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Abstract

Objectives. The formalized problem of the optimal design of distillation column systems belongs
to the class of mixed integer nonlinear program problems. Discrete search variables are the
number of trays in the rectifying and stripping sections of columns, whereas the continuous ones
are the operating modes of columns. This study aimed to develop an algorithm and a software
package for the optimal technological design of a system of simple distillation columns based on
the criterion of total reduced capital and energy costs using rigorous mathematical distillation
models.

Methods. The solution to this problem is based on the branch and bound method. A computer
model of the distillation column system was developed in the environment of the Aspen Hysys
software package. The Inside-Out module was used as the distillation model. The developed
algorithm is implemented in the software environment of the Matlab mathematical package. To
solve the conditional optimization problem, a sequential quadratic programming method-based
model was used. The interaction between software add-ins in Matlab and Aspen Hysys is
implemented using a Component Object Model interface.

Results. Approaches to obtain the lower and upper bounds of the optimality criterion and the
branching method for the implementation of the branch and bound method have been developed.
In addition, an algorithm for the optimal design of a distillation column of a given topology based
on the branch and bound method has been developed. Furthermore, using Matlab, a software
package that implements the developed algorithm and is integrated with the universal modeling
software AspenHysys has been created.
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Conclusions. An algorithm and a software package have been developed and implemented
that allows automating the design process of distillation column systems and integration with
advanced mathematical programming packages, respectively. The performance of the algorithm
and software package has been evaluated using the optimal design of the debutanization column
as an example.

Keywords: distillation, branch and bound method, optimization, design, Matlab, AspenHysys
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HAYYHAS CTATbsA

AJITOPUTM U MPOrPAMMHBbIN KOMILIEKC ONITUMAJIBLHOI0
TEXHOJOTHYECKOI0 NPOEKTUPOBAHUA MPOCTHIX
PeKTU(PUKANMOHHBIX KOJOHH

H.H. 3uaraunoB“, H.H. EmeabsiHOB, A.A. PrIzkOBa, I1.C. YepHakoB

Ka3zaHckuill HaAuUOHANbHbLI uccanedosamenbCcKull mexHonozuueckuil yHueepcumem, KasaHwo,
420111 Poccus
@Aemop ona nepenucku, e-mail: nnziat@yandex.ru

AnHOMauus

ITenu. Popmanuzo8aHHaAs 3a0aUA ONMUMAABLHO20 NPOSKMUPOBAHUSL CUCMEM PEKMUPUKAUUOH-
HbLX KOJIOHH OMHOCUMCSL K K/laccy 3a0au OUCKPEMHO-HEeNnpepsbleHo20 HeAUHEUH020 NPOoepaMMUPO-
8aHust. JuCKpemHbIMU NOUCKOBbIMU NEepEMEHHBIMU S8ASIOMCSL YUCT0 MAPENOK 8 YKpenasiiouiell
U ucuepnwlearouieti Uacmsix KOJN0HH, A HENPEepPbL8HbIMU — PeXUmbl pabombl KoNOHH. Llenb pabo-
mobL — paspabomams anzo0pumm U NPOZPAMMHBLU KOMNIEKC ONMUMAbHO20 MEXHO02UUECK020
NPoOeKmupo8aHuUsl CUCEeMblL NPOCMbLX MAPENbUAMBIX PEKMUPUKAUUOHHBIX KOJIOHH NO Kpume-
PUIO CYMMAPHBIX NPUBEOEHHBLX KANUMAIbHBIX U IHEep2emuUUeckKux 3ampam HA 0CHO8e CMpPo2uX
MmamemamuuecKux mooesell pekmugukayuu.

MemooOst. PeweHue nocmaeseHHol 3adauu basupyemcst Ha memooe eemeaell u eparuy. Kom-
nvomMepHast MOOesb CUCMemMbl PEKMUPUKAUUOHHBLX KOJIOHH NOCMPOEHA 8 cpede NPo2pamMHO20
romnnerca Aspen Hysys. B kauecmge modenu pekmupurkayuu Ucnoas308ar mMooyss Inside-Out.
PaspabomaHHbLl an2opumm peaniu3os8aH 8 NpPopaMMHOlU cpede mamemamuueckozo nakema
Matlab. [ns pewerus 3adauu YCaA08HOU ONMUMUIAUUU UCNOSL308AH MOOYJb, OCHOBAHHBLU
Ha memoode nocsiedoeamenbHo20 K8aoOpAmuuHo020 npozpammuposarus. Bsaumoodelicmsaue npo-
epammHoli Haocmpotiku, nocmpoeHHoli 8 Matlab, ¢ Aspen Hysys peanuso8aHO C NOMOULbIO
COM-urmepdgpetica.

Pesynemamut. Paspabomarvl no0xo0bl K NOAYUEHUIO HUIKHUX U 8EPXHUX epAHUY KPUMepusl on-
MUMANLHOCMU U CNOCOb 8emesieHust npu peaausayul memooa eemeetl u epaHuy. Paspabomar
anzopumm ONMUMATLHO20 NPOEKMUPOBAHUSL PEKMUPUKAUUOHHOU KOSOHHbL 3A0AHHOU MONoJO0-
2uu Ha ocHoge memoda eemeeli U epaHuy. B mamemamuueckom naxeme Matlab cozdar npo-
2PAMMHBLUL KOMNAEKC, Pearusyouiuil NpeosiosKeHHbL aneopumm U UHMeepUPO8AHHDBLI ¢ YHU-
gepcanbHol modenupyroueti npoepammHoii AspenHysys.

Bwteoodst. Paspabomar anzopumm U peaius3o8aH NPo2pammHbLIL KOMNLEKC, NO380IIOULUT A8mo-
MAMUIUPOBAMb NPOUECC NPOEKMUPOBAHUSL CUCMEM PEKMUPUKAUUOHHBLX KOIOHH U UHMe2pa-
YU ¢ nepedosbiMu NAKeMamMu MAMeMAmuUUecKozo npoepammuposarust. PabomocnocobHocmo
anzopumma U NPoepamMmMHO20 KOMNAEKCA anpobupo8aHa Ha Npumepe ONMUMAIbHO20 NPOEeKMu-
POBAHUSL KOJIOHHbL 0ebymaHU3AYUUU.
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INTRODUCTION

One of the main processes in the chemical,
petrochemical, and oil and gas processing industry
is distillation. This process is characterized by high
energy and metal consumption [1-5]. Therefore, at
the design stage of distillation columns and systems,
it is necessary to make decisions aimed at minimizing
these costs while meeting design requirements [6—12].
Currently, simplified methods [1, 5], thermodynamic
methods [4, 13], and methods based on rigorous
mathematical models [9, 10, 14-16] are used to solve
such design problems. The essence of a simplified
approach, as implemented in the methods of Fenske—
Underwood—Gilliland and Lvov is to determine the
minimum reflux number by which the optimal number
of column and food trays is calculated to yield a given
quality of output product. Simplified methods have
low accuracy. Thermodynamic methods focus on
minimizing energy costs and do not fully take into
accountcapital costs. As aresult, the task of developing
effective methods for designing distillation column
systems (DCS) that are optimal according to technical
and economic criteria is important. The latter, in turn,
requires the use of rigorous mathematical models and
optimization methods. In this case, given the quality
of products obtained, the optimal design task is to
find a compromise between capital and operating
costs, a sum that determines the optimality criterion
[16]. An effective tool for computer modeling and
optimization in chemical technology is the use of
chemical process simulator (CPS) built on strict
mathematical models of distillation processes, which
are based on the laws of conservation of energy, mass,
and momentum, the so-called mass, equilibrium,
summation, and heat (MESH) models. These models
are contained in the libraries of all leading CPS, such
as Aspen Plus [17], AspenHysys [18], Unisim [19],
and ChemCad [20, 21], allowing the investigation,
design, and management of technological processes
at all stages of their life cycle [22]. The CPS also
contain effective nonlinear programming methods,
including sequential quadratic programming and

modified Lagrange function methods. However,
these optimization methods can only solve problems
of continuous nonlinear programming with discrete
values of constructive and operational technological
parameters. Because the problem of optimal DCS
design is solved in the space of both continuous and
discrete search variables, the development of DCS
design methods remains relevant.

MATHEMATICAL SUBSTANTIATION OF THE
PROBLEM OF OPTIMAL DESIGN OF DCS

The optimal design problem formulated above
belongs to the class of mixed integer nonlinear program
(MINLP) problems [6, 16], where the discrete search
variables are the number of trays in the rectifying and
stripping sections of the projected columns, whereas
the continuous ones are the parameters that determine
the operating modes of the columns. Let us present this
problem in a formalized form:

f = min zN:fj(xj,uj,msj), (1)

x! ! m] =

o B - ; J.max
oy (x",u’,m’)=0,5s=1,2, j=1,...,N,1 Smy <my ,

k=1,..., m{™ 2
v (x/,u’)<0,j=1,..,N, 3)
F/s =D& =0, F's W& =0, jgry =1 N, 4)

oL (x),u)),s =1

el F),s =2
(Pi(xjsujsmsj): . . . 5 (5)
¢; (X)), 1<k <m]

o), (), s =2

m]+1
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where f/(x/,u’/,m/) in Equation (1) is a cost
function that includes the total given capital and
operating costs of the jth column; Equation (2)
is a mathematical model of the jth column; ¥/, v/
represent state and control variables of the jth
distillation column; N represents the number of
columns in the system; j represents the ordinal
number of the distillation column; s represents
the index of the column section (s = l1-rectifying
section; s = 2-stripping section); mj] represents
the number of trays in each section of the jth
distillation column with values ranging from 1 to
m) M /M _the maximum number of trays;
in Equation (5), o (/,u), o/ ('), o) (x',F")
and @,,,(*",u, ) are mathematical models of the
dephlegmator, kth trays, food trays, and boiler of
the jth column, respectively; the inequalities in
Equation (3) are design constraints; Equation (4) is
a ratio describing the DCS structure, which means

that when F’* —Df =0 the feed flow of the j th
column is the distillate of the gth column; when

F's —w& =0, the feed flow of the r,th column is the
bottom product of the gth column; j,,r, = 1., N,
j,g = 1,.., N—the numbers of the columns.
Furthermore, for the simplicity of the algorithm
under consideration, Equations (4) and (5) will be
omitted.

Various methods exist for solving MINLP
problems, among which one of the most effective
is the method of branches and boundaries [16].
However, this method is not fully formalized because
its application to a specific problem necessitates
the development of a branching procedure on a tree
graph, as well as the formalization of tasks of finding
the upper and lower estimates of the optimality
criterion. This fully applies to the design problem
under consideration, where the main difficulty lies
in developing an approach to calculate the lower
estimate of the optimality criterion. To do this, it
is necessary that all search variables, including the
number of trays, can take continuous values. Then,
the problem of finding the lower estimate of the
criterion will be reduced to a nonlinear programming
problem. Solving the minimization problem with
continuous search variables will give a better solution
than with discrete variables, i.e., a lower bound. The
latter is infeasible since the discrete search variable in
the number of plates in columns cannot be fractional.
In [16], we proposed a technique that allows us to
switch from discrete to continuous variables based on
the problem under consideration.

To obtain a lower estimate for each column
plate, we proposed introducing an additional
fictitious structural parameter into the equation of

the relationship between the equilibrium and working
concentrations of the ith component of the kth tray o :

yi =y v ol EL (v -y, (6)

This parameter accepts a value of 0 or 1. If &fk =0,
the tray is missing; otherwise, if (x‘sik =1, the tray is
present.

Taking into account the introduced modification,
Equations (1)—(3) will take the form of Equations
(7)—9):

N
f=min ¥ /(0 al), (7
x) o =
o' (x",u’,a/)=0, 3
v (x,u’)<0,j=1,...,N, )
ol =[0, 1],
where Otf represents a vector whose components are

o k=1, mf

Thus, the task of the optimal design of DCS
is reduced to determining the optimal values of
structural parameters and control variables. The
continuity of the values of structural parameters
o/, allows us to calculate the lower estimates of the
optimality criterion.

To solve the problem Equation (7) by the method
of branches and boundaries, sets of M/ plates are
introduced in the rectifying and stripping sections
of the jth column (s = 1, 2), where the structural
parameter o, accepts a value of 0 or 1. The number
of plates is determined in the previous steps of the
branch and boundary method. Let us consider the
formulation of the problem at the /th step:

N
fl = min ij(xj’uj’asl)n kEM{l’ (10)
Jj=1

xj,uj,afk .
J(vd 117 ) ) =
(P (x 7” 9as)_05

v (x',u’)<0, j=1,.,N,s=1,2,
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where the set o/, = [0, 1] at keMgl, found in the
previous iterations, is constant; at the same time, aﬁk at

ke M are binary search variables.
To obtain the lower estimate Equation (10), we
solve the following problem:

w'= min if"(x",u"aa;f), keM (11)

ol j=1
J(vd 17 o) — P
o’ (x',u’,0l)=0, j=1..,N,

\llj(xjauj)soa jzl,...,N,

0<o/, <1,forall keMm/ .

The value of the upper estimate of the optimality
criterion is determined by the values of parameters

(x:,f obtained from the solution of the problem in

Equation (11) at the value ajk obtained in the previous
iterations. To do this, we solve Equation (12) under

the conditions that, for k =1,...p7, o/, =1, where

psj :{ Z a:,f}+ Z E{k is the set of the nearest
keM keM/

integer sum of the structural parameters, and for the

remaining k a;’k =0, the following problem is solved:

N
N =min Y (Ll @), (12)
x)u =

o’ (x'ual)=0, j=1,.,N, k= l,...,msj’max ,

v (x/,u’)<0, j=1,.,N.

The branching rule is as follows. The number
of trays of each section (s = 1, 2) of each column
(j=1,...,N) is divided into two subsets. In the first

subset, parameters for aik for which £ lies in the

s

J _
interval ({ 5 }H, msﬂ) vary, and the parameters

1
for o/, for which & belongs to the interval (1, [mzs ] )
are equal to 1, where mxﬂ represents the number
of trays for which k & M/ . In the second subset, the

values of parameters afk for which £ lies in the interval

jl .
(1, [mzs]) vary, and o/, is O for those for which &

jl
. . . m j
varies in the interval ({ zs ] +1, mfl)-

At each iteration, the two problem Equations (11)
and (12) are solved to determine the lower and upper
estimates of the optimality criterion. The obtained
values of the objective function are compared. If,
in the /th step, the difference between the upper and
lower estimates is less than the specified accuracy e,
the solution found is considered optimal. Otherwise,
for further branching, the vertex with the lowest lower
score is selected from all hanging vertices.

Aspen Hysys was chosen to solve the problem
of the optimal design of DCS with a given topology,
as it can be integrated with advanced mathematical
programming packages and can model complex
petrochemical processes, including DCSs; it contains
libraries of many rigorous models of technological
equipment with advanced calculation algorithms
and a built-in optimization module; and it has a
friendly interface that provides a simple and concise
representation of a technological scheme. However,
because of the software closeness of the optimization
module and a limited set of tuning parameters of
optimization methods in the Aspen Hysys, it cannot
create a program of the proposed algorithm.

SOFTWARE PACKAGE AND ALGORITHM
FOR DESIGNING OPTIMAL DCS

To automate the process of designing an
optimal system of distillation columns, the software
implementation of the algorithm is performed in
the Matlab mathematical package. It has a built-in
programming language, advanced optimization
methods, and is a convenient and relatively simple
package for managing the calculation process in
the Aspen Hysys. It also enables the development
of an interface linking these software tools using
Component Object Model/ActiveX technology. In the
Aspen Hysys environment, a preliminary assembly of
the projected DCS is performed, and its calculation is
based on the values of search variables generated in
the algorithm implemented in Matlab.

Figure 1 shows the structure of the developed
software package for designing an optimal system of
distillation columns.

Wedescribe an expanded algorithm forimplementing
the developed software package.

Step 0. Inputting initial data: the initial number of
trays and specifications that are used as search variables;
boundaries of changes in the values of specifications and
structural parameters of plates; initial approximations of
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ASPEN HYSYS

MATLAB

A 4

A 4

A

Fig. 1. The structure of the software package.

the values of specifications and structural parameters
of trays; cost coefficients; the mathematical model’s
calculation accuracy of the distillation column
and optimization method; refrigerant and steam
temperatures.

Step 1. Formation of an array of search variables:
the lower and upper estimates of the criterion at the zero
vertex, obtained by solving Equations (11) and (12).

Step 2. Splitting of a promising vertex by
choosing the smallest upper bound M= min{ﬁ,nf} ,

[ =1, 2, where d represents the iteration index, and /
represents the index of the descendant of the vertex of
the branch tree at the iteration d, by solving Equation
(11) and (12).

Step 3. Exclusion of unpromising vertices p;, >7,
I=1,2,t=1,d.

* %

Step 4. Searching for a promising vertex {{ ,¢ }
among the remaining ones Ho = inelﬂr} Wy,

Step 5. Checking the end of the solution. If the
end condition is met,

¥ t*
Hpe = Mgs s

/. <e

n. =1 and

C4

D
Raw materials

Cs, C6

—

Fig. 2. Diagram of the debutanizing column.

where ¢ represents the accuracy of the solution, the
completion of the algorithm, and the output of the results.
Otherwise, go to step 2.

The effectiveness of the developed algorithm
and software package was tested on the example
of designing an optimal distillation column of
debutanization (Fig. 2). To solve the problem in the
Aspen Hysys environment, a MESH model of the
distillation column was selected, including the
Inside-Out method, which is an effective method in
terms of time and accuracy of the obtained solution.

Problem statement: with the given parameters
of the feedstock (Table 1), it is required to find such
values of search variables (the number of plates in
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Table 1. Raw material flow parameters

Parameter Value
Pressure, bar 5
Temperature, °C 80
Mass flow, kg/h 10000
Mass fraction of n-butane 0.35
Mass fraction of n-pentane 0.30
Mass fraction of n-hexane 0.35

stripping and rectifying sections of the column, the
value of the reflux ratio, and the temperature in the
cube of the column) that the criterion given the total
capital and operating costs has a minimal value and to
restrict the quality of the partial products: the content
of n-butane in the distillate is greater than 0.99 mass
fraction but less than 0.01 in the cube of the column.
The pressure at the top of the column was assumed to
be equal to 4 bar, taking into account the possibility
of condensation of the upper products by submerged
water. The efficiency of the plates for the distillation
column was assumed to be equal to 1, the initial
approximation of the fictitious structural parameter is
0.7, the specified accuracy ¢ of the solution is equal
to 0.05, and the initial approximation of the number
of trays in the column is 30.

The progress of solving the problem is shown in
Table 2 and Fig. 3. The optimum corresponds to the
vertex 41. Tables 3 and 4 show the data of the material
balance of the column and parameters and technical
and economic indicators of the column, respectively.

956
959

962 | 5o
966

Fig. 3. Tree graph of the solution of the problem
(at the vertices of the graph, the lower and upper estimates
of the optimality criterion are given).

Table 2. Progress in solving the problem

Upper estimate
Vertex No. Lowect::s/tl:mate, Number of trays ; Criterion | Accuracy
Rectifying . . Reflux ratio c.u./h
section Stripping section
01 1107.9 8 7 2.31 11533 0.039
11 1021.1 11 7 2.12 1085.0 0.054
12 2272.6 4 7 5.02 2313.7 0.017
21 960.9 10 10 1.81 974.7 0.014
22 1509.6 11 4 4.74 2233.8 0.320
31 990.3 12 10 1.82 997.7 0.007
32 956.0 9 11 1.83 963.6 0.0078
41 952.6 9 13 1.81 957.9 0.005
42 983.9 9 9 1.93 993.9 0.010
51 955.8 9 12 1.82 958.9 0.003
52 962.3 8 13 1.86 966.3 0.004
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Table 3. Parameters of fed and obtained products

Raw materials flow LTINS
BEUSHIEIEIS Raw materials C4 C5,C6
Pressure, bar 5 4 4.5
Temperature, °C 80 42.6 102
Mass flow rate, kg/h 10000 3444 6556
Composition Mass fract.
Butane 0.35 0.99 0.01
Pentane 0.30 0.01 0.45
Hexane 0.35 0 0.53
Table 4. Parameters and technical and economic indicators of the column
Indicators Rectifying section Stripping section
Number of trays in section 13
Reflux ratio 1.8 -
Cube temperature, °C 42.6 102
Section diameter, m 1.1 0.9
Section height, m 5.4 7.8
Interdisciplinary distance, m 0.6 0.6
Heat duty, kcal/h —516280 658352
Capital costs, c.u./h 112.4
Operating costs, c.u./h 845.6
Optimality criterion, c.u./h 958
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Abstract

Objectives. Recently, there has been a tendency to increase the volume of high-viscosity heavy
oils in the total volume of oil produced. The processing of these oils requires new technological
approaches. This task is closely related to the need to increase the depth of oil refining. Among
the approaches proposed to solve these problems, mechanochemical activation, which is based
on the cavitation effect produced by ultrasonic or hydrodynamic methods, has been suggested.
This study evaluated the effects of cavitation in increasing the depth of oil refining.

Methods. Straight-run and “secondary” oil products were used as raw materials: vacuum
gas oil, catalytic cracking gas oil, and fuel oil. Activation was carried out in a high-pressure
disintegrator. The principle of operation was to compress the oil product and then pass it through
a diffuser. When the oil was passed through the diffuser, there was a sharp pressure release to
atmospheric pressure, which caused cavitation in the hydrodynamic flow. The pressure gradient
on the diffuser and the number of processing cycles ranged from 20 to 50 MPa and 1 to 10,
respectively. The density, refractive index, and the fractional composition of petroleum products
were determined using standard and generally accepted methods.

