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Abstract: This study investigates the enhancement of malachite flotation using sodium
diethyldithiocarbamate (DDTC) and xanthate as collectors in combination with sodium sulfide (Na,S).
Both collectors promote adsorption on the malachite surface, aiding in forming a copper sulfide (Cu-5S)
layer that increases surface hydrophobicity and enhances surface roughness, further improving reagent
adsorption. Na,S also stabilizes the Cu-S layer, optimizing flotation performance. Under optimal pH
conditions, the combined treatment of Na,S with DDTC and xanthate achieved the highest flotation
recovery (93.15%), outperforming traditional methods. This treatment shifted the malachite contact
angle from hydrophilic to hydrophobic, and its zeta potential became increasingly negative. DDTC and
xanthate adsorb onto the positively charged copper species through their dithiocarbamate and xanthate
ion groups (R-O-C=5-). XPS and FTIR analyses reveal that Na,S interacts with copper ions, reducing
Cu?* to Cu*, while DDTC enhances the stability of the copper sulfide layer on the malachite surface.
FESEM-EDS analysis shows that the activation products evolved from small aggregate films to dense,
cloud-like layers with sulfide deposits, reflecting dynamic surface changes. Flotation experiments
demonstrate that DDTC and xanthate improve sulfurization performance, significantly enhancing
malachite flotation. These findings indicated that both collectors increased the recovery and provided
valuable insights into malachite sulfurization mechanisms.

Keywords: sodium diethyldithiocarbamate (DDTC), sulfurization flotation, collector, malachite,
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1. Introduction

Copper oxide ores have been a critical resource for centuries and continue to play an essential role in
meeting global copper demand (Arndt et al., 2017; Rotzer and Schmidt, 2020). These ores contain
various copper oxide minerals, including malachite, azurite, cuprite, and tenorite (Chavez Jr, 2021;
Zhang et al., 2020). With projections for increased industrialization, construction, and electrical
manufacturing, alongside evolving environmental regulations, copper oxide consumption is expected
torise (Agrawal and Sahu, 2010; Grozdanka D. Bogdanovi¢, Velizar D. Stankovi¢, Maja S. Trumi¢, Dejan
V. Anti¢, 2016; Majumdar and Ghosh, 2021; Northey et al., 2014). Malachite is a significant oxidized
copper mineral that displays high hydrophilicity due to surface hydroxyl groups, leading to poor
collection efficiency with traditional sulfide copper collectors (JIA et al., 2023; Lu et al., 2023; Wu et al.,
2017). Without pretreatment, effectively enriching malachite is challenging. The traditional
sulfurization-xanthate flotation technique is the most widely used method for recovering malachite.
During this process, the addition of a sulfurizing agent reacts with the oxidized mineral surface, forming
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a metal sulfide layer that increases surface reactivity. Feng et al. (2017) found that several cuprous
sulfide species, including cuprous monosulfide, disulfide, and polysulfide, formed on the malachite
surface during sulfurization-xanthate flotation. The concentration of these species increased with
sodium sulfide concentration, enhancing surface reactivity. However, the effectiveness of sulfurization
flotation is strongly influenced by the amount of Na,S used. The extraction of valuable components
from malachite-bearing ores is complex due to the need to separate malachite from gangue and clay
minerals, which requires a combination of physical and chemical methods and careful selection of
extractive techniques (Liu et al., 2018; Wang et al., 2022). Using sodium sulfide as a sulfurizing reagent
in copper oxide flotation has proven effective in enhancing the recovery of copper oxide minerals
(Ibrahim et al., 2023, 2022; Maleki et al., 2023; Xue et al., 2023). During the flotation process, copper
sulfide is the primary sulfide product formed on the malachite surface. This copper sulfide forms
through a growth process, meaning that brief sulfide treatment results in a smaller amount of newly
formed sulfide on the malachite surface. The newly formed copper sulfide is unstable when adsorbed
onto the mineral surface and may detach during mechanical stirring. As the duration of sulfide
treatment increases, more copper sulfide particles detach. The stability of the sulfide layer must be
carefully controlled, as both excessive and insufficient sulfide treatment can negatively impact copper
recovery (Bai et al., 2020; Feng et al., 2017; Li et al., 2018). Ongoing research aims to optimize process
conditions and understand the underlying mechanisms of the sulfurization reaction.

