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KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexHUKarbIK FbliibiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bi 6indipedi.

HAH PK coobuwaem, 4mo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu U mexHu4eckux
Hayk» 6bin npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOmMpeHUs: KoMmrnaHuel
Clarivate Analytics Ons OanbHelweao npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCmMpupyem Hawy rnpueepXxeHHoCcMb K Hauboriee akmyarnbHOMY U 8/IUSIMEsIbHOMY KOHMeHmy
10 2e0/102UU U MeXHU4YeCKUM Haykam Oris Hauleeo coobwecmsa.
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FORMATION OF ULTRADISPERSED COPPER POWDER
IN THE CATHODIC SPACE

Abstract. The cathodic reduction of copper ions (II) with the formation of copper powders in sulphate solution
over tetravalent titanium ions was studied.

It is shown that in copper sulphate (II) solution containing tetravalent titanium ions, the latter on the cathode in
combination with copper ions (II) is reduced to form trivalent titanium. The titanium ions (IIT) formed in the cathode
space immediately interact with copper (II) ions to form copper powders. Since this chemical reaction does not
proceed on the cathode surface, there is no the further growth of the powder particles, and the reduced copper is
formed as a dispersed powder. The ions of tetravalent titanium formed due to the chemical reaction are rereduced to
the trivalent on the cathode and participate in the next act of the dispersed powder formation. Thus, in this process,
the ions of tetravalent titanium act as a catalyst.

Thus, that part of the current, which in the known classical methods of the powder formation is completely
consumed for hydrogen evolution, in this case when introducing the titanium (IV) ions into the solution, is consumed
for its reduction and, in fact, for the formation of dispersed copper powder and, consequently the current yield is
increased by 15-18%. The electron-microscopic method is used to determine the shape and size of the particles of the
copper powders formed. It was found that in the absence of titanium (IV) ions in the electrolyte, the powders with
sizes of 10-80 pm are formed in the electrolysis, and in the presence of titanium (IV), mainly 0.16-0.55 pum.

Key words: copper, titanium ions, powder, potential, anode, cathode, electrolyte, reduction, electrolysis.

In recent years, among the areas of metallurgy of nonferrous and precious metals, which are most
rapidly developed and have a great prospect, powder metallurgy takes pride of place. Compared with the
known methods of manufacturing complex shapes of metal parts, the method of powder metallurgy has a
number of advantages. Firstly, this is almost complete non-waste technology, and secondly, the possibility
of manufacturing various parts of the most complicated structures.

The growth in the production of metal powders is due to the fact that powder metallurgy allows
creating fundamentally new materials with the specified composition, structure and properties.

At the present time, non-ferrous and precious metal powders are mainly produced by an elec-
trochemical method, which makes it easy to regulate the process and produce a powder with various
valuable properties [1-12].

Like for any technology, the determinant in powder metallurgy is the production of source raw
materials, in this case it is the metal powder. In powder metallurgy, this technology segment determines
not only the profitability of the entire production, but also significantly influences the structure and
properties of the powders, and as a consequence, the scope of their application and the quality of the
products.

Fine-dispersed copper powders have a number of properties, due to which they find application in
many branches of engineering and industry. The high surface area of the powders, the branched dendritic
shape of the particles, the oxidation stability, the electrical conductivity cause their use in the manufacture
of various parts for electrical and engineering purposes, as well as in hydrometallurgy for the cementation
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of rare and precious metals in the manufacture of lubricants. The spherical shape of copper powders is
currently required in very large quantities in the development of 3D technologies.

Metal powders are produced by mechanical (cutting, grinding, sputtering of liquid metal) and
physical-chemical (cementation, thermal decomposition of salts, autoclaving, electrodeposition) methods.
Copper powders are mainly produced by electrochemical deposition [1, 2].

Mechanism of the copper powder formation process. Electrodeposition of metal powders is
known to proceed at a current density higher than limiting one, with a sharp decrease in the concentration
of discharging ions in the cathodic layer. Consequently, under these conditions, when the potential is
shifted to the negative side, the discharge of hydrogen ions is the inevitable concomitant process and a part
of the current is expended on this useless process. As a result, the current yield of copper powder is
slightly below 100%, and in practice up to 30% of the current is expended on hydrogen evolution [1].
Thus, in the electrodeposition of a copper powder, two processes proceed on the cathode:

Cu?*t +2e~ - Cu® (1)
2H* +2e” > H, )

In the sulfate solution of copper (II), the chemical reaction of reproportioning may also proceed on
the anode:

Cu® + Cu?* - 2Cu* 3)

The consequence of reaction behavior (2) and (3) is imbalance of the cathode (below 100%) and
anode (100-101%) processes, i.e. in the electrolyte there is a constant accumulation of copper ions [1, 3]
and depletion of sulfuric acid. Within a day, as practice shows [2], the copper content in the electrolyte
gradually increases. For extraction of excess copper, part of the electrolyte is sent to electrolysis in baths
with insoluble lead anodes [1, 2], which is related to additional energy expenditures.

