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This work investigates the surface enrichment of malachite during sulfurization
flotation to enhance copper recovery. The goal is to improve flotation efficiency by
modifying malachite’s surface properties through sulfurization, using sodium sulfide as
the sulfurizing agent. The effects of pre-treatment reagents on flotation recovery were
evaluated, focusing on their impact on the surface chemistry of malachite. The findings
indicated that malachite treated with ammonium sulfate ((NH4)>SO4) exhibited superior
flotation recovery compared to ammonium phosphate ((NH4);POa.), achieving an
optimal recovery rate of 87.5%. FESEM-EDS and ToF-SIMS analyses revealed a
significant increase in sulfur species on the surface, promoting the formation of copper
sulfide (CuS) films and enhancing the mineral's reactivity during flotation. Theoretical
solution chemistry calculations corroborated these findings, showing that ammonium
salt treatments facilitate the formation of copper-ammonium complexes, stabilizing
copper ions in solution and preventing their precipitation as copper hydroxides or
carbonates. By maintaining copper in a stable reactive form, these complexes improve
flotation efficiency. Both theoretical calculations and experimental observations
confirm that stabilizing copper ions is crucial for enhancing flotation, ensuring copper
remains available for interaction with flotation reagents and ultimately, improving
copper recovery. The integration of theoretical and experimental approaches enhances
the understanding of the sulfurization process and provides an optimized method for
improving flotation performance and copper recovery.

1. Introduction

Copper  minerals

such as

malachite [5]. Despite the rising demand for copper, its

(Cu2(COs)(OH)2) are commonly found in large
copper deposits worldwide among oxide copper
ores [1, 2, 3, 4]. The demand for copper is expected
to rise steadily, driven by technological
advancements, rapid urbanization, the global shift
toward renewable energy, and the increasing
adoption of electric vehicles. However, balancing
this growing demand with sustainable production
and supply practices presents a complex challenge
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supply faces significant challenges. Copper mining
and production are resource-intensive processes
that require large amounts of water, energy, and
labour. Additionally, many of the world’s richest
copper deposits are located in remote or
environmentally sensitive areas, which
complicates logistics and raises concerns about
sustainability. Furthermore, the declining quality
of ore deposits increases both the difficulty of
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extraction and costs, further straining supply chains.

Malachite is often associated with other copper
minerals, including azurite, chrysocolla, and
cuprite, which may help mitigate the resource gap
caused by the depletion of copper-sulfide ores [6—
11]. Flotation is widely used to process copper
oxide minerals, employing chemical reagents to
selectively separate valuable minerals from gangue
materials [12, 13, 14]. Specifically, copper oxide
flotation exploits the different surface properties of
these minerals. During flotation, collectors,
frothers, and modifiers help copper minerals attach
to air bubbles, which then rise to the surface,
carrying the valuable minerals with them [15, 16,
17]. Xanthates are commonly used as flotation
collectors in mineral processing, particularly, for
extracting sulfide minerals. Due to their strong
interaction with sulfur atoms in these minerals,
xanthates are primarily employed in the flotation of
sulfide ores such as copper, lead, zinc, and nickel.

Malachite, with the formula [CuCO3*Cu(OH);]
has a strong hydrophilic surface, which
complicates direct flotation with sulfur-terminated
collectors [18, 19, 20]. It is usually concentrated
through sulfide flotation [21], where a sulfidizing
agent makes it hydrophobic, further enhancing
mineral recovery with xanthate collectors.
Consequently, the addition of activators can
improve the stability and efficiency of the process,
making flotation more cost-effective and reliable,
especially in complex ore systems or challenging
processing conditions [22]. Enrichment without
pre-treatment can be difficult due to impurities;
therefore, pre-treatment steps are typically
employed to remove these impurities and enhance
the effectiveness of the enrichment process. During
sulfurization, additional reagents such as
ammonium sulfate ((NH4)2:SO4) or ammonium
phosphate ((NH4):PO4) are often used to enhance
the flotation process. The presence of ammonium
sulfate and phosphate is known to optimize
interactions between mineral particles and flotation
agents. Shen et al. demonstrated that the flotation
behavior of malachite improves due to the
formation of a dense copper sulfide film on its
surface [23]. These reagents have a significant
impact on the mineral surface, enhancing flotation
performance and improving overall copper
recovery. Sulfurization-assisted flotation is an
advanced technique designed to enhance the
flotation efficiency of non-sulfide minerals such as
malachite. This method involves modifying the
surface properties of malachite by introducing
sulfur or sulfur-containing compounds, thereby
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increasing its compatibility with flotation
processes. The effectiveness of sulfurization is
critical for optimizing the flotation of copper oxide
minerals [24, 25]. In the sulfurization mechanism
for malachite, reagents such as sodium sulfide
(NazS), ammonium sulfide ((NHa4)2S), and sodium
hydrogen sulfide (NaHS) are used to convert
copper oxide into copper sulfide [26, 27, 28, 29,
30].

