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Выдыш С.О., Богатырева Е.В. Эффективность обезмеживания шламов электролитического рафинирования вторичной меди

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

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

  Elena V. Bogatyreva (Helen_Bogatureva@mail.ru)

Abstract: The relevance of replacing the slime–H2SO4–H2O system used for processing slimes from secondary copper electrolytic refining 

(SCER) with a slime–NH3·H2O–(NH4)2SO4–H2O 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 Cu2O phase and other phases, with a total 

copper content of 55.12 %. A new phase, Cu4(OH)6SO4, 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 PbSO4, BaSO4, and SnO2 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·H2O–(NH4)2SO4–H2O 

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 NH3·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–NH3·H2O–(NH4)2SO4–H2O system, which was confirmed 

experimentally. Studies of the kinetics of copper leaching from slime in the slime–NH3·H2O–(NH4)2SO4–H2O system were conducted. 

The activation energy of the ammonia-ammonium copper leaching process from SCER slime (Ea = 5±0.25 kJ/mol) was determined within 

the temperature range from 15 to 45 °C at a total buffer system concentration [NH3·H2O] + [NH4
+] of 1 and 2 mol/L, as well as the order of 

reaction at a temperature of 24±1 °C, which is 0.24±0.02 and 0.91±0.05 for [NH3·H2O] + [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·H2O] + [NH4
+] was reduced below 1.5 mol/L. The 

equation for the formal kinetics of the investigated process in the slime–NH3·H2O–(NH4)2SO4–H2O 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

Эффективность обезмеживания шламов 
электролитического рафинирования вторичной меди
С.О. Выдыш, Е.В. Богатырева

Национальный исследовательский технологический университет «МИСИС»
Россия, 119049, г. Москва, Ленинский пр-т, 4, стр. 1

  Елена Владимировна Богатырева (Helen_Bogatureva@mail.ru)

Аннотация: Обоснована актуальность замены системы шлам–H2SO4–H2O для переработки шламов электролитического рафи-

нирования вторичной меди (ЭРВМ) системой шлам–NH3·H2O–(NH4)2SO4–H2O. Выполнены комплексные исследования ха-

рактеристик образца шлама ЭРВМ. Установлено, что около 90 % меди распределено между фазами Cu2O и прочими при общем 

METALLURGY OF NON-FERROUS METALS / МЕТАЛЛУРГИЯ ЦВЕТНЫХ МЕТАЛЛОВ

UDC 669.334: 669.014
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Vydysh S.O., Bogatyreva E.V. Effectiveness of secondary copper electrolytic refining slime decopperization

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 

содержании Cu 55,12 %. Обнаружена новая фаза Сu4(OH)6SO4, соответствующая минералу брошантит, содержание которой в 

шламе составляет 6,40 %. Серебро при его концентрации в шламе 2,43 % на 69,1 % присутствует в металлическом состоянии, 

остальное в соединении AgCl. Содержание попутных компонентов PbSO4, BaSO4 и SnO2 составляет 13,52, 9,33 и 4,73 % соот-

ветственно. Для обоснования возможности низкотемпературного гидрометаллургического вскрытия компонентов шлама и 

необходимых для его реализации режимов, обусловленных особенностями качественного и количественного составов шлама, 

выполнен термодинамический анализ системы шлам–NH3·H2O–(NH4)2SO4–H2O, позволивший обнаружить и математически 

описать зависимости показателей процесса выщелачивания меди от состава аммиачно-аммонийной смеси (аммиачного буфе-

ра). Построена номограмма теоретического расчета минимального избытка NH3·H2O/NH4
+ от стехиометрически необходимого 

количества, требуемого для полного протекания реакции комплексообразования аммиаката меди в соответствии с величинами 

pH равновесного аммиачно-аммонийного раствора и концентрации в нем меди. Термодинамическими расчетами определены 

оптимальный состав аммиачно-аммонийных растворов и их расход, а также характеристики пульпы выщелачивания: кон-

центрация [Cu(NH3)4]2+ и окислительно-восстановительный потенциал. Технологические расчеты показали возможность эф-

фективного и селективного извлечения меди из шламов ЭРВМ не менее чем 99 % в системе шлам–NH3·H2O–(NH4)2SO4–H2O, 

что подтверждено экспериментально. Проведены исследования кинетики выщелачивания меди из шлама в системе 

шлам–NH3·H2O–(NH4)2SO4–H2O. Определена энергия активации процесса аммиачно-аммонийного выщелачивания меди 

из шлама ЭРВМ (Ea = 5±0,25 кДж/моль) в интервале температур от 15 до 45 °C при суммарной концентрации буферной систе-

мы [NH3·H2O] + [NH4
+] 1 и 2 моль/л, а также порядок по реагенту при температуре 24±1 °С, равный 0,24±0,02 и 0,91±0,05 для 

[NH3·H2O] + [NH4
+] более 1,5 моль/л и менее 1,5 моль/л соответственно. Обнаружена смена кинетического режима выщелачи-

вания с лимитированием скорости процесса адсорбцией реагентов на поверхности твердых частиц на диффузионный при сни-

жении суммарной концентрации буферной системы [NH3·H2O] + [NH4
+] ниже 1,5 моль/л. Определено уравнение формальной 

кинетики исследованного процесса в системе шлам–NH3·H2O–(NH4)2SO4–H2O.

Ключевые слова: медь, серебро, вторичная медь, шлам, фазовый состав, термодинамический анализ, выщелачивание, кинетика, 

кинетические модели, скорость выщелачивания, буферные системы, ресурсосбережение.

Для цитирования: Выдыш С.О., Богатырева Е.В. Эффективность обезмеживания шламов электролитического рафинирования 

вторичной меди. Известия вузов. Цветная металлургия. 2024;30(3):5–24. https://doi.org/10.17073/0021-3438-2024-3-5-24

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 ............1.00—53.40 

Ag ............0.10—24.00

Au ..............0.02—5.40 

Se ............. 0.10—21.00 

Te ...............0.01—9.00 

Pb ............. 0.60—51.40 

Sn ............. 0.10—12.10 

Ni ............. 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 H2SO4 and 12.5 g/L H2O2 

is 7,4·10–8 g-ion/(cm2·s), which is 76.6 % lower than 

during autoclave treatment — 2,8·10–7 g-ion/(cm2·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 H2SnO3 or recrystallization of 

BaSO4.

These drawbacks can be mitigated by transitioning 

from the slime—H2SO4—H2O2—H2O system to the less 

aggressive and neutral to tin dioxide system of slime—

NH3·H2O—(NH4)2SO4—H2O—О2, 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 + 2NH3 + 0.25O2 + 0.5H2O =

= [Cu(NH3)2]+ + OH—,  (1)

[Cu(NH3)2]+ + 2NH3 + 0.25O2 + 0.5H2O =

= [Cu(NH3)4]2+ + OH–,  (2)

[Cu(NH3)4]2+ + Cu = 2[Cu(NH3)2]+.  (3)

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—

NH3·H2O—(NH4)2SO4—H2O—О2 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;

— To determine the activation energy and order of 

reaction for the ammonia buffer [NH3·H2O] + [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 ARL9900 

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 ...................................................................... 55.12

Ag ........................................................................2.43

Pb .........................................................................9.24

Sn .........................................................................3.72

Ba .........................................................................5.45

SiO2 ......................................................................1.21

Others ................................................................22.83

Cu2O ....................................................................26.3

PbSO4 ..................................................................13.5

BaSO4 ....................................................................9.3

Сu4(OH)6SO4
* .......................................................6.4

SnO2 ...................................................................... 4.8

Cu ......................................................................... 2.0

Total crystalline phases ........................................62.3

* Corresponding to brochantite.

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 СCu = 0.01 mol/L [30]

1 – Cu2+; 2 – [Cu(NH3)]2+; 3 – [Cu(NH3)2]2+; 4 – [Cu(NH3)3]2+; 

5 – [Cu(NH3)4]2+; 6 – [Cu(NH3)5]2+

Рис. 1. Зависимость доли различных катионов меди 

в аммиачно-аммонийном растворе от мольного 

соотношения аммиака и меди в растворе 

при СCu = 0,01 моль/л [30]

1 – Cu2+; 2 – [Cu(NH3)]2+; 3 – [Cu(NH3)2]2+; 4 – [Cu(NH3)3]2+; 

5 – [Cu(NH3)4]2+; 6 – [Cu(NH3)5]2+
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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 Сu4(OH)6SO4 

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 Cu2O, Сu4(OH)6SO4, 

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 ref lections 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 μm. 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 Θ = [NH3·H2O] : [(NH4)2SO4] = 4 mol/mol 

and with a minimal excess of NH3·H2O/NH4
+ over the 

stoichiometrically necessary quantity (SNQ) for reac-

tion (31) (see below) of χ = 20 %, which, based on the 

results of thermodynamic analysis, in the AA-solution 

in the slime—NH3·H2O—(NH4)2SO4—H2O—О2 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 (t = 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

Таблица 1. Рациональный состав шлама электролитического рафинирования вторичной меди

Phase
Content, wt.%

Total
Cu Pb Ba Sn Ag SiO2 S O Others

Cu2O 23.36 – – – – – – 2.94 – 26.30

PbSO4 – 9.24 – – – – 1.43 2.85 – 13.52

BaSO4 – – 5.45 – – – 1.27 2.54 – 9.26

Сu4(OH)6SO4 3.60 – – – – – 0.45 2.35 – 6.40

SnO2 – – – 3.72 – – – 1.01 – 4.73

Cu 2.00 – – – – – – – – 2.00

Ag – – – – 1.68 – – – – 1.68

SiO2 – – – – – 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

Таблица 2. Интегральный гранулометрический состав шлама электролитического рафинирования 

вторичной меди

Maximum particle diameter of the fraction, μm 1.88 4.09 9.49 16.7 22.8 29.3 37.0 48.2 69.7 600

Percentage of particles with diameter 

from 0 to maximum within the fraction, %
10 20 30 40 50 60 70 80 90 100
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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 
II) were conducted at a molar ratio of [NH3·H2O] :

: [(NH4)2SO4] = 4 mol/mol and a concentration of 

С∑[NH3·H2O]+[NH4
+]  = 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 t = 15÷45 °C and buffer mixture concentrations 

С∑[NH3·H2O]+[NH4
+] = 1 and 2 mol/L to determine the 

activation energy, as well as for С∑[NH3·H2O]+[NH4
+] =

= 0.5÷3.5 mol/L and t = 25 °C to evaluate the reac-

tion order. The dependencies of ln(dα/dτ) — 1/T and 

ln(dα/dτ) — lnC (where dα/dτ are the slope coefficients 

of the tangents at the values of the leaching degree 

α = 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—

NH3·H2O—(NH4)2SO4—H2O—О2 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— NH3·H2O—(NH4)2SO4—

H2O—О2 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·H2O] 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(NH3)2] + 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 0 = 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:

O2 + 2H2O + 4e–= 4OH– (5)

is Е 0 = +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—NH3·H2O—(NH4)2SO4—H2O—О2 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 

Fig. 2. Micrograph of the research object – SCER slime 

1 – Cu2O, 2 – PbSO4, 3 – SnO2

Рис. 2. Микрофотография объекта исследования – 

шлама ЭРВМ

1 – Cu2O, 2 – PbSO4, 3 – SnO2
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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 ([NH3·H2O]) 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 Θ [38]. The 

[NH3·H2O] + [NH4
+] mixture, in the form of an am-

monium salt of a strong acid, creates a buffer system [39]:

 (29)

and therefore, it is assumed that the equilibrium pH of 

the system equals the initial value.

