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Abstract: The relevance of replacing the slime—H,SO4—H,O system used for processing slimes from secondary copper electrolytic refining
(SCER) with a slime—NHj3-H,0—(NH,4),SO4—H,0 system has been substantiated. Comprehensive studies of the characteristics of SCER
slime samples were conducted. It was found that about 90 % of the copper is distributed between the Cu,O phase and other phases, with a total
copper content of 55.12 %. A new phase, Cu,y(OH)¢SOy,, corresponding to the mineral brochantite, was discovered, with a content in the slime
of 6.40 %. Silver, with a concentration of 2.43 % in the slime, is present in metallic form at 69.1 %, with the remainder in the form of AgCl.
The contents of associated components PbSO,, BaSO,, and SnO, are 13.52 %, 9.33 %, and 4.73 %, respectively. To substantiate the feasibility
of low-temperature hydrometallurgical opening of the slime components and the conditions necessary for its implementation, determined
by the specific qualitative and quantitative compositions of the slime, a thermodynamic analysis of the slime—NH3-H,0—(NH,),SO4—H,0
system was performed. This analysis allowed for the discovery and mathematical description of the dependencies of copper leaching indica-
tors on the composition of the ammonia-ammonium mixture (ammonia buffer). A nomogram for the theoretical calculation of the minimum
excess NH_:,-H2O/NH4+ over the stoichiometrically necessary amount required for the complete formation of the copper ammine complex
was constructed according to the equilibrium ammonia-ammonium solution's pH and copper concentration. Thermodynamic calculations
determined the optimal composition and consumption of ammonia-ammonium solutions, as well as the characteristics of the leach pulp, such
as the concentration of [Cu(NH3)4]2+ and the redox potential. Technological studies demonstrated the possibility of effective and selective
extraction of copper from SCER slimes at a rate of no less than 99 % in the slime—NH;-H,0—(NH,),SO,—H,O system, which was confirmed
experimentally. Studies of the kinetics of copper leaching from slime in the slime—NHj3-H,0—(NH,),SO4—H,0 system were conducted.
The activation energy of the ammonia-ammonium copper leaching process from SCER slime (£, = 5+0.25 kJ/mol) was determined within
the temperature range from 15 to 45 °C at a total buffer system concentration [NH;-H,O0] + [NH4+] of 1 and 2 mol/L, as well as the order of
reaction at a temperature of 24+1 °C, which is 0.244+0.02 and 0.91+0.05 for [NH;-H,0] + [NH4+] concentrations above 1.5 mol/L and below
1.5 mol/L, respectively. A change in the kinetic mode of leaching with the limitation of the reaction rate by adsorption of reagents on the surface
of solid particles to diffusion was detected when the total buffer system concentration [NH3-H,O] + [N H4+] was reduced below 1.5 mol/L. The
equation for the formal kinetics of the investigated process in the slime—NH;-H,0—(NH,4),SO4—H,O0 system was determined.