Hence, this paper focuses on the adsorption
properties of malachite surfaces and the
optimization of their enrichment using various
ammonium salts. The research aims to evaluate the
impact of pre-treatment on sulfurization processes
and to implement necessary adjustments. To
achieve this, we analyzed morphological changes
using micro-flotation tests, FESEM-EDS, EPMA,
Zeta potential measurements, and ToF-SIMS,
along with the elemental composition and surface
characteristics of malachite after the addition of
(NHa4)3POs or (NH4)2SOs4 during the sulfurization
process. Furthermore, the study investigates how
ammonium salts can mitigate the inhibitory effects
of excessive sodium sulfide.

2. Materials and Methods
2.1. Sample preparation

Malachite samples from Yunnan, China, were
first crushed using a double-roll laboratory crusher
and then ground in an agate mortar to a fine powder.
The ground ore was dry-sieved to select the
appropriate particle size for micro-flotation
experiments. Fresh solutions of the required
reagents such as ammonium sulfate ((NH4)2SO4),
ammonium phosphate ((NH4);sPO4), sodium
isobutyl xanthate (NaBX), methyl isobutyl
carbinol (MIBC), and sodium sulfide (Na-S) were
prepared at optimal concentrations for the
sulfurization process. These reagents were
subsequently added to the flotation solution to
facilitate the modification of the malachite surface
and improve flotation efficiency.

2.2. Flotation experiments

Flotation experiments were conducted using an
XFGC 1I flotation apparatus with a 40 mL cell
volume. The impeller speed was maintained at
1200 rpm to ensure consistent agitation during the
process, while the flotation duration was kept at 5
minutes for each test, to allow sufficient time for
the mineral to separate. In each test, 0.5 g of
malachite was carefully washed with deionized
water (DI) to remove any impurities or fine
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particles that could hinder the flotation process.
After flotation was completed, the foam and sink
were manually collected, dried, and weighed, and
the flotation recovery was calculated to determine
the flotation efficiency. Each experiment was
repeated three times under varying conditions to
ensure reproducibility and reliability of the results.
The experimental flowchart is presented in Figure
1, which illustrates the procedure and sequence of
operations.

0.5 g Malachite

2 min NaOH / HCL

3 min (NH4)QSO4/ (NH4)2PO4

3 min Na,S

3 min NaBX

I min MIBC

5 min flotation

Concentrate Tailings

Figure 1. Flow chart of malachite flotation
experiments.

2.3. ToF-SIMS analysis

ToF—SIMS IV (ION-TOF, Miinster, Germany)
was employed to analyze the malachite surface
composition. For this analysis, malachite samples
were placed directly into 40 cm?® of reagent solution
at varying concentrations and submerged for 2
hours at 25 °C. The malachite sample was affixed
to a double-conducting adhesive and then moved to
the device’s sample loading room. The analysis
region was set to 50 pm x 50 um, with three pulse
widths for each point. The samples were analyzed
in negative ion mode at a 500 pm x 500 pum
resolution. After testing, the malachite samples
were washed with distilled water, dried using pure
Nz, and analyzed via ToF—SIMS.

2.4. EPMA studies

The variation in the malachite surface before
and after enhancement with ammonium salts was
thoroughly examined using an EPMA—1720 Series
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(Shimadzu Corporation, Japan). To obtain accurate
and detailed elemental information, a 15 kV
accelerating voltage and a 20 nA probe current
were applied during the analysis. The beam
diameter was 50 um to ensure sufficient resolution
for surface imaging and elemental detection, with
counting durations of 15 s for the peak and 10 s for
the background. The key elements analyzed in the
study included carbon (C), oxygen (O), copper
(Cu), and sulfur (S), which are critical in
understanding the surface modifications and the
effects of ammonium salt treatment on malachite.

