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The recovery of zinc from a flotation tailing using 17-different leaching agents, including inorganic and organic
acids, alkaline solutions and chelating agents, was investigated. The effects of the lixiviant type, acid concen-
tration, leaching temperature, leaching time, and solid-to-liquid ratio on the metals dissolution were studied. The
use of sulfuric acid resulted in 91% of zinc extraction with a high selectivity against lead. The major impurities of
lead, iron, calcium and arsenic precipitated during the leaching process as a segnisite, beudantite, gypsum, and
goethite in this lixiviant. It was seen that the addition of oxidants in sulfuric acid solution slightly increased zinc
dissolution. The citric acid dissolved 90.1% of zinc along with 9.1% lead. 90% of zinc dissolution was achieved
by using malic acid, and high selectivity between zinc and lead dissolutions was also observed. The citric and
malic acid leach residues contained a substantial amount of segnitite, beudantite, and quartz as the major phases.
In term of zinc and lead dissolution selectivity, the best inorganic agents were determined in the following order:
sulfuric acid > hydrochloric acid > perchloric acid > nitric acid. With organic agents, the best zinc and lead
selectivity was achieved in the following order: sulfosalicylic acid > citric acid > malic acid > formic acid >
tartaric acid > ascorbic acid. The best simultaneous zinc and lead dissolutions were achieved using sodium
hydroxide agent. Using 5 M sodium hydroxide at 80 °C and 1/10 solid-to-liquid ratio for 180 min. leaching time,
81.4% of zinc and 47.4% of lead were dissolved while leaving a considerable amount of iron in the residue. When
the ammonium chloride was used as a lixiviant, the silver and zinc were taken into the leach solution. 61.3% of
zinc dissolution was obtained by using 50% ammonia as lixiviant, whereas no iron and lead dissolutions were
observed. Using 0.37 M EDTA at 80 °C, 1/10 solid-to-liquid ratio for 180 min. leaching time, more than 90% of
zinc dissolved along with a substantial amount of iron, arsenic and lead co-dissolutions. 47.4% of zinc dissolution
was obtained at 80 °C and 1/10 solid-to-liquid ratio for 180 min. leaching time when sodium citrate was used as
lixiviant, whereas less than 20% of zinc dissolved using ammonium oxalate at similar leaching condition. 39%
zinc was dissolved using 3 M ammonium acetate at 80 °C, 1/10 solid-to-liquid ratio for 180 min., while 23.1% of
zinc dissolution was achieved when the ammonium acetate was tested under similar experimental conditions. As
a result, sulfuric, citric, malic, sulfosalicylic and formic acids were deemed to be the most promising leaching
agents for the selective recovery of zinc from the lead-zinc flotation tailing.

1. Introduction oxidized, i.e. non-sulfide, ores (Kaya et al., 2020a). In 2019, the global

refined zinc and lead productions were estimated to be 13.49 Mt and

The most used non-ferrous base metals in the world after copper and
aluminum are zinc and lead. These two metals are usually present
together in lead-zinc ores as well as in the tailings and wastes from the
processing of the metals. Approximately, 95% of the global mined lead
and zinc productions were derived from sulfide type of ores, i.e. galena
(PbS) and sphalerite (ZnS), whereas only 5% of lead and zinc came from
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11.76 Mt, and the metal consumption was estimated to be 13.67 and
11.81 Mt, respectively (Klochko, 2020; Tolcin, 2020). The differences
between the production and consumption figures were met by the
recycling of the metals from secondary resources. In the USA, about 73%
of its lead domestic consumption, equivalent to about 1.2 Mt of the
metal, was recovered from secondary resources mainly from lead-acid
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Fig. 1. XRD spectra of the flotation tailing.

batteries in 2019 (Klochko, 2020). In the same year, the USA recovered
about 30,000 tons of refined zinc, equivalent to 25% of its domestic
consumption, from secondary resources such as galvanizing residues
and electric arc furnace (EAF) dust (Tolcin, 2020).

Mohr, et al. (2018) estimated that the global lead and zinc pro-
ductions from the currently known resources will be peaked before the
year 2031 and hence, it is important to find alternative resources of
these two metals to meet the future demands. One of the promising
alternative resources is the mine tailings of low-grade lead-zinc ores.
The average annual mined zinc and lead in the last decade were 12.6 Mt
and 4.6 Mt, respectively. Based on these figures, about 1.7 Mt of zinc and
0.5 Mt of lead may potentially be discarded in the flotation tailings each
year. Mixed sulfide-oxide and oxidized ores are the main sources of lead
and zinc after sulfides type ores and are generally found in silicate or
carbonate forms in different parts of the world. Over the last decade,
many processes have been utilized for the treatment of oxidized ores,
such as differential flotation, gravity separation combined with flota-
tion, hydrometallurgy, and pyrometallurgy. It is known that oxidized
minerals of lead and zinc are more difficult to float than their sulfide
counterparts (Moradi et al., 2011; Kaya et al., 2020a). Differential froth
flotation is difficult owing to the fine-grained nature of the mixed/
oxidized ores. Therefore, ultrafine grinding, which entails extra costs, is
required for the adequate liberation of the phases prior to the production
of the zinc and lead concentrates (Frias et al., 2008). Also, during the
flotation of oxides, activation is required as slimes may coat the surface
of the particles and prevent their floatability. Moreover, since oxides can
dissolve easily, mineral surfaces hydrate extensively and collectors react
with metal cations in the pulp. This leads to an increase in reagent
consumption (Liu et al., 2011; Abkhoshk et al., 2014).

