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Effectiveness of secondary copper electrolytic refining
slime decopperization
S.0. Vydysh, E.V. Bogatyreva

National University of Science and Technology “MISIS”
4 Bld. 1 Leninsky Prosp., Moscow 119049, Russia

P4 Elena V. Bogatyreva (Helen Bogatureva@mail.ru)

Abstract: The relevance of replacing the slime—H,SO4—H,O system used for processing slimes from secondary copper electrolytic refining
(SCER) with a slime—NHj3-H,0—(NH,4),SO4—H,0 system has been substantiated. Comprehensive studies of the characteristics of SCER
slime samples were conducted. It was found that about 90 % of the copper is distributed between the Cu,O phase and other phases, with a total
copper content of 55.12 %. A new phase, Cu,y(OH)¢SOy,, corresponding to the mineral brochantite, was discovered, with a content in the slime
of 6.40 %. Silver, with a concentration of 2.43 % in the slime, is present in metallic form at 69.1 %, with the remainder in the form of AgCl.
The contents of associated components PbSO,, BaSO,, and SnO, are 13.52 %, 9.33 %, and 4.73 %, respectively. To substantiate the feasibility
of low-temperature hydrometallurgical opening of the slime components and the conditions necessary for its implementation, determined
by the specific qualitative and quantitative compositions of the slime, a thermodynamic analysis of the slime—NH3-H,0—(NH,),SO4—H,0
system was performed. This analysis allowed for the discovery and mathematical description of the dependencies of copper leaching indica-
tors on the composition of the ammonia-ammonium mixture (ammonia buffer). A nomogram for the theoretical calculation of the minimum
excess NH_:,-H2O/NH4+ over the stoichiometrically necessary amount required for the complete formation of the copper ammine complex
was constructed according to the equilibrium ammonia-ammonium solution's pH and copper concentration. Thermodynamic calculations
determined the optimal composition and consumption of ammonia-ammonium solutions, as well as the characteristics of the leach pulp, such
as the concentration of [Cu(NH3)4]2+ and the redox potential. Technological studies demonstrated the possibility of effective and selective
extraction of copper from SCER slimes at a rate of no less than 99 % in the slime—NH;-H,0—(NH,),SO,—H,O system, which was confirmed
experimentally. Studies of the kinetics of copper leaching from slime in the slime—NHj3-H,0—(NH,),SO4—H,0 system were conducted.
The activation energy of the ammonia-ammonium copper leaching process from SCER slime (£, = 5+0.25 kJ/mol) was determined within
the temperature range from 15 to 45 °C at a total buffer system concentration [NH;-H,O0] + [NH4+] of 1 and 2 mol/L, as well as the order of
reaction at a temperature of 24+1 °C, which is 0.244+0.02 and 0.91+0.05 for [NH;-H,0] + [NH4+] concentrations above 1.5 mol/L and below
1.5 mol/L, respectively. A change in the kinetic mode of leaching with the limitation of the reaction rate by adsorption of reagents on the surface
of solid particles to diffusion was detected when the total buffer system concentration [NH3-H,O] + [N H4+] was reduced below 1.5 mol/L. The
equation for the formal kinetics of the investigated process in the slime—NH;-H,0—(NH,4),SO4—H,O0 system was determined.

Keywords: copper, silver, secondary copper, slime, phase composition, thermodynamic analysis, leaching, kinetics, kinetic models, leaching
rate, buffer systems, resource conservation.

For citation: Vydysh S.O., Bogatyreva E.V. Effectiveness of secondary copper electrolytic refining slime decopperization. Izvestiya. Non-Ferrous
Metallurgy. 2024;30(3):5—24. https://doi.org/10.17073/0021-3438-2024-3-5-24

D PheKTUBHOCTD 00€3MeKUBAHNS HIJIAMOB
3JEeKTPOJUTHYECKOro pacdMHMpPOBaHNA BTOPUYHOM Meau

C.O. Boiapim, E.B. BorarsipeBa

HamuonanbHblii HcciienoBaTeNbCKHil TexHoJorudeckmii yausepcuretr « MUCHUC»
Poccus, 119049, r. MockBa, Jlenunckuii np-t, 4, cTp. 1

P4 Enena BnagumuposHa BorateipeBa (Helen Bogatureva@mail.ru)

Annotanmua: OG0CHOBaHa aKTyalIbHOCTb 3aMeHbl cuctemsl maamMm—H,SO,—H,0 n1st mepepaboTky NIaMOB 3JeKTPOJIUTHYECKOTO pacdu-
HUpoBaHUs BTopuyHoii mean (OPBM) cuctemoit mnam—NH;-H,O—(NHy),SO4—H,O. BbinojaHeHbl KOMIJIEKCHbBIE UCCIEA0BAHUS Xa-
paxkTepucTuk obpasua uutama OPBM. YeraHosieHo, uto okoso 90 % menn pacnpeneneno mexay dazamu Cu,O 1 mpounMu npu odLieMm

© 2024 S.0O. Vydysh, E.V. Bogatyreva
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conepxxanuu Cu 55,12 %. O6napyxeHna HoBast ¢aza Cuy(OH)gSO,4, cooTBeTCTBYIOLIASE MUHEpPaATy OPOIIAHTHUT, COlepPXaHK1e KOTOPOi B
nutame coctasisiet 6,40 %. Cepebpo rpu ero KoHieHTpanuu B nuiame 2,43 % Ha 69,1 % npucyTcTByeT B METAJJITUYECKOM COCTOSTHUM,
octaipHoe B coenrHeHnn AgCl. ConepxxaHue MonyTHbIX KomnoHeHToB PbSO,, BaSO, u SnO, cocrasasier 13,52, 9,33 u 4,73 % coort-
BeTCTBEHHO. JIJisi 060CHOBAaHMSI BO3MOXHOCTU HU3KOTEMIIEPATYPHOTO THAPOMETAITYPIrUIECKOrO BCKPBITUSI KOMIIOHEHTOB IIlJIaMa U
HEOOXOAMMBIX AJIS1 €r0 peainu3aly peXMMOB, OOYCIOBIEHHBIX OCOOEHHOCTSIMU Ka4YeCTBEHHOTO M KOJTUYECTBEHHOTO COCTABOB IllJIama,
BBITIOJIHEH TEPMOAMHAMUYECKUH aHaau3 cuctembl wnaMm—NH;-H,0—(NH,),S0,—H,0, nossonusinii o6HapyXuTh 1 MaTeEMaTUYECKU
omnucaTh 3aBUCUMOCTH MTOKa3aTelieil poliecca BhIIIeJaqYuBaHusI MEIU OT COCTaBa aMMHUAYHO-aMMOHUHOM cMecH (aMMUaaHOTO Oyde-
pa). [TocTpoeHa HOMOrpaMMa TEOPEeTUUYECKOTo pacueTa MUHUMaJIbHOIO N30bITKA NH3-H20/NH4+ OT CTEXMOMETPUUYECKU HEOOXOAMMOTO
KOJIMYECTBa, TPeOYeMOro [JIsI TOJTHOTO TPOTeKAHUS peaKIInU KOMIIEKCOOOpa30BaHMSI aMMUaKaTa MeIl B COOTBETCTBUY C BEIMIMHAMU
pH paBHOBecHOro aMMHauHO-aMMOHUIHOTO PACTBOPa U KOHLIEHTPALMU B HEM Mequ. TepMOIMHAMUYEeCKMMU pacueTaMy OMpeaesieHbl
ONTHMAJIbHBIN COCTAaB aMMHUAYHO-aMMOHUMIHBIX PACTBOPOB M UX PACXOM, a TAKXKE XapaKTePUCTUKU IYJIbIbI BbIIIEJAYNBAHUS: KOH-
LEHTpaLus [Cu(NH3)4]2+ M OKMCJIUTEIbHO-BOCCTAHOBUTEIbHBIM MOTEHIIMA. TeXHOJIOTMYECKHE pacueThl MOKa3aanu BO3MOXHOCTb -
(heKTUBHOrO U CeNIeKTUBHOIO U3BJIeYeHU sl Meau U3 1aamMoB DPBM He menee uem 99 % B cucreme miaamMm—NH;-H,0—(NH,),S0,—H,0,
YTO MOATBEPXKIEHO 3KCIepUMeHTalbHO. [IpoBefeHbl MCCIEeOBAHUS KUHETUKHU BBIIEIAYNBAHUS MEIM U3 IIJaMa B CUCTEMeE
mnamMm—NH;-H,O0—(NHy),SO4—H,0. OnpeneneHa sHeprusl akTUBalUMM Ipoliecca aMMUAYHO-aMMOHUIHOTO BbILIEJauMBaHUS MeIn
u3 uutama OPBM (£, = 5+0,25 k/Ixx/Moib) B nHTEpBaje TeMnepatyp ot 15 1o 45 °C npu cyMMapHoi KOHLeHTpaluu 0ydepHoii cucre-
mbl [NH5-H,0] + [NH4+] 1 u 2 Monb/7, a TaKKe MOPSIOK MO peareHTy npu temnepartype 24+1 °C, pasubiii 0,24+0,02 u 0,91%0,05 nas
[NH5-H,O0] + [NH4+] 6osiee 1,5 Mosb/a 1 MeHee 1,5 MOJIb/J1 cOOTBETCTBEHHO. OOHapyXeHa CMeHa KMHETUYECKOTO pexXrumMa BblleIaum-
BaHWS C TMMUTHPOBAHUEM CKOPOCTH TIpoliecca aacopOineil peareHToB Ha MOBEPXHOCTU TBEPIbIX YacTUI HA TU(GDY3MOHHBII TTPU CHU-
KEHNU CyMMapHO# KoHUeHTpauuu 6ydepHoit cucremsl [NH3-H,O0] + [NH4+] Huxe 1,5 Mmoab/n. OnpeneseHo ypaBHeHue opMasibHOM
KUHETUKU MCCIIeJOBAHHOTO mpolecca B cucteme naMm—NH;3-H,O—(NH,),SO,—H,0.

KioueBbie c10Ba: Meb, cepeOpO, BTOPHYHAsI Me/lb, IILJ1aM, (ha30BbIi COCTaB, TEPMOAMHAMMYECKU T aHAIU3, BbIIIeJa4MBaHe, KUHETHKA,
KUHETUYECKHE MOJIEJIM, CKOPOCTD BhIIIeIauMBaHu s, Oy(hepHbIe CUCTEMBI, pecypcocOepekeHue.

Jng uutuposanus: Boiabiin C.O., BorarsipeBa E.B. D¢ dekTBHOCTD 06e3MeXMBaHUS LIJIaAMOB 3JEKTPOJIUTUUECKOrO pahMHUPOBAHU S
BTOPUYHOI Meau. Uzeecmus gy306. Lleemnas memannypeus. 2024;30(3):5—-24. https://doi.org/10.17073/0021-3438-2024-3-5-24

Introduction

The global economic recovery in the post-COVID
period led to a sharp increase in demand for refined
copper in 2023, amounting to 4.6 % compared to
2022, while the growth in primary copper production
was only 0.5 % [1]. The deficit in refined copper was
compensated by the inclusion of secondary copper
resources in processing, which, for the first time, in-
creased the share of secondary copper above 20% in
the production of refined copper [2; 3]. The depletion
of global copper ore reserves at the current level of
production is estimated to occur within the next 50—
100 years, but a deficit in refined copper production
may already reach more than 8 million tons in the next
decade [4; 5]. According to forecasts, by 2030, the pro-
duction of refined copper is expected to decrease by
10 % compared to 2025, while consumption is project-
ed to increase by 22 % [5].

By 2030, the development of new copper deposits
is planned, which could increase global copper pro-
duction by 1.7 to 3.3 million tons per year [5]. The
increased processing of secondary copper resources
could contribute not only to offsetting the global deficit
of refined copper but also to stabilizing copper prices
on the stock market.

The copper refining technology, both for prima-
ry and secondary raw materials, according to GOST
859-2014, consists of two stages—fire refining and
electrolytic refining [6]. During the process of electro-
lytic copper refining, anode slimes are formed, which

6

act as concentrators for rare and precious metals. The
composition of these slimes is determined by the elec-
trolysis parameters and the composition of the anode
copper, and it varies widely [7; 8], with mass percent-
ages as follows:

Cu.coeennne 1.00—53.40 Te.oooinnn 0.01—9.00
Ag .. 0.10—24.00 Pb............. 0.60—51.40
AU .o, 0.02—5.40 Sn...oenee 0.10—12.10
NI 0.10—21.00 Ni.ooenn 0.01—10.90

A distinctive feature of secondary copper electrolytic
refining slimes (SCER) is the increased content of tin
and nickel and the decreased content of selenium and
tellurium. The processing of SCER and primary copper
electrolysis slimes is similar, but lead and tin remain un-
extracted and end up in the production waste—slag from
the Dore alloy smelting [7—13]. In addition to the low
utilization of raw materials, Dore alloy smelting has the
following disadvantages [7; 14; 15]:

— high capital costs for pyrometallurgical process-
ing;

— high energy consumption;

— elevated concentrations of lead in the workplace
air, ranging from 0.5 to 3.0 mg/m3, which is 50 to
300 times higher than the maximum allowable concen-
trations (MAC) in the workplace air;

— significant generation of solid waste (slag output
ranges from 0.9 to 1.2 tons per ton of slime).
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In accordance with modern requirements for diver-
sified raw material utilization and the potential increase
in SCER slime volumes, the development of technology
for deeper processing of these slimes with the simulta-
neous extraction of lead and tin is a timely and relevant
task. Hydrometallurgical methods appear to be the most
promising solution for this challenge.

Hydrometallurgical technologies for processing ano-
de slimes have not yet found widespread application due
to the following drawbacks [7; 9; 11; 13; 14]:

— multi-stage processes;

— production of solutions with low precious metals
concentration and contaminated with impurities of base
metals;

— generation of significant volumes of waste solu-
tions that require disposal.

However, improvements in hydrometallurgical slime
processing, aimed at reducing or eliminating these
drawbacks, will simplify the management and control
of technological processes, which is particularly rele-
vant in the context of implementing the “Industry 4.0”
program. This program focuses on the digitalization of
technological processes to improve production efficien-
cy [16; 17].

Most technological schemes of modern enterpri-
ses for processing copper-electrolyte slimes begin with
decopperization—copper removal, which is carried out
under autoclave conditions in a sulfuric acid solution
with a concentration of 100 to 250 g/L at temperatures
ranging from 80 to 140 °C, pressure up to 0.7 MPa, a
liquid-to-solid ratio (L/S) of (5+10) : 1, and the supply
of oxygen as an oxidant for 8—16 hours [7—9; 11—15].
The use of sulfuric acid is justified by the feasibility of
returning Cu-containing solutions to the main cop-
per production process. During autoclave oxidative
leaching of copper-electrolyte slime, the destruction of
copper selenides and tellurides occurs effectively, con-
tributing to the increased extraction of copper into the
leach solution, reaching 99 %, as well as the dissolution
of nickel oxide, compared to atmospheric decopperiza-
tion of anode slime through aeration in a sulfuric acid
solution. However, given the low content of selenium
and tellurium in SCER slime, the use of capital-inten-
sive autoclave leaching is irrational, while atmospheric
decopperization of anode slime through aeration in a
sulfuric acid solution has low specific productivity in
terms of decopperized slime (up to 67.5 kg/m3 per ope-
ration) [7].

Intensification of the sulfuric acid leaching process
of copper from slime can be facilitated by using hydro-
gen peroxide as an oxidizer instead of oxygen [18]. The
rate of copper dissolution during atmospheric leach-

ing in a solution of 200 g/L H,SO, and 12.5 g/L H,0,
is 7,4:1078 g-ion/(cm?s), which is 76.6 % lower than
during autoclave treatment — 2,8-10~7 g-ion/(cm?-s).
However, the use of hydrogen peroxide as an oxidizer
may lead to silver losses in the leach solution due to
its oxidation. Additionally, sulfuric acid methods for
SCER slime decopperization have the following draw-
backs:

— the necessity of using corrosion-resistant equip-
ment;

— difficulty in filtering sulfuric acid pulps con-
taining tin and barium, due to the possible formation
of metastannic acid H,SnO; or recrystallization of
BaSO,.

These drawbacks can be mitigated by transitioning
from the slime—H,S0O,—H,0,—H,0 system to the less
aggressive and neutral to tin dioxide system of slime—
NH;-H,0—(NH,),S0,—H,0—0,, where oxygen
from the air can be used as the oxidizer [19]. The appli-
cation of ammonia-ammonium (AA) leaching for cop-
per-bearing mono- and polymetallic raw materials has
been studied in works [19—29]. It is known that the oxi-
dative dissolution of copper proceeds stepwise through
the following reactions [28; 30]

Cu + 2NH; + 0.250, + 0.5H,0 =
= [Cu(NH;),]" + OH—, (1)

[Cu(NH;),]" + 2NH; + 0.250, + 0.5H,0 =
= [Cu(NH3),J** + OH, )

[Cu(NH;3),** + Cu = 2[Cu(NH,),|*. ©)

In the initial stage, the process follows the electro-
chemical mechanism according to reactions (1) and (2),
but as the concentration of [Cu(NH3)4]2+ ions increases,
an autocatalytic mechanism of copper dissolution ac-
cording to reaction (3) is initiated, which enhances the
dissolution rate [20—25; 30]. In raw materials with high
contents of oxidized Cu-bearing components, copper
leaching may initially proceed via the autocatalytic
mechanism. In the absence of copper sulfides and chal-
cogenides, the use of autoclave leaching with oxygen
supply is irrational, as it may lead to silver losses with the
ammonia-ammonium solution [27]. Nickel also tends
to form ammoniacal complex compounds, allowing
its co-extraction with copper into the solution [29; 31].
However, depending on the concentration ratios of am-
monia and copper, the forms of the resulting complexes
and their proportion in the solution may vary (Fig. 1)
[30], which can influence the AA-leaching process of
copper from SCER slime.
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The evaluation of the thermodynamic and kinetic
characteristics of metallurgical and chemical-metal-
lurgical processes not only supports the justification
of their operating modes but also provides the oppor-
tunity for mathematical modeling to develop an au-
tomatic control scheme [30]. The study of leaching
kinetics is necessary to determine the mechanism
of the process, the rate-limiting stage, to justify the
technological modes of the process, to identify direc-
tions for its intensification, and for management and
automation [32].

The aim of this work is to improve the efficiency,
resource, and energy conservation of SCER slime de-
copperization in the process of low-temperature ammo-
nia-ammonium leaching.

Objectives of the work:

— To determine the characteristics of the research
object—SCER slime;

— To conduct a thermodynamic analysis of the
SCER slime decopperization process in the slime—
NH;-H,0—(NH,;),S04,—H,0—0, system to assess the
composition and consumption of the AA-leach solution,
ensuring copper extraction into the solution of no less
than 99 %;

— To test the developed decopperization modes on
the research object;

Proportion [Cu(NH3)n]2+, %

100

0 T T T

0.5 0 0.5 1.0 1.5 2.0

lg(CNH3 /Cey)

Fig. 1. Dependence of the proportion of various copper cations
in an ammonia-ammonium solution on the molar ratio of
ammonia to copper in the solution at C,, = 0.01 mol/L [30]
1—Cu?*; 2— [Cu(NH;)]**; 3 — [Cu(NH;),]*"; 4 — [Cu(NH;)3]*";
5— [Cu(NH;),|*"; 6 — [Cu(NH;)5]*"

Puc. 1. 3aBUCUMOCTb JOJIU pa3TUIHBIX KATUOHOB MEIN

B aMMHUAaYHO-aMMOHHUITHOM pacTBOPE OT MOJIBHOTO
COOTHOILICHUSI aMMKaKa 1 MEIHU B PACTBOPE

npu C¢,, = 0,01 mosb/n [30]

1— Cu?*; 2— [Cu(NH;)]?"; 3 — [Cu(NH3),]*"; 4 — [Cu(NH;);1*";
5— [Cu(NH;),|*"; 6 — [Cu(NH;)5]*"

8

— To determine the activation energy and order of
reaction for the ammonia buffer [NH5-H,O0] + [NH4+] in
the AA-leaching process of SCER slime, leading to the
derivation of the formal kinetics equation.

1. Characteristics and methods
of research on slime from
secondary copper electrolytic refining

Analyses of the composition of SCER slime and the
processing products were conducted using modern re-
search methods and equipment, such as:

transmission electron microscopy using the S-3400N
scanning electron microscope (SEM) by Hitachi
High-Technologies Corporation (Japan), equipped with
a NORAN X-ray energy-dispersive spectrometer;

— X-ray fluorescence analysis on the ARIL9900
WorkStation (“Thermo Fisher Scientific”, Switzerland);

— granulometric analysis on the MicroSizer-201 la-
ser particle size analyzer;

— density assessment of the research object using
the AccuPyc 1340 helium pycnometer (Micromeritics,
USA);

— determination of copper content in the leach solu-
tion and residue by iodometric titration with sodium
thiosulfate;

— determination of silver content by gravimetric
analysis (precipitation of silver iodide from solution)
[33; 34].

The results of the chemical and phase analyses of the
secondary copper electrolytic refining slime are present-
ed below, wt.%:

CU et 55.12
A o 2.43
Ph.oei 9.24
STt 3.72
Bl 5.45
SO ettt 1.21
Others ...ooviiviiiiiiiiicccc e 22.83
CUO e 26.3
PBSOy e 13.5
BaSO oot 9.3
CUg(OH)SO, oo 6.4
SNO ittt 4.8
CU ettt 2.0
Total crystalline phases .......ccceeeeeeeeeeieeeeeeeeeeeeeennn. 62.3

* Corresponding to brochantite.
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It is evident that the “others” category in the research
object amounts to 22.83 %, of which more than 72 %
consists of oxygen and sulfur. The total amount of crys-
talline phases in the slime corresponds to 62.3 %, with
the remaining 37.7 % represented by X-ray amorphous
phases. This underscores the importance of calculating
the rational composition of the slime (Table 1).

Information about the presence of the Cuy(OH)¢SO,
phase, corresponding to the mineral brochantite, in
copper-electrolyte slimes is absent in the available liter-
ature [7—15]. Copper, which constitutes 55.12 % of the
slime, is distributed among the Cu,0, Cuy(OH)4SOy,,
metallic copper, and other phases at 42.4 %, 6.5 %,
3.6 %, and 47.5 %, respectively. The high copper con-
tent in the “others” category is associated with uni-
dentified reflections in the X-ray phase analysis. Silver
is concentrated in two phases: metallic silver, which
contains 69.1 % of the total silver content, and silver
chloride.

It can be seen from Table 2 that SCER slime is a fine-
grained material, with over 80 % of the particles being
smaller than 48.2 um. The specific surface area of the
particles in the research object was 115.14 dm2/g, and the
density of the slime was 5260 kg/m3.

Fig. 2 presents a micrograph of SCER slime obtained
by SEM and analyzed at points using energy-dispersive
X-ray spectroscopy. Copper (I) oxide is represented by
spheroidal particles, lead sulfate by dendritic particles,
and tin oxide by acicular particles.

The following reagents were used in the study: aque-
ous ammonia, ammonium sulfate, ammonium bicarbo-
nate, sodium thiosulfate pentahydrate, and potassium
iodide (all of analytical grade).

Leaching of the slime (Method I) was carried out at a
molar ratio of ©@ = [NH3-H,0] : [(NH4),SO,4] = 4 mol/mol
and with a minimal excess of NH;-H,O/NH," over the
stoichiometrically necessary quantity (SNQ) for reac-
tion (31) (see below) of y = 20 %, which, based on the
results of thermodynamic analysis, in the AA-solution
in the slime—NHj;-H,0—(NH,4),SO4,—H,0—0, sys-
tem, are preferable for achieving the goal of resource and
energy conservation. Air was used as the oxidizer, with
a flow rate of 190 + 2 L/h. The solution, at a liquid-to-
solid ratio (L/S) of 12 : 1, without heating (= 24°C), was
mixed with a sample of the research material with a total
mass of 80 g. The process continued until the redox po-
tential (ORP) of the pulp reached +260 = 10 mV relative
to the standard hydrogen electrode (52 = 10 mV relative

Table 1. Rational composition of secondary copper electrolytic refining slime

Tabauua 1. PauoHanbHbIN COCTaB LIJIaMa 3J€KTPOJIUTUUECKOTO paMHUPOBAHUS BTOPUYHOU Meau

Content, wt.%
Phase Total
cu | Po | Ba | sn | Ag [sio, | s | o | othen
Cu,0 23.36 — — — — — — 2.94 — 26.30
PbSO, - 9.24 — — — — 1.43 2.85 — 13.52
BaSO, — — 5.45 — — — 1.27 2.54 — 9.26
Cuy(OH)(SO, 3.60 — — — — — 0.45 2.35 — 6.40
SnO, — — — 3.72 — — — 1.01 — 4.73
Cu 2.00 — — — — — — — — 2.00
Ag — — — — 1.68 — — — — 1.68
SiO, - - — — — 1.21 — — — 1.21
AgCl - - - - 0.75 — — — 0.25 1.00
Others 26.16 - — — — — 1.66 — 6.08 33.90
Total 55.12 9.24 5.45 3.72 2.43 1.21 4.81 11.69 6.33 100.00
Table 2. Integral granulometric composition of secondary copper electrolytic refining slime
Tabauua 2. MUHTerpanbHblii rpaHYyJIOMETPUUYECKUI COCTAB IIJ1aMa 3JeKTPOTUTUYECKOTro pahMHUPOBAHUS
BTOPUYHOI Meau
Maximum particle diameter of the fraction, um 1.88 | 4.09 | 9.49 | 16.7 | 22.8 | 29.3 | 37.0 | 48.2 | 69.7 | 600
from 0 0 maximum witin he raction, 5 | 10 | 20| 30 | 40| 50| 60 | 70| 80 | %0 | 100
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Fig. 2. Micrograph of the research object — SCER slime
1— Cu,0, 2— PbSO,, 3— SnO,

Puc. 2. MukpodoTorpacdust oobeKTa CCIeIOBAHUS —
nutamMa DPBM

1— Cu,0, 2— PbSO,, 3— SnO,

to the silver chloride electrode). The resulting pulp was
filtered using a Buchner funnel through a “blue rib-
bon” filter; the residue on the filter was washed with
ammoniacal water with a concentration of 0.1 mol/L
(L/S ~ 1:1) and then with distilled water (L/S ~ 1 : 5).
The leach solution and the wash water were combined
and analyzed for copper content (iodometric titration
with sodium thiosulfate) and silver content (gravi-
metrically—by precipitating silver iodide, drying, and
weighing it on XS 204 analytical scales (Mettler-Tole-
do, Switzerland)). The leaching residue was dried in a
2B 151 laboratory oven (SNOL, Russia) and weighed on
SPS 202 laboratory technical scales (OHAUS, USA) to
determine its yield.

Kinetic studies of AA-leaching of slime (Method
IT) were conducted at a molar ratio of [NH5-H,0] :
:[(NH4),SO4] = 4 mol/mol and a concentration of
CsiNHy H01+NHf] = 0.5+3.5 mol/L. Oxygen from the
air was used as the oxidizer, with a flow rate ranging
from 18 = 1 to 155 £ 2 L/h. A sample of the research
material weighing 5 g was added to the solution at a
liquid-to-solid ratio (L/S) of 100 : 1 and a temperature
of 15—45 °C. The total duration of the process ranged
from 5 to 30 minutes. During the experiment, sam-
ples of the leach solution were taken and analyzed for
copper content using iodometric titration with sodi-
um thiosulfate. The total volume of the samples taken
did not exceed 5 % of the solution volume. Based on
the results obtained, the dependencies of the degree
of leaching on the duration of the process were plot-
ted for = 15+45 °C and buffer mixture concentrations
CsiNHy Hy01+(NHf] = 1 and 2 mol/L to determine the
activation energy, as well as for Cyynp, Hy01+[NHf| =

10

= (0.5+3.5 mol/L and ¢ = 25 °C to evaluate the reac-
tion order. The dependencies of In(do/dt) — 1/T and
In(da,/dt) — InC (where do./dt are the slope coefficients
of the tangents at the values of the leaching degree
o = 0) were plotted, and from the tangents of their
slopes, the activation energy and reaction orders were
determined, respectively.

2. Results and discussion
2.1. Thermodynamic analysis

The thermodynamic analysis of the slime—
NH;-H,0—(NH,),SO,—H,0—0, system was carried
out due to the need to justify effective conditions for the
extraction of SCER slime components. This is related to
selecting the composition of the leaching solution that
ensures high copper recovery in the AA-leaching pro-
cess.

Thermodynamic calculations of the probable reac-
tions in the studied slime— NH;-H,O—(NH,4),SO,—
H,0—0, system were performed using reference data
on the thermodynamic parameters of the slime compo-
nents and the potential products of their interaction with
the leaching system [31; 35; 36].

In work [29], it was recommended that copper disso-
lution in ammonia solutions [NH3-H,0] and [NH4+] be
conducted in the pH range of 9—11, which ensures the
maximum activity of [Cu(NH3)4]2+ ions participating in
the autocatalytic oxidation reaction of copper. To oxi-
dize [Cu(NHj;),] + ions to [Cu(NH3)4]2+, according to
the mechanism described by reactions (1)—(3), oxygen
from the air is supplied to the system. The oxidation po-
tential of oxygen depends on the pH and, under normal
conditions, can be calculated using the equation [37]:

E%=1.228 —0.059pH, 4

where pH is the hydrogen ion concentration.
According to equation (4), for pH values of 9, 10, and
11, the oxidation potential of the oxygen half-reaction:

0, + 2H,0 + 4¢™= 40H™ G)

is E¥ = +0.697, +0.638 and +0.579 V, respectively.

