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Abstract: Copper and cobalt were recovered from SICOMINES mining waste rock in the Democratic Republic of
Congo. The process mineralogy of the samples was analyzed using scanning electron microscopy and energy dispersive
spectroscopy. The results showed that copper minerals exhibited various forms and uneven particle sizes, while cobalt
existed in the form of highly dispersed asbolane, and large amounts of easily slimed gangue minerals were filled in the
samples, making it difficult to separate copper and cobalt minerals. The particle size range plays a decisive role in
selecting the separation method for the copper—cobalt ore. Gravity separation was suitable for particles ranging from 43
to 246 um, while flotation was more effective for particles below 43 pm. After ore grinding and particle size
classification, applying a combined gravity separation (shaking table)—flotation method yielded concentrated minerals
with a copper recovery of 72.83% and a cobalt recovery of 31.13%.
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1 Introduction

As strategic metals for the Democratic
Republic of the Congo (DRC), copper and cobalt
play an important role in the country’s GDP since
revenues from their exports account for
approximately 20% [1-3]. With the continuous
extraction of copper—cobalt ores, high-grade and
easily processable ores were selectively targeted
for development [4], while due to economic and
technical constraints, highly oxidized and
low-grade ores were selectively discarded [5—8].
These refractory ores were regarded as waste ores,
and their storage resulted in significant resource
depletion and extensive land utilization, with
significant security and environmental risks [9—12].

With the rapid proliferation of electric vehicles
powered by renewable energy as a sustainable
transportation means for combating climate
warming, the demand for cobalt and copper metals
has significantly increased [13—15]. Therefore, it is
crucial to economically and sustainably utilize these
resources.

Currently, the primary methods employed for
the beneficiation of copper—cobalt minerals in the
DRC were gravity separation and flotation [16].
Gravity separation relies on mass, volume, and
shape properties to separate mineral particles in a
liquid medium. Heavy medium separation (HMS)
has been used in Katanga to pre-separate copper—
cobalt ore from gangue minerals. HMS technology
was particularly prominent in discarding talc and
dolomite gangue minerals. Flotation was commonly

Corresponding author: Lei SUN, Tel: +86-13687361828, E-mail: sunlei@csu.edu.cn

DOI: https://doi.org/10.1016/S1003-6326(24)66702-6

1003-6326/© 2025 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)



Qing-qing WANG, et al/Trans. Nonferrous Met. Soc. China 35(2025) 602—612 603

regarded as a precursor to hydrometallurgical or
pyrometallurgical treatment, especially in dealing
with oxidized Cu—Co ores with relatively complex
mineralogical characteristics [17]. The sulfidation
flotation was the most prevalent method for
copper—cobalt oxidized ores [18,19]. The sulfidation
process can be affected by various factors,
such as using different sulfidization agents, the
dosage of sulfidization agents, and using different
collectors after sulfidation [20—24]. Sulfidization
was critical in enhancing the recoveries of copper—
cobalt [25,26]. In the Katanga Cu—Co industry,
surface sulfidation was preferred, followed by
actual flotation in treating malachite and hetero-
geneous ore.

Whether using the HMS or flotation method,
their research objectives primarily focus on the
casily separated copper sulfides and the simple
composition of oxidized Cu—Co ores. In the DRC,
copper and cobalt were predominantly sourced
from oxidized ore deposits [27,28]. However, with
the exhaustion of high-grade oxidized Cu—Co
ores, researchers have shifted their focus toward
low-grade disseminated ores [29,30]. Achieving
satisfactory indexes through single flotation or
gravity separation method poses significant
challenges.

In this work, low-grade copper—cobalt waste
ore in the DRC was focused on. Based on
mineralogical analysis, the characteristics of
mineral association, grinding fineness, and
beneficiation methods and conditions, including
gravity separation and flotation, were investigated.
Their impact on the separation efficiency of
copper—cobalt waste ore was assessed. An
economically viable process for separating and
utilizing copper—cobalt waste ore was proposed.

2 Experimental

2.1 Materials and reagents

The samples comprised waste ore accumulated
at the SICOMINES Copper and Cobalt Mine
in the DRC. The ore sample was crushed to less
than 2 mm and thoroughly mixed to prepare a
homogeneous sample. A 500 g subsample was
subjected to the mineralogical characterization
analysis. The remaining samples were used for
shaking table and flotation experiments. Sodium
hexametaphosphate and sodium sulfide were used

as regulators. Sodium butyl xanthate was regarded
as the flotation collector and terpineol as a frother.
The analytical purity of all flotation reagents
was above 99.5% and purchased from Macklin
Biochemical Company (Shanghai, China).

