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Ethylenediaminetetraacetic acid (EDTA) has been widely used as an effective reagent for removal of lead

from soil because of its high lead extraction efficiency caused by the high thermodynamic stability of the

Pb(II)–EDTA complex. In this study, EDTA was used as a lixiviant for recovery of lead from residues (matte

and slag) of secondary lead smelter plants. The residues were composed mainly of iron (34–66 wt%) and

lead (7–11 wt%). Leaching parameters (EDTA concentration, pH, temperature, liquid-to-solid ratio and

leaching time) were optimized. The optimum leaching efficiency was achieved when leached for 1 h at

room temperature using 0.05 mol L�1 EDTA at a liquid-to-solid ratio of 5 mL g�1. At such conditions, 72

to 80% of lead and less than 1% of iron were leached from both matte and slag. The high selectivity

towards lead with minimal co-dissolution of iron is a major advantage since it reduces the chemical

consumption and simplifies the downstream processes. Although the stability constants of the

complexes Fe(III)–EDTA, Fe(II)–EDTA and Pb–EDTA are all large (log KS 25.1, 14.33 and 18.04,

respectively), the leaching of iron was most likely limited by its presence in insoluble phases such as iron

oxides, sulfides and silicates in the residues. 100% leaching of lead was achieved by a multi-step leaching

process where the leaching residues were contacted three times by a fresh EDTA solution. To recover

EDTA, first iron was precipitated as iron hydroxide by raising the pH of pregnant leach solution (PLS)

above 12.6 using sodium hydroxide, followed by precipitation of lead as lead sulfide by adding

ammonium sulfide. The recovered EDTA was successfully reused two times for leaching without

significant changes in leaching yields.
Introduction

A total of 11.9 million tons of lead metal was produced globally
in 2019, and 61% of that amount was produced by recycling of
lead-containing scrap by secondary lead smelters.1 The
secondary lead smelters produce metallic lead as their main
product but also a large amount of by-products. During the
smelting process, molten lead sinks to the bottom of the
furnace and is tapped separately for further rening. The less
densemineral phases (i.e., the smelting residue) oat on the top
of the molten lead and these are tapped into a separate pot to
settle. There, the denser matte consisting mostly of molten
sulde sinks to the bottom and the slag consisting of molten
silicate oats on the top.2,3 Aer cooling, the matte is physically
separated from the slag. About 200 000 tonnes of lead-rich
residues (matte and slag) are being produced yearly in Europe
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alone during this smelting process.4 These residues are
composed mostly of iron (30–70%) and lead (6–10%), but some
amounts of tin, antimony, nickel and zinc are present as well.
Therefore, they can be reused as secondary resources for many
valuable metals. In addition, matte and slag landlls are known
to release lead, a toxic but economically important metal, to the
environment, and recovery of the valuable metals such as lead
will generate a new residue that is safer to landll.5

Some research has focused on the valorization of these
residues as a construction material.6,7 However, the recovery of
the valuable metals prior to their application as construction
material was not considered. Hence these approaches result in
a great loss of valuable metals in addition to the potential risk of
leaching the toxic metals to the environment. Few studies have
investigated the recovery of valuable metals from these lead-
containing residues. Kim et al. studied the selective leaching
of lead and other minor metals from lead smelter residues
using nitric acid.2,8 They investigated in detail the effect of
roasting, pressure leaching, and addition of the ferric ion as an
oxidant to enhance lead leaching. With their optimized system,
about 90% of lead was leached with minimal co-dissolution of
iron. However, the leaching system employs nitric acid which is
highly corrosive and powerful oxidant and, requires roasting
RSC Adv., 2020, 10, 42147–42156 | 42147
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which is energy intensive. Moreover, it did not leach any lead
from slag making it only applicable for matte. Forte et al.
employed a solvometallurgical leaching process using concen-
trated acetic acid to recover the valuable metals from the lead
smelter residues.9 The process could leach 90% of lead with 6%
co-leaching of iron from matte and lower lead leaching of 70%
from the slag. Although this process is novel and promising, its
main challenge is to convince the stakeholders to use a pure
acetic acid at industrial scale since it has a strong stringent odor
and it has not been applied on a commercial scale by a metal-
lurgical industry yet. Moreover, liquid-to-solid ratio of 20 L kg�1

required for the acetic acid leaching is too high, making the
process unattractive for commercialization.

