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Concentration of rare-earth elements by sorption
from sulphate solutions
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Abstract. Constantly increasing demand for rare-earth elements contributes to the involvement in the
production of ore processing waste, the content of not extracted REE in which is quite large. One of the types
of such waste is man-made mineral formations from the processing of phosphate uranium ores, which serve
as raw materials for the production of REE concentrate at SARECO LLP. The technology for producing a
concentrate includes the following redistribution: opening of raw materials cleaning of productive solutions from
impurities; obtaining a concentrate on rare earth elements. One of the main disadvantages of this technology
is the coprecipitation of almost 30% REE with ferrous cake when cleaning the most productive solution from
impurities. To extract the rare earth elements ferrous cake is leached with sulphuric acid. The article studies
the process of sorption from both model solutions that are similar in composition to the productive leaching of
ferrous cake and directly from the productive ones, with the aim of further combining the resulting eluates with
solutions supplied to precipitate REE. Considerable attention has been paid to disrupt by ammonium salts.
Key words: rare-earth elements, technogenic mineral formations (TMF), ferrous cake, sorption, desorption.
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twice with sulphuric acid to further extract REE. The
consequence of combining the obtained solutions
with the productive one after purification from
impurities is an increase in the cost of oxalic acid for
precipitating REE concentrate. When combining
these solutions with the original producers - the
material flows entering the filtering increase, which

Introduction

In connection with the recently increased demand
for rare-earth elements, one of the urgent problems is
the expansion of the list of raw materials that can be
used as feedstock. The question of the use of waste
production of rare and rare earth elements containing

fairly high concentrations of unrefined REEs is being
considered. One type of such waste is man-made
mineral formations (TMF) from the processing of
phosphate uranium ores, the content of which is the
amount of REE is 5.0%.

Currently, REE concentrate is obtained from this
raw material at SARECO LLP [1]. In the process of
cleaning productive solutions obtained by leaching
the raw material, ferrous cake is formed, with which
a significant amount (up to 30%) of rare-earth
elements co-precipitates. Ferrous cake is leached

complicates the already problematic filtering unit. In
this regard, we have studied the method of pre-
concentration of rare-earth elements by sorption from
solutions of leaching of ferrous cake.

Research methodology

The model solutions with La concentration - 0.75
g/dm? (solution No. 1), model with concentration,
mg/dm® were used as initial solutions: La - 98.2;
Y -89.6; Dy —58.0; Fe** - 101.4 (solution No. 2) And
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leaching yielding ferrous cake of the following
composition, mg/dm*: La - 98.2; Ce - 103.1;
Dy —58.0; Er - 27.2; Eu—3.9; Gd - 65.4; Ho - 13.1;
Lu, 5.1; Nd, 132.1; PR — 41.3; Sm - 34.6; Tb - 9.9;
Tm -4.7; Y - 89.6; Yb -26.6; > REE - 712.8;
Fe*" - 4.01 g/dm®. When the ferric iron is reduced to the
divalent state, according to the method [2], its
concentration in the productive solution decreases and
amounts to Fe** - 101.4 mg/dm?.

Sorption of lanthanum from model solutions was
carried out in a static mode with the ratio S: L =1: 500 for
8 hours, and productive in dynamic conditions in a
25 c¢cm?® column at a speed of 50 cm?®/ hour. In the
course of the research, Sorbents KU-2-8n, C-100
“Purolite”, Lewatit S1567, MTC-1600 “Purolite”
were used. Rare-earth elements from the resin phase
were eluted with ammonium sulphate and
ammonium nitrate solutions in a static mode at an S:
L ratio = 1: 50.

Methods of analysis

The quantitative content of rare-earth elements
was determined on an atomic emission spectrometer
with an inductively coupled plasma Optima 8300DV.

The results of researches

At the first stage, experiments were carried out
on the sorption extraction of lanthanum (solution No. 1)
From the model solution in order to select an ion
exchange for subsequent studies. The results are
shown in Figure 1, from which it can be seen that
REE is more actively used from ion exchangers used,
for example, lanthanum, absorbs KU-2-8n sulfo
cation exchange. In subsequent studies, sulfonic
cation exchange KU-2-8n was used for the sorption
of REE.

100 -
90
80
70 4
60 -
50 4
40 - < ——Ky-28H

30 4 —8—Puralite C100
20 4 Lewatit 51567

10 4 —— Purolite MTC 1600

0 2 4 6 8

T.h

Figure 1 Lanthanum sorption from model solutions

From literary sources and our own experience it
is known that ferric ions are the most negatively

6

affected by the process of sorption of rare earth
elements. Earlier, we studied the behaviour of iron
and its influence on the sorption of REE in binary
systems Ln** - Fe*" [3] with the same concentration
of components. Considering that ferric iron is the main
impurity in productive solutions from leaching of
ferrous cake, we investigated its effect on the REE
sorption from the model solution (solution No. 2), in
which the concentration of rare-earth elements
correlates with the concentration in the productive
ones. The content of ferric iron, as indicated above,
in the model solution is equal to its residual
concentration in the productive solution after
reduction to the bivalent state. The rare-earth
elements in the model solution are represented by
lanthanum, dysprosium and yttrium. Lanthanum and
dysprosium were selected as typical representatives
of the subgroups of light and heavy REE, and yttrium,
as a specific representative of rare-carth metals,
having no f-orbits. Sorption was carried out in static
conditions, according to the method indicated above.
Kinetic sorption curves are presented in Figure 2.

B0 4
70 A
60

50 4

——
40 -

—-la
30 4 | Dy

20 4 Fe

10 4

Figure 2 Sorption of rare-earth elements and iron from
model solutions

As follows from the figure, the degree of sorption
of rare earth elements gradually increases with time
and decreases in the series Y — La — Dy. This
dependence is associated with the magnitude of the
ionic radius of rare-earth elements and their
concentration. Iron during the first hour of the
process is actively sorbed by the cationite, during the
next two hours the speed of the process decreases
sharply and remains almost constant.
Thus, during the sorption of rare-earth elements in
the presence of iron, the latter is actively sorbed at the
beginning of the process, then the rate of sorption of
rare-earth elements, which displace iron, increases.
The process of ion exchange is characteristic not only
for sorption, but also desorption. In the literature,
there is information about the desorption of rare earth
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elements by acids, salts, compounds, forming
complexes with REE [4-7]. Previously, we studied
the desorption process with sulphuric acid; it was
shown that elution of rare-earth elements proceeds
quite effectively with sulphuric acid with a
concentration of 200 g/dm’. However, ammonium
salts are of particular interest as eluates. In the
literature, this issue gives considerable attention. For
example, there is an ambiguous opinion regarding the
use of ammonium sulphate. In literature [8], data on
the study of the possibility of using (NH4) »SO4 for
desorption of lanthanides are given. It has been
established that extraction of REE from the phase of
cation exchanger KU-2-8n with a solution containing
30 wt. % (NH4) 2SO4, under dynamic conditions, is
very effective. The degree of desorption of the sum
of REEs in the described experiments reaches 87.1%.
Other authors [9] indicate the difficulty of elution of
REE with ammonium sulphate. The difficulties are
due to the characteristic feature of the sulphates of
rare-earth  elements to  form  metastable
supersaturated solutions. Equilibrium in such
systems can occur for a long time and is described by
the following equation:

2Ln**+3804 - Ln; (SO) 3L (SOs) y+LnSO4"

The concentration shift of other ions in the
solution certainly affects the equilibrium shift. For
example, the presence of NHs4" ions lowers the
solubility of the resulting REE sulphates. In the
resulting eluates, the source authors of references
[9, 12] observed the formation of precipitates of the
composition Ln, (SO4) 3 « 8H.O. At a high
concentration of eluent, crystallization began already
in the layer of cation exchange, which made the
desorption process difficult.

At this stage, we investigated the possibility of
desorption of rare-earth elements by ammonium salts -
sulphate and nitrate. To study the desorption process, the
KU-2-8N ion exchange was pre-saturated with
lanthanum from model solution No. 1. The content of
lanthanum in the resin was 0.0027 Mol/g.

Further, a series of experiments on the
desorption of lanthanum with ammonium sulphate
solutions of different concentrations (g/dm?: 100,
200, 250, 300, 400) was carried out. Elution was
carried out in a static mode, with a ratio of S:
L = 1:50, room temperature and contact time of 120
minutes.

The obtained solutions after desorption were
very unstable. The formation of fine crystalline
precipitation was observed. An unequivocal
conclusion was made about the unacceptability of
using ammonium sulphate as eluent of rare-earth
elements. Ammonium nitrate desorption was studied
under conditions similar to ammonium sulphate.

Figure 3 shows the dependence of the degree of
elution of lanthanum on the concentration of
ammonium nitrate.

E% 00
a0
B0
70
60
50
10
30
20
10

a 100 200 300 400
C (NH,NO), g/dm?

Figure 3 Dependence of changes in the degree of elution
of lanthanum on the concentration of ammonium nitrate

From the figure it follows that the value of the
degree of elution of lanthanum increases sharply with
an eluent concentration of 300 g/dm?® and then varies
slightly, desorption with ammonium nitrate is
advisable to keep the solution with a concentration of
300 g/dm®. Further, in the course of research, the
dependence of the degree of elution of REE, using
lanthanum, as an example, from the cation exchange
KU-2-8-n solution of ammonium nitrate with a
concentration of 300 g/dm? on the phase contact time
was studied. The results are presented in Figure 4.

100

o0

80

70

60

50

40

30

The degree of elution REE, %

20

10

0

a 20 40 60 80 100 120

Contact time, min

Figure 4 Change in the degree of elution of lanthanum
from the phase of cation exchanger KU-2-8-n in time

Thus, from the conducted studies and the
obtained results, it follows that the REE sulfonic
cation exchange KU-2-8n absorbs most effectively
from the tested ion exchangers. It is advisable to
conduct the elution from the sulfocationite phase
with a solution of ammonium nitrate with a
concentration of 300 g/dm®. The sorption rate of
individual REEs depends on both their ionic radius
and concentration.
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Conclusions

In order to determine the prospects of sorption  of the process (it can give figures from and to), then the
concentration of rare-earth elements from solutions from  rate of sorption of REE, which displace iron, increases.

leaching of ferrous cake, in the first stage, the ion
exchange was chosen for REE sorption. The study of the
sorption of lanthanum ionites KU-2-8n, C-100
"Purolite", Lewatit S 1567, MTC-1600 "Purolite" found
that the lanthanum suffocation exchange KU-2-8n was
more efficiently absorbed among the studied. The study
of sorption from a model solution, in which the content
of individual REE and iron correlates with the productive
one, showed a decrease in the degree of sorption in the
series Y-La-Dy, which is associated with the ionic radius
of rare-earth elements and their concentration. The iron
present in the solution is actively sorbed at the beginning
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KyKipT KbIIIKBLIBI epiTiHaiIepaeH, CHPEeK Ke3/1eCeTiH 3JieMeHTTePAi cCopOnusiMeH
KOHILIEHTpJ1ey

Kensxammes b. K., Cypkosa T.IO., EcimoBa /I.M.

Tyitingeme. Cupex Ke3/leceTiH AJIEMEHTTED CYPaHBICHIHBIH KYHHEH-KYHT€ OCyl, KeH KaJIIBIKTapblH KaiTa eHuey
eHJIipiciHe MyMKiHJIK Oepesi, nemek 6eninoeren CKD ynectepi aHarypibiM skorapbl. OCbIHIaN KaIBIKTapIbIH OipiHe,
¢docdarThl ypaH KeHIEpiH Kaiita eHjereHiue naijga OoyiaTbIH TeXHOTreHAI MuHepanbiabsl Ty3urimaep (TMT), sruu
Oacrankpl mmkizat peringe «SARECO» TOO-re1 CKD KOHIEHTpaTHIH any kartajgsl. KOHIGHTpaT —ayablH
TEXHOJIOTHSACHI, KeJeciiel: 0acTamkhl IMUKI3aTThl ally; OHIMII epiTiHAIIepal KipMeIepAeH Tazanay, CHPEKKe3IeCeTiH
ANIEMEHTTEP/IIH KOHIICHTPAIMACHH ainy OeJiMIepiHeH TYpaabl. BYJ TEeXHOJOTHSHBIH HETI3rl KEeMIIUTIKTepiHiH Oipi,
KipMenepJeH eHIMII epiTiHIiHI TazapTKaH ke3xe Temipii kekmeH Oipre 30 % Oipre merineni. Cupek KesaeceTiH
ANIEMEHTTEPII KaiiTagan OeJim ajFaH jkarmaiiia, TeMipii KeKTi KYKipT KbIIIKBUTBIMEH ImaiManaiiael. Makamaga, CKD
KOHI[CHTPAThIH TYH/IBIPYFa JKOHENTETIH, opi apbIKapan eplTlH,E[lMeH 6ipre DITHOATTAP/IBI ATy MaKCaThIH/IA, TeMipJli KeKTi
nIaiiMasaraHiarbl ©HIMHIH KypaMblHa JKaKblH MOJEJbJI epITIHAIMEH >KOHE Tikesledl OHIMHIH COpOLMSUIBIK ypaici
seprreningi. JlecopOumsaa, aMMOHMI Ty3apblHa aca KOH1T OemiHIi.

TyidiHzi ce3mep: CHpeK Ke3IeCeTiH AIeMEHTTep, TEXHOreH Il Murepaib! Ty3utiMaep (TMT), Temipiti kek, copOIwst, 1eCOpOIHsL

KonuenTpupoBanne peako3eMeJbHBIX 3JIEMEHTOB COPOIMEH U3 CEPHOKHMCIIBIX PACTBOPOB
Kenzkanues B. K., Cypkosa T.1O., Ecumosa /.M.

AnHotanus. [IOCTOSHHO YBEIHYMBAIOIIUICS CIPOC HA PEIKO3EMENbHBIC 3JEMEHTH CIIOCOOCTBYET BOBICUCHHIO B
MIPOU3BOJICTBO OTXOJIOB IIEPEPAOOTKH PYA, COACpKaHUE HE M3BICYCHHBIX P3D B KOTOPBIX AOCTaTOYHO BeIHKO. OqHUM
13 BUJIOB TaKUX OTXOJIOB SIBJISIFOTCS TEXHOTEHHBIE MUHEpalbHBIE 00pa30BaHus OT mepepaboTku (pochaTHBIX YPaHOBBIX
pPYyZ, KOTOpBIE CIIy’KaT HUCXOJHBIM ChIpbeM Al noiyueHus: koHueHtpata P30 na TOO «SARECO». Texnonorus
MONyYCeHNsI KOHIIEHTPATa BKIIIOYAET CIEHYIOIIUE Mepeiesbl: BCKPBITHE MCXOTHOTO CHIPBS; OYHCTKA IMPOIYKTHBHBIX
pPacTBOPOB OT MPUMECEH; MOITy4YeHHEe KOHIIEHTPaTa PEeaK0O3eMeIbHBIX IeMeHTOB. OJHIM W3 OCHOBHBIX HEIOCTaTKOB
JTAHHOI TEXHOJNOTHH SBIAeTCs coocaxnaeHue moutu 30% P3D ¢ xenme3ucThIM KEKOM TPH OYHCTKE HPOIyKTHBHOTO
pacTBopa OT mpuMecel. [ MOM3BIEUCHUS PEIKO3EMENBHBIX AJIEMEHTOB JKEJE3UCThIH KEK BBIMIECIAYMBAIOT CEPHOM
KHCIIOTOH. B cTaThe mM3yueH mporecc copOIuy Kak U3 MOJCIBHBIX PACTBOPOB, OJIM3KHUX MO COCTAaBY MPOAYKTHBHBIM OT
BBILIEIaYMBAHMS JKEJIE3UCTOTO KeKa TaK M HEMOCPEACTBEHHO M3 MPOJIYKTUBHBIX, C LEJbIO JajbHEHIIEero 00beIMHEeHHs
MOJy4aeMbIX 3JI0aTOB C PAacTBOpPAMH, MOCTYMAIOUIMMU Ha OcaxJeHHe KoHLeHTpaTa P3D. VieneHo 3HauMTeNnbHOE
BHUMAaHHE JIECOPOIIUH COIIMH aMMOHHUSL.

KiroueBble c10Ba: peKo3eMeNbHBIC JIEMEHTBI, TEXHOTCHHBIC MUHEepalIbHbIe 00pa3oBanus (TMO), xene3ucThlil KekK,
copOuus, IecopOIHs.
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Leaching of gold-containing ores with application of
oxidation activators

Abubakriev A. T., Koizhanova A. K., Magomedov D. R., Erdenova M. B., Abdyldaev N. N.
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Abstract: The Article presents the results of studies conducted to process gold-bearing rocks from one of the
fields in Kazakhstan. We studied a phase of the chemical and mineral composition of the ore using semi-
guantitative X-ray fluorescent, chemical (assay), electron raster and rational (phase) analysis. We found that
the test sample contained 1.4 g/t Au and 0.14 g/t Ag. The granulometric analysis showed that the main gold
(36.51%) was concentrated in a class of -2.5 +1.25 mm size, with 1.42 g/t gold content. The main components
of the initial sample composition were quartz 38.9%, albite 20.3%, pyrite 5.8%. We studied the gravity recovery
possibility of gold-bearing ore using laboratory equipment, i.e. Knelson KS-MD 3 centrifugal concentrator. We
obtained a gold-containing concentrate with 6.04 g/t gold content on a centrifugal concentrator with extraction
of 52.65%, and 0.82 g/t gold in gravity tailings under the one-stage recovery flow sheet. We determined the
optimal leaching parameters for the recovery products (gravity concentrates and gravity tailings) using various
oxidation activators. The gold recovery degree was 77.3% with direct gravity concentrate cyanidation, and
85.7% with preliminary oxidation using calcium hypochlorite increasing the gold recovery degree by 8.4%,
when leaching the gravity tailings using calcium hypochlorite -73.1%, sodium peroxide - 75.6%, Ascor oxidation
activator (AS-45102) - 71.9%.

Key words: gold-bearing rock, leaching, gravity concentrates, gravity tailings, recovery, oxidation activator.
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gravity concentration; flotation recovery; gold
leaching with pre-oxidation [4]. Cyanides forming

Introduction

Modern and highly efficient technologies for their
recovery are required due to the depletion of alluvial
gold and silver deposits and the use of raw materials
with a low content of valuable components and
complex composition during the processing [1].
These ores are characterized with the presence of
free, very fine gold uniformly distributed in the ore
[3]. There are three main ways to process raw
materials depending on the mineralogical
composition of the ores and the size of gold in them:
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highly soluble complexes of gold and silver are now
widely used to leach gold-bearing ores and
concentrates [5]. An active search for alternative
cyanide reagents and ways to intensify the precious
metals recovery process from ores has been
conducted within recent years due to the
cyanidetoxicity and the complex composition of the
feedstock [2].

One of the important issues in the gold ore treatment is
the pre-oxidation of the sulphide part for more complete
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gold recovery. The use of oxidation activators, such as
sodium peroxide and calcium hypochlorite, promotes the
gold leaching from refractory sulphide raw materials. The
implementation of the intensive cyanidation process for
gravity concentrates and gravity tailings in the presence of
activator reagents enables to increase the efficiency of
gold-bearing rocksprocessing significantly.

The purpose of this study is to develop a method
to leach gravity concentrate and gravity tailings using
various oxidation activators.

Experiment and discussion of the results

We used a representative sample of the original
ore from one of the deposits in Kazakhstan.
A chemical analysis was carried out using a mass
spectrometry method with the help of Varian Optical
Spectroscopy  Instruments  atomic  absorption
spectrometer with an inductively coupled plasma.
The research results showed the following elemental
composition in %: 1.95 Fe; 0.46 S; 0.19 Cu; 0.52 Zn;
0.033 As; 1.45°C; 1.6 g/t Au, 0.14 g/t Ag.

It was found under the rational analysis results
(Table 1) that 46.43% gold was found in this sample
in a bound form, in association with sulfides, 25.0%
in intergrowths and 25.0% in visible fine-dispersed
native form (native gold).

X-ray phase analysis was performed using a
DS-ADVANCE BRUKER X-ray diffractometer.
X-ray phase analysis data (Table 2, Figure 1) of the
sample showed that the main components of the
initial sample phase composition were quartz 38.9%,
albite 20.3%, pyrite 5.8%.

The electron microscopic analysis of ore (Figure 2)
was performed wusing an electron scanning
microscope with a JEOLJXA-8230 electron probe
microanalyzer (JEOL, Japan). It follows from the
results obtained that gold, and the silver, iron, sulphur
carbon are present in the sample microstructure. The
form of gold grains is lamellar, irregular, isometric.

Table 1 Results of rational (phase) analysis
of the original ore sample.

1d distributi
Gold Forms in Tailing Gold distribution
g/t %

Free gold with a clean surface at
90% class minus 0.071 mm 0.35 25.0
Gold in intergrowths (cyanidable) | 0.35 25.0
Gold associated with sulphides 0.65 46.43
Gold in minerals and quartz
insoluble in nitrohydrochloricacid | 09 | 37
Total gold 1.4 100.0

Table 2 X-ray phase analysis of the original ore

HaumenoBanue Formula %
Quartz, syn SiO2 38.9
Albite (heattreated) |Na(AlSizOs) 20.3
Riebeckite Nax(Fe?"3Fe’)Sis022(0H)2 9.7
Clinochlore IMla | Mg sFei65Al15Si22Al15010(OH)s 7.3
Pyrite, arsenian Fe(S0.99As0.01)2 5.8
Calcite Ca(CO3) 4.6
Dolomite CaMg(CO3)2 4.2
Orthoclase K.ssNa.10Ca.009Ba.012)(Al1.005S12.99508) 3.9
Muscovite 2M1Lsyn | KAL:Si3010(OH)2 3.2
Clinoptilolite %%%fé%ﬁé?g%?img% 20 2.3

Table 3 Results of the gold distribution by size class

Size Classesyield Gold Gold
classes, % content, | distribution
mm g/t %
-2.5+1.25 36.0 1.42 36.51
-1.25+0.8 19.0 1.5 20.36
-0.8+0.5 13.6 1.59 15.45
-0.5+0.25 13.6 1.2 11.66
-0.25+0.1 14.6 1.3 13.56
-0.1+0.071 2.2 1.1 1.73
-0.071 1.0 1 0.71
Total 100.0 1.4 100.0

vf d1.4088
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Figure 1 The results of x-ray phase analysis of ore samples
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It was revealed under the results of the particle
size analysis that the main ore fractions were
represented by a particle size of -2.5 +1.25 and -
1.25 +0.8 mm; the yield was 36.51 and 20.36%,
respectively (Table 3).

Thus, the physical and chemical studies of the
original ore showed that the gold content in the ore
sample was 1.4 g/t, including 46.43% of gold in a
bound form in association with sulphides, 25.0% in
intergrowths, and 25.0% of the visible fine-grained
native form (native gold). The phase composition
was mainly represented by quartz - 38.9%, albite -
20.3%, pyrite - 5.8%. According to the particle size
analysis, the main ore fractions were represented
by a particle size of -2.5 +1.25 and -1.25 +0.8 mm,
the yield was 36.51 and 20.36%, respectively.

Gravity recovery is widely used to process gold
ores.

The method of gravity concentration using
centrifugal concentrators is one of the effective
gravitational recovery methods for gold-bearing
ores enabling to extract free not only large, medium
and fine, but also thin and dusty gold from ores.

We carried out gravity recovery tests using ore
with a particle size of 85% of the 0.071 mm class
(Table 4).

~ FeKa

Counisfi1E43)
FallFeLa

Fig
Aglis
FeKesc
~ Fekb.

— Aull

AuLa
Aulbyyipy

e
Aumz

Figure 2 Electron-microscopic analysis of ore

Gravity recovery was carried out using a 3-inch
Knelson KS-MD 3 centrifugal concentrator.

Selection of the gravity concentration mode for
the ore sample:
Gravity recovery parameters:
- Centrifugal acceleration 60 G;
- Fluidising water flow rate 3.5 1/min;
- Solids intake 0.5-0.6 kg/min;
- Fluidising water excessive pressure 15 kPa;
- Solids content in the pulp supplied to the gravity
concentration, 25-30%.
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Table 4 Results of the original ore gravitational
recovery

Product Name Yield Au Au
= content, [recovery,
’ /o g/t %

Concentrate 558 13.95 6.04 52.65

Tailings 3442 186.05 0.82 43.75

Total 4000.0 1100.0 1.4 100.0

Under the gravitational recovery results of the
ore specified in the Table, the yield of gold-bearing
concentrate was 14% with gold content - 6.04 g/t
and gold recovery was 52.65%, gravity tailings
contained 0.82 g/t.

We leached the concentrates and gravity
recovery tailings by direct cyanidation, as well as
using oxidizing agents: calcium hypochlorite
(Ca(Cl0O),), sodium peroxide (Na>O,), and Ascor
oxidation activator (AS-45102). It should be noted
that the preliminary oxidation studies considered in
scientific papers [11-14] showed high efficiency of
the reagents used.

Cyanation products were subject to atomic
absorption and assay (cake) analysis methods. We
studied the cyanidation dynamics (with direct
cyanidation and in the presence of oxidizing
agents), controlled the sodium cyanide
concentration and the pulp pH during the tests. The
cyanide leaching parameters and results are shown
in Tables 5-6.

Table 5 Gravity concentrate cyanidation mode

Parameter Unit of Value
measurement

Grain size mm
W:Tratio = (1:3) g/ml 100:300
Cyanide % 0.1
concentration
Cyanation duration h 24
Temneparypa °C 22
With air supply +
Medium value pH 11.2-11.5

It follows from the data in Tables 5 and 6 that
the process conditions (Table 5) enableto achieve
77.3% gold recovery from the concentrate during
direct cyanidation and with 90%particle size of
0.071 mm
class, as well as with 0.1% sodium cyanide
concentration, 85.7% for cyanidation with
preliminary oxidation with calcium hypochlorite,
i.e. ore pre-oxidation contributes to an increase in
the gold recovery degree by 8.4%. A method was
proposed to process the refractory gold-bearing ore
from the Kazakh deposit based on the studies
conducted.
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Table 6 Results of gravity concentrate cyanidation tests Conclusion
Names Parameters .
Test 1 Tos2 . Thug,' the best leachlng parameters for
Sample weight, g 70 70 gravity taﬂmgs were obtained by preliminary
Solution volume. ml 280 730 oxidation with such reagents as NayO,and
NaCN concentra’tion, % 0.1 01 Ca(CLO)y, i.e. 75.6% and 73.1%, respectively, and
pH 10.7 11.03 pre-oxidation increased the gold recovery degree
Duration, h 24 24 by 8.4%when leaching gravity
Type of oxidizer, g 1.0 Ca(ClO), concgntratelndlcatlng the sulfide oxidation
With air supply T n efﬁqency. The maximum gold recovery degree of
Au content in the initial conc. | 6.04 6.04 gravity concentrate was 85.7%.
under assay analysis, g/t A method was proposed to process the
Au content in cake, g/t 1.37 0.86 refractory gold-bearing ore from the Kazakh
Au recovery rate from cake, % | 77.3 85.7 deposit based on the studies conducted.

Cite this article as: Abubakriev A. T., Koizhanova A. K., Magomedov D. R., Erdenova M. B.,
Abdyldaev N. N. Gold Recovery from Concentrates Using Oxidizing Agent // Kompleksnoe
Ispol’zovanie Mineral’nogo Syr’a (Complex use of mineral raw materials). —2019.— No.3. (310). — Page:
10-15. https://doi.org/10.31643/2019/6445.23

baiipIThLIFaH OHiMI[ep)]i TOTBIKTBIPYbIII KOCBIII maiMaJsan AJITBIHABI 0oeJtin ajny
A0ybaxpueB A. T., Koiizkanosa A. K., Maromenos /I. P., Epaenosa M. b., A6asiinaes H. H.

Tyiiingeme. Makanaga Ka3akcTaHHBIH aaThIHKYpPaM/Ibl HIMKI3aTThl OHIPJICPIHIH 3€PTTEY HOTHIKEICpl KENTIpUIreH.
ChlHama albIHBIT KeHIepAiH (a3aiblK Kypambl 3epTreii. XKapTeuiail caHabIK PEeHTTeHIIK (IyopecueHTTi, XUMUSIIBIK
(Tanmay), 3IEKTPOHIBI-PACTPIIBIK JKOHE PaMOHAN B ((ha3ajblK) Taaayabl KOIIaHy apKbUIbl KCHICPAIH XUMHSIIBIK KOHE
MUHepanbsl Kypambl OepinreH. CeiHak yiricinge 1,4 r/t Au xone 0,14 /T Ag Oap eKeHIIr aHbIKTaJIbI.
I'paHyIOMETPHSUIBIK TaJIiay KOpCeTKEHeH, alThIHHBIH Heri3ri oemiri (36,51%) memmepi -2,5 +1,25 MM Meuepinie
LIOFBIPJIAHFaH, anThiH Meumepi 1,42 r/r. bactanksl chIHaMaHBIH HETi3ri ¢a3anblk Kypamsl kBapl - 38,9%, ansour -
20,3%, uput - 5,8%. PenTrenmik ¢uyopecueHTTi Tanaay HOTHKesepi OOHBIHIIA KPEMHHUI ChIHAMaIarbl OaChIMIBIKKA
ne EeKCeHJIr aHBIKTaNAbl. 3epTXaHalblK Kypal-KaOIbIKTap/Abl TaijalaHa OTHIPHIN, AITBIHHAH alblHFaH KeHAEp.i
TpaBUTANMSUIIBIK OalipiTy MyMmKiHIiri: LenTpudyramsik neHTpudynaymsl Knelson KS-MD 3 6ip caTtbuiel GaifbITy
cXemachlHa CoiiKec, anTBIHHBIH KypambiHga 6,04 1/t OonarblH meHTpH(yrainblKk KOHIEHTpaTopaa 52,65%,
TPaBUTANMSUIIBIK Kanmasikrapaa - 0,82 /T aiaTelH MemmiepiH Kypansl. bailbITy eHiMaepiHiH OHTANbl maiManay
napameTpiiepi (TpaBUTAlMSUIBIK KOHLEHTPAT »OHE TIPABUTALMSUIBIK KAIIBIKTAP) TYPJi TOTBIFY aKTUBTEHAIPETIH
peareHTTep/Ii aiaanaHbIl KepceTiireH. EH j)xoFapbl KepceTKillTep rpaBUTAIMSIIBIK KOHIIGHTPATTBIH TiKeJIel IHaHUuATEeY
Ke3iH/Ie alThIH OHAIPY Aopexeci 77,3% Kypajipl; KaablUii THIOXJIOPUTIMEH albIH-ajIa TOTHIKTRIpYMeH 85,7%, 011 anThiH
oHIIpy mopexecin 8,4% -ra apTThipanbl. | paBUTAIUSIIBIK KAIIBIKTAP/bI [IaliManay Ke3iHAe KadbI[Hid THIIOXJIOPUTIH
naiinanany apkeutsl - 73,1%, Hatpuii nepokcumai 75,6%, AS-45102 - 71,9% kypaiiasl.

Tyiiin ce3mep: anTbIHKypamJbl LIiKi3aT, maimalay, IpaBUTAlMSUIBIK KOHLEHTPAT, TPAaBUTALMIIBIK KAJABIKTAp, ajy,
TOTBIFY aKTUBAaTOPAAP.

N3BieyeHue 30/10Ta BbllIeJa4BAHUEM NPOIYKTOB 000ralieHus
¢ IPUMEHEHHEM OKHMCJIUTEes

AoyoakpueB A.T., KoitzxxkanoBa A. K., Maromenosa. P., Epnenoa M.b. , Aoabligaess. H.

