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ARTICLE INFO ABSTRACT

Editor: Teik Thye Lim The amount of waste from electrical and electronic equipment has been growing every year. The printed circuit
boards contained in this waste include metals that can be recovered through urban mining, adding value to this
waste and minimizing environmental impacts with its incorrect disposal or treatment. In this work, memory
boards obsolete with 0.053 wt% Ag were used. The extraction of all metals studied (Ag, Al, Cu, Fe, Ni, Sn, and
Zn) involved the evaluation of the Pourbaix and speciation diagrams to identify the pH and redox potential
conditions, considering the possible species formed with leaching agents: sulfuric, nitric, and hydrochloric me-
dium. After the definition of the leaching agent, the extraction routes by hydrometallurgical processing were
proposed from the parameters of temperature, s/l ratio, and reaction time previously studied. Route A was
composed of sequential stages (the first leaching in a sulfuric medium and the second in an oxidizing sulfuric
medium) and obtained 100% of Ag recovery. Route B consisted only of leaching in an oxidizing sulfuric medium,
obtained about 94% of the Ag recovery, and could not contribute to the subsequent purification steps (if
necessary) of this solution, as all metals would also be in the solution. These two routes showed that Ag can only
be recovered in an oxidizing sulfuric acid medium, according to the conditions studied. Ag recovered in the leach
liquor of the second stage of Route A was purified by chemical precipitation with NaCl, and the AgCl was sol-
ubilized in an NH4OH solution. This solution was used to synthesize silver nanoparticles by the Turkevich
method in 25 min. The spherical nanoparticles synthesized an average size distribution of 67 nm.
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WEEE, Havlik et al. cite that they can contain 115-280 ppm of Ag while
the ore has from 5 to 7 ppm [9]. One ton of WPCBs can contain up to

1. Introduction

The Circular Economy (CE) concept is based on continuous growth
and increased resource production, with the objective of making systems
sustainable through long-term design, maintenance, repair, reuse,
remanufacturing, reconditioning, and recycling. Waste electrical and
electronic equipment (WEEE) is considered one of the challenges and
opportunities of mining municipal waste within this context of CE [1,2].
Estimates state a total generation of these wastes will be 52.20 million
tons (6.8 kg. inhabitant™!) in 2021 and 74.7 million tons in 2030 [2-4].
Waste Printed Circuit Boards (WPCBs) represent about 10% of that
amount produced [2]. The PCBs have about 30% of your total weight
metals, such as copper, iron, tin, nickel, lead, zinc, silver, gold, palla-
dium, and for this reason its waste is considered a source of funds for
urban metal mining [2,5-8].

In this context about the amount of metals that are present in these
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1500 g of Au (800 times the amount of Au in Fe ore - USA) and 210 kg of
Cu (40 times the concentration of Cu in Cu ore - USA) [10]. Therefore,
the recycling of these residues becomes important both for the preser-
vation of the environment and for the recovery of secondary materials
[11-13].

There are several techniques and technologies for the recovery of
these metals from WPCBs, such as mechanical processing, pyrometal-
lurgy, hydrometallurgy, and biotechnology. Hydrometallurgical routes
can be selective for metals in low concentrations, and they have lower
energy consumption and gas emissions when compared to pyrometal-
lurgy. The liquor resulting from the hydrometallurgical process of the
WPCBs needs subsequent purification steps as it has several metals in
solution due to the complexity and heterogeneity of these wastes
[14-17]. Several reagents can be used to leach and recover the precious
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Leaching Agent: H,SO,
Concentration: 2 M
Time: 18 h
Temperature: 95 °C
Solid/liquid ratio: 1/10

Leaching Agent:
H,S04/H,0,
Concentration: 2 M
Time: 6 h
Temperature: 95 °C
Solid/liquid ratio: 1/10

Leaching Agent
H,S04/H,0,
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Time: 6 h
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Fig. 1. Flowchart of the PCB hydrometallurgical process for routes A (with 1st
step in HySO4, 2 M, 18 h, 95 °C, s/1 ratio 1/10 and the 2nd in H,SO4 2 M +
H,0,, 6 h, 95 °C, s/l ratio 1/10) and B (H,SO4 2 M + H50,, 6 h, 95 °C, s/l ratio

1/10).

Table 1

Leaching conditions observed in the individual Pourbaix diagrams of each metal
can favor their obtaining in the ionic phase (at 95 °C).