2.5. Zeta potential measurements

The zeta potential of malachite samples was
measured at varying pH values, using a Zeta Plus
analyzer (Brookhaven Instruments, USA). The
sample liberation size was approximately 5 pm,
and the samples were suspended in a laboratory
beaker containing an electrolyte solution of 1 x
107> mol/L KNOs. Fresh solutions of (NH4)2SOa,
(NH4)3POs4, Na2S-9H-O (at 2 x 1073 mol/L), and
NaBX (at 1 x 107 mol/L) were prepared for the
experiments. 0.5 g of malachite was combined with
the appropriate reagent solutions in each test. The
zeta potential suspensions were agitated and
measured five times at five-minute intervals. The
average of these measurements was used to
determine the zeta potential.

3. Results and Discussion
3.1. Influence of ammonium salts on the
malachite flotation behaviour

The micro-flotation recoveries of malachite as a
function of Na:S concentration at pH 9 + 0.05 are
shown in Figure 2(a). Malachite floatability is
influenced by sodium sulfide concentrations; as the
concentration increases (from 0 to 2 x 107> mol/L),
floatability improves, but it decreases beyond a
certain threshold. Excessive sodium sulfide leads
to an overabundance of sulfur ions in the solution,
which consumes the added collector and
destabilizes the sulfur layer, resulting in poor
sulfurization. In contrast, ammonium sulfate more
effectively enhances the surface properties of
malachite compared to ammonium phosphate. The
maximum flotation recovery with ammonium
phosphate was approximately 79.6%, while
ammonium sulfate with sodium sulfide achieved
around 85.8%. This result indicates that
ammonium sulfate is more effective at enhancing
malachite’s surface properties than ammonium
phosphate. The sulfate ions in ammonium sulfate
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likely promote the attachment of flotation reagents,
modifying the surface to increase hydrophobicity.
As a result, malachite becomes more hydrophobic
and is more likely to float, leading to higher
flotation recoveries.

Figure 2(b) illustrates the effect of ammonium
salts on malachite flotation during sulfurization,
influenced by the NaBX collector. When
ammonium salts were added before sulfurization,
the recovery of malachite gradually increased
throughout the flotation process, compared to
direct sulfurization. Malachite recovery improved
significantly in the ammonium sulfate pre-
treatment system, rising from 48.21% to 82.69%.
The highest recovery rate, 86.31%, was observed
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at a NaBX concentration of 8 x 1073 mol/L, which
was higher than that seen in the ammonium
phosphate pre-treatment system. These results
suggest that ammonium sulfate pre-treatment
significantly improves the sulfurization process.
Furthermore, NaBX adsorbs onto the malachite
surface, forming a hydrophobic layer. However,
when NaBX concentration exceeded a certain point,
the increase in mineral floatability became
marginal, and the recovery rate stabilized. Overall,
the addition of NaBX positively impacted
malachite recovery, demonstrating that both
ammonium phosphate and ammonium sulfate act
as effective activators, significantly enhancing
floatability [31].
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Figure 2. Micro-flotation recovery of malachite as a function of (a) Na:S, (b) NaBX concentrations, (c) pH, and
(d) time conditions.

The performance of malachite sulfurization
flotation was further studied, using different
ammonium salts at varying pH levels, as shown in
Figure 2(c). After treatment with sodium sulfide,
flotation recovery was below 20% at pH 2,
indicating poor flotation under acidic conditions.
However, the highest recovery, at 63.7%, occurred
at pH 8.0. This variation is due to the chemical
reactions between sodium sulfide and malachite,
which affect the mineral's hydrophobicity and,

consequently, its floatability. As pH increased,
recovery slightly decreased, likely due to changes
in the surface characteristics of malachite that
made it less favorable for flotation at higher pH
values [32]. When malachite was pretreated with
ammonium salts, such as ammonium phosphate
((NH4)3PO4) or ammonium sulfate ((NH4)2SOa),
flotation recovery improved significantly. At pH
8.0, flotation recovery reached 80.1% with
ammonium phosphate and 86.2% with ammonium
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sulfate. These results demonstrate that ammonium
salts effectively enhance malachite surface
enrichment across a range of pH levels, leading to
improved flotation performance compared to direct
sulfurization. The data suggest that ammonium
salts can activate and optimize malachite flotation,
making them promising reagents for enhancing
recovery in flotation processes.

