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Abstract: The most efficient selective reagent modes for the flotation of a copper—zinc pyrite ore from one of the Ural deposits have been
developed, based on the use of compositions of metal-containing reagent modifiers in combination with sodium sulfide. The study analyzed
the most effective conditions for separating copper and zinc minerals from pyrite during the bulk flotation of copper—zinc ore, as well as
the conditions for improving the selective separation of the bulk copper—zinc concentrate. The influence of reagent—modifier compositions
introduced into the bulk flotation cycle on the process parameters of selective flotation of the bulk concentrate was evaluated. The results
of fractional analysis of the floatability of copper, zinc, and iron minerals were presented, taking into account the flotation kinetics and
the distribution of these minerals in the floated concentrate by fractions: poorly floatable, moderately floatable, and easily floatable. The
reagent—modifier compositions used not only depressed pyrite flotation but also ensured efficient separation of copper and zinc minerals
into individual concentrates. It was found that the most effective selectivity in flotation separation of copper and zinc minerals was achieved
by introducing a composition of ferrous sulfate and sodium sulfide into the bulk copper—zinc flotation circuit in equal proportions (50 and
50 g/t). As a result, a copper—pyrite concentrate containing 12 wt. % Cu with a copper recovery of 74.45 % and a zinc concentrate contain-
ing 5 wt. % Zn with a zinc recovery of 73.68 % from the ore were obtained. Analysis of flotation kinetics showed that the introduction of
this reagent mixture contributed to the highest flotation rate of copper, ensuring a maximum copper recovery to the froth (copper—pyrite)
product of 86.74 %.
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Annoranus: PazpaboraHbl HauJyulliMe CEJeKTUBHBIC peareHTHbIE PEXUMBI 15 (p1oTaluMy MeAHO-IIMHKOBOM KOJTYeJaHHOM PYbl OHO-
ro U3 MECTOPOX/IEHU I Ypasia, OCHOBaHHbIE HA IPUMEHEHU U KOMITO3U LM METAJJIOCOAEPXKAIIMX PeareHTOB-MOIM(UKATOPOB B coyeTa-
HUM C CepHUCTBIM HaTpueM. [IpoaHanusupoBaHbl Haubosee apdekTrBHBIE ycioBUs BhIoTaALlMM MUHEPAJOB MEIM U IMHKA OT MUPUTA B
KOJIJIEKTUBHOM LIMKJIE (DJIOTALIUU MEITHO-LIMHKOBOM PY/ibl, @ TAKXKE YCJIOBHU S LISl TOBBILIEHU S CEJIEKTUBHOIO pa3/ieJIeHU I KOJJIEKTUBHO-
ro MEeIHO-LIMHKOBOIO KOHILEeHTpaTa. OLeHeHO BIMSHUE KOMITO3UILIMI peareHTOB-MOIUMUKATOPOB, BBOAUMbBIX B KOJUJIEKTUBHBIM LIUKJI
GaoTauum, Ha TEXHOJIOTMYECKHUE MOKa3aTes M CeJIeKTUBHON (hioTauMy KOJJIEKTUBHOIO KOHIleHTpata. [IpuBenaeHbl pe3ynbTaThbl dhpak-
LIMOHHOTO aHaiu3a (hJIOTUPYEMOCTU MUHEPAJIOB MEAM, IMHKA U XeJjie3a ¢ yUeTOM KUHETUKHM (DJIOTAllMU U pacTipeieIeHUs] STUX MUHEe-
paJioB BO (pJIOTUPYEMBbIit KOHLIEHTPAT MO (ppakLusiM: TpyTHOMIOTUPYEMOIt, cpenHedoTupyeMoit u ierkodiaorupyeMoii. Ucrnosib3yemblie
KOMITIO3MIIMM PeareHTOB-MOANGDHUKATOPOB He TOJIBKO MOAABISIM (hIOTALIMIO TUPpUTA, HO U obecriednBain 3b(HeKTUBHOE pasaeieHue
MUHEPAJOB MM U IMHKA B OTAEJIbHbIEe KOHLIEHTPAThl. YCTAaHOBJIEHO, UTO Haubosiee 3¢ GeKTUBHOE BIUSHUE HA CEJIEKTUBHOCTD (Jio-
TAlMOHHOTO pa3leJIeHUsI MUHEPAJIOB MEM U LIMHKA OKa3bIBaeT J03MPOBAHME KOMITO3UIIUU XKEJIE3HOI'0 KyIopoca U cyJibduaa HaTpus B
KOJIJIEKTUBHY IO METHO-LIMHKOBY1O (hsioTanunio B paBHbIX 10J1s1X (50 u 50 r/T). B pe3yspraTe NpuMeHEeHU I JTaHHOM KOMITO3UIIUU PEareHTOB
MOJTYYeHbl MEIHO-ITMPUTHBIN KOHIIEHTPAT ¢ cofepxkaHueMm Menu 12 % nipu uzBiedeHun Menu 74,45 % v HMHKOBBIN KOHLIEHTPAT C COIep-
JKaHUeM IUHKa 5 % rpu usBjiedyeHun 73,68 % ot pyabl. AHAIU3 KUHETUKY (GIOTAIMK TT0Ka3aJl, YTO BBEeIeHUE YKa3aHHOM CMECU peareH-
TOB CIMOCOOCTBYET HaMJIyulleld CKopocTu (hJOTAallMU Meau, obecrieunBasi MaKCMMaJIbHOE U3BJICUEHUE MEAM B MEHHbI (MEIHO-TTUPUT-
HBII) IPOAYKT Ha ypoBHe 86,74 %.

