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OZET

Bu ¢alismada, ¢inko ve kursun flotasyon atiklarindan lig, solvent ekstraksiyon ve
elektroliz yontemi ile baz ve kiymetli metallerin kazanimi incelenmistir. Laboratuvar 6l¢eginde
tic kademeli, secimli ve kesikli li¢ deneyleri yapilmistir. Lig testleri en az 25 g temsili numune
ile 1/10 kati/sivi oraninda 500 mL’lik 1sitmali cam balon ve spiral yogusturuculu reaktorde
yapilmistir. Birinci asama Zn liginde 17 farkl li¢ reaktifi; ikinci asama Pb ligcinde 10 farkli li¢
reaktifi ve liclincii asama Ag licinde 2 farkli li¢ reaktifi test edilerek optimizasyon saglanmistir.
Birinci asama li¢ i¢in H2SOs, sitrik asit ve malik asit %90’dan fazla Zn ¢dzlinmesini, yiiksek
Zn-Pb ve Zn-Fe secimli ¢oziiniirliik farki sagladigindan en iyi li¢ reaktifleri olarak
secilmislerdir. Ikinci asamada NaOH-+KNa-tartart karisimi %85°den fazla Pb ¢oziiniimii
sagladig1 i¢in optimum secilmistir. Solvent ekstraksiyonu Oncesi, birinci asama li¢ yiiklii
¢ozeltileri hidrolitik ve HoSO4 ¢oktiirme saflagtirmalarina Fe ve As safsizliklarini gidermek igin
tabi tutulmustur. Hidrolitik ¢oktiirme sonunda olusan Fe’ce zengin atiklar ve jips atik barajina
gonderilebilir. Saflastirma sonras1 D2ZEHPA+hekzan ile pH: 2.6°da solvent ekstraksiyonu (SX)
%98 Zn’1 organik faza almistir. Sitrik ve malik asit PLS’leri H2SOy4 ile ¢oktiirme saflastirmasina
tabi tutulmus ve 98.9 Pb ile %96.7 Pb, PbSO4 olarak uzaklastirilmistir. Saflastirilan sitrik ve
malik asit PLS’leri sirasiyla %20 D2EHPA ile pH: 3.6’da %98.3 Zn ekstraksiyonu ve %10
D2EHPA ile pH: 4.2°de %98 Zn ekstraksiyonu vermistir. Organige aktarilan Zn daha sonra pH:
0.25’te H2SO4 PLS’inden %100, sitrik asit PLS’inden pH: 0.25’te %100 ve malik asit
PLS’inden pH: 0.5’te %98.7 Zn mertebesinde s1yrilmistir. Asidik pH’larda yapilan elektroliz ile
%99’dan fazla Zn metal kazanim1 HoSO4 ve sitrik asit PLS’lerinden ve %97 Zn metal kazanimi1

malik asit PLS’inden %99 saflikta kazanilmistir.

Anahtar kelimeler: Flotasyon atiklari, Cinko, Kursun, Li¢, Organik asit, Solvent ekstrasiyon
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SUMMARY

In this study, recovery of base and precious metals from zinc-lead flotation tahiling by
leaching, solvent extarction and electrowinning was investigated. Three-stage selective and
batch laboratory leach tests were performed. A minimum 25 g sample with 1/10 S/L ratio was
used. 500 mL balloon flask reactors with glass spiral reflux condensers were employed in
leaching. In the first-stage Zn leaching 17 different reagents, in the second-stage Pb leaching 10
different reagents, and in the third-stage Ag leaching 2 different reagents were tested and
optimized. In the first-stage leaching, H2SOs, citric acid, and malic acid achieved more than
90% Zn dissolution with high Zn-Pb and Zn-Fe dissolution selectivity differences. In the
second-stage leach, NaOH+KNa-tartrate provided more than 85% Pb dissolution and was
selected as the optimum reagent. Prior to solvent extraction (SX), the first-stage H.SO4 leach
PLS was purified by hydrolytic precipitation using NaOH+H>0.. After hydrolytic precipitation,
Fe-rich waste and gypsum were produced. After purification of H,SO4 PLS, SX with 20%
D2EHPA+hexane at pH: 2.6 achieved 98% Zn extraction to the organic phase. Citric and malic
acid PLSs were subjected to the PbSO4 precipitation with 98.9% Pb and 96.7% Pb, respectively
using H>SOas. Purified citric and malic acid PLSs were subjected to SX using 20%
D2EHPA+hexane at pH of 3.6 and 10% D2EHPA+Hexane at pH of 4.2 to obtain more than
98% extraction. 100% Zn was stripped from the organic phase to the aqueous phase at pH of
0.25 from H>SO4 and citric acid PLSs. 98.7% Zn was stripped at pH of 0.5 from malic acid PLS.
Electrowinning (EW) at acidic pHs, achieved 99% Zn metal recovery from H>SO4 and citric
acid PLSs and 97% Zn metal from malic acid PLS with 99% Zn purity.

Keywords: Flotation tailing, Zinc, Lead, Leaching, Organic acid, Solvent extraction
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1. INTRODUCTION AND PURPOSE

During the recovery and processing of nonferrous metal from ores, metal-bearing
mining waste is generated. Mining waste, which contains both base and precious metals, might
be considered a valuable secondary resource. However, the presence of harmful materials for
the environment, such as air, soil, and water, should be considered. The majority of these solid-
state mining wastes were dumped into tailing reservoirs with no active control. Still huge
capabilities are still being produced. Metals production and recovery from mining waste both
require the development of efficient, low-temperature, and environmentally friendly

technology.

Due to the formation of acid mine drainage (AMD) and the dispersion of metals into
the environment as a result of the exposure of these tailings to atmospheric oxygen, bacteria,
and water, which can cause severe degradation of water quality in both subsurface and surface
systems, as well as soil in their vicinity, tailings containing metal sulfides present particular
challenges for responsible waste management. However, impurities like as clay minerals and
pyrite lead the flotation tailings to become more complicated and low-grade, resulting in
increased reagent consumption and lower yield of high-grade concentrate. Flotation tailings are
typically produced as a byproduct of metal ore beneficiation, specifically froth flotation prior to
pyrometallurgical operations. Approximately 90-95 % of the plant's general tailings, such as
flotation tailings and cleaning tailings, come from the flotation process and are referred to as

flotation tailing.

Greater flotation tailings are expected to be produced in the coming years as a result of
increased exploration of nonferrous metal ores and the discovery of lower-grade deposits,
potentially causing more environmental issues and disputes. A prospective future metal resource

is made up of flotation tailings and low-grade nonferrous metal ores (Antonijevic et al., 2008).

Zinc and lead have historically been important base metals, and they are generally
found together in Zn—Pb ores and tailing, which are used not only as metals but also as additives
in a variety of industries. Grinding is used to concentrate lead-zinc ores, followed by a sequential

flotation process in which lead minerals are floated first, followed by flotation of zinc minerals.



There was a wide range of lead and zinc resources, as well as many different types of lead and
zinc oxides. Zinc and its companion lead are manufactured in a sequential manner around the
world, with pyrometallurgical and hydrometallurgical processes used selectively depending on
the raw material. After aluminum and copper, zinc is the most often utilized non-ferrous metal.
Apart from its primary use (about 70%) in steel galvanizing, it is also used in sheets, anodes,
castings, chemicals, micronutrients, paints, dry cells, and other applications. The gap between
demand and availability for zinc is expanding as its use grows. Many of these applications
provide opportunities for zinc recycling. Around 30% of the world's annual zinc production or
around 10 million tons is produced in the United States. (Asadi et al., 2017; Najiba, 2009)
Sunkar, 2005).

Lead and zinc are minerals that are naturally connected with one another. Every lead

and zinc deposit has three different types of mineralization:

a) Sulphide ores, which are primarily found in the hypogene primary sulphide ore body,
where mineralization occurs over numerous phases, and from which lead and zinc
are extracted. The primary sulphide minerals of zinc and lead are sphalerite (ZnS)
and galena (PbS), respectively.

b) Hypogene and supergene weathering are two forms of nonsulphide ores. The cap of
hypogene oxidized ores usually protects the primary sulphide ore body from
supergene weathering. The absence of sulphide minerals and their outcropping at the
surface, or their existence near the surface, are signs of supergene oxidation ores.

c) Mixed sulphide—oxide ores with a complex mineralogy that are most commonly
found in the transition zones of deposits, but can also be found in the oxidized zones.
(Gilg et al., 2006).

Innovative mineral processing and hydrometallurgy approaches are offered for
extracting nonferrous metal from flotation tailing. Academics will examine the major phases
(pre-concentration, leaching, and high-grade metal recovery) in depth in order to improve the

initial relevant process sequences.



Hydrometallurgical separation technologies are now an important aspect of extractive
metallurgy, used in a variety of metal refining plants across the world and resulting in lower
capital and operational costs. Hydrometallurgical separation techniques are ideal. They're
known for being adaptable, highly selective, and ecologically friendly procedures for treating

raw materials of various amounts and compositions (Sami, 2013; Yan et al., 2014).

Flotation is the primary method for processing zinc and lead ores, especially those with
high sulfur concentration. . The goal of this study is to create novel sustainable ecological and
economical procedures for recovering commercially important base metals (Zn and Pb) and
precious metal (Ag) from wastes generated from flotation tailing leaching. The flotation tailing
sample used in this investigation is made up of oxidized lead and zinc ore taken from Kayseri

province.

To achieve this aim, the following objectives were defined:

e Evaluate the leaching of zinc and lead with use of different reagents (organic and
inorganic acids and alkaline)

e Determine the effect of reagent concentration, temperature, solid/liquid ratio on the
leaching performance

e Perform mass balances using the leaching test results to determine which combination
would provide the highest zinc recovery and lower impurity accumulation

e Determine the best purification of leach solution for removal of impurities (Fe, As, Cd,
Cu, Ni and Al)

e Electrowinning of zinc solution after purification step for recovery of zinc metal from
solution



2. LITERATURE REVIEW

2.1. Introduction

This chapter provides general information about zinc and lead, from their histories to
their properties and sources. Lead and zinc production processes are discussed in depth. In
addition, several of the uses of lead and zinc are discussed. Finally, prior studies on zinc and

lead production in Turkey and around the world are summarized.

2.2. General Information about Zinc

After steel, aluminum, and copper, zinc is the fourth most extensively used metal on the
planet. Because it is chemically active and has a high proclivity for forming compounds with
other elements, demand for the metal and its alloys has grown. Major application fields can
easily be expected and named as galvanizing or coating industries of base metals, die casting of
zinc alloys manufacturing of brass, and paint pigments production for chemical industries as a
result of its chemical qualities. According to surveys, the value of metallic zinc is predicted to
rise if the current economic situation and development continue (llzsg, 2020).

2.2.1. Chemical and physical characterasitics of zinc

Zinc has the chemical symbol Zn, an atomic number of 30 and a mass of 65.39 g. There
are five stable isotopes of zinc found in nature. Zinc is a transition metal with a hue that is bluish
pale gray. It demonstrates excellent thermal and electrical conductivity. Furthermore, it is
exceedingly brittle at room temperature yet pliable between 120 and 1500 degrees Celsius. It
may be wrapped into sheets between these temperatures because of its property. Other physical,
atomic, and other properties of zinc are shown in Table 2.1 (Rusen et al., 2008).



2.2.2. Minerals of zinc

In nature, sphalerite is the most important zinc metal mineral. Zinc minerals are generally

divided into six categories. Table 2.2 shows them all.

Table 2.1. Properties of zinc (Addemir et al., 1994; Wikipedia, 2020)

Solid density (at RT) 7.14 g/cm?® lonization energies (1%) 1733.3 KJ/mol
Liquid density(at MP) | 6.57 g/cm® lonization energies (2") 1733.3 KJ/mol
Melting point 419.5°C Atomic radius 135 picometer
Boiling point 907 °C Magnetic ordering Diamagnetic
Heat of fusion 7.32 KJ/mol Electrical resistivity (20 °C) | 59 n.Q.m
Heat of vaporization 123.6 KJ/mol Thermal conductivity (20 °C) | 116 W/m.K
Heat capacity (at 25 °C) | 25.390 J/mol-K Thermal expansion (25 °C) 30.2 ym/ m.K

Table 2.2. Minerals of zinc (Istanbul mineral exporters association, 1998)

Groups of mineral | Name of mineral Chemical formulas
Sphalerite (zinc blend) ZnS

Sulfides Vurtzite ZnS
ZnS 4ZnS+Zn0 ZnsS40-4ZnS.Zn0O
Zinc - Teallite (Pb, Zn) Sn S2
Goslarite (Zincvitriol) ZnS04.7H20

Sulfates Zinc- Melanterit (Fe, Zn)S0O4.7H20
Zinc- Copper Melanterit (Fe, Zn)S0O4.5H.0
Smithsonite ZnCOs3
Hidrozincite (Zincblute) ZnCO3 3Zn(OH):

Carbonates Zincocalsite (Ca,Zn)CO3 (kind of calcite)
Nicholsonite (Ca,Zn)CO3 (kind of aragonite)
Aurichalcite 2(Zn,Cu)C03.3(Zn,Cu)OH>

Silicates Hemimorphite H2Zn2Si0Os(ZnOH)2 SiO3




Table 2.2. Minerals of zinc (Istanbul mineral exporters association, 1998) (Continued)

Groups of mineral | Name of mineral Chemical formulas
Vilemite Zn,Si04. 2Zn0. SiO3

Silicates Hardystonite Ca2ZnSi207. 2Ca0.Zn0. 2Si03
Danalite 3(Fe,Zn,Mn)BeSiO4ZnS
Zincite Zn0O
Zincspinel Zn0.Al203

Oxides Zincdibraunite Zn0.2Mn0O2.2H20
Hetaerolite Zn0.Mn;03
Kreittonite (Zn,Fe,Mg)0O.(Al,Fe).
Dysluite (Zn,Fe,Mg)O.(Al,Fe)203
Franclinite (Zn,Fe, Mn). (Fe,Mn2)O4
Colusite (Cu,Fe,Mo0,Sn,Zn)4 (S,As,Te,Sb)
Zincaluminite AlsZnS20221.8H20

Other minerals
Hopeite Zn3P20g.4H>0
Tarbuttite Zn3(POa)2 Zn(OH)2
Descloizite Pb(Zn,Cu)(OH/VOa)

2.2.3. Zinc in the world

In 2019, global zinc mine production is expected to reach 13 million tons, up 4% from
2018. Australia, China, and South Africa all saw significant increases in zinc mine production.
In Australia, the Woodlawn tailing project began operations in May, and the Dugald River Mine,
the Lady Loretta Mine, and two tailing reprocessing projects all saw significant increases in
production in 2018. Production rose at the Gamsberg Mine in South Africa, which was
commissioned in 2018. Global refined zinc production was anticipated to be 13.49 million tons
in 2019, whereas metal consumption was estimated to be 13.67 million tons, resulting in a

refined zinc production-to-consumption deficit of around 180,000 tons, according to the



International Lead and Zinc Study Group. Table 2.3 shows global zinc mining production and

reserves.

Table 2.3. World Zn mine production and reserves (USGS, 2020)

Mine production Reserves
2018 2019

Country 103 tons % 103tons % 103 tons %

Australia 1110 8.9 1300 10.0 68000 27.2
Bolivia 480 3.8 460 3.5 4800 1.92
Canada 287 2.3 300 2.3 2200 0.88
China 4170 334 4300 33.1 44000 17.6
India 750 6.0 800 6.2 7500 3

Kazakhstan 304 24 290 2.2 12000 4.8
Mexico 691 55 690 5.3 22000 8.8
Peru 1470 11.8 1400 10.8 19000 7.6
Russia 300 24 300 2.3 22000 8.8
Sweden 234 1.9 230 1.8 3600 1.44
United Stated 824 6.6 780 6.0 11000 4.4
Other countries 1840 14.7 1900 14.6 34000 13.6
World total (rounded) 12500 100 13000 100 250000 100

2.2.4. Primary source of zinc (zinc ore deposits)

There are around 55 zinc minerals known, although only a few are economically

significant (Thompson, 2006). Table 2.2 contains a list of zinc minerals. Non-sulphide

(oxidized, carbonated, etc.) and sulphide zinc ore are the two types of zinc ore deposits.

Nonsulfide zinc ores are a valuable resource that may be used to manufacture zinc.




2.2.4.1. Zinc in nonsulphide zinc ores

For hundreds of years, nonsulfide zinc ores were the primary source of zinc metal production,
but their importance waned in the early twentieth century due to the development of flotation
and smelting procedures for zinc sulfides (Schneider et al., 2008). Non-sulfide ores will be an
important alternative source for zinc metal production to fulfill future demand, as the world
reserve of sulphide ores is expected to last for several decades. Zinc non-sulphides (often
referred to as “zinc oxide") is a broad word that refers to a variety of minerals. The zinc
carbonates, such as smithsonite and hydrozincite, and the zinc silicates, hemimorphite and
willemite, are the only ones that have been regarded economically important for zinc extraction
(Boni et al., 2005; Hitzman et al., 2003; Large, 2001). The most efficient method for recovering
zinc from nonsulphide zinc ore is to use a direct acidic or alkaline leaching procedure. Sulfuric
acid, in particular, is regarded as the most viable and adaptable of the various processes. Egs.
(2.1) - (2.3) illustrate the process of direct sulfuric acid leaching of oxide minerals for

smithsonite, willemite, and hemimorphite, respectively:

ZnCO3 + H2S04—2ZnS04 + H20 + CO2 (2.1)
Zn,Si04 + 2H2S04—2ZnS04 + Si(OH)4 (2.2)
Zn4Si;07(0OH)2 . H20 + 4H2S04—42ZnS04 + Si2O(OH)s + 3H20 (2.3)

2.2.4.2. Zinc in sulphide ores

Zinc sulfide ores have been the primary source of zinc metal production for decades,
with zinc sulfide (ZnS) concentrates accounting for more than 85 % zinc production (Abkhoshk
et al., 2014). Because sulphides are easier to separate from gangue and concentrate using
traditional froth flotation techniques, zinc is now produced mostly from zinc sulphide ores (Li
etal., 2010). The roast-leach—electrowin (R-L-EW) method is commonly used to generate zinc
from zinc sulphide concentrations. Alternatives to the environmentally harmful roasting
procedure have been extensively researched. To dissolve in chloride and sulphate solutions,

sulphides require the presence of an oxidizing agent such as Fe**. The roasting—leaching process



can be replaced with zinc pressure leaching or atmospheric direct leaching of sphalerite. (Moradi
and Monhemius, 2011).

2.2.5. Secondary resource of zinc (wastes)

Zinc is usually manufactured from primary sulphide or nonsulphide in the world. However, as
previously indicated, rising metal demand has necessitated metal recovery from secondary
resources such as zinc ash, zinc dross, and Electric Arc Furnace (EAF) dust. As seen in Table
2.4, the chemical compositions of these zinc wastes vary. In other words, due to the depletion
of high-grade ores and rising demand for these metals, secondary resources have become an
increasingly important supply of zinc, as well as other metals. Around 70% of the zinc produced
worldwide comes from mined ores, with the remaining 30% coming from recycled or secondary
zinc. Each year, the level of recycling rises in conjunction with advancements in zinc production
and recycling technologies. Over 80% of the zinc that is now accessible is recycled (Rusen,
2007; 1ZA, 2011; Jha et al., 2001)

Table 2.4. Different chemical composition of secondary zinc resources (Jha et al., 2001)

Wastes Type Composition in wt %

Galvanizing Zinc ash | 60-85 Zn, .0.3-2 Pb, 0.2-1.5 Fe, 2-12 ClI

industry Flux skimming 5.6 metallic Zn, 48.1 ZnCl,, 27.4 Zn0O, 3.2 Al
Zinc dross 96 Zn, 4 Fe

EAF Dust 19.4 Zn, 24.6 Fe, 4.5Pb, 0.42 Cu, 1.4 Si, 6.8 CI

Blast furnace Flue dust Major component Fe, also contains Zn, Si, Mg

Leaching process | Leach residue 10-12 Zn, 15-17 Pb, 6-7 Fe, 8-10 Ca0, 15-16 SiO>

Flotation tailing solid residue 5.9-22 Zn, 2-5.3 Pb

2.3. General information about lead

Because of its easy extraction and smelting properties, lead is a well-known metal that
has been used by mankind for thousands of years. The oldest lead piece, which dates from 3800

B.C., is in the British Museum. The Chinese are known to have manufactured metallic lead
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around 3000 B.C. The Romans used lead for plumbing, while the Chinese used it to line tea
chests. Egyptians also used it to glaze their ceramics. The majority of the older programs are
still in use. The symbol Pb is derived from the Latin word "plumbum,” which means "soft
metal.” Lead is a post-transition metal that is relatively unreactive. Its amphoteric nature
exemplifies its weak metallic character; lead and lead oxides react with acids and bases and tend
to form covalent bonds. Lead compounds are frequently found in the +2 oxidation state rather

than the +4 oxidation state observed in lighter carbon group members (Wikipedia, 2020).

2.3.1. Physical and chemical properties of lead

Lead has an atomic number of 82 and a bluish-white color. There are four stable isotopes
of lead in nature. The mechanical strength of pure lead is poor. It's also highly bendable and
soft. Furthermore, lead is a dense, ductile metal. Lead has an atomic weight of 207.2. It has a
good corrosion resistance but weak electrical conductivity. Because lead is a heavy metal, it is
harmful to both humans and the environment. Table 2.5 shows the most important features of
lead (Wikipedia, 2020; Lide, 1978).

Table 2.5. Properties of lead (Wikipedia, 2020; Lide, 1978)

Solid density (at RT) 11.34 g/cm® lonization energies (1) 715.6 KJ/mol
Liquid density (at MP) | 10.66 g/cm?® lonization energies (2" 1450.5 KJ/mol
Melting point 3275°C Atomic radius 180 picometer
Boiling point 1749 °C Magnetic ordering Diamagnetic
Heat of fusion 4.77 KJ/mol Electrical resistivity (20 °C) | 208 n.QQ.m
Heat of vaporization 179.5 KJ/mol Thermal conductivity (20 °C) | 35.3 W/m.K
Heat capacity (at 25 °C) | 26.650 J/mol'K Thermal expansion (25 °C) 28.9 um/ m.K
Crystal structure Cubic Face Centered | Young's modulus 16 Gpa
Oxidation states 2,4 Shear modulus 5.6 Gpa
Electronegativity 2.33 (Pauling S.) Mohs hardness 1.5
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2.3.2. Minerals of lead

Galena (PbS), Cerussite (PbCO3), and anglesite are the most important lead minerals
(PbSOg4). Galena is the most common lead mineral found in mined ore deposits, and it is usually
associated with zinc, copper, silver, gold, and iron. Rarely does lead mineralize on its own in

ore sources around the world. Table 2.6 shows some of the lead minerals (Onal, 1998).

Table 2.6. Some of lead minerals (Rusen, 2007)

Mineral Chemical formula | Lead content, %
Galena PbS 86.6
Cerussite PbCOs 77.5
Anglesite PbSO4 68.3
Jamesonite Pb2ShSs 50.8
Pyromorphite | PbCI(PO4)3 76.4
Vanadinite (PbCI)Pbs(VO4)3 Variable
Desclozite 4(PbZn)0.V20s.H.0 Variable

2.3.3. Lead in the world

According to the International Zinc and Lead Study Group, global refined lead
production decreased by 0.3 % to 11.76 million tons in 2019, while metal consumption declined
by 0.5 % to 11.81 million tons, resulting in a refined lead production-to-consumption deficit of
about 50,000 tons due to decreased automobile production and increased lithium-ion battery
(LIB) use. Table 2.7 shows global lead mining production and reserves (USGS, 2020).

2.4. Zinc and Lead in Turkey

Zinc and lead are found as smithsonite in Turkey, mainly in the Zamant: and Bolkarlar
districts of Central Anatolia and between Balya and Han deresi in the west Anatolia (Figure

2.1). Along the eastern Black Sea shore, significant amounts of sulphides of copper, lead, and
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zinc are found. Because of the modest size of the mines, Turkish zinc and lead ore reserves vary
in chemical composition and characteristics, with typical reserves of 30 — 60 thousand tons of
metallic zinc or lead. Furthermore, it can be stated that commercially considerable reserves of
typical zinc ore bodies in the Central Anatolia ore basin are in the form of carbonates with
siliceous gangue, and that their diversity is due to related and gangue minerals of each separate
mineral layer. In the case of lead ores, deposits along the Black Sea coast and in Western
Anatolia contain sulphidic type of lead ore bodies with accompanying zinc and copper minerals.
Turkey's lead and zinc deposits are estimated to be 861 thousand tons and 2.5 million tons,
respectively, according to statistics from the General Directorate of Mineral Research and
Exploration (MTA) in 2013. Around 864 thousand tons of Turkey's total lead and zinc reserves
are oxide type reserves with a Pb+Zn grade of more than 7%. Table 2.8 shows the locations of
these sites, which are mostly in Central Anatolia (SOP, 2001; Onal, 1998).

Table 2.7. World lead mine production and reserves (USGS, 2020)

Mine production Reserves
2018 2019
Country 10° tons % 103 tons % 102 tons %
Australia 432 9.5 430 9.6 36000 40.0
Bolivia 112 2.5 100 2.2 1600 1.8
China 2100 46.1 2100 46.7 18000 20.0
India 192 4.2 190 4.2 2500 2.8
Kazakhstan 86 1.9 90 2.0 2000 2.2
Mexico 240 5.3 240 5.3 5600 6.2
Peru 289 6.3 290 6.4 6300 7.0
Russia 220 4.8 220 4.9 6400 7.1
Sweden 65 14 60 1.3 1100 1.2
Turkey 76 1.7 70 1.6 860 1.0
United Stated 280 6.1 280 6.2 5000 5.6
Other countries 468 10.3 430 9.6 5000 5.6
World total (rounded) 4560 100 4500 100.0 90000 100
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Figure 2.1. Map of zinc and lead ore deposits of Turkey (MTA, 2013).

Table 2.8. Oxide type reserves with Pb+Zn grade greater than 7% in Turkey (SOP, 2001).

Grade (%) | Reserve
Region City County
Zn Pb | 10%tons
Kayseri | Yahyali-Aladag 12.9 6.9 397
Kayseri | Yahyali-Derekoy 25 10 60
Kayseri | Yahyali-Sucati 25 1 15
Kayseri | Yahyali-Denizovasi 16 4 10
Kayseri | Yahyali-Agcasar 22 3 20
Kayseri | Yahyali-Cadirkaya 20 2 10
Oxide type ores Kayseri | Develi-Havadan 22 1 25
Central Anatolia | Kayseri | Zamanti 20.1 3.7 53.5
Nigde | Camardi-Tekneli (1) 21.5 6 129
Nigde | Camardi-Tekneli (2) 18 4 25
Adana | Pozanti-Akdag 22 2 15
Adana | Tufanbeyli-Besiktas 13.2 4 49
Adana | Tufanbeyli-Akcal 17.8 2.7 8.5
Adana | Kozan-Horzum 28 1 20
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Table 2.8. Oxide type reserves with Pb+Zn grade greater than 7% in Turkey (SOP, 2001)
(Continued)

) ) Grade (%) | Reserve
Region City County
Zn Pb | 103tons
Oxide type ores | Konya | Bozkir 25 1 15
Central Anatolia | Malatya | Yesilyurt-Gorgu 19.8 6 12
Total 864

2.5. Method of zinc and lead extraction

Although zinc was initially smelted over 1000 years ago in China and India, it was not
until the 18th century that advanced technology for zinc production was created in western
civilization. Zinc may currently be produced using a variety of processing processes that can be
divided into two categories: pyrometallurgical and hydrometallurgical procedures. The former
entails high-temperature smelting of the ore or concentrate, whereas the latter entails low-
temperature leaching of the ore or concentrate (Abkhoshk et al., 2014; Bond, 1999).

2.5.1. Pyrometallurgical method of zinc extraction

In the case of non-ferrous extraction, direct smelting is used. Metallurgy is the process
of producing metal directly from a sulfide without the use of intermediate chemical reactions
that result in the formation of metal oxide (Warner, 2009). The first step in any smelting process
Is to roast the concentrate to a calcine, which converts the zinc to zinc oxide. Anthracite is
commonly used as a source of carbon in furnaces heated with natural gas or electricity to reduce
zinc oxide. At a temperature of 920 °C, carbon monoxide generated from anthracite will
degrade ZnO at a pressure of one atmosphere. To keep the reaction moving at a reasonable
pace, a temperature of 1100 °C is utilized. Because zinc has a boiling point of 907 °C, it is

generated as a vapor that must be shielded from reoxidation in order to be collected as liquid
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zinc. A horizontal retort, a vertical retort, the imperial smelting process (ISP), and an electric
furnace are used to reduce zinc oxide with carbon (Gordon et al., 2003). Pyrometallurgical
processes have a number of drawbacks, including high energy consumption, significant capital
expenditures, and the emission of damaging greenhouse gases. Although pyrometallurgical and
hydrometallurgical technologies provided equal percentages of the world's zinc supply in the
1960s, the hydrometallurgical process now dominates zinc extractive metallurgy. (Harmer et
al., 2007; Tripathy et al., 2003).

2.5.2. Hydrometallurgical method of zinc extraction

The manufacture of metals or pure chemicals through reactions in water solutions is
known as hydrometallurgy. This concept has recently been broadened to encompass the use of
organic reagents. It is both a beneficiation and an extraction process. Because of its advantages,
hydrometallurgical treatment is commonly used on low-grade ores instead of pyrometallurgical
procedures (Najiba, 2009). The three primary steps in the hydrometallurgy method are leaching,

solvent extraction (SX), and electrowinning (EW).

2.5.2.1. Leaching

In hydrometallurgical processes, leaching is the most important unit operation. It is the
process of dissolving metals from their native ores into a liquid (inorganic, organic, or alkaline)
media. The method for leaching metals is classed as hydrometallurgy (chemicals) or bio-

hydrometallurgy in leaching processes (microbial mediated leaching) (Sethurajan, 2015).

% Leaching methods

Depending on the mineral deposit to be treated, different leaching processes may be
used. Some mineral deposits can be handled in place, but others may require to be transported
for leaching. (Gupta and Mukherjee, 2020).
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In-situ leaching or solution mining, is a method of extracting minerals without
transporting them. Metal is retrieved by pumping a solution through fractures. In
comparison to other leaching processes, it is a cost-effective approach that also does not
require surface disturbance (Habashi, 1970).

Heap leaching method is commonly applied to low and medium grade ores. This
method is similar to in-situ leaching, except that ore is collected from the mine and
transported to slightly inclined ground in the shape of heaps. The ground beneath heaps
is known as a leach pad, and it is made up of many liners. When the ore is carefully and
consistently heaped, the pregnant solution is sprayed from the top and allowed to settle
in basins at the pile's end. Despite the fact that it is a sluggish process, heap leaching is

a common and simple leaching method (Gupta and Mukherjee, 2020; Free, 2013).

Dump leaching is often treated for the treatment of sulfide-bearing ores. The ore is
transferred from the mine and put into cones on impermeable ground. The leach solution
is poured in from the top and allowed to percolate all the way to the bottom of the dump.
The primary parameters that determine the efficacy of dump leaching are effective air
circulation, effective bacterial activity, and high solution in particle interaction (Gupta
and Mukherjee, 2020; Free, 2013).

Vat leaching method is used in series of rectangular leaching vats with countercurrent
principle. The material does not move as much in this process as it does in most
countercurrent procedures, and the solution percolates through the material (Gupta and
Mukherjee, 2020). Vat leaching has two key advantages: it uses less solvent and

produces a high-quality pregnant solution (Habashi, 1970).

Agitated leaching involves treating ore in a succession of agitated vessels. Batch or
continuous dissolution is possible (Gupta and Mukherjee, 2020). Compressed air, a

mechanical impeller, or a mix of the two can be used to create agitation (Habashi, 1970).

Pressure agitation leaching is accomplished in autoclaves at high temperatures and
pressure. Over ambient settings, high pressure acid/autoclave leaching has some

advantages, such as high iron removal and low oxygen use (Free, 2013).
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2.5.2.2. Purification

Impurity metals dissolved with the zinc during leaching should be eliminated in the
purification phase before the EW process. The leachate can be purified in a variety of ways,
including cementation, precipitation, or solvent extraction. Fe, Cu, As, Sn, Al, Cl, Si, Mn, Mg,
Ni, Cd, Si, Cr, and other elements are commonly found in PLS. If these impurities remain, not
only would the zinc produced by following electrolysis be inadequately pure, but their presence
will also disrupt the EW process's smooth operation. For the elimination of chlorine from these
impurities, two procedures can be used: distilled water washing and calcination. After dissolving
the sample in leaching reagent, other impurities can be eliminated using precipitation and

cementation procedures (Najiba, 2009).

Precipitation: During leaching, iron is predominantly released as Fe?" into the solution. The
most difficult aspect of iron solvent extraction is stripping, which necessitates the use of strong
acids and reduction. The use of strong acids exposes the reagent to the risk of breakdown.
Furthermore, if the iron concentration is high, the SX's economic feasibility may be harmed due
to a large solvent inventory. By oxidation, Fe?* should be transformed to Fe** for iron
precipitation. Fe** can be precipitated after oxidation by keeping the pH between 2.5 and 4.5.

¢+ Metal ions precipitation in solution

According to the solubilities of their compounds, metal cation ions are divided into five

major classes (Najiba, 2009):

Group | (Ag*, Pb?*, Hg?*) all other cations remain in solution while cations create insoluble
chlorides that can be precipitated with weak HCI.