Results. This paper reports the influence of mechanochemical activation of petroleum products
on their physical and chemical characteristics. An increase in the pressure gradient and the
number of processing cycles leads to a decrease in the boiling point of the petroleum products
and their density and an increase in the yield of fractions that boil off below 400°C. The yield
of the fractions with boiling points of 400-480°C and the remainder were reduced. The density
and refractive index of fractions with boiling points up to 480°C decreased, and the density of
the residue increased. The effects of cavitation (an increase in the yield of fractions with boiling
points up to 400°C and a decrease in the density of the petroleum products) increased with
increasing pressure gradient and the number of processing cycles.
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Conclusions. The changes in the density, boiling point, and the yield of fractions increased with
increasing the pressure from 20 to 50 MPa and the number of hydrodynamic cavitation cycles
from 1 to 5. Increasing the number of processing cycles to more than five had little additional
effect. The effects of cavitation increased with increasing initial density of the oil product. The
average molecular weight of these fractions was estimated from the densities and boiling points
of individual fractions of the petroleum products. The calculation confirmed the assumption
regarding the course of cracking reactions of petroleum products under the influence of cavitation
and indicates the course of the compaction processes.
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AnHOmauyus

ITenu. B nocnedHue 2006l npocaeskusaemcs: meHOeHyUsl ygesuueHust 8 obuiem obveme dobwvleae-
MOUL Heghmu 8bLCOK0BSI3KUX, MsiKeNblX Hedhmell, nepepabomra Komopslx mpebyem HO8blX mex-
HoJl02UUEeCKUX no0xo008. Oma 3adaua mecHO C8s13aHA C HeobX00UMOCmblo nogvluleHUsl 21ybu-
Hbl nepepabomru Hegpmu. Cpedu nooxo0os, npediazaemvlx Ok peuleHUsT OmMmeueHHblX 3a0au,
scmpeuaemest Memoo MexaHOXUMUUECKOl aKmueayuu, Komopulil 0CHO8AH HA UCNOJb308AHUU
appexma Kagumayuu, co30asaemozo Yaempaseykosbim UAU 2UOPOOUHAMUUECKUM CNOCOOAMU.
Llens pabomul 3aK1I0UANIACH 8 UCCAIE008AHUU BO3MOIHOCMU UCNONL308AHUSL 9¢hheKxma Kasuma-
yuu 0151 nosblueHus 21ybuHsblL nepepabomru Hegpmu.

MemoowuL. B kauecmee colpbsi UCNOIb308AJIUCH NPSMO2OHHBLE U (8MOPUUHBLEY HehmenpooyKmabt:
8AKYYMHDBLU 230171, 2A301L/1b KAMAUMUUECK020 KpeKUH2a, Ma3ymul. Akmueayusi npogoouLdCs
8 de3uHmezpamope 8bLCOK020 0a8eHUS, NPUHYUN Jelicmausl KOmOopo20 3aKI0UAICSL 8 cokamuu
HeghmenpodyKma ¢ nocaedyrouum e2o nponyckaruem uepes ouggysop. IIpu smom npoucxooun
pes3kuil «copocr» dasneHust 00 ammocgepHozo, U 8 2UOPOOUHAMUUECKOM NOMOKe 803HUKAJO si8Jle-
Hue kagumayuu. I paduenm odasneHuil Ha ouggysope sapvuposancsi om 20 do 50 MIla, a Konu-
yecmeo yuros oopabomru om 1 0o 10. OnpedeneHue niomHocmu, KoaghpuuueHma peppaxyuu
U PPaAKYUOHHO20 cocmasa HegpmenpooyKmos OCYuLeCmaisiloCb C UCNOb308aHUEM cmaHOapm-
HbLX U 00WenpuHsamslX Memooos.

Pe3synoemameut. B pabome npedcmassieHbl pe3yiomambsl 8AUSLHUSL MEeXAHOXUMUUECKOU aKmuea-
yuu Hegpmenpoodykmos Ha U3MeHEeHUe UX Pu3UKo-Xxumuueckux xapaxmepucmux. Ilokaszaro, umo
nosslueHue gpadueHma 0asieHUll U YUUCAA YUKI08 06pabomKu npueooum K CHUIEHUIO memne-
pamyp Hauana KuneHust Hegpmenpooykmos, Ux NJIOMHOCMU U Y8esUUeHUID 8blx00a (Pparyull,
soikunarowiux 0o 400 °C. Buxoo ¢pparyuu ¢ memnepamypamu kuneHust 400-480 °C u ocmamka
npu smom cHuxkaemes.. OmmeueHo CHU’>KeHue NIOMmHOCMuU U noKa3amess NPeiomaeHuUs: ppax-
yuii ¢ memnepamypamu kunerHust 0o 480 °C u nosblueHue naomHocmu ocmameka. YcmaHoasie-
HO, umo a¢pcheKxm om sieleHUss KasUMAayuu (YeenuueHue 8blxo0a pparyuii c memnepamypamu
KuneHust 0o 400 °C, cHuxeHue niomHocmu HegpmenpooyKkma) 803pacmast npu yeesiuueHuu 2pa-
duerHma 0asseHUll U KoAuUecmsa yukio8 obpabomru.
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Bwteoout. [lokaszaHo, umo yeeauuerue oaeserust om 20 0o 50 MIla u Koauuecmea yuriog 2udpo-
JuHamuueckoll kagumayuu cnocobecmayem 6onvuemy UamMeHeHUr NI0MHOCMU, memnepamypbl
Hauaa KUNeHusl U 8olxo0a pparkyuil. YemaHo8ieHo, Umo nogblileHue Wucia YuKio8 obpabomru
cevlue 5 HeyenecoobpasHo. OmmeueHo, umo ¢ ygseauueHuem UCXoOHol niomHocmu Hegpmenpo-
dyxkma sgpgpexxmueHocms gosdeticmaust gozpacmaem. [Io niomHocmsam u memnepamypam Ku-
neHust omoesibHblX hpaKyuli HegpmenpooyKmos OUEHEHA CPEeOHSSL MONEKYISIPHASL MACCA IMUX
pparxyuii. Pacuem noomeepoun npednosioskeHue 0 npomeKaHuu peakyuli KpeKuHaa Hegpmenpo-
JyKmoe noo eozdelicmeuem Kagumayuu u ceudemesnbecmayem o NpomeKaHUU Npoyecco8 yniom-

HeHUsl.

Knroueesle cnoea: kasumayus, Heghmo, 8blx00, ceemJible hpaKyuu, MACAsIHblE PPAKUUU

Jna yumupoganua: Tepeutsesa B.b., Ilemnes b.B., Hukonaes AWM. TuaponuHamMudeckast akTUBALUS TSKEIBIX HE(PTAHBIX
octatkoB. Toukue xumuueckue mexronozuu. 2021;16(5):390-398. https://doi.org/10.32362/2410-6593-2021-16-5-390-398

INTRODUCTION

Efficient processing of heavy oil residues is an
urgent problem of the petrochemical industry. The
depletion of reserves of traditional light and medium
oils, which were a source of raw materials for the
production of motor fuels and the petrochemical
industry, has highlighted the need to increase the
depth of oil refining. Heavy high-viscosity oils
are being increasingly involved in the fuel and
energy balance, but their processing requires new
technological approaches. The resources of heavy
and bituminous oils significantly exceed the reserves
of light oils and are estimated to be 750 billion tons.
Canada (386 billion tons) and Venezuela (335 billion
tons) have the largest reserves of heavy oils. The
reserves of heavy oils in Russia (the fields of the
Volga—Ural, Timan—Pechora, and West Siberian oil-
and-gas provinces) are estimated at 30-75 billion
tons. Heavy, high-viscosity oils are characterized
by a high content of polyaromatic hydrocarbons and
asphaltene—resinous substances. In these indicators,
they are close to heavy oil residues. This potentially
allows a uniform approach to their processing [1-3].

The coking process is the most common method
for processing heavy oil residues and accounts for
up to 40% of residues. The following processes
have been used in the order of the processing
volumes: visbreaking (~34%), hydrotreating (~18%),

hydrocracking (~4%), and deasphalting (~3.5%) [4].
The same processes are also considered methods of
processing heavy oils, and research has been carried
out in many scientific centers [4-7].

Simultaneously with the traditional methods
of processing heavy oils and oil products, an active
search for new technological approaches to their
processing is underway [4, 8—10]. Mechanochemical
activation is often considered a new unconventional
method of treating heavy oil feedstock. This
suggests the generation of cavitation in an oil flow.
Cavitation is a physical process of nucleation (bubble
formation) in a liquid media followed by bubble
collapse [11-15]. Researchers have noted local
increases in temperature of up to 10000 K caused by
collapsing cavitation bubbles [16, 17]. As a result,
cracking reactions become possible, which affects
the fractional composition of oil and petrochemicals.
On the other hand, information on the changes
in the physicochemical characteristics of oil is
contradictory. Some researchers noted a decrease in
the density and viscosity of the resulting oil products,
while others suggested an increase in the content
of heavy oil fractions. A possible reason for these
contradictions is the difference in characteristics and
processing conditions [11-15]. This study examined
the influence of mechanochemical activation on
the physicochemical characteristics of petroleum
products.
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Table 1. Physicochemical characteristics of the samples

Sample
Indicator
CCG M1 M2 VG
Density, g/cm® 1.1002 0.9684 0.9478 0.8998
Yield of fractions boiling in the temperature range, wt %
From the initial boiling point (7 ,,) to 350°C 5.2 5.0 13.2 8.4
350-400°C 25.8 9.0 15.8 34.5
400-480°C 28.0 47.0 40.9
69.0
Above 480°C 58.0 24.0 16.2

Note: CCG — catalytic cracking gas oil, VG — vacuum gas oil.

MATERIALS AND METHODS

Straight-run and “secondary” petroleum products
were used as raw materials: vacuum gas oil (VGQG),
catalytic cracking gas oil (CCG), and masut (fuel oil,
M1, and M2). Table 1 lists their characteristics.

The activation of petroleum product samples was
carried out in a high-pressure disintegrator described
elsewhere [18]. The principle of action is that an oil
sample is compressed to a pressure of 20-50 MPa
and passed through a diffuser. When passing through
the diffuser, there is a sharp decrease in pressure
to atmospheric pressure, and cavitation occurs in
hydrodynamic flow. The passage of a minimum
amount of a sample (0.5 L) through the diffuser
from the high-pressure zone to the atmospheric zone
is considered a single cycle. The number of cycles
of such treatment of the raw material ranged from
1 to 10. The temperature at which the samples were
activated was chosen because gas bubbles in the liquid
volume are the nuclei of cavitation, according to
previous reports [19, 20]. Accordingly, the cavitation
intensity increases with increasing number of nuclei
in the volume of oil products. Because an increase
in temperature leads to the degassing of samples,
activation was carried out at a minimum temperature
that ensures the pumpability of the oil product
through the apparatus. Thus, for the VG, HCC, and
MI1 and M2 samples, pumpability was achieved at
30°C, 50°C, and 70°C, respectively.

The sample density was determined using the
pycnometric method. The initial boiling point,
the yield of fractions of the vacuum distillation of
petroleum products, and the refractive index were
examined by refractometry.

For fuel oil and VG oil samples, the yield of frac-
tions boiling out over the temperature ranges, 7,,,~350°C,
350-400°C,400-480°C, and>480°C, was determined.
For CCG oil, the yield was determined for fractions
boiling up to 350°C and higher. The fractions were
combined (350°C and higher) for CCG oil because
an increase in temperature above 350°C (calculated
for atmospheric pressure) during the analysis led to
hydrocarbon decomposition.

RESULTS AND DISCUSSION

For all samples investigated, the boiling-onset
temperatures and density decreased after treatment.
For example, the boiling point of sample M2 was
280°C. After five treatment cycles at a pressure
gradient of 50 MPa, the boiling-onset temperature
decreased to 250°C. More severe the activation
conditions (higher pressure gradient, more exposure
cycles) resulted in a lower density of the product
obtained (Fig. 1). Simultaneously, the characteristics
of the samples did not change after five processing
cycles.

The significant change in density was attributed
to a change in the yield of the fractions (Fig. 2). As a
result of activation, the yield of fractions boiling up
to 400°C increased, whereas the yield of the heavy
oil fraction and residue decreased. The increase in the
total yield of light and medium oil fractions depended
on the treatment pressure gradient. Hence, the total
yield of these fractions in the VG sample was 43 wt %.
After five treatment cycles at 20 and 50 MPa, the
yield was 46.5 and 52.6 wt %, respectively, showing
an increase with increasing pressure.
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0 1 2 3 4 5 6 7 8 9
Number of processing cycles

Fig. 1. Influence of the activation conditions
on the CCG sample density. Pressure gradient, MPa:
(1) 20; (2) 30; (3) 40; (4) 50.
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Fig. 2. Influence of the number of activation cycles
on the M2 sample fractional composition.
Pressure gradient 50 MPa.

Fractions: (1) 7., —400°C; (2) 400—-480°C; (3) residue.

IBP

After sample activation, both the fractional
composition and the physicochemical characteristics
of the individual fractions changed (density and
refractive index). For all samples studied, an increase
in the pressure gradient and the number of processing
cycles led to a decrease in the refractive index
and the density of fractions boiling up to 480°C.
Simultaneously, the density of the fraction with a
boiling point above 480°C increased (Figs. 3 and 4).

The changes in the density and refractive index
for all oil products under consideration were identical.
Increasing the number of activation cycles of samples
to more than five had little additional effect on the
sample characteristics.

The relationship between the original sample
density and the changes that occurred as a result of
its processing was noted: the higher its density, the
more significant the changes. For example, the yield

Refractive index

Density, g/cm?

1.525
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1.510 L 2
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0 1 2 3 4 5 6 7 8 9 10
Number of processing cycles
Fig. 3. Influence of the number of activation cycles
on the refractive index of the M2 sample fractions.
Pressure gradient was 40 MPa. The boiling temperature
of the fractions, °C: (1) T,,,-350; (2) 350-400;
(3) 400-480.
1.04 -
M "
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1.00
4
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Fig. 4. IInfluence of the pressure gradient
on the M1 sample fractions density;
five cycles of activation.

The boiling temperature of the fractions, °C:
(1) T,,,=350; (2) 350-400; (3) 400-480;
(4) residue.

of fractions with a boiling point of up to 400°C for
the VG sample (initial density 0.8998 g/cm®) was
42.9 wt %. After five-time treatment at 50 MPa, it
increased to 52.6 wt %, i.e., it increased by 9.7%. For
the M1 sample (density 0.9684 g/cm?), the yield of
this fraction under the same processing conditions
increased by 14.8%, and for the GCC sample (density
1.1002 g/cm?), by 24.5 wt %.

The authors of [21] have revealed the formation
of unsaturated hydrocarbons when treating alkanes, a
decrease in the samples boiling points studied by us,
and a change in the physicochemical characteristics
of their individual fractions. We can explain this
by an increase in temperature as a result of the gas
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Table 2. Influence of the activation conditions on the average molecular weight of the fraction

boiling in the 7;,,-350°C temperature range

Mechanochemical activation conditions Average molecular weights of samlpes
Number of processing Processing pressure, VG M1 M2 CCG
cycles MPa
Original sample 219 239 236 200
20 218 238 235 197
1
50 213 230 229 192
20 215 232 230 194
5
50 210 225 224 189

bubbles collapse upon cavitation. We assumed that a
local increase in temperature resulted in the formation
of alkenes and hydrocarbons with a lower molecular
weight as a result of cracking reactions. These
hydrocarbons are characterized by lower densities
and refractive indexes.

Table 2 shows the influence of the activation
conditions on the average molecular weight of the
fraction boiling out in the T,,,~350°C temperature
range for the samples studied.

The average molecular weight was estimated using
the formula recommended for narrow oil fractions [19]:

M =(160-5K)—0.075T,, +0.000156KT>

av. 2

where T is the fraction average boiling point, and
K is the characteristic factor calculated based on the
fraction density and average boiling point [22].

This formula was chosen because the difference
between the calculated and experimental values
(determined by the cryoscopic method in a Cryon-1
installation, benzene solvent) did not exceed 10%.
For example, for the fraction with boiling points
of 400-480°C (sample M1, 5 treatment cycles at a
pressure of 50 MPa), the experimental and calculated
average molecular weights were 350 and 388 units,
respectively.

For all the samples studied, the average molecular
weight of the fraction boiling at 7, ,~350°C decreased.
The molecular weight of fractions with boiling
points of 350-400°C remained relatively unchanged.

In the case of fractions with high boiling points,
the molecular weight increased. For fractions with
boiling points above 480°C (residue), the result was
consistent with an increase in density.

CONCLUSIONS

The results indicated the effectiveness of a
mechanochemical treatment to increase the depth
of oil refining (to increase the yield of light and
oil fractions). This method has the potential for
processing high-viscosity, highly resinous oils.
These results also showed that along with cracking
reactions, compaction processes also occur, which
confirms the data on the occurrence of hydrocarbon
cracking reactions under the influence of cavitation
reported elsewhere.
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Abstract

Objectives. Synthesis and study of the properties of copolymers of vinyl benzyl alcohol (VBA)
with styrene with antimicrobial properties.

Methods. The study employed infrared (IR) and nuclear magnetic resonance (NMR) spectroscopy,
thin-layer chromatography, viscometry, and elemental analysis. The sessile drop method and
the pencil method were respectively utilized to determine the contact angles and hardness of
the films. The process of testing the film coatings’ resistance to the effects of molds consisted of
contaminating the film coatings applied to the glass with mold spores of the All-Russian Collection
of Microorganisms in a solution of mineral salts without sugar (Czapek—-Dox medium,).

Results. Homopolymers of vinyl benzyl acetate and its copolymers with styrene were
synthesized in this study. Homo- and copolymers of VBA were obtained by saponification. IR and
proton NMR (*H NMR) spectroscopy determined the composition of the copolymers. Employing
IR spectroscopy, the degree of saponification was monitored by the appearance of the hydroxyl
group absorption band and the disappearance of the ester group absorption band. According
to the IR spectroscopy data, only an insignificant (~3%) amount of ester groups remains in the
saponified copolymers. The influence of the copolymers’ composition on their solubility in various
solvents is demonstrated. IR spectroscopy of the copolymers revealed hydrogen-bond formation
between the unreacted ester groups and hydroxyl groups formed due to the saponification. The
viscometry of the solutions of mixtures of saponified and unsaponified copolymers, solutions
of mixtures of saponified copolymer with polyvinyl acetate, and viscometry of saponified
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copolymers in various solvents all support this conclusion. These bonds’ concentration depends
on the copolymer’s composition and can be controlled by the nature of the solvent from which
these copolymers’ films are formed. Saponified copolymer solutions form smooth, transparent
film coatings with excellent adhesion to metals and silicate glass surfaces. The contact angle
of these films, like the hardness, decreases as the VBA units’ concentration in the copolymers
increases and depends on the solvent polarity used to form the films. It has been demonstrated
that increasing the VBA units concentration suppresses the microorganisms’ growth.
Conclusions. Film coatings made of copolymers of styrene with VBA have been shown to have
high biocidal activity against molds; can be used to protect structural materials and products
from the effects of microorganisms.

Keywords: biocidal properties, vinyl benzyl acetate, hydrogen bonds, saponification, film
coatings, polyvinyl benzyl alcohol, copolymerization, styrene
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AnHOmMmauus

IMenu. CuHme3 u usyueHue ceolicme COnoauUMepos8 suHuUNbeH3unro8o2o cnupma (BBC) co cmupo-
JIOM, 061A0AOUUX AHMUMUKPOOHBLMU CE0TICMEaMU.

MemooOusl. B pabome uchonv3ogaHbl makue memoodsl kax HK- u SIMP-cnexmpockonus, moH-
KOCNOUHASL XPpOMaAMO2PpaAPuUsl, 8UCKOIUMEMPUS U dlemeHmHbLi aHaaus3. Kpaesvle yanvl emadu-
8aHusl U meepoocmb NIEHOK ONpeodesisiii Memooom cudsueli Kanau u «<memooom KapaHOaulay,
coomeemcmeeHHo. MemoO ucnoimaHuil cmoilikocmu NJeHOUHbLX NOKPblIMUll K 8030elicmauto
nsecHessblx 2pubos 3aKNUANCS 8 3APAIKEHUU NAECHOUHBLX NOKpbiMUll, HAHECeHHbIX Ha CMeKad,
cnopamu naecHeswvlx 2pubos Bcepocculickoll KONNEeKUUU MUKPOOP2AHUSMO8 8 pacmeope MuHe-
panbHblx coneti be3 caxapa (cpeda Yanexa-/lokca).

Pesynomameut. B pabome cuHmesupo8aHsbl 20MONOAUMEPLL BUHULOEH3UNAUeMmama U e20 CONONU-
mepul co cmupoaom. Hx omoineHuem nonyueHvl 20mo- u conoaumepol BEC. Cocmag conoaumepos
onpedeneH HK- u 'H 4MP-cnekmpockonueii. CmeneHb omblieHUst KoHmpoauposanu HK-cnek-
mpocKonueil no NOsI8AEHUIO NOJIOCbL NO2TI0ULeHUSL 2UOPOKCUNBHOU 2pYNnbl U UCUE3HOBEHUID NOJIOCHL
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No2oueHUSL CLOAKHOIPUPHOU epynnbt. TTo darHHbiM HK-cneKkmpocKkonuu 8 OMblIeHHbIX CONOU-
Mepax ocmaemcst AUb HesHauumensvHoe (~3%) Koauuecmeo cioiHosgpupHsix epynn. TlokazaHo
8/IUSIHUE COCMABA CONONUMEPO8 HA UX PACMEOPUMOCMb 8 PACMBOPUMEIX PASAUUHOU NPUPOObL.
HK-cnexmpockonuell conoaumepos nokasaHo obpaszosarue 8000p00HbLX casi3eli Mesx0y Henpope-
a2UPO8ABUUUMU CIOIAHOIPUPHBIMU 2pYNNamMi U 00pa308G8ULUMUCS 8 pe3ylbmame OMbLAEeHUS
2UOPOKCUNBHBIMU 2pynnami. Omom 8bl800 noomeepKoeH guckozumempuell pacmeopos cmecetl
OMbUIEHH020 U HEOMbLIEHH020 CONONUMEPO8, PACMBOPO8 CMecell OMbIIeHH020 CONOAUMEPA C
NOUSUHUNAUEMAMOM U SUCKO3UMEeMPUET. OMbLIEHHBLX CONONUMEPO8 8 PACMBOPUMENIX PA3-
AUUHOU npupodsl. KoHueHmpayus smux cesideli 3a8ucum om cocmaga CONOAUMEPA U MONEm
peayauposamsbcst Npupoooll pacmaopumenst, U3 Komopoao popmupyromest NIeHKU 9Mmux Cono-
aumepos. M3 pacmeopo8 OMbLAEHHbIX CONOUMEPOS hopmupyromest 2aadKue npo3pauHvle nie-
HOUHblEe NOKPbIMUSL C 8blLCOKOU adze3ueli K NOBePXHOCMAM MemaJsiog U CUNUKAMHO20 CMeKaa.
Kpaesoli yzon cmauusaHust amux NIEHOK, KaK U meepooCcmb, YMeHbUaAemes ¢ YygeiuueHuem
KOHUeHmpayuu 8 conoaumepax 3eeHvee BEC u 3agucum om NOASPHOCMU pacmeopumeist, U3
pacmeopa 8 Komopom chopMupo8aHsvL haieHKU. ITokasaHo, umo yeeauueHue KOHUEHMpayuu 38e-
Hbee BBEC npusooum K no0asieHuro pocma MUKpOOP2aHUIMO8.

