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Abstract: Chalcopyrite (CuFeS,) is one of the primary minerals processed on an industrial scale for copper production and often dominates
copper concentrates sent for pyrometallurgical processing. This study demonstrates the efficient and selective extraction of copper from
chalcopyrite concentrate through sulfating roasting, sulfuric acid leaching, and solvent extraction. At a roasting temperature of 700 °C for 1.5 h,
chalcopyrite fully decomposes into hematite (Fe,03) and chalcanthite (CuSO,). Leaching the calcine with a 0.02 M sulfuric acid solution
transfers most of the copper to the aqueous phase, while iron concentrates in the solid residue. Additionally, precious metals concentrate in
the residue after leaching of the calcine, with the following content in g/t: Pd — 41.61, Pt — 5.65, Ag — 96.22, Au — 4.81. The removal of iron
from the leach solution using solvent extraction with di-2-ethylhexyl phosphoric acid was highly effective: with a 25 % extractant solution
and an organic-to-aqueous ratio of 1:1 over two stages, the iron concentration in the aqueous phase dropped from 3.05 to 0.01 g/dm?>, and
with an organic-to-aqueous ratio of 1:2 over four stages, it decreased to 0.006 g/dm?>. After iron purification and solution evaporation,
copper sulfate was obtained with the following composition (%): CuSO,4-5H,0 — 99.84 (equivalent to 25.42 % copper), Ni — 0.014, Al —
0.007, Fe — 0.0003, As — 0.0002.
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Annoranua: Xanbkonuput (CuFeS,) siBisieTcst oIHUM 13 OCHOBHBIX MUHEPAJIOB, epepadaTbiBaeMbIX B TPOMBILIJIEHHOM MacluTabe as
IMOJTYUYEHMST MEIM, KOTOPBII 3a9acTyIO IpeBaJupyeT B MEIHBIX KOHIIEHTPATaxX, MOCTYMAIIINX Ha MOCIEAYIOMYIO THPOMETAJIIyprude-
CKyI0 repepaboTKy. B paboTe mokaszaHa BO3MOXHOCTb 3¢ (PeKTUBHOTO 1 CEJIEKTUBHOIO BBIAECIEH S MEAN M3 XaIbKOITMPUTOBOTO KOHIIEH-
TpaTta ¢ MpUMEeHEHUEeM CYIbMaTU3npyIoIIero 06XKura, CepHOKMUCIOTHOTO BhIIIEIaYMBaHMS U KHUIKOCTHON SKCTPaKIMU. YCTAaHOBJCHO,
yTo npu temnepatype ooxura 700 °C B TeueHue 1,5 4 MPOMCXOAUT MOJTHOE Pa3I0XKEHUE XaJIbKOUpUTa ¢ o6pazosaHueM remaTuta (Fe,053)
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u xanbkonnanuta (CuSOy). B pesynbraTe BollleadMBaHM sl Orapka paCTBOPOM CepHOI KMcI0Thl KoHUeHTpauueil 0,02 M B BonHylo hasy
TePEXOIUT OOJIBINASsI YACTh MEU, B TO BpeMsI KaK XeJie30 KOHIIEHTPUPYeTcs B TBepIOM ocTtaTke. KpoMe TOro, B pe3ybTaTe BhIIIeTaunuBa-
HUSI OrapKa B OCTaTKe KOHILEHTPUPYIOTCS U 0JaropoIHbIe METAJIIbI, COIePKAHUE KOTOPBIX cocTaBiseT, r/T: Pd — 41,61, Pt — 5,65, Ag —
96,22, Au — 4,81. OuucTka pacTBOpa BhILIEJa4MBaAHKSI OT KeJie3a MOCPEICTBOM XUAKOCTHON 3KCTPaKLIMU AU-2-3TuirekcuiabochopHoit
KUCJIOTO# MoKa3aja BEICOKYI0 3¢ (heKTUBHOCTD: MPU UCTOTb30BaHUU 25 %-HOTO pacTBOpa AKCcTpareHTa npu cootHomeHnn O : B=1:1
Ha JABYX CTYTMEHSIX KOHLIEHTpalMs XeJjie3a B BOJHOM Baze cHuxaetcs ¢ 3,05 no 0,01 r/J:LM3, anpu O : B=1:2 Ha yeTbIpex CTyIEHIX —
1o 0,006 F/JZ[M3. [Mociie Kene3004MCTKM M yIapuBaHUsl pacTBOPA MOJIyueH MeIHblil Kynopoc, coaepxaiunii, %: CuSO4-5H,0 — 99,84

