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ABSTRACT

Non-ferrous smelting dust, especially lead-smelting dust (LSD), contains percent levels of
indium and thus constitutes a novel indium resource. The main difficulty in recovering indium
from LSD is the coexisting presence of lead and zinc. In this study, a unique indium separation
process was designed, combining techniques that involve washing with a chelant, leaching with
acid and precipitation as hydroxide. The majority of the Pb in the LSD was selectively separated
during chelant-assisted washing with ethylenediaminedisuccinate (EDDS), while the residual Pb
was diminished through an acid leaching treatment with a mixed solution of sulfuric acid and
hydrochloric acid. The chelant washing step also ensures a decrease in the raw LSD weight at a
ratio of approximately 82 % due to the removal of lead and counterions such as sulfate, and the
washing step also minimizes the consumption of corrosive acids in the subsequent step. Selective
indium separation from LSD is further complicated by the similarity of the behavior of zinc
during the acid leaching step. Therefore, hydroxide precipitation at pH 5 has been introduced as
the final step, ensuring the maintenance of zinc as a soluble species in the supernatant and the

selective separation of indium (~ 88 %) as a hydroxide precipitate.
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Indium recovery; Selective separation; Lead-smelting dust; Chelant-assisted washing; Acid

leaching, Hydroxide precipitation
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1.0 Introduction

The metal indium, particularly as ITO (indium-tin-oxide) thin film, is an industrially
important component because ITO is necessary for building electronic devices [1]. ITO is widely
utilized for manufacturing liquid crystal displays, plasma displays and solar energy cells [2],
which consume approximately two-thirds of the global indium production [1]. One of the
resource materials for raw indium is non-ferrous metal ore [3], which is obtained as a by-product
of the smelting process of the non-ferrous metal ore [4]. Raw indium deposits are region-specific
(i.e., China, Korea, and Russia) [5]. Discrepancies in demand, supply and price are therefore
observed. The search for alternate sources of raw indium is vital from the point of view of
resource strategy, and this search is focused mostly on the processing of indium-laden waste
materials, e.g., ITO scrap [2, 6-8], end-of-life liquid crystal displays [6, 9-11] and etching waste
[12-14].

The residue and flue dust from the smelting of non-ferrous metals, such as lead, termed lead
smelting dust or LSD hereafter, also includes indium [15] and is expected to be a novel indium
resource. Acid leaching is commonly employed for metal smelting from waste resources [16-18].
Indium recovery from waste material has been reported through the use of acid leaching and
hydroxide or sulfide precipitation [2, 6, 7, 19-21]. This approach is frequently criticized both in
terms of overall efficiency due to the lack of selectivity in separation and in terms of the
hazardous impact on the environment. Therefore, a reduction in the use of acid or other corrosive
extractants is desirable [22]. As alternative extractants for indium recovery, chelants [10, 11, 23],
other solvents, such as carboxylic acid or phosphoric acid derivatives (e.g., di-2-
ethylhexylphosphoric acid), chelating compounds (e.g., hydroxyoximes and azoles), and
solvating extractants (e.g., tributyl phosphate, trioctylphosphine oxide and methyl isobutyl
ketone) have been proposed [6, 24]. Although alternative extractants possess unique leaching
behavior (i.e., selectivity, re-usability, etc.), the leaching efficiency of these alternative

extractants is not comparable with the leaching efficiency of even acids or bases.
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Indium reclamation from waste resources is further complicated by the simultaneous presence of
metal components having chemical similarities [25, 26]. For example, tin is the major impurity
in the recovery process of indium from ITO waste [2]. The issue of chemical similarities is more
of'a concern during the recovery of indium from LSD using acids or bases because the acid
leaching process consumes a higher quantity of solvents due to the coexistence of base metals
(e.g., lead, zinc, etc.) other than the indium, increasing the total operating cost.