Table 3. Results of Gibbs energy (ΔG0
298), equilibrium constants, and redox potential calculations of probable 

reactions in the slime–NH3·H2O–(NH4)2SO4–H2O–О2 system

Таблица 3. Результаты расчета энергии Гиббса (ΔG0
298), констант равновесий и окислительно-восстановительного 

потенциала вероятных реакций в системе шлам–NH3·H2O–(NH4)2SO4–H2O–О2

№ Reaction E0, V

ΔG0
298, 

kJ/mol 

Me

lgKа

(6) Cu + 2NH3·H2O + 0.25O2 = [Cu(NH3)2]+ + OH– + 1.5H2O

+0.817 (pH = 9) –78.8 +13.8

+0.758 (pH = 10) –73.1 +12.8

+0.699 (pH = 11) –67.5 +11.8

(7) [Cu(NH3)2]+ + 2NH3·H2O + 0.25O2 = [Cu(NH3)4]2+ + OH– + 1.5H2O

+0.707 (pH = 9) –68.2 +12.0

+0.648 (pH = 10) –62.5 +11.0

+0.589 (pH = 11) –56.8 +10.0

(8) 0.5[Cu(NH3)4]2+ + 0.5Cu = [Cu(NH3)2]+ +0.110 –5.3 +0.9

(9) Cu + 2NH4
+ + 0.25O2 + OH– = [Cu(NH3)2]+ + 1.5H2O – –106.0 +18.6

(10) [Cu(NH3)2]+ + 2NH4
+ + 0.25O2 + OH– = [Cu(NH3)4]2+ + 1.5H2O – –87.2 +15.3

(11) 0.5Cu2O + 2NH3·H2O = [Cu(NH3)2]2+ + OH– + 1.5H2O – +21.2 –3.7

(12) 0.5Cu2O + 2NH4
+ + OH– = [Cu(NH3)2]2+ + 1.5H2O – –31.9 +5.6

(13) CuO + 4NH3·H2O = [Cu(NH3)4]2+ + 2OH– + 3H2O – +41.5 –7.3

(14) CuO + 4NH4
+ + 2OH– = [Cu(NH3)4]2+ + 3H2O – –64.8 +11.4

(15) Cu(OH)2 + 4NH3·H2O = [Cu(NH3)4]2+ + 2OH– + 4H2O – +34.8 –6.1

(16) Cu(OH)2 + 4NH4
+ + 2OH– = [Cu(NH3)4]2+ + 4H2O – –71.4 +12.5

(17) 0.25Cu4(OH)6SO4 + 4NH3·H2O = [Cu(NH3)4]2+ + 0.25SO4
2– + 1.5OH– + 4H2O – +24.7 –4.3

(18) 0.25Cu4(OH)6SO4 + 4NH4
+ + 2.5OH– = [Cu(NH3)4]2+ + 0.25SO4

2– + 4H2O – –81.5 +14.3

(19) Ag + 2NH3·H2O + 0.25O2 = [Ag(NH3)2]+ + OH– + 1.5H2O

+0.330 (pH = 9) –31.9 +5.6

+0.271 (pH = 10) –26.2 +4.6

+0.212 (pH = 11) –20.5 +3.6

(20) Ag + 2NH4
+ + 0.25O2 + OH– = [Ag(NH3)2]+ + 1.5H2O – –57.6 +10.1

(21) AgCl + 2NH3·H2O = [Ag(NH3)2]+ + Cl– + 2H2O – +12.6 –2.2

(22) AgCl + 2NH4
+ + 2OH– = [Ag(NH3)2]+ + Cl– + 2H2O – –40.5 +7.1

(23) AgCl + 2NH3·H2O + Сu = [Cu(NH3)2]+ + Ag + Cl– + 2H2O +0.342 –33.0 +5.8

(24) AgCl + 2NH4
+ + Сu + 2OH– = [Cu(NH3)2]+ + Ag + Cl– + 2H2O – –88.9 +15.6

(25) AgCl + [Cu(NH3)2]+ + 2NH3·H2O = [Cu(NH3)4]2+ + Ag + Cl– + 2H2O +0.232 –22.4 +3.9

(26) AgCl + [Cu(NH3)2]+ + 2NH4
+ + 2OH– = [Cu(NH3)4]2+ + Ag + Cl– + 2H2O – –70.1 +12.3

(27) [Ag(NH3)2]+ + Cu = [Cu(NH3)2]+ + Ag +0.487 –47.0 +8.2

(28) [Ag(NH3)2]+ + [Cu(NH3)2]+ = [Cu(NH3)4]2+ + Ag +0.377 –36.4 +6.4
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To determine the effect of the equilibrium pH and 

the total concentration of free NH3·H2O and NH4
+ ions 

(i.e., not bound in complexes [NH3·H2O + 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:

0.5Cu2O + 2x[NH3·H2O] +

+ 2(1 – x)NH4
+ + 2(1 – x)OH– =

= [Cu(NH3)2]+ + OH– + 1.5H2O,  (30)

CuO + 4x[NH3·H2O] +

+ 4(1 – х)NH4
+ + 4(1 – х)OH– =

= [Cu(NH3)4]2+ + 2OH– + 3H2O,  (31)

Cu(OH)2 + 4x[NH3·H2O] +

+ 4(1 – x)NH4
+ + 4(1 – x)OH– =

= [Cu(NH3)4]2+ + 2OH– + 4H2O,  (32)

AgCl + 2x[NH3·H2O] +

+ 2(1 – x)NH4
+ + 2(1 – x)OH– =

= [Ag(NH3)2]+ + Cl– + 2H2O,  (33)

where x and (1 – x) are the molar fractions of NH3·H2O 

and NH4
+ in the ammonia-ammonium solution, res-

pectively.

It is known that the solubility of [Cu(NH3)4]SO4 

in water is 16.9 g/100 g H2O, 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 CNH3·H2O =

= 7.2 mol/L and C(NH4)2SO4
 = 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 

NH3·H2O—NH4Cl—H2O solutions.

The dependencies of the equilibrium concentrations 

of [Cu(NH3)2]+, [Cu(NH3)4]2+, and [Ag(NH3)2]+ ions 

on the solution pH and [NH3·H2O + NH4
+]free for re-

actions (30)—(33), without considering the influence of 

additional factors on the system, are shown in Fig. 3.

From Fig. 3, it can be seen that the maximum solu-

bility of [Cu(NH3)2]+ and [Cu(NH3)4]2+ in AA-solu-

tions is achieved at pH = 9.37, which corresponds to a 

molar fraction of NH3·H2O in the solution of 0.57 (see 

Fig. 4). As this increases, the pH of the AA-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 NH3·H2O concentration in the solution 

has little effect on this parameter, but at a concentration 

of 1 mol/L (NH4)2SO4, 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·H2O] = 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 NH3·H2O and NH4
+, as well as the minimum excess 

of NH3·H2O and NH4
+ over the stoichiometrically 

necessary quantity (SNQ) for the AA system, must be 

established for reaction (31). The equilibrium constant, 

TNQ of NH3·H2O and NH4
+, and the minimum excess 

of NH3·H2O and NH4
+ over SNQ for reaction (31), en-

suring 100 % dissolution of Cu, are determined by the 

following equations [32]:

  (34)

  (35)
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 (36)

  (37)

where Ka is the equilibrium constant of reaction (31); 

Kd = [NH4
+][OH–]/[NH3·H2O] = 10–4.75 is the dissocia-

tion constant of NH3·H2O in water [31]); ТNQNH3·H2O, 

ТNQNH4
+ are the thermodynamically necessary 

quantities of NH3·H2O and NH4
+, mol/mol CuO; 

SNQNH3·H2O, SNQNH4
+ are the stoichiometrically 

necessary quantities of NH3·H2O and NH4
+, mol/mol 

CuO; χ is the minimum excess of NH3·H2O/NH4
+ over 

SNQ for reaction (31).

According to equations (35) and (36), the TNQ of 

NH3·H2O and NH4
+ 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 Ka, depends on the molar frac-

tion of [NH3·H2O] in the solution. 

Fig. 3. Dependences of changes in the equilibrium concentrations of [Cu(NH3)2]+, [Cu(NH3)4]2+and [Ag(NH3)2]+ ions 

on the pH of the solution and [NH3·H2O + NH4
+]free for reactions (30)–(33)

[NH3·H2O + NH4
+]free, mol/L: 0.25 (1), 0.50 (2), 0.75 (3) and 1.0 (4)

Рис. 3. Зависимости равновесных концентраций ионов [Cu(NH3)2]+, [Cu(NH3)4]2+ и [Ag(NH3)2]+ от pH раствора 

и [NH3·H2O + NH4
+]своб для реакций (30)–(33)

[NH3·H2O + NH4
+]своб, моль/л: 0,25 (1), 0,50 (2), 0,75 (3) и 1,0 (4)

Fig. 4. Dependence of the mole fraction of NH3·H2O 

in an ammonia-ammonium solution on pH at an activity 

coefficient γNH4
+ = 1, t = 25 °C and P = 1 atm [38]

Рис. 4. Зависимость мольной доли NH3·H2O 

в аммиачно-аммонийном растворе от pH 

при коэффициенте активности γNH4
+ = 1, t = 25 °C 

и P = 1 атм [38]
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Fig. 5. Surface plot of the dependence of the minimum excess of NH3·H2O/NH4
+ over SNQ, necessary for the complete 

progress of reaction (31), on the equilibrium pH of the ammonia-ammonium solution and the concentration 

of [Cu(NH3)4]2+

Рис. 5. Поверхность зависимости величины минимального избытка NH3·H2O/NH4
+ от СНК, необходимого 

для полного протекания реакции (31), от равновесного pH аммиачно-аммонийного раствора и концентрации 

в нем [Cu(NH3)4]2+

Fig. 6. Nomogram for the theoretical calculation of the minimum excess of NH3·H2O/NH4
+ 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+ 

Рис. 6. Номограмма теоретического расчета минимального избытка NH3·H2O/NH4
+ от СНК, необходимого 

для полного протекания реакции (31), в соответствии с величинами pH равновесного аммиачно-аммонийного 

раствора и концентрации в нем [Cu(NH3)4]2+
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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 NH3·H2O/NH4
+ 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+ in it. It is evident that an 

increase in the concentration of [Cu(NH3)4]2+ reduc-

es the required excess of NH3·H2O 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 

[NH3·H2O] is +0.367 V, which is significantly higher 

than that of copper (I) and (II): E[Cu(NH3)2]+/Cu =

= –0.120 V, E[Cu(NH2)4]2+/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(NH3)2]+ to [Cu(NH3)4]2+, with a standard 

value of –0.01 V [35]. According to the Pourbaix dia-

gram for the Cu—NH3—H2O 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 [NH3·H2O] in the AA-solution 

is more than 50 %. Figure 8 presents the calculated 

dependence of the Cu(II) fraction and the concentra-

tion of silver in the AA leaching solution for copper on 

the ORP of the pulp at equilibrium concentrations of 

[NH3·H2O + NH4
+]free ranging from 0.5 to 1.0 mol/L 

and a molar fraction of [NH3·H2O] 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 [NH3·H2O] = 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-

Fig. 7. Pourbaix diagram for the Cu–NH3–H2O system [29]

t = 25 °C, P = 1 atm, activity: aCu2+  = 1, aNH3
 = 1

Рис. 7. Диаграмма Пурбе Cu–NH3–H2O [29]

t = 25 °C, P = 1 атм, активность: aCu2+ = 1, aNH3
 = 1

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 [NH3·H2O + NH4
+]free = 1.0 mol/L (1, 1 ′), 

0.75 mol/L (2, 2 ′), and 0.5 mol/L (3, 3 ′), with a molar 

fraction of [NH3·H2O] greater than 50 % in the AA solution

Рис. 8. Расчетная зависимость доли Cu(II) 

и концентрации серебра в растворе аммиачно-

аммонийного выщелачивания меди от показателя ОВП 

пульпы при равновесных концентрациях 

[NH3·H2O + NH4
+]своб = 1,0 моль/л (1, 1 ′), 0,75 моль/л (2, 2 ′) 

и 0,5 моль/л (3, 3 ′) и мольной доли в АА-растворе 

[NH3·H2O] более 50 %  
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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 II, 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 Θ = 4 mol/mol is Ka = 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:

  
(38)

where k is a constant factor; Ea is the apparent ac-

tivation energy of the chemical process, J/mol; R =

= 8.31 J/(mol·K) is the universal gas constant; T is the 

process temperature, К; С∑[NH3·H2O]+[NH4
+] is the total 

concentration of [NH3·H2O] + [NH4
+] in the solution; 

PO2 
is the oxygen pressure; n1 is the reaction order for 

the NH3·H2O—(NH4)2SO4; n2 is the reaction order for 

oxygen from the air; S is the surface area of the slime 

particles, dm2/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 ln(dα/dτ) on 

lnС∑[NH3·H2O]+[NH4
+] for the AA-leaching of cop-

per from SCER slime at a total concentration of 

[NH3·H2O] + [NH4
+] ranging from 0.5 to 3.5 mol/L, 

with an L/S ratio of 100 : 1, temperature of 24 °C, 

[NH3·H2O] : [(NH4)2SO4] = 4 mol/mol (corresponding 

to pH = 9.55), and an air flow rate of vair = 95±2 L/h. 