(B mepecuete Ha Meab — 25,42), Ni — 0,014, A1 — 0,007, Fe — 0,0003, As — 0,0002.

KuoueBbie cioBa: MeIHbIIf KOHLIEHTPAT, XaJbKOMUPUT, O0KMUT, MElb, KeJIe30, IKCTPaKII1s, 0;1arOpOAHbIC METAJLIIBI.
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obxwura. Hzeecmus 8y306. Lleemnas memannypeus. 2024;30(4):33—42. https://doi.org/10.17073/0021-3438-2024-4-33-42

Introduction

Chalcopyrite (CuFeS,) is one of the main industrial
copper-bearing minerals, accounting for approximate-
ly 70 % of the world’s copper reserves. The predomi-
nant method for extracting copper from chalcopyrite
ores is froth flotation, which yields a copper-rich con-
centrate [1]. Most of the copper is produced using the
metallurgical process of smelting—converting—refin-
ing. During the smelting of high-grade sulfide ores or
concentrates, a matte containing up to 40 % Cu is ob-
tained [2].

Despite the high efficiency of conventional pyrome-
tallurgical methods for processing copper concentrates
(CC) [3], alternative processing methods are current-
ly being actively studied, although they have not yet
found widespread industrial application. For example,
various methods of leaching chalcopyrite-containing
concentrates are being investigated to reduce sulfur
dioxide emissions into the atmosphere [4]: pressure ac-
id leaching [5], microwave acid leaching [6], chloride
leaching [5], and leaching with mineral salt solutions
combined with sulfuric acid [7], among others. Hyd-
rometallurgical methods also help to prevent arsenic,
which is often present in sulfide copper concentrates,
from entering the gas phase, reducing the cost of cop-
per production by eliminating the need for specialised
dust and gas cleaning systems [8]. However, hydrome-
tallurgical processing of chalcopyrite is challenging due
to the formation of a passivating layer on the mineral
surface, necessitating the use of strong oxidants such
as hydrogen peroxide [9] or ozone [10], or its prelimi-
nary treatment, such as mechanoactivation [11], which
significantly complicates its processing. The intensifi-
cation of hydrometallurgical processing of sulfide CCs
can also be achieved through the application of pres-
sure leaching [12; 13].

Bacterial leaching of chalcopyrite-containing ma-
terials is developing rapidly [13—15], but bioleaching
is characterised by a slow reaction rate and the need to
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maintain optimal conditions for bacterial activity, which
limits the practical application of this method.

In addition to the methods mentioned above, sul-
fating roasting can be used to process sulfide and
chalcopyrite CCs by converting copper and iron from
sulfides to sulfates [16—19]. The advantage of this
method is the use of lower temperatures compared to
conventional oxidative roasting [20]. However, when
such a concentrate is leached, both metals are trans-
ferred to the aqueous phase, leading to the challenge
of separating iron and copper by hydrometallurgi-
cal means. According to literature data, chalcopyrite
decomposition into iron and copper sulfides occurs
at roasting temperatures of 330—357 °C, and these
sulfides are converted into the corresponding sulfates
between 357—555 °C [21]. As the roasting temperature
increases to 555—613 °C, iron sulfate decomposes in-
to iron and sulfur oxides, while a higher temperature
is required for copper sulfate decomposition [21], in-
dicating the potential for selective copper extraction
from chalcopyrite concentrate during the leaching
stage. Additionally, the behaviour of precious me-
tals, often present in sulfide CCs, during roasting and
leaching of chalcopyrite concentrate is of interest.
Therefore, the aim of this study is to investigate the
behaviour of copper, iron, and precious metals during
the roasting of chalcopyrite concentrate and leaching
of the calcine, followed by iron removal to obtain cop-
per sulfate of the required quality.