Due to the hydrophilic nature of copper oxide minerals, flotation can be challenging and often
requires specific reagents. Common collectors include xanthates, dithiophosphates, and
thionocarbamates (Li et al., 2015, 2025; Liu et al., 2019). The recovery of copper minerals requires
collectors to enhance the process, with the most popular collectors being xanthates, dithiophosphates,
fatty acids, and thiocarbamate, all of which have divergent effects on copper mineral surfaces. Xanthates
are particularly popular because of their strong affinity for copper sulfide minerals and their
effectiveness in alkaline environments (Mustafa et al., 2004; Zhang et al., 2013). The sulfurization-
xanthate flotation system is an alternative to the DDTC-sulfurization flotation system. It involves
sulfurizing copper oxide minerals and then collecting them using xanthate. Chen et al. (2025) found that
adjusting sodium sulfide concentrations could control malachite's surface hydrophobicity and improve
recovery. Dithiophosphates are preferred for their selective adsorption in complex ore systems, while
dithiocarbamates form stable metal-dithiocarbamate complexes, which are advantageous in specific
flotation conditions (Gupta et al., 2015, 2013). Thionocarbamates are less commonly used, but they have
shown potential in specific flotation applications, especially for copper oxide ores. Although the
individual impacts of xanthates and sodium diethyldithiocarbamate (DDTC) on copper oxide flotation
have been investigated, only a few studies have focused on their combined effects. Some research
suggests that DDTC, as a mixed collector, can improve flotation performance by modifying surface
properties and potentially enhancing recovery (Liao et al., 2024). Furthermore, the interaction between
DDTC and xanthates may influence flotation kinetics, including bubble-particle attachment, surface
charge, and froth stability. Further studies on these combined effects could offer valuable insights for
optimizing flotation processes for copper oxide minerals. In previous studies, McFadzean et al. (2015)
also investigated the heat produced during reactions between sodium ethyl xanthate, sodium isobutyl
dithiocarbamate, and their mixtures with chalcopyrite and pyrite, using an isothermal titration
microcalorimeter.

Therefore, this study aims to investigate and optimize the performance of sodium
diethyldithiocarbamate (DDTC) as a collector in combination with xanthate during the sulfurization
flotation of malachite. Flotation tests were carried out to evaluate the effect of operating parameters,
including pH, time, and concentrations of both DDTC and xanthate collectors. Additionally, various
techniques, including X-ray photoelectron spectroscopy (XPS), ultraviolet spectroscopy (UV), atomic
force microscopy (AFM), field emission scanning electron microscopy-energy dispersive spectroscopy
(FESEM-EDS), contact angle measurements, Zeta potential measurements, fourier transform infrared
spectroscopy (FT-IR), adsorption experiments, were employed to investigate the impact of DDTC on
the surface properties and sulfurization response of malachite. This work provides new insights into
the collection mechanism of malachite sulfurization flotation under cationic-anionic collector
conditions.
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2. Experimental
2.1. Materials and reagents

Malachite samples were sourced from Kunming, Yunnan Province, China. As shown in Table 1, the
malachite sample analysis revealed the following composition: Cu 56.14%, Mn 0.40%, Fe 0.10%, SiO,
2.32%, Al,03 0.56%, CaO 0.70%, MgO 0.32%, and other elements 39.46%. The bulk malachite samples
were crushed and hand-pulverized. After initial crushing, the sample was ground in a ball mill to
reduce the particle size further by using screens. The three types of powder, with particle sizes ranging
from -74 to +38 pm, were used in micro-flotation, FTIR, and XPS analyses. For other tests, the blocky
samples were cored into cubes of a regular geometry and then processed for Atomic Force Microscopy
(AFM) analysis and Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) characterization.
NaOH and HCI were used in the present investigation to control the pH. All the reagents used in this
study were analytical grade, and deionized (DI) water was used.

Table 1. XRF analysis of major elements in the sample

Elements Cu Mn Fe SiO, AlLOs CaO MgO Others
Wt. (%) 56.14 0.40 0.40 2.32 0.56 0.70 0.32 39.46

2.2. Flotation study

The micro-flotation experiments were carried out using an XFG flotation machine. Pure malachite
samples were collected, crushed, and ground to achieve a particle size range of =74 to +38 pm. As
needed, fresh concentrations of DDTC and Na,S were prepared, along with other reagents, including
pH modifiers (NaOH or HCI), frothers (methyl isobutyl carbinol), and additional surfactants. Initially,
2 g of the malachite sample was mixed with 36 cm?3 of deionized water, along with the appropriate pH
regulators and reagents, and stirred in the flotation cell for five minutes, as illustrated in Fig. 1. Finally,
the concentrate and tailings were collected, dried, and weighed to evaluate the flotation recovery
percentage of the malachite using Equation (1).

£=—2—x100% 1)

mi+m;
Here, ¢ represents recovery, and m; and m; denote the masses of the foam and tailing products,
respectively.