The nature of this dependence indicates a change in the 

leaching regime around С∑[NH3·H2O]+[NH4
+] = 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 n1  0.91  1, while at С∑[NH3·H2O]+[NH4
+] 

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 

n1 = 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 С∑[NH3·H2O]+[NH4
+] = 1 and 

2 mol/L. The study results are presented in Fig. 10 as 

the dependence of ln(dα/dτ) on 1/T, with temperature 

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 [NH3·H2O+NH4
+]free = 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 –NH3·H2O–(NH4)2SO4–H2O–О2 system

According to the results of the thermodynamic anal-

ysis, the following regime is recommended for leaching 

copper from SCER slime (Method I): Θ = 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); χ = 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 [NH3·H2O+NH4
+]free =

= 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—NH3·H2O—(NH4)2SO4—H2O—О2 

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·H2O–(NH4)2SO4–H2O–О2 
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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ranging from 15 to 45 °C, where the upper limit is jus-

tified by increased ammonia losses with further tem-

perature increase [24]. It can be seen that in both cases, 

the apparent activation energy of the process was 5 ±

± 0.25 kJ/mol, which is consistent with the assumptions 

about the AA-leaching process of copper proceeding in 

the external diffusion regime at С∑[NH3·H2O]+[NH4
+] =

= 1 mol/L and in the kinetic regime with the rate limited 

by reagent adsorption on the surface of solid particles 

at С∑[NH3·H2O]+[NH4
+] = 2 mol/L. 

In addition to the ammonia and ammonium salts 

involved in forming complexes, oxygen from the 

air is used as a reagent in the slime—NH3·H2O—

(NH4)2SO4—H2O—О2 system. However, due to the dif-

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 6·10–6 to 2.5·10–6 

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 

cm2/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 

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 

Fig. 9. Dependence of ln(dα/dτ) on lnCΣ[NH3·H3O] + [NH4
+

] 

for ammonia-ammonium leaching of copper from secondary 

copper electrolytic refining slime

L : S = 100 : 1; t = 24 °C; [NH3·H2O] : [(NH4)2SO4] = 4 mol/mol 

(corresponds to pH = 9.55); vair = 95±2 L/h)

Рис. 9. Зависимость ln(dα/dτ) от lnCΣ[NH3·H3O] + [NH4
+

] для 

аммиачно-аммонийного выщелачивания меди 

из шлама ЭРВМ

Ж : Т = 100 : 1; t = 24 °C; [NH3·H2O] : [(NH4)2SO4] = 4 моль/моль 

(pH = 9,55); vв = 95±2 л/ч

Table 4. Equilibrium constants values for reaction (31) at different pH levels

Таблица 4. Значения констант равновесия реакции (31) с учетом pH

pH 8.75 9.00 9.25 9.50 9.55 9.75 10.00 10.25

Ka 27.82 75.91 122.08 103.00 92.44 48.98 16.02 4.4
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the Cu particle surfaces because of ammonia deficiency 

in the reaction zone. The formation of Cu(OH)2 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 Ea was 22.8 kJ/mol, and 

increasing the Cu2+ 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], Ea 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 NH3·H2O and 

2 mol/L NH4Cl, and the dissolution of copper from 

printed circuit boards in a solution composed of 

4NH3·H2O + 1(NH4)2SO4 + 0.63Cu(II), 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 NH3·H2O), CO3
2– ions are 

released into it, forming (NH4)2CO3. 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 

NH3·H2O and 0.3 mol/L (NH4)2CO3) decreases to 

15 kJ/mol [63]. The minimum value of Ea = 3.8 kJ/mol 

was obtained during the leaching of CuO from pyrite 

cinder with a solution composed of: 7.2NH3·H2O +

+ 3.8NH4Cl 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 Cu2+ 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

0.5Cu2O(s) + 2NH3·H2O(aq) =

= [Cu(NH3)2]+
(aq) + OH–

(aq) + 1.5H2O,  (39)

[Cu(NH3)2]+
(aq) + 0.25O2 + OH–

(aq) + 2.5H2O =

= Cu(OH)2(s) + 2NH3·H2O(aq),  (40)

Cu(OH)2(s) + 4NH3·H2O(aq) =

= [Cu(NH3)4]2+
(aq) + 2OH–

(aq) + 4H2O,  (41)

[Cu(NH3)4]2+
(aq) + Cu(s) = 2[Cu(NH3)2]+

(aq), (42)

and is accompanied by the formation of an intermediate 

phase—copper hydroxide, which forms an intradiffusion 

Fig. 10. Dependence of ln(dα/dτ) on 1/T for ammonia-ammonium leaching of copper from secondary copper electrolytic 

refining slime

L : S = 100 : 1; [NH3·H2O] : [(NH4)2SO4] = 4 mol/mol; vair = 95±2 L/h) and total concentration CΣ[NH3·H2O] + [NH4
+] = 1 mol/L (a) and 2 (b)

Рис. 10. Зависимость ln(dα/dτ) от 1/T процесса аммиачно-аммонийного выщелачивания меди из шлама ЭРВМ

Ж : Т = 100 : 1; [NH3·H2O] : [(NH4)2SO4] = 4 моль/моль; vв = 95±2 л/ч) и CΣ[NH3·H2O] + [NH4
+] = 1 моль/л (a) и 2 моль/л (b)



Известия вузов. Цветная металлургия  •  2024  •  Т. 30  •  № 3 •  С. 5–24

19

Выдыш С.О., Богатырева Е.В. Эффективность обезмеживания шламов электролитического рафинирования вторичной меди

layer according to reaction (40) and simultaneously dis-

appears according to reaction (41), as evidenced by the 

linear nature of the dependence of dα/dτ on τ–0.5 at a 

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 = S0(1 – α)β. 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):

  
(43)

where S0 is the initial specific surface area of the par-

ticles, dm2/g; β is the reaction order with respect to 

the solid; n1 is the reaction order for the NH3·H2O—

(NH4)2SO4, buffer system, equal to 0.24 and 0.91 for 

С∑[NH3·H2O]+[NH4
+] > 1.5 mol/L and С∑[NH3·H2O]+[NH4

+] <

< 1.5 mol/L, respectively; G0 is the mass of copper in 

the slime, g; ν = 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 β 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, 

β approaches 1 [30]. Fig. 12 shows the results of the 

mathematical processing of the data from the study of 

the kinetics of copper leaching from SCER slime using 

equation (43) with a β 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 – α)(1– β) on the process duration, achieved at 

β = 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·H2O] : [(NH4)2SO4] = 4 mol/mol (pH =

= 9.55) 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:

  (44)

  (45)

Conclusions

1. Comprehensive studies of secondary copper elec-

trolytic refining slime revealed an elevated copper con-

Fig. 11. Dependence of dα/dτ on τ–0,5

CΣ[NH3·H2O] + [NH4
+] = 1 mol/L and t = 25 °C

Рис. 11. Зависимость dα/dτ от τ–0,5

CΣ[NH3·H2O] + [NH4
+] = 1 моль/л, t = 25 °C

Fig. 12. Dependence of (1 – α)(1 – β) on the duration copper 

leaching at β = 0.95 and CΣ[NH3·H3O] + [NH4
+

], mol/L: 

0.5 (1), 1.0 (2), 1.5 (3), 2.0 (4), 3.0 (5) and 3.5 (6) 

L : S = 100 : 1; t = 24 °C; [NH3·H2O] : [(NH4)2SO4] = 4 mol/mol; 

vair = 95±2 L/h

Рис. 12. Зависимость (1 – α)(1 – β) от продолжительности 

выщелачивания меди при β = 0,95 и CΣ[NH3·H3O] + [NH4
+

], 

моль/л: 0,5 (1), 1,0 (2), 1,5 (3), 2,0 (4), 3,0 (5) и 3,5 (6)

Ж : Т = 100 : 1; t = 24 °C; [NH3·H2O] : [(NH4)2SO4] = 4 моль/моль; 

vв = 95±2 л/ч



20

Izvestiya. Non-Ferrous Metallurgy  •  2024  •  Vol. 30  •  No. 3 •  P. 5–24

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

tent of 55.12 %, underscoring the importance of find-

ing an effective method for extracting copper from this 

slime. The presence of the Сu4(OH)6SO4 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 

PbSO4, BaSO4, and SnO2 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 NH3·H2O and 

ammonium sulfate (NH4)2SO4, 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 (Θ = 4 mol/mol, χ =

= 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·H2O] + [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 [NH3·H2O] + [NH4
+] 

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 [NH3·H2O] + [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–1. 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. 
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Аннотация: Большая часть мировых запасов Ni-содержащего сырья (40–66 %) сосредоточена в окисленных никелевых рудах. 

Одной из альтернативных высокозатратным пирометаллургическому и аммиачно-карбонатному методам переработки таких 

руд может быть хлораммонийное извлечение никеля из относительно бедных по содержанию металла руд. Технология гало-

генидно-аммиачного разложения и извлечения никеля из окисленных никелевых руд, дополненная сорбционным процессом, 

является менее длительной по стадийности и проще в практическом исполнении. Адсорбционное извлечение никеля возможно 

углеродными сорбентами, обладающими высокой химической устойчивостью, выдерживающими высокотемпературное воз-

действие и сильнокислотную обработку. Сорбенты получены путем парогазовой активации выделенных карбонизатов иско-
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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 SiO2 oxides (51 %) and Al2O3 (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 

NiCl2·nNH4Cl at Т = 600 К. 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-

паемых углей. Изучена сорбционная способность ионов Ni(II), выявлены закономерности и характеристические параметры 

процесса на углеродных сорбентах с помощью изотерм адсорбции при варьировании условий проведения экспериментов. Обра-

ботку экспериментальных результатов выполняли с использованием уравнений Фрейндлиха и Ленгмюра. Сорбенты имеют ряд 

особенностей, определяемых преобладающей микропористой структурой и полифункциональной поверхностью с активными 

комплексообразующими группировками атомов, характерными для амфолитов с катионо- и анионообменными свойствами. 

Процесс адсорбции описан уравнением псевдопервого порядка с константами скорости от 0,204 до 0,287 с–1. Для адсорбцион-

ного извлечения Ni(II) предложена схема с двумя адсорберами и псевдоожиженным слоем сорбента. Десорбция никеля и реге-

нерация сорбента проведены 2,3 %-ным раствором серной кислоты. При этом десорбируется от 95 до 98 % никеля. В процессах 

рекомендуются стандартные химические машины и аппараты. 