Experimental technique

The study used chalcopyrite copper concentrate
obtained from the beneficiation of copper-sulfide ore
from the Chineyskoe deposit, with the following com-
position (%): Cu — 20.35, Fe — 23.07, S — 22.91, Ni —
0.47, Ca — 0.75, Al — 0.87, Co — 0.05, and trace ele-
ments (g/t): As — 138.95, Se — 98.31, Te — 15.74,
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Fig. 1. Phase composition of the initial CC

Puc. 1. ®a3zoBbiii coctas ncxomHoro MK

V — 128.12, Mo — 249.18, Pd — 25.95, Pt — 2.84,
Au — 2.97, Ag — 60.58. The low arsenic content in the
concentrate allows for the use of pyrometallurgical pro-
cessing methods. The phase composition of the initial
concentrate is primarily chalcopyrite with a kyanite
(Al,S105) admixture (Fig. 1).

The concentrate was ground to a size of <74 um and
held in a laboratory electric furnace (SNOL 7.2/1300,
Umega Group, Lithuania) for 0.25 to 2.0 h at tem-
peratures ranging from 650 to 900 °C. The heating
rate to the required temperature was 10 °C/min, and
the sample mass was 50 g. The resulting calcine was
leached with sulfuric acid solutions of various concen-
trations. Iron (III) extraction from the leach solution
was carried out using di-2-ethylhexyl phosphoric acid
(D2EHPA) (Volgogradpromproject, Russia) in an in-
ert aliphatic diluent RJ-3 (Volganeftchem, Russia) for
5 minutes at different organic-to-aqueous ratios and
temperatures. The concentrations of non-ferrous me-
tals and iron were determined using atomic absorption
spectrometry (“AAnalyst 400”, Perkin Elmer, USA),
while concentrations of precious metals and trace el-
ements were measured by inductively coupled plas-
ma mass spectrometry (ICP-MS) on an ELAN 9000
DRC-e instrument (Perkin Elmer, USA). The phase
composition of the samples was assessed by X-ray
phase analysis (XRD) using an XRD-6000 diffrac-
tometer (Shimadzu, Japan).

Results and discussion
1. Thermal treatment of the copper concentrate

The roasting of the copper concentrate was con-
ducted for 120 min at temperatures ranging from 650
to 900 °C. X-ray diffraction (XRD) patterns of the con-

centrates roasted at different temperatures are shown in
Fig. 2. It was found that at lower roasting temperatures
(650—750 °C), the main iron-bearing phase is hema-
tite (Fe,0O3), while the copper-bearing phase is chalco-
cyanite (CuSO,). However, at 800 °C, copper oxide
(CuO) and copper ferrite (CuFe,0,), begin to form,
which is associated with the decomposition of copper
sulfate and the initial interaction between copper oxi-
de and iron oxide. This interaction is confirmed by the
XRD pattern of the sample roasted at 900 °C, where
characteristic peaks of hematite are absent, and copper
ferrite becomes the primary iron-containing phase. Ad-
ditionally, copper is present in the form of oxide.

Thus, the processes occurring at different roasting
temperatures can be summarised in the following equa-
tions:

650—750 °C: 2CuFeS, + 7,50, —
— 2CuS0, + Fe,0; + 250, )

800°C: 4CuFeS, + 130, —
— 3CuO + Fe,0; + CuFe,0,+ 850,,  (2)

900 °C: 2CuFeS, + 6,50, —
— CuO + CuFe,0,+ 4S0,. 3)

The changes in the phase composition of the calcine
over time were studied at a temperature of 700 °C. It
was found that chalcopyrite (CuFeS,) could no longer
be identified after 90 min of roasting, with copper
and iron present only as chalcocyanite and hematite
(Fig. 3), indicating the potential for effective separation
of iron and copper from the roasted concentrate during
leaching.