2 g Malachite

- 1
1min ( ) NaOH / HCL

|

3min () NasS/DDTC

3min () NaBX

1min () MIBC

5 min flotation

Concentrate Tailings
Fig. 1. Flowsheet of the micro-flotation tests

2.3. XPS study

X-ray photoelectron spectroscopy was performed to analyze the effect of collaborative collection
collectors of DDTC and NaBX on sulfurized malachite surfaces. The XPS was analyzed using a PHI 5000
spectrometer (Japan) with an Aluminium Ka X-ray source, 1486.6 eV. Spectra were collected across the
binding energy range to identify key elements and their states and achieve a high spectral resolution of
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the Cu 2p3/, and S 2p core-level regions. Malachite was conditioned with DDTC and Na;S solutions at
the optimal concentration determined from previous flotation tests. The samples used in the tests were
prepared as in the FTIR and flotation experiments.

2.4. UV spectroscopy study

The UV-Vis analysis of malachite samples was performed using UV-Vis spectroscopy (UVProbe 3600).
For sample preparation, 2 g of malachite was suspended in 36 ml of deionized water. DDTC and Na,S
were added sequentially to the reaction, with reaction times varying at 0, 5, 10, 15, and 20 minutes, using
a constant concentration ratio of DDTC and Na,S. After stirring and allowing the mixture to settle for
30 seconds, 10 ml of the clear supernatant was delivered into a centrifuge tube. The centrifugation was
set at 2200 rpm for 40 mins, after which 3ml of the supernatant was taken for testing.

2.5. AFM study

AFM was used to determine malachite's surface morphology and crystallization features before and
after DDTC and sodium sulfide treatment. Scanning was performed using a Dimension Icon AFM from
Bruker (United States). The pure cubic malachite samples were placed directly into a glass beaker, and
deionized (DI) water (18.25 m€2-cm) was added to the solution, adjusting the pH to around 9. Depending
on the experimental conditions, fresh solutions of DDTC and Na,S were prepared and added, and then
the samples were modified for 10 minutes. After conditioning, the samples' surfaces were dried in a
vacuum oven before the AFM analysis.

2.6. FESEM-EDS study

The sample analysis was conducted to describe the surface morphology and perform an elemental
analysis of malachite after treatment with DDTC and NazS. The elements analyzed included Cu, O, C,
and S, using a surface analysis method with EDS. The sample preparation steps were as follows: A
portion of the sample was treated with the reagent solutions and then washed. The treated samples
were placed in a vacuum dryer and coated with platinum before performing an SEM-EDS scan for
analysis.

2.7. Contact angle study

The contact angle measurements (CA) were made using a JY—82B (Dingsheng) instrument. The samples
were polished with Al,O; sandpaper (500 grit and 4000 grit) under different setting conditions. After
cleaning, the malachite was placed in a beaker containing 50 mL of deionized water. Following the
flotation test protocol, the required reagents were added sequentially, with each reagent allowed to
react with the minerals for 5 minutes. After the reagent reaction, the mineral sample was placed in a
contact angle measurement instrument. Images of the water droplet shape were captured with a camera
and analyzed using Image] 1.46r (National Institutes of Health, Wayne Rasband, United States) and
saved. Each condition was tested at least twice to ensure the accuracy of the contact angle measurements.

2.8. Zeta Potential study

The zeta potential of malachite samples was measured using a Malvern Zetasizer (United Kingdom),
which utilizes laser Doppler electrophoresis to assess the electrokinetic potential of particles in
suspension. Fresh solutions of 2 x 107 mol/dm? Na,S and 1 x 10~* mol/dm3 NaBX were prepared for
the experiment. Following the outlined procedure, a 0.5 g sample of malachite (—47 um) was used. The
pH was adjusted by adding NaOH or HCI to achieve the desired value. A 1 x 107 mol/dm? KCl
electrolyte was also prepared. After approximately 5 minutes, the fine particles settled, and the
supernatant was transferred to a specialized container for measurement. Each sample was measured
three times, and the average value was used for the final result.

2.9. FT-IR study

FTIR experiments were conducted using a Nicolet iS50 from Thermo Nicolet Corporation (USA). For
FTIR analysis, 2 grams of the mineral sample, with particles finer than 74 pm, were added to deionized
water in a volumetric flask and stirred. NaOH and HCI solutions were then used to adjust the pH to
around 9. Sodium diethyldithiocarbamate (DDTC) and (NaBX) were freshly prepared for sulfurization.
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After 10 minutes of stirring, the malachite samples were filtered and vacuum-dried at approximately

40 °C. Finally, at room temperature, FTIR spectra were recorded from 400 to 4000 cm™ for each reagent
and mineral.