At first glance, it is practically and theoretically impossible to solve the problem of increasing the
current yield of a copper powder in a fundamental way. We have shown for the first time [15] that
intensification of the process of production of copper powder may be achieved by introducing titanium
(IV) ions into the electrolyte.

In addition, it is known from the literature data [1, 2, 7] that metal powders are formed at high catho-
de current densities, i.e. when the limiting current density is reached, and newly formed copper crystals
have time to grow, resulting in the formation of relatively large particles of metal powders . In this regard,
it is believed that the production of ultradispersed nanosized metal powders directly on the cathode is
practically impossible.

We have shown for the first time the principal possibility of producing ultradispersed and nanosized
powders, i.e. fundamentally new methods for production of metal powder have been developed.

An increase in the current yield of copper powder, in our opinion, may be achieved by combining two
processes: the direct discharge of copper ions by reaction (I) and the oxidation-reduction reaction (4):

2Ti3% + Cu?t - 2Ti* + Cu® 4)

The tetravalent titanium is introduced directly into the electrolyte and then, in addition to the
reactions (1) and (2), the cathode undergoes its reduction.

2Ti% + 2~ - 2Ti3+ (5)

The ions Ti3* formed in the near-electrode space interact with copper (II) by reaction (4), due to
proceed of which an additional amount of finely dispersed copper powder is formed and the current yield
increases as a whole. The titanium (IV) ions are regenerated simultaneously, i.e. in this process, titanium
(IV) acts as a catalyst.

The cathode reduction of copper (II) in the presence of Ti(IV) ions proceeds in several stages, and the
process is carried out according to the following scheme (figure 1):

On the electrode surface and in the cathodic space, the following processes proceed:

1) diffusion of copper (II) ions to the cathode surface and its reduction;

2) diffusion of titanium (IV) ions to the cathode surface;
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3) discharge of titanium (IV) ions, i.e. reduction to trivalent state;

4) diffusion of titanium (III) ions from the cathode surface;

5) oxidation-reduction reaction, i.e. interaction of the Ti (III) charge carrier formed on the surface of
the cathode with copper (II) ions. These stages are further repeated cyclically.

‘ -)

L4
Py ¥ R .
4 I

3+ 2+ | a4+
“SOTE 4 Cu— ) Cu’+ 2Ti

Figure 1 — Scheme of the formation of ultradispersed powders
in the cathodic space in copper sulphate (II) solution in the presence of tetravalent titanium ions

Thus, that part of the current, which in the classical method of production of copper powder is
consumed for hydrogen evolution, when titanium (IV) is introduced into the solution, is consumed for its
reduction and, in fact, for the formation of a copper powder.

Experimental technique. Electrolytic production of copper powder was carried out in a cell with a
capacity of 150 ml. The cathodes and anodes were made of electrolytic copper. Titanium (IV) was
introduced as titanium sulfate. The formed copper powder was washed with water, stabilized with a soap
solution to prevent oxidation, then dried and weighed. The shape and size of the powders were determined
on a JEOL JSM-6610LYV electron microscope.

Experimental procedure. The influence of the concentration of titanium (IV), copper (II), sulfuric
acid and current density on the current yield (CY) of copper powder was studied.

The obtained experimental data confirmed the efficiency of the proposed process. When adding
titanium (IV) ions, the current yield of copper powder increases by 15-18% depending on the current
density, and at a titanium ion concentration higher than 4 g/ the current yield of copper powder practically
does not change, i.e. dependence tends to saturation. In our opinion, this indicates the catalytic effect of
titanium (IV) ions. Indeed, as seen from Figure 1, during the process, titanium (IV) is continuously
regenerated, therefore, at its certain concentration, the conditions occur when the diffusion rate is no
longer determined by the total concentration of titanium in the electrolyte, as regeneration of titanium (I'V)
ions completely ensures the maximum possible necessary concentration of trivalent titanium ions in the
cathodic layer.

