el 4

Asslles Science
ELSEVIER Press

Available online at www.sciencedirect.com

“s.¢ ScienceDirect

Trans. Nonferrous Met. Soc. China 34(2024) 1275-1287

Transactions of
Nonferrous Metals
Society of China

www.tnmsc.cn

Effect of ammonia on sulfidization flotation of
heterogenite and its mechanism

Guo-fan ZHANG'?, Yong-giang GAO', Meng-tao WANG'

1. School of Minerals Processing and Bioengineering, Central South University, Changsha 410083, China;

2. Key Laboratory of Hunan Province for Clean and Efficient Utilization of

Strategic Calcium-containing Mineral Resources, Central South University, Changsha 410083, China

Received 14 May 2023; accepted 8 November 2023

Abstract: Ammonium ion was introduced to enhance the sulfidization of heterogenite, the main cobalt oxide mineral.
The flotation recovery was significantly improved from less than 20% to over 70%. Micro flotation and FT-IR analyses
indicated that ammonium ions enhanced the adsorption intensity of xanthate and improved the flotation recovery of
heterogenite. Zeta potential, ICP-OES, and XPS tests further illustrated that cobalt on the surface of heterogenite was
transferred to the liquid phase by forming ammonia complexes, thereby increasing the sulfur adsorption sites on the
mineral surface and promoting sulfidization. This study will contribute to a better understanding of the flotation
behavior of heterogenite and provide a valuable reference for the efficient recovery of cobalt oxide ores.
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1 Introduction

Cobalt, as a key metal for new energy storage
materials, is widely used in lithium batteries due to
its excellent electrochemical properties [1]. The
consumption of cobalt will continue to expand in
the foreseeable future, and most of the new
demands should be realized by increasing the
production capacity [2]. Cobalt resources are
heavily concentrated in the Central African Copper
Belt, especially in the Democratic Republic of
Congo, which accounts for about half of the
world’s cobalt reserves and more than 70% of its
output [3,4] and is the most important source of
cobalt. Cobalt in cobalt oxide ores can be extracted
by hydrometallurgy; however, when the content of
alkaline gangue in cobalt oxide ores is very high
and the cobalt grade is low, the process consumes
high amounts of acids and easily poses a threat to

the environment. In this regard, cobalt oxide ore
ores should be enriched by mineral processing
using flotation [5]. However, the flotation recovery
of cobalt is typically less than 50% for mixed
sulfur—oxygen cobalt ores. Multiple collectors are
used to enhance flotation recovery [6,7], which is
determined by the oxidation rate of the ore [8].
Heterogenite is the most important cobalt oxide
mineral in the sedimentary copper—cobalt ores of
the Central African Copper Belt [9]. Heterogenite
has various complex crystal structures, which
mainly consist of crystalline varieties with a
composition close to the formula CoOOH, as well
as crypto-crystalline or amorphous varieties that
have varying amounts of copper, nickel, iron, and
bivalent cobalt [10]. Heterogenite has complex
interfacial properties, which leads to limited
flotation recovery [11].

Sulfidization flotation is an efficient and
economical method used to recover the oxidized
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minerals [10,12], such as malachite, smithsonite,
and cerussite. In our previous study, we found that
heterogenite is difficult to obtain satisfactory
flotation recovery by direct sulfidization. As such,
new methods should be explored to enhance
sulfidization. Sulfidization flotation can be
enhanced mainly by sulfidization roasting,
dissolved oxygen regulation, metal ion activation,
and ammonium ion enhancement. The pretreatment
of sulfidization roasting can decompose zinc
carbonate into zincate at high temperatures, and it
will react with sulfidization reagents to form stable
sulfide film zinc sulfide on the surface to facilitate
flotation recovery [13]. Our previous work showed
that low dissolved oxygen levels can enhance
sulfidization and increase the flotation recovery of
smithsonite [14]. These methods have not yet been
applied in industry due to their harsh operating
conditions and high energy consumption. Lead ions
can be pre-adsorbed on the malachite surface in
the form of Pb(OH)", to improve the surface
sulfidization effect and promote the adsorption of
collectors [15]. JANUSZ et al [16] reported that the
adsorption of Cu?" can activate the sulfidization
flotation of synthetic zinc carbonate. ZHAO
et al [17] showed the Cu is present on the
smithsonite surface as —O—Cu complex, which
increases the number of active sites for S adsorption
and promotes the sulfidization effect of smithsonite.
The use of ammonia pre-treatment has been widely
studied to enhance the sulfidization flotation of
oxidized minerals. FENG et al [18,19] conducted
solution chemistry calculations and concluded
that NHs; acts on hydroxymetal species; this
phenomenon is unfavorable for sulfidization to
form complexes of metals and NH3, which results
in the formation of more S*” adsorption active sites
on the mineral surface. LIU et al [20] determined
the activation effect of NH; on malachite and
found that the adsorption of NHs; on the surface
of malachite is very limited. Sulfide particles
generated on the surface in the presence of NH3 are
larger and more stable. Hence, NH3 acts as an
intermediary to promote the nucleation and growth
of sulfide products, and more stable and dense
sulfides are beneficial to malachite flotation.