2. Sulfuric acid leaching
of the roasted concentrate

During the study of the leaching process of the cal-
cine obtained after roasting at 700 °C, using sulfuric ac-
id solutions of various concentrations, it was found that
leaching with a solution containing 0.02 M H,SO,, re-
sulted in copper extraction of E(Cu) = 83 % and iron
extraction of E(Fe) = 4,6 % (Fig. 4). As the acid concen-
tration increased to 1.5 M, copper and iron extraction
increased to 93 % and 14 %, respectively. These results
are consistent with those shown in Figs. 2 and 3: during
roasting, copper transitions into water-soluble chalcan-
thite, while iron remains as insoluble hematite. As the
acid concentration increases, hematite reacts with sul-
furic acid to form soluble iron (III) sulfate, leading to
an increase in Fe(IIl) concentration in the leach solu-
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Fig. 2. Phase composition of the calcine after roasting for 120 min at various temperatures
t,°C: 1—650,2— 700, 3 — 750, 4— 800, 5— 900
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t,°C: 1—650,2—700,3— 750, 4— 800, 5— 900
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Fig. 3. Phase composition of the calcine at different roasting times at 700 °C
T, min: 1— 15,2 —30,3— 60, 4—90, 5— 120

Puc. 3. ®a30BbIii cocTaB orapka B 3aBUCMMOCTH OT BpeMeHU ooxura npu ¢ = 700 °C
T, muH: I —15,2—30,3—-60,4—90,5— 120
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Fig. 4. Effect of H,SO, concentration on the leaching
of copper concentrate calcine

t=60°C,t=1h,S:L=1:5

Puc. 4. Biusnue xonuentpaunu H,SOy
Ha BblleauuBaHue orapka MK
t=60°C,t=14, T:K=1:5

tion. The increase in copper concentration in the solu-
tion may be related to the presence of copper oxide in
the calcine, which is not detectable by XRD but reacts
with sulfuric acid during leaching, resulting in higher
copper concentrations in the solution. Although higher
acid concentrations improve copper extraction, the use
of a less concentrated leaching solution is preferable, as
increasing the acid concentration complicates the subse-
quent separation of iron and copper.

In addition to the behavior of the major compo-
nents during sulfuric acid leaching of the calcine, the
distribution of precious metals and other impurities in
the concentrate is also of significant interest. Analysis
of the composition of the leaching residues showed that
approximately 60 % of nickel is transferred into the solu-
tion, while precious metals almost entirely remain in
the solid residue (Table 1). Other trace elements, such as
arsenic, selenium, tellurium, vanadium, and molybde-
num, are barely leached by 0.02 M H,SO,4, concentrat-
ing in the leach residue. The content of trace elements in
the residue after leaching with 1.5 M H,SO, is lower than
after leaching with 0.02 M H,SOy, especially noticeable
for arsenic and molybdenum. Thus, with increasing acid
concentration, more of these components are extracted
into the solution, reducing the selectivity of the leaching
process. Based on the data in Fig. 4 and Table 2, 0.02 M
H,S0O, was chosen as the leaching solution for the roast-
ed concentrate.

A study of the leaching kinetics of the calcine showed
that copper extraction into the solution in the first
15 min reaches 72.4 %, gradually increasing to 83.5 %
after 60 min (Fig. 5). In contrast, iron extraction in the
first 15 min is only 0.9 %, but after 60 min, it increases

to 4.6 %. Extending the leaching time does not signifi-
cantly enhance the extraction of either copper or iron,
so subsequent leaching processes were conducted for 60
min to maximize copper extraction.

