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Abstract: The beneficiation of low-grade oxidized lead and zinc ore from the Lanping mine has
attracted extensive interest in the mineral processing field due to the extremely rich resource reserves
and the challenge in lead and zinc recovery. This study’s objective is to analyze the process mineralogy
characteristics and to conduct the flotation optimization of this ore. Mineralogy parameters of the
ore, such as mineral composition, mineral liberation degree, and intergrowth relationship, were
investigated using an X-ray fluorescence spectrometer (XRF), an X-ray powder diffractometer (XRD),
and an electronic probe microanalyzer (EPMA). The effect of the main experimental factors on the lead
and zinc flotation is determined and compared. The results confirm that the low content of lead and
zinc and the complex co-occurrence relationships between minerals bring a challenge to the efficient
separation of the ore. Furthermore, a flow sheet consisting of “lead preferred flotation-zinc flotation”
is performed, and an all-open flotation process consisted of “two-times lead rougher-one-time lead
cleaner-two-times zinc rougher-one-time zinc cleaner” is finally employed for the beneficiation of
this ore with the aids of mixed depressants and cationic-anionic collectors for zinc recovery. The Pb
grade in the lead rougher concentrate is 2.83%, and the Pb recovery is 57.56%. The Zn grade reaches
28.64% with a recovery of 83.45%. Thus, the findings provide important technical supports for the
processing of similar ores.

Keywords: low-grade oxidized lead and zinc ore; process mineralogy; selective flotation; all-open
flotation flowsheet; cationic-anionic collectors

1. Introduction

Zinc and lead enjoy tremendous importance owing to their wide application in indus-
tries. In the past few decades, more than eighty percent of zinc and lead originated from
sulfide minerals (e.g., sphalerite, galena) because of their good hydrophobicity. With the
fast consumption of zinc lead sulfide ores, the beneficiation of oxidized lead and zinc ores
has assumed important significance recently because there are numerous unexploited or
abandoned reserves of these ores in the world [1]. It is estimated that zinc-lead ores form
0.13% of the Earth’s crust [2]. Lead and zinc mineral resources are mainly distributed in the
USA, Canada, China, Australia, Mexico, Germany, and Poland [3]. For instance, Yunnan
Jinding Zinc Industry Co., LTD. (located in Lanping, China) has the world’s fifth- largest
lead and zinc mineral resources. Specifically, the unexploited lead and zinc resources
reserve reaches 39.88 million tons, and the potential economic value is up to 50 billion yuan.
It has become the primary problem that restricts the sustainable development of the Jinding
zinc industry.
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Process mineralogy combines quantitative (and qualitative) mineralogical techniques
with flotation test work [4]. Modern process mineralogy has been devising significant
advances in methodology and data construction since the mid-1980s [5]. Several studies
have remarked on the significance of process mineralogy in mineral processing [6]. It is
considered an essential requirement for characterizing the surface morphology and grain
size distribution scale of ores [7]. Through process mineralogy research on samples, the
rationality of the production process and reagent conditions can be diagnosed, and a basis
for optimizing the production process [8]. Thus, it is vital to identify the process mineralogy
characteristics of low-grade oxidized lead and zinc ore from the Lanping mine, which will
provide an important basis for the formulation of the subsequent beneficiation process.

Roasting, leaching, microbial hydrometallurgy, and hydrothermal vulcanization could
obtain desirable technical indexes to recover zinc and lead from low-grade zinc oxide
deposits [9-12]; however, the application of these process routes has been usually uneco-
nomical. Froth flotation methods are essential to the recovery of zinc and lead from these
low-grade zinc oxide ores [13]. Of course, flotation reagents and flotation flow-sheets
were the keys to addressing this obstacle originating from low-grade, highly oxidized
properties and the complex co-occurrence relationships between minerals. Traditionally,
the flotation of zinc and lead ores with fatty amines was used to enrich the target minerals.
This approach required large amounts of reagents and had poor selectivity when the raw
ore contained carbonate minerals. More importantly, the fatty amines usually fail to recover
the oxidized zinc mineral effectively if a multitude of slimes are present in the pulp because
the slimes reduce the collector selectivity and lead to difficulty in defoaming. Additionally,
sulfidation-xanthate flotation has obvious merits for the treatment of lead zinc oxidized
ores that contain plenty of slimes. However, the flotation recovery of zinc was still not
acceptable due to the poor collecting capacity of xanthates [14-16]. With these in mind,
the combination of mixed depressants and cationic-anionic collectors was proposed as an
efficient reagent regime to beneficiate zinc and lead from the ore. Moreover, an all-open
flotation process was employed to avoid the undesirable effects of slimes.