Several experiments were conducted to
evaluate flotation recovery over time. Figure 2(d)
summarizes three tests performed from 2 to 12
minutes. In the malachite-sodium sulfide treatment,
flotation recovery was initially low but gradually
increased after 2 minutes, reaching a maximum of
64% at 12 minutes. The gradual increase suggests
that sulfide ions initially interacted slowly with the
malachite surface; however, over time, more
effective sulfurization and hydrophobicity were
achieved, thereby improving flotation recovery. In
contrast, when ammonium phosphate and sodium

sulfide were used, flotation recovery reached 82.5%

at 12 minutes. Compared to direct sulfurization,
ammonium phosphate modification of the
malachite surface enhanced its reactivity with
sodium sulfide, further supporting the beneficial
effect of (NHa);POa. This preconditioning step
promotes sulfur adsorption, thereby facilitating the
formation of a hydrophobic sulfide layer, which is
essential for flotation. In the ammonium sulfate

treatment system, recovery was approximately 78%

at 2 minutes, increasing to 87.5% after more than
10 minutes. This suggests that ammonium sulfate
performs better in sulfurization flotation due to its
greater sulfurizing capacity and faster reaction
kinetics. This results in more favorable surface
chemistry for malachite than ammonium phosphate.
The copper grade and recovery relationship
improved significantly when the flotation time of
all tests exceeded 6 minutes. These results indicate
that the overall concentrate grade increased from
18.5% to 22.5%.

3.2. FESEM-EDS analysis

FESEM—-EDS analysis was conducted to
examine variations in malachite morphology. In
this study, malachite was sulfurized and treated
with (NH4)2SOs or (NH4);POs throughout the
flotation process, with natural malachite used as a
comparison. This analysis confirmed the presence
of Cu, C, O, and S elemental compositions and the
spatial distribution of these elements on the
malachite surface. The surface microtopography of
pure malachite, examined via elemental scanning,
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is shown in Figure 3, revealing only three elements,
Cu, O, and C, which are inherent to malachite, with
mass concentrations of 55.70%, 30.12%, and
14.18%, respectively. No sulfur (S) was detected
on the surface, confirming that the malachite purity
meets the required standards for analysis [Figure
3(a)].

After treatment with sodium sulfide, a new peak
corresponding to sulfur was detected in the EDS
spectrum, showing a mass concentration of 0.9%.
This low sulfur content suggests that only a small
portion of the malachite reacted with sodium
sulfide, leading to partial sulfurization rather than
complete surface modification. Additionally, the
mass concentrations of Cu, O, and C on the treated
malachite surface were 52.6%, 28.1%, and 18.4%,
respectively, as shown in Figure 3(b) [32, 33].
These results indicate that the treatment reduced
the copper and oxygen components on the
malachite surface, likely due to oxidation and other
surface interactions. The increase in carbon
concentration suggests the formation of new
carbon-based species. Following treatment with
(NH4)sPO4 and NazS, elemental mapping results
revealed higher mass concentrations of Cu and S,
about 53.21% and 2.85%, respectively, compared
to direct sulfurization. This suggests that
(NH4);POs modifies the surface chemistry,
possibly by promoting a more efficient reaction or
enhancing sulfur incorporation, with an increase of
more than 1.95% in sulfur relative to direct
sulfurization [34], as shown in Figure 4(a).
Concurrently, the concentrations of C and O
decreased to 17.90% and 25.04%, respectively,
likely due to chemical reactions in which oxygen
atoms are replaced by sulfur in the malachite
structure, resulting in the loss of carbon and oxygen
from the surface. In contrast, when malachite was
treated with (NH4)2SO4 and Na.S [Figure 4(b)],
ammonium sulfate introduced sulfate ions (SO4>"),
which likely interacted with copper ions (Cu?"),
altering the surface properties and enhancing
reactivity upon the addition of sodium sulfide. The
results revealed a more uniform spatial distribution,
with higher mass concentrations of Cu and S of
54.68% and 3.11%, respectively, suggesting a
more complete surface modification. This
demonstrates that ammonium sulfate significantly
enhances the reactivity of malachite's surface,
compared to ammonium phosphate pre-treatment.
Meanwhile, the concentrations of C and O
decreased to 17.48% and 24.73%, respectively,
indicating the removal or transformation of carbon-
and oxygen-containing species.
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Wt.%
Cu 5570
(0] 30.12
€ 14.18