Ag® + CI" — AgCls) (AgCl is white, turning purple in light) (2.4)
Hg2?* + 2CI" — HgoClys) (Hg2Cl2 is white) (2.5)

Pb2* + 2CI" — PbCla (PbCly is white) (2.6)
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Group Il (Cu?*, Bi**, Cd?*, Hg?*, As®*, Sb3*, Sn**) because cations form insoluble sulfides
(Ksp values less than 107), they can be precipitated with small amounts of sulfide ion, which
can be accomplished by adding an acidic H>S solution. As a result, this group is also known as
the Acid Hydrogen Sulfide Group. The ions of this Group will precipitate if the hydrogen ion
concentration is kept between 0.1 and 0.3 M (pH = 0.5-1.0). The reactions involved in the
precipitation of Group Il are as follows (for the ions we're interested in):

Pb*2 + HaS —PbS(s) + 2H* (PbS is black) (2.7)
2Bi" + 3H2S —BizSs) + 6H" (Bi2Ss is brown) (2.8)
Cu* + HzS —CuSs) + 2H" (CusS is black) (2.9)

Group I (AR, Cr3, Fe®*, Ni%*, Co?*, Mn?*) Because cations form slightly soluble sulfides
(Ksp values greater than 10°%°), they can be precipitated by large amounts of sulfide ion, which
can be accomplished by adding a basic HzS solution. A basic solution of hydrogen sulfide is
used to precipitate the ions of this Group as sulfides or hydroxides. The sulfides of Group Il
ions are not adequately insoluble to precipitate in the acidic hydrogen sulfide solution of Group
I1, but they will precipitate in basic hydrogen sulfide solutions. A concentration of hydroxide
ions is present in a basic hydrogen sulfide solution. Although this is a little amount, it is enough
to precipitate the insoluble aluminum and chromium (111) hydroxides. The following are the

equations for the precipitation of Group 111 ions that we are considering in our laboratory work:

Ni2* + HaS — NiS) + 2H* (NiS is black) (2.10)
AIR* + 3NHs + 3H,0 — AI(OH)s 5 + 3NH** (AI(OH)s is white, gelatinous) (2.11)

Cr¥* + 3NHs + 3H20 — Cr(OH)s 5 + 3NH*" (Cr(OH)s is gray-green, gelatinous) (2.12)
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It's important not to make the hydrogen sulfide solution excessively basic, because if the
hydroxide ion concentration is high enough, undesirable magnesium hydroxide precipitation
will occur. An ammonia-ammonium chloride buffer is made by adding ammonia to an
ammonium chloride solution to achieve the required hydroxide ion concentration

(approximately 10°M).

Group IV (Mg?*, Ca?*, Sr?*, Ba?*) all of the foregoing groups, including cations, form
insoluble carbonates, which can be precipitated by adding carbonate after the previous three

groups' ions have been removed.
Group V (Na*, K*, NH4*) with any of the reagents listed above, cations do not precipitate.

Cementation: Other impurities can be removed by cementation technique. Cementation is the
electrochemical precipitation of a metal from solution by another more electropositive metal.
The removal of impurities such as Cd, Cu, Co, Ni, etc. from zinc electrolyte is widely conducted
through cementation process using zinc powder. As zinc is a highly reactive metal compared to
impurity elements, when pure zinc is added to the solution, zinc will be oxidized and dissolves,
with the opposite side of the reaction being the reduction of the other dissolved metals back to
their metallic state as (2.13) (Najiba, 2009; Pakarinen and Paatero, 2011; Guler et al., 2014):

M2* + Zn0 =Zn2* + MO (2.13)

where M: Cd, Cu, Co, Ni, etc.

2.5.2.3. Solvent extraction

A liquid (organophosphorus) extractant is used for metal extraction in liquid-liquid
extraction, or SX. Solvent extraction could be a viable option for producing high-quality zinc
from a complicated aqueous stream. Metal ion moved from the liquid to the organic phase. To
eliminate impurities, the loaded organic phase goes through a three-stage countercurrent

washing process. The first two phases are primarily physical procedures in which the entrained
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aqueous phase is eliminated, decreasing halide carryover to the strip circuit; the third stage
involves chemically scrubbing and removing co-extracted impurities. In a two-stage,
countercurrent stripping circuit, the washed organic phase is connected with spent electrolyte
(SE) (Abkhoshk et al., 2014; Halli et al., 2020).

In comparison to the classic electrolytic process, the SX technique has two major
advantages. (Cole and Sole, 2003; Martin et al., 2002):

a) Metallic impurities (Cd, Cu, Ni, Co, etc. ), halogens (Cl, F), alkaline metals (Na, K), and
other components such as Ca, Mg, and Mn are all designed to pass through the solvent

extraction system.

b) Due to their low zinc concentration and a variety of impurities, many main zinc ores
have not been processed using the standard electrolytic technique. The solvent extraction
process successfully upgrades the relatively dilute leach liquid (approximately 30 g
Zn/L) to an advanced electrolyte that contains 90 g Zn/L and is acceptable for EW,

allowing these raw materials to be treated.

c)

++ Solvent extraction of zinc

Acid leaching and solvent extraction can be used to make an electrolyte from zinc ores.
To create metal zinc from the loaded electrolyte, it can be treated in a traditional electrowinning
unit. The SX section's goal is to preferentially extract Zn from the cleared pregnant leach
solution (PLS) over other metals, resulting in a clean, more concentrated zinc sulphate solution
suited for EW. The SX section's key processes include extraction, washing, and stripping
(Moradi and Monhemius, 2011):

e Extraction: Zinc is carried from the leach solution to the organic phase in a succession

of extraction phases as follows:

ZnSO4(Aqueous) + 2HR(Organic) — H2SO4(Aqueous) + R2Zn(Organic) (2.14)
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HR, is an organic extractant. Organophosphorus extractants, such as di(2-ethylhexyl)
phosphoric acid (D2EHPA), 2-ethylhexyl phosphonic acid mono-2-ethyl hexyl ester (PC88A),
and bis(2,4,4-trimethylpentyl)phosphinic acid, are the most often employed SX reagents for Zn
extraction (Cyanex 272). D2EHPA has been utilized extensively to extract Zn, as well as other
elements such as Fe and V, from these extractants (Halli et al., 2020; Moradi and Monhemius,
2011).

e Washing: The following reaction, in which calcium in the organic phase is replaced by
zinc, with R again representing a molecule of the organic extractant, is an example of

the crowding out mechanism:

ZnS04(Aqueous) + CaR2(Organic) — CaSOs(Aqueous) + R2Zn(Organic) (2.15)

e Stripping. The strip reaction, which occurs in a succession of stripping steps, will be as

follows:

ZnR2(Organic) + HaSOs(Aqueous) — 2HR(Organic) + ZnSO4(Aqueous) (2.16)

Filters are used to remove entrained organic phase from the loaded electrolyte, and the filtered
electrolyte is sent to the EW step. The SX section's ancillary phases include organic
regeneration, organic coalescence, HCI recovery, crude treatment, and electrolyte filtering
(Moradi and Monhemius, 2011).

2.5.2.4. Electrowinning
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In EW processes the metal is normally in solution in the electrolyte, it is deposited onto
the cathode, whereas the anode is an insoluble conductor. This procedure is critical for the
production of highly reactive light metals such as aluminum and magnesium, which are virtually
entirely created by electrolysis of fused salts. Electrowinning from aqueous solutions is an
alternative to the pyrometallurgical method for other metals such as copper and zinc. For the
production of high purity copper, zinc, and aluminum, EW with aqueous electrolytes or fused
salts is critical. One benefit of employing electrical energy to drive chemical reactions is that no

undesired contaminants are introduced into the cell (Najiba, 2009).

Zinc electrolysis is one of the oldest industrial processes, and its relevance is based on the high
global demand for this metal, which presently produces 9 million tonnes per year. It is the
principal process step in the hydro-&electro-metallurgical pathway for both primary and
secondary sources, and it accounts for around 80% of global zinc output. The high over potential
of hydrogen production on the zinc layer covering the aluminum cathode enables the process.
The temperature of the electrolyte should not be too high, and the electrolyte must be semi pure
to achieve this over potential state. It necessitates an electrolyte containing 50-90 g/L Zn?* and
120-200 g/L H2SO4, and it is often performed at high current densities of 400-700 A/m?,
Because it does not form alloys with zinc, aluminum is employed as the cathode. The negative
influence of metallic impurities on the current efficiency and purity of the zinc deposit is a key
challenge during the EW of zinc, which becomes much more critical when the source material

is a waste product (Tsakiridis et al., 2010).

“ Impurities in the electrolyte

The ideal electrolyte is an acid ZnSO4 solution with no additional elements, but in
commercial usage, the zinc electrolyte is rather clean and should provide a good zinc deposit at
high current efficiency. Iron, cobalt, nickel, copper, arsenic, antimony, germanium, tin,
selenium, tellurium, cadmium, lead, chlorine, fluorine, and manganese are all elements that are

normally present and are harmful to the electrolyte call's operation.
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The influence of a single element impurity on the deposit or action in the cell may be

identified, but the effect of a combination of two or three elements is more difficult to identify.

A combination of toxic substances is usually far more destructive than the same elements when

they are present separately. The impurities found in the electrolysis of zinc sulphate can be

classed as cathodic impurities, anodic impurities, or helpful impurities, depending on their
general effects on the cells (Adhia, 1969).

¢ Cathodic impurities

The cathodic impurities are further divided into groups based on how they affect

electrolysis:

Metals whose sulphates breakdown at a higher voltage than zinc sulphate, for example.
Al, Na, K, Mg, Mn in terms of reactions at the cathode, these have no influence on

electrolysis.

Those metals with a hydrogen over-voltage high enough to prevent zinc re-solution but
a lower decomposition voltage than zinc.: Pb, Cd These have little effect on the
efficiency of zinc breakdown, but they do deposit alongside zinc, resulting in a

contaminated product.

Metals with a hydrogen over-voltage lower than zinc but a decomposition voltage higher
than sulphuric acid.: Fe, Ni, Co. Electrolysis is harmed by these metals, however they
rarely contaminate the zinc deposit. They are acid soluble and use energy by alternately
depositing on the zinc surface and resolving in the acid electrolyte. When present in
combination with other impurities, they are very detrimental to electrolysis.

Metals with a sulphate decomposition voltage lower than that of sulphuric acid and a
hydrogen over-voltage low enough to cause zinc re-solution.: Cu, Ge, As, Sh. This
category of impurities is the most harmful of all; they are deposited with zinc and
generate low hydrogen over-voltage places where hydrogen is evolved at the price of

zinc.
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% Anodic impurities

All anions save those of sulphuric acid are considered anodic impurities. Manganite,
permanganate, chloride, chlorate, perchlorate, and fluoride are the most prevalent ions in this
group. Although their effect on electrolysis is not as strong as that of metallic impurities, they
frequently have a significant impact on the quantity of corrosion that occurs in the cell. Those
anions that cause Al-cathode corrosion cause the deposited zinc to "stick™ to the Al-cathode.
This can get so bad that the only way to get rid of the deposited metal is to dissolve it with acid.

An increase in Pb in zinc deposits is caused by anions that enhance corrosion of Pb anodes.

«+ Beneficial impurities

These include all of the additives, such as glue and manganese. They are usually
employed to protect against the more severe impacts of other contaminants. To boost the
hydrogen over-voltage and create a firm, smooth zinc coating, glue is utilized. Manganese is

utilized to prevent corrosion on the anode.

2.5.3. Pyrometallurgical method of lead extraction

Lead is primarily produced from lead sulfide, galena, and pyrometallurgical reduction-
extraction processes. The conventional and direct smelting processes are two types of
pyrometallurgical lead extraction methods (Rusen, 2007).

2.5.3.1. Conventional Smelting Process

Pyrometallurgical extraction of lead from ore or concentrate is carried out using this

method, which involves reduction smelting in a lead blast furnace or a more complicated ISP.
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If the deposit contains both zinc and lead minerals, ISP can be utilized to produce both lead and
zinc at the same time. The first step in the traditional smelting process is roasting, which converts
lead sulphide to lead oxide. A Dwight Lloyd Sintering Machine is utilized to accomplish this
goal. The feed for the blast furnace is provided by this unit. Lead sulphide concentrate, returning
sintering fines, and limestone flux are among the ingredients in the feed. To reduce lead oxide,
a large quantity of heat is required in a lead blast furnace. Carbon combustion provides the
majority of the required heat. Carbon monoxide is produced when carbon is burned. Starting at
around 400 °C, the CO created further down in the furnace lowers the lead oxide, resulting in
freed lead trickling down over the particles of undecomposed ore, absorbing precious metals as
well as a portion of arsenic, copper, and antimony, according to reaction (2.17).

PbO + CO = Pb + CO; (2.17)

Iron oxide in the charge is reduced by CO at around 600-700 °C, and this iron decomposes lead
sulphide and oxide. As seen in reactions, lead is also generated by direct carbon reduction and

reactions between lead sulphide and oxide (2.18) -(2.20):

2PbO + C = 2Pb + CO (2.18)
2PbO + PbS = 3Pb + SO (2.19)
PbSO4 + PbS = 2Pb + 250, (2.20)

At temperatures above 1000 °C, metal and slag become fully liquid, and lead is extracted from
the furnace (Rusen, 2007).

2.5.3.2. Direct Smelting Processes

Researchers studied to design more inexpensive and less polluting techniques for the
manufacturing of lead, taking into account environmental issues and inefficient energy
utilization in traditional processes. Some of them aspired to develop methods for converting
lead straight from sulphide to metal. The main benefit of these procedures is that PbS changes

directly to PbO without any intermediate steps. As a result, various direct smelting techniques
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have been invented, including Kivcet, QSL (Queneau-Schuhmann-Lurgi), Ausmelt, and
Outokumpu (Rusen, 2007).

2.5.4. Hydrometallurgical method of lead extraction

Lead ore (primary resource) and secondary resources are the two types of lead
resources that can be extracted using the hydrometallurgical technique.

2.5.4.1. Lead extraction from primary lead resource

The current method of processing lead sulphide concentrates is pyrometallurgical,
which involves roasting, smelting, and refining. Lead oxidized minerals are commonly found
with zinc oxidized minerals, and during leaching, they react with sulphuric acid. In sulphuric

acid, however, lead sulphate is insoluble and will precipitate as PbSQOs in the residue:

PbCO3(Cerussite) + HoSOs — PbSO4 | (Anglesite) + CO21 + H20 (2.21)
PbO(Massicot) + HoSOs — PbSO4 | (Anglesite) + H20 (2.22)

2PbsCI(AsO4)s(Mimetite) + 10H2S04 — 10PbSO4 | (Anglesite) + 6HsAsO4 + 2HCI  (2.23)

Typical lead smelting techniques are inadequate for handling low-grade lead containing
materials. They aren't usually competent of processing bulk zinc-containing lead concentrates,
hence the zinc in lead concentrates is frequently lost in the tailings. The majority of the contained
lead values might be recovered through hydrometallurgical treatment of this type of bulk
concentrate, as well as residues from zinc procedures. As described in (2.24) (2.25), sodium
sulfide precipitation was used to separate lead from zinc as lead sulphide in alkaline leaching
solution and lead chloride by brine leaching (Moradi and Monhemius, 2011; Youcai and
Stanforth, 2001).
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PbSO4 + NazS — PbS(s) + NazSOx4 (2.24)

PbSO4 + 2NaCl — PbClyis) + Na2SO4 (2.25)

2.5.4.2. Lead in secondary lead resource

Lead is recovered from secondary resources such as lead-acid batteries, zinc leach
residues, lead dust, liquid crystal display (LCD) lead glass, and flotation tailing. By the year
2000, recycled materials accounted for more than 60% of the industry's output, due to the big
amount of scrapped lead batteries. Furthermore, in recent years, lead recycling in the United
States has reached 83 % consumption (UAGS, 2007).

2.6. Previous studies on zinc and lead extraction from flotation tailing

Grinding is used to concentrate zinc-lead ores, which is followed by a sequential
flotation approach in which lead minerals are floated first, followed by flotation of zinc minerals.
Some lead and zinc are lost as sulphide, oxide, and mixed minerals in the tailings as metal losses
during this process, hence zinc and lead flotation tailing might be considered a secondary
resource that is processed by hydrometallurgical technology (Moradi and Monhemius, 2011).
Some researchers investigated on this process. They used inorganic acid and alkaline reagents
for leaching. Asadi et al. (2017) investigated leaching of zinc from a lead-zinc flotation tailing
by sulfuric acid and ferric sulphate. Because of ferric ion is widely available at low cost and is
a strong oxidizing it was used as oxidant in this study, they used Response Surface Methodology

(RSM) for optimization of experiment parameters (Asadi et al., 2017).

The most critical elements determining the zinc leaching rate, according to the
mathematical model for response surface analysis, are stirring speed and temperature. It was
also shown that the rate of zinc leaching was substantially influenced by the interaction of
factors. The biggest interaction impacts between components were temperature and liquid/solid
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ratio. 320 rpm stirring speed, 1.14 M sulphuric acid concentration, 2.49 acid/ferric sulphate
ratio, 10.10 ml/g liquid/solid ratio, and 80 °C temperature were found to be the best dissolve

conditions for maximizing zinc leaching rate (approximately 94.3 %).

Another research was investigated by Espiari et al. (2006) that was about zinc
extraction from lead floatation tailing. 56.4% of sample was Smithsonite as zinc mineral and
Cerussite as lead mineral. The maximum zinc extraction achieved 98% in 2M sulfuric acid, 120
min reaction time, 60 °C time, 1:4 solid/liquid ratio and 480 rpm stirring speed. The kinetic of
leaching indicated this reaction is a physico-chemical desorption. There was filtration problem
with polymerization of silicic acid in this study that eliminated by adding lime as a coagulant.

Reaction time had a consequential effect on the progress of reaction (Espiari et al., 2006).

Kursun et al. (2017) studied about extraction of lead from lead-zinc flotation tailing
with nitric acid. They obtained 44.15% of lead in 2 M nitric acid concentration, more acid
concentration had no significant effect in dissolution. Other optimum conditions were 60 °C
temperature, 120 min leaching time and 30% solid ratio. According result nitric acid was not

good reagent for extraction lead in this research (Kursun et al., 2017).

A research was studied on zinc and lead flotation tailing by Azizi and Ghasemi,
(2017) in alkaline media. Smithsonite and Cerussite were main zinc and lead minerals in sample
from XRD pattern. Sodium hydroxide used as leachant. Possible reactions are given on Eq.
(2.26) and (2.27) (Azizi and Ghasemi, 2017).

3+ TSP H)s + 37 .
PbCO;s + 40H — Pb(OH)4> + COZ2 (2.26)

ZnCO3 + 40H™ — Zn(OH)4*” + COz* (3.27)

According to the findings, optimum sodium hydroxide determined 4 M cause of the
hydroxyl ions are enough due to the further formation of Zn(OH)4>~and Pb(OH)4>" . The energy
available for atomic and molecule collisions increases as the reaction temperature rises from 50

°C to 80 °C, resulting in a considerable increase in leaching rate. Furthermore, as temperature
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rises, the mass transfer coefficient, reaction constant, and diffusivity all improve. As a result, it
was discovered that a high enough temperature is required to activate the reagent, which
accelerated the reaction of hydroxyl ions with lead and zinc oxides in the alkaline leaching
process. (Rao et al., 2015). Other optimum parameters were liquid/solid ratio 20 ml/g, stirring
speed 500 rpm for lead and 400 rpm for zinc. Extraction of zinc and lead obtained 85.52% zinc
and 72.15% lead respectively under optimum conditions. The dissolution kinetics of lead and
zinc was investigated consistent with the shrinking core models and it was indicated that the
leaching process of lead and zinc in sodium hydroxide solution followed the kinetic law of the
shrinking core model with the fluid film diffusion as the rate-controlling step. The activation
energies were identified to be 13.6 and 13.92 kJ/mol for the leaching of lead and zinc,

respectively.

Aykac (2006) investigated extraction of zinc from lead-zinc flotation tailing with
alkaline and inorganic reagents. The tailing sample obtained from Aladag, Kayseri and the
mineralogical investigation contain Sphalerite, Smithsonite, Zincite as zinc minerals and
Cerussite, Galena and Anglesite as lead minerals. At the first, he investigated sodium hydroxide
as leaching reagent that 76.6% and 58.6% were dissolution efficiencies for zinc and lead,
respectively in 400 g/L sodium hydroxide concentration and 120 minute leaching time.
Selectively between zinc and lead was not acceptable in terms of solubility cause of that it was

utilized an acidic media by sulfuric acid for following experiments (Aykac, 2006).

At the first roasting after acid leaching, and at the second direct acid leaching, two
types of tests were conducted. The ideal temperature for roasting was found to be 400 °C,
followed by acid leaching to achieve maximal dissolution. Zinc dissolution efficiency was 83%
at ideal conditions of 60 °C temperature, 60 minute leaching period, and 50 g/L acid
concentration, while lead dissolution was zero and acid consumption was 442.9 kg/t. At the
second part of acid leaching, dissolution of zinc obtained 91.5% in 60 g/L of acid concentration,
60 °C leaching temperature and 360 minutes of leaching time. Iron dissolution was 14.3% and

466.8 kg/t as acid consumption.

Another flotation tailing sample was obtained from Aladag, Kayseri that investigated

by Canbazoglu et al, (2010). Acidic leaching experiments was carried out by 125g/L sulfuric



30

acid. 86.26% Zn extraction was obtained in 5 minutes and increased to 89.56% after 45 minutes
and it’s decreased after 120 minutes so 60 minutes was determined. Optimum weight loss
percent was 19.32% as acid consumption in 60 °C cause of that it was determined as optimum
leaching temperature. 89.54% Zn extraction was achieved in 100 g/L as optimum acid

concentration by consuming 565 kg/t acid (Canbazoglu et al., 2010).

Talan et al. (2017) investigated extraction zinc from cerussite flotation tailings by
ammonia leaching on sample that came from Kayseri-Develi region of Turkey. They observed
smithsonite and cerussite were main mineral as predominant species. The maximum 76.66%
Zn extraction achived with ammonia concentration of 7 M in 12 hours of leaching time and

reaction that occurred in ammonia leaching process was given in (2.28) ((Talan et al., 2017):

ZnCOs () + 4NHs aq) — ZN(NH3)4?" () + COz> (2.28)

2.7. Previous studies on zinc and lead extraction from other zinc and lead resources

Zinc and lead can be recovered in a variety of ways from both primary and secondary
sources. In general, the hydrometallurgical process is the most practical for this purpose.
Different leachants are utilized in hydrometallurgical processes to extract zinc and lead.
Inorganic acid, organic acid, and alkaline acids are the three types of leachants. Some of
researcher investigated sulphuric acid, hydrochloric acid and nitric acid as inorganic acid

leachants for extraction of zinc from zinc ore and secondary resources of zinc.

Some researchers (Abali et al., 2017; Abdel-Aal, 2000; Abdel-Aal et al., 2016; Dhawan
et al., 2011; Kaya and Serin Cakir, 2019; Moradi and Monhemius, 2011; Seyed Ghasemi and
Azizi, 2016; Wu et al., 2015; Zhang et al., 2016) investigated zinc extraction from zinc-lead
ores with inorganic acid. They used sulfuric, nitric, hydrochloric and boric acids as reagent in
different leaching conditions. Researches indicated sulfuric acid is most efficient reagent
between another reagents. The maximum zinc extraction was obtained by Moradi and

Monhenius, (2011) that achieved 99% zinc from mixed sulphide-oxide lead and zinc ore by
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diluted sulfuric acid. The main zinc minerals of sample were smithsonite, sphalerite and
hemimorphite and for lead minerals indicated cerussite and galena. Other optimum conditions
were temperature of 60 °C, pH of 0.61, time of 45 minutes, pulp density of 330 g/L.

Dhawan et al. (2011) obtained 95% zinc extraction by hydrochloride acid from
smithsonite mineral. The optimum conditions for leaching were found as 1.5M HCI, 45 °C
temperature, 25 g/L solid-liquid ratio, and 500 rpm stirring speed. They investigated zinc
dissolution kinetic also that indicated the dissolution rate controlled by surface chemical

reaction and calculated activation energy of process was 59.58 kJ/mol.

Seyed Ghasemi and Azizi. (2016) researched on leaching kinetics of zinc a low-grade
ore in inorganic and organic acids. They also investigated dissolution of lead from this sample
in another paper (Azizi and Ghasemi, 2017). XRD analyses indicated main minerals of sample
were smithsonite and cerussite. They used sulfuric, nitric and hydrochloric as inorganic acids
and citric as organic acid. Nitric acid had maximum zinc and lead extraction between other
inorganic acid that was 90.76% and 85.52% respectively and extraction with citric acid achieved
88.68% and 73.81% respectively in optimum conditions. Results showed reagent concentration
and leaching temperature demonstrated most effects on the rate of zinc leaching. The dissolution
kinetics exposed that diffusion through the fluid film was the rate controlling steps for nitric
acid with 4.38 KJ/mol as activation energy. There were two parts for dissolution kinetics for
sulfuric and hydrochloric acids that firstly was first 20 minutes that controlled by the surface
chemical reaction with 50.24 and 60.94 KJ/mol respectively as activation energy and second in
range 20-90 minutes that controlled by diffusion process with activation energy of 20.89 and
9.88 KJ/mol respectively. It was indicated that dissolution of zinc in citric acid media controlled
by diffusion process with 22.21 KJ/mol as activation energy in 70 minutes but for last 20
minutes controlled by the surface chemical reaction with activation energy of 43.43 KJ/mol. the
leaching rate was controlled by the diffusion through the film in nitric and citric acid with

activation energy of 7.71 and 11.62 KJ/mol respectively.

Some researchers studied on extraction of zinc from zinc ore by citric acid (Irannajad
et al., 2013), citric acid and addition of nitrate, chloride and sulfate (Boukerche et al., 2018;
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Larba et al., 2013), trichloracetic acid (Deng et al., 2015), 5-sulphosalicilic acid (Wu et al.,
2015), lda® -H,0 system ( Dou et al., 2011) nitrilotriacetic acid (Yang et al., 2016). Citric acid
is one of organic acid that is very popular between organic acids. The sample was investigated
by Irannajad et al. (2013) obtained from mining tailings that the main mineral of zinc was
smithsonite. They achieved 82% zinc in the optimum conditions that were citric acid
concentration of 0.5 mol/L, particle size range of 40-350 um, temperature of 80 °C, time of 60
min and solid-liquid ratio of 1:10. It was found particle size and leaching time had a negligible

effect on the extraction. The reaction between smithsonite and citric acid is given as follows:

CeHsO7 <> 2H" + CsHsO7* (2.29)
ZnCOs3 + 2H" — Zn?** + CO, + H,0 (2.30)
ZnCOj3 + CsHsO7 — Zn?* + CeHs07% + CO, + H20 (2.31)

The sum of reactions (2.29) and (2.30) is reaction (2.31). Because citric acid is a weak acid, it
appears that increasing the amount of citrate with zinc ions produces an increase in the solubility

of smithsonite.

Larba et al. (2013) investigated zinc extraction from zinc oxide ore citric acid and
addition of anions. Extraction of zinc without any additions was 90.4% in 60 min and 50 °C.
They added sodium chloride, sodium nitrate and sodium sulfate to citric acid solution and
determined higher effects were found in the presence of chloride that were 98% in 15 min and
40 °C. On another hand they indicated that citric acid when used alone as reagent, the dissolution
was controlled by both chemical reaction and diffusion through boundary layer. When chlorides
and nitrates were added to citric acid, chemical reaction became the single controlling process
over the whole reaction time. It can be speculated that the addition of both anions accelerated
the diffusion process. Therefore, the addition of anions affected the kinetic and the mechanism
of the dissolution reaction (Larba et al., 2013). Boukerche et al. (2018) achieved completely
zinc with 0.5 M citric acid and 2 M nitrates, 91.85% Zn with addition of 2 M chloride. They
obtained that dissolution kinetic was controlled by the chemical reaction in entire cases and that

activation energy archived 39.3 KJ/mol (Boukerche et al., 2018).
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Hursit et al. (2009) studied dissolution kinetics of smithsonite ore with gluconic acid
that is organic acid. They determined that dissolution rate was increased with decreased particle
size, increased the gluconic acid concentration in range 0.25-1.25 M and decreased it in range
of 1.25-2.25 M and independent of stirring speed. The dissolution Kinetics pursued a shrinking
core model with the surface chemical reaction and 47.92 KJ/mol determined as activation
energy (Hursit et al., 2009).

Some researchers investigated extraction of zinc from smithsonite ore (Ehsani et al.,
2018; Youcai and Stanforth, 2000; Zhang et al., 2014, 2013) and from silicate ore (Chen et al.,
2009; Santos et al., 2010) with sodium hydroxide. Concentration of sodium hydroxide in all of
researches was more than 4 mol/L because of sodium hydroxide does not react extensively with
carbonaceous materials and as we know both oxidized zinc ores and residues have high contents
of carbonaceous mineral especially smithsonite other hand normally silicate ores needs one step
roasting before leaching process or high concentration of reagent (Santos et al., 2010).

Ehsani et al. (2018) investigated extraction Zn from a Turkish smithsonite ore that
achieved 70.9% Zn with used 4 M sodium hydroxide but because of the formation of hydrate
calcium zincite in the leaching solution that was not acceptable therefore they used 3 M as
sodium hydroxide concentration. They observed that when solid/liquid ration was decreased, at
constant OH/Zn mole ratio Zn dissolution values decreased and at constant sodium hydroxide

concentration the dissolution values of zinc increased (Ehsani et al., 2018).

Extraction zinc from calcined smithsonite with sodium hydroxide was investigated by
Zhang et al. (2013). After calcined that was done at 400 °C for 120 min leaching process was
studied. Zinc achieved 92% with sodium hydroxide concentration of 6.25 mol/L leaching time
of 240 min at 100 °C as leaching temperature. Higher calcination temperature resulted in lower
zinc dissolution cause of a great deal of undesirable phases of ZnFe>Os and Ca»ZnSi>Os.
Alkaline leaching needs high enough temperature to be speed up and enough time to achieve
the equilibrium because zinc oxide combines with hydroxyl ions to form coordination ions
Zn(OH)4* (aq) (Zhang et al., 2013).
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Youcai and Stanforth. (2000) studied extraction of zinc and lead from smithsonite ore
in a two-step process, at first dissolution zinc and lead and archived more 85% for both with 5.0
M sodium hydroxide and over 95 °C as leaching temperature and second lead separation from
leach solution with addition of sodium sulfide. They determined when the weight ratio of
sodium sulfide added to the lead was over 1.8, lead could be entirely precipitated (Youcai and
Stanforth, 2000).

Dissolution of zinc oxides and sulphide zinc ores in ammoniacal solutions (ammonia,
ammonium chloride, ammonium sulphate, ammonium carbonate, ammonium hydrogen
carbonate and ammonium nitrate) was investigated by (Ding et al., 2010; Feng et al., 2007; Jia
et al., 2016; Ju et al., 2005; Ma et al., 2015; Moghaddam et al., 2005; Rao et al., 2015; Song et
al., 2018; Wang et al., 2008; Yang et al., 2017).

Ju et al. (2005) investigated zinc dissolution of smithsonite ore in ammonium chloride

that reactions were given in following:

NH4Cl — NHs(q) + ClI'+ H (2.32)
ZnCOg() +2H" — Zn?" + CO,1 + H20 (2.33)
Zn?* + i(NH3)(aq) — Zn(NH3);?* (2.34)
Zn(NH3)2?* + 2CI" — Zn(NH3)2Clog) (2.35)

Where i=1, 2, 3, 4.

They achieved 81.2% zinc with 5 mol/L ammonium chloride, leaching temperature of
90 °C, 240 min leaching time and 1:10 g/ml as solid/liquid ratio. According to the leaching
kinetics diffusion through the inert particle pores and chemical reaction at the new surface

together were the rate control steps (Ju et al., 2005).

The zinc extraction can be enhanced by improving the stability of zinc complexes
composed of zinc ions and ligand. Therefore, Rao et al. (2015) investigated zinc extraction with
combined ammoniacal solution and a new organic ligand-nitrilotriacetic acid (NTA) is added
into the NH4CI-NHs solutions. In NH4CI-NHs solutions, Zn ions can combine with chloride
ions or ammonia to form soluble [ZnCliJ?> ~F complexes or [Zn(NHz3)i]>* complexes. With NTA

added as the leaching agent, some other zinc complexes species are formed, including mono
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ligand complexes ([Zn(NTA)i]?> ~ ) and mixed ligand complexes ([Zn(NTA)(NHs)i])(Rao et
al., 2015). The stability constants of zinc complexes according to Feng, et al (2007)
[Zn(NTA)(NHs)2]~ complexes and [Zn(NTA)2]*" complexes are more stable due to their larger
stability constants. They obtained 90.3% zinc with 2 mol/L ammoniacal solution, 0.1 mol/L
NTA concentration, 40 °C leaching temperature, 20 ml/g liquid/solid ratio and 400 rpm stirring
speed. As a result of leaching kinetic, leaching process control by the surface passing and
diffusion through the product layer and the relating activation energy obtained 22.3 KJ/mol
(Feng et al., 2007).

Ammonia and citric acid solution as leaching reagent was studied by Ma et al. (2015)
for extraction zinc from low grade zinc oxide ore. For determination of citric acid concentration
effect on extraction, leaching experiments carried out in two stages. They observed increasing
extraction of zinc as citric acid concentration increases was because of the citric acid
concentration effect of increasing the CsH;OsCOO" activity that resulted in further dissolution
of zinc. They obtained 81.2% zinc in optimum conditions that were ammonia concentration of
6 mol/L, citric acid concentration of 1 mol/L, leaching temperature of 25 °C, leaching time of
60 min, stirring speed of 300 rpm and solid: liquid ratio of 1:5. Instead of leaching temperature

zinc extraction increased with increasing all of conditions (Ma et al., 2015).