Metal ions can generate new phases on the
surface of oxidized minerals. This process is
beneficial to the sulfidization of oxidized minerals
and increases collector adsorption and flotation

recovery. Ammonium ions can form a complex with
many metals [21], specifically copper, nickel,
and cobalt, generating extremely stable chelates
(Co(NH3):", and lg =35.20) [22]. To avoid the
influence of alkaline gangues, researchers have
attempted to extract valance metals through
ammonia leaching, which is insensitive to alkaline
gangues [23]. Therefore, the addition of metal ions
or the pretreatment of ammonium ions has great
potential to improve the sulfidization flotation
recovery of heterogenite.

In this study, we introduced various metal ions
and ammonium ions to enhance the sulfidization of
heterogenite and improve the flotation recovery.
The effect of adding ammonium ions on the
adsorption of the collector was studied using
Fourier transform infrared (FT-IR) spectrometer.
The mechanism of action of ammonium ions on the
sulfidization of heterogenite was identified by zeta
potential measurement, inductively coupled plasma
optical emission spectrometry (ICP-OES), and
X-ray photoelectron spectroscopy (XPS). This work
contributes to a deep understanding of heterogenite
sulfidization and provides guidance for its flotation
recovery.

2 Experimental

2.1 Materials and reagents

Copper—cobalt mixed oxide ores and pure
heterogenite samples were obtained from Democratic
Republic of Congo. The copper—cobalt mixed oxide
ore was ground to be <1.5 mm with ceramic jars
and zirconia balls, concentrated with a shaking table
and high-intensity magnetic separation machine,
and then screened out to be 38—74 um for flotation
and sulfur ions adsorption tests. The pure heterogenite
samples were manually selected and ground with
ceramic jars and zirconia balls. The <10 um particles
were screened for FTIR analysis, zeta potential
measurement, and XPS analysis. The selected high-
grade copper—cobalt mixed oxide ore and pure
heterogenite were analyzed by X-ray diffraction
(XRD) (Fig.1) and X-ray fluorescence (XRF)
(Table 1). The main minerals of the copper—cobalt
mixed oxide ore are malachite and heterogenite.
The pure heterogenite sample has good agreement
with the standard card of heterogenite
(PDF No. 07-0169) and the content of cobalt is
51.43%, indicating the high purity of the sample.
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Fig. 1 X-ray diffraction pattern of samples: (a) Copper—cobalt mixed oxide ore; (b) Pure heterogenite
Table 1 X-ray fluorescence results for samples
Sample Co Cu Fe Mn Ni P Ca Si Mg
Cu—Co mixed oxide ore 20.36 1632  20.36 - 0.18 0.60 0.67 9.25 1.13
Pure heterogenite 51.43 6.16 0.98 2.83 - 0.30 0.25 0.73 0.22
Analytical grade NHiCl, CuSOs-5H0, Feed
Pb(NOs),, and FeCl,, which are cation sources, .
were purchased from Sinopharm Chemical Reagent 3 m?n fons
Co. Ltd., China. Na,S-9H,O (analytical grade), 3 min X Na,$
potassium amyl xanthate (PAX, >98 wt.%), and 2min X pH adjustment
methyl isobutyl carbinol (MIBC, >99 wt.%) were 3min X PAX
used as sulfidization reagents, collectors, and I'min X MIBC
foaming reagents, respectively. The pulp pH was
adjusted by adding dilute hydrochloric acid (HCI)
and sodium hydroxide (NaOH). The water used for v v
all experiments and measurements was deionized Concentrate Tailling

(DI) water.