Interesting data were obtained when studying the influence of current density. In the presence of
titanium (IV), with increasing current density, the current yield of copper powder decreases, as was to be
expected, but its value is much higher than in the absence of titanium (IV). For example, at a current
density of 5000 A/m” and in the absence of titanium ions, the current yield of the copper powder is 53.2%,
and in the presence of titanium ions it is 83.4%. Consequently, the speed of the process may be dra-
matically increased without reducing the current output.

Laboratory experiments served as the basis for testing this method on a large-scale laboratory
installation. These experiments were carried out in an electrolytic bath with a capacity of 1.0 liters. Model
electrolyte was undergone to electrolysis. The experiments were carried out at a cathodic current density
of 3000 A/m?, with a circulation rate of 0.5 I/h. The results are shown in figure 2. As seen, in the presence
of titanium (IV) ions, the current yield of the copper powder increases on average by ~16%, and the mass
of the produced powder increases by 5.9 g.

Thus, the results obtained make it possible to conclude that the proposed method for producing finely
dispersed copper powder is distinguished by high efficiency and simplicity. The latter circumstance is due
to the fact that the electrolytic production of copper powder may be carried out in operating electrolysis
baths, and special preparation of production is not required.
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AM.g current yield , %
304 2 - 90
28 - 84 Figure 2 —
Influence of the concentration of titanium (IV) ions
264 | 78 on the current yield and on the amount of powders formed
when performing large-scale laboratory tests:
(the composition of the electrolyte Cu (II) is 12.0 g/l,
24 1 - 72 Ti (IV) is 4 g/l, the cathodic current density is 3000 A/m?,
the circulation rate is 0.5 I/h, the temperature is 25°C,
22 L 36 the duration — 3 hours)
EU T T T T T ﬁﬂ
0 1 2 3 4T (n} . gﬂ

We have studied the shape and sizes of the particles of copper powders produced under various
conditions of electrolysis by electron-microscopic method. As seen from figure 3, the copper powders
produced in the presence of titanium (IV) ions and in their absence differ sharply. Powders produced in
the absence of titanium (IV) ions have an elongated dendritic appearance with different outlines and
particle sizes within 10-80 pum (figure 3a), and in the presence of titanium (IV), ultradispersed powder are
formed. There is a small amount of dendritic particles with a size of about 3 um and mainly powders of a
spherical shape with particle sizes within 0.16-0.55 pm are formed (figure 3b).

SEl  20kV El
Sample Sample

SEl  20kV WD11mm S820 SEl  20kV WD11imm SS20 x25,000 B ——
Sample Sample 11 Jun 2018

Figure 3 — Microphotographs of copper powder:
a - produced in the absence of titanium (IV) ions; b - produced in the presence of titanium (IV) ions
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It should be noted that since the reaction of copper powder formation according to reaction (3)
proceeds not on the surface of the cathode, but in the cathodic space, there is no the further growth of the
particles. In this regard, the reduced copper (II) ions are mainly formed as an ultradispersed powder.

Conclusions. Due to the fact that part of the current, which in previously known methods for pro-
duction of the powder is consumed for hydrogen evolution, when introducing the titanium (IV) ions into
the solution, is consumed for its reduction and, in fact, for the formation of ultradispersed copper powder,
the current yield is increased, because the rate of discharge of hydrogen ions decreases and the dispersion
increases.

In conclusion, we would like to note once again that dispersed metal powders produced by elec-
trochemical methods have become indispensable raw materials in various industries. For example,
nanosized copper powders are used as catalysts in organic synthesis reactions, as a cement agent when
extracting precious metals from waste solutions, for the production of porous bronze-backed bearing, etc.
In recent years, nanosized spherical shapes of metal powders have been widely used in the creation of 3D
technology.

It should be noted that in hydrometallurgical processes of gold and silver production a relatively
large amount of precious metals is lost with industrial and waste waters. According to the existing
technology, precious metal ions from aqueous solutions are extracted mainly by cementation by iron
turnings. In this case, most of the cement agent in the form of iron is consumed in an undesirable process -
the reduction of hydrogen ions, as well as the emission of a very toxic gas - arsine (since arsenic is present
in solutions formed in the processing of gold-bearing solutions), i.e. there is a mortal danger for operating
personnel.

