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Reprocessing of copper by flotation via
mineralogical characteristics from a copper slag
case study

Yumeng Chen @2 and Wenjie Zhang*®

Copper slag (CS), a prominent industrial by-product derived from copper sulphide concentrate smelting,
contains valuable copper minerals. Mineralogical analysis revealed 0.56% arsenical copper/chalcopyrite,
1.29% chalcocite, 0.25% cuprite, and 0.24% bornite as the primary copper-bearing phases. Given the
rapid depletion of readily exploitable copper resources, CS has emerged as a significant source for
copper production. A systematic investigation was conducted to establish optimal operational
parameters for classification, grinding, and flotation. This study encompassed diverse scenarios and
laboratory tests, with a particular focus on reagent application, including types and consumption rates.
The findings demonstrated that Na,S is used to activate copper oxide minerals that are difficult to
recover after a period of grinding, increasing the recovery rate of CS from 53.92% to 87.58%, and the
two-stage grinding process is beneficial for precise control of the particle size, considering both energy
efficiency and mineral recovery rate. Upon conducting a comprehensive investigation into the closed-
circuit flotation process for copper recovery from CS under optimal conditions, it was determined that
the copper concentrate achieved a grade of 21.24% and a recovery rate of 36.31%. Additionally, the
grade of copper in the flotation tailings was diminished to 0.20%. The synchronous enrichment of
copper significantly curtails total emissions in pyrometallurgical processing, mitigating pollution from CS
flotation tailings. This study offers a scientific foundation for sustainable CS tailing management,

rsc.li/rsc-advances

1. Introduction

Worldwide, approximately 80% of copper is generated via the
pyro-metallurgical processing of sulfide ores." Copper slag is
predominantly produced during the smelting of copper sulfide
ores and the refining of blister copper. The generation of slag is
typically in the range of 2.2 to 3.0 tons for each ton of metal that
is produced.? In China, the accumulated CS inventory surpasses
300 million tons, with an annual generation rate of approxi-
mately 20 million tons that continues to increase.® Classified as
industrial solid waste, CS contains highly toxic metallic
elements (e.g., copper, lead, and mercury) in their fine partic-
ulate form. Long-term stockpiling and atmospheric exposure
can trigger the migration of these metals into soil, sediment,
and groundwater/surface water, posing significant environ-
mental risks.** Consequently, advancing low-carbon processing
technologies for copper slag valorization becomes
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promoting resource recovery and reduced environmental impact.

environmentally imperative, given copper tailings' dual
economic function in compound recovery and risk reduction.

Research has been carried out on the recovery and use of
valuable metals in copper smelting slags, which can be
summarized as pyro-metallurgy,® hydro-metallurgy” and flota-
tion.* Maximizing copper recovery necessitates mineralogy-
driven flotation design, where elemental occurrence forms, size
distribution, and liberation behavior constitute fundamental
determinants.>'® Maintaining molten copper slags during pyro-
metallurgical dilution entails substantial energy consumption,
while flux additives complicate the slag composition, hindering
subsequent resource recovery. Hydrometallurgical processing
necessitates oxidizing Cu,S to CuO, enabling ionic copper
enrichment via leaching agents."* Employing oxidizing agents
enables copper recovery rates exceeding 90%.">" Flotation
emerges as the optimal copper recovery method from slags,
combining environmental friendliness, cost-effectiveness, and
high efficiency (>90%), outperforming pollutant-prone hydro-
metallurgy (requiring expensive corrosive agents) and energy-
intensive pyrometallurgy.***¢