The results of the Gibbs energy calculation, equilibri-
um constants, and redox potentials of probable reactions
in the slime—NH;-H,0—(NH,),SO4,—H,0—0, sys-
tem for the phases Cu, Ag, and Pb are presented in Table 3.
The analysis of these data showed that most chemi-
cal reactions (6)—(8), (10), (12), (14), (16), (18)—(20),
(22)—(28) are thermodynamically probable. However,
for processes (11)—(16), (21), and (22), which are not
redox reactions, the dissolution reactions of metal com-
pounds and the formation of their ammine complexes
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Table 3. Results of Gibbs energy (AG%S), equilibrium constants, and redox potential calculations of probable
reactions in the slime—NH;-H,0—(NH,),SO4,—H,0—-0, system

Tabnuua 3. PesynbraTel pacuera aHepruu [1b66ca (AG0298), KOHCTAHT PaBHOBECUM U OKUCIUTEIbHO-BOCCTAHOBUTEIBHOIO
IIOTEHLIMAJIa BEPOATHbIX peakuuii B cucreme nulaMm—NHs-H,0—(NH,),S04,—H,0-0,

AG,
No Reaction EOV kJ/mol | 1gK,
Me

+0.817 (pH=9) —78.8 +13.8
(6) Cu + 2NH;-H,0 + 0.250, = [Cu(NH;),]" + OH™ + 1.5H,0 +0.758 (pH=10) —73.1 +12.8

+0.699 (pH=11) —67.5 +11.8

+0.707 (pH=9) —682 +12.0
(7 [Cu(NH3),]" + 2NH;-H,0 + 0.250, = [Cu(NH;),)*" + OH™ + 1.5H,0  +0.648 (pH=10) —62.5 +11.0

+0.589 (pH=11) —56.8 +10.0
®) 0.5[Cu(NH;)4]*" + 0.5Cu = [Cu(NH;),|* +0.110 —53 409
©) Cu + 2NH; + 0.250, + OH™ = [Cu(NH;),|* + 1.5H,0 — —106.0 +18.6
(10) [Cu(NH;),]" + 2NH, + 0.250, + OH™ = [Cu(NH;),]*" + 1.5H,0 - —87.2  +15.3
(11 0.5Cu,0 + 2NH;-H,0 = [Cu(NH3),]*" + OH™ + 1.5H,0 - +212 =37
(12) 0.5Cu,0 + 2NH,; + OH™ = [Cu(NH;),]*" + 1.5H,0 - -31.9  +56
(13) CuO + 4NH;-H,0 = [Cu(NH;),]*" + 20H™ + 3H,0 - +415  -7.3
(14) CuO + 4NH, + 20H™ = [Cu(NH;),]*" + 3H,0 - —648 +11.4
(15) Cu(OH), + 4NH;-H,0 = [Cu(NH;),|>" + 20H™ + 4H,0 — +348  —6.1
(16) Cu(OH), + 4NH, + 20H™ = [Cu(NH;),]*" + 4H,0 - —71.4  +125
(17)  0.25Cuy(OH)(SO, + 4NH;-H,0 = [Cu(NH;),]*" +0.25807~ + 1.50H™ + 4H,0 - +247  —4.3
(18)  0.25Cu,(OH)(SO, + 4NH, + 2.50H = [Cu(NH;),]*" + 0.25507~ + 4H,0 — —81.5  +14.3

+0.330 (pH=9) 319 +5.6
(19) Ag + 2NH;-H,0 + 0.250, = [Ag(NH;),]* + OH™ + 1.5H,0 +0.271 (pH=10) —262 +4.6

+0.212(pH=11) —20.5 +3.6
(20) Ag +2NH; +0.250, + OH™ = [Ag(NH;),|" + 1.5H,0 — —57.6  +10.1
Q1 AgCl + 2NH;-H,0 = [Ag(NH;),]* + CI~ + 2H,0 - +126 22
(22) AgCl+2NH, + 20H™ = [Ag(NH;),|" + CI~ + 2H,0 — —40.5  +7.1
(23) AgCl + 2NH;-H,0 + Cu = [Cu(NH;),]" + Ag + CI~ + 2H,0 +0.342 —330 458
(24) AgCl+ 2NH, + Cu + 20H™ = [Cu(NH;),]" + Ag + CI~ + 2H,0 — —88.9 +15.6
(25) AgCl + [Cu(NH;),]" + 2NH;-H,0 = [Cu(NH;),]*" + Ag + CI~ + 2H,0 +0.232 -24 439
(26)  AgCl+ [Cu(NH;),]" + 2NH; + 20H™ = [Cu(NH;),]*" + Ag + CI” + 2H,0 — -70.1  +12.3
(27) [Ag(NH;),]" + Cu = [Cu(NH;),|" + Ag +0.487 —470  +8.2
(28) [Ag(NH3),]" + [Cu(NH3),]" = [Cu(NH3),*" + Ag +0.377 -364  +6.4

with the ammonium ion are thermodynamically more
probable than with the ammonia hydrate. Therefore, it is
necessary to establish the dependence of the equilibrium
concentration of copper and silver ammines on the con-
centration of free ammonia hydrate ([NH5-H,O]) and
ammonium ion ([NH4+]), as well as on the pH value,
which depends on the molar ratio of ammonia hydrate

and ammonium ion in the solution, i.e., on ® [38]. The
[NH;-H,0] + [NH4+] mixture, in the form of an am-
monium salt of a strong acid, creates a buffer system [39]:

NH;-H,0 2 NH} +OH, (29)
and therefore, it is assumed that the equilibrium pH of
the system equals the initial value.

1
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To determine the effect of the equilibrium pH and
the total concentration of free NH;-H,0 and NH," ions
(i.e., not bound in complexes [NH;-H,O + NH4+]free),
considering the buffer system equilibrium from reaction
(29), on the concentrations of copper and silver am-
mines, the reactions (11) and (12), (13) and (14), (15) and
(16), (21) and (22) from Table 3 were combined, yielding
the following equations:

0.5Cu,0 + 2x{NH;-H,0] +
+2(1 = )NH," + 2(1 —x)OH™ =

=[Cu(NH;),|" + OH™ + L5H,0,  (30)

+4(1 —x)NH," + 4(1 —x)OH™ =

= [Cu(NH,),]*" + 20H™ + 3H,0, (31

Cu(OH), + 4x[NH;-H,0] +
+4(1 —x)NH," +4(1 —x)OH™ =

= [Cu(NH,),]*" + 20H™ + 4H,0, (32)

AgCl + 2x[NH; H,0] +
+2(1 —x)NH," +2(1 —x)OH™ =

= [Ag(NH3),|" + CI” + 2H,0, (33)

where x and (1 — x) are the molar fractions of NH;-H,0
and NH," in the ammonia-ammonium solution, res-
pectively.

It is known that the solubility of [Cu(NH;3)4]SO,
in water is 16.9 g/100 g H,O, corresponding to a con-
centration of [Cu(NH3)4]2+ 0.74 mol/L [31]. The solu-
bility of copper ammines is primarily influenced by
the concentration of free ammonia, and at Cxy;-H,0 =
=7.2mol/L and Cyy,),s0, = 2.3 mol/L a concentration
of [Cu(NH3)4]2+ 1.7 mol/L was achieved [40]. However,
in the study [41], it was found that increasing the con-
centrations of ammonia and ammonium chloride to
10.84 and 5.44 mol/L, respectively, promoted the solu-
bility of copper tetraammine to 2.8 mol/L. It is proba-
ble that the ratio of ammonia molecules to ammonium
ions in the solution, as well as the type of ammonium
salt, affects the solubility of copper ammines. Therefore,
in this study, it is assumed that the maximum concen-
tration of [Cu(NH3)4]2+ is 2.8 mol/L, by analogy with
NH;-H,0—NH,4Cl—H,O0 solutions.

The dependencies of the equilibrium concentrations
of [Cu(NH;),|", [Cu(NH;)4*", and [Ag(NH;),|" ions
on the solution pH and [NH;-H,0 + NH, ;.. for re-
actions (30)—(33), without considering the influence of
additional factors on the system, are shown in Fig. 3.

12

From Fig. 3, it can be seen that the maximum solu-
bility of [Cu(NHj3),]" and [Cu(NH3)4]2+ in AA-solu-
tions is achieved at pH = 9.37, which corresponds to a
molar fraction of NH;-H,O in the solution of 0.57 (see
Fig. 4). As this increases, the pH of the A A-solution and
the solubility of AgCl rise, which may lead to undesira-
ble silver losses in the leach solution and reduce the se-
lectivity of decopperization.

However, in the study [41], it was found that in-
creasing the molar fraction of ammonia hydrate in the
AA-solution positively affects the transition of oxidized
copper into the leach solution. The solubility of oxygen
in the solution, which is influenced by the salt content,
significantly affects the course of oxidative leaching.
The increase in NH;-H,O concentration in the solution
has little effect on this parameter, but at a concentration
of 1 mol/L (NH,4),SOy, the solubility of oxygen in the
solution decreases by 35 % compared to its solubility in
water [42—44].

Given the above, for effective copper extraction with
AA-solutions, a pH range of 9.25—10.00 is recommend-
ed, corresponding to a molar fraction of ammonia hy-
drate [NH3-H,O] = 50+85 % (see. Fig. 4) [38].

From Fig. 3, it can be seen that the lowest equilib-
rium concentration of [Cu(NH3)4]2+ in the ammo-
nia-ammonium system, under otherwise equal con-
ditions, is observed for reaction (31). The Gibbs free
energy values of reactions (13) and (14), which make up
the overall reaction (31), are more positive than those
for (15) and (16), which make up reaction (32). This
indicates that the thermodynamics of [Cu(NH3)4]2+
complex formation will be least favorable when the
AA-solution interacts with copper oxide (CuO). There-
fore, the thermodynamically necessary quantity (TNQ)
of NH;-H,0 and NH,", as well as the minimum excess
of NH;-H,O and NH," over the stoichiometrically
necessary quantity (SNQ) for the AA system, must be
established for reaction (31). The equilibrium constant,
TNQ of NH;-H,0 and NH,", and the minimum excess
of NH5-H,0 and NH," over SNQ for reaction (31), en-
suring 100 % dissolution of Cu, are determined by the
following equations [32]:

[[CuNH,),1*]-[oH]"

a= ox —aa B9
[NH;-H,0]1" - [NHj ]+ [oH 0
TNQNp, 1,0 = SNQ N, 1,0 +
Cu(NH;),T*
+1/ [[ 44(](—x) 3)42.](1413}1)' 247’ G5
K, K710 [[Cu(NH;),]°" ]
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[[Cu(NH,),] ], mol/L

Reaction (30)

8.0 8.5 9.0 9.5

100 105  pH

[[Cu(NH,),]*"], mol/L

Reaction (31)

8.0 8.5 9.0 9.5

100 105  pH

[[Cu(NH,),]*"], mol/L

Reaction (32)

0+ T T T T
8.0 8.5 9.0 9.5

[[Ag(NH,),]'], mol/L
- Reaction (33)

8.0 8.5 9.0 9.5 10.5 pH

Fig. 3. Dependences of changes in the equilibrium concentrations of [Cu(NH;),]*, [Cu(NH3),]*> and [Ag(NH;),|" ions
on the pH of the solution and [NH;-H,0 + NH, |, for reactions (30)—(33)

[NH;'H,0 + NH |0, mol/L: 0.25 (1), 0.50 (2), 0.75 (3) and 1.0 (4)

Puc. 3. 3aBUCHMOCTU PaBHOBECHBIX KOHIIeHTpauuii noHos [Cu(NH;),]*, [Cu(NH;)4]*" u [Ag(NH;),]* ot pH pactsopa

1 [NH3H,0 + NHy |pog 2151 peaxumii (30)—(33)
[NH;-H,0 + NH; ] 05, Momb/i1: 0,25 (1), 0,50 (2), 0,75 (3) u 1,0 (4)

TNQNH} = SNQNH} +
Cu(NH.). PHK 4 102 14-pH) |
+d[[ u(NH;), 17K . —.66)
K, [[Cu(NH;),]*"]

NQ _

XNH3'H20 = XNHX = [SNQ 1]100 %7 (37)

where K, is the equilibrium constant of reaction (31);
K, = [NH,[OH"]/[NH;-H,0] = 10~*7 is the dissocia-
tion constant of NH3-H,O in water [31]); TNQyh;.- 1,0,
TNOQNH ,are the thermodynamically necessary
quantities of NH;-H,O and NH,", mol/mol CuO;
SNQNH;-Hy0. SNQnp,t are the  stoichiometrically
necessary quantities of NH;-H,0 and NH,", mol/mol
CuO; y is the minimum excess of NH;-H,0/NH," over
SNQ for reaction (31).

According to equations (35) and (36), the TNQ of
NH;-H,0 and NH," for reaction (31) depends on the
molar concentration of the complex ion [Cu(NH3)4]2+
in the AA-solution and the equilibrium pH, which, like
the equilibrium constant K, depends on the molar frac-
tion of [NH;3-H,0] in the solution.

0 NH;-H,0, mole fraction

0.8

0.6 4

0.4 -

O T T T T T T T

5 6 7 8 9 10 11 12 pH

Fig. 4. Dependence of the mole fraction of NH;-H,0
in an ammonia-ammonium solution on pH at an activity
coefficient yyy, = 1, 7=25°Cand P= 1 atm [38]

Puc. 4. 3aBucumoctb MoabHo# foau NH;-H,O

B aMMUAaYHO-aMMOHUITHOM pacTBope ot pH

npu KoaddUILIMeHTe aKTUBHOCTH YNH; = 1,t=25°C
u P=1arwm [38]

13



lzvestiya. Non-Ferrous Metallurgy e 2024 ¢ Vol. 30 e« No.3 e P.5-24

Vydysh S.O., Bogatyreva E.V. Effectiveness of secondary copper electrolytic refining slime decopperization

x> %]

8.0 8.5 9.0 9.5 100 l(l).S llr.O <
pH

[Jo-10 [J1020 [E20-30 [@30-40 4050 MM50-60 MM6c0-70 MM70-80 MMS0-90

Fig. 5. Surface plot of the dependence of the minimum excess of NH;-H,O/N HI over SNQ, necessary for the complete
progress of reaction (31), on the equilibrium pH of the ammonia-ammonium solution and the concentration
of [Cu(NH;),]**

Puc. 5. TIoBepXHOCTb 3aBUCUMOCTH BEJMUMHbI MUHUMAaNbHOTO U36bITKa NH;-H,O/NH, or CHK, Heo6xon1Moro
151 TOJIHOTO IpoTeKaHus peakuuu (31), or paBHoBecHOro pH aMM1auyHO-aMMOHUIIHOTO PacTBOPA U KOHLIEHTpaLUU
B HeM [Cu(N H3)4]2Jr

[[Cu(NH,),]’ ], mol/L

2.7
2.5- 25
237 275
2.1
-1 30
1.9
1.7
- 35
1.54
13- 0
1.1- s
- 50
0.9 1 55
- 60
0.7 :x / 70
0.5 T T T T T T T T T T T A 80
8.0 8.5 9.0 9.5 10.0 10.5 pH

Fig. 6. Nomogram for the theoretical calculation of the minimum excess of NH;-H,0/ NH; over SNQ, necessary
for the complete progress of reaction (31), in accordance with the equilibrium pH values of the ammonia-ammonium solution
and the concentration of [Cu(NH3_)4]2+

Puc. 6. HomorpamMmma TeopeTU4ecKoro pacueta MuUHuMajapbHoro u3osiTka NH; H,O/N HI ot CHK, Heobxommumoro
JUJTSI TIOJTHOTO TIpoTeKaHus peakiiuu (31), B COOTBETCTBUM ¢ BernunHaMu pH paBHOBeCHOTO aMMHauHO-aMMOHUITHOTO
pacTBOpa M KOHLEHTPALUU B HEM [Cu(NH3)4]2Jr
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Fig. 5 and 6 present, respectively, the surface plot
and the nomogram for the theoretical calculation of the
minimum excess of NH;-H,0/NH," over SNQ, neces-
sary for the complete progress of reaction (31), depend-
ing on the equilibrium pH of the AA-solution and the
concentration of [Cu(NH3)4]2+ init. It is evident that an
increase in the concentration of [Cu(NH3)4]2Jr reduc-
es the required excess of NH;-H,O over SNQ needed
for the complete progress of reaction (31). However, the
authors of [45] found that as the copper concentration
in the ammonia etching solution increases from 0.6 to
1.0 mol/L, the dissolution rate decreases by almost half
due to the probable saturation of the diffusion layer with
the products of reaction (3) [46]. Therefore, it is advisable
to limit the maximum allowable copper concentration in
the AA-leaching solution of secondary copper electrore-
fining slime to no more than 0.8 mol/L for more inten-
Sive process progress.

The onset of silver transition during ammonia-
ammonium leaching of copper can be monitored by
the redox potential (ORP) of the pulp. The stand-
ard ORP value for the oxidation of silver in ammonia
[NH;3-H,O0] is +0.367 V, which is significantly higher
than that of copper (I) and (II): EjcyNHjy),1t/cu =
= —0.120 V, EjcuNHy 2t/cu = —0.065 V [31]. How-
ever, considering the mechanism of copper oxidation in
ammonia solutions (reactions (1)—(3)), the ORP of the
system may be determined by the half-reaction of oxi-
dation [Cu(NH;),]* to [Cu(NH;),]**, with a standard
value of —0.01 V [35]. According to the Pourbaix dia-
gram for the Cu—NH;—H,O system (Fig. 7), the poten-
tial of the half-reaction for the oxidation [Cu(NH3)2]+
to [Cu(NH3)4]2+ remains constant at pH > 9.25, when
the molar fraction of [NH5-H,O] in the AA-solution
is more than 50 %. Figure 8 presents the calculated
dependence of the Cu(Il) fraction and the concentra-
tion of silver in the AA leaching solution for copper on
the ORP of the pulp at equilibrium concentrations of
[NH5-H,0 + NH, e ranging from 0.5 to 1.0 mol/L
and a molar fraction of [NH5-H,O] in the AA-solution
greater than 50 %, without considering the influence of
additional factors on the system [30; 31; 35].

According to the data in Fig. 8, the concentration
of silver ammine in the solution begins to increase
when the ORP of the AA-leaching pulp for copper ex-
ceeds 130, 145, and 165 mV for equilibrium concentra-
tions of [NH;-H,0] = 1.00, 0.75 and 0.50 mol/L, re-
spectively. However, based on reactions (27) and (28)
(Table 3), there is a high thermodynamic probability
of [Ag(NH3)2]+ reduction by copper and the complex
ion [Cu(NH3)2]+. Therefore, to avoid incomplete cop-
per transition from SCER slime into the AA-leach-

Potential, V
0

0.8 1
0.6

0.4+

0.2

0

—0.21

~0.4-

—0.6

—0.8

-1.0 T T T
0 2 4 6 8 10 12

pH

Fig. 7. Pourbaix diagram for the Cu—NH;—H,O system [29]

t=25°C, P=1atm, activity: ac 2+ =1, aNmy = 1

Puc. 7. Juarpamma ITyp6e Cu—NH;—H,O0 [29]

1=25°C, P=l at™, aKTUBHOCTb: dcy2+ = 1, any, = 1

Cu(II) fraction

=50 0 50
ORP of AA-leaching pulp, mV

100 150 200 250 300

Fig. 8. Calculated dependence of the Cu(II) fraction and
silver concentration in the ammonia-ammonium leaching
solution for copper on the ORP of the pulp, at equilibrium
concentrations of [NH;H,0 + NH; 1. = 1.0 mol/L (1, I'),
0.75 mol/L (2, 2’), and 0.5 mol/L (3, 3’), with a molar
fraction of [NH;-H,O] greater than 50 % in the AA solution

Puc. 8. PacuetHas 3aBucumocTts noau Cu(Il)

1 KOHIIEHTpaIuu cepebpa B pacCTBOPe aMMHUAuyHO-
aMMOHMHOTO BhILIEIa4MBaHUSI MU OT mokasaresst OBIT
MYJIBITBI TTPU PABHOBECHBIX KOHIIEHTPALIUAX

[NH;H,0 + NH],,06 = 1,0 Mons/n (1, 1), 0,75 monn/n (2, 27)
u 0,5 mosb/n (3, 3’) 1 MOJIbHOI 101U B AA-pacTBOpe
[NH;H,0] 6oxee 50 %
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ing solution, it is advisable to monitor the ORP, which
should be maintained at +225 + 10, +240 + 10, and
+260 £ 10 mV relative to the standard hydrogen elec-
trode (SHE) at [NH5-H,O+NH, ;.. = 1.00, 0.75, and
0.50 mol/L, respectively.

To assess the objectivity of the conclusions and rec-
ommendations made above based on the thermodynam-
ic analysis, technological studies of the AA-leaching
process for copper from SCER slime were conducted.

2.2. Technological studies

on ammonia-ammonium leaching of copper

from secondary copper electrorefining slime in
the -NH;-H,0—-(NH,),SO,—H,0—-0, system

According to the results of the thermodynamic anal-
ysis, the following regime is recommended for leaching
copper from SCER slime (Method I): © = 4 mol/mol
(corresponding to an initial pH = 9.55); L/S = 12: 1
(to obtain a leach solution with a copper concentration
of 0.72 £ 0.01 mol/L); x = 20 % of the stoichiometri-
cally necessary quantity (SNQ) for reaction (31), and
an air flow rate of 190 = 2 L/h until the ORP reaches
+260 £ 10 mV relative to the SHE (52 £ 10 mV rela-
tive to the silver chloride electrode (SCE)) at an equi-
librium concentration of [NH; H,O+NH, [ec
= 0.58 mol/L.

Experimental results show that the recommended
conditions for the decopperization of SCER slime using
an ammonia-ammonium solution ensure the absence of
silver in the leach solution at a pulp ORP of +269 mV
relative to the SHE and +61 mV relative to the SCE, with
a copper recovery rate of 99.4 %.

To manage the decopperization process of SCER
slime in the slime—NH;-H,0—(NH,),SO0,—H,0—0,
system, it is necessary to clarify the mechanism and ki-
netic patterns of the process.

2.3. Comprehensive studies of the kinetics

of the ammonia-ammonium leaching process
for secondary copper electrorefining slime in
the Slime—NH3 ° H20—(NH4)2804—H20—02
system

To study the kinetics of leaching, model equations
are applied that describe processes occurring in both
diffusion and kinetic domains [47—53], using equa-
tions such as the “shrinking sphere” model, Ginstling—
Brounshtein, Erofeev—Kolmogorov, and others. How-
ever, the first two are only suitable for describing the
leaching rate of monodisperse material with particles
of the same shape [30], and the Erofeev—Kolmogorov
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equation is not applicable for determining the process
regime [54]. Therefore, the identification of the leaching
regime was based on the values of activation energy and
reaction order, determined using Method 11, presented
above in Section 1.

The complexation reaction of copper ammine (31)
is reversible, but its equilibrium constant at pH = 9.55
in the system and ® = 4 mol/mol is K, = 92.44 (see
Table 4), allowing the copper leaching process from
SCER slime to be considered practically irreversible.
Then the formal kinetics equation for the investigated
copper leaching process from slime into the solution is:

o ~ERT)

dt > [NH;-H,0]+[NH}] (38)

P(S’ES,
where k is a constant factor; E, is the apparent ac-
tivation energy of the chemical process, J/mol; R =
= 8.31 J/(mol'K) is the universal gas constant; 7 is the
process temperature, K; CyiNu;-H,y01+(NHy 1S the total
concentration of [NH3-H,0] + [NH4+] in the solution;
PO2 is the oxygen pressure; n, is the reaction order for
the NH;-H,O—(NH,4),S0y; 1, is the reaction order for
oxygen from the air; S is the surface area of the slime
particles, dmz/g.

The apparent activation energy and reaction orders
are parameters dependent on the nature of the interac-
tion between components in the system. Investigating
the influence of temperature and concentrations on
the leaching rate while stabilizing other characteristics
will allow their values to be determined and conclusions
drawn about the regime of the process.

Fig. 9 shows the dependence of In(do/dt) on
InCynpy-Hy01+NHg for the AA-leaching of cop-
per from SCER slime at a total concentration of
[NH;-H,0] + [NH4+] ranging from 0.5 to 3.5 mol/L,
with an L/S ratio of 100: 1, temperature of 24 °C,
[NH;-H,O] : [(NH4),SO4] = 4 mol/mol (corresponding
to pH = 9.55), and an air flow rate of v,;, = 95+2 L/h.
The nature of this dependence indicates a change in the
leaching regime around Cyyn;,-H,01+[NH] = 1-5 mol/L.
It is suggested that below this concentration, the leach-
ing process occurs in the external diffusion region with a
reaction order n; ~ 0.91 ~ 1, while at Cyy\;-H,01+[NH{
1.5 mol/L, the process shifts to a kinetic regime, where
the rate is limited by the adsorption of reagents on the
surface of solid particles, with an apparent reaction order
ny = 0.24.

Accordingly, the determination of the activation en-
ergy was carried out on both sides of the transition re-
gion: at a total concentration Cy i\, 1,01+ [Nz = | and
2 mol/L. The study results are presented in Fig. 10 as
the dependence of In(do/dt) on 1/7, with temperature
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Table 4. Equilibrium constants values for reaction (31) at different pH levels

Tabnuua 4. 3HaueHUsT KOHCTAHT paBHOBecus peakiuu (31) ¢ yauetom pH

pH 8.75 9.00 9.25 9.50 9.55 9.75 10.00 10.25

K, 27.82 75.91 122.08 103.00 92.44 48.98 16.02 4.4
ranging from 15 to 45 °C, where the upper limit is jus- 30 In(do/dv) '
tified by increased ammonia losses with further tem- ’ b
perature increase [24]. It can be seen that in both cases, 2 8- : |
the apparent activation energy of the process was 5 + ' ! y =0.2359x +2.6627
+ 0.25 kJ/mol, which is consistent with the assumptions 2.6 = 0.9078x + 24135 i ; | RE=0.958
about the AA-leaching process of copper proceeding in R>=0.9995 191
the external diffusion regime at Cyynp,-H,01+[NH{T = 244 :?;)D,
= 1 mol/L and in the kinetic regime with the rate limited 924 ig |
by reagent adsorption on the surface of solid particles | % |
at Cy|NH;-H,01+[NHy] = 2 mol/L. 2.04 =

In addition to the ammonia and ammonium salts P
involved in forming complexes, oxygen from the 1.8+ i |
air is used as a reagent in the slime—NH; -H,0— : E
(NH,4),SO,—H,0—0, system. However, due to the dif- 1.6 T T — T
-1.0 -0.5 0 0.5 1.0 1.5

ficulty of maintaining a certain concentration of oxygen
in the solution, this influence was assessed by increas-
ing the air flow rate in the leaching system from 18 to
156 L/h. It was found that changing the air flow rate in
the studied range hardly affects the process rate. It is ev-
ident that across the entire range, the rate of oxygen sup-
ply to the leaching system was significantly higher than
its consumption rate, resulting in a constant dissolved
oxygen concentration.

For a more unambiguous interpretation of the ki-
netic study results, a literature review was conducted. It
was found in [55] that the diffusion coefficient of copper
ammine in solution decreases from 6-107° to 2.5-10°
cm2/s as the copper concentration in the AA-solution
increases from 0.5 to 10 g/L, and further increases in
copper concentration to 80 g/L reduce it to 1,67'10_6
cmz/s. These factors, along with the decrease in oxygen
solubility in solutions as their salt content increases, can
significantly reduce the overall copper transition rate
into the ammonia-ammonium solution, as indicated
by the results in [45]. Only the application of autoclave
ammonia leaching of copper at an oxygen pressure of
7.8 atm promotes the transition from the diffusion re-
gime to the kinetic regime, where the rate-limiting step
becomes the formation and dissolution of copper am-
mines [20; 23]. This confirms the advisability of limiting
the final copper concentration to 0.8 mol/L, as recom-
mended based on the thermodynamic analysis.

In [56], it was established that reaction (1) proceeds
in the external diffusion region of reaction if the con-
centration of dissolved oxygen is more than 280 times

InCy 00407

Fig. 9. Dependence of In(do/dt) on InCsyNp,-H;0 + [NH, ]

for ammonia-ammonium leaching of copper from secondary
copper electrolytic refining slime

L:S=100:1;7=24°C; [NH;H,0] : [(NH,),S0,] = 4 mol/mol
(corresponds to pH = 9.55); v,;, = 95£2 L/h)

Puc. 9. 3aBucumocts In(do,/dt) o1 InCyyNy 4 1,0) + [NHy | AT
aMMMauYHO-aMMOHUITHOTO BhILIEIaYNBAHUS MEAH

n3 mnama O9PBM
JK:T=100:1;7=24°C; [NHy
(pH =9,55); v; =952 n/u

H,0] : [(NH4),SO4] = 4 mosb/Moinb

lower than that of ammonia; otherwise, the rate-limit-
ing step becomes the chemical interaction between the
Cu" ion and ammonia. Reaction (1) can only determine
the overall process rate at a low concentration of Cu(II)
in the solution, but as it increases, the oxidation of me-
tallic copper also begins to proceed through reaction (3),
where the main electron carriers in the system become
[Cu(NH3)4]2+ ions [21; 24; 57].

In [58], it was found that the autocatalytic dissolution
of copper by reaction (3) limits its dissolution in ammo-
nia, while reaction (2) proceeds fairly quickly. This may
be due to the use of ammonia solution in the absence
of ammonium salts, which promotes the formation of
copper hydroxocomplexes and hydroxides on the parti-
cle surfaces, complicating the mechanism of oxidative
dissolution of copper in ammonia [59]. A similar con-
clusion is presented by the authors of [22], who consider
the rate-limiting step to be the removal of reaction (2)
products due to the formation of copper hydroxide on
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In(do/d

26 n(do/dr)
a
. y=-0.6031x + 4.4477
R =0.9911

2.54
2.4
2.3 T T T

3.1 3.2 33 3.4 3.5

1/T-10°, 1/K

In(do/dr
0 ( )

b
- 3 =-0.5955x + 4.8134
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Fig. 10. Dependence of In(da,/dt) on 1/T for ammonia-ammonium leaching of copper from secondary copper electrolytic

refining slime

L:S=100: 1; [NH3H,O0] : [(NH4);S04] = 4 mol/mol; v,;, = 952 L/h) and total concentration Cg Ny ,1,0] + [N = | mol/L (a) and 2 (b)

Puc. 10. 3aBucumocts In(do./dt) ot 1/T iporiecca aMMruavYHO-aMMOHUITHOTO BBIIIEIaYBaHU S Meau U3 minamMa DPBM
K:T=100:1; [NH3-H,0] : [(NHy4),SO4] = 4 mosib/Monb; v, = 95+2 51/4) n CZ[NH3~H20] +INH;T= 1 Mmosb/1n (@) v 2 Mmonb/n (b)

the Cu particle surfaces because of ammonia deficiency
in the reaction zone. The formation of Cu(OH), also oc-
curs when oxidized copper dissolves in ammonium salts
without the addition of ammonia [60]. In [60], it was es-
tablished that the activation energy for the dissolution of
oxidized copper ore in an NH4Cl solution is 71 kJ/mol.
The use of ammonia-ammonium solutions signifi-
cantly reduces the activation energy of the copper dis-
solution process. For example, in [24], during copper
leaching with a solution containing copper, free am-
monia, and ammonium sulfate in amounts of 0.2, 2.4,
and 0.5 mol/L, respectively, the E, was 22.8 kJ/mol, and
increasing the Cu?" content in the solution increased
the copper dissolution rate. The authors consider the
rate-limiting step to be the removal of reaction (2) prod-
ucts. In [46; 61], E, values of 23.3 and 22.5 kJ/mol were
obtained for the leaching of copper from oxidized ore
with a solution containing 0.5 mol/L NH;3-H,O and
2 mol/L NH,CI, and the dissolution of copper from
printed circuit boards in a solution composed of
4NH;-H,0 + 1(NH,),SO,4 + 0.63Cu(ll), finding that
the processes are limited by the internal diffusion of
the reagent through a layer of non-reactive impurities.
The reduction in activation energy when using the am-
monia-ammonium leaching system is confirmed in
[62], where, during the dissolution of malachite ore in
an AA-solution (0.74 mol/L NH;-H,0), CO{™ ions are
released into it, forming (NH4),COs. In this case, the
activation energy is 22.3 kJ/mol, and the reaction order
for ammonia is 1, indicating that the process occurs in
the diffusion domain. The activation energy for the dis-
solution of malachite ore in an AA-solution (5 mol/L
NH;-H,O0 and 0.3 mol/L (NH,),CO;) decreases to
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15 kJ/mol [63]. The minimum value of £, = 3.8 kJ/mol
was obtained during the leaching of CuO from pyrite
cinder with a solution composed of: 7.2NH;-H,O +
+ 3.8NH,CI mol/L [64].

From the above, it follows that the activation energy
of the copper leaching process decreases as the propor-
tion of oxidized copper in the initial raw material in-
creases, as confirmed by the results of the kinetic studies
conducted on copper leaching from SCER slimes. The
dissolution of copper in the presence of oxidized forms
Cu' and Cu?* through reactions (2) and (3) may likely
be complicated by the presence of various forms of cop-
per ammine complexes and other compounds.

Based on the above, it can be assumed that AA-leach-
ing of copper from SCER slime at a concentration of the
ammonia-ammonium buffer system less than 1.5 mol/L
proceeds via reactions

O.SCUZO(S) + 2NH3'H20(aq) =

= [Cu(NH3),]{q) T OHgyq) + 1.5H,0, (39
[Cu(NH3),](yq) + 0.250, + OH,q, + 2.5H,0 =
= Cu(OH),) + 2NH;-H,0 g, (40)
Cu(OH)y) + 4NH;3 H,0 ) =
= [Cu(NH3)4l%aq) + 20HGg) +4H,0, (41
[Cu(NH3)4l{ag) + Cugy = 2[Cu(NH3))l(ogpr  (42)

and is accompanied by the formation of an intermediate
phase—copper hydroxide, which forms an intradiffusion
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Fig. 11. Dependence of doi/dt on 703

CsINHyH,0] + [NHy] = I mol/Land 7=25°C

Puc. 11. 3aBucumocTs do/dt oT 03

CZ[NH3‘H20] + [NH4+ =1 MOJ'UJ/J'[, t=25°C

layer according to reaction (40) and simultaneously dis-
appears according to reaction (41), as evidenced by the
linear nature of the dependence of do/dt on %5 ata
buffer solution concentration of 1 mol/L and a leaching
process temperature of 25 °C (Fig. 11).