KioueBbie ¢jioBa: MEIHO-LIMHKOBBIC PYIbl, U3BJeUeHUE, (IOTALMs, CEpPHUCTBII HaTpUil, KHHETHKA (JIOTALlUU, pa3aecieHne, CEJIEKTUB-
HOCTb, MOIU(MUKATOPHI, CYITb(UIBI.

Jas nurupoBanus: Xtet 30 Y, Uxo 3ait fa, [opsiueB b.E. OtieHka BIUSIHUSI KOMITO3UITUY METAJLJIOCOIEPKAIMX MOAUDUKATOPOB € cep-
HUCTBIM HATPHUEM Ha CEeJIEKTUBHOCTDH (hJIOTAIIMOHHOTO pa3iesieHus CyabGuIoB Menu U NUHKa. M3gecmus 6y306. lleemnas memannypeus.
2025;31(4):5—17. https://doi.org/10.17073/0021-3438-2025-4-5-17

Introduction

reagent modes and optimization of pulp conditioning
can increase the contrast of surface properties of mine-
rals with similar technological characteristics [9].

At present, the most common scheme at concen-

Copper—zinc pyrite ores from the Ural deposits are
predominantly pyrite-type and rank among the most
challenging to process [1]. This is due to the high pyrite
content (85—90 wt. %) and fine, irregular intergrowth of

sulfide minerals with each other and with gangue mine-
rals [2; 3].

Flotation is the most efficient process for separat-
ing minerals from finely disseminated non-ferrous
metal ores such as copper—zinc pyrite ores [4—7]. The
processing of large volumes of refractory raw mate-
rials requires the development and implementation of
new methods and technologies [8]. The use of selective

6

trator plants is the bulk—selective flotation circuit, in
which copper and zinc minerals are recovered from the
bulk copper—zinc concentrate while pyrite flotation is
suppressed [10; 11]. This technology enables high-qua-
lity recovery of metals from finely disseminated and re-
fractory ores, followed by the production of concentrates
for various applications, and significantly enhances the
selectivity of mineral separation [12; 13].
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Despite significant advances in the mineral pro-
cessing industry, the selective flotation of non-ferrous
metal sulfide ores — particularly copper—zinc pyrite
ores — remains an urgent challenge [10]. It can be ad-
dressed by improving existing technologies through
modifications to process flowcharts, optimizing re-
agent application modes and broadening the range of
reagents used in the flotation circuit [10]. One of the
key approaches to improving the efficiency of pro-
cessing copper—zinc ores is the development of new
reagent systems, including compositions of metal-con-
taining reagent modifiers [14].