The objective of the current work was to develop a unique technique for the quantitative
reclamation of indium from LSD. The separation scheme combines chelant-assisted washing,
acid leaching and hydroxide precipitation techniques, minimizing the competing effect of

coexisting metals.

2.0 Experimental

2.1 Materials

Analytical grade reagents were used during all experiments. Ethylenediaminetetraacetate,
(EDTA, Kanto Chemical, Tokyo, Japan), 3-hydroxy-2,2’-iminodisuccinate (HIDS, Nippon
Shokubai, Osaka, Japan) and ethylenediaminedisuccinate (EDDS, Chelest, Osaka, Japan) were
used as the chelating extractants (Table 1). As buffer reagents, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, Nacalai Tesque, Kyoto, Japan), N-tris(hydroxymethyl)-
3-aminopropanesulfonate (TAPS) and 3-cyclohexhylaminopropane sulfonate (CAPS, MP
Biomedicals, Santa Ana, CA) were used. The ICP multi-element standard solution IV containing
1000 mg L' 0f 23 elements (Ag, Al, B, Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, In, K, Li, Mg, Mn,
Na, Ni, Pb, Sr, T, Zn) in diluted nitric acid (Merck KgaA, Darmstadt, Germany) was used as the
standard during metal analysis. Purified water (resistivity > 18.2 MQ2-cm) was obtained from an
Arium Pro water purification system (Sartorius Stedim Biotech GmbH, Goéttingen, Germany)

and was used for the preparation of all reagents.
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Low-density polyethylene bottles, polyethylene test tubes (Nalge Nunc, Rochester, NY),
DigiTUBEs (SCP Science, Quebec, Canada), perfluoroalkoxy tubes and micropipette tips
(Nichiryo, Tokyo, Japan) were used as laboratory ware. The laboratory ware was cleaned via
overnight soaking in Scat 20X-PF alkaline detergent (Nacalai Tesque, Kyoto, Japan) and then in

HCI (3 mol dm™), followed by rinsing with purified water after each of the previous steps.

2.2 Analytical techniques

Concentrations of metals in solution were measured by using the iCAP6300 inductively
coupled plasma optical emission spectrometer (ICP-OES) (Thermo Fisher Scientific, Waltham,
MA). The ICP-OES was operated under the following conditions: the radio frequency power at
the torch was 1.15 kW, the plasma gas flow was 12 dm’ min ', the auxiliary gas flow was 1 dm’
min "', the nebulizer gas flow was 0.5 dm’ min"', and the integration time was 30 s. The Epsilon3
X-ray fluorescence (XRF) spectrometer (PANalytical, Almelo, The Netherlands), JSM-7100F
field-emission scanning electron microscope (FE-SEM) (JEOL Co., Tokyo, Japan) combined
with the INCA energy dispersive X-ray (EDX) spectrometer (Oxford Instruments, Oxfordshire,
UK), and MiniFlex 600 X-ray diffractometer (XRD) (Rigaku Corporation, Tokyo, Japan) were
used for the elemental characterization of the LSD solids. Each of the instrumental
measurements and treatment procedures was performed in three replicates, and an averaged

value is reported.

2.3 Collection and characterization of the LSD samples

The LSD samples were provided from the non-ferrous metal smelting process of a
Japanese mining company, who preferred to be introduced as ‘anonymous’ to avoid the violation
of intellectual proprietary rights.

LSD samples (0.05 g) were transferred into a pre-cleaned PTFE vessel of a Multiwave 3000
microwave digestion system (PerkinElmer, Waltham, MA), which was loaded with HNO3 (13.2

mol dm™; 1 cm®), HCI (12 mol dm>; 3 cm’) and HF (27 mol dm; 1 ¢cm’). The microwave
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digestion process was conducted under the following conditions: microwave power (max) — 1400
W; ramp time — 15 min; heating time at the maximum temperature — 120 min; and vent time — 30
min. After completion of the primary digestion step, a 5% H3BO3 solution (10 cm’) was added
to the digested solution to mask the residual hydrofluoric acid as fluoroborate (BF4"). The
mixture was heated further under the following conditions: microwave power (max) — 1400 W;
ramp time — 15 min; heating time at the maximum temperature — 30 min; and vent time — 30 min.
The dissolved samples were transferred to 50 cm’ polypropylene tubes (DigiTUBEs) and were
diluted to 50 cm® with purified water. The content of metal in the samples was determined by

ICP-OES.