An investigation of the effect of the solid-to-li-
quid ratio on concentrate leaching showed that copper
extraction decreases slightly: at an S : L ratio of 1 : 10,
copper extraction is 85.9 %, whileat S: L=1:2, it is
74.6 %, corresponding to copper concentrations of 17.46
and 75.96 g/dm?, respectively (Fig. 6). Throughout the
S : L range, iron extraction does not exceed 5.6 %, which
is observed at S : L = 1: 10, and its maximum concen-

Table 1. Metals distribution during leaching of copper
concentrate calcine (S: L=1:10,7=60°C,t=1h)
Tabnuua 1. Pactipenenenue MeTaaioB

MpU BbIIeJIaunBaHUU orapka MK
(T: K=1:10,r=60°C,t=1u)

Composition of leaching
residues of the calcine
Me Unit C(Me)initial
C(H,SO,4) = | C(H,SOy) =
=0.02M =1.5M
Ni 0.47 0.31 0.30
Cu 20.35 2.0 1.6
Ca 0.75 0.70 0.70
%

Co 0.05 0.02 0.01
Al 0.87 1.30 1.62
Fe 23.07 40.8 40.1
As 138.95 257.80 134.20
Se 98.31 128.30 97.30
Te 15.74 22.63 25.96
Ag 60.58 96.22 101.49
Pd r/T 25.95 41.61 45.44
Au 2.97 4.81 5.59
Pt 2.84 5.65 5.06
\% 128.12 208.3 192.9
Mo 249.18 349.8 217.1

Table 2. Effect of temperature on the leaching

of copper concentrate calcine
(S:L=1:5,C(H,SO,)=0.02M, t=1h)
Tabnuua 2. BausiHue TeMriepatypbl Ha BhIIIEIauMBaHUE
orapka MK (T: K=1:5, C(H,SO4) =0,02 M, t=14)

t,°C E(Cu), % E(Fe), %
20 81.5 4.5
40 82.3 4.6
60 83.2 4.6
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Fig. 5. Kinetics of calcine leaching
S:L=1:5,C(H,S04) =0.02M, t=60°C
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Fig. 6. Effect of S : L on the extraction and separation
of Fe and Cu during leaching
C(H,S04) =0.02M,t=1h,r=60°C
Puc. 6. Biusuue T : XK Ha u3BieueHue
u pasnenerue Fe u Cu rmpu BeIlie1auMBaHU N
C(H,S04) =0,02M,t=14,7r=60"°C

tration is 4.38 g/dm> at S : L = 1 : 2. Notably, copper ex-
tractionat S: L=1:(3+5)is 81.2 % and 83.1 %, respec-
tively, indicating a more efficient process than leaching
atS:L=1:2. However,atS:L=1: 10, the copper con-
centration in the solution (17.46 g/dm3) is insufficient for
further processing.

The S : L ratio also plays a crucial role in the separa-
tion of copperandiron duringleaching. While the initial
Cu/Fe ratio in the concentrate is 0.88, during leaching,
it increases in the solution to 13.5 and 17.3 at S: L =
= 1:10 and 1: 2, respectively, with a non-linear de-
pendence (see Fig. 6). The lack of direct proportionality
can be explained by the increased copper concentration
in the solution at lower S : L ratios, which likely reduces
the activity of sulfuric acid, leading to less interaction
with hematite. Consequently, the optimal S : L ratio
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range is 1:(5+3), where copper and iron concentra-
tions in the solution are 33.8—55.0 g/dm?> and 2.15—
3.25 g/dm3, respectively, with a separation coefficient
(Bcu/re) of 15.7—16.9.

It was found that increasing the leaching tem-
perature slightly improves copper extraction into
the solution and has little effect on iron extraction
(Table 2). The minimal effect of temperature on cop-
per extraction is due to the lack of a chemical reaction
during copper leaching, as the process is based on the
dissolution of chalcocyanite in the liquid phase. The
lack of temperature influence on iron extraction is
explained by the low acid concentration in the leach-
ing solution.

