be known
through students' experiences, opinions, feelings
and ideas about motor control systems and PLC
programming knowledge. In addition, the interviews
carried out can provide new information to
researchers, especially information related to the
practice of using teaching aids in programming
learning. Researchers were also able to explore
important information of a subjective nature to
understand situations and things that are not
directly visible.

Researchers also wused the technique of
dissenting in conducting interviews so that the
respondent can give a complete opinion, explain and
elaborate each question asked. Researchers will
minimize questions so that the respondent can
explain further the answers stated. Additionally,
researchers will avoid asking questions by giving
respondents a shadow of answers to avoid the
researchers' biases.

Data Analysis

The findings were analyzed using statistical
package for social science (SPSS) ver. 23.0.
Researchers used descriptive statistics to illustrate
the study data that covered the amount of data,

maximum value, minimum value, mean value and so
on. The researchers will then test the normality of
the data to find out whether the data obtained is
scattered normally or not. If the study data is found
to be normal, researchers will use the Parametric t-
test while if the data is abnormal, researchers will
use the Non-Parametric Wilcoxon and Mann
Whitney tests.

To analyze the results of the interview protocol,
researcher begin writing the transcription of the
interview immediately after the interview session.
Researchers also examined and referenced field
notes to help parse data, such as feelings, thoughts
and intentions that cannot be measured.

Document Analysis. According to Bungin [32],
document analysis is one of the methods of data
collection used to search historical data in social
study methodologies. Guba and Lincoln in Moleong
[33], explain the difference between document and
record terms. A record definition is any written
statement provided by an individual/organization to
test an event. Documents are data sources for
additional research, including written material,
films, drawings, and monumental works, all of which
provide information for the research process.
Documents can be used to analyze values and track
what can be obtained in one document [34].
Through document analysis, researchers were able
to identify the extent to which the learning on the
Electrical Machine Installation course on the topic of
logical control programming (PLC) had an impact on
the achievement of students' competencies.

Pre and Post Test Tests. Assessments were
conducted to test the impact of PLC teaching aids on
students' academic achievements that can be
measured through pre-tests and post-tests. This test
method is used to assess students' level of
understanding, mastery and skills. Pre-tests are used
to obtain data showing students' weaknesses so that
these vulnerabilities can be detected and early
assistance can be planned. The post-test is aimed at
looking at progress and weakness after carrying out
interventions. The set of questions for pre-tests and
tests are the same set of questions.

Video and Picture Documentation. Researchers
used photo and video recordings for the purpose of
observing the implementation of teaching. The use
of photo and video recordings can make it easier for
researchers to record each teaching execution
activity more accurately. The use of these two audio
visual materials is to reduce any possibility of
important data  dropped throughout the
observation. The use of photo and video recordings
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is a very suitable way to gather information in the
form of voice and movement and can overcome the
weaknesses of researchers who are only able to
record a portion of the observations from the entire
findings [35].

Research Results

Research Question: What is the effect of kit
portable PLC on the achievement of student
competency for electric motor courses among
students of form 3 vocational school in Aceh,
Indonesia?

Prior to the introduction of the programming
topic, a Pre Test was administered to 98 students to
see the students' existing knowledge on the subtopic
installation of electrical machines based on PLC
programming as well as to see the equivalence of
both groups. Table 4 shows the results of the Pre
Test score for the electrical machine assembly
course obtained by the experimental group
respondents and the control group respondents.

Based on the results of the pre-test results, it
was found that the students who obtained the pre-
test score at a weak level (50-59) for the
experimental group of 5 people (10%), whereas the
control group was 8 (16.67%). The students who
scored moderately (60-69) in the experimental
group were 35 students (70%) and for the control
group 32 students (66.67%). Next, the number of
students who obtained the pre-test scores with
satisfactory levels (70-80) in the experimental group
was 10 students (20%), while the number of
students in the control group was 8 (16.67). At the
level of excellence (81-100), there were no students
who scored at excellent levels in both groups, thus it
was concluded that both groups of students had the
equivalent of pre-test scores.

Table 4 - Pre-test score

Experiment Control Group
Group (n=48)

Level (n = 50)

f (%) f (%)
Excellent (81-100) 0 0 0 0
Satisfactory (70- 10 20 8 16.67
80)
Medium (60-69) 35 70 32 66.67
Weak (50-59) 5 10 8 16.67
Very Weak (0-49) 0 0 0 0
Total 50 100 48 100

To determine the equality of both groups, a
descriptive analysis to compare the mean values is

performed. Table 5 below shows a comparison of
the mean values of Pre Test. The mean value of the
control group was 63.06 while the mean value of the
segment group was 64.08. Both mean values are in
the weak level category by reference to Table 5.
Therefore, it can be concluded that both groups in
terms of pre-test scores are equivalent.

Table 5 - Comparison of Pre Test Mean Values

n Min S.D S. D Error
Control Group Pre- 48 | 63.06 | 5.487 | 792
Test
Experimental Group 50 | 64.08 | 4548 | 643
Pre-Tests

Researchers have statistically descriptive data
such as Table 6 below to reflect the study data that
includes the amount of data, maximum value,
minimum value, mean value and so on. The
researchers then performed normality tests on all
data obtained through the research instruments
(Pre Test, Post Test) used to ensure that the data
were normally buried.

Table 6 - Descriptive Data Analysis

n Min Max Mean S.D

Control
Group Pre- 48 50 70
Test

63.06 5.487

Experimental
Group Pre- 50 50 70
Tests

64.08 4.548

Control
Group Post- 48 60 78
Test

71.02 3.987

Experimental
Post-Test 50 65 85
Group

80.56 3.477

Number of
valid 48
Samples

Table 7 below shows the findings from the Data
Normality Test. From data normality analysis,
significant value (Sig) for Kolmogorov-Smimov test
and shapiro-Wilk test, it was found that three of
them were less than 0.05 (<0.05). This can be
concluded that the data obtained is not normally
sown. To that end, the data needs to be analyzed
with non-parametric statistics using the Mann-
Whitney Test.

Table 7 - Data Normality Test

Kolmogorov-

Class .
Smirnov

Shapiro-Wilk
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Statistics | df | Sig. | Statistics | df | Sig.
Pre-
Experimental .140 50 | .015 919 50 | .002
Test
Post-
Experimental 171 50 | .001 .844 50 | .000
Test
i;;contml 201 |48 | .000 | .898 | 48| .001
Post-Control 170 |48 | .001 | .958 | 48 | .086
Test

Note: df = degree of freedom, Significant at level p<0.05.

Study Hypothesis. Researchers conducted the
Mann-Whitney Test because the number of samples
for both groups was not the same as the control
group of 48 people and the experimental group of
50 people. The hypothesis that was constructed in
this study is: Ho = There is no difference in the effect
of portable PLC kit for electrical motor control
courses among students of form 3 vocational school
in Aceh, Indonesia; and Ha = There are differences in
the effect of the portable PLC kit on electrical motor
control courses among vocational student’s form 3
in Aceh, Indonesia compared to students who follow
conventional learning methods. This hypothesis will
be accepted if the Asymp.Sig value is less than 0.05
(<0.05), while if the Asymp.Sig value is more than
0.05 (>0.05), then the study hypothesis is rejected.

Table 8 and Table 9 show findings from the
Mann-Whitney Test. The statistics showed that the
value of Asymp.Sig (2-tailed) was .000, and that it
was less than 0.05 (<0.05). Then it can be proved
that the hypothesis is accepted. Thus, it can be
concluded that there is a difference in the outcome
of students' competency achievements in the
Electrical Machine Installation Course between form
3 vocational students who follow the learning
method using portable PLC kit and students who
follow conventional learning methods.

Table 8 - Mann-Whitney Test (Rank)

Grou n Min Total
P Rank Rank
Control 48 | 2591 | 1243.50
Student Group
Competency Experiment 50 7215 3607.50
Achievement | Group
Total 98

Table 9 - Mann-Whitney Test (Statistical Test?)

Student Competency
Achievement
Mann-Witney Test 67.500
Wilcoxon W Test 1243.500

Z Test -8.076
Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .000b

Note: a = the variables grouped: group, b = not corrected
for bonding.

Discussion

A total of 50 students of the experimental class
were exposed to learning that took advantage of
portable PLC kit to test the usability of the device
and to see the impact of learning on the electrical
motor control course among of vocational schools
form 3 in Aceh, Indonesia. Meanwhile, the other 48
students who are the control class group are
implemented using conventional learning methods.
Both groups were given tests both before and after
the learning activities were carried out to see the
comparative results of students' achievements.