Ключевые слова: окисленные руды, углеродные сорбенты, извлечение никеля.
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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 HCl and NaOH. The cation-exchange capac-

ity for H+ was 0.92 meq/g, and the anion-exchange 

capacity for ОH– 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 cm3 of a solution 

prepared from reagent-grade nickel chloride. The re-

action flask volume was 250 cm3, and the initial me-

tal concentration in the solution was 0.51 mmol/dm3. 

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 (A, mmol/g) was calculated using the for-

mula 

А = (С0 – Ср)V/m,  (1)

where С0 and Ср are the initial and equilibrium con-

centrations of the adsorbate, respectively, mmol/dm3; 

m is the mass of the adsorbent, g; V is the volume of the 

working solution, dm3. 

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:

А = KFCр
1/n.  (2)

After performing arithmetic transformations and 

plotting the linear dependence of the logarithmic form 

of the equation:

lgA = lgKF + 1/n lgСр  (3)

both constant parameters KF and n were determined 

graphically. The constant KF 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 
(R2 = 0.92)

Таблица 1. Константы уравнения Фрейндлиха (R2 = 0,92)

Constants
Temperature, K

298 318 338

KF 0.19 0.25 0.29

n 1.73 1.84 1.94

Fig. 1. Adsorption isotherms of Ni (II) ions 

at temperatures 298 K (1), 318 K (2), and 338 K (3)

Аu – concentration of metal on the sorbent

Рис. 1. Изотермы адсорбции ионов Ni(II) 

при температурах 298 K (1), 318 K (2) и 338 K (3) 

Аu – концентрация металла на сорбенте
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increase. The value of the coefficient KF 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/А = 1/А∞ + 1/А∞KpС,  (4)

where C is the concentration of the metal in the solu-

tion, mmol/dm3; А∞ are the ultimate adsorption va-

lues, mmol/g; Kp is the adsorption equilibrium con-

stant.

By plotting the dependence in the coordinates 1/А =

= f (1/С), the constants А∞ and Kp 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 (ΔG), was calculated using the 

classical chemical affinity equation:

ΔG = –RT lnKp,  (5)

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:

  (6)

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 lnC = f (t) 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 (kc) 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-

vation energy (Ea), graphically determined by lineariz-

ing the Arrhenius equation:

  (7)

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-

Fig. 2. Kinetic dependences of Ni(II) ion sorption 

at temperatures 298 K (1), 318 K (2), and 338 K (3)

Рис. 2. Кинетические зависимости сорбции ионов Ni(II) 

от температуры 298 K (1), 318 K (2) и 338 K (3)

Table 2. Thermodynamic sorption constants (R2 = 0.96)

Таблица 2. Термодинамические константы адсорбции 

(R2 = 0,96)

Parameter
Temperature, К

298 318 338

A∞ ,10–4 mmol/g 1.01 1.53 1.66

Kp 394 416 524

kс, s–1 0.204 0.229 0.287

ΔG, kJ/mol –20.5 –22.1 –24.7

ΔH, kJ/mol –8.96

Ea, kJ/mol 7.1
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ruption of the adsorption f low 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(ОН)]+, 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 =CH2, =C—NH2, and 

=C—OH bonds, as well as in the conjugated frag-

ments of =C=C=C= and R—C=O, R—OH bonds. 

This indicates the participation of π-electrons of these 

molecular fragments or their exchange parts in the re-

actions. They likely act as electron pair donors, with 

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 ν = 574, 604, and 

836 cm–1, 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 (Ku = 5,3·108), aqua-amine complexes 

(Ku = 4,2·106), and hydroxo-amine complexes (Ku =

= 5,8·106) [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.

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

1, 2, 5, 6 –solution tanks; 3, 4 – adsorbers; 7 – valves; 8 – pumps

Рис. 3. Схема цепи аппаратов для сорбционного извлечения никеля

1, 2, 5, 6 – емкости для растворов; 3, 4 – адсорберы; 7 – вентили; 8 – насосы
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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-f luidized 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 H2SO4 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.

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 T = 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 (Ni2+, Сo2+, Mn2+, Mg2+, Ca2+). 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 до 0.287 s–1. The activation energy value (Ea =

= 7.1 kJ/mol) indicates that the adsorption process oc-

curs in the diffusion region. The change in Gibbs free 

energy (ΔH = –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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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/dm3 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-

lumn 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/dm3. Sorption purification of the solution after water leaching of the black mass was performed using a weaky basic 

anion exchanger Diaion CRB05 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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литий-ионных аккумуляторов
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Россия, 660041, г. Красноярск, пр-т Свободный, 79
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Аннотация: Исследована возможность получения карбоната лития из «черной массы» – промежуточного продукта переработки 

литий-ионных аккумуляторов. Проведены рентгенофазовый анализ и атомно-эмиссионная спектроскопия с индуктивно свя-

занной плазмой «черной массы», результаты которых показали, что содержание лития в ней составляет 3 %. Установлено, что 

при водном выщелачивании из «черной массы» в водную фазу можно селективно извлечь от 40 до 70 % лития при соотношении 

Ж : Т от 10 до 200. В процессе водного выщелачивания были сняты кинетические кривые при температурах 25 и 80 °С. Для уда-
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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 % 

Li2CO3) to battery (99.5 % Li2CO3) grade. Lithium 

in the active cathode and anode masses of lithium-ion 

batteries exists as mixed oxides (spinels): LiCoO2 [2], 

LiMnO4 [3], Li4Ti5O12 [4]; phosphate LiFePO4 [5], car-

bide LiC6 [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. 

ления ионов Al из раствора выщелачивания исследовалась сорбция алюминат-иона на слабоосновных (АН-31, CRB05) и силь-

ноосновных (A500) анионитах в статических условиях на модельном Li–Al-растворе. Показано, что в щелочной среде сильноос-

новные аниониты с четвертичными аминогруппами не способны поглощать ионы Al, в то время как АН-31 и CRB05, имеющие в 

составе функциональных групп гидроксильные группировки, обладают емкостью от 2 до 3 г/дм3 по ионам Al. Проведена сорбция 

алюминия из модельного Li–Al-раствора в динамических условиях с использованием анионита CRB05 (N-метилглюкамин) при 

удельной скорости потока 2 и 4 колоночных объема в час, сняты выходные кривые сорбции, рассчитаны динамическая обменная 

и полная динамическая обменная емкости. Показано, что ионы Al могут быть удалены сорбцией до остаточной концентрации 

в рафинате менее 0,5 мг/дм3. Также была проведена сорбционная очистка раствора водного выщелачивания «черной массы» с 

использованием слабоосновного анионита Diaion CRB05 и хелатного катионита Purolite S950. После упаривания очищенного 

раствора был получен карбонат лития с содержанием основного вещества 98,2 %.

Ключевые слова: сорбент, литий, ионный обмен, извлечение, очистка, переработка.
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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]:

2LiCoO2 + H2O = 2LiOH + Co2O3,   (1)

2LiMnO2 + H2O = 2LiOH + Mn2O3,   (2)

Li4Ti5O12 + 2H2O = 4LiOH + 5TiO2.   (3)

From the resulting lithium solution, lithium car-

bonate can be precipitated by passing carbon dioxide:

2Li+ +2OH– + CO2 = Li2CO3 + H2O.   (4)

A problem arises due to aluminum contained in 

some cathode materials (LiNixCoyAl1–x–yO2) 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 

[Al(OH)4]–:

2Li+ + 2OH– + Al2O3 + 3H2O =

= 2Li+ + 2[Al(OH)4]–.   (5)

When metallic aluminum reacts with a solution of 

lithium hydroxide, layered double aluminum-lithium 

hydroxide can form [19]:

Li+ + OH– + 2Al + 8H2O =

= [LiAl2(OH)6]OH·2H2O + 3H2.  (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 cm3 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 cm3. The solution was 

analyzed by inductively coupled plasma atomic emis-

sion spectrometry (ICP-AES). The results (wt.%) are 

presented below.

Ti .........................0.08

Mn ....................... 7.48

Cu ........................2.47

Fe .........................0.87

Ni......................... 9.72

Al .........................3.39

P ..........................0.68

Li ......................... 3.15

Co ...................... 14.97

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, Li2CO3, MnO, Cu, 

Cu2O, and Li(Fe0.16Mn1.77)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 

Al ions at the chosen specific loading.

Fig. 1. Experiment scheme

Рис. 1. Схема проведения опытов
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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 (Ku = 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 RT5 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·H2O (TS 6-09-3763-85) and 1.4 g 

of aluminum chloride hexahydrate AlCl6·H2O (GOST 

3759-75) in 1 dm3 of water. The resulting solution af-

ter filtration contained 154 mg/dm3 of lithium and 

1,465 mg/dm3 of aluminum.

The model solution with a volume of 50 cm3 was 

transferred into a flask with a volume of 100 cm3 using a 

Research Plus automatic pipette (Eppendorf, Germany) 

and 1 cm3 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 

f low rate (specific loading) that ensures maximum 

aluminum extraction. Diaion CRB05 (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 

Masterf lex L/S 7519-06 peristaltic pump (Cole-Par-

mer, USA) in an ascending f low. 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 cm3). 

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 (С0 = 112.7 mg/dm3), the amount 

of CRB05 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 cm3 

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 f low rate of 111 cm3/hr 
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(3 BV/hr) for 1 hour in an ascending f low, and then 

washed with water at a rate of 222 cm3/hr (6 BV/hr) to 

displace the lithium hydroxide solution from the inter-

granular space. 

The volume of Purolite S950 sorbent (37 cm3) 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 cm3. 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 

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 %. 

Table 1. Anion exchangers used for aluminum sorption under static conditions

Таблица 1. Используемые аниониты для сорбции алюминия в статических условиях

Description Active group Active group structure Working form

Purolite A500 Quaternary amine OH–

АN-31
Tertiary amine, 

secondary amine
OH–

Diaion CRB05 N-methylglucamine OH–
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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 Li ions 

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/dm3. 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, 

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 [Al(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 CRB05 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

Таблица 2. Результаты водного выщелачивания лития из «черной массы» литий-ионных аккумуляторов

pHequil L/S
Content, mg/dm3

Li/Al
Extraction, %

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

Fig. 2. Dependence of lithium and aluminum extraction 

on the L/S ratio during water leaching of the black mass

Рис. 2. Зависимость извлечения лития и алюминия 

от соотношения Ж : Т при водном выщелачивании 

«черной массы»
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Since CRB05 has a higher capacity for aluminum 

ions (2.86 g/dm3) than AN-31 (2.15 g/dm3), 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 

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 3. The result of ICP-AES analysis of the solution 
for water leaching of the black mass before and after 
the sorption purification

Таблица 3. Результаты ИСП-АЭС анализа раствора 

водного выщелачивания «черной массы» до и после 

сорбционной очистки

Element
Content, mg/dm3

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

K 141.1 127.5

Li 1648.9 1661.4

Co <0.1 <0.1

Table 4. Results of aluminum sorption under static conditions

Таблица 4. Результаты сорбции алюминия в статических условиях

Sorbent
Solution 

volume, cm3
Sorbent 

volume, cm3
Sorbent 

mass, g

Concentration, mg/dm3 SEC, g/dm3

Al Li Al Li

A500 50 1 0.3372 153.6 1469.6 0.04 0

АN-31 50 1 0,2713 111.4 1429.2 2.15 1.80

CRB05 50 1 0.3588 97.2 1475.6 2.86 0

Fig. 3. Kinetic curves representing leaching of lithium ions 

from the black mass

Рис. 3. Кинетические кривые выщелачивания ионов 

лития из «черной массы»