54.68

24.73

17.48
3.11

Figure 4. EDS spectra and elements mapping 0f malachite treated with (a) (NH4)3PO4 + NazS, and (b) (NH4)2SO4
+ Na:S.
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3.3. ToF—SIMS analysis

To investigate the surface enrichment caused by
the addition of appropriate concentrations of
ammonium salts to the surface layer of sulfurized
malachite, Time-of-Flight Secondary lon Mass
Spectrometry (ToF-SIMS) was conducted. Figure
5 displays two-dimensional distributions of the
fragment peaks for S-, S2, COs7, and Cu' ions on
the malachite surface, comparing test conditions
with and without the addition of typical ammonium
salts. When malachite is treated with sodium
sulfide, distinct S-, Sz, COs~, and Cu* fragment
ions are observed, partially covering the mineral
surface. The signal intensities for these ions are
relatively low, with values of (1.841e + 005),
(1.087¢ + 005), (2.205¢ + 005), and (1.636e + 005),
respectively, as shown in Figure 5(a). These results
suggest the formation of a surface layer containing
these species. However, the low intensities indicate
limited surface coverage or incomplete interaction
under the experimental conditions. After treatment
with (NH4);POs + Na:S [Figure 5(b)], the signal
intensities for the S, S2, COs~, and Cu* fragments
were significantly higher compared to direct
sulfurization. The measured intensities were
((2.140¢ + 005), (2.432¢ + 005), (4.615¢ + 005),
and (2.179¢ + 005), respectively. This increase in
intensity suggests that the addition of (NH4)sPO4
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enhanced the formation of these ionic species on
the malachite surface. Furthermore, a larger
proportion of copper oxide was converted into
copper sulfide, improving the floatability of the
malachite [35]. In contrast, malachite treated with
(NH4)2SOs + NaS [Figure 5(c)] exhibited even
higher signal intensities for the S-, S27, COs~, and
Cu* fragments than those observed with (NHa4)sPO4
+ NazS. The corresponding signal intensities were
((2.602¢ + 005), (7.543¢ + 005), (5.940¢ + 005),
and (2.440e + 005), respectively. These values
were significantly higher on the malachite surface
treated with both (NH4).SO4 and Na.S compared to
sodium sulfide treatment alone, suggesting
enhanced collector adsorption onto the surface.
These results provide further evidence that
(NH4)2SOs4 can prevent the formation of copper
sulfide colloids during malachite sulfurization,
thus promoting more optimal conditions for
xanthate adsorption [36]. Moreover, ammonium
ions (NHs") likely interact with the malachite
surface, promoting the reduction of Cu?* to Cu,
while sulfate ions (SO4*") help stabilize Cu" by
modifying the local environment. Consequently,
this leads to markedly increased Cu® signal
intensity in the ToF-SIMS analysis, indicating that
(NHa)2SOs treatment alters the copper sulfurization
state and enhances the surface reactivity of
malachite.

0
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o T T
s 0 0 a0
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Figure 5. 2D distribution of ion on the malachite treated with (a) Na:S, (b) (NH4);PO4+ Na:S, and (c) (NH4)2SO04

+ NasS.
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Figure 6 shows the normalized intensity of
positive and negative ion fragments on the surface
of malachite before and after pre-treatment with
different ammonium salts. After treatment with
Na:S, the signal intensity of S-, S27, COs~, and Cu*
ionic fragments was notably high [37]. However,
when treated with (NH4)sPOs + NazS, the signal
intensity of S7, S27, and Cu™ significantly increased,
while the amount of COs™ fragments decreased,
indicating a change in the surface composition.
This change can be attributed to the degree of
sulfurization on the mineral surface. In contrast,
after treatment with (NH4)2SO4 and NaS, the
signal intensity of S, S;~, and Cu" ions gradually
increased. This enhancement can be explained by
the facilitated formation of sulfide-related species,
with a greater proportion of copper oxide species
being converted into copper sulfide species,
thereby improving the floatability of malachite.
Meanwhile, the COs™ signal intensity decreased,
suggesting that sulfur species from (NH4)2SO4 and
Na.S treatments displaced or neutralized the
carbonate species on the malachite surface.