AHHoTanus. B cTaTtee mpuBEIEHBI Pe3yNbTaThl UCCIEAOBAHMHA MEPepabOTKU 30JI0TOCOAEPIKAIIETO CHIPhS OJHOTO W3
MecTtopoxkaernii Kasaxcrana. M3yuensl (a3oBBIi XUMHYECKHH W MHHEPATbHBIA COCTAaBBI PYABI C MPUMEHEHHEM
PEHTIeHO(IIYOPECIIEHTHOTO  ITOJIYKOJIMYECTBEHHOTO, XHMHUYECKOr0 (MPOOHMPHOTO), 3JIEKTPOHHO-PACTPOBOTO |
pammonansHOTo ((pa3zoBoro) aHaMM30B.Y CTAHOBJICHO, UTO B HccleAyeMoi pobde conepxkutcs 1,4 r/t Auu 0,14 v/t Ag.
I'panynomeTpudeckuii aHaau3 Mokas3all, 4YTO OCHOBHas Macca 3oj0ta (36,51 %) cocpenorodena B Kiacce KpymHOCTH -2,5
+1,25 MM, nipu conepkanun 3oisota 1,42 1/T. OCHOBHBIE KOMIOHEHTHI ()a30BOT0 cOCTaBa MCXOJIHOM HPOOBI - KBapIl
38,9 %, ansout 20,3 %, nupur 5,8 %. M3yyeHa BO3SMOKHOCTb IPaBUTAIIMOHHOTO 00OTAIEHHS 30JI0TOCOIEPKAIIEH PY/IbI
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C WCIOJIb30BAaHMEM JIabOpaTOpHOro O0OpYIOBaHMS: IIeHTpoOekHoro KonueHrparopa Knelson KC-MJ] 3. Tlo
OJJHOCTaJIMAJILHOM CcXeMe O0OoTalleHHs] Ha LEHTPOOEKHOM KOHIIEHTpATope MOJIyYeH 30JI0TOCOJCPIKAIMM KOHIEHTpAT C
cozieprkanueM 3oiota 6,04 1/t npu n3BnedeHnu 52,65 %, B xBoctax rpaBurtanuu copepkurcs 0,82 r/T 3omota. [lokazaHsl
OIITUMAJIBHBIE [TAPaMETPhI BBIILIENIAYNBAHHS ITPOIYKTOB 0OOTallleH s (TPaBUTAIMOHHOTO KOHIIEHTpaTa ¥ XBOCTOB IPaBUTALIIN )
C IPUMEHEHUEM Pa3JIMYHBIX PeareHTOB-aKTHBATOPOB OKUCIICHU. [Ipy npsiMOM MaHMpPOBaHUM TPaBUOKOHLICHTPATa CTENEHb
W3BJICYEHUSI 30J10Ta cocTtaBwio 77,3 %, ¢ mpeaBapHUTeIbHBIM OKUCIEHUEM TMIIOXJIOPUTOM Kajbiwms 85,7 %, 4To MOBbIIaeT
CTETICHb U3BJICUCHU 30710Ta Ha 8,4 %, IpH BBIIETIAYNBAHUI XBOCTOB IPABUTAIIH C TIPUMEHEHHS THITOXJIOPHTA KabIws -73,1
%, iepokcuIoM HaTpHs - 75,6 %, aktuBaTopa okucieHus Ascor (AS-45102) - 71,9 %.

KaroueBble cjioBa: 3010TOCOEpIKAIIEE CHIPBE, BBICTAYNBAHNE, IPABUTAIIMOHHBIN KOHIIGHTPAT, XBOCTHI IPaBUTAIINH,
W3BJICYCHHUE, AKTUBATOP OKUCIICHUS.
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Physical and chemical researches of nickel-cobalt
concentrates made from wastes of heat-resistant nickel
alloys

Kilibayeva S. K., Agapova L.Ya., Kvyatkovskaya M. N., Amanzholova L. U., Kushch Y. P.
Satbayev University, Institute of Metallurgy and Ore Beneficiation, Almaty, Kazakhstan
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Abstract. The wastes of rhenium-containing heat-resistant nickel alloys (HRNA) contain 50-75% of Ni,
3-15% of Co. While electrochemical processing of the wastes of the HRNA up to 80-90% of Re, Ni and Co
passes into the solutions, and a small part of them remains in the anode slurry. The remaining part of the
metals from the slurry is chemically dissolved into the solution. After electrochemical treatment of wastes and
chemical dissolution of slurry the solutions are combined and Re is extracted from them. The Ni — Co
concentrate was precipitated (until a pH of 8-9 was established, at a temperature of 40 °C, by intensive
stirring for 1 h) from the raffinate (g/dms3: 14.26 Ni; 2.48 Co) after the extraction of Re by NaOH (500 g/dm?3)
solution. Physical and chemical studies of the concentrate using X-ray fluorescent, X-ray phase,
thermogravimetric and X-ray methods showed that it contains the following phases, wt. %: 62.6 Na2SOs;
37.4 Ni2 (NOz3)2 (OH)2 » 2H20 and Co (OH)2. Washing the concentrate from sodium by water at L:S = 10: 1
ratio allowed reducing its mass (~ 2.4 times), reducing the content of sodium, increasing the content of Ni
(from 15.68 to 37.55 %) and Co (from 1.89 to 4.48%). When the concentrate is annealed in the temperature
range of 300-400 °C, the processes of dehydration of the hydroxides of Ni and Co and their transition to the
oxide forms occur. The resulting concentrate can be sent for further processing in order to extract non-
ferrous metals from it or used to produce some ferroalloys.

Key words: wastes of HRNA, raffinate, Ni-Co concentrate, precipitation, washing, annealing.
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Introduction increasingly important both world wide and in the
Republic of Kazakhstan.
Nowadays, the general metal production faces Heat-resistant alloys have been widely used

an obstacle in the efficient and integrated use of  as a special type of structural materials in recent
secondary raw materials that is becoming  years, connected with the development of various
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areas of technology. Heat-resistant nickel-based
alloys are of particular importance, which include
rare and trace elements: rhenium, tungsten,
molybdenum, tantalum, niobium, hafnium. Such
alloys are widely used in the aerospace industry,
nuclear and thermal power, mechanical engineering
and petrochemistry [1].

Now the world has accumulated a large
amount of the wastes of heat-resistant nickel alloys
(HRNA) in the form of scrap parts, with expired
service life. The high cost of heat-resistant nickel
alloys containing expensive metals (rhenium,
tantalum, cobalt, etc.), required to solve the problem
of efficient and complex processing of these
materials.

Current technologies for the processing of
wastes of HRNA can be divided into 4 groups:

» direct pyrometallurgical  wastes
processing [2];

» oxidative-thermal technologies [3, 4];

» hydrochemical technologies [5, 6];

» electrochemical technologies [7, 8].

Electrochemical methods are often suggested
to use for the lump scraps based on the anodic
dissolution of the material under the direct or
alternating currents transfering either rhenium or a
nickel alloy base into solution with the rhenium
concentration in the anode slurry [9-10].

Analysing scientific, technical and patent
literature has resulted in the present increasing
interest of researches in the field of integrated
processing of HRNA wastes due to the growing
amount of such wastes, which is a valuable
secondary raw material.

HRNA generally contain from 50 to 75 wt. %
of nickel, from 3 to 15 wt. % of metals such as
cobalt, chromium and, aluminum if required, as well
as from 1 to 10 wt. % of one or several elements of
tantalum, niobium, tungsten, molybdenum, rhenium,
platinum, and hafnium series [11].

Therefore, it is also of interest to extract other
valuable non-ferrous and rare metals in terms of
integrated processing of HRNA wastes along with
the expensive rhenium. This is especially true of the
metals are quite large contained in the alloy. Here
such metals are nickel and cobalt. An integrated
processing of HRNA will allow to obtain
compounds of these valuable non-ferrous metals.
Due to the nature of the HRNA, which determines
their resistance to the effects of various kinds, the
extraction of valuable metals from the wastes of
these alloys presents considerable difficulties.

There is no processing of such secondary raw
materials in Kazakhstan. However, a well-known
company for the rhenium and its compounds
production from sulfur wash-acid of the copper
production of RSE Zhezkazganredmet is currently

seeking additional raw material sources of rhenium.
In this regard, the company has shown interest in
wastes of rhenium-containing HRNA.

The Institute of Metallurgy and Ore
Benefication JSC of the Republic of Kazakhstan has
developed a method for the -electrochemical
processing of large-volume of rhenium-containing
HRNA wastes in the sulfuric acid solutions [12-16].
At this, up to 80-90% of rhenium, nickel and cobalt
go into solutions, and a small part of them remain in
the anode slurry. To extract the remaining rhenium,
nickel and cobalt in the slurry, the anode slurry is
sent for chemical dissolution [15]. The resulting
solutions after electrochemical processing of wastes
and chemical dissolution of anodic slurry are
combined and the rhenium is extracted from them
[12-13, 16]. Nickel and cobalt remain almost
completely in the raffinate sulphate solution after
extraction of rhenium, their content may be
depending on the composition of the raw material
and the conditions of its processing, on average, g /
dmiu 16,85-25,74 Ni; 2.48-3.74 Co.

A wide range of methods of nickel and cobalt
deposition from the solutions into a common nickel-
cobalt concentrate, for example, sulfides [17-18],
but most often they are precipitated from acidic
solutions by alkali [12, 16].

This paper presents the results of physical and
chemical studies of nickel-cobalt concentrates
obtained from the products of electrochemical
break-down of HRNA wastes.

Testing

From the sulphate raffinates are left after
extraction of rhenium and containing significant
amounts of nickel and cobalt, these metals were
precipitated into a concentrate using alkali.

The deposition processes were carried out in a
thermostated cell (Figure 1) with stirring using a
mechanical stirrer using an adjustable speed.

Figure 1 - Laboratory setup for
Ni-Co concentrate deposition
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The chemical and phase composition of
raffinates and processing products (filtrate, service
water, Ni-Co concentrate before and after washing)

was determined using X-ray fluorescence
(spectrometer with wave dispersion  Axios
PANalytica), X-ray phase diffractometer (D8

Advance diffractometer (BRUKER), radiation Cu.
K a); chemical (atomic emission spectroscope
Optima 2000 DV, USA, Perkin Elmer), infrared
spectroscopic (FTIR spectrometer Thermo Nicolet
Avatar 370 FTIR Spectrometer), thermal (STA 449
F3 Jupiter, the results were processed using the
NETZSCH Proteus software ) methods of analysis.
Testing procedure for the Ni-Co raffinate
concentrate deposition. A saturated blue raffinate
(Figure 2a) containing g/dmin Ni — 14.260; Co -
2,481; Re - 0.102; Mo - 0.121; W — 0.012; Al =
1.810; Cr - 2.212 (95.06 g/dmu of acidity). A
predetermined raffinate volume (1 dmp was poured
into a thermostated cell (Figure 1), the process
temperature was maintained at 40 °C, and with
continuous stirring at a speed of 700 rpm, a
precipitator — NaOH solution (500 g / dmp) was fed
until pH 8-9. Then stirring was proceeded for 1
hour. When a precipitant was added to the raffinate,
a dark green solution with the precipitate was
produced. As the NaOH solution was added, the
amount of increased precipitate was formed and the
color intensity of the solution increased. The
precipitate of Ni-Co concentrate was filtered using a
vacuum pump through the two layers of blue tape
filter. The mass of the obtained wet Ni-Co
concentrate (75.67% of humidity) was 534.23 g.
Then the precipitate was washed with water,
filtered and dried in a drying cabinet at a
temperature of 105 °C to a constant weight. Dry
sediments were ground in a porcelain mortar.

Results and discussion

According to the X-ray analysis data,
absorption bands of valence v (OH) - 3413 c¢cm™,
deformation SHOH-1647 cm™ and librational v .
H,0 — 674 cm™ of molecular water fluctuations are
recorded in the raffinate spectrum (concentrate
solution for precipitation) [19]. The group
[HSO4]K - 1196, 1053, 890, 598 cm™ [20]. The
group [SO4°K - 1117, 627 cm™ [18, 20]. The group
[NOs] K- 1386, 1348 cm™ [19, 22].

The optical density measurements were made
at the peak point of the absorption bands describing
the fluctuations of v OH, 6 HOH, v . HO, v; of
nitrate-ions, vs(F») of sulfate ion, v4(F») of sulfate
ion, v2(SO3;) of hydrosulfate ion; v4(SOs3) of
hydrosulfate ion; v (S — OH) of hydrosulfate ion;
v3, vs (OSO) of hydrosulfate ion.
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The ultimate composition of the produced
concentrate without washing was determined by
X-ray fluorescence analysis, wt. %: Ni - 14.786;
Co — 1.844; O - 43.912; Na— 21.917; Al = 0.936;
Si - 0.075; S - 12,350; Ti = 0.055; Cr - 1,688;
Fe - 0.339; As — 0.014; Mo - 0.096; Re - 0.031;
Pb - 0.007.

According to the x-ray phase analysis of a dry
concentrate without washing, the following phases
are in it: a base - 62.6 wt. % of Na,SOs4; 37.4 wt. %
of Niz(NO3)2(OH);:2H,O and <2.5 wt. % of
Co(OH).

The X-ray analysis has shown the following
in the Ni-Co concentrate: Thenardite Na,SO4 - 1131,
638, 617 cm™ [20, 22-25]. The group of
[SO4] ¥ -1131, 996, 977, 638, 617 cm™ [19-21].
The group [NOs] K- 1384, 1040, 833 cm™ [19, 21].
The band at 996 cm™ can be attributed to the v; (A1)
fluctuation of iron, cobalt, and nickel sulfates [20,
23]. ALUMINITE Al; (SO4) (OH)4.7H,0 - 977c¢m™!
[22] may be present. The band at a 406 cm ~' wave
number corresponds to the stretching fluctuations of
Co—0O, Ni—O [24]. CoO is probably present - 406
cm™' [20, 24]. The spectrum recorded absorption
bands of v (OH) - 3442 cm™ valence and
deformation SHOH-1635 cm™ oscillations of water
molecules [20]. The infrared spectrum of Ni-Co
concentrate is in Figure 2.

The filtrate (solution after Ni-Co concentrate
precipitating) is a volume of 680 ml. The filtrate is
colorless, bright. According to the chemical
analysis, the filtrate contains, g / dmn Ni - 0.460;
Co -0.100; Re - 0.078; Mo — 0.005; W — 0.0001;
Al -N/A; Cr- N/A.

Chemical analysis of the filtrates showed that
the metals present in the raffinate, when alkali added
are almost completely precipitate.

The infrared spectrum of the filtrate
recorded  absorption bands of  valence
v(OH) - 3422 cm™, deformation SHOH-1648 cm™,
and librational v . H,O - 678 cm™ vibrations of
molecular water [19]. The group [SO4]*Kis 1108,
624 cm™ [19, 21]. The group [NO;] Kis 1397,
1376 cm™ [19, 21]. In the filtrate, the content of
nitrate ion is lower than in the initial solution
(raffinate). At the maximum of the absorption
band characterizing the vibration of vs3(F,) sulfate
ion at a wavenumber of 1108 cm™, the optical
density was 0.515. At the maximum of the
absorption band characterizing the vibration of
va(F>) sulfate ion, at a wavenumber of 629 ¢cm ~!,
the optical density was 0.479. At the maximum of
the absorption band, which characterizes the
vibration of vi (A1) sulfate ion, at a wavenumber
of 974 cm™, the optical density was 0.023.

When comparing the spectra of solutions -

of the initial raffinate with the filtrate (Figure 3), a
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decrease in the intensity of the v OH band in the
filtrate is observed after deposition (2) compared
with the initial raffinate (1), which indicates a
decrease in the salt content in the filtrate.

The study of obtained Ni-Co concentrates
without  washing  using  thermogravimetry.
Thermogravimetric analysis allows establishing
the presence of chemical interaction of substances
or phasing transformations by the accompanying
thermal effects. The application of the method is
based on the tendency of solid materials to

chemical and physical transformations,
accompanied by thermal effects. All processes
occurring during the formation are recorded with a
thermogravitogram (Figure 4).

Intense endothermic effects on the DTA
Ni-Co concentrate curve are manifested with
maximum development at 179.7 °C, 281.2 °C, 366.6 °C.
They are developed against the background of
weight reduction. The additional endothermic
effects can be noted on the dDTA curve, with

extremes at, °C: 1252, 1444, 1558, 3408.
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Figure 4 Thermogravitogram of Ni-Co concentrate without washing

There are also exothermic effects with peaks
at 237 °C, 295.2 °C, 399.5 °C. In this sample, a
high content of sodium, therefore, apparently, the
effect of polymorphic transformation of sodium
sulfate (281.2 °C) is well manifested even in the
DTA curve. Also in this sample, elemental sulfur
(125.2 °C), ReO4 (144.4 °C), ReO; impurity
(155.8 °C) is present. At 366.6 °C, nickel
hydroxide is dehydrated and nickel oxide is
formed. This effect can also be a manifestation of
the de-concentration of co-oxyoids. Effects with
extremes at 179.7 °C (DTA) and 399.5 °C (dDTA)
can be associated with the manifestation of
chromium hydroxide.

The lows at the DTG curve in the
temperature range 300-400 °C reflect the
dehydration of Fe, Al, Ni, Cr, Co hydroxides. The
presence of amorphous and fine hydroxides is also
not excluded. Their dehydration probably reflects a
stretched low at 162.2 °C on the DTG curve, and
the products crystallization reflects exothermic
effects with peaks at 237 °C, 295.2 °C, 399.5 °C.

Table 1 Washing of nickel-cobalt concentrate with water

The total weight loss was 12.37%.

Based on the results, it should be concluded
that Ni-Co concentrate is necessary to wash with
water from sodium, after precipitating it from the
raffinate with a NaOH solution.

Washing of Ni-Co concentrate out of sodium.
We washed the Ni-Co concentrate with distilled
water at room temperature 25-27 °C, ratio
L:S = 10:1. The concentrate was wet, weight -
100g. The moisture content of the concentrate is
76.35%. Dry concentrate weight is 23.65 g.

The concentrate was pre-dispersed in the
water (50 ml), then the pulp was moved to a filter
and washed with water to pH7 (by test paper). The
results of testing of the Ni-Co concentrate washing
process are in Table 1.

The chemical composition of the rinse after
washing of the Ni-Co concentrate is, g/dmn Ni -
0.00025; Co - 0.00005; Re 0.0059; Mo - 0.00032;
W = 0.00023; Al = 0.00022; Cr - 0.00003. The
influence of the washing process on the content of
elements in the dry concentrates is provided in
Table 2.

Test L:S | Service water Concentrate after washing Filtration Drying
No time, min concentrates,
pH | Volume, Wet Humidity, % | Dry hour
ml weight, g weigh,
g
19 10:1 | 7 975 52,52 81,17 9,89 49 5
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Table 2 Effect of the washing process on the elements content in the dry concentrates before and after washing

with water
Element antent, wt. % . Element antent, wt. % '
before washing after washing before washing after washing

Ni 15,68 37,55 Hf 0,05 0,13
Co 1,89 4,48 Si 0,31 0,21
Cr 1,77 4,24 S 11,77 3,65
Al 0,88 2,41 0 43,89 43,33
Mo 0,10 0,22 Na 23,19 2,11
Re 0,04 - Fe 0,33 0,87
W 0,02 0,02 Ti 0,08 0,52

Note - the dry weight of the concentrate without washing - 23.65 g, after washing - 9.89 g.

As provided by Table 1 and 2 the mass of
Ni-Co concentrates decreases (~ 2.4 times), the
sodium content in the concentrate decreases, the
content of nickel and cobalt increases after
washing. According to X-ray phase analysis
(Figure 5), the dry Ni-Co concentrate have the
following phases after washing: 33 wt. %
Na;SO4; the rest is Niz(NO3)2(OH)2'2H20;
Ni(OH)z and CO(OH)z; NiSO4(H20)7;
NiSO4'6H20; COSO3’3H20.

A decrease in the intensity of the
Thenardite Na,SO4— 1129, 638, 617 cm™ band is
observed in the spectra from 4 to 0.85 when
comparing the IR spectra of Ni-Co concentrates
without washing and after washing with water,
which also indicates a decrease in the Na>SO4
content in the washed concentrate.

The thermogravitogram of a Ni-Co
concentrate after washing with water is provided in
Figure 6. The DTA curve demonstrates intense
endothermic effects with maximum development at
194 °C, 381.8 °C. They are developed against the
background of a sample weight reduction.
Additional endothermic effects can be marked
with extreme values at 117 °C, 136.9 °C, 148 °C,
180.9 °C, 268.8 °C, 287 °C along the dDTA
curve. Exothermic effects are present with peaks
at 244.5 ° C, 303.5 °C, 415.2 °C as well.

The exothermic effect combination with a peak
at 244.5 ° C on the dDTA curve and an endothermic
effect with an extreme value at 381.8 °C can be
interpreted as nickel hydroxide occurence.

The effect at 381.8 °C reflects the dehydration
process of this phase and the formation of nickel
oxide. The endothermic effect with an extreme value at
268.8 °C on the dDTA curve can be an occurrence of
the polymorphic transformation of sodium sulfate. The
combination of the endothermic effect with the

maximum development at 194 °C and the exothermic
effect with a peak at 415.2 °C can be interpreted as a
chromium hydroxide occurence. The exothermic effect
reflects the conversion of Cr" into Cr** with the
formation of the a-phase of a variable composition.
Since the sample under study may have hydroxides of
iron, aluminum, cobalt, so this peak may be an
occurence of the solid solutions formation of spinels.

A number of least values are emphasized on
the DTG curve, in the temperature range 300-400 °
C, which reflect the hydroxides dehydration Cr, Fe,
Al, Ni, Co. In addition, amorphous or finely
dispersed Fe, Al, Co. hydroxides may be present in
the sample.

As well known the cobalt hydroxides include
unstable blue and stable pink hydroxide Co(OH),,
CoOOH oxyhydroxide, hydrated oxides [26]. Blue
hydroxide is finely dispersed, it begins to lose
water already at 170°C. Pink is resistant to 300°C.

Dehydration of the aged rhombohedral
CoOOH is at ~ 335 °C. That is to say the effect
with an extreme value at 381.8 °C may also be an
occurrence of CoOOH dehydration. The stretched
least value at 192.5 °C on the DTG curve may be
an occurence of the dehydration of amorphous,
finely dispersed phases, and the exothermic effects
with peaks at 244.5 °C, 303.5 °C, 415.2 °C on the
dDTA curve reflecting the crystallization of
dehydration products.

The total weight loss was 14.96%. The
higher mass loss compared to the concentrate
without washing (12.37%) is probably due to a
higher nickel content in the form of hydroxide.

To confirm the presence of sodium sulfate,
the sample weighing 0.314 g was heated to ~ 860
° C. The endothermic effect with an extreme value
at 824.2 °C, which reflects the melting of sodium
sulfate was better manifested on this DTA curve.
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Figure 6 Thermogravitogram of Ni-Co concentrate after washing with water

Thermogravimetric  analysis of the
concentrates, both without rinsing and after
rinsing with water, resulted in that in the
temperature range of 300-400 °C occur
dehydration of nickel, cobalt, chromium,
aluminum, iron hydroxides and their transition
into oxide forms.

Annealing of nickel-cobalt concentrates
obtained out of the products after the
electrochemical break down of the HRNA wastes at
a temperature of up to 400 °C will allow to transfer
all non-ferrous metal hydroxides to oxides, to
reduce the mass of concentrates by 15-20%.
Annealed nickel-cobalt concentrates can be used in
the smelting of some ferroalloys.
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Findings

The studies have shown that nickel and cobalt
can be isolated from the waste of rhenium-
containing heat-resistant nickel alloys in the form of
a concentrate. Start with, the large pieces of waste
alloys anode dissolved in sulfuric acid solutions to
obtain a rhenium-containing solution and anode
slurry. Rhenium, nickel and cobalt are extracted into
a solution out of the anodic slurry by chemical
dissolution. Solutions from the anodic break down
of the wastes and chemical dissolution of the
slurries are combined and sent for the extraction of
rhenium from them. After extraction of rhenium
from the raffinate, nickel and cobalt are precipitated
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with a solution of NaOH (500 g / dm®) until the pH
value is 89 at a temperature of 40 °C, with
intensive stirring of the pulp for 1 h. Physical and
chemical studies of the obtained concentrate showed
that it contains the following phases, wt. %: 62,6
Na2804; 37,4 Niz(NO3)2(OH)2'2H20 u CO(OH)z.
Washing the resulting concentrate from
sodium with water is proposed at a L:S ratio = 10:1.
After the Ni-Co concentrate washing, it mass
decreases (~ 2.4 times), the sodium content in the
concentrate decreases, the nickel content (from
15.68 to 37.55 wt.%) and cobalt (from 1.89 to 4,48
wt.%). During the annealing of the concentrate in
the temperature range of 300-400 °C, the processes

their transition into oxide forms occur. In this case,
the weight of the concentrate is reduced by 15-20%.
The resulting concentrate can be sent for further
processing in order to extract non-ferrous metals
from it. Also, nickel-cobalt concentrate can be used
to produce some ferroalloys.
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blcThIKKa TO3iMIi HUKeJIbAI KOPHITHAJAPBIHBIH KAJBIKTAPbIHAH AJILIHFAH HUKEJb-
KO0AJBbTTHI KOHHEHTPATTAPBIH QU3UKAIBIK-XUMHUSLIBIK 3epPTTEy

Kunubaena C. K., Aranosa JI. 5., KarkoBckast M. H., Aman:kosiosa JL. Y., Kym E. I1.

Tyiiinaeme. Kypambiana penuiii 6ap bicThikka Te3imMai Hukenbli kopeitnanap (BITHK) xypamemnma 50-75 % Ni,
3-15 % Co. BITHK kangsIKTapblH SJEKTPOXUMUSIIBIK Kaiita eHmey OapbichiHma 80-90 % neitin Re, Ni xone Co
epiTiHzire eTexi, aj oMapAbIH a3 0eiri aHoATHIK nutamaa Kanansl. lllnamman MetamiapapH Kainrad OeJliriH XUMHSIIBIK
epiTyMeH epTiHzire oTkizeni. KanmpIKTapapl >JIeKTPOXUMHSIIBIK KaiTa OHISYICH KEHIHT1 KoHEe MUTaMAapIbl XUMHSIIBIK
epiTyleH KehiHTi epTiHainepni OipikTipim, dKCTpakus oAiciMeH onapAaH Re-nmi msirapansl. Re-ai skcTpakmusiiaynaHn
kelin papumarran (r/mm>: 14,26 Ni; 2,48 Co) NaOH (500 r/mm®) epitinmiciven (pH-Tein moHmepi 8-9 mieitin
opuairanira, 40 °C rtemmneparypanma, 1 carar Ooiibl apanacymeH) Ni-Co KOHLEHTPATTBIH TYHIBIPYBI OTKI3UIII.
PentrenguyopecueHTTik, peHTreH(pasanblk, TepmorpaBumerpiik xoHe MKC omicTepi KOHLIEHTPATTHIH (DH3HKAIBIK-
XUMUSUTBIK 3epTTEYbl OHBIH KypaMbIHa Kejeci ¢aszanap, mac. %: 62,6 Na,SOs; 37,4 Niz(NO3)2(OH),-2H,0 u Co(OH),
6ap exenin kepcerti. C:K = 10:1 KaThIHACBIH/A KOHLIEHTPATTHI HATPUIICH CyMEH IIalo/la OHBIH MacCachlH a3asipl (~
2,4 ece), HaTpuil Kypambl Temennewni, Ni (15,68-nen 37,55 % neiiin) men Co (1,89-nen 4,48 %peiiin) Kypambl
xorapiaiinel. Temmepatypa 300 — 400 °C uHTEpBaNbIHIAA KOHIEHTPATTH KbI3AbIpyaa Ni skoHe Co THAPOOKCHUATEPIHIH
JeTUApaTanusuiay ypIici Ooyampl >KOHE OJapAbIH OKCHATIK (opManapbiHa Kelneni. AJBIHFaH KOHIIGHTPAT OJaH Jpi
KaliTa eHaeyre KiOepiTysl MYMKIH OJNapJaH TYCTi MeTajurgap Hemece Keilip (peppoKopBITHAaphIH ATy MaKCAaTBIHIA.
Tyiiinai ce3aep: bITHK xangpikrapser, padpunar, Ni-Co KOHIEHTPATHL, TYHABIPY, IIAI0, KBI3IBIPY.

Pu3NKO-XMMHYEeCKHE HCCJICJ0BAHUA HHUKEJIb-K00aJIbTOBBIX
KOHIECHTPATOB, MOJYIYCHHbBIX U3 OTXO0A0B KaPOIPOYHBIX HUKEJIECBLIX CIIJIABOB

Kunubaena C. K., Aranosa JI. 5., KarkoBckass M. H., Aman:kososa JL. Y., Kym E. I1.

Annotanmusi. OTX0/IpI PEHUHCOEPXKAIINX KaponpouHbIX HUKeneBbix cruiaBoB (JKHC) coneprkar 50-75 % Ni, 3-15 %
Co. Ilpu snexrpoxumnueckoil nepepaborke orxonoB JKHC B pactBopsl mepexoaut no 80-90 % Re, Ni u Co, a
HE3HAUWTENbHAasl MX 9acTh OCTaeTcs B AHOAHOM ImiaMe. V3 murama OCTaBIIYIOCS HYacTh METAIOB XUMHYECKHM
pacTBOpEeHHEM MEPEeBOIAT B pacTBOpP. PacTBOpHI mocie AMEKTPOXMMUYECKOH mepepaboTKH OTXOAO0B M XUMHYECKOTO
PacTBOPEHUS IIJTAMOB OOLEINHSIIOT K METOIOM SKCTPAKIMH U3BJIEKAIOT 3 Hux Re. U3 padunara (r/mm>: 14,26 Ni; 2,48
Co) mocne skcrpakuuu Re pactsopom NaOH (500 r/am®) mposenu ocaxkaenue Ni-Co KOHIEHTpara (10 YCTaHOBIEHHS
3HaueHust pH 8-9, mpu temmeparype 40 °C, HHTEHCUBHOM TiepeMelMBaHuHd B TeueHUe | 4). DU3NKO-XUMUYECKHE
HCCIICIOBAaHMS KOHIIGHTpaTa PEHTTeHO(IyOPECIEHTHBIM, pPEHTreHo(ha30BeIM, TepMorpasuMerpuyeckum u WKC
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METOJIaMH TI0Ka3alli, 4TO B HEM cojlepikatcs ciexyromue ¢asbl, Mac. %: 62,6 NaSOs; 37,4 Nin(NO3)2(OH),-2H,0 n
Co(OH),. ITpombiBKa KoHLIEHTpaTa OT HaTpust Bogoi npu XK:T = 10:1 no3Bonuna yMeHsIIUTH €ro Maccy (~ B 2,4 pasa),
CHHM3HTh COJIep)KaHHE HAaTpUs, OBBICUTH copeprkanue Ni (ot 15,68 1o 37,55 %) u Co (ot 1,89 no 4,48 %). [1pu oTxxure
KOHLIeHTpaTa B UHTepBasie Temrepatyp 300 — 400 °C npoucxonst npouecchl Aeruaparanuu ruapokcunos Ni u Co u
nepexojia UX B OKCUIHbIE POpMBIL. [loTydeHHBIH KOHIIEHTPAT MOXKET OBITh HANpaBJICH Ha JajbHEHIIYI0 epepaboTKy ¢
LEIBIO M3BJICYCHUS U3 HETO IBETHBIX METAJUIOB MIIM UCIIOJIb30BAH VIS TIOJIyYESHHUS] HEKOTOPBIX ()eppOCILIaBOB.
KiroueBbie ciioBa: otxonsl JKXHC, padunat, Ni-Co KOHIIEHTpAT, OCaKACHUE, TPOMBIBKA, OTKHT
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Abstract. Research article presents an electrochemical method for obtaining selenium powder from
compounds of 4-valent selenium in the presence of copper (Il) ions. The electrolysis was carried out in an
electrolytic cell with an unseparated interelectrode space in a hydrochloric acid solution containing copper
chloride, where a copper electrode was used as the anode and a titanium electrode as the cathode.Cu (1) —Cu
(I) redox pair potential difference was used as a reducing agent. Ultrafine selenium powder formation as a
result of the chemical reduction of selenium (1V) ions by copper (l) ions obtained by anodic dissolution, as well
as by the interaction of copper (Il) ions with an anode was shown. Results of our study were presented,
showing the influence of electrolysis conditions, current density, temperature of medium, acid concentration
and copper (1) ion concentration during electrolysis on selenium formation current output, shape and size of
the resulting powder. Study results demonstrate selenium powder formation with a very high current efficiency.
Key words: selenium, powder, copper, electrolysis, cathode, anode, micrograph.
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Indroduction

Currently, selenium is widely used in the field
of non-ferrous, ferrous metallurgy and machinery.
Only a small amount of casting cast steel will allow
the formation of fine granular steel, which prevents
defects in the steel casting and provides high
resistance to it. Magnesium-manganese alloy adds
anti-corrosion properties of selenium alloy [1-3].
Selenium is also widely used as semiconductor in
electrical engineering. But in this case, the
cleanliness of the selenium is of great importance.

The selenium powder has increased its use. So,
as additives to some of the stainless steel grades, the
selenium improves their mechanical processing
properties and prolongs the durability of the process.
Another useful area of the powder canola is ceramic
and glass production. Depending on the size of the

selenium, glass products give them a variety of
colorful colors. Coloured glass products are widely
used in the colour filters function in the colour alert
system. This property of selenium is well-known in
the engineering and chemical industries and has long
been the main consumer of the selenium [1].

There are different methods of separating
selenium from aqueous solutions. One of the known
methods is the method of extracting powder by
chemical reducing the selenium compounds (IV) [3].
Sulfur (IV) dioxide gas is used as a defibrer. At this
point, the reaction is as follows: H,SeOs + 2SO, +
H,O — Se°| + 2H,SO0s4.

