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In this paper, possibility for selective Pb and Sn recovery, using three different solutions of NaOH, HCl and HNO,,
from WPCBs containing low concentrations of Pb and Sn is presented. According to obtained results, over 98 % of
Pb can be leached using 2 M HNO, solution at 80 °C and over 90 % of Sn using 2 M HCl solution at 80 °C, indepen-
dently. However, more comprehensive analysis of obtained results indicated adverse interactions between said
leaching agents, creating doubts if such leaching and recovery step could be incorporated in an integral hydromet-
allurgical route for selective base and precious metals recovery from WPCBs.
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INTRODUCTION

WPCBs, as a key value component of electronic
waste contain approximately 30 % of metals, 40 % of
plastic and 30 % of glass fiber materials [1]. This mate-
rials and components variety makes recycling of WP-
CBs very complex and demanding process. Pyrometa-
lurgical processing as a traditional method for electron-
ic waste recycling allows only partial separation of met-
als, why further hydrometallurgical and electrochemi-
cal processing is required [2]. In recent years, develop-
ment of hydrometallurgical routes for WPCBs recycling
as more exact, more predictable and easily controlled is
emphasized [3]. Numerous studies using various leach-
ing agents are reported, commonly focused on copper
[4,5] and precious metals [6] recovery. Yet, tin and lead
presence in form of solder alloy significantly compli-
cates their leaching properties. Studies using bioleach-
ing [7], alkaline [8], nitric [9], hydrochloric [9,10] or
fluoroboric acid [11] as a leaching agent are reported.
Among these processes, usage of fluoroboric acid, with
addition of specific oxidizing agent, ensures high effi-
cient Pb and Sn recovery. However, high operating
costs restrict application of this process option to WP-
CBs enriched in Pb and Sn content. Main goal of this
study was investigation of selective Pb and Sn recovery,
using common and cost effective leaching agents,
NaOH, HCI and HNO,, from WPCBs containing Pb
and Sn below 5 %. Results obtained after extensive op-
timization of various process parameters reviled that
over 98 % of Pb can be leached using 2 M HNO, solu-
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tion at 80 °C and over 90 % of Sn using 2 M HCI solu-
tion at 80 °C independently. However, more compre-
hensive analysis of obtained results indicated adverse
interactions between said leaching agents, creating
doubts if such leaching and recovery step could be in-
corporated in integral hydrometallurgical route for se-
lective base and precious metals recovery from WPCBs.

EXPERIMENTAL WORK

Materials. In presented research, mechanically
treated WPCBs, obtained from WEEE recycler were
used. Results of full material characterization are re-
ported in previous study of authors [4]. Chemical com-
position of sample was determined by a combination of
X-ray fluorescence spectrometry (XRF) and atomic ab-
sorption spectrometry (AAS) using Thermo Scientific
Niton Analyzer XL3t and Perkin Elmer 4000 spectrom-
eter respectively. Determined composition was as fol-
lows: 27,1 % Cu; 2,5 % Pb; 3,3% Sn; 1,2 % Fe; 2,1 %
Zn; 0,2 % Ni.

Methods. Tests were performed using three differ-
ent solutions: NaOH, HNO, and HCI. Leaching tests
were performed using three neck glass leaching reactor
equipped with cooler with condenser, stirrer, pH and
temperature control and chemicals addition system.
Phase separation was performed using vacuum filtra-
tion unit. In each leaching test, mass of 100,0 grams of
WPCBs was leached with corresponding leaching solu-
tion. Optimization of process parameters was performed
trough investigation of time, temperature, acid/alkali
concentration and oxidizing agent influence on overall
process efficiency, while solid:liquid ratio and stirring
rate were set constant to 200 g/dm® and 300 rpm, re-
spectively. Leaching efficiency was determined by ana-
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lyzing concentration of metals in solution and in residu-
al solid after leaching, using AAS.

RESULTS

Alkaline leaching of tin and lead. In order to inves-
tigate leaching efficiency of Pb and Sn using NaOH so-
lution, series of tests with variable parameters were per-
formed. In these tests variable parameters were NaOH
concentration, oxidizing agent, leaching time and tem-
perature. Prior to process optimization, influence of
oxidizer addition on leaching efficiency was investi-
gated using O,, H,O, and Meta nitro benzoic acid
(MNB). Due to fact that increased time, temperature
and alkali concentration may cause precipitation of
metal hydroxides, NaOH concentration, time and tem-
perature were setto 1 M, 3 h and 70 °C respectively.