2.2 Analysis methods

The mineral characteristics were investigated,
including elements and composition of minerals,
chemical compositions of copper and cobalt
phases, mineral granularity distribution, mineral
disseminated relationships and mineral liberation.
The general mineral composition of the ore samples
was analyzed by X-ray diffraction (X'Pert3
Powder, Malvern Panalytical, NL). The particle
morphological and overall chemical
analysis were carried out using scanning electron
microscopy (Helios SUC, Thermo Fisher Scientific,
USA) and energy dispersive spectroscopy (Helios
5UC, Thermo Fisher Scientific, USA).

analysis

2.3 Shaking table and flotation experiments

The mineral grinding process was performed
in a XMQ conical ball mill with the size of
d240 mm x 90 mm (Wuhan Exploring Machinery
Plant, China) at a slurry concentration of 66%. The
post-classification samples were carried out in the
shaking table (Luoyang Zhongde Heavy Industry
Co., China) and the flotation machine (Jinlin
Prospecting Machinery Factory, Changchun, China).
The optimum flushing water and inclination angle
of the shaking table were determined.

3 Results and discussion

3.1 Process mineralogy analysis results of ore

samples
3.1.1 Element and mineral compositions of ore

samples

The results from the ore sample multi-element
analysis were given in Table 1. As can be seen,
copper and cobalt were the useful elements in the
ore sample with 1.01 wt.% and 0.0452 wt.%,
respectively. However, the contents of nickel, lead,
zinc, and silver were too low to be economically
valorized. The main oxides observed in the gangue
included silicon dioxide (SiO;), calcium oxide
(Ca0), magnesium oxide (MgO), and aluminum
oxide (Al>O3), with a total content of 74.50 wt.%.
The XRD analysis results of raw ore samples were
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depicted in Fig. 1. The types and contents of the
minerals in the sample were shown in Table 2.
Copper minerals mainly included malachite,
chalcocite, and chrysocolla, with small amounts
of cuprite, tenorite, covellite, and cornetite.
Occasionally, chalcopyrite, bornite, and native
copper were found in copper minerals. As for cobalt,
it was found in the sample only as asbolane.
Hematite and minor magnetite amounts were also
observed in the ore samples. The gangue minerals
were mainly composed of quartz and dolomite, with
mica, feldspar, and chlorite, with occasional calcite,
apatite, and rutile as minor minerals.
3.1.2 Chemical phase and mineral size distribution
The results of mineralogical phase analysis for

Table 1 Results of chemical composition analysis of ore
sample (wt.%)
Cu Co S TFe P Si0, CaO
1.01 0.0452 0.07 1.86 0.06 54.58 7.90
MgO ALO; MnO NaO KO C LOI
8.67 3.35 0.17 0.07 190 337 923

L ‘Rarv oreksample
Quartz PDF#85-0789
| ., Dolomite PDF#71-1662

~Chlorite PDF#73-2376

| L. 4. Muscovite PDF#70-1869
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Fig. 1 XRD pattern of raw ore sample

Table 2 Types and contents of minerals in samples (wt.%)

Quartz Dolome Mica Malachite
46.95 29.46 10.85 0.99
Feldspar Hematite Chlorite
4.18 1.15 4.86
Chalcocite Asbolae Apatite
0.36 0.30 0.29
Chrysocolla ~ Tenorite  Chalcopyrite Others
0.16 0.05 0.04 0.36

copper and cobalt in samples were depicted in
Tables 3 and 4, respectively. Primary copper
sulfides accounted for only 0.99% of the sample,
whereas secondary copper sulfides accounted for
30.69%. 63.37% of free oxidized copper was
mainly obtained from malachite and chrysocolla.
Cobalt sulfide observed in the sample accounted
only for 2.20% versus cobalt oxide, of which the
proportion was as high as 86.35%. The remaining
cobalt was distributed in gangue minerals.
Consequently, the recovery of cobalt minerals
through flotation can be challenging since cobalt
oxide was mainly present as amorphous asbolane.
The granularity distribution of minerals was related
to the mineralogical characteristics of ground ore
samples. The particle size cumulative curve of
valuable minerals in the crushed sample was
presented in Fig. 2. The copper and cobalt minerals