The leaching rate of copper from SCER slime is di-
rectly proportional to the surface area of the particles,
which changes during the process. The dependence of the
surface area on the degree of leaching can be described by
a power function S = Sy(1 — (x)B. By integrating equation
(38) considering the consumption of the ammonia-am-
monium buffer system for the formation of [Cu(NH3)4]2+,
the dependence of the degree of copper extraction from
slime on the leaching duration was obtained (43):

(1-0)"P = 1—(1-Byke 5/ ED x

n

xS0 (CZ[NH3~H20]+[NHZ )~V a) B “3)
where S is the initial specific surface area of the par-
ticles, dmz/g; B is the reaction order with respect to
the solid; n; is the reaction order for the NH;-H,O0—
(NH,4),S0O,, buffer system, equal to 0.24 and 0.91 for
CsiNH;-Hy01+NH;] > 1.5 mol/L and Cyynyy-Hy01+NHS <
< 1.5 mol/L, respectively; G, is the mass of copper in
the slime, g; v = 0.63 mol/(L-g) is the change in reagent
concentration corresponding to the transition of a unit
mass of leached copper from the slime into solution.

The value of the parameter B depends on the nature
of the leached material: for monodisperse material with
particles of the same shape, they are equal to 2/3, 1/2,
and 0 for isometric, columnar, and flat particles, re-
spectively, while in the most common case of leaching
polydisperse material with particles of different shapes,
B approaches 1 [30]. Fig. 12 shows the results of the
mathematical processing of the data from the study of

0,05

(1-a)
1.00 ] 3=-0.0023x + 1
R =0.9818
0.954
3=-0.0046x + 1 ’
0.90 4 R =0.9626
0.854 a
a y=-0.0097x + 1
0.80 y=-0.013x+ 1 R*=0.9876
R =0.9835
0.754
° y= —0.028x + 1 X
0.701 | — o ossax+1 fe=09869
R=1
065 T T T T T
0 5 10 15 20 25 T, min

Fig. 12. Dependence of (1 — o) - P on the duration copper
leaching at 8 = 0.95 and Cy;Np,H40) + [NH,, MOI/L:
0.5(1),1.0(2),1.5(3),2.0(4),3.0(5) and 3.5 (6)
L:S=100:1;7=24°C; [NH;-H,0] : [(NH,),SO,] = 4 mol/mol;
Vair = 95£2 L/h

Puc. 12. 3aBucumocts (1 — o) ~ B or MPOJOJIXKHUTETBHOCTU
BblueadnBaus Meau 1pu B = 0,95 u CyNp,H;0] + [NHS
monw/n: 0,5 (1), 1,0 (2), 1,5 (3), 2,0 (4), 3,0 (5) u 3,5 (6)
K:T=100:1;¢=24"°C; [NH;-H,O] : [(NHy),SO4] = 4 mosb/MoOJIb;
Vg =95%2 1/4

the kinetics of copper leaching from SCER slime using
equation (43) with a B value of 0.95, which ensures li-
near dependencies. It can be seen that the high level of
linear approximation (>0.95) for the linear dependen-
cies of (1 — 0()(1’[5) on the process duration, achieved at
B = 0.95, corresponds to a constant factor of 0.0096 +
+ 0.0002. Thus, the kinetics of copper leaching from
SCER slime, depending on the process duration, with a
ratio of [NH3-H,O] : [(NH4),SO4] = 4 mol/mol (pH =
= 0.55) and an ammonia-ammonium buffer system con-
centration greater than 1.5 and less than 1.5 mol/L, can
be described by the equations:

do_ 0.0096 ¢ 300 /RT) o
dt

0.24
0.95
* (CZ[NHs'HZOHNHz] - 0.63 GO“) So(1-0)™, (44)

do_ 0.0096 ¢SO0 /RT) o

dt

091
0.95
X (CZ[NH3~H20]+[NH;] -0.63 Gou) So(1—a)’™, (45)

Conclusions

1. Comprehensive studies of secondary copper elec-
trolytic refining slime revealed an elevated copper con-
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tent of 55.12 %, underscoring the importance of find-
ing an effective method for extracting copper from this
slime. The presence of the Cuy(OH)SO, phase, corre-
sponding to brochantite, was detected, for which there
is no existing data regarding its occurrence in slimes.
The total silver content in SCER slime is 2.43 %, with
69.1 % of the silver in metallic form, and the remain-
der as chloride. The contents of associated components
PbSO,, BaSO,, and SnO, are 13.52 %, 9.33 %, and
4.73 %, respectively.

2. Based on thermodynamic analysis, the po-
tential for effective and selective copper extraction
from SCER slime by a hydrometallurgical method in
an ammoniaammonium system without heating was
established. The composition of the initial reagent
solutions, including ammonia hydrate NH5-H,O and
ammonium sulfate (NHy),SOy, their consumption, as
well as the characteristics of the leach pulp, were de-
termined.

3. Technological studies confirmed the effectiveness
of the recommended conditions for low-temperature
ammonia-ammonium leaching (© = 4 mol/mol, y =
= 20 % of the SNQ for reaction (31)) and the process
control criteria ([[Cu(NH3)4]2+] = 0,72 = 0,01 mol/L
and pulp ORP +260 % 10 mV relative to SHE (52 = 10 mV
relative to SCE), which ensure 99.4 % copper extraction
and prevent silver from dissolving into the leach solution.

4. Kinetic studies of the copper leaching process
from SCER slime determined the apparent activation
energy to be 5 £ 0.25 kJ/mol within the temperature
range of 15 to 45 °C, at total buffer system concentra-
tions of [NH3-H,O] + [NH4+] of 1 and 2 mol/L. The
reaction order at a temperature of 24 £ 1 °C was found to
be 0.24 +0.02 and 0.91 + 0.05 for [NH5-H,0] + [NH,']
greater than 1.5 mol/L and less than 1.5 mol/L, respec-
tively. A transition in the leaching regime from external
diffusion-controlled to kinetic-controlled, with the rate
limited by reagent adsorption on the surface of solid par-
ticles, was observed as [NH5-H,O] + [NH4+] increased
from 0.5—1.5 to 1.5—3.5 mol/L at a temperature of
24 + 1 °C. The formal kinetics equation for the studied
process was determined.
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Abstract: A significant portion of the world’s reserves of Ni-containing raw materials (40—66 %) is concentrated in oxidized nickel ores. One
of the alternatives to the high-cost pyrometallurgical and ammonia-carbonate methods for processing such ores could be the chlorammonium
recovery of nickel from relatively low-grade ores. The halide-ammonia decomposition and recovery technology of nickel from oxidized nickel
ores, supplemented by a sorption process, is less stage-intensive and simpler in practical implementation. Nickel adsorption recovery is feasible
using carbon sorbents that exhibit high chemical stability, withstand high-temperature exposure, and strong acidic treatment. Sorbents were
obtained through steam-gas activation of extracted carbonizates from fossil coals. The sorption capacity for Ni(II) ions was studied, and the
patterns and characteristic parameters of the process on carbon sorbents were identified using adsorption isotherms while varying experimental
conditions. The experimental results were processed using the Freundlich and Langmuir equations. The sorbents have several distinctive
features determined by their predominant microporous structure and multifunctional surface with active complex-forming atomic groups,
characteristic of ampholytes with cation- and anion-exchange properties. The adsorption process is described by a pseudo-first-order equation
with rate constants ranging from 0.204 to 0.287 s~'. For the adsorption recovery of Ni(II), a scheme with two adsorbers and a pseudo-fluidized
sorbent bed is proposed. Nickel desorption and sorbent regeneration were carried out with a 2.3 % sulfuric acid solution, desorbing 95 to 98 %
of nickel. Standard chemical machinery and equipment are recommended for these processes.

Keywords: oxidized ores, carbon sorbents, nickel recovery.
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Annorauus: Bonbiias yacTh MupoBbIX 3amacoB Ni-comepxkaliero cbipbst (40—66 %) cocpenoToyeHa B OKMCICHHBIX HUKEJIEBBIX Pyaax.
OnHOI U3 albTePHATUBHBIX BBICOKO3aTPATHBIM MUPOMETAJITYPTUUECKOMY U aMMUaYHO-KapOOHATHOMY METOAAaM MepepaboTKu TaKHuX
Py MOXET OBITh XJOPAMMOHHMITHOE M3BJICYEHUE HUKENSI U3 OTHOCUTEIbHO OEIHBIX IO COAepXaHMIO0 MeTallja pya. TexHOIorus rajo-
TeHUTHO-aMMUAYHOTO PAa3JIOKEHUST U U3BJICUCHU ST HUKEJIsI U3 OKUCIICHHBIX HUKEJIEBBIX PYJI, TOTIOJHEHHAsI COPOLIMOHHBIM MTPOIECCOM,
SIBJISIETCS] MEHEE TN TEIbHOM 110 CTaAMTHOCTH U TIPOIIIE B TPAKTUYECKOM UCTIOTHEHUU. AJICOPOIIMOHHOE U3BJICUCHUE HUKEISI BO3MOXHO
YIJIEPOIHBIMU COPOEHTAMU, 00TaMAI0NIMMU BBICOKOM XUMUYECKON YCTOMYMBOCTHIO, BBIACPKMUBAOIINMY BEICOKOTEMIIEPATYPHOE BO3-
NeiiCTBUE ¥ CUJIBHOKMCIOTHYI0 00paboTKy. COpOEeHTHI MOTYYeHBI MyTeM Mapora3oBoil aKTHBALIMK BbIIEJIEHHBIX KApOOHM3aTOB UCKO-
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naeMmbIx yrieit. M3ydyeHa copOuuonHasi criocooHocTb noHOB Ni(Il), BbISIBJIEeHBI 3aKOHOMEPHOCTU M XapaKTEepUCTUYECKUE MapaMeTphbl
Mpolecca Ha YIJIEPOIHBIX COPOSHTAX C TTOMOIIIBIO U30TEPM aICOPOLINY TP BAPbUPOBAHU Y YCIOBU I ITPOBEICHUS 9KCIIepuMeHTOB. O6pa-
0OTKY 3KCITIEpUMEHTAJbHBIX PE3YJIbTATOB BBITIOJIHSJIN C UCITOJb30BaHUeM ypaBHeHU M DpeitHannxa u Jlenrmopa. CopOeHTHI UMEIOT PSIIL
0COOEHHOCTEM, OIpeaesIeMbIX IIPe0bIagaiolieil MUKPOIIOPUCTON CTPYKTYPOI 1 MOJN(YHKINOHAIBHON MTOBEPXHOCTBIO C aKTUBHBIMU
KOMIIJIEKCOOOPa3yoIIUMK IPYIIMTUPOBKAMU aTOMOB, XapaKTEPHBIMU IJIs1 aM(bOJIUTOB ¢ KATUOHO- ¥ aHUOHOOOMEHHBIMU CBOMCTBAMMU.
Tporecc aacopbLUK OMICAH YPaBHEHUEM MICEBIONEPBOro MOPSIAKA ¢ KOHCTaHTaMu ckopocTu ot 0,204 10 0,287 ¢~ L. [lnst ancop6unoH-
Horo usBiaeyeHus Ni(Il) mpemnoxeHa cxema ¢ AByMs aacopOoepaMu U NICEBIOOXMXKEHHBIM c1oeM copOeHTa. JdecopOLusi HUKes U pere-
Hepalus copbeHTa nmpoBeaeHbl 2,3 %-HbIM pacTBOPOM CepHOU KUCIOTHI. [1pu aToM necopbupyercst ot 95 no 98 % Hukens. B mpoieccax

PEKOMEHAYIOTCA CTAHAAPTHBIC XUMHWYECKUEC MAIIMHBI U allliapaThbl.

KiioueBsbie cji0Ba: OKMCICHHbBIE PYAbI, YIJIEPOAHbIE COPOCHTHI, U3BJICUSHUE HUKESI.

Jna uuruposanus: dynapes B.W., lynapesa [ H., AxosieBa A.A. ['uapomeTaypruueckoe u3Bjie4eHe HUKEIS U3 OKUCIEHHBIX PYI.
Hzeecmus 8y306. Lleemnas memannypeus. 2024;30(3):25—33. https://doi.org/10.17073/0021-3438-2024-3-25-33

Introduction

In the global reserves of Ni-containing raw mate-
rials, a significant portion (from 40 to 66 %) is composed
of oxidized nickel ores (ONO) [1—3], in which the avera-
ge Ni content is only 0.7—1.2 %. Therefore, their tar-
geted processing by pyrometallurgical methods is high-
cost and, as a rule, unprofitable [2—4]|. The combined
scheme for processing ONO developed by scientists at
the Ural Federal University named after the first Pre-
sident of Russia B.N. Yeltsin (Yekaterinburg) [5] (ther-
mochemical treatment — aqueous leaching — hydrox-
ide precipitation) allows obtaining a nickel concentrate,
which enhances the economic feasibility of applying
pyrometallurgical technology. However, the scheme in-
volves thermochemical treatment of the entire ore mass,
including barren rock, as well as requiring preliminary
treatment of ONO with significant volumes of hydro-
chloric acid and roasting to obtain insoluble forms of in-
terfering components. All this significantly complicates
the process of nickel recovery.

Researchers at Tomsk Polytechnic University [6;
7] propose using a single reagent, ammonium chlo-
ride, for the initial processing of ONO. The main ore
mass, including SiO, oxides (51 %) and Al,O3 (5 %),
does not interact with the reagent, while oxides of
other associated metals start interacting at a tempera-
ture of 473 K. Nickel oxide transitions to a water-solub-
le nickel chloride through an intermediate product
NiCl,-nNH4Cl at T = 600 K. Subsequent aqueous
leaching of the thermally treated ore and ammonia
precipitation of hydroxides allow sequential separa-
tion of ONO into individual target components [6].
Incorporating a sorption process into such innovative
technology can significantly enhance the efficiency of
nickel recovery from ONO [8; 9].

The adsorption recovery of nickel is possible with
sorbents from various raw materials, including car-

26

bon sorbents, which have a developed porous struc-
ture with a specific surface area of more than 500 m2/g
[10—21]. Carbon sorbents of the AD type, synthesized
at INRTU, possess high chemical stability, withstand
high-temperature exposure, and resist strong acid
treatment [22; 23]. They have several features defined
by their microporous structure and multifunctional
surface with active complex-forming atomic groups,
characteristic of ampholytes with cation- and ani-
on-exchange properties [24].

Sorbents obtained through steam-gas activation of
extracted carbonizates from fossil coals are dark granu-
les of irregular shape with an average particle size of
1 to 2 mm, a specific surface area of 550 m2/g, mecha-
nical abrasion resistance of 82 %, a total pore volume
(by water) of 0.61 cm3/g, iodine adsorption activity of
84 %, and a bulk density of 560 g/dm3 [23].

The aim of this work was to study the adsorption
characteristics of the AD carbon sorbent and to develop
recommendations for the hydrometallurgical recovery of
nickel from oxidized ores.

Research methodology

The analysis of the sorption capacity for nickel
ions, the identification of regularities, and character-
istic parameters of the process were carried out using
adsorption isotherms while varying the experimental
conditions in both static and dynamic modes. The
structure, porosity, and surface compound proper-
ties of the sorbents were studied using various phys-
icochemical methods with modern instrumentation
[24—26].

The AD sorbent possesses amphoteric ion-exchan-
ge properties. The ion-exchange capacity was deter-
mined by reverse titration methods using 0.1 N solu-
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tions of HCI and NaOH. The cation-exchange capac-
ity for H" was 0.92 meq/g, and the anion-exchange
capacity for OH™ was 7.52 meq/g. These data indicate
that the sorbent surface contains functional groups
with exchangeable H" and OH™ ions that can be re-
placed by metal ions. The optimization of nickel sorp-
tion recovery was carried out by varying the acidity
and temperature of the solutions, as well as consider-
ing the nature of the adsorption on the porous material
surface.

The effect of medium acidity on sorption capacity
was evaluated under static conditions. A 0.5 g sample
of the adsorbent was placed in 100 cm? of a solution
prepared from reagent-grade nickel chloride. The re-
action flask volume was 250 cm?, and the initial me-
tal concentration in the solution was 0.51 mmol/dm?.
The pH value in the range of 3 to 11 was adjusted using
ammonia-acetate buffer solutions. A magnetic stirrer
was used for mixing until adsorption equilibrium was
established.

Quantitative analysis of nickel was performed by
spectrophotometric methods using analytical reagents
such as dimethylglyoxime or N-acyl-acetohydrazone
[26]. Periodically, additional control of nickel ion con-
centration in solutions and the metal content in the
sorbent after thermo-acid decomposition of the dried
sorbent was carried out by atomic absorption analysis
according to standard methodology [27]. The adsorp-
tion amount (4, mmol/g) was calculated using the for-
mula

A= (CO - Cp)V/ma (1)

where €, and C, are the initial and equilibrium con-
centrations of the adsorbate, respectively, mmol/dm?;
m is the mass of the adsorbent, g; V'is the volume of the
working solution, dm?.

Studies at elevated temperatures were conducted in
thermostated cells.

Results and discussion

The nature of the sorption interaction, observed at
temperatures of 298, 318, and 338 K, is shown by the ad-
sorption isotherms of Ni(II) ions on the carbon sorbent
(Fig. 1).

The processing of experimental results in the low
nickel concentration range in solutions was performed
using the classical Freundlich equation:

A= KeC)". ®)

After performing arithmetic transformations and

A,, mmol/g

0.30

0 1 2 3
C,, mmol/dm’

Fig. 1. Adsorption isotherms of Ni (II) ions
at temperatures 298 K (7), 318 K (2), and 338 K (3)

A, — concentration of metal on the sorbent

Puc. 1. Uzotepmbl aacopoiiuu noHos Ni(IT)
npu remnepatypax 298 K (1), 318 K (2) u 338 K (3)

A, — KOHLIEHTpalMsl MeTal1a Ha copOeHTe

plotting the linear dependence of the logarithmic form
of the equation:

lgA=1gKp + 1/nlgC, 3)

both constant parameters Kg and n were determined
graphically. The constant Kg represents the milli-
molar adsorption coefficient, as it corresponds to the
adsorption value at an adsorbate concentration C =
=1 mmol/dm3. The exponent 1/n is a proper fraction
and generally characterizes the degree of the adsorption
isotherm’s approach to the abscissa axis. From the data
presented in Table 1, it follows that with increasing tem-
perature, both constants of the Freundlich equation (2)

Table 1. Constants of the Freundlich equation
(R?=10.92)

Ta6uua 1. Koncrants! ypasuernst @peitnmmixa (R2 = 0,92)

Temperature, K
Constants
298 318 338
Kg 0.19 0.25 0.29
n 1.73 1.84 1.94
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increase. The value of the coefficient Kg suggests that
the adsorption of Ni(II) ions in the initial period occurs
with high efficiency.

To describe the process upon reaching the adsorp-
tion limit, the Langmuir equation was used. In its linear
form, it is represented as a straight-line equation:

1/A=1/A.,+ 1/AK,C, @)

where C is the concentration of the metal in the solu-
tion, mmol/dm3; A, are the ultimate adsorption va-
lues, mmol/g; K, is the adsorption equilibrium con-
stant.

By plotting the dependence in the coordinates 1/4 =
=/(1/C), the constants 4, and K, in the Langmuir equa-
tion were determined graphically. The results are pre-
sented in Table 2.

It is evident that temperature affects both the ulti-
mate adsorption value and the adsorption equilibrium
constants, which also increase with temperature.

Analysis of the results shows that the process of ni-
ckel adsorption on the carbon sorbent is not purely phy-
sical adsorption. The standard thermodynamic para-
meter, Gibbs free energy (AG), was calculated using the
classical chemical affinity equation:

AG=—RTInKk,, o)

where R = 8.314 J/mol-K is the universal gas constant;
T'is the process temperature in K.

From the data presented in Table 2, it is evident that
with increasing temperature, the likelihood of the spon-
taneous adsorption process increases.

For the graphical determination of the adsorption
enthalpy of Ni(II), the isobar equation in its differential
form was used:

InkK, = ﬂ 6)
RT

As a result, its value was —8.96 kJ/mol (see Tab-
le 2).

The evaluation of kinetic regularities was conducted
using the classical method of selecting the axes of kine-
tic equations. The linear dependencies InC = f(¢) at all
temperatures (Fig. 2) confirm that the adsorption pro-
cess is described by a pseudo-first-order equation. The
values of the rate constants (k) obtained in this way are
presented in Table 2.

Contrary to the Van’t Hoff rule for homogeneous
chemical reactions, the adsorption rate constant grows
significantly slower, indicating the complexity of the
process mechanism. This is also confirmed by the acti-
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Table 2. Thermodynamic sorption constants (R = 0.96)

Tabnuua 2. TepMoanHaMU4YeCcKre KOHCTAHTHI aAcOpOLIMT
(R*=10,96)

Temperature, K
Parameter
298 318 338
A, 107 mmol/g 1.01 1.53 1.66
K, 394 416 524
ke, 57! 0.204 0.229 0.287
AG, kJ/mol -20.5 -22.1 -24.7
AH, kJ/mol —8.96
E,, kJ/mol 7.1
InC
3.0
2.54
2.0 1
1.54
1.0
0.54
0+
—0.51
_10 T T T T T
0 100 200 T, min

Fig. 2. Kinetic dependences of Ni(II) ion sorption
at temperatures 298 K (1), 318 K (2), and 338 K (3)

Puc. 2. Kunetuueckue 3aBucumMocTu copouru noHos Ni(Il)
ot temmnepatypst 298 K (7), 318 K (2) m 338 K (3)

vation energy (£,), graphically determined by lineariz-
ing the Arrhenius equation:

Ea

Ink =Ink,
RT

)

The experimentally determined activation energy
for the adsorption process was 7.1 kJ/mol, indicating the
process occurs in the diffusion region [28].

To address the question of the limiting stage of
adsorption, experiments with process interruption in
dynamic mode were conducted for a specified time.
The results showed that in all cases, a 24-hour inter-
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ruption of the adsorption flow resulted in a decreased
concentration of the adsorbed metal in the solution
exiting the column. The discontinuity in the adsorp-
tion exit curves suggests that the limiting stage of the
adsorption kinetics of Ni(II) ions on the carbon adsor-
bent under the studied conditions is diffusion within
the adsorbent granules, i.e., adsorption occurs under
“gel” kinetics, and its rate is hindered by intradiffusion
processes. The possible sorption mechanism can be
considered as the diffusion process of complex Ni(II)
ions, specifically the hydroxo-pentaammin cation
[Ni(NH3)5(OH)]+, into the granules and their inter-
action with functionally active groups on the sorbent
surface through ion exchange.

Studies using IR spectroscopy methods showed
that the observed results of metal ion sorption involve
the participation of double bonds of compound frag-
ments located on the carbon surface. Changes were
observed in the overtones of =CH,, =C—NH,, and
=C—OH bonds, as well as in the conjugated frag-
ments of =C=C=C= and R—C=0, R—OH bonds.
This indicates the participation of n-electrons of these
molecular fragments or their exchange parts in the re-
actions. They likely act as electron pair donors, with

Sorbent outlet

!

the free d-orbitals of the adsorbed metal serving as ac-
ceptors in the corresponding complexes. This conclu-
sion confirms the nature of metal ion interaction with
the adsorbent surface. The appearance of bands in its
spectrum after metal ion sorption at v = 574, 604, and
836 cm™!, corresponding to the characteristic defor-
mation vibration bands of Me—O—C and Me—O—Me
bonds, indicates the presence of such bonds in the in-
vestigated compounds.

The analysis of results also showed that during ad-
sorption, with increasing temperature, the sorbent’s
capacity for nickel increases. The adsorption of Ni(II)
ions in this case does not correspond to the classical
behavior of metal ions: for many of them, adsorption
results in an exothermic effect [29]. It is likely that the
high stability of associated nickel compounds: amine
complexes (K, = 5,3-10%), aqua-amine complexes
(K, = 4,2-106), and hydroxo-amine complexes (K, =
=35,8- 106) [26], predetermines the need for addition-
al energy to break them down before sorption. This
energy may be greater than the energy of the exother-
mic ion exchange reaction when Ni(II) is fixed on the
sorbent surface, making the overall sorption process
appear endothermic.

]

Electrochemical

NiSO,

bath

2.5 % H,S0,

<

N D

A

m NH,OH

\_/ !

A
[><] Valve Ni (OH)2
O pump Co(OH),

Fig. 3. Schematic diagram of the apparatus chain for nickel sorption extraction

1, 2, 5, 6 —solution tanks; 3, 4 — adsorbers; 7 — valves; § — pumps

Puc. 3. Cxema LECIU armapaToB I COp6L[I/IOHHOFO MU3BJICUCHU A HUKECITA

1,2, 5, 6 — eMKOCTHU JiJ151 pacTBOPOB; 3, 4 — afcopOepbl; 7 — BEHTWIN; & — HACOChHI
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In the chlorammonium technology for nickel reco-
very from oxidized ores, the active reagent used for the
technological transformation of metal oxides is regen-
erated and returned to the head of the process for the
decomposition of a new batch of ONO [6]. The selectiv-
ity of ammonium chloride allows for the initial stage to
free most of the ore. During ore opening, 75 % of nickel
is extracted as hydroxide [7]. It seems reasonable to in-
troduce a stage of adsorption recovery of nickel in the
process of separating the technological solution, where
precipitation and separation of nickel hydroxide will oc-
cur at pH = 8.0+8.5 [8]. For the adsorption recovery of
Ni(II), a scheme with two adsorbers with a pseudo-flu-
idized sorbent bed is proposed (Fig. 3).

During the adsorption studies, insights into the
process mechanism were obtained, enabling the de-
velopment of practical recommendations for imple-
menting the proposed scheme. Before initiating the
process, it is necessary to adjust the acidity of the
technological solution to optimal values, which is
achieved by adding an ammonium hydroxide solution.
The solution is pumped from the bottom into the ad-
sorber for the adsorption process. Compared to other
designs, adsorbers with a pseudo-fluidized sorbent
bed offer advantages such as an increased phase con-
tact area with the same loading volume and a longer
phase contact time.

For the adsorption recovery of metal, a cylindri-
cal column design with a conical bottom and dis-
tribution grids inside the apparatus was chosen. To
organize a continuous recovery process, two adsorb-
ers are used: after the sorbent in the first unit be-
comes saturated, it switches to reloading while the
second unit switches to adsorption. After reloading,
the sorbent is directed to a desorber equipped with a
stirrer, where a diluted (1 : 20, or 2.3 %) sulfuric acid
solution is supplied. It was found that using H,SO, at
this concentration as the eluent desorbs 95 to 98 % of
the nickel. The saturated Ni(II) solution after deso-
rption is proposed for use in the electrolytic recovery
of the metal.

When operating the sorption columns, it should be
noted that the degree of nickel recovery from solutions
decreases by 3—5 % after each cycle. The adsorbers
should be switched before complete saturation of the
load, as at times close to full saturation of the adsorbent,
the concentration of metals in the solution approaches
equilibrium, and the adsorption rate realistically de-
creases. The estimated total operating time of one ad-
sorber before reloading the carbon is 648 hours. It is
advisable to use only standard chemical machinery and
apparatus in the processes.

30

Conclusion

The chlorammonium hydrometallurgical technol-
ogy for nickel recovery from oxidized ores is based on
the solid-phase chlorination of oxidized nickel ores
with ammonium chloride at 7 = 473 K, followed by
aqueous leaching of soluble nickel chlorides and other
valuable components. It is advisable to include a nick-
el adsorption recovery process in the above-mentioned
technological scheme at the stage of obtaining ammo-
nia solutions (Ni%*, Co*", Mn?*, Mg?*, Ca?"). It is most
likely that after precipitation, the metals are present in
the technological solution as complex ammines.

The study showed that adsorption interaction in the
“metal-containing solution — carbon sorbent” system
proceeds quite intensively: the rate constants range from
0.204 1o 0.287 s~!. The activation energy value (E, =
= 7.1 kJ/mol) indicates that the adsorption process oc-
curs in the diffusion region. The change in Gibbs free
energy (AH = —8.96 kJ/mol) suggests that the likelihood
of the spontaneous adsorption process increases with
temperature.

For the adsorption recovery of Ni(II), a scheme with
two adsorbers with a pseudo-fluidized sorbent bed and
bottom supply of a weakly alkaline technological solution
is proposed. Nickel desorption is carried out with a 2.3 %
sulfuric acid solution, desorbing 95 to 98 % of the nickel.
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Obtaining lithium carbonate from the black mass
of lithium-ion batteries

S.A. Aleynikov, N.V. Belousova

Siberian Federal University
79 Svobodny Prosp., Krasnoyarsk 660041, Russia

P4 Sergey A. Aleynikov (saaleynikov@yandex.ru)

Abstract: The article explores the possibility of obtaining lithium carbonate from the black mass — an intermediate product of lithium-ion
batteries recycling. X-ray phase analysis and inductively coupled plasma atomic emission spectrometry of the black mass revealed that it
contains 3 % lithium. It has been established that during water leaching, 40 % to 70 % of lithium can be selectively extracted from the black
mass into the aqueous phase at L/S ratios ranging from 10 to 200. During water leaching, kinetic curves were recorded at temperatures of 25 °C
and 80 °C. To remove Al ions from the leaching solution, we studied the sorption of aluminate ions on weaky basic (AN-31, CRB05) and strongly
basic (A500) anion exchangers under static conditions using a model Li—Al solution. It was demonstrated that in an alkaline environment,
strongly basic anion exchangers with quaternary amino groups are not able to adsorb Al ions, while AN-31 and CRB05 with hydroxyl clusters
in their functional groups have a capacity of 2 to 3 g/dm? in terms of aluminum ions. The sorption of aluminum from the model Li—Al solu-
tion was conducted under dynamic conditions using the CRB05 anion exchanger (N-methylglucamine) at specific flow rates of 2 and 4 co-
Iumn volumes per hour. Elution sorption curves were plotted, and both the dynamic exchange capacity and the total dynamic exchange capacity
were determined. Additionally, we showed that aluminum ions can be removed by sorption so that their residual concentration in the raffinate
drops below 0.5 mg/dm?>. Sorption purification of the solution after water leaching of the black mass was performed using a weaky basic
anion exchanger Diaion CRB0S5 and a chelate cation exchanger Purolite S950. After evaporation of the purified solution, we obtained lithium
carbonate with a main substance content of 98.2 %.