The pyrometallurgical and hydrometallurgical methods have been
used to recover zinc from zinc-bearing secondary resources such as
galvanizing ash (40-70% Zn), Waelz oxides (49-59% Zn), EAF dust
(7-40% Zn) and other zinc and copper-bearing residues (35-50%) (Cole
and Sole, 2003; Kaya et al., 2020a,b). Both the pyrometallurgical and
hydrometallurgical methods have their advantages and disadvantages.
The former, for example, is able to provide more rapid and efficient
attainment of the metals than the latter but it is suitable only for treating

high-grade resources and emits hazardous acid gas during smelting at
high temperatures. Given the increasing global environmental aware-
ness in addition to the decreasing grades of the secondary resources,
hydrometallurgical methods are considered more attractive for recy-
cling lead and zinc (Moradi et al., 2011).

In Turkey, lead and zinc ore reserves are approximately 0.86 Mt and
2.5 Mt, respectively (Sop, 2001). In 2016, Turkey produced about 1.6%
of the world’s zinc concentrate (0.2 Mt/y) and about 26% of lead and
zinc come from oxidized lead-zinc ores, which present in the central
Anatolia area, Kayseri region. There are small mining companies with
underground mines and flotation concentrators and the yearly ore
production capacity of each company varies from 0.1 to 0.3 Mt.

Cinkur lead-zinc plant was started in 1976 in Kayseri, Turkey, which
could produce 35,000 tpy zinc, 6000 tpy lead along with 4.5 tpy silver
and 125 tpy cadmium from oxide-carbonated zinc-based metals using
the Waelz process (Roast-Leach-Electrowinning-RLE). Due to economic
reasons, the plant was shut down in 1999. Currently, approximately 1.0
Mt zinc and lead flotation tailings in the Kayseri region are stored in
huge tailing ponds. Lead and zinc mine tailings are frequently rich in
toxic heavy metals, such as lead, zinc, copper, cadmium, manganese,
arsenic and nickel. As the solid wastes formed from naturally dehy-
drated slurry after mineral separation, stocked lead-zinc flotation tail-
ings usually threaten the local environment and adversely affect the
sustainable development of the eco-system (Kursun et al., 2017).
Therefore, it is important to develop a simple and environment-friendly
methods to reuse and reduce the toxicity of these zinc industrial wastes.
The use of hydrometallurgical process to recovery zinc from such a
resource may be potentially more efficient that the conventional phys-
ical separation methods (Kaya et al., 2019; 2020a).

The use of acidic agents (Terry and Monhemius, 1983; Bodas, 1996;
Abdel-Aal and Shukry, 1997; Abdel-Aal, 2000; Nagib and Inoue, 2000;
Espiari et al., 2006; Souza et al., 2007; Souza et al., 2009; Safari et al.,
2009; Moradi et al., 2011; Asadi et al., 2017; Atia and Spooren, 2020),
alkaline agents (Zhao and Stanforth, 2000; Chen et al., 2009; Santos
et al., 2010; Zhang et al., 2014; Liu et al., 2014; Ghasemi and Azizi,
2018; Ehsani et al., 2019), ammonium chloride/ammonium carbonate/
ammonium hydroxide agents (Moghaddam et al., 2005; Ju et al., 2005;
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Feng et al., 2007; Wang et al., 2008; Ding et al., 2010; Rao et al., 2015)
have been investigated to leach zinc from zinc or lead—zinc oxide ores. In
this study, we focused on the recovery of zinc from a carbonate-type
flotation tailing produced from a concentrator that treated a complex
ore comprising both sulfide and carbonate forms of the zinc and lead
(See Fig. S1). Leaching tests using 17-different lixiviants (inorganic,
organic, alkaline and chelating) were carried out to determine the most
effective leaching agent to selectively leach zinc from a carbonate tailing
leaving the bulk of lead, iron, arsenic, and silver in the leach residue.
This work is important to develop a suitable hydrometallurgical method
to recycle the tailing with low environmental impact and competitive
production cost. The determination of the best leaching agent from the
flotation tailing would be of interest to metallurgical and environmental
engineers who are interested in the downstream processing of zinc from
pregnant leach solutions such as selective precipitation and solvent
extraction. Reference, where oxalic acid has been used to dissolve the
zinc from the flotation tailing (Kursunoglu et al., 2021), have been
excluded from the current paper as the oxalic acid has extracted a sub-
stantial amount of iron together with zinc from the flotation tailing.

2. Materials and method
2.1. Materials

A representative sample of a carbonate-type Pb-Zn ore flotation
tailing was collected from the tailing dump of Orex Mining Co. in
Yahyali, Kayseri, Turkey. The sample was crushed for deagglomeration
and air-dried in the laboratory. After drying, the sample was ground and
homogenized. The particle size of the ground sample was analyzed by a
particle size analyzer (Mastersizer 2000). Most of the particles were fine
with more than 90% of them were smaller than 99 um. The chemical
composition of the sample was analyzed by Bureau Veritas Mineral
Laboratory in Vancouver, Canada, via digestion and solution analysis
using inductively coupled plasma mass spectroscopy (ICP-MS). The
chemical analysis shows that the sample consisted of 7.5% Pb, 5.77%
Zn, 21.3% Fe, 5.6% As, and 101 ppm Ag. The mineralogical composi-
tions were determined using Empyrean, PANalytical XRD and Bruker D8
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Discover (XRD) with Cu Kal (wavelength 1.54060 A) radiation source
and calibrated with a silicon standard for alignment of the 26 = 10°-70°
radiation generated at 40 mA and 45 kV. The mineral phases were
identified using Diffrac Suite EVA software equipped with the current
ICDD PDF-2/Minerals database. The major mineral phases were found
to be smithsonite (ZnCOs), cerussite (PbCO3), goethite (FeO(OH)),
calcite (CaCOs3), dolomite (CaMg(COs3)2), quartz (SiO3), palygorskite
((Mg,Al)s(Si,Al)gozo(OH)z'8H20), corkite (PbFe3+3(PO4)(SO4)(OH)6)
and beudantite (PbFe3(OH)g SO4AsOy4) (Fig. 1). The main components of
the sample were Zn, Pb, Fe, As and Ag, as well as Si, Al, S, Ca, K, and Na.
The total concentration of the alkali metals such as Na, K, Ca, and Mg in
the sample was around 5.5%, while that of Si and Al was about 7.6%.