Preservation and use of sulfur dioxide gas (IV)
causes a number of difficulties. At the same time, the
work with toxic gas sulfur dioxide should be carried
out in specially equipped sealed installations and
must be strictly controlled by the fact that the amount
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of toxic gas in the workplace does not exceed the high
concentration without harm (0.02 milligram/liter).
The selenium obtained on the basis of the above
method should be gradually purified by processes of
distillation. Due to these problems, this method is not
widely used in production.

Known methods for extracting the selenium
hexafluoride compound used for the removal of net
selenium by reduction (at 60 ° C with potassium,
sodium and lithium at 500 ° C) with alkali metal at
100 ° C, with arsenic at 180 ° C and silicon at 250 °
C [4, 5]. However, such methods are also produced
in the gas environment and require high
temperatures. This makes the technology more
economically ineffective, complicating the process of
the process.

Certain reducing agents that adversely affect
the environment or sophisticated equipment are used
in selective methods used for selenium removal. As a
result, many methods are economically or
ecologically inefficient and can not be implemented
at the production scale. In this regard, the research
and analytical work aimed at increasing the
efficiency of use of the method of extraction and
reduction of ecological harm is one of the most
important issues.

Methods

One of the most important methods for
extracting selenium powders is electrochemistry
methods in silicene cathodes [6-10]. Usually these
methods use variable valent metal ions. Depending
on the large differences in the oxidation-reduction
potentials, the reduction of the selenium ions by
using the Ti (IIT) -Ti (IV), Cr (1) -Cr (III) and Fe (II)
-Fe (III) systems in the aqueous solution. This was
mentioned in the scientific works of a professor
Bayeshov A. B. [1, 7-10]. However, the oxidation-
reduction catalytic systems were used only for the
reduction of six valence selenium ions. The proposed
scientific work suggests the method of obtaining
selenium powder by reduction of selenium ions (IV)
from aqueous solutions. The oxidation-reduction
system of the copper Cu (I) -Cu (II) was used as the
defibrillator. As known from a reference [11], the
standard potential of Cu (I) -Cu (II) in the
hydrochloric acid solution is +0,54 Volt, and the
potential of Se-Se (IV) is + 0,77 Volt. As we have
seen, the copper (I) ion, which has the potential to
negate potential, reduces oxidative erythane (IV),
which has the potential of positive potassium and
gives rise to selenium powder.

In electrolysis, copper (1) chloride solution with
hydrochloric acid, the electrode space with a volume of
50 ml was carried out in an unlit electrolysis device.
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Electrodes are connected to a DC source, as anodes -
copper and cathode - titanium plates (Figure 1).
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1 - Electrolysis device; 2 - Electrolyte (Se (IV) + HCI
+ CuCly); 3 - copper anode; 4 - titanium cathode;
5 - DC power source; 6 - ammeter; 7 - voltmeter.

Figure 1 The principal scheme of electrolyser used
to obtain selenium powder

Results

In the solution (15-60 g/ 1) HC1 (5-20 g /1) of
Cu (I) and 10 g /1 Se (IV) in various (i = 50-200 A/m?)
current density, electrolysis was carried out in a half
an hour and the current flows (CF) of the selenium
powders were calculated and its electron-
microscopic image was captured. In each of the
electrolysis parameters, the powder was analyzed and
the chemical composition and form of the powder
were determined and the results were obtained.

One valence copper ion formed during anode
dissolution of a copper electrode and it passes step by
step. [10]:

Cu—-e—Cu" (1)

and

Cut—e— Cu** (2)

During electrolysis, low-current densities
formed by reactions 1, 2, and copper (1) in
electrolyte interact with copper anodes, form
additional copper (1) ions:

Cu+ Cu*" — 2Cu* 3)

Copper (II) ions contained in the electrolyte
are gradually reduced to copper (I) ions on the
cathode surface. One valence copper ion is an
intermediate product:

Cu** +e— Cu* 4)

One valence copper ions, formed as a result of
the above reactions, react with selenium ions and
form selenium powder:

ACu* + Se0s” + 6H" —

1Se® +4Cu** + +3H,0  (5)
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The results of the study showed that copper
electrode in acetic acid copper (II) solution was
coated with one valence copper ion based on reaction
3 and chemical deformation of the metal. As a result,
the copper (I) ion that has been dissolved in the
solution is formed as a result of reaction 5 with the
selenium (IV) ion incorporating the solution into a
solution of selenium powder. Since the formed
atomic tributary is very active, copper anelite may
also be formed by reacting with copper anode:

Se%,, + Cu — CusSe (6)

It should be noted that the amount of copper
saline formed is relatively low. Electrolysis occurs
when electrochemical reactions occur:

HSe; + 5H" + 4e — Se’ + 3H,0, E*=+ 0,77 B.

In addition, oxidized copper (II) ions form
copper (I) ions by reaction 4 on the cathode surface.
This, in turn, suppresses selenium (IV) ions on the
surface of the cathode and in this region and forms
additional selenium powder.

Discussion

In a stable situation (20 g /1 Cu (II), 10 g/1 Se

(IV),1=200 A/ m? t =20 C°, T=0,5) the amount
of hydrochloric acid content in the electrolyte
increases from 178% to 327% in the CF when
growing from 15 gram/liter to 30 gram/liter
concentration. It should be noted that in the known
sulfuric acid solution [12], the stability of one
valence copper ions is low, and in ionic acid solution
it improves ion stability, as shown in Figure 2, the
rate of formation of one valence copper ions based on
4-reactions increases with the increase of
concentration of hydrochloric acid. Accordingly, the
copper () ions precipitating in the solution, reduce
oxides of selenium (IV) and increase the selenium
powder. When the acid concentration is further
increased by 60 gram/liter, the CFs decrease from
315 to 272.4% (Figure 2). The copper (I) ions formed
by high concentrations of hydrochloric acid known in
the references [12, 13, 14] form complex compounds
such as chloride complexes:
CuCl +nCl" — CuCla+™, where n - increases depending
on the acid concentration. The number of chloride ions
in the complex increases. At the same time, the complex
ion charge also increases, accordingly the activity of the
copper (I) ions decreases and the decomposable
property decreases and the amount of powdered
selenium powder is reduced. In subsequent studies, the
influence of the concentration of copper (II), previously
added to the electrolyte composition of Tselinol
powder, was investigated. The results of the study are
shown in Figure 2.

CF%

310 4

270 4

190 4

150 . T T T — HCl], gram/liter
10 20 30 40 50 60

Cu (II) - 20 gram/liter, Se (IV) - 10 gram/liter, i = 200 A/m?,
t=20C", t=0,5 hour

Figure 2 The effect of hydrochloric acid concentration
on CF of selenium powder

As you can see from the picture, the value of CFs
increased due to the concentration of copper (II) ions
added to the electrolyte. The concentration of copper
(II) in the electrolyte increased from 5 gram/liter at
concentration to 20 gram/liter, CF increased from
216% to 320%. As mentioned above, the copper (II)
ions are reacted to reaction 4 on the surface of the
cathode to the copper (I) ions and, in addition, copper
(I) ions are formed as a result of reaction 3, which
reduces the ionic content of the selenium (IV) to the
elementary state (reaction 5 ). In this regard, there is
a sharp increase in CF of selenium powder formation.
The result obtained without electrolysis, copper (II)
ions being preheated electrolyte corresponds to the
lowest result of the above data.

The effect of electrode density on electrode was
investigated. The following figure 4 shows a decrease
in CF when the current density increases.

The current density of the electrodes changes the
electrode potential in the Tafel equation. The
potential of the copper electrode increases the density
of the current with a considerable positive value. The
shift of the electrode to the positive potential
increases the ability of reaction 2 to increase the
velocity of one valence copper ions formed at the first
stage with two valence states. Accordingly, the value
of CF decreases.

This phenomenon also occurs on the cathode
surface and in the cathode area. In the high current
density, the titanium electrode potential in the Tafel
equation shifts to the negative value. In this case, the
stability of the intermediate single valence ions
decreases and they quickly pass to the metal state.
These phenomena reduces the value of CFs generated
by selenium powders.
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CF.% The effect of temperature on selenium powder
formation in CF was investigated. When the
temperature increased from 20 ° C to 60 ° C, CF
320 1 increased from 466% to 742% (Figure 5).
el When the electrolyte temperature rises, the
copper (I) ions of copper anode increases with the
direct dissociation activity (reaction 1, 2), resulting in
260 the formation of copper (I) ions, increasing the
selenium powder content. Accordingly, there is a
direct rise in temperature relative to the formation of
220 1 powders in CF.
200 — (O] gmter The powder was te_sted and the elemental
2 4 6 8 10 12 14 16 18 20 2 analysis was performed during the above-mentioned
parameters (Table 1). As a result of the analysis, the
HCI - 30 gram/liter, Se (IV) - 10 gram/liter, i = 200 A/m?, ~ content of the powder contained in the sample was
t=20C°, 7=0,5 hour about 71 - 88.5 %. The copper content in the powder
was 9,34 - 24,07 %. According to the analysis, the
powder also contains copper selenium as well as pure
selenium.

The formation of copper saline can be
explained by the reaction 6. The microscopic images
CF % of the powders obtained are shown in Figure 6, the
' average size is 0.102 - 0.236 em, it looks like the

340 4

280 |

240 4

Figure 3 Influence of copper (II) ion concentration in the
electrolyte composition of selenium powder to CF

1000 4 .
spheroid forms.
800 A CF. %
800
600 A
700
400 |
600
200 |
500
0 —— iAW
40 60 8 100 120 140 160 180 200 220
400 ; ; . . Vg oC
15 25 35 45 55 65
Cu (II) - 20 gram/liter, HCI - 30 gramvliter, Se (IV) - 10 Cu (1) - 20 gram/liter, HCI - 30 gram/liter, Se (IV) - 10
gram/liter, t =20 C°, 7= 0,5 hour gramy/liter, i = 100 A/m?, T = 0,5 hour
Figure 4 Influence of selenium powder on CF in Figure 5 Influence of electrolyte temperature on selen
electrodes density powder formation on CF

Table 1 DnexTpoan3 apKbIIbl AJIbIHFAH YHTAKKA JKYPTi31ITeH JIEMEHTTIK Tanjay HOTHXKecl

Experi- Electrolysis parameters The result of the analysis
ment ia, A/M? [Cu?], [HCI], t, °C 0,% Si, % Cl, % Cu, % Se, %
Ne gram/liter | gram/liter
1 200 10 30 20 1.99 0.08 3.47 9.34 85.12
2 50 20 30 20 1.01 0.17 3.75 24.07 71.00
3 200 20 60 20 0.77 0.05 0.88 11.17 87.13
4 200 20 30 60 0.44 0.13 1.44 9.43 88.5
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Figure 6 Selenium powder microorganisms

Conclusion

At the present time, many products in the
processing of rare and non-ferrous metals are packed
with intermediate products and waste. Subsequently,

formed, they diffuse in the electrolyte volume and
that there is an additional generation of selenium
powders in the entire solution.

The proposed method is characterized by its
simplicity of equipment and low environmental

separation of valuable substances from them is
accompanied by acidic solution containing selenium
ions. Removal of residual acid in the form of powder
from the solution is still one of the unresolved issues.
Our results show that saline acid can be obtained
from copper (II) by removing selenium ions (IV) ions
at anode, cathode, and electrolyte with very high
current flow and can be used for selenium powders.
It was discovered that copper selenium powders were
formed. Anode and cathode on the surface show that
when a large number of valence copper ions are

hazard because it is normally operated outdoors.
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CejieHUT HOHAAPBIHBIH KbIIKbLIABI MbIc (II) x10puai epitingicinae cesien
YHTAKTAPBIH TYy3€ TOTHIKCHI3/IaHYbI
Bbaemos O.b., Maxano6eroB A.B.
Tyiiinaeme. Makanaga ceJleHHIH TOPT BajJeHTTI KocbuibicTapbiHaH MbIc (II) MOHImApHl KaTHICBIHIA CEJIeH YHTaFbIH
aJyJIbIH AJIEKTPOXUMUSIIBIK 9JIICI YCHIHBIIABI. DnekTposn3, Mbic (II) xmopuai KOChUIFaH TY3 KBIIIKBUIBI €piTiHAICIHIE,
JIEKTPOJ] KEHICTIKTepi OeiiHOereH, MbIC aHOAbl MEH THTaH KaTOAbIHAH TYPAaThIH 3JIEKTPOIM3EpIe >KYPTi3iiui.

Toteikee3ganapiprein - perinae Cu ([)-Cu (1) TOTBIFY-TOTBIKCHI3AAHY IKYHECIHIETi MOTEHIHANIAP aHBIPBIMBI
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naijananeiIel. AHOATHIK epy OapbichiHAa xoHe MbIc (II) nOHAAapBIHBIH aHOMIEH SpeKeTTecyi OapbIChIHIA TY3UIETIH
MBICTBIH Oip BaJIeHTTiI HOHIaps! ceneH (IV) MoHIapblH XUMUSUIBIK TOTBIKCHI3JaH/BIPHII, YIABTPAIUCIECPCTI CEJICH )KIHE
Kell JKarJaiiaap/ia MbIC CEJICHUIIHIH YHTaFrblH TY3€TiHAIN KepceTuUlli. DJIeKTPoIu3 Ke3iHAe CEeNICHHIH TY3LTyiHiH TOK
OOMbIHIIA MIBIFBIMBIHA, TY3UIMeH YHTaK (OpMachlHa >KQHE pasMepiHe OJIEKTPOJIM3 IapaMeTpiepiHiH — TOK
TBIFBI3/IBIFBIHBIH, €PITIHAI TeMIepaTypachlHbIH, TY3 KBIIIKBUIBI KOHLEHTPAUMSICHIHBIH joHe MbICc (II) MOHmapeiHBIH
KOHLEHTPALMSIIAPBIHBIH acepiiepl 3epTTeNiN HOTHXKENepl KeNTipiai. 3epTTey HOTHXKENepl CeleH YHTaKTapbIHBIH oTe
YKOFapBl TOK OOMBIHIIA IIBIFFIMMEH TY3UICTIHIITIH KOPCETTi.

Tyiiin ce3aep: cexeH, YHTaK,MBIC, JJIEKTPOJIN3, KATOA, aHOMA, MUKPOCYPET.

BoccTraHoB/IeHHE CEJIECHUT-HOHOB B XJIOPUAHO-KHUCJIOM pacTBOpE MEIun (II) C 06pa30BaHHeM
IOPOIIKOB CeJICHA

baemoB A.b., Maxan0eroB A.b.

AHHoTanus. B craThe mpecTaBiicH IEKTPOXUMUAYCCKUN METO]T MOJyYCHHS TIOPOIIKA CeJICHA M3 COCIUHCHUI CeleHa
(IV) B mpucytcTBuu nonos Meau (II). DmekTponn3 MpPOBOIWINM B COJSHOKUCIOM PACTBOPE B MPHUCYTCTBUHU XJIOPUIA
MEJIH, 3JCKTPOIIH3epe ¢ Hepa3 IeICHHBIMH POCTPAHCTBAMH, TJIC B KAYECTBE aHOJA HCIIOIh30BAIM ME/IHBIH, a B KAYeCTBE
KaToJla ~-TUTAHOBBIN 3eKTpobl. [Ipoliecc BOCCTAaHOBJICHUS MPOTEKACT M3-32 PA3HMIBI MOTCHIMATIOB B OKUACIUTEIILHO-
BocctanoBurenbHOU cucteMe Cu (I)-Cu (II). [Tokazano, 4TO Mpu aHOAHOM PACTBOPEHUH U B3aUMOJICHCTBUN HOHOB MEH
(IT) ¢ amomomoOpasyrorcst nonsl Menu (I), KOTOpeIe XUMHYECKH BOCCTaHABIUBAIOT HOHEI ceneHa (IV) ¢ oOpa3zoBannemM
YIBTPAIUCTIEPCHBIX MOPOIIKOB CelieHa. [IpHBEICHBI Pe3yNbTaThl, MOJYYEHHBIC MPH HMCCICIOBAHUM BIUSHUS TaKUX
MapaMeTpoB ANEKTPOJIN3a, KaK IJIOTHOCTh TOKA, TEMIeparypa cpeipbl, KoHueHTpaiuu noHoB Meau (I1) u kucmotsl Ha
BBIXOJI TI0 TOKY OOpa3oBaHHs CeleHa MPH JJIEKTPosin3e. Pe3ynbTarThl MPOBEACHHBIX HCCICIOBAHHUN MOKA3ad, YTO
00pa3yroTCsl MOPOIIKU CENeHa C BHICOKUMHU BBIXOJIOM I10 TOKY.

KaioueBble ci10Ba: celieH, MOPOIIOK, MeJlb, JJIEKTPOJIN3, KATO, aHOA, MUKpodoTorpadus
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Tyningeme. CwmapT Tepesenep J3HeEpPrusaHbl YHeEMAey MakcaTbiHAa JXeHe fumapaTTap  iWiHAaeri
TemnepaTypanblk KblAynblk YLWiH MaHbi3abl pen atkapagbl. CmapT-Tepesenep Xbiy LWbIfbIHbIH JXaHe
KOHOULMOHEpey MeH XapblKTaHAbIPY LbIFbIHAAPBIH a3anTyFra MyMKiHAIK 6epegi. Kan3n meH nepaenepre
6anama KbI3MeT peTiHae narnganadbinagbl. Cymblk KpUcTanabl HEMece 3NEKTPOXMMUSNbIK CMapT-Tepesenep
yrNbTPaKymriH cayneciH eTkisbenai. ©nweHreH GenwekTi cmapT-Tepeseci ynbTpakynriH coyneciH byratray
YWiH apHanbl Kypbinfbinapabl nanganadygbl Tanan eteqi. byn makanaga cmapTt Tepesenepre XyprisinreH
TEOpUAIbIK >XaHe Taxipnmbenik 3epTTeynepre Wony XacanblHFaH. KeHiCTikTe aHe 3epTxaHarblk CbiHakTapaa
opTYypni ernuley aAaicTepiHiH KeMeriMeH >XyprisinreH Taxipnbenik 3epTTey >KyMbiCTapbliHa LUOMNY XYpridingi.
CwmapT TepesenepaiH WhIfbIC cunatTaManapbl MEH OHTaWnbl KypbibIMbIH Tangay MakcaTbliHAa, TeopUsIbIK
FBINbIMKU  3epTTey oaebueTTepiHe XB8He TeopusAnblK FbiNbIMWA 3epTTey MOAEenbAepre Loy Xyprisingi.
OpblHOanfaH fbiNbiMU 3ePTTEY XKYMbIChl MaTepuanTaHy XXeHe KypbinibiC MaTepuangapbl fbifibiM canacbiHaa
nanpansl aknapar kesgepi peTiHge KonagHyFa 30p biknarnbiH TUrisesi.

TyniH ce3aep: cMapT Tepese, SHEPIrUsHbI YHEMAEY, TaxXipubenik enweynep, Bu3yanabl XXannbibIK.

AiimaranteroB Ka3pi0ex IMup:xkanyiasl — TexHUKaNBIK FRUTBIMIap Maructpi, Satbayev University,
Om3uKa-TeXHUKAIBIK HHCTUTYTHI, AnMatsl, Kasakcran. ORCID ID: 0000-0001-6367-9135, E-mail:
kazybek012@gmail.com

MyMKiH [5]. CmapT Hemece HWHTEIUICKTYJIIbI
Tepesenep — Oip KabaTThl AIEKTPOIUTTEH (MOHIIBIK
TaCHIMAIIAFBIII KacweTi Oap KpHUCTanjgaH), ekKi
METaJIJI OKCHJITI KabaTTaH (KAaTOMIThI JKOHE aHOITHI)

Kipicne

DHeprus THIMIUIIT YHEMJIEY KoHE KOpIlIaraH
OpTaHbl JIACTAyIIBl 3aTTapiAbl a3alTy, QIEMJIK

FBUIBIMH 3€PTTEY OPTaJIBIKTAPbIHBIH HET13I1 MaKcaThl
Oosbin TaObutazbl. Kasipri TaHma ockl OarbITTa
KONTEreH FBUIBIMU 3eprrey KYMBICTapBI
xyprizinyne. KyH coyneciH nypeic maimanany -
FUMaparTap/ia SHeprus Ke3iH TYTHIHY/AbI a3aiiTyra
KOHE  BH3yalJIbl  JKAWIBUIBIKTBL  apTTHIPyFa
MYMKiHIIK Oepeni [1-3]. Aranran Tanmanrapra caii,
KaHa TEXHOJOTHSIApAbIH Oipi OOJNBIN caHaIaThIH
cMapT Tepesesiep, 0enaMe IHMIHACT] KbUTYJIBIK JKOHE
BU3YaJIBUIBIK JKaFJaiapelH Oakpuiaya MaHBI3IbI
pen arkapazasl [4]. Byn KypbUIFBIHBIH KapanailbiM
NIBIHBUIAPJIAH  aWBIPMAIIBUIBIFBI, IHAFBIH  JJIEKTP
OpICIH KOJIJIaHA OTBIPBIIN, ONTHKAIBIK KACHETTEPiH
e3repTyre MYMKIiHIIK Oepemi. OJeTTe, CMapT
Tepesenepi Oec Typii KabaTmeH iCKe achIpbLIabl
JKOHE ANIEKTp OaTapesichl peTiHle e KapacThIPhLTYhI

34

TYpajbl KOHE €Ki MOIIIp AJIEKTP OTKI3rimTepiMeH
(ITO) xanranambl.

Onextpoxpomasl (DX) OKCHATEPIiH HEri3ri
eki Typi 0ap: KaTOATHl >KOHE AaHOATHI OKCHITEP.
Kazipri yakpitra 2X TepesenepiHiy Oipi Oounbin
caHayiaTelH BoJib(pam okcui (WOs3) KaTOAThl OKCHJT
pEeTiHIe cMapT Tepeseliep Jkacay YIIiH maiananaibl.
Kenrteren  KypriziireH  fFbUIBIMH  3epTTEyJiep
KYMBICTaphl, DX-HBIH jKaHA JKOHE HEFYPIBIM THIMJII
MaTepHaIapblH 931piiey MaKcaThIH/Ia KYprisiice, al
Keibipeynepi OenmMeneri BU3yalabl XOHE JKBLIY

JKAMIBUIBIFBIHA,  COHBIMEH  KaTap,  OJapAblH
FUMapaTTapAarbl  TYTBIHATBIH  DHEPrUsl  KO3iH
yHeMzeyl JKOHEe Kajaidk ocep eTeTiHIH Tanjaai
OTBIPBIII, cMapt Tepe3enepiHin Heri3r1

curaTrTaMajiapblH aHBIKTabI.
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CMmapt TepesenepAiH OCTTIK aylaHbl, OHBIH
IIBIHBIIAY KACHETTEPiHe KATTHI ocep CTeTIHIriHe
0aiiiIaHBICTBl OONFAHIBIKTAH, OJAPJABIH ayKbIMIIbI
IIBIHBUIAYBIHBIH CHIIaTTaMaJIapblH Oarajiay Kaer.
byn wmakamama, caTBIIBIMIAFBI OHIMAEPIIH JKOHE
T1a60PaTOPUSIIBIK YITLIEPAIH ONTHKAIBIK, YKBUTYIIBIK
JKOHE 3NEKTP TYPFBICBIHAH Tepe3elIepiHiH
KAaCHeTTepiH CHUIATTAHTBIH HETI3Tl 3epTTeyiiep MeH
Tangaynapra moiy KYpri3uiai.

Taxipubestik FELILIMH 3epTTEyJ/Iepre oIy

DJEKTPIiK, ONTHKAJIBIK OHE JKBUTYJIBIK
cUMaTTaManapbl TYPFBICBIHAH CMapT Tepe3eepaiH
camacelH Oarajay YVIIiH, KEHICTIKTE XoHE apHaubI
3epTXaHajbIK OpPBIHAAP/A JKYPIi3lIreH ToxKipuoOemik
FBUIBIMH 3€PTTEY KYMBICTAPbIHA, IOy >KACAIBIH/BI.

[6] JKYMBICBIH/IA, cMapT Tepese
MPOTOTHIITEPiHIH ~ OHIMIINIriH  Oarajmay  YIIiH
KEHCEIK CBIHAK CTEH/AIH Tai/lalaHa OTBIPHII,
ToKipubenik 3eprreynep xyprizai. CelHaK creHi
KApBIKTBIFBl PETTENETIH JIOMHHECHEHTTI >KapbIK
Oepy KyleciMeH jkabIbIKTAIFaH XKoHEe Y OyiipaeH
typael. Crenarin Tepesecinin aymganel 0,36 M2
Kypanmel. 3epTTey CTEHMAICIHIH KallFaH Tepesenepi
(3TaNIOHABIK PETiHJE NaiaTaHbUIFaH) — KOPIHETIH
Kyn coynecinig etkizrimrik MoHi, 0,50 (Memmip)
xone 0,15 (OosuraH) TeH. 3epTTey HOTHXKeNepi
KeJIeCiHI KepceTei:

1. XKapeik  neHreiii
KapBIKIIEH KAMTaMachI3 €TiITeH;

2. CMaprt Tepe3eciHiH PHEPrusi YHeMIETIITIK
KaOUIeTiH CTATUKAJIBIK Tepe3ellepMeH
canbIcThIpFanga 59 % - ra sxeTyre MyMKiH Oepei.

[7]  >KYMBICBIHBIH  aBTOpJapbl,  CMapT
IIBIHBICBIH ~ BOJb)paM  okcuai  Kabatel (WOs3)
Heri3iHgeri OeKiTeTiH ToXipuOenik yirinepiHe
(emmremi 0,40 m * 0,40 M), xoHe BaKyyMIallFaH
IIbIHBLIAYFa 3€PTXAHAIBIK ChIHAKTAp IKYPri3uiil.
3eprrey Hotmkenepi 0,63 (menmip) - Ten 0,02-re
neitin (OosiFaH), coHmad-ak y3ak yakbiTka (5000
KYMBIC LMKIBIHAH acTaM) e3repill  OThIPaThiH
mpolieccTiH  kepiHeTiH KyH coyieciH — oTKi3y
MOHJIEpiH arar OTTi.

[8] - me, cMapT MIBLIHBI KYPBUTFBICHIH OOIMeIeri
KITUMATTBI CAKBIHIATY aPKBUIBL: )KaPBIKTAH BIPYIbL,
CMapT WIBIHBUIAP/BIH OpHAllacy OarJapbiHa KOHE
aybICy CTpaTerusicblHa OailJIaHBICTHI 3epTTEyJIep MEH
Tajmayaap Kyprisai. Aeropiap, aymadel 0,12 m *
0,12 m 6omnateiH Bonbdpam okcuai (WO3) Herizinae
CMapT IIBIHBICHIHBIH IIPOTOTHUITIHE TECTUIEY KYPTi3i
JKOHE OJIapJblH aWTybIHIIA, cMapT wibiHbLIAP KyH
panuanMsAChIHAH KOpFay >KOHE JKbUTyIbl Oackapy
YIIiH Taigansl O0NMybl MYMKiH, Oipak IocTypri
KeJIGHKeNey — JKyienepiH  KONJaHynbl — KOKKa
NIBIFApMaiibl. AYBICY YaKbITHIHBIH Y3aKTHIFbIHBIH
OCepiHEeH KYHJI3Ti YaKbIT (IIyKTyaluschlH OakbLiay
MYMKIH €MEeCTIriH >xoHe KepiHeTiH KyH caynecinix

89-99%  kyHmi3ri

OTKI3TIITIK MOHIEpl as3aifFaH Ke3je Tyc Oepy
HMHAEKCIHIH MOHI a3asSTHIHBIH aHBIKTaIbI.

[9] - )KYMBICBIHIA, CMAPT-IILIHBIHBIH 9p TYpi
YILI TYPiH CalBICTBIPY OOMBIHIIIA HETi3T KACHETTepiH,
apTHIKIIBUTBIKTAPEl MEH KEMIIUTIKTEePiH, COHIal-aK
MaTepHANIBIH DHEPTUsS THIMOUITT MEH  OHBI
TYPMBICTa TaianaHy >KOHE JKapbIKTaHIBIPYIbI
JKakcapTy ~— OOWBIHIIA  3epTTeY  KYMBICTaphl
JKYPTi3UL. CMapT-1IBIHBIHBIH opTypi
TEXHOJIOTHSUIAPBIHBIH, ~ KENTIPIIreH  CUIMAaTTaMachl
Herisigae OHBIH APTHIKIIBUTEIKTAPHI MEH
KEeMIITLTIKTepi AHBIKTAIIBI  JKOHE olapMeH
OaliaHbICTBI OONIFaH KHUBIHIBIKTAPHI KEJICHICKTe
meminyi Tuic. HakTel Mblcanmapma MeJIipJIiri
0ackapbUIaTBIH CMapT IIBIHBIHBI KOJJIAHY cajaliapbl
KapacThIpbUIFaH. ABTOpJAp, 3€pPTTEy HOTIKECIHIE,
CMapT-IIILIHBI OHJIIPICIHIH ~ TEXHHKAChI MeEH
TEXHOJOTHSCHIHBIH ~ JaMybIMEH Karap, ©3iHMIK
KYHBIHBIH a3aiTy Ke3iHJeTi ONTHUKAIBIK KacHeTTepi
JKAKCApAThIHBIH KOHE OCBHl MATEPUANIBIH  KOJI
JKETIMIUTITIHIH apTybIHA aJIbIT KEIETiH ITiH jKa3a bl
CoHBIMEH KaTap, OJIIICHTeH OeJIIeKTeperi cMapT
UIBIHBUIAD — ABTOKOIIKTEPiH IIBIHBICHIHA OPHATY
YIIIH aca KOJIAMIbI, al 3JICKTPOXPOMIbI KabaThl Oap
CMapT IIBIHBUIAD — TYPFBIH YU JKOHE KeHCe
Oenmmernepi VIIiH aca KOJNAWIBl €KEeHIH aWTaipl,
OUTKEH1 0JI, MOJIIIPIIKTI yCTall TYpy YIIiH Y3IiKCi3
KepHey Oepy/li KaXKeT eTHeu/Ii.

[10] - 3epTTey »KYMBICHIHIA CMapT Tepe3enepi
MEH JKYMBICHIBUIAD apachblHOarbl e3apa ocepmi
3epTreni. ABTOpnap, Oarbicka  OarbITTanFaH
KOH(epeHII-3aJ11a aBTOMATThl 0aCKapbUIaTBIH CMapT
Tepe3eci MeEH JKaHa THIMJII KapaHFbUIaHFaH
JKapBIKTaHIBIPY JKYHeCiH Hazapra aIIbL.
Toxipubenik 3epTTey Ke3iH/ie, FUMAPaTThIH ChIPTKBI
JKOHE 1ITKI JKAPBIFBIHBIH JICHICHiH, dKaphIKTaHIBIPYFa

JKYMCaIaThlH JNEKTP SHEPTHUSACHIH,
JKYMBICHIBUIAPIBIH, ~ JKYMBIC ~ YaKbITBIH,  CMapT
Tepe3eNepiHia exi JKAFBIHIAFbI OeTik
TEMIIEPaTypachlH, Tepe3eiepiH OosuFaH JKoHE
MOJIip Kyhae OOJaThlH YaKbIThl, COHJAM-aK

JKOJIAYIIBLIAP/IBIH CMApT TEPE3ECiH KOJIMEH OacKapy
KUMri  3eprremiami. KapacThIpbubIl  OTBIpFaH
OOnMMeHIH KbIJT CaWbIHFBI IKBUIBITYBI, KEIIETYi,
ayaHpl OamnTay JKOHE IKApBIKTAHIBIPY  VIIiH
naianaHbpUIaTeIH SHEPTUSHBI 3epTTey YuIiH Energy
Plus  OarmapiamainblK — KEIIGHI  KOJIJAaHBLIIBI.
3epTTeyaiH Heri3ri HoTHXenepi:

1. XKymeicubumapasiy 4% cMmapT TepeseciH
KOJIMEH OacKapIbl.

2. Koudepenn - 3amaplH JKbUT CaWbIHFBI
TYThIHY 3Hepruscsl 39% - man 48% - ra neiiin
YHEMISTiHII.

3. DNeKTp OSHEpPruACHIHBIH €H  KOFaphbl
cypanbichiH 22% - maH 35% - Fa neiiin azaiiTyra
0O0JIaTHIHBIH AHBIKTAIBI.

[11] - ¥BUIBIMHU
AJIEKTPOXPOMHUIMHIH

3epTTeY JKYMBICHIH]IA,
TEOPHSITBIK Heri3zaepi,
35
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AIIEKTPOXPOMABI  KYPBUIFBUIAPABIH ~ MPHHLUNTI
cyi10achl oHe oNapApl Kacay YIIiH NaiJalaHbUTybl
MYMKiH MaTepraimzap KapacTelpeurad. WOs, V,0s,
TiO;, Cr;Os, NiO, MO;3; CHIKTBI TOTBIKTBI
MaTepuaizapra eH Kell KeHin Oeminred. Ochbl
MaTepHaIiapAblH CUIATTaMalIapbl JXOHE OJIapIbl
aTyABIH BIKTUMAIT 9MIiCTEPi KopceTinreH. BakyyM st
naiinanan6ai, xaObIHIBI )KaFyFa MYMKIHIIK OepeTiH
CPITIHOUTIK  9NICTI KOJJaHAa OTBHIPHIN, HUKEIb
OKCHMIHIH JKYKa IUICHKAIAphIH aixy OOHbIHIIIA
TOKIpHOCTIK JepeKTep KENTIpUIeH. AJBIHFAH JKOHE
3epTTENTeH BIEKTPOXPOMIBI  MaTepuall KepHEeyal
KOIIZIaHy Ke3iH/Ie KapbIK OTKi3yiH e3repTe/i JKoHe Y3aK
YaKpIT KapaHFbUIay KOHE TYCCI3ACHAIPY MPOIECTepiH
OUKIIeH  anmafpl. ODKCTPAKUHSIIBIK-TTPOIUTHKAIIBIK
ONiCTIEH  DIIEKTPOXPOMIBI KYPBUIFBI JaibIHAAIFaH,
OHZIa HUKenb OKcuAiHiH ieHkackl NiOOH kanmbiaa
kentipiren kyigeH Ni(OH): TOTBIKTaHABIPBUTFaH
Kylire — KOHBIP TYCTEH MOIAIp TYCKE ayBICHIN OTeIi.
NiO OGipkernKi MeKTpOXPOMIIBI INIEHKACKIH ATy YIIiH
2% KOHUEHTpauusicel Oap CBHIFBIHIBI EPITIHAICIH
naijanaHbIHbI3. TepMOrpaBUMETPUSIIBIK JIEPEKTEPre
ColiKeC OKCHITI IUIEHKaHbBIH maiina 6omybl 370-450 &C
Ke3iH/Ie OpBIH aafpl.