Bbteoout. [IorxasaHo, umo njaeHOUHble NOKpblmus U3 conoaumepog cmupoaa ¢ BBC obaradarom
8blLCOKOU BUOYUUOHOT AKMUBHOCMbBIO NO OMHOULEHUIO K NJleCHe8blM epubam u moeym bbimb uUc-
NObL308AHbL 0L 3AULUMbL KOHCMPYKUUOHHBLX MAMEPUAIO8 U U30eNUll U3 HUX om go30elicmaust
MUKPOOP2AHUIMOS.

Knroueevle cnoea: 6uoyudHble c80licMaa, BUHUIOeH3UAUemam, 6000poOHble C8s3U, OMbLIEHUE,

nJieHOUHble NoKpoblmusi, NOAUBUHUNOEH3UN08bLIL cnupm, conosiumepusayust, Cmupos

Jlna yumuposanusa: I'ycapo M.B., Kpeuto A.B., Jlemesas E.A., TBepckoit B.A. Cunre3 u cBoiicTBa COMOMMMEPOB BUHUJI-
OCH3MIIOBOTO CNUPTA CO CTUPOJIOM. ToHkue xumuyeckue mexvorocuu. 2021;16(5):399—413. https://doi.org/10.32362/2410-6593-

2021-16-5-399-413

INTRODUCTION

The synthesis and investigation of the properties
of polymers containing functional groups of diverse
nature with antimicrobial properties have piqued the
interest of researchers in recent years, as summarized
in reviews and monographs [1-9]. Unlike low
molecular weight compounds, polymer biocides
allow the formation of protective films that are
resistant to microorganism colonization, and they do
not “sweat out” the biocide. The biocidal properties
of such polymers should, of course, depend on the
concentration of the functional groups that provide
these properties. In most cases, these polymers
are obtained by chemically modifying precursor
polymers containing functional groups that can be
converted through chemical reactions into biocidal
ones or introducing groups with biocidal properties
into the structure of a macromolecule [10].

Phenols, other aromatic alcohols, and their
derivatives are known to have a broad spectrum
of biocidal action [11]. Carbon-chain polymers

containing phenolic groups can only be obtained
through chemical modification, which is associated
with the inhibition of polymerization of monomers
containing groups of aromatic phenols and a benzyl
alcohol group with properties similar to them. Thus,
in [12-16], polymers containing units of vinyl
benzyl alcohol (VBA) were obtained by chemical
modification of polymers containing units of vinyl
benzyl chloride (VBC). The modification included the
acylation of the polymers’ benzyl chloride groups with
potassium acetate, followed by their saponification
with the VBC units formation. However, according to
[14-16], intermolecular simple ether bonds are formed
in polymers with a high content of chloromethyl
groups, resulting from saponification, and benzyl
alcohol groups, resulting from the interaction of
residual chloromethyl groups with benzyl alcohol
groups. It was proposed in [17] that obtaining
copolymers of VBA by copolymerization of vinyl
benzyl acetate (VBACc) followed by saponification of
these copolymers will lead to excluding the formation
of these intermolecular bonds.
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This study employed this method to synthesize
polyvinyl benzyl alcohols and copolymers of VBA
with styrene and study their properties.

EXPERIMENTAL

Materials

VBC (Sigma-Aldrich, USA), which is a mixture
of m-(60%) and p-isomers (40%) stabilized with
4-tert-butylpyrocatechin (Sigma-Aldrich), is used for
VBA synthesis without additional purification.

Styrene, pur. (Angara-Reaktiv, Russia), was
washed from hydroquinone using a 30% aqueous
solution of caustic potassium, washed with water
from excess alkali to a neutral reaction of washing
waters, dried over calcined calcium chloride, and
distilled under vacuum, selecting a fraction at 46°C
and a pressure of 30 mm Hg.

Potassium acetate, puriss. (Reachim, Russia),
was drained by azeotropic distillation of water with
benzene.

Dimethyl sulfoxide (DMSO), puriss. (Chimmed,
Russia), was dried by holding over calcined calcium
chloride for several days, then held over calcium
hydride for 6 h at 80°C, followed by distillation over
a fresh portion of calcium hydride at 130°C and a
residual pressure of 25 mm Hg.

Before use, azobisisobutyronitrile (AIBN) was
recrystallized from methyl alcohol.

The remaining reagents and solvents were used
without additional purification because they were
purely reactive.

Methods of analysis

Using 'H NMR and IR spectroscopy, the
composition of VBAc copolymers with styrene and
the degree of their saponification were calculated.
The 'H NMR spectra of the VBAc copolymer
solutions in C,D,and VBA copolymers in DMSO-d,
were recorded on a DPX-300 spectrometer
(Bruker, Germany). Quantitative processing of
"H NMR spectra was carried out in the MestReNova
program'. IR spectroscopic studies were performed
on an Equinox 55 spectrometer (Bruker) in KBr
tablets and polymer films formed on germanium
plates.

Viscometric measurements were conducted in a
Ubbelohde viscometer at 30°C.

Films were formed from polymer solutions on
silicate glass substrates to determine the film coatings’
hardness, the wetting edge angles, and the resistance
of these films to the effects of mold fungi.

! Mestrelab Research S.L. https://mestrelab.com/

The wetting edge angles at the sample-water-
air interface were determined by the sedentary drop
method.

The films’ hardness was determined by the pencil
method [18] according to GOST P 54586-2011 (ISO
15184:1998)2.

The film coatings’ resistance to the effects of
mold fungi was evaluated using mold fungi of the All-
Russian Collection of Microorganisms of the following
species according to GOST 9.049-91° (method 1):
Aspergillus  niger van Tieghem, VKM F-1119;
Aspergillus terreus Thom, VKM F-1025; Aspergillus
oryzae (Ahlburg) Cohn, VKM F-55; Chaetomium
globosum Kunze, VKM F-109; Paecilomyces varioti
Bainier, VKM F-378; Penicillium funiculosum Thom,
VKM F-1115; Penicillium chrysogenum Thom,
VKM F-245; Penicillium cyclopium Westling, VKM F-265;
Trichoderma viride Pers. ex S. F. Gray, VKM F-1117.

In the absence of mineral and organic
contaminants, this method establishes the materials’
fungus resistance and their components. An
association of fungal spores with a concentration of
9-10° in 1 mL (1-10° in 1 mL of each type of spore)
was used for infection.

The films were tested using the following
method, which establishes the mushroom resistance
of the materials in the absence of mineral and organic
contaminants under optimal conditions for the mold
fungi development, but without an additional power
source.

The test method consisted in infecting the film
coatings applied to the glass with mold fungi spores
in a solution of mineral salts without sugar (Chapek—
Doks medium). As a result, fungi could only grow in
the nutrients contained in the material.

Infection of samples in sterile Petri dishes was
carried out by evenly applying a prepared suspension
of fungal spores to the surface of the dishes. The open
Petri dishes with samples were kept for 28 days, after
which the content and composition of microorganisms
were taken into account on experimental samples
according to the six-point scale (GOST 9.049-91)
given in Table 1.

Synthesis methods
The acylation of VBC was done using a method
similar to that described in [12, 19]. DMSO (85 mL),
VBC (34 mL, 0.24 mol), and potassium acetate

2GOST P 54586-2011 (ISO 15184:1998). Paints and varnishes.
Determination of film hardness by pencil test. Moscow:
Standartinform; 2012.

3 GOST 9.049-91 (Method 1). Unified system of corrosion and
ageing protection. Polymer materials and their components.
Methods of laboratory tests for mould resistance. Moscow:
Izd. Standartov; 1992.
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Table 1. Scale of fungi growth in scores

Score Score characteristic
0 Mold growth is not visible when viewed under a microscope
1 When viewed under a microscope, germinated spores and slightly developed mycelium
in the form of unbranched hyphae are visible
2 When viewed under a microscope, mycelium is visible in the form of branching hyphae, sporulation is possible
3 When viewed with the naked eye, fungal growth is barely visible, but clearly visible under a microscope
4 When viewed with the naked eye, the growth of fungi is clearly visible,
covering less than 25% of the tested surface
5 When viewed with the naked eye, the growth of fungi is clearly visible,
covering more than 25% of the tested surface

(27 g, 0.28 mol) were sequentially loaded into a
flask and stirred for 48 h at 40°C. The filtered acetate
and potassium chloride solution was then poured
into 300 mL of water, and VBAc was extracted
with ethyl acetate. The extract was rinsed with a
3% sodium bicarbonate aqueous solution and dried
over sodium sulfate. After removal at a reduced
pressure of ethyl acetate, an oily brown product was
obtained. The precipitate of 4-tert-butylpyrocatechin
released from the product was removed from the
filter after it was diluted with hexane. The resulting
VBAc was separated from the unreacted VBC on a
chromatographic column (silica gel, hexane—ethyl
acetate 5:1 mixture). Hexane and ethyl acetate were
removed on a rotary evaporator. The VBAc had a 65%
yield. Elemental analysis, thin-layer chromatography,
and IR spectroscopy all confirmed the absence of
VBC in the product. In the IR spectrum, there are
no bands of valence vibrations of the C—Cl bond at
v = 683 cm ! and fan deformation vibrations of the
CH,CI group 6 = 1266 cm™. In turn, the appearance in
the IR spectrum of the product of valence vibrations of
the ester group v = 1745 cm™! confirms the presence of
acetate groups in the reaction products.

VBAc polymerization and its copolymerization
with styrene were carried out at 70°C in benzene in
nitrogen-purged ampoules with a total concentration
of monomers of 1.75 mol/L. AIBN (3.00 mol %
relative to the total concentration of monomers)
was employed as the initiator. Polymers from the

solution were precipitated with isopropyl alcohol at
the end of copolymerization and re-precipitated from
the solution in benzene with isopropyl alcohol. The
resulting white polymers were vacuum dried to a
constant mass at 50°C.

Saponification of the obtained VBAc copolymers
with styrene and polyvinyl benzyl acetate (PVBAc)
was carried out with sodium hydroxide in a mixture
of 1,4-dioxane with water (2/1 by volume) at 80°C
for 20 h while stirring the solution with a magnetic
stirrer. At the end of the process, the polymers
were precipitated from the solution with a weak
hydrochloric acid solution, repeatedly washed with
this solution, vacuum dried at room temperature to a
constant mass.

RESULTS AND DISCUSSION

The copolymerization constants of styrene and
VBAc were calculated using the Feineman—Ross
method for the compositions of copolymers determined
by '"H NMR spectroscopy at low (up to 10%) conversion
of monomers.

In the '"H NMR spectrum, the signals of proton-
containing PVBAc groups (Fig. 1) represent
broadened signals that is characteristic for polymers.
The signals of the methylene (CH,) and methine
(CH) groups of the macromolecule’s main chain are
manifested in the region 6 = 1.58-2.04 ppm. The
signals of acetate groups (CH,) 6 = 1.87 ppm fall
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into the same region, which makes it possible to
determine the ratio of phenyl and phenyl acetate units
in the copolymer using the 'H NMR method. The
signals of ~CH - groups of benzyl acetate fragments
are significantly shifted to the low-field region and
manifest themselves at 6 = 5.1 ppm. Additionally, the
ratio of units in the copolymer was checked analyzing
the material balance using the signals of the aromatic
ring protons in the region & = 6.71-7.57 ppm.
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Fig. 1. "H NMR spectrum of PVBAc in C,D,.

The values of copolymerization constants found
were r, = 0.9 and r, = 1.0, and they were close to
the values of these constants previously determined
using the Kelen—-Tudosh method [17]: », = 0.78
and r, = 1.33. In this study, polymerization was
conducted in toluene at 60°C.

The close reactivity of these monomers under
the copolymerization conditions adopted in this
study made it possible to synthesize copolymers
whose macromolecules differ little in composition
regardless of the degree of monomer conversion. These
copolymers dissolve in the same solvents as polystyrene:
in benzene, toluene, 1,4-dioxane, tetrahydrofuran,
chloroform, acetone, and N,N-dimethylformamide
(DMFA), and do not dissolve in lower alcohols and
water. Unlike polystyrene, copolymers containing
from 28 to 84 mol % of VBAc units are dissolved in
DMSO.

IR spectroscopy of PVBAc and VBAc copolymers
with styrene of various compositions confirmed the
data obtained using 'H NMR spectroscopy.

The analysis of the IR spectra of these polymers
showed that the position of the valence vibration
band of the carbonyl group v(C=0) in the VBAc
units varied depending on the content of these units
in the copolymer. Thus, in the IR spectra of PVBAc
and a copolymer containing 84 mol % of VBAc units,

there was one band at 1737 cm™ (Fig. 2a and 2b).
With a decrease in the content of VBAc units in the
copolymer to 52 mol %, this band split into two bands
with maxima at 1746 and 1728 cm™ (Fig. 2c¢).
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Fig. 2. IR spectrum of (a) PVBAc, (b) styrene copolymers
with VBAc containing 84 mol %
and (c¢) 52 mol % of VBAC units.
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The position of the valence vibration band of the
ether group also changed. In PVBAc and a copolymer
containing 84 mol % of VBAc units, this band had a
maximum at 1031 cm™ (Figs. 2a and 2b). In the IR
spectrum of a copolymer containing 52 mol % of VBA
units, this maximum shifted to 1027 cm™! (Fig. 2c¢).

It is possible that this shift and splitting of the
vibration band of the carbonyl group are associated
with a change in the macromolecule conformation
caused by a change in the balance of hydrophobic
(styrene) and hydrophilic (VBAc) units in it.

As described in Experimental, the saponification
of ester groups in the synthesized VBAc copolymers
with styrene and PVBAc was conducted with sodium
hydroxide in a solution of an 1,4-dioxane/water
mixture at 80°C for 20 h with a significant excess
of alkali in relation to the number of acetate groups.
Table 2 shows the ratios of the concentrations of
copolymers and alkali solution and the yields of the
saponified copolymers obtained.

The solubility of saponified copolymers in various
solvents depends on their composition (Table 3).
They do not dissolve in water and dissolve in such
highly polar organic solvents as DMFA and DMSO.
Saponified copolymers containing less than 60 mol % of
styrene units do not dissolve in benzene and toluene.
All unsaponified copolymers do not dissolve in lower
alcohols. On the contrary, copolymers with a high
content of VBA units (more than 62 mol %) acquire
solubility in them after saponification.

In '"H NMR spectra in DMSO-d, (Fig. 3)
obtained by saponification of copolymers, positions
of the CH, and CH groups’ signals in the main chain
of the macromolecule changed little compared to
unsaponified samples and were manifested in the
region 6 = 1.42-2.04 ppm. The chemical shifts of
protons of the phenyl groups were observed in the

region 0 = 6.54-7.56 ppm. The most significant
change was observed for the signal ~CH,— group
benzyl acetate fragment, the chemical shift of which
moved from & = 5.10 to 4.40 ppm due to the lower
polarity of the hydroxyl group in comparison with the
acetate group.

IR spectra of saponified copolymers confirmed
the data of '"H NMR spectroscopy. In the IR spectra
of saponified copolymers (Fig. 4), compared with
the considered spectra of unsaponified copolymers
(Fig. 2), there were a wide valence vibration band
(3442-3355 cm™') and an in-plane deformation
vibration band (1374-1368 cm™) of the benzyl
alcohol hydroxyl group. In the spectrum, a band of
1122 cm™ corresponding to valence vibrations of the
C-0 bond in alcohols appeared, whereas the bands of
1746-1728 cm™! related to vibrations of the carbonyl
group practically disappeared. This allows concluding
that there is a high degree of saponification in all
the copolymers obtained and a low concentration of
residual acetate groups in them.

The appearance of a band with a maximum
of ~1700-1691 cm™ in the spectra of saponified
copolymers suggests the presence of intermolecular
and intramolecular hydrogen bonds between the
carbonyl group of unsaponified chain units with the
hydroxyl group of VBA units. Moskala [20] observed
such a low-frequency shift of the carbonyl group band
inthe IR spectra of a mixture of polyvinylphenol (PVP)
with polyvinyl acetate (PVA). The valence vibration
band of the PVA carbonyl group had a maximum of
1739 em™'. When mixing PVA with PVP, a shift of
this band to 1714 cm™' was observed. The intensity of
this band increased with an increase in the content of
PVP. This band refers to the valence vibrations of the
carbonyl group bound via a hydrogen bond with the
hydroxyl group of phenol.

Table 2. Conditions for the saponification of PVBAc and VBAc copolymers with styrene

and the yields of saponified copolymers

Copolyl.n.ers’

ol Tooruns | o VBAcunis, MO v | IOUINACL | 110 e, | Libiosane | Vit
Styrene VBAc mmol of units

82 18 1.5 15.1 10.1 9.3 18.6 81
60 40 3.0 30.0 10.0 60.0 120.0 52
48 52 24 243 10.1 5.5 11.0 79
38 62 4.2 20.9 4.9 8.3 16.6 80
16 84 5.2 25.8 5.0 8.3 16.6 99
0 100 1.1 5.6 5.1 1.7 3.4 49
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Table 3. Solubility of styrene copolymers with VBAc and with VBA

in solvents of various nature (“+” is soluble,

_

is insoluble)

Copolymer
composition, Solvents
mol % of units
E
5
<
S
£ g
% L g L %) E ; —g L =
] = -
3 S| 2 || E| S| 5| €| E| S| 5|2 |5 |52 &
S e E|E|E| 5| 2|5 22|22 5 2 ¢
2 <+ - = = s g | < = < = _
- o £ =
=
- 100 0 0 + + + + - + - - + - -
Acetate 18 - + + + + - + - - + - -
82
Saponified 2 16 | + + + + - + - - + + _
Acetate 40 - + + + + - + - - + + -
60
Saponified 2 38 — — — _ _ _ _ _ + + _
Acetate 52 - + + + + - + - - + + -
48
Saponified 7 45 + - - + - + — — + + _
Acetate 62 - + + + + - + - . + + -
38
Saponified 3059 | + - - + + + + + + + _
Acetate 84 - + + + + - + - - + + -
16
Saponified 3 81 + - - + + + + + + + -
Acetate 100 | - + + - + - + - - + - -
0
Saponified 3 97 | + - - + - - + + + + -
Dielectric constant 22 | 23 | 24 | 47 | 7.6 | 183 | 209 | 243 | 32.6 | 36.7 | 45.0 | 81.0

Comparison of the IR spectra of saponified
copolymers showed that with increasing the saponified
units’ content in the copolymer, the maximum
friequency of the valence vibration band of the -OH
group in the region v = 3500-3100 cm™' shifted to
lower frequencies (Fig. 5), indicating the formation
of more strong hydrogen bonds involving hydroxyl
groups. The reduction in the width of this band in its

half-height indicates an increase in the exchange rate
between free and associated hydroxyl groups.

In the IR spectra of saponified copolymers with
a low (16 mol %) content of VBA units, there is a
band of 3583 cm™ (Fig. 6) related to vibrations in
free nonhydrogen-bonded —OH groups, whereas is
no this band in the spectra of copolymers with a high
(81 mol %) content of these units (Fig. 4b).
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Fig. 3. "H NMR spectra of dissolved in DMSO-d, (a) styrene copolymers (82 mol %) containing VBAc (2 mol %) and
VBA (16 mol %) units and (b) VBAc copolymers (3 mol %) containing VBA (97 mol %) units.

1.5 2.0

Absorbance
1.0

0.5

I}
JW\
ol

|
|

|

i

3000

Wavenumber, cm!

L

T
2000

a

\
1000

15 20

Absorbance
1.0

0.5

o (VN

J

3000

2000

1000

Wavenumber, cm~!

b
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Fig. 5. Dependence of the maximum of the 3442-3355 cm™
band in the IR spectra of saponified VBAc copolymers
with styrene on the content of VBA units in them.
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Fig. 6. IR spectrum of the styrene copolymers
(82 mol %) containing VBAc (2 mol %)
and VBA (16 mol %) units.
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The formation of hydrogen bonds between the
hydroxyl and carbonyl groups in these copolymers
was confirmed using IR spectroscopy of a mixture of
saponified (60%) and unsaponified (40%) copolymers
with a low (16 mol %) content of styrene units (Fig. 7).
In comparison with the IR spectrum of the saponified
copolymer, the maximum of the valence vibration
band was strongly shifted to the low-frequency region
in the spectrum of the mixture: from 3442 cm™ in the
spectrum of the saponified copolymer to 3387 cm™ in
the spectrum of the polymer mixture.
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Fig. 7. IR spectrum of the mixture of saponified (60%)
and unsaponified (40%) VBAc copolymers
containing 16 mol % of styrene units.

A similar low-frequency shift of this band was
observed in the IR spectrum of a saponified copolymer
and PVA mixture (Fig. 8). These conclusions are
consistent with the results of the study [20] on inter and
intramolecular interactions in a mixture of PVP—PVA.
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Fig. 8. IR spectrum of the mixture of saponified VBAc
copolymers containing 16 mol % of styrene (40%)
with PVA (60%) units.

The conclusion about the formation of
intermolecular hydrogen bonds was confirmed using
the viscometry of the copolymer mixtures’ solutions
before and after saponification and by the dependence
of the reduced viscosity on the concentration of
copolymer solutions with a high content of VBA
units.

Figure 9 shows the dependence of the reduced
viscosity of the solutions of saponified and unsaponified
copolymer mixtures (containing 16 mol % of styrene
units) on the composition of these mixtures and
a similar dependence for mixtures of the same
saponified copolymer with PVA. The deviation of
these graphs upwards from additivity indicates clearly
the formation of intermolecular bonds in the solutions
of these polymer mixtures.
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Fig. 9. Dependence of the reduced viscosity of the solutions on the composition of (a) saponified and unsaponified
copolymer mixtures containing 16 mol % of styrene units, and (b) saponified copolymer mixtures containing 16 mol %
of styrene units with PVA. The solvent is 1,4-dioxane, 30°C. The concentration of the polymer mixture, g/dL: (a) 1 and (b) 2.
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The viscometry of saponified copolymer
solutions in various solvents also indicated the
formation of intermolecular hydrogen bonds in them
(Fig. 10). The dependencies of the reduced viscosity
on the concentration of the solutions of polystyrene
and copolymers with a high content of styrene units
in benzene are linear (Fig. 10a). In a nonpolar solvent,
such as benzene, macromolecules of copolymers
have a conformation in which the VBA units are
located inside the tangle of the macromolecule.
These dependencies are also linear for the solutions
of polystyrene and copolymer with a high (48 mol %)
content of styrene units in 1,4-dioxane (Fig. 10b).
However, for the solutions of copolymers with
a low (16 mol %) content of styrene units and a
copolymer that does not contain styrene units, these
dependencies are nonlinear. There is an increase in
the reduced viscosity associated with the formation of
intermolecular hydrogen bonds. These dependencies
for the solutions of copolymers with a high content
of VBA units in isopropanol have similar forms
(Fig. 10c).

