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Abstract: The subject of interest in this study was lead cementation with zinc from solution after
conventional agitate acidic leaching of converter dust from secondary copper production. The
kinetics of lead cementation from an acid solution of lead acetate using zinc powder was studied.
The optimal cementation conditions for removing lead from the solution were determined to have
a stirring intensity of 300 rpm, a zinc particle size distribution <0.125–0.4> mm and an ambient
temperature. Under these conditions, an almost 90% efficiency in removing lead from solution was
achieved. The cementation precipitate contains Pb, and a certain amount of Cu. Lead is present in
the cementation precipitate in the PbO, Pb5O8 and Pb(Cu2O2) phases. The solution after cementation
was also refined from copper. The solution can be used for further processing in order to obtain a
marketable Zn-based product. The resulting cementation precipitate can be further processed and
modified to obtain a lead-based product. A kinetic study of the process of lead cementation from
solution was also carried out. Based on experimental measurements, the value of apparent activation
energy (Ea) which was found to be ~18.66 kJ·mol−1, indicates that this process is diffusion controlled
in the temperature range 293–333 K.

Keywords: hydrometallurgy; converter dust; secondary copper; cementation; lead

1. Introduction

After iron and aluminium, copper is the third most-used industrial metal [1]. Due to
its excellent properties such as ductility, malleability, conductivity of electricity or heat and
corrosion resistance, copper is currently irreplaceable in the field of electronics. Moreover,
in recent years there has been worldwide growth in sales of electric cars, which entails
increased consumption of copper in this branch as well. In 2020 the production of refined
copper reached 20.1 million tons [2–4].

Primary copper derived from mining activity is produced mainly (around 84% of total
copper production) via the pyrometallurgical route. Alternatively, via the hydrometallur-
gical route copper is extracted through leaching (solvent extraction) and electrowinning
(SX-EW process).

Two of the largest copper producers in 2020 were: Corporación Nacional del Cobre
(Codelco), Chile (1,727,000 t Cu) and Glencore, Switzerland (1,258,000 t Cu) [5]. The sole
producer of technical grade copper in Slovakia is Kovohuty in Krompachy [6].

Primary copper production consumes much more energy and generates a lot more
emissions than the secondary copper recovery processes. Secondary raw materials used for
producing copper contain heavy metals such as zinc, tin and lead, which are released from
melts in smelting furnaces and converters in the form of dust. The waste from secondary

Minerals 2021, 11, 1326. https://doi.org/10.3390/min11121326 https://www.mdpi.com/journal/minerals

https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0002-5490-1731
https://orcid.org/0000-0001-9309-5800
https://doi.org/10.3390/min11121326
https://doi.org/10.3390/min11121326
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/min11121326
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min11121326?type=check_update&version=1


Minerals 2021, 11, 1326 2 of 15

copper production consists of various types of dust: shaft furnace dust, converter dust
and anode furnace dust, which are extracted by ventilators and captured in filtering
units before they can escape up a chimney. Direct return of these dusts into the copper
production process is precluded by their high content of metals such as Zn, Pb, Cd, Sb
and Sn. These metals would cause considerable technical problems if the dusts were used
in direct processing. They intrude into the production cycle in any case, mostly through
the processing of copper scrap from e-waste (discarded electrical and electronic devices)
or copper alloys (brasses and bronzes) [7–9]. In 2019 the amount of dust generated in
secondary copper production in Slovakia totalled 2370.27 t [10]. Copper smelting flue
dusts are defined as “hazardous materials” according to the current European Waste
Catalogue and Hazardous Waste List (10 06 03 flue-gas dust & 10 06 06 solid wastes from
gas treatment). This classification of the dusts is mainly due to their high content of
compounds with the presence of arsenic and lead [11–13].

The potential for dust recycling lies in its hydrometallurgical processing with the aim
of recovering commercial products based on Zn, Pb and Sn [14,15]. From the physical point
of view, converter dust from secondary copper production consists of a grey-coloured
powder particles with principal components of ZnO, Pb2OCl2, PbO and some other metal
oxides. The lead contained in converter dust from secondary copper production needs to
be removed before any further processing of the dust [16].