Keywords: sorbent, lithium, ion exchange, extraction, purification, treatment.
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IosryueHne KapoOoOHATA JTUTHS U3 «4€PHOH MaCChI»
JIMTHIi-HOHHBIX AKKYMYJIITOPOB

C.A. Aneitnukos, H.B. beaoycosa
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Poccus, 660041, r. KpacHosipck, rip-T CBOGOAHBII, 79

P4 Cepreit Anekcanaposry AJeitHUKOB (saaleynikov@yandex.ru)

AnHoranus: VMcciegoBaHa BO3MOXHOCTH ITOJTYYeHUST KapOOHATA JTUTHS U3 «I€PHOI MacChl» — MTPOMEXYTOUYHOTO TIPOAYKTa MepepaboTKU
JIUTUI-UOHHBIX aKKyMYJISITOPOB. [IpoBeneHbl peHTTeHO(hAa30BbIi aHATU3 U ATOMHO-3MUCCUOHHAsI CIIEKTPOCKOM NS C UHAYKTUBHO CBSI-
3aHHON MJ1a3MO#l «4epHOIT MacChl», PE3yJbTaThl KOTOPBIX MMOKA3aJIi, YTO COMePKaHUE JIUTHUSI B Heil cocTaBisieT 3 %. YCTaHOBJIEHO, YTO
MIpY BOXHOM BBIIIEJaYMBAHUU U3 «4€PHOI MACChI» B BOAHYIO (ha3y MOKHO CeJIEKTUBHO U3BJeub oT 40 10 70 % AuTHUs IPU COOTHOLICHU U
XK : T ot 10 no 200. B mpoiiecce BOJHOrO BbIlleJauMBaHU S ObIJIM CHITHI KWHETUYECKKME KpUBbIe Mpu Temneparypax 25 u 80 °C. s yna-
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JIEHU S MIOHOB Al U3 pacTBOpa BbIlIeIauMBaHU s UCCIeI0Balach COpOLMS allOMUHAT-NOHA Ha ciaboocHOoBHBIX (AH-31, CRB0S) u cuib-
HOOCHOBHBIX (A500) aHMOHUTaX B CTAaTUYECKUX YCIOBU X Ha MoJieibHOM Li—Al-pacTBope. [TokazaHo, 4TO B LIEJOYHON cpelie CUIIbHOOC-
HOBHBIC aHMOHUTHI C YeTBEPTUUHBIMU aMUHOT'PYIIIIaMU He CITOCOOHBI MoryioniaTh noHbI Al, B To Bpemst Kak AH-31 u CRBO0S5, nmeroiue B
cocTaBe GYyHKIIMOHATBHBIX TPYIII THIPOKCHIBHBIE TPY I POBKH, 06,1a1aI0T eMKOCTBIO OT 2 10 3 1/M° 110 monam Al. [Tposenena cop6iust
AJIOMUHUS U3 MOJeIbHOrO Li—Al-pacTBopa B IMHAMMYECKUX YCIOBU X ¢ UcTioib30BaHeM aHnoHuTa CRBOS (N-MeTuarItoKaMH) npu
yIeJIbHOM CKOPOCTH MOTOKA 2 U 4 KOJJOHOYHBIX 00beMa B yac, CHSIThI BBIXOJHbIE KPUBbIE COPOLIMU, paCCUUTAHbI IMHAMUYeCKast OOMEeHHast
U MOJTHAsl fMHaMuyecKast oOMeHHast eMKocTH. [TokazaHo, 4To MOHBI Al MOTYT OBITh yaJIeHbl COPOLMEi 10 OCTATOYHON KOHLIEHTpaLluu
B paduHare meHee 0,5 Mr/z[M3. Takxe OblJ1a MpoBeAeHa COPOLIMOHHAS OUMCTKA PACTBOPA BOJHOIO BhILIEJIaUMBAHUS «4€PHON MaCChl» C
HCTIONb30BaHUeM ciaboocHoBHOTO aHnoHuTa Diaion CRBO0S5S u xematnoro karnonuta Purolite S950. [locne ymapuBaHusi OUMIIIEHHOTO

pacTBOpa ObLT MOJyUYeH KapOOHAT JTUTHSI C COIEePXKaHUEeM OCHOBHOTO BetecTBa 98,2 %.

KuioueBbie cioBa: COpOEHT, TUTU I, MOHHBII OOMEH, U3BJIeUeHHEe, OUMCTKA, NepepaboTka.

Jlns uutuposanus: AneitHukos C.A., benoycosa H.B. I[onyyeHue kapOoHaTa TUTUS U3 «4€PHON MACChl» TUTUNR-MOHHBIX aKKYMYJISTO-
pOB. Uzsecmus 8y306. Llgemnas memannypeus. 2024;30(3):34—44. https://doi.org/10.17073/0021-3438-2024-3-34-44

Introduction

The production of lithium-ion batteries (LIB) holds
the largest share in global lithium consumption. In 2015,
LIB manufacturing accounted for 35 % of global lithium
production, and by 2019, this figure surged to 65 % . The
service life of LIBs is limited by various factors contrib-
uting to the degradation of electrochemical energy sto-
rage systems. Consequently, the coming years are like-
ly to see growth in the market for recycled lithium raw
materials. Without control over the disposal of spent
lithium-ion batteries, this could have serious environ-
mental consequences.

The most popular lithium product is lithium car-
bonate, which is used for LIB production after being
upgraded by purification from the technical (=99.0 %
Li,CO3) to battery (299.5 % Li,COs) grade. Lithium
in the active cathode and anode masses of lithium-ion
batteries exists as mixed oxides (spinels): LiCoO, [2],
LiMnOy [3], Li4TisOy, [4]; phosphate LiFePO, [5], car-
bide LiCq [6], and other compounds. A mixture of cath-
ode and anode masses of spent LIBs is an intermediate
product of their processing and is referred to as “the
black mass” in foreign scientific literature.

The following elements are used to transfer lithi-
um, cobalt, and nickel from spent LIBs into solution:
organic acids (oxalic, citric, ascorbic, etc.) [7; 8], in-
cluding combinations with hydrogen peroxide [9—11],
mixtures of organic acids (benzenesulfonic and for-
mic) [12], inorganic acids (sulfuric, nitric, hydrochlo-
ric) [7; 13; 14], and ammonium [15; 16] and sodium
[17] hydroxides.

Acid leaching presents a challenge for the further
selective separation of lithium and non-ferrous me-
tals since the resulting leaching solution contains ma-
ny elements to be removed, such as Ni, Co, Mn, Al,
and Fe.

Selective lithium extraction can be achieved by wa-
ter leaching of the black mass, during which most lith-
ium ions leave the mixed oxide structure and transfer
into the solution as lithium hydroxide. The proposed
mechanism for lithium transfer into the solution of
mixed oxides is represented by the following reaction
equations [18]:

2LiCo0O, + H,0 = 2LiOH + Co,0;, (1)

2LiMnO, + H,0 = 2LiOH + Mn,0;, 2)

LisTisO, + 2H,0 = 4LiOH + 5TiO,. 3)

From the resulting lithium solution, lithium car-
bonate can be precipitated by passing carbon dioxide:

2Li* +20H~ + CO, = Li,CO; + H,0. @)

A problem arises due to aluminum contained in
some cathode materials (LiNi, Co Al;_,_,0,) and the
presence of aluminum foil particles used in lithium-ion
batteries as a cathode current lead. In the alkaline en-
vironment of a lithium hydroxide solution, aluminum
oxide can partially dissolve, forming a complex ion
[AIOH),|™:

2Li* + 20H™ + Al,0; + 3H,0 =
= 2Li* + 2[AI(OH),]". )

When metallic aluminum reacts with a solution of
lithium hydroxide, layered double aluminum-lithium
hydroxide can form [19]:

Li* + OH™ + 2Al1+ 8H,0 =
= [LiAl,(OH)¢]OH-2H,0 + 3H,. (6)
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Therefore, before lithium carbonate precipitation,
Al ions should be removed from the leaching solution.
This can be facilitated by sorption on anion exchang-
ers. A literature review showed that weak base anion
exchangers with tertiary amino groups (AN-31) [20]
or anion exchangers with N-methylglucamine active
groups (D-403) [21] can be used for the sorption re-
moval of Al ions.

The purpose of this study was to investigate the con-
ditions for the direct extraction of lithium from the black
mass of lithium-ion batteries to obtain lithium car-
bonate.

Materials and methods

The object of the study was the LIB black mass ob-
tained by grinding spent lithium-ion batteries in a shred-
der and sifting the resulting material through a sieve with
a mesh size of 0.63 mm.

To analyze the composition of the black mass, a
subsample weighing 0.5 g was dissolved in 50 cm? of
a mixture of sulfuric, perchloric, and hydrochloric
acids at the ratio of 2 : 2 : 1. This mixture was heated to
200 °C for 4 hours to ensure complete dissolution of
the subsample, including graphite. The resulting solu-
tion was then diluted with 6 M hydrochloric acid to
bring the total volume to 100 cm?>. The solution was
analyzed by inductively coupled plasma atomic emis-
sion spectrometry (ICP-AES). The results (wt.%) are
presented below.

5 S 0.08 Al 3.39
Mn....oooiiiinns 7.48 P 0.68
[ T 2.47 Liiis 3.15
Feovviiiiiis 0.87 (O TR 14.97
Niiooiviiiiiiiinn, 9.72

The X-ray phase analysis of the black mass, per-
formed on a Malvern Panalytical Empyrean powder
diffractometer (PANalytical, Inc., the Netherlands),
showed the presence of graphite, Co, Li,CO3, MnO, Cu,
Cu,0, and Li(Fe( {Mn; 77)O4 in the sample (listed in
order of decreasing content).

The experimental scheme is shown in Fig. 1. Water
leaching of the black mass was performed at L/S ratios
ranging from 10 to 200 to study the conditions for the most
complete extraction of lithium into solution. Based on the
ICP-AES analysis of the solution obtained during of the
black mass leaching, a model Li-containing solution was
prepared for use in experiments on static aluminum sorp-
tion. The main goal of these experiments was to select the
sorbent with the highest capacity for aluminum ions. The
selected sorbent was then used in experiments on the dy-
namic sorption of aluminum using a model Li-contain-
ing solution to select the optimal flow rate (FR) (specific
loading) and calculate the sorbent dynamic exchange ca-
pacity (DEC) for Al ions. Based on the results obtained,
we selected the volume of sorbent required for the sorption
purification of the real black mass leaching solution from
Alions at the chosen specific loading.

LIB black mass
. L/S = 10200
| Leaching |<— H,O
SOIUtiON == = = = = = e - Model solution
. FR =2 BV/h ..
| Sorption Al |<7r Diaion CRB05 <---+
i L/S =100
Raffinate 1 ! . AN-31
! Al sorption L/S = 100
| Sorption Ni, Ca, Mg FM Purolite S950 E under static Purolite A500
! conditions L/S =100 .
Raffinate 2 I Diaion CRB05
4 Al sorption !
Thermal K =16 under dynamic [T
concentration ! conditions FR =2:4 BV/hr
Concentrate
| Precipitation Li,CO; |« 80°C.pH =85 Co,

l

Technical Li,CO,

Fig. 1. Experiment scheme

Puc. 1. CxeMa npoBeIeHN S OITBITOB
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Alongside with the aluminum sorption, we per-
formed sorption purification of the aluminum sorption
raffinate from some impurity cations (Ni, Ca, Mg) using
the Purolite S950 cation exchanger. After sorption pu-
rification, the Li-containing solution was concentrated
by evaporation 16 times (K, = 16) to achieve the Li con-
centration of 25 g/dm3. After this, to precipitate lithium
carbonate, carbon dioxide was passed through the con-
centrated Li solution heated to 80 °C until pH reached
the value of 8.5.

Water leaching procedure

Water leaching of the black mass was performed
in titanium crucibles with a volume of 100 ml at dif-
ferent L/S ratios (10, 50, 100, and 200) for 2 hours.
The 5-position IKA RTS5 stirrer (IKA-Werke GmbH
& Co. KG, Germany) was used to create uniform con-
ditions.

To record the kinetic curves of lithium leaching, wa-
ter leaching of the black mass was performed in a titani-
um beaker with a volume of 600 ml at temperatures of
25 and 80 °C for 2 hours, with the solution being con-
stantly stirred on an IKA C-MAG HS 7 magnetic stir-
rer at the ratio L/T = 10. This value was chosen as the
most optimal for subsequent experiments on aluminum
sorption. Samples were taken every 5 minutes, immedi-
ately filtered, and analyzed for lithium content using the
ICP-AES method.

The solutions obtained during the recording of ki-
netic curves were combined. The data from ICP-AES
analysis of the combined solution was used to prepare
model systems containing Al and Li ions to study alumi-
num sorption under static and dynamic conditions.

Procedure for aluminum sorption
under static conditions

Aluminum sorption under static conditions was per-
formed to select a sorbent with the highest capacity for
aluminum ions. We used the anion exchangers present-
ed in Table 1. The model solution for aluminum sorp-
tion was prepared by dissolving 9 g of lithium hydroxide
monohydrate LiOH-H,O (TS 6-09-3763-85) and 1.4 g
of aluminum chloride hexahydrate AlCls-H,O (GOST
3759-75) in 1 dm?> of water. The resulting solution af-
ter filtration contained 154 mg/dm? of lithium and
1,465 mg/dm? of aluminum.

The model solution with a volume of 50 cm® was
transferred into a flask with a volume of 100 cm? using a
Research Plus automatic pipette (Eppendorf, Germany)
and 1 cm?® of sorbent sample was added. The solution
was stirred for 24 hours on an S-3L.A20 orbital mixer
(ELMI Ltd., Latvia). After the experiment was comp-

leted, the solutions were filtered and analyzed for the re-
sidual content of Al and Li ions.

Procedure for aluminum sorption
under dynamic conditions

Sorption of aluminum under dynamic conditions
was performed on a model solution to evaluate the dy-
namic and total dynamic exchange capacity (DEC)
of the sorbent, as well as to determine the optimal
flow rate (specific loading) that ensures maximum
aluminum extraction. Diaion CRBO05 (N-methyl-
glucamine) sorbent was used in the experiment. An
IOK VZOR 20/16/200 ion exchange column (VZOR
LLC, Russia) was filled with 30 ml of CRB05 anion
exchanger and the model solution. The model solu-
tion with a specific loading of 2 and 4 bed volumes
per hour (BV/hr) (40 and 120 cm3/hr, respectively)
was passed through a column with a sorbent using a
Masterflex L/S 7519-06 peristaltic pump (Cole-Par-
mer, USA) in an ascending flow. At the exit from the
column, the raffinate was fractionated using a C660
fraction collector (BUCHI Labortechnik AG, Swit-
zerland) at 4 BV/hr (120 cm?d).

The concentrations of Al and Li ions in the in-
itial solution and raffinates were determined by
ICP-AES. Based on the results of ICP-AES analysis
of raffinate fractions, elution sorption curves were
plotted, and the dynamic exchange capacity and the
total dynamic exchange capacity of the sorbent were
calculated.

Procedure for sorption purification
of a solution after water leaching
of the black mass

Fresh sorbent Diaion CRB05 was used for sorption
purification of the solution (800 cm3), obtained by wa-
ter leaching of the black mass at the ratio L/S = 10,
from Al ions. Its volume was calculated based on the
obtained DEC values for aluminum ions in the model
experiment, which amounted to 2.47 g/dm3 at the spe-
cific loading of 2 BV/hr. Taking into account the con-
centration of Al ions (C, = 112.7 mg/dm3), the amount
of CRBO05 sorbent required to purify the solution ob-
tained during water leaching of the black mass was cal-
culated to be 37 ml.

Since the solution contains Ca, Mg, Fe and Ni
ions, along with removing Al ions, the solution was
additionally purified from these cations using 37 cm?
of Purolite S950 chelate resin (aminophosphonic ac-
id), which was previously converted into the Li-form
by passing through a layer of 2M sorbent of lithi-
um hydroxide solution at a flow rate of 111 cm?®/hr
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Table 1. Anion exchangers used for aluminum sorption under static conditions

Tabauua 1. HC]’[OJTBBYCMBIC AHUOHMUTDLI JJIsd COp6LU/H/I AJIIOMUHUA B CTAaTUYCCKUX YCJIOBUAX

Description Active group Active group structure Working form
R
Purolite A500 Quaternary amine C|?H3 OH OH™
CH,~N"—CH,
|
CH,
R-N-CH,~-CH-CH,~N-R
| | |
CH, OH CH,
| |
ICH2 ICH2
AN-31 Tertiary amine, NH NH OH-
secondary amine | |
CH, CH,
| |
ICH2 OH ICH2
|
R-N-CH,-CH-CH,~N-R
CH, OH OH
Diaion CRB05 N-methylglucamine R@ OH™

(3 BV/hr) for 1 hour in an ascending flow, and then
washed with water at a rate of 222 cm?®/hr (6 BV/hr) to
displace the lithium hydroxide solution from the inter-
granular space.

The volume of Purolite S950 sorbent (37 cm?) was
selected based on the flow rate during purification
amounting to 74 cm3/hr (2 BV/hr), since the solution
was simultaneously purified from anions and cations in
the columns connected in sequence, with CRB05 and
S950 sorbents. Before the sorption, they were dried and
filled with the solution after water leaching of the black
mass. The resulting purified solution (raffinate) was
analyzed using the ICP-AES method.

Lithium carbonate precipitation technique
and analysis

Since the concentration of Li (1.6 g/dm3) in the
solution purified by sorption makes the lithium car-
bonate precipitation impossible due to its relatively
high solubility in water, the raffinate was concentrat-
ed by evaporation in a titanium beaker on a magnetic
stirrer to 50 cm?. During the process, the precipitate
was formed, which is likely to be attributed to the in-
teraction of lithium hydroxide with carbon dioxide
contained in the air. After evaporation, carbon dioxide

38

was passed through the solution heated to 80 °C until
pH reached the value of 8.5 for more complete preci-
pitation of lithium carbonate. The resulting precipitate
was separated from the solution by vacuum filtration,
washed with alcohol and dried for 1 hour at a tempera-
ture of 150 °C.

To analyze the impurity composition, the ICP-AES
method was used. The mass fraction of the main sub-
stance (lithium carbonate) was estimated by acidometric
titration by dissolving its subsample, adding hydrochlo-
ric acid, heating the solution to remove carbon dioxide,
and titrating the excessive hydrochloric acid with a sodi-
um hydroxide solution.

The mass fraction of water was determined using a
MX-50 moisture analyzer (AND, Japan) at a tempera-
ture of 120 °C.

Results and discussion

Results of water leaching of lithium
from the black mass

The water leaching results (Table 2) showed that lith-
ium extraction is directly proportional to the L/S ratio
(Fig. 2), the maximum degree of its extraction reaching
72.5 %.
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We suppose that lithium recovery is incomplete
due to a number of factors. Thus, as the Li concen-
tration in the solution increases, so does the pH value
(Table 2), which creates the conditions for the alumi-
num oxide dissolution, to be followed by the precipita-
tion of aluminum hydroxide, which can absorb Liions
to form double layered aluminum-lithium hydroxide
[22; 23].

Another possible reason is related to the black
mass graphite component being hydrophobic. Most
anode materials for Li-ion batteries are made of li-
thiated graphite [24], which can reversibly intercalate
and deintercalate Li ions. During leaching, a graph-
ite film emerged and remained on the solution sur-
face throughout the experiment. The most obvious
solution to this problem is to introduce surfactants,
for example sodium laureth sulfate, into the pulp,
but further concentration of the solution creates
difficulties with foaming and precipitate filtration,
therefore surfactants were not used at this stage of
the research.

The third reason why the lithium extraction is in-
complete may be associated with the sorption activity of
some spinels: in particular, lithium manganates [25; 26]
and lithium titanates [27; 28] are Li-selective sorbents,
and when they are used, lithium desorption is realized in
an acidic environment.

The analysis of kinetic curves (Fig. 3) shows that
in the first 20 minutes of the leaching process, Li ions
actively transfer into the solution and then the process
slows down.

The ICP-AES analysis of the combined solution af-
ter the black mass leaching (Table 3) showed that the Al
content in the solution exceeds 100 mg/dm?>. In addi-
tion, the solution contains other impurity elements (Ca,
Mg, Fe, Ni) that can negatively affect the quality of the
resulting lithium carbonate.

Numerous studies [29—31] are devoted to the sorp-
tion removal of Ca and Mg cations, as well as a number
of other metals and choosing a sorbent is not an issue,

Extraction, %

Li
60-
40-
20-
./-L./‘.
0 50 100 150 200
LS

Fig. 2. Dependence of lithium and aluminum extraction
on the L/S ratio during water leaching of the black mass

Puc. 2. 3aBUCMMOCTb U3BJICUCHU ST IUTUS U aTIOMUHU ST
oT cooTHomeHus 2K : T mpu BOZTHOM BbIIIeTauMBaHU U
«4YEPHOUN MaccCh»

since many chelate cation exchangers form more stable
complexes with cations of bivalent metals than with Li
ions. As noted above, the Al ions present in the solution
in the form of [AI(OH)4]— pose a problem, so further
investigation was aimed at finding a suitable anion ex-
changer.

Results of aluminum sorption
under static conditions

The results of sorption under static conditions show
that strong base anion exchangers cannot remove hyd-
roxoaluminate ions, while weak base anion exchangers
AN-31 and CRBO05 in an alkaline environment have a
capacity from 2 to 3 g/dm3 (Table 4). The mechanism
of aluminum sorption on these sorbents is apparently
based on the formation of a complex due to them having
hydroxyl groups, and not due to ion exchange, since the
amino groups are not protonated in an alkaline environ-
ment. This is evidenced by the results of aluminum sorp-
tion on the strong base anion exchanger Purolite A500,
which cannot absorb aluminate ions due to the absence
of hydroxyl groups.

Table 2. Results of water leaching of lithium from the LIB black mass

Ta6auua 2. Pe3ynbraThl BOMHOTO BhIILEIAYMBAHUS JIUTHUSI U3 «9€PHOM MACChl» JIUTUIA-UOHHBIX aKKyMYJISITOPOB

Content, mg/dm?> ) Extraction, % )
PHequil L/S Li/Al Li/Al
Li Al Li Al
10.72 198 115.2 22.4 5.14 72.5 13.1 5.54
10.81 98 218.4 20.9 10.45 68.2 6.1 11.26
10.93 50 354.5 57.1 6.21 56.2 8.4 6.69
11.09 10 1301.0 96.6 13.47 41.2 2.8 14.51
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Table 3. The result of ICP-AES analysis of the solution
for water leaching of the black mass before and after
the sorption purification

Ta6nuua 3. Pesynwvratel MCIT-ADC ananusa pactBopa
BOJIHOTO BBIIIICTAYMBAHUS «I€PHOU MacChl» 10 U TTOCTIe
COPOLIMOHHOI OYUCTKU

Content, mg/dm3
Element
Before purification | After purification
Ti <0.1 <0.1
Ca 13.8 0.5
Mn <0.1 <0.1
Cu <0.1 <0.1
Fe 2.6 0.75
Ni 4.0 1.95
Al 112.7 <0.5
Mg 3.0 0.6
Na 148.2 67.05
P 7.7 5.4
141.1 127.5
Li 1648.9 1661.4
Co <0.1 <0.1

Since CRBO05 has a higher capacity for aluminum
jons (2.86 g/dm’) than AN-31 (2.15 g/dm?>), it was cho-
sen for further sorption experiments under dynamic
conditions.

Results of aluminum sorption
under dynamic conditions

In the model experiment on the aluminum dynamic
sorption, our main task was to determine the dynamic
and total dynamic exchange capacities, as well as to se-
lect the optimal flow rate for purifying the real solution
after water leaching of the black mass from aluminum
ions. Fig. 4 features the elution curves of aluminum
sorption at the flow rates (FR) of 2 and 4 BV/hr. It can

C,,, mg/dm’
0 Li» Mg
80°C
1500+ A——-——-—~—-_5§7i5“‘
1000-
5004
0 25 50 75 100 . min

Fig. 3. Kinetic curves representing leaching of lithium ions
from the black mass

Puc. 3. KuHeTnyeckue KpuBbIe BhIIIeTa4YUBaHKU I MOHOB
JIUTHUS U3 «4EPHOI MacChl»

cre
1.24+—

1.0

0.8+ FR =2 BV/hr

FR=4BV/hr
0.64

0.4+

0.2

0 10 20 30
Volume, BV

40 50

Fig. 4. Elution curves of aluminum sorption on CRB05
sorbent

Puc. 4. BorxonHble KpUBbIe COPOIINY ATIOMUHU ST
Ha copbernTe CRB05

be observed that at the specific loading of 2 BV/hr, alu-
minum ion breakthrough occurs later, which enables to
obtain a larger volume of raffinate purified from alumi-
num ions than at FR = 4 BV/hr with the same amount
of sorbent.

Table 4. Results of aluminum sorption under static conditions

Tabnuua 4. Pe3ynbraThl COpOLIMK aTIOMUHUS B CTATUYECKUX YCITOBUSIX

: 3 3
Sorbent Solution Sorbent Sorbent Concentration, mg/dm SEC, g/dm
volume, cm? volume, cm? mass, g Al Li Al Li
AS500 50 1 0.3372 153.6 1469.6 0.04 0
AN-31 50 1 0,2713 111.4 1429.2 2.15 1.80
CRBO05 50 1 0.3588 97.2 1475.6 2.86 0
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The ICP-AES analysis of raffinates showed that the
CRBO05 dynamic exchange capacity at the specific load-
ing of 2 BV/hr amounted to 2.47 g/dm?>, which is two
times higher than at FR =4 BV/hr (1.23 g/dm3). Mean-
while, the total DEC for Al ions in both cases was about
3.5 g/dm?. Their concentration in the raffinate before
their breakthrough did not exceed 0.5 mg/dm3 (below
the ICP-AES detection limit).

Results of sorption purification
of a solution after water leaching
of the black mass

The sorption purification of the Li-containing solu-
tion after water leaching of the black mass at the specific
loading of 2 BV/hr on Diaion CRBO05 and Purolite S950
ion exchangers enabled to completely remove Al ions
and partially remove Ca, Mg, Fe and Ni ions (Table 3).

The resulting purified solution was used to obtain
lithium carbonate.

Results of lithium carbonate
precipitation

The X-ray phase analysis of the white precipitate
formed during thermal concentration (evaporation) of
the water leaching solution purified from impurities
showed that its main component is lithium carbonate
and a phase with a cubic crystal system (space group
R3m) is present as an impurity (~2 %), its structure being
similar to that of lithium cobaltite [32], however, its reli-
able identification proved impossible.

The proportion of the main substance amounted
t0 98.2 %. The resulting lithium carbonate in terms of
the content of alkali and alkaline earth metals is com-
parable to technical lithium carbonate obtained from
natural sources (Albemarle, USA, Rockwood Lithi-
um, USA), but currently many manufacturers do not
regulate the content of some elements, such as Ti, Co,
Cu, Al and Ni, which are not typical for lithium car-
bonate obtained from natural hydro- and solid mineral
sources.

Aluminum accounts for the largest share of im-
purities in lithium carbonate, although it was not
detected in the solution after sorption removal due
to the ICP-AES detection limit for Al ions — 0.5
mg/dm3. Apparently, the solution contained a cer-
tain amount of aluminum ions, which contaminated
lithium carbonate in the course of the solution con-
centration during evaporation. In this regard, fur-
ther research will be aimed at determining optimal
sorption conditions and solving another problem —
relatively low lithium extraction during water leach-
ing (40—70 %).

Table 5. Results of chemical analysis of the precipitate
based on lithium carbonate

TaGnuna 5. Pe3ynbraThl XMMUUYECKOrO aHajlM3a ocajaka Ha
OCHOBe KapOOHaTa JTUTHSI

Element, Content, Method
compound wt. % of analysis
Li,CO, 98.2 Acidometry
Ti 0.0170 ICP-AES

Ca 0.0204 ICP-AES

Mn 0.0006 ICP-AES

Cu N/D ICP-AES

Fe 0.0053 ICP-AES

Ni N/D ICP-AES

Al 0.0888 ICP-AES
Mg 0.0146 ICP-AES

Na 0.0111 ICP-AES

P 0.0304 ICP-AES
0.0105 ICP-AES

Co N/D ICP-AES

B 0.0052 ICP-AES
0.0006 ICP-AES
H,0 0.2 Gravimetry

Conclusion

In the course of investigations aimed at obtaining
lithium carbonate from the black mass of lithium-ion
batteries, we explored the process of water leaching
of lithium at various L/S ratios. During the stu-
dy, we:

— derived the dependencies of lithium extraction on
the L/S ratio and plotted kinetic leaching curves;

— explored the process of sorption removal of alu-
minum from the model alkaline Li—Al solution us-
ing some weak base anion exchangers (CRB05 and
AN-31);

— determined the capacity of anion exchangers un-
der static and dynamic conditions;

— plotted elution aluminum sorption curves for spe-
cific flow rates of 2 and 4 bed volume per hour;

— performed sorption purification of the solution af-
ter aqueous leaching of the black mass using a weak base
anion exchanger Diaion CRB05 and a chelate cation ex-
changer Purolite S950.

After evaporation of the purified solution, we ob-
tained lithium carbonate with a content of the main sub-
stance of 98.2 %.
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Development and solution of the Kinetics equation
and adsorption isotherm for gold adsorption

from cyanide solutions onto activated carbon
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Abstract: This paper presents the results of theoretical and experimental studies on the process of gold adsorption from cyanide solutions
onto activated carbon (AC). One of the objectives of the study was to identify the functional relationship between the mass loading of AC
in the volume of the adsorption column solution and the kinetics of the process. To achieve this, a modified adsorption kinetics equation
(considering the heterogeneity of the process) was proposed, which incorporates the solid phase of the carbon sorbent in the unit volume of
solution as a third intermediate agent of adsorption interaction between the adsorbate ions and the free active sites of the AC. As a result,
a modified third-order adsorption kinetics equation for gold adsorption on AC was derived, taking into account the solid phase loading
of AC in the solution volume, along with its analytical solutions under conditions of constant gold content in the initial solution and the
process conducted in a closed volume with varying gold concentrations in the solution according to the material balance equation.
The relationship between the solutions of the kinetic equation and the adsorption isotherm equation was established. From the solutions of
the kinetic equation, a modified Langmuir isotherm equation was derived, which allows determining the equilibrium concentrations of gold
on the AC and in the solution a priori under the condition that the process is conducted in a closed volume, with known initial gold contents
in the solution and on the AC, as well as with a known AC loading in the adsorber volume. The theoretical dependencies of the adsorption
and desorption rate constants on temperature, convective, and diffusion parameters are discussed. The presented mathematical model of
adsorption kinetics is valid under the conditions of gold adsorption on AC from gold cyanide solutions with an adsorption time of up to 2 days
and a sorbent capacity utilization degree of 40—60%.

Keywords: gold, kinetics, adsorption, carbon adsorbent, adsorption isotherm, cyanide solution, reaction rate constant, mathematical modeling.
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3arpy3koii Maccbl AY B 00bemMe pacTBOpPa aJcopOLIMOHHOI KOJOHHBI U KUHETUKOM Iipoliecca. Lisi ee pelueHusl IpeIyiokeHo Mogudu -
pOBaHHOE ypaBHEHME KWUHETUKHU aICOPOLIMU (C yUeTOM reTepOreHHOCTH MPOoIiecca) B BUie BKIIOYSHHU I TBEPIOi (ha3bl yroJbHOI0 COpOeH-
Ta B eAMHUIIC 00BEeMa pacTBOPA B KAYECTBE TPETHETO MPOMEXYTOUHOTO aTeHTa aICOPOIIMOHHOTO B3aUMOJICHCTBU ST MEX Iy MOHAMHU aJICOP-
6aTa 1 CBOOOIHBIMYU aKTUBHBIMU LIeHTpamu AY. B pe3yibrare monaydeHbsl MOANGMUIIMPOBAHHOE ypaBHEHNE KUHETUKHY aICOPOLIMU 30J10Ta
Ha AY 3-ro nopsijika ¢ y4eToM TBepaoii (a3bl 3arpy3ku AY B 00beMe pacTBOpa 1 ero aHaJUTUYEeCKHEe PELICHUsI TTPU YCIOBUSSX MOCTOSI H-
CTBa COJePKaHU sl 30J10Ta B UCXOAHOM PacTBOPE U MPOBEIEHHU S MpoLiecca B 3aMKHYTOM 00beMe C U3MEH IIoIIelicsl KOHLEHTpaliueil 3070Ta
B pacTBOpPE COIJIACHO YPaBHEHU IO MaTepualbHOro 0ajaHca. YCTaHOBJIEHA B3aUMOCBSI3b MEX1y PEIIEHUSIMU KMHETUUECKOTO ypaBHEHUsI
U ypaBHEHHMEM U30TePMBbI aicopoimu. V3 pelmeHnit KWHETUYECKOTO ypaBHEHMs TIOJyYeHO MOIUMUIIMPOBAHHOE YpaBHEHUE N30TEPMbI
JlenrMiopa, TO3BOJISIONIEe HAXOAUTH PABHOBECHBIE KOHIICHTPALIMU 30J10Ta Ha AY U B pacTBOpE HOOMBITHO TIPU YCIOBUU TTPOBENCHUS
mpoliecca B 3aMKHYTOM 00beMe U U3BECTHBIX HaUaJIbHBIX 3HAYSHUSIX COIEPXKAHUI 30J10Ta B pacTBOpe U Ha AY, a TaKXe MpU U3BECTHOU
3arpyske AY B oobeme ancopbdepa. O6cyXAeHbl TEOPETUYECKHE 3aBUCUMOCTH KOHCTAHT CKOPOCTEN acopOIIMM U AECOPOIIUU OT TeMIe-
paTypbl, KOHBEKTUBHBIX U AU (D dy3noHHBIX TapamMeTpoB. [IpeactaBieHHas MmaTeMaTruyeckast MOLE b KUHETUKM aCOPOLIMU CIIpaBeaIBa
IUJIS1 yCJIOBUIA MPOBEAEH U poliecca afAcopOL K 3010Ta Ha AY 13 30JI0TOLMaHUCTBIX PACTBOPOB IPU BPEMEHU a1cOpOLUHU 10 2 CYTOK U
CTEIEH U 3aTO0JIHEH U TIOJIHOM Mpene/ibHOI eMKocTr copbeHTa 40—60 %.