2.4  Chelant-assisted washing treatment of LSD

LSD samples (0.05 g) were added to 5 mmol g of chelant (EDTA, EDDS, or HIDS) and
0.02 mol g”' of NaOH mixed solution (5 cm’) in 50 cm’ polypropylene test tubes and were
shaken at 180 rpm and 25 °C for 5 h. The mixed solution was centrifuged at 1820 x g for 30 min,
and the supernatant was filtered with a 1.0 um pore size mixed cellulose ester membrane filter
(Advantec, Tokyo, Japan). The metal extraction yield (%) was defined using the following
equation:

Cgol XV

Extraction yield (%) = mx oron % 100 (D

In Eq. 1, the symbols are defined as follows: C 1, metal concentration in the solution (mg dm);
v, volume of the given solution (dm’) ; m, weight of the LSD (kg); and Cysp, metal content in the
LSD (mg kg ™).
2.5  Acid leaching treatment of LSD

The LSD sample (0.05 g) was leached by using 5 cm’ of mineral acid (0.1 mol g' of
HNO3, HCIl and H>SO4). The mixture was shaken at 180 rpm and 25°C for 24 h. The mixed

solution was centrifuged, and the supernatant was filtered.



Chemical Engineering Journal, 277: 219-228, 2015
The original publication is available at: http://dx.doi.org/10.1016/j.cej.2015.04.112

2.6 Hydroxide precipitation treatment of LSD

The solution leached from the LSD using the mixed acid solution (0.02 mol g~' HC1/0.04
mol g ' H,S0,) in accordance with section 2.5 was adjusted to pH 5 with 10 mol dm > of NaOH
solution. The hydroxide precipitate was collected on a membrane filter (pore size 0.45 pm) and
dissolved with 1.0 cm’® of aqua regia (a mixture of 12 mol dm™> HCI and 13.2 mol dm > HNOj at

a ratio of 1:3 based on volume).

3.0 Results and Discussion

3.1  Chemical composition of LSD

The LSD was composed mainly of lead, zinc and indium, while the auxiliary components
were cadmium, calcium, copper, bismuth, and thallium (Table 2). Main and auxiliary metal
components in the LSD were calculated as 2.86 mmol g '. Furthermore, XRF analysis indicated
the presence of bromine (23 %) and sulfur (3 %) as non-metallic components of the LSD. The
metals in the LSD were estimated to be in the chemical forms of bromide, oxide, sulfide or
sulfate, as the LSD was generated from the combustion of sulfide or sulfate ores (e.g., galena,
anglesite and sphalerite). The FE-SEM and EDX observation supplied the micro-scale surface
image of the LSD sample (Figure 1), which indicated a highly homogenous elemental
composition throughout. The analysis also confirmed that LSD is a complex mixture of several
metal compounds. The XRD pattern of the LSD sample also had a complex structure with weak
peak intensity (Figure 2a). Based on the comparison with the XRD patterns of standard Pb
species, PbBr, was identified as a major species in the LSD with a possible minor quantity of
PbO (Figure 2b-2d). The assumption is sustained because the EDX and XRF analysis also
confirmed a high concentration of bromine in the LSD solids, while oxygen was not detected at a
significant level. However, it was difficult to identify the In and Zn species in the LSD even after

comparison with the XRD patterns of corresponding standard reagents.
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3.2  Chelant-assisted washing treatment of the LSD