Ammonium sulphate was one of another ammoniacal solution that investigated alone
(Feng et al., 2007) or with ammonia solution (Jia et al., 2016; Song et al., 2018; Yang et al.,
2017) by some researchers for zinc extraction. According to Jia et al. (2016) the positive effect
of ammonia on leaching could be imputed to the favorable stability of zinc amine that stability
constant is 9.06. They used ammonium persulfate as oxidant that zinc extraction increase from
85.5% to 98.7% with amount of it from 0.3 mol/L to 0.5 mol/L. leaching temperature had great
effect on leaching efficiency, zinc extraction increased from 73.8% to 99% with increasing of
temperature from 30 °C to 60 °C, on the other hand the increase of temperature could Improve
the collision between reactant molecules and the rate of mass transfer therefore helping chemical
reaction. The optimum conditions with 98.7% extraction zinc determined: ammonia,
ammonium sulfate and ammonium persulfate concentrations were 2, 0.25 and 0.5 M

respectively, leaching temperature of 50 °C and 4 h as leaching time (Jia et al., 2016).
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Moghaddam et al. (2005) used the Taguchi method for determination optimum
conditions of leaching zinc from nonsulfide zinc ore with ammonium carbonate. Leaching
temperature, stirring speed, ammonium carbonate concentration, leaching time and pH were
investigated. Before to leaching process, the sample was calcined at 800 °C for 1 h for increasing
of extraction rate. The optimum conditions achieved as ammonium carbonate concentration of
3 mol/L, leaching temperature of 45 °C, stirring speed of 300 rpm, leaching time of 45 min and
pH of 10. In these conditions 92% zinc leaching efficiency was obtained. For minimization of
the iron and lead dissolutions, some extra experiments carried out. According to results,
optimum conditions obtained were 2 mol/L ammonium carbonate concentration and pH of 11
(Moghaddam et al., 2005).

Oustadakis et al. (2010) investigated about zinc extraction from EAF dust in two steps.
In the first step, extraction of zinc by sulphuric acid and in the second step purification and EW
for metal zinc recovery were investigated. Zinc extraction reached 80% in 3N acid normality,
60 °C temperature and 10% solid/liquid ratio. In part two, four unit processes was proposed:
first, iron precipitation by 99.9% at 95 °C and a pH of 3.5; second, zinc solvent extraction by
Cyanex 272 at pH: 3.5, temperature of 40 °C with 25% extractant concentration; third, stripping
of the loaded organic phase by zinc spent electrolyte (62.5 g/L Zn?*) at temperature: 40 °C with
diluted sulfuric acid (3 mol/L); fourth, zinc electrowinning from sulphate solutions with 80.37
g/L of Zn?* at 38 °C using Al as cathode and Pb as anode and current density was kept constant
at 500A/m? (Oustadakis et al., 2010)

Zinc extraction from EAF dust was investigated by other investigators (Kukurugya et
al., 2015) that highest zinc extraction reached 87% by using 1M sulphuric acid at the
temperature of 80 °C and solid/liquid ratio 50. Zinc can be present in EAF dust as an oxide
(Zn0O) and/or as ferrite (ZnFe204), the following reactions describe the possible reactions of zinc

in a sulfuric acid solution:

Zn0O + HS04 1y — ZnSO4 (ag) + H20 (1) (2.36)
ZnFe;04 + 4H2S04 ) — ZnSO4 (ag) + Fe2(S04)3 ) + 4H20() (2.37)
ZnFe;04 + H2SO4 (1) + 2H20 (1) — ZnSO4 (ag) + 2Fe(OH)3 (2.38)
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Shawabkeh (2010) researched by three inorganic acid as leachant for zinc extraction
from EAF dust. He used sulfuric acid, nitric acid and hydrochloric acid for leaching of zinc.
Maximum zinc extraction was 72% used by 0.1 M sulfuric acid at 50 °C, 900 rpm agitation
speed, 10-20 min and -37 um dust particle. The kinetics study was indicated that zinc extraction
has increased with increase acid concentration, solution temperature and mixing speed
(Shawabkeh, 2010).

Some researchers investigated extraction of lead and zinc from EAF dust. Halli et al,
(2017) used 16 different leachants from inorganic, organic acids and alkaline that four leachants
—10% aqua regia, 1.2 M hydrochloric, 0.94 M citric and 1.5 M nitric acids — resulted in high
(>75%) zinc extraction with acceptable Fe selectivity and 1.75 M acetic acid had maximum lead
removal (Halli et al., 2017). However Montenegro et al. (2016) carried out two step leach for
extraction zinc and lead from EAF dust. Sulfuric acid was used for zinc leaching and sodium
sulphide for removal lead from first step leach residue that was achieved 99.7% lead as lead

sulphide in 95 °C and ambient temperature (Montenegro et al., 2016).

Some researchers investigated extraction zinc and lead from zinc plant residue that
used inorganic acid and alkaline for leaching process. Li et al. (2013) investigated extraction if
zinc from zinc plant purification residue that used sulfuric acid as leaching reagent. They
obtained 91.97% zinc in optimum conditions: 100 g/L sulfuric acid concentration, 70 °C
temperature for 20 min and 50:1 ml/g as liquid:solid ratio. According to leaching kinetics,
dissolution rate of zinc was observed to be controlled by diffusion through a porous product
layer and activation energy was 6.69 KJ/mol (Li et al., 2013). Another research was studied
about zinc extraction from zinc plant purification filter cake by Behnajady and Moghaddam,
(2017) which used Orthogonal Array (OA) of Taguchi’s method to distinguish optimum
leaching conditions for maximizing zinc extraction with minimum impurities dissolution.
Leaching temperature, leaching time, pH, pulp density and stirring speed utilized for
optimization of conditions and sulfuric acid was selected as leaching reagent. Under these

conditions: leaching temperature of 60 °C, leaching time of 120 min, pH of 5, pulp density of
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150 g/L and stirring speed of 625 rpm maximum zinc extraction with minimum impurities
obtained that was 95% (Behnajady and Moghaddam, 2017).

Alizadeh et al. (2011) researched on extraction of zinc from leach residues with
minimum iron dissolution using oxidative leaching. They used sulfuric acid for reagent and
Manganese dioxide and hydrogen peroxide for oxidative agents. Metal extraction in just acidic
media were 95% and 72% for zinc and iron respectively in optimum conditions: pH of 1.5, solid:
liquid ratio of 1.7, temperature of 75 °C and 120 min. Effect of hydrogen peroxide and
manganese dioxide was investigated on metal extraction. With used 100 ml/kg hydrogen
peroxide iron dissolution decreased from 82% to 5% and also observed no significant effect in
different pH in leaching. It was determined that iron dissolution decreased to 0.4% with just 5
0/kg manganese dioxide and it was founded by increasing pH from 1 to 2. The iron dissolution
decreased from 3% to 0.45% with no changed in zinc dissolution. Hence the optimum pH was
concluded to be 1.5-2. They explained two reasons may be reliable for reduction iron in content.
First it may be the effect of oxidants on iron dissolution and second, it may because of different
iron species which created in oxidative condition in comparisons with the non-oxidative
conditions (Alizadeh et al., 2011).

Turan et al. (2004); Rusen et al. (2008) and Guler et al. (2011) studied extraction zinc
and lead from zinc plant residue that samples used in this studies were collected from Cinkur
plant leach residue in Kayseri region, Turkey. They carried out two-stage process that for zinc
extraction used sulfate roasting followed by water leaching, Rusen et al. (2008) studied direct
sulfuric acid leaching as first stage and brine leaching for lead extraction from first stage residue.
Achieved zinc from direct acid leaching was 71.9% but in sulfating roasting followed by
leaching achieved 86% and 90% zinc at 200 °C, 30-60 min roasting time, equal weight ratio of
sulfuric acid /sample, 60 min water leaching time at 25 °C. Further increasing the temperature
up to 500 °C had no important effect on the zinc extraction because of the decomposition of
metal sulfates and formation of some insoluble compounds such as oxy-sulfates and even
ferrites. According to result, roasting process had positive affect in extraction however increased
processing cost. Second stage was carried out with residues of first stage by using sodium

chloride. Turan et al. (2004) achieved 89% lead at the optimum conditions that were NaCl
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concentration of 200 g/L, leaching time of 25 °C in 10 min. At high NaCl concentration, Guler
et al. (2011) and Rusen et al. (2008) obtained 92% lead with 315 g/l NaCl concentration and
98.9% lead with 315 g/L NaCl concentration and 30 ml/L HCI concentration respectively. It
was found that hydrochloric acid had significant effect in lead extraction along with sodium
chloride (Giiler et al., 2011; Rusen et al., 2008; Turan et al., 2004).

Yan et al. (2014); Jiang et al. (2017) and Peng et al. (2012) also investigated extraction
of zinc from zinc plant residue with reduction roasting followed by sulfuric acid leaching. They
used CO, COzand Ar as reduction agents (Jiang et al., 2017; Peng et al., 2012; Yan et al., 2014).
Xie et al. (2020) and Wang et al. (2015) investigated on extraction lead from zinc leach residue
with calcium chloride. As a result of XRD, the main mineral of samples was lead sulfate. The

main chemical reaction that take place between sample and calcium chloride are as follow:

PbSQ4 () + Ca?" + 2CI" — PbCl; (s) + CaSOs (s) (2.39)
PbCl; 5 + CI" — PbCls> (2.40)

Wang et al. (2015) obtained 93.79% lead in optimum conditions that were calcium
chloride aqueous solution concentration of 400 g/L, at a pH of 1, leaching temperature of 80 °C,
stirring speed of 500 rpm, leaching time of 45 min and liquid: solid ratio of 7:1. But Xie et al.
(2019) achieved 85.78% lead on calcium chloride concentration of 3.15 mol/L, leaching
temperature of 45 °C, at a pH of 2, leaching time of 120 min and liquid:solid ratio of 6:1.
Leaching time, liquid: solid ratio and calcium chloride concentration had a significant effect on
lead extraction. According to the dissolution Kinetics, lead leaching rate controlled by the
diffusion reaction and activation energy obtained 17.59 KJ/mol (Wang et al., 2015; Xia et al.,
2020).

Ashtari and Pourghahramani, (2015) studied on extraction of zinc from zinc plant
residue with mechanochemical alkaline leaching. At first they carried out normal chemical
alkaline leaching with sodium hydroxide that was achieved 82.4% zinc in sodium hydroxide
concentration of 9 M, leaching temperature of 25 °C, leaching time of 45 min and solid: liquid
ratio of 1:10. They used a vertical stirred ball mill with a stainless steel chamber for increasing
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value of zinc extraction. According to obtained results, zinc extraction achieved 99.9% in
sodium hydroxide concentration of 9 M, leaching temperature of 25 °C, leaching time of 37 min,
solid:liquid ratio of 1:6 and Ball:Powder weight ratio of 50. Sodium hydroxide concentration
was determined most important parameter despite milling time and milling speed were also
statistically significant. As observed results, cause of abrasion and attrition that created in
grinding, insoluble layer could be continuously eliminated during through mechanochemical
leaching. Therefore the remained unreacted core could be leached totally (Ashtari and

Pourghahramani, 2015).

Sodium hydroxide was used in leaching of lead from zinc leaching residue by Sahin
and Erdem. (2015). According to XRD result, the main lead minerals in residue sample were

anglesite and massicot. The leaching reactions of lead minerals with sodium hydroxide are given

as follows:
PbSO4s) + 3NaOHag) — [Pb(OH)3] (ag) + SO4* (ag) + 3Na*(ag) (2.41)
PbOs) + NaOHag) + H20(g) — [Pb(OH)3] aq) + Na* ag) (2.42)

They achieved 99.6% lead in 11% sodium hydroxide concentration, leaching time of
60 min and leaching temperature of 100 °C. As dissolution kinetics investigation, lead leaching
rate controlled by diffusion process and the activation energy obtained 2.78 KJ/mol. They used
sodium sulphide and carbon dioxide for removal lead from PLS as galena and lead carbonate
hydroxide. According to chemical analyses, eliminated lead value was 85.16% and 76.27% with

sodium sulphide and carbon dioxide respectively (Sahin and Erdem, 2015).

One of secondary resources of lead is spent lead battery paste that some researchers
investigated on extraction of lead from it. They used alkaline, organic acid and brine leaching
for desulfurization and leaching. Sodium hydroxide (Badanoiu et al., 2013; Chen et al., 2016;
Ferracin et al., 2002; Yang et al., 2020; Yu et al., 2019), sodium carbonate (Liu et al., 2019; Yu
et al., 2019), ammonium carbonate and ammonium bicarbonate (Liu et al., 2019), sodium

potassium tartrate (Ferracin et al., 2002), sodium citrate with citric acid and acetic acid (He et
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al., 2017; Zhu et al., 2019, 2013), calcium chloride (Xing et al., 2019) and urea acetic (\Volpe et
al., 2009).

According to investigated XRD pattern of spent lead-acid battery pastes determined
lead sulfate was one of main minerals in past. Therefore, desulfurization process carried out by
using sodium hydroxide and sodium carbonate that optimum Na/PbSO4 molar ratios obtained 2
and 2.2 respectively. Sodium hydroxide more effective than sodium carbonate for
desulfurization. Desulfurization efficiency obtained 99.4% in 10 min with using sodium
hydroxide and 96.3% with Na/PbSO4 molar ratio of 2.2 using sodium carbonate in 120 min(Yu
etal., 2019).

Ferracin et al, (2002) studied sludge of lead-acid battery solubility with 13 aqueous
solution. According to result, only three solution were chosen for process: tetrafluoroboric acid
in 200 g/L concentration, glycerol in 92 g/L concentration addition of sodium hydroxide in 120
g/l concentration and sodium potassium tartrate in 150 g/L concentration addition of sodium
hydroxide in 150 g/L concentration. In the electrowinning process obtained pure lead from using
solution achieved from leaching process in optimum conditions: current density of 150 A/m?,
stainless steel foil was chosen as cathode and graphite as anode (Ferracin et al., 2002). However,
Xing et al. (2019) obtained cathode lead powders with a purity of 99.6% via electrowinning
with 200 A/m? as current density. Current efficiency and power consumption were determined
96.3% and 85.9 kwh/ton respectively. They used iron for cathode and anode both in
electrowinning process. Leaching process carried out with calcium chloride that lead dissolution
obtained more than 99% under optimum conditions: calcium chloride concentration of 400 g/L,
leaching temperature of 90 °C, Fe?* concentration of 5 g/L, pH of 1 and leaching time of 120
min. They observed effect of Fe?* concentration on leaching process was significant (Xing et
al., 2019).

Sodium citrate and acetic acid were investigated as environmentally acceptable and
financial affordable reagents (Zhu et al., 2019, 2013). Three major components (PbSO4, PbO>
and PbO) in spent lead paste were individually leached in the solution of sodium citrate and
acetic acid whose acidity was higher than that of citric acid. The desulfurization efficiency was

about 98% in two research and optimum conditions for lead citrate production determined:
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sodium citrate 0.67 mol, acetic acid 2.2 mol per mol PbO for 10 min at 25 °C and solid: liquid
ratio of 1:7 and for a mol of PbO- sodium citrate 0.67, acetic acid 2.4, hydrogen peroxide 1.5
mol for 15 min at 25 °C with solid: liquid ratio of 1:7, and 2.0 mol sodium citrate , 3.0 mol
acetic acid for leaching of 1.0 mol PbSO4 for 60 min with solid: liquid ratio of 1:5. The reactions

in this leaching system could be given as (2.43)-(2.46):

PbO + 2CH3COOH — (CH3COO)2 Pb + H,0 (2.43)

PbO + 2CH3COOH + H,02 — (CHsCOO), Pb + 2H,0 + O (2.44)
3Pb(CH3COO); + 2NasCsH507.2H20 — Pbs(CsHs07)2.3H20

+ 6CHsCOONa + Hz0 (2.45)

3PbS04 + 2Nas(CsHs07). 2H20 — Pba(CsH507)2.3H20 + 3Na2SO04 + H20 (2.46)

Some researchers investigated purification process for removal impurities metal from
PLS of zinc leaching processes before electrowinning. Precipitation, cementation and solvent
extraction may be accomplished for this stage. Iron is one of the main impurity metals in
hydrometallurgical process because of plenty and easy dissolution (Zhang and Cheng, 2007).
For removal other impurities (Cd, Ni, Co, Al, Cu, Mn, and Mg) cementation process could be
carried out after precipitation of iron. Pakarinan and Paatero. (2011) studied on iron and
manganese removal from zinc sulfate solution with some reagents. They investigated carbonate
(sodium bicarbonate, sodium carbonate and calcium carbonate), hydroxide (calcium hydroxide),
sulfide (hydrogen sulfide) and oxidative (oxygen and sulfur dioxide) precipitation. According
to result, sodium carbonate was the most cost-effective reagent for removal both Mn and Fe,
Hydroxide and sulfide precipitations need a long residence time for have increased nucleation
and favorable settling and filtration properties (Pakarinen and Paatero, 2011).

Song et al. (2019) studied removal iron, copper, cadmium and cobalt from zinc leach
solution. They carried out iron removal with adding hydrogen peroxide as oxidant and
controlling pH with sulfuric acid and sodium hydroxide. According to result, 99% iron was
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removed at a pH of 5, temperature of 80 °C, time of 90 min and 3% wt hydrogen peroxide.
Temperature effect on precipitation reaction was significant to 80 °C above that was not
observed any effect. Because of the fact that iron hydrolysis is an endothermic reaction and
more high temperature will make this reaction more complete. Cadmium and copper were
removed 99% and reduced to 5 and 1 mg/L respectively in cementation process with zinc
powder, on zinc excess coefficient of 1.5, pH of 2-5, temperature of 50 °C, and time of 30 min.
high temperature had positive effect to 50 °C after that effect was negligible. For precipitation
of cobalt from solution sodium ethyl xanthate and potassium manganate (KoMnQ4) was used.
About 88% cobalt removed as xanthate cobalt in this conditions: sodium ethyl xanthate
concentration of 8 g/L, potassium manganate concentration of 1 g/L, pH of 4, temperature of 55
°C and time of 5 h (Song et al., 2019). Guler and Seyrankaya, (2016) used ammonium
peroxodisulfate as oxidant for precipitation of iron from zinc leach solution. As result, 99.95%,
100% and 99.87% iron, manganese and arsenic respectively were removed from solution under
optimum conditions: 30% ammonium peroxodisulfate (0.5M)/leach solution, pH of 3.5 and

temperature of 90 °C(Giiler and Seyrankaya, 2016).

Guler et al. (2014) investigated cementation of nickel, cobalt, copper and cadmium
from zinc sulfate solution with zinc dust. As a result of cementation process, remained impurity
ions in solution were 0.094 mg/L nickel, 0.084 mg/L cobalt, 0.045 mg/L copper and 0.041 mg/L
cadmium. Optimum conditions obtained: zinc dust concentration of 2-3 g/L, zinc dust size of
75-150 microns, temperature of 70-80 °C, time of 45-60 min. they observed temperature had

significant effect on cementation (Guler et al, 2014).

Rudnik. (2019) investigated purification zinc solution and electrowinning for recovery
of zinc metal. Purification step carried out with calcium oxide as pH regulator for iron removal
that optimum pH determined 4.5. According to EW results, Pb?* ions could be useful for EW of
zinc of about 99% purity at high current efficiency. It was indicated the pH of electrolyte was
the main influential parameter of zinc electrodeposition. Almost zinc not formed on cathode in

very acidic solution (Rudnik, 2019a).

Herrero et al. (2010) investigated purification zinc leach solution for preparing zinc

sulfate solution for EW. They carried out cementation step for removal cadmium, copper and
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lead from solution with zinc dust. As a result, 90 min was enough for removal maximum metal
impurities and after analysis was determined that 130 ppm concentration of remained metal
impurity in solution. Optimal zinc dust amount was obtained 50 kg/sample ton to be added.
Final zinc purity reached around 99.75% (Herrero et al., 2010). Manganese dioxide-hydrogen
peroxide were investigated as oxidant for iron removal from zinc solution by Herrero et al.
(2011). Iron removal was obtained about 99.6% and iron concentration after precipitation was
0.3 mg/L that was lower than the concentration of 10 mg/L as limit for EW feeds. They
determined optimum conditions: hydrogen peroxide 2 ml, manganese dioxide concentration of
1.2 g/L, pH of 4.5 and time of 20 min (Herrero et al., 2011).

Another research was carried out on cementation of cobalt and nickel by Gutknecht et
al. (2017). They also used addition of copper and antimony as activator to cementation reaction
investigated. They observed copper and antimony form substrate desirable for cobalt
cementation by copper forming a larger cathodic area on zinc dust. According to result 56% of
cobalt and 90% nickel was removed under optimum conditions: zinc dust concentration of 2
g/L, copper concentration of 0.4 g/L, antimony concentration of 0.8 g/L, pH of 5 and
temperature of 20-40 °C(Gutknecht et al., 2017). For best cobalt removal form zinc solution
both copper and antimony were applied by Karlsson et al. (2018). They mentioned that
temperature had a positive effect on the kinetics and copper/antimony activators were cemented
during the first 90 s and gave synergistic effect on cementation of cobalt (Karlsson et al., 2018).
Singh (1996) investigated arsenic and antimony as activator for cementation process. Between
antimony and arsenic in the solutions with low cobalt, use of antimony is selected because of

environmentally reasons (Singh, 1996).

Solvent extraction of zinc was investigated by some researchers for recovery of zinc
from PLS of zinc leaching. D2EHPA (di-2-ethylhexyl phosphoric acid) was investigated as
extractant of zinc from solution by Pereira et al. 2007; Hollagh et al. 2010; Halli et al. 2019; Qin
et al. 2003. As result, 20% w/w D2EHPA was selected as optimum of organic concertation in
extraction step. 5% TBP as modifier with kerosene as diluent added to reaction. They
determined different pH for optimum, according to Halli et al. (2020) pH of 5 was optimum for
extraction zinc from solution (Halli et al., 2020). Other researcher mentioned pH of 2-2.5. It

could be because of Halli et al. (2019) carried out the extraction of zinc from zinc citrate
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solution. In organic/aqueous ratio of 1/1, temperature of 25 °C more that 98% zinc was extracted.
As a result of stripping step, in final solution 25-125 g/L of zinc was obtained under optimum
conditions: acid concentration of 1.0 M, organic/aqueous ratio of 3-4, temperature of 25 °C with
three step striping (Hollagh et al., 2010; Pereira et al., 2007; Qin et al., 2003).

Tsakiridis et al. (2010) and Salgado (2003) investigated zinc recovery from zinc
leaching solution with Cyanex 272 (bis (2,4,4-trimethylpentyl) phosphinic acid) as extractant.
Cyanex diluted with 5% TBP in kerosene. According to results, optimum conditions for zinc
solvent extraction obtained as pH of 3.5, temperature of 40 °C with 25% Cyanex concentration
in extraction step. Stripping of the loaded organic phase carried out with solution of zinc spent
electrolyte was carried out in temperature of 40 °C, organic/aqueous ratio of 2/1 and 62.5 g/L
Zn?* with 3.0 M sulfuric acid. At these conditions zinc stripping efficiency by zinc spent
electrolyte obtained 99.5%. Zinc stripping efficiency wan 90% under optimum conditions: pH
of 2, 20% Cyanex with kerosene at 50 °C. After solvent extraction of zinc, the aqueous solution
concluded 80.37 g/L of Zn?*. The acidity of electrolyte was determined at 180 g/L sulfuric acid
(Salgado, 2003; Tsakiridis et al., 2010). Rudnik. (2019) fixed acidity of electrolyte on pH of 0.1
with sulfuric acid. Current density determined 500 A/m? in 4h, while temperature was 38 °C. In
this conditions current efficiency reached at 92%. While Rudnik. (2019) found current
efficiency range of 84-90% and electrolysis voltage was 3.3 V with 4 kWh/kg as energy
consumption (Rudnik, 2019a). Current density also determined 500 A/m? by Qin et al. (2003).
They indicated the cell potential 3.2 V. Temperature fixed at 40 °C and current efficiency was
more than 90%. Lu et al. (2013) with comparison of zinc deposit weights before redissolution
and energy consumption, selected 650 A/m? as current density and zinc deposit weights could

be increased expressively while the energy consumption was increased a little (Qin et al., 2003).
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3. MATERIALS AND METHODS

3.1. Materials

About 100 kg representative Pb-Zn oxide flotation tailing samples were collected from
Oreks Mine tailing dump in Yahyali-Kayseri. At Oreks Mining, flotation tails send to staged
concreate tailing pools where tails are dewatered and solids are settled at the bottom of the
concreate pools and then solid material is removed from the pool bases by excavators and stoked
in the tailing dump area where tails completely dry and lumpy surface occurs in dry seasons.
Figure 3.1a and 3.1b show tailing dump area and surface and Figure 3.2 shows collected sample
sacks taken to the ESOGU Mineral Processing Laboratory.

Figure 3.1a and 3.1b. Oreks tailing dump area and surface views.

Samples were firstly roll crushed for deagglomeration and dispersing the sticking fine
particles in our Mineral Processing Laboratory and then, dried by spreading in the laboratory
floor at room temperature for one week. There were some small lumps/chunks in the samples
after drying. During drying also there were caking of some samples; but these lumps were easily

broken by squeezing with fingers. Figure 3.2 shows roll crushed samples for drying.
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Figure 3.2. Roll crushed flotation tailing during drying.

After drying, all samples were sieved from Russell sieving machine using an 8 mesh
(3.175 mm) sieve. Most of the samples were passed the sieve. Small amount oversize fraction
was ground in a laboratory ball mill to deagglomerate the coarse lumps for 5 min. Since Russell
sieve undersize still contained some agglomerated particles, laboratory ball milling (3 kg sample
with 6.7 kg ball) was also applied to this undersize product for 5 min. All ground samples were
mixed, homogenized and collected in lidded plastic buckets for the following tests.

3.1.1. Characterization of Materials

3.1.1.1. Moisture Content Measurements

Moisture contents of samples were determined by drying the representative feed stock

samples in a drying oven at 105°C for 3 h. Oreks sample contains 5.29% moisture.
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3.1.1.2. Specific Density Determination

Specific density of Oreks sample was determined using Helium Quantachrome
Pycnometer at ESOGU Mineral Processing Laboratory. Specific density was determined as
3.456 g/lcm?®,

3.1.1.3. Surface Area Determination

As Tek Kimya Blain apparatus in ESOGU Mineral Processing Laboratory was used to
determine surface area of Oreks sample. The surface area of the sample was found to be 3678
cm?/g.

3.1.1.4. Particle Size Distribution Determination

The particle size distribution of the tailing material was determined by Malvern Inst.
Mastersizer 2000 in our laboratory. Figure 3.3 shows particle size distribution of flotation tailing
sample. dio of sample was around 1 um, dso 13 pm, dgo 57 pm and dgo 100 um. As can be seen
from the graph, almost half of the sample is less than 10 pm in size. In general, leaching
efficiency increases with increasing fineness of particles. In our case, flotation tails are very
fine, there is no need to further grinding the sample. Fine particles may produce aggregation and
reduced dispersion problem during leaching. Gravity pre-concentration and/or mechanical
flotation concentration of this fine material are very difficult.
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Figure 3.3. Particle size distribution of Turkish tailing sample.



3.1.1.5. XRF and ICP-AES Analysis

Table 3.1 shows major oxide percent of flotation tailing sample using Panalytical
Zetium WDXRF. According to the XRF analysis result, Sample contains about 7.12% Zn,
6.77% Pb, 6.12% As, 24.39% Fe, 12.16% Si0,. Small amount of Ce (0.31%) and Co (0.049%)
are also found. In this tailing, smithsonite and cerussite (i.e. Zn and Pb) are the important and

abundant base metals. Major impurities are Fe2Os, SiOz, As03, CaO and Al.0s. Gangue

minerals can be goethite, quartz, calcite and kaolinite.

Table 3.1. XRF results of sample

Report name Result (%) Conversion factor % Metal

L.O.l 12,595

CuO 0,057 1,2518 0,046
ZnO 8,859 1,2448 7,12
PbO 7,297 1,0772 6,77
NiO 0,064 1,2725 0,05
As203 8,074 1,3203 6,12
CeO: 0,380 1,2284 0,31
MnO 0,035 1,2912 0,026
Sro 0,036 1,1826 0,03
BaO 0,572 1,1165 0,51
Fe203 34,866 1,4297 24,39
P20s 0,055 2,2916 0,024
SOs 4,531 2,4972 1,81
C0304 0,066 1,3469 0,049
SiO» 12,155 2,1392 5,68
Cl 0,126 0,126
TiO 0,246 1,6681 0,15
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Al2O3 3,873 1,8895 2,05
K20 0,657 1,2046 0,55
Ca0 5,455 1,3992 3,9

Table 3.2 shows sample ICP-AES results. Sample contains 7.50% Pb; 5.77% Zn;
21.3% Fe; 3.91% Ca; 1.92% Al; 1.85% S; 0.66% K; 0.45% Mg; 0.10% Ti; 101 ppp Ag; >10000
ppm As; 420 ppm Ba; 376 ppm St; 306 ppm Cu; 279 ppm Sb; 245 ppm Cd; 63 ppm Cr; 43 ppm
V; 20 ppm TI, U and W; <20 ppm Th; 10 ppm Ga, La and Ni; 9 ppm Mo; <2 ppm Bi; <1 ppm

Co and 0.6 ppm Be. Major metals in flotation tailing sample are Pb, Zn, Fe and As. In sample,

Cu is very low. Ag

is 101 ppm. There are some differences between XRF and ICP analysis

results.
Table 3.2. ICP analysis results

Method Analyte Units LOD Results

WEI-21 Recvd Wt. Kg 0,02 <0,02
ME - ICP61 Ag Ppm 0,5 >100
ME - ICP61 Al % 0,01 1,92
ME - ICP61 As Ppm 5 >10000
ME - ICP61 Ba Ppm 10 420
ME - ICP61 Be Ppm 0,5 0,6
ME - ICP61 Bi Ppm 2 <2
ME - ICP61 Ca % 0,01 3,91
ME - ICP61 Cd Ppm 0,5 245
ME - ICP61 Co Ppm 1 <1
ME - ICP61 Cr Ppm 1 63
ME - ICP61 Cu Ppm 1 306
ME - ICP61 Fe % 0,01 21,3
ME - ICP61 Ga Ppm 10 10
ME - ICP61 K % 0,01 0,66
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ME - ICP61 La Ppm 10 10
ME - ICP61 Mg % 0,01 0,45
ME - ICP61 Mn Ppm 5 763
ME - ICP61 Mo Ppm 1 9
ME - ICP61 Na % 0,01 0,49
ME - ICP61 Ni Ppm 1 79
ME - ICP61 P Ppm 10 280
ME - ICP61 Pb Ppm 2 >10000
ME - ICP61 S % 0,01 1,85
ME - ICP61 Sb Ppm ) 279
ME - ICP61 Sc Ppm 1 4
ME - ICP61 Sr Ppm 1 367
ME - ICP61 Th Ppm 20 <20
ME - ICP61 Ti % 0,01 0,10
ME - ICP61 Tl Ppm 10 20
ME - ICP61 U Ppm 10 20
ME - ICP61 Vv Ppm 1 43
ME - ICP61 W Ppm 10 20
ME - ICP61 Zn Ppm 2 >10000
Ag — AA46 Ag Ppm 1 101
Pb — AA46 Pb % 0,001 7,50
Zn — AA46 Zn % 0,001 5,77

3.1.1.6. XRD analysis

Mineralogical composition and phases of sample were examined using X-Ray
Diffraction (XRD). Figure 3.4 shows the XRD pattern of flotation tailing sample. The major
mineral phase peaks with 100% intensity were from Smithsonite (ZnCQ3), Cerussite (PbCO3),
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Goethite (FeO(OH)), Calcite (CaCQzs), Quartz (SiO2), Corkite [PbFes[(OH)s:S04:PO4] and
Beudantite (PbFe3(OH)sSO4ASOs).

Corkite is a phosphate mineral in the beudantite subgroup of the alunite group. Corkite
is the phosphate analogue of beudantite and with it, a complete solid solution range exists.
Beudantite is a secondary mineral occurring in the oxidized zones of polymetallic deposits. It
is a Pb, Fe, arsenate and sulfate. Beudantite is the arsenate analogue of the phosphate corkite.

Corkite and beudantite are readily soluble in warm HCI.

40000 20 1] 1 [%]
32.6 100 Smithsonite ZnCO,

35000
248 100 Cerussite PbCO;,
30000 21.2 100 Goethite FeO(OH)
29.4 100 Calcite CaCO,
25000 26.7 100 Quartz SiO,
g 149 100 Corkite -
§20000 29 100 Beudantite -
15000
10000
5000
0
5 10 15 20 25 30 35 40 45 50 55 60 65

Position [°20] (Copper (Cu))

Figure 3.4. XRD pattern of the sample.

3.1.1.7. TGA analysis

Thermogravimetric analysis (TGA) was carried out to find out the thermal behavior of
Oreks sample from 30 °C to 600 °C. 23 mg of sample was analyzed with a linear heating rate of
10 °C/min in N2 atmosphere (flowrate: 20 ml/min and pressure: 2.1 bar) by the Central
Laboratory at ESOGU using Perkin Elmer Simultaneous Thermal Analyzer (STA) 8000

equipment. Result of the thermogravimetric analysis is given in Figure 3.5.
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Weight loss occurring during thermogravimetric analysis can be explained by
evaporation of the moisture, chemically bonded crystal water and several decompositions.
Sample contains both moisture and crystal water. There are three endothermic peaks in the TGA
graphs. First endothermic peak occurred between 50 and 100 °C. Until 100 °C moisture content
is evaporated. About 1.656% weight loss occurred until 100 °C. Second endothermic peak is
around 275 °C. Between 100 °C and 233 °C the weight loss is about 1.1%, between 233 °C and
315 °C, the weight loss is around 2.4% and between 315 and 460 °C, the weight loss is about
4.9%. At 600 °C, the final weight loss is 11.4%. Between 100°C and 315 °C crystal water
evaporates and dehydration occurs. After the loss of water from the compounds, the third
endothermic peak appears after 400 °C for decomposition of Zn/Pb carbonate. Carbonates
decompose, CO> evaporates and metal oxides occur (Zn/PbCOz — Zn/PbO +COz g1). Zn, Pb
and Cd are volatile fuming metals. Due to low melting points of pure Zn and Pb metals, after
328 °C some of Pb and after 427 °C some of Zn may evaporate. All three peaks are accompanied

by the mass loss as seen in TG curve.