Fig. 4. Elution curves of aluminum sorption on CRB05 

sorbent

Рис. 4. Выходные кривые сорбции алюминия 

на сорбенте CRB05
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The ICP-AES analysis of raffinates showed that the 

CRB05 dynamic exchange capacity at the specific load-

ing of 2 BV/hr amounted to 2.47 g/dm3, 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/dm3. 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 CRB05 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 

R3
–

m) 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 

to 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

Таблица 5. Результаты химического анализа осадка на 

основе карбоната лития

Element, 

compound

Content, 

wt.%

Method 

of analysis

Li2CO3 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

K 0.0105 ICP-AES

Co N/D ICP-AES

B 0.0052 ICP-AES

S 0.0006 ICP-AES

H2O 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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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%.
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Аннотация: Представлены результаты теоретических и экспериментальных исследований процесса адсорбции золота из циани-

стых растворов на активированный уголь (АУ). Одной из задач работы было выявление функциональной зависимости между 
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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 

загрузкой массы АУ в объеме раствора адсорбционной колонны и кинетикой процесса. Для ее решения предложено модифици-

рованное уравнение кинетики адсорбции (с учетом гетерогенности процесса) в виде включения твердой фазы угольного сорбен-

та в единице объема раствора в качестве третьего промежуточного агента адсорбционного взаимодействия между ионами адсор-

бата и свободными активными центрами АУ. В результате получены модифицированное уравнение кинетики адсорбции золота 

на АУ 3-го порядка c учетом твердой фазы загрузки АУ в объеме раствора и его аналитические решения при условиях постоян-

ства содержания золота в исходном растворе и проведения процесса в замкнутом объеме с изменяющейся концентрацией золота 

в растворе согласно уравнению материального баланса. Установлена взаимосвязь между решениями кинетического уравнения 

и уравнением изотермы адсорбции. Из решений кинетического уравнения получено модифицированное уравнение изотермы 

Ленгмюра, позволяющее находить равновесные концентрации золота на АУ и в растворе доопытно при условии проведения 

процесса в замкнутом объеме и известных начальных значениях содержаний золота в растворе и на АУ, а также при известной 

загрузке АУ в объеме адсорбера. Обсуждены теоретические зависимости констант скоростей адсорбции и десорбции от темпе-

ратуры, конвективных и диффузионных параметров. Представленная математическая модель кинетики адсорбции справедлива 

для условий проведения процесса адсорбции золота на АУ из золотоцианистых растворов при времени адсорбции до 2 суток и 

степени заполнения полной предельной емкости сорбента 40–60 %.

Ключевые слова: золото, кинетика, адсорбция, угольный адсорбент, изотерма адсорбции, цианистый раствор, константа скоро-

сти реакции, математическое моделирование. 
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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 dm3 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 

±0.014 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/dm3, for 

3.0—10.0 mg/dm3 were ±0.2 to ±0.5 mg/dm3, and for 

20.0—50.0 mg/dm3 were ±1.0 to ±2.5 mg/dm3. 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 f low 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: 

  (1)

where Су is the gold content in the loaded carbon, mg/g; 

Ср is the gold concentration in the solution, mg/dm3; 

С0 is the maximum adsorption capacity of the sorbent, 

mg/g; K1 is the adsorption rate constant, dm3/(mg·h); 

K2 is the desorption rate constant, h–1; t is time, h.

This is 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 AuCN2
–

 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 inf luenced 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 

Cp·m/V characterizes the intensity of the first interac-

tion of dissolved AuCN2
–

 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 K1.

The intensity of the second paired interaction bet-

ween the AuCN2
–

 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 Cp·m/V and the content of free active sites 

in the mass of the adsorbent’s solid phase C0 – Cy, i.е. 

Cp·m/V ·(C0 – Cy).

Based on the above concepts of the AuCN2
–

 adsorp-

tion process onto AC, we record the third-order adsorp-

tion kinetics differential equation considering the heter-

ogeneity and reversibility of the process:

  (2)

where K1 is the adsorption rate constant, 

(dm3)2/(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.

1.1.2. Analytical solutions of the kinetics 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 Cp0. 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 

Cp = const and for the initial conditions Cp = Cp0, 

Cy = Cy0, at t = 0, will have the form:

  (3)

where Cy0 is the initial gold content in the carbon, mg/g; 

Cp0 is the initial constant gold concentration in the cya-

nide solution, mg/dm3.

The solution (3) shows that at t → ∞, 
e–(K1Cp0m/V + K2)t → 0,  and therefore, the value will tend 

towards its isothermal value determined by the expres-

sion:

  (4)

which represents a modified form of the Langmuir iso-

therm considering the loading m/V of the adsorbent in 

the adsorber volume. Given that Cp0 = 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 – Cy0)m = (Cp0 – Cp)V,  (5) 

where m is the mass of the carbon, g; V is the solution 

volume, dm3; Cp0 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:

  (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 Cy with constant 

coefficients:
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(7)

 

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:

  

(8)

  

(9)

Knowing the roots Cy1 and Cy2, equation (7) can be 

rewritten as:

  (10)

This expression represents the mass-action equation 

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

lows:

  

(11)

where c1 and c2 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 t = 0, Cy = Cy0 and Cp = Cp0 has the 

form

  

(12)

Analysis of solution (12) shows that at t → ∞ the 

value Cy = Cy2. Since Cy in each specific case, at dif-

ferent values of Cp0, Cy0 and t → ∞ will tend toward 

the isothermal value, equal to Cy2, meaning that Cy2 

should represent the isothermal point for the kinetics 

curve, and the collection of these points for different 

values of Cp0 will form the isothermal curve. There-

fore, the dependence of Cy2 on the final equilibrium 

concentration of gold in the solution Cp, which can be 

obtained from the material balance equation, is the 

isotherm equation.

Returning to expression (9), it is evident that Cy2 de-

pends on many parameters, including the initial gold 

concentration in the solution Cp0 its content in the re-

generated carbon Cy0, as well as the mass loading of 

carbon m/V in the adsorber volume. Since the isotherm 

equation must link Cy2  with the final equilibrium gold 

concentration in the solution Cp, from the material ba-

lance equation (5) for a given value of Cy2 we find the 

value of Cp. 

Expressing Cp0 and Cy0 through the equilibrium va-

lues Cy2 and Cp and substituting them into expression (9), 

after a series of elementary transformations, we obtain 

an equation linking Cy2 with Cp and m/V:

  (13)

where Cy2 is the equilibrium gold content, mg/g; 

C0 is the maximum adsorption capacity of the sorb-

ent, mg/g; Cp is the equilibrium gold concentration in 

the solution, mg/dm3; m is the mass of carbon, g; V is 

the volume of solution, dm3; K1 is the adsorption rate 

constant, (dm3)2/(g ·mg·h); K2 is the desorption rate 

constant, h–1.

Thus, the root Cy2 is the equilibrium isothermal 

gold content on the carbon for a given equilibri-

um gold concentration in the solution Cp, 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 Cy2 

with the initial parameters Cp0, m, V, and Cy0, note 

that there is a possibility of predictive determination 

of Cy2 under given initial conditions, which, in turn, 

allows finding the equilibrium gold concentration in 

the solution:

  (13.1)
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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 K21 and C0 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 K21 = K2 /K1 is a constant value, allowed for the 

determination of the numerical values of the constants 

K21 = 1.753 g·mg/(dm3)2 и C0 = 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 Cp0 and the mass of 

AC (m) loaded in the adsorber volume V: 3.2 < Cp0 <

< 39.8 mg/dm3 и 0.5 < m/V < 50 г/dm3.

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 K21 and C0 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 

K1 depends on the internal operational conditions, 

Fig. 1. Kinetic curves of AuCN2
– adsorption 

onto activated carbon at different initial gold concentrations 

in the solution and AC loading m/V = 0.5 g/dm3 

(m = 1.5 g, V = 3 dm3)

1 – Cp0 = 3.2, 2 – 5.9, 3 – 12.7, 4 – 21.6, 5 – 39.8 mg/ dm3

Рис. 1. Кинетические кривые адсорбции AuCN2
– 

на активированном угле при различной начальной 

концентрации золота в растворе и загрузке АУ 

m/V = 0,5 г/дм3 (m = 1,5 г, V = 3 дм3)

1 – Cp0 = 3,2, 2 – 5,9, 3 – 12,7, 4 – 21,6, 5 – 39,8 мг/дм3

Fig. 2. Kinetic curves of AuCN2
– adsorption onto activated 

carbon at the initial gold concentration in solution 

Cp0 = 11.9 mg/dm3 and AC loading m/V = 50 g/dm3 (а) 

and m/V = 5 g/dm3 (b)

а – m = 75 g, V = 1.5 dm3; b – m = 7.5 g, V = 1.5 dm3

Рис. 2. Кинетические кривые адсорбции AuCN2
– на АУ 

при начальной концентрации золота в растворе 

Cp0 = 11,9 мг/дм3 и загрузке АУ m/V = 50 г/дм3 (а) 

и 5 г/дм3 (b)

а – m = 75 г, V = 1,5 дм3; b – m = 7,5 г, V = 1,5 дм3



Известия вузов. Цветная металлургия  •  2024  •  Т. 30  •  № 3 •  С. 45–56

51

Ёлшин В.В., Миронов А.П., Лисицына А.А. Разработка и решение уравнения кинетики и изотермы адсорбции золота из цианистых...

and for solution (12) to be applicable in practical 

calculations, it is necessary to find the functional 

dependence of K1 on Cp0 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 Cp0 and m/V, a functional dependence of K1 on 

these parameters was found. Further computation-

al studies showed that the constant K1 depends not 

only on internal operational parameters but also on 

time: this dependence is inversely proportional to 
3√–

t. Considering this pattern, the final form of the 

functional dependence of K1 on Cp0, m/V and t is as 

follows:

  (14)

where K01 = 0.0098 is the adsorption rate identification 

constant, independent of internal operational parame-

ters and time.

The identification parameter K1 in equation (14) is a 

functional dependence on operational factors and time. 

The coefficient K1 is a part of K01 as an identification 

constant, obtained from the collective values of K1, 

during the identification of kinetic curves at different 

values of Cp0 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 

Cp and small carbon loadings m/V, we obtain a linear 

isotherm because in this case K2 >> K1Cp m/V, and the 

terms K1Cp m/V in the denominator can be neglected, 

resulting in: 

  (15)

Considering that the adsorption and desorption 

rate constants (K1 and K2) 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:

  (16)

  (17)

where K ′10 and K ′20 are the pre-exponential factors 

for the adsorption and desorption rate constants, de-

pending on internal operational parameters and stir-

ring speed; E1 and E2 are the activation energies for 

adsorption and desorption, kcal/mol; T is tempera-

ture, К; R = 9872 cal/(К·mol) is the universal molar 

gas constant.

Therefore,

  (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: 

  (19)

At large values of Cp and m/V, when K1Cp m/V >>

>> K2, the term K2 can be neglected. In this case, Cy 

will approach the maximum equilibrium capacity of 

the adsorbent, i.e., Cy → C0. For moderate values of 

the product Cp ·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 α 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 K1, K2, and C0 as 

identification coefficients, it is always possible to achieve 

the required accuracy in describing these curves by se-

lecting appropriate values for K1, K2, C0. 
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When graphically representing the obtained mo-

dified isotherms (Fig. 3), the generalized parame-

ter Cp0 ·m/V or Cp·m/V should be plotted along the 

x-axis. The found constants K1, K2, and C0 can be used 

to calculate the equilibrium values of Cy2 and Cp, as 

well as the concentrations Cy and Cp 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-

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 K1, K2, and C0, 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 K1, K2 can be determined based on general 

theoretical concepts.