The aim of this paper is to develop an efficient flotation process to selectively separate
zinc and lead from high-oxidized lead zinc ore. Firstly, the process mineralogy of the ore
was studied via an X-ray fluorescence spectrometer (XRF), an X-ray powder diffractometer
(XRD), and an electronic probe microanalyzer (EPMA) to provide a theoretical basis for
a suitable flotation process. Afterwards, the systematic flotation experiments were per-
formed to obtain the optimum flotation separation conditions. The present study provided
important technical support for the processing of similar ores.

2. Materials and Methods
2.1. Ore Sample and Reagents

The raw material was obtained from an open storage yard in Lanping, Yunnan, China.
It was crushed to 1~2 mm and mixed to achieve a uniform composition. A part of the
representative sample was ground to below 75 pm particle size using a three-end grinder
(model XPM-®120 x 8, Jiangxi Weiming Machinery Equipment Co., Ltd., Jiangxi, China) for
X-ray fluorescence spectrometer (XRF), and X-ray powder diffractometer (XRD) detection.
Some samples were solidified by an epoxy resin and a solidifying agent, and were then
polished and sprayed with gold to guarantee the conductivity of the sample surface for
the electron probe X-ray microanalysis (EPMA). In addition, the other part of the crushed
product was ground by a rod mill (Wuhan Prospecting Machinery Factory, Wuhan, China).
The grinding time was set to 40 s, 60 s, 80 s, 100 s, and 120 s, and the products were wet
sieved by a 74 pm sieve, and the grinding fineness was determined. Figure 1 shows the
relationship between grinding fineness and grinding time.
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Figure 1. The relationship between grinding fineness and grinding time.

The sulphidizing agent (Na,S), the pH adjuster and dispersant (Na;CO3), and the
frother (pine oil) were obtained from the Tianjin Hedong Hongyan Reagent Factory, Tianjin,
China. The depressants (DCCH is a kind of organic dispersant that is rich in multiple
hydroxyl and carboxyl functional groups; sodium silicate) were purchased from Tianjin
Fengboat Chemical Reagent Technology Co., Ltd., Tianjin, China. The collectors (isoamyl
xanthate and cations and anions collectors) were purchased from Fuchen Chemical Reagent
Co., Ltd., Tianjin, China. All the chemical reagents used in this study were of analytical
grade, and tap water was used in all experiments.

2.2. Characterization Methods

An X-ray fluorescence spectrometer (XRE, EDX 6600, suzhou three value precision
instrument Co., LTD, Jiangsu, China) and X-ray diffraction (XRD, ARL EQUNINX 3000 X)
were used for chemical elemental quantitative analysis and mineral phase identification,
respectively. XRF with a rhodium-anode tube was used for the quantitative analysis of
the chemical elements at 4 kW. The main operating parameters of XRD were as follows:
Cu target radiation, a scanning range of 0°-80°, and a scanning speed of 12°/min. The
microstructures, morphologies, and elemental composition of the samples were evaluated
by optical microscope (ZZ]-2030, Shenzhen Zhongzheng Instrument Co., LTD, Guangzhou,
Guangdong) and electron probe X-ray microanalyzer (EPMA, JXA-iSP100, Tokyo, Japan),
which was operated with a 15 kV accelerating voltage, a 20 nA beam current, and a 5 um
beam diameter. The contents of lead and zinc were analyzed through the a chemical
titration precipitation method.