Ethylenediaminetetraacetic acid (EDTA) is a chelating agent
that can form stable Pb(II)–EDTA complexes.9 In fact, EDTA has
been widely used as an effective reagent for decontamination of
lead from soil because of its high lead extraction efficiency enabled
by high thermodynamic stability of lead–EDTA complexes.10–23

Moreover, EDTA can be recuperated and recycled which is an
economical and environmental importance since EDTA is rela-
tively expensive and only slow biodegradable.24–26 In a recent study,
Smaniotto et al. investigated the recovery of lead from recycled
lead–acid battery slag using EDTA as a lixiviant.5

In this paper, we presents the development of a process to
selectively recover lead from the residues (matte and slag) of
a secondary lead smelter using EDTA as lixiviant. Firstly, the
operative parameters (concentration, pH, liquid-to-solid ratio,
temperature) were rstly optimized. Secondly, the recovery of
EDTA and its subsequent reusability with fresh residues, was
studied in detail. Finally, the scaling up of the leaching system
was tested in a 1 L reactor.
Experimental
Chemicals

The slag and matte were kindly provided by a European
secondary lead producer. Disodium ethylenediaminetetraacetic
acid (0.1 mol L�1, Na2EDTA) and sodium hydroxide (NaOH,
pearl) was purchased from Fisher Scientic (Loughborough,
United Kingdom). Disodium ethylenediaminetetraacetic acid
(0.2 mol L�1, Na2EDTA) was purchased from Honeywell Fluka
(Seelze, Germany). Hydrochloric acid (37 wt%, HCl in water)
and boric acid (99.5%, H3BO4 in water) was supplied by VWR
Chemicals (Leuven, Belgium). Nitric acid (65 wt% HNO3 in
water) and iron, lead, zinc and rhodium standard solutions
(1000 mg L�1) were purchased from Chem-Lab NV (Zedelgem,
Belgium). Hydrouoric acid (48 wt%, HF in water) and ammo-
nium sulde (20 wt%, (NH4)2S in water) were purchased from
Sigma-Aldrich (Diegem, Belgium). All chemicals were used as
received without any further purication.
Instrumentation

Thematte and slag were ground and sieved using amortar grinder
(Pulverisette 2, Fritsch, Germany) and a vibratory sieve shaker
(Analysette 3, Fritsch, Germany). Thematerials were digested using
a microwave digester (Mars 6, CEM, USA). The metal content in
42148 | RSC Adv., 2020, 10, 42147–42156
solution was measured by inductively coupled plasma optical
emission spectroscopy (ICP-OES, Optima 8300, Perkin Elmer, USA)
from PerkinElmer. The mineral phases in the solid materials were
identied by powder X-ray diffraction (XRD) analysis using
a Bruker D2 Phaser diffractometer. The leaching was carried out
on a RCT classic heating plate (IKA). The phase disengagement
between the solid and liquid aer leaching was carried out by
centrifugation using Heraeus Labofuge 200. The scalability of the
leaching at optimized conditions was studied using a customized
1 L jacketed laboratory reactor, linked to an automatic ltration
unit (LabKit 36167) constructed by HiTec Zang GmbH (Herzo-
genrath, Germany).
Methodology

The matte and slag (as received) were dried in an oven at 100 �C
for 24 h to remove any trace of moisture. The materials were
ground using a mortar grinder and sieved below 250 mm in
particle size using a vibratory sieve shaker. The procedure for
quantitative X-ray diffraction analysis (QXRD) was adapted from
the work of Snelling et al. and Machiels et al.27,28 Samples were
spiked with 20 wt% of Al2O3 internal standard and ground in
ethanol for 5 min using a McCrone Micronizing Mill. X-ray
powder diffraction (XRD) was used for the phase identica-
tion of the crystalline fraction. Experimental parameters for
XRD analysis were: 2q: 10–80�, CuKa, acceleration voltage: 45
kV, acceleration current: 30 mA, a step size of 0.020� and
a counting time of 1 s per step, spin mode. Phase identication
was done using the Bruker Diffrac+ soware while Rietveld
quantitative phase analysis (QPA) was performed using the
Topas Academic soware. A fundamental parameter approach
was used, meaning that instrumental contributions to the peak
shapes were directly calculated. The following parameters were
rened: background, sample displacement, scale factors of all
phases, lattice parameters, crystallite size and lattice strain. The
background was rened using a cosine Chebyshev polynomial
function of 15 parameters. The metal content of the materials
was determined aer fully dissolving 100 mg of the milled
sample in an acid mixture of 4 mL of 37 wt% HCl, 5 mL of
65 wt%HNO3 and 1 mL of 48 wt%HF using microwave-assisted
acid digestion. The samples were digested using a one stage
program where the samples heated from room temperature to
180 �C in 5.5 min and held for 9.5 min at 1000 W. Aer the
digestion, the excess HF was rendered safe by complexation
with 10 mL of 4 wt% of H3BO3 and enhanced by microwave
digestion where the samples were heated up to 170 �C in 15 min
and held for 10 min. Aer the neutralization, the digestion
vessels were cooled and the digested solutions were transferred
to volumetric asks and lled up to 100mL with ultrapure water
for analysis. The sample dissolution via microwave digestion
was done in triplicates to check the reproducibility of the
composition. The metal concentrations in each of the digested
acid solution was measured by ICP-OES with �5% of error
associated with the measurements.