2.2 Micro-flotation experiments

Flotation experiments were carried out with an
XFG flotation machine by using a 40 mL flotation
cell, impeller tip speed of 1992 r/min and airflow
rate of 0.3 m*/h. The flowsheet for the flotation
experiments is shown in Fig. 2. For each test, 2 g of
sample and 35 mL of DI water were fed into the
flotation cell. The pulp was stirred for 2 min; if
needed, cations were added and agitated for 3 min.
Flotation reagents were sequentially added at
scheduled concentrations and stirred. The desired
pH was adjusted and the solution was stirred for
another 2 min. The foam product was scraped off
manually, and all products were filtered, dried,
weighed, and analyzed for elemental content. The
flotation recovery of heterogenite was calculated

Fig. 2 Flowsheet of flotation experiments

according to Co grades of the concentrate and feed.
The dosages of PAX and MIBC in all flotation
experiments were 4x10° mol/L and 20 pg/L,
respectively.

2.3 FT-IR spectral analysis

Fourier-transform  infrared  spectroscopy
(FT-IR) analysis was performed using a Bruker
Alpha FTIR spectrometer (Nicolet 6700, Thermo
Scientific, USA), with a resolution of 4 cm™, to
reveal the reaction of reagents with mineral
particles. 0.5 g of minerals were ground to less than
2 um, added to a 40 mL conical beaker containing
35mL of DI water, and stirred. The pH was
adjusted, and reagents were added sequentially with
the same amount as in the flotation experiment. The
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solution was stirred thoroughly for 15 min,
centrifuged, washed repeatedly with DI water three
times, dried in a vacuum drying oven, and analyzed
by infrared spectroscopy using the KBr press disk
method.

2.4 Zeta potential measurements

Zeta potential measurements were performed
using ZETASIZER Nano-Zs90 series (Malvern
Instruments, UK) to reveal the mechanism
underlying the reaction between the reagents and
mineral particles. 1x107> mol/L KCI was used as the
background electrolyte solution. In brief, 20 mg of
<10 um fractions were collected into a 50 mL
conical beaker containing 35 mL of DI water. The
pH of the solution was adjusted, and it was then
added with the predetermined reagents, stirred for
5 min, and allowed to standing for 3 min. The upper
layer solution was extracted for zeta potential
measurements. Measurement under each condition
was conducted three times and the average value
was taken as the final value.

2.5 Ions concentration measurements

The amount of reagents adsorbed on the mineral
surface can be calculated from the discrepancy
between the original and residual concentrations of
the solution before and after the adsorption of the
reagent on the mineral surface. About 2 g of minerals
and 40 mL of DI water were placed into a 50 mL
conical beaker and stirred with a magnetic stirrer at
2000 r/min for 2 min. The solution was added with
a certain amount of reagents sequentially and stirred
for a certain time. The supernatant (2 mL) was
obtained, centrifuged and diluted to measure S
concentration. The content of Co was determined
using the procedure for S content, and the amount
of sample used was 0.5 g each time.

The concentrations of S and Co were measured
using SPECTRO BLUEII inductively coupled
plasma optical emission spectrometer (ICP-OES)
(SPECTRO Analytical Instruments, Germany),
a predefined concentration calibration
standard curve before testing. The amount of the
reagent absorbed was calculated by Eq. (1):

using

T—C1—C2 (1)
where 7 is the adsorption of reagent on mineral
surfaces (mg/L); c¢i and ¢, are the concentrations of

reagents before and after adsorption, respectively
(mg/L).

2.6 X-ray photoelectron spectroscopy analysis

The sample preparation is the same as that in
Section 2.3. XPS analysis was performed using
Thermo Scientific K-Alpha (Thermo Fisher, USA).
Individual spectra were analyzed, and the atomic
fractions of elements using Advantage software
were calculated.