Another industry that uses dispersed metal powders is the production of lubricants [16]. For example,
it was very simple and convenient for steel surfaces to use lubricants containing finely dispersed copper
powder allowing to eliminate wear. The discovery of the wearproof effect is of particular importance due
to economic efficiency. Thus, increasing the wear-resistance of machines only by 2-3 times brings the
national economy 5-6 billion rubles in savings per year [16]. When using ultradispersed copper powders,
the wear-resistance of the parts may be increased to an even greater degree. It is shown that the use of
metal plaque (containing very fine copper particles) lubricants for the chassis units of only one car gives a
saving of up to 280 rubles per year (according to data of 1988).

In view of the aforesaid, the development of methods for producing ultradispersed copper powder
and its application for the extraction of precious metal ions completely eliminates the irretrievable loss of
precious metals with industry waters. In addition, the use of metal powders as a wearproof lubricant is an
urgent task and has both practical and theoretical significance.

Currently in the CIS there is only one shop for the production of copper powder, which is located in
Verkhnyaya Pyshma, Sverdlovsk Oblast (Russia), where about 10-15 thousand tons of this product are
produced per year. The average size of copper powder particle is 50-70 um. Unfortunately, copper pow-
ders with these particle sizes do not meet all the requirements currently imposed on them.

The novelty of the method for producing ultradispersed copper powder is patented [15]. At the
present time, we are studying the process of formation of copper powder in the cathodic space [17], as
well as in the interelectrode space [18].
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KATOJ AYMATBIHJIA YJIBTPAJIUCIIEPCTI MbBIC
YHTAKTAPBIHBIH TY3LIYI

AnHotanus. KypampiHaa TepT BaJCHTTI TUTAH HOHIAPHI HOHAAPHI 0ap KYKIPT KBIIKBUIBI €PITIHAICIHIE, MBIC
(IT) noHAAPBIHBIH MBIC YHTAKTapbIH TY3€ TOTHIKCHI3AaHYbI 3€PTTE .

KykipT kpiukpbuiasl Meic (1) epitinaicinne TOpT BaJIeHTTI TUTAaH MOHAAPHI OOJIFaH JKaFaiaa, KeiiHrT HOH MbIC
(II) monnapeiMen Oipre KaToATa YII BaJEHTTI TUTaH MOHIApbIHA JCHIH TOTHIKCHI3JaHATBIHBI KepceTinai. Tys3iiren
tutan (III) nonmapsr katomaymarsinna GipaeHn Mbic (II) MoHIapeIMeH opekeTTecin MbIC YHTaKTapbl Ty3uteai. byn
XUMHSITBIK PEAKIUSHBIH JKYPYyl Katoa OeTiHAe eMec OOJFaHIBIKTaH, TY3UITeH MBIC OOMIIEKTepiHIH apbl Kapai ecyi
iCKe acraiipl, coll ceOenTi eTe IUCIEPCTI MBIC YHTAaKTaphbl Ty3uleAl. XUMHSAJIBIK PEakls HOTHXKECIHIE TY3UIreH
TOPT BAJICHTTI THUTAaH HWOHAAPHl KaliTajaH YOI BaJeHTTI KyiHre HeHiH TOTHIKCHI3NAHBIN, Kaitaman wmbic (1)
HOHJAPBIMEH dCepIIecill TUCTIEPCTI MBIC YHTAKTapHl Ty3iteni. Jlemek, Oy xargaiaa TOPT BAICHTTI TUTaH HOHIAPEI
KaTaau3aTop PeTiH aTKapaibl.

KopbiTa aiiTKaH#a, MBIC YHTAFbIH OCNTiNi KIACCHKAJIBIK OIICTEpPMEH ajFaH Ke3/e 3JIeKTP TOFBIHBIH CYTEriHiH
OemninyiHe kereTiH OeJiri, 0i3 ycbiHFan djicre, TuTaH (IV) HOHIAPBIH ANEKTPONUTKE KOCKAH Ke3/ie, KeHiHIT HOHHBIH
TOTBIKCBI3/ITAHYBIHA KOHE HAKTHI aiTap 0O0JICaK AMCIEPCTI MBIC YHTAKTAPhIHBIH TY3iTyiHe )kyMmcanaabl. Hotmkecinme
MBIC YHTAKTapbIHbIH TY311yiHIH TOK OOWbIHIIA HIBIFBIMBL 15-18 %-Fa eceni.