Previous studies [15—17] have demonstrated the
positive effect of metal-containing reagent—modifier
compositions on the results of bulk flotation of cop-
per—zinc ore. However, their role in the selective flo-

tation of bulk copper—zinc concentrate has not been
investigated. The aim of this study is to examine the ef-
fect of metal-containing modifier compositions com-
bined with sodium sulfide, introduced into the bulk
flotation circuit, on the efficiency of selective flotation
of this concentrate.

Materials and methods
Research objects

Samples of copper—zinc pyrite ore from a Ural de-
posit were used as the test material. The average con-
tents of copper, zinc, and iron in the run-of-mine ore
were 0.65%0.02, 1.30+£0.08 u 38.48 = 1.52 wt. %,
respectively [15]. The following reagents were used in
the experiments: potassium butyl xanthate (PBX) as

Table 1. Quantitative X-ray diffraction (XRD) phase analysis of the raw ore (powder)

Tabauua 1. PentreHorpaduyeckuit Ga3oBblii aHaIU3 UCXOAHOU pyabl (MOPOIIKA)

Mineral Ideal formula Content, wt. %

Pyrite FeS, 61

Chalcopyrite CuFeS§, 3

Sphalerite ZnS 5

Tetrahedrite (Cu,Fe,Zn,Ag),4(Sb,As)gS»4 0.5

Quartz SiO, 21

Calcite Ca(COy) 3

Barite BaSOy, 2

Chlorite (Mg, Fe), 75Al; »5(Si 75ALs 25019)(OH)g 2

Illite KAI(AISi3044) - (OH), 1

> 98.5
Table 2. Mineralogical analysis of the raw ore (polished section)
Tabauua 2. MuHepaJoruyecKuii aHaJIu3 UCXOIHOU pyabl (MOJUPOBAHHBIN HIIUD)
Mineral content in analyzed samples, wt. % CloilHeoinee

Mineral Mean .
1|2 3|4 56| 7| 8| 9| 10 it
Pyrite 84 75 91 77 92 75 74 73 81 96 81.80 +5.27
Quartz 15 20 6 16 5 22 20 23 14.5 2 14.35 +4.67
Sphalerite - - - 3 - - - 2.5 - - 2.75 +0.72
Chalcopyrite — — 1.5 0.5 1.5 1.5 3 1 2 1 1.50 +0.57
Fahlore — — — — 1 — 1.5 — 1.5 0.5 1.13 +0.40
Carbonate — 3 1 2 — — 1.5 — 1 0.5 1.50 +0.63
Others 1 2 05 15 05 15 — 0.5 — — 1.07 +0.44
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the collector, pine oil as the frother, lime (CaOQ) as the
pH regulator, and the modifier reagents ferrous sul-
fate (FeSO,4-7H,0), copper sulfate (CuSO,-5H,0),
zinc sulfate (ZnSO4-7H,0), and sodium sulfide
(Na,S-9H,0).

Quantitative X-ray diffraction (XRD) and reflected-
light ore microscopy of the raw ore sample were per-
formed using a Tongda TD-3700 X-ray diffractometer
and an Olympus BX51 optical microscope. The results
are summarized in Tables 1 and 2.

Procedure for bulk flotation
of copper—zinc ore

Ore preparation was carried out as follows: the ini-
tial ore was crushed in a jaw crusher (DSh 80x150) to a
particle size of 3 mm. After averaging and quartering,
1 kg ore samples were taken from the crushed mate-
rial. These samples were ground in a laboratory ball mill
(MShL-7) to a fineness of 80 % passing —0.074 mm,
after which the ground material was subjected to bulk
flotation.

The flotation tests were conducted in mechanical
flotation machines (Mekhanobr and FL-137) with cell
volumes of 0.5 L and 3.0 L. Under laboratory conditions,
flotation experiments were carried out according to a
process flowsheet that included Flotation / (copper head
flotation) and Flotation /7 (copper—zinc flotation) [15].

Ore, 1 kg
(-3+0 mm)

Grinding (25 min)
S:L:M=1:05:6

| Flotation 7 (2 min) |

l

The flowsheet of the bulk flotation of copper—zinc ore
and the production of the bulk copper—zinc concentra-
te is shown in Fig. 1.