Leaching conditions - obtaining the metal in the ionic phase at 95 °C

Element pH range Eh (mV) range
Cu** 0-2.3 350-2000
Fe?" 0-5.0 - 500-700
Aglt 0-5.5 750-1250
AR 0-6.0 -100-2000
Sn** 0-0.5 -100-0

Zn* 0-4.3 -750-2000
Nit 0-8.3 -200-2000

metals (such as Au and Ag) from these wastes, such as aqua regia, cy-
anide, thiourea, halogens, and thiosulfate [18-20].

Aqua regia offers difficulties to be used on an industrial scale due to
its oxidation properties and high corrosion of metal piping and equip-
ment. The use of cyanide can lead to damage to health and the envi-
ronment, due to its toxicity [21-24]. Thiosulfate is a reagent with less
environmental impact and low value when it is compared to cyanide
[18,24,25], but its leaching efficiency is lower than cyanide, and a
greater amount of reagent is used to obtain the same rate of extraction
efficiency [23,26]. In addition, another disadvantage is that the thio-
sulfate stability decreases with increasing temperature and at acid pH
values [19,23]. The thiourea used as a leaching agent, on the other hand,
presents as its main disadvantages its high cost and easy oxidation (at
alkaline pH) when compared to cyanide [23,26]. Studies also report that
thiourea may be a carcinogenic compound [24,27].

The application of inorganic acids (such as HySO4, HNO3 and HCI)
has also been an option for replacing these reagents for metal recovery
[28-30]. Petter et al. [18] used HNOj3 in a proportion of 1/3 in relation
to deionized water, at 60 °C, for 2 h, with a solid/liquid ratio of 1,/20,
and they obtained about 3.5 g of Ag/ton from mobile phones WPCBs
[31]. Khaleghi et al. performed Ag recovery from copper anode slime,
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Fig. 2. Cu (10 pM) speciation in medium (10 mM) a) hydrochloric, b) sulfuric,
and c) nitric, adapted from Software Hydromedusa.

with different concentrations of HoSO4 and HNOj3, temperatures (25, 40,
60, and 90 °C) and with agitation of 1000 r/min. Almost 96% of the Ag
can be extracted with nitric acid (4 M) at atmospheric pressure, 90 °C,
for 3 h while sulfuric acid (16 M), 90 °C, for 3 h, leached 26% of Ag [32].
Yi et al. studied the recovery of Ag from photovoltaic modules, with 1, 2,
and 3 M of the leaching agents: HCl, H,SO4, and HNOs3, 1/5 by weight to
solid/leachate ratio, for 2 h, at 20-40 °C. Nitric acid (3 M) was able to
remove more than 80% of Ag from the studied wastes [33]. In tests for
Ag recovery from dental amalgam wastes, Yilmaz et al. leached 50%
HNOgs in a solid/liquid ratio of 1/5, for 4 h and room temperature, and
their results showed that silver leaching efficiency was above 99.8% and
leach solution contained 16 g/L Ag" [34]. Xing and Lee (2017)
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Fig. 3. Fe (10 pM) speciation in medium (10 mM) a) hydrochloric, b) sulfuric,
and c) nitric, adapted from Software Hydromedusa.

performed tests for the recovery of gold and silver from anode slime
resulting from the treatment of copper sludge, by leaching the slime with
a mixture of HCl and oxidizing agents (H202, NaClO and HNO3). Ac-
cording to the results obtained, the percentage of Ag leaching was only
10% with the mixture of HCl and Hy05 or NaClO, while 28% from Ag
were dissolved in the mixture of HCl and HNO3 [35]. Behnamfard et al.
performed the selective recovery of Cu, Ag and Au from WPCBs, from
consecutive leaching stages: in sulfuric acid in the presence of HyOq, in
which 99% of the copper content was solubilized, and the dissolution of
about 86% Au and 71% Ag was obtained in another stage with acid
thiourea in the presence of ferric iron as an oxidizing agent [36].
Andrade et al. used two different types of WPCBs (memory board and
motherboard) to extract Ag through a hydrometallurgical route based on
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Fig. 4. Ag (10 uM) speciation in medium (10 mM) a) hydrochloric, b) sulfuric,
and c) nitric, adapted from Software Hydromedusa.

only one stage of leaching in an oxidizing medium. They used H3SO4 (2
M, s/l ratio 1/20, 95 °C, for 12 h) with the addition of HoO5 (35%) every
15 min. Thus, an 83% Ag recovery was obtained on the motherboards
and 33% on the memory boards [37]. Martins et al. were able to extract
more than 84% of Ag (out of a total of 0.052 wt%) from motherboards in
3 h of oxidizing sulfuric acid leaching that occurred after a first one in
the sulfuric acid medium [38].