The authors of individual articles cited here have dealt with hydrometallurgical process-
ing of various types of metal-bearing waste containing lead, for instance dusts [15,17–19],
lead paste from batteries [20,21], waste from zinc production [22–24] and residual lead in
slags [25,26]. In some cases, mechanical preparation of material was required prior to hy-
drometallurgical processing. Authors used in mechanical treatment of sample the Falcon
gravity concentrator and Knelson gravity concentrator [17]. Mechanical pretreatment was
also used on the slag where was ground to less than 1 mm and the samples of the copper
smelting dust were dried, ground and sieved, which ensured them to have a size of grains less
than 200-mesh [27,28]. The samples were air-dried for 30 days, lightly pulverized with agate
mortar and pestle, and dry-sieved to obtain sample with particles passing 106 µm fraction
and also the sample was dried and pulverized to—100 mesh (150 µm) [24,29]. The basis
for each hydrometallurgical process is leaching. It has been established that the degree of
porosity in solid particles influences the rate of diffusion, which in turn affects the efficiency
of leaching of prepared material [17]. Hydrometallurgical processing of the types of waste
in the above-mentioned studies involved the use either of alkali leaching or acid leaching.
The leaching of copper dust was provided in solution of 1–4 M NaOH at temperature of
20–80 ◦C and the solid to liquid ratio 20. The results obtained were confirmed to exclude
Pb in the solution; with the highest extraction 60% Pb at 2 M NaOH after 15 min at 80 ◦C.
Zn extraction 58% was achieved at 4 M NaOH in 15 min at 80 ◦C [19]. Dust was leached
with an alkaline solution ((NH4)2CO3 and NH4OH) to solubilize ZnO and Zn metal where
copper, lead, tin and most of the zinc were dissolved in the leach step. Copper, lead and
tin were recovered in the cement product [30]. Lead was recovered by cementation from
industrial lead sludge solutions of urea acetate using different types of metallic iron [21]
and the influence of temperature, sulphuric acid concentration and weight of sample were
investigated to recovery zinc and copper from shaft furnace dust [31].

Leaching of lead and zinc from copper shaft furnace dust in NaOH solution is de-
scribed by following Equations (1)–(3) [19].

PbO + NaOH = Na+ + HPbO−
2 (1)

PbSO4 + 2Na+ + 3OH− = HPbO−
2 + Na2SO4 + H2O (2)

ZnO + 2NaOH = ZnO2−
2 + 2Na+ + H2O (3)
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Following Equations (4) and (5) occur simultaneously and describes leaching reaction
of oxidised copper and lead from slag produced from flash smelting copper concentrates
in citric acid solution [27].

CuO + C6H8O7 = Cu2+ + C6H6O2−
7 + H2O (4)

PbO + C6H8O7 = Cu2+ + C6H6O2−
7 + H2O (5)

Leaching efficiency may be increased through the application of intensification methods
during the leaching process, such as using oxidizing agents (hydrogen peroxide H2O2 [28],
ozone O3 [32]) or microwave radiation [33,34]. The highest efficiency achieved in leaching
lead out of dusts in a citric acid medium was 84.67% [27] and in alkali leaching the highest
lead extraction (92.84%) was reached after 30 min using microwave energy for leaching EAF
dust in NaOH solution [34]. Leaching is followed by extraction processes involving various
methods including electrolysis, cementation, removal of compounds with low solubility
(precipitation with chemical agents), salts crystallization, ion exchange, liquids extraction or
adsorption [7]. One of the extraction methods with very high efficiency of recovering lead
from solution is cementation. Cementation is the process of extracting the metals from solution
based on the electrochemical reaction between the cementing metal (zinc, iron) and the ion of
the precipitated metal (lead). The electrode potential of the displacing metal must be more
negative than that of the displaced one. Cementation is a simple and easy method that has
been used for centuries in hydrometallurgy. The method is used for purification of leaching
solutions and for recovery of valuable metals as well [20–22,24,25,35–40]. Various factors have
been observed influencing the process and efficiency of cementation. In order to achieve high
levels of recovery it is necessary to use from two to four times the stoichiometric amount of
cementing metal, high temperature (up to 105 ◦C) or ambient temperature, intensive stirring
(110 up to 6000 rpm) or shaking (e.g., 4 cm amplitude, 120 shakes/min frequency). Process
thermodynamics are influenced by pH value and redox potential. Modification of pH before
cementation can be performed for instance by adding NaOH [41] or H2SO4 [37,39,42]. The
metals used for cementing in hydrometallurgical processing of waste materials are typically
aluminium [22–25,29,41], zinc [37,39,40,43] and iron [35,36], but in one study the researchers
used a copper alloy, namely brass [42]. Cementing with iron presents several advantages:
removal of heavy metals, simplicity and high speed of the process, the recovery of metals in
the form of pure metal.