In Flotation 7, only the collector and frother were
used, and the flotation process was carried out for
2 min. The tailings from Flotation I served as the feed
for Flotation /7, in which lime, modifier reagents, potas-
sium butyl xanthate, and pine oil were added [15]. The
total consumption of modifier reagents in all tests was
100 g/t. Flotation I/ was then performed for 8 min. The
concentrates obtained from Flotation / and Flotation /7
were combined to produce the bulk copper—zinc con-
centrate.

Procedure for selective flotation
of the bulk concentrate

The process of selective flotation of the bulk cop-
per—zinc concentrate included the following stages:
desorption of the collector from the surface of sulfide
minerals in a sodium sulfide medium to achieve strong
depression of sphalerite; thickening and washing of the
concentrate to remove excess alkalinity; regrinding of
the coarse bulk copper—zinc concentrate to 92—95 %
passing —0.044 mm; and primary copper—pyrite flo-
tation [18]. The flowsheet of the selective flotation pro-
cess for the bulk copper—zinc concentrate is shown in
Fig. 2.

PBX - 10 g/t

l Pine oil — 56 g/t

Flotation / Ca0 —2000 g/t

concentrate FeSO,-7H,0 + CuSO,-5H,0 + ZnSO,-7H,0 + Na,S — 100 g/t
PBX — 10 g/t
Pine oil — 56 g/t

A,

l

Bulk concentrate

| Flotation // (8 min) |
Flotation 7/ Tailings
concentrate

Fig. 1. Flowsheet for producing the bulk copper—zinc concentrate

Puc. 1. Cxema nojyyeHUs KOJJIEKTUBHOTO MEIHO-IIMHKOBOI'O KOHLIEHTparTa
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Bulk concentrate

Desorption

Thickening

@nding

T

Na,S —2000 g/t
Activated carbon — 300 g/t

Na,S — 500 g/t

CaO - 800 g/t

Na,S —300g/t

ZnS0,-7H,0 — 4000 g/t
l Ca0 —350 g/t

| Primary Cu—FeS, flotation (5 min) |

l

Copper—pyrite concentrate

l

Zinc concentrate

Fig. 2. Flowsheet of the selective flotation of the bulk copper—zinc concentrate

Puc. 2. Cxema ceIeKIIMY KOJTJIEKTUBHOTO MEIHO-ITMHKOBOTO KOHIICHTpAaTa

According to the selective flotation flowsheet
(Fig. 2), the bulk concentrate was first subjected to de-
sorption using sodium sulfide (2000 g/t) and activated
carbon (300 g/t). After desorption, the pulp was thick-
ened to a solids content of 60 % with the addition of
sodium sulfide (500 g/t) and reground to 95 % pass-
ing —0.044 mm with lime addition (800 g/t) [19]. The
reground product was then subjected to primary cop-
per—pyrite flotation.

In practice, separation of copper and zinc miner-
als is most often carried out using a scheme based on
sphalerite depression [20—22]. In the primary cop-
per—pyrite flotation process, sphalerite depression was
achieved through the use of sodium sulfide (300 g/t) and
zinc sulfate (4000 g/t). This operation was conducted
under alkaline conditions maintained by the addition of
lime (350 g/t), ensuring a pH of 8.5—9.0. Upon comple-
tion of the flotation tests, the products were dried, and
the copper, zinc, and iron contents were analyzed using
an ElvaX X-ray fluorescence spectrometer.

Results and discussion

Effect of reagent—modifier compositions
on the efficiency of selective flotation
of the bulk concentrate

The results of selective flotation of the bulk copper—
zinc concentrate with the addition of reagent—modifier
compositions in Flotation /7 are presented in Figs. 3 and 4.

According to the data in Fig. 3, the use of the stu-
died reagent—modifier compositions in Flotation /7 has
a significant effect on the process performance of the
selective flotation of the bulk concentrate. The com-
positions of ferrous and copper sulfates (0.5FeSO,4 +
+ 0.5CuSO,) and ferrous sulfate with sodium sulfide
(0.5FeSO,4 + 0.5Na,S) provided the best results for cop-
per recovery into the concentrate (Fig. 3, @). In the first
case, the copper—pyrite concentrate contained 13 % Cu
with a copper recovery of 69.87 %, and in the second —
12 % Cu with a recovery of 75.45 %. Compared with
the baseline test without modifiers (in which the cop-
per content was 11.32 % and the recovery was 55.72 %),
the use of these reagent—modifier mixtures increased
copper recovery by 14.15 % and 19.73 %, respec-
tively.