The results of the analysis of the mean value of
the tests before the study was carried out as in Table
5.2 are equivalent. Both groups are categorised as
having weak mean values. Meanwhile, the results of
the descriptive data analysis on Table 5.3 showed
significant results at the mean value of the
experimental group test after the study was
performed compared to the experimental group.
The gap between the mean values before and after
treatment was carried out in the experimental group
was 16.48. Meanwhile, the gap in the value of the
mean before and after the study activities carried
out on the control group was 7.96. The mean value
gap between the two groups was 9.54. So it can be
concluded that significant differences occurred in
the experimental group treated with portable PLC
kit. On the other hand, on the control group, the
value of the difference did not show a significant
increase.

The hypothetical test results based on a
nominee (Rank) referring to Table 5.5 showed
significant differences in mean values between the
two groups after the study was conducted. The
experimental group had a higher mean value of
72.15, compared to the control group (25.91), the
difference in the mean values between the two
groups was 36.24. This illustrates that there has
been a significant improvement in the outcome of
the competency of experimental group students
after being given treatment with learning that
benefited portable PLC kit compared to before being
given treatment. The control group, with
conventional learning, did not show the results of
competency achievements that were significant
both before and after the study.
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Next, the statistical test results of the hypothesis
of the study as shown in Table 5.6, the value of
Asymp.Sig (2-tailed) is .000, and it is less than 0.05
(<0.05). It can then be explained that Ha's
hypothesis that there is a difference in the effect of
using portable PLC kit on the electrical motor control
course among students of form 3 vocational school
in Aceh, Indonesia is accepted. This means that the
use of portable PLC kit has been effective in
improving the outcome of the competency of
experimental group students as opposed to the
achievements of control groups that implement
conventional learning.

In addition, portable PLC kit has been developed
to provide understanding and thus improve
students' academic achievement in related topics.
Through portable PLC's kit utilization of practical
learning activities, students can gain a fun new
experience as they learn programming topics.
Overall, it has successfully produced interventions
that positively impact learning and teaching for the
topics learned.

The developed tool teaches portable PLC kit
equipped with electrical circuits using plug and
unplug wiring systems. According to Intan study
[36], the effect of using teaching aids with plug and
unplug systems is higher compared to using
conventional wiring systems. In line with a study
conducted by Zahri and Osman [37], they argue that
teaching aids that use plug-in components make it
easier for students to process circuits for
understanding purposes. The use of teaching aids
can also increase the level of understanding of
students and thus improve the number of scores
obtained. In addition, the amount of time in practical
activities can also be reduced and thus provides an
opportunity for students to try practically
repeatedly. This teaching aid can also make it easier
for teachers to stage demonstrations and in turn
spark students' interest in practical practice in the
laboratory.

The portable PLC kit were developed with the
aim of es wanting students to know and understand
the application of PLC programming-based electrical
machine control systems in the industry. This can
stimulate students' learning motivation in following
the teaching and learning process and is very
supportive of students' competencies before
entering the world of work [38]. PLC programming
competencies are indispensable in the industry. PLC
has been successfully applied to every industry
segment, including steel mills, paper mills, food
processing plants, chemical plants and power plants.
PLC performs a variety of regulatory tasks, from

recurring on/off settings from simple machines to
sophisticated manufacturing and process settings.
Automation systems in the industry include
operations such as processing, installation,
inspection and handling of materials, in many cases
solving more than one of these operations in the
same system. Figure 5 shows the activities of
students doing programming the motor control
system with the portable PLC kit.

Figure 5 - Students do programming of motor control
systems on computer software and PLC teaching aids

Meanwhile Rowe et al. [39] has successfully
created a kit to guide PLC hands-on learning in
undergraduate engineering education at the
University of Colorado Boulder. As a result, students
provided positive feedback on the use of teaching
aids in merging theoretical learning in classes and
practicality into PLC programming activities. Based
on the results of Suparta's [40] study, it was found
that PLC teaching aids can be used as learning media
to improve students' learning outcomes. In addition,
the use of PLC teaching aids as a learning media in
creating electrical machine control wiring systems
has had a positive impact in improving students'
learning outcomes.

Such portable PLC kit can be highlighted to be a
trend of hands-on knowledge delivery besides
practicing active learning pedagogy, and also,
engineering subjects [[41], [42]]. Teachers from
other technical and vocational schools can take this
idea to be applied to their learning and teaching
delivery process so that the level of mastery of
basic programming concepts for technical and
vocational school students especially in the field of
electrical engineering increases and thus helps the
students when pursuing work in the industry and or

furthering their studies at Polytechnics or
Universitie.
Conclusions
Overall, this study was successfully

conducted to see the impact of PLC portable kits
on electric motor courses especially on

—— 84 ——
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programming topics among vocational school
students in Aceh, Indonesia. The PLC portable
kit has also tested its usability on students,
where the use of portable PLC kit has achieved
the objectives of the study that the researchers
have built and has a positive impact whether in
terms of academic achievement, interest and
motivation  of  students in  studying
programming topics. Through this study,
researchers are directly or indirectly able to
support the government's idea of a teaching
factory by motivating teachers to be more
creative and innovative in producing business-
based learning that refers to the standards and

procedures that occur in the industrial world in
real terms by producing marketable kit
products. This creates a new job opportunity
that has the potential to reduce the
unemployment rate which is more dominated
by graduates of vocational schools.

Conflict of interests. On behalf of all authors,
the corresponding author states that there is no
conflict of interest.

Acknowledgment. The authors would like to
thank Aceh Government and Aceh Human
Resources Development (BPSDMA) for providing
financial support under fund grant
peg.826.1/023/2019.

Cite this article as: Pratama H, Azman MNA, Zakaria NA, Khairudin M. The effectiveness of the kit portable PLC on electrical
motors course among vocational school students in Aceh, Indonesia. Kompleksnoe Ispol'zovanie Mineral'nogo Syr'a = Complex
Use of Mineral Resources. 2022;320(1): 75-87. https://doi.org/10.31643/2022/6445.09

Auex KacinTiK-TeXHUKaNbIK yunauweciHii, (MHaoHe3nA) oKylwbinapblHA apHaiFaH
«INEKTP KO3FaNTKbIWTaFbl NOPTaTUBTI BJ/IK-HbIH, TUIMAiniri» Kypcbl

Nparama X., ' Asman M.H.A,, 13akapua H.A., 2 Xaiipyaux M.

1TexHUKanbIK #aHe Kacinmik binim 6epy paryansmemi, CyamaH bldeipsic ameiHdarsl 6inim yHusepcumemi, TaHOxoHe Manum, Mepak, Manatizus

2[IxcoKbAKapMa memaekemmik yHusepcumemi, [ixokeakapma, HOoHe3us

TYRIHAEME

byn 3epTTey MHAOHE3UAHBIH, Auex KanacblHAafbl 3 Kypc CTyAeHTTepiHe apHanfaH 3/1eKTP KO3FaNnTKbILbIH
6ackapy NaHi 6oMbIHWA KaCiNTiK-TEXHUKANbIK YUUNULLE OKYLIbINAPbIH OKbITY YWiH HafgapiamanaHatbiH

NIOTUKaNblK  KOHTpoOANep

(B/1K)

KUHafbiHbIH ~ acepiH Tekcepyre 6afbiTTanfaH. byn 3eptreyge

KOHCTPYKTUBU3M TEOPUACHI MeH baym TakcoHOMMACHI Typanbl alTblnagel. ADDIE moaeni eHimai asipneyre

KaTbICTbl

KoNpaHblnagpl. byn

3epTreyge anablH ana  XKoHe  TecTTeH KeWiHri CblHaKTapmeH

KBA3W3KCNEPUMEHTTIK AM3aiiH KongaHbingpl. Ocbl 3epTreyre MHA0HE3UAHbIH, Adex KanacbiHAafbl KaCinTik

Makana kengi: 18 KasaHn 2021
CapantamagaH eTTi: 25 kapawa 2021
KabbingaHabl: 28 xceamokcaH 2021