Table 3 Chemical phase analysis results of copper in

samples
Phase Content/wt.% Proportion/%
Primary copper sulfides 0.01 0.99
Secondary copper sulfides 0.31 30.69
Free copper oxide 0.64 63.37
Combined copper oxide 0.03 2.97
Native copper 0.02 1.98

Table 4 Chemical phases analysis results of cobalt in
samples

Phase Content/wt.% Proportion/%

Sulfide 0.0011 2.20

Oxide 0.0430 86.35
Cobalt contained gangue 0.0057 11.45

100
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Fig. 2 Particle size cumulative curves of valuable

minerals in crushing sample
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in the ore samples were composed of inhomogeneous
disseminated particles from medium to fine size.
For the particle size greater than 74 pum, the positive
cumulative proportions of copper sulfide minerals,
copper oxide minerals, and cobalt ores were
83.64%, 80.91%, and 71.63%, respectively. The
inlay particle sizes of copper sulfide and copper
mineral in the ore were similar.

3.1.3 Main minerals disseminated relationships

Chalcocite was revealed to be the main copper
sulfide observed in samples, with a pale blue color
in reflected light. Its distribution in the samples
was irregular and varied with the particle size. As
shown in Fig. 3, chalcocite typically occurs as
subhedral to anhedral grains in agglomerate and
fine-vein textures, with a grain size ranging from 10
to 150 um. As for other copper sulfide minerals,
including chalcopyrite, bornite, and covellite, their
content was less than 0.05%. Chalcocite exhibited
complex intergrowth relationships with other
copper minerals, hematite and gangue minerals.
In particular, chalcocite was closely associated
with hematite, resulting in chalcocite—hematite
aggregations.

Malachite was the most widely distributed
copper mineral in the samples. Under transmitted
light, it appeared as green particles, with an
interference color slightly higher than gangue
minerals such as quartz under reflected light and
a grey-green internal reflection color. As illustrated
in Fig. 4, malachite crystals appeared fine needle-
shaped, fibrous, or leaf-shaped, aggregating in
bundles, combs, or radials. Most malachite crystals
were well-formed, with a small amount of
disseminated chrysocolla. Some malachite appeared
as fine irregular granules and fibrous textures,
impregnated in gangue, with a grain size below
50 pm.

Asbolane was the main cobalt mineral
observed in the samples. It was typically a secondary
product formed by the weathering of basic and
non-basic rocks containing cobalt found in the
weathered crusts of such rocks. Asbolane was often
associated with hematite but not closely linked with
other copper minerals. It commonly appeared at the
margins or intergranular spaces, partially filling
hematite. As depicted in Fig. 5, scanning cobaltite
crystals spectra reveals
irregular and amorphous shapes, with extremely
uneven distribution throughout the field of view.

for cobalt elemental

Asbolane was also distributed at edges of quartz,
mica, and chlorite.

Fig. 3 SEM images of assemblage of chalcocite and
hematite intimate intergrowth along margin of dolomite
and quartz (Cc: Chalcopyrite; Hem: Hematite; D:
Dolomite; Q: Quartz; B: Mica): (a) Irregular massive
chalcocite; (b) Fine-veined chalcocite

3.1.4 Main occurrence state of valuable metals and

mineral liberation

Copper and cobalt were the main chemical
elements of interest in the analyzed samples. The
distribution equilibrium of copper and cobalt
elements was estimated based on the contents of
major minerals and spectral components of SEM.
Figure 6 demonstrated that copper was mainly
distributed in malachite and chalcocite, with
distribution rates of 46.36% and 27.78%,
respectively. A small amount of copper was found
in chrysocolla and asbolane, with distribution rates
of 5.51% and 5.42%, respectively. Cobalt was
predominantly concentrated in amorphous asbolane,
with a distribution rate as high as 81.77%. As
shown in Table 5, under a grinding fineness of
<74 ym, accounting for 70% of the total, the
individual liberation degrees of copper and cobalt
minerals were 74.86% and 54.67%, respectively.
These results provided a detailed description of the
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Fig. 4 SEM images of irregular malachite closely assoc1ated with chrysocolla and quartz (Mal: Malachite; Ccl:

Chrysocolla; D: Dolomite; Q: Quartz; B: Mica; Ch: Chlorite): (a) Needle-shaped malachite; (b) Disseminated malachite;
(c) Leaf-shaped malachite; (d) Fibrous malachite

