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Sulfidation-flotation is commonly performed to recover base metal oxide ores. Sulfidation could become
the key process in recovering zinc from zinc oxide ores. We investigated the common zinc oxide mineral.
An ammonium salt was used to enhance sulfidation-flotation of smithsonite. The effect of ammonium
ions on sulfidation and flotation of smithsonite was investigated by microflotation, inductively coupled
plasma analysis, scanning electron microscopy, and X-ray photoelectron spectroscopy. Addition of the am-
monium salt facilitates flotation of smithsonite and improves the flotation recovery by ~25%. Solubility
tests under different conditions indicate that the surface solubility of smithsonite in the presence of am-
monium ions significantly decreases. Energy-dispersive X-ray spectroscopy based semi-quantitative anal-
ysis shows that the concentration of sulfur on the ammonium enhanced sulfurized smithsonite surface is
8.55%, whereas that on the sulfurized smithsonite surface is 2%. XPS analysis reveals that smithsonite is
more easily sulfurized by sodium sulfide in the presence of ammonium ions. Therefore, ammonium ion

addition can be used to enhance sulfidation of smithsonite and improve the flotation performance.
© 2017 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

Sulfidation-flotation is commonly performed to recover base
metals from oxide ores. The process involves sulfidation of the ox-
ide by sulfur dioxide, sulfide ions, or metabisulfite ions, which al-
lows known sulfide collectors to be used to recover target base
metal oxides. Natural sulfide ores are primary zinc sources. Be-
cause such reserves are becoming depleted and the demand for
zinc is continually increasing, exploitation and utilization of zinc
oxide ore bodies has become inevitable. However, flotation of zinc
oxide ores is more difficult than that of sulfide minerals [23].
Smithsonite (ZnCOs3) is a common zinc oxide mineral. Smithsonite
occurs as a secondary mineral in the weathered zone or oxidation
zone of zinc-bearing ore bodies. Smithsonite is a variable colored
trigonal mineral that is rarely found in the crystalline form, but
it is typically part of botryoidal masses. Smithsonite is hexagonal
scalenohedral with point group 3 bar 2/m. Carbonates with inter-
mediate sized divalent cations normally crystallize in calcite struc-
tures [6,24,25].

Smithsonite flotation has been extensively investigated. A range
of collectors to recover zinc oxide after sulfidation have been in-
vestigated [3-5,13,17,21]. These include:
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(I) Cationic collectors, such as amines ([4,11], Hosseeini and
Forssberg, 2006; [13,15,20]);

(I1) Sulfhydryl collectors, such as xanthate, after metal ion acti-
vation [8,10] Hossen and Forssberg, 2006; [22];

(IlT) Mixed anionic/cationic collectors, such as xanthates with
amines [9,12];

(IV) Fatty acids [10,15,24];

(V) Other sulfhydryl collectors such as mercaptans [11].

Although they have been extensively investigated, these pro-
cesses are not widely performed in industrial applications. A ma-
jor problem of sulfidation-flotation is the existence of slimes,
which reduce the sulfidation efficiency. Although slimes are typi-
cally removed before sulfidation, they will reduce the overall base
metal recovery [14,19]. Because xanthate collectors are less affected
by slimes than amine collectors, the former were used in this
study. The main aim of the study was to optimize surface sulfi-
dation of smithsonite, which is an important factor for improving
sulfidation-flotation of smithsonite.

In this study, we investigated surface sulfidation of smithsonite
in the presence of ammonium ions. Ammonium salts are strong
electrolytes and will dissociate in water. The dissolved ammonium
ions will dissolve smithsonite and other oxidized ores to form
[M(NH3)n2*] (n=1-4) [1,16,26,27]. When these sulfurized com-
pounds form MS, where M is a metal element and S is sulfur, more
active sites are available for collector binding than for sulfurized
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Fig. 1. X-ray diffraction pattern of the smithsonite sample.

Table 1
Chemical composition of smithsonite sample.

Composition  Zn Fe Ca0O Al, 03 Pb cd

Content (%) 4946 04 059 050 0.67 046

metal oxides, which should improve the flotation performance. We
investigated the contribution of ammonium ions to smithsonite
sulfidation and flotation by microflotation experiments, inductively
coupled plasma (ICP) analysis, scanning electron microscopy with
energy-dispersive X-ray spectroscopy (SEM-EDS), and X-ray photo-
electron spectroscopy (XPS).