6inim 6epeTiH 3-geHrengeri cryaeHtTep (N = 333) KaTbicTbl. TaH4aNbIHFAH agaMaap Ke34encok KaacTepik
ipikTey agjicimeH TaHAanFaH 3KCNepMMEHTTIK TonTaH (n = 50) xaHe H6akblnay TobbiHaH (n = 48) TypaTbiH 98
afamabl Kypagbl. byn 3epTreyae naiganaHbinFaH Kypangapfa TecTineyre AewiHri »KaHe KewiHri cyx6at

xaTTamanapsl Kipai. CypaktapablH KR20 ceHimainik KoadduLmMeHTiHiH MaHaepi — 6inim acnekTici 6oMbIHWa
0,97 kaHe pafaplnap acnekTici ywid 0,81 6onabl. CuNaTTamanbiK Tangay HaTUXKENepi SKCMEPUMEHTTIK
TonTbIH, (opTa = 64,08; SD = 4,548) b6aKblnay TobbliHa KapafaHga (opTa = 63,06; SD = 5,487) KaKcbl
KY3bIPeTTiNliKKe KON XeTKi3reHiH kepceTTi. MaHH-YUTHU CbiHafbl apKbl/bl TMNOTE3aHbl TEKCEPY HITUXKECI:
[Acumn. Sig. (Eki xakTbl) = 0,000, p <0,05], AFHW 93ipAEeHreH OKY Kypanzapbl OKyLIbINAPAbIH OKY YArepimiH
apTTbipyFa COTTi acep eTTi. byn 3epTreydiH, HaTMKenepi Myfanimgepre OKyAafbl WHHOBAUMANapFa
bIHTaNAHABIPY KAHE XKaHa MaHCaNTbIK MYMKIHAIKTEPAI ally YLWiH KO XeTiMai, Kapanarbim »KaHe Kayincis
OKBITY KYPanAapbIH ¥Kacay YLWiH yAri peTiHAe naifanaHyFa 601aTbiH OKbITY KYPasiblH KacayFa MYMKIHAIK
6epai. Kosna-19 snuaemuacbiHbiH, 6eTne-6eT oKbITyFa acep eTKeHiH eckepe oTbipbin, bafaapnamanatbiH
norukanblk, 6akpinay (B/1K) OKynbiKTapbliH BipiKTipy KaKeTTifiriHe KaTbiCTbl KOCbIMLIA 3epTTeynep
YCbIHbINAAbI. 3epTTeyLinep, COHbIMEH KaTap 3epTTeyepiH, KOCbIMLIA KeH, ayKbIMbIH YCbIHaAbl.

Tyiiin cespep: sddektinep, M/IK OKyNbIKTapbl, KOCbIMLIA aKMnapaTt, 3NeKTP MaluMHaNapbliH OpHaTy

KYPCbIHbIH, Ky3blpeTTiNiKTEpI.
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Kypc "3 dekTnsHoctb nopratusHoro MNJIK Ha aneKkTpogBurarenax” cpeau
y4yawmxca npogpeccMoHaNbHO-TEXHUYECKUX yunnuuy, B Auexe, UHQOHe3un

Nparama X., 1 Aaman M.H.A., 1 3akapusa H.A., 2 Xaitpyaux M.

1Pakynbmem mexHuYeckozo u NpogheccuoHanbHo20 06pa3osaHus, ObpasosamensHbili yHusepcumem CyamaHa Uopuca, Mepak, Manaiisus

2F'ocydapcmeeHHeili yHusepcumem [#cokbakapmel, i okeakapma, MHAoHe3us

AHHOTALMUA

3T0 uccnepoBaHMe HaNpPaBAeHO Ha MPOBEPKY BAWAHUA KOMMIEKTa MPOrpaMMUPYEMOro NIOrMYecKoro
KoHTponnepa (NJIK) ans obyyeHns yyawmxca npodeccMoHanbHbIX TEXHUYECKMX YUMAULL, MO AUCLMNINHE
yNpaBneHne 3NeKTpoABUraTENAMM AONA  CTyAEeHTOB 3-ro Kypca B Auexe, WHAOHesus. Teopwus
KOHCTPYKTMBM3MA W TakcoHomua bayma ynomuHatoTca B 3TOmM  uccnegoBaHun. Mogens ADDIE
ncnonb3yetca B OTHOWEHWMM paspaboTKM npogykta. B 3Tom uccnepgoBaHMM  MCMONL30BAsNCA
KBa3M3KCNEPMMEHTaIbHbIW NAaH C NPeABapuTENbHbIMU M Nocaeaytowmmm Tectamu. Hacenenume (N=333),

Moctynuna: 18 okmabpsa 2021 y4yacTBoOBaBLUEe B 3TOM UcCNefoBaHMM, Bblin CcTyaeHTammn npodeccroHanbHoro obpasoBaHmus 3 ypoBHA B
PeueHsupoBaHue: 25 Hos6pa 2021 Auexe, NHaoHe3uA. KonmuecTBo BbIGOPOK COCTaBuIo 98 YenoBeK, COCTOALLMX M3 IKCMEepUMEHTasIbHOM
MpuHATa B neyatb: 28 Oekabps 2021 rpynnbl (n=50) U KOHTPO/IbHOW rpynnbl (n=48), BbIBPaHHbIX METOAOM CAy4aHOro KnactepHoro otbopa.

WNHCTPYMEHTbI, MCNONb30BaHHbIE B 3TOM WCCAEA0BAHWUM, BK/OYANM NPOTOKO/bI MHTEPBLIO A0 M nocne
TecTupoBaHuA. 3HauyeHna KoadduumeHTa goctoBepHocT KR20 BONPOCOB NO acnekTy 3HaHWi COCTaBUAM
0,97 1 0,81 no acnekTy HaBbIKOB. Pe3ynbTaTbl ONMUCATENbHOIO aHaM3a NOKa3anu, YTO IKCNepUMeEHTaNbHaA
rpynna (cpegHee=64,08; SD=4,548) nokasana Nydwee JOCTUNKEHME KOMNETEHTHOCTU, YEM KOHTPO/IbHaA
rpynna (cpegHee=63,06; SD=5,487). Pe3ynbTaT NpoBEPKM rMNOTE3bI C UCMONb30BaHWEM KpuTepua MaHHa-
YutHu: [Acumn. Sig. (ABycTtopoHHuit) = 0,000, p <0,05] o3HavaeT, 4yTo paspaboTaHHble yyebHble nocobus
YCNELWHO OKa3anu NoNOXKUTENIbHOE BANAHUE Ha NOBbILIEHWE YPOBHSA YCNEBAEMOCTM yyalmxca. PesynbTatbl
3TOro UCCNefoBaHWUA NPUBENU K CO3AaHUI0 y4ebHOro nocobus, KOTopoe yunTena MoryT MCnoab3oBaTh B
KayecTBe WabsoHa ana co3gaHusa 6onee fOCTYNHbIX, NPOCTbIX U 6e30MacHbIX y4ebHbIX NOCObUiA, YUTOObI OHU
MOrn 6blTb MOTMBMPOBAHbI Ha WMHHOBALMM B OOYYEHUM W OTKPbLIBaTb HOBbIE BO3MOMHOCTU A/15
KapbepHoro pocta. YuutbiBas, 4to anugemua Covid-19 noeamana Ha oyHoe obyuyeHue, npepnaraerca
NpoBecTV AanbHelllne UccnesoBaHnA B CBA3KU C HEODXOAMMOCTbIO MHTerpaumMm yyebHblx nocobuii no
nporpammMmmMpoBaHnto normdeckoro ynpasnenus (MJ1K). Mccnegosatenu, ¢ Apyroi CTOPOHbI, Npeanaratot
6onee WMPOKKUIA KpYr U3y4eHnUs sonpoca.

Kniouesble cnosa: s3¢ddextol, yueOnsie nocobus no ITJIK, nononnurensHas nHGOpMAIKs, KOMIETEHIUT
Kypca 10 YCTAaHOBKE HJICKTPUYECKHX MAIIHH.
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ABSTRACT

The paper presents the results of studies on the sorption leaching of gold-containing ore of the Vasilkovskoye
deposit. Kinetic dependences of the sorption of gold and associated metals from cyanide-alkali solutions
under different physical and chemical factors were obtained. It was found that gold on the AM-2B resin
sorbed at a higher rate than, for example, copper and zinc. The solutions were analyzed using modern devices
of a new generation: FT-IR spectrometer "Avatar 370". Laboratory studies were performed to determine the
gold sorption rate by the AM-2B anionite from cyanide-alkaline solutions. It was found in the process of
sorption of gold from multicomponent cyanide-alkali solutions on AM-2B anionite of mixed basicity, with the
macroporous structure containing benzyl dimethylamine and dibenzyl dimethyl ammonium functional
groups, that an important factor of qualitative and quantitative separation of gold and impurity metals is the
concentration of cyanide and hydroxyl ions in solution. The temperature effect on the sorption rate of gold
from cyanide-alkali solutions was studied with the temperature dependences F of t, Bt, of t, In (I - F) of t, and
D of t that show that the sorption process of dicyanoaurate ions is controlled by mixed diffusion.

Keywords: ore, gold, sorption leaching, anionite AM-2B, cyanidation.