Fig. 5 SEM images of asbolane highly dispersed throughout ore sample (Co: Asbolane; Hem: Hematite; Ch: Chlorite; Q:
Quartz; B: Mica): (a) SEM image of disseminated asbolane; (b) Cobalt elemental mapping
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Fig. 6 Elemental occurrence of Cu and Co in main

minerals in samples

Table 5 Liberation degrees of copper and cobalt

minerals with grinding fineness of <74 um accouting for
70% (%)

Aggregate
>3/4  3/4-1/2 12-1/4 <1/4

Mineral Monomer

Copper
minerals

Asbolane  54.67 29.62 4.36 581 5.54

7486  9.73 5.00 2.78  7.64

distribution of copper and cobalt in different
minerals and the individual liberation degrees under
specific grinding fineness conditions. These results
offered valuable guidance for recovering copper
and cobalt minerals in subsequent processes.
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3.2 Shaking table and flotation experiment results

The feasibility of mineral separation can be
approximately assessed by employing the following
formula:

E=(0, — ,0)/(51 -p)

where E represented the criterion value for the
difficulty level of the gravity separation; di, d> and p
represented the specific density of light mineral,
heavy mineral, and fluid medium, respectively. The
criterion value £ could be divided into five grades,
as shown in Table 6.

Table 6 Difficulty level of gravity separation

Evalue >2.5 25-1.751.75-1.5 1.5-1.25 <1.25

Difficult tl tl

ifficulty Greatly Easy Medium difficult qrea Y
level easy difficult

The lower the E value is, the greater the
difficulty of separation is. In this ore sample, the
primary valuable minerals and gangue minerals
were malachite and quartz, with densities of 3600
and 2650 kg/m3, respectively. The density of the
separation medium, water, was assumed to be
1000 kg/m?®. The calculated E value was 1.58,
falling within the theoretically feasible range.

3.2.1 Effect of grinding fineness on shaking table
performance

Before initiating the shaking table experiments,
the ore samples underwent a grinding process. With
the shaking table’s operating parameters fixed
at a horizontal slope of 2.0°, a stroke of 13 mm,
a frequency of 3051/min, and an ore feed
concentration ranging from 20% to 30%, distinct
zoning phenomenon was observed in the bed
surface separation area. Consequently, under these
unaltered conditions, we investigated the influence
of grinding fineness on the recovery rates of copper
and cobalt minerals in shaking table separation. As
seen from Fig. 7, the recovery rates of copper and
cobalt first increased before decreasing with an
increase in the grinding fineness. The maximum
recovery rate was achieved for a grinding fineness
of 70%. However, copper and cobalt grades
remained relatively stable across all grinding
fineness levels, equivalent to the raw ore. The
above results showed that the grinding samples
directly enter the shaking table to beneficiate
copper—cobalt ore. The separation effect was poor
due to the uneven particle size. Indeed, the

disturbance induced by flushing water resulted in
the substantial loss of fine particles to the tailings.
Meanwhile, particle size notably influences coarse
particles’ separation behavior. The combined impact
of these factors renders the performance of shaking
table separation relatively suboptimal, irrespective
of the selected grinding fineness.
3.2.2 Effect of particle size on shaking table

performance

Due to the uneven particle size distribution
resulting from the grinding process, coarse and fine
particles were intermixed. Adjusting the grinding
fineness does not effectively improve the shaking
table separation efficiency. Under grinding fineness
conditions of 55% and 70%, the disparities in
recovery rates and grades of copper and cobalt were
not pronounced. However, at a grinding fineness of
70%, there was a significant increase in the content
of particles with sizes <43 um (refer to Fig. 8), which
was proved to be detrimental to the effectiveness
of shaking table separation. Consequently, further

60 I Cu recovery rate 5
| Co recovery rate
50 F—y- Cu grade 14

—0- Co grade

o
é 38.98
o40r 3
g X
> 31.63  31.29 )
530 +F 27.99 || i
> =
§ )
[ 20 B

101

0

25 55 70 85
Grinding fineness (<74 um)/%

Fig. 7 Effect of grinding fineness on shaking table
concentrate

70

Bl <43 pm
60 F ZE 43-246 pm
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£
<
5-040
G
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= 30
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=
2.20
2 13.13
& 10 N\ 8.51
AN N\
0 \. NN\

Grinding fineness (<74 pm)/%
Fig. 8 Proportions of different groups of graded products
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investigations were conducted at a grinding
fineness of 55%, specifically focusing on three
particle size fractions: >246 um, 43—246 um, and
<43 um. The results of these shaking table
separation tests were shown in Fig. 9.