Kiouesbie ciioBa: 30JI0TO, KWHETHUKA, aﬂcop6um{, yFOJ'IbHI;IfI aZ[COp6CHT, nsorepma az[cop6u1/11/1, LIUAHUCTBIA pacTBOp, KOHCTAaHTa CKOpPO-
CTU pCaKIIMM1, MATEMATUYECCKOEC MOACTIMPOBAHUC.
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Introduction

A fundamental problem in the field of carbon-sorp-
tion technology for the extraction of gold from gold-
cyanide solutions is the lack of a universally accept-
ed, theoretically grounded kinetics equation that can
adequately describe both the dynamics and statics of the
sorption process, taking into account variable operating
factors — such as the concentrations of metal and the
mass of activated carbon (AC) in the solution volume.
Of the currently existing equations, the most widely
used in practice are two semi-empirical Fleming kine-
tics equations [1—3]. The first of these cannot, in prin-
ciple, adequately represent the sorption process because
it does not assume the existence of an isotherm, while
the second is only valid for a sorption process with a li-
near isotherm, which in our case is unacceptable as it
contradicts experimental data.

Therefore, it is necessary to select a theoretically
grounded adsorption kinetics equation from the exist-
ing developments in this field and, if needed, refine it to
qualitatively align with the currently established patterns
of the adsorption process. One of the main conditions
should be the possibility of analytically deriving an iso-
therm equation from the selected kinetics equation. For
further refinement of the mathematical model to quan-
titatively correspond to the kinetic characteristics of the
adsorption process, a series of standard experimental
studies must be conducted to obtain kinetic curves under
various initial conditions for the determining operating
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factors — such as the initial concentration of gold in the
solution and the carbon loading in the adsorber volume.
The experimental Kinetic curves and the isotherm curve
can be used to identify the predictive mathematical
model, with the final result being the numerical values
of the identification constants that correspond to the
characteristic properties of the carbon sorbent.

Thus, the objective of this work was to attempt to
solve a fundamental problem in the theory and prac-
tice of gold adsorption from gold-cyanide solutions
onto activated carbon — the theoretical justification of
the physical meaning of the proposed kinetics equation
and the adsorption process isotherm equation to create
a predictive mathematical model capable of adequately
describing the dynamics of the adsorption process at a
quantitative level, within the framework of developing
industrial process schemes and optimizing their opera-
tion. This study precedes a subsequent series of articles
dedicated to the problem of modeling noble metal sorp-
tion processes onto AC, addressing issues of intradiffu-
sion kinetics, countercurrent sorption processes from
solutions and pulps (CIL and CIP processes).

1. Research methodology

To construct the isotherm for gold adsorption onto
activated carbon (NORIT-3515), a static method with
constant AC mass of 1.5 g and varying gold concentra-
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tions from 3.2 to 39.8 mg/dm3 in cyanide solutions with
NaCN concentration = 176.0 mg/dm3, pH = 10.8, was
used. The solution temperature was maintained between
20—22 °C throughout the experiments.

The adsorber was a circular vessel made of organic
glass with a flat bottom and an agitation device equipped
with a stirrer speed regulator. The height-to-diameter
ratio of the adsorber was 2.5 : 1.0, with a solution volume
of 3 dm? for each experiment. The total time required to
achieve one equilibrium isotherm value was 216 hours.
Samples were taken at regular intervals from the start of
the experiment to construct kinetic curves.

The gold concentration in the solutions was deter-
mined using an atomic absorption spectrophotometer
ICE 3300 (Thermo Fisher Scientific, USA) at the cer-
tified analytical center of “Irgiredmet” OJSC (Certif-
icate No. 222.0132/RA.RU.311866/2021 for measu-
rement methodology accreditation). The standard de-
viation of reproducibility for gold concentrations in
solutions ranging from 0.01—0.10 mg/dm3 was be-
tween 0.003 to 0.007 with an error margin of £0.006 to
10.014 mg/dm3 at a confidence level of P = 0.95. The
error margins at P = 0.95 for the concentration ran-
ges 0.2—1.0 mg/dm3 were £0.04 to £0.08 mg/de, for
3.0—10.0 mg/dm? were +0.2 to +0.5 mg/dm?, and for
20.0—50.0 mg/dm® were +1.0 to £2.5 mg/dm>. The
experimental results were statistically processed, cal-
culating the mean, standard deviation, and confidence
intervals for reproducibility for each isotherm point
and kinetic curve.

1.1. Theoretical foundations
of gold adsorption kinetics
from cyanide solutions onto activated carbon

1.1.1. Theoretical justification
for choosing a third-order kinetics equation

Experimental modeling of the adsorption kinet-
ics process can be conducted in two ways. In the first
case, adsorption occurs under conditions of constant
gold content in the solution, while in the second, it
occurs in a closed volume with continuously chang-
ing gold concentration in the solution according to
the material balance. Although the adsorption mech-
anism and the kinetics equation describing the pro-
cess remain unchanged, the solutions to the kinetics
equations differ in each case and have different practi-
cal applications. [4; 5] The solution obtained from the
kinetics equation for adsorption in a closed volume,
taking into account additional conditions related to
the ionic composition of the solution and its continu-

ous flow through the adsorbers, can be directly used
in the calculations of a continuous countercurrent
gold adsorption process onto activated carbon [6—10],
carried out in a series of sequentially arranged adsorp-
tion apparatus.

The widely accepted gold adsorption kinetics equa-
tion from cyanide solutions onto AC, considering the re-
versibility of the adsorption process and the existence of
a sorbent’s maximum capacity, is as follows:

dc,
— = Ki(C -GG, - KxC,y, 1)

where Cy is the gold content in the loaded carbon, mg/g;
G, is the gold concentration in the solution, mg/dm3;
C, is the maximum adsorption capacity of the sorbent,
mg/g; K; is the adsorption rate constant, dm3/(mg-h);
K, is the desorption rate constant, h! ; tistime, h.

This s the classical form of the equation for a revers-
ible second-order homogeneous chemical reaction, and
since it describes a heterogeneous adsorption process,
it is assumed a priori that the mass of the solid-phase
adsorbent in the adsorption process is constant and is
automatically considered in the adsorption rate con-
stant. For the practical application of the kinetics equa-
tion (1), whose behavior largely depends on the adsor-
bent loading, it is necessary to establish a functional
relationship between the adsorption rate and the mass
of AC in the solution. This issue can be addressed by
considering that the heterogeneous physicochemical
process of AuCN, adsorption onto AC has a third-
order interaction, unlike the second-order homogene-
ous chemical reaction (1).

The difference between these two processes is that
in a chemical reaction, two substances, evenly dis-
solved in a liquid, interact with equal probability at
any point in the solution, whereas in the adsorption
process, the ions dissolved in the liquid phase have
different probabilities of reaching the adsorbent sur-
face depending on their location to interact with the
free active sites contained in the finely dispersed solid
phase of the adsorbent distributed in the liquid phase
of the solution.

Thus, the act of paired interaction between an
adsorbate ion and the active sites of the adsorbent is
divided into two sequential processes: the first is the
transport of the adsorbate ion in the solution phase to
the surface of the adsorbent’s solid phase, and the sec-
ond is the interaction of some ions that have reached
the surface with the free active sites of the adsorbent,
while another portion desorbs back into the solution
phase.
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The kinetics of the adsorption process is criti-
cally influenced by internal operational parameters
such as the loading of a certain mass of AC per unit
volume of solution and the gold concentration in the
solution. Since adsorption is a mass-statistical pro-
cess, it must obey the law of mass action. This means
that the intensity of any paired interactions is always
directly proportional to the product of the concen-
trations of the interacting agents. If the interaction
of agents occurs indirectly through an intermedi-
ate stage that screens out some portion of one of the
agents, the intensity of the final paired interaction of
these agents will equal the product of the remaining
concentration of the agent that passed through the
intermediate stage and the concentration of the se-
cond agent.

According to the law of mass action, the product
C,'m/V characterizes the intensity of the first interac-
tion of dissolved AuCN, with the surface of the solid
phase of the adsorbent granules, where m/V (g/dm3)
represents the content, or loading, of the adsorbent mass
(m, g) per unit volume of solution (V, dm3). This parame-
ter includes all the physicochemical characteristics of
the adsorbent, including granule size, effective surface
area, porosity, and its nature, which should be reflected
in the rate constant K.

The intensity of the second paired interaction bet-
ween the AuCN, ions that have reached the solid phase
surface and the free active sites of the adsorbent will be
proportional, according to the law of mass action, to
the product C;,;'m/V and the content of free active sites
in the mass of the adsorbent’s solid phase C, — Cy, i.e.
Cyrm/V-(Cy— C).

Based on the above concepts of the AuCN, adsorp-
tion process onto AC, we record the third-order adsorp-
tion kinetics differential equation considering the heter-
ogeneity and reversibility of the process:

dcC m
Yy
—r= K, (C, —cy)(cp 7)—chy, 2

where K; is the adsorption rate

(dm®)*/(g-mg-h).

This equation is valid only for the first two stages
of adsorption: convective mass transfer and film-near-
surface diffusion, i.e., approximately up to 40—60 % of
the full capacity of the carbon [1—3]. This work is lim-
ited to considering only these two fastest stages of the
adsorption process. It is assumed that in the initial pe-
riod, up to about 2 days, the contribution of the third,
slower and significantly longer intradiffusion stage is
negligible.

constant,
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1.1.2. Analytical solutions of the Kkinetics equation
and derivation of the isotherm equation

The first analytical solution of the kinetics equation
(2) is obtained under the condition that the gold concen-
tration in the solution is constant and equal to C. In
practice, such conditions can be realized with a low AC
loading in a large volume of solution (in the unlimited
case).

The particular solution of equation (2), assuming
C, = const and for the initial conditions C, = C,,

P
Cy = Cy, at 1 =0, will have the form:

K,CyCpom/V

_ (l_e—(K,CpOm/V+K2)t) N
VK Cyml/V+K,

+Cy0 o~ KiCoo m/V+K,)t ’ 3)

where Cy is the initial gold content in the carbon, mg/g;
Cpo is the initial constant gold concentration in the cya-
nide solution, mg/dm3.

The solution (3) shows that at ¢t — oo
e~ KiCpom/V+ Kt _ 0, and therefore, the value will tend
towards its isothermal value determined by the expres-

sion:

CoCpom/V
Cy= 0~p0 (4)

Coom/V+Ky /K’

which represents a modified form of the Langmuir iso-
therm considering the loading m/V of the adsorbent in
the adsorber volume. Given that C,, = const, the time
required to reach the equilibrium value Cy, can be quite
long, sometimes taking months.

To solve the kinetics equation (2) under adsorption
conditions in a closed volume, it must be supplemented
by the material balance equation:

(Cy - CyO)m = (CpO - Cp)V’ )

where m is the mass of the carbon, g; V'is the solution
volume, dm?; Cpo is the initial gold concentration in the
cyanide solution, mg/dm3.

From equation (5), the expression for the current va-
lue Cp can be found as:

m
CP = CpO - 7(Cy - Cyo), (6)

substituting this into (2), we obtain a nonlinear first-or-
der differential equation with the right-hand side in the
form of a quadratic trinomial relative to C,, with constant
coefficients:
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dc 2
_y =K1 (ﬁj Cy2 _
dt Vv

2 2
m m m
_[K]CO(V) +K]Cp07+K1 (7} CyO +K2:lcy+

2
Y ele %Jr K, (%] CoCyo- ©)

It is known that a quadratic trinomial can always be
represented as the product of two linear binomials if its
roots are known, which can be found by equating the
right side of equation (7) to zero:

2
v K, (V
Cy =O,5{CO+;CPO+CYO+E(ZJ }+
> 2
14 K,(V
+.[0,25[Co+—C o+ Cyp +—2| —
|: 0 m pO yo Kl [mJ il

m
_ [_‘ co(cpo +Co ﬂ (8)
14 K, (VY
— 2
( 2 _0,5|:( 0+_( p0+( y0+_l[_} :|_

22
v K, (V v m
—.10,25|Cy +—C.y + Cop +—2| — —|=Cy|C o +Cyy—||.
‘/ {o m P 0 Kl(m)} {m 0( poO yoVﬂ (9)

Knowing the roots Cy; and Cy,, equation (7) can be
rewritten as:

dC, m)?

dt = Kl 7 (Cy _Cyl)(Cy _CyZ)'
This expression represents the mass-action equation

with a known solution [11]. In our case, it looks as fol-

lows:

(10)

K, (m/V)*(Cyy=Cyy)t
c _clcyze 1 (m/V)( y1=Cy2) _CzK](m/V)zcy] (1])
y — 2 _ 5
cleKl(m/V) (Cyl Cyz)t _ CzKl (m/V)2

where ¢ and ¢, are arbitrary constants.

Thus, (11) is effectively the solution of two equations:
the differential kinetics equation and the material ba-
lance equation, so the particular solution for the in-
itial conditions # = 0, C, = Cy, and C;, = C;,( has the

y
form
» CyO - Cy] . eKl(m/V)z(Cyl_ Cyz)t _ Cyl
CyO - CyZ
Cy = . (12)
Cy—-Cy .eKl(m/V)z(Cyl— Gt 4
CyO - Cy2

Analysis of solution (12) shows that at 1 — < the
value Cy = Cy,. Since Cy in each specific case, at dif-
ferent values of Cy, Cyy and 7 — oo will tend toward
the isothermal value, equal to Cy,, meaning that Cy,
should represent the isothermal point for the kinetics
curve, and the collection of these points for different
values of C, will form the isothermal curve. There-
fore, the dependence of Cy, on the final equilibrium
concentration of gold in the solution C,, which can be
obtained from the material balance equation, is the
isotherm equation.

Returning to expression (9), it is evident that Cy, de-
pends on many parameters, including the initial gold
concentration in the solution C, its content in the re-
generated carbon Cy, as well as the mass loading of
carbon m/V in the adsorber volume. Since the isotherm
equation must link Cy, with the final equilibrium gold
concentration in the solution C,, from the material ba-
lance equation (5) for a given value of Cy, we find the
value of C,.

Expressing C,,j and Cy through the equilibrium va-
lues Cy, and €, and substituting them into expression (9),
after a series of elementary transformations, we obtain
an equation linking Cy, with C, and m/V:

co- CoC,m/V (13)

2Ky K+ CymfV
where Cy, is the equilibrium gold content, mg/g;
Cy is the maximum adsorption capacity of the sorb-
ent, mg/g; C, is the equilibrium gold concentration in
the solution, mg/dm3; m is the mass of carbon, g; V'is
the volume of solution, dm?; K is the adsorption rate
constant, (dm3)2/(g-mg-h); K, is the desorption rate
constant, h™!.

Thus, the root Cy, is the equilibrium isothermal
gold content on the carbon for a given equilibri-
um gold concentration in the solution C,, and these
quantities are linked by equation (13), which is a
modified Langmuir isotherm equation adjusted for
carbon loading. That is, the Langmuir isotherm, as
expected, is valid for adsorption in a closed volume.
Considering expression (9), which directly links Cy,
with the initial parameters Cpo, m, V, and Cyo, note
that there is a possibility of predictive determination
of Cy, under given initial conditions, which, in turn,
allows finding the equilibrium gold concentration in
the solution:

Coka v

K, m
Cy=——.

13.1)
PTC,-C

y2
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2. Results and discussion

2.1. Identification of the adsorption
mathematical model based on experimental data:
calculated and experimental kinetics

and isotherm curves

The identification of the model coefficients was
conducted using the isotherm equation (9) obtained
from experimental isothermal values. The first ap-
proximation of the coefficients K,; and C, was deter-
mined using the least squares method based on the
linearized isotherm equation. The refinement or ad-
justment of the coefficients was performed iteratively
based on the criterion of the sum of squares of devi-
ations between the calculated and experimental iso-
therm values.

The identification of the isotherm (9), considering
that K,; = K, /K| is a constant value, allowed for the
determination of the numerical values of the constants
Ky = 1753 g-mg/(dm’)? u Cy = 56.996 mg/g, which
are valid over a wide range of varying internal oper-
ational parameters for adsorption kinetics: the initial
gold concentration in the solution C,, and the mass of

0 C,, mg/g

—=—=—=Calculated
Experimental 5

35+

Fig. 1. Kinetic curves of AuCN, adsorption

onto activated carbon at different initial gold concentrations
in the solution and AC loading m/V = 0.5 g/dm?>

(m=15g, V=3dm?
1-Cy=32,2-59,3-12.7,4-21.6,5—39.8 mg/ dm’

Puc. 1. Kunetnuyeckue kpusble ancopounu AuCN,

Ha aKTUBMPOBAaHHOM YTJIe TIPU pa3IMIHON HAaYaTbHOW
KOHIIEHTpAIlNU 30JI0Ta B pacTBOPE U 3arpy3ke AY
m/V=05r/nM> (m= 1,51, V=73 1m°)
1-Cy=32,2-59,3-12,7,4-21,6,5-39,8 Mr/le3
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AC (m) loaded in the adsorber volume V: 3.2 < () <
<39.8 mg/dm> n 0.5 < m/V < 50 r/dm?.

These parameter ranges cover the full spectrum
of practically encountered scenarios for gold concen-
trations in solutions and AC loadings in adsorbers.
The values of K,; and Cj, for this specific type of AC
are physical constants that do not need to be deter-
mined each time the technological parameters are
changed. In contrast, the identification parameter
K, depends on the internal operational conditions,

C,, mg/g
0351
a
o p——4
0.30
0.254
0.20
0.154
0.104
———= Calculated
Experimental
0.05 T T T
0 0.5 1.0 1.5 t,h
C,, mg/g
3.0
b
L i
T 1
———= Calculated
Experimental
T T T
10 15 20 t,h

Fig. 2. Kinetic curves of AuCNj; adsorption onto activated
carbon at the initial gold concentration in solution

Cyo = 11.9 mg/dm’ and AC loading m/V = 50 g/dm” (a)
and m/V=>5g/dm?> (b)

a—m=75g, V=15dm> b—m=75g V=15dm’

Puc. 2. Kunernueckue kpusble aacopouuu AuCN,; Ha AY
MPY HaYyaJIbHOM KOHIICHTPALIMY 30JI0Ta B paCTBOpE
Coo=119 Mr/aM> u 3arpyske AY m/V =50 F/)1M3 (a)
u 5 r/nm° (b)

a—m=755V=15ab—m=755, V=151
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and for solution (12) to be applicable in practical
calculations, it is necessary to find the functional
dependence of K; on C;,y and m/V. Only in this case
does expression (12) become a mathematical model
with predictive properties that can be practically ap-
plied for calculating and optimizing the technological
process of gold sorption from gold-cyanide solutions
onto AC (Fig. 1 and 2).

During the identification of (12) based on the set
of experimental kinetic curves obtained under var-
ious Cp,p and m/V; a functional dependence of K; on
these parameters was found. Further computation-
al studies showed that the constant K; depends not
only on internal operational parameters but also on
time: this dependence is inversely proportional to
\2 Considering this pattern, the final form of the
functional dependence of K on Cp,, m/V and ¢ is as
follows:

(14)

K. = Ko
1~ >
3[Cpo m/v At

where Kj; = 0.0098 is the adsorption rate identification
constant, independent of internal operational parame-
ters and time.

The identification parameter K; in equation (14) isa
functional dependence on operational factors and time.
The coefficient K is a part of K as an identification
constant, obtained from the collective values of Kj,
during the identification of kinetic curves at different
values of C;, and m/V. The time dependence is related
not to time itself but to changes in the sorption condi-
tions during the filling of the sorbent grains with the
adsorbed metal.

2.2. Analysis of the modified isotherm equation
under conditions of limiting transitions

to Henry, Freundlich, and maximum adsorption
isotherms

Analysis of equation (13) shows that at low values of
C, and small carbon loadings m/V, we obtain a linear
isotherm because in this case K, >> K;C,m/V, and the
terms K C,m/V in the denominator can be neglected,
resulting in:

K m

Cc, =—LC,C,—. (15)
y KZ 0™~p Vv

Considering that the adsorption and desorption
rate constants (K; and K,) depend not only on inter-

nal but also on external operational parameters, such

as temperature and stirring speed, their temperature
dependence, according to the Arrhenius equation, can
be represented as:

—E

Kl :K{Oe RT N (16)
—E

K, =Kjy,e T, (17)

where Kj, and K%, are the pre-exponential factors
for the adsorption and desorption rate constants, de-
pending on internal operational parameters and stir-
ring speed; E| and E, are the activation energies for
adsorption and desorption, kcal/mol; 7 is tempera-
ture, K; R = 9872 cal/(K-mol) is the universal molar
gas constant.

Therefore,

Klo 7(E] 7E2)

'=—=>e¢ &7

C.
KZO

(18)

Taking this expression into account, equation (15)
becomes a modified form of the Henry linear isotherm,
considering the carbon loading (m/V), per unit solution
volume, and in its final form, it will appear as follows:

m
C,=IC,—.
y pV

(19)

At large values of C;, and m/V, when K,C,m/V >>
>> Kj, the term K can be neglected. In this case, C,
will approach the maximum equilibrium capacity of
the adsorbent, i.e., Cy, — C). For moderate values of
the product C,-m/V within a relatively narrow range
of varying gold concentrations in the solution and
moderate carbon loading, the Langmuir isotherm
can be approximated by the modified Freundlich iso-
therm [12]:

(20)

where o is the identification constant.

Thus, if at least one kinetic curve and an experimen-
tal adsorption isotherm are available, obtained over a
sufficiently wide range of varying gold concentrations
in the solution and AC loadings, then by identifying the
isotherm (13) based on this data and solving the kinetics
equation (3) or (12) using the constants Kj, K5, and C; as
identification coefficients, it is always possible to achieve
the required accuracy in describing these curves by se-
lecting appropriate values for Kj, K5, Cj.
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Fig. 3. Experimental and calculated adsorption isotherm
according to formula (9)

Puc. 3. DkcniepuMeHTabHas U pacyeTHas o ¢popmyiie (9)
U30TEePMBbI aICOPOIIUU

When graphically representing the obtained mo-
dified isotherms (Fig. 3), the generalized parame-
ter Cpo-m/V or C,m/V should be plotted along the
x-axis. The found constants K|, K,, and C;, can be used
to calculate the equilibrium values of Cy, and C,, as
well as the concentrations C, and C,, for various time
points within the same range of initial conditions
where the experimental curves used for identification
were obtained.

The same result can be achieved by identifying the
solution (12) based on the points of the experimental
kinetics curves of the adsorption process using these
parameters. The solution (12), obtained within the
framework of the proposed adsorption process Kinetics
equation operating in a closed volume, and its analysis,
including the derivation of the modified Langmuir iso-
therm equation, demonstrate the adequacy of the theo-
retical justification for selecting the kinetics equation to
the real process of gold adsorption from cyanide solu-
tions onto AC.

2.3. Theoretical justification

of the functional dependencies of adsorption
and desorption rate constants on external
operational factors and diffusion coefficient

In practice, adsorption proceeds through a multi-
stage mechanism with successive periods where different
stages limit the process [13—17]. Initially, the process is
limited by convective mass transfer in the solution, and
the process speed is entirely determined by the stirring
rate of the solution. As the surface layer of the adsor-
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bent becomes saturated with the target component, the
process gradually transitions to the next stage, which is
subsequently limited by the film-surface diffusion rate.
According to the authors of works [1—3; 18], when the
adsorbent reaches 40—60 % saturation, the process
shifts to the intradiffusion stage, which is not reflected
in equation (2), meaning this equation and its solution
are valid only for the adsorption process during the first
two stages, which corresponds well with experimental
data.

Identifying solution (12), which represents a the-
oretical kinetic curve derived from the points of ex-
perimental kinetic curves using three identification
coefficients Kj, K,, and C, provides calculated kine-
tic curves that nearly coincide with experimental ones
within the accuracy limits of the experiments (see
Fig. 1 and 2). The graphs of the kinetics indicate the
confidence interval for the points of experimental va-
lues, calculated with a reliability of P = 0.95; the ac-
curacy ranges for different gold concentrations in the
solution are provided above in the “Research Metho-
dology” section.

The identification coefficients have clear physical
meaning and can be further experimentally studied to
reveal their functional dependence not only on the inter-
nal operational parameters established by us but also on
various external conditions and internal characteristics
of the adsorbent, as they represent integral characteris-
tics. The influence of stirring speed and temperature on
the values of Kj, K, can be determined based on general
theoretical concepts.

The adsorption and desorption rate constants (K,
K,) depend on external operational parameters —
stirring speed ¥ and temperature 7' — as well as on
the internal characteristic of the adsorbent—diffu-
sion coefficient (D). The general functional structure
of these constants, depending on external conditions
considering the temperature dependence based on
the Arrhenius equation [19] and the internal charac-
teristic—diffusion coefficient, can be represented as
follows:

_El

K =Ko f(B, D)e T, (1)
—E,

Kz = Kzof(ﬁs D)e RT ) (22)

where K, and K, are identification parameters that do
not depend on external operational parameters and the
diffusion coefficient but depend on the internal opera-
tional parameters Cp,y and m/V; f(B, D) is the generalized
mass transfer coefficient in the adsorption process —
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a function depending on § and D; [ is the convective
mass transfer coefficient, directly proportional to the
stirring speed ¥ as B = a; D is the generalized coeffi-
cient of film-surface diffusion of gold in AC.

The unit act of mass transfer of the gold cyanide
complex from the solution to AC consists of two se-
quentially occurring processes. The first is mass transfer
within the solution volume from areas of current con-
centration ¥ to areas of depleted concentration, i.e., di-
rectly to the adsorption surface of the carbon granules.
The rate of this process entirely depends on the solution
stirring rate C;, and represents convective mass transfer.
The second process is film and diffusion mass transfer
in the near-surface thin layer of the carbon granules,
i.e., in the macro- and micropores of the adsorbent.
The overall result of the sequential micro-processes oc-
curring within the solution volume and on the surface of
the carbon adsorbent granules during mass transfer can
be approximately represented as a mass exchange pro-
cess depending on a certain generalized mass transfer
coefficient (K), inverse to the total mass transfer resist-
ance (r). This coefficient depends both on the stirring
conditions of the solution and the physicochemical char-
acteristics of the carbon adsorbent.

It is known that mass transfer resistance in sequential
processes follows the law of additive resistances for mass
exchange processes [20]. Considering this, we can write
the expression for the total mass transfer resistance (r) in
the adsorption process. We assume that the convective
r and diffusion r, resistances are expressed by formulas
inversely dependent on the convective () and diffusion
(D) mass transfer coefficients:

1

L 23

7 5 (23)

= 4)
D

The total resistance for sequential mass transfer pro-
cesses, according to the law of additive resistances, will
be equal to:

1 1
+r, = —+—

=gty (25)

Therefore, the expression for the generalized mass
transfer coefficient will have the form:

_1_BD 26)
r B+D
Since B = a9, we can finally write:
__e9D Q7)
ad+D

The sought function f(B, D) is the generalized mass
transfer coefficient, i.e., K = f(B, D). Considering the
obtained relationships, the rate constants K; and K, are
described by the following equations:

-E
K =Ky a‘;‘iDD kT (28)
5
K, = Koy ‘;‘iDD o R 29)
o

The presented expressions (28), (29) reflect one
of the fundamental patterns of adsorption processes,
namely the proportional, or linear, dependence of the
adsorption process rate on the stirring speed. As it in-
creases (at low values), the adsorption rate increases
proportionally, with the kinetic curve rising linearly. At
a moderate stirring speed, its increase leads to a non-
linear change in the adsorption process rate, expressed
by a bending of the kinetic curve and its gradual flat-
tening. At higher stirring speeds, the adsorption pro-
cess rate stops increasing, characterized by the curve
reaching a plateau.

This is partly related to the concept of limiting stages
of the adsorption process — either the convective mass
transfer stage, if the adsorption rate depends on the stir-
ring speed, or the surface (film) mass transfer stage, or
purely intradiffusion stage [20—22].

Another important factor that confirms the validity
of the obtained expressions for the constants K; and K,
is that the kinetic parameters B and D are incorporated
into the constants Kj and K, in such a way that in the
isotherm equation (9), they mutually cancel out and do
not affect the behavior of the isotherm curve, which is
fully consistent with the theoretical concepts of isother-
mal equilibrium states.

Conclusion

Based on the theoretical concepts of the adsorp-
tion mechanism of AuCN, from cyanide solutions
onto activated carbon, a third-order adsorption Ki-
netics equation was proposed, taking into account
the loading of activated carbon per unit volume of
solution. This allowed for the derivation of adequate
analytical solutions not only for the kinetics but also
for the adsorption isotherm. The resulting isotherm
equation is derived from the solution of the kinetics
equation, enabling the calculation of equilibrium iso-
thermal values Cy and C, for various initial parame-
ters Cyg, Cpg, m, and V. The developed mathematical
model allows for the determination of standardized
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physical constants C and K,; based on experimental
adsorption isotherm data for different types of carbon
under standard conditions.

The theoretical justification for the functional de-
pendencies of the physical constants of adsorption and
desorption rates on external operational parameters
(such as temperature and stirring speed) and the internal
physicochemical characteristics of the adsorbent (such
as the diffusion coefficient) has been presented. The ob-
tained results can be used for practical calculations in
optimizing the technological process of gold adsorp-
tion from cyanide solutions, provided the contact time
between the carbon adsorbent and the cyanide solution
does not exceed 2 days.
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Abstract: The paper investigates the extraction of rare earth elements (REE) from technogenic sources — phosphogypsum and uranium in situ
leaching (ISL) solutions. We found that mechanical activation significantly increases the degree of REE leaching from phosphogypsum.
We also obtained data on sorption leaching of REEs from phosphogypsum. It has been shown that, depending on the ion exchanger used and its
form, chemical activation can double the leaching degree of the target components. The paper presents the findings of the study on the sorption
recovery of scandium from uranium in situ leaching solutions. We determined that Sc sorption from uranium ISL solutions on the Puro-
lite S-957 cation exchanger is much more effective than on Lewatit TP-260, Purolite S-950, Tulsion CH-93 CH-93, and ECO-10 ampholites.
However, it should be pointed out that none of the listed sorbents is highly selective towards scandium ions. The paper presents comparative
data on Sc extraction from uranium ISL solutions using Lewatit VP OC-1026 and Axion 22 commercial solid extractants synthesized according
to the method described in the paper. We determined the mechanism of scandium extraction from uranium ISL solutions using Axion-22
and proved that it shows high selectivity towards scandium ions. Studies on the desorption of scandium from the saturated solid extractant
showed that the most effective desorption agent is an aqueous solution of hydrofluoric acid. Additionally, the paper investigates the sorption
extraction of REEs from uranium ISL solutions on cation exchangers KU-2, KM-2P, and KF-11. We found that the best eluents for the
desorption of REEs from the saturated cation exchanger are solutions of calcium chloride and ammonium nitrate. It has been shown that the
concentration of REEs in the solution and the removal of major impurities (Fe and Al) are quite effective when REEs precipitate from the
desorption solution by fractional hydrolysis. The paper describes the separation of La, Nd, and Sm by elution from the saturated impregnate
containing phosphorylpodande and Di(2-ethylhexyl) phosphoric acid in its structure. It should also be noted that ionic liquids can be
useful for the extraction of REEs from the solutions of various electrolytes. We presented one of the technological schemes illustrating REE
extraction from phosphogypsum.