The particle morphology and surface composition of the flotation
tailing were analysed by scanning electron microscopy (SEM) and en-
ergy dispersive spectrometry (EDS). SEM-EDS analyses were carried out
using Hitachi-Requlus 8230 SEM and Oxford instrument EDS at 5-10
kV. The surface morphology of particles was very rough, porous, and
complex. Most of the lead-zinc metals were observed to be intergrown
with calcite and some of them are impregnated with iron oxides. A more
detailed description of the sample morphology is presented elsewhere
(Kursunoglu et al., 2021).

2.2. Method

The sample was not exposed to any metallurgical pretreatment op-
erations before leaching unless otherwise stated. The leaching experi-
ments were carried out in a 500 mL three-necked Pyrex reactor equipped
with a glass condenser inside a temperature-controlled hot mantle
(MTOPS). Analytical and technical grade chemicals were used in this
study. Deionized water was used for dilution.

The leaching tests were performed using 25 g of the sample at a solid-
to-liquid ratio of 1/10 (w/v) and a stirring speed of 400 rpm for 180 min.
unless otherwise stated. At 30, 60, 120, and 180 min. time intervals, 5
mL of the slurry was taken and the slurry sample was immediately
centrifuged at 5000 rpm. The supernatant was analyzed by ICP-MS at
ALS Minerals in Izmir-Turkey or Atomic Absorption Spectroscopy (AAS)
at Eskisehir Osmangazi University, Mining Engineering Department.
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Fig. 2. XRD spectra of the leached residue at optimum conditions (1.0 M sulfuric acid, 40 °C, 30 min. and 2/10 solid to liquid ratio).
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Fig. 3. The effect of four different oxidants on the dissolution of zinc from the flotation tailing (a-KMnO4 addition, b-MnO, addition, c- Na,OsS, addition, d-
H,0, addition).
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Fig. 3. (continued).

The pH measurement was performed using a pH meter equipped with
IntelliCAL PHC 28,101 pH probe (Hach, HQ40d). The mineralogical and
elemental composition of the leached residue was analyzed by XRD and
an X-ray fluorescence spectrometer (XRF) (Minipal 4 Panalytical),
respectively. Some of the leaching tests were triplicated to assess the
reproducibility of the test results. The dissolution percentage was
determined using the following equation:

o xVy
cg X My

Dissolution(%) = x 100% 1

where cj is the metal concentration in the leachate (mg/L), Vi, the vol-
ume of the analyzed leachate (L), c¢s the metal concentration in the
tailing (mg/kg), and Mg the weight of the tailing sample (kg).

3. Results and discussion
3.1. Inorganic acids

3.1.1. Leaching of zinc and lead from the tailing in the presence or absence
of oxidant in sulfuric acid (H2SO4) solution

The effect of leaching temperature and leaching time on metal dis-
solutions were carried out using 0.25-1.0 M sulfuric acid. The metal
dissolution order was previously found to be Zn > As > Fe with no Pb

and Ag dissolution was observed (Kursunoglu et al., 2021). The disso-
lution of zinc with sulfuric acid was a very fast process. Most of the zinc
was dissolved into the solution in the first 30 min., and the zinc disso-
lution process slowed down afterwards. At sulfuric acid concentration
below 0.5 M, the very slight and fluctuating influence of the temperature
on the zinc dissolution was observed, whereas the temperature has a
significant effect on iron dissolution. This phenomenon indicates a
different mechanism of leaching zinc and iron from the tailing in a
sulfuric acid solution. The significant effect of temperature on iron
dissolution was observed especially at concentrations 0.5 M and 1.0 M
sulfuric acid concentrations, which is consistent with the findings of
Kukurugya et al., (2015). The researchers reported that most of the iron
remains in the residue as Fey(SO4)3 and FepOs. These compounds
occurred slowly at room temperature.

With increasing sulfuric acid concentration, zinc dissolution
increased significantly under the conditions examined. The temperature
effect is obvious at 0.5 and 1.0 M concentrations. The lead dissolution
was almost zero for all tested temperatures and leaching times due to the
precipitation of lead as a sulfate formation. Iron and arsenic co-
dissolutions started after 0.5 M sulfuric acid concentration and drasti-
cally increased at 1.0 M. Arsenic dissolutions were higher iron at low
temperatures at 120 min. The maximum zinc dissolution (92%) along
with iron (14.6%) and arsenic (24.6%) dissolutions were obtained at 1.0
M sulfuric acid concentration, 40 °C leaching temperature and 60 min.
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Fig. 4. The effect of leaching temperature and time on the dissolution of metals from the flotation tailing using hydrochloric acid solution.
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Fig. 5. The effect of leaching temperature and time on the dissolution of metals from the flotation tailing using nitric acid solution.
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Fig. 6. The dissolution of metals from the flotation tailing using perchloric acid solution.

Table 1
The comparison of inorganic acid types and optimum conditions for the zinc and
lead dissolutions from the flotation tailing (a: analytical grade).

Agent/Agent + Oxidant Zinc Lead Optimum parameters
Dis., % Dis., %
Sulfuric acid® 91 - Con.: 1 M, T: 40 °C, t: 30
min., S/L: 2/10
Nitric acid® 69.7 23.2 Con.: 1 M, T: 40 °C, t: 60
min., S/L: 1/10
Hydrochloric acid® 90 9.8 Con.: 0.5 M, T: 80 °C, t: 30
min., S/L: 1/10
Perchloric acid® 89.3 10.7 Con.: 1 M, T: 80 °C, t: 60
min., S/L: 1/10
1.0 Msulfuricacid+1g/L  87.1 1.9 T: 40 °C, t: 180 min., S/L: 1/
KMnOj 10
1.0 M sulfuric acid + 1 g/L 81.8 1.1 T: 40 °C, t: 60 min., S/L: 1/
Nay0sS5 10
1.0 M sulfuric acid + 1 g/L 95.1 - T: 40 °C, t: 120 min., S/L: 1/
MnO3 10
1.0 M sulfuric acid + 20 90.6 0.5 T: 25 °C, t: 60 min., S/L: 1/
mL/L H,03 10

leaching time.