3.2.1 Effect of chelant concentration

The effects of chelant application and the corresponding concentrations in solution from
the extraction of the main metal components of the LSD (Pb, Zn and In) are illustrated in Figure
3a. Quantitative Pb extraction was observed with the chelant solutions, whereas Zn and In
extraction was limited to less than 26% and 8%, respectively. To achieve the maximum Pb
extraction yield, the concentration of chelant in solution is required to be greater than 5 mmol g .
As shown in section 3.1, the content of total metals in the LSD was 2.86 mmol g '. Hence, the
calculated simulation indicated that 2.86 mmol g ™' of chelant is required for the formation of 1:1
metal (M)-chelant (Y) [27-29] complexes (Eq. 2), considering a chelant-LSD mixing ratio of 100
cm’ g '. The simulation calculation, therefore, further supports the experimental observations
and confirms that more than 5 mmol g’ of chelant should be required to remove the lead from

the LSD.
YY4+MY 5> M-Y ¢ )
3.2.2 Effect of extraction time

Chelant-assisted washing treatment was performed at 25°C, and temporal changes in the
extraction behavior are shown in Figure 3b. The Pb and Zn extraction patterns indicated that
equilibrium was attained within 5 h, irrespective of the type of chelant, whereas the reaction rate
was slower for indium. The extractive In leaching rate with the chelants was minimal compared
to the leaching rate of Pb and Zn, thus becoming an issue of secondary concern. Hence, in terms
of the efficiency of Pb extraction, an extraction period of 5 h was maintained for the chelant-

assisted treatment step.
3.2.3 Effect of solution pH

The effect of extractant pH on the chelant-assisted metal leaching rate from LSD was

examined with simultaneous control runs. The extraction yields obtained in the absence of
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chelants were higher at an acidic pH than under basic conditions (Figure 4a). This behavior is
attributable to the interaction of the hydrogen ions (H") in solution [30]. The hydrogen ions may
react with metal compounds on the surface of the LSD and dissolve or desorb [31] these metal
compounds (Eq. 3).

MO, +2yH" —xM™ +yH,0 3)

+ 4-—
H,Y > 4H' +Y @)

The presence of chelant in solution increased the metal extraction yields throughout the pH range
from 3 to 11. In addition, an increase in the metal extraction yields under both acidic (e.g., Zn:

32 % at pH 3, EDTA) and basic (e.g., Zn: 24 % at pH 11, EDTA) pH was observed. The
increased yield at lower pH may be due to the higher release rate of metals (M) from the solid
phase (Eq. 3). The higher extraction yield at basic pH is attributable to the high conditional
formation constant of the chelant-metal complex (K¢ ymy) due to acid dissociation of the chelant
(Eq. 4), which designates the increment in metal-chelate complexation (Eq. 2). The extraction
yield of metals in the acidic region has been higher than the extraction yield in the basic region,
indicating that the chemical form of the metal constituents in the LSD solids has a significant
role during the chelant-assisted leaching of metals under the influence of solution pH [32].

The difference in the extraction efficiencies among the chelants (EDTA, EDDS, or HIDS) was
found to be prominent at an acidic pH (pH ~ 3). The Pb and Zn extraction rates were lower with
the HIDS and EDDS chelants than with EDTA and commonly occurred in the following order:
EDTA > HIDS > EDDS. This ordering can be attributed to protonation of the chelant, which can
be described as the back reaction of Eq. 4. The complexation ability of the chelant, as denoted by
K¢’ my, tends to be lower after protonation. The calculated log K¢’ my at pH 3 is as follows:
EDTA-Pb (7.40) > HIDS-Pb (2.14) > EDDS-PDb (0.68) and EDTA-Zn (5.90) > HIDS-Zn (1.69) >

EDDS-Zn (1.38). Hence, the extraction yield of metals was found to be dependent on the
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conditional formation constant at an acidic pH causing a decrease in the complex formation
ability of the chelant.