2.3. Flotation Tests

Flotation experiments were conducted in a flotation cell (model XFD III, Jiangxi
Weiming Machinery Equipment Co., Ltd., Jiangxi, China). To create a pulp density of ~28%,
400 g of lead-zinc oxide ore and a specific dosage of water were added to the flotation cell
with a capacity of 1.5 L. The flotation machine speed was set at 1900 r/min. After that, the
dispersant (Na,CQO3), the depressants (DCCH and sodium silicate), the sulphidizing agent
(NayS), the collectors (isoamyl xanthate, cations, and anions collectors), and a frother (pine
oil) were successively added into the pulp. Each reagent was conditioned for 2-5 min. The
flotation time was fixed for 8 min at room temperature. Flotation concentrates and tailings
were dried, weighed, sampled, and tested for grades of target elements. Recovery of the
concentrate was calculated and treated as a response to evaluate the flotation index. In
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addition, the fluctuation ranges of recovery rate and grade in each factor of the flotation
condition experiment were contrastively analyzed to explore the influence degree of test
factors on the flotation indexes. They were calculated by the following formulas.

€ = €max — €min 1)

B = Bmax — Bmin )

Here, emax represented the maximum recovery rate of each factor, and e, represented
the minimum recovery rate for each factor. Bmax was the maximum grade rate of each
factor, and P,in was the minimum grade rate for each factor.

3. Results and Discussion
3.1. Process Mineralogy Analysis
3.1.1. Mineral Composition and Element Occurrence

Data for the chemical compositions and chemical phases of the ore are provided in
Tables 1 and 2, respectively. From Table 1, the content of lead and zinc in the samples
was relatively low [17]. The Zn content in the sample was 7.4%, and that of Pb was 0.84%
by chemical composition analysis. Additionally, the contents of SiO; and CaO in the raw
ore were 18.96% and 26.02%, respectively, indicating that the ore contained silicate and
carbonate minerals. It is worth noting that the content of the harmful element As was only
0.042%, which could be negligible. Thus, Zn and Pb were the main recoverable elements
from the oxide ore. From Table 2, a total content of 89.05% of zinc minerals existed as
oxide; the content of lead oxide minerals was 51.19%, which was in the form of cerussite. In
addition, 8.92% of the zinc minerals existed as sulfides. The distribution rate of zinc in other
forms was only 2.03%. The above results indicated that the ore sample was a low-grade
lead-zinc oxidized ore with high contents of iron, silicon, and calcium.

Table 1. Chemical composition of lead-zinc oxide ore (mass fraction, %).

Element Pb Zn K,O Au* Cu

Content 0.84 74 0.81 0.06 0.0099

Element Fe As CaO MgO Si0,

Content 5.37 0.042 26.02 0.79 18.96
*Unit g/t.

Table 2. The chemical phases of ore.

Element Elemental Phase Content (%) Distribution Ratio (%)
Cerussite 0.43 51.19
Galena 0.12 14.29
Pb Anglesite 0.16 19.05
Plumbojarosite and others 0.13 15.48
Total 0.84 100.00
Sulfides 0.66 8.92
Zinc sulfate 0.05 0.68
Zn Oxide 6.59 89.05
Franklinite and others 0.10 1.35
Total 7.40 100.00

XRD results (as depicted in Figure 2) indicated that smithsonite and cerussite were
the main valuable metallic minerals, and calcite (CaCOs3) and quartz (SiO,) were the main
gangue minerals. The high oxidation rates with multi-metals and large quantities of calcite
and quartz minerals would increase the difficulty of ore beneficiation [18,19]. Thus, XRD
results were consistent with the chemical composition results, and the froth flotation would
provide easy access to the recovery of zinc and lead minerals.
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Figure 2. XRD results for lead-zinc oxide ore.

The XRD quantitative test was employed to analyze mineral composition, which
is shown in Table 3. Mineral composition of lead-zinc oxide ore The results showed
that the main lead minerals were cerussite and galena, while the main zinc mineral was
smithsonite and sphalerite. Gangue minerals contained silicate minerals (quartz, muscovite,
kaolinite, potassium feldspar, etc.), carbonate minerals (calcite, dolomite, etc.), and metal
minerals (pyrite, siderite, and goethite). Among them, the content of siderite was as high
as 9.85%. A large quantity of gangue minerals with low hardness was negative for flotation.
Consequently, the control of grind fineness was inevitable to prevent over-grinding and to
create a desirable floatation environment.

Table 3. Mineral composition of lead-zinc oxide ore.