3 Results and discussion

3.1 Micro-flotation test results

Micro-flotation tests were performed to
investigate the sulfidization flotation behavior of
heterogenite in the absence and presence of cations
by using 4x103 mol/L PAX as the collector.
Figure 3 presents the effect of cation concentration
on the recovery of sulfidization flotation. Without
the addition of ions, the flotation recovery of
heterogenite was only 18% using 2x107°mol/L
NayS pretreatment at pH 10. As such, recovery of
heterogenite by the pretreatment of sulfidization
alone was difficult. As shown in Fig. 3, the effect of
cations on the sulfidization flotation behavior of
heterogenite was different. The sulfidization
flotation recovery of heterogenite decreased as the
concentration of Fe?* ions increased, showing that
the existence of Fe*" inhibited the sulfidization
flotation of heterogenite. The addition of small
amounts of Cu*" and Pb*" ions could increase the
sulfidization flotation recovery of heterogenite, but
the increase was relatively small, ranging from 18%
to about 40%. The recovery decreased significantly
with further increase in ion concentration. The
results indicated that Cu?" and Pb*" could enhance
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Fig. 3 Flotation recovery of heterogenite as function of
concentration of different cations (NayS: 2x1073 mol/L;
PAX: 4x1073 mol/L; pH=10)
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the sulfidization flotation of heterogenite to a
certain extent, but the dose added was critical. The
effect of NH; on the sulfidization flotation of
heterogenite differed from that of the above ions. A
small amount of NH; had little effect on the
sulfidization flotation of heterogenite. When the
dosage of NH, was more than 5x10“* mol/L,
the flotation recovery of heterogenite increased
significantly with increasing dosage of NH, and
it exceeded 70% as the dosage of NH, reached
20x10™* mol/L. Hence, the NH, ion considerably
activated the sulfidization flotation of heterogenite.

The effect of pulp pH on the sulfidization
flotation of heterogenite in the absence and
presence of ammonium ions was further studied and
the results are shown in Fig. 4. As shown in Fig. 4,
the flotation recovery of heterogenite was below
20% across entire pH range with pretreatment of
Na,S alone, indicating the challenge of recovering
heterogenite by traditional sulfidization flotation.
Interestingly, the addition of ammonia ions changed
this situation. After the addition of ammonium ions,
the flotation recovery of heterogenite increased
significantly over the entire pH range. The finding
indicated that ammonium ions had a strong
activation effect on the sulfidization flotation of
heterogenite. Regardless of the presence or absence
of ammonium ions, the sulfidization flotation
recovery of heterogenite decreased at a pH above
10, probably due to the formation of hydroxyl
compounds on the heterogenite surface. As such,
the suitable pH range for the sulfidization flotation
of heterogenite was below 10.

100
90 —e— Without NH;
80 | —=— With NH;

70
60
50 F
40
30t

20 ¢

10+ D/O/H\N

0 1 1 1 1 1 1 1

Heterogenite recovery/%

pH

Fig. 4 Recovery of heterogenite as function of pH in
absence and presence of NH, (Na,S: 2x107% mol/L; NH:
2x1073 mol/L; PAX: 4x1073 mol/L; pH=10)

3.2 FT-IR measurement results

FT-IR measurements were conducted under
different reagent schemes at pH 10 to investigate
the adsorption mechanism of reagents on
heterogenite. The FT-IR spectra of PAX and
heterogenite with/without the treatment of reagents
are depicted in Figs. 5 and 6, respectively. As seen
in Fig. 5, bond peaks at 2957.19 and 2873.33 cm™!
correspond to C—H bond stretching vibration
absorption, and those at 1242.56 and 1159.01 cm™!
could be attributed to C—O—C bond asymmetry
and symmetry stretching vibration, respectively.
The C==S stretching vibration peaks of PAX were
found at 1117.99 and 1083.33 cm ™' [24,25].

2873.33
1242.56_

2957.19
1083.33

=
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~
—
—
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Fig. 5 FT-IR spectrum of PAX

Heterogenite

Heterogenite + PAX

Heterogenite + Na,S + PAX
Heterogenite + NHj + Na,S + PAX

4000 35I00 30100 25[00 20I00 15I00 10]00 560
Wavenumber/cm™!