As the result, hydrogen bonds between both
hydroxyl and hydroxyl and carbonyl groups are
realized in the VBA copolymers. The concentration
of these bonds depends on the composition of the
copolymer and can be regulated by the solvent from
which the films of these copolymers are formed.

Solutions of VBA and styrene copolymers form
smooth rigid transparent colorless film coatings with
high adhesion to metal and silicate glass surfaces.
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Table 4 shows that the films’ wetting contact
angles characterizing the hydrophobicity of their
surface decrease with increasing the concentration
of VBA units in the polymers. The wettability of the
films depends on the solvent from which the films
were formed. The contact angles of the films with a high
content of VBA hydrophilic units and a low (16 mol %)
content of styrene units were higher when forming
films from a solution in 1,4-dioxane (dielectric
constant is 2.2) than when forming from solutions in
a more polar solvent—isopropyl alcohol (dielectric
constant is 18.3). Such a change in the contact angle
is due to the dependence of the macromolecule
conformation on the solvent, which leads to a change
in the concentration of VBA hydrophilic groups on
the surface of the macromolecule tangle, i.e., their
concentration is higher when the formation of films
from a solution in isopropyl alcohol.

Such a change in the conformation of
macromolecules is reflected in the hardness of the
formed films too. Table 4 shows that the film formed
from a solution in isopropanol had a lower hardness
than the film formed from a solution in 1,4-dioxane.
As expected, for films formed from the same solvent
(1,4-dioxane), the polystyrene film has the highest
hardness. The hardness decreases wth an increase in the
VBA units’ concentration in the polymer.

Table 5 shows the results of microbiological tests
of the saponified VBAc copolymers with styrene.
Polystyrene had low fungicidal activity (fungi growth is
3 points). The introduction of even a small concentration
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Fig. 10. Dependence of the reduced viscosity on the concentration of solutions of styrene copolymer with VBA
at 30°C in (a) benzene, (b) 1,4-dioxane, and (c) isopropanol.
(a): 1-polystyrene; 2—styrene copolymer (48 mol %) with VBAc (7 mol %) and VBA (45 mol %) units;
3—styrene copolymer (82 mol %) with VBAc (2 mol %) and VBA (16 mol %) units.

(b): 1-VBACc copolymer (3 mol %) with VBA (97 mol %) units; 2—styrene copolymer (48 mol %) with VBAc (7 mol %)
and VBA (45 mol %) units; 3—polystyrene; 4—styrene copolymer (16 mol %) with VBAc (3 mol %) and VBA (81 mol %) units.
(c): 1-styrene copolymer (16 mol %) with VBAc (3 mol %) and VBA (81 mol %) units; 2—styrene copolymer (38 mol %)
with VBAc (3 mol %) and VBA (59 mol %) units.
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Table 4. Contact angles and the hardness of saponified VBA ¢ copolymers’ films with styrene

Content of styrene units in the Solvent Contact angle of wetting, Hardness
copolymer, mol % degree
100 90
82 85
H
48 80
1,4-dioxane
38
16 77
HB
0
16 Isopropanol 62 B

Table 5. Fungi growth on film coatings of the styrene copolymers with VBA of various compositions, in scores

Styrene copolymers with VBAc and VBA units, mol % .
Fungi growth,
scores
Styrene VBAc VBA
100 0 0 3
82 2 16 1
48 7 45
38 3 59
0
16 3 81
0 3 97

of VBA units (16 mol %) into the composition of a
macromolecule led to an increase in the copolymer
biocidal activity. A further increase in the VBA units’
concentration in the copolymer (45 mol % or more)
led to complete suppression of the microorganisms’
growth.

Thus, the styrene copolymers with VBA units
are effective biocides that inhibit the growth of mold
fungi.

CONCLUSIONS

It has been demonstrated that copolymerization
of VBAc followed by saponification of ester groups
in these copolymers yields soluble VBA copolymers
in a wide range of compositions. Saponification
occurs quantitatively in mild conditions. '"H NMR and
IR spectroscopy established the structure of styrene
copolymers with VBAc and these copolymers, after

saponification of the ester groups of the VBAc units
with the formation of the VBA units.

IR spectroscopy of copolymers and the viscometry
of the solutions of saponified and unsaponified
copolymers mixtures, solutions of mixtures of
saponified copolymer with PVA, and viscometry of
saponified copolymers in different solvents reveal
that the hydroxyl groups in these saponified polymers
form inter and intramolecular hydrogen bonds when
interacting with each other and carbonyl groups of
ester groups of unreacted VBA units.

It is shown that all saponified copolymers form
smooth, transparent film coatings on metals and
silicate glass. The hardness and edge angle of wetting
of these films decreases with increasing concentration
in the copolymer of the VBA units and depends on the
solvent’s polarity from which the films are formed.
In terms of mold fungi, these coatings have high
biocidal activity.
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Abstract

Objectives. This paper presents data on the development and study of the structural properties of
iron-doped crystalline silicon (nc-Si/SiO /Fe) nanoparticles obtained using the plasma-chemical
method for application in magnetic resonance imaging diagnostics and treatment of oncological
diseases. This work aimed to use a variety of analytical methods to study the structural properties
of nc-Si/ SiO / Fe and their colloidal stabilization with citrate anions for in vivo applications.
Methods. Silicon nanoparticles obtained via the plasma-chemical synthesis method were
characterized by laser spark emission spectroscopy, atomic emission spectroscopy, Fourier-
transform infrared spectroscopy, and X-ray photoelectron spectroscopy. The hydrodynamic
diameter of the nanoparticles was estimated using dynamic light scattering. The toxicity of
the nanoparticles was investigated using a colorimetric MTT test for the cell metabolic activity.
Elemental iron with different Fe/Si atomic ratios was added to the feedstock during loading.
Results. The particles were shown to have a large silicon core covered by a relatively thin layer of
intermediate oxides (interface) and an amorphous oxide shell, which is silicon oxide with different
oxidation states SiO_(0 < x < 2). The samples had an iron content of 0.8-1.8 at %. Colloidal solutions
of the nanoparticles stabilized by citrate anions were obtained and characterized. According
to the analysis of the cytotoxicity of the modified nanosilicon particles using monoclonal K562
human erythroleukemia cells, no toxicity was found for cells in culture at particle concentrations
of up to 5 ug/mkL.
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Conclusions. Since the obtained modified particles are nontoxic, they can be used in in vivo
theranostic applications.

Keywords: silicon nanoparticles, iron, magnetic resonance imaging, citrate anions, X-ray photoelectron
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HAYYHAS CTATbSA

XapakTepu3anusi HAHOYACTUILl KPUCTAJLUIMYECKOr0 KpeMHMs,
JIETHPOBAHHOIO 7KeJIe30M, M UX MOAN(pUKAIIUS HUTPAT-aHUOHAMH
IJI1 HCTIOJIL30BAHUS in VIVO
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AnHOMauus

IMenu. B pabome npugodsamcsi 0aHHble no paspabomke U usyueHUuro CmpyKkmypHslx ceoticma no-
JIYUEHHBLX NASMOXUMUUECKUM Memodom HaHouacmuy kpemHus nc-Si/ SiO / Fe, neeupogarHblx
okenesom. Llenv pabomosl — uccredogaHue c8olicmae HAHOUACMUY KPeMHUSL, JIe2UPOBAHHBIX JKe-
J1e30M, KOMNIeKCOM AHANUMUUECKUX Memo0o8 U UX cmabunu3ayus yumpam-aHUoOHaAMU ONs
npumeHeHus 8 duazHocmuKe Memooom MAZHUMHO-PE30HAHCHOT momozpapuu U leueHul OHKO-
Jloeuueckux 3a601e8aHull.

Memoout. Harouacmuybl KpemHUsl, NOAYUEHHbLE NAASMOXUMUUECKUM MemOoOoM cuHmesa, bbiiu
0XapaKmepus08aHsblL A3EPHO-UCKPOBLIM IMUCCUOHHBIM MEMOOOM, MEmMOOOM AMOMHOU IMUC-
CUuoHHOU cnexmpockonuu, dypwve-UK-cnexmpockonueli, peHmeeHO8CKOU ¢omoaieKmpoHHOU
cnexmpockonuetl. 'udpoouHamuueckuii ouamemp HAHOUACMUY OUEeHUBANLU MEMOOOM OUHAMU-
yeckoz0 ceemopaccesiHust. HecnedosaHue moKkcuuHocmu HAHOUACMUY, NPO8OOUNU C NOMOULLIO KO-
snopumempuueckozo MTT mecma Ha memabosuueckyro aKmueHoCcms Kiemok. B ucxodHoe colpbe
npu 3azpyske 006a8AANU dNIeMEeHMAPHOE HKese30 C PA3HbIM AMOMHbILM coomHoweHuem Fe/ Si.
Pesynemamet. Bolio nokasaHo, umo uacmuya umeem KpemHuesoe si0po ¢ amopgHOU OK-
cuoHoll obosoukoii, npedcmagasirtoujeti coboil oKcudbl KpemHUsl ¢ pa3Holl cmeneHblo oKuc/le-
Hus SiO_ (0 < x < 2). Codepokarue xenesa 6 obpasuax cocmaguno om 0.8 do 1.8 am. %. Beliu
NofYyueHbl U OXApPaAKmMepus08aHsbl KOJOUOHbBLE PACMBOPbL HAHOUACMUY, CMAOUNUSUPOBAHHbBLE
yumpam-aHUoOHaAMuU. AHAIU3 YLUMOMOKCUUHOCMU MOOUPUYUPOBAHHBLX UACMUY, HAHOKPEMHUS
C UCnob308aHUeM MOHOKJIOHUIUPOBAHHbBLX KAemOK spumposeltiko3a uenosexa K562 noxkasan
omecymemeue moKcuuHOCmu 015l K1emok 8 KYyJabmype Npu KOHUeHmMpayuu uacmuy, 00 5 mrxz/ M.
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Buieoowt. HOleH.eH.HbI.e Moducpuuupoeauubte uacmuybl He obadarom moKCU4YHOCMbro, NO3Momy
ux MO2KHO penomeudoeamb 0151 UCNOIL308AHUSL 8 TN VIO npuJlooKeHuUsx ons mepaHoCmurKu.

Knroueesvle cnoea: HaHouacmuybl KpemHust, xesle3o, yumpam-aHUOHbl, PEeHIM2eHOo8CKasl d?O-
moaJleKMpPOHHAsL CNeKMpOCKONnusi, @ypbe—uHcppaKpaCHaﬁ cneKkmpocKonust, yumomorKCuUHOCmMb

Jna yumuposanus: Poxxos K.U., fArynaesa E.1O, Cuzosa C.B., JlazoB M.A., Cmupnosa E.B., 3y6os B.I1., Umenko A.A.
XapakTepu3salys HAaHOYACTUI] KPUCTAIUINIESCKOTO KPEMHHS, JISTHPOBAHHOTO YKEJIE30M, U MX MOIU(UKAIMS IUTPAT-aHUOHAMHU
JUTSL MCTIONIBb30BaHUs in vivo. Tonkue xumuueckue mexronoeuu. 2021;16(5):414—-425. https://doi.org/10.32362/2410-6593-2021-

16-5-414-425

INTRODUCTION

Various nanoparticles, such as paramagnetic
complexes of gadolinium(IIl), iron(Ill), and
manganese(Ill), are currently used in magnetic
resonance imaging (MRI). Despite the high
efficiency of contrasting properties and widespread
use in medicine, these complexes can cause allergic
reactions and nephrogenic systemic fibrosis and
accumulate in the brain for a long time [1, 2]. The use
of superparamagnetic iron oxide (Fe,0,) nanoparticles
is unsafe for living organisms because their high
magnetic moment causes significant disturbances
in the magnetic field in the body [3]. Therefore, the
search for new contrast agents is still ongoing.

Many researchers are interested in using
nanosized silicon particles and their composites for
in vivo applications because they do not exhibit toxic
properties and are biodegradable and biocompatible
[4]. Silicon is one of the most important trace
elements involved in the connective tissue repair
mechanisms of the body [5]. Silicon nanoparticles
in living organisms undergo biodegradation, forming
orthosilicic acid, which is then easily removed [6].

The superparamagnetic properties of porous
silicon dioxide nanoparticles with embedded magnetic
nanoparticles have been demonstrated to be promising
for magnetically targeted delivery of therapeutic
molecules and have significant clinical application
potential [7]. Hollow silicon nanospheres doped

with Fe’' ions, of which the surface is modified with
silane-polyethylene glycol (silane-PEG-COOH), can
be used as a low-cytotoxic and dual-mode ultrasonic
and magnetic resonance (US—MR) specific imager in
biopharmaceutical applications and clinical diagnosis
and treatment [8]. Magnetic particles based on Fe,O,
with a surface stabilized by silicon dioxide and citrate
ions are promising for the creation of drug delivery
vehicles for the treatment of oncological diseases [9].
According to electron paramagnetic resonance
(EPR) data, silicon nanoparticle samples obtained
by synthesizing crystalline silicon nanoparticles
(nc-Si/S10 ) via the plasma-chemical method contain
~10'® particles/g of paramagnetic centers [10].
Intratumoral administration of sols of iron-doped
crystalline silicon (nc-Si/SiO /Fe) nanoparticles
to mice with Lewis lung carcinoma (CLL) reduces
tumor cell growth [11]. The authors believe that
when nanoparticles dissolve, iron ions are released,
resulting in the formation of reactive oxygen species.
The MRI method was used to conduct experiments on the
observation of nanoparticle accumulation in tumors and
tumor growth inhibition. Thus, nc-Si/SiO /Fe nanoparticles
obtained via the plasma-chemical method of
synthesis can be used in MRI diagnostics, targeted
drug delivery, and oncological disease therapy as
thermal sensitizers for hyperthermia. However, for
wider nanoparticle applications, the nanoparticles
must be colloid stabilized to provide their delivery to
tumors in an pristine form. The presence of iron oxides
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in the near-surface layer of the nanoparticles was also
believed to facilitate their modification by colloidal
stability stabilizers.

Numerous  experimental and  theoretical
studies have shown that reducing the size of the
investigated particles to the nanometer range causes
a qualitative change in the properties of the object.
In this case, structural elements can acquire physical,
physicochemical, and chemical properties that differ
significantly from the properties of a bulk analog.
Conversely, the properties of objects with sizes in the
order of several nanometers differ from the properties
of individual atoms or molecules that compose these
objects. This applies to nanoscale crystals and clusters.
Therefore, a set of complementary analysis methods
are used to obtain information on the structural and
physical properties of nanoparticles [12, 13].

This work aimed to study the properties of
iron-containing silicon nanoparticles using a variety
of analytical methods, as well as their colloidal
stabilization with citrate anions for theranostic
applications, e.g., as MRI contrast agents.

MATERIALS AND METHODS

We used iron-containing nanocrystalline silicon
(GNIIKhTEOS, Russia) obtained using the plasma-
chemical method [12], deionized water from a Milli-Q
water purification unit with a specific conductivity of
18 uS/em, trisodium citric acid dihydrate (Helicon,
Russia), and a pH 7.4 phosphate salt buffer solution
(Helicon) for the modification.

We used K562 erythroleukemia cells (BioloT,
Russia), a Rosewell Park Memorial Institute medium
(PanEco, Russia) containing 10% fetal bovine serum (FBS)
(BIOSERA, France), 100 U/mL penicillin, and 100 pg/mL
streptomycin (PanEco) to assess cytotoxicity. A solution
of 3-[4,5-dimethylthiazol-2-yl]  2,5-diphenyltetrazolium
bromide (MTT) (Sigma-Aldrich, USA) in a phosphate
buffer solution with a concentration of 5 mg/mL
was used for the MTT test. The viability of the
nanoparticle-treated cells was measured on a plate
spectrophotometer after the cell lines were grown in
a CO, incubator.

Plasmochemical synthesis of nc-Si/SiO. .
The plasma-chemical method was used to produce
nanosilicon. The synthesis was carried out in a closed-
cycle gas system. The system was filled with a highly
purified inert gas (Ar, HP, 99.998%) from the line
[12]. A plasma evaporator—condenser operating in a
low-frequency arc discharge was used as a reactor.
A gas flow from an appropriate metering device was
used to feed the initial raw material, silicon powder
(99.99%), into the reactor. The reactor was fed

with elemental iron (from 2.5 to 10 at %), and at a
temperature of ~10000°C, the powder evaporated in
the reactor.

Elemental composition analysis. Laser spark
emission spectroscopy was used to determine
the following main impurity elements in silicon
nanoparticles obtained without the addition of iron
[12]: Fe, Cu, W, Ca, Mg, Al, Ni, Pb, Ti, Zr, Zn, Sn, Cr,
P, and Mo (arranged in decreasing order of the intensity
of the analytical signal). The analysis was carried out
after a tablet was formed from the powder sample.
The total impurity element content in the investigated
samples did not exceed 0.8%. Elemental analysis
was performed independently using atomic emission
spectroscopy with an excitation of the spectrum in an
alternating current arc. The following main impurity
elements were determined in the obtained nanosilicon
samples: Mg (0.03%), Al (0.02%), Ca (0.002%), Fe
(0.006%), Ni (0.002%), and Cu (0.019%). Thus, the
total content of impurity elements W, Pb, Ti, Zr, Zn,
Sn, Cr, P, and Mo did not exceed ~0.6%.

Fourier-transform infrared (FTIR)
Spectroscopy. We used a Nicolet iS5 infrared Fourier
spectrometer (Thermo Scientific, USA) with an iD1
attachment and a resolution of 4 cm™ (32 scans each
for each sample) in the transmission mode and in
the wavenumber range of 4000-400 cm™' to measure
the absorption spectra of the nc-Si/SiO_ samples and
an aerosil sample (SiO, powder) with a particle size
of about 15 nm. The samples were pre-compressed
into tablets using potassium bromide (KBr) as an
optically transparent matrix (0.30 mg of the sample
per 100 mg KBr).

Sample analysis by X-ray photoelectron
spectroscopy (XPS). The electronic structure
and valence states of the obtained nc-Si/SiO /Fe
samples were analyzed by XPS using an ESCALAB
MK2 electronic spectrometer (VG Scientific, Great
Britain) with an X-ray source MgK (hv = 1253.6 €V).
A nanoparticle powder sample was applied to a
conductive vacuum tape, and the total area of the
sample was analyzed (about 1 cm?). Survey spectra
had a transmission energy of =50 eV, while individual
lines of elements had a transmission energy of 20 eV.
The accumulation time per point was 0.3 s per 1 pass.
The binding energies for the element spectra ranged
from +10 tol5 eV relative to the position of the peak
maximum. The measurement steps were 0.1 eV for
the spectra of the individual lines of elements and
0.25 eV for the survey spectra. The pressure in the
analysis chamber of the spectrometer was up to 5-107 Pa.

The charge of the samples was corrected using the
standard binding energy (285.0 eV) of the C 1s line
of carbon contained in the adhesive tape. The valence
states of the elements in the samples were determined
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from the chemical shift and the shape (width) of the
lines. For elemental and chemical analysis of the
samples, Si 2p, C 1s, O 1s, and Fe 2p analytical lines
were used, which were measured separately and in
the form of an overview spectrum [14].

Preparation of the nc-Si/SiO /Fe colloidal
solution. To obtain an aqueous colloidal solution of
nc-Si/Si0 /FeO nanoparticles, 20 mg of the particles
was suspended in 10 mL of water. The resulting
suspension was dispersed for 5 min using an INLAB
ultrasonic generator (16-25 kHz frequency, power no
less than 630 W). The samples were centrifuged for
2 min at a rotation speed of 5000 rpm, and the supernatant
was collected and passed through a filter with a pore
diameter of 0.45 um (CHROMAFIL AO-45/25 MN).
The final particle concentration was 0.14 mg/mL, as
determined gravimetrically.

Modification of the nc-Si/SiO /FeO_ nanopar-
ticles with citrate ions. For modification, 20 mg of
nc-Si/Si0 /Fe nanoparticles was suspended in a
solution of citric acid trisodium salt dihydrate (1%,
2%, and 5%) and subsequently dispersed for 5 min in
an ultrasonic bath using a QSONICA SONICATORS
ultrasonic generator (USA) (frequency 20 kHz,
power 125 W). The mixture was stirred in a magnetic
stirrer for 24 h at a stirring rate of 600 rpm and
centrifuged for 2 min at a rotation rate of 5000 rpm.
The supernatant was collected and passed through a
filter with a pore diameter of 0.45 um (CHROMAFIL
AO-45/25 MN). Thereafter, the prepared solutions
were dialyzed against water for 24 h in a dialysis bag.
The final particle concentration was 0.6 mg/mL, as
determined gravimetrically.

The particle hydrodynamic diameter was
evaluated using a zeta potential and molecular
weight 90Plus Particle Size Analyzer (Brookhaven
Instruments Corporation, USA). The measured
particle sizes ranged from 4 nm to 6 pum. The
measurements were recorded at a temperature of
25°C and a fixed laser scattering angle of 90° at 661 nm.
The dispersion medium was deionized water from
a Milli-Q water purification unit with a specific
conductivity of 18 puS/cm.

The zeta potential of the obtained particles was
evaluated using a zeta potential and molecular weight
90Plus Partical Size Analyzer with an additional
device called Zeta-PALS, which has a sensitivity
that allows it to detect the zeta potential three orders
of magnitude more accurately than traditional light
scattering methods.