Therefore, (NH4).SOs is more effective than
(NH4);PO4 at chemisorbing onto the malachite
surface due to the strong chemical affinity between
sulfate ions (SO+*") and copper ions (Cu?*). As a
result, sulfate ions react with copper ions on the
malachite surface, forming copper sulfide species,
such as CuS or Cu.S. This reaction effectively
transforms the copper component of malachite into
a sulfur-rich phase, enhancing the sulfurization
process and improving flotation. Additionally, the
ToF-SIMS results confirmed that the normalized
intensities of copper-sulfide species on the
malachite surface increased after pre-treatment.
This finding is consistent with the FESEM-EDS
results and supports the optimized surface
enrichment.

3.4. EPMA analysis

EPMA mapping was performed on pure
malachite, with and without sodium sulfide
treatment, to assess its effects on flotation
performance, as shown in Figure 7. No sulfur was
detected in the pure malachite sample; however, a
distribution of Cu and O was observed on the
surface, with approximately 55.47 wt.% Cu and
29.51 wt.% O [Figures 7(al, a2, a3)], along with
other elements. After treatment with sodium
sulfide [Figures 7(b1, b2, b3)], the results indicate
that sodium sulfide promotes the formation of
copper sulfide species, slightly enhancing the
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flotation response [38, 39]. The -elemental
composition of Cu, O, and S on the surface was
57.15%, 34.78%, and 0.27 wt.%, respectively.
These findings confirm the formation of copper
sulfides (such as CuS or Cu.S), indicating
successful sulfurization [40].

Figure 8 presents an EPMA mapping analysis
of malachite treated with different ammonium salts
and sodium sulfide, exploring the role of the
activation mechanism. After treatment with
(NH4)sPOs + Na.S (Figure 8(al, a2, a3)), the
elemental composition of Cu and S increased to
67.18 wt.% and 1.49 wt.%, respectively, while the
O content decreased to 25.06 wt.%, compared to
the direct sodium sulfide treatment.

0.10

S5 With Na,S
[ with (NH,),PO,+Na,$
[ With (NH,),SO,+Na,S

0.08

ensity

0.06

0.04

Normalized Inti

lon Fragments

0.02

\
§
\
§

CO,” Cu”

0.00
s S,

Ion Fragments
Figure 6. Normalized intensity of positive and
negative ion fragments on the malachite surface.

This suggests that (NH4);POs enhances the
sulfurization process by further modifying the
surface  chemistry and increasing sulfur
incorporation [41]. The decrease in oxygen content
likely indicates a sulfur replacement, which
increases surface hydrophobicity and improves its
suitability for flotation. Following treatment with
(NH4)2SO4 + NazS, the elemental composition of
Cu and S rose significantly to 73.41 wt.% and 2.30
wt.%, respectively, while the O content gradually
decreased to 19.86 wt.%, as shown in Figure 8(bl,
b2, b3). These results confirm the positive effect of
ammonium sulfate on malachite sulfurization,
promoting the replacement of oxygen-based
groups with sulfur and facilitating the formation of
additional copper sulfide species. This
enhancement improves flotation efficiency.
Therefore, these findings are consistent with our
previous ToF-SIMS results.
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EN 12

Figure 8. EPMA mappings of pure malachite treated with

3.5. Zeta potential analysis

Surface zeta potentials were measured to assess
the influence of ammonium phosphate ((NH4);PO.),
ammonium sulfate ((NH4)2SOs), and sodium
sulfide (Na2=S) on the sulfurized malachite surface
without the addition of a xanthate collector, as

(a) (NH4)3PO4+ NazS, and (b) (NH4)2SO4 + NazS.