Fig. 6 FT-IR spectra of heterogenite in absence and

presence of flotation reagents (NaS: 2x107> mol/L; NH,:

2x1073 mol/L; PAX: 4x1073 mol/L; pH=10)

Figure 6 presents the spectra of heterogenite
with the treatment of different reagents. After the
treatment of PAX, the characteristic absorption
peaks at 2956.41 and 2876.33 cm™' could be
attributed to the C—H stretching vibration of PAX,



1280 Guo-fan ZHANG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 1275-1287

indicating the adsorption of PAX on the surface of
heterogenite. Moreover, the C—O—C stretching
vibration peaks shifted from 1242.56 and
1159.01 cm™' to 1249.26 and 1193.41 cm™!, and the
C=S vibration peaks shifted from 1117.99 and
1080.33cm™! to 1142.82 and 1035.63cm’’,
respectively. These peak shifts indicated the
chemical adsorption of PAX on the heterogenite
surface [26].

Figure 6 shows a large difference among the
pretreatment reagents on the adsorption amount
of PAX. Without any pretreatment, only a weak
characteristic peak appeared. The characteristic
peak intensity was enhanced by the pretreatment of
NaxS, but the magnitude was limited. It is worth
noting that the addition of NH, changed this
situation significantly. For samples treated with
NH, before sulfidization, the intensity of the
characteristic absorption peak of PAX was
significantly enhanced. This indicated that the
amount of PAX adsorbed on the heterogenite
surface increased significantly due to the
introduction of NH,. Therefore, the benefits
of NH, to the flotation recovery of heterogenite
could be attributed to the significant increase in the
adsorption capacity of PAX.

It is well known that NH, ions have a strong
chelating effect on metal ions. The properties of the
heterogenite surface might be changed by adding
NH, before sulfidization. Therefore, a series of
studies were further performed to characterize the
effect of NH, on the surface properties and
sulfidization of heterogenite.

3.3 Zeta potential

The adsorption of reagents on the mineral
surface may affect their electrical properties, and
zeta potential measurements of heterogenite as a
function of pulp pH under different reagent
schemes were performed. As depicted in Fig. 7, the
zeta potential of bare heterogenite decreased with
increasing pH. The isoelectric point (IEP) was
approximately at pH=9.0, different from the results
of previous studies (5.5-8) [27]. This inconsistency
could be attributed to the difference in the type
and amount of lattice-substituted elements in the
mineral crystals [10]. With the addition of
ammonium ions, the zeta potential of samples
increased slightly at pH less than 8 but remained
largely unchanged at pH>8, which might be related

to the distribution species of ammonium ions at
different pH levels. When the pH is lower than 8§,
the species of NH, was the dominant species, and
its adsorption would lead to an increase in zeta
potential. However, the hydrolysis products of
ammonium mainly existed in the form of NHs(aq),
adsorbed, and complexed with Co sites on the
surface of heterogenite, indicating a negligible
effect on surface electrical properties. The result of
analysis was in good agreement with the zeta
potential measurement results.

40
30

Zeta potential/mV
I
=

[—=— Heterogenite \\\

=40 —— Heterogenite + Na2\S\' —~—
—50 |- Heterogenite + NHj \k
—7— Heterogenite + NH; + Na,S
4 6 8 10 12
pH

Fig. 7 Zeta potentials of heterogenite as function of pH

in absence and presence of flotation reagents (Na,S:
2x107 mol/L; NH;: 2x107> mol/L)

The zeta potential of heterogenite treated with
Na;S shifted negatively at pH below 10, and the
IEP moved to around pHS5, indicating the
adsorption of S?~ and the formation of new species
of Co—S on the surface of heterogenite. The
introduction of ammonium ions under acidic and
neutral conditions had little effect on the zeta
potential of heterogenite with sulfidization.
However, compared with only sulfidization
treatment, the surface zeta potential was decreased
by the addition of ammonium ions under alkaline
conditions, proving that the adsorption of NH,
facilitated the adsorption and interaction of Na,S
with heterogenite.