[12] xymbiceiaaa, ITO (In2O3:Sn) snextpri
OJIIIICHTeH KaTOJATHl JKOHE aHOITHIK MOHOMEpIi
KoJnany apkeuibl ayaassl 0,305 m * 0,305 M cMmapT
OpTaHUKAIBIK Tepeseci YCBHIHBUIBI JKOHE
3epTTeNiHAl. ABTOpIap, KapblK KOHTPACTBIHBIH
MOHIH aHBIKTay MAaKCaTbIHAA, TYPAKTBUIBIKTHL,
OTITHKAJIBIK ©TKI3Till KACHETIH ’KHE aybICy YaKbIThIH
Oaranayra OaFbpITTAJIFAaH 3C€PTXAHAIBIK TECTUICY
KOMETIMEH JJIEKTPOXUMHSJIBIK JKOHE ONTHUKAJIBIK
KacueTTepAi aHbIKTagbl. AJIBIHFAaH HOTHXeJepre
CYHEHCEK, JKapblK KOHTPACTBIHBIH XKOFapbl MoHi (580
HM Oaranay ke3inme 0,62 >xoHe 628 HM Oaranay
kesigme  0,57), 3apsAATBIH — IUKIIIK  ©3repy
TYPaKTBUIBIFBL, aybICY YaKbIThI 005y YIIiH 12 ceKyHA
YKOHE MOJIJIIP TPOIIECi YIIiH 5 CeKYHATHI KAMTBIIBL.

[13] -me, cMapT WIBIHBUIAPBIH FUMAPATTAPIbIH
Tepeseynepl peTiHAe IJKOHE YIKEH ~MAacIITaOThI
MpaKkTUKaaa Maijaianyra Ooyia ajaThIHBIH JKOHE
KOJIJAHBICKA KEMUIIIK OepeTiH KOFapFhl KaKeTTi
MOHJIEpiH, COHBIMEH Karap, TUIMIIUTIK
KOPCETKIIITEPIH aHBIKTa/bl. 3epTTey HOTHIKENepi
KeJIeCiHI KepceTei:

1. Aysicy TorbIHBIH KepHeYi (< 5 B).

2. Aysicy yakpITh (< 10 cek -5 MUH).

3. OnTHukanbIK *Kajsl (2-24 car).

4. Kyn OTKI3TIIITIrHIH KOPiHETIH
kodpduumentrepi (amblk ximmar ywiH 60-70%,
3epTTEeyNiep OKYPri3UIreH KiuMar yiniH (5KoHE)
SHEprus ymiH 6-7% >XoHe BH3YaIIbIK JKAHIIBLUIBIK
yiin < 3%).

5. Kyn ¢akropsl (> 0.6 ambik KIMMaT YIIiH
xoHe < 0.2 OYJIIBIp KJIMMAT YIIiH).
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6. Kepinerin KyH coyneciHiH MIaFbUIbICy
koappurentrepi (<0.1 ampIK KIMMAT YIIiH koHe > 0.7
OVJIIBIp KITUMAT YIITiH).

7. Koty etkizy (<1.2 B/M?K).

8. Tyc 6epy (= 80).

9. XKymeic Temmeparypacsi (-30 man 90 °C neiiin).

10.Ke3met mep3imi (20-30 xbur, Oyt 25 000-
50 000 >kyMBbIC ITUKJIBIHA COHKEC Kee ).

Teopmmbm FbUJIBIMU 3€PTTEYJIEPIE HIOIY

Cmapt  TepesenepliH  JKYMBICBIH  JKOHE
nmaiansl KacWeTiH Oarajay YVINIH CaHIBIK JKOHE
TEOPHSUIBIK ~ 3€pTTeY  JKYMBICTApblHA  ILOJNY
JKYPTi3UAL.

[14] - 3eprrey IKYMBICBIHIA, €Ki Typii

WMHTEIUICKTYaJIIbl TEpe3eJIepiH OHTaiIbl Oackapy
CTpaTeruschlH aHbIKTay yiriH Integrated Energy Use
Simulation (IENUS) keHeHTinreH Mojenpaey
OarmapiaManblK KemleH! MaigamaHpuiabl. JKammsr
CBIPTKBI KYH CoyjeciHe OaillaHBICTBl ONTHKAIBIK
JKOHE JKBUTY CHITaTTaMaJIapbIHBIH MOHIH ©3repTeTiH
CMapT  Tepe3eciHiH  KYpPBUIBIMBI  YITLICHII.
FumaparTelH  KBUIBITY,  CalKBIHIATY  JKOHE
JKAPBIKTaHABIPY YIIiH KKETTi TYTHIHATBHIH SHEPTHs
TYPFBICBIHAH, MBIHAJIAPABI €CKEPEe OTBIPHIN 3€pPTTEY
Kyprizinmi: a) eki  0ackapy — CTpaTerusichl
(xocy/emripy >koHe JKenimik Oackapy), 0) cmapt
Tepe3eHIy MOIIIpIITiH 3epTTey YIIiH
KonmaHbeaTeiH KyH coyneciig op Typiti MoHAEpI, C)
WranusHeiH 3 Kajlachl, J1) TEPE3CHIH HEri3ri TepT
0aFpITHl KOHE €) IIIKi JKarmaimappl 6ackapyra exi
TYPAl TOCUT KaXeT (PHEPreTHUKAJBIK TOCLTl JKOHE
K630€H II10JTy TACLi).

Moienbiey 1iH HETi3r1 HOTHXKEIIEpi:

1. DHepreTukanbiK TACLI
SHEPTHSHBI a3FaHa apPTTHIPAJIBL.

2. KeiiOip >xarmaiinapaa, 3HEPTUSIIBIK TACLI
YUIIH CTaTHKaNbIK Tepesenep DX KaparaHaa eH
JKaKChl KOPCETKIIITEPIi KOPCETE .

3. Kepinerin KyH coynecin eTkizy MaHi DX
JKaFmalblH ~ Oackapy  VIIIH  KOJIAaHBUIATHIH
TaraibIHAaMaHbIH OHTAWJIbl MOHIHE KaTThl dcep
eTe.

4. EHi TaralibIHIaMaHbIH MOHIHE dCep eTe/Il.

5. XKeminik 6ackapy CTpaTeruschl €H >KaKChl
BU3YaJIJIbI KAMITBUTBIKKA KEMUIIIK Oepeti.

[15] - Tepe3eHiH jkaHa TYPIHIH MOTCHIIMAIBIH
TYCiHY YIIiH, KapanaibiM JX Tepe3eMeH CaAIbICThIPa
OTBIPBIN, MHGPAKBI3BUT ~ AMANA30HBIHA  >KaKbIH
AIIEKTPOXPOMJIBI TUIEHKACHIHA TEOPHSLIIBIK
3epTTeyep Kypriziimi. MH(pakei3bL1 1uana3oHbIHA
JKaKbIH AJIEKTPOXPOM/IBI TICHKACHIHBIH KapanaibiM
OX TepeseleH aWbIpMalIbUIBIFEL, KepiHeTiH Ky
cayJieciH e3repicci3, MHGPAKbI3bLUT AUANTa30HbIHAFbI

aJIFalllKbI
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XKapbIKTBIH oTy KacueriH 0,8 men 0 re nelin
e3repTe/i.

[16] - xympicta, TRNSYS nuHAMHKAIBIK
Mozeneyni OarmapiaMachIMEeH o3ipJIeHTeH CMapT
Tepe3eciHiH TEOPHIIBIK MOJENiH TeKcepy YIIiH,
ChIHAK  VSINBIFBIHBIH ~ KOMETIMEH  allbIHFaH
TOXKIPHUOECITIK TEPEeKTEePIi naigaranraH.
OKCIEpUMEHTTIK ~ChIHAKTap OapbICBIHAA CBIHAK
YAIIBIKTApPBIHBIH, ~ O€TiHIH IMIKi JKOHE CBHIPTKBI
TeMIepaTypaiapel, KOpIIIaraH OpTaHbIH
TEMIIepaTypachl, JKeNl JKbUIIAMJIBIFBI, 1IIKI ayaHbIH
Temneparypacsl, IUGQPY3UIIBIK KOHE KOJICHEH
COyJIeTIeHY, OHTYCTIK JKa3bIKTBIKTAaFbl jkahaHIbIK

coyJeneHy, IMKiI  KapBIKTaHIBIPY,  CBHIPTKBHI
sxahaHIBIK JKOHE TG y3UIBIK KOJIIEHEH
KapBIKTAHIBIPY, COHJAW-aK IIBIHBUIAYIBIH 1IIKi
JKOHE CBHIPTKHI O€TiHIH TemIepaTypachl abIHIbI.
Tepesenep/iiH ~ TEOPUSIIBIK ~ MOZCIIH  YJTiIey
OapbIChIHIA OoIDKaHATBIH 1mki aya
TeMITepaTypachIHBIH ©JIIIICHTeH MOHZEPiH

CaNTBICTBIPY apKbUIBI TEKCEPiNi. 3epTTeydiH Heri3ri
HOTHIKEJIEPI CBHIPTKBI XKarFaaiaapra 0aiaHpIcThl DX
Tepe3eciHiH cumarraManapslH 0ackapy €H KaKChl
CTpaTerus OOJBIT TaOBIIATHIHBIH KOPCETTI.

[17] aBTOpHapkl, a3 SHEPTUS KYMCATBIHATHIH,
KEHce 1IIiH/eT1 )KapbIKTHIKTHI OelTini Oip MoHze ycTar
TypatelH, OX Tepe3eciHiH OHTailmBl  Oackapy
cTpaTerusicelH 3eptreni. JKacaHIpl KapbIKTaHABIPY
yiniH ge, X Tepesenepi YIIiH Jae OackapyIblH €Ki
CTpAaTeTHSICHI KapacTBIPBULALL: 1) KOCy / elipy 0ackapy
CTPATETHSICHI JKSHE ii) KeJTiK 0acKapy CTpaTeruschl.
Moenpaey  Kelecuiepi  ecelke ajia  OThIPbII
xyprizinai: 1) 9X tepesenepiHiH opTyp:i Tanrepi, 2)
kepiHeriH KyH coymeciH eTkisy KacweTi Oap,
KOJICHKETICHETIH MOTOpJIAaHFaH KYPbUIFbUIAphl  Oap
TUNTIK Tepe3enep, 3) op Typiai 3 kama xoHe 4)
Tepe3enepiH exi Oaraapbl (OHTYCTIK KoHE CONTYCTIK).

[18] o3 s)xymbICBIHA, BoIb(hpaM okcui (WO3)
Herizinge DX mnpororumiHig (0,12 M x 0,12 M)
OKCIIEPUMEHTAIIBl  CUMATTaMachblHaH  OacTaspbl.
ChIHaK YAMIBIFBIHBIH KoMeTiMeH DX TpPOTOTHITiHIH
Ka3Fbl MayChIMJaFbl HaKTHl aya palblHIa ©TETiH
KapBIKTBIH 9cepiMeH, KyH (aKTOPBIH XOHE IMIKi
TeMIlepatypanbl Oakputay KaOileTi TalIaH[bl.
ChIHaKTap OHTYCTIK XoHE OaThic OarbIT yimiH DX
MPOTOTHUITIIH ~ 0acKapyJblH €Ki  CTpaTerusChiH
(cTaTHKaNBIK JKOHE JAWHAMUKAJIBIK) €CKEpE OTBHIPBII
KYPriziami. DKCIEpUMEHTTIK JAepeKTep Heri3inae
CBIHAK YSIIBIFBIHBIH OTIEN KbUTY TOPTIOIH cHITaTTai
QIaTBIH TEOPUSUIBIK ~ MOJENb  O3ipJeHIl  KOHE
ChIHaKTaH oTKi3inai. Imki aya TemmepaTypachIHBIH
AKCTIEPUMEHTAJIJIBI MOHJIEPiH MOJIENTbICHTeH
yiriMeH  canbicThiprad, 3% Kypanmel. 3epTrey
HOTHXeTepi, OX  Tepeseci  AMHAMHKAIBIK
cTpaTervsra  colikec  OakbpUIaHFaHIA,  KBUTY
KYKTeMeciH mamamer 3 1% - ra TeMeHaeTyre 00J1Ibl

JKOHE TOMEH coyliesieHy Kodgp¢uiueHTi Oap exi

OWHEKTENIeH  Tepe3eHIH  KOMETIMEeH  ajyra
0OJIaTHIHBIH KOPCETTI.

[19] aBropmapbl, BICTBIK JKOHE KYpFakK
KIIUMATTaFbl KYH COYJECIHEH KBI3BII  KETYi

0aKpUTAHATBIH CHIPTKBI KOJICHKEICHYIIH KaparmaibiM
JKy#enepiMeH calbIcThIpy yImiH DX TepesenepiHiy
TUIMALTrIH 3epTreyre apHamran Design Builder
MoOJiebIcy OaFmapiaMaiblK KeIIeHIMEH O(UCTIK
FUMapaTThl  MOJNENbIeAl. 3epTTey  HOTIKEIep
kenecini kepceTTi: (1) DX Tepesenepi TaagaHnraHaap
apachIH/Ia CH YKAKChI IICTTiM OOJIBIT Ta0bLIa bl XKOHE
(2) DX Tepesenepi KOJICHKEICHOCTCH IITBIHBI
MaKETTEPMEH CAITBICTBIPFaHa KYH KbUTYBIHBIH O6CYiH
ait caiieia 53% - man 59% - Fa JeiiH TOMeHAeTyre
MYMKIiHIIK Oeperi.

[20] >kKyMBICTBIH aBTOpJaphl, DX TEpe3ecCiHiH
KOMETIMEH JKapbIKTBIH YHEM[eNyiH Oaranay YIIiH
UMHTALVSUTBIK, 3€PTTeY KYprizfi. 3epTTey 00beKTici
DX eki Tepeseci Oap OHTYCTIK OarmapMeH KeKe
KeHce Oonapl. Mogensey yiniH apHanFan Radiance
OarapiaMaiblK KEIICHIHIH KOMETIMEH KaphIKTHIK
MeH JKapBIKTaHIBIPYIBIH IIKi MOHAEP] JKBUT OOUBI
JKoHe Oip caraT yakpIT KaJaMbIMEH aJIbIHJBL.
Mopenbaey HOTIDKENEPi Her13r1 JKYMBIC
JKa3BIKTHIFBIH JKapBIKTaHABIPYMEH KaMTaMachl3 €Ty
MakcaTelHAa OX Tepe3eciHiH KOH(UTYpaHusIChH
JKOHE KacaH/Ibl KaphIKTaHABIPY CANBIMBIH aHBIKTAY
VIIIH OHTAlIaHABIPY aITOPUTMI  KOJJAAHBUIIBL
3eprrey HoTmKenepi OX Tepesenepi dHEPrHs
YHEeMJIey MaKcaThIH/Ia OHTYCTIK OeTTe maiinanaHyra
THIMJI EKEHIH KOpCeTTI JKOHE MOJIJIp oOWHEKIICH
canbIcThipranaa DX Tepeseci sHeprus ke3iH 48%
YHEMIeyre MYMKIHJIIK Oep/ii.

KopbIThIHABI

CMapr Tepesenep KapamailbiM CTaTHKaJIbIK
MOJJIip Tepe3eMeH  CajlbICThIpFaHAa  OipHere
apTHIKIIBUIBIKTAPEl 0ap. DKCIIEPUMEHTANBl YKOHE
TEOPHSUIBIK 3epTTEYJIep HOTIKECI OOWBIHIIA CMapT
Tepe3esepiHiH THIMAI Typi peTiHAe, SHEPrUsHBI
YHEMJICUTIH, BH3Yalnbl KalmbubK TieH KyH
paauanusAceiH OakpulayFa apHalFaH aBTOMATTHI
0acKapbUIAThIH KYPaJIIapbIH NaljalaHyabl YCHIHIBL.
JerenMen, Oip »xaFblHAaH CMapT KYPBUIFBUIAPHIH
naiinanany sHeprusi ke3iH 39% - man 59% - ra
JISHIHT1 Juana3oHma YHEeMIeyre MyMKIHIIK Oepce,
OHJ]a CKIHII JKaFblHAH CMapT Tepe3elepaiH
opHanacy Oarmapel, Oackapy CTpaTeTHsCHl >KOHE
KITMMATTBIK XKaF1alibl HAKTHI KOJIJJAHBICTA Al jaaHy
VIIIH KaTThl acep eTefi. 3epTTey KYMbICTapbiHa
nroyly skacay OapbIChIHIA CMapT —TepeselepaiH
COJITYCTIKTE OpHaJIacy OariapblHA KATHICTHI a3 FaHA
apTBHIKIIBUIBIFEI  OalKanmapl  JKOHE  KapamalbiM
CTaHAApPTTHl MOJIIIP TEePe3eMEH CallbICThIPFaH/a
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SHEPTUSHBI YHEM/IEY] KOHE BU3YAIIBIK KANIBUIBIFBI AynmaHel  opTYpAi  cMapT  Tepeselephiy
KarblHAaHaH apTTa KalaTbiHbIH KepceTTi. COHbIMEH  (U3MKAIBIK CUNAaTTaMalapblH  TYCIHYre KoHE
KaTap, CMapT Tepe3eNepiHiH y3aK aybICy YakbITH (7-  AKCIUTyaTalWsUIBIK MIAPTTAPBIHBIH HAKTHI MaliTachH
20 WMUWHYT) HaKTBl aya paibl IKargaimapblH  aHBIKTay YIIIH OJaH opi ToXIpHOENmiK >KoHe
OakpuIayFa MyMKiHJIIK OepMeiii. TEOPHSUIBIK 3ePTTEYIEP KYPri3yli KaKeT eTesi.

Ocbl Mmakagara cinteme: Aiimaranteros K. [1. CmapT Tepesenepre xKypri3iireH TOXipuOemiK xKoHe
TEOPHUSUTBIK 3epTTeY JKyMbIcTapbHa moixy Kompleksnoe Ispol’zovanie Mineral’nogo Syr’a (Complex
Use of Mineral Resources) — 2019. — Ne3 (310). — b. 34-40. https://doi.org/10.31643/2019/6445.26

Review of experimental and theoretical research works of smart windows
Aimaganbetov K. P.

Abstract. Smart windows play an important role in a energy saving and for thermal heat inside buildings. Smart windows
allow you to reduce heat consumption and air conditioning and lighting costs. It is used as an alternative to blinds and
curtains. Liquid crystal or electrochemical smart windows do not transmit ultraviolet light. The measured-value
smartphone requires the use of special devices to block ultraviolet light. This article provides an overview of the
theoretical and experimental research in the field of smart windows. A review of experimental studies performed using
various methods of measurement in space and in laboratory studies. A review of theoretical research literature and
theoretical research models was conducted to analyze the output characteristics and the optimal structure of smart
windows. Conducted research have a great influence in the field of materials science and construction materials as a useful
source of information.

Key words: smart windows, energy saving, experimental measurements, visual comfort.

0030p 3KCIEPUMEHTAJIBHBIX H TEOPETHYECKUX HCCJIEI0BATENbCKIX PA00T CMapT OKOH
Aiimaranoeros K. I1.

AnHoTanusi. CMapT OKHa UTPAlOT BAXKHYIO POJIb B 9HEProCcOEPEKEHUH U ISl TEMIIEPATyPHOTO TeIUla BHYTPH 34aHHI.
B at0ii craThe caenan 0030p Ha TEOpeTHYECKHE U IKCIIEPUMEHTAIbHbIE UCCIIe0BaHMs B 001acT cMapT okoH. CmapT
OKHa IT03BOJISIIOT CHU3UTh NOTpeOIeHHe Teria, a TAK)Ke pacXoibl Ha KOHIUIIMOHUPOBaHKE U ocBelleHue. Vcronb3yercs
KaK aJbTepHATHBA XKaJto3u U mropaM. JKUIKOKPUCTAUTMUECKHE WU 3JIEKTPOXUMHYECKHUE CMapT OKHA HE MPOIYCKAIOT
yibTpadroneToBblii cBeT. CMapT OKHA C U3MEPEHHBIME 3HAYEHUSAMH TPeOyeT UCMOIb30BaHUS CIIEIHAIbHBIX YCTPOWCTB
Juisi  OJIOKMPOBKHU yibTpaduonieTroBoro ceera. Craenan 0030p IKCHEPUMEHTAIBHBIX HCCIIEJ0BAHUMN, BBIMOIHEHHBIX C
MOMOIIIBI0 PA3IMYHBIX METOJ0B U3MEPEHHUsi B KOCMOCE M B JIaDOpaTOpHBIX HccienoBanusx. O030p TeOopeTHYECKOH
HCCIIeI0BATEIbCKOM TUTEPATYPhI U TEOPETHIECKUX UCCISI0BATEIbCKUX MOIeIICH OB TPOBE/ICH /ISl AHAIM3a BHIXOHBIX
XapaKTEPUCTUK U ONTUMAIBHOU CTPYKTYPhI cMapT OKOH. [IpoBe/IcHHbIC HAYYHBIC UCCIIEAOBAHUS OKA3bIBAIOT OOJIBIIOE
BIIMAHUEC B O6HaCTI/I HayKN MaT€pralOBEACHUC U KOHCTPYKITHMOHHBIC MaTEpHaJIbl KaK MOJIE€3HBIA UICTOYHUK I/IH(I)OpMaI_II/II/I.
KoaioueBble ci10Ba: cMapT OKHa, SHEprocoOepexeHue, IKCepuMEHTaIbHbIE H3MEPEHHUs, BU3yaJIbHbIH KOM(OPT.
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X-RAY diffraction and mossbauer studies of fe-57
Implantation into the metallic Ta AND Mo
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Abstract. Development of nuclear and thermonuclear energy poses a number of problems for materials
scientists related to the creation of structural materials. It should be noted that to date, the material of the fuel
rod ducts, which would be able to realize the economical, long-term and safe operation of FNR in full scope,
has not been developed. The study of the properties of structural materials for operating and future nuclear
plants is still one of the most important scientific and technical challenges. The methods of X-ray diffraction
and Mossbauer spectroscopy on ®’Fe nucleus were used to study the effect of implanting >’Fe ions of 1 MeV
energy and the fluence of 5*10%%ion/cm? on the radiation resistance properties of the structural materials of the
nuclear industry of metallic Ta and Mo. Mdssbauer studies were of two methods: 1) standard transmission
geometry (MS) and 2) conversion electrons registration from the material surface (KEMC). Concentration of
the implanted Fe atoms was calculated using STRIM software. Two phases formation was found at the result
of implantation into Ta and Mo matrices. The main phase in molybdenum (84%) is a solid solution of Fe
replacement into Mo. The main phase in tantalum (78%) corresponds to formation of Fe complexes in the
matrix of Ta. The obtained results of the study could be used to solve the issues of NPPs safe operation and
to improve the efficiency of their operation, enabling the resource characteristics of core materials to be
correctly assessed and to predict their behavior at high damaging radiation doses.

Key words: implantation, conversion and absorption Mdssbauer spectroscopy, X-ray diffraction, STRIM
software, radiation damage.
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Secondly, the concentration profile of embedded
atoms along the target depth with increasing ion
fluence can vary from the portion of a percent to tens
of percent. The limiting impurity content in the doped
layer is determined by the sputtering coefficient, to a
large extent and sometimes by diffusion processes.

Introduction

The development of nuclear and thermonuclear
energy makes the material scientists to create the new
structural materials that are resistant to various types of
radiation. The study of radiation resistance under reactor

irradiation conditions is easy to implement through the
implantation of atoms on charged particle accelerators.

The alloying of metals upon irradiation with
ions with energy of more than 10 keV has a number
of special features that distinguish them from alloys
synthesized by the metallurgical method.

To begin with, it leads to the formation of atomic
mixtures in the surface area of the material, the
composition of which is not limited by the principles
of thermodynamics.

Thirdly, a large number of displaced atoms
(structural defects) are generated along with the ion-
beam doping, which strongly affect the location of
the introduced atoms in the crystal lattice and can
cause the movement of atoms both at small and long
distances.

Fourthly, since ion implantation is an athermal
process, thermally activated phenomena can be
independently controlled by the target temperature.

This allows (with a high degree of accounting
and reproducing rate) to create alloys with the very
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different properties in the near-surface area of the
implanted material with a length of 0.01 to 1 em. By
changing the type and dose of ions, the target
temperature, or the rate of dose collection, it is
possible to obtain equilibrium alloys, supersaturated
solid solutions, metastable, intermediate phases or
amorphous materials [1].

The Mussbauer effect makes it possible to
measure hyperfine electric and magnetic fields on
57Fe nucleus, which are determined by the local
atomic environment. With this in mind, the phases in
which iron atoms are localized can be determined in
a Missbauer experiment.

A large number of monographs and original
articles have been devoted to the study of the physical
and chemical state of matter using Mussbauer
spectroscopy with all the variety of its
methodological approaches [2,3]. In [4], the grain
boundaries of polycrystalline molybdenum were
studied by Mrussbauer emission spectroscopy on
’Co(*’Fe) nucleus. The Co atoms have been
demonstrated to diffuse along grain boundaries by
the interstitial mechanism. The authors show that the
effective diffusion coefficient in the boundary
regions of crystallites is significantly higher than the
volume diffusion coefficient, but the width of the
zone of accelerated diffusion does not exceed several
atomic layers. Based on the temperature dependences
analysis of the isomeric shift of the spectral lines, the
grain boundaries and the boundary regions of
crystallites are concluded to be enriched with
interstitial impurities. Moreover, the degree of this
enrichment is greater, the lower the annealing
temperature.

This paper provides the samples of metallic
tantalum and molybdenum irradiated with *"Fe ions
were studied by X-ray diffraction, Mussbauer
spectroscopy, and electron microscopy. These two
materials are structural materials that are used in the
nuclear energy. Irradiation with *'Fe ions makes it
possible to conduct Mussbauer studies on the atoms
that directly create radiation damage. High doses of
radiation were applied in the work, creating damage
in the surface layer corresponding to approximately
200 displacements per atom. In simular conditions,
iron atoms do not dissolve in metallic Ta [5] and to a
limited extent dissolve in metallic Mo [6]. The study
was aimed to determine which phases or local
structures of Fe atoms form in Mo and Ta as a result
of powerful irradiation and subsequent radiation
annealing.

The two methods for Mussbauer studies were
used: 1) in standard transmission geometry (MS) and
2) with registration of conversion electrons from the
material surface (KEMC). In the first case, the
Miissbauer spectra contained information about all
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implanted Fe-57 atoms. As concerns KEMS, only Fe
atoms were recorded that were in the surface
irradiated layer with a thickness of about 0.1 em. The
thickness was determined by the yield of *'Fe
conversion electrons with energies of 7.3 - 13.6 keV.

Testing

The studied samples were Ta and Mo foils with
a thickness of 20 em. The thickness of the studied
foils was selected so as to conduct Mrussbauer
measurements in transmission mode (MS). Foils
were obtained by repeated cold rolling of the original
bulk samples. Recrystallization annealing for the
foils was carried out in vacuum 5-10°°mm of mercury
for 2 hours at a temperature of 1000 °C. The purity of
the initial Ta and Mo was no worse than 99.9.

Irradiation with 3’Fe ions with an energy of
1 MeV was carried out using a UKP-2-1 heavy-ion
accelerator at the Institute of Nuclear Physics
(Almaty). A special holder made of aluminum was
designed and manufactured to carry out irradiation
experiments, an appropriate sample of metallic iron
was placed inside enriched up to 95% with "Fe
isotope, for its further ionization in a source of heavy
ions and subsequent acceleration. The ion current
density was maintained in the range of 50 - 100 nA.
The ion flux fluence for all samples was 5410 ion/cm?.

X-ray diffraction analysis was carried out using
BRUKER D8 ADVANCE diffractometer. The
diffraction patterns were measured both from the side
of the irradiated surface and from the reverse side in
the range of angles 20 = (20 490).

Mussbauer studies were carried out in two modes:
1) in the standard transmission geometry (MS) and 2)
with registration of conversion electrons from the
irradiated surface of the material (KEMC). The
measurements were carried out on an MS-110Em
spectrometer at room temperature. A *’Co radioactive
source in a chromium matrix served as the Mussbauer
source of gamma rays. The Mussbauer spectra were
analyzed and processed using the least square method
using the SpectrRelax program [7].

The SRIM-2008 software [8] was used to assess
the degree of influence of the ion beam on the crystal
lattice of Mo and Ta. The results are provided in
Table 1.

Table 1 SRIM calculation data

Total
Element Pro:]ectlve vacancies | number DPA
mileage |number / of (CHA)
R, nm ion displaced
atoms
Ta 272 7670 3.8410%° | 250
Mo 315 6580 3.3410% | 165
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Note that the average range of Fe ions
(projective range, R) is approximately the same for
all matrices, R = 300 nm. The average number of
displacements per atom (DPA) for two matrices is
approximately 200.

Figure la provides the dependence of the
concentration of Fe,n(Fe) atoms implanted in a
tantalum foil on the X distance to the irradiated
surface (curve 1, concentration is expressed in at.%).

The calculations were performed taking into
account the diffusion of the matrix atoms. The
calculated Ta diffusion coefficient turned out to be
small and equal to 3.09 Ta atoms / ion. Accordingly,
a fluence of 5*10'%at/cm? causes a sputtering of a
Ta layer with a thickness of 28 nm, which is
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Fig. 1. a Concentration of implanted atoms Fe, n (Fe),
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Fig. 1. b DPA parameter - the number of
displacements per ion, as a function of x depth

noticeably less than the thickness of the implanted
layer. Similar concentration curves were obtained for
Mo. The maximum concentration of *’Fe implanted
atoms in Ta and Mo is approximately 2.6 at.%.

Figure 1b provides the dependence of the DPA
parameter in tantalum on the distance to the irradiated

surface, DPA (x). This parameter, equal to the
average number of displaced matrix atoms per ion,
represents the degree of matrix destruction upon
irradiation. STRIM calculations specify only the
initial conditions for the problem of material
transformation under radiation exposure. The final
phases and structure of the material is determined by
radiation annealing, which occurs during irradiation.

Mugssbauer spectra of 3’Fe in Mo and Ta

Figures 2a and 2b provide the Mrussbauer
spectra of >’Fe implanted in Ta. Figure 2a provides
the conversion electron spectrum (KEMS). The
spectrum corresponds to >’Fe atoms located in the
surface layer at a depth of = 100 nm. The probability
curve for the exit of conversion electrons from Ta is
shown in Fig. 1 a, curve 2 [9, 10].
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Fig. 2. Mussbauer spectra of ’Fe implanted in the Ta
matrix. a - conversion electron spectrum (KEMS);
b - transmission spectrum (MS).