The adsorption and desorption rate constants (K1, 

K2) depend on external operational parameters — 

stirring speed ϑ and temperature T — 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: 

  (21)

  (22)

where K10 and K20 are identification parameters that do 

not depend on external operational parameters and the 

diffusion coefficient but depend on the internal opera-

tional parameters Cp0 and m/V; f(β, D) is the generalized 

mass transfer coefficient in the adsorption process —

Fig. 3. Experimental and calculated adsorption isotherm 

according to formula (9)

Рис. 3. Экспериментальная и расчетная по формуле (9) 

изотермы адсорбции
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a function depending on β and D; β is the convective 

mass transfer coefficient, directly proportional to the 

stirring speed ϑ as β = αϑ; 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 ϑ 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 Cp 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 

rк and diffusion rд resistances are expressed by formulas 

inversely dependent on the convective (β) and diffusion 

(D) mass transfer coefficients:

  (23)

  (24)

The total resistance for sequential mass transfer pro-

cesses, according to the law of additive resistances, will 

be equal to:

  (25)

Therefore, the expression for the generalized mass 

transfer coefficient will have the form:

  (26)

Since β = αϑ, we can finally write:

  (27)

The sought function f(β, D) is the generalized mass 

transfer coefficient, i.e., K = f(β, D). Considering the 

obtained relationships, the rate constants K1 and K2 are 

described by the following equations:

  (28)

  (29)

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 f lat-

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 K1 and K2 

is that the kinetic parameters β and D are incorporated 

into the constants K1 and K2 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 AuCN2
–

 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 Cp for various initial parame-

ters Cy0, Cp0, m, and V. The developed mathematical 

model allows for the determination of standardized 
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physical constants C0 and K21 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.
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(ISL) solutions.
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Аннотация: Проведены исследования по извлечению редкоземельных элементов (РЗЭ) из техногенных источников – фосфогип-

са и растворов подземного выщелачивания урана (ПВУ). Установлено, что механоактивация в значительной мере увеличивает 

степень выщелачивания РЗЭ из фосфогипса. Также получены данные по сорбционному выщелачиванию РЗЭ из фосфогипса. 

Показано, что химическая активация в зависимости от используемого ионита и его формы может в 2 раза увеличить степень вы-
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щелачивания по целевым компонентам. Представлены результаты исследования по сорбционному извлечению скандия из рас-

творов подземного выщелачивания урана. Установлено, что сорбция Sc из растворов ПВУ на катионите Purolite S-957 происходит 

значительно лучше, чем на амфолитах Lewatit TP-260, Purolite S-950, Tulsion CH-93 и ЭКО-10. Однако необходимо отметить и тот 

факт, что все рассмотренные сорбенты не отличаются высокой селективностью по отношению к ионам Sc. Приведены сравни-

тельные данные по извлечению Sc из растворов ПВУ коммерческим сорбентом ТВЭКС Lewatit VP OC-1026 и ТВЭКС Axion-22, 

синтезированными по приведенной в работе методике. Определен механизм экстракции скандия из растворов ПВУ с исполь-

зованием Axion-22 и установлено, что он имеет довольно высокую селективность по отношению к ионам Sc. Представлены ре-

зультаты исследования по десорбции скандия из насыщенного ТВЭКС. Показано, что наиболее эффективным десорбирующим 

агентом является водный раствор фтористо-водородной кислоты. Также в работе рассмотрено сорбционное извлечение РЗЭ из 

растворов ПВУ на катионитах КУ-2, КМ-2П, КФ-11. Выявлено, что что лучшими элюентами для десорбции РЗЭ из насыщенного 

катионита являются растворы хлорида кальция и нитрата аммония. Показано, что значительное концентрирование суммы РЗЭ 

и очистку от основных примесей (Fe и Al) достаточно эффективно можно осуществить на стадии осаждения РЗЭ из раствора 

десорбции посредством дробного гидролиза. Представлены данные по разделению La, Nd и Sm путем элюирования из насы-

щенного импрегната, содержащего в своей структуре фосфорилподанд и Д2ЭГФК. Также отмечено, что для экстракции РЗЭ 

из растворов различных электролитов значительный интерес представляют ионные жидкости. В качестве примера извлечения 

РЗЭ из фосфогипса представлена одна из разработанных технологических схем.

Ключевые слова: техногенные месторождения, редкоземельные элементы (РЗЭ), скандий, ионный обмен, твердый экстрагент, 

экстракция, растворы подземного выщелачивания урана (ПВУ).
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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:

• in titanomagnetite ores — diop-

side Ca(Mg,Al)(Si,Al)2O6, hornblende 

Ca2(Mg,Fe,Al)5(Al,Si)8O22(OH)2,

• in ilmenite ores — ilmenite FeTiO3, pyroxene 

(MexMeyMez)Si2O6,

• in bauxites — boehmite γ-AlO(OH), gibbsite 

α-Al(OH)3,

• in uranium sandstones — metatyuyamunite 

Ca(UO2)2(VO4)2·3H2O,

and the following REM concentrates:

• in apatite ores — apatite Ca10(PO4)6(OH,F,Cl)2,

• in uranium sandstones — brunnerite (U,Ca,Th,Y)

(Ti,Fe)2O6.

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.
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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 ZrO2 inner coating. The beads used for milling were 

also of ZrO2.

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:

Ca5(PO4)3F + 5H2SO4 + mH2O → 

→ 5CaSO4·mH2O + 3H3PO4 + HF.  (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 

CaSO4·2H2O (FDG), hemihydrate CaSO4· 0,5H2O 

(FPG) or аnhydrite CaSO4 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 III 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

[Mx
уAy

x]тв → yMx + xAy, (2)

yMx + x[RyY
y]и-т → y[RxMx]и-т + xYy, (3)

where M is a metal cation; A is an anion; x and y are 

valences of the cation and anion, respectively; RyY
y 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:

yMx + x[RH]и-т → [RxMx]и-т + xH+, (4)

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/dm3 (1), as well as on the specific surface area (2), micro-deformations (3) and the size 

of coherent scattering blocks (4)

Рис. 1. Влияние механоактивации на степень извлечения РЗЭ из фосфогипса серной кислотой 

с концентрацией 10 г/дм3 (1), удельную поверхность (2), микродеформацию (3) и размер блоков когерентного 

рассеяния (4)

Fig. 2. Diffraction patterns of activated phosphogypsum 

at different times of mechanical activation

Рис. 2. Дифрактограммы активированного фосфогипса 

при различном времени механоактивации

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 Ca2+, 

4 – SGC-650 H+, 5 – S-150 Ca2+, 6 – S-150 H+, 7 – SGC-650 Na+

Рис. 3. Влияние химической активации (сорбционное 

выщелачивание) на степень извлечения РЗЭ 

из фосфогипса

1 – без ионита, 2 – S-150 Na+, 3 – SGC-650 Ca2+, 4 – SGC-650 H+, 

5 – S-150 Ca2+, 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:

[Mx
уAy

x]тв + xH+ → yMx + xHA(x+1). (5)

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:

Fe .......................1449

Na ......................1588

Al ....................... 2218

Ca ....................... 444

REM ...................33.4

Sc ........................0.81

Mo ........................1.2

Y .......................... 5.3

Ti ......................... 2.3

Th .........................1.8

U .......................... 0.5

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 

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: 

Sc ........................ 3.94

Na .........................0.6

Al .......................... 0.7

Ca ....................... 0.22

Ti ..........................2.3

Fe .........................17.4

Th ....................... 0.05

U ...........................0.3

We see that scandium is effectively sorbed when this 

SIR, VP OC-1026 grade, is used, and as the solution 

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

С/С0 – the ratio of the concentration at the column outlet 

to the initial concentration or sorbent saturation degree; 

Vsolution /Vresin – the ratio of circulating solution volume to the sorbent 

volume or number of column specific volumes

Рис. 4. Выходные кривые сорбции скандия 

из раствора ПВУ на коммерческих ионитах

1 – TP-260, 2 – CH-93, 3 – S-950, 4 – ЭКО-10, 5 – S-957

С/С0 – отношение концентрации на выходе из колонны 

к исходной, или степень насыщения сорбента; 

Vр-ра /Vсмолы – отношение пропущенного объема раствора 

к объему сорбента, или количество удельных объемов колонны
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Table 1. Characteristics of ion exchangers used in the research

Таблица 1. Характеристика использованных в работе ионитов

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

Purolite S-950 2.3

Lewatit TP-260 2

Tulsion CH-93 1.9

ECO-10 –

Purolite S-957 3.1

Table 2. Total dynamic exchange capacity (TDEC) of the Tulsion CH-93 ion exchanger by elements 
and the degree of their desorption by Na2CO3 solution (180 g/dm3) in the dynamic mode

Таблица 2. Полная динамическая обменная емкость (ПДОЕ) ионита Tulsion CH-93 по элементам 

и степень их десорбции раствором Na2CO3 (180 г/дм3) в динамическом режиме

Indicator Sc Al Fe 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

Fig. 5. Elution curves of sorption from uranium ISL solutions on Tulsion CH-93 ampholyte (а) and de-sorption of elements 

from the phase of the ion exchanger saturated with Na2CO3 solution with the concentration of 180 g/dm3 (b)

Рис. 5. Выходные кривые сорбции из растворов ПВУ амфолитом Tulsion CH-93 (а) и десорбции элементов из фазы 

насыщенного ионита раствором Na2CO3 с концентрацией 180 г/дм3 (b)
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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 ...................................................... 8.74—9.93

Tri-n-octylphosphinoxide ...........................1.10—2.18

Tributyl phosphate ......................................0.22—0.44

Benzoyl peroxide ........................................0.22—0.25

Isododecane ............................................... 4.41—5.46

0.7 % starch solution in water .................... 72.48—73.26

Styrene .......................................................8.03—8.48

Divinylbenzene .......................................... 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 

that increase the DEHPA and scandium interac tion 

rate.

Scandium extraction using Axion solid extractants 

proceeds by the following reaction:

Sc3++ (HR)2 (o) + 2·HR (o) + TBP (o) + ТОFО (o) ↔

↔ Sc(HR2)·2R·T BP·ТОFО (о) + 3H+. (6)

Figure 9 shows that in the IR spectrum of Axion-22 

solid extractants in the Sc3+ form, the band in the re-

gion ν = 1232 cm–1, responsible for valence and strain 

vibrations of P=O groups, is narrowed, and absorption 

bands, about ν = 1200 cm–1 [18], related to stretch-

ing vibrations of the P=O → 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 ν = 1150 cm–1, 

the intensity of P—O—(H) valence vibrations subsides, 

Table 3. Static exchange capacity of solid extractants for scandium during its sorption from the uranium ISL solution

Таблица 3. Статическая обменная емкость ТВЭКС по скандию при его сорбции из раствора ПВУ

SIR Active ingredient (extractant) Capacity, mgSc /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

Fig. 6. Elution curves of sorption of element ions by the SIR, 

VP OC-1026 grade, from uranium ISL solutions

Рис. 6. Выходные кривые сорбции ионов элементов 

на ТВЭКС марки VP OC-1026 из растворов ПВУ
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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 

number of DEHPA 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 

lgDSc = f(lgCDEHPA) (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).