shown in Figure 9. After treatment with (NH4)sPO4
and Na.S, the potential difference during
sulfurization was significantly reduced. At lower
pH, the concentration of hydrogen ions (H") is
higher, leading to the protonation of hydroxyl
groups on the malachite surface, converting them
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into positively charged species, represented as (—
OH:"). As the pH increases, the deprotonation of
hydroxyl groups occurs, forming (—OH") species,
which results in a more negative surface charge on
the malachite particles. These results indicate that
phosphate ions can alter the zeta potential, shifting
it toward a more neutral or negative value as pH
increases. Treatment of malachite with (NH4)2SO4)
and (Naz2S) results in a more negative zeta potential.
Copper ions on the malachite surface bond with
sulfide ions, forming a copper sulfide (CuS) or
copper-hydrosulfide layer, which exhibits a more
negative charge compared to the layer formed by
((NH4)3PO4). This indicates that sulfide ions
significantly alter the surface chemistry of
malachite, increasing its negative charge.
Compared with Figure 9, xanthate is introduced
here to evaluate its adsorption effect, as shown in
Figure 10. When NaBX is added alone, the surface
potential shifts to a more negative value due to the
adsorption of RCSS~ [42]. However, when NazS
and NaBX are added, the surface potential becomes
even more negative and stabilizes at pH > 8.5. This

20 -

s
ok \E §
AN

Zeta Potential (mV)

40 b

~@— Malachite+(NH,),PO,+Na,$
—@— Malachite+(NH,),S0,+Na,§

pH

Figure 9. Zeta potential of malachite as a function of

pH in the presence of various ammonium salts, and
sodium sulfide during sulfurization flotation.

3.6. Malachite-NH3-Na2S system

Ammonium salts are used as a sulfurization
accelerator, and ammonium ion (NH;") will
undergo a hydrolysis reaction, as shown in Figure
11. This process leads to the dissolution of
significant amounts of Cu*" from the surface,
resulting in numerous broken bonds. The free
copper ions in the solution then react with NHj3 to
form a series of copper—ammonium complexes.
Meanwhile, copper on the malachite surface also
interacts with the remaining NH; in the solution,

Zeta Potential (mV)

=20 §

A0k
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suggested that NaBX species were adsorbed on the
sulfurized mineral surface [8], which reaches
equilibrium and limits further Na.S adsorption. In
contrast, with the (NH4)sPO4 + NazS treatment, the
surface potential decreases and stabilizes at pH >
9.5, primarily due to sulfide ion adsorption. At
higher pH, stabilization occurs due to the
equilibrium between copper hydroxide formation
and sulfide adsorption. This indicates that NaBX
adsorbs onto the malachite surface, further
lowering its potential. The greater downward shift
in surface potential upon adding NaBX with

(NH4)2:SOs + Na.S treatment, compared to
(NH4)sPOs  pre-treatment, indicates a more
negatively charged malachite surface after
(NH4)2SOs + NasS treatment. This stronger

negative charge enhances NaBX adsorption,
confirming the positive effect of (NH4).SO4 on
NaBX uptake from the malachite surface. Thus, the
increased negative charge from copper sulfide
complexes strengthens the attraction of NaBX (a
positively charged collector), leading to greater
NaBX adsorption.

—&— Malachite+NaBX
Malachite+Na,S+NaBX

—@— Malachite +(NH,),P0,+ Na,$+NaBX

=@= Malachite+(NH,),S0,+Na,5+NaBX

§\§
\i
~~
§\§
\§\§

pH
Figure 10. Zeta potential of pure malachite as a
function of pH with flotation reagents.

forming a copper-ammonium complex that
dissolves into the solution.

The copper-ammonia complex primarily forms
as  [Cu(NH3)I”", [Cu(NH3)J*, [Cu(NH3)s]*,
[Cu(NH;)4]**, or [Cu(NH3)s]**, depending on the
reactant concentration in the solution. This result
indicates that [Cu(NH;)s]*" is produced when
ammonium salts NH," are present at high
concentrations [43, 44, 45]. Nevertheless, the
concentrations of NH4" employed in this research
may not be sufficient to form [Cu(NHs)s]*".
Consequently, further chemical calculations
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showed that [Cu(NH;)s] >* had a minimal effect on
malachite flotation.

NH; + H,O <> NH; + H;0" (1)

2NH,* + 2HS™ & 2NH, + H,S(aq) )
+ H,S(g)

Cu*" + NH; — [Cu(NH;)]*

B,=1.40x10" @

Cu*" + 2NH; — [Cu(NH;),]**
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Cu* + 3NH; — [Cu(NH;);]*

B, = 2.96 x 10" ©)

Cu? +4NH; —[Cu(NH;), 1> ©)

B,=4.74x 10"

Cu®" + 5NH; — [Cu(NH;)5]™ .