The initial leaching experiments were carried out by adding
200 mg of matte or slag and 2 mL of EDTA solution in a 4 mL
glass vial and magnetically stirred on a heating plate. The
This journal is © The Royal Society of Chemistry 2020
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Table 1 Element composition of matte and slag

Metal Matte (wt%) Slag (wt%)

Fe 66.3 34.5
Pb 10.9 6.8
Zn 0.35 0.61
Cu 0.82 0.27
Si 0.26 13.49
Sn 0.21 0.34
Ni 0.11 0.03
Ca 0.06 4.28
Cr 0.05 0.33
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following leaching conditions were applied: a liquid-to-solid
ratio (L/S) of 10 mL g�1, a temperature of 60 �C, a contact
time of 2 h and a stirring speed of 600 rpm. The upscaling of the
leaching system was tested for 1 L of EDTA in a 1 L batch
reactor. Attention had to be paid when choosing the type of vial
for leaching experiments. The iron- and lead-rich residues have
a high mass density and were difficult to stir by a magnetic
stirring bar. As a result, the solids residues were not homoge-
nously distributed in the EDTA solution, especially in the
longitudinal leaching vials giving a low leaching efficiency of
lead. An appropriate vial must be chosen for each volume of the
lixiviant. Otherwise, maximum leaching of lead could not be
realised using inappropriate vial. Therefore, 4 mL vials were
used for lixiviant volume of less than 2 mL and 10 mL vial for
lixiviant volume between 2–5 mL.

The pregnant leach solution (PLS) was separated from the
solid residue by centrifugation (5300 rpm, 10 min). The ner
particles suspended in the PLS were further separated by
a syringe lter made of a polyester membrane (Chromal PET,
0.45 mm pore size). The metal concentration in the PLS was
measured using ICP-OES and the leaching efficiency EL (%), was
calculated according to eqn (1):

ELð%Þ ¼ cM � vLIX

mI � cI
� 100 (1)

where cM is the metal concentration in the PLS aer leaching
(mg L�1), vLIX is the volume of leaching agent used for leaching
(L), mI is the mass of the solid material used for leaching (kg),
and cI is the concentration of the metal in the slag or matte
before leaching (mg kg�1).

The EDTA in the PLS was recovered by precipitation of the
dissolved iron by adding 12 mol L�1 NaOH; followed by
precipitation of lead by adding 2.93 mol L�1 (NH4)2S. The
precipitation efficiency EP (%) was calculated by mass balance
according to the following equation:

EPð%Þ ¼ 100�
�
cP

cM
� 100

�
(2)

where cP is the concentration of metals in PLS aer precipita-
tion (mg L�1) and cM is the concentration of metals in PLS
before precipitation (mg L�1).
Table 2 Mineral phases present in the matte and slag

Matte

Mineral phases wt%

FeS (troilite) 71
FeO (wüstite) 12
Fe3O4 (magnetite) 8
Pb3(CO3)2(OH)2 (hydrocerussite) 1
PbO (massicotite) 1
PbO (litharge) 1
Pb (lead) 0.5
Not calculated/amorphous 5

This journal is © The Royal Society of Chemistry 2020
Results and discussion
Characterization of matte and slag