Kaumetova Dinara Suyundikovna

Information about authors:
Ph.D. doctoral student. Non-profit joint-stock company "Karaganda Technical University", Karaganda,
Kazakhstan. ORCID ID: 0000-0003-4197-4891. Email: kaumetovadinara@mail.ru

Koizhanova Aigul Kairgeldyevna

Candidate of technical sciences, head of the laboratory of special methods of hydrometallurgy. Satbayev
University, Institute of Metallurgy and Ore Beneficiation JSC, 050013, Almaty, Shevchenko srt., 29/133,
ORCID ID: 0000-0001-9358-3193.
aigul_koizhan@mail.ru

Kazakhstan. Email: a.koizhanova@satbayev.university,

Absalyamov Khasen Kabdulovich

Candidate of technical sciences, academician of NAGN, head of the scientific and technical laboratory. Non-
profit joint-stock company "Kokshetau University named after Sh. Ualikhanov", Kokshetau, Kazakhstan. ORCID
ID: 0000-0001-6231-0520. Email: absalyamov_50@mail.ru

Magomedov David Rasimovich

Master, junior research fellow. Satbayev University, Institute of Metallurgy and Ore Beneficiation JSC, 050013,
Almaty,  Shevchenko srt, 29/133, ORCID ID: 0000-0001-7216-2349. E-mail:
d.magomedov@stud.satbayev.university

Kazakhstan.

Craig Edward Banks

Professor Manchester Metropolitan University, Manchester, UK. ORCID ID: 0000-0002-0756-9764. E-mail:
c.banks@mmu.ac.uk

Introduction

The Republic of Kazakhstan is one of the most
important gold-producing provinces in the Central
in terms of gold

Asian region

reserve of the Republic of Kazakhstan to be
increased. Theoretical and technological results of
the research performed, tests of the main processes
intended to process gold-bearing raw materials -
leaching of the material, sorption of gold on ion-
exchange resins can be used to design and construct

reserves and

production. The most important problem of gold
hydrometallurgy is the search for rational methods
of its extraction from low-grade refractory ores. It is
becoming increasingly important as new deposits
are discovered and exploited, allowing the gold

production facilities at various gold-bearing deposits
in Kazakhstan.

Kazakhstan has significant potential reserves of
gold-containing minerals [1]. Geotechnological
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methods, in particular heap leaching, are currently
considered the most suitable for gold-containing
raw materials.

The kinetic characteristics of the process were
studied with the purpose to develop a technology
intended for the sorption extraction of the target
metal (gold). Anion exchanger AM-2B, an effective,
easily regenerated sorbent with high mechanical
strength and macroporous structure widely used in
metallurgy has been applied as sorbents [[2], [3]].

The search for rational ways to increase the gold
extraction completeness is an urgent task due to the
annual growth in the processing amount of poor,
refractory gold-bearing ores and secondary raw
materials.

Modern technology for extracting gold and silver
from leach solutions widely uses processes of
sorption of cyanide complexes of these metals. Two
principal directions were developed: a) sorption
with activated carbons [[2], [3], [4]], b) sorption with
synthetic ion-exchangers [5].

The study is relevant, since the concentration of
the recovered metal in the external solution and the
temperature of the solution are the main factors
affecting the ion-exchange sorption rate.

The study of the sorption kinetics is of practical
interest, since the rate that determines the ion
exchange stage revealed during the experiment,
plays a major role with the purpose to solve such
practical problems as the choice of conditions for
the ion exchanger synthesis or the finished sorbent
type.

The objective of this work was to study the gold
sorption rate with the AM-2B anionite from cyanide-
alkaline solutions

Experimental part

The ion exchange process has been actively
developed in the CIS countries and is the most
promising for the mining industry in Kazakhstan.
Gold was one of the first metals that people tried to
extract from dilute solutions using ion exchange.

The object of research was the cyanide-alkaline
solutions for leaching ore from the Vasilkovskoye
deposit.

Experiments intended to obtain productive
solutions and sorption extraction were performed
under the standard methods. The chemical
composition of the test solution is represented by
the following main components, mg/dm3: 0.6-2.0
Au; 8.3-40 Cu; 1.1-6.2 Zn; 0.4-8.5 Fe; 0.1-0.5 Co; 0.1-
0.5 Ni; 0.07-0.94 Stot. g / dm3; 0.1-0.2 CN- mg/dm?;
0.9-1.2 OH- mg/dm3. The initial cyanide-alkaline

solutions were obtained by leaching gold-bearing
ores of the Vasilkovskoye deposit, containing 1.4 -
3.4 g/t of gold. Sorption products. i.e. solution and
cake were subjected to atomic adsorption and assay
types of analysis, respectively. The research used
AM-2B grade resin. produced by “Resins” State
Enterprise, Ukraine.

Before sorption, the resin was pre-saturated
with OH-ions, by treatment with a 5% NaOH-
solution to convert the sorbent into the OH-form.
The process was controlled by the solution pH

Discussion of the results

Productive gold-containing solutions obtained
from agitation leaching are sent for sorption
extraction. lon-exchange resins or activated carbons
are used as sorbents in industrial practice [[6], [7],
(8], [9], [10], [11], [12]].

The ion exchange process in the anionite -
solution system was studied in a static mode in
thermostated Plexiglas cells equipped with a
mechanical stirrer. Sampling was performed
periodically. The total number of samples taken for
analysis did not exceed 5% of the initial amount of
the solution.

Tests on sorption extraction of gold from
multicomponent solutions obtained by leaching-
filtration scheme were performed in laboratory
conditions. Gold was leached with the cyanide-alkali
solution. AM-2B anionite was used as sorbents.
Anionite AM-2B is a macroporous ion-exchange
resin based on a copolymer of styrene with
divinylbenzene, containing strong and weakly basic
functional groups in its structure. The presence of
bifunctional tertiary groups containing nitrogen
atoms capable of forming active groups with metals
(i.e., forming complexes) in combination with a high
exchange capacity and a good (due to the
macroporous matrix) exchange rate makes it
possible to selectively extract anionic metal
complexes.

Obtaining the kinetic characteristics is necessary
to justify the regime of the proposed sorption
technology for the extraction of gold from solutions.

One of the main factors affecting the rate of ion-
exchange sorption is the concentration of
extractable metal in the external solution and
solution temperature.

Effect of the concentration of gold in the solution
on the sorption rate. Rate changes during sorption
under static conditions were studied depending on
gold concentration, temperature, and the presence
of impurities in the solution. In the experiments
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presented, the concentration of gold in the initial
solutions varied within the range of 0.005-0.11 mg-
eq / dm3; the concentration of CN- and OH- was
constant and amounted to 0.04 and 0.56,
respectively; the same amount of sorbent (V, ml)
was added to the sorbent weight (m, g) V: m = 2000.

Sampling was performed in 30 minutes, then in
an hour during the day. The gold concentration in
the solution after sorption was determined by
atomic absorption spectrometry.

Experimental data on the effect of the
concentration of dicyanoaurate ions on the degree
of gold exchange are presented in the form of curves
in Figure 1, and the rate of gold sorption on Figure 2.
It is noted that the degree of exchange (F) of
dicyanoaurate ions increases depending on the time
of contact of the phases and the concentration of
gold in the initial solution; the sorption rate
increases proportionally with an increase in the
concentration of the external solution concerning
the extracted ion. The experimental data obtained
indicate that the sorption process is limited by both
external and internal diffusion, that is, the process
proceeds in a mixed region with the predominance
of either external diffusion or intra-diffusion
limitations at each stage of sorption.

M
- e

0 2 4 o b3 10
t, hour

Gold concentration, g-eq / dm3: 1 - 0.005; 2 - 0.025; 3 -
0.11.

Figure 1 - Effect of the concentration of dicyanoaurate
ions on the degree of gold exchange
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Concentration of gold, g-eq/dm3: 1 - 0,005; 2 - 0,025; 3 -
0,11.

Figure 2 - Effect of the concentration of dicyanoaurate
ions on the sorption rate of gold

The temperature dependences F of t, Bt, of t,
In(I-F) of t, and D of t were determined when
studying the effect of temperature on the sorption
rate of gold from cyanide-alkali solutions that show
that the sorption process of dicyanoaurate ions is
controlled by mixed diffusion (Figures 3 and 4).
Curvilinear relations Fon t, In (I-F) on t and W on t
confirm the mixed nature of the gold sorption
kinetics (Table 1).

Studies on the temperature effect on the gold
sorption from cyanide-alkaline solutions with a low
content of cyanide and hydroxyl ions have found
that the most favorable temperature for the
dicyanoaurate ions sorption is 298 K. An increase in
temperature to 308 - 318 K, as well as a decrease to
288 K is negative affects the gold sorption rate and
depth [[13], [14], [15], [16]].