Ty3UIreH MbIc YHTaKTapbl OOJIIICKTEPIiHIH OJIIIeMi MEH MillliHI 3JIeKTPOHIBI-MUKPOCKOI 9JTiCi apKbLUIbI aHBIK-
TaJABl. DNEKTPOIIN3/i XKYPrizy O0apbicbiHIa snekTponuTre TuTal (IV) HoHmaps! koK ke3ze OeleKTepiHiH emeMi
10-80 mMkM Oonran yHTakrap, an tutaH (IV) nmonmapel 6ap kezne — emmemi 0,16-0,55 MxkM OonraH yHTaKrap
TY3UICTIH/IrT aHBIKTAJJIBL.

Tyiiin ce3mep: MbIC, TUTaH WOHIAPHI, YHTAK, ITOTCHLHAN, aHOX, KAaTOJ, DJICKTPOJHT, TOTHIKCHI3JAHY, JJIEK-
TPOJIH3.
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D®OPMUPOBAHUME YJbTPAJUCIIEPCHOI'O MEJJTHOT'O ITIOPOIIIKA
B IPUKATOJHOM INPOCTPAHCTBE

Annoranusi. Mccnenosano katopHoe BocctaHosiaeHue noHoB menu (1) ¢ oOpa3soBaHMeM HOpPOLIKOB MEAH B
CEpHOKHUCIIOM pacTBOPE B IIPHCYTCTBHU HOHOB YETHIPEXBAJIEHTHOTO THTAHA.

[Tokazano, 4uro B cepHokuciaoM pactBope Menu (II), comepxameM HOHBI YETHIPEXBAJEHTHOTO THUTAHa,
NOCIIeTHUIT Ha KaTole coBMecTHO ¢ moHamu Menu (1) BoccraHaBimiBaeTcsi ¢ 00pa3oBaHHEM TPEXBAJCHTHOTO THTAHA.
OO6pasyromuecs B IPUKATOAHOM IpocTpaHcTBe HOHBI THTaHA (II1) cpa3y xe B3ammopelicTBytoT ¢ moHamu Menu (1I) ¢
00pa3oBaHHEM MEIHBIX MOPOIIKOB. Tak Kak 3Ta XMMHUYECKas Peakuus MPOTEKaeT He Ha HMOBEPXHOCTH KaTOAa,
JaJbHEUIINH POCT YaCTHI MOPOLIKa He IPOMCXOIUT M IPH ITOM BOCCTAHOBJIEHHAs Medb (OPMHUPYETCS B BHUIE
JHcIepcHoro mnopoika. OGpa3oBaHHBIE 32 CHET XMMHYECKOH PEaKIHH HOHBI YETHIPEXBAJEHTHOTO THTaHA BHOBb
BOCCTaHABJIMBAIOTCA 10 TPEXBAIECHTHOTO Ha KAaTOJE M yYaCTBYIOT B CIIEIYIOIIEM akTe oOpa3oBaHUS IUCIEPCHOTO
nopomka. TakuM 00pa3oM, B JaHHOM IIPOLECCE HOHBI YETHIPEXBAJEHTHOIO THUTAHA BBICTYIIAIOT B KadecTBE
KaTalnu3aTopa.

Takum 00pa3om, Ta 4acTh TOKa, KOTOpas B M3BECTHBIX KIJIACCHYECKHX CIOCO0ax IOIy4eHHs IOpPOIIKa ITOJ-
HOCTBIO PacxoJyeTcsi Ha BBIIEJIICHHE BOJOPOIaA, B JAaHHOM Cilyyae IpH BBeaeHMH HoHOB THTaHa (IV) B pactBop,
pacxojyercsi Ha ero BOCCTaHOBJIEHHE U (haKTHYECKH Ha 00pa3oBaHME JUCHEPCHOTO MEIHOTO MOPOIIKA U, KaK Ciel-
CTBHE TOBBIIIACTCS W BBIXOA MO TOKY Ha 15-18 %. D1eKTpOHHO-MHKpPOCKONMYECKIM METOIOM ONpeeseHs! popma n
pa3Mep JacTHIl 00pa30BaBIIMXCS MOPOLIKOB MeIU. BEISBICHO, UTO B OTCYTCTBUH B JIEKTPOJIMTE HOHOB THTaHa (IV)
IpH AIIEKTpos3e (HOpMUPYIOTCS MOpOomKH ¢ pazmepamu 10-80 mxwM, a B mpucyrcTBum TuTaHa (IV) B ocHOBHOM —
0,16-0,55 MKM.

KinroueBble cjioBa: Menb, MOHBI THTaHA, MOPOIIOK, IOTEHIMAN, aHOJ, KaTOM, SJIEKTPOJIHUT, BOCCTAHOBIICHHUE,
3IEKTPOIIH3.
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