Analysis of nanosilicon cytotoxicity. A standard
colorimetric MTT test, which allows for the quantitative
determination of viable cells using a Multiskan Ascent
plate reader (Thermo Fisher Scientific, USA), was used

to investigate the toxicity of silicon nanoparticles. The
K562 erythroleukemia cells in a volume of 100 pL were
seeded in a 96-well plate. The initial suspension of the
nanosilicon particles was diluted in a physiological
solution with phosphate-buffered saline in a ratio of
1:100, resulting in a concentration of 730 pg/mL, and
thereafter, it was sonicated. Next, a series of 5-fold
dilutions was prepared from the first dilution of 1:100. For
each point, 5 pL of the obtained diluted suspensions was
added to the cells four times. Four wells with cells that
had not been treated with any compound (control wells)
remained. The plate was placed in a CO, incubator. After
48 h, 5 uL of the MTT reagent solution was added to all
wells, and the plate was placed in a CO, incubator for
3 h. After incubation, 100 pL of lysis buffer was added
to all the wells, and the plate was sealed in a bag and
left overnight at room temperature to allow cell lysis and
dissolution of the formed formazan crystals. The next
day, absorbance was measured at 540 nm (formazan) and
690 nm (background) using a plate spectrophotometer.
For each well with cells, the optical density (OD) of
formazan, which is proportional to the number of cells in
the well, was calculated:

OD (well with cells) = (OD540 — OD690) x
x (well with cells) — average (OD540 — OD690) %
x (wells without cells).

Next, the average of the four repetitions at each
point was calculated. The average OD values for the
points where compounds were added were divided by
the average OD value for the point where no compound
was added, which was set as 1, to obtain the proportion
of surviving cells relative to the control (untreated) cell.

RESULTS AND DISCUSSION

In this study, we used nc-Si/SiO /Fe nanoparticles
obtained from silicon powder (sample No. 1) using the
plasma-chemical method. According to the laser spark
emission spectroscopy and XPS results, the resulting
particles contain iron (about 0.2 at %). Arc laser ablation
of iron ions from the surface of metal electrodes may
have occurred during synthesis. According to the EPR
data, nc-Si/SiO /Fe contains about ~10" particles/g
of paramagnetic centers [10]. To increase magnetic
susceptibility, the nanoparticles were enriched with
iron during the synthesis. During loading, elemental
iron with different Fe/Si atomic ratios (from 2.5 to
10 at %, samples 2—7) was added to the feedstock.
Immediately after the synthesis, the dispersion of the
powder in different batches of material was controlled
by measuring nitrogen adsorption isotherms at 77 K
using the Brunauer—-Emmett—Teller (BET) method [12].
Samples were obtained with different specific surface
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areas ranging from 28 to 57 m?/g, which correspond
to the average particle size D, . ranging from
45 to 92 nm when converted to the diameter of an
equivalent sphere (Table 1).

To diagnose and predict the properties of a
nanomaterial, detailed information about its structural
and morphological properties is required. Therefore,
a detailed analysis of the particle structure of the
obtained material was conducted before its practical
application.

Analysis of the FTIR spectrum of the silicon
nanoparticles. FTIR spectroscopy can be used to
obtain information on the composition of the shell of
silicon nanocrystals, the state of their surface, and the
dynamics of their possible degradation.

The FTIR spectrum of the No. 1 nc-Si/SiO /Fe
sample (Fig. 1a) was compared with that of the aerosil
sample (SiO, powder) with a particle size of about
15 nm (Fig. 1b). Intense absorption bands were found
in the FTIR spectrum of the nanosilicon particle
sample obtained via plasma-chemical synthesis,
indicating the formation of an oxide shell (461, 799,
and 1097 cm™ SiO, or SiO, 0 < x < 2) [12]. The
low-intensity absorption peak corresponding to the
vibration of the Fe—O bond (580 cm™) [11] indicates
the presence of iron oxide in the near-surface layer of
the nanoparticle.

XPS data analysis. We used previously reported
data [15-17] to interpret the results obtained on the
possible oxide states of silicon in the investigated
samples. According to these data, the binding energy of
the Si’2p,  line is 99.8 eV [14, 18, 19], and the chemical
shifts of the oxide forms of Six+ relative to Si° are
0.9-1.0 eV (Si'"), 1.7-1.85 eV (Si*), 2.5-2.6 eV (Si*),

and 3.5-3.7 eV (Si*"). According to Crist [16], the peak
widths at half maximum for Si 2p and various silicon
oxide forms are 1.0 eV (Si°%), 1.8 eV (Si'), 1.9 eV (Si*),
2.1 eV (Si*"), and 1.4-1.5 eV (Si*).

The spectra of the Si 2p line were decomposed
using the technique proposed in a previous report
[20]. The nonlinear background of secondary
electrons was subtracted using the Shirley method
[21]. For each oxidation state of silicon, a Si 2p
spin doublet (Si 2p,, and Si 2p ,) with a spin-orbit
splitting of 0.61 eV and an area ratio of 2:1 was
specified. For different oxidation states of silicon,
the binding energies and the abovementioned peak
widths at half maximum were set [16, 17].

The spectra of the Si 2p line were decomposed
on the assumption that silicon was present on the
surface of the analyzed particles only in the form of
elemental silicon and oxygen-containing compounds,
except for the formation of silicon carbide and the
presence of residual hydride (SinHm) or iron silicide
(FeSi, FeSi)), which are indistinguishable from Si'
in terms of chemical shift and Si® and are present in
small amounts.

The binding energies of Si 2p, , O ls, C ls,
and Fe 2p,, were 99.6, 532.8, 285.0, and 706.7 €V,
respectively [16, 17]. In the case of sample charging
and line broadening, the possible peak widths at
half maximum in the decomposition of the spectra
for various forms of silicon and carbon were set in
the form of intervals, monotonically increasing as
the oxidation state of silicon increased. For the iron
line, the spectra had a more complex shape due to a
large number of valence electrons, but they were set
similarly, with a shift relative to the standard position.

Table 1. Characteristics of the nc-Si/SiO /Fe samples

Sample 1 2 3 4 5 6 7
Iron content in raw materials, at % 0 2.5 2.5 5.0 5.0 10.0 10.0
Specific surface, m*/g 57.0 28.0 57.0 31.6 48.1 41.6 48.3
Average particle diameter, D, nm 45.2 91.9 452 81.5 535 61.0 533
Si* content, at % 341+1.7 | 206+1.0 | 95+0.5 | 36.5+1.8 | 359+1.8 |61.6+3.1|321+1.6
Fe* content, at % 0.2 0.5 0.4 0.4 0.5 2.2 0.8
Atomic ratio Fe/Si, % 0.6 2.5 4.0 1.1 1.5 3.5 2.6

*Element content in near-surface nc-Si/SiO /Fe layers according to the XPS data (scanning depth up to 5 nm).
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Fig. 1. FTIR spectrum of (a) the studied nc-Si/SiO /Fe sample (0.3 mass % in KBr) and (b) the aerosil sample
(powdered SiO, with a particle size of 15 nm).

Table 1 shows a summary of the measurement
results. The particle composition was assumed to
be average and constant up to the depth of selection
of analytical information in the calculations, with
components in the order of 5 nm for silicon and
silicon dioxide.

The following conclusions can be drawn from
the calculated atomic percentages. Sample 6 mainly
contains silicon dioxide on the surface. Samples 2,
3, 4, and 7 have a very similar distribution of silicon
oxide forms. The significant difference in the silicon
content in the different samples can be explained

by the peculiarities of sample preparation for XPS
and the ability of the nanosilicon surface to adsorb
various impurities.

The difference between the diminished iron
content and the estimated one based on the initial
load can be explained as follows. Since the process of
mixing iron with the silicon starting material occurs
at elevated temperatures, iron oxide particles melt
and become covered with silicon, which oxidizes
into silicon dioxide during oxidation, significantly
reducing the signal from iron (exponential decay of
the photoelectron intensity due to the coating layer).
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This could also explain why silicon is predominantly
present in the form of dioxide. Thus, samples in
which the iron content is proportional to the iron
content in the feedstock or slightly exceeds its value
(measurement and processing error) have a large
specific surface area and small particle size, and
therefore, silicon (or its dioxide) does not cover iron
oxide particles to the same extent as in samples with
a relatively small specific surface.

Based on the obtained data, the particle can be
assumed to have a silicon core with an amorphous
oxide shell, which is silicon oxide with different
oxidation states SiO_(0 < x < 2). This is consistent
with the data obtained in a previous study [10]
based on the analysis of transmission electron
images, microscope images, and radiographs. X-ray
diffraction studies [11] revealed that the oxidation
of the surface of silicon particles resulted in the
formation of particles with a “core-shell” structure,
which has a silicon nanocrystal as the core and silicon
oxides of various oxidation states in the shell. The
degree of crystallinity of the sample is ~10% for the
amorphous shell and ~42% for the crystalline core [11].

For modification with citrate anions, we used
an nc-Si/Si0 /Fe sample (No. 5) with a diameter of
about 48.1 nm and an iron content of about 0.5 at %.

Modification of nc-Si/SiO /Fe nanoparticles
with citrate anions

Crystalline silicon nanoparticles doped with iron
oxide are hydrophilic and form a colloidal solution
in aqueous media. However, even freshly prepared
nc-Si/Si0O /Fe colloidal solutions are unstable. Sols
are characterized by a wide particle size distribution.
The average particle diameter was about 100 nm,
and it increased to 200 nm within a week, then
reaching 1000 nm (Table 2). The concentration of
the sols changes because of the agglomeration and
sedimentation of the particles. The large variation
in the zeta potential values of nc-Si/SiO /Fe (from
—20 to +20 mV) also indicates the instability of

the colloidal system. An increase in the diameter
of silicon nanoparticles results in a change in their
physicochemical characteristics [22]. Thus, it is
necessary to stabilize silicon nanoparticle sols to use
them in vivo for theranostics.

To stabilize nc-Si/Si0 /Fe, the use of citric acid
salt was proposed. Citric acid anions have previously
been shown to bind to the surface of hematite (Fe,0,)
through chemisorption [23]. The surface of the
nc-Si/Si0O /Fe particles was shown to be stabilized
after being modified with citrate anions. Stable colloidal
solutions with a monomodal particle size distribution
were formed (Fig. 2). Sols of nc-Si/SiO /Fe-citric
nanoparticles modified with citrate anions using a 1%
concentration of citric acid trisodium salt dihydrate
have a monomodal size distribution with an average
diameter of about 60 nm that does not change for
a long time (up to 1.5 years). Thus, chemosorption
of citrate anions electrostatically stabilizes the
interaction forces that determine the tendency of
silicon nanoparticles particles to agglomerate.
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Fig. 2. Molecular weight distribution of modified
nc-Si/SiO /Fe-citric nanoparticles (1%). The average
hydrodynamic diameter was 57 nm.

Table 2. Changes in the particle size and aggregation stability of nc-Si/SiO /Fe sols
in the original solution and in the solution one week after receiving

Sample Nanoparticles concentration C, mg/mL D,, nm D,, nm
nc-Si/SiO /Fe 0.14 112 255-1000
nc-Si/8i0 /Fe-citric 1% 0.54 57 64
nc-Si/SiO /Fe-citric 2% 0.70 240 263
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Nanoparticles can be modified with citrate
anions because of the presence of iron oxides in the
near-surface layer of the nanoparticles. An attempt to
stabilize iron-free nc-Si/SiO -citric acid nanoparticles
obtained by laser CO, pyrolysis of silane [24]
resulted in their complete precipitation. Therefore,
the presence of iron ions in the investigated samples
is indirectly confirmed by the formation of stable
nc-Si/Si0 /Fe-citric colloidal solutions.

Cytotoxicity analysis of citrate-modified nanosilicon

The cytotoxicity of citrate-modified nanoparticles
was investigated. We used monoclonal K562 human
erythroleukemia cell lines for this purpose.
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Fig. 3. Dependence of the number of surviving cells
on the concentration C of added nc-Si/SiO /Fe-citric
nanoparticles after 48 h of exposure.

Figure 3 shows that nc-Si/SiO /Fe-citric
nanoparticles do not exhibit cellular toxicity at a
concentration of 5 pg/mL. At low concentrations of
nc-Si/Si0 /Fe-citric nanoparticles, a slight increase in
cell proliferation is observed.

CONCLUSIONS

Iron-containing hybrid silicon nanoparticles
were obtained using the plasma-chemical synthesis
method. Complementary analytical methods,
including laser spark emission spectroscopy, FTIR
spectroscopy, X-ray phase analysis, and XPS, were
used to analyze the nanoparticles. Based on the
obtained data, the nanocrystalline silicon particle
can be concluded to have a silicon core covered with a
relatively thin layer of intermediate oxides (interface)

and an amorphous oxide shell, which is silicon oxide
with different oxidation states SiO_(0 < x < 2). The
degree of crystallinity of the sample is ~10% for
the amorphous shell and ~42% for the crystalline
core According to the XPS data, iron oxides
and/or silicides were present in the particle shell in
amounts ranging from 0.2 to 2.2 at %, depending on
the amount of elemental iron in the starting material.
The total content of impurity elements W, Pb, Ti, Zr,
Zn, Sn, Cr, P, and Mo did not exceed ~0.6%.

A technique for stabilizing the surface of
nanosilicon particles with citrate anions has been
developed. It was demonstrated that the presence of
iron oxides in the near-surface layer of nanoparticles
allows them to be modified with citrate anions,
resulting in the formation of stable nc-Si/SiO /Fe
colloidal solutions. Since the obtained modified
particles are nontoxic, they can be recommended for
use in in vivo theranostic applications, such as MRI
diagnostics.
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Abstract

Objectives. Pentafluorodistannates of alkali metals are promising materials for use as electrolytes
in fluoride-ion batteries due to their electrophysical properties, such as high fluoride-ion conductivity.
This work aims to synthesize crystals of alkali metals MeSn F, (Me = Na, K, Rb, Cs), carry out X-ray
diffraction studies on them, and investigate the possibility of obtaining lithium fluorostannates.
Methods. Supersaturated aqueous solutions were employed to synthesize the crystals. The
X-ray diffraction (XRD) analysis was carried out.

Results. Oversaturated solutions yield microcrystalline powders of sodium, potassium, rubidium,
and cesium pentafluorodistannates. The presence of a single-phase was confirmed by XRD analysis
of the powders corresponding to the MeSn,F, (Me = Na, K, Rb, Cs) composition. XRD data analysis and
literature indicated that MeSn,F, (Me = K, Rb, Cs) have a fluorite-like structure, with the cations
forming three-layer closest packing. The RbSn F, compound was discovered to be isostructural to
KSn,F.. Bas?d on this discqvery, RbSn,F, was reindeoxed toa hexagonal unit cell with parameters
a=740(3) A, c=10.12(6) A (KSn,F, P3, a = 7.29(31) A c= 9.86(2)°A). The CsSn2F§ compound was
reindexed to a monoclinic unit cell (a = 10.03(4) A, b = 5.92(7) A, c = 11.96(9) A, B = 107.4(5)°).
A crystallochemical analysis of the pentafluorodistannates was carried out, and common
structural motifs were discovered. The motifs are similar to lead tetrafluorostannate PbSnF,,
the best fluoride-ion conductor. The effect of the pentafluorodistannates structures on the ionic
conductivity is considered. The LiF-SnF, system contains no compounds; the compositions were
obtained by melting the original fluorides.
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Conclusions. MeSn F,_ (Me = Na, K, Rb, Cs) were synthesized and investigated by XRD analysis.
The structural characteristics of the RbSn,F, and CsSn,F, compounds have been redefined.
The crystallochemical structure is analyzed in relation to the electrophysical properties of the
alkali metal pentafluorodistannates. Pentafluorodistannates MeSn,F, (Me = K, Rb, Cs) have a
fluorite-like structural motif with cubic parameters a = 5.694 A (KSnF,), a = 5.846 A (RbSn,F ),
a = 6.100 A (CsSn F,), with the cations forming three-layer closest packing. The cationic layers
alternate like Me-Sn-Sn-Me (Me = K, Rb, Cs). For KSn,F, and RbSn,F,, they are normal to the
three-fold axis and normal to the four-fold axis in the case of CsSn,F..

Keywords: fluorostannates, X-ray diffraction analysis, fluoride-ion conductivity, tin fluoride,
fluorides, crystal chemistry, layered structures
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HAYYHASA CTATbA

CuHTe3 U peHTreHorpaguuecKkue XapakTepuCcTUKH
¢rop-nonnbix nposoanukos MeSn F_(Me = Na, K, Rb, Cs)

P.M. Bakaarokuu!?@, E.A. AeBkeBuu'?, A.B. HukoaaeBa®

IMHPSA — Pocculickuti mexHoiozuveckuil yHuesepcumem, Mockea, 119571 Poccust

2pHHI] «Kpucmannoepagus u gpomoHurar, Pocculickas axademus Hayk, Mockea, 119333 Poccusi
3Mocroeckuil zocydapcmaeHHblil yHusepcumem um. M.B. AomoHocoea, Mockea, 119991 Poccust
@Aemop ons nepenucku, e-mail: rmzakalyukin@mitht.ru

AHHOMAQuus

Iens. I[lenmagmopoucmaHHaMbl UEN0UHBLX 27IeMEeHMOo8 S8NSI0MeS. NepCneKmueHbulmMU Ma-
mepuanamu 0L NPAKMUUEecKoz0 NPUMEHEHUSL 8 Kauecmee 31eKmpoiumos8 80 (hmOpPUOHHBLX
AKKYMYASIMOPAX 34 cuem C80UX 91eKmpodPu3UUecKUX XapaKmepucmur, a UMEHHO 6blCOKOU
¢mopuoHHol npogodumocmu. Llenb pabomel 3aKiouaemest 8 CuUHmese U3 pacmeopa u peHm-
2eH02paPuUUecKoM USYUEHUU KPUCMALI08 NeHMAPMmMOpPOUCMAHHAMOS8 UWEeNI0UHbLX MemaJsiio8
MeSn F. (Me = Na, K, Rb, Cs) u uccnedo8aHuu 03MONHOCMU NOAYUEHUS PMOPCMAHHAMOE JiU-
musi.

Memoobst. Curnmesupogaiu KpucCmasnbl U3 NepecbluyeHHbIX 800HbLX pacmeopos. Heenedosarue
npoeoousu mMemooom peHmeeHogpas308020 aHanusa (PDA).

Pesynoemamet. [lonyueHsbl MEAKOKPUCMAUYECKUE NOPOUKU NeHmagpmopoucmaHHamos Ha-
mpust, Kanus, pybudus u yesust. HMccnedosarHue memooom PDPA cunmesuposaHHbIX NOPOULKO8
nokasaso ux o0HogasHocms u coomeemcemeue cocmagy MeSn,F, (Me = Na, K, Rb, Cs). Ananus
OGHHBbLX peHmMeeH08CKOU OugpaKmomempuu U aumepamypHslx OaHHbLX NOKA3AL, UMo coeduHe-
Hus MeSn,F, (Me = K, Rb, Cs) sieasiomest gp1100pumono0obHbIMU — KAMUOHbL 06pasyrom mpex-
COUHYI0 nlomHetiwyto ynaxkoeky. Bouio evisenero, umo RbSn, F, usocmpyxkmypen KSn,F,, Ha
OCHOBAHUU Uez20 8blNOJIHEHO NepeuHOUYUPOBAHUE HA 2eKCa20HANbHY0 sueliky: a = 7.40(3) A,
c =10.12(6) A (KSn,F, P3, a = 7.29(3) A, ¢ = 9.86(2) A). Coedunerue CsSn,F, nepeurduuupo-
8aHO HA MOHOKAUHHYI sueliky (a = 10.03(4) A, b = 5.92(7) A, ¢ = 11.96(9) A; B = 107.4(5)°).
IIposeder KpucmannoxumuuecKuil aHANU3 YKa3aHHbIX NeHmMAapmopoucmaHHamos, 8ulsieseHbl
obuwue cmpykmypHble Momugsl, NOOOOHblE AYUUeMYy PMOPUOHHOMY NPOBOOHUKY — mempa-
¢pmopcmannamy ceurya PbSnF,, u paccmompero eusHue cmpoeHus neHmagmopoucmaHHamos
HA UOHHYO npogodumocme. B cucmeme LiF-SnF, coedureHull He obHapyskeHo, gzaumoodeticmaue
uccnedosanu cnaagieHuem UCXo0HbX hmopudos.
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Bbteoodst. CuHmMesuposaHsbl U oxapaxmepus3osaqsvl. memodom PDA nermagpmopoucmarHamol
MeSn,F, (Me = Na, K, Rb, Cs). /lnsa coedurnenuit RbSn,F u CsSn,F, nepeonpedenenbl. cmpykmyp-
Hble xapaxmepucmuru. IIpoaHanu3uUpPo8aHo KPUCMAINOXUMUUECKOE CMPOoeHUe 8 NPUOIKEeHUU
K a/leKmpoghusureckum ceolicmaam neHmagpmopoucmaHHamos8 welouHblx memannos. Ilenma-
¢gmopoucmannamer MeSn,F, (Me = K, Rb, Cs) umerom ¢p1100pumono0obHblil CmpyKmypHblil MO-
mue c npueedeHHbLmonapaJnempom sueiiku kyba a = 5.694 A (KSn,F,), a = 5.846 A (RbSn,F,),
a = 6.100 (CsSn,F,) A, npu smom KamuoHblL 06pasyom mpexciolHy NAOMHEUWY YNnaKosry.
Crnou kamuoHog uepedyromest 8 nocnedcogamenoHocmu Me—Sn—Sn—-Me (Me = K, Rb, Cs) 8 ciyuae
KSn,F_ u RbSn,F, nepneHouKyispHo ocu mpemuezo nopsioka, a e cayuae CsSn,F, — ocu uemeep-
moezo nopsioxa.

Knroueenle cnoea: pmopcmaHHaAMbl, peHmMaeHopa308elil AHANU3, PMOPUOHHASL NPOBOOUMOCMb,

gmopud os08a, gmopudsl, KPUCMALIOXUMUSL, CIOUCMble CMpPpYKmypbl

/s yumupoesanusn: 3akamokud P.M., JlekeBuu E.A., Hukonaesa A.B. CunTe3 1 peHTreHOTpaduuecKie XapaKTepUCTHKH
(Grop-nonnbix nposonnukos MeSn,F, (Me = Na, K, Rb, Cs). Tonkue xumuuecxue mexmonozuu. 2021;16(5):426-437. https://doi.

org/10.32362/2410-6593-2021-16-5-426-437

The need for compact and rechargeable current
sources has given rise to various types of lithium
batteries development. Although the characteristics of
lithium batteries have not yet reached their practical
limits, it is clear that new classes of electrochemical
devices are required. Sodium batteries are currently
beingactively developed. The use of otheralkali metals
is being considered, and the development of batteries
based on metallic magnesium, titanium, or aluminum
is drawing attention [1]. Batteries operate based on
an electrochemical reaction involving the transfer of
a cation in an electrochemical cell. Because cations
are smaller than anions by nature, they have greater
mobility and penetrating ability as charge carriers.
Also, the electrolyte in an electrochemical cell must be
solid (superionic), which significantly improves such
cells’ operational characteristics. Fluorine is likely
to be the only anion that can be used in solid-state
electrochemical cells, as it outperforms its closest
competitors: oxygen and chlorine. Fluoride ionic
conductors have several advantages over other solid-
state anionic conductors: relatively high conductivity,
solid electrolytes stability at room temperature, and
a reasonably large theoretically possible potential

difference of a charged cell. Fluorine has the highest
electron affinity, second only to chlorine, suggesting
the possibility of obtaining high potentials comparable
to lithium batteries on electrochemical cells with a
mobile fluorine anion. Fluoride ionic electrochemical
cells allow using fluorides of less active metals as
an anode and cathode, which is safer than lithium
batteries, from which lithium metal or its highly active
compounds are obtained, and the electrochemical cell
can be depressurized and ignited. These advantages
lead us to believe that fluoride ionic batteries will find
practical applications and fill a niche in electronic
devices that is both safe and compact.