3. Results and discussion
3.1. Flotation analysis

Fig. 2 shows the effects of initial DDTC and NaBX as collectors, Na,S concentrations, pH, and flotation
time on malachite recovery. The floated response of malachite to (DDTC 2 x 107 mol/dm?3) and (Na,S
2 x 107 mol/dm?) was also investigated at varying pH of 5, 6, 7, 8, 9, 10, and 11. As the pH increased
from 5.0 to 11.0, the recovery progressively improved. Under optimal pH conditions, DDTC exhibited
moderate collection efficiency, peaking at 33.24% at pH 9.0 and then declining to 19% at pH 11. On the
other hand, Na,S had better collection efficiency, achieving a maximum recovery of 49.27% at pH levels
9 and maintaining 41.3% at pH 11. The combined application of both collectors with sodium sulfide at
the same pH yielded the highest collection efficiency, with a peak recovery of 93.15%. However, as pH
levels exceeded 9, the total malachite recovery tended to decrease, reaching a maximum of 68.15% at
pH 11, indicating an increased probability of undesirable chemical changes, such as surface deactivation
and decreased efficacy of flotation reagents, as depicted in Fig. 2(a). Similarly, as flotation time increased
from 1 to 10 minutes, the flotation recovery of malachite improved by 30.40% and 43.15% with DDTC,
NaBX, or Na,S treatments, respectively. Under the same conditions, the sample treated with Na,S and
a combination of DDTC and xanthate exhibited improved collection performance, achieving a higher
flotation recovery of 93.46%, as shown in Fig. 2(b).

When flotation time exceeded 20 minutes, all recovery slightly increased before stabilizing. This
indicates that the mechanical energy applied to keep particles in suspension (such as agitation or
aeration) may become less effective at longer flotation times, further slowing the recovery rate.

Fig. 2(c) illustrates the effect of Na,S concentration, ranging from 5 x 10™* to 3.5 x 102 mol/dm3, on
the floatability of malachite. Malachite recovery rose from 27.48% to 52.95%, with an improvement in
the concentration range of 5 x 107* to 1.5 x 1073 mol/ dm3. However, as the Na,S concentration increased
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Fig. 2. Malachite flotation recoveries across varying conditions: (a) pH, (b) time, (c) NasS concentration, and (d)
DDTC concentration, NaBX=1 x 1074 mol/dm3
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from 1.5 x 107 to 3.5 x 107 mol/dm3, the recovery rate sharply decreased from 76.7% to 34.8% at 3.5 x
1073 mol/dm3. When treated with DDTC and xanthate at the same Na,S concentrations, the maximum
recovery observed was 91.27%. Conversely, the efficiency of malachite recovery decreased as the
concentration of the solution increased because the adsorption of an insoluble salt precipitate,
originating from the reaction of Na,S and dissolved Cu ions, occurred. This reaction effectively restores
the surface's hydrophilic nature, thereby reducing floatability (Li et al., 2025).

Fig. 2(d) illustrates the effect of DDTC concentration on malachite floatability. A positive correlation
between DDTC or xanthate concentrations and malachite recovery is observed. Within the DDTC
concentration range of 5 x 107* to 2 x 107 mol/dm?, the highest recovery obtained was 31.55% at 2 x
1073 mol/dm?. However, as the DDTC concentration rose beyond this point, recovery dropped to as low
as 17.6% at 3.5 x 1073 mol/dm?3, likely due to unwanted reactions, such as precipitate formation, which
disrupted the flotation and separation processes. The results indicate that DDTC demonstrates high
collection efficiency at similar concentrations in treatments with malachite and Na,S-NaBX, achieving
maximum recovery of 88.4%. However, with an increase in DDTC concentration to 3.5 x 107 mol/dm?3,
malachite recovery decreased to 56.36%.

3.2. XPS analysis

XPS analysis was applied to study the surface compositions of malachite in both the presence and
absence of DDTC and sodium sulfide (Na,S). The resulting spectra and detailed surveys of copper (Cu)
and sulfur (S) are presented in Fig. 3. The binding energies of Cu 2p3/2 in the pure mineral appeared
at 935.02 eV, as depicted in Fig. 3(a). The pure malachite surfaces exhibit spin-orbit split peaks, which
can be ascribed to the divalent copper (Cu?*) component present on the malachite surfaces (Feng et al.,
2018). Following DDTC treatment, the binding energy peaks for Cu 2p3/2 were identified as two
distinct components located at approximately 932.25 eV and 934.14 eV, as illustrated in Fig. 3(b). These
peaks correspond to copper in the +1 (Cu(I)) and +2 (Cu(ll)) species, respectively. The analysis revealed
that a notable portion of Cu(II) was converted to Cu(l), with Cu(I) and Cu(Il) accounting for 63.23% and
36.77%, respectively. This observation indicates that DDTC minimally impacts the overall copper
composition in minerals. When malachite was treated with Na,S (Fig. 3(c)), the Cu 2p3/2 peak revealed
two distinct components at binding energies of 932.27 eV and 934.73 eV, indicating the sulfurization of
the malachite surface by Na,S (Ibrahim et al., 2025; Zhang et al., 2022). The total copper content was
measured at 56.49% Cu(II) and 43.51% Cu(l). This observation indicates that Na,S changes the electronic
environment of copper on the mineral surface, resulting in an increased proportion of Cu(l) and a
corresponding decrease in Cu(Il). In contrast, after treating malachite with Na,S and DDTC, the results
shown in Fig. 3(d) indicate that the Cu 2p3/2 peaks correspond to binding energies of 932.37 eV and
934.75 eV. The total copper content was approximately 30.38% for Cu(ll) and 69.62% for Cu(l),
associated with Cu-S and Cu-O bonds, respectively (Xiao et al., 2024). This indicates that a substantial
portion of Cu(Il) was converted to Cu(l) species, as DDTC acts as a reagent facilitating the reaction
between sulfur and copper ions. This interaction forms a protective copper sulfide (Cu-S) layer on the
mineral surface, improving malachite's stability and its reactivity in chemical processes.