Flotation is a commonly used process in which valuable
minerals can be separated from gangue minerals because of the
differences in the surface properties of different minerals. In
principle, CS flotation is quite similar to the flotation of Cu-
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bearing sulphide minerals.”” Xanthates serve as primary collec-
tors, supplemented by auxiliary collectors (e.g., dithiophosphates,
mercaptans, thionocarbamates, xanthates, fuel oil, or kerosene)
to enhance copper surface hydrophobicity. Frothers of varying
types complete the reagent system.'® In many plants, a combina-
tion of two or more frothers is used to increase the recovery of
copper. Most copper slags (CS) are derived from water-quenched
processes, yielding finely dispersed metallic copper/sulfide parti-
cles intricately interlocked with magnetite, olivine, and gangue
minerals. This morphology impedes mineral liberation during
grinding, limiting flotation recovery to 50-75%."*° Moreover,
copper oxide's inherent floatability challenges are compounded
by mineral oxidation during slow cooling and comminution,
further compromising slag flotation efficiency. This renders
valuable mineral recovery from slag markedly more problematic
than from comparable ores.»* Na,S sulfidizes copper oxide
mineral surfaces to CuS compounds, enabling xanthate collection
and establishing its role as a primary activator for oxide copper
recovery.”*** This method is known as the sulfidization-xanthate
method. Therefore, it is necessary to identify its potential mech-
anisms and provide theoretical guidance for the recovery of CS.

To enhance copper recovery from CS, this study investigates
flotation-affecting factors through mineralogical and grinding
characterization (including liberation analysis). We have
investigated a practical flotation approach for copper extraction
from CS. Leveraging insights from CS mineralogy, a tailored
flotation flowsheet was designed and comparatively assessed.
Systematic optimization examined the influence of grinding
time, rougher circuit design, and reagent type/dosage on flota-
tion efficiency. Finally, a closed-circuit flotation for the copper
slag was proposed and tested. Consequently, this study estab-
lishes a sustainable framework to enhance copper recovery
from CS and analogous low-grade sulfide ores.

2. Experimental
2.1 Materials and reagents

The copper slag (CS) sample, sourced from China Copper
Southeast Copper Co., Ltd (Fujian Province, China), was pro-
cessed through crushing and homogenization prior to bag storage
for experimental analysis. The chemical reagents used in this
study include the following: Z200 (95% purity, Qingdao Xinyuan
Chemical Co., Ltd, China), butyl xanthate (90% purity, Kunming
Luder Chemical Co., Ltd, China), KM6 (85% purity), KM3 (92%
purity), and F5b (90% purity), all sourced from Kunming Metal-
lurgical Research Institute Co., Ltd (China). Additionally,
terpineol (96% purity, Jiangxi Hongxing Flavor & Fragrance
Factory, China), 24 K (90% purity, Huainan Kedi Chemical
Technology Co., Ltd, China), and sodium sulfide (65% purity,
Jinan Huijinchuan Chemical Co., Ltd, China) were employed.

2.2 Sample characterization and methods

The copper-chemical-phase composition and primary compo-
nents of the CS were analyzed using the selective chemical
dissolution method. Mineralogical characterization of copper
slag (CS) and flotation products employed MLA-650 (FEI Quanta
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650 SEM-EDS) for particles <2 mm, with concentrate/tailings
sourced from closed-circuit flotation tests. Crystalline phases
were analyzed by XRD (D/Max-2500, Cu-Ka,, 40 kV/40 mA), while
chemical composition was determined using XRF (AxiosmAX).

2.3 Selective grinding

The CS raw ore sample was mixed evenly, shrunken, and ground
to —2 mm after roller treatment, and then sampled for testing.
Here, 500 g of raw ore and 500 mL of water were rod-ground for
5, 7, 9, and 11 minutes, respectively, and then passed through
a 45 pm mesh sieve. The samples positioned above and beneath
the screen were subjected to drying and subsequent weighing
procedures to ascertain their proportions. Subsequently, the
pulverized samples were utilized for conducting flotation tests.
CS grinding can analyze the particle size of the mineral and also
consider the mineral's degree of dissociation and bene-
ficiability, so after each group of grinding experiment results,
the flotation experiment was used to analyze the grinding effect,
to obtain the required grinding conditions.