The matte and slag were composed mainly of iron (34–66 wt%)
and lead (7–11 wt%) (Table 1). The iron and lead were present in
several mineral phases (Table 2, Fig. S1 and S2†). In the matte,
iron was mainly present in the form of sulde (FeS) with small
amounts of oxides (FeO, Fe3O4). In the slag, iron was mainly
present as silicates (Fe2SiO4, CaFeSiO4) with a signicant
amount of sulde (FeS) and small amounts of oxides (Fe3O4,
FeO). It must be noted that 91% of the iron in matte and slag
were in divalent state. Lead was present in elemental state (Pb),
oxide (PbO) and carbonate hydroxide (Pb3(CO3)2(OH)2) form in
both matte and slag, and additionally, in sulde (PbS) form in
the slag. Amorphous phases and the minor phases that were in
low concentration were not detected by XRD. These unidenti-
ed phases contributed to less than 5% of the mass of the
residues. To avoid complications in presenting a very large array
of data, only data for iron and lead are compared and further
discussed. The other metals were in low concentrations and
their impact on iron and lead leaching would be minimal.
Leaching matte and slag with EDTA

Leaching matte and slag using 0.1 mol L�1 EDTA resulted in
leaching of about 64–73% of lead and 1–12% of iron, making it
selective for lead over iron (Fig. 1). This favourable selectivity
towards lead with minimal co-dissolution of iron signicantly
Slag

Mineral phases wt%

Fe2SiO4 (fayalite) 34
Troilite (FeS) 29
CaFeSiO4 (monticellite) 19
Fe3O4 (magnetite) 7
FeO (wüstite) 2
Quartz (SiO2) 1
Galena (PbS) 1
Lead (Pb) 0.5
Hydrocerussite (Pb3(CO3)2(OH)2) 0.5
Litharge (PbO) <0.5
Not calculated/amorphous 5

RSC Adv., 2020, 10, 42147–42156 | 42149
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Fig. 1 Leaching efficiency EL (%) of lead and iron from matte and slag
by EDTA. Leaching parameters: EDTA concentration 0.1 mol L�1, L/S
ratio 10 mL g�1, 25 �C, pH (initial) ¼ 8, stirring speed 600 rpm.

Fig. 2 Effect of the leaching time on the leaching efficiency EL (%) of
lead and iron from matte and slag by EDTA. Leaching parameters:
EDTA concentration 0.1 mol L�1, L/S ratio 10 mL g�1, 25 �C, pH (initial)
8, stirring speed 600 rpm.
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reduces the chemical consumption and simplies the down-
stream processes. The lower leaching efficiency of iron
compared to that of lead was unanticipated as EDTA usually
forms a highly stable complex with iron. The equilibration
reactions (eqn (1), (2) and (3)) and stability constants (log KS,
25 �C and m ¼ 0.1) of EDTA with Fe(III), Fe(II) and Pb(II) are
shown below:11

Fe3+(aq) + H2EDTA(aq) # FeHEDTA(aq)

+ H+(aq), log KS ¼ 25.1 (3)

Fe2+(aq) + H2EDTA(aq)# FeH2EDTA(aq),

log KS ¼ 14.33 (4)

Pb2+(aq) + H2EDTA(aq)# PbH2EDTA(aq),

log KS ¼ 18.04 (5)

Based on stability constants, one could draw the wrong
conclusion that most of the iron would be leached because of
the high stability constant of iron–EDTA complexes and the
abundance of iron in the residues. However, the leachability of
metals was also inuenced by the solubility of each of the metal
phases. The solubility of crystalline iron oxides and iron sulde
are low and iron silicates are almost inactive with reducing
agents, chelating agents or weak acids. Therefore, despite
having a high stability constant for the Fe(II)–EDTA and Fe(III)–
EDTA complexes, the leachability of iron was most likely
inhibited by the insolubility of the iron oxides and silicates. The
presence of lead in more soluble minerals, together with its
high stability constant with EDTA resulted in a selective leach-
ing of lead over iron. Independent studies by Clevenger et al.
and Elles et al. already showed that EDTA can solubilize many of
the common inorganic lead phases such as PbCO3, PbSO4,
PbCl2, Pb(NO3)2, PbO, Pb3O4, PbO2 and Pb(OAc)2 except for PbS
and PbCrO4.29,30 Thus, the main limiting factor in leaching of
iron and lead from the residues was the solubility of the metal
phases. The solubility product constants of the iron phases
(log K at 25 �C: magnetite ¼ 2, wustite ¼ 0.8 and troilite ¼
5.25)31,32 present the residues are also signicantly lower than
the that of the lead phases (log K at 25 �C: litharge ¼ 2,
42150 | RSC Adv., 2020, 10, 42147–42156
hydrocerussite¼ 0.8),33 supporting the discussion that the good
solubility of the mineral phases is crucial in achieving a high
leaching efficiency of the metals. The Cu–EDTA and Zn–EDTA
complexes are also stable with stability constant (log KS, 25 �C
and m ¼ 0.1) of 18.7 and 16.44, respectively.11 However, their
inuence on the selective leaching of lead over iron is expected
to beminimal, since their concentrations (Cu¼ 0.3–0.8 wt%, Zn
¼ 0.3–0.6 wt%) were low in the residues.
Optimization of leaching of lead