2. Materials and methods
2.1. Materials and reagents

The smithsonite mineral samples were obtained from Yunnan,
China. The ore sample was crushed in an agate mortar, and the
coarse fraction (—74 um+ 19 um) was used in the microflota-
tion experiments. Mineralogical analysis of the smithsonite mineral
sample was conducted with a Rigaku D/max 2550VB + 18 kW pow-
der diffractometer with a Cu/K, X-ray source at 40 kV and 40 mA.
The results of the X-ray analyses are shown in Fig. 1, which indi-
cate that the ore sample consists of smithsonite and quartz. The
chemical composition of smithsonite is shown in Table 1.

Ammonium nitrate was selected as the ammonium ion source.
Na,S-9H,0 was added as the sulfurizing agent, CuSO4 x 5H,0 was
used as the activator, and commercial grade sodium isoamylxan-
thate (NaIX) was used as the collector. All of the reagents, ex-
cept for NalX, were of analytical grade. Deionized water was used
throughout.

2.2. Microflotation experiments

The microflotation experiments were performed in a me-
chanically agitated 50 mL flotation cell. The mineral suspension
was prepared by adding 5.0g of pure smithsonite to 40 mL of
water. Solutions with various ammonium nitrate concentrations
were added to mineral suspension samples (reaction time 5 min).
Freshly prepared Na,S-9H,0 solution was then added to sulfidize
the smithsonite surface (reaction time 5 min). The pulp pH was
adjusted to 10.5 and CuSO4-5H,0 solution was added into the pulp
solution (reaction time 2 min). The pulp was conditioned with
NalX for 3 min and floated for 5 min. After the flotation tests, the

for 120 min with samples periodically taken for kinetic monitor-
ing. Four solubility tests were performed: smithsonite in deionized
water, ammonium nitrate solution, sodium sulfide solution, and
a mixture of ammonium nitrate solution and sodium sulfide so-
lution. The ammonium nitrate and sodium sulfide concentrations
were 1x 1073 M. Each test was performed in a neutral environ-
ment. After dissolution, the supernatant was analyzed by ICP after
centrifuging (TL-4.7 W, SCI, China) for solid-liquid separation.

2.4. SEM-EDS analysis

Before and after sulfidation, the surface morphology and com-
position of the smithsonite grains were examined by SEM-EDS
with a Jeol JSM-6360 instrument at 20 kV.

2.5. XPS analysis

The solid sample with ammonium and sulfur ions was exam-
ined by XPS, which was performed with a Kratos Amicus apparatus
(England) with a conical anode Mg K« source. The operating pa-
rameters were operating voltage 12 kV, power 180 W, and optimal
energy resolution <0.5eV. The analysis chamber vacuum degree
was 1 x 10-5Pa and the pass energy was 75 eV.

3. Results and discussion
3.1. Microflotation studies

The flotation recovery of smithsonite as a function of the NalX
concentration in the absence and presence of different ammo-
nium ions concentrations with 1 x 103 M Na,S-9H,0 as a sulfur-
izing agent and 1 x 10~3M CuSO4-5H,0 as an activator is shown
in Fig. 2. The flotation recovery of smithsonite with 1x 10-3M
Na,S-9H,0 as a sulfurizing agent and addition of 1 x 10~4M NalX
is 17.39%, whereas it is 54.41% with addition of 5 x 10-3M NalX.
Thus, with addition of ammonium ions, the flotation recovery of
smithsonite significantly increases. Under the abovementioned ex-
perimental conditions, the flotation recovery of smithsonite in-
creases with increasing ammonium ion concentration. The flota-
tion recovery of smithsonite increases from 67.95% to 81.91% when
the ammonium ion concentration is increased from 1x 10~%M to
1x103M with 5x10-3M NalX as the collector. These results
show that ammonium ion addition improves sulfidation of smith-
sonite and significantly facilitates flotation of smithsonite, which
results in better flotation performance. These samples are referred
to as “enhanced sulfidation” .

3.2. Smithsonite solubility tests under different conditions

The experimental results of the solubility test are shown in
Table 2. The solubility of smithsonite in deionized water follows
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