The S 2p XPS spectrum shows that 2p orbital elements in the 2p1/2 and 2p3/2 states exhibit similar
chemical properties, leading us to focus on the S 2p3/2 spectrum. This results in pairs of spectral lines
appearing due to the electron’s spin and orbital motion interaction. As illustrated in Fig. 3(e), no binding
energy peak for sulfur is detected in pure malachite, confirming the absence of sulfur species and
indicating the sample's purity, with no contaminating sulfide or sulfonate species present. Following
malachite post-treatment with DDTC (Fig. 3(f)), the S 2p spectrum splits into two distinct peaks. These
peaks are located at binding energies of 162.55 eV and 164.18 eV (S 2p3/2) and account for
approximately 58.96% and 41.04% of the total sulfur content, respectively, corresponding to the S~ and
Sn?” species. This result indicates that sulfur underwent oxidation during the DDTC modification, which
is beneficial for enhancing the mineral's activation.

When the pure malachite was treated with (Na,S), the S 2p3/2 spectrum was fitted to reveal three
spectral peaks at binding energies of 162.69 eV, 164.25 eV, and 168.97 eV, corresponding to the S*7, 5,27,
and SO,?" fractions, with proportional percentages to 44.60%, 46.91%, and 8.49%, respectively. The
percentage of S*” species likely corresponds to sulfur species adsorbed onto the surface, while the 5,2~
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Fig. 3. High-resolution XPS Cu 2p and S 2p spectra of (a, e) pure malachite, after (b, f) DDTC treatment, after (c, g)
NayS treatment, and after (d, h) Na,S+ DDTC treatment.

species may indicate a minor oxidation process that enhances the surface reactivity of the sample. In
contrast, the presence of SOn?” species suggests excessive oxidation of the sulfurization products, which
leads to reduced surface reactivity, as illustrated in Fig. 3(g) (Gupta et al., 2013; Ibrahim et al., 2023).

After adding Na,S and DDTC, the peak at approximately 162.73 eV is attributed to the S*” fraction,
while the peak at around 164.54 eV corresponds to the S.>~ fraction. This division into two peaks
indicates the presence of sulfide ions and polysulfides, reflecting the distinct chemical environments of
sulfur on the modified surface, and does not result in more oxidized SO.?>" species. Compared to
sulfurized malachite, the percentage of S*” decreased by 1.42%, while the percentage of S,2” increased
by 3.91%, as shown in Fig. 3(h). The decrease in S*~ content is attributed to slight oxidation on the
mineral surface, which enhances the reactivity of the malachite. This change may result from a strong
frontal redox reaction between Cu?*, DDTC, and Na,S, forming more copper-sulfur species. In contrast,
the increase in Sy?~ indicates that sulfur species were oxidized at the malachite surface. This
phenomenon demonstrates that the malachite surface is undergoing chemical transformations that
likely enhance its reactivity.

3.3. UV spectra analysis

UV-visible spectroscopy was applied to study the time-dependent absorption spectra, revealing the
adsorption dynamics of compounds on mineral surfaces across changes in absorbance, peak positions,
and new spectral features. Of all the models used in UV-visible optical spectroscopy, the Tauc plot
method is one of the most effective and easiest to apply (Nikitha et al., 2024). Fig. 4 illustrates the UV-
vis spectra of the malachite flotation solution treated with DDTC and Na,S over time. Two absorption
peaks of DDTC are observed at wavelengths of 257 nm and 282 nm (Téllez S. et al., 2016). The first peak
at 257 nm exhibits intensities of 5.51, 4.88, 4.51, 4.25, and 3.34, measured after 0, 5, 10, 15, and 20 minutes
of adsorption, respectively. Simultaneously, the second peak at 282 nm shows intensities of 5.21, 4.74,
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4.44,4.18, and 3.28, respectively. According to the obtained results, the absorbance of DDTC is inversely
proportional to the UV exposure time. Therefore, due to the photodegradation of the DDTC molecule,
prolonged UV exposure led to its photochemical breakdown, causing it to undergo photolysis—a
chemical breakdown induced by photon absorption.