Mineral Molecular Formula Content/% Mineral Molecular Formula Content/%
Quartz SiO, 15.02 Smithsonite ZnCOs3 10.49
Calcite CaCO3 40.97 Siderite FeCO3 9.85
Dolomite CaMg(CO3), 3.07 Cerussite PbCO3 0.74
Sphalerite ZnS 0.88 Pyrite FeS, 1.09
Galena PbS 0.44 Hemimorphite Zn4Si» O7(OH), (H,O) 2.42
Goethite FeO(OH) 1.27 Barite BaSOy 1.36
Celestine SrSOy4 1.46 Gypsum CaSOy4-»,H,0O 2.08
Muscovite KAl,Si3AlO19(OH), 0.82 Kaolinite Al,Si,O5(0OH), 0.96
Potassium feldspar KAISiz;Og 2.08 Others - 5.00

The ore was further analyzed by EPMA, and the results are shown in Figure 3. There
were a lot of carbon and oxygen elements in the ore, and their distributions were consistent.
Sulfur was almost absent and was consistent with the aforementioned results. In addition,
the distribution of iron and zinc elements exhibited overlap, indicating that siderite and
smithsonite might be co-associated in this ore. The distribution of silicon and calcium
was similar, indicating some of the quartz and calcite might be associated together. The
amounts of lead, copper, and magnesium were small, but the distribution was uniform.
Thus, low content of lead and zinc and complex co-occurrence relationships between
minerals, especially, iron and zinc, would bring a challenge to the efficient separation of the
ore.
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Figure 3. EPMA elements mapping of Pb-Zn oxide.
3.1.2. Zinc Minerals Embedded Characteristic

Zn was observed in the form of smithsonite and sphalerite. Smithsonite observed
under the optical microscope was gray. Because of the dissemination with ferric hydroxide,
most particulates of the smithsonite particles in the ore mainly had a microgranular particle
size, while a small percentage of that had the false appearance of sphalerite (Figure 4a).
Its single crystal average was within 0.1 mm, showing a porous and colloidal structure.
Sphalerite was also gray with a strong metallic luster under the microscope. Some sphalerite
occurring as stripes and irregular ellipses formed with the size of 0.002-0.3 mm (Figure 4b).
Most of the smithsonite and sphalerite had a close intergrowth relation with sphalerite,
pyrite, and gangue minerals, embedding particle size from 0.05 to 0.25 mm. From Figure 4c,
part of the sphalerite was crumpled, resulting in many fissures or cracks. They were filled
and metasomatized by gangue and pyrite. Part of the pyrite is immersed along non-metallic
mineral fissures, forming vein-like structures. A portion of the sphalerite was wrapped
by marcasite and gangue with a size of 0.1-0.15 mm. In addition, part of the sphalerite
with smithsonite intergrowth existed in the form of pellet aggregate, which was generally
0.2-0.3 mm in diameter. Some of the smithsonite and sphalerite were fine-grained irregular
shape aggregates distribution. The sphalerite had multiple blocky structures and was
band shaped (Figure 4d). Given these results, it was essential to realize the particulate’s
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liberation of zinc-bearing minerals and to avoid the over-grinding of gangue minerals for
the recovery of zinc.

¢ @ wohplerite. “
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Figure 4. The particulate and distribution form of smithsonite and sphalerite. ((a): smithsonite
particulate; (b): sphalerite particulate; (c): distribution form of sphalerite, marcasite, and pyrite; (d):
distribution form of smithsonite and sphalerite. Viewed under an optical microscope).

3.1.3. Lead Minerals Embedded Characteristic

Pb were observed in the form of galena and cerussite. Galena was opaque black
under the optical microscope. Part of the galena existed as particulates and most of them
were triangular in cross-section and had a distributed particle size from 0.20 to 1.50 mm
(Figure 5a). Its grain size was much larger than cerussite with a poorer liberation. The
color of the cerussite was pale yellow and it had almost no particulates. The existence was
usually secondary metasomatism along the edge of the galena grains, with a rhythmic
crust structure (Figure 5b,c). These aggregates had an embedded particle size from 0.10 to
1.60 mm. Furthermore, galena was mainly compactly associated with sphalerite and pyrite.
This was already demonstrated in Figure 5d. The embedding particle size of galena in the
ore was mainly between 0.20 and 1.00 mm. The content of cerussite and galena in this ore
was extremely low and was difficult to recover.