Fig. 7. Elution curves of Sc and related elements sorption 

from the uranium ISL solutions by Axion-22 solid extractants

Рис. 7. Выходные кривые сорбции Sc и сопутствующих 

элементов из растворов ПВУ на ТВЭКС Axion-22

Fig. 8. Elution curves of scandium sorption from the uranium 

ISL solutions by Lewatit VP OC-1026, Axion-22 and 

Axion-23 SIR

Рис. 8. Выходные кривые сорбции скандия 

из растворов ПВУ на ТВЭКС Lewatit VP OC-1026, 

Axion-22 и Axion-23

Fig. 9. IR-spectra of Axion-22 in H+ and Sc3+ form

Рис. 9. ИК-спектры ТВЭКС Axion-22 в H+-форме 

и Sc3+-форме

Fig. 10. Dependence of lgDSc on DEHPA concentration 

during scandium sorption with the use of Axion-22 solid 

extractants

Рис. 10. Зависимость lgDSc от концентрации Д2ЭГФК 

при сорбции скандия с использованием ТВЭКС 

Axion-22
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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/dm3: 

La ..........................3.6

Ce ......................... 8.1

Pr ........................ 1.61

Nd ......................... 7.0

Sm ....................... 1.55

Eu ....................... 0.38

Gd ....................... 1.15

Tb ....................... 0.29

Dy ....................... 1.08

Ho ....................... 0.31

Er ........................ 0.55

Tm ......................0.06

Yb ....................... 0.55

Lu ....................... 0.07

Y ......................... 5.65

Sc ........................ 0.75

Th ....................... 15.5

Fe ....................... 1150

Al ........................1453

Ca ........................ 425

Mg ....................... 370

U .........................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). 

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, Å:

Sc3+ ........................8.4

K+ ..........................2.7

Na+ ........................3.2

Ca2+ .......................3.8

Mg2+ ......................4.2

Al3+ ........................7.6

Fe3+ ........................9.1

Y3+ .........................4.8

La3+ .......................4.6

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. 

Fig. 11. Coordination scheme for the sorption of scandium 

ions by Axion-22 solid extractant

Рис. 11. Координационная схема сорбции ионов 

скандия на ТВЭКС Axion-22

Fig. 12. Impact of the sulfate solution pH on the sorption 

of lanthanum (III) ions by cation exchangers

Рис. 12. Влияние величины рН сульфатного раствора 

на сорбируемость ионов лантана (III) катионитами 
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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-

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. 

Table 4. Comparative characteristics of used cation exchangers

Таблица 4. Сравнительная характеристика использованных катионитов

Cation exchanger Functional group SEC, mg-eq/cm3

КU-2 2.0

КМ-2P 3.5

КF-11 3.6

Fig. 13. Elution curves of ion sorption from uranium 

ISL solutions by macroporous cation exchanger 

Purolite C-100

Рис. 13. Выходные кривые сорбции ионов из растворов 

ПВУ макропористым катионитом Purolite C-100
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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. 

Fig. 14. Dependence of the degree of REE desorption from the cation exchanger phase 

by solutions of different desorbates

Рис. 14. Зависимость степени десорбции РЗЭ из фазы катионита растворами различных десорбатов

Fig. 15. Elution curves of desorption from saturated Axion-22 SIR by the HF solution with the concen-tration 

of 150 g/dm3

Рис. 15. Выходные кривые десорбции из насыщенного ТВЭКС Axion-22 раствором HF с концентрацией 150 г/дм3
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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-

traction is a scientific challenge of great importance 

[24; 25]. Thus, when bis[(trifluoromethyl)sulfonyl]-

imide 1-butyl-3-methylimidazolium (C4mimTf2N) 

ionic liquid is added to 2-phosphoryl-phenoacetic acid 

amide (compound I), the REE recovery rate surges dra-

matically (Fig. 18).

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, %:

LREE ...................49

HREE .................2.5

Са ..........................0.9

Fe ...........................0.8

Al ...........................0.1

Sr .........................0.03

Na ........................ 0.15

K .......................... 0.16

Th ......................0.004

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

elements

Рис. 16. Совместный гидролиз ионов элементов 

элюата РЗЭ

Table 5. Composition of concentrates and 
semi-products of REE concentrate secondary cleaning

Таблица 5. Состав концентратов и полупродуктов 

перечистки концентрата РЗЭ

Element

Precipitation mother 

solution, mg/dm3
Concentrate, 

%

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

Fig. 17. Separation of La3+, Nd3+ and Sm3+ at elution with 0.08 M HNO3 by impregnates containing 33 % DEHPA 

and 33 % phosphorylpodand (ХХа)

Sorbent carrier is LPS-500

Рис. 17. Разделение La3+, Nd3+ и Sm3+ при элюировании 0,08 М HNO3 на импрегнатах, содержащих 33 % Д2ЭГФК 

и 33 % фосфорилподанда (ХХа) 

Сорбент носитель – LPS-500
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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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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–1, and true strain of 0.1–0.9, and coefficients for calculating the f low stress of the experimental alloy were determined. 

The thermal conductivity of the Al–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 f low, 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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Introduction

Aluminum-based alloys have found widespread use 

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 

Конечно-элементное моделирование 
параметров горячего плакирования 
тонколистового проката 
из экспериментального сплава Al–2%Cu–2%Mn

А.Н. Кошмин1,2, А.В. Зиновьев2, С.О. Черкасов2, К.А. Цыденов2

1 Московский политехнический университет
Россия, 107023, г. Москва, ул. Большая Семеновская, 38

2 Национальный исследовательский технологический университет «МИСИС»
Россия, 119049, г. Москва, Ленинский пр-т, 4, стр. 1

  Александр Николаевич Кошмин (koshmin.an@misis.ru)

Аннотация: Выполнен анализ температурных, скоростных и силовых параметров процесса горячего плакирования экспери-

ментального сплава Al–2%Cu–2%Mn технически чистым алюминием марки 1050A, а также напряженно-деформированного 

состояния металла в очаге деформации при относительной деформации 30, 40 и 50 %. В интервалах температур 350–450 °C, 

скоростей деформации 0,1–20 с–1 и истинной деформации 0,1–0,9, проведены пластометрические испытания и определены 

коэффициенты для расчета сопротивления деформации экспериментального сплава. Расчетно-теоретически определена те-

плопроводность сплава Al–2%Cu–2%Mn для условий горячего деформирования при температурах 350, 400 и 450 °C, которая 

составила 161, 159 и 151 Вт/(м·К) соответственно. Изучение особенностей процесса плакирования на двухвалковом стане 

выполнено в комплексе конечно-элементного моделирования QForm. Установлено, что при контакте металла плакирующего 

слоя с валком происходит его охлаждение на ~100 °C, а выравнивание температуры по высоте композита – в течение 20–

30 мс после его выхода из очага деформации. Усилие прокатки равномерно распределено между двумя валками во всех рас-

сматриваемых случаях, а момент прокатки на валке со стороны плакирующего слоя в 2 раза ниже, чем на контактирующем 

с основным, что характерно для асимметричной прокатки. Определены точки, характеризуемые оптимальными условиями 

соединения слоев проката, расположенные на расстоянии 10 % и 70 % по длине очага деформации вдоль оси прокатки, в 

которых нормальные напряжения существенно превалируют над касательными. Установлено, что возникновение данных 

областей обусловлено характером пластического течения, в том числе наличием зоны отсутствия деформации твердого слоя 

и зоны прилипания.

Ключевые слова: конечно-элементное моделирование, горячая прокатка, плакирование, алюминиевый сплав, реология, пла-

стическая деформация, очаг деформации (ОД).
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the maximum possible strength, which significantly 

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 f lat 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 20×120×135 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 DIL805A/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 (t) of 350, 400, 450 °C and 

strain rates (ε–) of 0.1, 1.0, 10, and 20 s–1. The samples 

were tested by compression until a true strain value of 

εt = 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 f low stress (σ) considering 

thermal softening were determined [12]:

where A, m, n1, n2, l 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 (R2) 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/γ = LT,

where k is the thermal conductivity in W/(m·K); γ is the 

electrical conductivity in S/m; L is the Lorentz number, 

equal to 2.23·10–8 W· ·К–2 for aluminum alloys [13]; 

T is the temperature in K.

Table 1. Chemical composition of the alloys under investigation

Таблица 1. Химический состав исследуемых сплавов

Alloy
Composition, wt.%

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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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 ·106 S/m. The value of γ 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].

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 hb and hc. The layered workpiece 

was then deformed with a reduction ε of 30 %, 40 %, 

and 50 %, so that the values of hb and hc in each case 

were 5.85 and 0.65 mm, 6.3 and 0.7 mm, and 6.75 and 

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

Рис. 1. Геометрия валкового узла (а), заготовок (b) и очага деформации (c)

Table 2. Coefficients for flow stress calculation in hot rolling processes

Таблица 2. Коэффициенты для расчета сопротивления деформации 

при горячей прокатке

Alloy A m n1 n2 l R2 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

a

c

b
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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, c 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/LDZ) 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 ........................................... 41Cr4

Roll temperature, °C ............................................... 25

Workpiece temperature, °C ................................... 400

Ambient temperature, °C ........................................ 25

FE number in the tool, thousand units  .................. 2.5

FE number in the workpiece 

at the beginning/end of modeling, 

thousand units ....................................................10/15

Time step, ms ........................................................ 2.5

Deformation and thermal models

The coordinate system was chosen so that the axis 

of the least deformation coincided with the missing axis 

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 vx and vz, 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:

Stress tensors (Tσ) and final strains (TE) in the case 

under consideration are as follows:

The equivalent (plastic) strain (εeq) was calculated 

using the equivalent plastic strain rate (ε–eq) by integ-

rating the sum of the increments along the particle’s 

trajectory:

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 

Fig. 2. Plane strain state in the case 

of thin sheet rolling

Рис. 2. Плоское деформированное состояние 

в случае прокатки тонкого листа
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milliseconds. The propagation of the heat flow (qn) in 

this case is normal in nature. Its magnitude is calculated 

by the equation:

qn = bα(t1 – t2),

where t1 and t2 are the temperatures of the model ob-

jects, °C; α 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 100 000 and 

120000 W/(m2·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 (τ) on the surface of the workpiece 

as the product of the friction factor (kf) and the flow 

stress in the layers of the workpieces that are in contact 

with the tool and with each other (σ):

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 (vp) are used as the nodal un-

knowns. In this case, the normal force function Pn, 

which ensures the minimization of penetration along 

the normal to the contact surfaces of the workpieces, 

is as follows:

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:

Results and discussion

Temperature and force parameters 
of the cladding process

Regardless of the degree of deformation ε, 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-

Fig. 3. Schematic of contacting finite elements 

of two workpieces [17]

Рис. 3. Схема контактирующих конечных элементов 

двух заготовок [17]
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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 ε 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.

Fig. 4. Temperature fields in the deformation zone (а) 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

Рис. 4. Температурные поля в очаге деформации (а) и температура в зависимости от времени прохождения очага 

деформации в основном (P1) и плакирующем (P2) слоях в процессе прокатки (b)

Цифры у кривых – значения степени относительной деформации

Fig. 5. Change in force (а) and torque (b) during the rolling process 

Numbers at the curves are values of the strain ratio

Рис. 5. Изменение усилия (а) и момента (b) в ходе прокатки

Цифры у кривых – значения степени относительной деформации 

a

b

a b
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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 f low 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 

(εeq) and the distribution of the equivalent plastic strain 

rate  (ε–eq) 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 ε 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-

lent strain rate are roughly the same in all cases: up to 

80 s–1 at the entry to the DZ (in the zone of maximum 

compression) and an average of 15 s–1 in the middle 

of the thickness of the rolled product (and on average 

throughout the entire DZ).

The distribution fields ε–eq 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 ε–eq is associated with the nature of met-

al f low 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 f low 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. 

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

Рис. 6. Поля распределения эквивалентной деформации (а) и скорости деформации (b) в ОД 

при разных значениях относительного обжатия

a b
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Figure 7 shows the change in f low stress (σ) of the 

base (P1) and cladding (P2) layers along the deforma-

tion zone. Flow stress in QForm is calculated as the 

distribution of σ (f low 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-

tion. The graphs show that the f low 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 ε = 30 and ~80 MPa at 

ε = 40 and 50 %.