2.4 Grinding tests

Fig. 1(a) shows that the ratio of —45 pm increased with the
increase of grinding time. At a grinding time of 9 minutes, the
ratio of —45 pm reached 84.24%. On further extending the
grinding time to 11 minutes, the ratio of —45 pm was 93.05%.
Grinding tests demonstrate high grindability, generating
excessive ultrafine particles under equivalent durations. This
may adversely affect flotation kinetics and overall copper
recovery.” As depicted in Fig. 1(b), copper recovery rises
progressively with grinding time under consistent flotation
conditions. Beyond 9 minutes of grinding, however, this
recovery growth rate plateaus. Further increase in grinding time
will cause higher grinding energy consumption. As the grinding
time increased from 9 to 11 minutes, the copper concentrate
grade exhibited a slight decrease from 6.29% to 6.28%. This
indicates that with the increase of grinding time, the increase of
fine particles will deteriorate the selectivity of flotation. There-
fore, the grinding time was fixed at 9 minutes, and after
grinding, the CS samples were used for the flotation process.

2.5 Flotation tests on the laboratory scale

Representative samples underwent rougher-cleaner flotation
tests to evaluate circuit configurations, reagent schemes, and
dosage parameters to optimize the process performance.
Impurity separation from CS was performed using an XFD III-3L
flotation machine. The specific test conditions are detailed
below. Flotation parameters: 80 g L~ pulp density, 2000
r min~ ' impeller, 40 r min~ " wiper, 0.2 m® h™" aeration. After
the sequential addition of collector (3 min conditioning) and
frother (1 min conditioning), the foam collected over 4 min
constituted tailings, while pulp solids formed concentrates.
Products were filtered, dried, and weighed for Cu grade analysis
via chemical methods, with recovery calculated using eqn (1).

m 8

— 0,
= s g < 100% (1)
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Fig. 1 Results of the grinding tests: (a) effect of grinding time on the —45 pum ratio and (b) effect of grinding time on the copper grade and

recovery.
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Fig. 2 Flotation process for screening the reagents.

where ¢ is the Cu recovery, m; and m, are the dry weights of the
concentrate and tailing (g), respectively, 8 and ¢ are the Cu
grades of the concentrate and tailing (%), respectively.

In the flotation experiments for screening the reagents, the
flotation process, as shown in Fig. 2, was adopted. The reagent
for the first stage of scavenging was 50% of that for the rough
flotation, while the reagent for the second stage of scavenging
was 25% of that for the rough flotation.

Based on CS physical property analysis, two flotation
processes were compared in order to obtain higher copper
recovery. As shown in Fig. 3, two principal processes are
selected: the flotation process of oxygen and sulfur mixing
(Fig. 3(a)) and the flotation process of preferential mixing of
sulfur and then oxygen (Fig. 3(b)).

2.6 Batch flotation tests

Table 1 shows the chemical reagents utilized in nine series of
distinct flotation tests. Collectors included Z200, butyl xanthate
(BX), KM6, KM3, and F5b. Terpineol and 24 K were used as
a frother, and sodium sulphide was used as an activator. The

34140 | RSC Adv, 2025, 15, 34138-34148

selection of collectors in the oxidized copper flotation process is
primarily determined by the degree of ore oxidation. Based on
process mineralogy results, this study chose five collectors for
comparative analysis, evaluating their performances with
various frothers. Based on the previous studies,**® in order to
compare the efficiency of these reagents, the dosage of the
collector was selected as 20 g t " and 40 g t~*, and the dosage of
the frother was set at 10 gt "and 20 g t .