Keywords: technogenic deposits, rare-earth elements (REE), scandium, ion exchange, solid extractant, extraction, uranium in situ leaching
(ISL) solutions.
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IeTauMBaHUS 110 TIeJIEBBIM KOMITOHeHTaM. [IpecTaBieHbl pe3yabTaThl UCCISIOBAHMS ITO COPOIIMOHHOMY U3BJICUCHUTIO CKAHIM S U3 pac-
TBOPOB MOJI3eMHOTO BBIILIETAYMBAHUSI ypaHa. YCTAaHOBJIEHO, YTO copO1ust Sc u3 pactBopos [1BY Ha karnonute Purolite S-957 mpoucxonut
3HAYMTEIbHO Jyulle, 4eM Ha ambonuTtax Lewatit TP-260, Purolite S-950, Tulsion CH-93 u 5KO-10. OngHako He0OX0OAMMO OTMETUTD M TOT
GakT, YTO BCe paCCMOTPEHHbBIE COPOSHTHI HE OTJIMYAIOTCSI BHICOKOI CeJIEKTUBHOCTBIO M0 OTHOILLEHUIO K noHaM Sc. [IpuBeneHbl cpaBHU-
TeJIbHbIE TaHHBIE TT0 U3BJIeUeHUI0 Sc u3 pacTBopoB [1BY kommepueckum copbeHToM TBOKC Lewatit VP OC-1026 u TBOKC Axion-22,
CUHTE3UPOBAHHBIMHU TI0 MPUBENEHHOI B paboTe MeTonuke. OnpeneseH MeXaHU3M dKCTPAKIINU cKaHaus 13 pactBopos [1BY ¢ ucnomns-
30BaHMEM AXion-22 K yCTAaHOBJIEHO, UTO OH MMEET JIOBOJIbHO BBICOKYIO CEJIEKTUBHOCTD MO OTHOLIEHU IO K MoHaM Sc. [IpeacrasiieHbl pe-
3yJIbTaThl UCCEAOBAHUS 110 iecopOLMu ckaHaus U3 HacbileHHoro TBOKC. [TokazaHo, uTo Haubosee 3 GbeKTUBHBIM AeCOPOUPYIOILIUM
areHTOM SIBJISIETCS BOIHBIN pacTBOP (PTOPUCTO-BOLOPOAHOM KUCIOTHI. Takke B paboTe pacCMOTPEHO COPOLIMOHHOE U3BjeueHue P30 u3
pactBopoB [1BY Ha katnonutax KY-2, KM-2I1, KO-11. BeisiBJIeHO, UTO YTO JIYUIIUMU SJIFOEHTaMU 1151 AecopOiinm P3D 13 HachIIIEHHOTO
KaTHOHUTA SIBJSIOTCSI PACTBOPBI XJIOpU A KaJIbLIMsI U HUTpaTa aMMoHusl. [loka3aHo, 4To 3HaYUTEIbHOE KOHLIEHTPUPOBaHUE cyMMbl P30
U OYMCTKY OT OCHOBHBIX npumeceit (Fe u Al) nocratouHo 3(hHeKTUBHO MOXHO OCYIIECTBUTh Ha cTaauu ocaxaeHus P3D u3 pactsopa
JiecopOIIMu TTOCpeIcTBOM IpoOHOoro ruaposiu3sa. IlpencraBieHsl faHHbIe TI0 pa3aeneHuto La, Nd u Sm rmyTeM 310MpoBaHUsT U3 HACKI-
LIEHHOTO MMIIperHaTa, ColepXKallero B cBoeit cTpyktype dochopunnonana u J20TDK. Takke oTMeueHO, UTO sl SKCTpakuuu P39
13 paCTBOPOB PA3JIUYHbBIX 2JIEKTPOJIMUTOB 3HAUUTEIbHBII MUHTEPEC MPENCTaBISIOT MOHHBIE XXKUAKOCTHU. B KauecTBe nmpumepa U3BJIeUeHU st
P35 u3 pocdorumnca npencrapieHa ogHa U3 pa3pabOTaHHBIX TEXHOJIOTUUYECKUX CXEM.

KiroueBbie €ji0Ba: TeXHOTEHHbBIC MECTOPOXICHUSI, peKOo3eMeabHbIe aieMeHThl (P3D), ckaHauil, MOHHBIH OOMEH, TBEPIAbII 9KCTPATEHT,
3KCTPAKIIMS, PACTBOPHI MOA3EMHOI0 BbllleJauynBaHus ypaHa (ITBY).

Jna uutupoBanus: Perukos B.H., Kupunnos E.B., Kupunnos C.B., bBynskos ['M., boranos M.C., Cmbiuises [1.B. Mi3BneueHue pea-
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Introduction

The past few decades saw an unprecedented break-
through in the development of artificial intelligence,
digital economy, green energy, etc., which would have
been impossible without rare and scattered metals [1].
Solid and liquid production wastes can be valuable
sources of rare earth elements (REE). Such wastes are
often referred to as technogenic mineral formations
(TMF). Some of them can now be safely reclassified into
technogenic deposits (TD).

Depending on the stage of the technological process
that generated the given TD, all anthropogenic wastes
can be classified as follows:

— mineral processing tailings from mining opera-
tions;

— waste from metallurgical and chemical processing
of raw materials;

— waste generated from the combustion of fossil
fuels;

— radioactive waste of industrial, scientific and mil-
itary enterprises.

As a rule, in initial ore materials, rare earth metals
(REM) are included in the structure of other mineral
formations. Thus, the research conducted at Ural Fe-
deral University revealed the following the scandium
concentrates:

ein titanomagnetite ores — diop-
side Ca(Mg,Al)(Si,Al),0Oq, hornblende
Ca,(Mg,Fe,Al)5(AL,Si)s0,,(OH),,

ein ilmenite ores — ilmenite FeTiO;, pyroxene

(Me,Me Me,)Si,Og,

58

ein bauxites — boehmite y-AIO(OH), gibbsite
o-Al(OH);,

ein uranium sandstones —
Ca(U0,),(VOy), 3H,0,
and the following REM concentrates:

e in apatite ores — apatite Ca;y(PO4)¢(OH,F,Cl),,

e in uranium sandstones — brunnerite (U,Ca,Th,Y)
(Ti,Fe), 0.

As the main component is separated, rare earth me-
tals retain their original mineral forms (diopside in the
tailings of wet magnetic separation (WMS) during the
beneficiation of titanomagnetite ores), pass into ura-
nium in-situ leaching (ISL) solutions, solutions of hy-
drolyzed sulfuric acid — waste of titanium dioxide pig-
ment production from ilmenite ores) or are transformed
into new mineral forms in the course of temperature and
chemical treatments (phosphogypsum forms when apa-
tite concentrates are processed into phosphate fertilizers
and red mud is a by-product of bauxite processing into
alumina) [2].

Solid products of feedstock processing pose the
greatest difficulty for REE recovery during the target
component extraction. Numerous researches [3—7] ex-
plored the issues of scandium extraction from wet mag-
netic separation wastes, and they are not addressed in
this paper.

The aim of this work is to investigate the main tech-
niques of enhancing the efficiency of REE extraction
from solid technogenic waste on the example of their ex-
traction from phosphogypsum.

metatyuyamunite
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Materials and methods

For our research, we used phosphogypsum gener-
ated as a waste product at the Balakovo mineral ferti-
lizer plant of JSC Apatit (Russia). The raw material
for its production is apatite concentrate from the Kola
Peninsula processed according to the dihydrate scheme.
For experiments on sorption extraction of REEs and Sc
from uranium in-situ leaching solutions, we used the re-
covered solution (RS) of in-situ leaching of JSC Dalur
(Russia).

Mechanical activation of phosphogypsum samples
was carried out in a batch bead mill that includes a
DISPERMAT LC75 laboratory dissolver equipped with
an APS 500 grinding system (VMA-GETZMANN
GMBH, Germany). We conducted wet activation of
phosphogypsum in the 0.5 dm3 grinding chamber with
the ZrO, inner coating. The beads used for milling were
also of ZrO,.

Sorption leaching was studied in 150 ml glass beak-
ers. The mixture of acid and phosphogypsum prepared
in advance in the required ratio was placed in a beak-
er and later ion exchange resin was added. During the
sorption leaching, the solution was vigorously stirred by
an overhead stirrer.

Tests on sorption extraction of REEs and Sc from
uranium ISL solutions were carried out in 50-ml la-
boratory sorption columns filled with the investigated
resin.

All water samples were analyzed on an ICP-MS
NexION 350x mass spectrometer (Perkin Elmer, USA).
Qualitative X-ray phase analysis of the samples was per-
formed on a Xpert PRO MRD diffractometer (Malvern
Panalytical B.V., the Netherlands) and their IR spectra
were obtained on a Vertex-70 spectrometer (Bruker Cor-
poration, USA).

Results and discussion

Phosphogypsum is formed when apatite concentrates
are processed into phosphate fertilizers according to the
following reaction:

Cas(PO4)3F + 5H2804 + mH20 —
5 5CaS0,-mH,0 + 3H;P0, + HE. (1)

Depending on the process conditions and impu-
rities present in the phosphate raw material, calcium
sulfate can be obtained in one of three forms: dihydrate
CaS0,4-2H,0 (FDG), hemihydrate CaSO,-0,5H,0
(FPG) or anhydrite CaSO, form [8]. In the dihydrate
product, about 50 % of REEs from the solution crys-

tallize in the solid phase. In the hemihydrate mode, the
amount of co-crystallized REEs increases to 70—85 %
[9; 10]. The average REE content of the resulting calci-
um sulfate generally ranges from 0.2 to 0.6 %.

Depending on reaction implementation method (1)
REE can be present as an independent orthophosphate
phase, enriching the celestine phase, or be a part of the
crystalline phase of calcium sulfate, isomorphically re-
placing Ca [11; 12].

It is obviously difficult to extract REEs from phos-
phogypsum when they incorporate into the crystal
structure of gypsum or celestine. To do so, the formed
phosphogypsum phase should be fully dissolved or
the minerals containing rare earth elements should be
recrystallized. This process is very expensive and ineffi-
cient. The mechanical and chemical activation methods
can help to significantly enhance the efficiency of REE
extraction from such anthropogenic objects.

Mechanical activation increases the degree of REE
extraction from minerals in which rare earth elements
form part of the crystal lattice, which creates more de-
fects and larger specific surface area. Therefore, this
process underlies the technology for the extraction of
scandium from wet magnetic separation (WMS) tailings
[13] and REEs from red muds [14]. Figure 1 illustrates
the impact of mechanical activation on the rates of REE
recovery from phosphogypsum. It also significantly in-
creases the degree of amorphization of phosphogypsum
(Fig. 2), which is accompanied by the accumulation of
residual stresses of I11 type: periodicity in the atoms ar-
rangement in the crystal is disturbed. Meanwhile, gyp-
sum retains its crystalline structure.

The scientific community shows great interest in
sorption leaching as a type of chemical activation. In
such a process, REE recovery increases due to the shift
of the reaction equilibrium towards the products as the
ion exchanger absorbs them according to the reactions

[MSAL], — yYM* + xAY, )
YM* 4+ x[R Y], — y[RM, o+ XY, 3)

where M is a metal cation; A is an anion; x and y are
valences of the cation and anion, respectively; RyYy is
ion exchange resin.

For example, the use of cation exchanger in a hydro-
gen form triggers two processes:

1) equilibrium shift due to sorption:

yM* + x[RH],_, = [R M¥], . + xH™, “)
where RH is the ion exchange resin in a hydrogen form,;
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Fig. 1. Impact of mechanical activation on the degree of REE extraction from phosphogypsum with sul-furic acid
with a concentration of 10 g/dm? (1), as well as on the specific surface area (2), micro-deformations (3) and the size

of coherent scattering blocks (4)
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Fig. 2. Diffraction patterns of activated phosphogypsum
at different times of mechanical activation

Puc. 2. IudpakrorpaMMbl aKTUBUPOBAaHHOTO pocorumnca
MPY pa3IMYHOM BpeMeHU MeXaHOaKTUBALIK
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Fig. 3. Impact of chemical activation (sorption leaching)
on the degree of REE extraction
from phos-phogypsum

1— without an ion exchanger, 2 — S-150 Na™, 3 — SGC-650 Ca?t,
4—SGC-650 H", 5— S-150 Ca?", 6— S-150 H', 7— SGC-650 Na*

Puc. 3. Bnusnue xuMnveckoi akTuBauu (COpOIIMOHHOE
BBIIIETaYMBaHNE) Ha CTENEeHb U3BIeueHus1 P3D

u3 ¢ocdorurica

1— Ges wonuta, 2 — S-150 Na™, 3 — SGC-650 Ca®*, 4— SGC-650 H,
5—S-150 Ca®*, 6 — S-150 H", 7— SGC-650 Na™
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2) formation of an equivalent amount of acid involved
in the leaching reaction:

[MYAY],, + xH™ — yM* + xHA®™D. )

The results confirming high efficiency of sorption
leaching of REEs and Sc from red muds and phos-
phogypsum are presented in Fig. 3 and in research
papers [14; 15]. Purolite C150 macroporous sulfoca-
tionite and Purolite SGC 650 gel sulfocationite were
used in the studies. Figure 3 shows that the ion ex-
changer presence in the pulp, as well as its salt form,
considerably affect the REE extraction from phos-
phogypsum.

Selective extraction of the target component and its
subsequent concentration from solutions of complex
composition is a challenging and important task to be
considered when any technologies are developed. Solu-
tion of this task requires the use of ion-exchange mate-
rials of various compositions selective to any given ele-
ment. As an example of such technology development,
we present the data on sorption extraction of scandium
from uranium in-situ leaching solutions of the following
composition, mg/L:

Fig. 4 features elution curves of scandium sorption
from uranium ISL solutions on a number of commercial
phosphorus-containing ion exchangers, the structure of
which is presented in Table 1. The plotted dependenc-
es show that the sorption of scandium on S-957 cation
exchanger is much more efficient than on the studied
ampholites.

When ions are sorbed from such complex objects
as uranium in situ leaching solutions, it is important
to understand the behavior of all the components, not
only the main one (in our case, scandium). Figure 5
and Table 2 show the data on sorption and desorption
of element ions present in uranium ISL solutions, on
one of the sorbents used in the research — Tulsion
CH-93.

Recently, solvent impregnated resins (SIR) that
combine the extraction capacity of any given organ-
ic compound with the technique of applying sorption
processes have been actively used for extracting ele-
ments from complex solutions. Solvent impregnated

e,

120 160
v

solution

IV,

resin

Fig. 4. Elution curves of scandium sorption from uranium
ISL solutions on commercial ion exchang-ers

1-TP-260, 2 — CH-93, 3 —S-950, 4— ECO-10, 5 — S-957

C/C, — the ratio of the concentration at the column outlet

to the initial concentration or sorbent saturation degree;

Viotution / Viesin — the ratio of circulating solution volume to the sorbent
volume or number of column specific volumes

Puc. 4. BoixogHble KpUBbIe COPOILIMY CKAH U S
u3 pactBopa [1BY Ha kKoMmMepUyecKrX MOHUTAX

1—-TP-260, 2— CH-93, 3 — S-950, 4 — DKO-10, 5 — S-957

C/Cy — OTHOLIEHME KOHLIEHTPALIMY Ha BBIXO/E U3 KOJIOHHBI

K MICXOIHOM, WJIN CTEeTICHb HACBIIICHUS COPOCHTA;

Vo-pa/Vemons — OTHOLLIEHME NPOIYIIEHHOIO 06beMa pacTBopa

K 00beMy COpPOEHTa, UM KOJIMYECTBO YACIbHBIX 00EMOB KOJIOHHEI

resin — chelating sorbents — are most promising sol-
vents for extracting scandium from solutions of various
electrolytes [16].

Table 3 presents the sorption characteristics of
some commercially available SIR obtained during the
extraction of scandium from sulfuric uranium in-si-
tu leaching solutions. According to the obtained da-
ta, Lewatit VP OC-1026, a solid extractant based on
Di(2-ethylhexyl) phosphoric acid (DEHPA), has the
highest capacity.

Fig. 6 shows the data on the behavior of scandium
and ions of other elements in the solution and below
are the values of the total exchange capacity (TEC),

mg/g:

SCairieieieeee 3.94 5 RN 2.3
|\ SRR 0.6 Fe oo, 17.4
Al 0.7 Thuiiiie 0.05
Ca e 0.22 | 0.3

We see that scandium is effectively sorbed when this
SIR, VP OC-1026 grade, is used, and as the solution
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Table 1. Characteristics of ion exchangers used in the research

Tabauua 1. XapakTepucTuka MCIOJb30BaHHBIX B pa00Te MOHUTOB

Ton exchanger grade Functional group Capacity, mg-eq/L

Purolite S-950 - CH— CHz—CH CHy — -+ 2.3

Lewatit TP-260 O O 2

Tulsion CH-93 1.9
—CH CHz — -
ECO-10 NH — CHz — PO(OH); _
Hﬂ\g’,m

P N fc"n N, CHa~ - CHs \I,cm\ s CHe CH:\C/ CHyy, -
H H

-
Purolite S-957 é’“ q00(:!-1 3.1
Hof'g‘on

! ¥

-

Table 2. Total dynamic exchange capacity (TDEC) of the Tulsion CH-93 ion exchanger by elements
and the degree of their desorption by Na,COj; solution (180 g/dm?) in the dynamic mode

Tabnuua 2. [Monnas nuHamuueckast oomeHHast eMkocthb ([TJJOE) nonura Tulsion CH-93 mo sanemenTam

U CTelNeHb ux Aecopouuu pactsopoM Na,CO; (180 r/mM°) B IMHAMUYECKOM PEXIME

Indicator Sc Al e Ti Th U
TDEC, mg/g of the ion exchanger 0.3 7.4 3.2 1.4 0.6 0.4
Desorption degree, % 94.15 21.25 28.1 18.7 98.85 64.1
C/C, Concentration, mg/dm’

700

0 200 400 600 800

IV o Vsolution/V;esin

resin

14

solution

Fig. 5. Elution curves of sorption from uranium ISL solutions on Tulsion CH-93 ampholyte (a) and de-sorption of elements
from the phase of the ion exchanger saturated with Na,COj; solution with the concentration of 180 g/dm? (b)

Puc. 5. BeixongHbie KpuBbie copouuu u3 pactBopoB [1BY amdonurom Tulsion CH-93 (a) u necopObumu 31eMeHTOB U3 (a3bl
HAacbILIEHHOT0 noHUTa pacTBopoM Na,CO; ¢ koHueHTpauueit 180 F/L[M3 (b)
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Table 3. Static exchange capacity of solid extractants for scandium during its sorption from the uranium ISL solution

Tabauua 3. Cratuueckast ooMeHHast emkocTh TBOKC mo ckanauio npu ero copobumnu u3 pacrsopa [I1BY

SIR Active ingredient (extractant) Capacity, mgg, /g
TP-923 Mixture of trialkylphosphine oxides 2.94
VP OC-1026 DEHPA 4.05
TP-272 Bis(2,4,4-trimethylpentyl) phosphinic acid 2.44
TR-TBF Tributyl phosphate 2.22

passes through the sorbent for a long time, thorium is
displaced. In addition to scandium, iron is well sorbed,
and so is titanium in appreciable amounts.

Despite all its good properties, VP OC-1026 sorb-
ent has disadvantages as well. The main reasons are
its small granule size and unsatisfactory scandium
sorption kinetics. Therefore, a new SIR was synthe-
sized for selective extraction of scandium from urani-
um ISL solutions. Its active functional component was
composed of DEHPA, tributyl phosphate (TBP) and
trioctylphosphine oxide (TOPO) [17]. Axion solid ex-
tractant was synthesized using reagents of the following
composition, wt.%:

DEHPA. ...t 8.74—9.93
Tri-n-octylphosphinoxide ............ccccceeeennnn. 1.10—2.18
Tributyl phosphate.........cccccvveeeeeeeieciininnne. 0.22—0.44
Benzoyl peroxide............coooovvviiiiiiiiiiiiiiinnns 0.22—0.25
Isododecane.........coceevveeieriicniinieniieiccce 4.41—-5.46
0.7 % starch solution in water.................... 72.48—73.26
N 74 1<) 1 (T 8.03—8.48
Divinylbenzene ..........cccveeeevueeeeeiveeeeineenn. 2.12—2.68

Figure 7 shows the results of sorption of REE
from the uranium ISL solution by Axion solid ex-
tractant and Fig. 8 presents the comparative data on
scandium extraction the uranium ISL solutions by
the commercial solid extractant, VP OC-1026 grade,
and synthesized extractants following the given tech-
nique. The sorption rate and dynamic exchange ca-
pacity of these solid extractants increase, as they are
affected by the conditions of the synthesis, during
which open macropores are formed due to the use of
isododecane or kerosene, which are characterized by
delamination properties for the monomer-polymer
mixture. The polymerization results in emergence
of a certain intrapore space, and tri-n-octylphosphi-
noxide and tributyl phosphate serve as intermediates

C/C
4 0

1.24

1.0

0.8

0.6 = Al
- Ca

0.4 - -A-Sc
-¥ Fe

0.2 - Th
v- Ti

0 T T T T T T
2000 4000 6000 8000

V;olution /VSIR

Fig. 6. Elution curves of sorption of element ions by the SIR,
VP OC-1026 grade, from uranium ISL solutions

Puc. 6. BoixogHble KpyBble COPOLIMY MOHOB 3JIEMEHTOB
Ha TBOKC mapku VP OC-1026 us pactsopos [1BY

that increase the DEHPA and scandium interac tion
rate.

Scandium extraction using Axion solid extractants
proceeds by the following reaction:

Sc**+ (HR), (0) + 2'HR (0) + TBP (0) + TOFO (0) <>

< Sc(HR,)-2R-TBP-TOFO (o) + 3H". 6)

Figure 9 shows that in the IR spectrum of Axion-22
solid extractants in the Sc>* form, the band in the re-
gion v = 1232 cm™!, responsible for valence and strain
vibrations of P=0 groups, is narrowed, and absorption
bands, about v = 1200 cm™! [18], related to stretch-
ing vibrations of the P=0O — Sc group, emerge. Such
changes in the spectra suggest the formation of strong
coordination bonds between scandium ions and func-
tional groups of the SIR. In the region v = 1150 cm™!,
the intensity of P—O—(H) valence vibrations subsides,
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I{;nlnlion / VA xion-22
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Fig. 7. Elution curves of Sc and related elements sorption
from the uranium ISL solutions by Axion-22 solid extractants

Puc. 7. BoixonHble KpUBbIe COPOLIMU SC U COMYTCTBYIOLIUX
asieMeHTOB U3 pacTBopoB [1BY na TBOKC Axion-22

e,
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Fig. 8. Elution curves of scandium sorption from the uranium
ISL solutions by Lewatit VP OC-1026, Axion-22 and
Axion-23 SIR

Puc. 8. BeixogHble KpUBbIe COPOLIMN CKaHIU S
u3 pactBopos [1BY na TBOKC Lewatit VP OC-1026,
Axion-22 u Axion-23

indicating that cation-exchange groupings are involved
in the sorption reaction. [19].

To determine the number of DEHPA molecules in-
volved in the exchange reaction, the graph was plotted
in logarithmic coordinates showing the experimental
dependence of the scandium distribution coefficient
on the DEHPA concentration (Fig. 10). The value of
the slope angle of this linear dependence indicates the
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S

Passing

Fig. 9. IR-spectra of Axion-22 in H' and S¢3* form

Puc. 9. UK-criektpst TBAKC Axion-22 B H-dopme
u Sct-popme

lgD Sc

3 =3.0714x + 9.8552
R =0.9802

27 25 =23 21

18C peupa

-1.9

Fig. 10. Dependence of lgDg, on DEHPA concentration
during scandium sorption with the use of Axion-22 solid
extractants

Puc. 10. 3aBucumocts lgDg, oT KoHUeHTpauuu 20T PK
npU copoLMU cKaHIus ¢ ucnonbzoBanuem TBOKC
Axion-22

number of DEH PA molecules. The activity coefficients
for the compounds involved in the extraction were
assumed to be constant [20]. The evidence presented
suggests that when scandium is extracted from sulfuric
acid aqueous solutions by Axion-22 SIR, the slope an-
gle is equal to 3.

The analysis of the IR spectrum and the dependence
lgDg. = flgcpenpa) (see Fig. 9 and 10) gives grounds
to conclude that the selectivity of scandium extraction is
achieved through donor-acceptor bonds with the com-
plex compound being formed in the solid extractant
phase (Fig. 11).
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Fig. 11. Coordination scheme for the sorption of scandium
ions by Axion-22 solid extractant

Puc. 11. KoopauHammoHHas cxeMa copOLy MOHOB
ckanaus Ha TBOKC Axion-22

Along with scandium, uranium ISL solutions con-
tain a significant amount of rare earth elements, the to-
tal content of which is comparable to the concentration
of the main element to be extracted — uranium. The
composition of the uranium ISL solutions used in the
cited studies was as follows, mg/dm?>:

Laiiicniee 3.6 11 11 TR 0.06
Ce o 8.1 YD oo, 0.55
Proceiiicns 1.61 | 513 RO 0.07
Ndoooioiiiiiiiee 7.0 Y o 5.65
SMeueiiiiiiiinienens 1.55 SCovirinienienieneens 0.75
Eu .o 0.38 Thuiiviiccee 15.5
Gd.oooviiiieicnns 1.15 Fe o, 1150
TO e, 0.29 Al i 1453
Dy 1.08 Ca e, 425
Ho....oooovvvvveen 0.31 Mg .o, 370
Erooveniiiiiiis 0.55 Ui 0.04

It should be noted that the content of the REE heavy
group in the solution is abnormally high.

Ion exchangers of various classes and structures
were used for the extraction and concentration of
REE from the uranium ISL solutions: cation exchang-
ers, aminocarboxylic and aminophosphoric acid am-
pholytes [21; 22]. This research analyzes the REE
sorption from the uranium ISL solutions by cation ex-
changers. Fig. 12 shows the impact of solution acidity
on the sorption of lanthanum (REE representative).
Universal sulfocationite KU-2, carboxylic KM-2P,
phosphoric acid KF-11 were used as cation exchang-
ers (Table 4).

C.,, mg/g
160
KU-2
120
80
404 KF-11 >
. KM-2P
O
0 A 4 T T
1 2 3 4 pH

Fig. 12. Impact of the sulfate solution pH on the sorption
of lanthanum (I11) ions by cation exchangers

Puc. 12. Bausinue Benuuunbl pH cynbdarHoro pactsopa
Ha copbupyemocTb noHoB JjaHTaHa (I11) kaTnoHuTamu

We selected cation exchanger KU-2 for further use
although it is universal and is not characterized by
high selectivity towards rare earth elements. We made
this decision because uranium ISL solutions are acidic
(pH = 1.0+.5) and the REE sorption from them will
be higher compared to other sorbents. Figure 13 shows
the elution curves of element ions sorption from ura-
nium ISL solutions after uranium is extracted from
them. This information enables to draw the following
conclusions:

— macroporous cation exchangers are characterized
by a sufficiently high degree of selectivity towards rare
earth metals;

— they are most selective towards light REEs;

— in the process of ion sorption in the dynamic
mode, some cations, in particular calcium, are displaced
from the cation exchanger by rare-earth metals.

It should be noted that the selectivity of macropo-
rous cation exchangers is correlated with the radii of
hydrated ions, the average values of which are given
below, A:

SC T e, 8.4 AP e, 7.6
| 2.7 Fe e, 9.1
NaT oo 3.2 Y3 e, 4.8
CaZt e, 3.8 La¥ e, 4.6
MEZ e, 4.2

consequently, it correlates with the dehydration
energy of these ions as well. It can be argued that the
ion selectivity is significantly affected by the sieve
effect.
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Table 4. Comparative characteristics of used cation exchangers

Tabnuua 4. CpaBHI/ITCHbHaH XapakKTEepUCTUKA UCITOJIb30BAHHBIX KATUOHUTOB

Cation exchanger Functional group SEC, mg—eq/cm3
—CH—CH;— | —CH—CH;— -
|
KU-2 O Q 2.0
: CH—CHy— -
SOsH
n
- CH;—CH—CH;—CH — | =
| I
KM-2P COOH $5H4 3.5
vw—CH—CH2— |,
<+ —=CH—CH;—CH - CH; — -
| I
KF-11 Q Q 3.6
HO-P-OH ++—CH-CHz—--
I
o]

—a— Al
—e—Fe
—h— (Ca
——Th
——U
—e—La
—»—Ce
—e—Pr
—— Nd
—a— Eu
—o— Dy
——Gd

0 20 40 60 80 100 120

Vst:!utionJlr Vmsin

Fig. 13. Elution curves of ion sorption from uranium
ISL solutions by macroporous cation exchanger
Purolite C-100

Puc. 13. BoixogHbie KprBble COPOLIMY MOHOB U3 pACTBOPOB
T1BY makponopuctbiM KaTuoHuTom Purolite C-100

REE concentration and decontamination can be
implemented at the desorption stage. The hydrochlo-
ric and nitric acid solutions of alkali and alkaline earth
metals are often used for desorption of rare earth met-
als from strongly acidic cation exchangers. Figure 14
shows dependences of REE desorption from sulfo-
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cationite on the concentration of ammonium, calci-
um and sodium salts. It can be observed that calcium
chloride and ammonium nitrate solutions are the best
eluents for REEs.

When SIR are used for extracting scandium from
uranium ISL solutions, the process selectivity is attrib-
uted to the formation of high-strength coordination
compounds. It complicates the desorption of scan-
dium from these sorbents by many mineral acids and
their salts. The complex compound can be destroyed
by forming stronger ones. Alkali metal carbonates or
hydrofluoric acid can be chosen as such eluents. The
use of carbonate solutions leads to the extractant strip-
ping from the resin phase, which ultimately causes a
significant decrease in the amount of scandium that
can be extracted. Therefore, the results of scandium
desorption from Axion SIR by hydrofluoric acid solu-
tions are presented below. Figure 15 shows that HF
solutions are effective eluents for scandium during its
desorption from the SIR.

At the stage of REE precipitation from solutions,
they can be separated from a number of impurities, not
only transferred from the solution to the precipitate with
subsequent concentration. This can be clearly seen in
Fig. 16, which features the curves showing hydrolysis of
REEs and impurities in the solution. Table 5 presents the
composition of the objects obtained during fractional
hydrolysis.
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Fig. 14. Dependence of the degree of REE desorption from the cation exchanger phase

by solutions of different desorbates
Puc. 14. 3aBucuMocThb cTerneHu aecopouuu P30 u3 ¢a3bpl KaTHOHUTA pacTBOPAMU pa3IUMYHbBIX 1ecOpOaToB

Concentration, mg/dm’
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Fig. 15. Elution curves of desorption from saturated Axion-22 SIR by the HF solution with the concen-tration

of 150 g/dm?