0 2 4 « X o IZ‘
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Figure 3 - Effect of temperature on the degree of
obDF/At x 10® mg-eq/s
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Temperature, K: 1 - 288; 2 - 294; 3 - 303; 4-313. Axis
abscissa - time, h; ordinate axis - sorption rate, DF / At x
10 ® mg-eq/s.

Figure 4 - Effect of temperature on the gold sorption
rate

As can be seen from the data obtained, with an
increase in temperature to 303 K, the exchange
degree insignificantly but evenly increased during 6
sorption hours at a temperature of 288; 294; 303 K
and was 0.85; 0.98 and 1.0, respectively. The
exchange degree begins to decrease and in 6 hours
of sorption reaches only 0.93 with an increase in
temperature over 303 K.
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Table 1 - Effect of temperature on the exchange degree,
diffusion coefficient and sorption rate of gold (CAu =
0.025 mg-eq/dm 3)

reasons. A dynamic equilibrium between the ions
entering and leaving the resin at each period is
established in the sorption process. Probably, as the
time increases above a certain temperature, the rate

Tempe| Time Exchange | In(I-F) | Diffusion B, AD/ At ] . . ;
rature, t, degree, F coefficien| st |mgeq/s of reverse desorption of gold ions increases reducing
K | hour tD, em?/s the rate of direct sorption.
288 05 014 | 015 |6.9-107 |98510° |12010° Table 2 - Change in the gold sorption rate overtime at
1.0 0.33 | -0.40 |3.5-10¢ [9.9-107 |[14610° different concentrations in solution, mg-eq / dm?
2.0 0.56 | -0.82 |5.5-10° 994107 [12610°
4.0 078 | -1.51 [9.0-10% [1.03 85106
6.0 0.85 -1.9 12.0-10° (3.43 6110° Time,h | Cau—0.005 | Cau—0.025 | Cau-0.110
8.0 0.92 | -2.53 [1.0-10% [2.28 4910%
10.0 1.0 9.0-10% |2.57 4310¢
0.5 5 15 150
294 0.5 017 [-0.19 [2.1-10% [31102 |14710°
1.0 0.46 |[-0.62 [10.9-10% [3.1-102 |20610% 1 13 28 122
2.0 0.65 |-1.05 |20.0-10% |1.14 148105
4.0 0.89 |-2.21 [30.0-10° |3.42 9810° 2 6 18 74
6.0 0.98 |-3.91 [18.0-10° |3.08 7140° 4 3 10 41
8.0 1.0 9.0-10% |3.08 5310%
6 3 8 30
303 0.5 027 [-031 |6.91-10%| 98102 | 22110° 8 3 7 23
1.0 052 |-0.73 |10.9-10¢| 31140! | 22610°
2.0 0.63 |-0.99 |17.2-10¢| 97110" | 157105 . . )
4.0 090 |23 |300-10¢| 343 | 94105 Table 3 - Change in the gold sorption rate overtime at
6.0 1.0 18.0-10| 3.08 | 7110° different process temperatures mg-eq / s
313 0.5 0.14 [-0.15 [6.9-107 [98510° [12010°
1.0 039 [-049 |3.5-10% |9910% |17110° -
20 | 057 |-084 |5510¢ |3410' |©4100 Time, h 288K | 294K | 303K |313K
4.0 0.82 (-1.71 ([9.0-10° |1.03 8810° 0.5 12 12 14.5 21.9
6.0 093 |-2.66 [2.0-10% [3.43 67105
8.0 0.96 [-3.22 |1.0-10°5 |2.28 5410° 1 15 17 20.8 22.6
10.0 1.0 9.0-10% |2.57 4310¢
2 12.5 13.6 14.8 15.7
4 8.3 8.8 9.5 9.2
6 6.2 6.7 7.2 7.3
It can be stated that an increase in temperature
8 4.7 5/, 5.3 5.3

to 303 K slightly increases the process of gold
sorption on the AM-2B anionite from cyanide-
alkaline solutions, and with a further increase in
temperature (more than 303 K), the rate of gold
sorption decreases.

Changes in the rate during sorption were studied
depending on the concentration of cyanide and
hydroxyl ions in the solution, as well as gold and
temperature.

The results are presented in tables 2 and 3. The
sorption rate is directly proportional to its
concentration in the solution: the higher the
concentration of the external solution, the more
ions penetrate deep into the sorbent. The rate of
penetration of counterions of the boundary layer
into the inner layers of the sorbent also increases as
the concentration of the external solution increases
[[15], [216]]. Similar dependencies were obtained
when studying the effect of temperature on the
sorption rate of gold (Table 3).

As the temperature increases, the sorption rate
decreases that can be explained by the following

The IR-spectroscopic method of studying the
materials was performed using an "Avatar 370" IR-
Fourier spectrometer. According to the results, the
infrared spectroscopy analysis showed that
absorption bands of valence v(OH) - 3439 cm ?,
strain SHOH-1647 cm 1, and librational v L H,O - 632
cm *vibrations of molecular water were recorded in
the spectrum (Figure 5) [17]. Group [NCS]™ - 1118,
995 cm™ [17]. The optical density at the maximum of
the absorption bands characterizing oscillations v
OH, & HOH, v L H,0 were measured. Optical density
at the maxima of absorption bands corresponding to
stretching vibrations of water v OH was 1.452;
deformational vibrations of water &§ HOH - 0.548;
librational water fluctuations v L H,O - 0,495. The
optical density at wave number 1118 cm ! was 0.034
at the maximum absorption band that characterizes
the v4(E) fluctuation of the cyanide ion. The optical
density at the absorption band maximum at wave
number 995 cm ! that characterizes the v1(Al)
cyanide ion vibration, was 0.035.
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Figure 5 - Results of infrared spectroscopy analysis of the solution

Thus, it can be concluded based on the studies
performed to determine the rate of gold sorption by
the AM-2B anion exchanger from alkaline cyanide
solutions that the amount of gold in the ion
exchanger after treatment does not change and
decreases with the use of alkaline cyanide solutions.
Anionite of mixed basicity AM-2B shows high
selectivity for gold [[18], [19], [20], [21]].

Conclusions

Laboratory studies to determine the gold
sorption rate by the AM-2B anion exchanger from
cyanide-alkali solutions were performed. It was
found in the process of gold sorption from
multicomponent cyanide-alkali solutions on AM-2B
anionite of mixed basicity with the macroporous
structure containing benzyl dimethylamine and

dibenzyl dimethyl ammonium functional groups,
that an important factor of qualitative and
guantitative separation of gold and impurity metals
is the concentration of cyanide and hydroxyl ions in
solution. The temperature effect on the gold
sorption rate from cyanide-alkali solutions was
studied with the temperature dependences F of t,
Bt, of t, In (I - F) of t, and D of t that shows that the
sorption process of dicyanoaurate ions is controlled
by mixed diffusion.
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LuaHupg-cinTini epitinginepaeH AM-2B aHMOHUTIMEH anTbiHHbIH, CiHY
XbINgaMAbIfblH 3epTTey

! Kaymetosa [1.C., 2 KoiixkaHosa A.K., 3 A6canamos X.K., 2Maromegos [1.P., *Tpeiir E. BaHKc
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2 Cambaes yHusepcumemi, «Memannypaus #aHe KeH 6aliimy uHcmumymei» AK Aamamel, Kazakcmax

3 «lll.YanuxaHos amelHOaFbl Kekwemay yHusepcumemi» KOMMepPUYUAbIK eMec aKyuoHepsik Koramol, Kekwemay, KazakcmaH

4 MaHvyecmep MemponoaumeH YHugepcumemi, MaHyecmep, ¥nel6pumaHus

TYWIHAEME

Byn KymbicTa BacunbKOB KeH OpPHbIHbIH, anTblHAbl KeHAepiH copbuunanbik cinTiciageHaipy 6GoiibiHwa

3epTTeyNepAiH, HaTUKenepi yebiHbINFaH. DPTYpAi GuU3nKa-xMMUANbIK daKTopaap KesiHae LuaHuag-cintini

epiTiHAiNepAeH anTbiH MeH inecne meTangap copbuUMACHIHbIH, KUHETUKaNbIK Tayenainiri anviHabl. AM-26

Makana kengi: 01 mamei3 2021
CapantamagaH eTrTi: 28 Kapawa 2021
Kabbinganapl: 30 #eamokca+ 2021