1005 ¢ 2056 05733

100 *
038
DM Y = 1.656 %
99
18
1 07
98

Delta¥ = 1102 %

57 16 T
% ‘ Delta ¥ = 2413 %
14
g
S % 1
2 Ll
]
5 12

Defta T Endo Up ("C)

Delta Y = 4939 %

588.75 °C
88.569 % [ O




54

1006 0.1067
100

@

8

Weight % (%) — - —
=
B2

-0.50

£ -0.533]
2054 50 100 150 200 250 300 350 400 450 500 550 568.8
Temperature (°C)

Figure 3.5. DTA and TG curves for Oreks sample.

3.1.1.8. SEM-EDX Analyses

The particle morphology and surface composition of samples were detected by
scanning electron microscopy (SEM) and energy dispersive spectrometry (EDS) analyses. SEM
and EDX analyses of Oreks samples were carried out at ESOGU. SEM images/micrographs and
surface morphologies of some particles are given in Figure 3.6a, b, ¢ and d. Surface morphology
of particles are very rough, porous and complex. Different shapes and sizes are observed. Figure
3.7aand b and Table 3.3 and 3.4 show EDX area chemical analysis of the samples. There were
three distinct phases. The brightest particles have high level of Pb and O are identified as
Cerussite, gray particles with high Zn and O contents can be recognized as Smithsonite and the
darkest particles have high amount of O, Ca and Si and likely represent calcite and quartz. Some

particles are fine and some particles are agglomerated.

-, ; 4% y . . - “ »
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Figure 3.7a and b. SEM-EDX analyses of Oreks sample.
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Table 3.3. EDX analyses of Oreks sample a.

Statistics C 0] Al Si S K Ca Fe Zn | As | Pb
Max 8.01 |39.22|4.08|510| 1.66|0.90| 2.01 | 20.56 | 6.14 | 3.68 | 8.65
Min 8.01 |39.22|4.08|510| 1.66|0.90| 2.01 | 20.56 | 6.14 | 3.68 | 8.65
Average 8.01|39.22 | 408 | 5.10 | 1.66 | 0.90 | 2.01 | 20.56 | 6.14 | 3.68 | 8.65
Standard 0.00 | 0.00 | 0.00|0.00 | 0.00 | 0.00|0.00|0.00 |0.00]0.00]|0.00
Deviation

Table 3.4. EDX analyses of Oreks sample b.

Statistics C (0] Al Si S Fe As Pb
Max 5.96 | 35.70 | 1.49 | 1.26 | 3.62 | 22.95 | 7.49 | 21.53
Min 5.96 | 35.70 | 1.49 | 1.26 | 3.62 | 22.95 | 7.49 | 21.53
Average 5.96 | 35.70 | 1.49 | 1.26 | 3.62 | 22.95 | 7.49 | 21.53
Standard 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Deviation

3.2. Method

3.2.1. Leaching Method

Mtop digital magnetic stirring heated extraction mantle (EAMDS 9603-03) will be
used in the leaching tests (Figure 3.8 and Figure 3.9). Stirring speed changes from 100 to 1500
rpms. Digitally controlled (within + 1°C) temperature changes up to 450 °C with 3*260W
heaters. The reaction temperature maintained constant at the desired temperature. 500 ml three-
necked round bottom Pyrex balloon flasks are used in these extraction mantles. Also single
stirring mantle will be also used in the leaching tests. NS 29/32 borosilicate glass spiral reflux
condensers (40 cm long) are attached to balloon’s center neck for preventing evaporation of
leaching agents. Temperature sensor is placed to left neck of the balloon and samples are taken
from the right neck (Kaya et al, 2019).

For each selective leaching test, 25 g of solid tailing samples are used with S/L ratio of
1/10 (w/v). 400 rpm stirring speed was used unless otherwise stated. Increasing stirring speed
more than 300-400 rpm. Temperature reached the desired value, leach sample was added to 250
mL leach solution. In leaching tests was preferred to use withdrawal method in most of the tests.
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Samples of 5 mL were removed from the pulp at defined time intervals. Samples were
immediately vacuum filtered, diluted, stored at 4 °C before analysis and analyzed for Zn, Pb and
Fe (three elements) with AAS at ESOGU and/or Zn, Pb, Fe, As and Ag (five elements) with
ICP at ALS laboratory . During sampling pH of the solution and at the end of leaching test PLS
of the solution was taken and analyzed for Zn, Pb and Fe with AAS in our ESOGU laboratory.

Figure 3.9. Single experimental leaching set-up
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Dissolution of Zn, Pb, As, Ag and Fe was determined as a function of S/L ratio (1:10-
1:30), acid concentration (0.25-1.0 M) and temperature (25-80 °C).

The leaching rate/efficiency of metals/metal extraction can be calculated from solution

according to following formulas:

cmxV
= *
CoxM

10 (3.1)

Where R is the leaching recovery percentage of metal of interest (Pb, Zn, Fe, As or
AQ); Cm (9/mL) is the concentration of metal ion in leach liquor/filtrate; VV (mL) is the leach
liquor/filtrate volume; C, is the metals content of feed sample (wt. %) and M (g) is the mass of

the metal oxide ore leached.

At the end of the leaching tests, the solid residue remained in the filter paper was dried
in an oven at 105 °C for 2 hours. For some tests, the dried solid residue will be analyzed by the

ICP to calculate metal losses and the SEM-EDX to display its structure.

3.2.2. Purification method

3.2.2.1. Precipitation method

Precipitation experiments carried out in 250 ml beaker, 200 rpm mixing speed and 60
min. Mtop digital magnetic stirring heated mantle (EAMDS 9603-03) was used in the
purification tests. NaOH and NH4(OH) were used for pH arrangement. H2O. was used for

determined effect of oxidant on precipitation efficiency.

3.2.2.2. Cementation method
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After the determination of the optimum condition for precipitation tests, cementation
experiments were carried out in 250 ml beaker, 200 rpm stirring speed and 60 min., Zn powder

was used in cementation tests. 5.0 M NaOH was used for arrangement of pH.

3.2.4. Solvent extraction method

3.2.4.1. Extraction method

Solvent extraction experiments carried out in 150 ml beaker, aqueous/organic phase
ratio (A/O, 25ml/25ml, 1/1) a METOPS mechanical stirrer with a three-blade stainless-steel
impeller (35 mm diameter) was used. Mixing speed was 400 rpm and mixing time was 10
minutes. 5.0 M NaOH was used for solution phase pH adjustment. At the end of the experiment,
to ensure complete disengagement time of the solution phase and the organic phase. 5 minutes
waited. When a complete phase separation was seen, with the help of a syringe 10 mL of the
solution was withdrawn from the phase. The pH value of the withdrawn solution was determined
and recorded. The solution phase and organic phase mixture was transferred into a 100 mL
separatoin funnel. After 1 hour waiting, the solution phase in the separatory funnel was
separated from the organic phase and solution phase has been sent to chemical analysis. At the

end of the studies, the extraction efficiency was calculated using the formula below:,

%E=[[(CxV)-(C,xV)]/(CxV)]x 100 (3.2)

E: Extraction yield, %

C 1: Metal concentration in synthetic solution, mg/L

V 1: Volume of synthetic solution, mL

C 2: Metal concentration of the synthetic solution after extraction, mg/L

V 2: Total volume of synthetic solution with addition of NaOH, mL

3.2.4.1. Stripping method
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Metals remaining in the loaded organic phase after extraction experiments were
subjected to stripping. Stripping experiments carried out in 200 mL beaker that loaded with
deionized water with organic phase (A:O, 25 mL:25 mL, 1:1) and in the different pH values
(0.25, 0.5, 0.75, 1). The temperature was set to 25 °C like extraction experiments and the
solutions were expected for 5 minutes to reach the desired temperature. During the stripping
process, organic has been observed at which pH values the metals in the phase can be stripped

and the stripped organic phase after the process was returned to the solvent extraction circuit.

3.2.5. Electrowinning method

An electrodeposition set-up consisting of a beaker, a D.C. power supply, and a holder
was used for electrowinning experiments. A single Mtop digital magnetic stirring heated mantle
(EAMDS 9603-03) was used to put the beaker containing the leach solution. A multimeter was

used to connect the anode and cathode to the D. C. power supply.

In electrowinning experiments, aluminum sheets (old license plate of the cars) were
used as zinc deposition substrates. Lead sheets were utilized as anodes for electrodeposition.
The lead anode was 35 mm*40 mm*1 mm in diameter, while the aluminum substrate was 40

mm*35 mm*0.3 mm in diameter. The electrowinning experiments carried out at 20 °C.
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4. RESULTS AND DISCUSSION

4.1. First Step Leaching Study

4.1.1. Inorganic Acid Leaching Study

Pre-leach tests were carried out with inorganic acids of H2SO4, HCI, and HNO3 (0.5 -
1.0 M concentration, 25-80 °C leach temperature, and 30-180 min. leach time. Perchloric acid
leach was also tested.

4.1.1.1. Sulfuric acid leach study

Solubilization of Zn, Pb, Ag, Fe and As as a function of leaching time was determined
at two different H.SO4 (0.5 and 1.0 M) concentrations

% Effect of temperature and time on dissolution with 0.5 M sulfuric acid

concentration

The effect of 0.5 M sulfuric acid concentration and time on metals dissolution was
tested. In general, 25 g. Oreks sample with 1/10 S/L ratio at 400 rpm was leached using 0.5 M
H>SO4at 25 °C, 40 °C, 60 °C and 80 °C for 30, 60, 120 and 180 min. The effect of concentration
and time on dissolution efficiency is show in Table 4.1 and Figures 4.1-4.4. In general, as the

leaching time and temperature increase, metal dissolutions increase. There is a significant
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increase in metal dissolution in the first 30 min. and then metal dissolution increase is gradual.
Metal dissolution order is Zn>As>Fe>Pb for all leaching temperatures. Most of the time, best
leaching results were obtained at 180 min. Sulfuric acid concentration and temperature have a
significant effect on the amount of Fe passing into the solution. Leaching with 0.5 M H.SO4 at
25 °C, 79.4% of Zn dissolution at 30 min. and 84.9% Zn dissolution at 180 min. were achieved.
Due to the precipitation of lead as a sulfate formation, lead dissolution was nearly negligible at
all examined temperatures and leaching times. As dissolved much higher than Fe, As dissolution
was 13.7% at 30 min. and 14.5% at 180 min. Fe dissolution was 3.6% at 30 min and 5.2% at
180 min. In acidic conditions, arsenic appears as As»Os. After elapsing a certain time, namely
30 min., the dissolution rate was slow as compared to initial dissolution rate. About 80% Zn
dissolution was obtained in short time period (i.e.30 min. leaching time) at room temperature
due to fine particle size used (13% -10um) and fast solubility of our tailing samples. Similar
results correspond well with the findings by Jandova et al. (2002). Havlik, et al. (2006) also found
that leaching Zn from EAFD using a H.SO4 acid lixiviant was a very fast process. Almost all Zn was
dissolved almost immediately after combining the solids with the lixiviant (Havlik et al., 2006; Jandova
et al., 2002). This study also found that the amount of Zn extracted reduced with reaction time, as the

experiment progressed. This is suggested to be a result of the system attempting to achieve dynamic

equilibrium.
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Figure 4.1. Metal dissolution with 0.5 M sulfuric acid at 25 °C
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Figure 4.4. Metal dissolution with 0.5 M sulfuric acid at 80 °C

Table 4.1. Effect of temperature and time on metal dissolution with 0.5 M sulfuric acid.

Time, min 25°C 40°C
0 Zn Pb Fe As Zn Pb Fe As
30 79.4 0.0 3.6 13.7 85.3 0.0 5.1 14.0
60 83.2 0.0 4.2 13.9 84.7 0.0 5.7 145
120 83.2 0.0 4.7 14.0 86.0 0.0 6.2 145
180 84.9 0.0 52 145 87.3 0.0 6.8 15.0

60 °C 80°C
0 Zn Pb Fe As Zn Pb Fe As
30 85.4 0.0 6.6 14.2 88.2 0.0 7.6 14.1
60 84.6 0.0 7.8 14.6 88.2 0.0 8.8 14.4
120 88.2 0.0 9.2 15.4 91.0 0.0 10.0 14.8
180 88.7 0.0 10.0 15.7 90.3 0.0 10.7 14.8

With 0.5 M H2SOg4 leaching, maximum 91% Zn dissolution can be obtained at about
14.8% As and 10% Fe dissolution at 80 °C leaching temperature and 120 min leaching time.
Increase in temperature did not significantly increased As dissolution but, almost doubled the
Fe dissolution. Generally, increasing the temperature in a leaching system will result in faster

leaching kinetics. This is due to the relationship between the rate constant and the temperature
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as described by the Arrhenius equation for chemical reaction rate controlled systems (Lottering,
2016). Increasing leach temperature to 80 °C, significantly increases Fe dissolution. At 0.5 M
H>SO4 concentration, As dissolution was higher than Fe dissolution for all investigated leach
temperature and times. Our feed contains goethite (aFeO(OH).H20), corkite
[PbFes[(OH)s:S04:PO4] and bodanite (PbFe3(OH)sSO4 AsOs) as Fe containing minerals.

In H2SO4 medium, arsenitic Fe dissolution from bodanite is limited. In our sample, low
Fe dissolution was due to complex formation between arsenate and goethite and prevent goethite
dissolution. In H2SO4 media, arsenic can be leached with Zn, Fe, Cu, Cd, and In, making it
difficult not only to separate from important metals, but also to avoid the creation of AsHs.
Simultaneously, a substantial amount of acidic As-containing waste solution is produced, from
which As is primarily removed by precipitation, resulting in As-bearing waste residues such as

ferric arsenate and calcium arsenate, among others (Zhang et al., 2019).

+» Effect of temperature and time on dissolution with 1.0 M sulfuric acid

concentration

The effect of 1.0 M sulfuric acid concentration and time on the dissolution of metals
was investigated. In general, 1.0 M H2SO4 was used to leach a 25 g. Oreks sample with a 1/10
S/L ratio at 400 rpm at 25 °C, 40 °C, 60 °C, and 80 °C for 30, 60, 120, and 180 minutes, Table
4.2 and Figures 4.5-4.9 show the influence of concentration and time on dissolution efficiency.
Leaching with 1.0 M H2SO4 at 80 °C, 91.9% of Zn dissolution at 30 min. and 96.5% Zn
dissolution at 180 min. were achieved. Pb dissolution was negligible even at 180 min. As
dissolved higher than Fe at 30 min. leaching time. Fe dissolution was much higher than As after
30 min leaching time. As dissolution was 27.9% at 30 min. and 31.9% at 180 min. At 80 °C
leaching temperature, Fe dissolution significantly exceeds As dissolution after 60 min. leaching
time at more than 95% Zn extraction. With increasing leaching temperature, the energy available
for atomic and molecular collusions increases (Asadi et al., 2017). According to Song et al.
(2015), with the leaching temperature rising, the spread of lixiviant molecules in leaching

solution speeds up, more easily attacks the mineral grains and the stockpile energy of mineral
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particles increases, so the ability of damage or weakening of the chemical bonds of mineral
enhances, and the number of molecules whose kinetic energy is equal to or greater than
activation energy increases (Song et al., 2019). While possible reasons for decrease in impact
of the temperature may be the pore blocking by solid products, which would cause a barrier for
diffusion of reagent into the particles, as well as a barrier for diffusion of products away from
the particle (Moradi and Monhemius, 2011). This theory suggests that although chemical
reaction control occurs initially, the leaching process may later become diffusion controlled.
According to selectivity values, 1.0 M H2SO4 concentration at 40 °C leaching time and 30 min.

leaching time selected as a optimum condition for sulfuric acid leaching.

100
90
80
70
60
50
40
30
20
10

0 L ® L L
0 30 60 90 120 150 180 210

Time, min

——Zn
—o—Pb
—o—Fe
—&—As

Dissolution, %

Figure 4.5. Metal dissolutions with 1.0 H2SO4 at 25 °C.
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Figure 4.7. Metal dissolutions with 1.0 H2SO4 at 60 °C.
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Figure 4.8. Metal dissolutions with 1.0 H>SO4 at 80 °C.
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Table 4.2. Effect of temperature and time on metal dissolution with 1.0 M sulfuric acid.

Time, min 25 0C 40°C
0 Zn Pb Fe As Zn Pb Fe As
30 84.9 0.0 8.3 19.5 91.0 0.0 12.4 22.7
60 86.1 0.0 95 20.3 92.0 0.0 14.6 24.6
120 88.2 0.0 11.8 22.4 90.3 0.0 16.4 255
180 92.4 0.0 13.5 24.4 94.6 0.0 18.1 27.2

60 °C 80°C
0 Zn Pb Fe As Zn Pb Fe As
30 91.3 0.0 18.6 26.3 91.9 0.0 25.0 27.9
60 93.2 0.0 22.3 27.7 94.8 0.0 32.2 30.0
120 92.4 0.0 26.9 29.1 96.2 0.0 38.4 30.9
180 94.3 0.0 30.0 30.0 96.5 0.0 41.9 31.9

«» Effect of Solid/Liquid Ratio on H2SO4 Leach

Effect of solid/liquid ratio on dissolution efficiency has been carried out in 1/10, 2/10

and 3/10 (weight, g/volume, mL) by fixing the temperature at 40 °C and using 1.0 M sulfuric

acid. Obtained results were given in Table 4.3 and Figures 4.9-4.11. Increasing the solid-liquid
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ratio typically increases the total amount of Zn leached, because there is more Zn present in the
system. However, the percentage of the Zn leached was found to generally decrease at higher
S/L ratios because, at higher S/L ratios, all particles may not be completely surrounded by the
solution. In addition, the amount of acid available for leaching would likely be in excess at lower
S/L ratios, while the limited acid available per unit of solid at higher S/L ratios may limit the
dissolution reactions. In general, an increase in the L/S ratio enhances the leaching rate., but,
the higher L/S ratio leads to a dilute solution and high consumption of reaction reagents and

therefore it is important to optimize this factor (Asadi et al., 2017).

Table 4.3. Comparison of metal dissolutions with 1.0 M H>SO4 using 1/10 2/10 and 3/10 S/L
ratios at 40 °C.

S/L: 1/10 S/L: 2/10 S/L: 3/10
Time (min) | Zn Fe As | Zn Fe As | Zn Fe As
0 00 [ 00| 00O | 00| 00| O00]|O00]|O00] OO
30 91.0 | 124 | 22.7 | 910 | 11.2 | 184 | 81.3 | 3.9 | 109
60 92.0 | 146 | 246 | 89.3 | 123 | 188 | 79.0 | 42 | 106
120 90.3 | 164 | 255 | 91.0 | 145 | 19.8 | 816 | 49 | 109
180 946 | 181 | 27.2 | 914 | 148 | 199 | 878 | 58 | 115
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Figure 4.9. The effect of solid/liquid ratio on Zn dissolution.
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Figure 4.10. The effect of solid/liquid ratio on Fe dissolution.
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Figure 4.11. The effect of solid/liquid ratio on As dissolution

As a result, at 1/10 S/L ratio, about 95% Zn dissolution was obtained at 18% Fe and
27% As co-dissolution. When the solid amount doubled for the same amount of acid
concentration, Zn dissolution decreased to 91.4% at 15% Fe and 20% As co-dissolutions. At
3/10 S/L ratio, 88% Zn dissolution is achieved at 180 min with 6% Fe and 11.5% As co-

dissolution. Increasing the mass of sample (i.e. S/L ratio) per unit solution increases the Zn



71

extraction due to increased surface area of solids available for contact with solution and
therefore, the larger amount of Zn available for potential extraction (Lottering, 2006). Here, the
reason for this divergence from other studies probably related to the acid concentration/the
amount of H* ions, which was probably sufficient to dissolve the increased amount of Zn. But
after optimum of S/L ratio zinc dissolution decreased because of the loss of H™ ion in the
solution. The optimum S/L ratio was determined to be 2/10 in this study. Langova, et al. (2007)

also suggested that for a maximum Zn recovery, a S/L ratio of at least 2/10 is necessary.

Pulp density has significant effect on Zn, Fe and As dissolutions. With increasing S/L
ratio, viscosity of slurry increases and consumption of leaching reagent decreases. Therefore, it
is better and economical to use high S/L ratio in leaching. At high S/L ratio, H2SO4 selectively
attacked to Zn rather than Fe and As. However; at low S/L ratio, some of the H>SO4 also attacks
to Fe and As; because, the total Zn amount is low. High S/L ratio increased competing reactions
for the Zn and Fe-As particles. Both Fe and As are difficult to leach at given operational
conditions. Kukurugya et al., (2015) also proposed these theses. Pulp density significantly
affects the ionic strength and increases pulp viscosity of the solution. The higher L/S ratio leads
to a dilute solution and high consumption of leaching reagents (Kukurugya et al., 2015).

Table 4.4 shows the pH change with S/L at different leaching times. pH changes
between 0.4 and 1.0. As the S/L ratio and leaching time increase, the pH of the leach solution
increases. The highest pH was obtained at 3/10 S/L ratio. Increased pH means decreased H* ion
concentration and more metal dissolution in the pulp. Since the pH was not kept constant in our
batch tests, Zn, As and Fe metals compete for H* ion for dissolutions. The longer the leaching
time, more H* ions were consumed from the medium by metals and pH of the medium increases.
At constant leaching time, higher S/L ratio means more metals are available for dissolution;
thus, metal dissolution increases. The higher the final pH means, the more metals were dissolved
during leaching. The lower Fe and As dissolutions at high S/L ratio was related to the higher
final pH which may start to precipitate these metals partially. The optimum conditions were
determined to be 1.0 M sulfuric acid concentration, 40 °C leaching temperature, 2/10 solid to

liquid ratio, and 30 minutes of leaching time.
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Table 4.4. pH change with 1.0 M H2SO4 leach at different S/L ratios and 40 °C leaching
temperature.

pH
Time, min | S/L:1/10 | S/L:2/10 | S/L:3/10
30 0.35 0.77 0.88
60 0.53 0.79 0.95
120 0.62 0.84 0.99
180 0.65 0.88 1.04

Figure 4.12 shows the XRD spectra of sulfuric acid leached residue at the optimum
conditions. Segnitite is a series from beudantite (PbFe3(AsO4)(SO4)(OHe), which is the arsenate
of corkite with which a complete solid-solution range exists, to PbFezAsO4(AsO3OH)(OH)s
and difficult to distinguish since the sulfate and arsenate anions readily exchangeable with each
other. According to the XRD results, H>SO4 leach residue contains 18.6% Fe, 17.8% Pb, 11.6%
As, 4% Ca, 3.8% S, 5.4% Si, 0.2% Al, 37.6% O and 1.1% H. The residue contained 1.67 %
Zn0, 13.2 % PbO, 6.27 % As203, 39.2 % Fe203, and 6.29 % CaO, according to XRF analysis.
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Figure 4.12. XRD spectra of sulfuric acid leached residue at the optimum conditions.

4.1.1.2. Hydrochloric acid leach study

Table 4.5 and Figures 4.13-4.21 show metal dissolution in different time, leaching
temperature and acid concentration. Up to 0.5 M, the metal dissolution was determined to be Zn
> Pb with no Fe dissolution. The rate of zinc dissolution increases as the leaching temperature
increases, resulting in faster leaching kinetics. This effect was particularly noticeable for
hydrochloric acid concentrations below 1.0 M. Metal solubility in hydrochloric acid increased,
allows for faster metal leaching. With temperature increase, the slurry's viscosity and diffusion
resistance reduced. Yoshida (2003) discovered that increasing the concentration of hydrochloric
acid and the 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 current study's finding that leaching time has no beneficial effect on zinc
dissolution from flotation tailing (Yoshida, 2003). However, for the leaching of zinc ferrite,

hydrochloric acid is a particularly effective lixiviant (Kaya et al., 2020a).

As results from Figure 4.21, with using 1.0 M hydrochloric acid solution at 80 °C
temperature and a solid to liquid ratio of 1/10, 30 minutes of leaching appears to be sufficient
to dissolve 93% zinc, 8.8 % lead, and 9.3 % iron. Increases in leaching temperature and time,
on the other hand, had little effect on iron dissolution. For the optimum selecting of metal
dissolution with hydrochloric acid, 0.5 M hydrochloric acid concentration, 80 °C leaching
temperature, and 30 min. leaching time (Figure 4.18) or 1.0 M hydrochloric acid concentration,
80 °C leaching temperature, and 30 min. leaching time (Figure 4.21) were chosen as the optimal
conditions based on these tests. However, the former is chosen as the ideal conditions for the
hydrochloric acid leaching process because of the acid consumption and PLS neutralization in
the downstream process. The hydrochloric acid leach should be carried out at a pH of less than
1.0. To precipitate Fe, the leach solution might be chlorinated. SX/EW in chloride solutions is
expensive and complicated for small operations, and chlorine handling is challenging. The

creation of Cl, gas rather than HCI during the EW process, as well as corrosion of anodes and
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cathode substrates, are some of the issues with HCI leaching—EW. because of these problems
hydrochloric acid is not optimum agent for this research (Kaya et al., 2020a; Mackinnon et al.,
1983; Majima et al., 1990; Mirza, 2016). The following are some of the possible reactions
between ZnO/ZnCO3/PbO and hydrochloric acid (Hussaini et al., 2021a):

ZnO(s) + 2HCI(ag) — ZnClz(aq) + H20 (4.1)
ZnCOs(s) + 2HCI(aq) — ZnClz(aq) + CO2(g) + H20 (4.2)
PbO(s) + 2HCI(aq) — PbCI(s) + H20 (4.3)
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Figure 4.13. Metal dissolution with 0.25 M HCI at 40 °C and S/L.: 1/10.
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Figure 4.14. Metal dissolution with 0.25 M HCI at 60 °C and S/L.: 1/10.
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Figure 4.15. Metal dissolution with 0.25 M HCI at 80 °C and S/L.: 1/10.
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Figure 4.16. Metal dissolution with 0.5 M HCl at 40 °C and S/L: 1/10.
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Figure 4.17. Metal dissolution with 0.5 M HCI at 60 °C and S/L: 1/10.
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Figure 4.18. Metal dissolution with 0.5 M HCl at 80 °C and S/L: 1/10.
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Figure 4.19. Metal dissolution with 1.0 M HCI at 40 °C and S/L: 1/10.
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Figure 4.20. Metal dissolution with 1.0 M HCl at 60 °C and S/L: 1/10.
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Figure 4.21. Metal dissolution with 1.0 M HCI at 80 °C and S/L: 1/10.

Table 4.5. Effect of leaching temperature and time on metal dissolutions at different HCI

concentrations

HCI Zn (%) Pb (%) Fe (%)

025M | 40°C | 60°C | 80°C | 40°C | 60°C | 80°C | 40°C | 60°C | 80°C
30 min 38 40 41 0 0 2 0 0 0
60 min 39 39 40 0 1 1 0 0 0
120min | 37 38 39 0 2 1 0 0 0
050 M | 40°C | 60°C | 80°C | 40°C | 60°C | 80°C | 40°C | 60°C | 80°C
30 min 78 82 90 10 10 10 0 0 0
60 min 75 83 88 9 9 10 0 0 0
120min | 76 88 90 10 10 10 0 0 0
1.0M 40°C | 60°C | 80°C | 40°C | 60°C | 80°C | 40°C | 60°C | 80°C
30 min 86 90 92 8 10 10 2 5 10
60 min o1 90 83 9 9 11 3 8 8
120min | 80 o1 o1 10 10 13 4 10 10

4.1.1.3. Nitric acid leach study
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Table 4.6 and Figures 4.22-4.30 show the effect of leaching time from 30 to 120 min and
leaching temperature from 40 °C to 80 °C at a S/L ratio of 1/10 on base metal dissolutions
employing 0.25-1.0 M HNOs as lixiviant. As shown in Figures 4.22-4.30, increasing the nitric

acid concentration from 0.25 to 1.0 M enhanced zinc dissolving from 38% to 70%, while

increasing the time and leaching temperature decreased zinc dissolution. This could be owing

to the fine mineral particles passivizating the mineral surfaces. Because the metals have been
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exposed to nitric acid, they can no longer be oxidized, and the reaction rate has slowed. Lead
co-dissolution increased from 7% to 23% when the concentration of nitric acid was increased.
There was no iron co-dissolution under any of the conditions that were examined. It was
discovered nitric acid dissolved both zinc and lead at the same time. It is cost-effective, can be
regenerated and re-used, and is a powerful oxidizing agent, resulting in the least precipitation
after the leaching process; nevertheless, the rate of leaching is rather low. The metals
disintegrated in the following order: Zn > Pb > Fe. During the nitric acid leaching process, the

following processes occur (Hussaini et al., 2021a; Kaya et al., 2020b):

ZnO(s) + 2HNO3z(aqg) = Zn(NOz3)2(aq) + H20 4.4
PbO(s) + 2HNO3(aq) = Pb(NOz3)2(aq) + H20 (4.5)

100
90
80
70
60
50 ——Zn

40 —e—Pb

30 —o—Fe
20

10

0 L 4 ) 4
0 30 60 90

Time, min

Dissolution, %

§¢$

150

Figure 4.22. Metal dissolution with 0.25 M HNO3 at 40 °C and S/L.: 1/10.
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Figure 4.23. Metal dissolution with 0.25 M HNO3z at 60 °C and S/L.: 1/10.
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Figure 4.24. Metal dissolution with 0.25 M HNOs at 80 °C and S/L: 1/10.



100
90
80
70
60
50
40
30
20
10

0 L 4 L 4 +
0 30 60 90 120 150

Time, min

——Zn
—o—Pb
—o—Fe

Dissolution, %

Figure 4.25. Metal dissolution with 0.5 M HNOs at 40 °C and S/L: 1/10.
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Figure 4.26. Metal dissolution with 0.5 M HNO3z at 60 °C and S/L: 1/10.
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Figure 4.27. Metal dissolution with 0.5 M HNOs at 80 °C and S/L: 1/10.
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Figure 4.28. Metal dissolution with 1.0 M HNO3z at 40 °C and S/L: 1/10.
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Figure 4.29. Metal dissolution with 1.0 M HNOs at 60 °C and S/L: 1/10.
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Figure 4.30. Metal dissolution with 1.0 M HNO3z at 80 °C and S/L: 1/10.

Table 4.6. Effect of leaching temperature and time on metal dissolutions at different HNO3
concentrations

HNO; Zn (%) Pb (%) Fe (%)

025M | 40°C | 60°C | 80°C | 40°C | 60°C | 80°C | 40°C | 60°C | 80°C
30min | 38 31 24 11 12 12 0 0 0
60min | 37 27 22 8 14 12 0 0 0
120min | 34 25 21 7 14 13 0 0 0
050 M | 40°C | 60°C | 80°C | 40°C | 60°C | 80°C | 40°C | 60°C | 80°C
30min | 61 57 49 22 21 13 0 0 0
60min | 55 49 48 19 20 14 0 0 0
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120 min 54 47 39 21 18 13
1.0M 40°C | 60°C | 80°C | 40°C | 60°C | 80°C | 4
30 min 70 55 42 23 22 22
60 min 69 52 40 21 19 19
120 min 60 48 37 20 20 20
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4.1.1.4. Perchloric acid leach study

Perchloric acid is an inorganic acid that is both a strong oxidizer and a stronger acid
than sulfuric and nitric acid. Using 1.0 M perchloric acid at 80 °C and a 1/10 solid-to-liquid
ratio for 60 minutes, this is able to achieve a maximum of 89.3% zinc dissolution and 10.7%

lead dissolution. Figure 4.31 shows metal dissolution with perchloric acid.

Table 4.7 compares the different types of inorganic acids and the best conditions for
dissolving zinc and lead from flotation tailing. The optimal leaching conditions were found to
be 1.0 M sulfuric acid concentration, 40 °C leaching temperature, 30 minute leaching time, and
a 2/10 solid to liquid ratio. The dissolution of zinc was found to be 91 %, with dissolutions of
11.2 % Fe and 18.4 % As. At a concentration of 0.5 M hydrochloric acid, an 80 °C leaching
temperature, a 30 min leaching time, and a 1/10 solid to liquid ratio, % Zn and 9.6 % Pb
dissolution was accomplished. Using nitric acid as a solvent, 69.7% Zn and 23.2 % Pb were
dissolved in the leach solution under the following conditions: 1.0 M nitric acid concentration,
40 °C leaching temperature, 60 min leaching time, and 1/10 solid to liquid ratio. The following
inorganic agent order resulted in the highest zinc selectivity between lead: sulfuric acid >

hydrochloric acid > perchloric acid > nitric acid.
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Figure 4.31. Metal dissolution with 1.0 M perchloric acid at 80 °C and S/L: 1/10.

Table 4.7. The comparison of inorganic acid types and optimum conditions for metal

dissolutions
Reagent Dissolution Optimum parameters
Zn (%) | Pb (%) | Fe (%)
Sulfuric acid 91 0 10.2 [Con.: 1 M, t: 30 min., T: 40 -C, S/L: 2/10
Hydrochloric acid 90 9.8 0 Con.: 0.5 M, t: 30 min., T: 80 -C, S/L: 1/10
Nitric acid 69.7 23.2 0 Con.: 1 M, t: 60 min., T: 40 -C, S/L: 1/10
Perchloric acid 89.3 10.7 0 Con.: 1 M, t: 60 min., T: 80 -C, S/L: 1/10

4.1.2. Organic Acid Leaching Study
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In the organic acid leaching studies, citric acid, malic acid, oxalic acid, formic acid,

tartaric acid, ascorbic acid and sulfosalicylic acid in different times and temperature was

investigated.

4.1.2.1. Citric acid leaching study

«» Effect of temperature and time on metal dissolution with 0.5 M citric acid
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The citric acid leaching tests were performed using 0.5 M citric acid concentration with
25 gr Oreks samples at S/L ratio of 1/10 at 25, 40, 60 and 80 °C temperature and 30, 60 and 120

min for leaching time. Results of leaching experiments shown in Figures 4.32-4.35.
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Figure 4.32. Metal dissolutions with 0.5 M citric acid at 25 °C and S/L ratio of 1/10.
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Figure 4.33. Metal dissolutions with 0.5 M citric acid at 40 °C and S/L ratio of 1/10.
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Figure 4.34. Metal dissolutions with 0.5 M citric acid at 60 °C and S/L ratio of 1/10.
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Figure 4.35. Metal dissolutions with 0.5 M citric acid at 80 °C and S/L ratio of 1/10.