As depicted in Fig. 9, the shaking table
exhibited a specific separation effect for medium-
fine particles, with copper grade and recovery rate
reaching 7.05% and 54.91%, respectively, for
particle sizes within the 43—246 um range. For fine
particle sizes (<43 pm), although the copper grade
increased, the overall recovery rate remained below
10%. The cobalt occurred as amorphous minerals
associated with the gangue minerals. The grade of
cobalt barely changed and remained at about 0.5%
in the whole range of particle sizes, revealing a poor
recovery of cobalt minerals employing a shaking
table. It can be concluded that the grinding sample
was further graded by particle size to remove the
uneven interference of the particle size and enabled
the shaking table to effectively recover copper
particles of medium to fine size.

To enhance overall copper and cobalt recovery,
particles ranging from 43 to 246 um were selected
for shaking table -classification. The flotation
experiments were conducted on particles smaller
than 43 um and a blend of shaking table tailings.

80 I Copper recovery rate 10
70 L™ Cobalt recovery rate
—v—Copper grade g
60 —o— Cobalt grade
© 5491
£ Sor v 16 2
> 401 3
5 AN 14 B
230 ©
K
20 + 15
101 )5 075
ol m: - P
<43 43-246 >246

Partical size/um

Fig. 9 Effect of particle size on separation performance
of shaking table

3.3 Flotation experiment results

In the flotation tests, the sulfide flotation
method was employed. Sodium hexametaphosphate
was used as a gangue mineral dispersant, while
sodium sulfide was a surface sulfidizing agent
for copper—cobalt oxide minerals. Sodium butyl
xanthate was employed as the collector.
Additionally, terpineol was utilized as a frothing

agent for the pulp. The specific flotation process is
delineated in Fig. 10. The impacts of the dosages of
sodium hexametaphosphate, sodium sulfide, and
sodium butyl xanthate on the separation of copper
and cobalt minerals were depicted in Figs. 11, 12,
and 13, respectively.
As shown in Fig. 11, with the gradual increase

in the dosage of sodium hexametaphosphate from

Shaking table tailings
and fine particles

3 min X Sodium hexametaphosphate
6 min X Sodium sulfide

4 min % Butylxanthate

2 min X Terpineol

Roughing flotation: 5 min

\/
Concentrate

\/
Tailing

Fig. 10 Rough flotation flowchart of shaking table tailing
and fine particles
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X -0-- Co grade
Q
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Fig. 11 Effect of sodium hexametaphosphate dosage on
speparation of copper and cobalt

100 10
—a— Cu recovery rate
gol Co recovery rate 13
R -0- Cu grade
% -0- Co grade
£ 60 ey 16 =
§ 40 - /\ 14 ©
=2
201 12
Do e Qe me e = Qmrmem = Qumememe s o 0

500 1000 1500 2000 2500
Dosage of sodium sulfide/(g-t™!)

Fig. 12 Effect of sodium sulfide dosage on separation of
copper and cobalt
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50 to 250 g/t, both the recovery rates and grades of
copper and cobalt showed an ascending trend
before reaching a state of stabilization. At a 150 g/t
dosage, peak recovery rates were attained, with
copper and cobalt achieving values of 65.84% and
34.32%, respectively, and copper grade reaching as
high as 5.78%. Cobalt grade maintained a relatively
low level over the entire range of reagent dosages,
without exceeding 0.5%.

As illustrated in Fig. 12, when sodium sulfide
dosage increased from 500 to 2500 g/t, recovery
rates of copper and cobalt increased rapidly before
decreasing. As the sodium sulfide dosage exceeded
1500 g/t, the competitive adsorption of the collector
and excessive hydrogen sulfide ions on the surface
of copper oxide led to the decreased copper
recovery rate. The optimum dosage for copper
recovery was 1500 g/t. As for the grades of
metals, the copper reached its maximum for a
sodium sulfide dosage of 1500 g/t when the cobalt
grade barely changed whatever the sodium sulfide
dosage.

As shown in Fig. 13, as the dosage of sodium
butyl xanthate gradually increased, the recovery
rates of copper and cobalt exhibited a sharp and
pronounced upward trend, reaching 65.84% and
36.25%, respectively, at a dosage of 150 g/t.
Beyond this dosage, the recovery rates of both
metals stabilized. Concurrently, the copper grade
exhibited an initial increase followed by a decline,

100 = C 10
u recovery rate
—e— Co recovery rate
80 -o- Cu grade 18
° -0~ Co grade
Q
® 60+ 16 &
Q
5 g
§ 40 14 O
=4
20+ 12
0

0 50 100 150 200
Dosage of sodium butyl xanthate/(g-t™")

Fig. 13 Effect of sodium butyl xanthate dosage on
separation of copper and cobalt

while the cobalt grade remained relatively low.
Considering all factors, the optimal dosage of
sodium butyl xanthate is 150 g/t.