Increasing solid to liquid ratio from 1/10 to 2/10 at 1.0 M sulfuric
acid concentration, 40 °C leaching time, and 30 min. leaching time
resulted in 91.0% Zn dissolution with 11.2% Fe and 18.4% As co-
dissolutions. Thus, 1.0 M sulfuric acid concentration, 40 °C leaching
temperature, 2/10 solid to liquid ratio and 30 min. leaching time was
deemed as the optimum condition. Under the selected optimum condi-
tion, the PLS contained 13100 mg/L Zn, 7.1 mg/L Pb, 3320 mg/L Fe, and
1915 mg/L As. The XRF analysis of the residue shows that it consisted of
1.67% ZnO, 13.2% PbO, 6.27% Asy03, 39.2% Fe,03 and 6.29% CaO.
Fig. 2 shows the XRD spectra of the leached residue at the optimum
condition. The major mineral phases were identified as segnitite, gyp-
sum, beudantite, quartz, and goethite. Note that segnitite and beu-
dantite are difficult to distinguish as the sulfate and arsenate anions
readily exchangeable with each other.

The effect of four different oxidants on the dissolution of zinc from
the flotation tailing in sulfuric acid solution was tested (Fig. 3(a-d)).
87.1% Zn, 1.9% Pb and 11% Fe dissolutions were obtained using 1 g/L
potassium permanganate (KMnO,4) as an oxidant addition in 1.0 M
sulfuric acid solution at 40 °C leaching temperature and solid-to-liquid
ratio of 1/10 for 180 min. leaching time (Fig. 3(a)). 95.1% Zn, 0%
Pb,18.8% Fe, 27.5% As and 0% Pb dissolutions were achieved at the
addition of 1 g/L manganese dioxide (MnO>) in 1.0 M sulfuric acid so-
lution at 40 °C leaching temperature and solid to liquid ratio of 1/10 for
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120 min. leaching time (Fig. 3(b)). 81.8% Zn, 1.1% Pb and 8.8% Fe
dissolution were obtained at 1 g/L sodium metabisulfite (NazOsSz)
addition in 1.0 M sulfuric acid solution at 40 °C leaching temperature
and solid to liquid ratio of 1/10 for 60 min. leaching time (Fig. 3(c)).
90.6% Zn, 0.5% Pb, 11.2% Fe and 21.5% As dissolved when the 20 mL/L
hydrogen peroxide (H202) addition in 1.0 M sulfuric acid solution at
40 °C leaching temperature and solid to liquid ratio of 1/10 for 60 min.
leaching time (Fig. 3(d)). These results showed that the addition of
oxidant slightly increased the zinc dissolution.

3.1.2. Leaching of zinc and lead from the tailing in hydrochloric acid (HCD
solution

Fig. 4(a-i) shows the effect of leaching temperature and time on the
dissolution of metals from the flotation tailing using hydrochloric acid as
lixiviant. The metal dissolution order was determined to be Zn > Pb
without any Fe dissolution up to 0.5 M. The zinc dissolution generally
increases with increasing leaching temperature that results in faster
leaching kinetics, but this effect was especially visible for hydrochloric
acid concentrations of below 1.0 M. The solubility of metals in the hy-
drochloric acid increased to facilitate the leaching of metals. The vis-
cosity of the slurry and diffusion resistance decreased with increasing
temperature. Yoshida (2003) found that increases of hydrochloric acid
concentration and leaching temperature increased zinc dissolution from
a zinc oxide powder and the activation energy of the zinc oxide leaching
by hydrochloric acid was 11.6 kJ/mol, which is consistent with the
present study that there is no beneficial effect of leaching time on the
zinc dissolution from the flotation tailing. It seems that 30 min. leaching
is enough to dissolve 93% zinc together with 8.8% lead, 9.3% iron using
1.0 M hydrochloric acid solution at 80 °C temperature and solid to liquid
ratio of 1/10 (Fig. 4 (i)). On the other hand, increasing leaching tem-
perature and time affected the dissolution of iron. From these tests, two
optimum conditions were selected as follows: 0.5 M hydrochloric acid
concentration, 80 °C leaching temperature, and 30 min. leaching time
(Fig. 4(f)) or 1.0 M hydrochloric acid concentration, 80 °C leaching
temperature, and 30 min. leaching time (Fig. 4(i)). However, consid-
ering the acid consumption and neutralization of PLS in the downstream
process, the former one is selected as the optimum conditions for the
hydrochloric acid leaching process. Possible reactions between ZnO/
ZnCO3/PbO and hydrochloric acid are given below:

ZnO(s) +2HCl(aq)—ZnCly(aq) + H,O @
ZnCOs(s) + 2HCl(aq)—ZnCly(aq) + CO,(g) + H,0 3
PbO(s) + 2HCI(aq)—PbCly(s) + H, O 4)
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Fig. 7. XRD spectra of citric acid leached residue at the optimum conditions.

3.1.3. Leaching of zinc and lead from the tailing in nitric acid (HNO3)
solution

Fig. 5(a-i) shows the effect of leaching temperature and time on the
dissolution of metals from the flotation tailing using nitric acid as lix-
iviant. As can be seen from Fig. 5 (a-i), increasing nitric acid concen-
tration from 0.25 M to 1.0 M increased zinc dissolution from 38% to
70%, whereas increasing leaching temperature and time decreased zinc
dissolution. This may be due to the passivization of the mineral surfaces
with fine mineral particles. Since the metals contacted with nitric acid, it
cannot be oxidized any further and the reaction rate slowed down.
Increasing nitric acid concentration increased lead co-dissolution from
7% to 23%. There was no iron co-dissolution at any tested conditions. It
was seen that the nitric acid dissolved not only zinc but also lead
together. The metal dissolution followed the descending order: Zn > Pb
> Fe. The following reactions take place during the nitric acid leaching
process.