The general equation of lead cementation with aluminium is described by the Equation (6) [22].

3Pb2+ + 2Al = 2Al3+ + 3Pb (6)

The cementation of lead with aluminium from a chloride medium is described by the
Equation (7) [25].

3PbCl2 + 2Al = 2AlCl3 + 3Pb (7)

The cementation of cadmium and lead by zinc in a sulphate medium is described by
Equations (8) and (9) [40].

CdSO4 + Zn = ZnSO4 + Cd (8)

PbSO4 + Zn = ZnSO4 + Pb (9)

The cementation of copper in the form of CuSO4 by iron is described by the Equation (10) [36].

CuSO4 + Fe = FeSO4 + Cu (10)

The most negative standard potential of those three metals has aluminium, but its
impact on process kinetics has been observed [22]. Many studies have focused on the
application of various metals in copper cementation, and the consensus seems to be that
zinc is a more efficient cementer than aluminium or iron. Although aluminium has lower
redox potential than zinc, the protective oxidation layer which forms on the surface of
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aluminium during cementation slows the process down, thus reducing the amount of target
metal recovered [37,39,44]. On the other hand, this passivation layer may be removed
by controlling the acidity of the surrounding solution [41]. The selection of cementer
metal also depends on the processed material, and if the waste does not contain the
given metal, then cementation would lead to contamination and reduced quality of the
prepared material. For example, aluminium, zinc or iron can be used for cementation of
silver or lead from salt solution, but it has been established that the cementation process
runs more slowly with zinc and iron, whereas with aluminium it proceeds faster. Thus,
aluminium has been found to be an efficient as well as accessible cementer, and, moreover,
less of it is consumed in the process compared with the other two metals [25,29]. The
influence of amount and surface morphology of the cementer metal has been observed
with regard to the process and result of lead extraction, and the optimal form was found to
be powder with micropores [21]. Cementation efficiency is also affected by the presence
of specific ions in the solution. For example, cementation of copper using iron proceeded
faster in sulphate electrolyte, whereas in iodate solutions the process did not function
at all [35]. Regarding results of cementation, almost 100% extraction has been achieved
with lead [20,22,29,39,40], copper [36,37,39,42] and iron [37]. Studies of process kinetics
have found that in the cementation of copper using zinc [37], lead using aluminium [22]
and lead using iron [38], diffusion-controlled phases occurred within certain temperature
intervals (22 to 50 ◦C [37], 50 to 70 ◦C [22] and 25 to 80 ◦C [38]). Cementation of lead using
aluminium is highly sensitive to temperature change between 40–50 ◦C, and in this case the
process is controlled by the speed of chemical reaction itself [22]. Generally speaking, lead
is cemented not only in the form Pb0, but also PbO [23,24]. In lead cementation moreover,
several metals may pass into the precipitate together; for example, in cementing lead using
aluminium the precipitate was found to contain aluminium, iron and zinc as well [22].
After processing waste material from zinc production using two-stage leaching in NaOH
followed by cementation using powdered zinc, the resulting product contained more than
99% Pb, but silver was also found concentrated within it [23]. The kinetics of cementation
processes is generally described as a reaction of the first order, and the step determining
the speed of the process is the diffusion-controlled cathode reaction [38,43]. Cementation
of copper using zinc is a first-order reaction, and it proceeds with subsequent surface
reaction and diffusion-controlled phases [44]. Cementation of copper using aluminium is a
first-order reaction as well, and the step determining its speed is the diffusion phase [41].