Notably, when using the 0.5FeSO, + 0.5Na,S
mixture, copper loss with the scavenger product was
the lowest, amounting to 11.54 %. Nevertheless, the
highest copper content in the copper—pyrite concen-
trate (13.32 %) was achieved when introducing the
0.25CuSO,4 + 0.75Na,S mixture into Flotation /1,
while the zinc content in this concentrate remained at
2.29 % (Fig. 3, b).

As shown in Fig. 4, a similar trend was observed in
the zinc (scavenger) concentrate, where the selectivity
of copper and zinc separation increased. It was estab-
lished that introducing into Flotation /I the mixtures
of ferrous and zinc sulfates (0.5FeSO, + 0.5ZnSO,)

9
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Fig. 3. Recovery of copper, zinc, and iron into the copper—pyrite concentrate and copper losses with the scavenger product (a),
as well as the concentrate yield and copper, zinc, and iron contents (b) depending on the reagent—modifier compositions

introduced into Flotation /7

Puc. 3. M3Breuenue Meau, IMHKA U Kejle3a B MEJHO-TIUPUTHBII KOHLIEHTPAT U TIOTEPU MeIU C KaMEPHBIM MTPONYKTOM (&),
a TaK>Xe BBIXOJ KOHIIEHTpaTa 1 coaepKaHue MM, IIMHKA U KeJie3a B HeM (b) mpu pacxoae KOMITO3UIIUI MOTU(PUKATOPOB

BO (uiotanuio 171

and ferrous sulfate, zinc sulfate, and sodium sulfide
(0.5FeSO,4 + 0.25ZnSO, + 0.25Na,S) ensured the
highest zinc recovery into the concentrate (Fig. 4, a):
78.86 % and 77.93 %, respectively. This corresponds to
an increase in zinc recovery by 49.67 % and 48.71 %
compared with the baseline mode without modifiers
(29.19 %).

10

It is noteworthy that when using the mixture of fer-
rous and copper sulfates (0.5FeSO, + 0.5CuSQOy,), the
obtained concentrate demonstrated the highest zinc
content (Fig. 4, b): 8.3 % Zn, while the copper content
remained at 1.72 %. This increased the zinc grade of the
obtained zinc concentrate by 4.83 % compared with the
baseline test without modifiers (3.47 %).
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Fig. 4. Recovery of copper, zinc, and iron into the zinc concentrate and zinc losses with the froth product (a),
as well as the concentrate yield and copper, zinc, and iron contents (b) depending on the reagent—modifier compositions

introduced into Flotation /7

Puc. 4. V3Bneuenue Meau, IMHKA U KeJie3a B IMHKOBBIN KOHIIEHTPAT U TOTEPH LIMHKA C IEHHBIM TIPOAYKTOM (@),
a TaK>Ke BBIXOJ KOHIIEHTpaTa 1 colepKaHue MM, IIMHKA U XXeJie3a B HeM (b) mpu pacxone KOMITO3UIIM I MOAU(PHUKATOPOB

BO ¢uiotauuio 11

Kinetics of selective flotation

of the bulk concentrate and fractional analysis
of the floatability of copper, zinc,

and iron minerals

The study of the kinetics of selective flotation of the
bulk concentrate involved the fractional collection of the
froth product at flotation time intervals of 0.21 min (cor-

responding to three scrapes of the froth layer), 0.43 min
(six scrapes), 0.64 min (nine scrapes), 1, 2, and 5 min.
During the investigation of the flotation kinetics of the
bulk concentrate, the distribution of materials was ana-
lyzed according to fractions differing in the floatabili-
ty of the respective minerals in the froth product of the
main copper—pyrite flotation. Using the Spectr soft-
ware developed by Prof. D.V. Shekhirev, the floatability

1
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spectra of copper and zinc minerals in the concentrate
were evaluated [15; 23; 24].