3.4 Combination of gravity
flotation

Experiments determined that the copper—cobalt
waste ore was suitable for treatment using a combined
gravity separation—flotation method. A grinding
fineness of 55% was set, and the ore was subsequently
classified into two particle sizes: <43 um and >43 pm.
The fraction of particles with sizes >43 pm was
separated by the shaking table, while the fraction of
<43 um was mixed with shaking table tailings
for flotation separation, as illustrated in Fig. 14. The

separation and

<43 pm

K Sodium hexametaphosphate, 150 g/t
K Sodium sulfide, 1500 g/t

Sample
Grinding (<74 um, 55%)
>43 pm
Classification
3 min
6 min
Shaking table

\J

4 min

2 min

X Sodium butyl xanthate, 150 g/t
K Terpineol, 30 g/t

<

Concentrate 17

\

4

Roughing flotation: 5 min

Concentrate 2#

6 min X Sodium sulfide, 750 g/t
Butylxanthate, 75 g/t

Terpineol, 15 g/t

4 min

2 min

Scavenging flotation: 5 min

N

Y

Tailings

Fig. 14 Experiment flowchart of combination of shaking table and flotation
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results of Table 7 indicated that the shaking table
concentrate yielded a copper grade of 5.84% and a
cobalt grade of 0.07%, while the flotation
concentrate achieved a copper grade of 4.87% and a
cobalt grade of 0.13%. The final total recovery rates
for copper and cobalt were 72.83% and 31.13%,
respectively.

Table 7 Experimental results of combination of shaking
table and flotation (wt.%)

Recovery rate/% Grade/%

Products  Yield

Cu Co Cu Co

Concentrate 1* 4.81 27.78 6.75 5.84 0.07

Concentrate 27 9.35 45.04 24.38 4.87 0.13
Total 1416 7283 3113 519 o011
concentrates
Tailings  85.84 27.17 6887 032 0.04

Samples 100 100 100 1.01  0.05

The obtained concentrate can be subjected
to hydrometallurgical processing to prepare
commercial-grade copper and cobalt. The sample
was the copper—cobalt oxide concentrate, usually
processed through a leaching—solvent extraction—
electrowinning route. After the leaching of oxidized
ore, copper was separated by solvent extraction, and
some impurities such as iron, aluminum and
manganese were removed by selective chemical
precipitation before the cobalt recovery by
precipitation with magnesia. The utilization of a
combined shaking table and flotation approach
provides several benefits, including the ability to
achieve coarser grinding fineness which helps to in
reduce sliming, as well as obtaine high-quality
copper ores by using the shaking table as a
pre-treatment step.

4 Conclusions

(1) The mineral composition of copper and
cobalt waste ore in the SICOMINES mining area
was complex and closely related. Copper minerals
existed in various forms and uneven particle sizes.
Cobalt was distributed in irregular amorphous
asbolane. A large amount of easily slimed dolomite,
mica and chlorite filled the sample, which might
have deteriorated the efficiency of the separation
process.

(2) In order to reduce the loss of copper and
cobalt metals caused by sliming, ore samples were
treated with coarse-grained and pre-classified to
eliminate interference caused by uneven grain
sizes. In the particle size range of 43—246 um, the
shaking table demonstrated excellent separation
performance for copper ore grade and recovery rate,
which could realize the effective recovery of copper
minerals.

(3) Particles smaller than 43 pm were
separated using the sulfide—xanthate flotation
method, which employed sodium hexametaphosphate
as a dispersant, sodium sulfide as an activator, and
sodium butyl xanthate as a collector. This process
effectively enriched the fine-grained copper
minerals in the samples.

(4) The copper concentrate with a copper
grade of 5.19% and copper recovery rate of 72.83%
was obtained by a combined gravity separation—
flotation method. As an associated mineral, cobalt
was also effectively recovered with a recovery rate
of 31.13%. The implemented process could
effectively prevent overgrinding of samples and
reduce slime formation. It provided a potential idea
for the dispose of the waste rock accumulated
during ore mining to maximize resource utilization
and ensure environmental protection.
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