3.1.4. Gangue Minerals Embedded Characteristic

Calcite was the main gangue in the ore. It presented a colorless fine microcrystalline
granular structure under the optical microscope. Most of the grains were more than 1 mm,
forming an embedded structure with each other, as shown in Figure 6a. Quartz was another
major gangue mineral in the ore. It was observed to be colorless, with allomorphic granular
or semi-euhedral columns. The particle size was mainly between 0.2 and 0.6 mm. Some of
the quartz existed in the form of a particulate in the structure of drusy breccia (Figure 6b)
with particles >2 mm. This part of smithsonite was difficult to liberate absolutely and to
separate, leading to the Si enriching in the flotation concentrate. In addition, some micrite
was crumpled, resulting in numerous fissures or cracks. These fissures and cracks were
subsequently filled and metasomatized by quartz and feldspar (Figure 6c). A portion of
the smithsonite was filled with cement among the quartz grains (Figure 6d). Thus, the
gangue-embedded characteristic further indicated multitude of slimes would be formed
and affect the concentrate quality.
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Figure 5. The particulate and distribution form of galena and cerussite. ((a): galena particulate; (b):
cerussite particulate; (c): distribution form of gangue, galena, and cerussite; (d): distribution form of
pyrite, galena and sphalerite. Viewed under an optical microscope).

calcite
quartz

100um 100um

feldspar
calcite

",

quartz

100um

Figure 6. The particulate and distribution form of calcite and quartz. ((a): calcite particulate; (b):
quartz particulate; (c): distribution form of quartz, feldspar, and calcite; (d): distribution form of
quartz, and smithsonite. Viewed under an optical microscope).

3.2. Flotation Experiments

It is well accepted that surface sulfidation of the mineral is an important prerequisite
for the flotation of zinc-oxide minerals by sulfidation-xanthate flotation or sulfidation-
amination flotation. In practice, Na,S, as the sulphidizing agent was intensively used
because of its low price, wide availability and ease of operation in most flotation systems,
which could significantly improve the surface hydrophobicity of lead zinc oxide miner-
als [20,21]. It could increase the alkalinity of the solution and also act as a pH regulator [22].
Thus, sodium sulfide was selected as the sulphidizing agent for this lead-zinc oxide ore
flotation.

Sodium carbonate was frequently employed as a pH adjuster and dispersant in flota-
tion aqueous system [13,23]. In addition, the use of sodium carbonate with sodium silicate
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showed synergistic effects and improved the depression of complex calcium gangue miner-
als [24-26]. Meanwhile, sodium carbonate could react with Ca?* to eliminate the adverse
effects of Ca?* by charge reversal [27]. Sodium silicate, contained a variety of compounds
made of SiO, and NayO in varying ratios. It was the major depressant employed in the
selective inhibition of gangue minerals such as quartz, talc, fluorite, dolomite, and cal-
cite [28,29]. At present, the inhibition effect of sodium silicate on gangue minerals is still
undesirable, and the depressant that contains -COOH, -SiOs, -POy, and -OH groups ex-
hibits many merits [30,31]. Therefore, an agent containing multiple carboxyl and hydroxyl
functional groups (DCCH) was selected as an organic inhibitor in this paper. The effect
of a mixed inhibitor (DCCH+ sodium silicate) on flotation was studied for the first time
through flotation condition tests.

The most common flotation collectors used commercially for the treatment of zinc
oxide minerals are cationic collectors and sulthydryl collectors, such as amine and xan-
thate [32]. As is well known, slime causes significant negative effects on the flotation
with amine, and xanthate exhibited a relatively poor collecting capacity for the zinc oxide
minerals. The mixed anionic and cationic collectors were, therefore, used for the recovery
of zinc oxide minerals in the study [33].