Chelant-assisted washing was also carried out under stronger basic conditions (> pH 11), and the
results are shown in Figure 4b. The indium extraction yield was below the limit of detection at
0.02 < [NaOH] < 0.2 mol g ' (Figure 4b, In) for EDTA and EDDS-assisted washing. The
increased concentration of hydroxide ions in the solution results in the precipitation of indium as
indium hydroxide (e.g., In(OH)3, Ky, = 1.26x107") (Eq. 5), and the magnitude of this chemical
reaction was larger than the rate of In-chelant complex formation (e.g., In-EDTA", K¢ =
8.91x10%%.

M™ +nOH™ — M(OH
+ — M(OH), | 5)

In the presence of 0.01 mol g”' of NaOH in solution (Figure 4b), the extraction yields of Pb and
Zn were comparable to a great extent, indicating a larger solubility range for hydroxide
precipitation of the corresponding metals. Furthermore, an increase in the reactive species Y
occurred under alkaline conditions, resulting in a higher formation rate for soluble chelant
coordination compounds and increased metal extraction rates [33]. These observations indicate
that the physicochemical form of the metals and their interaction with the hydroxide ions are
important and make a strong contribution to chelant-assisted washing at a basic pH. Based on
these experimental findings, we concluded that chelant-assisted washing with 0.02 mol g~
'NaOH in chelant solution will be advantageous for the separation of indium from other
coexisting metals.

Although there are differences in the rate of metal extraction with EDTA, EDDS and HIDS, the
differences are not significant except under highly acidic and strongly basic conditions. In spite
of the higher efficiency of EDTA, its poor photo-, chemo- and biodegradability evoke
environmental concerns [34-37], and the biodegradable alternatives (EDDS or HIDS) deserve

consideration [38-40]. The extraction of Pb and Zn from solids with EDDS was observed to be

10
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superior to extraction with HIDS under basic conditions [40], and EDDS has been selected for

subsequent studies.

3.3  Acid leaching

The chelant-assisted washing treatment facilitated the quantitative removal of lead and
concentrated the indium and zinc in the LSD. However, the selective leaching of indium is
difficult with chelants. Therefore, an acid-leaching step was employed with the aim of

reallocating solid-phase indium in the LSD to the aqueous phase.

3.3.1 Effects of acid concentration

The effects of various acids and their corresponding concentrations on the leaching
efficiency of indium from LSD were studied (Figure 5). HNOj3-assisted leaching was successful
for the quantitative recovery of indium and the other coexisting metals (Pb and Zn) at > 0.5 mol
g ' acid, while HCI and H,SO,4 were able to recover the same amounts at ~ 0.1 mol g ' acid.
Furthermore, Pb extraction was not observed at ~ 0.1 mol g "' H,SO4 due to the formation of
PbSOy precipitate (K, = 7.2x10°%) (Eq. 6), making this set of conditions more efficient than the
other alternatives for isolating indium from residual lead.

Pb* +S0O,> — PbSO K = [Pb*>"][SO?] (6)

40 SP'PbSO,
3.3.2 Effects of a mixed acid solution

The metal leaching efficiency of a mixture of HCl and H,SO4 was examined to
determine moderate separation conditions, and the composite concentration ratio was varied
within 0.1 mol g . Increasing the H,SO4 concentration in the mixture was observed to decrease
the lead extraction yield (Figure 6a) due to the common ion effect. Optimum separation
performance, as represented by Pb leaching of < 1%, was achieved with a mixture of 0.04 mol g~
'"H,80, and 0.02 mol g_1 HCI. However, the leaching behavior of Zn with these acids is similar
to the leaching behavior of indium. Hence, the desired selectivity toward indium in LSD is not

completely achievable during the acid-assisted leaching step.

11
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3.3.3 Effects of leaching time

The effects of leaching time on the acid-assisted recovery of indium and zinc using the
0.04 mol g ' H,SOy plus 0.02 mol g ' HCI mixture were examined (Figure 6b). A period of 24 h
was required to achieve an indium yield of up to 94%, and solution equilibrium (yield: 97%) for
zinc was achieved within 12 h. Hence, a leaching time of 24 h was selected to ensure complete

indium leaching from the LSD.