Figure 4.35 shows metal dissolutions at 0.5 M citric acid concentration at 80 °C and

1/10 S/L ratio. Zn dissolution was 75% at 30 min. and 90% at 180 min. leaching time. At 80 °C

metal dissolution order was Zn>Fe>As>Pb>Ag after 60 min. leaching time. Maximum 90% Zn

dissolution was obtained at 17% Fe and 14% As co-dissolutions. Pb co-dissolution was

maximum 7%. After 120 min. leaching time Zn dissolution reached almost a plateau. The same
result observed by Halli et al., (2018). They extracted about 78% Zn with 9% Fe from EAF with
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direct leaching using 0.4 M citric acid at 40 °C leaching temperature, 1/10 S/L ratio for 120 min
leaching time (Halli et al., 2018).

As the leaching time and temperature increase, Zn dissolution significantly, and Fe and
Pb dissolutions slightly increased. Increase in Zn dissolution was highest in the first 30 min,
after that; there was a slight increase in the Zn dissolution. The diffusion speed and chemical
reaction rate during leaching process can be accelerated by an increase in temperature, finally
leading to a rapid leaching process. An increase in temperature from 25°C up to 80°C was
beneficial for Zn dissolution. The pH values obtained during the batch leaching experiments at
this concentration were 3-4.5, keeping Fe in the solids. The reaction steps between zinc oxide
and citric acid can be written as follows (Demir et al., 2006; Larba et al., 2013):

CeHsO7(s) + H20(1) <> H30*(aq) + CeH7O7" (aq) (4.6)
CsH707" (aq) + H20(1) «> HsO"(aq) + CsHsO7* (aq) (4.7)
CsHsO7 % (aq) + H20(1) «> H30*(aq) + CsHsO7 * (aq) (4.8)
3ZnO(s) + 2CeHsO7(aq) — 3Zn?*(aq) + 2CsHs07 *(aq) + 3H20(1) (4.9)

The pKa values presented in the literature are pKy = 3.128, pKz = 4.761, and pKs =
6.396. The pKa values presented in the literature are pK: = 3.128, pKz = 4.761, and pKs =
6.396. Because the pH of the reaction medium was less than 4, Pb-citrate (Pb3(CsHs07)2) is
almost insoluble. Citric acid is often used because of high efficiency in binding Zn cations
(Boukerche et al., 2018).

% Effect of solid/liquid ratio on 0.5 M citric acid leach

Table 4.8 and Figures 4.36-4.37 show metal dissolutions at 0.5 M citric acid
concentration at 80 °C and 2/10 and 3/10 S/L ratio. Zn dissolution was 53% at 30 min. and 84%
at 180 min. leaching time. At 80 °C metal dissolution order was Zn>Fe>As>Pb>Ag after 60
min. leaching time. Maximum 84% Zn dissolution was obtained at 17% Fe and 12% As co-
dissolutions. Pb co-dissolution was maximum 5%. The maximum zinc dissolution was 50% at

120 min leaching time in 3/10 S/L ratio. Zinc dissolution decreases with increasing S/L ratio



89

because of increasing sample volume in the solution, which means more acid will be needed to
dissolve zinc metal. Those are consistent with the results of Chen et al., (2009) and Espiari et
al., (2006) in the treatment of the zinc oxide ore by alkaline and acidic leaching respectively
(Chen et al., 2009; Espiari et al., 2006).

Table 4.8. Comparison of metal dissolutions with 0.5 M citric acid using 1/10 2/10 and 3/10 S/L
ratios at 80 °C.

S/L: 1/10 S/L: 2/10 S/L: 3/10
Time, min | Zn Pb Fe As Zn Pb Fe As Zn Pb Fe As
0 00| 00| 00| 0OO0O|0OO0O|0O| 00| 00]|]00]|]O00|O00]0O00

30 745 | 6.6 | 115|128 533 | 43 | 106|102 400| 1.2 | 99 | 7.1
60 815| 68 |139|13.7|630| 44 |125|108|431| 3.0 |101| 7.3
120 893 | 70 | 163|144 | 748 | 46 | 148|117 |495| 15 | 116 | 7.3
180 90.1| 6.8 | 174|142 |84.0| 48 | 172124469 | 09 | 111 | 73
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Figure 4.36. Metal dissolutions with 0.5 M citric acid at 80 °C and S/L ratio of 2/10.
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Figure 4.37. Metal dissolutions with 0.5 M citric acid at 80 °C and S/L ratio of 3/10.

«» Metal dissolution studies with 1.0 M citric acid

According to result of metal dissolution with 0.5 M citric acid, temperature of 80 °C
selected for 1.0 M citric acid leaching. Figure 4.38 shows the effect of leaching time on metal
dissolutions with 1.0 M citric acid at 80 °C and 1/10 S/L ratio. At 30 min. leaching time 84%
Zn and at 180 min. leaching time 91% Zn dissolutions were obtained at 19% Fe, 17% As and
12% Pb co-dissolutions. As the citric acid concentration increased from 0.5 to 1.0 M, pH of
medium decreased from 3.7 to 2.2 at 80 °C zinc dissolution. The final pH did not differ
significantly when applying the same citric acid concentration at different leaching temperature.
Moreover, when increasing the concentration of citric acid, the final pH decreases and
eventually the final pH is below 2.5 (1.0 M citric acid concentration) which favors the
dissolution of Fe (Pourbaix, 1974).
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Figure 4.38. Metal dissolutions with 1.0 M citric acid at 80 °C and S/L ratio of 1/10.

« Effect of solid/liquid ratio on metal dissolution with 1.0 M citric acid leach

Effect of solid/liquid ratio on metal dissolution was carried out with different S/L ratio,
1/10, 2/10 and 3/10. Table 4.9, Figure 4.39, and 4.40 show result of effect of solid/liquid ratio
on metal dissolution.

Table 4.9. Comparison of metal dissolutions with 1.0 M citric acid using 1/10 2/10 and 3/10

S/L ratios at 80 °C
S/L: 1/10 S/L: 2/10 S/L: 3/10
Time, min |{Zn |Pb Fe |As |[Zn |Pb Fe |As |Zn |Pb |Fe |As
0 00 (0.0 |00 |00 |00 |00 |00 |00 |0.0 |0.0 |00 |00
30 835 (11.4 |125 {148 |72.0 |75 |[125 |129 |54.0 |54 |11.0 [{10.4
60 89.3 |11.7 |149 |159 |79.4 (7.6 |14.6 |135 |64.7 |55 |13.3 [11.1
120 90.6 (11.8 |16.9 |16.3 |88.0 |79 |(17.4 |14.2 |73.1 |56 |15.6 [11.4
180 91.0 (11.7 |18.6 |16.5 |90.6 |9.3 |[19.2 |145 |73.4 |53 |16.2 [11.0
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Figure 4.39. Metal dissolutions with 1.0 M citric acid at 80 °C and S/L ratio of 2/10.
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Figure 4.40. Metal dissolutions with 1.0 M citric acid at 80 °C and S/L ratio of 3/10.

The ionic strength (concentration of total ions in the solution) of the resulting solution
increases when bigger quantities of Zn were leached at higher S/L ratios. The ionic strength of

a solution affects its solubility; as the ionic strength of the solution increases, solubility

decreases. As the ions were leached from the solids at greater S/L ratios, the solubility drops.

Because there are more ions to leach (due to the presence of more solids), a lesser percentage of
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the ions can be leached, because the solution's ionic strength and viscosity will increase as more
ions are leached.(Lottering, 2006).

Herrero et al., 2010 discovered that decreasing the S/L ratio enhanced the percentage
of metal leached because there was more lixiviant per unit of solids and therefore a higher
possibility of solid-liquid interaction. Furthermore, at larger S/L ratios, this study revealed that
the solution became saturated with Zn as a result of the high Zn amounts leached for the quantity
of solution available, preventing more Zn from being leached and reducing overall Zn recovery
(Herrero et al., 2010). Increased solution density reduces the proportion of Zn that was
dissolved, according to studies employing EAFD leaching (Havlik et al., 2006).

Table 4.10 shows the pH of the medium at 80 °C using 1.0 M citric acid concentration
at different S/L ratios and leaching times. The pH of the medium was between 2.0 and 3.0. As
the S/L ratio increases, pH of the medium increases, but Zn dissolution decreases. The pH of

the medium is less acidic with citric acid leach than H2SO4 leach.

Table 4.10. Effect of S/L ratio on solution pH in 1.0 M citric acid leaching at 80 °C.

pH
Time, min |S/L: 1/10 |S/L: 2/10 |S/L: 3/10
30 2.12 2.42 2.57
60 2.14 2.31 2.52
120 2.13 2.3 2.56
180 2.14 2.28 2.77

Figure 4.41 shows the XRD spectra of citric acid leached residue at the optimum
conditions. Precipitate contains 48% Segnitite (PbFes(AsO4)(AsOs0OH)(OH)s) 48%, beudantite
PbFes®*[(As,S)04]2(OH)s) 43.5% and quartz 8.5% as the major phases. The XRD results
indicate that segnitite and beudantite are the most common minerals in the residue. The citric
acid leach residue comprises 14.8% PbO, 2.25% ZnO, 44.1% Fe203, 8.12% As,03, and 0.78%
CaO0, according to XRF analysis. In comparison to the sulfuric acid leaching method, where
calcium precipitated as gypsum, no calcium precipitate was found in the residue, according to
XRF data (Hussaini et al., 2021a).
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Figure 4.41. XRD spectra of citric acid leached residue at the optimum conditions.

4.1.2.2. Malic acid leaching study

« Effect of time on metal dissolution with 1.0 M malic acid

Metal dissolutions with 1.0 M malic acid at 80 °C and 1/10 S/L ratio were given in
Figure 4.42. Metal dissolution order was Zn>Pb>Fe. More than 92% Zn dissolution was
achieved after 60 min. leaching time. At 60 min. leaching 8.5% Pb and 3.2% Fe co-dissolutions
were obtained. At 180 min leaching time Zn dissolution reaches to 92.7% at 10.4% Pb and 6.1%
Fe co-dissolutions. Medium pH (2.0-2.4) was less acidic than H2SO4 leaching (0.5-1.0). Table
4.11 presents Zn-Pb and Zn-Fe selectivity with respect to leaching time and medium pH. As the
leaching time increases pH of the medium increases from 2.04 to 2.39. The selectivity between
Zn and Pb or Fe increased up to 84% and 85% with increasing leaching period. It seems that

malic acid is a very good solvent for Zn leaching with quite low Pb and Fe co-dissolution.
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Figure 4.42. Metal dissolution with 1.0 M malic acid leach at 80 °C and 1/10 S/L ratio.

Table 4.11. Selectivity difference with malic acid leach as a function of leaching time and
medium pH.

Time, min | Zn-Pb selectivity (%) | Zn-Fe selectivity (%) pH
0 0 0 2,04
30 64 76 2,12
60 76 79 2,26
120 76 79 2,22
180 84 85 2,39

% Effect of solid/liquid ratio on metal dissolution with 1.0 M malic acid leach

Metal dissolutions at 1.0 M malic acid concentration, 80 °C leaching temperature and
S/L ratios of 1/10, 2/10 and 3/10 were determined (Table 4.12, and Figures 4.43 and 4.44). Metal
dissolution order was Zn > Pb > Fe. The maximum 92.7% Zn dissolution was achieved at S/L
ratio of 1/10 in 180 min. With increasing S/L ratio, Zn dissolution decreased to 82% and 63%.
Both Pb and Fe dissolutions were less than 10%. pH of the medium changed from 2.68 to 3.06.
With rising pulp viscosity and a high solid ratio, stirring problems exist, and particles may not
be completely covered by the solution. When a result, as the solid ratio increased, the zinc

dissolution decreased (Hussaini et al., 2021a). According to result, zinc leach efficiency with
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malic acid is lower than citric acid. Yan et al., 2014 observed the same result. According to
them, citric acid is supposed to have a stronger leaching potential than malic acid from polluted
sediment (Yan et al., 2014). When lead and zinc were leached using citric acid and malic acid,
similar results were obtained. Li et al., (2010), indicated that citric acid had a greater leaching
ability than malic acid, which was consistent with our findings that citric acid has a greater
leaching ability than malic acid. The ionization of malic acid was given by the following

equation:

HCO2H(aq) + H20(l) «+» H30"(aq) + HCO™, (aq) (4.10)

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

2HxA + XZNnO — XZnAyx + XH20 (4.11)

Where A is an organic acid, and X is a number between 1 and 2.

Table 4.12. Comparison of metal dissolutions with 1.0 M malic acid using 1/10 2/10 and 3/10
S/L ratios at 80 °C.

S/L: 1/10 S/L: 2/10 S/L: 3/10
Time, min Zn Fe Pb Zn Fe Pb Zn Fe Pb
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
30 878 | 15 9.2 | 665 | 0.7 51 | 494 | 07 3.9
60 920 | 3.2 85 | 695 | 1.0 49 | 55.7 | 0.9 35
120 922 | 5.2 90 | 705 | 1.2 44 | 614 | 1.2 3.4
180 927 | 6.1 | 104 | 821 | 1.7 49 | 635 | 14 3.4
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Figure 4.43. Metal dissolutions with 1.0 M malic acid at 2/10 S/L ratio and 80 °C

leaching temperature.
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Figure 4.44. Metal dissolutions with 1.0 M malic acid at 3/10 S/L ratio and 80 °C

leaching temperature.

Figure 4.45 shows the XRD spectra of malic acid leach residue at the optimum
conditions. Precipitate contains 39% segnitite, 30.3% beudantite, 25.4% silicon oxide and 5.3%
quartz as major phases. The leach residue contains 2.89 % Zn0O, 16.4 % PbO, 9.8 % As,03, 52.8
% Fe203, and 0.85 % CaO, according to XRF data (Hussaini et al., 2021a).
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Figure 4.45. XRD spectra of malic acid leached residue at the optimum conditions.

4.1.2.3. Oxalic acid leaching study

« Effect of temperature and time on metal dissolution with 1.0 M oxalic acid

The effects of 1.0 M oxalic acid on metal dissolutions at 25, 40 and 60 °C leaching
temperatures were tested at 1/10 S/L ratio. Figures 4.46 - 4.48 show metal dissolutions as a
function of leaching time. Fe and As dissolve while Zn, Pb and Ag did not dissolve with oxalic
acid. Fe and As dissolutions are about 50% in the first 30 min. and then, remained almost
constant up to 180 min. at 25 °C. The iron and arsenic have a slightly concave form at 25 °C,
which is indicative of a long induction age. With increasing leaching temperature to 40 °C, Fe
and As dissolutions slightly increased between 50% and 70%, demonstrating that the reaction
proceeds via an autocatalytic process. At 60 °C, 96% Fe and 69% As dissolutions were obtained
at 180 min. with 2.9% Zn and 3.2% Pb co-dissolutions. These findings suggest that the

temperature at which iron and arsenic were dissolved is particularly important. There was no
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significant pH variation in the solution medium at different leaching temperature with oxalic
acid. pH was changed between 0.7 and 0.9. Oxalic acid can be used to dissolve impurities Fe
and As without dissolving valuable Zn and Pb metals. For the metallic cations, oxalic acid
functions as a powerful complexing agent. Oxalic acid has the strongest ability to dissolve Fe
and As.. The major mineral phase in our sample, goethite (a- FeOOH), has a somewhat different
free energy of production. Cornell and Schwertmann (1996) looked on the thermodynamics of
goethite breakdown. The dissolution of Fe complexes in oxalic acid can be expressed as (Kaya
et al., 2020b; Kursunoglu et al., 2021; Nworie et al., 2017):

H2C204 — H* + HC204 — 2H* + C204% (4.12)
Fe2* + C2042 + 2Ho0 — FeC2042H,0 (4.13)
FeoO3 + 2HC204 + 4H" — 2Fe (C204)* + 3H20 (4.14)
FeOOH + HC,07 + 3H" = [FeHC0,]* + 2H,0 (4.15)

Nworie et al., 2017 was determined that oxalic acid dissolved metals in the following
order Fe>As>Mn>Pb>Cu>Zn. Zn-oxalate (ZnC204.2H20) has a very low solubility of 1.38x10"
% at 20 °C. Pb-oxalate (PbC,04/(Pb(C(COO0)2)2)) solubility product at 18 °C is 2.74x107! and
8.5x10720 at 25 °C which is insoluble (Nworie et al., 2017).
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Figure 4.46. Metal dissolutions with 1.0 M oxalic acid at 25 °C and S/L ratio of 1/10.
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Figure 4.47. Metal dissolutions with 1.0 M oxalic acid at 40 °C and S/L ratio of 1/10.

100
90
80
70

60
——Zn
50

—o—Pb
40
30 —o—Fe

Dissolution, %

20 —A—AS

10

0 —— i —1

0 30 60 90 120 150 180 210
Time, min

Figure 4.48. Metal dissolutions with 1.0 M oxalic acid at 60 °C and S/L ratio of 1/10.

s Effect of solid/liquid ratio on metal dissolution with 1.0 M oxalic acid leach

Table 4.13 and Figures 4.49 and 4.50 show the Fe and As dissolutions at 1.0 M oxalic
acid concentration at 2/10 and 3/10 S/L ratios. According to result, Fe and As dissolutions
significantly decreases with increasing S/L ratio. In dilute solution, 96% Fe and in high

percentage solid solution, only 30% Fe dissolves. Arsenic dissolution also dropped from 69%
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down to 25% with S/L ratio of 3/10. Increasing S/L ratio slightly increased Zn dissolution at
almost constant Pb dissolution without any Ag dissolution. Metal dissolution order was
Fe>As>Zn>Pb>Ag. Zn, Pb and Ag did not dissolve significantly with oxalic acid. The best S/L
ratio at 60 °C and 1.0 M oxalic acid is 1/10.

Table 4.13. Comparison of metal dissolutions with 1.0 M oxalic acid using 1/10 2/10 and 3/10
S/L ratios at 60 °C

S/L: 1/10 S/L: 2/10 S/L: 3/10
Time, min | Zn Fe Fe As | Zn Fe Fe As | Zn Fe Fe As
0 00 |00 (00O |00 |00 (00O |00 |0OO |00 |00 |00 |00
30 1.7 |16 |711|570|32 |26 |526|450(33 |13 |303]30.1
60 19 (20 |777|596 |35 |25 |50.7|421 |51 |16 |30.6 292
120 24 |26 |883|648 |45 |39 |542 446 |71 |17 |30.0]|26.9
180 29 |32 |958|689 |50 |43 |559|454 |87 |17 |30.0|252

100
90
80
70
60
50

——Zn
10 —o—Pb
30 —o—Fe
20 —&—As

Dissolution, %

10

—p——0 —3
0 30 60 90 120 150 180 210
Time, min

Figure 4.49. Metal dissolutions with 1.0 M oxalic acid at 2/10 S/L ratio and 60 °C

leaching temperature.
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Figure 4.50. Metal dissolutions with 1.0 M oxalic acid at 3/10 S/L ratio and 60 °C
leaching temperature.

4.1.2.4. Formic acid leaching study

% Effect of temperature and time on metal dissolution with 1.0 M formic acid

Leaching with formic acid at 1.0 M concentration at 40, 60 and 80 °C were performed
at S/L: 1/10 ratio. For 40 °C leaching temperature, at 30 min. leaching time 62% and at 120 min.
leaching time 78% Zn dissolution was obtained. At 180 min. leaching time Zn dissolution was
76%. Metal dissolution order was Zn>Pb>Fe. Solution pH changed between 2.8 and 3.0 with
formic acid. The zinc dissolution increased somewhat as the leaching duration and temperature
increased. At 80 °C leaching time, Zn dissolution increased from 76% to 82% at 4.3% Pb co-
dissolution with increasing leaching time from 30 min. to 180 min. Solution pH was around 3.0.
Under the tested all-leaching conditions, lead dissolution was less than 5%, whereas no iron
dissolution was observed. The zinc was extracted from the flotation tailing quite selectively,
leaving a significant amount of lead and iron in the residue (Hussaini et al., 2021a). Figures
4.51- 4.53 show the result of metal dissolution with 1.0 M formic acid. 1.0 M formic acid

concentration, 60 °C leaching temperature, 120 min.leaching time, and 1/10 solid to liquid ratio
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were shown to be the optimum leaching conditions. The reactions for formic acid ionization and

diffusion of H* ions are as follows (Hussaini et al., 2021a):
CH202 > H* + CHO2 (4.16)

2H* + ZNCO3 <> HyCO3 + Zn?* (4.17)
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Figure 4.51. Metal dissolutions with 1.0 M formic acid at 40 °C and S/L ratio of 1/10.
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Figure 4.52. Metal dissolutions with 1.0 M formic acid at 60 °C and S/L ratio of 1/10.
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Figure 4.53. Metal dissolutions with 1.0 M formic acid at 80 °C and S/L ratio of 1/10.

4.1.2.5. Other organic acid leaching study

Tartaric acid was used as an organic agent to investigate the dissolution of metals. The

zinc, lead, and iron dissolutions were rather stable when tartaric acid was utilized as lixiviant.

Zinc dissolutions were discovered to be less than 35%. Under the tested conditions, lead

dissolutions increased to 11.7%, while iron dissolutions were less than 7%. The order of metal

breakdown was Zn > Pb > Fe. The pH of the solution was around 2. The results of metal

dissolution with tartaric acid are given in Figure 4.54.
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Figure 4.54. Metal dissolutions with 1.0 M tartaric acid at 80 °C and S/L ratio of 1/10.

Ascorbic acid was used as another lixiviant in the dissolution of metals from our
sample. Under the tested conditions, zinc, lead, iron, and arsenic all showed the same dissolution
tendency when ascorbic acid was utilized as an organic agent. Figure 4.55 show the results of
metal dissolution with ascorbic acid. During the zinc dissolution, there were some minor
changes. With 1.0 M ascorbic acid, an 80 °C leaching temperature, a 1/10 solid-to-liquid ratio,
and a 30 minute leaching period, 34.4% zinc dissolution was achieved. Under the tested all-
leaching conditions, lead dissolution was less than 12%, but iron dissolution increased to 18.3%,
with 12.1 % arsenic dissolution for 180 min. When ascorbic acid was utilized as an organic
agent, it was discovered that there was no good selectivity between zinc and other impurities
such as iron and arsenic. The order of metal dissolution was discovered to be Zn > Fe > As >
Pb. The solution had a pH of roughly 3.5(Hussaini et al., 2021a; Kaya et al., 2020b).
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Figure 4.55. Metal dissolutions with 1.0 M ascorbic acid at 80 °C and S/L ratio of 1/10.

Sulfosalicylic acid as another organic agent was used to dissolve metals (Figure 4.56).

The zinc dissolutions remained generally constant under the investigated conditions when
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sulfosalicylic acid was used. With 1.0 M sulfosalicylic acid, an 80 °C leaching temperature, a
1/10 solid-to-liquid ratio, and a 30 minute leaching time, more than 87 % Zn dissolutions were
accomplished. Within 30 minutes of leaching, 88.7% Zn dissolution was achieved, while 6.4%
Fe was recovered. Under the tested conditions, no lead co-dissolution was found during the
leaching process. With using sulfosalicylic acid from a copper oxide ore, Deng et al., 2017
discovered that when reaction duration and temperature increased, copper leaching rates
increased. As seen in the reaction equations (4.18 and 4.19), sulfosalicylic acid is totally ionized.
The current investigation found that when sulfosalicylic acid was utilized as an organic agent,
there was a fair amount of selectivity between lead and zinc, as well as iron. The order of metal

dissolution was found to be Zn > Fe > Pb (Deng et al., 2017; Hussaini et al., 2021a).

C7H606S(s) — C7H306S3™ (aq) + 3H"(aq) (4.18)
or

C7H606S(s) + 3H20(aq) — C7H306S3™ (aq) + 3H30*(aq) (4.19)

The effect of several organic acids on the dissolution of metals from flotation tailing is
shown in Table 4.14. Citric and malic acid were shown to be superior leachates to the other
organic acids tested, with zinc dissolution percentages greater than 90% under the conditions
studied. Citric acid > malic acid > sulfosalicylic acid > formic acid > tartaric acid > ascorbic

acid.

Table 4.14. The effect of organic acid on the dissolution of zinc and lead (Hussaini et al.,
2021a).

Agent Dissolution Optimum parameters
Zn (%) | Pb (%)

Citric acid 90.6 9.3 Con.: 1 M, t: 180 min., T: 80 °C, S/L: 2/10
Malic acid 90.0 9.3 Con.: 1 M, t: 60 min., T: 80 °C, S/L: 1/10
Sulfosalicylic acid 88.7 - Con.: 1 M, t: 30 min., T: 80 °C, S/L: 1/10
Formic acid 82.7 2.8 Con.: 1 M, t: 180 min., T: 60 -C, S/L: 1/10
Tartaric acid 34.4 10 Con.: 1 M, t: 30 min., T: 80 °C, S/L: 1/10
Ascorbic acid 34.1 1 Con.: 1 M, t: 60 min., T: 60 -C, S/L: 1/10
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Figure 4.56. Metal dissolutions with 1.0 M sulfosalicylic acid at 80 °C and S/L ratio of

1/10.

4.1.3. Alkaline Leaching Study

4.1.3.1. Sodium hydroxide leaching study

«» Effect of NaOH concentration and time on metal dissolution at 80 °C

In the metals leaching process, the alkaline concentration is quite significant. To
investigate the effect of NaOH concentration at 1.0, 3.0, 5.0 and 7.0 M dosages at 80 °C and S/L

ratio 1/10 on the leaching rate of Zn and Pb metals, experiments were carried out. Figures 4.57-

4.60 show metal dissolution in different NaOH concentration and time at 80 °C and S/L: 1/10.
According to Figure 4.40, Using 5.0 M sodium hydroxide for 180 minutes, 81.4 % Zn and 47.5

% Pb were simultaneously transferred to the leach solution without any Fe co-dissolution, which

is consistent with the of Zhao and Stanforth, (2000) findings. For the production of zinc powder

by alkaline treatment of smithsonite ores, they discovered that the best leaching results were
obtained in 5.0 M NaOH at 90-95 °C with a reaction time of 90 minutes (Zhao and Stanforth,
2000). Liuetal., (2011) observed in an alkaline solution, Fe, Al, Mg, Ca, etc would not dissolve.
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As a result, leaching agent consumption will be reduced to a minimum, and a leach solution
comprising only Zn and Pb as main elements will be achieved (Liu et al., 2011). Zinc and lead
metal ion dissolution is acceptable in alkaline leaching and at the same time, Fe does not dissolve
in alkaline solutions, which increases selectivity in the solution, making this leaching very
convenient for, BOF dust, EAF dust and galvanized steel scrap. This method, on the other hand,
necessitate highly concentrated solutions, which presents certain technological challenges.
Furthermore, because Zn in the ferritic form is not leached out during alkaline leaching,
pyrometallurgical reduction is required as an intermediate step (Kaya et al., 2020a). Because
high concentrations of sodium hydroxide have a strong oxidation characteristic and transform a
portion of PbO into PbO2, which has a low solubility in sodium hydroxide solution, lead
dissolution decreased slightly at 7.0 M sodium hydroxide concentration (Badanoiu et al., 2013).
ZnO transforms to NaZn(OH)s at high alkali concentrations, and the solubility of NaZzn(OH)s
drops with increasing alkali concentration at the same temperature. At 4.0 M sodium hydroxide
concentration, Seyed Ghasemi and Azizi (2018) discovered that the hydroxyl ions are sufficient
due to the creation of Zn(OH)s> and Pb(OH)s>. The sequence of metal dissolution was
discovered to be Zn > Pb. The following is a description of how cerrusite and smithsonite

dissolve in sodium hydroxide solution (Hussaini et al., 2021a; Seyed Ghasemi and Azizi, 2018):

ZnCOs(s) + 40H" (aq) — Zn(OH)4* (aq) + CO3* (aq) (4.20)
PbCOs(s) + 40H" (aq) — Pb(OH)4?* (aq) + COs* (aq) (4.21)
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Figure 4.57. Metal dissolution with 1.0 M NaOH at 80 °C and S/L: 1/10.
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Figure 4.58. Metal dissolution with 3.0 M NaOH at 80 °C and S/L: 1/10.
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Figure 4.59. Metal dissolution with 5.0 M NaOH at 80 °C and S/L: 1/10.
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Figure 4.60. Metal dissolution with 7.0 M NaOH at 80 °C and S/L: 1/10.

4.1.3.2. Ammoniacal leaching study

+« Ammonia leaching study

110

The metals dissolution with ammonia solution was researched at 80 °C temperature and

S/L: 1/10. The metal dissolution result in different ammonia concentration and time are given

in Figures 4.61-4.63. Under the tested conditions, the zinc dissolution remained reasonably

consistent. During the leaching process, no iron or lead co-dissolutions were found. According
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to Wang et al., (2008). Zinc dissolution from a low grade zinc oxide ore increased with

increasing of ammonia concentration, which conflict with present findings. This could be related

to the high rate of ammonia volatilization at the current study's high leaching temperature.

According to Figure 4.63, within 180 minutes, 61.3 % zinc dissolution was obtained at a 50%

ammonia concentration, leaving all iron and lead in the leach residue. Due to the extremely high

pH value of the process, high acid consumes MgCOs and CaCOs3, and contaminants, SiO2, MgO,

Ca0, and Fe203 are insoluble in ammonia leaching (Abkhoshk et al., 2014). In an aqueous

solution, the reactions between ammonia and smithsonite are as follows(Hussaini et al., 20213a;

Wang et al., 2008):

ZnO(s) + 2NHs(aq) + H20 = [Zn(NHs)2]** (aq) + 20H-
ZnO(s) + 2NH4" (ag) + 2NHas(aq) © Zn(NHs)s** (aq) + H20
ZnCOg3(s) + 4NHs(aq) = [Zn(NHs)4]**(aq) + COz>
ZnS04(s) + iNHs(aq) = [Zn(NHs)i]**(aq) + SO4*
wherei: 1, 2, 3, 4.
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Figure 4.61. Metal dissolution with %20 ammonia at 80 °C and S/L: 1/10
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Figure 4.62. Metal dissolution with %30 ammonia at 80 °C and S/L: 1/10
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Figure 4.63. Metal dissolution with %50 ammonia at 80 °C and S/L.: 1/10

¢ Ammonium chloride leaching study

112

The effects of 5.0 M NH4CI on metal dissolutions at 25, 40, 60 and 80 °C at 1/10 S/L
ratio were given in Figures 4.64-4.67. Only Zn and Ag metals dissolved in NH4CI while Fe and

As did not dissolve. At 80 °C leaching temperature, maximum Zn dissolution was 73% and Ag

dissolution was 35% at 120 min. leaching time. According to Ju et al.(2005) with increasing

leaching temperature, dissolution of zinc increased in ammonium chloride solution. This is most
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likely due to the firstly sublimation of NH4Cl into hydrochloric acid and ammonia at high
temperatures and in second high activation energy of a surface chemical reaction. No lead, iron,
or arsenic dissolutions were found when the leaching temperature increased from 60 to 80 ° C.
At 80 °C, dissolution of 73% Zn and 34.8% Ag was obtained at 120 minutes. The order of metal
dissolution was Zn > Ag. The solution's pH ranged between 6.4 and 6.9 which, because of that,
impurities such as, SiO2, Fe203, CaO etc. are not suitable in leaching solutions (Ju et al., 2005;
Kaya et al., 2020a; Rao et al., 2015).
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Figure 4.64. Metal dissolution with 5.0 M NH4Cl at 25 °C and S/L: 1/10
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Figure 4.65. Metal dissolution with 5.0 M NH4Cl at 40 °C and S/L: 1/10
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Figure 4.66. Metal dissolution with 5.0 M NH4Cl at 60 °C and S/L: 1/10
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Figure 4.67. Metal dissolution with 5.0 M NH4Cl at 80 °C and S/L: 1/10

¢ Others ammoniacal leaching study
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The metal dissolution with ammonium oxalate ((NH4)2C204) at various leaching times

is shown in Figure 4.68. The dissolution of zinc was rather than 20% using 1.0 M ammonium

oxalate at 80 °C, 180 minutes of leaching time and S/L: 1/10, as shown in Figure 4.68. Under

the tested conditions, less than 3% Pb dissolution was achieved. There was no evidence of iron
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co-dissolution. During ammonium oxalate leaching pH of the medium changed between 7.4 and
1.17.

The effect of leaching time and ammonium acetate (C2H7NO2) on the metal dissolution
was researched at 80°C and S/L: 1/10 (Figure 4.69). According to Figure 4.69 with increasing
leaching time, dissolution of zinc slightly increased. 3.0 M ammonium acetate was used for 180
minutes to achieve maximum zinc dissolution (39 %). time for leaching. Metal dissolution order
was Zn>Pb>Fe. %. There is some selectivity between Zn and Pb-Fe dissolutions. However, Zn
dissolution rates were very low. Thus, the use of ammonium acetate was not considered from

now on.

Figure 4.70 shows the metal dissolution using 3.0 M ammonium sulfate ((NH4)2SO4)
at 80 °C and S/L: 1/10. As a result, 23.1% zinc dissolution was archived after 180 min. The co-
dissolutions of iron and lead were found to be less than 5%. Metal dissolution order changed
Zn>Fe>Pb. Since Zn dissolution was very low, the use of ammonium sulphate was neglected
for the latter tests. According to Feng et al.(2007) leaching of zinc oxide pellets using
ammonium sulfate controlled by the diffusion of the leach solution through the gangue layer in
the entire leaching procedure.

The effect of ammoniacal agents on zinc and lead dissolution was summarized in Table
4.15. Because high selectivity or recovery between lead and zinc were not obtained, ammoniacal

agents were not considered as a lixiviant for the dissolution of lead and zinc.
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Figure 4.68. Metal dissolution with 1.0 M ammonium oxalate at 80 °C and S/L: 1/10.
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Figure 4.69. Metal dissolution with 3.0 M ammonium acetate at 80 °C and S/L.: 1/10.
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Figure 4.70. Metal dissolution with 3.0 M ammonium sulfate at 80 °C and S/L: 1/10.