The KEMS spectrum consists of a broadened

singlet and a strongly broadened doublet; the
intensities of the sub-spectra are 70% and 30%,
respectively. Presumably, the doublet corresponds to
a strong distortion of the crystal lattice, and the
singlet to a less distorted phase.
The Mussbauer transmission spectrum in Fig. 2b also
consists of a singlet and a doublet. A consistent
analysis of the conversion electron spectra (KEMS)
and transmission spectra (MS) was carried out in the
work. When processing transmission spectra (MS), it
was taken into account that they should contain a
KEMS spectrum, as well as an additional
contribution from deeply located Fe atoms. With this
in mind, the transmission spectrum processing model
contained a KEMS spectrum in which all parameters
except the total intensity were recorded, plus an
additional singlet spectrum. The parameters of this
singlet within the errors coincided with the KEMS
singlet.
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Figures 3a and 3b provide the Mussbauer
spectra of *’Fe implanted in Mo: the conversion
electron spectrum of KEMS is 3a and the
transmission spectrum of MS is 3b. The spectra of
Mo are similar to those of Ta, and contain singlet and
doublet contributions.

The KEMS spectra for both Ta and Mo show that
both “doublet” and “single” phases are present near
the surface (x = 100 nm). At large depths, a “singlet”
phase is predominantly formed. This phase

distribution is especially characteristic of Mo, for
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Fig. 3. Mussbauer spectra of ’Fe implanted in a Mo
matrix. a - conversion electron spectrum (KEMS); b -
transmission spectrum (MS).

which a single line in the transmission spectra
dominates and amounts to 93%. This line in the
spectrum of Mo has a width of G = 0.27mm / s,
which only slightly exceeds the natural width of the
Mussbauer line for ’Fe [11]. This means that the
monopic in Mo corresponds to Fe atoms, which
replace Mo atoms in the crystal lattice. In other
words, even with strong radiation exposure (DPA =
200), a solid solution of substitution of Fe in Mo is
mainly formed in the Mo matrix.

The KEMS spectrum of the “singlet” phase
Ta is greatly broadened, and in the case of the MS
spectrum it is described by a small quadrupole
splitting QS = 0.17 mm / s. It is known that Fe atoms
do not dissolve in Ta at room temperature under
equilibrium conditions H2} With this in mind, we
can assume that the “singlet” phase is the formation
of Fe + Ta + vacancy complexes in the Ta matrix.
These assumptions do not contradict the results of
[12], in which the Mussbauer isotope °’Co was
introduced into the samples of high purity
molybdenum (99.999%) to an average concentration
0f 0.001 at.%. The diluted MoCo alloy thus obtained
was irradiated with protons with an energy of 70 keV
to a fluence of 2*10'® cm™? at a temperature of 300 K,
and then isochoric annealing was carried out in the
temperature range 30011300 K, followed by
measurement of y-resonance spectra. In addition to
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the single line corresponding to the position of Co in
the position of substitution, six additional
components were found, five of which (2-6) are
symmetrical doublets with the initial width, and
component 1 is a single broadened line. Component
1 is attributed to the complexes: (intrinsic interstitial
atom) - (Co atom). Components 2—4, which appear
after annealing in the temperature range 4004500 K,
bind to complexes (vacancy) — (Co atom), and
components 5 and 6 — with nonequilibrium
segregation of Co atoms.

The issue of identifying the “doublet” phases for
Ta and Mo remains open. Missbauer data do not
provide clear guidance. We list the possible phases:
these are the phases of the Fe-Ta and Fe-Mo diagram,
as well as the B-Ta phase. The initiation of cluster
formations of Fe + Ta or Mo + vacancies or partial
amorphization cannot also be ruled out.

Discussion of the results

The least irradiation effect is observed for
metallic Mo. The “singlet” phase in Mo, constituting
84% of the surface layer, is a solid solution of
substitution of Fe in Mo, which is confirmed by X-
ray diffraction data, which showed a decrease in the
lattice parameter from 3.15980 E for the unirradiated
side to 3.14194 E for the irradiated one. In the case
of tantalum, the “singlet” phase with an intensity of
78% apparently corresponds to the formation of
complexes (Fe + vacancy) in the Ta matrix. Such
complexes can serve as a source of additional
stresses.

As for the "doublet" phases found both in
tantalum and in molybdenum, the question remains
open. X-ray diffraction performed by the Bragg-
Brentano method did not detect additional phases. In
particular, the B-Ta phase [13, 14] and phases of the
Fe-Ta system: Fe-Ta: Fe,Ta, Fe;Tas and Fe,Ta; [15]
were not found for the tantalum matrix. For the
molybdenum matrix, no traces of the phases of the Fe
— Mo system were detected: Fe-Mo: Fe;Mo, FesMos
and Fe:Mos [16]. The diffraction patterns measured
from the irradiated and back sides practically
coincided. For the Ta matrix, a slight broadening of
the lines was observed in the diffractogram of the
irradiated side; for the Mo matrix, there was
practically no additional line broadening. The
broadening of the diffraction lines indicates
disturbances in the crystal lattice of the surface layer.
The “doublet” phases, apparently, refer to the
formation of Fe + Ta complexes or Mo + vacancy in
the regions of grain boundaries, or are associated
with regions of partial amorphization of materials.

Based on the Mussbauer measurements and the
dependence of the n (Fe) concentration on the depth
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(Fig. 1a), the localization of phases in Ta and in Mo
can be estimated. In the Ta matrix, a “doublet” phase
and a “singlet” phase of substitution of Fe in Ta
coexist in a 350 nm thick near surface layer; in the
layer from 350 to 600 nm, only the “singlet”
substitution phase is localized. In the Mo matrix, the
“doublet” phase and the “single” monopick of Fe
substitution in Mo are localized in the surface layer
with a thickness of 250 nm; next is the "singlet" phase
of the solid solution of substitution of Fe in Mo.

Conclusions

The effect of the implantation of *’Fe ions with

For metallic Ta and Mo, Mussbauer spectroscopy
also showed the formation of two phases. The main
"single" line in the spectrum of molybdenum (84%)
is a solid solution of Fe in Mo substitution. The
monopik in the tantalum spectrum (78%), taking into
account the zero solubility of Fe in Ta, most likely
corresponds to the formation of a complex (Fe +
vacancy) in the Ta matrix. The nature of the surface

“doublet” phases has not been completely
established.
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Metaaa Ta men Mo-ae Fe-57 uMmjiiaHTanusicbIH
PEHTIeHKYPBLIBIM/BIK 7K9He MeccOaydpJlik 3epTTeyaep

benennoexoBa K. A.

Tyiiinaeme. ATOMABIK J>KOHE TEPMOSIPOJIBIK SHEPreTUKAHbIH IaMybl MaTepHAITaHYIIbUIAPDFa KOHCTPYKIMSUIIBIK
MaTepHalIapIbl )KacayMeH OalTaHBICTHI OipKaTap Macenenep Kowbi oTeip. Kasipri tagna IITHP yHemmi, y3ak Mmep3iMai
JKOHE Kayilci3 JKYMBICHIH TOJBIKTai JKy3ere achlpyFa MYMKIHIIK OepeTiH XKO3Tepi KamIbIKTapBIHBIH MaTepHaIbIH
o3ipiey iCKe acmaraHbIH aTal ©TKeH jkeH. JKyMBIC icTen TypraH *oHE NMEePCHEeKTHUBAJBIK SAPOJIBIK KOHIBIPFBUIAPFA
apHaJFaH KOHCTPYKIMSUIBIK MaTepHaIJapAblH KacHeTTEpiH 3epieiey i e MaHbI3Ibl  FhUIBIMH-TEXHHUKAJIBIK
MingeTTepain 6ipi 6o TaObLIanel. PenTrenmik audpaxipms sxoHe MeccOaydpiik CHEKTPOCKONHs amictepimen 'Fe
SPOJIApPbIHJIA aTOM ©HEPKACiOiHiH MeTaut Ta MeH Mo KOHCTPYKIMSUIBIK MaTepUalIapbIHbIH PaHallisuIbIK TYPAKThIIBIK
kacuertepine 1 MoB sueprusms xone 5*10!%0on/cm? gprmroencti 3'Fe MOHAapsl MMIUTAHTAIUSCHIHBIR 9CEPi 3€PTTENIL.
STRIM mporpamMMachIHBIH KeMeriMeH eHaipinreH Fe arommapbIHBIH KOHIEHTpaIMACH ecenTenmi. Matpunanapra Ta
xoHe Mo eHnipy HOTIKeciHnme eki (as3aHblH Ty3imyi alkerHmangsl. Mommbaenneri (84%) Herisri ¢a3za Mo-ne Fe
aybICTBIPATHIH KaTTHI epiTiHAi Oomsin Tabbutansl. Tantanma (78%) Herisri ¢a3a Ta maTpunaceiaaa Fe sKHBIHTBIKTapBIHBIH
TY3UIyiHe jkayarn Oepei. AJBIHFaH 3epTTeyJIep HOTHKENEepi SAPOIIbIK KOHIBIPFbIUIApAbI Kayilci3 Maiianany Macesenepin
LICHIyre >KOHE OJIAPJBIH JKYMBICHIHBIH THIMAUITIH apTThIpyFa IaiJalaHblIybl MYMKiH, OYJ aKTHUBTI aWMaKThIH
MaTepHaJlIapblHBIH PECYPCTHIK CHIATTaMaliapblH Ayphic OarajayFa >KOHE S>KOFapbl 3aKbIMIAyIIbl J03ajiapia
coyIneneHipy Ke3iHe oJap IbIH SpeKeTiH OoinKayFa MYMKIHAIK Oepei.

Tyiiin ce3gep: VMmiuraHTanms, KOHBEPCHSUIBIK >XOHE aOCOPOIMIBIK MeccOaydpiiK CIEKTPOCKOIHUS, PEHTICHIIK
mudpaxuns, STRIM nmporpammacsl, paguanysiiblK 3aKbIMIaHY.
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PeHTreHOCTPYKTYpHBIE H MecCOAYyIPOBCKHE UCCIeI0BaAHUA UMILIaHTauuu Fe-57 B
Metaganyeckud Ta u Mo

Bbenennoexona K. A.

AnHoTanusi. Pa3BuTHe aTOMHON M TepMOSIEpHON SHEPreTHKH CTaBHUT IIepel]] MaTepHaloBeJaMU DSl Mpodiem,
CBS3aHHBIX C CO3/laHMEM KOHCTPYKIMOHHBIX MaTepuainoB. CleayeT OTMETUTh, YTO Ha CETOAHALIHMN AE€Hb MaTepuasa
YEXJIOB TBAJIOB, KOTOPBIH IMTO3BOJIMII OBl B ITOJHOW MEpEe peai30BaTh SKOHOMUYHYIO, JUITEIbHYIO U O€30I1acHyI0 padoTy
PBH, paspabotats He ymamoch. M3ydeHne CBONCTB KOHCTPYKIIMOHHBIX MAaTEpPHAJIOB IS SKCIUIYaTHPYEMBIX U
MEPCTIEKTUBHBIX SJCPHBIX YCTAHOBOK IIO-TIPEXHEMY OCTaeTCs OJHOW W3 Ba)KHEHINNX HAyYHO-TEXHHYECKMX 3a/ad.
MeTomaMK PEHTTEHOBCKOM AU(MPAKIMA B MeccOay>pOBCKON CIIEKTPOCKONMHM Ha sapax °'Fe HCCIIel0BaHO BIMSHUE
UMIDIaHTanuy 1oHoB 'Fe ¢ sHeprueii 1 MoB u dmoencom 5*10'%on/cm?, Ha cBOMCTBAa paJlMaliOHHON yCTONYMBOCTH
KOHCTPYKIIMOHHBIX MAaTepHajoB aTOMHOW NPOMBIIIICHHOCTH MeTaluimdeckux Ta um Mo. MeccbayspoBckue
HCCJIEIOBAaHMS MPOBOJWINCH IO JBYM METOIWKaM: 1) B craHgapTHOW reomerpun Ha mpomyckanue (MC) u 2) c
perucrparueil IeKTpoHOB KoHBepcuu u3 noBepxHocTH Mmarepuaia (KOMC). C momompio nporpamMmel SRIM Obina
paccunTaHa KOHLEHTpAIMs HMILIaHTUPOBaHHbIX aroMoB Fe. B pesynpTare mmmiantanuu B MaTpuinsl Ta u Mo
oOHapyxeHO oOpasoBaHue ABYX (a3. OcHoBHas daza B monubueHe (84%) mpencrasiser coOOH TBepIblil pacTBOp
samerenuss Fe B Mo. OcHoBHas ¢a3a B Tantane (78%) oTBeuaer oOpasoBaHuio KomiuiekcoB Fe B matpuie Ta.
[Mony4yeHHbIC PE3yJIBTATHl UCCICIOBAHKS MOTJIA OBl PUMEHSATHCS JJIS PEIICHUs MPOoOJieM 0e30IacHOM IKCILUTyaTaIluH
SACPHBIX YCTAHOBOK M TOBBIMECHUS 3(P(PEeKTHBHOCTH HX (QYHKIMOHHPOBAHUS, IO3BOJIMB IPABHIBHO OIIEHHBATH
pEeCypCHBIE XapaKTEpPUCTUKH MAaTephalioB AKTHBHOW 30HBI W TpEICKa3blBaTh WX TIIOBEJCHHE IIPH BBICOKHX
MOBPEXIAIOIIHX J103aX O0IydeHHS.

KnatoueBble ciioBa: lVmmmanTamus, KOHBEpCHOHHas U aOcopOmmoHHass MeccOay’poBCKas —CIIEKTPOCKOIHS,
peHTreHoBckas nudpaknus, nmporpamma STRIM, paguannoHHBIE TOBPESKACHUS.
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AHHoTaumAa. B nocnegHee Bpemsa nouck adpdekTuBHOro crocoba nonyvyeHus CBEepX4YUCToro Bogopoda
SBNSAETCA OQHON M3 Hanbonee akTyanbHOW 3aJadven, KOTOPbIA NO3BONSET PELUNTb MPOMBILLNEHHbIE 3a4auun,
roe vcnonb3oBaHMe Bogopoda unctoTon cebiwe 99,9999% asnsetca kputudeckuMm. Bogopon cocrtasnser
10% macchbl XMBbIX CUCTEM Ha HalleWw nraHeTe, OOHAKO OCHOBHbIM MCTOYHMKOM €ro MOofyyYeHWuss CAyXuT
yrnepoaHoe Cbipbe, B YaCTHOCTW NPUPOAHLIN ra3, n3 kotoporo AobbieatoT 290% Bogopoaa B mupe. OgHum un3
Hanbornee nepcrnekTMBHbIX CMOCOBOB BblAENEHVUS BOOOPOAa W3 ra3oBbiX CMeceW, obpasylmxcs npu
NMapoBON KOHBEPCUW, ABMSIETCH OAHOCTagunHoe MeMbpaHHOe pasferneHne C MorlydYeHMem CBEepPXYMCTOro
Bogopoaa. PaspaboTka membpaHbl Ons OTAeneHus BOOoOpoAda OT rasoBblX CMECen SIBNAETCA O4HOM M3
BaXKHEWLLNX 3aa4y BOAOPOLHOW SHEPreTukM. Ham n3BecTHo, YTo Monekyna Bogopoaa AByxaTomMmHa — Ha. Mpwu
HOpMarnbHbIX YCNOBWUSX 3TO ra3 6e3 uBeTa, 3amaxa W Bkyca. Bogopon xopolwo pacTBOpUM BO MHOIMMX
metannax (Ni, Pt, Pd n gp.), ocobenHo B nannagum (850 o6vémoB Hz2 Ha 1 06béM Pd). C pacTBopnMOCTbI0
BOLOPOAA B MeTannax cBs3aHa ero cnocobHocTb AMddyHaAMPOBaThL Yepes HUX.
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[AaeMBIX METAUIMYECKUX MeMOpaH B Tmporecce
THOJIy4EHHS BOJJOPO/Ia M3 Ta30BBIX CMECe M03BOJISET

BBenenue

3agaua

[TpoMBIIIIEHHOE IPOU3BOJICTBO BOJOPO/IA ATO
HEOTHhEMJIEMAasi YacTh BOJOPOJHONW DHEPTETHKH,
IEPBOC 3BCHO B XKM3HCHHOM IHKIIC yHOTpe6JIeHI/ISI
BOJIOpo/ia. Bosopoa mpakTHvecku He BCTpeUaceTcs B
MPUPOJIC B YUCTOHN HOpME U TOHKEH M3BJICKATHCS U3
JpPYIMX COCOUHEHUH C IOMOIIBIO PA3IMYHBIX
XUMHUYECKUX MeToJ0B. Pa3zHooOpasme crocoboB
MOJIYYCHHUST BOJJOPOAA SBISETCS OJHUM W3 TJIABHBIX
[IPEUMYILECTB BOJOPOJHOW DSHEPIreTHKH, TaK Kak
MOBBIIIACT  DHEPreTHYECKYI0  Oe30MacHOCTh U
CHIDKAET 3aBHCUMOCTh OT OT/JCIIbHBIX BHJIOB CHIPBSI.
K HuM oTHOCHATCH: rmapoBasd KOHBEPCHUA MCTaHa H
MPHUPOIHOTO Ta3a; Trasu(UKaIps YIIs; SJIEKTPOIIN3
BO/JIBI; MTUPOJTHU3; YaCTUYHOC OKHCJICHUE;
OouoTexHooruy. Vcrnoan30BaHUue BOIOPOIOTIPOHH-
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MOJYy4aTh BOJOPOJ BBICOKOH YHCTOTHI.
MOJYYEHUs JICIIEBOTO BBICOKOYMCTOrO BOJOPOJAA B
NPOMBIIIIJIEHHOM MacmTabe TpedyeT pa3paboTku
BBICOKOITPOM3BOIUTEIBHBIX MEMOPaH, 00J1aAar0IInX
HEJIBIM KOMIIJIEKCOM CBOMCTB. OJHHUM M3 OCHOBHBIX
MOAXOMOB K  TOBBIIICHHIO  MPOM3BOAMTEILHOCTH
MEMOPaHHBIX 3JIEMEHTOB YISt W3BJICUCHUS
BBICOKOYHCTOTO BOJIOPOJIa W3 BOJOPOJOCOJIEPIKAIIIX
ra30BbIX CMeceil sBIsieTcss pa3paboTka CIUIaBOB Ha
OCHOBE Malaiusi C TIOBBIIICHHOW  BOIOPOJIO-
MIPOHUIIAEMOCTHIO TOMIMHON ~10 MKMm. [1].

[Ipobnema  «BOmOpOA B MeTauIax»
MPHUBJIEKAET  BHUMAaHUE  YUYCHBIX  Pa3IMYHbBIX
CIEIUAILHOCTEH: DJIEKTPOXMMHMKOB, METAJLIypProB,
MeTaisioBeoB u ap. IlpakThueckass BaKHOCTb
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uccrnefnoBanuii  Bomopogonponunaemoctu  (BII)
METaJUIOB OYEBHIHA: OOJIBIIMHCTBO KOPPO3HOHHO-
NIEKTPOXUMHUYECKMX  TPOLECCOB B  BOAHBIX
pacTBOpax CONPOBOKAAETCS BBIACICHUEM BOIOPOAA
W HEW30C)KHBIM HAaBOAOPOKMBAHHEM MeTala.
MerTann-BoAOpOAHBIE CHCTEMbI HCIONB3YIOTCS B
MIOPOLIKOBOM METaJTypruy; B KayecTBe
3aMeAUTeNeH, oTpaxarenel, PKpaHOB B SACPHBIX
peaxkTopax; B SAEPHON TEXHOJOTUH AJIS pa3lelieHUS
H30TONOB METAUIOB B (hopMe THUAPUAOB, NpU
moabope  ONTUMAIBHBIX  PEKAMOB  PabOTHI
TEPMOSIIEPHBIX ~ PEAaKTOpOB; B BOJOPOAHOM
SHEPreTHKEe MO XPAaHEHUS U TPAHCHOPTUPOBKU
BOZIOPOJIA-TEINIOHOCUTENIS; B KAa4eCTBE 3JIEKTPOJOB
JUIsl aKKyMYJISITOPOB M TOTUIMBHBIX 3JIEMEHTOB U T.J.
CuctemMbl MeTaI-BOAOPO] OKa3aJIUCh CBOETO poja
MOZEJIBHBIMU OOBEKTaMH, yAOOHBIMU AJISI U3ydEHHS
psioa BaXHBIX (DU3MYECKHX SBICHHM, HaIpuMep,
CBEPXIIPOBOJIMMOCTH U (Pa30BBIX MEPEXOIOB BTOPOTO
poza, ¥ «OTTAYMBAHUSD IKCIIEPUMEHTAIBHBIX METOIOB
WCCIEIOBAaHUS, B YacCTHOCTH, SIIEPHO-MAarHUTHOM
pentreHorpaduu (SIMP), HeitrpoHorpaduu, s¢dekra
Meccbayapa u criocoboB m3MepeHus Ko3(hUIIeHToB
1 dy3un, TeOpeTUIECcKask HHTEPIPETALHS KOTOPBIX B
JAHHOM  CIy4ae  OKas3bIBaeTCsl  CBA3aHHOW  C
HEOOXOJMMOCTBIO ~ y4eTa HEOOBIYHOTO  SIBJICHHS
3aBUCHUMOCTH 3THX KOX(PQHUIMEHTOB OT (HOPMEI
o0pasia. Pa3BuBaroTcs TeopeTHIecKie NpecTaBIeHNs
0 1ubQy3MOHHBIX TEpeMElICHUsAX BOAOpOAa B
METaJUTHYECKUX CTPYKTYypax, KOTOpbIE
paccMaTpuBalOTCd KaK C KJIACCHMYECKHX MO3ULIUH
(TpbDKKOBBIM HaAOAPHEPHBIH MEXaHW3M), TaK M C
YY4ETOM BO3MOKHOCTEH peann3alyi MoAdaphepHbIX
TYHHEJIBHBIX TI€PEXO0B U KOJUIEKTHBHBIX aKTOB
nepeMerieHus BOJIOpOZIA npu MapHOM
B3aumoneiicteun  H-H. [Iuddysuonnsiii mporiecc
3aBHCUT OT COCTOSIHHSI 3JIEKTPOHHOW ITOACHUCTEMBI
MeTaJula 1 IPUPO/Ibl HOHHOTO OCTOBA, (POPMUPYIOLIETO
KPHUCTAJUTHUECKYIO CTPYKTYpPY TBEPIOTO TeJa, U MOXKET
OCJIOXKHSITBCSI XUMHYECKMM  B3aUMOJCHCTBHEM C
(hopMupoBaHUEM TUIPUAHBIX (a3 [2-6].

Meraibt 5-i TPYIIIBI obmagaror
HauBBICIIEH CpPelU IPYTUX METAIJIOB CIOCOOHOCTHIO
K TPaHCIOPTY BOJXOpPOJAa CKBO3b METALTMYECKYIO
pemetky [7-11]. CoOTBETCTBEHHO Ha OCHOBE
METaUIOB 5-H TpyHmbl MOXXHO M3rOTaBJIMBATH
MeMOpaHbl ISl BBIACICHHSI BOJOPOJA M3 Ta30BbIX
cMmeceit Oosiee 3¢ (eKTUBHBIE, YeM MTPUMEHSEMbIC B
HacTofAIIee BpeMsi MEMOpaHbI U3 CIUTABOB MAJLIAIHs
(cebecTonmocTh Takux MeMOpaH Huxke). [IpoGnemoit
SBIISIETCS. XUMHYECKass aKTHBHOCTh 3THUX METaJUIOB.
B pesynbraTe B3aMMOJICMCTBUS C XUMHYECKU
AKTHUBHBIMH Ta3aMH, a TaKKe IOBEPXHOCTHOU
cerperaiuyy KHCIopoia, PACTBOPEHHOTO B PELIECTKE,
[IOBEPXHOCTh METAIJIOB S5-M  IpyIIBI  IOKPBITA
OKCUJHOM  IIJICHKOH, KOTOpas  4Ype3BblYailHO

TOPMO3UT HEOOXOIUMYIO Ui aOCOpOIMU BOJOpOIa
KaTaJIUTHYCCKYI0 JUCCOoIMaIio Mojekyn H, Ha
moBepxXHOCTH [8—12]. DTa IUICHKA, OMHAKO, NPH
pabounx Ttemmeparypax (> 520K) He 3amummaer
METAJIBl OT JAJbHEHINEro OKHCICHHS W APYTUX
XUMUYECKAX PEaKUUd C KOMIIOHEHTaMH TIa30BOM
cMecH, conmeprkamieii Bogopon [12].

OpHako I TOrO 4YTOOBI KCIIOJIB30BATh
MEMOPaHBI M3 METAJUIOB S5-I TPYIIIBI MU UX CILIABOB

JUIS  BBIICNICHUS  OOBIYHOTO  MOJICKYJSIPHOTO
BOJOpPOJa M3 THIHYHBIX Ta30BBIX  CMeEceH,
cogepxammx H,O, CO, O, CiHm u gpyrue

XMMHAYECKH AKTHBHbBIE KOMIIOHEHTHI, IIOBEPXHOCTH
MeMOpaHsbl JOJDKHA UMETh MIOKPBITHE,
obecrieynBaroniee KaTaIUTHUECKOE pa3sIOKEHHE
Monekyn1 H» u 3amuTy marepuana memOpaHBl OT
KOppO3UH, HO HE MPEISITCTBYIOLIEE MPH 3TOM
TPAaHCHOPTY BOAOPOJA CKBO3b MeMOpaHy. OTHM
TpeOOBaHUSIM  YIOBIETBOPSIET  TOKPBITHE U3
NaJUlagusl WIK €ro CIUIaBOB, €CIM OHO HE TOJILIE
HECKOJIbKHX MHUKpOH [13].

OcHOBHBIMU XapaKTepUCTUKAMH
NayIaJueBbIX MEMOpaH IS BBLIENICHUS BOAOPOAA M3
Ta30BbIX CMeCceil SIBISIIOTCS CKOPOCTh POHUKHOBEHUS
BOJIOpOZIa Yepe3 MeMOpaHy, ee MPOYHOCTh U CTOMKOCTD
Npy  JKCIUTyaTalMd.  VIcronb3oBaHWE — YKCTOTO
Naylagusi  OTPaHMYEHO  CYLIECTBOBAaHHEM  IIPU
temnepatype Hke 300°C u nasnenun 2 Mlla o u B
TUAPUAHBIX (a3, B3aMMHBIC MPEBpAlICHHs KOTOPBIX
NPHUBOJIAT K pa3pyLICHNIO MEMOPaH I0CiIe HECKOIBKUX
LIMKJIOB HAarpeBa 1 OXJIKACHHS B aTrMocepe BOJOpoa
[14]. Cromaser mammagus ¢ psaom d u f smemenTtoB
MEXaHHYECKH TMPOYHBI TIPH MPOIMYCKaHHH BOJIOPOJIA,
COXPaHAIOT HPH 3TOM BBICOKYIO PAacTBOPHMOCTH H
npoHwutiaeMocTs [ 15]. Hanbosee xopoIo n3yueHHBIMA
MarepualiaMy ISl BOJOPOINPOHUIIAEMON MEMOpaHBI
SBJISIIOTCS CIUIABbI NMAJUIagHs C cepedpoM, B KOTOPBIX
NPOHMIIAEMOCTh  BOJOpOJAa  M3MEHSAETCsl 1O
IKCTPEMATLHOMY 3aKOHY M IOCTUTaeT MaKCUMyMa TpH
cozepxannu cepedpa 15-25% [16-18].

BKCHepHMeHTaJIBHLIe HccjiIea0BaHuA

B paborte [19] mpeacraBieHB pe3yJIbTATHI
UCCIIEIOBAaHNH BIMSHUSA TOJIIIUHBI CJI0s BOJIb(pama,
HaHECEHHOTO Ha TIOBEPXHOCTh MEMOpaH 13 HUOOUS 1
TaHTaJla METOJIOM MarHeTPOHHOTO PacIbUICHHUS, Ha
WX BOJIOPOIOTIPOHHUIIAEMOCTD B YCIOBHAX KOHTAKTa C
aproH- BOJOPOAHON cMechlo. B xonie mpoBeeHHbIX
WCCIIEIOBAHNNA  YCTaHOBJIEHO, YTO HAaHECEHHE
BOJIb(ppaMOBO¥ MJIEHKH HA MIOBEPXHOCTh MEMOPAHbI
U3 TaHTalma CHOCOOCTBYET  yBEIHYEHHIO €€
BOJOPOAOIPOHUIIAEMOCTH.

Hos UCCIIeIOBaHMUS 3aBUCHUMOCTH
BOJIOPOJOIIPOHULIAEMOCTH OT TOJIIWHBI MEMOpPaHBI
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B pabote [20] ObL1a
AKCIIEPUMEHTATbHAS sTueiiKa, TTO3BOJISIONIAS
repMeTu3upoBaTh MeMOpaHsl 10 6 MkM 0e3
HapYIICHUS [IEJIOCTHOCTH MEMOPaHbl. DKCIICPUMEHT
mokasai, 4yro MemOpansl Tonmuaoi 200, 150, 100,
50 MkM 0e3 MNpeaBapUTEIBLHOTO OTKHUTa Tepes
UCTIBITAaHUEM 00J1a1al0T BOJIOPOJOIPOHUIIAEMOCTEIO
—1-1,2 am**mm/M**a*Mna® npu padore g0 450 °C.
B mexoropeix memOpanax (—50%) tommmuoit 20,
12, 10 u 6 MKM mOCyIe TIpeIBapUTEIHLHOTO OT)KUTA B
BBICOKOM Bakyyme Poct= 1*10° mMM. pr. cT. mpu
temmeparype 850 °C B Tteuenme 30 MuH C
JATbHEHIITM OXJIXKICHUEM B BaKyyMe
HabronaeTcs HapylIeHHne LIEJIOCTHOCTH,
BOJIOPOJIOIIPOHUIIAEMOCTh TEPMETHUHBIX MEMOpaH
cocrapuna 0,02-0,04 mam**mm/mM**u*Mmna®. IMocne
JIBYKpaTHOro mpoBeaeHus usmepenuit mpu 500 °C
BEJIMYMHA BOJOPOAOIPOHUIIAEMOCTH HEOTOXCHHOMN
MEMOpaHbI TONIUHONW 66 MKM MOHHU3MIACK OT 1,2 10
0,45-0,3 aM>*mMm/M>*u*Mna®.

paspaboTraHa

*
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Pucynok 1 3aBucuMoCTb BOAOPOIOIPOHUMAEMOCTH
OT TeMIIEpaTypbl

B craree [21] mnpemmaraercs 3amena Nb
snemMeHtamMu VI uw Mo mnoarpymnmsl, KoTopas
npoBoauiaachk A OByxdas3Hbix crmaBoB Nb-Ti-Ni.
JlernpoBanne  BIMSHHE HA  XapaKTEPUCTUKU
MPOHUKHOBEHHST ~ BOJOpoJa  Kak  (yHKIHIO
koHUeHTpau W / Mo 0b110 IpoaHann3upoBaHo Ha
OCHOBE OIUCAHWE C Yy4YETOM XHUMHUYECKOTO
ToTeHIana Bogopona. 3amera Nb Ha W wimm Mo
MPUBOIUT K TIOHIKEHHASI pAaCTBOPUMOCTH BOJIOPO/a,
YTO CMOCOOCTBYET MOBBIMICHHIO YCTOWYMBOCTU K
BOJIOPOAHOMY oXpymuuBaHui0. OJDddext W/ Mo
JIETHPOBaHWE HAa TOJABIKHOCTH artoma H w,
CJIeI0BaTEeNbHO, MPOHULIAEMOCTh BOJOPOA 3aBUCHT
ot koHneHTparu W/Mo u pabouas Temreparypa.

OIHOBpPEMEHHO yJIydInaeTcs HOJIBIDKHOCTb
BOJOpPOJa M MEXaHWYecKas  CTaOMIBHOCTb
MeMOpaHbl, 0coOeHHO Tpu Ooylee  HHU3KOU
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temneparype T<523 K, Obuio HOCTHTHYTO mOCIE
nerupoBanust W / Mo nHa 5 a1.%.