3.2.1. Flotation Conditional Experiments

A flow sheet consisting of “lead preferred flotation-zinc flotation” was employed
(Figure 7), and the effects of the main experimental factors on the lead flotation were
investigated in detail (as displayed in Figure 8). Five grinding settings, accounting for
70-90% with particle size —74um were selected as independent variables to explore their
effects on lead recovery and grade. The flotation recovery of lead increased with an increase
in grinding fineness and then tended to become stable after accounting for 85% with particle
size —74um, while lead grade continued to decline. Therefore, the recommended grinding
fineness was accounting for 85% with particle size —74um (Figure 8a).

(a) Feed (b)

Feed

3 min

grinding fineness variable

Na,CO; 1500 g/t

3 min

grinding fineness 85%

Na,CO; variable

5 min Na,S 1500 g/t 5 min Na,S 1500 g/t
3 min isoamyl xanthat 150 g/t 3 min isoamyl xanthat 150 g/t
2 min pine oil 40 g/t 2 min pine oil 40 g/t
8 min 8 min
\J \ \J \
Concentrate  Tailing Concentrate  Tailing
(¢) _ Feed (d) _ Feed

grinding fineness 85%

grinding fineness 85%

3 min Na,CO; 1000 g/t 3 min Na,CO; 1000 g/t

5 min Na,S  variable 5 min Na,S 2000 g/t

3 min isoamyl xanthat 150 g/t 3 min isoamyl xanthat variable
2 min pine oil 40 g/t 2 min pine oil 40 g/t

8 min

\

Concentrate

\

Tailing

\/

8 min

Concentrate

\

/

Tailing

Figure 7. Flowsheet of the lead flotation conditional experiment. ((a) grinding fineness; (b) Na,CO3

dosage; (c) Na,S dosage; (d) isoamyl xanthate dosage).
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Figure 8. Effect of main experimental factors on the lead flotation. ((a): grinding fineness; (b):
NayCO3 dosage; (c): NaS dosage; (d): isoamyl xanthate dosage).

The impact of sodium carbonate on lead flotation was investigated (Figure 8b). Sodium
carbonate had little effect on lead grade, but the flotation recovery increased considerably
with increasing Na,COs dosage and reached the maximal value when the Na,CO3 dosage
was 1000 g/t. Nevertheless, with a further increase in the Na,CO3 dosage, the recovery
of lead failed to increase. So, 1000 g/t Nay,CO3 was selected as the optimal dosage in the
subsequent experiments.

The effect of the Na,S dosage on lead flotation is shown in Figure 8c. The dosage
of Nay5 exerted a positive role in lead flotation. When the dosage of NayS was 2000 g/t,
the Pb recovery and grade in the concentrate achieved 59.32% and 2.63%. Simultaneously,
the flotation recoveries decreased, and the Pb grade showed a downtrend when the Na;5
dosage exceeded this threshold value. It was possible that excess sodium sulfide depressed
the lead minerals, especially for galena. Thus, the recommended Na;S dosage was 2000 g/t.

The flotation recovery of lead significantly increased with the increase of isoamyl
xanthate dosage, and the Pb grade presented the opposite trend. The Pb recovery was
about 58% with the addition of 200 g/t isoamyl xanthate (Figure 8d). With a further increase
in isoamyl xanthate dosage, the variation in Pb recovery was feeble. Thus, 200 g/t isoamyl
xanthate was selected for the lead flotation.

Figure 9 shows the fluctuation amplitudes of the lead recovery rate and grade corre-
sponding to grinding fineness, sodium carbonate, sodium sulfide, and isoamyl xanthate
dosage, respectively. As can be seen, the lead recovery rate fluctuated greatly, and the
lead grade fluctuated feebly. Among these factors, the most influential factor on flotation
indexes was grinding fineness. The smallest influential factor was sodium sulfide dosage
followed by isoamyl xanthate and sodium carbonate dosage.