3. Results and discussion
3.1 Materials characterization

The multi-element composition of the CS was determined, and
the results are presented in Table 2. The SiO, content was
29.68%, metallic elements such as Cu constituted 2.26%, while
other metallic elements included Zn at 1.50%, Fe at 43.82%,
Al,O; at 4.50%, and minor quantities of sulfur, arsenic, silver,
magnesium, and calcium. Consequently, the particulate impu-
rities in CS are predominantly composed of iron and silicon.
The morphology and distribution of elements in the material
were determined, and the test results for CS are shown in Fig. 4.
As the primary target mineral, copper-bearing phases exhibited
distinctive optical properties: higher reflectance than gangue
minerals under incident light, with internal reflections di-
splaying cloudy light-yellow brown hues. The nonmetallic
minerals are mainly olivine, silicate mixtures, etc., and the
metal minerals are mainly magnetite, chalcocite, arsenite/
metallic copper, bornite, chalcocite, iron copper, etc. Copper
minerals and chalcocite are closely associated. From the cross-
section, many particles are encapsulated by copper minerals
around chalcocite. The nonmetallic minerals mainly display
tabular and columnar structures, whereas the metallic minerals
are chiefly composed of subhedral-anhedral granules, inclu-
sions, and reaction rims. Key challenges in CS beneficiation
include: (i) developing efficient copper concentration circuits;
(ii) designing integrated metallic by-product recovery flowsheets
with minimized copper losses; and (iii) reconciling disparate
liberation sizes of magnetite and co-products. Furthermore, the

fine-grained nature of metallic by-products necessitates

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Preliminary flotation process route: (a) flotation process of oxygen and sulfur mixing and (b) flotation process of sulfides prior to oxides.

Table1 Type and amount of chemical reagents consumed

Concentration

Tailing

Test series Chemical reagents Dosage (gt ™)

Cu grade (%)

Cu recovery (%) Cu grade (%) Cu recovery (%)

1 7200 40 8.39
Terpineol 20

2 Xanthate 20 8.98
Terpineol 10

3 Butyl xanthate 40 8.55
Terpineol 10

4 Butyl xanthate 40 7.31
Terpineol 20

5 Butyl xanthate 40 7.34
24 K 10

6 Butyl xanthate 20 8.77
24 K 10

7 KM6 40 7.40
Terpineol 20

8 KM3 40 7.80
Terpineol 20

9 F5b 40 7.95
Terpineol 20

optimized size fractionation strategies, requiring specific
grinding protocols.

To better understand the occurrence state and dissociation
degree of copper minerals in CS, MLA (FEI MLA650, America) was
used to analyze the dissociation degree, and the results are shown
in Fig. 5. The independent minerals of copper include arsenic
copper/copper, chalcocite, cuprite, bornite, chenevixite, copper
and iron alloy, chalcopyrite, with contents of 0.56%, 1.29%,
0.25%, 0.24%, 0.19%, 0.03%, 0.01%, and 0.004%, respectively.
Other minerals are mainly olivine, silicate mixture, and magne-
tite, the contents of which are 45.49%, 30.53% and 21.22%,
respectively. There are also small amounts of trapezite, muscovite,
quartz, potassium feldspar, albite, galena, sphalerite, and so on.

The dissociation characteristics of major minerals were
analyzed, and the results are shown in Fig. 6. The dissociation
characteristics of arsenic copper/copper are shown in Fig. 6; it is

© 2025 The Author(s). Published by the Royal Society of Chemistry

83.53 0.31 10.48
80.14 0.44 15.23
84.40 0.34 11.70
86.19 0.30 9.94
89.73 0.35 6.07
83.84 0.33 12.21
86.40 0.28 8.31
86.02 0.31 10.45
81.46 0.46 15.03

mostly in other granular, spheroidal granular, or star point forms
and is closely associated with chalcocite, chalcopyrite, olivine,
silicate mixture, and magnetite. Most forms are pelletized in
chalcocite; some are associated with olivine and silicate mixtures
and some are associated with chalcocite and magnetite, and
occasionally with chalcopyrite. The distribution size is between
0.01 and 0.3 mm. Fig. 6(b) shows the dissociation characteristics
of chalcocite. Here, chalcocite is in the other granular or pellet-
ized form and has a close symbiotic relationship with arsenite/
metallic copper, olivine, silicate mixtures, and magnetite.
Copper arsenide forms multi-coated pellets, some of which are
associated with magnetite. Alternatively, it also appears as
dissociated monomer particles or solid solution separations in
bornite. The distribution size is in the range 0.004-0.4 mm.
Generally, the optimal particle size range for flotation is usually
in the range 0.01-0.15 mm.*>* Thus, particles that are too fine

RSC Adv, 2025, 15, 34138-34148 | 34141
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Table 2 Multi-element analysis results of the sample

Elements Cu 7n Fe S Ag® As Ca0o MgO Al O, Si0,

Contents (%) 2.06 1.50 43.82 0.37 2.50 0.12 2.60 1.79 4.50 29.68

“ Indicates g t .