The insights presented in this theoretical section were applied in the following ex-
perimental investigations. The leaching medium used for leaching converter dusts was
an acetic acid solution, it was found more effective for metal recovery from the dust. The
extraction method selected for extracting lead was cementation, and zinc in metal pow-
der form was used as the cementer. Zinc was chosen as the optimal cementer, since it is
contained in the solution after the acid leaching of dusts. The following parameters were
monitored for their impact on the speed of the lead cementation process: temperature of
the medium, stirring rate and cementer particle size. The aim was to establish the optimal
conditions for lead cementation in order to achieve the highest efficiency. The lead was
cemented out in the precipitate, and a purified solution was acquired containing zinc for
further processing.

2. Materials and Methods

In these experiments we used a representative sample of converter dust from sec-
ondary copper production. The chemical composition of the dust (see Table 1) was deter-
mined using the atomic absorption spectrometry (AAS) method and a Varian Spectropho-
tometer AA20+ device (Varian, Belrose, Australia). The contents of zinc 29.9 wt.% and lead
9.33 wt.% made them the principal representatives among the metals in the dust.
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Table 1. Chemical analysis of converter dust.

Element Pb Zn Fe Cu Ca Si

Content (wt.%) 9.33 29.90 0.52 7.05 0.23 <LoD 1

1 Note: LoD, limit of detection.

Figure 1 presents the distribution of particle sizes in the converter dust. The graphic
shows that the particle distribution was bimodal. The predominant portion of the dust
occupied the particle size range below 10 µm. Small particle size is in fact advantageous in
hydrometallurgical processing. The average unit weight of converter dust is 3.4165 g·cm−3

with a standard deviation of 0.0071 g·cm−3 [8].
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Figure 1. Distribution of particle sizes in our converter dust.

The morphology of the particles under 100× magnifications using a Dino-Lite Pro
AM4113T optical stereo microscope (AnMo Electronics Corporation, Hsinch, Taiwan) is
presented in Figure 2a. The sample was composed of two fractions: coarse and fine spheri-
cal grains, and the larger-size grains were covered in the smaller ones. X-ray diffraction
phase analysis (XRD) (PANanalytical, Malvern, UK) produced results shown in Figure 2b,
and it was found that zinc was present in the dust in the form of zincite (ZnO). Lead was
found in the dust in the mainly form of oxides. Results of leachability testing indicated
that this converter dust should be stored only in a hazardous waste dump [8]. Figure 2c,d
document the results of SEM and EDX analyses of particles in the dust sample. The EDX
analysis shows that the elements predominately represented were Zn, O, Pb, Cu and Cl.

Our thermodynamic calculations applying Van’t Hoff’s reaction isobar indicated that
chemical reactions (11) and (12) had the highest probability of successful course. Figure 3a,b
shows the potential–pH diagrams (Pourbaix diagrams) for the systems Pb-C-H2O and Zn-C-
H2O at 298 K, and it can be seen that lead appears in ion form (Pb2+) in the zone of water
stability around 298 K at pH 0 to 2 and 0.0 V to 1.3 V, and in a narrower zone at pH 0 to 4.8 and
0.0 V to 0.2 V. Zinc also appears in ion form (Zn2+) in the water stability zone at temperature
298 K, pH value 0 to 3.4 and 0 V to 1.2V, and in a narrower zone at pH 3.4 to 5.6 and 0 to 0.2 V.
PbO dissolves chemically in acetic acid according to Equation (11).