[22] IlpencraBieHsl pe3ynbTaThl U3MEPEHUS
BOJIOPOJOIIPOHULIAEMOCTH U AUJIATALIMM MEMOpaH 13
¢onpr HMOOMST M TaHTaja TonmmHoW 40 MKM, C

OJTHOW CTOPOHBI TOKPBITBIX CIOEM  TBEPIOTO
pactBopa NbMo, NbW wu TaMo, TaW
COOTBETCTBCHHO. V3MepeHHMs TpPOBEACHBI IPH

KOHTAaKTe Ta30BOM CMECH aproHa H BOAOpPOJA
TEXHHYCCKOH YHMCTOTBI B COOTHOIICHWH 1/5 mipm
n3opiTounoM  maBiennn 500 klla B ycmoBumsix
OUKIAYECKOT0  KoNeOaHWst  TeMIepaTypbl ¢
MIOCTETIEHHBIM CHIDKEHHEM €€ CpeIHEl BeNUYIUHBI OT
580-585°C. TIloka3aHO, 4YTO HAaNbUIEHHE CJIOEB
NbMo, NbW, TaMo TonmuHOK ~1 MKM IO3BOISET
YBEIMYUTh MAKCUMAIBHYIO BOJOPOAOIPOHUIIAEMOCTD
MeMOpaH B CpPaBHEHHH C MeMOpaHaMH W3 YHCTHIX
HUOOMA U TaHTana. Hawmbornee cymiecTBeHHOE
BJIMSIHUE Ha 3TOT MapaMeTp OKa3bIBaeT JISTHPOBaHKE
HHOOMA BoJb(ppamoM B kKonmaecTse 14 mac. %. Otor
a¢ ekt MoKeT OBITh 00BSICHEH Kak 0oJiee pa3BUTOM
U YHCTOW OT OKCHIHBIX IUICHOK ITOBEPXHOCTHIO
OCaXXIaeMbIX IUIEHKAaMH TBEPIBIX PACTBOPOB, TaK U
POJIBIO JIETHPYIOLINX JIEMEHTOB IPU TUCCOLMATHB-
HOWM abcopOIuu. BonopoaomnponuiiaeMocTb
MeMOpaH TMocjie JOCTHXKEHHUS MaKCHMAJIbHOTO
3Ha4eHUs1  cHmWkaercsa.  CTemeHb  CHIDKEHHSA
BOJIOPOJIOTIPOHHULIAEMOCTH HIDKE Yy MeMOpaH co
cimoeM OoJiee  BBICOKOJISTUPOBAHHOTO  TBEPIOTO
pacTBopa, YTO  OOBSCHAETCS  HUX  BBICOKOW
KOPpPO3UOHHOM  cToMKOoCcThIO.  IlokazaHo, 4TO
aunaTanuss M nepuo] palboThl OO0 pa3pyLICHUs
MeMOpaH €O  CJIOEM  TBEpPAOTO  PacTBOpa
CYLIECTBEHHO BapbUpyeTCs B OTIMYHE OT MeMOpaH
TaHTaja W HHUOOWS, UYTO OOBSCHSAETCS BBICOKUM
BIMSHUEM  IpUMecell  ra3oB B COCTaBe
UCTIOJIB3YEMOTO TIPH MAarHeTPOHHOM PaCIbUICHUH
aproHa. JT0 OOBSCHSETCS CPOACTBOM HHUOOHUS H
TaHTaja C TaKUMM Ta3aMd KaK KUCJIOPOI U a3oT,
HaJIM4Me WX MaJIbIX TPUMecel B IUIEHKaX PUBOIUT
K CHIDKEHHIO BEJTMYMHBI BOJIOPOJONPOHHLIAEMOCTH
MeMOpaHbl B nenoM. Ha ocHOBaHMHM MpOBEAEHHBIX
UccleI0BaHUH [I0Ka3aHa HPUHIUINAAIbHASL
BO3MOXXHOCTb HCTIOJIB30BaHMsI BBICOKOJIETHPOBAH-
HBIX TBepABIX pacTBopoB Nb - 30 mac. % W, Nb -
40 mac. % Mo u Ta - 25 mac. % Mo B kauecTBe
MaTepHajoB JJIsi OCAXKICHHUS OaphbepHBIX CIOEB Ha
MOBEPXHOCTh MEMOpaH W3 TaHTala U HUOOHS Ui
OTIENeHHU HUX OT MaJUIAAMEBOro KaTaIUTHYECKOTO

cIiosl.
B paGore [23] BmepBele TmpemIaraeTcs

MOJyYUTh METOJOM IU((HY3UOHHOTO JIETUPOBAHUS
TPaJMCHTHBI CIIOH Ha TIOBEPXHOCTH BOJOPO-
JIOTIPOHUIIAEMBIX MEMOpaH Ha OCHOBE TaHTalla |
HUOOMS, C IIETbI0 TOBBINICHUS WX KOPPO3MOHHOM
CTOMKOCTM M CHUXEHHUS BOJOPOAHOU XPYMKOCTH.
[IpencraBieHsl pe3ysbTaThl CEPUH IKCICPUMEHTOB
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mo  orpaboTke  MeTomuku U GY3UOHHOTO
nerupoBanus GoapI U3 HHOOWS W TaHTala,
BKITIOYAIONIMX TOJTOTOBKY TMOBEPXHOCTH (OJIBT,
HaHEeCEHHE IUICHKU JICTHPYIONIMX OJIEMEHTOB H
TePMHUUECKYI0  00paborky. s  TOATOTOBKHU
MOBEepXHOCTH  (ONBI K  HAHECCHUIO  CJIOs
JIETUPYIOIIETO JJIEMEHTA COMOCTABICHBI METOJIbI
AIIEKTPOJIMTHYECKON TOJUPOBKH, HOHHO-aTOMHON
OYHUCTKHU U UX KOMOWHaIuu. BriOpaHbl ycinoBus Jist
OCKIECHUS TOKPHITHH Ha (OIBrd W3 HHOOUS H
TaHTaja METOJIOM MarHeTPOHHOTO PaCIbUICHHS, IPH
KOTOPBIX o0ecreYnBaroTCs MUHUMAJIbHBIC
HaTpSOKEHUS] B TOBEPXHOCTHBIX cJosX. OmnucaHo
paspaboTtanHoe obopynoBanue s 1O y3nOHHOTO
nerupoBanuss (GONBr W3 HUOOMA W TaHTana B
YCIOBUSIX BaKyyMa IPH UX PE3UCTHBHOM HarpeBe.
IIpencraBieHsl AaHHBIE O KOPpPO3WH (ONBr U3
HUOOWS W TaHTaja NPU HMX OTKUIC B HHU3KOM
Bakyyme. [IpuBeleHBI pe3ynbTaThl HCCIEIOBAHHUS
CTPYKTYpBI MOBEPXHOCTH M COCTaBa MO CEUYCHHUIO
TPAJIMCHTHBIX CJI0eB MU((Y3UOHHO-ICTHPOBAHHBIX
(hoJIBI M3 HUOOUS M TAHTAJIa TAKMMH JICMEHTAMH KaK
W, Zr, Mo, Al TIloka3zano, uyro HauboJjee
WHTEHCHBHO B HHOOWH W TaHTan nuddyHIUpOBaIN
MoJinOneH U Bodb(hpam. L[upkoHuidt M amoMuUHUN
NpakTH4eckn He AUQOYHAUPOBATH B HHUOOHIA.
AIOMUHUI yIOBIETBOPUTENHHO MU HYHINPOBAT B
TaHTaJI c oOpa3zoBaHrueM KpPHUCTAIJIOB
WHTEPMETAIUIMYECKOro  coenuHennss TaAls Ha
noBepxXHOCTH (oybru. M3 MOMydYeHHBIX JAHHBIX
CIICAlyeT, 4YTO, BapbUPysS BpEMs H TEMIEPATypy
OTXKHIra, MOKHO CYIIECTBEHHO BO3JEHCTBOBATH Ha

KOHIIGHTPAIMIO JITUPYIOIIUX JJIEMEH- TOB Ha
MOBEPXHOCTH HUOOHMEBOM u TaHTAJIOBON
BOJIOPOJIONIPOHHIIAEMBIX MeMOpaH, TIyOMHY HX
pacrpocTpaHeHus c ¢dbopmupoBaHrEM B
muddy3noHHOM  cioe  TBEpABIX  PAacTBOPOB
MEPEMEHHOr0 COCTAaBA.

B CTaTbe [24] BOJIOITPOHUIIAEMOCTD

MeMmOpanbl u3 ciuaBa Pd- 27 mon% Ag Obuia
NPOaHAIM3UPOBaHA C YYETOM HOBOTO OIMCAHUS
BOJOPOJHON MPOHHIAEMOCTH, OCHOBAaHHOIO Ha

XMMHUUYECKOM  TOTeHuuane Bojopoja. Ilorok
BOJZIOpPOJIa TIOCTOSIHHO TPOMOPIIHOHANEH (DaKTopy
PCT,  frcr, xoTOpelii  oTpaxkaeTr  (opmy

COOTBETCTBYIOIIEH H30TEPMBI COCTaB-JaBJICHHE-
nasinenne (xpusas PCT), HezaBHCMMO OT TOTO,

BbIpa)keHa JIM pacCTBOPUMOCTH BOAOPOJIa B JopMate
3akoHa 3uBepTa wiu HeT. M3 aByx Touek Qaxropa
PCT, fpcr m DBTC (xoHIEHTpanus BOIOpOAa B
IUIACTUYHOM ~ XPYINKOM  IIepexojie), MoiydeHa
KOHIICTIMsSI KOHCTPYHPOBaHUsI CIUIaBA MEeMOpaH U3
CIIIaBOB, HE OCHOBAaHHBIX Ha Pd. Hampumep, crras
V-9 wmon.% Al mnpeagHasHadueH A YCIIOBHH
TeMIeparypsl U AaBieHus. (s 3TOro ycinoBus 3Ta
MeMOpaHa Hu3 cIUlaBa o00JaJaeT NPEeBOCXOTHON
MPOHUIIAEMOCTRIO ISl  BOAOPOJa C CHIIBHBIM
COTIPOTHUBIICHHEM BOJOPOAHOMY OXPYIMTYHBAHHUIO.

Hnst cuctemer Nb — W — Mo B pabote [25]
WCCIIEIOBAHO JIETHPYIOIIee BIMSHAE MOJIMOIECHA Ha
pacTBOPHUMOCTh  BOIOpPONA, YCTOMYMBOCTH K
BOJIOPOJHOMY OXPYNUMBAaHHIO H  BOAOPOIHYIO
MPOHHULIAEMOCTb. Y CTAHOBJICHO, YTO PaCTBOPHUMOCTD
BOJIOPOIa CHIDKASTCS MpH A0OABIEHUH MOIINO/IEHA B
crutaB Nb-W. B pesysnbrare cTOMKOCTH K
BOJOPOJHOMY OXPYIUYHMBAHHUIO YIY4IIAeTCA 32 CUET
CHIDKCHHS KOHIIGHTPAallMd BOAOpOJa B CIUIaBe.
[Tokazano, uto crmaB Nb-5 mo1.% W-5 moi.% Mo
obmanaer MPEBOCXOHOM BOJIOPOTHOMN
MPOHUIIAEMOCTBIO, HE TIPOSBIAS  BOJOPOIHOTO
OXPYITYMBAHUS pu WCTIOJB30BaHUH B
COOTBETCTBYIOLLINX YCIIOBUAX BOJIOPOJIHOM
IIPOHUIIAEMOCTH, TO €CTb IIpU TeMIlepaType Hu
JTABJICHUW BOJIOPOJIa.

BeiBOABI

Takum  oOpa3oM, TMOKa3aHO, 4YTO K
CYIIECTBECHHBIM HEI0CTaTKaM MeMOpaH OTHOCSTCS
CPaBHHUTEIBHO MalbIi pecypc paboThl (HE BBIIIE
HECKOJILKHMX TBHICSId YacOB) BBHUJY MX HEOCTATOYHO
BBICOKOM MEXaHWYECKOW TMPOYHOCTH, a TaKKe
BBICOKAas CTOMMOCTH OCHOBHOTO KOMIIOHEHTA -
najmuaaua. TeM He MeHee MOCJHEeNHHUE YCIEXU B
pa3paboTKe CBEPXTOHKHMX KOMIIO3MTHBIX MeMOpaH
Ha pa3JIMYHbIX HOCHUTENSX CBUIETEIBCTBYIOT O
MEPCHEKTUBHOCTHU BHEJIPEHUS MeMOpaHHOU
TEXHOJIOTUU B BOJOPOJHYIO SHEPTETUKY.

Aemopul  bipacicalom NPU3HAMENbHOCHb U
0coHYI0 b1azo0aprHocms Munucmepcmasy
00pazoeanus U HAYKU 34 OKA3AHHYIO NOMOWb Npu
Hanucauuu Hacmosujeli cmamou.

Ccpika Ha pgamnylo cratbio:  Kap6o3

XK. A., Hocaepa

C. K. MHccaenoBanme

BOJIOPOIOTIPOHUIIAEMOCTH MEMOpPaH, MOKPBITBIX PA3IMIHBIMH METALTMYCCKUMU TICHKAMU
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MeTan Ka0bIKIIAJAPMEH KaNTAJFAH MeMOpaHaJIapAbIH CyTeri 6 TKIi3rimTirin
3eprrey (110.1y)

Kap6o3 K. 9., locaeBa C. K.

Tyiiingeme. COHFBI yaKbITTa aca Ta3a KYWJIETi CYTeKTi OHIIPYIiH THIMJI 9MICIH i3/Iey €H MaHBI3AbI MIHACTTePIIH Oipi
60BN TaOBIIAbl, OYJI OHEPKACINTIK MaceseIep i menryre MyMKiHaiK Oepeni, MyH/a Ta3anbiFsl 99,9999% -nan acatsiH
cyreri ete MaHbI3bl. CyTek IUIaHeTaMbI3/IaFkl Tipi xykenep maccackiubly 10% Kypaiiasl, Oipak OHBI @HIIPY/IH Heri3ri
Ke3i - KeMipTeri IINKi3aThl, aTall aiTKaHIa TAOUFU ra3, OHBIH inriHe anemaeri cyTekTiH 90% -b1 eHapipinexni. Bynsr kaiita
KYpy HOTIXKECiHIe maliaa O0MaThH Ta3 KocMalapblHaH CYTEKTi OOl ary eH MepCHeKTHBTI 9icTepiHin Oipi — aca Taza
KYIIeri CyTeKTi axy ymiH MeMOpaHanmapasIH Oip cateuisl OeniHyi. CyTeriH ra3 KocnajapblHaH OeieTiH MeMOpaHa xacay
cyTeri eHAIpiCiHIH MaHBI3IBI MiHAETTEepiHIH Oipi Oombim TaObpuTanpl. CyTek Moyekynacsl OmatoMabl - Hy GomaThIHBIH
6inmemi3. Kampimter xxargaiina 6yt Tyccis, nicciz Hemece qomMci3 ra3. Cyreri kenrereH Metanaapaa te3 epuni (Ni, Pt, Pd
xoHe T.0.), acipece mamnaguiine (1 xemem Pd ymin H, 850 kenem). CyTekTiH Metannapjaarbl epiriluTiri OHBIH oJiap
apKbUIBI Tapaly KadiieTiMeH OaiIaHbICTBI.

Tyiiin ce3aep: cyreri, kemipTeri muKizaThl, MeMOpaHa, 0y KOHBEPCHSICHI, €PITiIITIK.

Study of hydrogen permeability of membranes coated with various metal films (review)

Karboz Zh. A., Dossayeva S. K.

Abstract. Recently, the search for an effective method for producing ultrapure hydrogen has been one of the most
urgent tasks, which allows us to solve industrial problems where the use of hydrogen with a purity of more than
99.9999% is critical. Hydrogen makes up 10% of the mass of living systems on our planet, but the main source of its
production is carbon raw materials, in particular natural gas, from which >90% of the world's hydrogen is produced.
One of the most promising methods for the evolution of hydrogen from gas mixtures resulting from steam reforming is
single-stage membrane separation to produce ultrapure hydrogen. The development of a membrane for separating
hydrogen from gas mixtures is one of the most important tasks of hydrogen energy. We know that the hydrogen
molecule is diatomic - H>. Under normal conditions, it is a gas without color, odor or taste. Hydrogen is readily soluble
in many metals (Ni, Pt, Pd, etc.), especially in palladium (850 volumes of H, per 1 volume of Pd). The solubility of
hydrogen in metals is associated with its ability to diffuse through them.

Key words: hydrogen, carbon raw materials, membrane, steam conversion, solubility.
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Abstract. The leaching of silver, gold, and palladium from printed circuit boards in the bromine - bromide
system after preliminary removal of the associated metals and copper has been investigated. It was
established experimentally that the dissolution of gold with a turnover of leaching solution from a previously
prepared PCB concentrate in comparison with the leaching of the original electronic scrap proceeds at a higher
rate and much more completely, so the average degree of gold extraction rose from 87.2 to 89.39%. The
consumption of bromine decreased from 20-32 to 12 kg Brz per ton of scrap. So by seven leaching stages, it
was possible to obtain a productive solution with the content, g - dm=3: 0.0652 Au, 0.015 Pb, 0.00052 Cu.
Pretreatment PCB concentrate also increases the rate and completeness of silver and palladium leaching.
At the same time, preliminary removal of the main part of copper allows reducing its content in the productive
solution by almost 10 times. Under the conditions of collective leaching of silver, gold and palladium with a
slightly acidic (pH = 1.98) bromine-bromide solution, with a content of 100.8 g - dm-2 of bromide ions, it is
possible to convert 98.64% Au, 97.23% Ag and 98.33% Pd to the solution. The kinetics of precipitation of gold,
silver and palladium from productive solutions using zinc dust, copper powder and hydrazine solution has been
studied. As a results it was to precipitate gold on zinc dust in the form of cement powder with a purity of 99.4%
and collective (Ag-Pd) and (Au-Ag-Pd) products using a 10% solution of hydrazine with content, mass. %: 1.18
Cu, 90.6 Ag, 7.2Pd and 1.2 Cu, 83.31Ag, 7.15 Pd, 7.95 Au, respectively.

Key words: hydrometallurgy of gold, silver, gold and palladium leaching in the bromine-bromide system,
cementation of noble metals from bromide solutions.
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Introduction only using a slightly acid bromine - bromide solution,

which causes the dissolution of the accompanying
metals, especially copper and leads to an increased
consumption of bromine. In this regard, it was of
interest to study the behavior of silver, gold, and
palladium in the process of their bromine-bromide
leaching from PCB concentrate after preliminary
removal of accompanying metals and copper from it.
As the initial sample, a PCB ordinary concentrate
(Printed Circuit Boards) was used obtained as a

Previously [1], we have studied in detail the
thermodynamics and kinetics of leaching silver, gold,
palladium and platinum from the initial electronic
scrap represented by printed circuit boards in the
bromine-bromide system in the presence of a
phosphate buffer solution. The effect of pH noble
metals, concentration of active bromine, content of
bromide ions and concentration of buffer solution on
the speed and entirety of leaching was studied. It was

found that gold dissolves in the studied system
practically in an alkaline environment quite
selectively, fully and with a high speed. However,
silver and palladium can be converted into a solution

result of physical and mechanical processing of
dismantled electronic equipment by means of an
industrial application of the Israeli company All
Recycling Ltd (www.AllRecycling.co.il), of
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composition, wt.%: 26.15 Cu, 4.7 Al, 3.6 Sn, 2.92
Pb, 2.1 Fe, 1.8 Zn, 1.32Ni, 0.65 Cr, 0.163 Ag, 0.0150
Au, 0.0136 Pd, 0.007 Pt. This concentrate is
characterized by a complex composition, and,
along with copper, both ferrous (Fe, Cr) and non-
ferrous (Al, Sn, Pb, Zn, Ni) metals with different
chemical resistance are present as accompanying
metals. Speaking by their position in a number of
electrochemical tension of metals: Al <Zn <Fe
<Ni <Sn <Pb < H, <Cu <Ag <Pd <Au, most of
the present metals can be removed chemically
under non-oxidizing conditions [2-5]. Speaking
by the literature and our data, copper can be
selectively separated by treating the concentrate
with a solution of sulfuric acid in the presence of
hydrogen peroxide as an oxidizing agent [6-11].
In this regard, the study of the optimal conditions
for the leaching of gold, silver and palladium
from a partially unmetalized PCB concentrate in
the bromine - bromide system and the subsequent
isolation of noble metals from the bromide
solution is of theoretical and practical interest.
Thus, the present paper is devoted to:

»> the study of the conditions of selective
leaching of related metals and copper from
the provided PCB concentrate;

» the study of the kinetics of leaching of silver,
gold and palladium from pre-processed
concentrate of printed circuit boards in the
bromine-bromide system depending on pH,
the concentration of active bromine, the
concentration of bromide ions and the
content of phosphate buffer solution;

» the study of the kinetics of the deposition of
precious metals from bromide productive
solution using cement dust, copper powder
and a solution of hydrazine.

Testing. Devices and reagents

A series of experiments was prepared using the
PCB concentrate sample presented above, previously
grinded using a Retch GmbH laboratory hammer mill
to a particle size of 0.5-2 mm. As reagents used:
MgCl, (Fluka Israel), HCI (Fluka Israel), HNO;
(Fluka Israel), 10.6 mol - dm™ hydrogen peroxide
solution (Negev Peroxide, Israel), NaBr (Fluka
Israel), HBr (Fluka Israel) , NaH,PO4 (Fluka Israel)
and concentrated (434 g - dm> Br;) solution of
elemental bromine (Bromine Compound Israel).
Reagent solutions were prepared using bidistilled
water. Preliminary leaching of the accompanying
metals was carried out at 368 K, the ratio of the
contacting phases S:L = 1:3 with a hydrochloric acid
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solution containing additional magnesium chloride in
a liter flask with a mechanical stirrer (300 rpm.min -
g dm) and reflux condenser which was placed in a
thermostat, which allowed to control the temperature
of the liquid coolant within y 0.5-1,0° C. Copper was
leached at 348 K. For this purpose, 0.5 dm? of sulfate
leach solution of the desired composition was poured
into a liter flask installed with nozzles installed under
a tin electrode for monitoring the redox potential
(Eh), a mechanical stirrer (600 rpm.min - g dm™), for
supplying an oxidizing agent (H>O; solution), loading
solid material and sampling the solution. Bromine-
bromide leaching was carried out at 298.5 K, the ratio
of the contacting phases S:L. = 1:5 and the speed of
rotation of the stirrer 300 rpm. g - dm™. The required
amount of leaching solution containing 20 g - dm
NaBr and 70 g - dm™ NaH,PO4 H>O was poured into
a reaction vessel equipped with a mechanical stirrer
and electrodes for measuring pH and redox potential
(Eh), after which the required amount was poured
chopped scrap, then the vessel was placed in a Huber
GmbH Unistat thermostat and the temperature in the
reactor was adjusted to the desired value, after which
the stirrer, measuring instruments were turned on and
the pre-calculated amount of concentrated elemental
bromine solution (434 g - dm™) was supplied reading
recorded original redox - potential, hereinafter in the
course of the reaction, if necessary adjusting the pH
injected 20 g dm™ NaOH solution. The metal content
in the solution was analyzed on an ISP-OES set up.
Each leach residue was washed, dried, weighed, and
the whole sample was decomposed sequentially: first
with 6 mol - dm? with HNOs solution and then in
aqua regia solution at 303.5 K, the resulting solution
was analyzed by ISP-OES. Thus, the degree of
extraction of associated metals, copper, silver, gold
and palladium was determined by the material
balance.

Results and discussion
Leaching of associated metals

Non-oxidative leaching of the accompanying metals
was carried out with a solution of 2.5 mol - dm™ HCI
in the presence of 2.6 mol - dm™ MgCl,. The leaching
results are shown in Fig. 1. As can be seen from the
presented results, after 200 min of processing the
concentrate, it was possible to transfer the main part
of the initial aluminum, zinc and tin to the solution,%:
94.4 Al, 92.3 Sn, 89.2 Zn. Along the way, a
substantial part of iron, nickel and lead is extracted
into the solution,%: 75.8 Fe, 72.4 Ni, 44.8 Pb, with
the degree of dissolution of copper 1.2%, and silver
0.56%. Gold and palladium pretreatment are not
affected.
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The resulting hydrochloric acid solution
contained 11.6 g - dm * Sn. Due to the increased
demand for tin in the modern electronic industry and
areduction in the raw materials of this metal, its value
on the London Metal Exchange has noticeably
increased. The conditions for the extraction of tin
from chloride productive solutions were examined in
detail by us earlier [12].
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Figure 1 Results of preliminary leaching of the
accompanying metals with hydrochloric acid solution: 368 K
is temperature, the ratio of the contacting phases is S:L = 1:3,

the rotation speed of the stirrer is 300 rpm

Copper leaching

The PCB concentrate (chemical concentrate 1) thus
prepared was washed, dried to constant weight, and was
used to study the kinetics of oxidative leaching of copper
with a dilute solution of sulfuric acid in the presence of
hydrogen peroxide as an oxidizing agent with scrap
particle sizes ranging from 10-20 to 0.5-1 mm. As shown
in the experiments, the fineness of the grinding of the
material plays an important role, since electronic circuits
containing copper and copper alloys are located inside the
organic polymer material of the printed circuit board and
are often additionally insulated with a protective varnish
coating. Grinding scrap, especially in a ball mill, allows
solvent to access the surface of the copper parts of the
circuit. The experimental results are given in Table 1.

Table 1 The results of copper leaching with 1 mol - dm™
sulfuric acid solution at a controlled redox potential of 520-680
mV, depending on the size of the scrap particles. The conditions
of the experiments: temperature 348 K, the ratio of the
contacting phases L:S = 3 and the rotation speed of the
mechanical stirrer 600 rpm - min™.

Time, Cu extraction into solution,%
min 1020mm | 2-10mm | 0.5-1 mm
40 26.45 32.16 38.35
120 34.52 42.32 49.34
180 48.93 56.74 67.32
240 58.72 68.92 78.68
300 67.56 78.83 92.67

As a result of oxidative leaching, the results of
which are presented in Table 1, it is possible to finely
grind scrap to selectively transfer into solution up to
92.67% of the initial copper. At the same time, the
remainder of the iron and nickel pass into the solution.
Due to the reduction of material as a result of
preliminary leaching, the concentration of precious
metals increased by almost 1.4 times.

The resulting sulfate solution with a content of
68.5 g - dm of copper can be electrochemically
processed to obtain cathode copper suitable for
subsequent refining.

Bromine-bromide leaching of precious
metals

Chemical concentrate (2) obtained after sulfuric
acid leaching, which contained, mass. %: 4.08 Cu,
0.55 Sn, 0.34 Al, 0.125 Fe, 0.136 Zn, 0.43 Pb, 0.324
Ag, 0.0297Au, 0.027 Pd and 0.0012 Pt were used for
further experiments on the kinetics of gold leaching in
the bromine-bromide system at pH 6 and subsequent
leaching of silver and palladium from the residue at
pH 1.98. The experimental results are provided in
Tables 2 and 3. In the first case, experiments with the
circulation of the productive solution were carried out
on chemical concentrate 2.

Table 2 The results of the gold leaching in the bromine -
bromide system at an initial pH of 6.1, the ratio of phases
S:L = 3:1 with a revolution of the productive solution

s | B —| E

TlEE|IT 2 ab-1E-A R ERER =
I |34.26|26.5| - - - 19231(5.1{97(198|98.34
II [23.84(28.7| 1.6 | 1.0| 9.2 [932|5.2[176|266|96.56
IIT | 26.8 |22.5/ 1.8 1.2 12.4 |919]5.3]257|346|92.30
IV | 204 [18.6] 1.8 | 1.2 | 18.6 |917|5.2|342|428]90.65
V | 17.6 |143] 1.8 1.2 28.9 |9081|5.1|1389|472(86.58
VI | 13.2 |10.6] 1.8 | 1.2 28.6 |900(5.4|/478|568|82.67
VII| 96 |68 18| 1.2 28.6 |882(5.3|1572|652|78.63

Gold leaching with the circulation of the
productive solution from the previously prepared
scrap proceeds more fully, the average degree of gold
recovery rose from 87.2 to 89.39%. Moreover, as a
result of reducing the consumption of active bromine,
it was possible to increase the number of stages to 7.
The consumption of bromine per ton of scrap was
reduced, thanks to these factors, from 20-32 to 12 kg
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of Br; per ton of scrap. As a result of leaching, a
productive solution (1) was obtained with a content of
0.0652 g - dm™ Au, 0.0015 Pb, 0.00052 Cu.

Table 3 The results of the leaching of palladium and
silver from the residue from the leaching of gold in the
bromine - bromide system at an initial pH of 1.98, a
bromine solution volume of 16 ml, a phase ratio of S:L =
1:5 and a concentration of bromide ions of 100.5 g - dm™

. [Br2], Epd,
mime | O e st ool 0|
dme3 pp pp

0 29.86 | 922 |1.98

60 24,10 | 918 |[1.50| 300 |46.34| 15.46 |28.63
240 |21.54| 908 |1.40| 404 |62.34| 24.64 |45.26
300 |20.43| 912 |1.50| 567 |87.45| 37.86 |68.82
360 | 19.78 | 900 |1.30| 612 |94.32| 48.64 |89.15
420 | 19.13 | 899 [1.50| 625 |96.20| 53.08 |97.20

The experimental results provided in Table 3
show that as a result of preliminary treatment of scrap,
the speed and completeness of leaching of palladium
increases. It should be noted that, probably, due to the
easier conversion of the passivating AgBr film to the
well-soluble AgBr>— anion complex, silver dissolves
much faster than palladium. The resulting productive
solution (2) contained, g - dm™: 0.0053 Pd, 0.0625
Ag, 1.4 Cu, 0.00032 Fe, 0.0067 Pb. Thus, as a result
of preliminary dissolution of the bulk of the initial
copper, its content in the productive solution
decreased by almost 10 times.

Table 4 presents the results of experiments on the
kinetics of co-leaching of gold, palladium and silver
at pH 1.98.

Table 4 The results of gold leaching, palladium and silver
in a bromine - bromide system at a controlled pH of 1.98
and a redox potential of 920-908 mV, a bromine solution
volume of 20 ml, a phase ratio of S:L = 1:5 and 100.5 g -
dm™ Br

. [Brz], Epd,
Time, |50 |[Aul |, o TAGLl o | [Pd], |
min ppm ppm ppm
dm-
0 29.86
60 |23.72|34.95|58.84| 321 |49.62| 15.30 |28.32
240 |20.18|57.51/196.82| 430 |66.34| 25.10 |46.48
300 |19.64|58.41|98.34| 599 {92.40| 39.10 |72.34
360 |19.18]58.43|98.45| 626 |96.62| 47.88 |88.67
420 |18.44|58.56/98.64| 628 |97.23| 53.10 | 94.33
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The results of collective leaching of precious
metals are presented in table. 4 show that under the
presented conditions, silver and gold leach at close
rates and after 6 hours of contact of the phases pass
into the solution almost completely. Palladium also
exhibits a high degree of recovery, however, as a
result of passivation of the reaction surface, it
dissolves relatively more slowly. The resulting
solution (3) obtained by co-leaching contained, g -
dm3: 0.0059 Au, 0.0053 Pd, 0.0628 Ag, 1.8 Cu,
0.00032 Fe, 0.0067 Pb, 16.23 Br, and 110 Br.

Next, the conditions for the separation of gold,
palladium and silver from productive solutions (1), 2)
and (3) were studied.

Isolation of precious metals from
bromine-bromide solutions by cementation

The separation of precious metals from
productive solutions by cementation is complicated
by the presence in the final solutions of a residual
concentration of active bromine. In order to reduce the
Br, content and its regeneration, the final solutions
were evacuated before cementation. In this case, the
outgoing gaseous bromine was passed through a
solution with 100 g - dm™ NaBr, which absorbed up
to 80% bromine, the rest was hydrolyzed in an
alkaline solution trap.

soo 1

Absorbtion

600 +

400 T

200

Wavelength, nm

Figure 2 UV spectrum of a gold-containing
bromine-bromide solution

Regenerated bromine-bromide solution can be
used in the leaching stage.

In order to determine the composition of gold
anionic bromide complexes present in the productive
solution, the solution was analyzed using a UV
spectrophotometer. The resulting spectrum shown in
Fig. 2, it is characterized by a pronounced peak at 379
nm, which is usually associated with the presence of the
most stable tetrabromourate (III) AuBrs™ in the solution
under the studied conditions.
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Figure 3 and table 5 show the results of studying
the kinetics of gold deposition on zinc dust from solution
(1) after its preliminary evacuation and adjustment of the
corresponding pH value.

Cementation of gold on zinc dust in an alkaline
medium can be described by reaction (2):

NaAuBrs+ Zn + OH = Au + ZnBrs>+ NaOH (2)
3B + 3H,0 > BrOy +5Br + 6H'  (3)

In this case, hydrolysis of active bromine by
reaction (3) with the release of an H'-ion neutralizes
the formation of sodium hydroxide, which stabilizes
the pH of the medium.

E%
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T's 10 15 20 25 30 35 40 45 s0 s5 60
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Figure 3 The results of the cementation of gold on zinc
dust, depending on the initial pH of the productive
solution

As can be seen from the data presented (Figure 3 and
Table 5), gold cementation at zinc dust from

Table 5 Gold cementation results using zinc dust (-230
mesh) from bromine-bromide solution at pH 6 and a
temperature of 290 K

[Br2]7 [Au]
Time, min| g- |pH |Eh ’|Eauw,%| Solution color
dm-3 ppm
0 1.20 |4.30|701| 572 | 0O | Brilliant orange
Start | 0.86 [8.11]697| 567 | o [Brilliantorange
2 0.82 [8.19]650| 121 |78.66|Brilliant orange
15 0.80 |8.40[465|30.3|94.66| Light-yellow
20 0.76 8.23(305(28.4[94.99]  colorless
30 0.72 |8.21|286|23.3 [95.89|  colorless
60 0.65 |8.50\272| 1.2 [99.79|  colorless

a pre-evacuated bromide solution in a relatively
alkaline medium at pH 8, proceeds slowly and
practically does not end, since the hydrolysis of
dissolved zinc complicates the formation of cement
gold. In slightly alkaline solutions, gold cementation
occurs quickly and the bulk of the metal precipitates
during the first 15 minutes.