Mixture of hydrochloride salts

Magnetite Chalcocite

0.2/ m

Arsenite/metallic copper

Magnetite

Chalcocite

0.04 mn

Arsenitéfmetallic Chalcocite Arsenite/metallic copper
copper
Chalcocite
‘

X 4

0.1 mn

Fig. 4 Polarizing microscope micro-analysis of CS.

are prone to form slime, increasing the viscosity of the pulp,
reducing the probability of collisions between bubbles and
mineral particles, and at the same time, the slime will adsorb
flotation reagents, increasing the consumption of reagents.*
Coarse particles often encapsulate useful minerals due to
incomplete dissociation, thus increasing the grade of flotation
tailings.**** In addition, the results of the material analysis
indicate that the copper slag has a high oxidation rate. According
to previous research results,**** with traditional flotation, it is
difficult to achieve the desired effect for copper slag with a high
oxidation rate. Usually, the sulfidation method is needed to
enhance the flotation to recover copper from the slag.

3.2 Flotation behavior

3.2.1 The effects of flotation factors on copper recovery.
Fig. 7 demonstrates the effects of key parameters (activator Na,S

34142 | RSC Adv, 2025, 15, 34138-34148

dosage, collector types, and reagent additions) on copper slag
flotation. As seen in Fig. 7(a), copper recovery rose from 53.92%
to 87.58% with Na,S increasing from 0 to 150 g t~%, but declined
to 65.54% at 200 g t~'. However, compared with not adding
Na,S, the grade of copper decreased significantly when it was
added. When the Na,$ dosage was increased from 0 g t " to
200 g t~', the recovery of copper increased from 18.25% to
9.22%. According to the physical property analysis results of CS,
it contains malachite, hematite, and other copper oxide
minerals. Oxidized copper minerals often exhibit hydrophilic
hydroxyl (-OH) or carbonate coatings. Substances containing
sulfur (HS/S*) displace these groups via ion exchange or
complexation, exposing fresh sulfide-like surfaces. The activa-
tion mechanism comprises the following: (i) sulfide ion
adsorption forming CusS; (ii) sulfide oxidation; (iii) oxidized
compound desorption via ion exchange.***” The net sulphid-
isation for sodium sulphide can be represented by eqn (2):***

M2*A%?" + 2Na™ + $*7 —» M?*S?” + 2Na* + A~ (2)

where M?" and A?>~ denote surface metal ions and anions,
respectively. Pulp chemistry dictates whether HS™ or S> serves
as the active species. Freshly formed sulfide surfaces enable
flotation via standard sulfide collectors.*® Therefore, sodium
sulfide is used to activate copper oxide minerals that are diffi-
cult to recover after a period of grinding, increasing the recovery
rate of CS. Malachite, azurite, and chrysocolla sulfidation
primarily yields Cu(i) species,***> with identified sulfide phases
(CuS, CuS,, and CuS,) demonstrating enhanced efficacy at
higher CusS,, proportions. External parameter adjustments can
modulate these copper sulfide distributions.**** Unlike these
minerals, cuprite likely resists complete oxidation under
hypoxic conditions, forming predominantly Cu,O.