ZnO(s) +2HNOs(aq) = Zn(NO»),(aq) + H,O 5)

PbO(s) + 2HNO5(aq) = Pb(NOs),(aq) + H,O (6)
3.1.4. Leaching of zinc and lead from the tailing in perchloric acid (HClIO4)
solution

Perchloric acid is an inorganic acid and a stronger acid than sulfuric
and nitric acid as well as a powerful oxidizer. Using 1.0 M perchloric
acid at 80 °C and 1/10 solid to liquid ratio for 60 min. leaching time
achieved a maximum 89.3% zinc dissolution along with 10.7% lead
dissolution (Fig. 6).

Table 1 shows the comparison of inorganic acid types and optimum
conditions for the zinc and lead dissolutions from the flotation tailing.
From tested different leach conditions, 1.0 M sulfuric acid concentra-
tion, 40 °C leaching temperature, 30 min. leaching time and 2/10 solid
to liquid ratio were chosen as the best condition. The zinc dissolution
was determined as 91% along with 11.2% Fe and 18.4% As dissolutions.
At 0.5 M hydrochloric acid concentration, 80 °C leaching temperature,
30 min. leaching time, and 1/10 solid to liquid ratio achieved 90% zinc
dissolution together with 9.6% lead dissolution. 69.7% Zn and 23.2% Pb
were taken into the leach solution using nitric acid as a solvent under the
following conditions: 1.0 M nitric acid concentration, 40 °C leaching
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temperature, 60 min. leaching time and 1/10 solid to liquid ratio. The
results demonstrated that the addition of oxidant to the sulfuric acid
solution slightly increased the zinc dissolution percentages from the
tailing. The maximum zinc selectivity between lead was achieved at the
following inorganic agent order: sulfuric acid > hydrochloric acid >
perchloric acid > nitric acid.

3.2. Organic acids

3.2.1. Leaching of zinc and lead from the tailing in citric acid (C¢HgO7)
solution

The effect of citric concentration on the dissolution of metals from
the tailing was determined in our previous research paper (Kursunoglu
et al., 2021). 90.6% zinc dissolution was taken into the leach solution
along with 9.3% lead, 14.5% arsenic and 19.2% iron at 1.0 M citric acid
concentration, 80 °C leaching temperature and 2/10 solid to liquid ratio
for 180 min. leaching time. Under these conditions, the zinc, lead, iron
and arsenic concentration in the PLS was 12100 mg/L, 1220 mg/L,
8410 mg/L and 1670 mg/L, respectively. The metal dissolution order
using citric acid was as follow: Zn > Fe > As > Pb > Ag. The pH of the
medium is less acidic with citric acid (2 < pH < 3) than sulfuric acid (0.5
< pH < 1). Fig. 7 shows the XRD spectra of the citric acid leached residue
at the optimum leaching conditions. The precipitate contains segnitite
(PbFe3(AsO4)(AsO30H)(OH)g)), beudentite PbFe%*[(As,S)O‘;]g (OH)e)
and quartz as the major phases. XRD result shows that the segnitite and
beudentite predominantly formed in the residue. XRF analysis revealed
that the citric acid leach residue contains 14.8% PbO, 2.25% ZnO, 44.1%
Fes03, 8.12% AsyO3 and 0.78% CaO. According to XRF results, no cal-
cium precipitate was seen in the residue as compared to the sulfuric acid
leaching process where calcium precipitated as gypsum.

3.2.2. Leaching of zinc and lead from the tailing in malic acid (C4HsO5)
solution

The effect of temperature and leaching time on the dissolution of
metals from the flotation tailing was investigated (Fig. 8(a-c)). 86.1%
Zn, 8.9% Pb and 6.6% Fe dissolutions were achieved using 1.0 M malic
acid at 80 °C leaching temperature and 1/10 solid to liquid ratio for 180
min. leaching time. Metal dissolution order was found to be Zn > Pb >
Fe. The optimum leaching conditions were as follows: 1.0 M malic acid,
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Fig. 8. The effect of temperature and leaching time on the dissolution of metals from the flotation tailing using malic acid.
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Fig. 9. XRD spectra of the leach residue using malic acid at the optimum conditions.

1/10 solid to liquid ratio, 80 °C leaching temperature and 60 min.
leaching time. Under these conditions, 90% Zn, 9.3% Pb and 4.3% Fe
were extracted into the leach solution (Fig. 8(c)). The metal concen-
tration in the PLS was determined as 5050 mg/L Zn, 387 mg/L Pb, 1200
mg/L Fe and 470 mg/L As. The pH of the solution was determined as 2.2.
Fig. 9 shows the XRD spectra of the leach residue using malic acid at the
optimum conditions. The residue contains segnitite, beudentite, silicon
oxide, and quartz as major phases. The XRF results of the leach residue
contained 16.4% PbO, 2.89% ZnO, 52.8% Fe503, 9.8% As,03 and 0.85%
CaO. Yan et al., 2014 indicated that the leaching ability of citric acid is
supposed to be higher than that of malic acid from contaminated sedi-
ment. Similar results were obtained when lead and zinc were leached
using citric acid and malic acid (Li et al. 2010), which is consistent with
our experiment that citric acid is a more remarkable leaching ability
than malic acid. The malic acid ionization is represented as the following
reaction:

)

The zinc oxide with an organic acid reaction can be written as (Song
and West Chester, 2004):

HCO,H(aq) + H,0(1) < H;0" (aq) + HCO, (aq)

2HxA + XZnO—XZnAz)x + XH,0 8
where A is an organic acid, and X is an integer that varies from 1 to 2.