The creation of fluoride ionic batteries requires
the study of several practical issues, for example,
the choice of electrochemical pairs for electrode
materials. Tin(I) fluoride is one of the possible
materials of the cathode; it exhibits a high fluoride
ionic conductivity and a low electrochemical
potential formation. Although using pure tin fluoride
is promising, it imposes some restrictions. The first is
the possibility of recrystallization into a monolithic
material, resulting in a significant decrease in the
phase boundary area, consequently decreasing
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the current characteristics of the electrochemical
elements (current density decreases). Second,
dendrites (crystals of metallic tin) may form, leading
to the breakdown of the electrochemical cell. In this
case, using fluorostannates is more advantageous
because the released metal fluorides prevent the
growth of tin particles with the ability to accumulate
sorbed fluoride ions on themselves during the
reduction of tin fluoride. Alkali metal fluorostannates
are promising. The presence of trifluorostannates and
pentafluorodistannates of sodium, potassium, cesium,
and rubidium is demonstrated. Pentafluorodistannates
are superior to trifluorostannates in terms of
electrophysical characteristics, as they have a higher
fluoride ionic conductivity, whereas the conductivity of
trifluorostannates does not exceed the order of 10~ S/cm [2].

The melting of tin fluoride with potassium,
rubidium, and cesium fluorides leads to smoothing
its phase transition from monoclinic to tetragonal
modification with a concomitant increase in
conductivity. At the same time, doping with rubidium
ions (5% RDbF, 6.31-102 Cm/cm at 453 K) has
the most significant influence, while doping with
sodium ions with the formation of the NaSn F, phase
(2.62-10™* Cm/cm at 453 K) has the least. At 438 K,
the conductivity of cesium pentafluorodistannate
CsSn,F, reaches 3.54:10° Cm/cm, while that of
potassium pentafluorodistannate KSn,F, reaches
2.02-102 Cm/cm at 463 K [3]. In the case of the
phase formation of rubidium pentafluorodistannate
RbSn,F,, its conductivity reaches 1.25-10"" Cm/cm at
473 K [4].

Works based on the structural studies of these
compounds, for the most part, date back to the
1960s—1980s and contain ambiguous and even
contradictory data on the structures. The structure
of sodium pentafluorodistannate was determined by
single-crystal X-ray diffraction (XRD) analysis in
1964. The compound crystallizes in tetragonal syngony
with parameters a = 6.37 A, ¢ = 13.71 A, V' = 556 A®
according to [5] and the authors [6] decided the
structure in the same year and specified that NaSn,F,
has the space group P4,/nbc and parameters a = 9.02 A,
c=13.685A.

Donaldson [5] gives the first data on the structure
of potassium pentafluorodistannate, stating that
fluorostannate corresponds to an orthorhombic system
with parameters a = 12.54 A, b =9.80 A, c = 7.71 A,
V =948 A’. The structure of KSn,F, was refined in
[7, 8], and the authors captured the phase transition
as follows: at room temperature, the hexagonal unit cell
P3,a=7291A,c=9.861 A, and V=454 A®, at 443 K,
P3ml,a=4.268A,c=9911 A, and V=156.3 A*. The
results of the single-crystal XRD analysis in a later
work [9] confirmed the identity of the crystals KSn,F,

to be a hexagonal crystal system P3, a = 7.266 A,
c=9.796 A, V'=447.89 A’ (at 200 K), P3,a = 7.302 A,
c=9.872 A, V=455.85 A% (at 350 K).

Cesium pentafluorodistannate CsSn,F, crystal-
lizes in the orthorhombic crystal system (a = 19.20 A,
b=1244 A, c =8.54 A, V=2040 A%. Rubidium
pentafluorodistannate RbSn,F, crystallizes in the
orthorhombic crystal system (a = 12.48 A, b =9.92 A,
c =735 A. V =910 A% according to powder
X-ray diffraction [10]. The structures of these
fluorostannates’ high-temperature phases were later
determined using neutron powder diffraction [11].
At 538 K, CsSn,F, has a space group /4/mmm with
parameters a = 4.2606 A, ¢ = 19.739 A, V' =1358.31 A3,
and at 473 K, RbSn,F, has the hexagonal crystal system:
P3,a=43581 A, c=10.1704 A, V'=167.29 A3,

Our work aims to synthesize from a aqueous
solution and carry out an X-ray study of crystals of
alkali metal pentafluorodistannates, namely: sodium,
potassium, cesium, and rubidium, and study the
possibility of obtaining lithium fluorostannates.

EXPERIMENTAL

The synthesis was performed using tin(Il)
fluoride SnF, (Sigma-Aldrich, USA), cesium fluoride
CsF (pure), sodium fluoride NaF (pure), lithium
fluoride LiF (chemically pure), potassium carbonate
K,CO, (pure), rubidium carbonate Rb,CO, (pure)
and hydrofluoric acid HF (chemically pure). At
80°C, cesium fluoride was pre-dried. Potassium and
rubidium fluorides were obtained by dissolving metal
carbonates in hydrofluoric acid.

The method of crystallization from an aqueous
solution was employed to synthesize the compounds
NaSn,F,, KSn,F,, CsSn F,, RbSn F.. The calculated
fluoride weighted amount based on molar ratios was
placed in plastic tubes and dissolved in distilled
water. The test tubes were heated to 70°C in an
ultrasonic bath to obtain a concentrated solution and
achieve supersaturation during cooling. An ice bath
was utilized to increase the crystallization product
yield as the solution was gradually cooled, resulting
in abundant fluorostannates crystallization.

Some solutions were acidified with hydrofluoric
acid to prevent the hydrolysis of tin(II) fluoride and
tin oxide SnO precipitation.

Tin(II) fluoride and lithium fluoride were melted
(in the stoichiometric ratios of 1:2, 2:1) in a glassy
carbon crucible in a nitrogen atmosphere heated
to 300°C and held at the specified temperature for
20 min to search for compounds in the LiF-SnF,
system.

The size and morphology control of the
obtained crystals were implemented using an optical
microscope POLAM S-111 (LOMO, Russia) with
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crossed polarizers. Sodium pentafluorodistannate
NaSn,F, formed needle-like crystals, KSnF, and
CsSn,F.—bulk crystals, RbSn F.—hexagonal-shaped
platy crystals.

The obtained mixed fluorides crystals were
ground in a jasper mortar and examined by XRD
analysis on a Shimadzu XRD 6000 diffractometer
(Shimadzu, Japan). Powder diffraction patterns were
taken in the range of angles 20 from 10° to 60° with
a step 0f 0.02°, 1 s exposure time per point and CuKa
radiation.

The peak positions were determined using
the Profit program [12], and indexing by the least-
squares technique was performed using the Powder
program'. The difference between the experimental
and calculated indexing parameters AQ expressed as
O = 10%d?, where d is the interplanar distance (A),
determines the indexing quality. AQ < 5 indicates
high imaging and indexing quality.

RESULTS AND DISCUSSION

The samples obtained by melting SnF, and LiF
in the molar ratio 1:2 and 2:1 did not form co-phases.
According to the card 04-0857 of powder database
PCPDFWIN, all the samples were two-phase and
showed a predominantly monoclinic modification
of tin(Il) fluoride and smaller amounts compared
to the amount of lithium fluoride (peaks at
angles 20 ~ 38.696°, 44.996°). The calculated
cell parameters (C2/c,a=13.35A,b=4.908 A,
c=13.78 A, p=109.1°, V= 853.97 A®) correspond
to the card 15-0744 SnF,. The immutability of the
SnF, parameters implies that lithium fluoride does
not form solid solutions with tin difluoride.

Alkali metals (Na, K, Rb, Cs) form
pentafluorodistannates and trifluorostannates with
tin(II) fluoride. The pentafluorodistannates of interest
to us are those synthesized and crystallized from
the aqueous solutions. Figure 1 shows the powder
diffraction patterns of the NaSn,F, KSn F,, RbSn F_,
CsSn F, compounds.

The sodium and potassium pentafluorodistannates
diffraction patterns indexing showed good convergence
with the powder database cards (Table 1).

The sodium salt diffraction pattern differs
significantly from the similar diffraction patterns of
potassium, rubidium, and cesium salts (Fig. 1). The
diffraction patterns of KSn F, and RbSn,F, are almost
identical. All of this indicates that these compounds
have a similar structural motif, and potassium and
rubidium pentafluorodistannates are isostructural.
Based on these assumptions, reindexing was

! Faculty of Chemistry, M.V. Lomonosov Moscow State
University, Moscow.
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Fig. 1. Powder diffraction patterns
of NaSn F_, KSn F_, RbSn F_, CsSn F..

25 275 27 5

performed on a powder diffraction pattern of RbSn F,
on a hexagonal cell similar to KSn,F, (Table 2). The
obtained primitive unit cell parameters for rubidium
pentafluorodistannate are a = 7.40(3) A, ¢ = 10.12(6) A.
Compared to the cell proposed in [10] with a volume
twice as large, this indexing is characterized by higher
quality.

A distorted fluorite-like cell with the given
parameter a = 5.694 A, formed by tin and potassium
cations, can be distinguished in the structure of
potassium pentafluorodistannate (hexagonal syngony,
according to [7]). Figure 2 depicts the unit cell of
KSn,F.. For convenience, only the cations are left in
the model. As shown, the tin cations at the hexagonal
cell’s base are arranged according to the law of
the three-layer closest packing, while the cations
above and below it are located above and below its
voids. Both layers are represented by the closest
packing, having different positions above the voids
and indicating the formation of a three-layer closest
packing (ABCABC). Layers A and B are represented
by Sn cations in the three-layer packaging sequence,
while K cations represent layer C. Such layer sequence
is perpendicular to the crystallographic axis ¢ of the
hexagonal structure, corresponding to the fluorite-
like cube’s large diagonal, and equal to the parameter
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Table 1. Results of NaSn,F,, KSn F, powder diffraction patterns indexing

2" 5

Compound Cell parameters from the results of the indexing Cell parameters from the literature data
' (Card PCPDFWIN 21-1233)
KSuF, | Pa=729%0 Ac=05@@)A v=dssan &0 | 7T A o862 A 43397 A
Table 2. RbSn,F, powder diffraction pattern indexing

No. 20 d,A Q. I, hkl 0. AQ
1 17.50 5.0668 389.5 16 002 390.1 —0.6

2 25.64 3.4730 829.1 87 111 827.3 1.8
3 26.38 3.3772 876.8 100 003 877.7 -0.9

4 27.86 3.2019 975.4 1 200 973.1 2.3
5 29.88 2.9902 1118.4 53 112 1119.9 -1.5

6 42.28 2.1371 2189.5 24 300 2189.4 0.1

7 43.32 2.0887 22922 43 114 2290.2 2.0

8 44.74 2.0252 2438.2 6 005 2438.1 0.1
9 50.06 1.8221 3012.0 18 221 3016.8 —4.8
10 50.52 1.8068 3063.3 29 303 3067.2 -39
11 51.44 1.7765 3168.6 31 115 3168.0 0.6
12 52.70 1.7367 33155 9 222 3309.3 6.2
13 54.36 1.6878 3510.4 5 006 3510.9 —0.5

Fig. 2. Transformation of the unit cell of KSn F_:
fluorine atoms are removed from the model;
hexagonal cell accords to [7] (the coordinate system is for
this lattice); orange cubic cell is fluorite-like cell.

c=9.862 A of the KSn,F, cell. Fluorine atoms do not
fill all tetrahedral voids; instead, the majority of them
are statistically located. There are no fluorine anions
in the interlayer space of Sn cations.

A similar motif is observed in the RbSnF,
structure (Fig. 3). From [11], rubidium cations are
located at the hexagonal cell’s base according to the
law of the closest packing. According to the same
law, tin cations are located above and below the
voids of this layer, and their positions do not coincide
with the rubidium cations, indicating the formation
of a three-layer closest packing of cations with
alternating Sn—Sn—Rb layers. The parameter ¢ for
the orthorhombic cell proposed in [10] is equal to the
hexagonal cell’s parameter ¢ = 10.126 A. Rubidium
cations are also located at the orthorhombic cell’s
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Fig. 3. Transformation of the unit cell of RbSn,F.:
fluorine atoms are removed from the model; black
hexagonal cell accords to [11] (the coordinate system is
for this lattice); red orthorhombic cell accords to [10]; the
orange cubic cell is fluorite-like cell; the blue hexagonal
cell is obtained by the indexing results.

base, having an area six times larger than the cell area
[11]. The hexagonal cell’s base obtained by reindexing
due to the isostructure of potassium and rubidium
pentafluorodistannates is similarly represented by
rubidium cations; however, its area is three times
larger than the cell area [11]. The three-layer closest
packing of cations, the fluorite motif with the given
parameter @ = 5.846 A, is preserved in all cases.
The parameter of the fluorite-like cell increased by
2.6% compared to potassium pentafluorodistannate,
indicating the isostructure of these compounds.

The structure of CsSn,F, shows a fluorite
structural motif, similar to that of potassium and
rubidium pentafluorodistannates (Fig. 4). Due to
the larger ionic radius of cesium than potassium and
rubidium, the reduced cubic cell is larger than in the
first two cases, and its parameter is @ = 6.100 A. The
CsSn,F, powder diffraction pattern was reindexed
to a monoclinic primitive unit cell with parameters
a=10.03(4) A, b=592(7) A, c=11.96(9) A,
B =107.4(5)°, V=679.0(1) A® (Table 3).

The Miller indices were redefined based on a
crystal-chemical analysis of the literature data [5—11].
A densely packed layer of cesium atoms lies at the
monoclinic cell’s base, with tin atoms forming dense
layers above and below it in the voids. As Fig. 4
shows, the rectangular face of a monoclinic cell with
dimensions 5 =5.927 A and ¢ = 11.969 A corresponds
to two faces of a fluorite cube with cesium atoms at
the base, and the parameter a = 10.034 A connects
the two nearest layers of cesium atoms. Compared to
potassium pentafluorodistannate, the fluorite cube’s

Fig. 4. Transformation of the unit cell of CsSn,F_: fluorine
atoms are removed from the model; black tetragonal cell
according to [11] (the coordinate system is for this lattice);
red orthorhombic cell according to [10]; the orange
cubic cell is fluorite-like cell; the blue monoclinic cell is
obtained by the indexing results.

parameter a = 6.100 A increased by 7.1%, explaining
the difference between the cationic motif and the two
previous structures. Unlike KSn,F, and RbSn,F,, the
Sn—Sn—Cs layers are now located perpendicular to
one of the fourth-fold axes (the fluorite cell), rather
than the fluorite motif’s third-fold axis, causing
cations to be collected in the dense layers, rather
than the densest layers. The planes of cesium cations
limit the orthorhombic cell presented in [10], forming
its bases. The side of cell b’s base is the diagonal
of the fluorite cube’s face, and the side a is the
doubled diagonal. The height of cell ¢ corresponds
to the tripled side of the cube. The base area is four
times that of the base area of a fluorite-like cell,
and the volume is 12 times larger. The authors of
[11] presented a much more simplified tetragonal
cell. According to [10], its height coincides with the
parameter ¢ of the orthorhombic cell. The base area
is half that of the fluorite-like cell’s face, implying
that the cell parameter “a” differs from the cubic cell
parameter by a factor 2 .

Let us consider the influence of the structure
of pentafluorodistannates on their fluoride-ion
conductivity. Fluorostannates have a significant
ionic conductivity and compete with fluoride-ion
conductors containing rare earth elements (REE).
High-conducting fluorides have fluorite or tisonite
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Table 3. CsSn,F, powder diffraction pattern indexing

No. 20 d, A 0., i, hkl 0. AQ
1 18.530 4.7844 436.86 1 200 436.53 0.33
2 20.343 43620 525.57 2 111 525.36 0.20
3 23.936 3.7147 724.69 2 210 721.20 3.49
4 25.310 3.5161 808.87 100 112 810.33 ~1.46
5 27.908 3.1944 979.99 48 300 982.20 -2.21
6 29.823 2.9935 1115.94 14 -104 1116.87 -0.93
7 30.143 2.9624 1139.50 12 020 1138.66 0.83
8 31.869 2.8058 1270.24 2 -121 1269.63 0.61
9 35.630 25178 1577.46 4 220 1575.19 2.26
10 36.637 2.4509 1664.75 3 122 1664.32 0.42
11 39.258 2.2930 1901.92 3 312 1902.86 ~0.94
12 40.644 22180 2032.72 1 -321 2032.96 ~0.25
13 41.339 2.1823 2099.77 17 123 2102.69 ~2.92
14 41.557 2.1714 2120.90 14 320 2120.86 0.04
15 42.917 2.1056 2255.53 17 -124 2255.53 0
16 44.256 2.0450 2391.19 2 214 2387.32 3.86
17 45.159 2.0062 2484.57 3 ~502 2486.47 ~1.90
18 47.471 1.9137 2730.56 1 500 2728.33 2.23
19 47.843 1.8997 2770.96 25 -512 2771.14 ~0.18
20 50.281 1.8132 3041.65 16 016 3045.86 ~4.21
21 50.671 1.8001 3086.08 15 132 3087.65 ~1.57
22 51.985 1.7577 3236.76 14 ~424 3234.14 2.62
23 55.314 1.6595 3631.16 4 ~603 3631.51 ~0.35
24 57.631 1.5982 3915.05 3 ~613 3916.18 ~1.12

structure. Usually pure fluorites and tisonites have
low conductivity. Their conductivity is increased by
introducing heterovalent cation substitution. REE is
introduced into the fluorites, resulting in the additional
interstitial fluorine ion into the fluorite cell. Alkaline
earth fluoride dopant elements are introduced into the
composition of tisonites, causing fluorine vacancies
to form in the structure. All of this allows the increase
of the initial compounds’ fluoride ionic conductivity.

Despite all attempts to increase the fluoride
ionic conductivity of tisonites and fluorites, the
compound lead tetrafluorostannate PbSnF, is the
best fluoride-ion conductor at room temperature
[13]. Although this compound is stoichiometric, it
has a rich polymorphism. Attempts to increase its
conductivity by introducing impurities have been
ineffective. Only by doping lead tetrafluorostannate
with lithium fluoride this was possible [4]. Increasing
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the conductivity of PbSnF, is a promising task. It
is possible to understand this compound’s fluoride
ionic conductivity mechanism by considering the
structure of the compounds with fragments, such as
PbSnF,. Studying lead tetrafluorostannate directly
[14] is very difficult due to its polymorphism and
inhibition of phase transitions. A three-layer closest
packing of cations represents all polymorphic
modifications of the PbSnF, compound. The cations
forming the packing are collected in dense layers
that alternate with Sn—Sn—Pb—Pb pairs; there are no
fluorine anions in the gaps between the layers of
tin atoms. A similar layered structure is observed
on the pentafluorodistannates of alkali metals. They
are stoichiometric compounds with high mobility
fluorine ions. Analysis of their structure and ionic
conductivity parameters will allow us to understand
better the ionic conductivity mechanism of the PbSnF,
compound and possibly identify ways to increase it.

Let us consider the pentafluorodistannates of
alkali metals successively. In fluorostannates, the
fluorine atoms that coordinate tin(Il) are located in one
hemisphere. Lithium fluorostannates are not formed
because the tin atoms coordinate alkali metals with their
fluorine. Sterically, a lithium atom with its small size will
not be able to coordinate such large structural fragments.

The sodium pentafluorodistannate structure
consists of chains of tin cations located along
the fourth-fold axis’ direction. Tin cations form
tetrahedra, which are connected along their edges.
The fluorine anions in the tin atom’s coordination
sphere have angles between them that are slightly
less than a right one and are turned outward from the
tin tetrahedra’s axis. In this case, the fluorine atoms
coordinate the sodium atoms located in the channels
between the chains. Compared to other alkali metal
fluorostannates, all the fluorine atoms are strongly
bound to the tin atoms, which explains the worst
fluoride-ion conductivity.

The cations are arranged according to the
law of the closest three-layer cubic packing (not
ideal) for the potassium, rubidium, and cesium
compounds. In the case of potassium and rubidium
(Figs. 2 and 3), the densest layers alternate as A,
B, C,,. (Me = K, Rb). There are no fluorine atoms
in the space between the tin layers. The fluorine
atom is quite firmly fixed, and the bond with the tin
atom is located perpendicular to the plane of the tin
atoms. The remaining fluorine atoms form almost
a plane near the atomic layer of tin. The fluorine
anions in these layers are statistically located under
or near the tetrahedral voids. These fluorine atoms
carry out charge transfer. The conductivity in the
crystal volume is anisotropic and two-dimensional.
By increasing the distances in the layers of the tin
atoms, which creates broader and deeper valleys on
the atomic surface of tin atoms for the movement of
fluorine ions, rubidium pentafluorodistannate has a
higher fluoride-ion conductivity (Table 4) compared
to potassium pentafluorodistannate.

This structure changes during the transition to
cesium pentafluorodistannate (Fig. 4); cations also
form a three-layer closest packing, and tin and cesium
planes form closely packed layers perpendicular to
the fourth-fold axis [11]. There are no fluorine atoms
in the space between the tin cations, and a firmly
fixed fluorine atom is perpendicular to the plane of
the tin atoms by its Sn—F bond. Because the cesium
atoms are located above the tin packaging’s voids,
the mobile fluorine atoms form a plane parallel to
the tin cation layer’s surface and are located in the
gaps between the nearest neighbors, preventing the
fluorine atoms’ free movement along the tin layer’s
atomic surface. This explains the sharp drop in the
cesium salt’s fluoride-ion conductivity by three
orders of magnitude and increased activation energy
(Table 4).