The leaching of lead and iron from matte and slag was studied
as a function of the leaching time (Fig. 2). The leaching of lead
was relatively fast: about �50% of the lead was leached from
both matte and slag within the rst few minutes. For the matte,
it reached a maximum of 74% aer 6 hours and then remained
stable. For the slag, the leaching efficiency of lead increased
sharply until 73% aer 2 hours and then it remained constant at
longer leaching time. The leaching efficiency of iron remained
low for both residues: less than 1.5% aer 1 hour of leaching.
Forte et al. also reported fast leaching kinetics where the lead
leaching efficiency reached a plateau within 2 h.9 Since the
objective was to use the same condition for both matte and slag
and to achieve high selectivity over iron, the optimum leaching
time was chosen as 1 hour for both matte and slag. Aer 1 hour,
about 60% of lead and 1.5% of iron were leached, making it
highly selective for lead with minimal codissolution of iron.

EDTA concentration stepwise from 0.01 to 0.2 mol L�1

(Fig. 3). The leaching of lead increased sharply with increasing
EDTA concentration from 0.01 to 0.05 mol L�1 EDTA for both
matte and slag. Further increase in the concentration led to
a small decrease in leaching efficiency of lead in the matte and
a gradual increase for the slag. The leaching efficiency of iron
increased gradually with increasing EDTA concentration, but
remained less than 14%. Due to good selectivity and the
reduced cost of less concentrated EDTA solutions, the optimum
concentration was chosen to be 0.05 mol L�1 at which about
60% of lead and <2% of iron were leached. However, leaching by
0.1 mol L�1 EDTA concentration was also investigated to avoid
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Effect of the EDTA concentration on the leaching efficiency EL
(%) of lead and iron from matte and slag. Leaching parameters: L/S
ratio 10 mL g�1, 25 �C, pH (initial)¼ 8, stirring speed 600 rpm, leaching
time 1 h.
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limiting the leaching efficiency of lead by the lack of sufficient
EDTA molecules.

The leaching of lead and iron from matte and slag was
studied as a function of pH at 0.05 and 0.1 mol L�1 EDTA
Fig. 4 Effect of the pH on the leaching efficiency EL (%) of lead and iron
Leaching parameters: L/S ratio 10 mL g�1, 25 �C, stirring speed 600 rpm