Fractional analysis of selective flotation involved
partitioning the floated material into six fractions ac-
cording to floatability, each defined by a specific range
of flotation rate constants (K, min~") and described by
the equation proposed by K.F. Beloglazov: 1% fraction,
0 < K<0.0001; 2", 0.0001 < K< 0.001; 3, 0.001 < K <
<0.01;4™M 0.1 < K<1;5M 1 <K< 10;and 6™, 10 < K<
<100 [15; 25—28].

Fig. 5 presents the results of copper flotation kinetics
into the copper—pyrite product when reagent—modifier
compositions were introduced into Flotation /1.

As seen in Fig. 5, a, the introduction of reagent—
modifier compositions into Flotation /7 resulted in a
substantial increase in the copper flotation rate com-
pared with the baseline test without their use. The high-
est copper flotation rates were obtained with the reagent
mixtures containing combinations of ferrous and copper
sulfates (0.5FeSO,4 + 0.5CuSO,) and ferrous sulfate with
sodium sulfide (0.5FeSO, + 0.5Na,S). At the early stag-
es of flotation (0.21 min), copper recovery in these va-
riants reached 32.39—32.98 %, which is more than seven
times higher than that of the control test (4.3 %). After
2 min of flotation, copper recovery increased to 80.46 %
in the presence of these reagents, while in the baseline
test it was only 22.98 %. The maximum copper recovery
into the froth product (86.74 %) was achieved using the
0.5FeSO,4 + 0.5Na,S mixture at T = 5 min.

The results of fractional analysis (Fig. 5, b) showed
that copper minerals were distributed among the 1

Recovery, %

-9- Baseline test

-@-0,5FeS0, + 0,25ZnS0, + 0,25Na,S
¢~ 0,5FeSO, + 0,5ZnS0,
-B-0,5FeSO, + 0,5CuSO,

1004 0,5FeS0, + 0,5Na,S

0 1 2 3 4 5

T, min

(poorly floatable), 3™ and 4™ (moderately floatable),
and 5" (easily floatable) fractions. In the control
test, the proportions of poorly, moderately, and easi-
ly floatable fractions were 0.61, 0.35, and 0.04 rel.
units, respectively. The most pronounced effect on
the floatability of copper minerals was observed
with the compositions 0.5FeSO4 + 0.5CuSO,4 and
0.5FeSO,4 + 0.5Na,S. In the first case, the proportion
of poorly floatable fractions decreased to 0.098, mo-
derately floatable to 0.301, while the easily floatable
fraction increased to 0.601 rel. units. In the second
case, the poorly floatable fraction decreased further
to 0.009, the moderately floatable fraction increased
to 0.481, and the easily floatable fraction reached
0.51 rel. units. Under these conditions, copper reco-
very into the copper—pyrite concentrate reached its
maximum.

Fig. 6 shows the results of zinc flotation kinetics in-
to the copper—pyrite product when reagent—modifier
compositions were introduced into Flotation /1.

The analysis of the data in Fig. 6, a indicates that the
addition of reagent—modifier compositions to Flota-
tion /I caused a slight increase in the zinc flotation
rate compared with the baseline test. The mixtures
0.5FeSO4 + 0.5CuSO,4 and 0.5FeSO,4 + 0.5Na,S pro-
vided the highest zinc flotation rates, with zinc reco-
veries of 29.98 % and 26.32 % into the froth product after
5 min, exceeding the control value (12.59 %). The least
influence on the zinc flotation rate was observed with
the 0.5FeSO,4 + 0.5ZnSO, mixture, giving only 15.46 %
zinc recovery. Thus, despite the suppression of sphalerite

Fraction proportions, rel. units

M Baseline test b
@ 0,5FeSO, + 0,5ZnSO,

M 0,5FeSO, + 0,5CuSO,

M 0,5FeSO, + 0,5Na,S

m 0,5FeSO, + 0,25ZnSO, + 0,25Na,S

1 2 3 4 5 6
Fraction number

Fig. 5. Kinetics of copper flotation into the copper-pyrite product () and its distribution by fractions (b) upon addition

of reagent—modifier compositions into Flotation /7

Puc. 5. Kunetuka dioraumu Meau B MeIHO-TTMPUTHBIN IPOAYKT (@) U ee pacrpenesieHue 1o ¢ppakuusam (b)
NP 103UPOBAaHUM KOMMO3U LM peareHTOB-MoAM(UKATOPOB BO doTaiuio /1
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flotation in the lime medium when sodium sulfide and
zinc sulfate were used, these reagent—modifier mixtures
slightly accelerated zinc flotation.