The obtained tailing of lead flotation was used for the feed of zinc flotation, and
the flow sheet is shown in Figure 10. A roughing process was performed for each dose
investigation. The flotation time of sodium sulfide, DCCH + sodium silicate, cationic
collector, and anionic collector was 5, 3, and 3 min, respectively, and froth collection was
8 min. The effects of the main experimental factors on the zinc flotation were investigated
in detail (as displayed in Figure 11). From Figure 11a, the Zn recovery increased as Na,S
dosage increased from 6000 to 14,000 g/t, and the Zn grade in the concentrate ranged from
25.83%~26.63%. With a further increase in the Na,S dosage to 14,000 g/t, the Zn grade
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decreased to some extent, and the Zn recovery had little change. Thus, 12,000 g/t NayS

was selected as the optimal dosage in the subsequent experiments of zinc flotation.
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e 2
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16.
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Figure 9. Influence of various experimental factors on lead flotation indexes. (1: grinding fineness; 2:
Nay;COj3 dosage; 3: Na,S dosage; 4: isoamyl xanthate dosage).
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3 min cationic collector 150 g/t 3 min anionic collector 150 g/t
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Figure 10. Flowsheet of the zinc flotation conditional experiment. ((a) Na,S dosage; (b) DCCH
dosage; (c) sodium silicate dosage; (d) cationic collector dosage; (e) anionic collector dosage).
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Figure 11. Effect of the agent dosage on the zinc flotation. ((a): NayS dosage, (b): DCCH dosage, (c):
sodium silicate dosage, (d): cationic collector dosage, (e): anionic collector dosage).

The addition of suitable depressants was inevitable for the selective flotation of smith-
sonite from the gangue minerals because the smithsonite exhibited similar floatability as the
carbonate gangue minerals (such as calcite, dolomite, and siderite) in the absence of depres-
sants. Figure 11b,c shows the effect of DCCH and sodium silicate dosage on zinc flotation.
The zinc grade in the concentrate increased from 25.33% to 29.44% when the DCCH in-
creased from 100 to 500 g/t, and the zinc recovery presented a downtrend. Notably, the
zinc recovery decreased to 67.33% with the addition of 500 g/t DCCH (Figure 11b). This
indicated that excess DCCH could depress the smithsonite flotation considerably. Thus,
the recommended dosage of DCCH was 400 g/t. The dosage of sodium silicate played an
important role in the zinc flotation and showed a similar effect with DCCH on the zinc
flotation indexes (Figure 11c). A sodium silicate dosage of 1000 g/t was reasonable; the Zn
grade and recovery of concentrate were 26.35% and 81.58%, respectively. Trial test results
of mixed depressants indicated that the combined use of two depressants facilitated the im-
provement of the zinc grade. When the mixed depressants (DCCH 400 g/t + sodium silicate
1000 g/t) were added, the grade and recovery arrived at 26.59% and 82.21%, displaying the
superior selective flotation of zinc minerals with the aid of the desirable depressing effects
of the mixed depressants on the carbonate gangue minerals.

As shown in Figure 10d, the flotation recoveries of zinc increased with the increase
in the cationic collector dosage. Specifically, the Zn recovery sharply increased to 80.57%,
and the Zn grade was 26.74% as the cationic collector dosage increased to 200 g/t. With a
further increase in the cationic collector dosage, the Zn recovery changed feebly, and the Zn
grade decreased by 1.32%. Thus, the optimum dosage of cationic collectors was determined
as 200 g/t, which exhibited a superior collecting capacity for the zinc oxide minerals with
the aid of an anionic collector (300 g/t). The effect of anionic collector dosage on zinc
flotation was also investigated. As shown in Figure 10e, the recovery of zinc increased
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with the increase the dosage of the anionic collector, which reached 85.33%. The Zn grade
was 25.22% in the presence of 400 g/t of an anionic collector. Thus, mixed collectors could
effectively collect the zinc oxide minerals.

Figure 12 compares fluctuation amplitudes of the zinc recovery rate and grade corre-
sponding to each factor. It could be concluded that DCCH exhibited the largest fluctuation
ranges in both recovery and grade, followed by the anionic collector, cationic collector,
sodium silicate, and sodium sulfide dosage.
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Figure 12. Influence of various experimental factors on zinc flotation indexes. (1: NaS dosage, 2:
DCCH dosage, 3: sodium silicate dosage, 4: cationic collector dosage, 5: anionic collector dosage).