LWaNbIPbIHAAFbl aNTblH MbIC MEH MbIPbIWKA KapafaHAa KOfapbl KbliAaMAblKNeH copbuManaHaTbiHbI
aHbIKTangpl. EpiTiHainep 3amaHaym aHa 6yblH KypbuiFbichl: "Avatar 370" UK-®ypbe cnektpomeTpiH
KongaHa oTblpbin TangaHabl. UnaHug-cinti epitiHginepiHeH AM-2B aHUWOHWUTIMEH anTbiHHbIH, copbumsa
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KbINAAMAbIFbIH aHbIKTay GOMbIHIWLA 3epTXaHanblK 3epTTeynep Kyprisingi. beHsungumeTunamuH ave
ONBEH3UNANMETUN-aMMOHMI GYHKLMOHANAbIK TONTapbl 6ap MaKpOKeyeKTi KypblabiM, apanac Herizgeri
AM-2Bb aHNMOHUTIHAE K&N KOMMOHEHTTI LMAaHUA-CINTINI epiTiHAiNepAeH anTbiHAbI CiHipy NpoueciHae anTbiH
MEH Kocnasibl MeTangapaplH, canasblk KaHe caHabIK 6eniHyiHiH MaHbI3abl GaKTopbl epiTiHAiAer umaHua,-
YKOHE TUAPOKCUA - MOHAAPAbIH, KOHUeHTpauuacbkl 6onbin Tabbuiaabl. LunaHua-cintini epitiHainepaeH
aNblHFAH aNTbIHHbIH COPBLUMANAY XblAAaMAbIFbIHA TEMMEpPaTypaHblH acepiH 3epTTey KesiHae t-aeH F, t-ageH
Bt, t-aeH In(l - F) xaHe t-aeH xaHe [ TemnepaTtypanblk Tayenainikrep aHbikTangbl, 6yn guumaHoaypat
MOHZAAPbIHbIH, copbumanay npoueci apanac gudpdysunameH 6ackapbliaTbiHAbIFBIH KepceTea.

TyiiH ce3aep: KeH, anTblH, cOpOLUANBIK cinTicisgeHaipy aHnoHuT AM-26, upaHaay.
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ABSTRACT

A laboratory setup has been developed to study the regularities of crystallization of aluminium chloride
hexahydrate from hydrochloric acid solutions. The influence of the AICIs content in the initial solution, the
consumption of gaseous HCl, and the behavior of impurities on the crystallization of AICl3:6H.0 from
aluminium chloride solutions of leaching cinder obtained as a result of chlorinating ash burning from
thermal power plants in Kazakhstan have been studied. The behavior of impurity metals in the process of
crystallization of aluminium chloride solution has been studied, and their distribution between the products
of the crystallization process has been established. It is shown that aluminium chloride content in the
solution decreases with an increase in the consumption of hydrochloric acid. It was found that under the
conditions of crystallization of AICIs-6H20, all impurities, except for barium, pass by 98% into the mother
liquor. To reduce barium and other impurities in the obtained crystals of AlCl3:6H:0, it is proposed to carry
out multiple washing of the crystals with hydrochloric acid (32% HCI). It has been shown that a decrease in
the acidity of the washing solution from pH = 10 to pH = 5.5 ensures the isolation of ACH crystals with a
minimum content of impurity metals, ppm: 3-5 Ca; 3-6 Fe; 1-3 Mg; 0.1-0.5 Ti; 1-3 Na; 20-30 P20s. The
moisture content of the obtained crystals is 4-5%; the particle size is 400-900 microns. As a result of
mathematical processing, regression equations were constructed that adequately predict aluminium
chloride content in the solution and its extraction into crystalline hydrate, depending on the consumption of
hydrochloric acid. The optimal parameters of the crystallization process have been established: T = 60 °C,
HCI concentration in the solution - 26-30%, HCI gas consumption = 0.5 [/min, duration 1 hour.

Keywords: crystallization, aluminium chloride hexahydrate, solution, hydrochloric acid, impurities, washing,
acidity, extraction.
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Introduction

The
aluminium  chloride

selective precipitation
hexahydrate

It was shown in [[1], [2]] that with an increase in
HCl concentration, the solubility of aluminium and
chromium chlorides in the systems AICls-HCI-H,0 and
AlCl5-NaCl-H,0(-HCl) decreases. Detailed studies on the
solubility of iron chloride in aqueous solutions were

(salting out) of
(ACH)  from

aluminium-containing solutions with hydrochloric acid
are based on the different degrees of solubility of
compounds in the acid. Many works are devoted to
studying the crystallization of aluminium chloride from
hydrochloric acid solution [[1], [2], [3], [4], [5], [6], [7],
(8], [9], [10], [11], [12]].

carried out in [3]. The authors found that the solubility
of iron chloride in the system AICl; + FeClz+ H,O at
298.15 K increases with an increase in the content of
iron chloride in the solution. This trend was observed in
studies of a complex multicomponent system AlCls-
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FeCls-MgCl-CaCl,-KCI-NaCl-HCI-H,0 carried out by the
authors of [5].

In the crystallization of ACH (AlCls-6H,0) was
carried out with gaseous hydrogen chloride (HCI)
obtained as a result of the interaction of NaCl with
concentrated (94%) sulfuric acid according to the
reaction: H,SOs + 2NaCl = 2HCID + NaxSO; [7]. The
authors found that within 15 minutes of the
crystallization process, the solution is saturated with
HCl vapours, then the first crystals of ACH appear. After
30 minutes of the beginning of the experiment, the
authors observed a sharp increase in the number of
crystals in the solution. After an hour, the formation of
crystals slowed down and practically stopped. The
authors' data obtained from studying the effect of
temperature on the crystallization of ACH has a great
interest. It was found that with an increase in the
temperature of the process, the content of the main
impurities decreases sharply: chromium by 3.5 times,
iron by 2.1 times. The content of Mg and Na is almost
halved; the proportion of other impurities does not
exceed 10°%.

An important aspect of the ACH crystallization
process is washing the crystals obtained from the
residues of the hydrochloric acid solution. The results
of works [[6], [7]] on the study of washing aluminium
chloride hexahydrate with hydrochloric acid of various
concentrations (20, 25, 30, 35.5%) showed good
agreement with each other. In experiments with an
acid concentration of up to 30%, partial dissolution of
the obtained crystals was observed. When using a
more concentrated acid (> 30%), the moisture content
of the crystals was 25%. As an alternative, an organic
reagent, acetone, was chosen, using which the reverse
dissolution of ACH was not observed. Humidity was in
the range of 3.5-4.5%.

To optimize the crystallization process, it is
necessary to have information about the influence of
various factors [[8], [9], [10], [11], [12]], which include
four parameters that are important for controlling the
crystallization of ACH: (1) - the concentration of
aluminium chloride in the initial solution for
crystallization, (2) - the consumption of gaseous
chloride hydrogen, (3) - temperature and (4) -
concentration of impurities in the initial solution.
Parameters (1), (2) and (3) have a strong influence on
the formation of crystals. The crystallization
temperature below 60 °C reduces the purity of the
crystals, and its increase does not significantly affect
the growth of ACH crystals. Nevertheless, the result of
parameter (4), the combined effects are also significant
since some impurities, in particular phosphorus and
magnesium, are concentrated in crystals at the early
stages of crystal growth.

The analysis of the results of published works
shows the fundamental possibility of crystallising ACH
from hydrochloric acid solution with further alumina
production by its thermal decomposition. Comparative
analysis of the effects of well-known studies, both in
terms of the mechanism of the crystallisation processes
of ACH and in terms of optimal parameters, shows
good agreement with each other. Minor deviations in
the quality of the obtained products can be explained
by the presence of impurities in the initial solutions and
various equipment and techniques for their
implementation.

The purpose of this work is to study the effect of
the AICl; content in the initial solution, the
consumption of gaseous HCl, and the behavior of
impurities on the crystallization of AICl;:6H,O from
aluminium-containing salt solutions obtained after
leaching the cinder of chlorinating ash roasting from
thermal power plants in Kazakhstan [[13], [14]].

Research methods

To study the crystallization process, synthetic
solutions were used with the following
composition: AICl; - 11-15%, CaCl, - 12-16%, TiCl, -
0.2-0.3%, HCI - 3-5% and others typical for solutions
obtained after leaching the cinder with
hydrochloric acid and their filtration. The density of
solutions is 1.25-1.29 g/cm?>.