2CH3COOH(a) + PbO = Pb(CH3COO)2(a) + H2O ∆G0
293K = −19 kJ·mol−1 (11)

2CH3COOH(a) + ZnO = Zn(CH3COO)2(a) + H2O ∆G0
293K = −17.5 kJ·mol−1 (12)
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(Outotec, Espoo, Finland).

For ZnO the dissolution zones in the E-pH diagram apply between 0 and 5.7 pH.
The aim of leaching was to transfer lead into the solution under optimal conditions, and
from the thermodynamic point of view it may be stated that oxides of Pb and Zn will
dissolve chemically at temperature 298 K in an acid medium. It is not necessary to raise the
temperature further.

In the first phase of the experiments, we carried out leaching of the converter dust
in an acetic acid solution under ambient temperature conditions (293 K). The stirring rate
was set on the electric stirrer at 400 rpm. Acidity of the medium was measured during the



Minerals 2021, 11, 1326 7 of 15

experiments with a hand-held pH meter. We started by pouring 500 mL 0.4 M solution of
acetic acid (C2H4O2) into a glass vessel, and then added a weighed amount of 12.5 g of
converter dust, producing a liquid/solid phase ratio of 40:1. At the following time intervals:
5, 10, 15, 30 and 60 min, we drew off 5 mL samples of the solution for chemical analysis
to determine the Pb and Zn contents using the atomic absorption spectrometry (AAS)
method on a Varian Spectrophotometer AA20+ type device. At the end of the leaching the
resulting sediment was recovered by filtering, and subsequently another 10 mL sample of
the solution was taken for final chemical analysis to determine Pb, Zn, Cu and Fe contents
by means of AAS method. The solid remnant from filtration was rinsed with 200 mL
distilled water, and then dried and weighed. The remaining solution obtained from the
leaching process was later re-used in the second phase of our experiments for studying lead
cementation. The results of our analyses are summarized in Table 3 (a). During cementation
on zinc of lead and copper obtained from leaching in acid solution, the following Equations
take place (13) and (14):

Zn(s) + Pb(CH3CO2)2(aq) = Zn(CH3COO)2(aq)Pb(s) ∆G0
293K = −143.155 kJ·mol−1 (13)

Zn(s)Cu(CH3CO2)2(aq) = Zn(CH3COO)2(aq) + Cu(s) ∆G0
293K = −211.878 kJ·mol−1 (14)

The electrode potential of redox vapour Zn2+/Zn0 is less than that of redox vapours
Pb2+/Pb0 (15) and Cu2+/Cu0 (16), which is in fact a condition for lead and copper cemen-
tation using zinc.

E0
Zn2+/Zn0 < E0

Pb2+/Pb0 −0.763 V < −0.126 V (15)

E0
Zn2+/Zn0 < E0

Cu2+/Cu0 −0.763 V < +0.337 V (16)

The thermodynamic conditions for cementation of lead and copper using powder zinc
in the temperature range 293 to 353 K are described in Equations (13) and (14) presented in
Table 2.

Table 2. Thermodynamic conditions for cementing lead and copper using powder zinc.

Zn(s) + Pb(CH3CO2)2(aq) = Zn(CH3COO)2(aq) + Pb(s)

T (K) ∆G (kJ)

293 −143.155
313 −142.094
333 −141.950
353 −142.578

Zn(s) + Cu(CH3CO2)2(aq) = Zn(CH3COO)2(aq) + Cu(s)

T (K) ∆G (kJ)