Table 4. Comparison of the electrophysical and crystallochemical characteristics of fluorostannates

Conductivity at the room Activation energy, Interlayer dmanc.e Distance between the Sn
Compound between the Sn cation A
temperature, S/cm [2] eV [2] cations inside the layer, A
layers, A
NaSn,F, 8107 0.57 - -
KSn,F, 5-10° 0.55 3.444 4.200
RbSn,F, 2-10° 0.68 3.491 4.358
CsSn,F, 4-1078 0.76 3.227 4.260
PbSnF, (1-10)-10°* 0.11-0.42 3.042 4.224
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CONCLUSIONS

This study investigates the possibility of obtaining
lithium fluorostannates in the LiF-SnF, system by
fusing lithium fluoride and tin(II) fluoride in molar
ratios of 1:2 and 2:1. There were no compounds and
solid solutions found in the XRD data. This is due
to the lithium atom’s inability to coordinate large
structural fragments characteristic of alkali metal
pentafluorodistannates.

Crystals of alkali metal pentafluorodistannates
(sodium, potassium, rubidium, and cesium) were
synthesized from aqueous solutions, and their X-ray
phase study was conducted. The results of indexing
the XRD data confirmed the single-phase nature of
the obtained samples and good correspondence to
the composition of MeSn,F, (Me = Na, K, Rb, Cs).
The cells parameters for NaSn,F, (P4,/nbc,
a=9.0352) A, c=13.715(5) A, V=1119.6(4) A?),
and KSn,F, (P3, a = 7.293(6) A, c=9.862(2) A,
V=454.2(7) A?) calculated by a least-square technique
has shown good agreement with the literature data
and cards of PCPDFWIN powder database. It was
revealed during a crystal-chemical analysis of
pentafluorodistannates that the compounds MeSn_F,
(Me = K, Rb, Cs) with high fluoride-ion conductivity
have a layered structure corresponding to the three-
layer packing type of fluorite, in which a pair of tin
layers alternate with the layers of cations of alkali metal
Sn—Sn—Me (Me = K, Rb, Cs) pentafluorodistannate. The
reduced fluorite-like cells parameters naturally increase
down the group: 5.694 A (KSn,F)), 5.846 A (RbSn,F),
6.100 A (CsSn,F,). For potassium and rubidium
pentafluorodistannates, the Sn—Sn—Me (Me = K, Rb)
layers are the densest, and the conductivity increases from
KSnF, to RbSnF,. Rubidium pentafluorodistannate
RbSn,F, is isostructural with KSn,F., and the

2752
compound was reindexed to a hexagonal cell

REFERENCES

1. Gschwind F., Rodriguez-Garcia G., Sandbeck
D.J.S., Gross A., Weil M., Fichtner M., Hoérmann N.
Fluoride ion batteries: Theoretical performance, safety,
toxicity, and a combinatorial screening of new electrodes.
J. Fluor. Chem. 2016;182:76-90. https://doi.org/10.1016/j.
jfluchem.2015.12.002

2. Sorokin N.I. SnF,-Based Solid Electrolytes. /norg.
Mater.  2004;40(9):989-997.  https://doi.org/10.1023/
B:INMA.0000041335.17098.d1

3. Podgorbunsky A.B., Sinebryukhov S.L., Gnedenkov
S.V., Goncharuk V.K., Kavun V.Ya. Usoltseva T.I. Effect of
fluorides of the first group elements on the ionic conductivity
of SnF -MF system. Vestnik DVO RAS. 2010;5(153):12-17
(in Russ.).

with parameters a = 7.40(3) A and ¢ = 10.12(6) A.
In the CsSn,F, compound, the Sn—Sn-Cs layers are
dense but not the densest and oriented along one of
the axes of the fourth-fold of the fluorite motif. The
fluoride-ion conductivity is significantly reduced due
to the cationic packaging’s global rearrangement.
Cesium pentafluorodistannate CsSn, F, was reindexed
from orthorhombic (according to literature data) to a
monoclinic system with cell parameters a = 10.03(4) A,
b=5.92(1)A,c=11.96(9) A, B =107.4(5)°. Surprisingly,
CsSn,F, is the closest to PbSnF, in terms of the
structure and packing of the layers. This suggests that
their conductivity mechanisms are distinct. Perhaps,
suppose a PbSnF, compound or a similar BaSnF,
compound with the same type of cation layer packing
as KSn F, and RbSn, F, can be obtained. In that case,
a higher value of fluoride ionic conductivity can
be achieved. It is still not completely clear how to
accomplish this.

Acknowledgments
This study was supported by the Ministry of Science
and Higher Education within the State assignment of Federal
Scientific Research Center “Crystallography and Photonics,”
Russian Academy of Sciences, and was performed using the
equipment of the Shared Science and Training Center for
Collective Use of MIREA — Russian Technological University.

Authors’ contribution

R.M. Zakalyukin — conducting synthesis, X-ray
diffraction analysis, and crystallochemical analysis, writing the
text of the article, powder diffraction patterns indexing;

E.A. Levkevich — conducting synthesis, working with
the literature, writing and editing the text of the article, powder
diffraction patterns indexing;

A.V. Nikolaeva — conducting synthesis, working with
the literature, powder diffraction patterns indexing.

The authors declare no conflicts of interest.

CIIMCOK JIMTEPATYPbI

1. Gschwind F., Rodriguez-Garcia G., Sandbeck
D.J.S., Gross A., Weil M., Fichtner M., Hormann N.
Fluoride ion batteries: Theoretical performance, safety,
toxicity, and a combinatorial screening of new electrodes.
J. Fluor. Chem. 2016;182:76-90. https://doi.org/10.1016/j.
jfluchem.2015.12.002

2. Sorokin N.I. SnF,-Based Solid Electrolytes. Inorg.
Mater: 2004;40(9):989-997. https://doi.org/10.1023/
B:INMA.0000041335.17098.d1

3. Moaropoyuckuii A.b., Cunedproxo C.JI., T'Henen-
koB C.B., Tonuwapyx B.K., KaByn B.fl., Ycompuesa T.U.
Bnusaue GTopumoB 21eMEHTOB MEPBOH I'PYNIbI HA HOHHYIO
npoBoAUMOCThL  cucteMbl  SnF,-MF.  Becmnux JJBO PAH.
2010;5(153):12—-17.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(5):426-437

435


https://doi.org/10.1016/j.jfluchem.2015.12.002 
https://doi.org/10.1016/j.jfluchem.2015.12.002 
https://doi.org/10.1023/B:INMA.0000041335.17098.d1
https://doi.org/10.1023/B:INMA.0000041335.17098.d1
https://doi.org/10.1016/j.jfluchem.2015.12.002
https://doi.org/10.1016/j.jfluchem.2015.12.002
https://doi.org/10.1023/B:INMA.0000041335.17098.d1
https://doi.org/10.1023/B:INMA.0000041335.17098.d1

Synthesis and X-ray-graphical characteristics of the MeSn F_ (Me = Na, K, Rb, Cs) fluoride-ion conductors

4. Podgorbunsky A.B., Sinebryukhov S.L., Gnedenkov
S.V. Comparison of superionic phases for some fluorine
conducting materials. Physics Procedia. 2012;23:94-97.
https://doi.org/10.1016/j.phpro.2012.01.024

5. Donaldson J.D., O’Donoghue J.D. Complex tin(II)
fluorides. J.  Chem. Soc. 1964;44:271-275. https://doi.
org/10.1039/JR9640000271

6. McDonald R., Larson A., Cromer D.T. The crystal
structure of sodium pentafluorodistannate(Il), NaSn,F..
Acta Cryst. 1964;17(9):1104-1108. https://doi.org/10.1107/
S0365110X64002894

7. Vilminot S., Bachmann R., Schulz H. Structure and
conductivity in KSn,F,. Solid State lonics. 1983;9-10(1):559-562.
https://doi.org/10.1016/0167-2738(83)90295-3

8. Vilminot S., Schulz H. Evidence for a new structural
modification in KSn,F.. Acta Cryst. Section B: Structural
Science.  1988;44(33):233-236.  https://doi.org/10.1107/
S0108768188001260

9. Yamada K., Ahmad M.M., Ohki H., Okuda T.,
Ehrenberg H., Fuess H. Structural phase transition of the two-
dimensional fluoride ion conductor KSn,F, studied by X-ray
diffraction. Solid State Ionics. 2004;167(3—4):301-307. https://
doi.org/10.1016/j.ss1.2003.09.004

10. Donaldson J.D., O’Donoghue J.D., Oteng R.
Formation of Complex Tin(Il) Species in Molten Tin(II)
Fluoride. J. Chem. Soc. (Resumed). 1965:3876-3879. http://
dx.doi.org/10.1039/JR9650003854

11. Berastegui P., Hull S., Eriksson S.G. A high
temperature superionic phase of CsSn,F.. J. Solid State
Chem.  2010;183(2):373-378.  https://doi.org/10.1016/j.
j8s¢.2009.11.020

12. Zhurov V.V,, Ivanov S.A. Profit Computer Program for
Processing Powder Diffraction Data on an IBM PC Computer
with a Graphic User Interface. Cryst. Rep. 1997;42:202-206.

13. Zakalyukin R.M., Levkevich E.A., Kumskov
A.S., Orekhov A.S. Superionic conductor PbSnF, in the
inner channel of SWNT. AIP Conference Proceedings.
2018;1957(1):030001. https://doi.org/10.1063/1.5034325

14. Fedorov P.P., Goncharuk V.K., Maslennikova 1.G.,
Telin 1.A., Glazunova T.Yu. Diagram of the PbF,—SnF,
system. Russ. J. Inorg. Chem. 2016;61(2):239-242. https://
doi.org/10.1134/S0036023616020078

About the authors:

4. Podgorbunsky A.B., Sinebryukhov S.L., Gnedenkov
S.V. Comparison of superionic phases for some fluorine
conducting materials. Physics Procedia. 2012;23:94-97.
https://doi.org/10.1016/j.phpro.2012.01.024

5. Donaldson J.D., O'Donoghue J.D. Complex tin(II)
fluorides. J.  Chem. Soc. 1964;44:271-275. https://doi.
org/10.1039/JR9640000271

6. McDonald R., Larson A., Cromer D.T. The crystal
structure of sodium pentafluorodistannate (II), NaSn,F..
Acta Cryst. 1964;17(9):1104-1108. https://doi.org/10.1107/
S0365110X64002894

7. Vilminot S., Bachmann R., Schulz H. Structure and
conductivity in KSn,F.. Solid State lonics. 1983;9-10(1):559-562.
https://doi.org/10.1016/0167-2738(83)90295-3

8. Vilminot S., Schulz H. Evidence for a new structural
modification in KSnF,. Acta Cryst. Section B: Structural
Science. 1988;44(33):233-236. https://doi.org/10.1107/
S0108768188001260

9. Yamada K., Ahmad M.M., Ohki H., Okuda T.,
Ehrenberg H., Fuess H. Structural phase transition of the two-
dimensional fluoride ion conductor KSn,F, studied by X-ray
diffraction. Solid State lonics. 2004;167(3—4):301-307. https://
doi.org/10.1016/j.ss1.2003.09.004

10. Donaldson J.D., O’Donoghue J.D., Oteng R.
Formation of Complex Tin(II) Species in Molten Tin(II)
Fluoride. J. Chem. Soc. (Resumed). 1965:3876-3879. http://
dx.doi.org/10.1039/JR9650003854

11. Berastegui P, Hull S., Eriksson S.G. A high
temperature superionic phase of CsSnF.. J. Solid State
Chem. 2010;183(2):373-378. https://doi.org/10.1016/j.
j8s¢.2009.11.020

12. Zhurov V. V., Ivanov S.A. Profit Computer Program for
Processing Powder Diffraction Data on an IBM PC Computer
with a Graphic User Interface. Cryst. Rep. 1997;42:202-206.

13. Zakalyukin R.M., Levkevich E.A., Kumskov
A.S., Orekhov A.S. Superionic conductor PbSnF, in the
inner channel of SWNT. AIP Conference Proceedings.
2018;1957(1):030001. https://doi.org/10.1063/1.5034325

14. Fedorov P.P., Goncharuk V.K., Maslennikova I.G.,
Telin L.A., Glazunova T.Yu. Diagram of the PbF —SnF, system.
Russ. J. Inorg. Chem. 2016;61(2):239-242. https://doi.
org/10.1134/S0036023616020078

Ruslan M. Zakalyukin, Cand. Sci. (Chem.), Senior Lecturer, Department of Electrotechnical Systems, Institute of Radio
Engineering and Telecommunication Systems, MIREA — Russian Technological University (86, Vernadskogo pr., Moscow, 119571,
Russia); Senior Researcher, Federal Scientific Research Center “Crystallography and Photonics,” Russian Academy of Sciences
(59, Leninskii pr., Moscow, 119333, Russia). E-mail: rmzakalyukin@mitht.ru. Scopus Author ID 6602502445, ResearcherID

0-3799-2014, https://orcid.org/0000-0002-4398-4893

Ekaterina A. Levkevich, Teaching Assistant, Department of Electrotechnical Systems, Institute of Radio Engineering
and Telecommunication Systems, MIREA — Russian Technological University (86, Vernadskogo pr., Moscow, 119571, Russia);
Postgraduate Student, Federal Scientific Research Center “Crystallography and Photonics,” Russian Academy of Sciences (59,
Leninskii pr., Moscow, 119333, Russia). E-mail: levkevich@mitht.ru. Scopus Author ID 57207661566, ResearcherID Z-1981-2018,

https://orcid.org/0000-0003-2668-1783

Toukue xuMmudyeckue TexHosoruy = Fine Chemical Technologies. 2021;16(5):426-437

436


mailto:rmzakalyukin@mitht.ru
https://orcid.org/0000-0002-4398-4893
mailto:levkevich@mitht.ru
https://orcid.org/0000-0003-2668-1783
https://doi.org/10.1016/j.phpro.2012.01.024
https://doi.org/10.1039/JR9640000271
https://doi.org/10.1039/JR9640000271
https://doi.org/10.1107/S0365110X64002894
https://doi.org/10.1107/S0365110X64002894
https://doi.org/10.1016/0167-2738(83)90295-3
https://doi.org/10.1107/S0108768188001260 
https://doi.org/10.1107/S0108768188001260 
https://doi.org/10.1016/j.ssi.2003.09.004
https://doi.org/10.1016/j.ssi.2003.09.004
http://dx.doi.org/10.1039/JR9650003854
http://dx.doi.org/10.1039/JR9650003854
https://doi.org/10.1016/j.jssc.2009.11.020
https://doi.org/10.1016/j.jssc.2009.11.020
https://doi.org/10.1063/1.5034325
https://doi.org/10.1134/S0036023616020078
https://doi.org/10.1134/S0036023616020078
https://doi.org/10.1016/j.phpro.2012.01.024
https://doi.org/10.1039/JR9640000271
https://doi.org/10.1039/JR9640000271
https://doi.org/10.1107/S0365110X64002894
https://doi.org/10.1107/S0365110X64002894
https://doi.org/10.1016/0167-2738(83)90295-3
https://doi.org/10.1107/S0108768188001260
https://doi.org/10.1107/S0108768188001260
https://doi.org/10.1016/j.ssi.2003.09.004
https://doi.org/10.1016/j.ssi.2003.09.004
http://dx.doi.org/10.1039/JR9650003854
http://dx.doi.org/10.1039/JR9650003854
https://doi.org/10.1016/j.jssc.2009.11.020
https://doi.org/10.1016/j.jssc.2009.11.020
https://doi.org/10.1063/1.5034325
https://doi.org/10.1134/S0036023616020078
https://doi.org/10.1134/S0036023616020078

Ruslan M. Zakalyukin, Ekaterina A. Levkevich, Anastasia V. Nikolaeva

Anastasia V. Nikolaeva, Student, Faculty of Chemistry, Lomonosov Moscow State University (1, Leninskie gory,
Moscow, 119991, Russia) E-mail: nnik3003@bk.ru. https://orcid.org/0000-0001-9564-7736

06 aemopax:

Barxanrorxun Pycnan Muxaiinoeuu, K.x.H., T0UEHT KAQeAPbI DIEKTPOTEXHUYECKUX CUCTEM UHCTUTYTA TENEKOMMY-
HUKAIMOHHBIX U paanorexHndeckux cucreM GI'BOY BO «MUPDA — Poccuiickuii TexHonornyeckuii yausepcurer» (119571,
Poccus, Mocksa, np-t BepHazackoro, 1. 86); crapimuil Hayunbslil corpynHuk denepanbHOr0 HaydHO-UCCIEA0BATENLCKOIO 1IEH-
tpa «Kpucramnorpadus u goronuka» Poccuiickoil akagemuu Hayk (119333, Poccus, Mocksa, Jlenunckuil np-t, 59). E-mail:
rmzakalyukin@mitht.ru. Scopus Author ID 6602502445, ResearcherID O-3799-2014, https://orcid.org/0000-0002-4398-4893

Aeekeeuu Examepuna AnexcarHOpO6HA, acCHCTEHT Kaeaphl 2EKTPOTEXHUIECKUX cucTeM MHCTUTYTA Tene-
KOMMYHHMKAIIMOHHBIX U paaunorexuuyeckux cucteM ®I'BOY BO «MUPDA — Poccuiickuil TeXHOIOTHYECKU yHUBEPCUTET»
(119571, Poccust, Mockaa, rip-t Beprasckoro, 1. 86); acnupant @exeparbHOTO HayTHO-HCCIIEI0BATEIHCKOTO IeHTpa «KpucTammo-
rpadus u porornkay Poccuiickoit akagemuu Hayk (119333, Poccus, Mocksa, JIennHckwuii mp-1, 59). E-mail: levkevich@mitht.ru.
Scopus Author ID 57207661566, ResearcherID Z-1981-2018, https://orcid.org/0000-0003-2668-1783

Huxonaeea Anacmacust BnadumupoeHa, crynentka Xummaeckoro ¢pakyiasrera MY um. M.B. JlomoHOCOBa
(119991, Poccusi, Mocksa, Jlennnckue ropsi, a.1, ¢.3). E-mail: nnik3003@bk.ru. https://orcid.org/0000-0001-9564-7736

The article was submitted: June 03, 2021, approved afier reviewing: June 25, 2021; accepted for publication: October 04, 2021.

Translated from Russian into English by N. Isaeva
Edited for English language and spelling by Enago, an editing brand of Crimson Interactive Inc.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(5):426-437
437


mailto:nnik3003@bk.ru
https://orcid.org/0000-0001-9564-7736
mailto:rmzakalyukin@mitht.ru
https://orcid.org/0000-0002-4398-4893
mailto:evkevich@mitht.ru
https://orcid.org/0000-0003-2668-1783
http://nnik3003@bk.ru
https://orcid.org/0000-0001-9564-7736

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(5):438-447

CHEMISTRY AND TECHNOLOGY OF INORGANIC MATERIALS
XHMHST 1 TEXHOAOI'HSI HEOPTAHHYECKHX MATEPHAAOB

ISSN 2686-7575 (Online)

https://doi.org/ 10.32362/2410-6593-2021-16-5-438-447 @)y |

UDC 541.1+669.21/.23+669.849

RESEARCH ARTICLE

Application of pulse current for dissolution
of heat-resistant GS32-VI alloy

Oxana V. Chernyshova'®, Turar B. Yelemessov?, Dmitry V. Drobot!

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

?Institute of High Technologies, Almaty, 050012 Republic of Kazakhstan

Correspondence author, e-mail: oxcher@mitht.ru

Abstract

Objectives. To identify the regularities of electrochemical processing of the heat-resistant
GS32-VI alloy in a sulfuric acid electrolyte with a concentration of 100 g/dm?® under the action of
a pulsed current in a pulsed mode.

Methods. Using the electrochemical technological complex EHK-1012 (developed by IP Tetran)
and a non-compensatory method of measuring potential, polarization and depolarization curves
with a change in pulse duration and a pause between them were recorded. The current pulses
had an amplitude ranging from O to 3.5 A (when recording the polarization and depolarization
curves), pulse durations ranging from 200 to 1200 ms, and a pause (delay) between pulses
ranging from 50 to 500 ms. There were no reverse current pulses.

Results. The parameters of the current program that provide the maximum values of the alloy
dissolution rate and current output were determined: with a current pulse amplitude of 2 A, a
current pulse duration of 500 ms, and a pause duration between pulses of 250 ms, the maximum
dissolution rate of the alloy is 0.048 g/ h-cm?, while the current output for nickel is 61.6% with an
anode area of 10 cm®. The basic technological scheme for processing the heat-resistant GS32-VI
alloy, which includes anodic alloy dissolution in a pulsed mode, is proposed.

Conclusions. Electrochemical dissolution of GS32-VI alloy under pulsed current action results
in an optimal dissolution rate ratio of the alloy components, ensuring the production of a cathode
precipitate with a total nickel and cobalt content of 97.5%.
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HAYYHAS CTATbA

IIpuMeHeHre MMITYJIBCHOTO TOKA VI PACTBOPEHHUSA KAPONPOYHOI0
ciuiasa KC32-BA

O.B. Yepusimoera'®, T.B. Eaemecor?, [1.B. [ipo6oT!

IMHPSA — Poccutickuii mexHono2uueckuil yHusepcumem (HMHcmumym moHKUX XUMUMeCKUX mexHOI0eull
um. M.B. Aomorocosa), Mocksa, 119571 Poccust

2HHemumym eblcokux mexHonoeuil, Animamet, 050012 Pecnybauka Kazaxcman

@Aemop osns nepenucku, e-mail: oxcher@mitht.ru

AHHOMAQuust

Ienu. Buiigumsb 3aKOHOMEPHOCMU INEKMPOXUMUUECKOT nepepabomrKu RKaponpouHozo Cniasa
2KC32-BH, npogooumoti 8 UMNYJIbCHOM perume 8 CepHOKUCIOM IleKmpoaume ¢ KOHUeHmpayu-
eti 100 2/ 0m® noo oelicmauem UMNYIbCHO20 MOKA.