The experimental technique was as follows. A
crystallizer vessel was charged with 1 |/ of an
aluminium chloride solution obtained after leaching
and filtration. The concentration of aluminium
chloride in the solution varied from 10 to 15%.
After pouring the solution into the crystallizer, the
solution was stirred at a stirrer speed of 250 rpm.
The process temperature was maintained at 60 °C.
Next, hydrogen chloride gas was fed into the
crystallizer at a 0.5 |/min until its concentration
reached 26%. The total duration of the process was
1 hour. The obtained crystals of aluminium chloride
was separated from the mother liquor by filtration
and washed with 26% HCl solution. Then the
crystals were dried at a temperature of 80-100 °C.

The mother liquors were sent for the extraction
of non-ferrous metals containing rare-earth metals
from them. The products obtained in the process of
crystallization - crystals of aluminium chloride,
mother liquors and solutions after washing the
crystals with ACH, were subjected to elemental
analysis for the content of aluminium, non-ferrous,
rare-earth metals, as well as impurities -
phosphorus, iron, sodium, potassium, calcium,
magnesium, titanium, barium, etc.
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Figure 1 - Schematic diagram of a laboratory setup for crystallization of ACH

Results and discussion

A schematic diagram of a laboratory setup for
crystallizing aluminium chloride from a solution is
shown in Fig. 1.

In crystallization, two products were obtained -
mother liquor and crystals of ACH (AICl5-6H,0).

The mother liguor composition obtained during
the crystallization of ACH from an aluminium
chloride solution is shown in Table 1.

Table 1 — Composition of mother liquor obtained during
crystallization

chloride in the solution decreases with an increase
in the concentration of hydrochloric acid in the
solution.

The obtained results of experimental studies
were subjected to mathematical processing with
the data of work [5], obtained in similar conditions
of the crystallization process. As a result of
mathematical processing, a regression equation
was obtained that predicts the content of
aluminium chloride in solution (y) depending on the
concentration of HCl in solution (x), which has the
following form:

y=23.162-0.675x, r=0.83 (1)

Components Composition

g/l %
CaCl2 527.21 40.55
AlCl3 11.32 0.87
FeCls 37.22 2.86
MgClz 31.48 2.42 2199
TiCla 2.37 0.18 g
Kcl 0.42 0.03 g
Nacl 5.65 043 e
H 85.25 6.82 g 51
0 611.88 48.95 '
Cu 0.013 10.25 ppm
Ni 0.167 128.8 ppm

04
The consumption of hydrochloric acid 15 20 - 20 35

determines the vyield of ACH crystals. The
dependence of the aluminium chloride content in
the solution on the increase in the concentration of
HCl, constructed from the results of the
experiments (Fig. 2), shows a close relationship
between these values. The content of aluminium

HCl content. %

®m data of the cutrent work
A data of work [3]

Figure 2 - Dependence of the content of aluminium
chloride on the concentration of HCl in solution
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Based on the experimental data on the change
in the content of aluminium chloride in the solution
depending on the concentration of HCl (Fig. 2), the
extraction of aluminium from the solution during
crystallization was calculated for each experiment.
A graphical representation of the dependence of
the extraction of aluminium from the solution on
the HCl concentration is shown in Fig. 3.

impurity metals between the crystallization
products was established. The calculation results
for the distribution of impurity metals (average
values based on the results of several experiments)
are shown in Table 2.

Table 2 - Distribution of metal impurities between
products during crystallization of ACH

Metal distribution, %
<1004 In mother | Into the | Into ACH
O::" Components | liquor solution crystals
§ after
S 80+ washing
g Al 2 3 95
‘g 604 Ca 92 7 1
8 Mg 91 6 3
5 404 Fe 92 7 1
g Ti 90 9 1
g 204 Na 91 7 2
3 P20s 89 8 3
0 T T Y T T T T T T 1 Ba 15 6 £
16 18 20 22 24 26 28 30 32 34 36 Cu 97 3 -
HCl content, % Zn 99 1 -
Ni 98 2 -
Figure 3 - Dependence of the extraction of aluminium Sc 97 3 -
from the solution on the concentration of HCl in the Y 97 3 -

solution

The extraction of aluminium from the solution
increases with an increase in the consumption of
hydrochloric acid during crystallization. The highest
extraction of aluminium from the solution (~ 95%)
is achieved when the HCI concentration in the
solution is 32%.

As a result of the mathematical processing of
the experimental data shown in Fig. 3 (total array -
21 experiments), a regression equation was
constructed, making it possible to predict the
extraction of aluminium from the solution
depending on the concentration of HCI.

The resulting equation has the following form:

€=-80.379 + 17.939x[HCl], r=0.78 (2)
where:
solution, %;

[HCI] - concentration of hydrochloric acid in
solution, %;

r - the correlation coefficient.

¢ - extraction of aluminum from

Based on the quantitative ratios of
crystallization products - mother liquor and isolated
ACH crystals and the results on the content of
impurity metals in them, the distribution of

It was found that all metal impurities, except
for barium, almost wholly pass into the mother
liguor. In solutions after washing with hydrochloric
acid, their concentrations are insignificant.

The effect of the solution's acidity on its barium
content is shown in Fig. 4.
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Figure 4 - Dependence of the barium content in the
mother liquor on the HCI concentration in the solution

As shown in Fig. 4, an increase in the
concentration of hydrochloric acid up to 20% does
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not affect the barium content in the mother liquor:
the barium concentration in the solution remains
practically constant ~ 0.55 g/I. An increase in the
concentration of hydrochloric acid over 20 % leads
to a sharp decrease in the barium content. When
the concentration of hydrochloric acid in the
solution is 26 %, the barium content in the solution
reaches its minimum equal to 0.1 g/I.

Several impurity metals, even insignificant
(except for barium), are concentrated in the
obtained crystals of AICl;-6H,0 (Table 2). To
increase the purity of the obtained crystals, they
were subjected to multiple washing with HCI
solution (31%), the main meaning was as follows.
An initial sample of AlCl5-6H,0 crystals in 200 g was
mixed with 400 m/ of 30% HCI solution and washed
at room temperature. The stirring time was 20
minutes. After a specified time, the resulting
mixture was filtered. The solution was used to wash
the next set of crystals. The solution and washed
crystals were analyzed for the content of
aluminium, iron, calcium, and metal impurities. The
operation was repeated five times.

The results of analyzes of the solutions
obtained after each washing of the AICl3:6H,0
crystals with hydrochloric acid are shown in Table
3.

Table 3 — Compositions of solutions obtained after each
wash

Washing AICls, CaCl, Acidity, pH
g/l g/l

Initial - - 10.1

solution

1 40 6 9.0

2 75 10 7.8

3 100 18 7.0

4 130 23 5.9

5 170 23 5.5

It was found that repeated washing of crystals
with a solution of used hydrochloric acid leads to a
decrease in the acidity of the washing solution from
10 to 5.5. As a result, partial dissolution of ACH
crystals in washing acid with a significant transition
of aluminium and calcium into the solution is
observed, which is seen in the graphical
dependence shown in fig. 5.

The final melt obtained after five times washing
of the ACH crystals is sent to the cinder leaching.

The compositions of the crystals obtained after
each washing with hydrochloric acid are shown in
Table 4.
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Figure 5 - Dependence of the content of AlCls and CaCl
in the solution on the acidity of the solution with
repeated washing of crystals with acid

Table 4 — Compositions of the obtained crystals of
AlCl3-6H20

Content of metal impurities, ppm

Washi
e T TFe [ Mg | si Ti Na

6.5 6.2 2.0 45 0.1 1.0

6.0 5.0 1.8 2.0 n.d. 1.0

5.3 3.8 2.1 n.d. n.d. 0.7

4.2 2.8 2.0 n.d. n.d. 0.5

1
2
3 5.0 3.5 1.7 n.d. n.d. 0.7
4
5
n.

d. — not defined

The final average composition of AICls3-:6H,0
crystals obtained after repeated washing with
hydrochloric acid contained, ppm: 3-5 Ca, 3-6 Fe, 1-
3 Mg, 0.1-0.5 Ti, 1-3 Na, 20-30 P,0s. The moisture
content of the crystals is 4-5%; the particle size is
400-900 microns.

Based on the carried-out studies and the
obtained results, the following optimal parameters
for the crystallization of ACH from an aluminium
chloride solution were selected:

— crystallization temperature of ACH with
gaseous HCl - 60 oC;

— HCl gas consumption — 0,5 I/min;

— concentration of HCl in solution — 26-30
%;

— process duration — 60 min;

— ACH crystal washing — repeatable, with
hydrochloric acid (32 % HClI).