Table 4.15. The effect of ammoniacal solution on the dissolution of Zn and Pb.

Agent Disolution Optimum parameters
Zn (%) | Pb (%)
Ammonia 61.3 0 Con.: 50%, t: 180 min., T: 80 -C, S/L: 1/10
Ammonium oxalate 19.6 2.1 Con.: 1 M, t: 30 min., T: 80 C, S/L: 1/10
Ammonium acetate 39 3.4 |Con.:3M,t:180 min., T: 80 -C, S/L: 1/10
Ammonium sulfate 23.1 1.1 Con.: 3 M, t: 180 min., T: 80 °C, S/L: 1/10
Ammonium chloride 73 0 Con.: 5 M, t: 120 min., T: 80 °C, S/L: 1/10
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4.1.4. EDTA (ethylenediaminetetraacetic acid (C10H1sN20s)) leaching study

The effect of 0.375 M EDTA concentration on Zn, Pb and Fe dissolution at 40, 60 and
80 °C and with S/L: 1/10 were investigated (Figures 4.71-4.73). According to Figure 4.73 at 80
°C, about 83% Zn dissolution was obtained at 30 min. and 97% Zn dissolution at 180 min.
leaching time. At 27% Pb and 20% Fe co-dissolutions. The EDTA obtained over 90% zinc
dissolution, as well as lead and iron co-dissolutions, which is consistent with Sun et al., 2001
results. The researcher determined at low EDTA concentrations, recovery of zinc from
contaminated surface soils collected from four different places is more than recovery of lead
(Sunetal., 2001). The order of metal dissolution was determined to be Zn > Pb > Fe. pH changed
from 5 to 6 during all experiments which were close to the neutral pH and less corrosive. Due
to the relatively low EDTA affinity for Zn?* than Pb?*, EDTA cannot interact with zinc oxide if
lead oxide is found in the flotation tailing, as shown in Eq 4.26. When EDTA concentrations
over a specific level, excess EDTA can bind with zinc, resulting in a significant increase in zinc

concentration (Hussaini et al., 2021a; Liu et al., 2014).

Zn—EDTA + PbO + H,0 = Pb — EDTA + Zn(OH)2 (4.26)
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Figure 4.71. Metal dissolution with 0.375 M EDTA at 40 °C and S/L: 1/10.
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Figure 4.72. Metal dissolution with 0.375 M EDTA at 60 °C and S/L.: 1/10.
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Figure 4.73. Metal dissolution with 0.375 M EDTA at 80 °C and S/L.: 1/10.

4.2. Second Step Leaching Study
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In the first stage leach tests, inorganic H2SO4 (1.0 M, 40 °C, 30 min., and 2/10 S/L
ratio) and organic citric (1.0 M, 80 °C, 180 min., and 2/10 S/L ratio) and malic (1.0 M, 80 °C,
60 min. and 1/10 S/L ratio) acids were chosen as the optimum lixiviant for highest Zn

dissolution. The second step leaching were studied with these leaching residues.
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4.2.1. Second step leaching of sulfuric acid residue for lead recovery

Sulfuric acid leach residue has 1.38% Zn, 9.91% Pb, 23.3% Fe, more than 10000 ppm
As and 142 ppm Ag. In addition, 2.01% Al, 3.19% Ca, 0.65% K, 0.22% Mg, 0.09% Na, 4.19%
S, 0.09% Ti, 70 ppm Ba, 0.5 ppm Be, <2 ppm Bi, 35.7 ppm Cd, <1 ppm Co, 56 ppm Cr, 214
ppm Cu, 10 ppm Ga, 10 ppm La, 80 ppm Mn, 12 ppm Mo, 29 ppm Ni, 180 ppm P, 322 ppm Sb,
3 ppm Sc, 390 ppm Sr, <20 ppm Th, 10 ppm TI, 10 ppm U, 37 ppm V and 10 ppm W were

found in the sulfuric acid leach residue.

Chloride leaching is the most recognized and widely used recovery method. Chloride
leaching processes have been employed using either NaCl, or MgCl, and CaCl,, or FeCls along
with HCI (Behnajady et al., 2012).

4.2.1.1. NaCl leaching study

In the first brine leaching test, 6.25 g H2SO4 leach residue was leached with 75 g NaCl
in 250 mL (300 g/L NaCl) distilled water at 80 °C leaching temperature for 30 min which results
are given in Figure 4.74. Metal dissolution order was Pb>Zn>Fe. At 10 min. leaching time, Zn
dissolution was 5.6% and Pb dissolution was 26.7%. At 30 min leaching time Zn dissolution
was 7.7% and Pb dissolution was 28%. There was no Fe dissolution in 30 min. leaching time.
At S/L ratio of 1/40 (0.025), we used about 5.13M NaCl concentration and Pb dissolution was
less than 30% and Zn dissolution was less than 8%. pH was around 4 and 5. The theoretical

reaction between lead sulfate and NaCl was given Eq 4.27.

PbSO4 + iCl" = [PbCli]2i + SO4* (4.27)
Where (i =1, 2, 3, 4)

Most metal chlorides are considerably more soluble than sulfate salts, and brine

leaching is the most recognized and widely used recovery method. Both pulp density and NaCl
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concentration significantly affect Pb extraction. Our results were different from other
investigations (Farahmand et al., 2009; Guo et al., 2010; Rusen, 2007; Turan et al., 2004; Ye et
al., 2017). It could be due to the complexity of the lead compound in our residue sample as
shown in Figure 4.12. Another reason could be that while we used just NaCl for leaching
excrement, they used other regents together with NaCl. For example, Gue et al., 2010 and Turan
et al., 2004 used sulfuric acid with NaCl for leaching experiments and recovered more than 90%
lead.
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Figure 4.74. Metal dissolution with 300 g/L NaCl at 80 °C and S/L: 1/40.

4.2.1.2. CaCl2 leaching study

In the second brine leaching test, 400 g/L CaCl, was used at 1/7 S/L ratio, 80 °C
leaching time for 90 min. leaching time. Figure 4.75 shows the results of metal dissolution with
CaCl,. Metal dissolution order was Pb > Zn > Fe. Zn dissolution was 13.2% at 30 min. and
17.3% at 90 min. leaching time. Pb dissolution was 21.9% at 30 min. and 25.5% at 90 min.
leaching time. After 30 min. leaching time metal dissolutions were remain constant. The other
exprement was carried out with same conditions but pH was adjusted at 1.0 with HCI. Metal
dissolution order was Pb>Zn>Fe. Zn dissolution increased with increasing leaching time from
from 30 min. to 90 min. But, the increase in Zn dissolution was changed from 13.6% to 16.3%.

Pb dissolution decreased from 23.2% to 21.4% at 90 min. leaching time. Fe dissolution was
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zero. With CaClz brine, less than 24% Pb and 17% Zn dissolutions were achieved. After 30 min.
leaching time metal dissolutions were remain constant. The results of metal dissolution in
second test are shown in Figure 4.76. Wang et al., 2015 and Xie et al., 2019 were taken 94%
and 86% lead respectively, which these were different from our results. It was possible that the
low recovery was due to the same reasons as indicated in leaching with NaCl (Wang et al., 2015;
Xie et al., 2019). According to results pH not significant effect on Pb dissolution.
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Figure 4.75. Metal dissolution with 400 g/L CaCl; at 80 °C and S/L: 1/7.
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Figure 4.76. Metal dissolution with 400 g/L CaCl, at pH 1.0, 80 °C and S/L: 1/7.
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4.2.1.3. NaOH leaching study

The second step leaching continued with 5.0 NaOH at 80 °C and 1/10 S/L ratio. Metal
dissolution order is Pb > Zn > Fe. At 30 min. leaching time 50.2% Pb and 16.3% Zn and at 180
min. leaching time 74% Pb and 35.8% Zn dissolutions were obtained (Figure 4.77). Both Pb
and Zn dissolved together without Fe dissolution. Maximum Pb dissolution was obtained at 180
min. leaching time. About 27.6% of the feed material was dissolved and the pH of the medium

was between 9.0 and 9.1. The desulphurization of PbSO4 occurs in two steps(Yu et al., 2019):

PbSO4(s) + 2NaOH@ag) — PbOys) +Naz2SOas(aq) + H20() (4.28)
PbO also dissolve in NaOH:

PbO(s) + NaOHag) — NaHPbO2(aq) (4.29)
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Figure 4.77. Metal dissolution with 5.0 M NaOH at 80 °C and S/L: 1/10.

4.2.1.4. NaOH and NaCl leaching study

5.0 M NaOH and 2.0 M NaCl used for second step leaching of sulfuric reside at 80 °C
and S/L: 1/10. Figure 4.78 shows the results of metal dissolution. Metal dissolution order is
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Pb>Zn>Fe. At 30 min. leaching time 75.6% Pb and 26.1% Zn and at 180 min. leaching time
96.2% Pb and 46.8% Zn dissolutions were obtained. Both Pb and Zn dissolved together without
Fe dissolution. Maximum Pb dissolution was obtained at 180 min. leaching time. The pH of the
medium was between 8.6 and 9.0. NaCl addition significantly increased both Pb and Zn
dissolutions. This significant increase with NaCl was also observed by Chmielewski et al., 2017.
They recovered 96% Pb in two steps and 180 min. leaching time at 90 °C (Chmielewski et al.,
2017).
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Figure 4.78. Metal dissolution with 5.0 M NaOH and 2.0M NaCl at 80 °C and S/L: 1/10.

4.2.1.5. NaOH and potassium-sodium tartrate leaching study

150 g/L NaOH (3.75M) and 150 g/L sodium-potassium tartrate (1.88 M) were used for
H2SO4 leach residue leach at 25, 40, 60 and 80 °C and 1/10 S/L ratio in 30, 60, 120 and 180 min.
leaching time. The results of metal dissolution were given in Figures 4.79-4.82. According to
Figure 4.79 metal dissolution order was Pb > Fe > Zn. At 30 min. leaching time, Pb dissolution
was 79.1% at 22.5% Fe and 4.9% Zn co-dissolutions. Maximum Pb dissolution of 90.4% at
26.4% Fe and 8.6% Zn co-dissolution was obtained at 120 min. leaching time. Potassium
sodium tartrate increased both Pb dissolution and Fe and Zn co-dissolutions significantly. As a
results increasing the temperature did not have any effect on the metal dissolution. Then the

second step leaching at 25 °C leaching temperature and 120 min. leaching time at was the
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selected optimum. Ferracin et al., 2002 also studeid 13 aquoes solution for recovery of lead
from waste of lead acid battery. They obtained the best lead dissolution with 150 g/L NaOH and
150 g/L KNaTartrate at 25 °C, 60 min leacnihg time and S/L: 1/10(Ferracin et al., 2002). The
reactions of the leaching process are shown in Reactions 4.30-4.33. Our suggestion in leaching
process is that the PbSOs is first desulfurized by NaOH to create PbO in the residue sample and
then lead compounds are leached with KNaCsH4Os solution (Li et al., 2019):

2PbS04(s) + 2KNaCsH40s(aq) + 2NaOH(aq) — 2Pb(C4H406)(aq) +
2Na>S0a4(aq) + 2KOH(aq) (4.30)
2PbS04(s) + 3KNaCsH406(aqg) + 2NaOH(ag) — KNaPb2(C4H40e)3(aq) +
2Na2S04(aq) + 2KOH(aq) (4.31)
2PbO(s) + 2KNaC4H406(aq) + 2NaOH(aq) — Pb2(C4H40e¢)2(aq) +
2Na2S04(aq) + 2KOH(aq) (4.32)
2PbO(s) + 3KNaC4H4O0s(aq) + 2NaOH(aq) — KNaPb2(CsH406)3(aq) +

2Na,S04(aq) + 2KOH(aq) (4.33)
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Figure 4.79. Metal dissolution with 150 g/L NaOH and 150 g/L KNaTartrate at 25 °C and S/L.:
1/10.
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Figure 4.80. Metal dissolution with 150 g/L NaOH and 150 g/L KNaTartrate at 40 °C and S/L.

1/10.
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Figure 4.81. Metal dissolution with 150 g/L NaOH and 150 g/L KNaTartrate at 60 °C and S/L.

1/10.
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Figure 4.82. Metal dissolution with 150 g/L NaOH and 150 g/L KNaTartrate at 80 °C and S/L.
1/10.

Figure 4.83 shows the XRD spectra of NaOH and KNaTartrate leached residue at the
optimum conditions. Muscovite, quartz, gypsium and celestine (more than 78%) are the mineral
impiurities in residue but kintoreite (PbFes3(PO4)1.46(As04)0.32(S04)0.22(OH)s) and
beudantite (Pb(Fe2.54Al.46)(As1.0704)(S.9304)(OH)s) were also obsereved in XRD spectra.
Compared with Figure 4.12, it could be seen that segnitite is not present in the residue. On the
other hand, sodium hydroxide and potassium sodium tartrate had no effect on the lead
dissolution in beudantite. Table 4.16 shows the concentration of the metals in NaOH and
KNaTartrate leached solution (PLS). It could be seen that 8270 mg/L lead was transferred to the

solution. 248 mg/L zinc and 5630 mg/L iron observed in the solution.
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PDF 01-1098 HZKAI3(Si04)3 Muscovite 21.8% Major

PDF 33-1161 SiO2 Quartz, syn 18.8% Major

PDF 33-0311 CaS04-2H20 Gypsum, syn 18.4% Major

PDF 41-1387 (Sr,Ba)S04 Celestine, barian 17.6% Major

PDF 88-0816 PbFe3(PO4)1.46(As04)0.32(504)0.22(0H)6 Kintoreite 13.0% Major
PDF 79-2206 Pb(Fe2.54A1.46)(As1.0704)(S.9304)(0H)6 Beudantite 10.4% Major
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Figure 4.83. XRD spectra of NaOH and KNaTartrate leached residue from sulfuric acid

residue at the optimum conditions.

Table 4.16. Concentration of the metals in NaOH and KNaTartrae leached solution.

Elements| mg/L |Elements| mg/L |Elements| mg/L
Ag 0.04 Cu 2.88 Pb 8270
Al 66.6 Fe 5630 S 4600
As 2540 K 17450 Sh 14.25

B 2.03 Li 0.05 Se 48.6
Ba 6.6 Mg 6.83 Sn 261
Bi 0.2 Mn 1.48 Sr 9.09
Ca 3130 Mo 0.41 TI <0.03
Cd 0.13 Na 80100 Zn 248
Co 0.24 Ni 1.32 Zr 0.2
Cr 0.41 P 1320

4.2.1.6. Oxalic acid leaching of sulfuric acid leach residue for iron recovery

As we know oxalic acid has significant effect on iron dissolution (Kaya et al., 2020b;

Kursunoglu et al., 2021). Sulfuric acid leach residue was leached with 1.0 M oxalic acid at 80
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°C and 1/S/L: 1/10 ratio for 180 min. Metal dissolution order was Fe > Zn > Pb. At 30 min.
leaching time 74.4% Fe dissolved at 52.2% Zn and 2.6% Pb co-dissolution. With increasing
leaching time Fe dissolution increased up to 86.8% at 120 min. leaching time (Figure 4.84).
Table 4.17 shows the concentration of the metals in oxalic acid leached solution (PLS). It could
be seen that 23500 mg/L iron was transferred to the solution. 395 mg/L lead and 231 mg/L zinc

observed in the solution at optimum conditions.
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Figure 4.84. Metal dissolution with 1.0 M oxalic acid at 80 °C and S/L: 1/10.

Table 4.17. The concentration of the metals in oxalic acid leached solution.

Elements| mg/L |Elements| mg/L |Elements| mg/L
Ag 0.004 Cu 0.287 Pb 395
Al 286 Fe 23500 S 2680
As 3540 K 74.7 Sb 24.8

B 0.2 Li 0.93 Se 42.8
Ba 0.163 Mg 54.9 Sn 0.01
Bi 0.6 Mn 4.01 Sr 3.24
Ca 2230 Mo 0.771 Ti 0.07
Cd 3.02 Na 27.1 Zn 231
Co 0.698 Ni 1.16 Zr 0.2
Cr 0.914 P 9.17
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4.2.1.7. Other agents leaching study

Some agents were studied for lead dissolution from sulfuric residue, such as malic acid,
acetic acid, NaOH with glycerol, and NaOH with glycerol and ascorbic acid. There was no
indication of significant lead dissolution.

4.2.2. Second step leaching of citric acid leach reside

Citric acid leach residue has 1.805% Zn, 11.25% Pb, 24.8% Fe, more than 10000 ppm
As and 171 ppm Ag. In addition, 2.4% Al, 0.47% Ca, 0.77% K, 0.31% Mg, 0.1% Na, 2.16% S,
0.1% Ti, 120 ppm Ba, 0.6 ppm Be, <2 ppm Bi, 95.2 ppm Cd, <1 ppm Co, 63 ppm Cr, 301 ppm
Cu, 10 ppm Ga, 10 ppm La, 96 ppm Mn, 12 ppm Mo, 32 ppm Ni, 10 ppm P, 331 ppm Sb, 4
ppm Sc, 361 ppm Sr, <20 ppm Th, <10 ppm TI, <10 ppm U, 50 ppm V and 10 ppm W were

found in the citric acid leach residue.

4.2.2.1. NaOH and potassium-sodium tartrate leach of citric acid leach residue

150 g/L NaOH (3.75M) and 150 g/L sodium-potassium tartrate (1.88 M) were used for
citric acid residue leach at 25 °C and 1/10 S/L ratio for 180 min leaching time. The results of
leaching were given in Figure 4.85. Metal dissolution order was Pb>Fe>Zn. At 30 min. leaching
time, Pb dissolution was 85.2% at 30.6% Fe and 28.8% Zn co-dissolutions. Maximum Pb
dissolution of 86.64% at 30.9% Fe and 29.9% Zn co-dissolution was obtained at 120 min.
leaching time. Figure 4.86 shows the XRD spectra for NaOH and KNaTartaret leached residue.
Quartz, muscovite and goethite minerals were observed in XRD spectra which means NaOH

and KNaTartrate leaching could be beneficial to lead dissolution.
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Figure 4.85. Metal dissolution with 150 g/L NaOH and 150 g/L KNaTartrate at 25 °C and S/L.
1/10.
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Figure 4.86. XRD spectra of NaOH and KNaTartrate leached residue from citric acid residue at
the optimum conditions.

4.2.2.2. Oxalic acid leach of citric acid leach residue for iron recovery
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Citric acid leach residue was leached with 1.0 M oxalic acid at 80 °C and 1/10 S/L ratio
for 180 min. Metal dissolution order was Fe > Zn > Pb. At 30 min. leaching time 70.6% Fe
dissolved at 16.9% Zn and 4% Pb co-dissolution. With increasing leaching time Fe dissolution
increased up to 88% at 180 min. leaching time (Figure 4.87). Table 4.18 shows the concentration
of the metals in oxalic acid leached solution (PLS). It could be seen that 24600 mg/L iron was
transferred to the solution. 965 mg/L lead and 335 mg/L zinc also observed in the solution.
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Figure 4.87. Metal dissolution with 1.0 M oxalic acid at 80 °C and S/L: 1/10.

Table 4.18. The concentration of the metals in oxalic acid leached solution.

Elements| mg/L |Elements| mg/L |Elements| mg/L
Ag 0.024 Cu 0.106 Pb 965
Al 314 Fe 24600 S 1290
As 4310 K 82.1 Sh 27.1

B 0.09 Li 1 Se 49.5
Ba 0.366 Mg 88.6 Sn 106
Bi 0.8 Mn 5.14 Sr 7.62
Ca 271 Mo 0.708 TI 0.29
Cd 8.37 Na 32.3 Zn 335
Co 0.674 Ni 1.545 Zr 0.2
Cr 0.97 P 18.9
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4.2.2.3. Other agents leach of citric acid leach residue

For the recovery of lead from citric acid leach residue, 3.0 M NaOH, 250 g/L NacCl,
6.0 M Acetic acid, and Urea were utilized as agents. There was no evidence of significant lead

recovery.

4.2.3. Second step leaching of malic acid leach reside

Malic acid leach residue has 1.97% Zn, 10.10% Pb, 27.2% Fe, 4.52% As and >100
ppm Ag. In addition, 2.22% Al, 0.43% Ca, 0.72% K, 0.29% Mg, 0.1% Na, 1.93% S, 0.09% Ti,
250 ppm Ba, 0.6 ppm Be, <2 ppm Bi, 99 ppm Cd, <1 ppm Co, 58 ppm Cr, 250 ppm Cu, 10 ppm
Ga, 10 ppm La, 96 ppm Mn, 12 ppm Mo, 37 ppm Ni, 290 ppm P, 340 ppm Shb, 4 ppm Sc, 352
ppm Sr, <20 ppm Th, <10 ppm TI, <10 ppm U, 45 ppm V and 50 ppm W were found in the

malic acid leach residue.

4.2.3.1. NaOH and potassium sodium tartrate leach of malic acid leach residue

As specified, NaOH and KNaTartrate have significant result for recovery of lead then
metal dissolutions with 3.75 M NaOH and 1.88 M potassium sodium tartrate studied at 1/10 S/L
ratio and 25 °C leaching temperature. The results are given in Figure 4.88. Metal dissolution
order was Pb > Fe > Zn. Metal dissoltions were rapid for the first 30 min. Then there was a
maximum at 120 min. leaching time. 85.1% Pb was dissolved wiyh 28.3% Fe and 20.3% Zn co-
dissolutions at 120 min. leaching time. Figure 4.89 shows the XRD spectria of NaOH and
KNaTartare leach residue. According to the XRD spectria, Muscovite, Quartz and Goethite
minerals observed in the secons step leaching residue and there was no lead determind in this

residue.



133

100
90
80
70
60
50 ——Zn
40 —e—Pb

30 —e—Fe
20 i —u
10

Dissolution, %

0 30 60 90 120 150 180 210
Time, min

Figure 4.88. Metal dissolution with 150 g/L. NaOH and 150 g/L KNaTartrate at 25 °C and S/L.:
1/10.
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Figure 4.89. XRD spectra of NaOH and KNaTartrate leached residue from malic acid residue
at the optimum conditions.

4.2.3.2. Oxalic acid leach of malic acid leach residue for iron recovery
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Malic acid leach residue leached with 1.0 M oxalic acid at 80 °C leach temperature, 1/10 S/L
ratio for 180 min. leaching time. Metal dissolution order was Fe > Zn > Pb. At 30 min. leaching
time 64.3% Fe, 15.5% Zn and 4.5% Pb dissolved. With increasing leaching time metal
dissolutions increased to 80.3% Fe, 30.4% Zn and 8.3% Pb. The results of oxalic acid leaching
are given in Figure 4.90. Table 4.19 shows the concentration of the metals in oxalic acid leached
solution (PLS). It could be seen that 26100 mg/L iron was transferred to the solution. 1125 mg/L

lead and 451 mg/L zinc also observed in the solution.
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Figure 4.90. Metal dissolution with 1.0 M oxalic acid at 80 °C and S/L: 1/10.

Table 4.19. The concentration of the metals in oxalic acid leached solution.

Elements | mg/L | Elements | mg/L | Elements | mg/L
Ag 0.019 Cu 0.178 Pb 1125
Al 340 Fe 26100 S 1120
As 4380 K 76.6 Sb 25.6

B 0.17 Li 0.95 Se 425
Ba 0.341 Mg 110.5 Sn 775
Bi 1.0 Mn 5.92 Sr 8.07
Ca 300 Mo 0.665 TI 0.09
Cd 9.63 Na 255 Zn 451
Co 0.729 Ni 1.915 Zr 0.2

Cr 1.065 P 20.7
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4.3. Third Step Leaching Study

4.3.1. Third step leaching of sulfuric acid leach residue study

The leach residue was collected for the third step leaching studies, which were done
utilizing the cupric-ammonium thiosulfate system, after two-step leaching with sulfuric acid
followed by sodium potassium tartrate. The feed sample (the second step leaching residue) had
a mean content of 194 ppm Ag, 17950 ppm Zn,100 ppm Cr, 270 ppm Cu, 18900 ppm Pb, 10200
ppm Ba, 14900 ppm As and 29.2 % Fe, according to the chemical analysis.

4.3.1.1. The effect of the thiosulfate type on the dissolution of silver

The experiments were done with 0.5 g/L CuSO4 and 20 g/L ammonium or sodium
thiosulfate concentrations. These experiments were carried out at a temperature of 25 °C.
Figures 4.91 and 4.92 show the leaching times, which range from 1 to 6 hours. Silver and copper
were found in the ammonium thiosulfate leaching as amine and thiosulfate complexes.
According to Egs. 4.34 and 4.35 the cupric-tetrammine complex [Cu(NHs)s]?* serves as the
main oxidant (Aylmore and Muir, 2001; Zipperian et al., 1988). Because of the dissolution of
silver in thiosulfate leaching media is slowed down copper sulfate used as a catalytic system to

solve this problem (Banijamali et al., 2021).

Ag + 5,05 + [Cu(NH3),4]** - [Ag(S;03),]°~ + 2NH3 + [Cu(NH3),]*

AG” = —581.2 kJ/mol (4.34)

Ag + 55,035 + [Cu(NH3),4]** - [Ag(S;03),]>~ + 4NH; + [Cu(S;03)3]°~

AG" = —16.1 kJ/mol (4.35)
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According to Figure 4.91, when the leaching time was increased from 1 to 4 hours, the
silver dissolution increased dramatically from 59.8% to 77.1 % with ammonium thiosulfate.
Higher leaching times result in greater Ag dissolution, whereas lower times result in lower
dissolution percentages, which can be related to the necessity for longer leaching times since
the thiosulfate concentrations are insufficient. According to Bae et al., 2020, when the solid-to-
liquid ratio is reduced from 0.5 to 0.2, the maximum dissolution of Ag can be obtained by
increasing the leaching time up to 4 hours. Unlike ammonium thiosulfate, Ag dissolution in
sodium thiosulfate solution (Figure 4.92) has remained reasonably steady at roughly 51% up to
4 h, then declined somewhat to 45.5 % when the leaching time was increased to 6 h (Bae et al.,
2020). Li et al., 2018, showed the same results, they reported when the pH was high; the
hydrogen ion content was insufficient to complete the complexation reaction, resulting in a
decrease in the leaching rate. They achieved almost 74% silver with sodium thiosulfate in 2 h
leaching time at pH 5. On the other hand, higher leaching Ag efficiency could be obtained at
higher temperatures, according to Banijamali et al., 2021. They used sodium metabisulfite and
sodium thousulfate togheter for improve the siddolution of silver at 25 °C. Furthermore, this is
because the presence of ammonium ions in the solution likely disguised or suppressed the
recovery of other metal ions in the PLS, such as copper. In terms of dissolution percentages of
silver from the leach residue under the conditions investigated, ammonium thiosulfate was
found to be a better leaching agent than sodium thiosulfate (Banijamali et al., 2021; Li et al.,
2018).
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Figure 4.91. Ag dissolution with 20 g/L ammonium thiosulfate and 0.5 g/L copper sulfate at 25

°C and pH: 10.5.
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Figure 4.92. Ag dissolution with 20 g/L sodium thiosulfate and 0.5 g/L copper sulfate at 25 °C

and pH: 10.5.

4.3.1.2. The effect of ammonium thiosulfate concentration and leaching time on silver

dissolution
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Figures 4.93-4.95 indicate the effect of ammonium thiosulfate concentration on the
dissolution of Ag as a function of the time with CuSO4 concentration of 0.5 g/L, S/L: 1/10 and
leaching temperature of 25 °C. With increasing ammonium thiosulfate concentration, silver
dissolution increases, which is similar with the findings of Bae et al., 2020. Figure 4.93 shows
that when 30 g/L ammonium thiosulfate was used, Ag dissolution increased dramatically for 4
hours and then remained reasonably stable; in particular, 87.6 % Ag dissolution was seen at 30
g/L ammonium thiosulfate concentration for 4 hours. There is no favorable effect of leaching
time on the dissolution of Ag in the case of 40 and 50 g/L ammonium thiosulfate concentrations,
as Ag dissolution was less influenced than that of 30 g/L ammonium thiosulfate concentration
over the first 1 h post-leaching of silver (Figure 4.94-4.95). According to Ficeriova et al., 2005
silver dissolution from the concentrate of complex sulphide using ammonium thiosulfate with
no mechanochemical pre-treatment determined 52% with 74 g/L ammonium thiosulfate, 10 g/L
copper sulfate, 1 h leaching time, pH of 5.0 and 70 °C leaching temperature. Because of these
observations, it is obvious that 30 g/L ammonium thiosulfate and a 4 hour leaching time are
sufficient to dissolve over 85% Ag in this system. It was also discovered that ammonium
thiosulfate produced less than 90% Ag dissolution. This is most likely due to Ag being trapped
in quartz mineral phases (Bae et al., 2020; Ficeriova et al., 2005).
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Figure 4.93. Ag dissolution with 30 g/L ammonium thiosulfate and 0.5 g/L copper sulfate, 25
°C, pH: 10.5.
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Figure 4.94. Ag dissolution with 40 g/L ammonium thiosulfate and 0.5 g/L copper sulfate, 25

°C, pH: 10.5.
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Figure 4.95. Ag dissolution with 50 g/L ammonium thiosulfate and 0.5 g/L copper sulfate, 25

°C, pH: 10.5.

4.3.1.3. The effect of copper sulfate concentration on silver dissolution
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Figure 4.96 shows Ag dissolution as copper sulfate concentration varies. The
experiments were carried out for 4 hours at a temperature of 25 °C with a solid-to-liquid ratio
of 1/10 and a concentration of 30 g/L ammonium thiosulfate. According to Figure 4.96 up to
0.5 g/L CuSOs concentration, Ag dissolution increased slightly from 82.5 % to 87.6 %, and
thereafter gradually increased. According to Bae et al., 2020, the dissolution of silver from
concentrated sulphide ore increased as copper sulfate concentration increased. The 90.6% Ag
dissolution was accomplished at a copper sulfate concentration of 1 g/L. The silver dissolution
was determined to be 87.8% at 0.75 g/L copper sulfate concentration. The silver dissolution was
found to be less impacted by changes in copper sulfate than the concentration of ammonium
thiosulfate. As a result, in this investigation, the 0.5 g/L CuSQO4 concentration was shown to be

appropriate for third step leaching for silver dissolution.
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Figure 4.96. Ag dissolution with 30 g¢g/L ammonium thiosulfate in different CuSOs
concentrations at 25 °C, pH: 10.5, 4 h.

4.3.1.4. The effect of leaching temperature on the dissolution of silver

Figure 4.97 shows the effect of temperature on the dissolution of silver by ammonium

thiosulfate solutions. The temperature of the leaching solution was varied from 25 to 60 °C with
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30 g/L ammonium thiosulfate and 0.5 g/L copper sulfate a S/L: 1/10 for 4 hours and a pH of
10.5. As seen in Figure 4.97, the dissolution of silver grew gradually up to 40 °C of reaction
temperature before stabilizing at a generally constant level. At 25 °C for 4 hours, 87.6% Ag
dissolution was obtained, according to the current findings. In contrast to our findings, Li et al.,
2018 discovered that when the sodium thiosulfate concentration was 75 g/L, the pH was 5.0,
and the leaching time was 2 h, the recovery of silver decreased as the leaching temperature was
increased from 25 to 60 °C. The temperature of the third step leaching was set at 25 °C based
on the findings of the experiments (Li et al., 2018).
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Figure 4.97. Ag dissolution with 30 g/L ammonium thiosulfate and 0.5 g/L CuSOs in pH: 10.5,
4 h leaching time.

4.3.2. Third step leaching of citric acid leach residue studies

After two-step leaching with citric acid followed by sodium potassium tartrate, the
leach residue was collected for third-step leaching investigations using the cupric-ammonium
thiosulfate system. The feed sample (the second step leaching residue) had a mean content of
267 ppm Ag, 17250 ppm Zn,100 ppm Cr, 400 ppm Cu, 25400 ppm Pb, 9950 ppm Ba, 13350
ppm As and 26.1 % Fe, according to the chemical analysis. In the third stage of Ag leaching,
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the citric acid leach residue was leached at different times at pH 9.5, 10.5 and 11.5 with a
concentration of 20 g/L ammonium thiosulfate and 0.5 g/L copper sulfate. Figure 4.98 illustrates
Ag dissolution of citric acid waste at a concentration of 20 g/L ammonium thiosulfate as a
function of pH and leaching time at a concentration of 20 g/L ammonium thiosulfate. The
dissolution of silver ranged from 84% to 92%. After 4 hours of leaching at pH 9.5, a maximum
of 92 % Ag dissolution was achieved. As a result, silver dissolution decreased as the pH
increased, and as the leaching time increased until 4 h, silver dissolution increased, but then

observed slightly decreasing.
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Figure 4.98. Ag dissolution with 20 g/L ammonium thiosulfate and 0.5 g/L CuSOs at different

pH and leaching time.

4.3.3. Third step leaching of malic acid leach residue studies

The leach residue was collected for third-step leaching research utilizing the cupric-
ammonium thiosulfate system after two-step leaching with malic acid and sodium potassium
tartrate. According to chemical analysis, the feed sample (second step leaching residue)
contained 176 ppm Ag, 20600 ppm Zn, 80 ppm Cr, 320 ppm Cu, 23800 ppm Pb, 10760 ppm
Ba, 16100 ppm As, and 29.7 % Fe. In the third stage of Ag leaching, malic acid leaching residue

was leached at different times at pH 9.5, 10.5 and 11.5 with a concentration of 20 g/L ammonium



143

thiosulfate and 0.5 g/L copper sulfate. At a concentration of 20 g/L ammonium thiosulfate,
Figure 4.99 illustrates the pH and leaching time dependent Ag dissolution of malic acid residue.
Ag dissolution ranged from 84.2% to 93.2%. After 6 hours of leaching at pH 9.5, a maximum
of 93.2% Ag dissolution was achieved. As a result, silver dissolution increases when the

leaching time increases, but Ag dissolution decreases as the pH increase.
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Figure 4.99. Ag dissolution with 20 g/L ammonium thiosulfate and 0.5 g/L CuSOs at different
pH and leaching time.