Figure 4 Results of SEM analysis of cement gold
extracted from bromine-bromide solution on zinc dust

MEM1 : 429—1

Figure 5 X-ray of cement gold isolated from bromine
bromide on zinc dust

The cement slurry obtained from the bromine -
bromide solution was analyzed using an X-ray phase
analyzer (see Fig. 4) and an electron microscope (see
Table 6). As can be seen from the results of the
analysis, by zinc cementation, gold can be isolated in
the form of a metal powder with a purity of 99.4%.
The main impurity (0.6%) is copper.

Tables 6 and 7 show the kinetics of the
deposition of precious metals from solutions (2) and
(3) after their preliminary evacuation. Given the high
content of copper ions in these solutions, preliminary
experiments were carried out on the cementation of
gold, palladium and silver on a copper powder, but no
positive results were obtained because active
bromine passivated the reaction surface of the

copper powder.
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Table 6 The results of the recovery of palladium
and silver from a bromide solution (2) 1 ml of 10%
solution of NoHs- H,O at pH 6, temperature is 278 K

Time, min| g[-Bdrfr]liS pH | Eh [;;i]l’ Eag,% E)I;)(ir]; E‘i;d’
0 632 | 1.9|734|625| 0 |53.00 0
Start 5.86 |8.101697|574| 0 |50.5 0

2 3.23 |8.23|650(141| 77.4|8.9| 82.3

15 1.86 |8.40|465(43.3| 93.1 | 2.7 | 94.6

20 1.23  [8.67{305(32.4| 94.8 | 1.9| 96.2

30 1.20 |8.72|286(28.3| 95.5|0.7| 98.6

60 1.18 |8.781272|8.2]98.7 0.6 | 98.8

Table 7 The results of the recovery of gold, palladium
and silver from solution (3) 1.3 ml of 10 solution of
hydrazine at pH 6 and temperature

Time, |P2H) N [Ag){Eag | 1Pd), | 5 | AU, | B
. g- | Eh N % o
min ppm | % | ppm ppm | %
dm-
0 116.23/9081628.0 0 | 53.0| 0O |590| O
Start | 7.23 |762(616.0] 0 | 52.0| O |57.8| O
2 6.12 |1332(197.7|67.8] 9.0 | 82.6 | 11.4 | 80.3
15 [4.341282(69.6|88.7| 2.5 | 952 | 43 |92.6
20 |3.56(223]147.2192.4] 2.1 [96.0| 2.2 | 96.2
30 |3.18234|22.3(96.4] 0.8 | 98.5|0.75 | 98.7
60 |2.76 |1216| 7.4 {98.8] 0.4 | 99.2 | 0.81 | 98.6
For precipitation of noble metals from a

bromide solution containing copper, a hydrazine
solution was chosen as a reducing agent. The data on
the separation of gold, palladium and silver from the
productive solutions (2) and (3), presented in tables 7
and 8, showed that noble metals can be extracted by
reduction with a 10% solution of NoHs- HO  with
high speed and almost completely. It was found that
the copper present in the solution is also reduced with
the successive formation of oxides Cu,O, CuO and
metallic copper. The resulting precipitates were
purified from copper by treating them at a temperature
of 313 K with a dilute sulfuric acid solution
containing 2.5 mol - dm~ H,SO;4 and 0.9 mol - dm"
H,0;. Chemical analysis of the obtained collective
products found that the final collective products
isolated from solutions (2) and (3) contained, mass.
%: 1.18 Cu, 90.6 Ag, 7.2 Pd, the rest is moisture, lead;
1.20 Cu, 83.31 Ag, 7.15 Pd, 7.95 Au, the rest is
moisture, lead.
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Collective products obtained may be sent to a
refinery. Considering that from each ton of PCB
concentrate, usually sent to the refinery, using
bromine - bromide technology it is possible to obtain
only 10-15 kg of the collective product, the
advantages of hydrometallurgical processing
associated only with lowering the cost of refining and
reducing technological losses are obvious.

Findings

Within 180 minutes of treating the initial PCB
concentrate with a hydrochloric acid solution
containing 2.5 mol - dm HCI in the presence of 2.6
mol - dm? MgCl,, it is possible to transfer to the
solution,%: 94.4 Al, 92.3 Sn, 89.2 Zn, 75.8 Fe, 72.4
Ni, 44.8 Pb, while the degree of dissolution of copper
is 1.2%, and silver 0.56%. Gold and palladium
pretreatment are not affected.

As a result of oxidative leaching of the residue
from hydrochloric acid treatment, it is possible to
finely grind scrap of 0.5-1 mm scrap into the solution
to 92.67% of the initial copper.

The dissolution of gold with the circulation of
the leaching solution from a pre-prepared concentrate
of printed circuit boards in comparison with the
leaching of the initial electronic scrap proceeds with
a higher speed and much more complete, as the
average degree of gold recovery increased from 87.2
to 89.39%. Bromine consumption decreased from 20-
32 to 12 kg of Br, per tonne of scrap. Moreover, for 7
stages of leaching, it was possible to obtain a
productive solution with a content of, g - dm: 0.0652
Au, 0.015 Pb, 0.00052 Cu.

Pretreatment of scrap also increases the speed
and completeness of leaching of silver and palladium.

Under conditions of collective leaching of
silver, gold and palladium with a weakly acid (pH =
1.98) bromine-bromide solution containing 100.8 g -
dm?, bromide ions can be converted into a solution of
98.64% Au, 97.23% Ag and 98.33% Pd.

Gold cementation on zinc dust from a pre-
evacuated bromide solution proceeds quickly and the
bulk of the gold precipitates at pH 6 during the first
15 minutes. In this case, gold is released in the form
of a metal powder with a purity of 99.4%. The main
impurity (0.6%) is copper.

The deposition of gold, palladium and silver
from collective productive solutions by reducing
precious metals with a 10% solution of NoHs- H>O
proceeds with high speed and almost completely. In
this case, the copper present in the solution is also
reduced with the successive formation of oxides
Cu0, CuO and metallic copper. The resulting
precipitates can be purified from copper by treating
them at a temperature of 313 K with a dilute sulfuric
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acid solution containing 2.5 mol - dm™H>SO4 and 0.9 mol
- dm H,0,. Final collective products contain, mass. %:
-1.18 Cu, 90.6 Ag, 7.2 Pd, the rest is moisture, lead;
-1.20 Cu, 83.31 Ag, 7.15 Pd, 7.95 Au, the rest is
moisture, lead and suitable for refining.
The obtained experimental results made it
possible to recommend the proposed technological
methods for the design of a pilot plant for semi-

industrial ~ optimization = of  bromine-bromide

technology.
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Bbpom-0pomMuj epitingicin naliganana oTbIpbIN AJAbIH aJ1a JAHBIHIAJIFAH 3JI€KTPOH/BIK
JKMBIHABIIaH (CKPANTaH) KYMICTi, AJTHIHABI KoHEe MaJLUIaJuii epiTiHaiiey

Koran B. C., Bepkosuu HU. B.

Tyitinaeme. Byt xxymbIcTa inecrne MeTangap MEH MBICTBI aJlJIbIH aJla aJlblll TACTaFaHHAH KeiliH OpoM-OpoMu xKyHeciHaeri
Oacna miaranapblHaH KyMICTi, alThIH/IbI KoHE MAJUTaANN/L epiTIHAlIeY 3epTTeni. bacTankpl 37eKTPOHBIK )KUBIHIBIHBI
EpITIHAICYMEH CallBICTRIPFAH/a aJAblH ajla JaiiblHjanFaH Oaclia IJIaTalapblHBIH KOHIICHTPATBIHAH EPITIHALICY
epITIHAICIHIH KaWTapbhIMBIMEH aJTHIHABI €PITy MKOFaphl KBULAAM/IBIKIICH YKOHE alTapIIbIKTail TOJBIK ©TEIl, COHIBIKTaH
ANTHIHBI OOITIIT Ay AbIH opTama aopexeci 87.2-nen 89.39% - ra neiiiH ketepini. | TOHHA KUBIHIBIIAFEI OpOMHBIH Br)
WBIFBIEE 20-32 Kr-HaH 12 kr-ra neifin Keickapasl. COHBIMEH KaTap epiTiHaiIeyain 7 Ke3eHiHae KypaMbiaaa r-av: 0.0652
Au, 0.015 Pb, 0.00052 Cu 0Gap eHimmui epiTiHmi anbHabl. JKHBIHIABHBI alABIH ajla ©HACY KyMic IEeH MHaUIaauimi
epPITIHAUICYAIH KBUIIAMABIFEI MEH TOJBIK JKYPYiH apTTBIpagbl. Bys peTTe MBICTHIH HETi3Ti OJiriH aiIbplH ajla abIIl
TacTaFraHIa OHBIH OHIMII epiTiHmimeri KypamblH 10 ecere TemeHmeryre MyMKiHIIK Oepermi. Kymic, anTeiH koHe
namnaguiiai Kypameiaga 100.8 r-am® 6poMun MOHBI Gap onci3 KBIIKBLT OpoM-Opomup epitiHmicimen (pH=1.98)
OipikTipin epiTiHainerenae epirinuaire 98.64% Au, 97.23% Ag xone 98.33% Pd Oenyre 6osansl. MBIpBIII HIaHBIH, MBIC
YHTaFbIH KOHE FHAPA3MH ePITIHIICIH MakaaHa OTHIPHII, OHIMII SPITIHAIICPACH aIThIH/IbI, KYMICTI JKOHE MalIa il
TYHABIPY 3epTTengi. HoTvxkecinae 1eMeHT YHTaFrbl TYPiHAETT MBIPBILI IaHbIHAA Ta3abiFbl 99.4% 00JaThIH aNThIH XKOHE
10% ruapasuH epiTiHAICIH MaiaagaHbin Kypambiaaa maccaibik %: 1.18 Cu, 90.6 Ag, 7.2 Pd xone 1.2 Cu, 83.31 Ag, 7.15
Pd, 7.95 Au 6onarbiH yxeiMabIK (Ag-Pd) xone (Au-Ag-Pd) eHimaepi albIH/BL

Tyiiin ce3mep: anTblH TI'MIPOMETAJUTYPrHsCHl, OpOM-OpOMHUA IKyiHeciHIeri KyMiCTi, aiThIHJAbI JKOHE NalIanuiii
epiTiHainey, OpoMUI epiTIHAITIEPIHEeH KacalTFaH achll METAAAPAbl [IEMEHTAIUSIIAY.

BrimenaunBanue cepedpa, 30J0Ta M NAJIATUS U3 NPeIBAPUTEIHHO MOATOTOBIEHHOT0
3JIEeKTPOHHOTO CKPAMNa ¢ MCMoJb30BaHNeM OPOM-OPOMHIHOTO pacTBOpa

Koran B.C., Bepxosuu U.B.

Pedepar. V3yueHo BrllenadynBaHue cepedpa, 30J10Ta U NAIans U3 TIEUaTHBIX TUIaT B OpoM- OpOMUIHON CHUCTEMe
Iocje MPeABAPUTEIHHOTO YAAJICHUS COIYTCTBYIOMIMX METAJUIOB W MeOU. ODKCIEpUMEHTAIbHO YCTAHOBJICHO, YTO
pacTBOpeHHUe 30J10Ta C 0OOPOTOM BBIIIEIAYMBAIONIETO PACTBOPA M3 IPEABAPUTENHFHO IMOATOTOBICHHOTO KOHIICHTpaTa
MEYaTHBIX IJIAT B CPABHEHHWH C BHIIMIENAYMBAHHEM HCXOJHOTO AJIEKTPOHHOTO CKpama MpOTeKaeT ¢ 0ojiee BBICOKOM
CKOPOCTBIO M CYIIECTBEHHO TOJIHEE, TAK CPEIHSS CTETICHb M3BJICUEHUs 30J10Ta mogHsuiack ¢ 87.2 no 89.39%. Pacxon
6poma cokparmics ¢ 20-32 o 12 kr Br, Ha ToHHY ckpama. [Ipuuem 3a 7 cTaamii BEIETauyMBaHUs yJajJoCh HOITYYUTh
NPOJyKTUBHBIH PacTBOp ¢ cosiepxanreM, - aM~: 0.0652 Au, 0.015 Pb, 0.00052 Cu. TIpensaputensnas 06paboTka ckparna
YBEJIMYMBACT TAK)KE CKOPOCTH M MOJIHOTY BBIIIEIaYNBaHMs cepebpa u nayutaaus. IIpu aToM, peaBapuTeIbHOE YAaleHHe
OCHOBHOM 4YacTH MeJH, MO3BOJSET CHHU3UTHh €€ COJepKaHUE B MIPOJYKTHMBHOM pacTBOpe mpakrtudyecku B 10 pas.
B yciioBHsIX KOJUIEKTHBHOTO BBIIETauMBaHuUs cepeOpa, 30510Ta 1 naniagus cinabokucisiM (pH=1.98) 6pom-O6pomuaHbM
pacTtBopoM, ¢ coiepxkanuem 100.8 r-m® 6poMuI-MOHOB yaeTcs epeBecTH B pacTBop 98.64% Au, 97.23% Ag n 98.33%
Pd. M3y4eHo ocaxaeHue 30510Ta, cepedpa 1 nmajmiaans u3 NPOIyKTUBHBIX PACTBOPOB C HCIOJIB30BAHNEM IITHKOBO ITBLIH,
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MEJIHOTO TOpOIIKAa M pacTBOpa TMApa3uHa. B pesynbrare yaanoch BBLACIUTH 30JI0TO Ha LIMHKOBOM NBIIM B (opme
LIEMEHTHOr0 nopouka yucroroid 99.4% un xomextuBubie (Ag-Pd) u (Au-Ag-Pd) nponykrsl ¢ ucnonszoBanuem 10%
pacTBopa ruapasuHa ¢ cojepkanuem, macc. %: 1.18 Cu, 90.6 Ag, 7.2 Pd u 1.2 Cu, 83.31Ag, 7.15 Pd, 7.95 Au
COOTBETCTBEHHO.

KaioueBble ci1oBa: ruapoMeTaIyprus 30J0Ta, BBILENAYMBaHUE cepedpa, 30J0Ta W mawiagus B OpoM-OpoMuaHON
cucTeMe, LIEeMEHTALUsl OJIarOpOHBIX METAIJIOB U3 OPOMHUIHBIX PACTBOPOB.

REFERENCES

[1] Kogan V.S., Berkovich I.V. Vyshchelachivaniya zolota, serebra, palladiya i platiny iz elektronnogo skrapa v
brom- bromidnoy sisteme // (In press, in Rus.).

[2] Yang C. Tan Q., Liu L., et al. Recycling Tin from Electronic Waste: A Problem that needs more attention//
ACS Sustainable Chem. Eng.-2017.-Ne 5.-P.2292-2301 (In Eng.). https://doi.org/10.1021/acssuschemeng.7b02903

[3] Debnath B., Chowdhury R., Kumar S. Sustainability of metal recovery from E-Waste //Front. Environ. Sci.
Eng. -2018.-Ne 12(6).- P.2095-2201. 2301 (In Eng.). https://doi.org/10.1007/s11783-018-1044-9

[4] Kim Y., Seo H., Roh Y. Metal Recovery from the Mobile Phone Waste by Chemical and Biological
Treatments//Minerals.- 2018. -V. 8(1). -Ne8 (InEng,). https://doi.org/10.3390/min8010008

[5] Yang T., Zhu P., Liu W. et al. Recovery of Tin from metal powders of waste printed circuit boards// Waste
Manag.- 2017.- Ne 68.- P.449-457 (InEng.). https://doi.org/10.1016/j.wasman.2017.06.019

[6] Seyed M., Seyed A., Azizi A., Hayati M. Copper leaching from waste printed circuit boards (PCBs) using
sulfuric acid and hydrogen peroxide//Res. J. of Chem. and Eng.- 2019.-v.23(8)- P.1-9 (InEng.).

[7] Fabio dos Santos et al. Copper extraction from electronic scrap by oxidative acid leaching process
//HydroCopper2011. 6" International Seminar on Copper Hydrometallurgy. - 6-8 July 2011. - Vila Del Mar. Chile.
- P. 1-8; (InEng.).

[8] Sharma A., Sharma S., Badgi U., Gautman D. Copper Extraction from the discarded printed circuit boards
by leaching// Inter. J. Appl. Res. -2017.v.3(3). - P. 634-637 (In Eng.).

[9] Isidar A. etal. Two-step Leaching of Valuable Metals from Dis carded Printed Circuit Boards, and Process Optimization using
Response Surface Methodology /Adv. Recycling Waste Manag.- 2017.- v. 2.- Iss. 2.- P. 2 9. (In Eng). https:/doi.org/10.4172/2475-
7675.1000132

[10] Kogan V.S., Raykhman G.O. Gidrometallurgicheskoye izvlecheniye medi, olova i serebra iz produkta fiziko-
mekhanicheskoy pererabotki elektronnogo skrapa // Kompleksnoe Ispol’zovanie Mineral’nogo Syr’a (Complex Use of
Mineral Resources). -2016. -No.1. -P.88-98 (In Rus.). https://doi.org/10.31643/2018/166445

[11] Jimenez Correa M. et al. Separation copper from a leaching solution of printed circuit boards by using solvent
extraction with D2EHPA // Brazilian Journ. Of Chem. Eng. September - 2018.- v. 35 (03) .- P.919-930 (In Eng.).

[12] Kogan V.S., Raykhman G.O. Vydeleniye olova (IV) iz sul'fatno-khloridnykh rastvorov s pomoshch'yu
Alamine 336 i Cyanex 923 // Kompleksnoe Ispol’zovanie Mineral’nogo Syr’a (Complex Use of Mineral Resources).
—2014.- Ne 4. P.79-86. (In Rus.). https://doi.org/10.31643/2018/166445

JIMTEPATYPA

[1] Koran B.C., bepxornuy W.B. BrimenaunBanus 30110Ta, cepedpa, MamIagus U IDIATHHBL U3 3JIEKTPOHHOTO
cKpara B OpoM- OpoMuIHOM crucTeme // (B edaTH)

[2] YangC., Tan Q., Liu L., et al. Recycling Tin from Electronic Waste: A Problem that needs more attention//
ACS Sustainable Chem. Eng. -2017. -Ne5. -P. 2292-2301. https://doi.org/10.1021/acssuschemeng.7b02903

[3] Debnath B., Chowdhury R., Kumar S. Sustainability of metal recovery from E-Waste //Front. Environ. Sci.
Eng. -2018.-Ne 12(6). -P. 2095-2201. https://doi.org/10.1007/s11783-018-1044-9

[4] Kim Y., Seo H., Roh Y. Metal Recovery from the Mobile Phone Waste by Chemical and Biological
Treatments//Minerals.- 2018. -V.8(1). -Ne8.  https://doi.org/10.3390/min8010008

[5] Yang T., Zhu P., Liu W. et al. Recovery of Tin from metal powders of waste printed circuit boards// Waste
Manag.- 2017.- Ne 68.- P.449-457. https://doi.org/10.1016/j.wasman.2017.06.019

[6] Seyed M., Seyed A., Azizi A., Hayati M. Copper leaching from waste printed circuit boards (PCBs) using
sulfuric acid and hydrogen peroxide//Res. J. of Chem. and Eng.- 2019.-V.23(8)- P.1-9.

[7]1 Fabio dos Santos et al. Copper extraction from electronic scrap by oxidative acid leaching process
//HydroCopper2011. 6™ International Seminar on Copper Hydrometallurgy. - 6-8 July 2011. - Vila Del Mar. Chile.- P. 1-8;

[8] Sharma A., Sharma S., Badgi U., Gautman D. Copper Extraction from the discarded printed circuit boards by
leaching// Inter. J. Appl. Res. -2017.v.3(3). - P. 634-637.

[9] Isidar A. et al. Two-step Leaching of Valuable Metals from Dis carded Printed Circuit Boards, and Process
Optimization using Response Surface Methodology //Adv. Recycling Waste Manag.- 2017.- V. 2.- Iss. 2.- P. 2-9.
https://doi.org/10.4172/2475-7675.1000132

62


https://doi.org/10.1021/acssuschemeng.7b02903
https://doi.org/10.1007/s11783-018-1044-9
https://doi.org/10.3390/min8010008
https://doi.org/10.1016/j.wasman.2017.06.019
https://doi.org/10.4172/2475-7675.1000132
https://doi.org/10.4172/2475-7675.1000132
https://doi.org/10.31643/2018/166445
https://doi.org/10.31643/2018/166445
https://doi.org/10.1021/acssuschemeng.7b02903
https://doi.org/10.1007/s11783-018-1044-9
https://doi.org/10.3390/min8010008
https://doi.org/10.1016/j.wasman.2017.06.019
https://doi.org/10.4172/2475-7675.1000132

Complex Use of Mineral Resources. Ne3. 2019 ISSN-L 2616-6445, ISSN 2224-5243 (Print)

[10] Koran B.C., Paiixman I'.O. I'mnpomerayurypruueckoe W3BJI€UEHHE MEIH, 0JI0Ba M cepedpa M3 HpOJyKTa
(M3UKO-MEXaHUYECKOW TepepadOTKH 3JIEKTPOHHOro ckpana// KoMIieKcHOe HCIOIb30BaHUE MHHEPAIBLHOTO CHIPHSI.
-2016.- Nel.- C.88-98 https://doi.org/10.31643/2018/166445

[11] Jimenez Correa M. et al. Separation copper from a leaching solution of printed circuit boards by using solvent
extraction with D2EHPA// Brazilian Journ. Of Chem. Eng. September. - 2018.- V.35(03).- P.919-930.
https://doi.org/10.1590/0104-6632.20180353s20170144

[12] Koran B.C., Paiixman I'.O. Beinenenne omnoBa (IV) u3 cynbpaTHO-XIOPHIHBIX PACTBOPOB C ITOMOIIBIO
Alamine 336 u Cyanex 923// KoMIUIEKCHOE HCIIOJIB30BAHAE MHUHEPATBHOTO ChIphs. -2014.- Ned.- C.79-86;
https://doi.org/10.31643/2018/166445

63


https://doi.org/10.31643/2018/166445
https://doi.org/10.1590/0104-6632.20180353s20170144
https://doi.org/10.31643/2018/166445

KomnnekcHoe Wcnonb3oBaHue MuHepanbHoro Coipbs. Ne3.2019  ISSN-L 2616-6445, ISSN 2224-5243 (Print)

P Crossref

DOI: 10.31643/2019/6445.30
UDC 669.85/.86: 553.3/.4(574)
IRSTI 53.37.35

@creative
commons

https://creativecommons.org/licenses/by-nc-nd/3.0/

Innovative technologies providing enhancement of non-
ferrous, precious, rare and rare earth metals extraction

Kenzhaliyev B. K
Satbayev University, Institute of Metallurgy and Ore Beneficiation, Almaty, Kazakhstan

Received: 13 August 2019 / Peer reviewed: 27 August 2019 / Accepted: 10 September 2019

Abstract. The article provides the technologies of enrichment and metallurgy processing of mineral and man-
made raw materials. New technical solutions are proposed to increase the end-to-end copper extraction,
industrial products processing of copper production to obtain high purity selenium; extraction of gold from
resistant mineral raw materials with the use of new reagents and equipment, processing of ferrous bauxite and
alumina production waste, extraction of rare and rare earth metals from industrial products and wastes of
chrome, phosphorus and uranium production, obtaining rhenium and Nickel-cobalt concentrate from the
wastes of heat-resistant Nickel alloys. Innovative Bayer-hydrogenative technology of ferruginous bauxite
processing was developed and tested using pilot facility. The technologies and equipment to produce a
composite hydrogen permeable membrane based on niobium and obtaining castings of implants by casting
method of titanium alloys with application of additive technologies were developed.
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Introduction complex reducing agent, the copper content in the

slag is reduced to 0.7% compared to the existing
indicator of 1.0% [3].

The technologies used of the selenium
extraction from middlings of copper production
provide roasting of selenium-containing materials
and producing crude selenium (90% of the main
component). The defective moment of the process is
the formation of process gases that complicate the
selenium purification [4, 5]. We have developed a
reagent-free vacuum distillation technology for
producing branded selenium (99.5% of the main
component) [6].

90 % of selenium is obtained from copper-
electrolyte slag, 10 % - from man-made products of

Involvement of resistant, complex mineral
and man-made raw materials into processing is
challenging issue for the metallurgy industry over the
world. Commercial exploitation of these raw
materials is confined owing to lack of effective and
profitable technologies.

The aim of enhancing end-to-end extraction of
metals from ores, man-made wastes and secondary
raw materials is crucial for the leading industry —
non-ferrous metallurgy.

Thus, the processing of converter slag is one of
the major production problems in the technology of
copper sulfide concentrates processing. There are
various methods of processing converter slag, both in

liquid and solid form [1]. However, the available
technologies do not allow for high recovery of
precious metals [2]. The proposed technical solution
is characterized by the fact that due to the use of a
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the chemical and pulp and paper industry in the world
[7]. There is no a technology for selenium production
from the slags of sulfuric acid of copper plants, so
they are sent to lead factories, or in the dumps. We
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have developed a technology for processing slag
from washing solutions to obtain ammonium
perrenate and release selenium-containing slag into
an independent man-made product [8].

When flotation of mineral raw materials
compositions of collectors (flotation reagents), the
mechanism of their interaction with the surface of
minerals is determined by the activity of each
component of the collector and the peculiar features
of the surface of minerals [9]. The paper [10] shows
the technological and economic efficiency of using a
mixture of hexyl and butyl xanthogenates.

Performed flotation of gold-containing raw
materials using a composite reagent allowed us to
significantly reduce the consumption of reagents (an
average of 20 %) to increase gold recovery by 2.0-2.2 %.

Pre-oxidation (roasting, autoclave process,
bioleaching) are used for processing of resistant,
mineral-complex ores, which is associated with
additional operating costs, which can be
compensated by higher extraction of gold from ores
[11,12].

We offer ore benefication technologies with
the use of new modern technological devices and the
use of pre-oxidation of the raw materials before
cyanidation.

To ensure the profitability of alumina
production in the processing of low-quality bauxite a
waste disposal to obtain commercial products is
required [13].

The studies provided has shown the principal
possibility of creating an effective technology for
processing waste products of alumina production to
obtain iron oxide pigments, cast iron, titanium
concentrate and construction materials [14]. The
problem of efficient chromium-containing wastes
disposal in the world has not been solved so far. In
this regard, the studies of the complex processing of
stale slags of ferrochrome production with the
extraction of rare and rare earth metals are of great
practical importance.

The technologies of rare earths elements
extraction from the wet-process phosphoric acid by
sorption are well-known [15, 16]. The weakness is
the low degree of REM sorption (at least 25 %) due
to the presence of iron, aluminum and thorium
impurities. The technology developed by us for
obtaining REM concentrate with the use of new
sorbents will provide an increase in REM extraction,
while reducing the negative impact of impurities.

Currently, the man-made raw materials are
involved increasingly as a raw material source of the
rare earth elements into industrial processing.
Basically, it is red slime alumina production, ash and
slag wastes from coal combustion, waste processing
of phosphate ores [13, 17].

SARECO LLP produces a REE concentrate
from the man-made mineral formations after the
processing of phosphate uranium ores. The applied
technology has a number of lacks: losses of rare earth
elements with cake when refining productive solutions
from impurities, a large consumption of reagents when
a concentrate depositing. We propose an improved
technology for the extraction of REE in the form of a
concentrate from this type of raw material [18].

The wastes of heat-resistant nickel superalloys
(HRNS) contain up to 9% of rhenium, 60% of nickel
and 10% of cobalt and that is why their complex
processing is required. There are known methods of
processing wastes by electrolysis methods. In the
patent [19], the electrochemical processing of HRNS
wastes is carried out in a solution of hydrochloric
acid, out of which nickel and cobalt are extracted as
a concentrate. During the processing of HRNS wastes
by the method of anodic dissolution in a nitric acid
solution the nickel transferred to the solution is
released at the cathode in the form of Ni-concentrate
[20]. The lacks of the methods are the use of solutions
of hydrochloric and nitric acids for opening wastes.
In the process of electrolysis in the hydrochloric acid
at high current densities, chlorine gas can be released,
and special corrosion-resistant equipment is required
for nitric acid solutions.

We have developed an electrochemical
technology for processing HRNS wastes. Ni and Co
can be extracted from the obtained solutions after
rhenium extraction as a concentrate [21].

Thus, currently, the most important problem of
the metallurgy industry is the development and
implementation of innovative technologies that allow
with the maximum completeness to extract non-
ferrous, rare and rare earth metals contained in ores,
industrial wastes and secondary raw materials.

In this paper, the issues of increasing the
extraction of non-ferrous, noble, rare and rare earth
metals in the complex processing of mineral, man-
made and secondary raw materials are considered
and new technical solutions are proposed.

General part

The technology of depletion of copper slag
dump of the Vanyukov furnace (VF)

of the Balkhash copper-smelting plant of
"Kazakhmys Smelting" was developed.

An appropriate composition of waste slags as
to the main components (30-31% of silicon dioxide,
no more than 5% of magnetite and no more than 5%
of zinc in the slag, the moisture content in the feed
stock — no more than 6.5%) has been developed.
Dependences of copper content in a slag on magnetite
content in it are obtained, which indicate negative
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influence of magnetite (more than 8 %) on copper
content in a slag (Figure 1).
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Figure 1 Dependence of copper content in the VF-1 slags
(1) and VF -2 (2) on magnetite content

The use of additional electric heating is
proposed to enhance the process of slag separation
and matte in the slag siphon; the effective mode of
the electric mixer of the Vanyukov furnace operation
is developed (Figure 2). The introduction of
technological and structural changes in the work of
the VF complex allowed to increase the extraction of
copper into the matte and to obtain a slag with a
copper content of 0.5-0.7 %. In comparison with the
existing analogues, the developed technology
provides copper reduction in the waste slags from 1.0
to 0.7 % [22].

Matte lavel

In the process of producing copper, the slurriesof
copper electrolyte and sulfuric acid
productioncontaining selenium are made. We have
developed technology to extract elementary
selenium from these middlings with further refining
it into a vacuum distillation.

A method of separating selenium from a solution
slurry after washing metallurgical gases of copper
production is developed, installed material composition
of selenium contained in the sludge. Appropriate
conditions of sludge separation from the washing
solution by centrifugation were determined [23].

As a result of vacuum distillation of rough
selenium in the conditions of separation of the
condensation surface by temperature zones in the
middle zone, selenium containing 99.928% of the
main component was obtained (Table 3). The
proposed method allows to obtain refined selenium
(up to 90% corresponding CT1 model and to 10%
corresponding CT0 model) [24] in one stage [25].

Now, a production site for the processing of
rough selenium according to the technology
developed by us is arranged at the Kazakhmys
Smelting LLP.

The technology of flotation enrichment of
resistant, complex by mineral composition of gold-
containing ores with the wuse of water-air
microemulsion generator, improving the floatability
of sludge particles, and composite flotation reagents
is proposed (Table 1).

During flotation enrichment of Bestobe ores
using microflotation and composite aerofloat, gold
recovery increased by 4-5 %, while the reagent
consumption decreased by 20% compared to the
baseline [26].

When the gravitational enrichment of
disseminated gold-bearing mineral raw materials a
centrifugal separator was used to capture the free
fine gold, which increased its recovery by 3-4 %.
Enrichment of the gold-containing ore of the
Sekisovsky Deposit on the centrifugal apparatus in

the appropriate mode showed the possibility of
obtaining a heavy fraction with a mass fraction of
58.9 g/t at the extraction of 21.57 % (Table 2) [27].