This journal is © The Royal Society of Chemistry 2020
concentration (Fig. 4a and b, respectively). The pH of the EDTA
solution did not have a signicant effect on the leaching effi-
ciency of lead for both residues. Previous studies have also
shown that pH did not inuence the extraction of heavy metals
by EDTA.11 As conrmed here, the pH of the EDTA solution was
indeed not important for the leaching efficiency of lead.
However, the leaching efficiency of iron decreased with
increasing pH, and at pH¼ 12 there was no iron in the PLS. This
was due to the precipitation of Fe(II) and Fe(III) as Fe(OH)2 and
Fe(OH)3, respectively, at higher pH with a red-brown precipitate
formed quickly in the PLS aer ltration of the leaching
residue. Fe(III) in aqueous solutions usually precipitates at
much lower pH, but it is reported to be stable up to pH ¼ 12 in
EDTA solutions due to the high stability constant of Fe(III)–
EDTA complexes.10 The pH of the solution was expected to
remain unchanged (initial pH ¼ 8) or to slightly decrease aer
equilibration due to the release of free protons by the EDTA
molecule. However, the equilibration pH of the PLS increased
aer leaching. When pure water was used to leach matte and
slag, the equilibration pH of water aer leaching also increased
to 10.6 and 9.5, respectively. Aer analyzing the PLS resulting
from leaching with pure water, trace amounts of Pb, Zn, Ca, Sn
from matte and slag using (a) 0.05 mol L�1 and (b) 0.1 mol L�1 EDTA.
, leaching time 1 h.
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Fig. 5 Effect of the liquid-to-solid ratio on the leaching efficiency EL
(%) of lead and iron from (a) matte and (b) slag. Leaching parameters:
25 �C, stirring speed 600 rpm, leaching time 1 h, pH (initial) ¼ 8, EDTA
concentration 0.05 and 0.1 mol L�1.
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and K were found to be present but one specic chemical
reaction could not be linked to this pH change. Dissolution of
calcium oxide in water would generate hydroxide ions but the
concentration of calcium did not show positive correlation with
the change in pH of the PLS. The increase in pH could be due to
the release of hydroxide ions by more than one reaction taking
place during leaching. The selectivity of lead over iron was
better at pH 12 than pH 8. However, the iron leaching efficiency
was already low and further reducing the iron leaching effi-
ciency by increasing the pH was not a sufficient justication to
select a more complicated leaching process whereby a pH
adjustment of the lixiviant is required prior to the leaching.
Therefore, the pH of fresh EDTA solution (�pH 8) was chosen as
the optimum pH to have simple leaching process where pH
adjustment is not required.

The inuence of liquid-to-solid ratio (L/S) on leaching of lead
and iron from matte and slag using 0.05 and 0.1 mol L�1 EDTA
solution was investigated (Fig. 5). The leaching of lead increased
sharply when the L/S ratio was increased up to 5. Further
increase in the L/S did not signicantly change the leaching effi-
ciency of lead. The leaching of iron gradually increased but
remained low with increasing L/S ratio. For matte, the leaching
efficiency of lead was about 20–25% higher using 0.1 mol L�1

EDTA solution compared to that of the 0.05 mol L�1 solution.
However, for slag, the lead leaching efficiency only increased by
10% when the EDTA concentration was increased from 0.05 to
0.1 mol L�1. The optimum conditions were selected to be L/S ratio
of 5 and EDTA concentration of 0.1 mol L�1. At such conditions,
lead and iron leaching efficiency were 77% and 0.04%, respec-
tively, for matte and, 72% and 1.2%, respectively, for slag.

The inuence of temperature on leaching of lead and iron
from the residues was studied at L/S ratio 4 and 5 mL g�1

(Fig. 6). The temperature had only a small effect on the leaching
efficiency of lead and iron, so room temperature (25 �C) was
chosen as the optimum temperature for further experiments.
Lead could not be fully leached even at higher temperatures,
indicating the low reactivity of some lead phases which are still
insoluble even at more severe reaction conditions. In a few
studies, the lead leaching efficiency even decreased with
increasing temperature, which was attributed to the precipita-
tion of lead as a lead sulfate.8,9 In this study, the absence of lead
sulfate precipitation at high temperatures may be due to the
high stability constant of Pb(II)–EDTA complexes. At optimized
conditions (T ¼ 25 �C, t ¼ 1 h, L/S ¼ 5 mL g�1), EDTA leached
about 72 to 80% of lead and less than 1% of iron from both
matte and slag. Forte et al. leached 72–90% of lead and less than
3–6% of iron was co-dissolved frommatte and slag at optimized
conditions (T ¼ 25 �C, t ¼ 2 h, L/S ¼ 20 mL g�1).9 The slightly
higher leaching of lead and iron by acetic acid compared to that
of EDTA could be because the lead and iron solubilizing power
of acetic acid due to its acidity, is slightly higher than that of
EDTA due to its chelation. Kim et al. leached 69% of lead and
14% of iron from matte using 0.5 mol L�1 nitric acid, which
increased lead and iron leaching efficiency to 89% and 23%,
respectively by adding ferric ion as an additional oxidant
increased (T ¼ 25 �C, t ¼ 2 h, L/S ¼ 10).2 In another study, Kim
et al. leached 93% of lead and 0.6% of iron using 1mol L�1 citric
42152 | RSC Adv., 2020, 10, 42147–42156
acid and 0.5 mol L�1 hydrogen peroxide as an oxidant.8 The
authors explained that dissolution of zero-valent lead and lead
sulde would require both an acidication and an oxidization
step. As a result, addition of additional oxidant had a positive
effect in leaching of lead. In the process developed in this study,
the leaching efficiency of lead could not be increased further
than 80% and this could be due to the lack of strong acidity and
oxidative power to dissolve the lead sulde. The effect of oxidant
was not investigated in this study since using oxidant usually
increases the leaching efficiency of all metals, including that of
iron, which would reduce the selectively toward lead.