4.4. Purification of Leach Solutions Study

The leach solution purification is very critical in the conventional hydrometallurgical
route for the production of Zn metal. Various purification methods are used in practice to
achieve high quality neutral electrolyte with minimum levels of impurities. There two steps for

the purification of impurities in leach solution, precipitation and cementation.

4.4.1. Precipitation of impurities from leach solution
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4.4.1.1. Precipitation of impurities from sulfuric acid leach solution

As we know, most impurities in our leach solution are Fe and As. the hydrolytic
precipitation of Fe and As from pregnant leach solution (PLS) of H2SO4 leaching was carried
out. According to chemical analysis feed grade were 2.98 g/L Fe, 1.85 g/L As, 11.65 g/L Zn,
0.206 g/L Al and 0.0462 g/L Cd.

¢+ The effect of pH and oxidant on precipitation of impurities

The experiments were done using alkaline 5.0 M NaOH with and without H2O> as
oxidant as a precipitant between pH values 2.5 and 3.5 at 50 °C for 60 min. The effect of pH on
the Fe, As, Cd, Al impurities along with Zn using NaOH is shown in Figure 4.100. As the pH
increases precipitation of all five metal increases. However, As and Fe precipitation are much
higher than Al, Zn and Cd. At pH 2.5, 69% Fe and 91% As and at pH 3.5, 93% Fe and 99% As
precipitated. Metal precipitation order was As > Fe > Al > Zn> Cd. Zn and Cd precipitation
were less than 10%. With NaOH, the best As and Fe precipitation pH was 3.5. Figure 4.101
shows the effect of 2.0 ml/L H20O. addition to NaOH. Addition of small amount H>0>
significantly increased both As and Fe precipitation at pH 2.5 and 3.0. Rudnik, 2019 used 2.0
ml/L H2O> as an oxidant in a precipitation test and found that it had a significant effect. At pH
3.5 both As and Fe precipitation were more than 99% at less than 10% Zn, Al and Cd
precipitation. Tsakiridis et al.(2010) were determined 5% zinc losses in precipitation test at pH
3.5. Precipitation increase for Fe is faster than As in the investigated pH range. Presence of H>0>
both increased Fe removal and decreased Al removal. In addition, Antunano et al.(2013)
discovered that pH 4 is the best pH for removing impurities from zinc leach solution. It's worth
noting that Fe(ll) ions can be oxidized with MnO: alone (Krupka et al., 2000) or in a mixture
with H20> (Antufiano et al., 2013), air, or oxygen gas (Svens, 2010), or H2O2 (Herrero et al.,
2010; Rudnik, 2019b) as is done in industry. The other hand ferric ion precipitates easily in the
pH range 4.0 — 5.0, the ferrous ion remains stable. It is, therefore, important to oxidize the

ferrous ion to ferric ion (Eq 4.36). Hydrogen peroxide is a very efficient oxidizer although the
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introduction of H2O> decreases the pH owing to the production of hydrogen ion as the result of

the oxidized product as given Eq 4.36-4.40 (Antufiano et al., 2013; Giiler and Seyrankaya, 2016;

Mbedzi et al., 2017; Rudnik, 2019a, 2019b; Tsakiridis et al., 2010).

2Fe*2 + H,0; + 2H" — 2Fe™® + H,0
Goethite: 2Fe?* + 1/20; + 3H,0 — 2FeOOH + 4H*

Jarosite: 12Fe?* + 8SO 4 + 302 + 4XOH + 14H,0 — 4XFe3(SO4)2 (OH)s +

8H* (X: Na, K, etc.)

Hematite: 2Fe?* + 1/20, + 2H,0 — Fe,03 + 4H*

Ferrihydrite: 4Fe?* + 302 + 22H20—2Fe,05:9H,0 + 8H*
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Figure 4.100. The effect of pH on the precipitation of impurities with 5.0 M NaOH at 50 °C and

60 min.
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Figure 4.101. The effect of pH on the precipitation of impurities using 5.0 M NaOH 0.2 ml H20,

at 50 °C and 60 min.

¢+ The effect of NH4(OH) on precipitation of impurities

Instead of NaOH, NH4(OH) with 0.2 mL H.O, was also tested for As and Fe
precipitation (Figure 4.102). At pH 2.5, 92.1% As and 67.1% Fe; at pH 3.0 96.6% As and 82.1%
Fe; and at pH 3.5 99.9% As and 98.9% Fe precipitation were achieved. Both NaOH + H,O; and
NH4(OH) + H20, gave similar results for As and Fe precipitation. pH 3.5 achieved almost full
As and Fe precipitations with NaOH or NH4(OH) in the presence of H20..

These tests showed that the best pH for Fe and As precipitation is 3.5. This pH value

is compatible with previous literature studies. Tsakiridis et al., (2010) also precipitated 99.9%
Fe as aggregates of Jarosite crystallites at pH 3.5.
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Figure 4.102. The effect of pH on precipitation of impurities using NH4(OH) and 0.2 ml H20>
at 50 °C and 60 min.

% The effect of temperature on the precipitation with NaOH and H202

In the first stage purification, more than 99% Fe and As were removed in pH 3.5, 50
°C and 60 min. these conditions. Then, the effect of the precipitation temperature was studied at
25 °C and 75 °C temperatures between pH 2.5 and 3.5 for 60 minutes. According to the results,
increasing the temperature has a significant effect on the precipitation of Fe and As, Other hand
precipitation of Al starting at pH 3.0 and reaching over 60% at pH 3.5. The optimum conditions
for precipitation was chosen as 50 °C temperature and pH 3.5. Figures 4.103 and 4.104 show
the precipitation of impurities with NaOH and H»O; at 25 and 75 °C.

Figure 4.105 shows the XRD spectra of precipitation residue from the optimum
conditions. According to the XRD spectra Goethite (FeO(OH)) was formed in the precipitation
experiment at the optimum pH. Guler and Seyrankaya (2016) observed goethite in the XRD
results at higher ph (4.0-4.5) and they found jarosite peak in lower pH (3.0-3.5). It could be
because the precipitation test was conducted at 90°C. Tsakiridis et al.(2010) observed the same
results. They carried out the precipitation tests in 95 °C and found jarosite in the XRD results.
Rudnik (2019a) reported jarosite (90-100 °C, pH 1.5-1.8), goethite (80-90 °C, pH 2-3), and
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hematite (over 185 °C, in oxidizing atmosphere) are formed by precipitation processes.
According to Babacan(1971), stability of hematite, goethite, ferric hydroxide and hydroxyl salts
(e.g. jarosite) depending on temperature and pH is given in Figure 4.106. (Giiler and
Seyrankaya, 2016; Rudnik, 2019a; Tsakiridis et al., 2010; Babacan 1971).
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Figure 4.103. The precipitation of impurities with NaOH and H,O> at pH 3.5, 25 °C and 60 min.

100 7 ?
9
80
S 70
S 60 + = 7n
E 50 ——Fe
% 40 —A— As
£ 20 ——Al
20 —e—Cd
10
0 -
2 25 3 35 4
pH

Figure 4.104. The precipitation of impurities with NaOH and H>O; at pH 3.5, 75 °C and 60 min.
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Figure 4.105. The XRD spectra of precipitation residue at pH 3.5, 50 °C and 60 min.
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Figure 4.106. Solubility of goethite, hematite, ferric hydroxide and hydroxyl salt (e.g. jarosite)
depending on temperature and pH (Babacan, 1971).



150

4.4.2. Cementation of impurities from leach solution

2 g/L Zn dust was used to precipitate other impurity metals from Fe and As removed
Zn-rich PLS solution at 200 rpm mixing speed and 50°C precipitation temperature and 60 min.
precipitation time. Dgo of Zn dust was 35 microns. pH of the medium was adjusted with NaOH
addition. The main goal of the cementation process is to remove metallic impurities with
substantially larger reduction potentials than zinc, such as lead, copper, or cadmium which in
Cu, Cd, Sn, Mn and Al metals are in our solution (Herrero et al., 2010). Second stage purification
feed contains 9160 mg/L Zn, 101.5-152 mg/L Al, 33.3-35.2 mg/L Mn, 32.9-37.4 mg/L Cd, 8.82
mg/L Cu and 0.4 mg/L Sn.

4.4.2.1. The effect of pH on the cementation of remaining impurities with zinc dust

Figure 4.107 shows the precipitation of remaining metals from the first step
precipitation tests without Zn dust at 50 °C and 200 rpm mixing speed for 1 h from pH 4.0 to
5.0. In absence of Zn dust, high pH significantly increased precipitation of Al and Cu. Al
precipitation increased from 45% at pH: 4.0 to 96% at pH: 5.0 and Cu precipitation from 0% at
pH: 4.0 to 53% at pH: 5.0. Sn removal was constant around 17% between pH 4.0 and 5.0. Mn
and Zn removal were almost zero percent. In the second step precipitation, the best pH was 5.0
for removing 96% Al and 53% Cu. Figure 4.108 shows the cementation of remaining metals
from the first stage precipitation tests using Zn dust at 50 °C and 200 rpm mixing speed for 1 h
from pH 4.0 to 5.0. As results Zn dust and high pH significantly precipitated Cu and Cd and
increasing rate Al. More than 99% Cu and 96% Cd precipitated at pH 4.0 Increase of pH to 5.0,
slightly improved both Cu and Cd precipitation. However, increasing pH from 4.0 to 5.0
increased Al precipitation from 30% to 97%. Zinc dust cemented the impurities found in the

filtrate after iron and arsenic removal (Eqs 4.41-4.43).

Zn + Cd2* — Zn?* + Cd (4.41)

Zn + Cu®* — Zn** + Cu (4.42)
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Zn + Sn?* — Zn?* + Sn (4.43)

According to Song et al., 2019 copper's activity was lower than that of cadmium. The
copper ions in the solution were first cemented by zinc dust, which then interacted with the
cadmium ions. Other hand they observed heating at low temperatures accelerated the process,
but at 50 °C, the effect of temperature was no longer significant. They removed 99% copper and
cadmium in pH 5.0 and 30 min. These findings are consistent with the results we have
obtained.(Song et al., 2019). After the cementation test 9070 g/L, 0.015 mg/L Cu, 0.3 mg/L Sn,
1.84 mg/L Al, 0.15 mg/L Cd and 36.4 mg/L Mn remained in the solution. According to
Yaghoubi 2021 The presence of (1-3) g/L manganese decreases the rate of lead anode corrosion
and the contamination of zinc products with lead. This is based on the depolarizing impact of
the MnO: layer on the anode. Herrero et al., 2010 determined almost 130 mg/L of the main
impurities remained in their solution. The results we obtained have less impurities compared to
their findings (Herrero et al., 2010; Yaghoubi, 2021).
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Figure 4.107. The second step of precipitation with NaOH at 50 °C and 60 min.
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Figure 4.108. The cementation of impurities with 2 g/L Zn dust at 50 °C and 60 min.

4.4.3. Precipitation of PbS from the second step NaOH+KNaTartarte leach solutions
with NazS

Studies were conducted on precipitation of Pb from the second stage NaOH+KNa-
Tartrate leach PLS as PbS with NaxS.

4.4.3.1. Precipitation of PbS from sulfuric acid leach solution

First stage sulfuric acid leach residue was second stage leached with NaOH+KNa-
tartrate and the lead was precipitated with 0.5 M and 1.0 M NazS at 50 °C for 10, 30 and 60 min.
The feed material in this stage contains 8270 mg/L Pb, 248 mg/L Zn and 5630 mg/L Fe. Figures
4.109-4.112 show the effect of Na.S addition from 5 to 40 ml, molarity of Na.S and time on Pb,
Zn and Fe precipitation. The starting pH for 0.5 M and 1.0 M NaxS precipitation was around
12.82 and 12.49 for 30 min. and 12.78 and 13.32 for 60 min. respectively. Final precipitation
pH changed between 11.2 and 12.5. With increasing both leaching time and Na.S addition
amount, the amount of precipitated PbS increases. At the beginning of precipitation, pH was
between 12.5 and 13.3 and at the end of precipitation, pH decreased between 11.2 and 12.5.
Figure 4.113 shows Zn, Pb and Fe precipitation at 1.0 M NazS for 10 min. precipitation time at
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50 °C. Staring pH changed between 11.8 and 12.0 and final pH changed from 11.9 and 12.5.
using 10 ml NaxS for 100 mL PLS decreased 8.27 g/L Pb concentration and 0.25 g/L Zn
concentration to zero in 10 min. at 30.7% Fe co-precipitation. There is not much effect of
precipitation time on Pb, Zn and Fe precipitation. After 10 mL of Na.S, addition almost full

Pb/Zn precipitation was achieved. Therefore, 10 min. precipitation is enough.

Precipitation order with Na.S is Pb > Zn > Fe. According to Zhang et al.(2014), the
solubility products of PbS and ZnS are KspPbS=9.3 x 10 and KsZnS = 8.9 x 1072
respectively. When sulfur ions are injected to a solution containing lead ions and zinc ions, it is
known that lead sulfide will precipitate before zinc sulfide as Eqs. 4.44 and 4.45 show (Zhang
etal., 2014):

Pb% + S — PbS | (4.44)

Zn?* + S — ZnS | (4.45)

Full Pb and Zn precipitations with 0.5 M NaxS is possible by adding 20 mL Na,S for
60 min. precipitation time and with 1.0 M NazS is possible by adding 10 mL Na.S. It seems
there is no effect of precipitation time. Fe precipitation also increases with increasing NaxS
volume. Maximum 67% Fe precipitation with 0.5 M Na>S concentration and 89.5% Fe
precipitation with 1.0 M NaxS concentration were obtained. At 0.5 M NazS concentration, 20
mL Na,S addition precipitated 99.7% Pb, 100% Zn and 44.4% Fe for 30 min. At 1.0 M NaxS
concentration, 10 mL NazS addition achieved 99.7% Pb, 100% Zn and 38% Fe precipitation.
These dosages were assumed optimum for PbS precipitation. Liu et al. (2019), Zhao and
Stanforth (2000) and Erdem and Yurten, (2015), obtained the similar result, they precipitated
more than 99% lead with 0.5 M NazS. Although Zhang et al.(2014) removed 95% lead from
solution with 0.5M NazS. The amount ratio of Na.S to Pb ions was determined with a value of
2.9. Our result is slightly different from other researches. For example, Zhao and
Stanforth(2000), Erdem, and Yurten (2015) obtained weight ratio of NaS to Pb 1.8 and 1.5
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respectively. Although Zhang et al. (2014) found this number 4.36. It could be owing to a high
lead concentration in our solution (Erdem and Yurten, 2015; Liu et al., 2019; Zhang et al., 2014;
Zhao and Stanforth, 2000).

Figure 4.114 shows the effect of temperature on Zn, Pb and Fe precipitation with 1.0M
Na.S for 30 min. precipitation time at 25 °C. After 10 mL Na,S addition, almost full Pb/Zn
precipitation was obtained for both precipitation times. Fe precipitation was higher at 50 °C than
25 °C. Thus, 25 °C was chosen the best precipitation temperature. Figure 4.115 shows XRD
patterns of 0.5 M NazS, 20 mL addition for 30 min. Figure 4.116 shows XRD patterns of 1.0M
NazS, 10 mL addition for 30 min. All precipitates were PbS for both cases.
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Figure 4.109. The effect of Na2S volume on precipitation at 50 °C, 0.5 M NazS and 30 min.
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Figure 4.110. The effect of Na>S volume on precipitation at 50 °C, 0.5 M NazS and 60 min.
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Figure 4.111. The effect of Na2S volume on precipitation at 50 °C, 1.0 M NazS and 30 min.
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Figure 4.112. The effect of Na>S volume on precipitation at 50 °C, 1.0 M NazS and 60 min.
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Figure 4.113. The effect of Na2S volume on precipitation at 50 °C, 1.0 M NazS and 10 min.
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Figure 4.114. The effect of Na>S volume on precipitation at 25 °C, 1.0 M NazS and 30 min.
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Figure 4.115. XRD pattern of PbS precipitated with 0.5 M NaS, 20 mL dosage for 30 min.
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Figure 4.116. XRD pattern of PbS precipitated with 1.0 M Na2S, 10 mL dosage for 30 min.

4.4.3.2. Precipitation of PbS from citric acid leach solution

Citric acid leach residue was leached with NaOH+NaK-Tartrate and then the leach PLS
was precipitated 0.5 and 1.0M NazS at 50 °C for 10 and 30 min. 0.1 mL PLS precipitated with
5 to 40 mL NaS solutions under 200 rpm mixing conditions. The feed material in this stage
contains 8420 mg/L Pb, 457 mg/L Zn and 6570 mg/L Fe. For 0.5 M Na,S addition, precipitation
staring pH was between 11.31 and 11.4 and the final pH was between 11.63 and 11.97. With
increasing the addition amount of NazS increased the PbS precipitation. Na>S precipitation also
slightly increased the medium pH at the end of 30 min. precipitation time. 100% Pb and Zn
precipitation, and 28% Fe precipitation were achieved with 20 mL 0.5M NaxS addition in 30
min. 100% Pb and Zn precipitation, and 27% Fe precipitation were also achieved with 10 mL
1.0M NazS addition in 30 min. Increase in Na>S addition amount increases Fe co-precipitation.
Figure 4.117 and 4.118 show the precipitation of PbS in 0.5 M and 1.0M at 50 °C for 30 min.



159

The effect of precipitation time was investigated using 1.0 M NazS concentration at 50
°C for 10 min. precipitation time (Figure 4.119). PbS precipitation increased with increasing
Na.S addition. 99.1% Pb precipitation and full Zn precipitation was achieved at 28.1% Fe co-
precipitation at 10 mL NaS addition. Full Pb and Zn precipitations were achieved at 27.1% Fe
co-precipitation at 10 mL Na»S addition. Increase in Na,S addition amount significantly increase
Fe co-precipitation up to 80%. For citric acid PLS 10 min, precipitation time again was better
than 30 min.

The effect of precipitation temperature was investigated using 1.0M NaxS
concentration for 30 min. precipitation time. At 25 °C precipitation temperature, PbS
precipitation increased with increasing NaS addition. 99% Pb precipitation and full Zn
precipitation was achieved at 29.4% Fe co-precipitation at 10 mL NazS addition. Increase in
Na.S addition amount significantly increases Fe co-precipitation up to 79.5%. In comparison to
the 50 °C precipitation test, the 25 °C precipitation temperature performed better (Figure 4.120).
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Figure 4.117. The effect of Na2S volume on precipitation at 50 °C, 0.5 M NazS and 30 min.
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Figure 4.118. The effect of Na>S volume on precipitation at 50 °C, 1.0 M NazS and 30 min.
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Figure 4.119. The effect of Na2S volume on precipitation at 50 °C, 1.0 M NazS and 10 min.
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Figure 4.120. The effect of Na>S volume on precipitation at 25 °C, 1.0 M NazS and 30 min.

4.4.3.3. Precipitation of PbS from malic acid leach solution

Malic acid leach residue was leached with NaOH+NaK-Tartrate and then the leach
PLS was precipitated 0.5 and 1.0 M NaxS at 25 and 50 °C for 10 and 30 min. The feed material
in this stage contains 8100 mg/L Pb, 466 mg/L Zn and 6480 mg/L Fe Figures 4.121 and 4.122
show the effect of Na>S addition on precipitation at 0.5M and 1.0 M NaxS respectively, 30 min
precipitation time and 50 °C. 100 mL PLS precipitated with 5 to 40 mL Na.S solutions at 25
and 50 °C under 200 rpm mixing conditions. 99.5% Pb and full Zn precipitation, and 32.7% Fe
co-precipitation were achieved with 20 mL 0.5M NaxS addition in 30 min. 99.6% Pb and full
Zn precipitation, and 28.1% Fe precipitation were also achieved with 10 mL 1.0M Na>S addition
in 30 min. Increase in NaxS addition amount increases Fe co-precipitation up to 81%.
Figure4.193 shows the effect of 1.0M Na,S addition volume at 50 °C for 10 min precipitation
time. With the increase in Na.S addition amount, Pb, Zn and Fe precipitation increased. About
10 mL NazS addition was achieved almost full Pb and Zn precipitation around 20% Fe co-
precipitation. At 50 °C using 10 mL 1.0M Na.S concentration, 100% Zn, 99.1% Pb and 28.1%
Fe were co-precipitated in 10 min. Full Pb and Zn, and 27.1% Fe were co-precipitated in 30

min. As results, 10 min. precipitation time is also selected for malic acid leach solution.
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Figure 4.121. The effect of Na>S volume on precipitation at 50 °C, 0.5 M NazS and 30 min.
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Figure 4.122. The effect of Na2S volume on precipitation at 50 °C, 1.0 M NazS and 30 min.
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Figure 4.123. The effect of Na>S volume on precipitation at 50 °C, 1.0 M NazS and 10 min.

4.5. Solvent extraction study

4.5.1. Solvent extraction of sulfuric acid leach solution

Two series of experiments were carried out in the extraction of zinc with D2EHPA.

4.5.1.1. First series of the solvent extraction experiments

« Metal extraction with D2EHPA

The first series experiments were done for determining the optimum pH of the zinc

extradition. SX was applied to the first stage H.SO4 PLS after hydrolytic precipitation of Fe and
As with NaOH and H20; (pH: 3.5, 50 °C, 60 min., and 200 rpm). Figure 4.124 shows the effect
of pH on zinc extraction with 20% D2EHPA, 40 °C, 10 min and A/O: 1/1(25 mL/25mL). With

increasing extraction pH from 1.15 to 3.58, Zn extraction increased from 27.8% to 100%. For

25 mL PLS SX, 9037 mg/L Zn concentration decreased to 232 mg/L at pH 2.6 with 97.1%

extraction efficiency. At pH of 3.5, full Zn extraction efficiencies were obtained for 25 SX

solutions. Considering the cost of NaOH, pH 2.6 was assumed the best extraction pH for H.SO4
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PLS. Zn concentration decreased from 9038 to 232 mg/L in the aqueous phase at pH 2.19. The
same results were observed by some researchers (Hollagh et al., 2010; Long et al., 2010; Pereira
et al., 2007; Vahidi et al., 2009). They discovered that 20% D2EHPA is sufficient for zinc

extraction of more than 99%.
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Figure 4.124. Effect of pH on Zn extraction using 20% D2EHPA at 40°C temperature, 10 min.

s Metal extraction with Cyanex 272

Solvent extraction test was carried out with 20% Cyanex 272 at 40°C, 10 min and A/O:
1/1 (25 mL/25mL) (Figure 4.125). Zn extraction to the organic phase was 11.9% at pH of 0.95
and increased up to 97.7% at pH of 3.7. 180 mg/L Zn concentration in the aqueous phase was
remained at pH of 3.7. Zn extraction significantly increased especially after pH of 2.0.
According to Figure 4.126 after pH of 3.53 a third phase formation was observed. Using
modifier could have a significant effect in these experiments. Tsakiridis et al. (2010) and Tanong
et al. (2017) with Cyanex 272 and TBP as a modifier extracted more than 99% zinc from the
aqueous phase. D2EHPA was chosen as optimum extractant in this series of
experiments(Tanong et al. 2017; Tsakiridis et al. 2010)).
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Figure 4.125. Effect of pH on Zn extraction using 20% Cyanex 272 at 40 °C temperature, 10

min.

Figure 4.126. Third phase formation during zinc extraction with 20% Cyanex 272 at pH of

3.53

¢+ Stripping step of the loaded organic solution
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Stripping efficiency of Zn from organic phase to aqueous phase was performed using
H2SO; at 40 °C for 10 min and A/O: 1. Figure 4.127 shows zinc stripped from organic phase in
different pH. At optimum SX pH of 2.6, Zn concentration was 8773.12 mg/L. The effect of pH
on Zn stripping efficiency was determined at five different pH values from 0.25 to 1.25. As the
pH of the stripping decreases, the Zn stripping efficiency increases. At pH: 1.25, the stripping
efficiency was about 17% and at pH 0.25 the Zn stripping efficiency was full.

100
90
80
70
60
50
40 ——Zn
30
20
10

Stripping, %

0 0.25 0.5 0.75 1 1.25 15
pH

Figure 4.127. Effect of pH on zinc stripping from loaded organic.

4.5.1.2. Second series of the solvent extraction experiments

« Metal extraction with D2EHPA

In this series, the solvent extraction experiment was carried out with 20% D2EHPA at
pH 3.5 because that was the optimum pH in the precipitation test. The experiments was done at
25 °C, 10 min and A/O: 1. 99.8% zinc was loaded to organic phase. Zinc concentration decrease

from 8936 mg/l to 13.3 mg/L in aqueous phase.
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% Stripping step of the loaded organic solution

According to first series of the stripping experiments, pH 0.25 was chosen as an
optimum pH for stripping experiments. As results 96.1% zinc stripped from loaded organic at

25 °C, 10 min and A/O: 2. 349 mg/L zinc stayed in the organic phase.

4.5.2. Solvent extraction of malic acid leach solution

Before the solvent extraction tests, the precipitation of lead were performed with 5.0
M sulfuric acid solution at a stirring speed of 200 rpm because lead was on of principle

impurities in the malic acid leach solution.

4.5.2.1. Removal of lead from malic acid leach solution

Figure 4.128 illustrates metal ion precipitation as a function of pH. Lead precipitated
when sulfuric acid was added, while the other metal ions remained entirely stable in the aqueous
phase. At pH 0.25, the maximum lead precipitation (99.6%) was obtained within the tested
experimental range. This pH level was confirmed to be ideal. Due to the low solubility of PbSO4
in aqueous solutions, it was possible to separate lead from zinc by selective precipitation with
sulphuric acid. The reaction product, PbSO4 (anglesite), was verified by XRD characterization
of the precipitate displayed in Figure 4.129. As a result, the overall precipitation process is (Halli
et al., 2020; Hussaini et al., 2021b):

Pb?*(aq) + H2S04(aq) — PbSO4(s) + 2H* (aq) (4.46)
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Figure 4.128. Metal precipitation with 5.0 M H2SOg at different pH, 25 °C and 30 min.
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Figure 4.129. The XRD pattern of PbSO4 precipitation at pH 0.25

4.5.2.2. Metal extraction with D2EHPA
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After the lead precipitation procedure, the PLS was conducted to a solvent extraction
process to remove Zn from the main impurities, including As, Fe, Mg, and Ca. For this objective,
the extractant D2EHPA was studied. With exception of Pb, which was almost totally eliminated
from the solution after precipitation, the chemical composition of the PLS remained largely
unchanged (Table 4.20). Figures 4.130-4.132 show the metal extraction using 5, 10 and 15%
D2EHPA as a function of pH. The pH ranges in the three figures differ because extractions at
pH levels higher than those required for a quantitative Zn extraction were not performed. Zinc
extraction normally increased with pH using different extractant concentration. This is a
prevalent property of D2EHPA as an acidic extractant, as demonstrated by previous researchers
who extracted Zn from different acidic aqueous solutions with D2EHPA (Amer et al., 1995;
Cole and Sole, 2003; Deep and de Carvalho, 2008; Hosseini et al., 2010; Hussaini et al., 2021b;
Vahidi et al., 2009). In all of the pH ranges examined, zinc extraction takes precedence over
other impurities. Ca extraction followed a similar pattern to Zn extraction; however, Fe
extraction followed a distinct pattern. When the pH was increased from 0.3 to 1.3 with 5%
D2EHPA concentration, Fe extraction improved at first, but then reduced when the pH was
raised to 5.4. In all of the measured ranges, the extractions of As and Mg were quite modest.
The discovered Fe behavior was most likely owing to its interaction with the malate ions, which
competed with the extractant-iron process. According to Hamada et al., 2005, Fe did not
precipitate in the presence of malic acid at pHs ranging from 2.5 to 11.5 (Hamada et al., 2005).
They reported that the malate ions were considered to operate as chelating ligands, keeping both
the trivalent and divalent Fe ions in solution. The chelate effect makes the hydroxyl group
participate in metal chelation, resulting in the formation of stable fused five and six-membered
chelating rings. Their results are confirmed by the experimental findings of Vukosav et al (2010)
that the soluble Fe species in malic acid are stable for at least a year at pH ranges of 1.5 to 11.5

in the aqueous phase (Vukosav et al., 2010).

Table 4.20. The chemical content of PLS after precipitation step at pH 0.25

Elements Zn Fe Ca As Mg
Concentration (mg/L) 5020 1095 512 441 212
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Metal extraction with 5% D2EHPA as a function of pH at 25 °C and 10 min.

Metal extraction with 10% D2EHPA as a function of pH at 25 °C and 10 min.
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Figure 4.132. Metal extraction with 15% D2EHPA as a function of pH at 25 °C and 10 min.

At the same pH, the extraction of Fe, Ca and Zn into the aqueous phase increased

increasing the extractant concentration. This shows that the crowding effect may be to blame

for the decreases in the extraction of Fe at pH levels greater than 2.5, as the extraction of Mg

and Ca became more popular. While Ca extraction increased significantly as extractant

concentrations increased, the extraction of Fe increased at a slower rate than Zn extraction,
resulting in a higher separation factor () between Fe and Zn (Table 4.21). At pH 4.2, the
maximum separation factor (5 znre = 597) was achieved by using 10% D2EHPA concentration.

Ca has no detrimental effect on zinc electrowinning at low concentrations (Qin et al., 2003), and

As was not extracted under these conditions. As a result, it was discovered that using a 10%

extractant concentration and a pH of 4.2 to extract 99.3% of Zn together with 19.2% of Fe,

76.6% of Ca, and 18% of Mg in a single contact was optimal for extraction of Zn from the PLS.

Table 4.21. The separation factor of zinc with respect to iron with D2EHPA in malic acid

leach solution

5% D2EHPA

10% D2EHPA

15% D2EHPA

pH BZn/Fe pH BZn/Fe pH BZn/Fe
241 12.8 2.53 15.3 1.33 1.1
3.57 12.2 3.38 46 2.51 16.3
4.1 245 4.2 597 3.46 124
5.36 81
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« Effect of the contact time on metal extraction

Figure 4.133 illustrates metal extraction as a function of time with 10% D2EHPA at a
pH of 4.2 and 25°C as a temperature. The metal extractions after the first 3 minutes and 20
minutes of contact time were nearly identical, indicating that the majority of the extraction
reactions took place in less than 3 minutes. However, the staggered extraction percentages of
the metal ions, especially those of Mg and As, indicate that equilibrium has not yet been
achieved after 20 minutes of contact time. Because less impurities were carried into the organic
phase together with Zn, the unstable extractions of Mg and As appeared to be helpful (Hussaini
etal., 2021b).

< Effect of the temperature on metal extraction

Figure 4.134 shows the effect of temperature on metal extraction using 10% D2EHPA,
pH of 4.2 and 10 min contact time. According Figure 4.134 when the contact time was adjusted
to 10 min, As extraction were continuously below 1%, even at various operational temperatures
ranging from 25 to 40 °C. This demonstrates the value of using a 10 min contact time to reduce
impurity extraction. When the temperature was raised to 40 °C., the extractions of Fe and Mg
increased. The calcium extraction with D2EHPA from the malic acid solution, on the other hand,
decreased as the temperature increased, indicating that the calcium extraction with D2EHPA
from the malic acid solution was exothermic reaction driven (Hussaini et al., 2021b). The zinc
extraction, on the other hand, was rather consistent across all of the studied ranges. Because
there was no actual benefit from increasing the temperature, a temperature of 25 °C with a
contact time of 10 minutes was chosen to be optimal. Figure 4.135 shows the image of loaded

organic and raffinate in the optimum conditions.
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Figure 4.133. Metal extraction in different time with 10% D2EHPA, pH 4.2 and 25 °C.
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Figure 4.135. The image of loaded organic and raffinate phases using 10% D2EHPA at pH 4.2,
10 min 25 °C.

% McCabe-Thiele diagram drawing for zinc extraction using D2ZEHPA

A series of solvent extraction experiments were carried out for determining that zinc
with how many stages would be loaded in to organic phase using 10% D2EHPA at various A/O
ratios (1, 2, 3, 4, 5 and 6). The results are given in Figure 4.136 and Table 4.22. With one
theoretical counter-current stage at an operating line unity, Zn was almost entirely loaded into
the organic phase. A feed solution containing 5020 mg/L of Zn formed an organic phase
containing 4984 mg/L of Zn. After a single-stage extraction at an A/O ratio of 1.0, 25 °C and
pH 4.2, the organic phase was loaded with 4984 mg/L of Zn, 210 mg/L of Fe, 392 mg/L of Ca,
, and 38 mg/L of Mg.
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Table 4.22. The obtained results for the McCabe-Thiele diagram drawing at pH 4.2 at various

A/QO ratios.
A/Q ratio Zn in organic (g/L) |Zn in aqueous (g/L)

1 4.99 0.02

2 8.52 0.54

3 8.83 1.47

4 9.23 191

5 9.40 2.21

6 9.92 241
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Figure 4.136. McCabe-Thiele diagram for zinc extraction with 10% D2EHPA, 25 °C and 10

min.