As presented on Figure 1, usage of both, H,0, and
MNB, showed significant improvement of process ki-
netic. However, presence of H,O, in leaching solution
may cause partial transformation of Sn to metastannic
acid, according to reaction:

Sn+2H,0, — SnO,xH,0(s)+ H,0 (1)

Therefore in further tests, organic oxidizer, MNB
was used.
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Figure 1 Influence of oxidizing agents on Pb and Sn leaching
efficiency
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Figure 2 Influence of MNB concentration on Pb and Sn
leaching efficiency

Furthermore, as presented on Figure 2, increase of
MNB concentration insignificantly affects leaching ef-
ficiency, why in further tests MNB concentration was
set to 20 g/dm?.

Influence of temperature (60; 70; 80 and 90 °C),
NaOH concentration (0,5; 1; 2 and 3 M) and leaching
time (1; 2; 4 and 6 h) were investigated and summary of
all process parameters variations and obtained efficien-
cies are presented in Table 1.

Table 1 Process parameters / leaching efficiencies using

NaOH
Test : Efficiency, / %
Temp./°C | NaOH/M | Time/h
No. - Sn Pb
1 60 31,2 58,3
2 70 1 3 334 64,2
3 80 38,1 63,5
4 ) 544 61,7
5 0,5 21,3 30,1
6 1 54,4 61,7
90 3
7 2 47,7 59,3
8 14,4 51,7
9 1 57,0 69,2
10 2 62,4 71,6
920 1
" 4 49,4 54,5
12 6 34,7 48,1

As presented, increase of temperature increases Pb and
Sn leaching efficiency, giving the best results at 90 °C.
However, increase of NaOH concentration and leaching
time, caused decrease of leaching efficiency which cor-
responds to fact that excessive presence and exposure to
NaOH lead to intense precipitation of metal hydroxides,
limiting leaching efficiency to around 60 % and 70 %
for Snand Pb respectively. In order to verify decrease in
leaching efficiency, solid residues after Test No. 5 — 12
were washed, dried and sieved, using 100 um mesh,
separating fine powder of metal hydroxides from rest of
solid residue. Obtained powders were weight and ana-
lyzed for chemical composition using XRF. According
to results presented in Table 2, mass percentage of ob-
tained powder increases with increase of NaOH con-
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centration and time, confirming promotion of metal hy-
droxides precipitation.

Table 2 Percentage and chemical composition of
hydroxides / wt. %

Test No. wt. % Zn Pb Sn
5 5,2 24,2 19,2 52,8
6 73 26,2 211 48,5
7 79 25,8 21,7 51,2
8 8,1 26,4 20,1 49,4
9 5,8 241 19,8 51,4
10 7,2 26,5 22,4 49,8
n 7,8 21,8 18,9 54,8
12 8,2 24,8 21,5 48,5

Leaching of Pb and Sn using HNO,. In order to
investigate Pb and Sn leaching efficiency using HNO,,
influence of time (1; 2 and 3 h), temperature (70; 80 and
90 °C) and acid concentration (1; 2 and 3 M) was stud-
ied. Summary of all process parameters variations and
obtained process efficiencies are presented in Table 3.

Table 3 Process parameters / leaching efficiencies using

HNO,

Test | Temp./°C | HNO,/M | Time/h Efficiency / %
No. Sn Pb
13 70 1 1 16,1 56,3
14 80 14,3 78,2
15 90 141 82,8
16 80 1 1 14,3 78,2
17 2 12,6 >98
18 3 10,1 >98
19 80 2 1 12,6 >98
20 2 10,4 >98
21 3 4,8 >98

As presented, Pb leaching efficiency is intensive and
influenced by increase of temperature and HNO, con-
centration, giving the highest leaching degree (>98 %)
already at 80 °C, 2 M and 1 h. On contrary, Sn dissolu-
tion in HNO,, as expected, was at very low level, in all
tests below 15 %, affected by transformation of Sn to
highly insoluble metastannic acid (SnO, x H,0) in ac-
cordance with reaction:

Sn + 4HNO,(a) — SnO,xH,0(s) + 4NO,(g) + H,0  (2)

Further increase of HNO, concentration and leach-
ing time promote said transformation, resulting in fur-
ther decrease of leaching efficiency. Pb recovery from
leaching solution was performed by precipitation using
4 M NacCl solution at room temperature. Obtained solid
precipitate of PbCl,, was filtered, washed and dried.
Procedure was repeated on solutions obtained from Test
No. 16 — 21. Chemical composition of obtained precipi-
tates was determined by XRF analysis and presented in
Table 4.