The crystals of ACH obtained after the
crystallization process are sent to a further
operation of its thermal decomposition to alumina
suitable to produce commercial aluminium.
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Conclusions

1. It is shown that it is possible to obtain ACH
crystals (AlCl3:6H20) from aluminium chloride
solutions in one stage. The behavior of impurity
metals during the crystallization of an aluminium
chloride solution has been studied. The distribution
of metal impurities between the products of the
crystallization process has been established. It was
shown that all metal impurities, except barium,
pass into the mother liquor during crystallization up
to 98%.

2. It was found that repeated washing of ACH
crystals with a solution of hydrochloric acid (32%
HCI) increases the extraction of aluminium from the
solution into crystals up to 96%. It has been shown
that a decrease in the acidity of the washing
solution from pH = 10 to pH = 5.5 ensures the
generation of ACH crystals with a minimum content
of impurity metals, ppm: 3-5 Ca; 3-6 Fe; 1-3 Mg;
0.1-0.5 Ti; 1-3 Na; 20-30 P,0s. The moisture content
of the crystals obtained is 4-5%, and the particle

size is 400-900 microns. The recovery of ACH from
the solution was 95%.

3. The optimal parameters of the
crystallization process of aluminium chloride
hexahydrate have been determined: T = 60 2C, HCI
concentration in solution - 26-30%, HCl gas
consumption = 0.5 I/min, duration 1 hour.
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AICl; — MeClx — HCI - H20 »xymnecingeri AlClz-:6H.0 KpuctanaaHy epeKwenikrepi
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TYWIHAEME
Ty3  KblWKbIAAbI

epiTiHainepaeH

ANIOMUHUIA X}'IOpMAi rekcarmapaTtbiHbIH KPpUCTangaHy

3aHAbIIbIKTApbIH 3epTTey YLWiH 3epTXaHanblk KOHAbIPFbl Kacangbl. bactankel epitiHgigeri AlCls

KYPamblIHblH, ra3 Topidgec HCl wbifbiHbIHbIH, KaHe KasakctaH KIC KynaepiH xnopnan Kyuaipy

HOTUXKECIHAE aNblHFaH KypamblHAA antoMUHUIA 6ap KyWiHAiHI Ty34bl epiTiHAinepMeH LWwanmanay

apKblabl anblHFaH KocnanapablH, epiTiHAinepiHii, AlCl-6H20 KpuctanaaHybiHa acepi 3epTTenp;.

ANOMWUHUIA  Xnopuai
Makana kengi: 31 mamei3 2021
CapanTtamagaH eTTi: 25 Keipkyliek 2021
Kabbinganabl: 31 #eamokcaH 2021

epiTiHAICIHIH  KpucTangaHy npoueciHae Kocna-meTanaapbiHblH,  6eniHy
epeKweniri 3epTTengi KoHe o/apAblH, KpUCTangaHy MpoLECiHiH eHimaepi apacbiHaa 6eniHin
Tapanybl aHbiKTanapl. EpiTiHgiaeri antoMUHUI XNOPUAIHIH, Menwepi Ty3 KblWKbIIbIHbIH, LWbIFbIHbI
JKOFapblnafaHaa ToeMeHAenTiHI kepceTingi. AlCls-6H.0 KpucTangaHy KafaaibiHaa H6apuitaeH 6acka

6apnblk Kocnanap 98%-fa AeWiH aHanbIK, (KpucTangaHy meH 6eniHy npouecTepiHeH KeriHri Kangbik

CYMbIKTbIK) epiTiHgire eTeTiHi aHbikTangbl. AnbiHFaH AlCl3-6H.0 KpuctangapbiHaafbl 6apuii meH

6acka KocnanapAabl asalTy yWiH KpucTangapabl Ty3 KblwKplabimeH (32% HCl) GipHewe pet xyy

YCbiHbINAAbI. MKyy epiTiHAICIHIH, KbIWKbIAAbIFbIH pH=10-HaH pH=5,5-Ke aeliH TemeHAeTKeHAe Kocna-

meTangapbl MUHUMaNapl Typae AMX KpuctangapbiHa woeiFapblnagbl, ppm: 3-5 Ca; 3-6 Fe; 1-3 Mg;

0,1-0,5 Ti; 1-3 Na; 20-30 P20s. AnblHfaH KpucTangapgplH, binfanabinbiebl 4-5 %, ipiniri 400-900

MMKPOHAbI Kypanapl. MaTeMaTUKablK OHALY HITUMKECIHAE Ty3 KbIWKbIIbIHbIH, WbIfbIHbIHA Tayenaj

epiTiHaiaeri antoMUHUIA XNOPUAiIHIH Me/WEPIH KoHEe OHbIH, KPUCTAAN r’MapaTbiHa 6eniHyiH 6apabap
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60/mKalTbIH perpeccus TeHgeynepi Kypbingpl. KpucrangaHy npoueciHiH oHTainbl napameTtpaepi
aHbikTangpl: T=60 °C, epitiHgigeri HCl KoHueHTpauuacsl 26-30%, ras wolfbiHbl HCI=0,5 n/MuH,
y3aKTbifbl, T=1 ca¥.

TyiiiH ce3dep: KpucTanaaHy, aNlOMUHUI X0PUAi rekcarnapaTbl, epiTiHAi, Ty3 KblWKbIAbI, Kocnanap,
JKYY, KbIWKBINABIK, SKCTPAKLUA.
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AHHOTALMUA

PaspabotaHa nabopaTopHas YCTaHOBKA ANA UCCNELOBaHWA 33aKOHOMEPHOCTEW KpWUCTanav3aumu
rekcarmaparta x10puaa aftoMUHUA U3 CONAHOKUC/bIX PAacTBOPOB. U3yueHo BauAHKUe cogepanua AlCls B
MUCXOAHOM pacTBope, pacxofa rasoobpasHoro HCl v noseaeHua npumecei Ha KpucTannusaumio
AICI3-6H.0 w3 anioMUHUICOAEPIKALLMX CONAHBIX PACTBOPOB BbILENAYMBAHUA OrapKa, MOJYHYEHHOTO B
pesynbrate xnopupytouero obxura 3onbl TIL, KasaxcrtaHa. M3yveHo nosBeaeHve MeTanioB-npumeceii B
npouecce KpUCTasin3aumMmM pactBopa X10puaa altoMUHUA U YCTAaHOBNEHO WX pacnpegeneHne mexay
npoAyKTamu npouecca Kpuctannmsauuu. MNoKkasaHo, YTO cofepiKaHue xnopuaa antoMuHUA B pacTBope
CHUXKAeTCA C yBeSIMYEeHUEeM Pacxosa CONAHOMN KMCIOTbl. YCTAaHOB/IEHO, YTO B YCIOBUAX KPUCTaNAMU3aLLMM
AICI3-6H.0 BCce npumecwu, 3a uckaodeHnem bapua, Ha 98 % nepexofAT B MaTOYHbIM pacTBop. OnA
CHUXKeHMA Bapua U Apyrux npumeceit B nosyvaembix Kpuctannax AlCls-6H.0 npepsioxeHo nposesaeHue
MHOropasoBoi MNPOMbIBKU KPUCTaANoB consHoW Kucnoton (32 % HCI). MokasaHo, YTO CHWKeHue
KUCNOTHOCTM NPOMbIBHOrO pactBopa ¢ pH=10 go pH=5,5 obecneunsaeT BbigeneHme Kpucrannos MNXA c
MWHUMabHBIM CoAepKaHnem meTtannos-npumecel, ppm: 3-5 Ca; 3-6 Fe; 1-3 Mg; 0,1-0,5 Ti; 1-3 Na; 20-
30 P20s. Bna)kHOCTb NONyYeHHbIX KpucTannos coctasnseT 4-5 %, kpynHoctb — 400-900 muKpoH. B
pesynbTaTe  mMaTemaTMyecko  06paboTKM  MOCTPOEHbl  YPaBHEHWUA  perpeccuu,  afeKBaTHO
NPOrHo3unpyoLLme cogepKaHne xaopuaa aaloMUHUA B PacTBOPE U ero U3B/IeYeHUe B KPUCTANIOrMApaT B
3aBMCMMOCTM OT Pacxofa COMAHOM KUCAOTbl. YCTaHOB/IEHbI ONTUMasbHble MapameTpbl npouecca
Kpuctanamsaummn: T=60 2C, KoHueHTpauma HCl B pactBope — 26-30 %, pacxog rasa HCI=0,5 sa/muH,
NPOAOIKUTENbHOCTb, T=1 Y.

Kniouesble cnoBa: KpucTannmsaumsa, rekcarmapaTt xnopuia antoMUHMA, PacTBOP, CONAHAA KUCNOTa,
NPUMecH, NPOMbIBKA, KUCJIOTHOCTb, U3B/IeYEHMe.
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