6

—— 0 min
h o — 5 min
\ /| ———10 min
— 15 min
— 20 min

I

Malachite+Na,S+DDTC
DDTC 2x107° mol/dm?

Absorption (a.u.)
N

Na,S 1.5x10~ mol/dm®

200 300 400 500 600
Wavelength (nm)

Fig. 4. UV-vis spectra of the flotation solution modified with DDTC and sodium sulfide as a function of time,
pH 9+0.1

3.4. Surface roughness and morphology of malachite

Atomic force microscopy effectively characterizes surfaces, particularly in assessing reagent adsorption
on mineral surfaces, regardless of the sulfurization process. The 2D and 3D topographies obtained from
AFM provide insights into mineral surface morphology, revealing variations in both topography and
height, as depicted in Fig. 5 (Dong et al., 2021; Yu et al., 2023). The atomic force microscopy (AFM)
analysis of pure malachite revealed distinct surface features that characterize its morphology. The AFM
images of polished malachite demonstrate a relatively smooth surface with well-defined crystalline
structures. Fig. 5(a, b) presents the 2D images, cross-sectional height diagram, and 3D representations
of malachite, revealing a surface roughness of approximately 5.99 nm. These results support the claim
that the malachite surface is clean and pure without undergoing any additional processing. When
malachite was treated with DDTC (Figs. 5(c, d)), new surface structures formed, and the mean
roughness increased to 13.47 nm compared to pure malachite. This result indicates slight DDTC
adsorption on the surface. Following the treatment of malachite with sodium sulfide (Figs. 5(e, f)), the
intensity, as well as the number of the peak values in the 3D image height topography, evidence the
adsorption of formed sulfide products on the malachite surface (Ibrahim et al., 2025; Zuo et al., 2024).
The malachite roughness increased by 10.69 nm (Ra) compared to the pure mineral, suggesting that
only a tiny quantity of sulfide products was adsorbed onto the modified surface.

In contrast, Figs. 5(g, h) illustrates the morphology of malachite treated with both DDTC and Na,S,
showing an increased number and height of columnar protrusions on the surface. The mean roughness
of 22.36 nm was greater than that of malachite treated with either DDTC or Na,S alone, indicating that
adsorption was enhanced when DDTC was applied prior to sodium sulfide treatment. This finding
aligns with the FESEM-EDS analysis, which demonstrated that using DDTC as a collector improved the
flotation recovery of malachite.
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Fig. 5. Surface roughness and morphology of (a, b) pure malachite, (c, d) DDTC treatment, (e, f) NasS treatment,
and (g, h) NayS + DDTC treatment

3.5. FESEM-EDS Analyses

FESEM-EDS analysis was conducted to examine the morphology of sulfurized malachite, both with or
without DDTC as a collector, as shown in Fig. 6. The surface of pure malachite appeared smooth and
uniform from the exterior, displaying subtle textural variations inherent to its natural morphology.
Elemental analysis revealed prominent peaks for Cu, O, and C with concentrations of 53.7%, 30.1%, and
16.2%, respectively, presented in Figs. 6(a, b). After DDTC treatment, small aggregates of a white film
formed on the surface, indicating slight interaction between DDTC and malachite, as seen in Figs. 6(c,
d). This film may enhance surface reactivity by modifying adsorption characteristics for subsequent
processing. EDS analysis showed a surface composition of 48.1 wt.% Cu, 32.5 wt.% O, and 15.3 wt.% C.
In contrast, after treatment with sodium sulfide, the surface morphology exhibited irregular films
identified as sulfide deposits (Liu et al.,, 2024; R. Liu et al., 2020). EDS analysis revealed weight
percentages of 45.7% Cu, 38.8% O, 14.9% C, and 0.6% S, confirming the presence of sulfur within these
attachments, as shown in Figs. 6(e, f). Compared to DDTC treatment, sodium sulfide was more effective
in enhancing malachite flotation performance, as indicated by the small amount of sulfur detected on
the mineral surface.

Figs. 6 (g, h) show the surface characteristics of malachite after treatment with Na,S and DDTC. The
activation products evolved from small aggregate films to dense cloud layers, indicating dynamic
changes in the activation process. EDS analysis showed that Cu and O distribution percentages
decreased to 44.5% and 27.5%, respectively, while the weight percentages of C and S increased by 10.1%
and 1.7%, respectively, compared to direct sulfurization. These results suggest that the DDTC collector
actively promotes the formation of additional sulfide layers on the malachite surface.