3. Iron solvent extraction
from the leach solution

To separate iron (I1T) and copper (II) in sulfate solu-
tions, the hydrolytic method of precipitating iron as an
insoluble hydroxide (iron cake) is often used [22]. How-
ever, some copper co-precipitates with the cake, lead-
ing to copper losses in the waste. Therefore, it was pro-
posed to separate iron (111) and copper (1) by extracting
Fe(I1I) from the copper solution using extractants based
on D2EHPA, which has proven effective for extracting
iron (I1I) from a copper electrolyte [23]. A 25 % solution
of technical-grade D2EHPA in an inert aliphatic diluent
was used for extraction. Based on the McCabe-Thiele
plot for Fe(III) solvent extraction from the leach solu-
tion, it was found that iron is nearly quantitatively ex-
tracted in two stagesat O : A=1: 1 and in four stages at
O :A=1:2, with residual Fe(I1I) concentrations in the
raffinates of 0.01 and 0.006 g/dm3, respectively (Fig. 7),
corresponding to extraction rates of 99.7 % and 99.8 %.
Notably, copper (II) extraction does not exceed 2.7 %,
as under the studied conditions, D2EHPA has a higher
affinity for iron (IIT) than for copper (II) [24], ensuring
more efficient Fe(I1I) extraction. As a result, the organ-
ic phase is saturated with iron (I1I), which prevents the
co-extraction of copper (I1).

The organic phase saturated with iron (III) can be
regenerated by stripping using hydrochloric [25] or oxal-
ic [26] acids, allowing the extractant to be recycled back
into the extraction stage. After thorough iron extraction,
the obtained raffinate was evaporated and cooled, lead-
ing to the precipitation of copper sulfate, which con-
tained (%): CuSO,4-5H,0 — 99.84 (equivalent to 25.42%
copper), Ni — 0.014, Al — 0.007, Fe — 0.0003, As —
0.0002. The resulting mother liquor can be either evap-
orated further or used for leaching roasted concentrate.
If nickel impurities concentrate in the solution during
further processing, the filtrate can be treated for effec-
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Fig. 7. McCabe-Thiele plot for Fe(III) solvent extraction
by D2EHPA

C(Cu) = 35 g/dm?, C(Fe3™) = 3.05 g/dm?, C(H,S0,) = 0.02 M,
t=20°C,1=5min
Puc. 7. U3otepma sxctpakiuu Fe(111) 29T OK

C(Cu) = 35 r/nm?, C(Fe’™) = 3,05 r/am?, C(H,S0,) = 0,02 M,
t=20°C, 1=5MuH

tive copper and nickel separation, for example, by sol-
vent extraction [27].

Thus, sulfating roasting allows for not only the effec-
tive separation of copper from iron and precious metals
during leaching but also the production of copper sulfate
with less than 0.16 % impurities after iron solvent extrac-
tion from the copper sulfate solution.

Conclusion

The method for processing chalcopyrite copper
concentrate presented in this study allows for avoiding
one of the main challenges in non-ferrous hydrome-
tallurgy — the stage of iron removal from solutions via
hydrolytic means. The difference in the thermal stabi-
lity of iron and copper sulfates within the temperature
range of 650—750 °C enables the conversion of most
of the iron into oxide, while copper remains in the
form of sulfate after roasting. As a result, during sul-
furic acid leaching, copper transitions into the aque-
ous phase, and iron remains in the insoluble residue. It
was established that leaching is best performed with a
0.02 M sulfuric acid solution for 1 hour at a solid-
to-liquid ratio of 1 : (3+5) and a temperature of 20 °C.
The possibility of separating copper and precious me-
tals, which concentrate in the solid phase along with
iron during leaching, is also significant. he low con-
tent of iron and sulfuric acid in the leach solution ena-
bles iron removal via selective cation exchange solvent
extraction. Using a 25 % D2EHPA solution in an inert

aliphatic diluent at O : A =1: 1 over two stages results
in 99.7 % iron extraction. The obtained raffinate can
be further used for copper sulfate production or for
copper electrodeposition.
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