Memoodust. CHsamue noAsSPUSAUUOHHBLX U 0ENOAAPUSAUUOHHBLX KPUBLLX C USMEHEHUEM OiUmeib-
HOCMU UMNYbCA U NAY3bl MeKO0Y HUMU NPOBOOUNU C NOMOULLIO INeKMPOXUMUUECKO20 MEXHO-
soeuveckozo Komnnekca OXK-1012 (paspabomar OO0 HII «Temparr), ucnonv3yrouiezo HeKom-
NEHCAUUOHHDBLI CNocob UdmMepeHUss NOMmeHYuUaIa. Amnaumyoa umMnyansbco8 moka HAxXo0uUlacb 8
ouanasoHe 3HaueHuii om 0 0o 3.5 A (npu cHSMUU NOAAPUIAYUOHHBLX U 0eNONSPUIAYUUOHHBLX
Kpugblx), ONUMEeNbHOCMU UMNYbCO8 UsmeHsucb om 200 do 1200 mc, nay3a (3adeprkKka) mexoy
umnyanscamu — om 50 0o 500 mc, UMNYNbCbl pegepCcusHO20 MOKa 0Mcymcemeosasiu.
Pesynoemamet. OnpedesieHbl napamempsl moKo8ol npozpammel, obecneuusaroujue MaKCuMAalb-
Hble 3HaUeHUs. CKOpOCMU pacmeopeHuUsl Chaiaga U 8blxoda no moky. Ilpu amnaumyoe umnysio-
ca moka 2 A, onumenvHocmu umnyasca moka 500 mc u npodosKumenbHOCmMuU nayssvl Mexoy
umnynvcamu 250 Mc MaKCUMANBHASL cKoOpocmb pacmeopeHust cnaaga 0.048 2/ u-em?, npu smom
8bLX00 N0 MOKY Oasl HUKessi pageH 61.6% npu naowadu aroda 10 cm?. IIpedaoxeHa npuHyu-
NUANLHASL MEeXHOJI02UUecKast cxema nepepabomru skaponpourozo cnaasa 2KC32-BH, exnrouaro-
wasi aHOOHOe pacmeopeHue CNA8A 8 UMNYJIbCHOM peskume.

Bbleoosl. Ssiexmpoxumuueckoe pacmaopeHue cnaaga XKC32-BH nod oeticmeuem umMnyibCHO20
moxa cnocobcmayem onmumMalbHOMY COOMHOWEHUIO cKopocmell pacmeopeHUsl COCMABSLIOULUX
cnaiasa, umo obecneuusaem nNoAYyUeHUe KamooH020 0CA0KA ¢ CYMMAPHBIM COOEPIKAHUCM HUKe-
2151 u kobanema 97.5%.

Knroueeble cnoea: umnyasbCcHulil mok, cepHas kucrioma, cnnag 2KC32-BH, nonsipusayuoHHAs
U 0enosipU3aAyUOHHASL KpUBble, AMNAUMYOA UMNYIbCA MOKA, ONUMENbHOCMb UMNYbCA MOKA,
nay3a me>koy UmMnyibCcamu moKa

Jna yumupoeanusa: Yepusimona O.B., Enemecos T.b., Ipo6ot [I.B. IIpumeHeHre UMITyIbCHOTO TOKA Al PACTBOPEHUS XKa-
pompounoro crutaBa XXC32-BU. Touxkue xumuueckue mexnonoeuu. 2021;16(5):438-447. https://doi.org/10.32362/2410-6593-2021-
16-5-438-447
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Application of pulse current for dissolution of heat-resistant GS32-VI alloy

INTRODUCTION

The high cost of nickel heat-resistant alloy
components (rhenium, tantalum, cobalt, etc.) that
have reached the end of their service life necessitates
their return to industrial production. Processes based
on electrochemical methods, which allow for the
regeneration of rare refractory metal wastes with
high technological and economic indicators, are
the most effective and promising paths in metal
waste processing technology [1-15]. The literature
describes various solutions to the problem under
discussion. Thus, processing methods based on
opening processed raw materials with acid solutions
are well known. The use of sulfuric, hydrochloric, and
nitric acids followed by the electrochemical release
of the target products at a fixed current density [1-5]
is the most common. Another approach that involves
the anodic dissolution of the processed metal-
containing raw material and subsequent separation
of commercial products from the electrolyte solution
is described in [6—17].

The dissolution and transfer rate of products
into solution during the anodic dissolution of metals
or alloys is significantly influenced by the current
program. It is worth noting that anodic dissolution
processes, in which the magnitude and direction
of the current used are variable, are common in
the processing of various types of secondary raw
materials. Such modes, in contrast to electrochemical
processes with a constant current value, are called
unsteady electrolysis modes or unsteady electrolysis.
In papers [6-11, 13], the dissolution process is
carried out using alternating currents of various
kinds. The implementation of the anodic dissolution
process under these conditions prevents passivation
phenomena and increases the anodic dissolution rate.

Unsteady electrolysis in pulse mode has been
effectively used in the production of coatings and
the electrochemical treatment of materials [17-27].
However, despite the superior characteristics of
electrochemical processes, its use in the processing
of secondary raw materials is limited.

This work aims at revealing the regularities of
the electrochemical processing of the heat-resistant
GS32-VI alloy in a sulfuric acid electrolyte in the
pulse mode.

EXPERIMENTAL

Electrochemical dissolution of the alloy
composition (wt %) Re—-4.0; Co0-9.3; W-8.6;
Y-0.005; La-0.005; Al-6.0; Cr-5.0; Ta—4.0; Nb-1.6;
Mo-1.1; C-0.16; B-0.15; Ce-0.025, Ni—60.
The polarization and depolarization curves were

obtained using electrochemical technological
complex EHK-1012 (developed by [P Tetran),
which uses non-compensation method of potential
measurement [28]. The reference electrode was a
silver chloride electrode.

Current diagram for polarization and depolar-
ization curves: current pulse amplitude varied from
0 to 3.5 A, pulse duration varied from 200 to 1200 ms,
pause pulse (delay) varied from 50 to 500 ms, and no
reverse current pulses were used (Fig. 1).

The electrochemical cell consisted of a 300 mL
fluoroplastic reservoir, a fragment of a blade from the
heat-resistant GS32-VI alloy with an area S = 10 cm?
(anode), and a titanium (VT1-0) plate with an area
S = 9.5 cm? (cathode).

Electrode weight loss was determined on
analytical scales ANDGR-300 with an accuracy
class of +/=0.0001 g. The process was conducted
at a temperature of 20-25°C. Elemental analysis
was performed using an ICP mass spectrometer
for isotopic and elemental analysis ELAN DRC-e
(PerkinElmer, Canada).

RESULTS AND DISCUSSION

Based on literature data and previously conducted
studies, the feasibility of using acidic electrolytes
based on sulfuric and nitric acids for processing
of nickel-based refractory alloys was revealed
[1, 4, 5, 9, 10, 13, 14]. We selected sulfuric acid
at a concentration of 100 g/dm?, which provides a
high dissolution rate, to obtain a cathodic nickel-
containing product. Lower acid concentrations
result in a lower alloy dissolution rate (less than
0.030 g/h-cm?), while sulfuric acid concentrations
of 250 g/dm3 and higher enhance the probability of
increased anode sludge.

The main advantage of pulsed electrolysis is
the ability to make abrupt changes in the electrode
potential, which significantly affects the charge
transfer stage, adsorption and crystallization, the
overall kinetics of the process, and determines the
course of each electrochemical reaction.

When using pulse current, the significant
parameters are pulse duration and amplitude, pause
between pulses, and presence of reversing pulse. To
analyze the effect of these parameters on the process
of electrochemical dissolution of the heat-resistant
GS32-VI alloy, anodic polarization curves with
changes in the pulse duration and the pause between
them were taken. Depolarization curves were taken
after the current pulse to show the dynamics of the
electrode potential.

Pulsed current, unlike direct current, allows
for effective control of electrode processes. The
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steep leading edge of the pulses allows for a faster
increase in electrode potential from the minimum to
the maximum value (Fig. 1). As a result, electrolyte
depletion near the electrode is accelerated, current
lines are redistributed, and fine crystalline precipitates
are formed on the cathode, resulting in the production
of smaller anode sludge particles in the case of
soluble anodes with heterophase composition. This
is presumably true in anodic dissolution since GS32-VI
is a multicomponent, heterophase alloy. The main
elements of its phase composition are dispersed (<0.5 um)
1-phase particles y, which are based on the ordered
intermetallic compound Ni,Al (superstructure L12)
and a complexly alloyed nickel y-solid solution, as
well as carbide and boride phases of various types
[29]. Simultaneously, the steep decline of direct
pulses causes an increase in the potential swing,
which affects the precipitation structure as well as
some electrolysis process parameters.

Figures2and 3 show polarizationand depolarization
curves obtained in pulsed galvanodynamic mode,
respectively.

Potential, V
5
1

Depolarization rate, mV/c

Fig. 1. Current diagram for polarization
and depolarization curves.

Figure 2 illustrates that with a polarization time
of 200-300 ms, the shape of the polarization curve
has a smoothed form from the obtained dependences
of the shape of polarization curves on the pulse
duration. When the current pulse duration is increased
up to 500 ms, a horizontal area corresponding to the
maximum dissolution rate of the alloy appears on the
polarization curve. Further increase in pulse duration
(up to 1200 ms) has no noticeable effect on the shape
of polarization curves.

The described dependences on the influence of
current pulse duration on the shape of polarization
curves are confirmed by the obtained depolarization
curve dependences. At current pulse durations of
400-500 ms, the depolarization curves clearly show

2.0

——200 ms
—250 ms
——300ms
——400 ms
500 ms
—— 600 ms
700 ms
—— 750 ms
——3800 ms
——900 ms
—— 1000 ms
— 1100 ms
— 1200 ms

0.5

0.0

T T
0.0 05 1.0 15 20 25 3.0 35
Current, A

Fig. 2. Polarization curves of GS32-VI alloy dissolution
in a sulfuric acid electrolyte with a concentration
of 100 g/dm* at different pulse durations
and a pause of 250 ms.

—— 200 ms
—— 250 ms
—— 300 ms
——400 ms
500 ms
—— 600 ms
700 ms
— 750 ms
——800 ms
—— 900 ms
—— 1000 ms
— 1100 ms
—— 1200 ms

T T T
0.0 05 1.0 15 2.0 25 3.0 35
Current, A

Fig. 3. Depolarization curves of GS32-VI alloy
dissolution in a sulfuric acid electrolyte with a
concentration of 100 g/dm?® at different pulse durations
and a pause of 250 ms.

areas corresponding to different electrochemical
processes (Fig. 3).

The polarization and depolarization curves of
GS-32VI alloy dissolution in sulfuric acid electrolyte
with a concentration of 100 g/dm?, a pulse duration
of 500 ms, and a delay of 250 ms are shown in Fig. 4
to highlight the areas corresponding to the course of
various electrochemical processes.

I area: £ = 0.18-1.78 V—the dissolution of the
complex-alloyed nickel y-solid solution phase occurs;

Il area: £ = 1.78-1.91 V—dissolution y of
1-phase based on the ordered intermetallic compound
Ni,Al,

III area: £ > 1.91 V—release of oxygen through
the formation of intermediate unstable oxides.
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Using similar dependencies, the effect of
the pause duration between pulses on the shape
of polarization and depolarization curves was
determined (Fig. 5, 6). The pause in pulsed
electrolysis had a significant effect on the metal
deposition process and the quality of the resulting
cathode precipitation. As a result of migration, the
concentration of ions in the near-electrode space
equalizes completely or partially depending on the
pause duration. Passivation of the electrode surface
is also possible, which involves the oxidation or
adsorption of impurities in the electrolyte solution
on the active parts of the electrode surface.

During GS-32VI alloy dissolution in a sulfuric
acid electrolyte with a concentration of 100 g/dm?
using pulsed current, a high alloy dissolution rate

- 200
204 i

|
8
o

Potential, V
P
1
Depolarization rate, mV/s

0.5

——1000

00 T T T T T
00 05 10 15 20 25 30

Current, A

Fig. 4. Polarization and depolarization curves
of GS32-VI alloy dissolution in the sulfuric acid
electrolyte at a concentration of 100 g/dm’,
500 ms pulse duration, and a delay of 250 ms.

was attained at a pulse duration of 500-700 ms
and a pause pulse delay of 250 ms. The dissolution
rate ratio of nickel, cobalt, and rhenium provides a
cathode deposit with a nickel and cobalt content of
at least 90%

The maximum current pulse amplitude during
anodic alloy dissolution is limited to 2.5 A (at anode
area S = 10 cm?); exceeding this value results in an
undesirable process—oxygen evolution, which reduces
current yield. The optimal value of the current pulse
amplitude is determined based on the maximum alloy
dissolution rate combined with a high current yield
of nickel current yield, which is the base of GS32-VI
alloy.

Table 1 shows experimental data results on
the effect of current pulse amplitude on the anodic
dissolution rate of GS32-VI alloy in sulfuric acid
electrolyte with a concentration of 100 g/dm?. For

2.0+
15 —150ms
> A ——200ms
= 1 ——250ms
T ——300ms
2 350 ms
0-1.04 ——400ms
1 450 ms
—500ms

0.5-

T T
0.0 05 1.0 15 20
Current, A

25

30 35

Fig. 5. Polarization curves of GS32-VI alloy dissolution
in a sulfuric acid electrolyte with a concentration
of 100 g/dm?, a pulse duration of 500 ms, and different
pause times.

each experiment, a new anode, which was a heat-
resistant GS32-VI alloy blade fragment with an area
S=10 cm?

The dissolution rate of the alloy v was calculated
using the mass loss of the dissolved alloy according
to the formula:

v=(m, —m)St",

where m is the initial mass of the dissolved sample,
m, is the mass of the sample after electrochemical
dissolution, § is the working area of the electrode,

and ¢ is the processing time.

-200 4

N

-400

Depolarization rate, mV/c

—600

— 150 ms
—— 200 ms
——250ms
—300ms

350 ms
——400 ms

450 ms
—— 500 ms

T T T T T T T T T

- T
0.0 0.5 1.0 15 20

Current, A

25 3.0 35

Fig. 6. Depolarization curves of GS32-VI alloy
dissolution in a sulfuric acid electrolyte with a
concentration of 100 g/dm?, a pulse duration of 500 ms,
and different pause times.
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Based on the data obtained, the following
technological parameters for reprocessing the
GS32-VI alloy by the electrochemical method were
selected: current pulse amplitude—2 A (at the anode
area S = 10 cm?), current pulse duration—500 ms,
and the pause between pulses—250 ms.

In the pulsed galvanostatic mode, a total of
97.56 g of heat-resistant GS32-VI alloy was
processed in a sulfuric acid electrolyte with a
concentration of 100 g/dm?. Afterward, 55.08 g of
cathode deposit and 27.32 g of anode sludge were
received; their chemical composition is summarized
in Table 2.

Thus, refractory metals, such as niobium,
tantalum, molybdenum, and tungsten are concentrated

in the anode sludge, whereas cobalt and rhenium, as
well as the majority of aluminum, chromium, and
nickel, pass into the electrolyte in small amounts. It
is worth noting that electrochemical processing with
pulsed current allows for rhenium concentration in
the anode sludge, with a content of 77% of the initial
amount obtained for processing. The anode sludge
is easily separated from the electrolyte solution by
filtration (unlike the anode sludge obtained by direct
current in galvanostatic mode, other things being
equal): 90% of anode sludge particles are between
146 to 510 pum in size. The resulting anode sludge can
be processed using well-known methods [30], such
as ammonia leaching with rhenium, tungsten, and
molybdenum transfer into a solution, followed by the

Table 1. Influence of current program parameters on the anodic dissolution rate of GS32-VI alloy

Parameter Value

Nickel concentration,

Dissolution rate of the | Current yield of nickel,

C(Ni), g/dm? alloy, g/h-cm’ n(Ni), %
Current pulse duration—>500 ms, pause time between pulses—250 ms

0.5 9.75 0.027 60.5

1.0 9.33 0.038 60.1

Amplitude 1.5 10.20 0.042 62.5
of current pulse, A

2.0 14.05 0.048 61.8

2.5 15.12 0.054 57.2

Amplitude of current pulse—2.0 A, pause time between pulses—250 ms

200 9.90 0.020 61.,8

500 10.44 0.038 63.8

Current 700 11.03 0.038 59.4
pulse duration, ms

900 12.34 0.044 53.2

1200 14.75 0.048 49.9

Current pulse amplitude—2.0 A, current pulse duration—500 ms

150 9.75 0.028 59.5

250 9.33 0.036 61,1

Pause time 350 10.20 0.026 60.5
between pulses, ms

450 14.05 0.020 56.8

500 15.12 0.015 522
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Table 2. Chemical composition of cathode deposit and anode sludge
obtained during the anodic dissolution of GS32-VTI alloy

Cathode deposit Anode sludge
Elements

g % g %
Ni 46.58 84.57 6.96 25.49
Co 7.20 13.07 0.54 1.98
Cr 1.03 1.87 1.43 5.23
Re 0.22 0.39 3.01 11.02
Al 0.05 0.10 0.49 1.79
Nb — - 1.59 5.82
Mo - - 1.05 3.84
Ta - — 3.88 14,20
W - - 8.37 30.63

Wastes of GS32-VI alloy
Cathode deposite Electroche(r)n;c:l/ dissolution P H2S04 100 g /dm®
Ni ~ 84.5%, Co ~ 13.0% L om*
Anode sludge Solution
(W, Mo, Re, Ta, Nb) (Ni, Co, Al Cr, Re)
NH40H
Ammonia leaching Re-extraction with TAA
Cake Ammonia solution Extract Raffinate
(Ta, Nb) (W, Mo, Re) (Re) (Ni, Co, Cr, Al)
For recycling l
NH,OH
CaO > Liming Re-extraction
CaWOy Solution Organic phase
CaMoOy (Re) (in circulation) ’

|

For the deposition of NHsReO4

Fig. 7. The basic technological processing scheme for the heat-resistant GS32-VI alloy.

Figure 7. Schematic technological scheme of processing of heat-resistant alloy #Rr32-v1
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deposition of artificial scheelite and the formation of
a rhenium-containing solution, from which another
commercial product is obtained—ammonium
perrhenate (or potassium).

The total content of nickel and cobalt in the
cathode deposit is 97.5%.

The basic technological scheme for the complex
processing of the heat-resistant GS32-VI alloy is
proposed based on the research (Fig. 7).

CONCLUSIONS

1. The effect of pulse current parameters
(amplitude, pulse duration, and pause between pulses)
on the electrochemical dissolution rate of GC32-VI
alloy was shown. It was found that the current pulse
amplitude was 2 A (with an anode area of S = 10 cm?),
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the current pulse duration was 500 ms, the pause
between pulses was 250 ms, the maximum dissolution
rate of the alloy was 0.048 g/h-cm?; the current output
for nickel was 61.6% with the current program.

2. During the -electrochemical dissolution
of GC32-VI alloy by pulsed current, the optimal
dissolution rate ratio of the alloy components was
achieved, ensuring the production of a cathode
precipitate with a total nickel and cobalt content of
97.5%.

3. The basic technological scheme for processing
GS32-VI alloy was proposed.
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Erratum to the article “Energy intensity of hydrocarbons
in liquid and solid states”

Gennady J. Kabo, Lubov A. Kabo, Larisa S. Karpushenkava, Andrey V. Blokhin

Tonkie khimicheskie tekhnologii = Fine Chemical Technologies. 2021;16(4):273-286 (Russ., Eng.).

Page 276, in Table 1 instead of

Table 1. Increments of the enthalpies of combustion of C and H atoms in C H_ hydrocarbons

-A H*¥% (C), kJ-mol

- A H**" (H), kJ-mol™*

- A H™ (C), kJ-mol™

- A H™ (H), kJ-mol ™!

435.687

110.675

435.687

88.675

-A H*®* (C), MJ-mol ™!

— A _H®* (H), MJ-mol"!

~A H™ (C), MJ-mol™!

—A H™ (H), MJ-mol ™

36.275

109.83

36.275

87.977

should read:

Table 1. Increments of the enthalpies of combustion of C and H atoms in C H,_ hydrocarbons

-A H**(C), kJ-mol™

- A H* (H), kJ-mol™!

-A H™ (C), kJ-mol!

- A H™ (H), kJ-mol ™

435.687

110.675

435.687

88.675

~A_H®* (C), MJ-kg!

— A _H®* (H), MJ-kg™!

~A H™ (C), MJ kg™

-A H™ (H), MJ-kg

36.275

109.83

36.275

87.977

The original article can be found under https://doi.org/10.32362/2410-6593-2021-16-4-273-286
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Erratum to the article “Energy intensity of hydrocarbons ...”

HcnpaBiieHue K cTaTbe « JHEProeMKOCTh YIVIEBOIOPO/I0B
B 5KH/JIKOM U TBEP/IOM COCTOSIHUSIX)

I'.s1. Kabo, A.A. Ka6o, A.C. KapnymueHkoBa, A.B. BAOXHH

ToHkue xumuueckue mexHosozuu = Fine Chemical Technologies. 2021;16(4):273-286

Ha ctpanuue 276 B pasnene Tadauna 1 BMecTo

Tabauua 1. MakpemenTsI SHTaNbNMi cropanus aroMmos C u H mis yrmesomoponos C H
Table 1. Increments of the enthalpies of combustion of C and H atoms in C H_ hydrocarbons

-AH ®(0), kJIz-moap™!
- A _H*% (C), kJ-mol™!

-AH B (H), kTa-Moub™"
— A _HE (H), kJ-mol™!

-AH " (0), klz-mounp™
- A H™ (C), kJ-mol™

-AH " (H), kJTax-moan !
- A H™ (H), kJ-mol™

435.687

110.675

435.687

88.675

— ACHB (C), Mk Moutb !
— A H®** (C), MJ-mol !

— A H" (H), M]Tx-moan!
- A H¥ (H), MJ-mol !

~AH" (C), M- moan!
~A H"™ (C), MJ-mol™!

~ A H" (H), Mk Moas™
—A H™ (H), MJ-mol!

36.275

109.83

36.275

87.977

CJICAYET YNTATh:

Tabauua 1. UakpemenTs! sHTaNbIUN cropanus aromos C u H s yresomopomos C H
Table 1. Increments of the enthalpies of combustion of C and H atoms in C H,_ hydrocarbons

-AH B (0), klk-Moan™! -AH B (H), kTx-Monb™! -AH " (0), kIzx-Moap™! -AH " (H), k- Moan™!
- A H¥* (C), kJ-mol™ - A _H* (H), kJ-mol! -A H™ (C), kJ-mol™ - A H™ (H), kJ-mol™*
435.687 110.675 435.687 88.675
= ACHB (C), Mk Kr! - ACHB (H), M- kr! = ACHH (C), Mok Kr™! = ACHH (H), MJIx-kr!

— A HE (C), MJ-kg™!

-A_H® (H), MJ-kg!

-A H™ (C), MJ-kg™

-AH™ (H), MJ kg™

36.275

109.83

36.275

87.977

OpurrHaIbHAs CTaThst MOXKET OBITh HaleHa https://doi.org/10.32362/2410-6593-2021-16-4-273-286

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(5):448-449
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