293 −211.878
313 −212.397
333 −212.903
353 −213.399

In our cementation experiments we focused on investigating the influence of stir-
ring intensity (100, 300 and 400 rpm), solution temperature (293, 313, 333 and 353 K)
and cementer particle size on the speed of lead cementation. We used powder zinc as
cementer with two particle size distribution: <0.125–0.4> mm and <0.08–0.125> mm. For
the purposes of comparing the influence of particulate cementer. We also performed an
experiment using a zinc-coated plate with dimensions (20 mm × 35 mm × 1 mm). The
cementation procedure was as follows. First, we poured 100 mL of solution resulting from
leaching into a glass vessel. Then, we added a stoichiometrically-calculated amount of
0.3 g Zn0(s) in powder form, representing the excess of the calculated amount of zinc over
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the amount of lead determined in the solution after leaching. We drew off 5 mL samples
for measuring Pb and Cu contents after 5, 10, 15, 30 and 60 min of cementation, or after 0,
5, 10, 15 30 min, if the cementation procedure lasted only 30 min. Once cementation was
completed, the precipitate formed in the solution was recovered by filtering, and then dried,
and a representative sample was taken for subsequent analysis. The results were processed
using standard mathematical and statistical methods with the aid of generally available
computer software: Microsoft Office Excel 2007, (Microsoft Corporation, Redmond, WA,
USA), and SigmaPlot 10.0 (Systat Software, Erkrath, Germany). The converter dust and
the resulting cementation precipitate were analyzed using combinations of these methods:
X-ray diffraction phase analysis (XRD) PANanalytical, Malvern, UK), scanning electron
microscopy (SEM) (TESCAN, Brno, Czech Republic) and energy-dispersive X-ray analysis
(EDX) (Oxford Instruments, Oxford, UK). A MIRA3 FE-SEM scanning electron microscope
(TESCAN, USA) was used for investigating particle morphology. EDX provided semi-
quantitative element analysis. For qualitative phase analysis we used an X-PANalytical
X’Pert PRO MRD (Co-Kα) diffractometer (PANanalytical, Malvern, UK). Particle morphol-
ogy was examined under 100 × magnifications with a Dino-Lite ProAM413T optical stereo
microscope device (AnMo Electronics Corporation, Hsinch, Taiwan).

3. Results and Discussion
3.1. Influence of Stirring Intensity

Experiments started by studying the influence of this variable, maintaining the tem-
perature of the cementation solution containing powder zinc at 293 K. It has been tried
three different stirring rates in separate experiments, namely 100, 300 and 400 revolutions
per min (rpm). The solution obtained after converter dust leaching by acetic acid was ana-
lyzed using the AAS method. The solution contained 1.570 g·dm−3 Pb and 8.756 g·dm−3

Zn. The dependence on time of lead concentration in the solution is shown in Figure 4a,
while Figure 4b presents a graphical comparison of lead concentrations after 30 min of
cementation using powder zinc when the three different stirring rates were applied.
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The graph in Figure 4a suggests that the optimal stirring rate for obtaining the lowest
lead concentration in the solution is 300 rpm, given a cementation period of 30 min, and this
is confirmed by the results of comparison of the three different stirring rates presented in
Figure 4b. The zinc content in the solution after cementation using powder zinc remained
unchanged. At the higher stirring rate of 400 rpm, retroactive leaching of lead was observed,
while lower revolutions produced lower lead concentration in the final medium. Optimal
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stirring speed ensured removal of layers of metal deposits (Pb and Cu) from the surface of
the cementer (Zn), thus enabling constant contact between the solution (Pb(CH3CO2)2(aq);
Cu(CH3COO)2(aq)) and cementer (Zn(s)). Our further experiments were therefore carried
out using the optimal stirring intensity of 300 rpm.