Table 1 Flotation parameters comparing by using the
developed air-water microemulsion generator

10

1 - uptake; 2 — for the feed stock; 3 - slag baffle; 4 - tuyere; 5 -
slag siphon; 6 - electrodes; 7 - slag; 8 - matte siphon; 9 - matte;
10 —furnace bottom

Figure 2 Vanyukov Furnace
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Parameters General mode With generator
Bubble size 300 - 550 em 20-50 em
Time of 15 - 24 min 11-17 min
flotation
Valuable
components 20-25% 15-20 %
loss
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Table 2 The results of gold ore enrichment
using centrifugal separator

Gold

Products Output, | Gold content, extraction,
% gt o
%

Concentrate 1 of
Knelson 2.03 58.9 21.57
recleaning
Middling Tof | 5 8.68 20.23
recleaning
Knelson tails 84.97 3.8 58.2
Base ore 100.0 5.55 100.0

The technology of gold extraction from refractory
gold-containing ores with the use of pre-oxidation
has been developed. The appropriate parameters of
leaching refractory ores of JSC "Altyntau-
Kokshetau" with the use of the reagents- activators
of Na,O, oxidation and Ca(ClO), (1 g/t), at this the
degree of gold extraction at S:IL =1 : 3 for 24 h
amounted to 73.1 %, which is higher than
production performances (60-65 %) Table 4) [28].
A waste-free resource and energy-saving
Bayer-hydrogarnet technology for processing
ferruginous bauxite has been developed. A pilot

Table 3 The results of x-ray fluorescence analysis of powdered selenium

Element Se* Te Sb Ca

Mg

Si | Al Fe Ni Pb Cu | As S

mass % | 99.928 | 0.054| 0.01 | 0.001 | 0.01

0.01 | 0.001| 0.001 | 0.001 |0.001| 0.001 {0.001{0.001

*N/D: Hg, Ag, Cd, Na, K, Bi, Ti, CI

Table 4 The results of the gold extraction out of ore using
oxidizing reagents

No. of sample 1 2 3 4
Sample weight, g | 100.0 | 100.0 | 100.0 | 100.0
pH 11.6 11.3 12.0 11.6

Liquid phase, 1 0.3 0.3 0.3 0.3

The concentration of

cyanide,% 0.1 0.1 0.1 0.1

The gold content in a

cake, g 0.45

0.43 0.63 0.65

The gold content in

the base ore, g 1.6 1.6 1.6 1.6

Gold extraction, % 71.9 73.1 | 60.6 594

plant has been created and Bayer-hydrogarnet
technology has been tested with the production of
pilot batches of products: production alumina,
micronized aluminum hydroxide, hydrogarnet
sludge, samples of building bricks made of slag and
hydrogarnet sludge.

A technological regulation have been prepared
and a feasibility study has been carried out for the
construction of an alumina refinery with a capacity of
1 million tons per year in the Kostanay oblast of the
Republic  of  Kazakhstan. The  industrial
implementation of the new technology will provide
higher performance compared to the Bayer sintering
process: it will provide a 35% reduction in energy
costs; saving soda ash by 90%, reducing
environmentally harmful emissions by 2—3 times and
reducing capital costs for the construction of an

alumina plant with a capacity of 1.0 million tons by
25% [29, 30].

A technological scheme has been developed
for the non-waste processing of red slurry (waste
after alumina production) to produce iron oxide
pigments, cast iron, titanium dioxide concentrate and

construction materials [31].
The parameters of the hydrochemical

processing of ferruginous sand with the release of
iron-containing cake to obtain iron oxide pigments
and cast iron are determined. In a high-modulus
alkaline solution with the addition of CaO, the
maximum extraction of AlOs (58.2%) in the

solution was achieved by leaching of ferrous sands
after firing at a temperature of 600 °C at a molar ratio
in the CaO pulp: SiO; = 2 (Figure 3).
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Figure 3 Impact of the CaO / SiO; ratio on the extraction
of A]203
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Sodium-ferrite clinker with a sodium ferrite
content of 62.4% was synthesized from the man-
made raw materials - red slurry, iron oxide, soda ash
sodium ferrite clinker and lime. The color of the
pigment is determined by the iron compounds
contained in it: o-Fe,O; oxide, iron oxide —
substituted by Fe,..MOs. [32].

A technology has been developed for the
processing of ferruginous sand of alumina
production, including the operation of calcining
ferruginous sand at 600 °C, hydrochemical
hydrogarnet processing in a high-modulus alkaline
solution at a temperature of 240-260 °C with the
addition of CaO to produce an aluminate solution and
a hydrogarnet cake leaching, magnetic separation of
the cake with fine separation fractions to obtain
pigments, reductive melting of the magnetic fraction
to produce cast iron and slag. The obtained fine
fraction was analyzed by Mesbauer spectroscopy. It
was found that the red-brown color of the fraction is
determined by o-Fe;O; oxide and substituted iron
oxide Fe»xMyOs Paramagnetic Fe** phases are a
mixture of hydroxides B-FeOOH - acaganeite and y-
FeOOH - lepidocrocite (Figure 4) [33].

The studies for the deep processing of
chromite-containing  dusts from ferrochrome
production to obtain chromite concentrate, gallium,
vanadium pentoxide and rare-earth metal concentrate
were carried out (Table 5).

200 400 600 800

1000 rkarans:
™7 N. un

116000

1.000
112000

0.960 rn
4108000

0.320 104000

0,680 100000
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1 1 L
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1
8.0 A 00 0oo
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Figure 4 Mussbauer spectrum of a finely divided fraction
of iron-containing leach cake of calcined ferrous sands

Table 5 Rare metals concentration in the base products

and limestone. Red-brown iron oxide pigment with a
particle size of 0.17 microns was obtained by the
autoclave leaching of a mixture of red slurry,

The conditions for the extraction of REE out of
the dust of cyclone and bag filters of JSC TNC
Kazchrome are determined. The recovery of REE
during leaching in NH4HSO4 solutions with a
concentration of 3-30% ranged from 69.42 to 96.1%.
A solution containing 10% of NHsHSO; is
considered appropriate for the REE isolation, while
Cr,03, Si0; and Fe,O; extraction does not occur in the
solution, and the REE extraction is 73.83% (Figure 5)

The methods of preliminary chemical activation
and sulfuric acid leaching of chromite-containing raw
materials, as well as of regeneration of ammonium
hydrosulfate have been developed [34].

100 EEE
80
60
40

20 —4 Fe,0,
0
0 10 20 30 40

Solution concentration NHyHS0,, %

A - Dust bag filters
® - Dust cyvclone filters

Extraction in solution, %

Figure 5 Dependence of the REE extraction and Fe;O3
into solution after NH4HSO4 concentration

A method has been developed to obtain REM
concentrate from the extraction phosphoric acid of
Mineral Fertilizers Plant LLP of Kazphosphate LLP
using new sorbents. The sorption of rare-earth metals
from solutions of extraction phosphoric acid by
various ion exchangers was studied. It was found that
sorption of rare-earth metals from extraction
phosphoric acid most efficiently takes place on
Purosorb 140 cation exchange resin (Figure 6). The
equilibrium parameters of sorption of rare-earth
metals from EPA were determined: 100 min.
duration, 25-30 °C, ratio L:S = 50:1. Purosorb 140
ionite is recommended for the extraction of rare-earth
metals out of extraction phosphoric acid [35].

Chemical CyClZE: tﬁlter Bag filter dust Enrichment sludge | Wet scrubbing slurry
compound Content, %
TiO, 0,153 0,122 0,0136 0,15
V,0; 0,062 0,033 0,0053 0,045
Ga,0, 0,008 0,027 0,005 0,033
Rb,0 0,00104 0,012 0,003 0,001
>P33 0,01624 0,04581 0,04711 0,06467
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Figure 6 The degree of sorption of the rare-earth metals sum, calcium and iron from EPA on various cation exchangers

In order to improve the existing technology for
processing man-made wastes from the processing of
phosphate uranium ores, in particular, to reduce the
consumption of sulfuric acid during their leaching,
we have proposed a method involving preliminary
calcination of the feedstock at a temperature of 400-
500 °C in the presence of ammonium sulfate. It has
been established that at this temperature sulfate
ammonium is transformed into bisulfate and in the
process of leaching of raw materials, forming an
acid-salt mixture with sulfuric acid, helps to reduce
the consumption of sulfur acid 4-5 times (Figure 7)
[36, 37].

E, % 100
2
80 .
60
40
20
0 250 500 750

Sulfuric acid consumption kg / 1t

Figure 7 Dependence of sulfuric acid consumption on
the degree of REE extraction

1 - existing technology, 2 - proposed technology

We have developed an electrochemical
technology for processing secondary raw materials —
wastes of heat-resistant nickel superalloys, which is
currently  being introduced at the RSE
Zhezkazganredmet. The technology consists in
combining anodic dissolution of waste in a sulfuric
acid solution with the transfer of rhenium, nickel and
cobalt into the solution and the precipitation of
nickel-cobalt concentrate after extraction of rhenium
from it.

When leaching in a sulfuric acid solution with
nitric acid additives, Ni and Co almost completely go
into solution, Re - by 75% (Figure 7). With a ratio of

S:L = 1:20; at a temperature of 50 °C, the degree of
transition to a solution of nickel and cobalt reaches
80-95%, rhenium - 75-85%. Received Nickel-cobalt
concentrate with a content, wt. %: 13.24-14.98 Ni
and 0.96-1.08 Co [38].

Composite hydrogen-permeable membranes
based on niobium and tantalum were obtained by
developing separation layers that ensure the stability
of the properties of catalytic protective coatings
based on palladium and a scheme for attaching the
membrane to a flat substrate, which promotes
uniform distribution of stresses in the membrane
(Figure 8) [39]. The research results are recommended

to be used to arrange innovative production of
modules for producing ultra-pure hydrogen from
hydrogen-containing gas mixtures.

0,5 1
0,45 -
04 - ORe _
0,35 -
0,3 -
0,25 -
0,2 -
0,15 -
0,1 -
0,05 +—=+— —‘D‘ ‘

1 2 3 4 5 6 7 8 9 10

Electrolyte Composition

Concentration of Re, g/dm3

Electrolyte composition, g/dmit 1 - 100 H,SO,; 2 — 10
H,SO,; 70 (NH,),SO,; 125,2 Na SO, 10H,0; 3 - 20
H,SO,; 40 (NH,),SO,; 90,7 Na,SO,-10H,0; 4 — 20
H,S0,;40 (NH,),SO,; 90,7 Na,SO,-10H,0; 20 NaCl; 5 —
20 H,SO,; 40 (NH,),SO,; 90,7 Na_SO,-10H,0; 20 HCI; 6
- 150 H,SO,; 7 - 200 H,SO,; 8 - 150 H,SO,; 20 NaCl; 9 -
200 H,SO,; 30 NaCl; 10 - 100 H SO ,; 20 HNO,

Figure 7 Impact of the initial electrolyte composition on
the concentration of rhenium in the solution after anodic
dissolution of alloy wastes
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Figure 8 Upgraded chamber of the magnetron sputtering
installation and the surface of the membrane of tantalum
and niobium foil

A technology has been developed for the
production  of  implants  with  improved
osseointegration by casting of titanium alloys using a
lost-wax 3D model and subsequent processing with
application of biocompatible coatings (Figure 9).

Molding materials based on yttrium oxide and
a method for their molding on the surface of
investment models are proposed, which provides
titanium castings with a developed surface using
additive technology [40].

The analysis of the feedstock and the obtained
products was performed using the following
methods: mineralogical, X-ray phase, X-ray
fluorescence, thermal analysis methods, electron

scanning microscopy, IR spectroscopy, Miissbauer
spectroscopy.

mave eea T

Figure 9 SEM image of a calcium phosphate coating
obtained at different pH of electrolytes: a - pH 1; pH 2;
pH3

Elemental analysis was carried out using X-
ray fluorescence spectroscopy on an energy
dispersive microanalysis system INCA Energy 450
mounted on a scanning electron microscope JSM
6610 LV, JEOL.
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X-ray phase analysis. The shooting was
carried out on a D8Advance (Bruker) apparatus, o-
Cu. Processing of the obtained results and calculation
of interplanar distances was carried out using the
EVA software. The phase decoding was performed
using the PDF-2 diffractometric database.

Mossbauer spectroscopy was used to
determine the forms of iron in the feedstock and
processing products. The source was Co-57 in a
chromium matrix with an activity of 100 mCi. The
spectra were processed on a PC using the "least
squares" method. The values of isomeric shifts (IS)
are given relative to o-Fe. The temperature of the
spectra was 293 K. The MS 1104Em spectrometer.

Images of objects using scanning electron
microscopy were performed at zooming from 40 to
4000 times.

Findings

As a result of the researches, the technologies
have been created that are focused on the needs of
industrial enterprises: processing dump and converter
slags with additional copper recovery, separating
selenium from washing solutions of copper
production and obtaining refined selenium
(Kazakhmys Smelting LLP); processing of
ferruginous bauxite and industrial products and waste
from alumina production (JSC Aluminum of
Kazakhstan); processing of refractory gold-
containing ores (MSC Altyn MM LLP, Altyntau-
Kokshetau JSC); extraction of rare and rare-earth
metals from wastes and middlings of chromium,
phosphorus and uranium production (JSC TNK
Kazkhrom, LLP Kazphosphate, JSC NAC
Kazatomprom); for producing nickel-cobalt
concentrate from heat-resistant nickel superalloys
wastes (RGP Zhezkazganredmet), synthesis of
composite hydrogen-permeable membranes based on
niobium and tantalum and implants with improved
osseointegration.

The technologies for the processing of low-
quality mineral and industrial raw materials may be
of interest to countries with similar raw materials.
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TyeTi, achbl1, CHpPeK KoHe CHpeK Kep MeTaliapAbIH 06JIiHYiH apTTBIPYAbl KAMTaAMAachI3 €TeTiH
HHHOBALUSJIBIK TEXHOJIOTHAIAP

Ken:kanuen b. K.

Tyiingeme. Makanana OaifpITy XOHE MUHEPANIBIK, TEXHOTCHIIK IMMKI3aTTHl METAUIYPIISUIBIK KaiTa eHIey,
(YHKIMOHAJIBIK MaTepHaJIap aly TeXHOJOTHSIIAPHl KeNTipiireH. MBICTHI TiKellel 0ol alyasl apTTEIpy, Ta3a CeJcH
aNBIHATHIH MBIC OHIIPICIHIH OHEPKICINTIK OHIMIECPIH KalTa eHIey, JKaHa peareHTTep MEH KaOapIKTap Il MaiganaHbIl
KHUbIH OHJICJIICTIH MUHEPAIBIK [IHKI3aTTaH ANTHIHIBI OOJIN amy, TeMipii OOKCHTTEpl KOHE Ca3TOMBIPAK OHIIPICIHIH
KaJIIBIKTAPBIH KaiiTa eHIey, XpoM, hocdop xKoHE YpaH OHIIPICIHIH OHEPKICINTIK OHIMICPI MEH KaIAbIKTaAphIHAH CUPEK
JKOHE CHPEK XKep MeTalIapbIH 06l alry, OTKa Te3IM/li HUKeJIb KOPhITHaJapbIHBIH KaJlJbIKTapbIHAH PEHUIT )KOHE HUKEIb-
KOOQJIBTTHl KOHLIEHTpATTapJbl aly OOMBIHINA >KaHAa TEXHOJIOTHSJIBIK INEeNIimMJIep YChIHBULIABL Temipii OokcutTepai
OHJICY/IIH WHHOBAIMSUIBIK baliep-ruaporpaHaTThIK TEXHOIOTHACH JKACANbl JKOHE KYPBUIFAH MHJIOTTHIK KOHIBIPFBIIA
OHBIH CBIHAFBI OTKi3immi. HuoOmif HeriziHAe cyTeri OTKi3eTiH KOMIIO3HIIMSUIBIK MeMOpaHa apAbl KOHE aIIuTHUBTI
TEXHOJIOTUSIIAP/AbI MAfJaaHbIl TUTAH KOPBITMIANAPBIH KYIO OMICIMEH SHAOMPOTE3ACpAiH KyiMalapblH any YIIiH
TEXHOJIOTHUSLIIAP JKOHE KOHABIPFBLIAP 3ipPICH/II.

Tyiiin ce3aep: MUHEPAJIBIK IIHKI3aT, OHCY, TEXHOJOTUs, MbIC, CEJICH, alThIH, CHPEK METANAP, CUPEK JKEep METaIaphl,
»KaHa MaTepuaaap.

W HHOBAIIMOHHBIE TEXHOJO0I'IH, oﬁecneqnnawmne NMOBbIINICHHUE U3BJCYCHUSA IIBCTHbIX,
6J13F0p0IleIX, PC€AKHX U PEAKO3ECME/IbBHBIX METAJLJIOB

Ken:xkanues B.K.

Pedepar. B crathe mpexacraBieHsl pazpaborannble B AO «MHCTHTYT MeTauryprum U oOorameHus» (T. AJMaThl,
Kazaxcran) TexHOJIOTHMHM OOOTaIIeHHs M METALIyprH4ecKod mnepepabOTKH MHUHEPAIbHOTO M TEXHOTEHHOTO CHIPHS,
noJydeHus: (QyHKIMOHAJIBHBIX MaTepuaioB. IIpe/ioskeHbl HOBbIE TEXHWYECKHE PEIICHUS MO YBEIMYECHHIO CKBO3HOTO
W3BJICUYEHUS MEIH, NepepaboTKe MPOMIIPOILYKTOB MEJHOTO IPOW3BOJCTBA C MOJIYYEHHEM CeJIeHAa BBICOKOI YHCTOTHI;
W3BJICYCHHUIO 30JI0TA M3 YIOPHOTO MHHEPaIbHOTO CHIPbS C INPUMEHEHHEM HOBBIX pEareHTOB M 000pyHoBaHuS,
nepepaboTKe JKENE3UCTBIX OOKCUTOB M OTXOA0B INIMHO3EMHOTO IIPON3BO/ICTBA, N3BJICUEHHIO PEIKUX M PEIKO3EMETIbHBIX
METaJIOB U3 IPOMIPOJYKTOB U OTXOJIOB XpPOMOBOTr0, (hoc(hOPHOro W ypaHOBOTO IPOM3BOJCTB, MOJYUYECHHIO PEHHS U
HHUKEJb-KOOAIBTOBOI'O KOHIEHTpaTa M3 OTXOJOB YKapOIPOYHBIX HUKEJIEBBIX CIUIABOB. Pa3zpaboTaHa MHHOBALMOHHAS
Baitep-rugporpanaToBas TEXHOJIOTHS NepepabOTKH KeIE3UCThIX OOKCUTOB U MPOBEACHBI €€ HCIBITaHUs Ha CO3/aHHOMN
MIIOTHOM  ycTaHOBKe. Pa3zpaGoTaHbl TEeXHONOTMH U 00OpyIOBaHHME JUISI TONYYEHHS KOMIO3MIIMOHHBIX
BOJIOPOJIOTIPOHUIIAEMBIX MEMOpPaH Ha OCHOBE HHMOOHUS U MOIYYEHHS OTIUBOK SHAOMPOTE30B METOAOM JIUTHS TUTAHOBBIX
CIUIaBOB C MIPUMEHEHNEM aJAUTUBHBIX TEXHOJIOTHM.

KioueBble cji0oBa: MHUHEpAIbHOE CHIpbE, IEpepabOTKa, TEXHOJOTWH, MENb, CEJIEH, 30JI0TO, PEIKHE METaJLIBI,
pelKo3eMelIbHbIE METAIIIbI, HOBBIE MaTEPHAIIBI.
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Investigation of the leaching process of rare-earth
metals from the black shale ores of greater karatau
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Abstract. The purpose of this investigation was studying the process of an acid leaching of vanadium and
other valuable components from black shales of Big Karatau of the Republic of Kazakhstan. The maintenance
of principal components in ore of 0,8% V20s, 67,7% of SiO2, 3,1% of Al2Os, 0,3% of Mo, 0,2% of UzOs and
0,05% of rare-earth metals. To provide this process was used low-temperature sintering and leaching of this
type of raw material for the subsequent extraction of vanadium, uranium, molybdenum and rare earth metal
concentrates. Moreover, it was established that with increasing concentration of sulfuric acid to 40 g/l, the
degree of leaching of uranium, vanadium, molybdenum and rare earth metals (REM) increases noticeably.
The degree of extraction of vanadium includes 81.7 %; uranium — 93,3%; molybdenum — 82.2 % and REM —
78.3%. Besides, it was determined the optimal leaching time, which takes 2 hours long, and the chemical

composition of the cakes after leaching.

Keywords: black shale, rare and rare earth metals, leaching, low-temperature sintering.
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Introduction

Black shales, also called a carbonaceous stone,
are one of the larger natural sources of vanadium,
molybdenum and rare-earth metals (REM). The
useful components such as vanadium in form of V,Os
amounts 0,8-1,2%, molybdenum - 0,3%, uranium -
0,2-0,5% and REM - 0,05-0,15% [1-3]. The basis of
a breed of black shales content short-grained quartz,
sulfides and micas, there are organic matters and
carbonates [4]. Persistence of ores is caused by two
factors: low solubility of minerals concentrators of
the useful components and extremely shallow
76

amount of their selections (ultradispersion) therefore
mechanical methods (gravitation, flotation) did not
possible to receive the enriched concentrates [5].
Attempts of development of theoretical bases and
development of a way of complex extraction of
vanadium, uranium, molybdenum and REM from the
black shale ores were repeatedly made. Some of the
developments are listed below.

Researches [6-9] on the pyro-
hydrometallurgical way of processing of vanadium-
bearing fields the black shale ores confirmed the
possibility of extraction of vanadium from the black
shale ores with a method of oxidizing roasting with
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sodium additives with the subsequent water or acid
lixiviation of residue, in finally hydrolytic deposition
of vanadium. In work [6] is studied the process of
roasting of ore with additive mix Na,CO3;-CuSOs.

Various technologies for the processing of
black shale are known in world practice. They are
aimed to extract metals such as vanadium, uranium,
molybdenum and concentrates of rare earth metals
(REM). However, due to the structural features of
polymetallic carbon-silica ores, the proposed
technologies are not effective. To maximize the
extraction of valuable components from such
complex raw material, new methods of black shale
processing are necessary. They contribute to the
phase rearrangement of silica and carbon [10-11]

The investigation of the physical properties,
chemical composition and structural characteristics
of complex carbon - silica ores of the Greater Karatau
allowed to determine glassy appearance, conchoidal
fracture, the abundance of cracks and voids, isotropic
and X-ray amorphism, hygroscopicity, high out of
the water, free and chemically bound silica, the lack
of correlation of the content of the rare, rare earth and
radioactive metals with silica or carbon.

Experiments and results and discussion

As a starting material for carrying out
experiments used test of black shale of Big Karatau.
Test of black shales represented the homogeneous
black dry powder fineness ~ 53,2% - 0,063 mm with
the content of vanadium V,0s - 0,8%; C ~ 18%, SiO,
— 67,7%. Chemical of the investigated ore is shown
in table 1. Further, the distribution of sizes of black
shales is presented in table 2. To provide sintering of
black shale with ammonium hydrosulfate to remove
mobile carbon and convert rare earth metals into a
water-soluble form was used low-temperature
thermal made (150 — 200 °C). The content of rare
metals in the samples was controlled by chemical
methods  (bichromatometry, titrimetric  optical
emission). The phase and elemental composition of
the ore of black shale and of samples after sintering
and leaching were determined using X-ray phase and
X-ray spectral analysis methods.

Table 3 Content of elements in the studied raw materials

Table 1 Chemical content of black shales

Composition, %
VzOs U}Os M003 REM SiO, Ale3 C Fe-
total
0,8 0,2 0,3 0,05 67,6 3,1 18,0 1,91
Ca0 | P,Os K S Na MgO | BaO
2,8 0,71 0,47 1,4 0,09 2,2 0,86

Table 2 Distribution of sizes of black shales

Size, mm Total, %
+0,2 4.8
-0,2+0,1 34
0,10+0,063 8
-0,063 53,2
100

X-ray spectral microanalysis was performed
on the JXA-8230 microanalyzer with an application
of scanning electron microscopy in backscattered and
in secondary electrons mode.

Elemental composition of minerals and
microinclusions, as well as photography in different types
of radiation, were analyzed with the application of an
energy dispersion spectrometer “Inca Energy” (PLC
“Oxford Instruments”). It was installed on the electron
probe microanalyzer “Superprobe -733” at an accelerating
voltage of 25 kV and a probe current of 25 nA.

The leaching of the cake was carried out with
sulfuric acid solution at different concentrations of
sulfuric acid (10-60 g/1): temperature — 80 °C, relation
S:L = 1:3, leaching time — 2 hours.

Results and discussion. The investigations of the
physical properties with application of X-ray diffraction
and electron probe microprobe allowed to establish that
rock-forming minerals consist of anorthite, muscovite,
quartz, dolomite, paramelaconite and ore minerals of
rutile, patronite, monazite, xenotime, uraninite,
molybdenite and tungstenite and many other minerals.

In the polished section, the grains from different
plots were selected. In the rare and rare earth metals are
concentrated. Data of grain composition are presented in
table 3.

Investigated Content of elements in the sample segment, %

product C |As| Al [ Si | P [Cu/Mo| Ti |Fe| W | V | U]|Y |La|Ce|Dy|Pr |Yb|[Sm|Nd|Gd
Rutile 2,52 0,47 46,750,33 14.69
Monazite (17,44 0,31{23,96| 9,17 {0,03 0,46 20,419,8[13,6 1,22 3,61(13.7|1,99
Xenotim 29,32 1.4 |11,27 24,68 2,89 1,07 1.64
Nas-turan (13,92|4,74 3,89 (4,89 4,03 39,75
Tungstenite |44,42 0,47/ 8,74 0,8910,25(0,36(21,50
Molybdenite[24,91 11,78 44,60
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Based on the obtained data, rare and rare earth
elements in carbon-silica ore are found in various
minerals in the form of inclusions in the silicon-
carbon matrix. In this regard, during sulfurization of
the initial ore — a method currently used for its
processing. At the same time, rare-earth elements do
not fully pass into solution. The results of the
investigation are presented in table 4.

Table 4 Results of the investigation

Sulphuric acid Content, g/dm?
concentration,
g/l
\4 U Mo REM
10 0,81 0,0030 0,012 0,014
20 1,01 0,0037 0,020 0,021
30 1,17 0,0036 0,024 0,032
40 2,19 0,0172 0,047 0,039
60 2,21 0,0173 0,047 0,040

Also, it was found that with an increase in the
concentration of sulfuric acid to 40 g/, the leaching
degree of uranium, vanadium, molybdenum and rare
carth metals increases noticeably. The degree of
extraction of vanadium is 81,7 %; uranium — 93,3%;
molybdenum — 82.2 % and REM — 78.3%.

In addition, it was conducted investigations of
leaching cake with different durations of contact time of
the cake with a solution. The process was carried out at a
temperature of 80 °C, relation S:L = 1: 3 and a
concentration of sulfuric acid of 40 g/l. The results of the
investigation are presented in Figure 1.

As shown in figure 1, the optimal leaching
time is 2 hours. The chemical composition of the
cakes is presented in table 5.

100
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Figure 1 Leaching of rare earth metals from sinter at
different durations Leaching of rare earth metals from
sinter at different durations
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Table 5 The chemical composition of the cake after
leaching

Name Content, %

REM| Fe | Al | Si | C |CO;
Cake [0,04/0,001|0,003(0,007|0,21|0,05|43,7|13,75/0,00
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Figure 2 X-ray phase analysis of cake

Further, the cake obtained after leaching in the
optimal mode of black color was submitted to
X-spectroscopic and X-ray phase analysis. The
results of the analyses are presented in figure 2.

From the X-ray phase analysis, it follows that
the cakes after decomposition of the ore with
ammonium hydrosulfate and subsequent leaching,
consist of quartz and elemental carbon.

Further, the cakes were washed with a sulfuric
acid solution to remove impurity elements and were
sent to carbon enrichment. The enriched product was
sent to a batch to obtain ferrosilicon.

Conclusion

It was determined that the sintering process of
black shale ore with ammonium sulfate
(decomposition products of ammonium
hydrosulfate) is accompanied by the release of
constitutional water, mobile carbon and hydrogen
nitride (NH3). Herewith the formation of ammonium
carbamate and the transition of amorphous silica into
a stable crystalline a-modification with an ordered
structure occurs. Further after leaching valuable
elements from black shale ores such as uranium,
vanadium, molybdenum and rare earth elements go
into the aqueous phase. The degree of extraction of
vanadium, uranium, molybdenum and REM is about
80 % or higher that makes it possible to find the
commercial application of this process.
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Yiaken Kaparay Kapa TaKkrarac KenuepiHeH CHPEK KEP METAJIAAPbIH a1y npoueciﬂ 3epTTey
Baiirenxenos O.C., FOaycoB O.b., XaoueB A.T., CoiabikanoB M. M., Axk6apos M.C.

Tyiingeme. bynm 3eprreynmin MakcaThl BaHAOWiAI KBIIIKBUIMEH epiTiHAIEy mpomeciH xoHe Kasakcran
PecnyOnukacsiabiH YikeH KapaTtay Kapa TakraTacTapblHaH jKacaliFaH 0acka J1a KYHIBI KOMIIOHEHTTEPA1 3epTTey OOJIBIT
tabputagsl. Kenneri Herisri komnoHeHTTepAiH Kypamsl 0,8% V205, 67,7% Si0, 3,1% AlOs, 0,3% Mo, 0,2% U3Os xoHe
0,05% cupex ke3mecerin meranmap. Ocbl IPOLECTI XKYPri3y YIUIH IIMKIi3aTTBIH OCBI TYPIH TOMEH TEMIIEpaTypaJbl
KYHEKEHTEKTeY JKoHE apbl Kapail BaHaJIul, ypaH, MOJMOJICH jKOHE CHPEK Kep MeTajlJapblHbIH KOHIIEHTPATTAPHIH ajly
YIIiH epITIHALICY KOMAaHbUIAbL. bynan 0acka, KYKIipT KBIIKBUIBI KOHICHTparusacel 40 r/n-re AeiiiH yiFaiica, ypaH,
BaHaJMii, MOJIMOIEH KoHE cHpek xkep MetanaapbiablH (CXKM) epitinniney nopexeci aiftapibikTaid apraabpl. Banaauiinig
Oeniny mopexeci 81,7 %; ypanusiH-93,3%; MomubaeHHiH — 82,2% xone CXEXM — 78,3% xkypaiinsl. CoHpgaii-ak,
epITIHAUICY/IH OHTAaWJIbI YaKbIThl aHbIKTanabl. O 2 caraTka co3bulabl. EpiTiHAiNeyaeH KeliH KeKTepiH XHUMHSUIBIK
KYpaMbl aHBIKTAJIJIbI.

Tyiiin ce31ep: Kapa TakTaTac, CHpeK )KoHe CHPEK JKep MeTalIaphl, epiTiHALIeY, TOMEH TeMIIepaTypajbl
KYHEXEHTEKTEY.

HccnenoBanue npouecca Bolle1a4MBaHUs PeJKUX H PeK03eMelbHbIX METAJIOB U3
YEepPHOCJAHIEBBIX Py 00JbIIOT0 KapaTay

Baiirenxenos O.C., IOaycos O.b., Xaoues A.T., CoiabikanoB M.M., Ak6apos M.C.

AnHoTtanus. [{enpro HaCTOAIIETro UCcCIeA0BaHUs IBIIIOCH H3yUeHHE Mpollecca KUCIOTHOTO BhIIIEIauMBaHUsl BaHATUS U
JPYTUX IICHHBIX KOMIIOHEHTOB M3 YEpHBIX ciaHieB boimbimoro Kapartay PecnyOmuku Kasaxcran. Copnepikanue
OCHOBHBIX KOMIOHeHTOB B pyae 0,8% V.0s, 67,7% SiO,, 3,1% AlOs;, 0,3% Mo, 0,2% U0z u 0,05%
PEIKO3EMENBHBIX METALIOB. [IJ1s1 MPOBEACHUS JaHHOTO Ipoliecca OBUIO UCIIOIF30BaHO HU3KOTEMIICPATYPHOE CIICKaHUE
U BBINICNIAYMBAHIE JAHHOTO BHJA CHIPHS IS TIOCJICAYIONIETO U3BJICUCHHS BaHAIUs, YPaHa, MOJIMOICHa U KOHIICHTPATOB
PEeIKO3eMENBHBIX MeTaioB. KpoMe TOro OBLTO YCTAHOBICHO, YTO C YBEIMYCHUEM COACPIKaHUS KOHIICHTPAIIMH CEPHOM
KuCIHOTHl 10 40 T/, CTeleHb BHINENAYMBAaHUSA ypaHa, BaHAIWs, MOJMHOICHA W peaKo3eMelbHBIX MeTawioB (P3M)
3aMeTHO yBenmuuBaercs. CTereHb U3BIeYCHUS BaHatus coctaBisier 81,7 %; ypana-93,3%; monmubaena — 82,2% u P3M
— 78,3%. Takxe ObUIO ONpPENETCHO ONTUMATIBHOE BPEMS BBIIIECIAYMBAHMUS, KOTOPOE COCTABIISICT 2 Yaca U XUMUICCKUH
COCTaB KEKOB I10CJIE BhIIIEIauBaHU.

KiioueBble cj10Ba: YepHBIA ClaHEI, PEAKHUE W PEeIKO3eMeNbHbIe METallbl, BBINIEIAdMBaHIE, HU3KOTEMIIEPATypPHOE
CIICKaHUE.
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