The effect of solid to liquid ratio on the dissolution of metals was also
investigated using 1.0 M malic acid at 80 °C leaching temperature, and
solid to liquid ratio of 2/10 and 3/10 (Fig. 10(a-b)). At high solid ratio,
stirring difficulties arise with increasing pulp viscosity and particles may
not be completely surrounded by the solution. Thus, the zinc dissolution
decreased with increasing solid ratio. With increasing solid ratio, zinc
dissolution decreased from 82.1% (Fig. 10(a)) to 63.5% (Fig. 10(b))
using 1.0 M malic acid at 80 °C leaching temperature for 180 min.
leaching time. Not only lead but also iron dissolutions were less than
10%. The pH of the solution changed from 2.68 to 3.06.

3.2.3. Leaching of zinc and lead from the tailing in formic acid (CH202)
solution

The effect of temperature and leaching time on the dissolution of
metals from the flotation tailing was investigated using formic acid as an
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organic agent (Fig. 11(a-c)). When the leaching time and temperature
increased, the zinc dissolution increased slightly. The lead dissolution
was less than 5% under the tested all leaching conditions while no iron
dissolution was observed. The zinc was very selectively extracted from
the flotation tailing, leaving a considerable amount of lead and iron in
the residue. The optimum leaching conditions were determined as 1 M
formic acid concentration, 60 °C leaching temperature, 1/10 solid to
liquid ratio and 120 min. leaching time (Fig. 11(b)). 82.3% Zn and 3.5%
Pb dissolutions were achieved under these conditions. Metal dissolution
order was determined to be Zn > Pb > Fe. The formic acid ionization and
diffusion H + ions are represented as the following reactions:

CH,0, < H* 4+ CHO; 9

2H" +ZnCO5 & H,CO5 + Zn** (10)
3.2.4. Leaching of zinc and lead from the tailing in different organic acid
solutions

The dissolution of metals from the flotation tailing was tested using
tartaric acid (C4HgOg) as an organic agent (Fig. 12). When the tartaric
acid was used as lixiviant, the zinc, lead and iron dissolutions remained
relatively constant. The zinc dissolutions were found to be less than
35%. The lead dissolutions increased up to 11.7% while the iron dis-
solutions were less than 7% under the tested conditions. Metal dissolu-
tion order was as follows: Zn > Pb > Fe. The solution pH was around 2.

The dissolution of metals from the flotation tailing was carried out
using ascorbic acid (CeHgOg) as a lixiviant (Fig. 13). When the ascorbic
acid was used as an organic agent, the zinc, lead, iron and arsenic
showed the same dissolution trend under the investigated conditions.
Slight fluctuations were observed during the zinc dissolution. 34.4%
zinc dissolution was obtained using 1 M ascorbic acid at 80 °C leaching
temperature, 1/10 solid to liquid ratio and 30 min. leaching time. The
lead dissolution was less than 12% under the tested all leaching condi-
tions while the iron dissolution increased up to 18.3% along with 12.1%
arsenic dissolution for 180 min. It was revealed that there is no good
selectivity between zinc and other impurities such as iron and arsenic
when the ascorbic acid was used as an organic agent. Metal dissolution
order was found to be Zn > Fe > As > Pb. The pH of the solution was
around 3.5.
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Fig. 10. The effect of solid to liquid ratio on the dissolution of metals using malic acid solution.

The dissolution of metals from the flotation tailing was performed by
using sulfosalicylic acid (C;HgOgS) (Fig. 14). When the sulfosalicylic
acid was tested, the zinc dissolutions remained relatively constant under
the examined conditions. More than 87% Zn dissolutions were achieved
using 1 M sulfosalicylic acid concentration at 80 °C leaching tempera-
ture, 1/10 solid to liquid ratio and 30 min. leaching time. 88.7% Zn
dissolution was obtained within 30 min. leaching time, whereas 6.4% Fe
was extracted from the flotation tailing. No lead co-dissolution was
observed during the leaching process under the tested conditions. Deng
et al.,, 2017 observed that when the reaction time and temperature
extended, copper leaching rates demonstrated upward tendencies using
sulfosalicylic acid from a copper oxide ore. The sulfosalicylic acid is
completely ionized as the following reaction equations (Egs. (11)-(12)).
It was seen from the current study that there is a pretty good selectivity
between zinc and lead as well as iron when the sulfosalicylic acid was
used as an organic agent. Metal dissolution order was determined to be
Zn > Fe > Pb.

C7H06S(5)—C7H3065° (aq) +3H" (aq) an
or
C7Hs06S(s) + 3H,0(aq)— C;H30s5° (aq) + 3H;0" (aq) 12)
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Table 2 shows the effect of different organic acids on the dissolution
of metals from the flotation tailing. The results indicated that citric and
malic acid were superior leachates to other tested organic acids as the
dissolution percentages of zinc is greater than 90% under the conditions
examined. However, the maximum selectivity between zinc and lead
was obtained at the following organic agent order: sulfosalicylic acid >
citric acid > malic acid > formic acid > tartaric acid > ascorbic acid.

3.3. Alkaline solution

3.3.1. Leaching of zinc and lead from the tailing in sodium hydroxide
(NaOH) solution

The effect of sodium hydroxide concentration and leaching time on
the dissolution of metals from the flotation tailing was investigated at
80 °C leaching temperature, a sodium hydroxide concentration in the
range of 1 M to 7 M, solid to liquid ratio of 1/10 for 180 min. leaching
time (Fig. 15(a-d)). 81.4% Zn and 47.5% Pb were simultaneously taken
into the leach solution without any Fe co-dissolution using 5 M sodium
hydroxide for 180 min. (Fig. 15(c)), which is consistent with the findings
of Zhao and Stanforth, 2000. The authors found that the best leaching
results were obtained in 5 M NaOH, at 90-95 °C and a reaction time of
90 min. for the production of zinc powder by alkaline treatment of
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Fig. 11. The effect of temperature and leaching time on the dissolution of metals from the flotation tailing using formic acid.
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Fig. 12. The dissolution of metals from the flotation tailing was tested using tartaric acid.
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Fig. 13. The dissolution of metals from the flotation tailing using ascorbic acid.
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Fig. 14. The dissolution of metals from the flotation tailing using sulfosalicylic acid.
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Table 2
The effect of organic acid on the dissolution of zinc and lead from the flotation
tailing (t: technical grade).