Puc. 15. BerxonHble KpuBble gecopbuny u3 HacsiuerHoro TBOKC Axion-22 pactBopom HF ¢ konuenTpauneit 150 r/mm>

The final stage of the REE extraction from anthro-
pogenic wastes is secondary cleaning from impurities to
obtain a high-purity product. As a rule, liquid extraction
is used for this purpose.

At JSC Dalur JSC (Kurgan Region, Russia), the re-
search team of the Ural Federal University developed

and implemented the technique for producing scandium
oxide of a purity exceeding 99.9 %. It includes the fol-

lowing operations:
— scandium extraction by SIR from recovered solu-

tions of uranium in-situ leaching solutions;
— solid-phase re-extraction using fluoride-contain-

ing solutions;
— conversion of scandium fluoride to hydroxide;

— dissolution of the obtained scandium hydroxide in
nitric acid;
— scandium oxalate precipitation;
— calcination to obtain scandium oxide.
Currently, the use of impregnates for the separation
of collective REE concentrate into individual com-
pounds seems to be a promising option [23]. The mo-
dern technologies usually use liquid extraction for this
purpose. Figure 17 gives an example of some rare earth
elements separation from the saturated impregnate at
the elution stage. Control points, including peaks of
the separated elements, were analyzed by mass spec-
trometry. The impregnates used contained phospho-
rylpodand XXa and DEHPA as active organic matter.
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Table 5. Composition of concentrates and
semi-products of REE concentrate secondary cleaning

Tabauua 5. CocTaB KOHIIEHTPATOB M TTOJTYIIPOIYKTOB
MepeYncTKy KoHIleHTpaTa P3D

Precipitation mother Concentrate,
Element solution, mg/dm> %
Fe—Al REEs Fe—Al REEs
Al 34 7.8 31.1 0.13
Ca 545.7 520.1 6.2 0.7
Fe 3.41 2.8 1.6 0.03
Th 0.02 0.003 0.09 0.002
U 0.05 0.002 0.04 0.003
> REEs 695 3.1 2.3 51.9

Figure 17 shows quantitative separation of lanthanum,
neodymium and samarium by the impregnate contain-
ing 33 % phosphorylpodand. However, the impregnate
containing DEHPA only proved ineffective for REE
separation.

The use of ionic liquids as extractants for REE ex-

e,

Fig. 16. Co-hydrolysis of ions of REE eluate
elements

Puc. 16. CoBMeCTHBIN TUAPOJINU3 MIOHOB DJIEMEHTOB
astoara P39

Figure 19 gives an example of one of the developed
technological schemes for REE extraction from phos-
phogypsum. The obtained concentrate has the following
composition, %:

traction is a scientific challenge of great importance YLREE.....c.. 49 ] SO 0.03
[24; 25]. Thus, when bis|(trifluoromethyl)sulfonyl]- S HREE 25 Na 015
imide 1-butyl-3-methylimidazolium (C4mimTf,N) c 0 K 016
ionic liquid is added to 2-phosphoryl-phenoacetic acid Aoeeeeeeeeeeeeeeeeeeeeeenn, 9 K 1
amide (compound I), the REE recovery rate surges dra- Fe o, 0.8 Thooeoiiiiies 0.004
matically (Fig. 18). VN T 0.1
0 Optical density
La3+
- o 6] o)
; Lo o L
50+ C,Hq /P(’O 0‘3‘?\ C,Hq
C,H 0" OH  HO" OC,Hj
40 XXa
CH;
30' Nd3+
H,C o 0
204 Sm”" \P//
Nor
10- HsC 0/ Ol
EA XXa
O e CH;
DEHPA !
DEHPA
710 T T T T T
0 20 40 60 80 100 120
Volume, ml

Fig. 17. Separation of La’*, Nd** and Sm>" at elution with 0.08 M HNO; by impregnates containing 33 % DEHPA

and 33 % phosphorylpodand (XXa)
Sorbent carrier is LPS-500

Puc. 17. Paznenenue La’t, Nd** u Sm>* npu amonposannu 0,08 M HNO; Ha uMmmnperHarax, conepxamux 33 % 129 ®K

u 33 % dochopunnoganna (XXa)
Cop06ent Hocutenb — LPS-500
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Fig. 18. Extraction of Eu*" from 0.1 M HNOj solutions

with isomolar mixtures of compound / and CymimTf,N

in dichloroethane depending on their initial molar ratio

in the organic phase

[1] + [CymimTHN] =0.1 M

Puc. 18. Dxerpakiust Eu’t 13 0,1 M pactBopos HNO;,
U30MOJISIPHBIMU cMecsiMu coenuHeHus [/ u CymimTf,N

B IUXJIOPITAHE B 3aBUCUMOCTU OT UX UCXOIHOTO MOJIbHOIO
COOTHOILEHU B OPraHU4ecKoi Pasze

[/] + [CymimT£,N] = 0,1 M

Phosphogypsum

The presented data conclusively prove that in addi-
tion to obtaining REE-rich concentrate, the developed
method enables to solve the issues related to complex
processing of phosphogypsum.

Conclusion

The experimental and estimated data on the ex-
traction of rare-earth metals from phosphogypsum and
uranium in-situ leaching solutions, both of which are
production wastes (technogenic deposits), presented in
this paper prove that these objects can serve as potential
sources of REEs.

The technologies for extracting rare earth elements
using modern sorption extraction materials and ionic
liquids developed and tested at the enterprises demon-
strate that the prospects of their practical application are
quite encouraging.
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Finite element simulation of hot cladding parameters
for thin-sheet rolled products made
of experimental Al—2%Cu—2% Mn alloy
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Abstract: An analysis was performed on the temperature, rate and force parameters of the hot cladding process for the experimental
Al-2%Cu—2%Mn alloy with technically pure aluminum grade 1050A, as well as on the stress-strain state of the metal in the deformation
zone at reductions of 30, 40, and 50 %. Plastometric tests were conducted within the temperature range of 350—450 °C, strain rates
of 0.1-20 s~!, and true strain of 0.1—0.9, and coefficients for calculating the flow stress of the experimental alloy were determined.
The thermal conductivity of the A1-2%Cu—2%Mn alloy under hot deformation conditions at temperatures of 350, 400, and 450 °C
was theoretically calculated to be 161, 159, and 151 W/(m-K), respectively. The study of the cladding process on a two-high rolling
mill was carried out using the QForm finite element simulation software. It was found that when the metal of the cladding layer comes
into contact with the roll, its temperature decreases by approximately 100 °C, with the temperature across the height of the composite
equalizing within 20—30 ms after exiting the deformation zone. The rolling force is evenly distributed between the two rolls in all cases
considered, while the rolling torque on the roll on the cladding layer side is half that on the roll contacting the base layer, which is
characteristic of asymmetric rolling. Points characterized by optimal bonding conditions of the rolled layers were identified, located
at 10 % and 70 % of the deformation zone length along the rolling axis, where normal stresses significantly prevail over shear stresses.
It was determined that the formation of these areas is due to the nature of plastic flow, including the presence of a non-deforming hard
layer and a sticking zone.

Keywords: finite element simulation, hot rolling, cladding, aluminum alloy, rheology, plastic deformation, deformation zone (DZ).
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KoHeuHO-3JIeMeHTHOE MOAeIMPOBaAHMNE

napamMeTpoB ropsyero MJIAKMPOBaHUA
TOHKOJMCTOBOIO MPOKATA

13 3KcnepuMenTaabHoro cmiaasa Al—2%Cu—2%Mn

A.H. Kommuu'2, A.B. 3unosses’, C.O. ‘Iepxaconz, K.A. Llsinenos’
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P4 Anekcanap Hukonaesny Kommun (koshmin.an@misis.ru)

AuHoTanus: BeiMosHeH aHalu3 TeMIepaTypHbIX, CKOPOCTHBIX U CUJIOBBIX MAPAMETPOB MPOLecca ropsiuero njiakMpoBaHuU s IKCIEPH-
MeHTabHOro crraBa Al—2%Cu—2%Mn TeXHUUYECKU YUCTHIM alloMuHueM Mapku 1050A, a TakKe HanpsiKeHHO-1e(POPMUPOBAHHOIO
COCTOSIHM S MeTaJlyia B odare gedopMauuu npu oTHocuTeabHOM gedopmanuu 30, 40 u 50 %. B unrepBanax temmneparyp 350—450 °C,
ckopocteit nedopmanuu 0,1-20 ¢! v neTuHHOI nedopmanuu 0,1—0,9, mpoBeneHb! MIACTOMETPUUECKUE UCTIBITAHUS U OTIPEIEJIEH bl
K02bGUIIMEHTHI AT pacdyeTa COMPOTUBICHU S e opMaIiny 9KCIepUMEeHTaIbHOTO CIlJIaBa. PacueTHO-TeopeTUUeCcKH onpeneaeHa Te-
MJIONPOBOAHOCTH criiiaBa Al—2%Cu—2%Mn nist yenoBuii ropsivero nedopmupoBanust npu temneparypax 350, 400 u 450 °C, kotopast
coctaBuiaa 161, 159 u 151 Br/(m-K) coorBetcTBeHHO. M3yuyeHune ocoGeHHOCTEIi Mpolecca MIaKUupoBaHUs Ha JByXBaJKOBOM CTaHE
BBITIOJIHEHO B KOMITJIEKCE KOHEUHO-2JeMEeHTHOro MmoaeaupoBanusi QForm. YcTaHOBJIEHO, UTO MPU KOHTAaKTe MeTaJljla MJIaKMuPyoLIero
CJIOS C BaJIKOM MPOUCXOAUT ero oxjaxaeHue Ha ~100 °C, a BolpaBHMBaHME TeMIIEPaTypbl M0 BbICOTE KOMIMO3UTa — B TeueHue 20—
30 Mc mocie ero BhIXoJa U3 ovara jgehopManuu. Ycuine NpoKaTKu paBHOMEPHO pacrpeiesieHO MeXy IBYMSI BaJIKaMU BO BCEX pac-
CMaTPUBAEMBIX CIyUasiX, a MOMEHT IPOKATKM Ha BaJKe CO CTOPOHBI MIAKUPYIOMIETO CI0s B 2 pa3da HUXeE, YeM Ha KOHTAKTUPYIOIIEeM
C OCHOBHBIM, UTO XapaKTEPHO AJIsI aACUMMETPUUHON poKaTKu. OnpenesaeHbl TOUKU, XapaKTepu3yeMble ONTUMAJIbHBIMU YCIOBUSIMU
COEMHEHUS CJIOeB MpoKaTa, pacrnojoxeHHble Ha pacctossHuM 10 % u 70 % no niuHe ovara nedopMaliny BIOJb OCH MPOKATKH, B
KOTOPBIX HOpMaJbHble HAMPSI)KEHU S CYLIECTBEHHO MPEeBaJUPYyIOT Hall KacaTeJIbHbIMU. YCTAHOBJIEHO, YTO BOZHUKHOBEHUE TaHHbBIX
obGacTeit 00yCIOBICHO XapaKTePOM MJIACTUYECKOTO TEUCHU ST, B TOM YHCJie HAJTUYKMEeM 30HBI OTCYTCTBUS ehOpMaIlMi TBEPAOTO CIOST
Y 30HBI IPUJTUTIAHUS.

KiroueBbie cj0Ba: KOHEYHO-3JIEMEHTHOE MOJIETMPOBAaHUE, TOpsiuasi MPoKaTKa, MiakKupoBaHKe, aIlOMUHUEBBI CIIJIaB, PEOJIOrus, Tia-
cTuueckas nedopmanus, ovar nebopmanuu (O).

Baaronapuocru: MccnenoBanue BBITTOTHEHO 3a cueT rpaHTa Poccuiickoro HayuHoro onma Ne 23-79-01172,
https://rscf.ru/project/23-79-01172/

Jng nuruposanusa: Kommun A.H., 3unosbeB A.B., Yepkacos C.O., LsineHoB K.A. KoHeuHO-371eMEHTHOE MO/ICIMPOBaHUE TTapaMeTPOB
rOpsIYero MIakKMupoBaHMSI TOHKOJMCTOBOIO MPOKaTa U3 IKCIepUMeHTalbHOTO criaBa Al—2%Cu—2%Mn. Hzseecmus 6y306. Lleemnas meman-
aypeus. 2024;30(3):73—86. https://doi.org/10.17073/0021-3438-2024-3-73-86

Introduction

Aluminum-based alloys have found widespread use the maximum possible strength, which significantly

in various industries due to the advantageous combi-
nation of their operational characteristics and relative-
ly low cost [1]. The most common group consists of
heat-treatable alloys in the Al—Cu system (1201, D16,
D20, etc.). However, a common drawback of materials
in this group is the necessity of thermal processing —
such as homogenization of ingots before deformation,
quenching, and prolonged artificial aging of deformed
semi-finished products (18—36 hours) — to achieve

74

complicates the manufacturing process of these semi-
finished products.

In [2], a new deformable and non-heat-treatable
Al—2%Cu—2%Mn alloy, economically alloyed with
Zr and Sc, was studied. It was found to exhibit better
manufacturability compared to its Al—Cu system coun-
terparts. The research [3] indicates that even without
additional alloying, the base experimental alloy demon-
strates a good level of functional properties at room
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temperature and retains them when the temperature in-
creases during operation.

It is known that aluminum alloys alloyed with cop-
per are susceptible to stress corrosion cracking and ex-
foliation corrosion [4]. Therefore, various surface mod-
ification techniques are used to protect products made
from these alloys [5]. Among them, cladding aluminum
alloys with technical aluminum by roll bonding is the
most straightforward to implement and, unlike other
methods, provides reliable protection of the base layer
under conditions of intense thermal and mechanical
stresses [6].

Despite the rather long history of practical use of
the hot cladding process for high-strength aluminum
alloys and the large number of research works con-
ducted, including those using finite element (FE)
analysis [7; 8], the mechanisms of bonding dissimilar
metals have not been fully established. Several the-
ories explain the creation of a strong adhesive bond
between metals as a result of pressure processing: the
“film” theory, diffusion theory, and complex theory
[9]. However, it is indisputable that the primary pro-
cess determining metal bonding is joint plastic defor-
mation. This process is characterized by the duration
of exposure, the magnitude of the generated stresses,
the value and rate of deformation, and the temperature
conditions of the process [10; 11]. However, to date,
there are no studies examining this problem in terms
of the influence of the geometric parameters of the
deformation zone (DZ), the force, and the speed con-
ditions of deformation of layered flat rolled products
on the bonding process.

The objectives of this study were to investigate the
plastic characteristics of the Al—2%Cu—2%Mn alloy,
develop and construct a finite element model for its
cladding with technically pure aluminum under various
deformation parameters, and analyze the results ob-
tained.

Characteristics of research materials

The materials used for the workpieces were tech-
nically pure aluminum grade 1050A (EN 573-3:2007)

and an experimental Al—2%Cu—2%Mn alloy (hereaf-
ter referred to as 2Cu2Mn). Their chemical composi-
tion is presented in Table 1. To obtain the physical and
mechanical properties necessary for simulation, a bil-
let of the 2Cu2Mn alloy measuring 20x120x135 mm
was cast and then rolled at a temperature of 400 °C
on a two-high rolling mill DUO210X300 at a roll
circumferential speed of 30 rpm to a thickness of
15 mm to produce a deformed structure. Cylindri-
cal samples with a diameter of 5 mm and a length of
10 mm were taken from the rolled sheet along the
deformation direction. The rheology of these samples
was studied using a quenching-deformation dilatom-
eter DIL805SA/D (TA Instruments, USA). The tem-
perature and strain rate parameters of the dilatometer
tests were selected based on the conditions characte-
ristic of hot deformation for this material and includ-
ed tests at temperatures (f) of 350, 400, 450 °C and
strain rates (€) of 0.1, 1.0, 10, and 20 sl The samples
were tested by compression until a true strain value of
g; = 0.9. As a result, deformation curves of the experi-
mental alloy were obtained, from which, after adjust-
ing for friction and temperature, the coefficients for
the equation calculating the flow stress () considering
thermal softening were determined [12]:

Az m_m

i
c=e"g"gle"Me",

where A, m, ny, n,, [ are coefficients characterizing the
material properties.

The calculated values of the coefficients for the ex-
perimental and standard [13] alloys are given in Table 2.
The table also presents the calculated correlation coef-
ficient (R%) and the Fisher criterion (F), confirming the
adequacy of the alloy strengthening models.

A necessary parameter for the modeling of the ex-
perimental alloy is its thermal conductivity, which was
calculated based on the Wiedemann—Franz law:

k/y= LT,

where k is the thermal conductivity in W/(m-K); yis the
electrical conductivity in S/m; L is the Lorentz number,
equal to 2.23-10~8 W-Q K2 for aluminum alloys [13];
T is the temperature in K.

Table 1. Chemical composition of the alloys under investigation

Tabauua 1. XuMuueckuii COCTaB UCCIEeNyeMbIX CILIABOB

Composition, wt.%
Alloy
Al Cu Mn Si Fe
2Cu2Mn Base 1.93+£0.05 1.94+0.04 0.05+0.04 <0.01
1050A 99.79 — - 0.18 £0.03 0.03 +£0.02
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Table 2. Coefficients for flow stress calculation in hot rolling processes

Tabauua 2. KoadbduuneHTs! 17151 pacyeta CONpOTUBICHUS AeopMaliuu

MPpU ropsiyei mpoKaTke

Alloy A m ny ny / R? F
2Cu2Mn 6.2121 0.0756 —0.0382 —0.0046 —0.0616 0.9678 0.0170
1050A 4.9577 0.1475 0.1607 —0.0035 —0.0174 0.9744 0.0165

The specific electrical conductivity of a sample
of the 2Cu2Mn alloy, taken from the hot-deformed
sheet, was measured at room temperature using an ed-
dy current structural analyzer VE-26NP (Russia) and
was found to be 15,3-10® S/m. The value of v for the
experimental alloy at elevated temperatures was ob-
tained by extrapolating known data [14] to the measu-
red value. Thus, the calculated thermal conductivity
of the alloy at temperatures of 350, 400, and 450 °C
was 161, 159, and 151 W/(m-K), respectively. The ther-
mal conductivity and specific heat capacity values for
the cladding layer material were taken from the stan-
dard material library of the modeling software for the
1050A alloy and were 226 W/(m-K) and 930 J/(kg-K),
respectively [15].

= Upper roll

Rotation

Workpieces

Rotation

Lower roll

Finite element simulation methodology

Geometric parameters of the model
and initial data

The hot rolling — cladding process was simulated
in a plane strain mode using the QForm 10.3 software
package [16]. The geometry of the tool, along with pa-
rameters and characteristics similar to those of the
DUO210X300 rolling mill (Russia), was imported into
the modeling program (Fig. 1, a). The workpieces used
were two plates made from the studied alloys with differ-
ent initial thicknesses /4, and 4,. The layered workpiece
was then deformed with a reduction € of 30 %, 40 %,
and 50 %, so that the values of 4, and 4, in each case
were 5.85 and 0.65 mm, 6.3 and 0.7 mm, and 6.75 and

i
/h‘ Py I

Cladding layer

Base layer i

c
Upper roll
——
7077
/’ |
: |
: : Lower roll
) =l I R

Fig. 1. The geometry of the roll unit (a), workpieces (b), and deformation center (c)

Puc. 1. [eomeTpus BaakoBoro ysJia (a), 3aroToBok (b) u ouara aedopmaiuu (c)
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0.75 mm, respectively. As a result, the final total thick-
ness of the clad sheet was 5 mm. The initial length and
the non-represented width in the plane strain model
were each 100 mm.

Traced points, located through the thickness of the
workpiece at key and particularly indicative sections,
were used to study the contact stresses and flow veloc-
ities. According to Fig. 1, b, these points are located as
follows:

— at the contact between the base layer (P1) and the
cladding layer (P2);

— at the point of contact between the base layer and
the lower roll (P3);

— in the middle of the total thickness of the rolled
product (P4).

The primary work of consolidating the layers oc-
curs directly due to the stresses within the deformation
zone. Fig. 1, ¢ shows a view of the deformation zone,
where the length of the contact arc between the metal
and the roll relative to the X-axis (X/Lpz) is schemati-
cally indicated. The analysis of the modeling data and
the construction of graphs were performed concerning
this section.

The model used triangular-shaped finite elements
(FE), which are well-suited for simulating plane strain
rolling processes. To increase the calculation accuracy,
an adaptive mesh refinement was chosen, with a mesh
adaptation coefficient of 3 in the workpieces. This
means that the ratio of the maximum size of the mod-
eled object to the size of any finite element in the mesh
will be maintained within a specified range, which is
beneficial when using workpieces of different initial
thicknesses and when they are thinned during rolling.
The main initial parameters of the model are presented
below:

Material of the rollS .........cccoeviiiiiiiiniiiiiie 41Cr4
Roll temperature, °C............ooooviiiiiiiiieieeeeeeeeeeeei, 25
Workpiece temperature, °C.............oooeeeiiiiiinnnnnnn. 400
Ambient temperature, “C........ccceeeeeeeeiiiiiieeeeeeeenns 25
FE number in the tool, thousand units .................. 2.5

FE number in the workpiece
at the beginning/end of modeling,
thousand UNitS..........eeeeeeeeeeiiiiiereeeeeeeiiiiieee e 10/15

TAiME StEP, NS ..vvvviiieeeeeeiiiiiieieeeeeeeeiiree e e e e e eeeeinnans 2.5
Deformation and thermal models

The coordinate system was chosen so that the axis
of the least deformation coincided with the missing axis

Fig. 2. Plane strain state in the case
of thin sheet rolling

Puc. 2. [1nockoe neopMrupoBaHHOE COCTOSIHIE
B CJIyyae MPOKATKU TOHKOTO JIUCTA

in the coordinate system. In the case of flat rolling, this
direction can be considered the Y-axis (Fig. 2), as it is in
this direction that only the widening of the metal occurs,
which is significantly less than the reduction and elon-
gation. In this case, the mesh elements move only in the
directions of v, and v,, here are no shear stresses on the
planes perpendicular to the Y-axis, and the normal stress
in the Y-axis direction depends on the normal stresses
along the other axes and during plastic deformation is
equal to:

1
6, =—.
P 20, +0,)

Stress tensors (75) and final strains (7) in the case
under consideration are as follows:

6, O Oy E. 0 E,
I.=| 0 Oy 0|, Ts=| 0 0 O
6, 0 o, E,, 0 E,

The equivalent (plastic) strain (g.) was calculated
using the equivalent plastic strain rate (€.,) by integ-
rating the sum of the increments along the particle’s
trajectory:

Eoq = j.tgeth’

- 411 2 -2 -2, 32
seq:\/g{g[(sxx—szz) +8xx+gzz]+Zsz .

A “simple” heat exchange mode was applied for
calculating the heat transfer between the pairs of work-
piece—workpiece and workpiece—tool, which limited
the movement of heat flow from one object to another
by a near-surface layer with a thickness of 5 linear mesh
elements. This mode was chosen due to the high speed of
the rolling process and, consequently, the short contact
time between the workpieces and the tool, measured in
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milliseconds. The propagation of the heat flow (g,) in
this case is normal in nature. Its magnitude is calculated
by the equation:

g, = bo(t) — 1),

where #; and t, are the temperatures of the model ob-
jects, °C; o is the heat transfer coefficient; b = 0.05 is a
pause coefficient that accounts for the distance between
the objects. The heat transfer coefficient values between
the tool and the workpieces, as well as between the lay-
ers of the workpiece, were assumed to be 100000 and
120000 W/(mz'K), respectively [17].

Contact model

The contact model of objects in the simulation of the
cladding process is a crucial factor that influences the
overall adequacy of the model. The Siebel law was used
to describe the contact interaction between the work-
piece—workpiece and workpiece—tool pairs, which de-
fines the shear stress (t) on the surface of the workpiece
as the product of the friction factor (k) and the flow
stress in the layers of the workpieces that are in contact
with the tool and with each other (c):

c
T=k, —.
"

The friction factor was determined experimental-
ly by measuring the duration of the rolling process
for standard samples with a length of 200 mm made
from alloys similar to those being studied and com-
paring this time with the modeled one. The friction
factor for the workpiece—tool pairs, including at the
roll—cladding layer and roll—base layer boundaries,
was assumed to be 2.5, and for the workpiece—work-
piece pair, it was 4. A higher friction factor between
the workpieces was chosen based on the prepara-
tion of their surfaces in contact with each other by
degreasing and mechanical processing (increasing
roughness).

In QForm, a special contact element is used for the
numerical implementation of the joint deformation of
two modeled objects (workpieces) since the nodes of
the finite element mesh in the contacting bodies do
not generally coincide. Figure 3 schematically shows
the principle of this interaction. For clarity, the con-
tacting elements are separated along the normal by a
distance comparable to the size of the element. The
direction of the normal is indicated by the vector n .
The nodal velocities (v,) are used as the nodal un-
knowns. In this case, the normal force function P,
which ensures the minimization of penetration along
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k, Cladding
layer

s

Fig. 3. Schematic of contacting finite elements
of two workpieces [17]

Puc. 3. CxeMa KOHTaKTUPYIOLIMX KOHEUHBIX 2JIEMEHTOB
NIBYX 3arOTOBOK [17]

the normal to the contact surfaces of the workpieces,
is as follows:

P, =C(vpy —vD).

where C is a penalty coefficient determined as a value
that exceeds the largest of the diagonal coefficients of
the stiffness matrices of the two contacting bodies. Thus,
using shape functions, the forces at the nodes of the con-
tact element are determined by the formula:

P, =Ph

— i2 —_ j2 —_ kl
P2 - P> - P>,

Results and discussion

Temperature and force parameters
of the cladding process

Regardless of the degree of deformation €, the for-
mation of temperature fields in the workpiece follows a
similar pattern (Fig. 4). At the entry into the deforma-
tion zone (DZ), there is an almost instantaneous drop
in the metal temperature at the contact with the tool —
on average by 100 °C. As the workpieces move along the
rolling axis, their surface temperatures gradually equal-
ize, tending toward the temperature of the internal
non-contact area. This is facilitated by the deformation
heating of the base layer, which not only does not de-
crease but even increases its temperature by 10 °C from
the initial value.

The cooling of the cladding layer deserves special
attention. The drop in its temperature upon contact
with the roll occurs throughout its thickness but does
not spread to the base layer, whose temperature remains
high. This fact is due to the peculiarities of the software
calculation of heat transfer, which is conducted sepa-
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Fig. 4. Temperature fields in the deformation zone (@) and temperature as a function of deformation zone transit time

in the base (P1) and cladding (P2) layers during rolling (b)
Numbers at the curves are values of the strain ratio

Puc. 4. TemmniepaTypHbIe TIOJISI B ouare nedopMaiuu (@) ¥ TeMreparypa B 3aBUCUMOCTHU OT BPeMEHU TTPOXOKISHU T ouara
nedopmannu B ocHoBHoM (P1) u mnakupyiomewm (P2) ciosx B mponiecce mpokatku (b)

Lndpbl Y KpUBBIX — 3HAYEHUS CTENIEHN OTHOCUTEIBHOM eopMaLiin
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Fig. 5. Change in force (a) and torque (b) during the rolling process

Numbers at the curves are values of the strain ratio

Puc. 5. 3menenue ycunus (a) 1 MoMeHTa (b) B Xo/e poKaTKu

Ludpsl y KpUBBIX — 3HAUEHMS CTENIEHU OTHOCUTENIbHOM eopmanumn

rately for each workpiece without the possibility to ex-
clude the consideration of the pause coefficient b after
passing through the deformation zone. In other words,
this temperature model does not account for the for-
mation of a welded joint (adhesion) between the layers.
Nevertheless, the results of the temperature changes in
the layered rolled product appear adequate. The temper-
ature of each layer in the contact areas tends to equalize
within 20—30 ms after the composite exits the deforma-
tion zone.

The change in the force parameters of the cladding
process follows a fairly traditional pattern. The roll-
ing force change curves (Fig. 5) clearly show all the

main stages of the process: the capture of the work-
pieces by the rolls, the steady stage, and the exit of
the metal from the rolls. The force value at the steady
stage is 175, 215, and 250 kN for reductions € of 30 %,
40 %, and 50 %, respectively. Here, there is a trend of
increasing rolling force by 20 % with a 10 % increase
in reduction. The rolling torque varies less predictably
over time. Peaks corresponding to the capture and exit
of the metal from the rolls are also observed here, but
the steady stage is characterized by numerous oscilla-
tions. This may be due to the presence of two objects
in the deformation zone, whose interfacial friction is
uneven along the DZ.
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Another feature is the difference in the rolling
torque acting on the upper and lower rolls. The torque
on the lower roll, which is in contact with the metal of
the base layer, is on average twice as high as that on
the upper roll in all cases considered. This is due to the
difference in the flow stress of the investigated alloys,
which directly affects the conditions of contact friction.
However, when comparing the rolling forces acting on
the lower and upper rolls in each simulation case, such
a high discrepancy was not observed, with a maximum
difference of 10 %.

Stress-strain state of the rolled product
in the deformation zone

The nature of the formation of equivalent strain
(gcq) and the distribution of the equivalent plastic strain
rate (€.4) along the deformation zone (DZ) is shown in
Fig. 6. As can be seen, the degree of relative reduction
significantly influences these characteristics. As the re-
duction increases, the extent of the deformation zone
noticeably expands, and consequently, the contact time
of the joined surfaces under pressure also increases. The
work hardening of the base layer occurs less intensively
with increasing € compared to the cladding layer. This
is due to both the temperature conditions (significant
cooling throughout the thickness of the cladding layer)
and the different patterns of equivalent strain rate dis-
tribution, which in the contact zone of the cladding lay-
er was 0.9, 1.25, and 1.6 for relative reductions of 30 %,
40 %, and 50 %, respectively. The values of the equiva-

a

Equivalent strain

lent strain rate are roughly the same in all cases: up to
80 s~! at the entry to the DZ (in the zone of maximum
compression) and an average of 15 s~! in the middle
of the thickness of the rolled product (and on average
throughout the entire DZ).

The distribution fields € . also allow for some ob-
servations. Deformation is most intense at the entry
and exit from the deformation zone in the areas where
the workpieces contact the tool. The extent of these
zones differs in each case, but their volumetric share
relative to the entire geometric DZ is the same. The
occurrence of such distinct X-shaped patterns in the
distribution €., is associated with the nature of met-
al flow and the accompanying development of shear
deformations in these areas.

Several studies [18; 19] assert the existence of a pat-
tern of adhesion in layered rolled products with signifi-
cantly different strengths (hardness). They suggest that
a high difference in the strength of the contact surfac-
es of the joined sheets promotes uneven metal flow of
the workpieces within the deformation zone relative to
each other. This creates additional shear stresses be-
tween the layers, reducing the effect of normal stresses
and, as a result, hindering the formation of a strong
welded joint in the DZ. Also, considering the “film”
theory of metal bonding, it can be assumed that the
high strength of the surfaces of the joined sheets will
contribute to more effective oxide film destruction
during deformation and the bonding of the formed ju-
venile areas.

Equivalent strain rate, s™'

Fig. 6. Distribution fields of equivalent strain («) and strain rate (b) in the deformation zone at different values of strain

Puc. 6. [Nons pacnipeneneHnst 5KBUBaJeHTHOM aeopMannu (a) u ckopoctu aedopmaiiuu (b) B O

IIPU pa3HbIX 3BHAYCHUAX OTHOCUTCJIBHOI'O o0xaTus
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Figure 7 shows the change in flow stress (o) of the
base (P1) and cladding (P2) layers along the deforma-
tion zone. Flow stress in QForm is calculated as the
distribution of ¢ (flow stress) values, set in the mate-
rial properties, depending on the equivalent strain,
strain rate, and temperature. It should be noted that
the length of the DZ relative to the X-axis is standar-
dized for all cases considered, but its actual geometric
length, as well as the contact time under rolling force,
increases by ~15 % with each 10 % increase in reduc-

o, MPa
120
e=30%
100
Pl
80
P2

60

40 -

2

20
0 0.25 0.50 0.75 XLy,
o, MPa
120
£=50%
100 -
P1
80 P2

60

40

:

20 T T T
0.25 0.50 0.75

o

X/Ly,

tion. The graphs show that the flow stress of the base
layer changes little with varying reduction and averages
100 MPa, while for the cladding layer, it is more affec-
ted by reduction: ~70 MPa at € = 30 and ~80 MPa at
€ =40and 50 %.