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rate, buffer systems, resource conservation.
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Annotanmua: OG0CHOBaHa aKTyalIbHOCTb 3aMeHbl cuctemsl maamMm—H,SO,—H,0 n1st mepepaboTky NIaMOB 3JeKTPOJIUTHYECKOTO pacdu-
HUpoBaHUs BTopuyHoii mean (OPBM) cuctemoit mnam—NH;-H,O—(NHy),SO4—H,O. BbinojaHeHbl KOMIJIEKCHbBIE UCCIEA0BAHUS Xa-
paxkTepucTuk obpasua uutama OPBM. YeraHosieHo, uto okoso 90 % menn pacnpeneneno mexay dazamu Cu,O 1 mpounMu npu odLieMm
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conepxxanuu Cu 55,12 %. O6napyxeHna HoBast ¢aza Cuy(OH)gSO,4, cooTBeTCTBYIOLIASE MUHEpPaATy OPOIIAHTHUT, COlepPXaHK1e KOTOPOi B
nutame coctasisiet 6,40 %. Cepebpo rpu ero KoHieHTpanuu B nuiame 2,43 % Ha 69,1 % npucyTcTByeT B METAJJITUYECKOM COCTOSTHUM,
octaipHoe B coenrHeHnn AgCl. ConepxxaHue MonyTHbIX KomnoHeHToB PbSO,, BaSO, u SnO, cocrasasier 13,52, 9,33 u 4,73 % coort-
BeTCTBEHHO. JIJisi 060CHOBAaHMSI BO3MOXHOCTU HU3KOTEMIIEPATYPHOTO THAPOMETAITYPIrUIECKOrO BCKPBITUSI KOMIIOHEHTOB IIlJIaMa U
HEOOXOAMMBIX AJIS1 €r0 peainu3aly peXMMOB, OOYCIOBIEHHBIX OCOOEHHOCTSIMU Ka4YeCTBEHHOTO M KOJTUYECTBEHHOTO COCTABOB IllJIama,
BBITIOJIHEH TEPMOAMHAMUYECKUH aHaau3 cuctembl wnaMm—NH;-H,0—(NH,),S0,—H,0, nossonusinii o6HapyXuTh 1 MaTeEMaTUYECKU
omnucaTh 3aBUCUMOCTH MTOKa3aTelieil poliecca BhIIIeJaqYuBaHusI MEIU OT COCTaBa aMMHUAYHO-aMMOHUHOM cMecH (aMMUaaHOTO Oyde-
pa). [TocTpoeHa HOMOrpaMMa TEOPEeTUUYECKOTo pacueTa MUHUMaJIbHOIO N30bITKA NH3-H20/NH4+ OT CTEXMOMETPUUYECKU HEOOXOAMMOTO
KOJIMYECTBa, TPeOYeMOro [JIsI TOJTHOTO TPOTeKAHUS peaKIInU KOMIIEKCOOOpa30BaHMSI aMMUaKaTa MeIl B COOTBETCTBUY C BEIMIMHAMU
pH paBHOBecHOro aMMHauHO-aMMOHUIHOTO PACTBOPa U KOHLIEHTPALMU B HEM Mequ. TepMOIMHAMUYEeCKMMU pacueTaMy OMpeaesieHbl
ONTHMAJIbHBIN COCTAaB aMMHUAYHO-aMMOHUMIHBIX PACTBOPOB M UX PACXOM, a TAKXKE XapaKTePUCTUKU IYJIbIbI BbIIIEJAYNBAHUS: KOH-
LEHTpaLus [Cu(NH3)4]2+ M OKMCJIUTEIbHO-BOCCTAHOBUTEIbHBIM MOTEHIIMA. TeXHOJIOTMYECKHE pacueThl MOKa3aanu BO3MOXHOCTb -
(heKTUBHOrO U CeNIeKTUBHOIO U3BJIeYeHU sl Meau U3 1aamMoB DPBM He menee uem 99 % B cucreme miaamMm—NH;-H,0—(NH,),S0,—H,0,
YTO MOATBEPXKIEHO 3KCIepUMeHTalbHO. [IpoBefeHbl MCCIEeOBAHUS KUHETUKHU BBIIEIAYNBAHUS MEIM U3 IIJaMa B CUCTEMeE
mnamMm—NH;-H,O0—(NHy),SO4—H,0. OnpeneneHa sHeprusl akTUBalUMM Ipoliecca aMMUAYHO-aMMOHUIHOTO BbILIEJauMBaHUS MeIn
u3 uutama OPBM (£, = 5+0,25 k/Ixx/Moib) B nHTEpBaje TeMnepatyp ot 15 1o 45 °C npu cyMMapHoi KOHLeHTpaluu 0ydepHoii cucre-
mbl [NH5-H,0] + [NH4+] 1 u 2 Monb/7, a TaKKe MOPSIOK MO peareHTy npu temnepartype 24+1 °C, pasubiii 0,24+0,02 u 0,91%0,05 nas
[NH5-H,O0] + [NH4+] 6osiee 1,5 Mosb/a 1 MeHee 1,5 MOJIb/J1 cOOTBETCTBEHHO. OOHapyXeHa CMeHa KMHETUYECKOTO pexXrumMa BblleIaum-
BaHWS C TMMUTHPOBAHUEM CKOPOCTH TIpoliecca aacopOineil peareHToB Ha MOBEPXHOCTU TBEPIbIX YacTUI HA TU(GDY3MOHHBII TTPU CHU-
KEHNU CyMMapHO# KoHUeHTpauuu 6ydepHoit cucremsl [NH3-H,O0] + [NH4+] Huxe 1,5 Mmoab/n. OnpeneseHo ypaBHeHue opMasibHOM
KUHETUKU MCCIIeJOBAHHOTO mpolecca B cucteme naMm—NH;3-H,O—(NH,),SO,—H,0.