Multi-step leaching and EDTA recovery

Since one leaching step cannot achieve 100% leaching of lead,
multistep leaching was carried out where the leached residue
was contacted again with a fresh EDTA solution. Aer contact-
ing the residue three times with a fresh EDTA solution, 100%
lead was nally leached (Fig. 7). This result is consistent with
the ndings of other authors. During the remediation of
contaminated soils, it is commonly observed that signicantly
more lead was leached when the same amount of EDTA was
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Multi-step leaching of lead matte and slag with EDTA. Leaching
parameters: temperature 25 �C, stirring speed 600 rpm, leaching time
1 h, L/S ratio 5 mL g�1, pH (initial) ¼ 8, EDTA concentration
0.05 mol L�1.
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applied in several leaching steps.11,34–37 Metals such as iron
compete with heavy metals to form complexes with EDTA.11 The
high lead leaching efficiency of multi-step leaching is most likely
because iron interferes more strongly with lead complexation
when the residues or soils were leached in single-step mode.
However, a more detailed study will be needed to understand why
leaching with an EDTA solution in multiple steps is more efficient
and howmulti-step leaching facilitates the dissolution of insoluble
lead solids, like metallic lead and galena.

EDTA is a rather expensive chemical and it is only slowly
biodegradable. Therefore, it is crucial that EDTA can be recov-
ered and reused to reduce cost and to avoid environmental
issues. To allow the recyclability of the leaching agent, the
unreacted EDTA solution in PLS of matte and slag was recovered
by two precipitation steps; iron was precipitated rst by
increasing the pH of the PLS by adding NaOH followed by
precipitation of lead by adding (NH4)2S solution. Having
a 0.12 mol L�1 NaOH concentration in the PLSs was sufficient to
increase their pH to 12.6 and consequently to precipitate all
dissolved iron as iron hydrous oxide.5,12 The completeness of
the precipitation of iron was also visually evident from the
Fig. 6 Effect of the temperature on the leaching efficiency EL (%) of
lead and iron from (a) matte and (b) slag. Leaching parameters: stirring
speed 600 rpm, leaching time 1 h, L/S ratio 4 and 5 mL g�1, pH (initial)
¼ 8, EDTA concentration 0.05 mol L�1.

This journal is © The Royal Society of Chemistry 2020
change in color of the PLS from red-brown to transparent. The
red-brown color of the precipitate indicated that the precipitate
was ferric hydroxide, Fe(OH)3, since ferrous hydroxide, Fe(OH)2,
is either white or green. Moreover, the reddish color of PLS
turns darker within few hours aer leaching, indicating that the
Fe(II) had been oxidized to Fe(III) by the air. Therefore, all the
iron complexed with EDTA in the PLS were most likely in
trivalent state, which has a higher stability constant with EDTA
than the divalent state and lead. The PLS without the iron was
again contacted with (NH4)2S to precipitate lead as lead sulde
(Fig. S3†). Lead was completely precipitated at 0.12 mol L�1 and
0.15 mol L�1 (NH4)2S for matte and slag, respectively (Fig. 8).
Excess of unreacted (NH4)2S in the PLS was evident from the
bright yellowish color of otherwise transparent PLS and the
sulfurous odor. Therefore, excess of (NH4)2S must not be used
during precipitation of lead. The XRD pattern of the leach
residue was compared to the one of the fresh residue, and the
remaining lead phases could not be identied because the
diffraction peaks corresponding to lead phases were small and
oen overlapping with those of the iron phases. The leached
residue can be used by the iron and steel industry as
a secondary iron resources, because of its high iron content.
Direct precipitation of lead as lead sulde from the residues in
one step using alkaline sulde might work due to the strong
Fig. 8 Precipitation of lead from the pregnant leach solution as lead
sulfide by addition of (NH4)2S. Precipitation parameters: temperature
25 �C, stirring speed 600 rpm, time 1 h.
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affinity between lead (Pb2+) and sulde (S2�) based on the
Pearson's hard and so acids and bases (HSAB) principle.
However, direct precipitation is not always preferred since the
precipitates are mixed with the leach residue and separating
them can pose an even bigger challenge than a two-step process
of leaching followed by precipitation.
Scale up and reusability of EDTA