The increase in ¢ is due to the regular growth of g
with increasing reduction, and the equal ¢ values at
€ = 40 and 50 % can be explained by the greater cool-
ing of the cladding layer at € = 40, as clearly shown in
Fig. 4. In all cases considered, at the length of the defor-

o, MPa

120

£=40%

100

P2

80

60

40 1

0.50

0.75 X/Ly,

20 T T T

0 X/Ly,

Fig. 7. Change in the flow stress of the base (P1) and cladding (P2) layers and the difference in their flow stresses (Ac) along

the length of the deformation zone

Puc. 7. UameHeHue conpotuBieHus aechopmauuu ocHopHoro (P1) u ninakupytomero (P2) cnoes
M Pa3HOCTb UX COMPOTUBJICHU S AeopMalinu (AG) BIOJb AJTUHBI ouara aedopMaliiu
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mation zone of 0.65—0.70, a decrease in ¢ values of
approximately 25 % can be observed, followed by their
recovery to the previous level, which is maintained un-
til the metal exits the rolls. This fact is explained by
the passage of the traced points through an area with
relatively low equivalent plastic strain rate (blue areas
in Fig. 6, b), as well as a general reduction in the nor-
mal and shear stresses (o, and o, respectively) act-
ing in this section. Comparing the difference in flow
stress values for each layer’s surface (AG), a systematic
decrease with increasing relative strain is noted, which
is evident: the smallest Ac value is achieved at a 50 %
reduction. These graphs also indicate that the achieve-
ment of surface layer strength uniformity is ensured by
the strengthening of the cladding layer on one side and
the softening of the base layer due to heating on the
other.

The combination of rolling process parameters that
occur during the joint deformation of two workpieces,
characterized by inhomogeneity along the length and
height of the deformation zone (DZ), such as tempera-
ture, flow velocity, strain rate, surface strength of the lay-
ers, and others, leads to an increase in the shear stresses
acting at the layer interfaces. To assess their influence on
the formation of the composite bond, standard QForm
subroutines — “Pressure” and “Friction” — were used
to calculate the values of normal contact pressure (G;,)
and shear friction stress (Ty).

Figure 8, a shows the change in shear stress along
the deformation center. It is evident that the value of
¢ at each point of the DZ and in each case considered
may differ from the presented one due to being subject
to many poorly controlled factors of contact interaction
between the two workpieces during joint deformation.

Nonetheless, the nature of the obtained stress distribu-
tion patterns along the DZ remains consistent with roll-
ing at different € values. For example, it can be noted
that t; remains almost unchanged from the moment the
metal enters the deformation center until it reaches 0.1
of the DZ length, which is associated with the absence
of plastic deformation in the base layer in this section.
Then, as it progresses along the DZ, the inhomogenei-
ty of strain rates and plastic flow in the layers increases,
leading to a rise in T;. Approaching the neutral section of
the DZ, the stress level gradually decreases toward zero,
only to rise again afterward.

The nature of the normal stress variation along
the deformation zone is more uniform. It fluctuates
from 150 MPa at the entry to the DZ to 225 MPa at
the exit. This is also reflected in the graph of the 6, /1¢
(Fig. 8, b). As seen from the curves, this ratio is 5 for
more than 70 % of the DZ length, indicating generally
favorable conditions for the formation of an interlayer
bond. In each case considered, two characteristic peaks
can be noted on the curves — at 0.1 and 0.7 of the DZ
length. The first peak symbolizes the onset of the weld-
ed bond formation between the layers, associated with
the beginning of plastic deformation in the base layer,
while the second is linked to improved contact inter-
action conditions in this section, specifically the drop
in strain rate and the accompanying reduction of t; to
zero. It can be assumed that in this point, the most sig-
nificant bonding work between the layers occurs under
the influence of normal stresses.

Discussion of modeling results

Figure 9 shows the change in the velocity of traced
points located at the roll contact, at the interlayer

17, MPa G,/
500
1 [roo- 40 % b
4004 80 -
. 50%
60
300 A
1 | 40
200 20 A
] 0
1004
1 30%
T T T T T T T T T ——
01 02 03 04 05 06 0.7 08 09 X/L,,

Fig. 8. Variation along the deformation zone of tangential stresses between rolled layers (a) and the ratio of normal stress

to tangential stress (b)

Puc. 8. U3meHeHue BAoIb oyara gepopMaliiyi KacaTeJbHbIX HAIPSI)KEHU M MEX Y CIOSIMU MpokaTa (a)

M OTHOLIEHHW A HOPMAJIbHOI'O HAIIPAXKEHU A K KacaTCJIbHOMY (b)

82



13BecTig By30B. LiBeTHOS MeTanAyprng o 2024 « T.30 « N23 e C.73-86

KowmmH A.H., 3uHosbes A.B., Hepkacos C.O., LibiaeHoB K.A. KOHEYHO-9AEMEHTHOE MOAEANPOBAHME NAPAMETPOB rOPSYEro NAGKUPOBAHMSI...

Flow velocity, mm/s

3501 a

330{ _P3

3101
290 Pl

270

250

02 03 04 05 06 07 08 09
XL

0 01

1.0 250

275

300
Flow velocity, mm/s

325 350

Fig. 9. Velocity of traced points along the X-axis (a) and flow velocity fields in the deformation zone (b)

Puc. 9. CkopocTb IBUKEHUS TPACCUPYEMBIX TOUEK BJOJIb OCU X (4) U TOJISI CKOPOCTH TeueHusI B ouare nepopmannu (b)

boundary, and at half the thickness of the composite
during rolling with € = 40 %. The curves represent a
typical pattern for the longitudinal rolling process, al-
lowing for the delineation of lagging and leading zones,
positioned at 0.65 of the deformation zone length. At
the same time, the sharp changes in values observed in
Figs. 7 and 8 manifest themselves at a deformation zone
length of 0.70. This is explained by the significant in-
homogeneity in the distribution of metal flow velocity
along the height of the deformation zone, as seen in the
fields of the workpiece in Fig. 9. It can be noted that the
sticking zone has an /-shaped form, and its center (neu-
tral section) is slightly tilted, which is due to the rolling
of dissimilar metals and, consequently, different torque
values on the upper and lower rolls.

Thus, the nature of the plastic flow of metal in the
deformation zone had the most significant influence on
the results presented in the previous section. Under its
influence, zones with low strain rate values were formed,
which contributed to the reduction of flow stress in both
layers. In this same area, the shear stresses are equal to
Zero.

The results obtained from the cladding modeling
at different degrees of reduction are ambiguous. On
one hand, increasing the degree of deformation has
strengthened the cladding layer, thereby significantly
reducing the ratio of the flow stress of the base layer to
the cladding layer (6, /0,,,) from 3 to 1.5. On the other
hand, the influence of the degree of deformation had
little effect on the friction stresses acting along the roll-
ing axis. This suggests that the influence of contact and
interlayer friction under thin sheet rolling conditions is
insignificant, and the success of metal layer bonding
in this case is ensured by the action of normal stresses,
which are enhanced by increasing the degree of defor-
mation.

Overall, the comparison of the results obtained in
this study with elements of the classical theory of longi-
tudinal rolling [20—23] and modern computational and
experimental results [24—29] allows us to conclude the
adequacy of the developed model and the effectiveness of
the applied computational methods and software pack-
age.

Conclusion

1. Using the QForm finite element simulation
software, the cladding process of the experimental
Al—2%Cu—2%Mn alloy with technically pure alu-
minum was simulated at reduction ratio of 30 %,
40 %, and 50 %. The temperature-rate and deforma-
tion parameters of the process, as well as the metal
stresses in the layers along the deformation zone,
were studied.

2. It was found that the strengthening of the cladding
(softer) layer occurs more intensively with increasing
deformation degree. The equivalent strain in the contact
zone of the cladding layer with the base layer at relative
reductions of 30 %, 40 %, and 50 % was 0.9, 1.25, and
1.6, respectively. This fact contributed to the reduction
of the difference in flow stress between the contact sur-
faces of the rolled layers.

3. When studying the features of contact interac-
tion between the surfaces of the layered rolled product,
characteristic areas were identified along the length
of the deformation zone at 0.1 and 0.7 relative to the
X-axis, which are characterized by the dominance of
normal stresses over shear stresses. The formation of
these areas was facilitated by uneven metal flow in
the deformation zone, caused by the difference in the
deformation characteristics of the base and cladding
layer materials.
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4. The calculated values of normal and shear stress-

es between the layers of the workpieces along the defor-
mation zone suggest that bonding will occur along the
entire length of the rolled product in all cases consid-
ered, although the bonding strength will vary in each
case.
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High-entropy Fe—Co—Cr—Ni—(Cu) coatings
with enhanced corrosion and tribocorrosion resistance
obtained by vacuum electrospark deposition
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P.A. Loginov, D.V. Shtansky
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Abstract: High-entropy coatings are highly promising for protecting steel parts in coastal and marine infrastructure from corrosion and
tribocorrosion. This study examines the properties of medium- and high-entropy Fe—Co—Cr—Ni—(Cu) coatings produced by vacuum
electrospark deposition. The coatings, with thicknesses of up to 30 um and varying copper content, exhibit a single-phase solid solution structure
with an FCC lattice and a dense, homogeneous morphology. The addition of 14 at.% Cu was found to enhance corrosion resistance, shifting the
corrosion potential to 100 mV. In friction conditions within artificial seawater, the inclusion of copper also improved tribocorrosion properties,
raising the corrosion potential during friction to —165 mV. This improvement is attributed to the galvanic deposition of dissolved copper on the
worn areas of the coating, which also reduces the friction coefficient from 0.37 to 0.26. The Fe—Co—Cr—Ni—(Cu) coatings demonstrate high
wear resistance, ranging from 5.6 t0 9.6+ 10-° mm3/(N -m). The findings confirm the potential of these coatings for applications in environments
subject to both friction and corrosion.
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BoicokosnTponuiinbie NOKpbITUA Fe—Co—Cr—Ni—(Cu)
C NMOBBIIIEHHOI KOPPO3UOHHOH U TPHOOKOPPO3MOHHOIM
CTOMKOCTBIO, MOJYYECHHbIE JJIEKTPOUCKPOBBIM
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AHHOTanus: BbICOKOOHTPOMUITHBIE MOKPBITUSI MPEACTABISIOT OOJIBIION MHTEPEC JUISl 3alIUThl CTAJIbHBIX M3AEJIUI, UCTIOJb3YyeMbIX B
MPUOPEXHON U MOPCKOU MHGDPACTPYKTYPE, OT KOPPO3UOHHOTO ¥ TPUOOKOPPO3MOHHOTO BO3/IEHCTBUsI. B maHHOI paboTe nMcciemoBaHbl
CBOIICTBA CpellHE- U BBICOKOAHTpONUIHBIX MOKPbITUIT Fe—Co—Cr—Ni—(Cu), mojJy4eHHbIX METOJOM 3JIEKTPOUCKPOBOTO JETUPOBAHUS B
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BakyyMe. [TokazaHo, 4TO MOKPBITHS TOJIIMHOM 10 30 MKM C pa3jMyHBIM COAEepXKaHMEM MEIU XapaKTepHU3yIOTCsI CTPYKTYPOii onHOMa3-
Horo TBepaoro pactopa ¢ 'l K-pelieTkoit 1 JI0THOI, 0MHOPOIHOI MOopdosiorueii. BeisgBiieHo, uTo BBeaeHUe 14 a1.% Cu MOJI0XUTETBHO
BIIMSIET HA KOPPO3MOHHYIO CTOMKOCTD, CMeIIast moteHinan kopposuu 10 100 mB. B ycroBusix TpeHusT B MICKYCCTBEHHON MOPCKOi BOIe
nob6aBIeHre MU TakXe yIydliaeT TpPUOOKOPPO3UMOHHbIE CBOMCTBA, IMOBBIIIASI TOTEHIIMA KOPPO3UU BO BpeMs TpeHus 10 —165 MB. D10
00YCJIOBJICHO TaJIbBAHUYECKHUM OCaXICHUEM PaCTBOPEHHOM MM Ha M3HOIIEHHBIC YaCTU TIOKPBITUS, UYTO TAKXKe MOJOXUTEIbHO CKa3bl-
BaeTcst Ha KoadduineHTe TpeHusi, ciuxas ero ¢ 0,37 go 0,26. [Toayuennbie mokpbiTus Fe—Co—Cr—Ni—(Cu) 061a1a10T BBICOKOI U3HO-
COCTOMKOCTBIO Ha ypoBHE (5,6+9,6) - 1076 MM3/(H-M). PesysibraThl McciieoBaHU S TOATBEPXKIAIOT MEPCHEKTUBHOCTD UX UCITOJIb30BAHUS B
YCIOBUSIX TPEHUS U KOPPO3HH.
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Introduction

Due to the active use of marine resources, issues
related to the quality and longevity of engineering
equipment have become increasingly relevant [I; 2].
Sea water, being an aggressive medium, promotes the
development of corrosion in metal parts during their
operation [3; 4]. Most moving components of marine
and coastal equipment, including pumps, bearings,
valves, propellers, gears, etc., are subjected to the syner-
gistic effects of wear and corrosion in sea water — a pro-
cess known as tribocorrosion. This inevitably accele-
rates the damage and degradation of mechanical fric-
tion units, shortening their service life [5—8]. Addition-
ally, parts that are in a prolonged contact with sea water
are prone to biofouling — the growth of microorga-
nisms on the surface, which leads to microbiologically
influenced corrosion (MIC) [9]. As a result, the service
life is reduced, and energy consumption of engineering
equipment increases [10].

Stainless steels with high chromium content (up
to 18 %) are widely used for marine equipment com-
ponents due to the formation of a surface oxide film
consisting of Cr,05, which helps reduce corrosion on
the surface. Recently, a new type of material, high-en-
tropy alloys (HEAs), has been discovered. These alloys
contain passivating elements such as Cr, Ni, Mo, and
others, and exhibit superior corrosion and tribocorro-
sion properties in aggressive environments (sea water,
acids) compared to conventional alloys [11; 12]. It is
known that copper significantly affects MIC and bi-
ofouling by inhibiting the growth and reproduction of
microorganisms involved in these processes [13; 14].
However, the introduction of Cu into multi-compo-
nent Fe—Co—Cr—Ni-based coatings may lead to
structural heterogeneity, such as the formation of a
two-phase structure (FCC/BCC) or Cu segregation,
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resulting in the formation of Cu-rich and Cu-deficient
zones, and consequently, more intense localized cor-
rosion [15].

A promising application of corrosion-resistant
high-entropy alloys is their use as coatings [16]. Eco-
nomically, the cost of bulk HEAs produced by arc melt-
ing or casting is relatively high, considering the addition
of expensive alloying elements. However, the deposii-
ton of coatings helps mitigate this issue. Currently,
HEA-based coatings are produced using methods such
as laser cladding [17; 18], electrospark deposition [12;
19], magnetron sputtering [20], etc.

Vacuum electrospark deposition (ESD) is a prom-
ising method for producing wear- and corrosion-
resistant coatings on various steels [21], allowing the
formation of “thick” coatings (up to 200 um) with
high adhesion strength due to the micro-welding
process between the electrode material and the sub-
strate during deposition. Additional advantages of
ESD include its simplicity, the possibility of localized
treatment of large parts, and easy automation of the
process.

To improve the surface quality and efficiency of elec-
trospark deposition, the process is carried out in a va-
cuum, which enhances the wettability of the surface by
the melt [22]. This effect is associated with the simulta-
neous occurrence of two parallel processes — pulsed ca-
thodic arc evaporation of the electrode initiated by spark
breakdown and classical mass transfer of the electrode
material onto the substrate.

The aim of this work is to develop Fe—Co—Cr—
Ni—Cu protective coatings with varying copper content
using vacuum electrospark deposition to protect steel
parts from corrosion and tribocorrosion during opera-
tion in sea water.
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Materials and methods

Fe—Co—Cr—Ni—Cux coatings with varying cop-
per content were deposited by vacuum electrospark
deposition [12]. Discs with a diameter of 30 mm made
of 30X13 steel were used as substrates. Electrodes with
different compositions (at.%): Fe,s—Co,5—Cry5—Ni,s,
Feyp—Coy—Cry—Niyy—Cuyy 1 Fey75—Cojy5—
Cry7 5—Ni;; 5—Cujs(, were produced by powder metal-
lurgy methods from elemental metal powders using the
DSP-515 SA hot-pressing press (“Dr. Fritsch”, Germa-
ny) at a temperature of 950 °C, a pressure of 35 MPa, and
an isobaric hold time of 3 minutes [20].

During the coating deposition process, the pressure
in the vacuum chamber was maintained at 20 Pa, the
electrode rotation speed was 1000 rpm, and the scan-
ning step and speed were 0.5 mm and 500 mm/min, re-
spectively. To ensure high coating continuity, the scan-
ning direction was changed to perpendicular after each
treatment cycle.

The Fe—Co—Cr—Ni—Cux coatings were deposi-
ted using the Alier 303 metal electrospark power source
(Moldova) with the following technological parame-
ters: pulse current amplitude of 120 (+ 20 %) A, pulse
frequency of 1600 (£ 20 %) Hz, and pulse duration of
40 (£ 20 %) ps. The deposition time for each coating was
15 minutes.

The morphology, elemental, and phase composition
of the coatings were investigated using scanning elec-
tron microscopy (SEM) on an S-3400N microscope
(“Hitachi”, Japan) equipped with an energy dispersive
spectrometer NORAN (“Thermo Scientific”, USA), as
well as X-ray diffraction analysis using a D8 Advance
diffractometer (“Bruker”, Germany).

The electrochemical properties of the coatings
were studied in a three-electrode cell using an IPC
Pro MF potentiostat (Russia). A platinum electrode
was used as the auxiliary electrode, and an Ag/AgCl
electrode, widely used for its simplicity, reliability, and
reproducibility of results, was used as the reference
electrode. Before the experiments, the coating surfac-
es were covered with a non-conductive compound to
exclude the influence of the substrate material on the
electrochemical parameters. The working surface area
was 1 cm?.

The tribocorrosion resistance of the coatings was
evaluated using a Tribometer (“CSM Instruments”,
Switzerland) equipped with a special three-electrode
cell that allows the registration of electrochemical
corrosion potential during tribological tests in a ball-
on-disk configuration. The tests were conducted in
artificial seawater at a load of 5 N, a sliding distance

of 500 m, and a sliding speed of 10 cm/s. An alumi-
num oxide (Al,0;) ball with a diameter of 6 mm and
a roughness of 0.8 um was used as the counterbody.
The wear tracks on the coatings were studied using
optical profilometry on a WYKO NTI1100 profilo-
meter (“Veeco”, USA) [21]. The wear volume of the
coatings was calculated according to the method
described in [22].

The hardness of the coatings was measured by mi-
croindentation on their surface using an automatic mi-
crohardness tester DuraScan 70 (“EMCO-TEST Priif-
maschinen GmbH”, Austria) by calculating the average
value from 10 measurements. The indentation load was
0.01 HV.

Results and discussion

Figure 1 presents SEM images and corresponding
element distribution maps of the surface of coatings ob-
tained using Fe—Co—Cr—Ni—Cu, electrodes (x = 0,
20, 30 at.%) with samples designated as CuQV, Cu2V,
and Cu3V, respectively. All coatings exhibit uniform
morphology without visible cracks or chips. According
to the element distribution maps, the primary elements
(Fe, Cr, and Cu) are evenly distributed (Fig. 1, b). The
elemental composition of the coatings is provided in
Table 1. It can be observed that the iron content is ap-
proximately the same, ranging from 39 to 43 at.%. The
Cu2V and Cu3V samples contain 14 and 19 at.% cop-
per, respectively, and with increasing copper concen-
tration, the content of Cr, Ni, and Co decreases from
18—21 at.% to 12—16 at.%.

Figure 2 shows SEM images of cross-sections of
high-entropy Fe—Co—Cr—Ni—Cu, coatings. All coat-
ings have dense and a defect-free structure (no cracks or
pores). The distribution of Cu across the coating thick-
ness is uniform with a slight decrease from the surface to
the substrate (Fig. 2, b). As the copper content increases
from 0 to 19 at.%, the coating thickness decreases from
30to 21 pm.

Figure 3 shows the XRD patterns of Fe—Co—
Cr—Ni—Cu, coatings. All samples have a single-
phase structure with an FCC lattice based on a so-
lid solution of all metallic elements. Additionally, the
structure of the coatings is characterized by a strong
texture in the (200) direction, associated with direc-
tional crystallization during the solidification of the
melt. As the Cu content in the coatings increases,
the FCC peaks shift towards lower angles, which is
associated with an increase in the lattice parameter
from 3.570 to 3.582 A due to the incorporation of
more copper into the cubic phase (see inset in Fig. 3).
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Cuz2v

Fig. 1. SEM images of the surface and element distribution maps on the surface of Cu0V, Cu2V, and Cu3V coatings

Puc. 1. COM-u3o0pakeH1st TOBEPXHOCTHU U KapThl paclpeie/IeHUsI DJIEMEHTOB Ha MMOBEPXHOCTHU 00Pa3I0B MOKPBHITU I

Cu0V, Cu2Vu Cu3Vv

No separate copper-based phases were detected,
indicating that all the copper dissolved in the main
FCC phase. The crystallite size, estimated using the
Debye-Scherrer method, showed minimal influence
of copper on this parameter. The introduction of
19 at.% Cu led to a slight decrease in crystallite size
from 36 nm (Cu0OV) to 34 nm (Cu3V).

To evaluate the corrosion resistance of the coatings,
electrochemical tests were conducted in artificial sea-
water, and the results are shown in Fig. 4. The corro-
sion potential of the Fe—Co—Cr—Ni coating (samp-

Table 1. Elemental composition of coatings

Tabauua 1. DeMeHTHBI COCTaB MOKPBITUIA

Coating Content, at.%

sample Fe | Co | Cr | Ni | Cu
Culv 43 18 21 18 -
Cu2v 43 11 19 13 14
Cu3v 39 12 16 14 19

90

le Cu0V) was +20 mV. The introduction of 14 at.%
Cu shifted the corrosion potential in the positive di-
rection to +100 mV, but further increasing the copper
concentration to 19 at.% caused a sharp decrease in
this value to —150 mV. Interestingly, despite the sig-
nificant influence of copper on the corrosion poten-
tial, the corrosion current density (CCD) of the coat-
ings remained almost unchanged, ranging from 1 to
2 pA/ecm?.

It is likely that when a certain copper concentra-
tion is exceeded, copper accumulates on the surface
as iron and other components dissolve. This leads to
the formation of individual copper particles, which
act as cathodes relative to the surrounding surface. In
this case, galvanic pairs form on the surface, leading to
partial activation of the metal substrate near the cath-
odes, which is accompanied by a shift in the zero cur-
rent potential towards negative values. The influence
of these particles on the corrosion current density has
two effects. On the one hand, the substrate near the
particles dissolves more intensively; on the other hand,
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Fig. 2. SEM images of cross-sections of CuQV, Cu2V, and Cu3V coatings (a, ¢), Cu and Fe distribution maps (b), and element
distribution profiles (d) across the coating thickness

Puc. 2. COM-uzobpaxenus nuimdos nokpeituit Cu0V, Cu2V u CulV (a, ¢), kapthel pactipeneiacuus Cu u Fe (b)
¥ IPOUIN pactpeneIeHNs JIeMeHTOB (d) IO TOJIIMHE TTOKPBITUS

4 200

CCD, mA/cm?
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I\ 30Cu 220
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A JL 0Cu A
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20, degree

Fig. 3. XRD patterns of CuQV (1), Cu2V (2), and Cu3V (3)

coatings and the (200) peak at higher resolution

Puc. 3. Pentrenorpammst nokpeituit CuQV (7), Cu2V (2),

Cu3V (3) u otnenbHo nuka (200)

Fig. 4. Corrosion current density versus applied potential
for coatings with different copper content

Puc. 4. KpI/IB])IC 3aBUCUMOCTHU INJIOTHOCTHU TOKA KOPPO3UU
OT IPUJIOKECHHOI'O IIOTEHILIMAaJIa 14 06pa3HOB HOKpLITI/Iﬁ
C Pa3JIMYHBIM COACPXKAHUEM MECOUN
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the presence of cathodes promotes better passivation of
the matrix in more distant areas. The overlap of these
effects leads to the retention of the average CCD at the
previous level, although the likelihood of localized cor-
rosion cannot be ruled out.

The synergistic effect caused by the simultaneous
impact of wear and corrosion was evaluated through
tribocorrosion tests in artificial seawater, during
which the electrochemical potential was recorded un-
der both stationary conditions (without friction) and

Friction coefficient Potential, mV Friction coefficient

during friction. The experimental results are shown in
Fig. 5.

The friction coefficient of the base Cu0V sample
monotonically increased from 0.3 to 0.37. The intro-
duction of copper into the coating at 14 at.% (Cu2V)
and 19 at.% (Cu3V) led to the stabilization and re-
duction of the friction coefficient to 0.29 and 0.26,
respectively.

When friction started, all coatings experienced a
sharp drop in corrosion potential to negative values

Potential, mV Friction coefficient Potential, mV

0.5 100 0.5 100 0.5 100
CulV Cu2vV Cu3Vv
0.4 1 Lo 0.4 Lo 0.4-/ ~0
0.3 034 | 1 0.3 ]
-—100 -—100 = S - —100
0.2+ 0.2 0.2 |_’
0.1 F 200 01 200 1 200
0 T T T T T T _300 0 T T T T T T 7300 0 T T T T T T _300
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
Distance, m Distance, m Distance, m

Fig. 5. Tribocorrosion test results of coatings in artificial seawater

Puc. 5. PesynbTaThl TpMOOKOPPO3MOHHBIX UCCAEAOBAHU I MOKPBITUI B UCKYCCTBEHHOI MOPCKOI BOIIE

Cu2Vv CulVvV

Cu3Vv

500 um

Fig. 6. Wear tracks of Cu0V, Cu2V, and Cu3V coatings

a — SEM images of wear tracks at different magnifications; b — wear track 3D profiles after tribocorrosion tests; ¢ — Cu distribution maps

in the area of wear tracks

Puc. 6. Jlopoxxku nzHoca o6pasioB nokpeituit CulV, Cu2Vu Cu3dV

a — COM-u300pakeHUs] TOPOXKEK N3HOCA TTPY PA3TUIHBIX YBEINIeHUsIX; b — 3D-Tipoduin 1opoxkeK 3HOCca Tocie TPUOOKOPPO3ZMOHHBIX
HCCIeOBaHUI; ¢ — KapTa pacrpee/ieHusI MeIN B 00J1aCTH JOPOXEK N3HOCA
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due to the removal of the protective passive film from
their surface. The potential for the Cu0V sample was
—200 mV, while for Cu2V and Cu3V coatings, it did
not change during friction and remained at —165 mV,
indicating more stable tribocorrosion behavior of these
samples.

Figure 6 presents SEM images, 3D profiles of wear
tracks, and EDS data of Fe—Co—Cr—Ni—Cu, coat-
ings. The wear tracks of all coatings have similar mor-
phology: partial wear of the surface roughness is ob-
served (Fig. 6, a). The areas between the worn regions
are filled with wear and corrosion products, mainly con-
sisting of Fe and Cr oxides, as well as residual compo-
nents of artificial seawater (Table 2).

A unique feature of the tribology of Cu-contain-
ing coatings is the accumulation of copper in the wear
tracks (Fig. 6, ¢ and Table 3). Copper concentrates on
the smooth worn areas of the coating due to its galvan-
ic deposition. During corrosion and wear, some copper
dissolves into the solution. During friction in the wear
track, the surface potential drops significantly below the
equilibrium potential for copper dissolution—deposition
in this medium. Friction on areas with a worn passive
film results in the negative potential, leading to copper
deposition in these areas. The accumulation of copper in

Table 2. Elemental composition of wear debris
in wear tracks

Tabnuua 2. D1eMeHTHBIN cOCTaB MPOAYKTOB N3HOCA
B JOPOXKE M3HOCA

Coating Content, at.%

sample | 0 | ¢ [Mg|si|ca|cr|Fe|Co|Ni|cu

CulV 45 25 1 1 1 7 15 3 2 —
Cu2V 45 30 1 1 2 3 12 1 2 5

Cu3V 44 27 1 1 1 5 14 3 2 2

Table 3. Composition of coating and worn surface
of the wear track

Ta6nuua 3. CocTaB MOKPHITUST U U3HOIIEHHOU
TOBEPXHOCTH TOPOXKKU

Content, at.%

Area
cr|F|co|Ni|cu]|o]cC
CulVvV 17 40 10 11 — 6 16
Wear track 17 41 11 12 — 6 13
Cu2V 14 32 8 9 9 6 22
Wear track 13 28 10 11 18 5 15
Cu3V 14 33 10 12 15 3 13
Wear track 11 26 9 11 24 5 14

Table 4. Results of tribological tests

Tabnuua 4. Pe3ynbraTsl TpUOOJIOTMYECKUX

UCTIBITAHUI

Coating Specific wear rate, Hardness,

sample 107% mm? /(N-m) GPa
Culv 5.6 2.8
Cu2v 6.3 2.4
Cu3Vv 9.6 2.3

Depth, pm

0 -

_].0_

—1.54

=201 Cu2V

Cu3V
2.5

L)
-100 0
Width, um

I L) )
100 200

Fig. 7. Profiles of coating wear tracks

Puc. 7. ITpodunu nopoxek n3Hoca MoKpbITU

the wear track results in a reduction of the friction coef-
ficient.

To determine the wear rate of the coatings and to
exclude the influence of the roughness of the ESD
coatings, additional tribological tests were conducted
on samples with a polished surface. The results ob-
tained are shown in Fig. 7. It was found that all coat-
ings exhibit high wear resistance; however, with an in-
crease in copper content, the wear resistance slightly
decreased from 5.6-107% (Cu0V) to 9.6-10~° (Cu3V)
mm?/(N-m), wich correlates with the hardness
that decreased from 2.8 (CuOV) to 2.3 (Cu3V) GPa
(Table 4).

Conclusions

1. Medium- and high-entropy Fe—Co—Cr—
Ni—Cu coatings with a thickness of up to 30 um and
varying copper content were obtained by vacuum
electrospark deposition. These coatings have a sin-
gle-phase solid solution structure with an FCC lat-
tice and are characterized by a dense, homogeneous
morphology.
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2. Under stationary conditions, the introduc-
tion of 14 at.% Cu positively affected corrosion
resistance, significantly shifting the corrosion
potential from +20 to +100 mV. However, further
increasing the copper content to 19 at.% negative-
ly affected the corrosion potential, shifting it to
—150 mV. The corrosion current density values
of all coatings differed slightly, remaining in the
range of 1—2 pA/cm?.

3. During friction in artificial seawater, the addition
of copper also positively influenced tribocorrosion prop-
erties, allowing the corrosion potential during friction to
increase from —200 to —165 mV due to the galvanic dep-
osition of dissolved copper on the worn parts of the coat-
ing. The redeposition of copper also positively affected
the friction coefficient, reducing it from 0.37 (Cu0V) to
0.26 (Cu3V). Additionally, the Fe—Co—Cr—Ni—(Cu)
coatings exhibited high wear resistance in the range of
(5.6+9.6)'10—6 mm>/(N'm).
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