B, =8.66 x 10" 2
Where:

Bi, P2, P3, Ps, and PBs represent the cumulative

4
B, =4.06 x 10’ @ stability constant of the chemical reaction,
respectively. According to the conservation of
copper ion mass, the total copper [TCu] in the
flotation solution was expressed by Eq. (8).
Tey = [Cu™'] + [CutNH)J** + [Cu(NH,), 1 + [CuNH3); 1" + [Cu(NHy),T™" ®)
[Cu*"] 1
Oo= C = > 3 4 ©)
[Cur]  1+6,[NH;] +BZ[NH3] + B,[NH;]" + B,[NH;]
[Cu(NHy)*'
= 27 - 10
o [Cur] B, [NHs]oy (10)
o :M:B[NH]ZG (11)
2 [Cu] o
oy GNP (12)
[Cu(NH3),1* .
= 74 13
Oy [Cuy ] B,[NH;]*ay (13)
Where: 3.7. Malachite-(NH4)3PO4 system

oo, 01,00, 03, and o4 represent the percentage of
Cu2+, Cu(NH3)2+, Cu(NH3)22+, Cu(NH3)32+ s and
Cu(NH3)4*", respectively.

The concentration of ammonium ions (NH4")
influences the behavior of copper complexes. At
low ammonium concentrations, copper primarily
exists as Cu(NHs),>" species, where the specific
value of 'm' is dependent on the ammonium
concentration. The copper content can exist in
several complex forms, including Cu(NH;)s*",
Cu(NH;);**,  Cu(NH3),*', and  Cu(NH;)*,
respectively. Notably, the presence of ammonium
in the solution affects the complexation behavior of
copper, resulting in different copper-ammonia
complexes depending on the concentration of
ammonium.

(NH4);PO4-3H,O is a salt that reacts as an
intermediate between a strong acid and a weak base,
resulting in an aqueous solution. The results shown
in Figure 12 reveal that the most advantageous
component in the solution at pH 9.0 is the [HPO4]*
ion. At this pH level, the phosphate radical
consumes a large amount of hydrogen ions [H+],
thereby accelerating the formation of copper
sulfide [35]. However, this rapid formation may
hinder the stable adhesion of copper sulfide to
malachite, possibly because ammonium phosphate
is less effective in promoting malachite
sulfurization than ammonium sulfate.
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Cu(NH,)j’
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Figure 11. Distribution of Cu’>" and Cu(NH3).>" in
aqueous solutions as a function of ammonium
concentration.

Based on the characterization results and
flotation analysis, the enrichment mechanism of
malachite sulfurization can be explained as
follows. Figure 13 illustrates the schematic
diagram. Indeed, malachite surface enrichment can
occur through a sulfurization reaction with
ammonium salts. The sulfur species derived from
ammonium salts react with copper ions in
malachite to form copper sulfide compounds.
These compounds are generated on the surface,
increasing sulfur species and some active copper.
As a result, this significantly enhances the
enrichment of malachite on the surface.

Figure 13. Schematic diagram of surface
enrichment on malachite sulfurization.
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Figure 12. Distribution coefficients of phosphor
species as a function of pH value.

4. Conclusions

This study optimized surface enrichment for
malachite during sulfurization flotation. The
sulfurization process modifies the malachite
surface, enhancing its flotation properties by
forming a sulfur layer that increases
hydrophobicity and promotes affinity for air
bubbles. The key conclusions from this work are:

1) Malachite flotation results showed that
ammonium sulfate enhances flotation recovery
more effectively than ammonium phosphate,
particularly during sulfurization. NaBX further
improves recovery by forming a hydrophobic
layer on the malachite surface.

2) The FESEM-EDS analysis confirmed partial
sulfurization of malachite with Na.S. However,
compared to (NH4);POs, (NH4).SO4 enhanced
surface reactivity. Ammonium sulfate led to
more complete surface modification, with
higher concentrations of Cu and S.

3) In ToF-SIMS analysis, the sulfur content
detected on the malachite surface significantly
increased when (NH4).SOs was added to the
reaction, compared to (NH4)sPOa.. This
enhancement promotes the formation of copper
sulfide, thereby improving surface reactivity
and flotation properties.

4) In theoretical solution chemistry, sodium and
ammonium ions significantly affect the copper
species in flotation solutions. Cu(NHs)«** and
Cu(NHs):** remain stable in the malachite-
ammonium  system, increasing  copper
concentration by keeping copper in solution and
preventing insoluble precipitation.
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