¢+ Stripping step of the loaded organic

The metals that remained in the organic solution were stripped. The pH of deionized

water was adjusted at 0.25, 0.5, 0.75, 1.0 and 1.25 with sulfuric acid and the experiments

werecarried out in A/O: 1.0, 25 °C and 10 min. Figure 4.137 shows the stripped metals from the

loaded organic phase as a function of pH. According the results at pHs ranging from 0.25 to 0.5,
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Zn was fully stripped from the loaded organic phase. At the pH ranges investigated, the stripping
percentages of the other metal ions remained rather stable, with Ca at 100%, Mg at around 50%
and Fe at 0%. Because iron and D2EHPA form a strong complex, it is difficult for an inorganic
acid to strip it. Yu et al, 1989 suggested, this is thought to be because iron and D2EHPA form
octagonal complexes. The complex's hydrophobic end will be driven towards the organic phase,
while acid anions of inorganic and hydrogen ions are highly hydrophilic (Hussaini et al., 2021b;
Yuetal., 1989). As a result, the extracted complexes have low concentrations, and the inorganic
acids are present at the interface, allowing Fe to be stripped from the organic phase. According
to Hu et al., 2014, Fe stripping was slow, and even with 4.0 mol/L sulphuric acid, only around
40% of Fe was removed from Fe-loaded D2EHPA solution (Hu et al., 2014). They, however,
demonstrate that reductive stripping with a 7% oxalic acid solution may completely stripping
Fe from the organic phase, allowing the D2EHPA solution to be recycled. Other methods
involving the reduction of Fe from its trivalent to divalent states, such as so-called galvanic
stripping by, for example, adding Zn metal as a reductant when contacting the loaded organic
solution with mild sulphuric acid solution, have also been shown to be capable of completely
stripping Fe from loaded D2EHPA solution (Chia Aquije, 1993; Gu et al., 2000).
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Figure 4.137. Metal stripping from the loaded organic phase at different pHs, 25 °C and 10

min



177

% McCabe-Thiele diagram drawing for zinc stripping

For this set of experiments, the SX experiment were performed with 10% D2EHPA at
pH: 4.2. The loaded organic solution was used for stripping experiments at pH 0.5 in different
O/A ratios. The phase ratio between the organic and aqueous phases (O/A) was varied from 1:1
to 6:1 to create a McCabe-Thiele diagram for Zn stripping. The results are given in Figure 4.138
and Table 4.23. According to the diagram, two counter-current contacting stages were required
ata 2:1 (O/A ratio) working line to totally strip Zn from organic solution at a pH of 0.5, resulting

in a Zn concentration of 9968 mg/L in the loaded strip solution (Hussaini et al., 2021b).

Table 4.23. The obtained results for the McCabe-Thiele diagram drawing at pH 0.5 at various
O/A ratios.

O/A ratio Zn in organic (g/L) |Zn in aqueous (g/L)
1 0.00 4.98
2 0.41 9.14
3 1.28 11.12
4 2.04 11.76
5 2.57 12.09
6 2.95 12.20
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Figure 4.138. Diagram of McCabe-Thiele for zinc stripping at pH 0.5, 25 °C and 10 min.

4.5.2.3. Metal extraction with Cyanex 272

According to Figure 4.139, the solvent extraction experiments with Cyanex 272 was
not beneficial for the extraction of zinc because of third phase formation. Using modifiers such
as TBP could be useful for the extraction of zinc with Cyanex 272.
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Figure 4.139. Third phase formation during zinc extraction with 10% Cyanex 272.
4.5.3. Solvent extraction of citric acid leach solution

4.5.3.1. Removal of lead from citric acid leach solution

For this experiment 50 ml citric acid PLS was tried to precipitated using 5.0 M H2SO4
at four different pH values (0.25, 0.5, 1.0 and 1.5) at 25 °C for 30 miniute. Lead precipitation
increased from 97.1% to 99.3% and Ca precipitation from 61.5% to 77.6% without any
precipitation of Fe, Zn, Mg, As and Al. Optimum pH was assumed to be 1.0 where 98.9% Pb
was precipitated. The metal precipitation in different pH is shown in Figure 4.140. Because
PbSO4 is insoluble in aqueous solutions due to its low solubility, it was possible to separate zinc
from lead by selective precipitation with sulfuric acid (Eq 4.47). XRD analysis of the precipitate
at the optimum condition confirmed the reaction products, PbSO. (anglesite) and CaSOs
(gypsum), as shown in Figure 4.112. Fusi et al. (2015) reported, dissolved sulfate ions SO4*
seek out and bind with available Ca?* ions to form calcium sulfate CaSOa, as shown in equation
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4.48 (Fusi et al., 2015). According to Figure 4.141, where the malic leach PLS was precipitated,
and the XRD findings revealed that there was no CaSOg in the precipitate, unlike in precipitation
experiment of citric leach solution. We detected a high percentage of CaSOs in the precipitate,
which is cause for concern because it was one of the study's major impurities. As a result, we

can write the overall precipitation reaction as:

Pb?*(aq) + H2S04(aq) = PbSO4(s) + 2H*(aq) (4.47)
Ca?*(aq) + H2S04(aq) = CaS0a4(s) + 2H*(aq) (4.48)
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Figure 4.140. Metal precipitation with 5.0 M H2SOg at different pH, 25 °C and 30 min.
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Figure 4.141. XRD pattern of precipitated sample at pH 1.0.

4.5.3.2. Metal extraction with D2EHPA

The PLS was treated with an SX process after the lead precipitation technique to extract

zinc from the main impurities, which comprised As, Fe, Ca and Mg. The solvent extraction

experiments were started with D2EHPA.. The chemical composition of the PLS remained almost

unchanged following precipitation, with the exception of Pb, which was almost completely

removed from the solution (Table 4.24).

Table 4.24. The chemical content of PLS after precipitation step (pH: 1.0).

Elements

Zn

Fe

As

Ca

Mg

Concentration (mg/L)

10350

7990

1560

503

457

Figure 4.142-4.144 show the effect of D2EHPA concentrations ranging from 10% to

20% on metal extraction at various pH levels. Because extractions at pH levels higher than those
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required for a practically significant zinc extraction were not performed, the pH ranges in the
three figures differ. Zinc is extracted before the other impurities in all of the pH ranges studied.
The extraction of Ca followed the same trend as that of zinc. iron, on the other hand, followed
a clear pattern. Iron extraction decreased at first when the pH was increased from 1.0 to 1.9 at a
10% D2EHPA concentration, but subsequently stayed constant when the pH was raised to 3.6.
This activity could be explained by the complex formation of iron with citrate ions. According
to literature, the stability constant for the Fe citrate complex is 11-15 (Field et al., 1974; Halli
et al., 2020; Nischwitz and Michalke, 2009). The extractions of arsenic were low in all of the
studied ranges, while Mg extractions increase as pH rises, at 15% and 20% DZ2EHPA,
respectively. In aqueous solution, iron-citrate speciation diagrams reveal that iron can form
reasonably stable neutral species. This shows that acidic extractant reject the formation of stable

iron-citrate complexes, resulting in a decrease in iron extraction as pH increases (Zhang et al.,
2020).
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Figure 4.142. Metal extraction as a function of pH with 10% D2EHPA, 25 °C and 10 min.
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Figure 4.143. Metal extraction as a function of pH with 15% D2EHPA, 25 °C and 10 min.
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Figure 4.144. Metal extraction as a function of pH with 20% D2EHPA, 25 °C and 10 min.

At the same pH, increasing the extractant concentration increased the extraction of

calcium, iron, and zinc into the aqueous phase. As magnesium and calcium extraction became

more prevalent, the crowding effect may have been to blame for the drop in iron extraction at

pH levels higher than 2.0. While calcium extraction increased dramatically as extractant

concentrations, increased, iron extraction grew at a slower rate than zinc extraction, resulting in
a higher Fe-Zn separation factor (B). According to Table 4.25, with a 20% D2EHPA
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concentration at pH 3.6, the greatest separation factor (Zn/Fe = 613) was achieved. At low
concentrations, calcium, in particular, has no harmful effect on zinc electrowinning (Kagambega
et al., 2017; Qin et al., 2007), and no As was extracted under these conditions. According to
result, it was determined that extracting 98.3% of Zn, 79% of Ca, 18% of Mg, and 8.6% of Fe
in a single contact with a 20% D2EHPA concentration and a pH of 3.6 was ideal for separating

impurities and zinc.

Table 4.25. Zinc separation factors in a citric acid solution using D2EHPA in relation to iron.

10% D2EHPA 15% D2EHPA 20% D2EHPA
pH B Zn/Fe pH B Zn/Fe pH B Zn/Fe
2.41 0.1 0.91 0.9 0.95 0.8
191 20.6 1.88 30.2 1.91 107.7
2.67 53.4 3.53 99.0 2.63 537.4
4.76 61.7 4.82 138.3 3.59 612.7

«» Effect of the contact time on metal extraction

Figure 4.145 indicates the effects of contact time on metal extraction using 20%
D2EHPA and a pH of 3.6 at a temperature of 25 °C. After 3 minutes and 20 minutes of contact
time, metal extractions were remarkably similar, indicating that the majority of the extraction
reactions took place in within 3 minutes. Although, after 20 minutes of contact time, the
staggered extraction percentages of the metal ions, particularly those of magnesium and arsenic,
suggest that equilibrium has not yet been reached. The irregularity of magnesium and arsenic
extractions appeared to be beneficial since less impurities were transferred into the organic
phase with the zinc. As results, 10 min contact time was selected as optimum for extraction

procedure.

< Effect of the temperature on metal extraction
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Figure 4.146 shows the effect of temperature on metal extraction using 20% D2EHPA,
pH of 3.6 and 10 min contact time. Even at a variety of operation temperatures ranging from 25
to 40 °C, arsenic extractions were insignificant when the contact time was limited to 10 minutes,
as shown in Figure 4.146. This highlights the need of a 10-minute contact time for reducing
impurity extraction. The extractions of iron and magnesium remained consistent when the
temperature was raised to 40 °C. However, when the temperature increases, the calcium
extraction with D2EHPA from the citric acid solution decreased, indicating that the extraction
of calcium with D2EHPA from the citric acid solution was driven exothermically. The same
results were observed in solvent extraction from malic acid leach solution (Hussaini et al.,
2021b). On the other hand, the zinc extraction was rather consistent throughout all of the ranges
investigated. Because there was no evident effect from increasing the temperature, a temperature
of 25°C with a contact time of 10 minutes was chosen as the best. Figure 4.147 shows the image
of loaded organic and raffinate in the optimum conditions.
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Figure 4.145. Metal extraction in different time with 20% D2EHPA, pH 3.6 and 25 °C.
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Figure 4.146. Metal dissolution at different temperature with 20% D2EHPA, pH 3.6 and 10
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Figure 4.147. The image of loaded organic and raffinate phases using 20% D2EHPA at pH

3.6, 10 min 25 °C.
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A series of solvent extraction experiments were carried out for determining that zinc

with how many stages would be loaded in to organic phase using 20% D2EHPA at various A/O

ratios (1, 2, 3 and 4). The results are given in Figure 4.148 and Table 4.26. With one theoretical

counter-current stage at an operating line unity, zinc was nearly completely loaded into the

organic phase. An organic phase containing 10247 mg/L of zinc was obtained from a feed

solution containing 10350 mg/L of zinc. The scrubbing studies were carried out on the organic
phase, which had been loaded with 10247 mg/L of zinc, 875 mg/L of Fe, 397 mg/L of Ca and
73 mg/L of Mg, which extracted in a single stage at pH 3.6, 1/1 O/A ratio, and 25 °C.

Table 4.26. The obtained results for the McCabe-Thiele diagram drawing at pH 3.6 at various

A/O ratios.
A/Oratio |Zninorganic (g/L) |Zninaqueous (g/L)
1 10.25 0.10
2 15.22 2.74
3 16.22 4,94
4 18.66 5.69
20 AlO—4
18
16
%',, 14
S
I= 12
©
B S e s B e B e EEEEE B B
o
£ 8
o Operation line; 1
S 6
N
4
2 10.350 g/L_
0
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Figure 4.148. McCabe-Thiele diagram for zinc extraction with 20% D2EHPA, 25 °C and 10

min.

% Scrubbing step of loaded organic with synthetic zinc solution

All of these experiments indicate that after the extraction phases, a scrubbing step is
required to remove impurities from the organic phase. Scrubbing experiments were done on the
loaded organic solutions produced from the extraction experiments at previously defined
optimum conditions in order to remove magnesium and calcium from the loaded organic
solutions and obtain a final zinc product with the high purity. Scrubbing tests were carried out
with an A/O ratio of one and pH levels of 4.5, 5, and 5.5 (Figure 4.149). The loaded organic
Ritcey 2006). The Zn in the aqueous phase displaced calcium and magnesium from loaded
organic phase. The organic phase will have a higher zinc loading as a result of this procedure.
Eq. 4.49 illustrates the mechanism of displacement. According to Figure 4.149, The scrubbing
efficiency is unaffected by pH. Calcium was scrubbed from the loaded organic solution at a rate

of over 90%, but magnesium-scrubbing effectiveness was just 34%.

(C16H3504P)(Ca, Mg) + ZnSO4 5 (C16H3s04P)Zn + (Ca, Mg) SO4 (4.49)
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Figure 4.149. Scrubbing of the loaded organic solution with synthetic zinc solution at different
pHSs, 25°C and 10 min.

% Stripping step of the loaded organic solution

At a pH range of 0.25 to 1, Zn was stripped from the loaded organic using sulfuric acid
solutions at room temperature and a 10-minute stripping duration. Figure 4.150 illustrates the
results of metal concentration stripped from the loaded organic phase in different pHs. At pHs
varied from 0.25 to 1, the stripping efficiency of Zn from the loaded organic solution increased,
reaching 91.3 % at pH 0.25. With a 1.0 M sulfuric acid solution, Halli et al. (2020) achieved
about 93% stripping efficiency. It indicates that a second stage of stripping is required to
completely transfer the zinc. As a result, the second step of stripping was done at pH 0.25 (Table
4.27) (Halli et al., 2020).

The percentages of iron and magnesium stripped were minor at the pH ranges studied,
whereas the percentage of calcium stripped increased with decreasing pH. Iron forms a strong
bond with D2EHPA, which is difficult to break down using an inorganic acid. The same results
were observed in solvent extraction experiments for malic leach solution. Removal of iron from
a stripped organic solution with HCI at pHs 4, 5, and 6 is shown in Figure 4.151. According to
the findings, iron was almost fully removed from solution at pH 5, but calcium and magnesium

removal reduced as pH increased. The regenerated solution can be used to recover residual HCI,
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providing a concentrated FeCls liquor that can be neutralized before being dumped in tailings
(Cole and Sole, 2003).

Table 4.27. Stripping steps of the loaded organic solution at pH 0.25.

Concentration in organic (mg/L)

Zn Fe Ca | Mg

Feed for stripping 13581 875 | 37 | 64
Step 1 1181 874 | 29 | 64
Step 2 0 874 | 24 | 63
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Figure 4.150. Metal stripping from the loaded organic solution with sulfuric acid at different

pHSs, 25 °C and 10 min.
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Figure 4.151. Stripping of the stripped organic solution at different pHs with HCI, 25 °C and 10

min.

4.5.3.3. Metal extraction with Cyanex 272

Following the solvent extraction using D2EHPA, some studies with Cyanex 272 were
carried out to determine the effect of various extractant on metal extraction at 25 °C and 10 min.
Figure 4.152-4.154 show the effect of Cyanex 272 concentrations ranging from 10% to 20% on
metal extraction at various pH levels. In all of the pH ranges investigated, zinc is extracted
before the other impurities. The extraction of calcium was not seen with Cyanex 272 in
comparison to D2EHPA findings. According to Tsakiridis et al, 2010, calcium was rejected
using Cyanex 272 as an extractant. When the Cyanex 272 concentration was increased, the
extraction of magnesium increased after pH 4.7. Magnesium extraction with 20% Cyanex 272
increases from 6.6 at pH 4.7 to 16.7 at pH 5.92. Guinaraes and Mansur, 2017; Tsakiridis et al,
2010 observed the same results, with the extraction of magnesium increasing after 4.5 utilizing
Cyanex 272 (Guimaraes and Mansur, 2017; Tsakiridis et al., 2010). lron extraction slightly
increased with the Cyanex 272 concentration increased. Using 20% Cyanex 272, iron extraction
reached 10% with increased pH until 5.92. The complex formation of iron with citrate ions could
explain this behavior. In all of the ranges studied, arsenic extractions were negligible. As a

result, the experiments with Cyanex 272 obtained the same findings in terms of iron and arsenic
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extraction with D2EHPA. With increasing concentration of Cyanex 272, zinc extraction
increased. 97.4% zinc was obtained with 20% Cyanex 272 at pH 5.92, 25°C and 10 min. the
concentration of extractant observed, that was the same result with D2EHPA but the zinc
extracted at high pHs with 20% Cyanex 272. It could be due to the extraction of zinc from
citrates solution with Cyanex 272 required decomposition of zinc-citrate complex in high pHs.
On the other hand, a higher concentration of Cyanex 272 is likely to have a significant effect on
zinc extraction at low pHs. According to the literature, Cyanex 272 could extract zinc from
sulfate and chlorate leach solutions at pHs of 2.5-3.5 (Baba and Adekola, 2011; Salgado, 2003;
Tanong et al., 2017; Tsakiridis et al., 2010).

100

90

80
S 70
= 60 ——Zn
o
% 50 —o—Fe
E 40 —X—Ca
w30 —e— Mg

20 —A—As

10

0 & & ;

0 1 2 3 4 5 6 7 8
Equilibrium pH

Figure 4.152. Metal extraction as a function of pH with 10% Cyanex 272, 25 °C and 10 min.
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Figure 4.153. Metal extraction as a function of pH with 15% Cyanex 272, 25 °C and 10 min.
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Figure 4.154. Metal extraction as a function of pH with 20% Cyanex 272, 25 °C and 10 min.

4.6. Electrowinning study

4.6.1. Electrowinning of sulfuric acid leach solution after solvent extraction

Electrowinning was carried out using 0.25-1.0 A current and 200-700 A/m? current

density at 20 °C and different time in a beaker. According to literature, Pb plate and Al plate
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were used as a anode and cathode in EW experiments(Lins et al., 2010; Lu et al., 2013; Xu et
al., 2020). The Al plate was prepared from old automobile plates with a 13.5 cm? area, and the
Pb plate was the same area at a constant distance of 35 mm from the cathode. The solution was
used for these experiments obtained from the stripped zinc solution after the solvent extraction
experiment. Zinc concentration of solution was 4414 mg/L. The relevant reactions occur on the
anode and cathode surfaces when current passes to cause the decomposition of stripped solution
(Egs. 4.50 and 4.51).

Cathode: Zn** (aq) + e = Zn(s), E°=—-0.76 V (4.50)

Anode: H2O (I) = 1/20, (g) + 2H" (aq) + 2e", E°=-1.23 V (4.51)

According to Figure 4.155, Zn recovery on the cathode increased with both increasing
EW time and EW current. At 0.25 A current (200 A/m?), Zn recovery was 69.1% at 120 min.
and 86.1% at 240 min. At 1.0 A current (700 A/m?), Zn recovery was 90.1% at 120 min. and
100% at 240 min. Increasing current from 0.25 A to 1.0 A increased Zn recovery from 69.1%
more than 100% in 240 min. As a result, the optimum of EW experiments was found to be 0.75
A (500 A/m? current density) and 240 minutes. In these conditions, zinc was recovered at a rate
of 99.7%. Tsakiridis et al, 2010 found the same results. On the cathode surface, the deposited
zinc was crystalline, gray in color, compact, and fine-grained (Figure 4.156). A high-quality
cathode product was obtained, according to XRD analysis (Figures 4.157).
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Figure 4.155. Effect of EW time and current on Zn recovery from sulfuric leach

solution.

Figure 4.156. The deposited zinc on Al cathode sheet after.
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Figure 4.157. XRD spectra of deposited Zn on Al cathode sheet.

4.6.2. Electrowinning of citric acid leach solution after solvent extraction

Electrowinning experiments were carried out using 0.25-1.0 A current and 200-700
A/m? current density at 20 °C and different time in a beaker. The solution used in EW
experiments was obtained after the stripping experiment. The metal concentration of solution
was 5213 mg/L Zn, under 1 mg/L Fe, under 1 mg/L As, under 1 mg/L Mg and 5 mg/L Ca.
According to Figure 4.158, Zn recovery on the cathode increased with both increasing EW time
and EW current. At 0.25 A current (200 A/m?), Zn recovery was 50.6% at 120 min. and 67.3/7%
at 240 min. At 1.0 A current (700 A/m?), Zn recovery was 91.4% at 120 min. and 99.3 % at 240
min. As a result, the optimum of EW experiments was found to be 1.0 A (700 A/m? current

density) and 240 minutes.
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Figure 4.158. Effect of EW time and current on Zn recovery from citric leach solution.

4.6.3. Electrowinning of malic acid leach solution after solvent extraction

Electrowinning studies were carried out in a beaker with a current of 0.5-1.0 A and

350-700 A/m? current density at 20 °C for various periods. After the stripping experiment, the

solution for EW experiments was obtained. The metal concentration of solution were 4984 mg/L
Zn, 0.3 mg/L Fe, 0.1 mg/L As, under 17.20 mg/L Mg and 289 mg/L Ca. According to Qin et al,
2003; Adhia 1969 and Hussaini et al, 2021, the magnesium and calcium impurities in the

solution had no negative effect on the electrowinning process of zinc. Figure 4.159 shows the

effect of current and time on zinc recovery in EW process. As results, with increasing EW

duration and current, Zn recovery on the cathode increased. Zn recovery at 0.5 A current (350
A/m?) was 85.5% after 120 min and 90.8 % at 240 min. Zn recovery at 1.0 A current (700 A/m?)
was 91.6 % after 120 min and 96 % after 240 min (Adhia, 1969; Hussaini et al., 2021b; Qin et

al., 2003).
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Figure 4.159. Effect of EW time and current on Zn recovery from malic leach solution.

Figures 4.160-4.162 presents a proposed process to recover lead, zinc from sulfuric,

citric, and malic acid leach solution of our sample by precipitation, solvent extraction and

electrowinning.
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Figure 4.160. Proposed flowsheet for the Pb-Zn recovery from a sulfuric acid leach solution.
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5. CONCLUSIONS AND RECOMMENDATIONS

For this thesis, a representative sample was taken from the tails of the Oreks Mining
Company in Yahyali-Kayseri from the oxidized Pb-Zn flotation plant. The sample properties
(moisture content, particle size distribution, chemical and mineralogical analyses, thermal
analysis, surface morphology and surface area) were determined. Oreks flotation tailings are
very fine (50% -13um) in size. While cerusite, smithsonite, goethite, corkite and bodantite are
the main minerals, calcite and quartz have been found to be secondary gangue minerals. Oreks
flotation tailings mainly contain 5.77% Zn, 7.5% Pb, 21.3% Fe, 5.6% As and 101 ppm Ag. The
samples have a very fine distribution, porous, complex and finely distributed structure. The

specific surface area is 1.9 m?/g.

In this thesis, three-stage leaching experiments were carried out on a laboratory scale.
Leaching tests were carried out in a 500 mL glass balloon heated and spiral condenser reactor
at a rate of 1/10 solid/liquid (S/L) with a representative sample of at least 25 g. During the
leaching, 5 mL of liquid samples were taken at certain intervals and analyzed by ICP (in ALS-
Izmir) and/or AAS (in ESOGU and/or AGU). In leaching tests, the effects of parameters such
as reagent type, reagent concentration, leaching temperature, leaching, duration, S/L ratio were
examined by keeping the part size and mixing speed constant at 400 rpm and optimized for

reagent selection and maximum metal dissolution.

5.1. Conclusions

The aim of the first stage leaching is to obtain the maximum Zn dissolution (>90%)
and the minimum Pb, Fe and As dissolution. At this stage, four inorganic acids (H2SO4, HCI,
HNO3, and HCIOg), six organic acids (citric, oxalic, ascorbic, tartaric, malic and formic acids)
two alkaline solutions (caustic soda and ammonium chloride) and five chelating reagents
(EDTA, ammonium acetate, sulfate, chloride and oxalate) has been used. As our target, at least
90% Zn dissolution, 1.0 M H2SO4 concentration, 40 °C leaching temperature, 30 min. the
leaching time was obtained at a rate of 2/10 S/L. In leaching with H>SO4, Pb and Ag are
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insoluble and remain in the residue as a compound. The selectivity between Zn and Pb is more
than 90%, and selectivity between Zn and Fe is between 71% and 80%.

As a results of leaching experiment with HCI, 91% Zn and 10% Pb were obtained with
a 72% Zn-Fe selectivity difference with 1.0 M concentration, 1/10 S/L ratio, 80 °C temperature
and 30 min. leaching time. 1.0 M HNOs, on the other hand, can only dissolve 70% Zn. 1.0 M
HCIO4 dissolves 89.3% Zn and 7.4% Pb. H.SO4 has been selected as the best reagent for Zn

dissolution from inorganic mineral acids and obtaining the best Zn-Pb and Zn-Fe selectivity.

The optimal dosage of citric acid is 1.0 M concentration, which 91% Zn was obtained
in 80 °C leaching temperature, 180 min. time leaching and at a rate of 2/10 S/L. Zn-Pb selectivity
is 72%, Zn-As selectivity is 76%, and Zn-Fe selectivity is 72%. With 1.0 M malic acid, 92%
Zn, 8% Pb and 3% Fe were dissolved in 80 °C temperature, 60 min. leaching time and 1/10 S/L
ratio. Oxalic acid does not dissolve Zn and Pb. With 1.0 M oxalic acid, 96% Fe and 69% As
were dissolved in 180 minutes at 60 °C, with very low Zn and Pb solubility during leaching and
at a rate of 1/10 S/L. 1.0 M formic acid was obtained selectively Zn by a maximum of 82%

without dissolution of Pb and Fe.

With 0.375 M EDTA concentration, 95% Zn with 28% Pb were achieved in 80 °C
leaching temperature, 120 min. leaching time and at a rate of 1/10 S/L. The selectivity of Zn-Fe
IS 82%. The sequence of metal dissolution is Zn>Pb>Fe.

Under the tested conditions, ascorbic acid, ammonium acetate, ammonium hydroxide,
ammonium sulfate, ammonium oxalate, tartaric acid, glycerin dissolve the desired base metals
lower than our target value. Ammonium chloride dissolved both Zn and Ag, and alkali NaOH
dissolved both Zn and Pb together. It dissolves Zn and Pb simultaneously without Fe. with 5.0
M NaOH alkali 81.4% Zn and 47% Pb obtained in 80 °C leaching temperature and 180 min.
during the leaching and rate of 1/10 S/L. 50% NH4OH was dissolved 61.3% Zn at a rate of 1/10
S/L, at a leaching temperature of 80 °C and at a leaching rate of 180 min. The dissolution of
metals is significantly increased with a decrease in pH, the addition of chelate reagent, which
binds to the metal in a balanced, annular coordinated complex. Increases in leaching temperature

and time generally had a positive effect on metal dissolution as expected.
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It is possible to use environmentally friendly organic 1.0 M citric and malic acids
together with 1.0 M H>SOg in the first stage Zn leaching. Since organic acids are weaker acids,
they usually require higher temperatures and leaching time in both organic acids. it gives the
highest Zn dissolution and high Fe and As solubility at a leaching temperature of 80 °C and 180

min during leaching. Organic acids slightly dissolve Pb, while H.SO4 does not.

The maximum 95% Pb, 10% Zn and 27.4% Fe impurity were obtained from H2SO4
residues at a leaching temperature of 40 °C at a concentration of 3.75 M NaOH + 1.88 M KNa-

tartrate at a leaching time of 120 min and a rate of 1/10 S/L.

It was obtained a maximum of 86.6% Pb, 30.9% Zn and 29.9% Fe impurities from
citric acid residues at a concentration of 3.75 M NaOH + 1.88 M KNa-tartrate at a leaching

temperature of 25 °C at a leaching time of 120 min and at a rate of 1/10 S/L.

It was obtained a maximum of 85% Pb, 19% Zn and 28.3% Fe impurities from malic
acid residues at a leaching temperature of 25 °C at a concentration of 3.75 M NaOH + 1.88 M
KNa-tartrate at a leaching time of 120 min and at a rate of 1/10 S/L.

8420 mg/L Pb was obtained from citric acid, 8270 mg/L Pb was obtained from H2SO4
and 8100 mg/L Pb was obtained from malic acid leaching residue. The second stage is the
sequence of H.SO4 > malic acid > citric acid residue in terms of both Pb-Zn and Pb-Fe

selectivity in Pb leaching.

The second stage Pb leaching residues were subjected to the third stage Ag leaching at
different pH and times at room temperature with ammonium thiosulfate/sodium thiosulfate +
CuS04.5H20. The concentration of 30 g/L (NH4)2S203 was determined to be the best reagent
dosage. A solution of 87.6% Ag at pH: 10.5 in 4 hours was obtained from H2SO4 residue, 92%
Ag at pH: 9.5 in 4 hours from citric acid residue, and 91.4% Ag at pH: 9.5 in 4 hours from malic

acid residue.

Hydrolytic Fe and As impurities were removed by precipitating more than 99% with
NaOH+H-0; at a temperature of 50 °C, pH: 3.5 and in 1 hour. A collapse has formed in the
amorphous structure in the form of Fe(OH)s, jarosite and goethite. Citric and malic acid PLS
did not respond to hydrolytic precipitation. With H2SOg4, the Pb impurity was precipitated at
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room temperature and for 30 min. It was precipitated from citric acid PLS in the form of 98.9%
Pb at pH: 1.0 and malic acid PLS in the form of 96.7% Pb lead sulfate at pH: 0.5.

After the second step of leaching studies with NaOH and KNaTartrate for Pb
dissolution, another stage of experiments was carried out using 1.0 M NaxS with H2SO4, citric
acid, and malic acid PLS for PbS and ZnS precipitation at room temperature for 30 minutes.
While Zn was precipitated 100% from all PLS, Pb was precipitated 98.6% from H.SO4 PLS,
99% from citric acid PLS and 98.8% from malic acid PLS. The liquid product obtained from

sediment filtration contains the by-product Na>SOs.

After the precipitation test in HoSO4 PLS, the solvent extraction experiments carried
out using 20% D2EHPA+Hexane. 98% Zn extracted in pH: 2.6, the ratio of organic/liquid (O/A)
1/1, 10 min, 400 rpm and 25 °C. The loaded organic stripped with diluted sulfuric acid at pH
0.25 in two steps, 10 min and 25 °C.

D2EHPA and Cyanex272 were used for the solvent extraction experiment of citric acid
PLS. 20% D2EHPA was selected as an optimum organic and concentration after the different
concentration of the organic were tested. From the solvent extraction experiments of citric acid
PLS, 98.3% Zn, a substantial amount of Ca (79%) and a small amount of Mg (14.7%), as well
as a small amount of Fe (8.6 %), was transferred to organic phase with 20% D2EHPA at pH:
3.6, 10 min, 25 °C and A/O: 1/1. The greatest separation factor (B) between Fe and Zn was
discovered to be 613.

According to McCabe-Thiele findings, 10247 mg/L of Zinc was loaded in organic
solution at a 1:1 operating line (O/A) in one counter-current stage under ideal solvent extraction
conditions. At pH 4.5, the loaded organic solution was carried to the scrubbing stage, where a
20 g/L Zinc solution was utilized to remove around 91% Ca and 34% Mg. The loaded organic
phase was stripped of 100% Zn and 27 % Ca for 10 minutes at pH 0.25 and a one-to-one O/A
ratio. Minerals observed in the loaded strip solution, calcium and magnesium, had no reversible
effect on the zinc electrowinning process. HCI was used to remove Fe from a stripped organic
solution at pHs 4, 5, and 6. As the results demonstrate, Fe was almost totally removed from

solution at pH 5, and Ca and Mg removal reduced as pH increased.
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The solvent extraction of malic leach solution was studied with different concentration
of D2EHPA and Cyanex272. With 10% D2EHPA, 99.3% zinc was transferred into the organic
phase, along with a significant amount of 76.6% Ca and a little amount of 19.2% Fe and 18%
Mg, at pH 4.2, A/O ratio of 1.0 at 25 °C for 10 minutes. At pH 0.5, most of Zn and Ca with
47.8% of Mg, were removed from the loaded organic phase.

In the electrowinning of the stripped solution, 99.7% Zn was achieved from the HSO4
PLS with current of 0.75A (500 A/m? current density) using Pb anode and an Al cathode
electrode for 4 hours. With 1.0 A current (700 A/m? current density) 99.3% Zn was achieved
from stripped citric acid PLS in 4 hours. a maximum of 97% Zn was obtained from malic acid
PLS in 0.75 A current (500 A/m? current density) in 4 hours. . On the cathode surface, the

deposited zinc was crystalline, gray in color, compact, and fine-grained.

If the base and precious metals in the flotation tailing are recovered with 100%
efficiency, 57.7 kg Zn, 75 kg Pb and 101 g Ag can be recovered from 1 ton of processed waste.
When these were evaluated with the price of the London Metal Exchange, the value of 1 ton of
waste was found to be $ 437. Three companies in Kayseri sell these wastes to China and/or Iran
for $30-50/t. The absence of Au in flotation tailing is a disadvantage. However, the
hydrometallurgical recycling of these hazardous wastes is very important for environmental

protection, secondary metal production and for job creation.

Due to the fact that this flotation tailing is a complex and carbonated waste and does
not contain any gold in it, the use of bulk leaching instead of mixed tank leaching in the leaching

process can provide a significant advantage in operating costs.

5.2. Recommendations

The goal of this study was to find the best process factors for recovering base and
precious metals. The following subjects may be of interest to academics interested in working

on this issue.
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The effect of particle size on the leaching can be studied.

The effect of the ultrasonic treatment technic in the leaching can be researched.
According to literature, this can improve metal extraction.

The effect of adding HCI to the leaching media in the brine leaching can be investigated
for increasing Pb dissolution.

Using brine leaching and HCI in the third step leaching for recovery of silver could be
studied.

The effect of pH and reagent concentration can be studied in the third step leaching for
recovery of silver from citric and malic leach residue.

Recovery of Fe from oxalic acid leach solution can be investigated.

Precipitation experiments in HoSO4 PLS at temperatures above 95 °C produce hematite
instead of amorphous goethite. Hematite can be used for steel production if Fe grade is
more than 50%.

In the solvent extraction experiments with Cyanex272 in H,SO4 PLS using TBP as a
modifier can be helpful for zinc extraction.

D2EHPA and Cyanex 272 can be used in a synergistic solvent extraction system for
extraction of zinc without any impurities.

At high synthetic Zn concentration, the effect of the SX current efficiency in

electrowinning should be studied.
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