3.4 Sulfur ions absorption amount

To research the effect of NH, on the
sulfidization of heterogenite, the adsorption amount
of sulfur ions on the heterogenite surface with and
without NH, was measured by ICP-OES (Fig. 8).
The amount of sulfur ions adsorbed on the surface
of heterogenite gradually increased with increasing
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adsorption time in the presence and absence of
NH,. The value reached the maximum after 4 min.
After the adsorption of sulfur ions reached the
equilibrium, it did not change much with increasing
action time. Compared with direct sulfidization, the
adsorption amount of sulfur ions on the surface of
heterogenite increased greatly with NH, activation
and the maximum adsorption amount reached 2.28
times than that of direct sulfidization, further
confirming the enhanced effect of NH; on
heterogenite sulfidization. This finding may be
partly because the adsorption of S on the surface of
oxidized ore is usually in the form of HS™, and the
dissociation of NH, to NH; and that of S* to HS™
have a mutual promotion effect [28].

10 |

gl —=— Heterogenite + Na,S
Heterogenite + NH; + Na,S

—

0 2 4 6 8 10
Time/min

Absorption amount of sulfur ions/(mg-L™")

Fig. 8 Absorption amount of sulfur ions as function of
time in absence and presence of NH, (NayS: 2x1073
mol/L; NH,: 2x107* mol/L; pH=10)

3.5 XPS analysis results

Zeta potential measurements and sulfur ion
adsorption showed that the addition of ammonium
ions promoted the transformation of sulfide ions
from the pulp to the surface of heterogenite, which
might be accompanied by the formation of new
species. XPS analysis was further conducted to
directly investigate the effect of sulfidization on the
chemical composition and change of valence of
heterogenite surfaces with and without the addition
of ammonium ions.

The contents of Co, N, O, and S on the surface
of heterogenite samples under different conditions
detected by the XPS spectra are shown in Table 2.
The content of cobalt on the heterogenite surface
reached 19.62 at.%, which provided active sites for
surface sulfidization and adsorption of collectors.
After sulfidization, elemental sulfur appeared, and

the content was only 2.99 at.% on the mineral
surface, which might not effectively promote the
subsequent collector adsorption. The addition of
ammonium ions before sulfidization could
effectively promote the adsorption of sulfur ions.
The content of sulfur element on the heterogenite
surface increased from 2.99 to 9.35at.%. The
results are consistent with the results of ICP-OES
measurements,  confirming that NH; can
substantially promote the surface sulfidization of
heterogenite. It is noteworthy that heterogenite
treated with NH, alone or NH, and Na,S both
showed low elemental content of N on the surface
(1.24 and 1.70 at.%, respectively), which may
suggest that the activation of heterogenite
sulfidization by NH, did not work by adsorption
onto the surface.

Table 2 Contents of element on heterogenite surfaces
under different conditions (at.%)

Sample Co2p Nl1s Ols S2p
Untreated heterogenite  19.62 - 8038 —
Heterogenite + NH, 2043 124 7833 -

Heterogenite + Na,S 2098 — 76.03 2.99

Heterogenite + NH, + Na,S 17.84 1.70 71.11 9.35

The S 2p high-resolution XPS spectra and the
distribution of each species are shown in Fig. 9 and
Table 3, respectively. Curve fitting of the S2p
high-resolution peaks of the sulfidized heterogenite
samples suggested that they were all resolved into
three components. After treatment with Na,S alone,
the divided peaks at binding energy of 167.79,
163.56 and 162.08 eV for S 2ps, were attributed to
sulfates, polysulfides and sulfides [29-32]; the
distribution of three species relative to the total S
was 29.79%, 35.61% and 34.60%, respectively. As
for the sample treated with NH, and Na,S, the
divided peaks at binding energies of 168.20, 163.48
and 162.34 eV for S 2ps» were attributed to sulfates,
polysulfides and sulfides, and the distribution of the
three species relative to the total S was 31.89%,
42.50% and 25.61%, respectively. In general,
sulphate is not favorable to flotation, whereas
sulfide is [33]. The proportions of sulphate and
sulfide relative to total S were approximately the
same. Hence, the promotion of heterogenite
sulfidization by NH, was mainly achieved by
increasing the sulfur adsorption amount.
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Fig. 9 High-resolution XPS spectra of S2p of sulfidized heterogenite in absence (a) and presence (b) of NH; (NH;:

2x1073mol/L; Na,S: 2x107 mol/L; pH=10)

Table 3 Binding energy and distribution of S species of sulfidized heterogenite in absence and presence of NH, (NH,:

2x1073mol/L; Na,S: 2x107 mol/L; pH=10)

4

Chemical In absence of NH, In presence of NH,
state Binding energy/eV Distribution/at.% Binding energy/eV Distribution/at.%
SO;~ 167.79, 169.04 29.79 168.20, 169.26 31.89
S2 163.56, 164.74 35.61 163.48, 164.74 42.50
S* 162.08, 163.14 34.60 162.34, 163.58 25.61

The XPS pattern of Co, a transition metal, is
characterized by multiple cleavages, with the peaks
of some compounds overlapping. Cobalt on the
heterogenite surface with or without reagents, has
various forms, including cobalt oxides, sulfides, and
sulfates, so the peak fitting of Co on the surface of
heterogenite was very complicated. According to
previous studies [34], the divalent oxide of cobalt
has peaks around 780 and 782 ¢V, while the
trivalent oxide has peaks around 780 and 781 eV.
The presence of all three peaks implies the
simultaneous presence of Co(II)—O and Co(IIl)—
O. Furthermore, divalent cobalt had a satellite peak
of around 785 eV, while trivalent cobalt is around
790 eV [35], and the Co 2p1»—2p3s spin—orbit level
energy spacing (AE) close to 16 eV is considered to
be high-spin Co(Il) and that close to 15eV is
considered to be low-spin Co(III) [36,37].

Combining the divided Co2p spectrum
(Fig. 10), S2p spectrum (Fig.9) and Co 2ps3n
spectral fitting parameters (Table4), we can
tentatively determine the species corresponding to
the cobalt peaks. The spectrum of untreated
heterogenite (Fig. 10(a)) can be divided into three
main peaks at 780.15, 781.38 and 783.26 eV, and a

satellite peak at 789.98 eV, which agrees well with
the characteristic spectral peaks of heterogenite
(CoOOH) [34,35]. By comparing Figs. 10(b) with
10(a), a new satellite peak with a binding energy of
784.37 eV appeared on the heterogenite surface
after treatment with NH;, indicating that Co on the
heterogenite surface underwent a valence shift from
trivalent to divalent. Based on the comparison
between Figs. 10(c) and 10(a), two new peaks
located at binding energy values of 779.68 and
781.98 eV appeared after treatment with Na,S
alone. The peak at 781.98 eV can be attributed to
Co(I)—0O bond, CoSO4, and CoS [38—41], while
the peak at 779.68 eV could be attributed to Co(III)
polysulfides [42,43]. The peaks located at 780.01,
and 780.88 eV and the satellite peak at 790.01 eV
were indicative of Co(IlI)—O bond [34,44]. For
heterogenite treated with NH, and Na,S (Fig. 10(d)),
the binding energy value of 781.98 eV could be
attributed to Co(II)—0, CoSO4, and CoS, leading
to 779.78 eV for Co(Ill) polysulfides, 780.24 eV,
and 780.94 and 790.33 eV to form a Co(ll)—O
bond.

Through the above analysis, we noticed a
trend of transition from Co(IIl) into Co(Il) on the
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Fig. 10 High-resolution XPS spectra of Co 2p of heterogenite samples: (a) Untreated; (b) Treated with NH4;
(c) Treated with Na,S; (d) Treated with NH4* and Na,S (NH,: 2x10 3 mol/L; Na,S: 2x1073 mol/L; pH=10)

Table 4 Binding energy and distribution of S species of sulfidized heterogenite under different conditions (NH;:
2x102 mol/L; Na,S: 2x107> mol/L; pH=10)

Heterogenite Heterogenite + Na,S Heterogenite + NH, + NaS
Position/ Split energy,  Peak area Position/ Split energy, Peak area Position/ Split energy, Peak area
eV AE/eV proportion/% eV AE/eV  proportion/% eV AE/eV  proportion/%