According to Fig. 6, b, zinc minerals were distribut-
ed among the 1% and 2" (poorly floatable), 3" and 4"
(moderately floatable), and 5" (easily floatable) frac-
tions. In the baseline test without modifiers, the pro-
portions of poorly, moderately, and easily floatable frac-
tions were 0.742, 0.257, and 0.001 rel. units, respectively.
When the 0.5FeSO, + 0.5CuSO, mixture was used,
the easily floatable fraction amounted to only 0.012 rel.
units. The introduction of 0.5FeSO, + 0.5Na,S and
0.5FeSO,4 + 0.25ZnS0O4 + 0.25Na,S mixtures into Flo-
tation // considerably reduced the proportion of poorly
floatable fractions to 0.42 and 0.38 rel. units, respective-
ly. The proportion of moderately floatable fractions in-

Recovery, %

100 0.
-9 Baseline test a
-@-0,5FeSO, + 0,25ZnS0, + 0,25Na,S

80 _g-0.5Fes0, + 0,52n50, 0.

-8-0,5FeS0, + 0,5CuS0,

609 -A-0,5FeSO, + 0,5Na,S
0.
0.

T T T T
0 1 2 3 4 5
T, min

creased to 0.58 and 0.62 rel. units, while easily floatable
fractions were entirely absent. This explains the influ-
ence of these reagent—modifier mixtures on the poorly
floatable fractions of zinc minerals into the copper—
pyrite concentrate.

Fig. 7 presents the results of iron flotation kinetics
into the copper—pyrite product when reagent—modifier
compositions were introduced into Flotation /1.

The kinetic curves of iron flotation (Fig. 7, @) demon-
strate a notable acceleration of the process upon addition
of reagent—modifier compositions to Flotation // com-
pared with the baseline test without them. The highest
iron flotation rate was obtained with the 0.5FeSO, +
+ 0.5Na,S composition, yielding 50.88 % recovery af-
ter 5 min of flotation. A similar trend was observed with
the 0.5FeSO,4 + 0.5CuSO,4 mixture, where iron reco-

Fraction proportions, rel. units

8
M Baseline test b
7 m0,5FeSO, + 0,5ZnS0,
6 1 M 0,5FeSO, + 0,5CuSO,
| = 0,5FeSO, + 0,5Na,S
W 0,5FeSO, + 0,25ZnS0O, + 0,25Na,S
4
2 -
0 = —— T T

3 4
Fraction number

Fig. 6. Kinetics of zinc flotation into the copper-pyrite product (a) and its distribution by fractions (b) upon addition

of reagent—modifier compositions into Flotation /7

Puc. 6. Kunetuka dsotaumy nMHKa B MEAHO-TIMPUTHBIN TPOAYKT (@) ¥ ero pacupeaeiaeHue mo dpakiusam (b)
MpU A03MPOBAHUU KOMIIO3UILIMI peareHTOB-MoaM(pUKaTOPOB Bo (aotauuio /1

0 Recovery, %

—-@- Baseline test a
g0 O 0:5FeSO, 025750, +0.25Na;S
-V~ 0,5FeS0, + 0,5ZnS0,
-B-0,5FeS0, + 0,5CuS0,
609 -A-0,5FeSO, +0,5Na,S
401
204
2o
T T T
0 1 2 3 4 5
T, min

Fraction proportions, rel. units
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M 0,5FeSO, + 0,5ZnSO,
M 0,5FeSO, + 0,5CuSO,
M 0,5FeSO, + 0,5Na,S
M 0,5FeSO, + 0,25ZnSO, + 0,25Na,S

3
Fraction number

4

Fig. 7. Kinetics of iron flotation into the copper-pyrite product (a) and its distribution by fractions () when upon addition

of reagent—modifier compositions into Flotation //

Puc. 7. Kunetuka ¢Jyoranuu xeje3a B MeIHO-TTMPUTHBIN MTPOAYKT (@) U ero pacnpeaeieHue mo ppakuusam (b)
pu 106aBJIeHUY KOMITO3UIIMI peareHTOB-MOAU(PUKATOPOB BO (ioTamuio /1
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very reached 46.06 % over the same period. The smallest
increase in iron flotation rate was observed when using
0.5FeSO,4 + 0.5ZnSO4 and 0.5FeSO, + 0.25ZnSO, +
+ 0.25Na,S.