3.4 Hydroxide precipitation

Separation of indium from zinc in LSD is difficult because of their similar behavior. The
hydroxide precipitation technique was therefore examined to separate indium from zinc. The
hydroxides of indium and zinc are known as weakly soluble salts in water, and the corresponding
solubility products (Kg,) are 1.26 x 107 mol* dm '* (Eq. 7) and 2.0x10""" mol’ dm™ (Eq. 8),
respectively. The K, values of indium and zinc are significantly different, and this difference is
useful for separating indium from zinc by adjusting the solution pH.

In** +30H" — In(OH), =[In*J[OH"T’ (7)

SP'In(OH),

Zn* +20H" — Zn(OH), =[Zn™ J[OH T’ ®)

SP'Zn(OH),
A calculated simulation of hydroxide solubility indicates that indium precipitates at pH > 4,
while zinc remains as a soluble species in the supernatant at pH values < 7 (Figure 7a). Thus, the
pH adjustment of an acid-leached solution is expected to separate indium as a hydroxide
precipitate in the following pH range: 4 <pH < 7.

Experimental observations showing indium and zinc species in the aqueous and solid phases
with changes in the pH of an acid-leached solution are shown in Figure 7b. The total indium
content was observed to exist in the aqueous phase at pH 0.2 to 2, and its precipitation as indium
hydroxide started at pH > 2 and approached completion at pH 5. By contrast, zinc precipitation
as hydroxide was initiated at pH > 5.4. Therefore, the separation of indium and zinc from the

aqueous phase is achievable by adjusting the solution pH to 5.

12
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3.5  Sequential separation scheme for selective indium separation from the LSD

A sequential separation scheme was designed for the selective recovery of indium from
LSD according to the optimized conditions identified in the previous sections during evaluation
of the chelant-assisted washing, acid leaching and hydroxide precipitation techniques (Figure 8).
The scheme was experimentally verified using 9.9968 g of LSD as a starting sample. The sample
was subjected to the chelant-assisted washing treatment using 5 mmol g ' EDDS and 0.02 mol g
"NaOH at 25 °C, resulting in the almost quantitative separation of lead and separation of
approximately 22 % of the zinc from the raw LSD. The subsequent step was the acid leaching of
the chelant-treated LSD with a mixed acid solution (0.02 mol g ' HCl and 0.04 mol g' H,SO4)
at 25 °C, and the acid-leached eluate included mostly indium (1.1 g dm™) and zinc (2.1 g dm™).
The acid-leached eluate was then subjected to separation by hydroxide precipitation by adjusting
the solution pH to 5. The precipitated solid obtained (1.0463 g) included 0.23 g of indium and
0.03 g of zinc. Overall, a total of 88.2 % of the indium was selectively recovered from the LSD
by the proposed sequential separation scheme.
The mass distribution of indium, lead and zinc in the LSD during application of the sequential
separation scheme is summarized in Figure 9, calculated using the following relation:

C m
Mass distribution (%) = x100 9
mCAW +m ALR +mHP.sup + mHP.ppt

where the symbols in the equation indicate the following: m (%), each distribution of metal; M,y
(%), metals in the chelant-assisted washing eluate; m,.x (%), metals in the acid leaching residue;
My (%), metals in the hydroxide precipitation supernatant; and My, (%), metals in the
hydroxide precipitate. The total recovery of indium from the 9.9968 g LSD sample with the
sequential separation process was 96%, while the contribution of indium hydroxide was 88% in

that total.