3.2.2. Flotation Flowchart Experiment

According to the results of the flotation conditional experiment, the flotation flowchart
experiment was investigated (as shown in Figure 13) and the results are shown in Table 4.
It is worth noting that an all-open flotation process consisting of “two-times lead rougher-
one-time lead cleaner-two-times zinc-one-time zinc cleaner” was finally employed for the
beneficiation of this ore. On the one hand, the present reagent regime in the roughing
processing could effectively recover the lead and zinc minerals, and the Zn grade in the
concentrates met the needs of subsequent metallurgical operations. On the other hand,
the closed-circuit process of lead or zinc seriously deteriorated the flotation indexes based
on the multitude of verification tests. The main reason was that the return of the middles
resulted in the accumulation of the slimes, resulting in the non-selective flotation of target
minerals. From Table 4, the Pb grade in the lead rough concentrate was 2.83% and the Pb
and recovery was 57.56%. Meanwhile, the loss rate of zinc was only 11.77%. The Zn grade
in the Zn concentrate reached 28.64% with a recovery of 83.45%. The Zn grade in the final
tailings was only 0.59%. Thus, the presence of a flotation flowchart and reagent regime
resulted in the effective beneficiation of this low-grade oxidized lead and zinc ore, which
could provide important technical support for the processing of similar ores.

Table 4. The results of the opened-circuit flotation experiment of oxidized lead and zinc ore.

Grade/% Recovery/%
Product Yield/%
Pb In Pb Zn
Pb rougher 17.29 2.83 5.14 57.56 11.77
concentrate
Zn concentrate 22.00 0.23 28.64 5.59 83.45
Tailing 60.71 0.51 0.59 36.49 4.78

Total 100.00 0.85 7.55 100.00 100.00
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grinding fineness -0.074 mm 85%

3 min Na,CO; 1000 g/t
5 min Na,S 2000 g/t
3 min isoamyl xanthat 200 g/t
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lead|roughing I1
[
6min 50 | NayS 12000 g/t
3 min DCCH 400 g/t
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y Y y
Pb rougher concentrate Zn concentrate Tailing

Figure 13. The flowchart of the opened-circuit flotation experiment.

4. Conclusions

Flotation optimization of a low-grade oxidized lead and zinc ore from the Lanping
mine was conducted on the basis of process mineralogy characteristics. The following
conclusions could be drawn.

The Pb and Zn grades in the raw ore were 0.84% and 7.42%. Smithsonite and cerussite
were the main valuable metallic minerals; calcite (CaCO3), siderite (FeCO3), and quartz
(5i0,) were the main gangue minerals. A small amount of galena and sphalerite were
concomitant in the ore. The low content of lead and zinc and the complex co-occurrence
relationships between minerals, especially iron and zinc, would bring a challenge to the
efficient separation of the ore.

A flow sheet consisting of “lead preferred flotation-zinc flotation” was employed. The
best performance for lead flotation was obtained at a grinding fineness of accounting for
85% with particle size —74 um, a Na,CO3 dosage of 1000 g/t, a NayS dosage of 2000 g/t, an
isoamyl xanthate dosage of 200 g/t and pine oil of 40 g/t. The recommended agent dosages
for zinc roughing were as follows: the Na,S dosage was 12,000 g/t, the mixed depressants
dosage was 400 g/t DCCH and 1000 g/t sodium silicate; the mixed collector dosages were
200 g/t cationic collector and 400 g/t anionic collector. In addition, the influence order of
experimental factors on lead flotation was as follows: grinding fineness > sodium carbonate
> isoamyl xanthate > sodium sulfide. The influence order of experimental factors on zinc
flotation was as follows: DCCH, > anionic collector > cationic collector > sodium silicate
> sodium sulfide. An all-open flotation process consisting of “two-times lead rougher-
one-time lead cleaner-two-times zinc-one-time zinc cleaner” was finally employed for the
beneficiation of this ore. The Pb grade in the lead rough concentrate was 2.83%, and the
Pb and recovery was 57.56%. The Zn grade in the Zn concentrate reached 28.64% with a
recovery of 83.45%. The Zn grade in the final tailings was only 0.59%. Thus, the presence
of a flotation flowchart and reagent regime effectively beneficiates this ore, which could
provide important technical support for the processing of similar ores. However, attention
must be paid to the optimization of the process flow and reagent systems for industrial
applications, such as the reduction of sodium sulfide dosage and the increase in the Pb
concentrate grade.
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