The EDTA leaching of lead matte and slag at optimal conditions
was tested on a larger scale in a 1 L temperature-controlled
leaching reactor (Fig. 9) with overhead stirring and automatic
Fig. 9 Upscaling EDTA leaching of lead matte and slag in a temperature

42154 | RSC Adv., 2020, 10, 42147–42156
ltration starting from 200 g of a solid residue and 1 L of
0.1 mol L�1 EDTA solution, which corresponds to 500 times
upscaling compared to the screening experiments. The results
show that the leaching efficiency of lead using the leaching
reactor was about 15–20% lower than the small-scale experi-
ments (Fig. 10, fresh). This may be due to ineffective stirring of
the residues in a longitudinal reactor, resulting in a heteroge-
neous distribution of the high mass density residues. The
leaching efficiency of lead in the leaching reactor can be
increased to that of small-scale experiments by changing the
stirring speed or reducing the amount of solids and liquid.
However, the optimization of leaching in the 1 L reactor was not
-controlled batch reactor (volume ¼ 1 L).

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Comparative leaching efficiencies of lead and iron frommatte
and slag by fresh EDTA and recycled EDTA. Leaching parameters:
temperature 25 �C, stirring speed 600 rpm, leaching time 1 h, L/S ratio
5 mL g�1, pH (initial) ¼ 8, EDTA concentration 0.05 mol L�1.
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carried out as it was outside the scope of this study. Neverthe-
less, the leaching yield of lead was high with minimal co-
dissolution of iron, showing potential for upscaling to a larger
scale.

The reusability of the recovered EDTA solution was tested by
reusing it to leaching of fresh matte and slag samples. The
process of leaching and precipitation was repeated for two
cycles and the leaching results were compared to that of fresh
EDTA (Fig. 10). The leaching result between fresh and 1st recy-
cled EDTA were quite similar. However, the leaching efficiency
of lead by 2nd recycled EDTA was about 20% higher than that of
the fresh and 1st recycle. The pH of the regenerated EDTA were
slightly different but, as mentioned above, the pH has little
inuence on the leaching of lead (Table S1†). The lower leach-
ing efficiency of lead using fresh and 1st cycle was most likely
due to the fact that the leaching was carried out in larger
Fig. 11 Conceptual flow sheet for the selective leaching of lead from
matte and slag of the secondary lead smelters by EDTA.

This journal is © The Royal Society of Chemistry 2020
reactors without optimization of the stirring. The 2nd cycle
leaching was carried out using the same vial as the small-scale
screening experiments and thus the leaching efficiency of lead
was closer to the optimized small-scale experiments. Never-
theless, the leaching efficiencies were still high, indicating that
the recovered EDTA solution could be reused successfully. A
conceptual owsheet of the leaching of lead matte and slag and
subsequent recovery of the EDTA by two precipitation steps is
shown in Fig. 11.

Conclusion

EDTA was used for the leaching of lead from residues (matte
and slag) of a secondary lead smelter plant. The residues were
composedmainly of iron (34–66%) and lead (7–11%). The use of
EDTA in leaching metals from matte and slag resulted in
a highly selective leaching of lead over iron: only about 1% of
iron was co-dissolved alongside about 80% of the lead. Having
a PLS with lead as a major component reduces the cost of
downstream processes for obtaining high purity lead and, at the
same time, less lead was le in the original residue, which
reduces its pollution potential when disposed. The poor
leaching of iron by EDTA can be attributed to the low solubility
of crystalline iron oxides, iron sulde and iron silicates which
were the major iron phases in the residues. The leaching effi-
ciency of lead increased to 100% when the leaching residues
were contacted three times by a fresh EDTA solution. The EDTA
in the PLS was recovered by precipitation of iron and lead by
sodium hydroxide and ammonium sulde respectively. The
recycled EDTA was successfully reused for leaching of fresh
residues, making the process cheaper and environmentally
friendlier.
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