As presented, Ag presence was determined in each
precipitate, suggesting that leaching and recovery of
lead using HNO, is followed with partial dissolution of
Ag, even at lower concentrations of HNO,.
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Table 4 Chemical composition of obtained PbClI,
precipitate / wt. %

Test No. Pb Ag Sn Cu
16 92,5 6,7 0,04 0,01
17 91,8 79 0,07 0,03
18 88,9 10,9 0,05 0,02
19 91,3 8,3 0,08 0,05
20 91,2 8,5 0,09 0,01
21 85,5 14,2 0,11 0,03

Leaching of Pb and Sn using HCI. In next series of
tests, Pb and Sn leaching efficiency using HCI was
studied. Influence of temperature (60; 70 and 80 °C),
acid concentration (2; 4 and 6 M) and time (1; 3 and 6
h) was investigated. Summary of all process parameters
variations as well obtained process efficiencies are pre-
sented in Table 5.

Table 5 Process parameters / leaching efficiencies using HCI

Test Temp./°C | HCI/M | Time/h Efficiency / %
No. Sn Pb
22 60 2 3 24,4 14,1
23 70 48,6 27,5
24 80 78,1 38,8
25 80 2 3 78,1 38,8
26 4 83,4 419
27 6 85,6 39,7
28 80 2 1 51,8 26,9
29 3 83,4 419
30 6 91,8 38,6

As presented, although increase of HCI concentra-
tion and time insignificantly increase Sn leaching effi-
ciency, process is dominantly influenced by tempera-
ture, and increases with increase of temperature.

On the other hand, similarly as in previous tests, Pb
leaching efficiency using HCI proves to be limited. This
phenomenon is related to exposure of Pb and Ag to ex-
cessive amount of CI™ ions, where on higher tempera-
tures two step reactions between Pb and Ag with HCI
occurs:

- 1* reaction: formation of PbCl, and AgCl precipi-

tates
Ag*(aq) + Cl(aq) — AgCI(s) @)
Pb*(aq) + 2CI (aq) — PbCL(s) 4)
- 2" reaction: formation of soluble Pb and Ag chlo-
ride ions
AgCI(s) + Cl(ag) — AgCl, (aq) (5)
PbCl,+ 2ClI-(aq) —PbCl,*(aq) (6)

However, upon cooling of solution and decreased
solubility of formed chloride ions, reverse reactions and
reformation of insoluble PbCl, and AgCI precipitate is
promoted, affecting the overall selectivity of leaching
process. SEM micrograph of chloride precipitate con-
taining around 96 % of PhCl, and 4 % of AgCl, depos-
ited on surface, is presented on Figure 3.
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Figure 3 PbCl, and AgCl precipitate

CONCLUSION

Even though all tested methods has proven fairly ef-
ficient, either showed no satisfying selectivity, identify-
ing this step as bottle neck of hydrometallurgical metals
recovery from WPCBs. Main disadvantage of NaOH
usage represents simultaneous dissolution and precipi-
tation of metal hydroxides, imposing that use of NaOH
does not represent a reliable method for Pb and Sn re-
covery. Usage of HNO, gave exceptional results for Pb
leaching, above 98 %, as well possibility for simultane-
ous Pb and Ag leaching, upon increase of leaching time
and acid concentration. However intensive oxidation of
Sn to highly insoluble SnO, xH,O, which occurs during
the leaching, leaves no possibility for simple leaching
and recovery of Sn in further hydrometallurgical steps.
By using HCI as leaching agent, over 90 % of Sn is
leached, yet high temperature and CI- ions concentra-
tion causes precipitation of highly insoluble AgCl, and
passivation of outer layers of Ag particles, blocking the
further reaction of Ag with leaching agents. Eventually,
this may led to unacceptable losses of Ag, and to distur-
bance of overall process economy. Therefore, it is clear
that chemical composition of material represent a major
decision making factor if solder leaching step should be
incorporated in integral hydrometallurgical route for se-
lective base and precious metals recovery. For materials
like used in presented research, characterized with low
Sn content, Sn recovery step should be avoided, due to
fact that same affects overall process economy, either
by applying highly expensive fluoroboric process or by
usage of HCI and creation of Ag losses. Therefore, as-
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sessment should be based on techno-economic analysis
in terms of process costs vs. revenues vs. losses.
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