3.2. Influence of Temperature

The influence of temperature was investigated at a constant stirring rate of 300 rpm
stirring rate. The initial solution volume was 100 mL, to which we added 0.3 g of powder
zinc. Total duration of each experiment was maintained at 30 min. After the end of
cementation, a 10 mL sample of solution was drawn off for determination of Pb, Zn and
Cu contents. Individual experiments were performed at temperatures of 293 K, 313 K,
333 K and 353 K. Figure 5a is a graphical representation of the influence of temperature
on lead content in the solution expressed in percentages, and Figure 5b shows the results
of comparing lead concentration after five minutes of cementation at temperatures 293,
313, 333 and 353 K. The graph in Figure 5c shows the changes in concentrations of Pb, Zn
and Cu in the solution during cementation using zinc at 293 K. A graphical comparison
of cementation efficiency for lead and copper at 293 K is given in Figure 5d, where the
efficiency for Cu is seen to be 100%, while that for Pb is 87.13. The reaction occurring during
cementation of Cu using Zn (Equation (14)) has more negative value for Gibbs energy than
the reaction during cementation of Pb using Zn (Equation (13)) within the temperature
range applied in these experiments 293–353 K. It follows from this that cementation of Cu
on Zn is more likely to happen than cementation of Pb on Zn, and this is the reason why
the efficiency of Cu cementation is higher than that for Pb (see also Figure 5d below).
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The morphology of cementation precipitate particles under 100 × magnification using
a Dino-Lite ProAM413T optical stereomicroscope is presented in Figure 6a. The image
clearly shows the variety of shapes and sizes of particles ranging from 1 to 1.5 mm. XRD
analysis (see image in Figure 6b revealed that lead was contained in the precipitate in
phases PbO, Pb5O8 and Pb (Cu2O2), and copper in the forms Cu, Cu(OH)2 and Cu4Zn.
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Figure 6. (a) Image showing morphology of cementation precipitate particles; (b) XRD analysis of
precipitate; (c) SEM image of precipitate particle morphology; (d) EDX analysis after cementation
using powder zinc.

Figure 6c,d presents the results of SEM and EDX examinations of particles in the analysed
sample of cementation precipitate. It follows from our EDX analysis that Cu, Pb and Zn
were present in the precipitate, predominantly Cu (≈33.8 wt.%) and Pb (≈16.89 wt.%). The
precipitate also contained unreacted zinc (≈5.25 wt.%). Table 3 (b) summarizes the results of
the chemical analysis of the solution after the cementation process using powder zinc. This
analysis demonstrates that the cementation succeeded in removing Cu as well as Pb from the
solution. The increased amount of Zn in the solution after cementation was caused by the
presence of more than the stoichiometric amount of zinc used as the cementer.

Table 3. Chemical analysis of solution (a) before and (b) after cementation.

Concentration [g/L] Pb Zn Fe Cu

(a) Before cementation 1.5706 8.756 0.0104 1.7138
(b) After cementation 0.0012 10.28 <LoD 1 0.005

1 Note: <LoD2 below limit of detection.

3.3. Influence of Zinc Surface Dimensions

The influence of powder zinc particle size was investigated under ambient temper-
ature conditions (293 K) and stirring rate 300 rpm. For cementation we used weighed
amounts of 0.3 g powder zinc with two particle size distribution, namely <0.125–0.4> mm
and <0.08–0.125> mm. In both cases the initial and final pH values were the same at 4.2
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and 4.4, respectively. We also tried using a zinc-coated plate (20 mm × 35 mm × 1 mm)
as cementer under the same experimental conditions as for powder zinc, apart from the
stirring rate, which was set at 50 rpm. If more intensive stirring had been applied, excessive
swirling would have occurred in the solution, which would not have been conducive to
cementation or to the successful technical course of the experiment. The zinc plate was
degreased with ethanol and rinsed with distilled water prior to the experiment. A 20 mm
length of the plate was submerged in the solution. This form of cementation using a zinc
plate proceeded rapidly, and within the first minute a layer of black cementation precipitate
started covering the plate. The thickness of the precipitate layer increased with time, and
later it began peeling off the plate. After 20 min we observed red particles appearing in
the precipitate, which we assumed to be cemented out copper. The graph in Figure 7a
shows the influence of powder Zn particle size on the concentration of lead in the solu-
tion during cementation at constant temperature 293 K. The most suitable of the particle
sizes investigated appeared to be that with distribution <0.125–0.4> mm. After 30 min of
cementation using powder zinc with this particle size, the Pb concentration in the solution
reached its lowest value compared with the other particle size investigated. The steeper
gradient of the curve for cementation using powder zinc with particle size distribution
<0.125–0.4> mm compared with the curve produced by using the zinc plate indicates a
higher rate of Pb cementation. Figure 7b presents a graphical comparison of the efficiency
of Pb cementation after five minutes of cementation using powder zinc with different
particle sizes at constant temperature 293 K. The highest efficiency after five minutes of
cementation was achieved using powder zinc with particle size <0.08–0.125> mm. At this
time point we also measured the lowest Pb concentration in the solution using powder
zinc with particle size <0.08–0.125> mm, whereas after 15 min the Pb concentration in the
solution was increased. This was probably caused by the zinc particles tending to cluster
together (at around 10 min), so that later (at around 15 min) some retro-leaching of the
lead started.
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3.4. Investigation of Kinetics of Lead Cementation Process in Acid Medium