Agent Zinc Dis., Lead Dis., Optimum parameters
% %

Citric acid® 90.6 9.3 Con.: 1 M, T: 80 °C, t: 180 min., S/
L: 2/10

Malic acid* 90 9.3 Con.: 1 M, T: 80 °C, t: 60 min., S/L:
1/10

Sulfosalicylic 88.7 - Con.: 1 M, T: 80 °C, t: 30 min., S/L:

acid" 1/10

Formic acid" 82.6 2.8 Con.: 1 M, T: 60 °C, t: 180 min., S/
L:1/10

Tartaric acid" 34.4 10 Con.: 1 M, T: 80 °C, t: 30 min., S/L:
1/10

Ascorbic acid® 34.1 1 Con.: 1 M, T: 60 °C, t: 60 min., S/L:
1/10

smithsonite ores. The lead dissolution was slightly decreased at 7 M
sodium hydroxide concentration as the high concentration of sodium
hydroxide has a strong oxidation characterization and converts a part of
PbO in PbO,, which has a little solubility in sodium hydroxide solution
(Badanoiu et al., 2013). At high alkali concentration, ZnO converts into
NaZn(OH)3 and the solubility of NaZn(OH)s decreases with increasing
alkali concentration at the same temperature. Ghasemi and Azizi, 2018
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found that the hydroxyl ions are enough due to the further formation of
Zn(OH)ﬁ_ and Pb(OH)‘zf at 4 M sodium hydroxide concentration. Metal
dissolution order was determined to be Zn > Pb. The dissolution of
cerrusite and smithsonite in sodium hydroxide solution is described as
follows:

ZnCOs(s) +40H ™ (aq)—Zn(OH) (aq) + CO? (aq) 13)
PbCO;(s) +40H™ (aq)—»Pb(OH)‘Zf (aq) + CO%’ (aq) (14)
3.4. Ammonia/Ammonia compound and chelating solutions

3.4.1. Leaching of zinc and lead from the tailing in ammonia (NH3)
solution

The effect of ammonia concentration and leaching time on the
dissolution of metals was investigated at 80 °C leaching temperature and
1/10 solid to liquid ratio (Fig. 16(a-c)). The zinc dissolution remained
relatively constant under the examined conditions. No iron and lead co-
dissolutions were observed during the leaching process. Wang et al.,
2008 found that the dissolution of zinc from a low-grade zinc oxide ore
increased with increasing ammonia concentration, which is not consis-
tent with the findings of the present study. This can be due to the high
volatilization rate of ammonia at the high leaching temperature of the
current study. At 50% ammonia concentration, 61.3% zinc dissolution
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Fig. 15. The effect of sodium hydroxide concentration and leaching time on the dissolution of metals from the flotation tailing.
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Fig. 15. (continued).

was achieved within 180 min., remaining all lead and iron in the leach
residue (Fig. 16(c)). The reactions between smithsonite and ammonia in
an aqueous solution are as follows:

ZnO(s) + 2NHs(aq) + H,O = [Zn(NH5),)** (aq) + 20H~ (15)
ZnO(s) + 2NH} (aq) + 2NH; (aq) & Zn(NH;):" (aq) + H,O 16)
ZnCOs(s) +4NHs(aq) = [Zn(NH),)* (aq) + CO¥ 17)
ZnS0,4(s) + iNHs(aq) = [Zn(NH3),]"" (aq) + SO* 18)

where i: 1, 2, 3, 4.

3.4.2. Leaching of zinc and lead from the tailing in ammonium chloride
(NH4CD) solution

The effect of leaching temperature and leaching time on the disso-
lution of metals was investigated using 5 M NH4CI at a solid to liquid
ratio of 1/10 (Fig. 17(a-d)). The zinc and silver dissolutions increased
with increasing leaching temperature and time. Ju et al. 2005 found that
zinc dissolution increased with increasing leaching temperature in
ammonium chloride solution. This is most probably due to the large
activation energy for a surface chemical reaction and sublimation of
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ammonium chloride into ammonia and hydrochloric acid at high tem-
peratures. When the leaching temperature ascended from 60 °C to 80 °C,
no lead, iron and arsenic dissolutions were observed. 73% Zn and 34.8%
Ag dissolution was achieved at 80 °C within 120 min. leaching time
(Fig. 17(d)). Metal dissolution order was as follows: Zn > Ag. The pH of
the solution changed between 6.4 and 6.9.

3.4.3. Leaching of zinc and lead from the tailing in
ethylenediaminetetraacetic acid (C10H16N20g) (EDTA) solution

The effect of leaching temperature and leaching time on the disso-
lution of metals from the flotation tailing using ethylenediaminetetra-
acetic acid (C19H16N20g) (EDTA) was investigated at a solid to liquid
ratio of 1/10 (Fig. 18(a-c)). The effect of EDTA (0.37 M), which is low
biodegradability, high metal removal efficiency, availability of proper
recycling techniques, on the dissolution of metals from the flotation
tailing was tested. 96.6% Zn dissolution along with 27.1% Pb and 20%
Fe co-dissolutions were obtained at 80 °C leaching temperature using
0.375 M EDTA for 180 min. leaching time (Fig. 18(c)). The EDTA ach-
ieved more than 90% zinc dissolution along with lead and iron co-
dissolutions, which is consistent with the findings of Sun et al., 2001.
The researcher found that the recovery of zinc from contaminated sur-
face soils collected from four different sites is greater than lead at low
EDTA concentration. Metal dissolution order was determined to be Zn >
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Fig. 16. The effect of ammonia concentration and leaching time on the dissolution of metals from the flotation tailing.
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Fig. 17. The effect of leaching temperature and leaching time on the dissolution of metals from the flotation tailing using ammonium chloride.
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Fig. 17. (continued).