3.6. Contact angle analysis

Fig. 7 shows pure malachite's contact angle (CA) measurements under various treatments. Untreated
malachite exhibited a contact angle of 67.7° (Fig. 7(a)), indicating a hydrophilic surface that cannot float.
With malachite treated with DDTC, the contact angle increased to 71.77° (Fig. 7(b)), suggesting
moderate hydrophobicity. When treated with sodium sulfide, the contact angle rose to 76.78° (Fig. 7(c)),
indicating a change in surface wettability and the formation of a copper sulfide layer that made the
surface more hydrophobic than with DDTC alone. After treatment with Na,S + DDTC + NaBX, the
contact angle increased significantly to 97.12° (Fig. 7(d)), reflecting a substantial shift toward
hydrophobicity. This change demonstrates that DDTC and NaBX promote the creation of a less polar,
more hydrophobic surface, thereby significantly improving malachite's hydrophobicity and optimizing
mineral separation. According to previous studies by Zafar Said, a surface is considered hydrophobic
when the contact angle exceeds 90° (Said et al., 2022).
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Cu 53.7%
O 30.1%
C 16.2%
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Cu 45.7%
O 38.8%
C 14.9%
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Cu 44.5%

S‘mapping: 0 27.5%
C 24.1%
S 22%

Fig. 6. FESEM-EDS results and proportions of Cu, S, C, and O of (a, b) pure malachite, (c, d) DDTC treatment, (e,
f) NasS treatment, and (g, h) Na;S+DDTC treatment

2
.y

Fig. 7. Contact angle evolution of the malachite surface under various conditions: (a) pure malachite, (b) with
DDTC, (c) with Na,S, and (d) with Na,;S+DDTC+NaBX
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3.7. Zeta potential analysis

The electrical double layer determines how flotation reagents adsorb onto the mineral-water interface
(Fuetal., 2021). Pure malachite's isoelectric point (IEP) is pH = 8.7, consistent with previously published
IEP values for malachite (Li et al., 2015; Liu et al., 2019, 2016; Zhang et al., 2021). At lower pH, malachite's
surface is protonated (-OH,"), resulting in a positive charge. As the pH increases, deprotonation of
hydroxyl groups (-OH") leads to a more negative surface charge. When a xanthate collector is
introduced, the zeta potential crosses zero and shifts negative, indicating that xanthate ions (RCSS")
adsorb onto the malachite surface. With the addition of DDTC and xanthate, xanthate likely adsorbs
onto the malachite surface through physical and chemical mechanisms, increasing its presence on the
mineral surface and causing a gradual decrease in zeta potential. Collector adsorption improves the
stability of hydrophobic species. Adding sodium sulfide and xanthate further increases the negative
surface potential. Sodium sulfide releases sulfur ions (S*”), which bind to metal ions on the surface,
forming metal sulfide complexes and enhancing the negative charge. This sulfurization process further
promotes xanthate's negative charge through its ionic groups. After adding Na,S with DDTC and NaBX
collectors, the zeta potentials became more negative across the tested pH range. This suggests that
DDTC and NaBX interact with positively charged copper species on the malachite surface, promoting
the formation of a Cu-S metal layer. The reaction between Na,S and the mineral creates a more negative
surface potential, enhancing subsequent collector adsorption. The zeta potential stabilizes at pH > 8§,
indicating that DDTC or NaBX adsorption reduces the surface potential, as shown in Fig. 8.

—M— Malachite

40 |- —@— Malachite+NaBX

—[»— Malachite+DDTC+NaBX
Malachite+Na,S+NaBX

—<&— Malachite+Na,S+DDTC+NaBX

20 |

Zeta Potential (mV)

40

-60 =

pH
Fig. 8. Zeta potential graph of malachite at varying pH levels and in the presence of flotation reagents
3.8. FI-IR spectra analysis