The average chemical reaction rate (13) and in ion form (15) is expressed through
Relation (17),

Zn(s) + Pb(CH3CO2)2(aq) = Zn(CH3COO)2(aq) + Pb(s) ∆G293K = −143.155 kJ (17)

Zn0 + Pb2+ = Zn2+ + Pb0 (18)
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v = −
∆cPb2+

∆t

[
mol·dm−3·s−1

]
(19)

whereby a negative value represents the change in concentration of lead-based ions over
time. The calculated values of chemical reaction rate are given in Figure 8a.
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Figure 8. (a) Lead cementation rate at different temperatures of solution. (b) The Arrhenius equation expresses the
interdependence of temperature and rate constant in chemical reactions.

Applying Arrhenius’ equation in logarithmic form (17),

lnk = lnA − Ea

RT
(20)

where k = rate constant, A = frequency factor, T = temperature in Kelvin (K) and R = universal
gas constant, we calculated the value of apparent activation energy as Ea = 18.66 kJ·mol−1,
which according to Zelikman et al., 1983 [45] indicates that the process of lead cementation
in acetic acid solution proceeds in the diffusion zone in the temperature interval from 293
to 333 K. The course of linear dependence lnk on 1000/T presented in Figure 8b suggests
similarly that the mechanism of lead cementation does not change within the temperature
interval used here. The apparent activation energy Ea determined using the linear regression
method and Equation (20) is given in Figure 8b.

4. Conclusions

Secondary copper production using the pyrometallurgical route generates dust. Due
to its heavy metals content and the fineness of its particles, this dust may represent a
threat to the environment and to human health, so it is categorized as hazardous waste.
According to the results of leachability testing in line with European standard EN 12457-1:
2002 [46], such dust may be stored only in hazardous waste dumps. On the other hand,
because of its not inconsiderable non-ferrous metals content, such dust can be seen as a
valuable secondary raw material. Research into dust processing currently focuses on use of
the hydrometallurgical route for metals recovery.

This study focused on the experimental investigation of lead removal from acid
solution after leaching of converter dust. The first step involved leaching of the dust in
an acetic acid medium under ambient temperature conditions. Subsequently the process
of lead cementation using zinc was studied, the aim of cementation being to remove the
lead from the solution. The variables investigated for their influence on the efficiency of
the cementation process were temperature of the medium, intensity of stirring and particle
size of the powder zinc cementer. The kinetics of the process of lead cementation using
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powder zinc in acid medium was also studied. The main results of this experimental study
are as follows:

(1) The highest efficiency of lead removal from the solution was achieved at ambient
temperature (293 K) with stirring rate 300 rpm and zinc particle size <0.08–0.125> mm
after five minutes. Under these conditions almost 90% efficiency of lead removal from the
solution was achieved. The cementation precipitate was found to contain copper as well as
lead, which means that copper was also removed from the solution. Lead was represented
in the precipitate in the phases PbO, Pb5O8 and Pb(Cu2O2). Figure 9 presents suggested
flowsheet for lead convert dust recycle process.
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(2) Experimental measurements revealed the value of apparent activation energy as
Ea = 18.66 kJ·mol−1, indicating that the process of lead cementation in acetic acid solution
proceeds in the diffusion zone in the temperature interval from 293 to 333 K. The course of
linear dependence lnk on 1000/T suggests similarly that the mechanism of lead cementation
does not change within the temperature interval used here. We established that stirring
rate has greater impact on the chemical reaction rate than solution temperature.
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