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

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

Introduction

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

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

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

6

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

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

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

— high capital costs for pyrometallurgical process-
ing;

— high energy consumption;

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

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

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

— multi-stage processes;

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

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

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

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

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

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

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

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

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

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

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

[Cu(NH;3),** + Cu = 2[Cu(NH,),|*. ©)

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

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

Objectives of the work:

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

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

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

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

100

0 T T T

0.5 0 0.5 1.0 1.5 2.0

lg(CNH3 /Cey)

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

Puc. 1. 3aBUCUMOCTb JOJIU pa3TUIHBIX KATUOHOB MEIN

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

npu C¢,, = 0,01 mosb/n [30]

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

8

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Table 1. Rational composition of secondary copper electrolytic refining slime

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

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

Puc. 2. MukpodoTorpacdust oobeKTa CCIeIOBAHUS —
nutamMa DPBM

1— Cu,0, 2— PbSO,, 3— SnO,

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

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

10

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

2. Results and discussion
2.1. Thermodynamic analysis

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

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

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

E%=1.228 —0.059pH, 4

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

0, + 2H,0 + 4¢™= 40H™ G)

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

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

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

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

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

+0.699 (pH=11) —67.5 +11.8

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

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

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

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

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

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

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

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

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

=[Cu(NH;),|" + OH™ + L5H,0,  (30)

+4(1 —x)NH," + 4(1 —x)OH™ =

= [Cu(NH,),]*" + 20H™ + 3H,0, (31

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

= [Cu(NH,),]*" + 20H™ + 4H,0, (32)

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

= [Ag(NH3),|" + CI” + 2H,0, (33)

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

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

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

12

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

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

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

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

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

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

Reaction (30)

8.0 8.5 9.0 9.5

100 105  pH

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

Reaction (31)

8.0 8.5 9.0 9.5

100 105  pH

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

Reaction (32)

0+ T T T T
8.0 8.5 9.0 9.5

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

8.0 8.5 9.0 9.5 10.5 pH

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

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

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

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

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

NQ _

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

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

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

0 NH;-H,0, mole fraction

0.8

0.6 4

0.4 -

O T T T T T T T

5 6 7 8 9 10 11 12 pH

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

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

B aMMUAaYHO-aMMOHUITHOM pacTBope ot pH

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

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

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

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

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

[[Cu(NH,),]’ ], mol/L

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

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

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

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

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

Potential, V
0

0.8 1
0.6

0.4+

0.2

0

—0.21

~0.4-

—0.6

—0.8

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

pH

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

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

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

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

Cu(II) fraction

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

100 150 200 250 300

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

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

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

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

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

2.2. Technological studies

on ammonia-ammonium leaching of copper

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

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

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

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

2.3. Comprehensive studies of the kinetics

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

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

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

o ~ERT)

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

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

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

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

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

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

pH 8.75 9.00 9.25 9.50 9.55 9.75 10.00 10.25

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

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

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

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

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

InCy 00407

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

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

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

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

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

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

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

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

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

2.54
2.4
2.3 T T T

3.1 3.2 33 3.4 3.5

1/T-10°, 1/K

In(do/dr
0 ( )

b
- 3 =-0.5955x + 4.8134
R =0.9925
2.9
2.8+
2.7 T T T
3.1 3.2 3.3 3.4 3.5

UT-10°, /K

Fig. 10. Dependence of In(da,/dt) on 1/T for ammonia-ammonium leaching of copper from secondary copper electrolytic

refining slime

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

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

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

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

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

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

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

and is accompanied by the formation of an intermediate
phase—copper hydroxide, which forms an intradiffusion
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da/dt

0.10
0.084

V=10.2929x — 0.0454
0.06- R’ =0.9995
0.04-
0.024

O T T T
0.1 0.2 0.3 0.4 0.5
-0.5 . 05
T, min

Fig. 11. Dependence of doi/dt on 703

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

Puc. 11. 3aBucumocTs do/dt oT 03

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

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

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

(1-0)"P = 1—(1-Byke 5/ ED x

n

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

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

0,05

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

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

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

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

do_ 0.0096 ¢ 300 /RT) o
dt

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

do_ 0.0096 ¢SO0 /RT) o

dt

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

Conclusions

1. Comprehensive studies of secondary copper elec-
trolytic refining slime revealed an elevated copper con-

19



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

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

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

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

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

4. Kinetic studies of the copper leaching process
from SCER slime determined the apparent activation
energy to be 5 £ 0.25 kJ/mol within the temperature
range of 15 to 45 °C, at total buffer system concentra-
tions of [NH3-H,O] + [NH4+] of 1 and 2 mol/L. The
reaction order at a temperature of 24 £ 1 °C was found to
be 0.24 +0.02 and 0.91 + 0.05 for [NH5-H,0] + [NH,']
greater than 1.5 mol/L and less than 1.5 mol/L, respec-
tively. A transition in the leaching regime from external
diffusion-controlled to kinetic-controlled, with the rate
limited by reagent adsorption on the surface of solid par-
ticles, was observed as [NH5-H,O] + [NH4+] increased
from 0.5—1.5 to 1.5—3.5 mol/L at a temperature of
24 + 1 °C. The formal kinetics equation for the studied
process was determined.
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