The collector dosage significantly governs both concentrate
grade and recovery; experiments evaluating collector types
revealed these effects (Fig. 7(b)). KM3, KM6, and F5B are all
xanthate-type collectors developed by a certain domestic
research institute. Under the same dosage of collectors, using
these five collectors, the grade of Cu in the concentrate is
approximately within the range of 16.5-19.5%. Using F5B as the
collector, the copper grade was 16.61% and the recovery rate
was 75.00%. Using butyl-xanthate (BX) as the collector, the
copper grade was 19.25% and the recovery rate was 49.10%.
Therefore, considering both grade and recovery rate compre-
hensively, these two types of collectors cannot be considered
simultaneously. With Z200 as the collector, the copper grade
was 18.25% and the recovery rate was 53.92%. By using the KM
series of collectors, both the grade and the recovery rate can be
well balanced. When the collector is KM3, the copper

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 General analytical drawing of MLA micro-analysis of CS.

concentrate grade and recovery are 17.35% and 78.43%,
respectively. When the collector is KM6, the copper concentrate
grade and recovery are 17.47% and 78.09%, respectively. Since
the initial experiments mainly focused on the recovery rate,
KM3 was adopted for the subsequent experimental studies.

3.2.2 Grinding time and step on copper recovery

3.2.2.1 One-stage grinding process. According to the MLA
detection result as shown in Fig. 8, the distribution size is
between 0.004-0.4 mm. Grinding liberates valuable minerals by
reducing particle size, concurrently altering particle distribu-
tion, morphology, and surface roughness. These changes—
modulated by milling conditions—directly impact mineral
wettability and flotation response. Coarse particles exhibit poor
floatability due to incomplete liberation and insufficient bubble
buoyancy. Flotation relies on three core stages: particle-bubble
collision, attachment, and detachment. Mineral surface
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morphology critically governs this process: angular particles
penetrate hydration layers, enabling stable reagent/bubble
adhesion, whereas rounded particles readily detach, reducing
recovery.*> Moreover, expanded specific surface area and
hydraulic entrainment reduce fine particle floatability in flota-
tion systems.*® Grinding liberates target minerals from gangue
via particle size reduction, delivering optimally sized feed for
subsequent beneficiation. Ore granulometry directly governs
the required grinding fineness and process selection. Since the
copper content in the tailings after grinding and flotation is
relatively high, it is advisable to adopt one-stage grinding and
prioritize the flotation of easily selectable sulfide copper ore and
oxidized copper ore (shown in Fig. 8(a)). As Fig. 8(b) shows, in
this range of grinding time, with the increase of grinding time
from 5 to 11 min, the recovery of copper minerals increases
from 52.34% to 91.19%. However, the copper concentrate grade

Y] N e S S R
.nﬂ......'ﬂ\.’]‘m...,’.A‘,
g gy FONN - _.’

..... T A & §
Segegrr] @
o

N L '0'\' A

M A S S
RN S ha ¥
P
TRAB IO vy - e

LIRS
3 - ’\"4" A
NI 34

ge ™

e g

DA
AR et RN

5/

»=-

Bag g

Vs 4hA s

RN & L y'\
(d‘b e @R ™ (e

3’ 1"(""""
&."aa F ®

z- o ”." ""' \464"..

e R o

ke

TRPTI RO N TR ceT e

AR YA
AN B
o e
. B L IS

@y ‘oy
B
Leey

L B 4

g

Fig. 6 MLA micro-analysis of CS in the mineral particle analysis diagram: (a) arsenite copper/copper; (b) chalcocite; (c) cuprite; (d) bornite; (e)

ferrocopper; and (f) cubanite.
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increased sharply with the increased grinding time from 5 to 7
minutes, and it slowly decreased when the grinding time
exceeded 7 minutes. When the grinding time is 7 min, the
tailing copper grade and recovery are 0.63% and 24.42%,
respectively, indicating that copper-bearing minerals are still
present in the tailing.

3.2.2.2 Two-stage grinding process. Based on the results of
the one-stage grinding process, the second stage grinding was
carried out, and the grinding time was fixed at 7 minutes.
Extended grinding operations risk producing undersized
particles through over-grinding phenomena. The —10 um
content is usually defined as “overgrinding”.*” The resultant
slime particles (<10 pm) preferentially adsorb collector mole-
cules through enhanced surface area effects, significantly
deteriorating flotation discrimination between valuable and
gangue minerals. An appropriate particle size distribution
enhances the collision probability between target minerals and
bubbles, thereby improving flotation kinetics and concentrate
grade. To achieve this, a two-stage grinding process was inves-
tigated, as outlined in Fig. 9(a). Concurrently, refractory copper
oxide was sulfidized using sodium sulfide. Fig. 9(b) demon-
strates that extending the grinding time from 3 to 5 minutes
progressively elevates copper recovery. At 9 minutes, recovery