780.15 15.10 54.58 779.68 14.94 18.43 779.78 15.00 16.67
781.38 15.35 23.66 780.01 15.11 24.27 780.24 15.07 16.26
783.26 15.10 11.83 780.88 15.36 27.55 780.94 15.40 25.21
789.98 15.30 9.92 781.98 15.76 17.52 781.89 15.79 30.69

785.88 15.77 8.03 785.83 15.79 6.50

790.01 15.12 4.20 790.33 14.7 4.67

heterogenite surface after interaction with NH,,
Na,S, or both. The peaks near 720 and 786 eV are
the fingerprint peaks of Co(II). The distinction of
spin-orbit splitting energy (AE) can also support
this judgment. Changes in the percentage of Co(II)
can be qualitatively inferred from the percentage of
the fitted peak area. As shown in Table 4, the
percentage of Co(Il) increased from 25.55% to
37.19% after treatment with NH, and Na,S compared
with that after treatment with Na,S alone. Hence,

NH, can promote the conversion of Co(IIl) into
Co(II). The redox reaction only occurs when Na,S
interacts with active Co(Ill), so it can be assumed
that more conversion of Co(III) into Co(II) is exactly
caused by the presence of more active Co sites on
the heterogenite surface for sulfur ion adsorption.
Based on the above experimental and
measurement results, the conceivable mechanism of
NH, in promoting the sulfidization flotation of
heterogenite is shown in Fig. 11. The addition of
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Fig. 11 Schematic diagram of mechanism of ammonia ions promoting sulfidization of heterogenite

NH, ions modifies the heterogenite surface

morphology by transferring Co from the surface to

the liquid phase to provide additional active sites

for sulfur adsorption, rather than be adsorbed onto

the heterogeneous surface. More S adsorption
favors the adsorption of the collector PAX, leading
to the hydrophobic flotation of the heterogenite
particles.

The lg C—pH relationship for the NH;—Co**—
H,O system was calculated using Visual MINTEQ
software (Fig. 12). Ammonia and cobalt are present

0
NH;(aq) NH‘;
_5_
Co(NH,),OH*"
= Co’!
O -10F
20
)
S, -15+ Co** Co(OH),(aq)
o0
— Co(NH;)?*
20k Co(NH3)*" ColNHy){
CO(NH3)§*\ /
_25 1 L 1 1 1 1 1 1 1
3 4 5 6 7 8 9 10 11 12 13

pH
Fig. 12 Distribution of cobalt and ammonia complexes in
NH,—Co**~H,O system as function of pH (Co’":
2.7x107* mol/L; NH;: 2x107> mol/L)

predominantly as the complex Co(NH;3)sOH*",
at pH 10. Co on the surface of heterogenite may
be transferred to the liquid phase via specific

reactions.
To wverify the results, we measured the

concentration of Co in the pulp before and after
the interaction of heterogenite with NH, and
conducted ICP-OES (Fig. 13). The solubility of Co
increased greatly after the interaction with NHj,
indicating the reasonableness of the results from the

side.
1.8
~ 16}
O
éb 1.4
‘\o“ 1.2+
O
= 1.0
g 08F
g
*s 0.6
% 0.4} Heterogenite ‘
O Heterogenite + NHj
021
0 5 100 15 20 25 30

Time/min
Fig. 13 Concentration of Co in liquid phase as function
of time in absence and presence of NH, (NH,:

2x1073mol/L; pH=10)
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4 Conclusions

(1) NH; could increase the adsorption of PAX
on the heterogenite surface, thereby greatly
enhancing sulfide flotation and increasing the
flotation recovery from less than 20% to more than
70%.

(2) The zeta potential and sulfur adsorption
measurements demonstrated that the transfer of
cobalt ammonia into the liquid phase by
complexation could form stable complexes under
weakly alkaline conditions. This phenomenon
created more lattice vacancies on the surface of
heterogenite particles and increased the amount of
sulfur adsorption active sites.

(3) XPS analysis indicated that the sulfur
adsorption products on the heterogeneity surface
were sulfide and sulfate. The addition of NH, could
produce more active Co sites, which could interact
with S, thereby promoting the adsorption of S.
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