From the data in Fig. 7, b, it can be seen that in all
experimental variants the proportion of poorly floa-
table fractions was high, especially in the baseline test
(0.912 rel. units). However, upon addition of 0.5FeSO, +
+ 0.5Na,S and 0.5FeSO, + 0.5CuSOy, this proportion
decreased significantly to 0.428 and 0.48 rel. units, re-
spectively. At the same time, the proportion of easily
floatable fractions was the highest, reaching 0.221 and
0.211 rel. units. The most pronounced transfer of iron
minerals into the moderately floatable fractions (3 and
4) was observed when the 0.5FeSO, + 0.5Na,S compo-
sition was used, whereas with 0.5FeSO,4 + 0.5ZnSO, the
share of these fractions increased, but a high proportion
of poorly floatable ones remained.

Thus, the analysis of selective flotation kinetics
demonstrated that the introduction of reagent—modifi-
er compositions into Flotation /7 allows for evaluating
the floatability of copper, zinc, and iron minerals into
the froth (copper—pyrite) product, which is critical for
improving process selectivity. In this case, copper mi-
nerals are mainly represented by moderately and easily
floatable fractions, sphalerite by poorly and moderately
floatable fractions, and pyrite by poorly, moderately, and
partially easily floatable fractions.

Conclusions

1. A selective reagent mode was developed for the
bulk—selective flotation of a copper—zinc pyrite ore
from a Ural deposit, based on applying compositions of
metal-containing reagent modifiers with sodium sulfide
in the bulk flotation circuit.

2. Analysis of the flotation results for the copper—
zinc pyrite ore identified an optimal combination of
modifier reagents — ferrous sulfate, copper sulfate, and
zinc sulfate with sodium sulfide — which not only re-
duced pyrite recovery to the bulk concentrate but also
increased the selectivity of separating copper and zinc
minerals into individual concentrates.

3. Based on the flotation tests, among the rea-
gent—modifier compositions studied, the combination
of ferrous sulfate and sodium sulfide in an equal ratio
(0.5FeSO,4 + 0.5Na,S) markedly enhanced the selectivi-
ty of separating copper and zinc minerals, increasing
copper recovery to the froth (copper—pyrite) product
while minimizing losses to the scavenger (zinc) product.

4. Using the proposed reagent composition yielded a
copper—pyrite concentrate assaying 12 % Cu at a copper
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recovery of 75.45 %, as well as a zinc concentrate assay-
ing 4.76 % Zn at a zinc recovery of 73.68 %. The mix-
ture 0.5FeSO, + 0.5CuSO, also produced positive selec-
tive-flotation results; however, copper recovery in this
case was lower than with the former reagent mixture.

5. Kinetic analysis showed that introducing the
0.5FeSO,4 + 0.5Na,S mixture in Flotation /7 had a pro-
nounced effect on the copper flotation rate, ensuring a
maximum copper recovery of 86.74 % to the froth pro-
duct. Under these conditions, the share of poorly floa-
table fractions decreased to 0.009 rel. units, the moder-
ately floatable fractions increased to 0.481, and the easily
floatable fractions rose to 0.51. Sphalerite was virtually
absent from the easily floatable fractions when this mo-
difier composition was used.

6. The studies on the effect of sodium-sulfide-con-
taining reagent—modifier compositions applied in the
bulk flotation circuit of copper—zinc ores on the selec-
tivity of copper and zinc sulfide separation support the
feasibility of using an equal-dose mixture of ferrous sul-
fate and sodium sulfide (50 g/t + 50 g/t) in analogous
flotation processes at concentrators treating copper—
zinc pyrite ores from the same deposit.
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