The increase in σ is due to the regular growth of εeq 

with increasing reduction, and the equal σ values at 

ε = 40 and 50 % can be explained by the greater cool-

ing of the cladding layer at ε = 40, as clearly shown in 

Fig. 4. In all cases considered, at the length of the defor-

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

the length of the deformation zone

Рис. 7. Изменение сопротивления деформации основного (P1) и плакирующего (P2) слоев 

и разность их сопротивления деформации (Δσ) вдоль длины очага деформации
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mation zone of 0.65—0.70, a decrease in σ 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 (σxx and σzz, respectively) act-

ing in this section. Comparing the difference in f low 

stress values for each layer’s surface (Δσ), a systematic 

decrease with increasing relative strain is noted, which 

is evident: the smallest Δσ 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 (σp) 

and shear friction stress (τf).

Figure 8, a shows the change in shear stress along 

the deformation center. It is evident that the value of 

τf 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 ε values. For example, it can be noted 

that τf 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 τf. 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 f luctuates 

from 150 MPa at the entry to the DZ to 225 MPa at 

the exit. This is also reflected in the graph of the σp /τf 

(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 τf 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 

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

to tangential stress (b)

Рис. 8. Изменение вдоль очага деформации касательных напряжений между слоями проката (а) 

и отношения нормального напряжения к касательному (b)

a b
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boundary, and at half the thickness of the composite 

during rolling with ε = 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 I-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 f low stress of the base layer to 

the cladding layer (σр1 /σр2) 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 f low in 

the deformation zone, caused by the difference in the 

deformation characteristics of the base and cladding 

layer materials. 

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

Рис. 9. Скорость движения трассируемых точек вдоль оси X (а) и поля скорости течения в очаге деформации (b)

a
b
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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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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 μm 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 to 9.6 ·10–6 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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Высокоэнтропийные покрытия Fe–Co–Cr–Ni–(Cu) 
с повышенной коррозионной и трибокоррозионной 
стойкостью, полученные электроискровым 
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М.Н. Фатыхова, К.А. Купцов, А.Н. Шевейко, А.Р. Гизатуллина, 
П.А. Логинов, Д.В. Штанский

Национальный исследовательский технологический университет «МИСИС»
Россия, 119049, г. Москва, Ленинский пр-т, 4, стр. 1

  Мария Николаевна Фатыхова (mariya.antonyuck@ya.ru)

Аннотация: Высокоэнтропийные покрытия представляют большой интерес для защиты стальных изделий, используемых в 

прибрежной и морской инфраструктуре, от коррозионного и трибокоррозионного воздействия. В данной работе исследованы 

свойства средне- и высокоэнтропийных покрытий Fe–Co–Cr–Ni–(Cu), полученных методом электроискрового легирования в 
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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 [1; 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 Cr2O3, 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, 

вакууме. Показано, что покрытия толщиной до 30 мкм с различным содержанием меди характеризуются структурой однофаз-

ного твердого раствора с ГЦК-решеткой и плотной, однородной морфологией. Выявлено, что введение 14 ат.% Cu положительно 

влияет на коррозионную стойкость, смещая потенциал коррозии до 100 мВ. В условиях трения в искусственной морской воде 

добавление меди также улучшает трибокоррозионные свойства, повышая потенциал коррозии во время трения до –165 мВ. Это 

обусловлено гальваническим осаждением растворенной меди на изношенные части покрытия, что также положительно сказы-

вается на коэффициенте трения, снижая его с 0,37 до 0,26. Полученные покрытия Fe–Co–Cr–Ni–(Cu) обладают высокой изно-

состойкостью на уровне (5,6÷9,6) ·10–6 мм3/(Н·м). Результаты исследования подтверждают перспективность их использования в 

условиях трения и коррозии.

Ключевые слова: электроискровое легирование, покрытия, морская вода, электрохимия, износостойкость, коррозионная стой-

кость, трибокоррозия.
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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 μm) 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—Cuх 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.%): Fe25—Co25—Cr25—Ni25, 

Fe20—Co20—Cr20—Ni20—Cu20 и Fe17.5—Co17.5—

Cr17.5—Ni17.5—Cu30, 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—Cuх 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 %) μs. 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 cm2. 

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 (Al2O3) ball with a diameter of 6 mm and 

a roughness of 0.8 μm was used as the counterbody. 

The wear tracks on the coatings were studied using 

optical profilometry on a WYKO NT1100 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 Prüf-

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—Cux electrodes (x = 0, 

20, 30 at.%) with samples designated as Cu0V, 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—Cux 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 

30 to 21 μm. 

Figure 3 shows the XRD patterns of Fe—Co—

Cr—Ni—Cux 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 Å due to the incorporation of 

more copper into the cubic phase (see inset in Fig. 3). 
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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 inf luence 

of copper on this parameter. The introduction of 

19 at.% Cu led to a slight decrease in crystallite size 

from 36 nm (Cu0V) 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-

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 inf luence of copper on the corrosion poten-

tial, the corrosion current density (CCD) of the coat-

ings remained almost unchanged, ranging from 1 to 

2 μA/cm2. 

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, 

Table 1. Elemental composition of coatings

Таблица 1. Элементный состав покрытий

Coating 

sample

Content, at.%

Fe Co Cr Ni Cu

Cu0V 43 18 21 18 –

Cu2V 43 11 19 13 14

Cu3V 39 12 16 14 19

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

Рис. 1. СЭМ-изображения поверхности и карты распределения элементов  на поверхности образцов покрытий 

Cu0V, Cu2V и Cu3V 
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Fig. 2. SEM images of cross-sections of Cu0V, Cu2V, and Cu3V coatings (a, c), Cu and Fe distribution maps (b), and element 

distribution profiles (d) across the coating thickness

Рис. 2. СЭМ-изображения шлифов покрытий Cu0V, Cu2V и Cu3V (а, c), карты распределения Cu и Fe (b) 

и профили распределения элементов (d) по толщине покрытия

Fig. 3. XRD patterns of Cu0V (1), Cu2V (2), and Cu3V (3) 

coatings and the (200) peak at higher resolution

Рис. 3. Рентгенограммы покрытий Cu0V (1), Cu2V (2), 

Cu3V (3) и отдельно пика (200)

Fig. 4. Corrosion current density versus applied potential 

for coatings with different copper content

Рис. 4. Кривые зависимости плотности тока коррозии 

от приложенного потенциала для образцов покрытий 

с различным содержанием меди
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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 

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 

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

Рис. 5. Результаты трибокоррозионных исследований покрытий в искусственной морской воде

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; c – Cu distribution maps 

in the area of wear tracks

Рис. 6. Дорожки износа образцов покрытий Cu0V, Cu2V и Cu3V

а – СЭМ-изображения дорожек износа при различных увеличениях; b – 3D-профили дорожек износа после трибокоррозионных 

исследований; c – карта распределения меди в области дорожек износа
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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—Cux 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, c 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 

Fig. 7. Profiles of coating wear tracks

Рис. 7. Профили дорожек износа покрытий 
Table 2. Elemental composition of wear debris 
in wear tracks

Таблица 2. Элементный состав продуктов износа 

в дорожке износа

Coating 

sample

Content, at.%

O C Mg Si Ca Cr Fe Co Ni Cu

Cu0V 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

Таблица 3. Состав покрытия и изношенной 

поверхности дорожки

Area
Content, at.%

Cr Fe Co Ni Cu O C

Cu0V

Wear track

17

17

40

41

10

11

11

12

–

–

6

6

16

13

Cu2V

Wear track

14

13

32

28

8

10

9

11

9

18

6

5

22

15

Cu3V

Wear track

14

11

33

26

10

9

12

11

15

24

3

5

13

14

Table 4. Results of tribological tests

Таблица 4. Результаты трибологических 

испытаний

Coating 

sample

Specific wear rate, 

10–6 mm3/(N·m)

Hardness, 

GPa

Cu0V

Cu2V

Cu3V

5.6

6.3

9.6

2.8

2.4

2.3

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

ficient.

To determine the wear rate of the coatings and to 

exclude the inf luence 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 ·10–6 (Cu0V) to 9.6 ·10–6 (Cu3V) 

mm3/(N· m), wich correlates with the hardness 

that decreased from 2.8 (Cu0V) 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 μm 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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of magnetron sputtered CrSiN coatings. Wear. 2018;

(416-417):44—53. 

 https://doi.org/10.1016/J.WEAR.2018.10.001

7. Niu D., Zhang X., Sui X., Shi Z., Lu X., Wang C., Wang Y., 

Hao J., Tailoring the tribo-corrosion response of 

(CrNbTiAlV)CxNy coatings by controlling carbon con-

tent. Tribology International. 2023;179:108179. 

 https://doi.org/10.1016/J.TRIBOINT.2022.108179

8. Ma Y., Li Y., Wang F. The atmospheric corrosion kinetics 

of low carbon steel in a tropical marine environment. Cor-

rosion Science. 2010; 52: 1796—1800. 

 https://doi.org/10.1016/j.corsci.2010.01.022 

9. Wang D., Luo H., Zhao S., Tan J., Liang X., Yang J., Zhou S. 

Seawater-triggered self-renewable amphiphilic coatings 

with low water swelling and excellent biofilm prevention 

properties. Progress in Organic Coatings. 2013;175:107351. 

 https://doi.org/10.1016/J.PORGCOAT.2022.107351

10. Zhang X., Yu Y., Li T., Wang L., Qiao Z., Liu Z., Liu W. 

Effect of the distribution of Cu on the tribo-corrosion 

mechanisms of CoCrFeNiCu0.3 high-entropy alloys. Tri-

bology International. 2024;193:109401. 

 https://doi.org/10.1016/J.TRIBOINT.2024.109401

11. Wu P., Gan K., Yan D., Fu Z., Li Z. A non-equiatomic 

FeNiCoCr high-entropy alloy with excellent anti-corro-

sion performance and strength-ductility synergy. Corro-

sion Science. 2021;183:109341. 

 https://doi.org/10.1016/J.CORSCI.2021.109341

12. Kuptsov K.A., Antonyuk M.N., Sheveyko A.N., Bonda-

rev A. V., Ignatov S.G., Slukin P. V., Dwivedi P., Frai-

le A., Polcar T., Shtansky D. V. High-entropy Fe—Cr—

Ni—Co—(Cu) coatings produced by vacuum electro-

spark deposition for marine and coastal applications. Sur-

face and Coatings Technology. 2023;453:129136. 

 https://doi.org/10.1016/J.SURFCOAT.2022.129136

13. Liu Z., Cui T., Chen Y., Dong Z. Effect of Cu addition to 

AISI 8630 steel on the resistance to microbial corrosion. 

Bioelectrochemistry. 2023;152:108412. 

 https://doi.org/10.1016/j.bioelechem.2023.108412

14. Zeng Y., Yan W., Shi X., Yan M., Shan Y., Yang K. En-

hanced bio-corrosion resistance by Cu alloying in a 

micro-alloyed pipeline steel. Acta Metall Sin Engl Lett. 

2022;35(10):1731—1743. 

 https://doi.org/10.1007/s40195-022-01392-9

15. Shi Y., Yang B., Liaw P. Corrosion-resistant high-entropy 

alloys: A review. Metals. 2017;7(2):43. 

 https://doi.org/10.3390/met7020043

16. Zhang C., Lu X., Zhou H., Wang Y., Sui X., Shi Z.Q., Hao J. 

Construction of a compact nanocrystal structure for 

(CrNbTiAlV)Nx high-entropy nitride films to improve 

the tribo-corrosion performance. Surface and Coatings 

Technology. 2022;429:127921. 

 https://doi.org/10.1016/J.SURFCOAT.2021.127921

2. Under stationary conditions, the introduc-

tion of 14 at.% Cu positively affected corrosion 

resistance, signif icantly 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 μA/cm2.

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 mm3/(N·m).
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