34144 | RSC Adv, 2025, 15, 34138-34148

peaked at 94.77%, albeit with a concentrate grade of 12.77%.
While the copper grade rose steadily from 10.11% to 17.35%
with increasing grinding duration up to 5 minutes, further
extension beyond this point led to a decline in grade. These
findings confirm that precise particle size control, achieved
through classification and staged grinding, optimizes both
energy efficiency and mineral recovery, aligning with previous
grinding experiment results.*®*®

3.2.3 Closed-circuit flotation test and product analysis.
Upon the completion of open-circuit flotation experiments,
a closed-circuit flotation process was meticulously examined to
ascertain its efficacy in copper recovery from CS. The associated
flowchart is depicted in Fig. 10, with the outcomes detailed in
Table 3. The copper concentrate attained a grade of 21.24% Cu
with 36.31% recovery, while the middlings product yielded
7.79% Cu at 32.94% recovery. Moreover, the copper grade in the
flotation tailings was cut down to 0.20%, markedly below the
usual range of 0.3-0.5% often seen in flotation tailings.>***

As shown in Fig. 5, the independent minerals of copper
include arsenic copper/copper, chalcocite, cuprite, bornite, ch-
enevixite, copper and iron alloy, chalcopyrite, with the contents
of 0.56%, 1.29%, 0.25%, 0.24%, 0.19%, 0.03%, 0.01%, 0.004%,
respectively. Thus, copper minerals in copper slag, such as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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chalcocite, bornite, chalcopyrite, etc., often form a coexisting
structure of encapsulation or intercalation with the olivine
matrix or magnetite. The floatation properties of arsenic copper
are like those of glacial copper chalcocite, and arsenic minerals
are often encapsulated in glacial copper in the form of fine
particles, increasing the arsenic content in the copper concen-
trate and polluting the quality of the concentrate. In addition,
the floatability of copper oxide minerals, including chalcocite
and cuprite, and copper sulfide minerals varies significantly,
making flotation more difficult. The difficulty in beneficiation
of this copper slag mainly stems from its complex mineral
composition, fine particle size distribution, risk of arsenic
contamination, and the coexistence of multiphase copper
minerals, which lead to higher requirements for the flotation

© 2025 The Author(s). Published by the Royal Society of Chemistry

Table 3  Results of the product analysis of closed-circuit flotation

Product Yield (%) Grade (%) Recovery (%)
Concentrates 4.23 21.24 36.31
Middling product 10.45 7.79 32.94
n1 3.25 3.94 5.18
n2 5.09 2.67 5.50
n3 7.37 1.98 591
n7 3.94 0.37 0.59
n8 7.32 0.67 1.99
n9 13.59 1.45 7.97
Tailings 44.76 0.20 3.62
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process. The results of this research show that the novel inte-
grated process devised here successfully cuts down copper los-
ses in the tailings, thus promoting effective copper retrieval
from CS.

4. Conclusion

CS has led to significant resource waste and environmental
pollution. This study has combined mineralogical characteris-
tics and flotation investigations to identify the key factors
influencing the synchronous flotation enrichment of copper in
CS. It was found that copper slag has a high oxidation rate, and
Na,S can enhance copper recovery from CS; KM3 as a collector
also aids in this process. The grinding comparison experiment
revealed that segmented grinding is more effective for precise
particle size control and copper recovery. Employing a closed-
circuit flotation process yielded a copper concentrate grade of
21.24% and a recovery of 36.31%, while reducing the tailings
copper content to 0.20%. This study successfully addresses the
challenge of enriching copper from CS via flotation, providing
valuable insights for mitigating hazardous copper waste.
Collectively, the findings offer critical guidance for future CS
resource utilization and the sustainable development of the
copper industry.
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