Pb > Fe. The solution pH changed between 5 and 6. EDTA cannot bind
with zinc oxide if lead oxide is present in the flotation tailing due to the
lower EDTA affinity for Zn>* than Pb2+, as seen in Eq. (19). The con-
centration of EDTA exceeds a certain point, excessive EDTA can bind
with zinc, which leads to a considerable increase in zinc concentration
(Liu et al., 2014).

Zn— EDTA + PbO + H,0 = Pb — EDTA + Zn(OH), 19)
3.4.4. Leaching of zinc and lead from the tailing in different solutions

Fig. 19 shows the dissolution of metal from the flotation tailing using
ammonium oxalate ((NH4)2C204) at different leaching time. As can be
seen from Fig. 19, the zinc dissolution was less than 20% using 1 M
ammonium oxalate at 80 °C, 1/10 solid to liquid ratio for 180 min.
leaching time. Less than 3% of lead dissolution was obtained under the
tested conditions. No iron co-dissolution was observed.

The effect of ammonium acetate (CoH7NO5) and sulfate ((NH4)2SO4)
concentration and leaching time on the dissolution of metals from the
tailing was studied at 80 °C, solid to liquid ratio of 1/10 (Fig. 20(a-b)).
The dissolution of zinc slightly increased with increasing leaching time.
The maximum zinc dissolution (39%) was achieved using ammonium
acetate for 180 min. leaching time (Fig. 20(a)). The lead and iron co-
dissolutions were less than 5% under the examined conditions. The
maximum zinc dissolution (23.1%) was obtained for 180 min. leaching
time when the ammonium sulfate was used as a leach solution (Fig. 20
(b)). The lead and iron co-dissolutions were determined to be less than
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5%. Feng et al., 2007 found that the ammonium sulfate leaching of the
low-grade zinc oxide pellets is controlled by the diffusion of the leach
liquor through the gangue layer in the whole leach process. Not only
ammonium acetate but also ammonium sulfate showed a similar effect
on the metal dissolutions from the flotation tailing. It was seen that there
is no beneficial effect of ammonium acetate and ammonium sulfate on
the dissolution of lead and iron. The zinc dissolutions were in the range
of 15% and 40% along with pretty low lead dissolutions.

Table 3 summarizes the effect of ammonia or sodium compound and
chelating agents on the zinc and lead dissolution from the flotation
tailing. The ammonia or sodium compound and chelating agents were
not considered as a lixiviant for the dissolution of zinc and lead from the
flotation tailing as the good selectivity or recovery between the zinc and
lead were not obtained.

4. Conclusions

The beneficiation of lead-zinc oxide ores using flotation is rather
hard compared to sulfides as oxides can dissolve and their surfaces
become hydrated easily. Lead can be recovered to some extend by
flotation from non-sulfide lead-zinc ores; however, zinc oxides remain
in the flotation tailings. The major zinc extraction method from fine and
complex lead-zinc flotation tailings is the hydrometallurgical process.
The recovery of zinc from a non-sulfide lead—zinc flotation tailing was
investigated using 17-different leaching agents via the bench-scale
study. The main parameters affecting major metal extractions were
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Fig. 18. The effect of leaching temperature and leaching time on the dissolution of metals from the flotation tailing using EDTA.
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Fig. 19. The dissolution of metals from the flotation tailing using ammonium oxalate.
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Fig. 20. The effect of ammonium acetate and sulfate concentration and leaching time on the dissolution of metals from the tailing (a-ammonium acetate, b-
ammonium sulfate).
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Table 3
The effect of ammonia or sodium compound and chelating agents on the zinc
and lead dissolution from the flotation tailing (a: analytical grade).

Agent Zinc Dis., Lead Dis., Optimum parameters
% %
Ammonia® 61.3 - Con.: 50% NHy, T: 80 °C, 180 min.,
S/L: 1/10

Ammonium 73 - Con.: 5M, T: 80 °C, t: 120 min., S/
chloride® L:1/10

Ammonium 39 3.4 Con.: 3 M, T: 80 °C, t: 180 min., S/
acetate® L:1/10

Ammonium 19.6 2.1 Con.: 1 M, T: 80 °C, t: 30 min., S/L:
oxalate® 1/10

Ammonium 23.1 1.1 Con.: 3 M, T: 80 °C, t: 180 min., S/
sulfate® L:1/10

EDTA? 96.6 27.1 Con.: 0.375 M, T: 80 °C, t: 180

min., S/L: 1/10

considered as agent concentration, leaching temperature, leaching time
and solid-to-liquid ratio. Sulfuric, malic, sulfosalicylic, formic and citric
acids were determined to be the most promising lixiviants for the zinc
recovery from the flotation tailing. The maximum zinc dissolution order
was determined as sulfuric acid (91%) > citric acid (90.6%) > hydro-
chloric (90%) ~ malic acid (90%) > sulfosalicylic acid (88.7) > formic
acid (82.6%) under the conditions explored. The lowest lead dissolution
was obtained in the following order: sulfuric acid ~ sulfosalicylic acid
(0%) > formic acid (2.8%) > citric acid (9.3%) ~ malic acid (9.3%) >
hydrochloric (9.8%). 81.4% of zinc and 47.4% of lead were simulta-
neously extracted into the leach solution, remaining a considerable
amount of iron in the residue using 5 M sodium hydroxide at 80 °C and
1/10 solid to liquid ratio for 180 min. leaching time. Therefore, sulfuric,
citric, malic, sulfosalicylic and formic acids were determined as the best
leach solutions for the recovery of zinc from the flotation tailing. The
maximum lead dissolution was observed by using a sodium hydroxide
solution.
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