Figs. 9(a, b) display the infrared spectra of the reagents Na,S and DDTC. FTIR spectra were obtained to
compare the chemical behavior of the samples with these reagents. In the DDTC spectra, wide bands at
2849 cm™ and 2912 cm™ correspond to the symmetric C-H stretching of methyl and methylene groups
(Mohammadi et al., 2020). The peak at 1695 cm™ is attributed to the bending vibration of O-H in
crystallized water (Mohammadi et al., 2021). The peak at 1496 cm™ corresponds to C-N vibration in
the N-C=S group (Touati and Meniai, 2012), while the peak range from 1257-1049 cm™ is due to C=S
vibrations in the DDTC structure (Cordeiro et al., 2021). Peaks in the 1000-800 cm™ range indicate C-S
vibrations (Mazur et al., 2019). In the Na,S spectra, the peak at 3416 cm™ is assighed to O-H stretching
vibrations, likely from adsorbed water. Peaks at 2851 and 2917 cm™ are associated with C-H stretching,
possibly due to minor hydrocarbon contamination. Peaks at 2523 and 2072 cm™ suggest weak S-H
stretching, likely from hydrated or slightly oxidized Na,S. Peaks at 1201 and 1260 cm™ correspond to
sulfide oxidation products (S-O), resulting from sample oxidation over time. The peak at 1401 cm™ may
indicate carbonate impurities (CO3?"), typically associated with symmetric C-O stretching. In the
malachite spectrum, bands at 3404 and 3314 cm™ are attributed to O-H stretching vibrations, while the
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strong bands at 1505 cm™ and 1497 cm™ correspond to C=O stretching within the carbonate (CO3%7)
group (Fig. 10(a), (Wang et al., 2022). In the malachite + DDTC treatment spectrum, C-N, C=S, and C-
S vibrational peaks appeared on the malachite surface between 1505 and 1046 cm™, indicating DDTC
adsorption onto the malachite surface, consistent with the XPS results. This suggests that DDTC
enhances malachite recovery by increasing surface hydrophobicity, as shown in Fig. 10(b).
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Fig. 10. FTIR spectra of (a) pure malachite, (b) with DDTC, (c) with NaS, and (d) with Na;S+DDTC

After treatment with Na,S, peaks in the 2925-2853 cm™ range correspond to C-H stretching, and
those in the 1390-1047 cm™ range are related to C-O stretching and O-H bending vibrations. The peak
at 1632 cm™ represents water molecules' H-O-H bending mode. A weak band at 620 cm™ is attributed
to Cu-S stretching, confirming Na,S modification of the malachite surface (Q. Liu et al., 2020; Pei et al.,
2011; Zhang et al., 2022), as shown in Fig. 10(c). In contrast, Fig. 10(d) shows that in the spectrum of
malachite treated with both DDTC and Na,S, the adsorption bands at 1505-1147 cm™, 1636 cm™, 2982~
2869 cm™, and 3405 cm™ correspond to C-N and C-O stretching, H-O-H bending, C-H stretching, and
O-H stretching vibrations, respectively. The addition of DDTC first forms active sites on the surface,
promoting further sulfide adsorption. Sodium sulfide stabilizes a hydrophobic layer, enhancing
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floatability and improving mineral recovery. Compared to direct sulfurization, the FTIR spectrum of
malachite treated with both Na,S and DDTC shows a shift of the weak band to 669 cm™, indicating a
modification of the Cu-S bond's chemical environment due to the combined treatment.

Fig. 11. Schematic of the collaborative collection mechanism of DDTC and xanthate in the sulfurization flotation
process of malachite

Based on the calculations, DDTC and NaBX facilitate sulfur adsorption and reduce Cu?* to Cu'* on
the malachite surface, forming copper(l) sulfide (Cu,S). This sulfide layer significantly enhances the
surface hydrophobicity of malachite, improving its flotation behavior. As shown in Fig. 11, the stages
of DDTC-driven sulfurization are illustrated, emphasizing the role of these reagents in promoting
efficient flotation. The hydrophobic Cu,S-coated malachite particles more readily attach to air bubbles
in the flotation cell, enhancing the separation of malachite from non-sulfurized gangue minerals and
improving flotation efficiency. Consequently, malachite recovery is significantly increased,
demonstrating the effectiveness of DDTC and NaBX in optimizing separation and enriching the
concentrate through sulfurization.

4. Conclusion

This study used DDTC and NaBX collectors to improve the adsorption mechanism on malachite
surfaces via sulfurization flotation, enhancing separation efficiency. Key conclusions are drawn from
this work:

(1) The flotation experiments demonstrated optimal recovery at pH 9.0, achieving a maximum
efficiency of 93.15% with both reagents combined. Increased flotation time and appropriate
concentrations of Na,S and DDTC further enhanced recovery. However, excessively high
concentrations reduced recovery due to precipitate formation, hindering flotation efficiency.

(2) The application of DDTC and NaBX as collectors in malachite sulfurization flotation enhanced
recovery while increasing selectivity and yield by promoting copper ion conversion and improving
mineral surface properties.

(3) The strong frontal redox reaction between Cu?* ions, DDTC, NaBX, and Na,S plays a key role in
sulfurization, facilitating the formation and stability of Cu-S complexes, which enhances flotation
efficiency.

(4) Infrared spectral analysis demonstrated that DDTC improved malachite sulfurization recovery by
increasing surface hydrophobicity through the formation of C-N, C-S, and C=S bonds, which
promoted the adsorption of xanthate ions.
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