13
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4.0 Conclusion

The present study was aimed at the development of a selective technique for the recovery
of indium from LSD. The extraction yield of metals from LSD was found to be strongly
influenced by solution pH and interactions between the metals and hydrogen ions or hydroxide
ions. Indium and zinc remained fixed in the LSD while lead was extracted with a solution
containing 5 mmol g ' EDDS and 0.02 mol g”' NaOH. A subsequent acid leaching step induced
the release of indium and zinc from the LSD. Hydroxide precipitation by adjusting the solution
pH to 5 ensured the separation of indium as indium hydroxide precipitate, while the total zinc
content remained in the supernatant. The proposed multiple step treatment selectively separated
and concentrated indium as a hydroxide precipitate from the matrix component of the LSD, and
the total separated indium was 88 % as the precipitate. The present technique is expected to be
able to refine indium quantitatively with little harm to the environment because of its minimal

consumption of acids and bases.

14
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Table 1. Chemical structures and acid dissociation constants (pK,) of chelants

Chelant Structure pKa
EDTA?, ° pKai 2.00
Ethylenediaminetetraacetate Ho )H oH
N v& pKa 2.69
’ Ny J/ PKas 6.13
OH %‘(O H
pKas 10.37
EDDS?, OH pKai 2.95
Ethylenediaminedisuccinate ° °
Ho N pKa2 3.86
N O H
N
° ° pKa 6.84
OH
pKas 10.01
HIDS", oH o pKai 2.14
HoO
3-Hydroxy-2,2’-iminodisuccinate ° O H
HO o pKaz 3.08
H
° er pKas 4.07
pKas 9.61

TAL25°C (u=0.1 M) [41],PAt 25 °C (n = 0.1 M) [28, 29, 39].
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Table 2. Metal concentrations in LSD by microwave-assisted digestion/ICP-OES detection

Metal Concentration [%]
Bi 0.195 £ 0.005

Ca 0.59+£0.01

Cd 0.62 +£0.01

Cu 0.234 £ 0.005

In 2.64 +0.06

Pb 40.6 £ 0.7

Tl 0.13+0.01

Zn 5.7+£0.2
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Figure 1. FE-SEM/EDX observation and element mapping image
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Figure 3. Effect of (a) chelant concentration (extraction time: 24 h) and (b) extraction time

(chelant concentration: 5 mmol g ') on extraction yield (%) during chelant-assisted washing

treatment of LSD. Solution pH, 7; liquid solid ratio, 100 cm’ g_l; temperature, 25°C.
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Figure 4. Effect of (a) solution pH (3 to 11) and (b) NaOH addition (0.01 to 1 mol g'') on
extraction yield (%) during chelant-assisted washing treatment of LSD. Chelant concentration, 5

mmol g '; liquid solid ratio, 100 cm® g'; extraction time, 24 h; temperature, 25°C.
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Figure 5. Metal extraction yields during mineral acid leaching treatment of LSD. Liquid solid

ratio, 100 cm’ g_l; extraction time, 24 h; temperature, 25°C.
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Figure 6. Extraction yields of metals (In, Pb and Zn) during acid-leaching treatments of LSD: (a)

Effect of varying HCI/H,SO, ratio (extraction time: 24 h); (b) Effect of extraction time with HCI

(0.02 mol g') and H,SO, (0.04 mol g ") mixture. Liquid solid ratio, 100 cm’ g'; temperature,

25°C.
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Figure 7. Separation of indium from zinc using the hydroxide-precipitation technique: (a)

calculated simulation; (b) residual ratio (%) in the aqueous medium of the supernatant; (c)

precipitation ratio (%) during hydroxide precipitation.
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Figure 8. Sequential scheme for selective indium separation from LSD. In the figure, ‘N.D.’

stands for ‘not detected’.
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Figure 9. Mass distribution of the major metal components of the LSD during the sequential
separation process. The symbols stand for the following: M.y (%), metal in the chelant-assisted
washing eluate; m,.; (%), metal in the acid-leaching residue; Myp.,, (%), metal in the hydroxide-

precipitation supernatant; My, (%), metal in the hydroxide precipitate.
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