The recovered metal can be reused as a material resource and rein-
serted in the production of new products/materials such as metallic
nanoparticles [39-41]. Nanotechnology is a new field in science, and it
is seen as the future in the development of new materials for the most
diverse applications. Metallic nanoparticles may have antimicrobial,
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Fig. 5. Al (10 uM) speciation in medium (10 mM) a) hydrochloric, b) sulfuric,
and c) nitric, adapted from Software Hydromedusa.

dental treatment, wound healing, surgery work, catalyst, and biomed-
ical applications [42]. The bactericidal and fungicidal properties of sil-
ver nanoparticles (AgNPs) are its most industrially exploited
characteristics, being a product relatively widespread in the market
[43-46]. The application of AgNPs synthesized from the recovery of Ag
from wastes can be restricted concerning items such as food products

and medicines, so studies such as toxicity must be carried out before
their use.

Swain et al. recovered Ag from waste generated during

manufacturing of low temperature co-fired ceramic for synthesis of
nanoparticles with about 100 nm size using NaBH4, Poly-
vinylpyrrolidone (PVP), and Polyethylene glycol (PEG). The extraction
was also carried out with HNO3 and precipitation through the use of HCI
(Ag was precipitated as 83.45%) [20]. Khaleghi et al. performed the
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Fig. 6. Sn (10 uM) speciation in medium (10 mM) a) hydrochloric, b) sulfuric,
and c) nitric, adapted from Software Hydromedusa.

recovery of Ag from anode slime by leaching in HNO3, and they realized
the purification of the Ag from the leach solution with addition of HCI.
Thus, the Ag was precipitated as AgCl, and, subsequently, the compound
was dissolved using an ammonia solution. After the recovery and
dissolution of Ag, they synthesized uniform 12 nm Ag nanoparticles by
the chemical reduction method also with the use of NaBH4 and NoH,4 as a
reducing agent [32].

The present paper shows a route for the recovery of metals (with a
focus on Ag) from obsolete printed circuit boards of the memory board
type. From the individual study of speciation and Pourbaix diagrams of
each metal in three acids commonly used for hydrometallurgical
leaching processes: hydrochloric, sulfuric, and nitric. The results pre-
sented show several possibilities for the selective leaching of metals
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Fig. 7. Zn (10 pM) speciation in medium (10 mM) a) hydrochloric, b) sulfuric,
and c) nitric, adapted from Software Hydromedusa.

present in these residues according to the values of pH and potential
redox (ORP). From this study, the leaching agent was defined, and two
hydrometallurgical routes were tested where all the Ag was extracted.
The purification of this solution extraction was realized by the chemical
precipitation method, and Ag nanoparticles (AgNPs) were synthesized
although a traditional method of preparation using sodium citrate
(Turkevich method). Thus, the focus of the present work was not to carry
out the study of parameters (temperature, time, concentration, solid and
liquid relationship, and kinetics) of the routes studied for the recovery of
metals from WPCBs and parameters of the synthesis of nanoparticles,
but to present a complete route of the recovery, purification, and syn-
thesis of nanoparticles, to add value to the recycling of these residues
and show the potential of urban mining.
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and c) nitric, adapted from Software Hydromedusa.

2. Experimental procedure
2.1. Reagents and solutions

All reagents were used of analytical grade, without further purifi-
cation. Ultrapure water was used to prepare solutions, and the synthesis
was not carried out in an inert atmosphere.

2.1.1. Metals characterization from WPCBs

The metals of the WPCBs (memory boards) were characterized ac-
cording to Yamane et al. [47], and this study was carried out in the
previous work presented by Andrade et al. [37]. According to Andrade
et al., the scraps were disassembled, crushed, using a knife and hammer
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from Software HSC Chemistry 7.1.
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Table 2

The ORP and pH were measured at the end of each stage of Route A (1st step in
H,S04, 2 M, 18 h, 95 °C, s/l ratio 1/10 and the 2nd in H,SO4 2 M + H,0,, 6 h,
95 °C, s/l ratio 1/10).

Leaching stage ORP (V) pH
1st (H2S04) 0.465 -0.5
2nd (H2S04 +H205) 0.717 0.1

mill, and chemical digestion was performed: crushed scrap was added in
aqua regia (solid/liquid ratio 1/20), for 24 h. This solution was filtered
and the digestion liquor with the solubilized metals was obtained. The
quantification of the main metals of the digestion liquor (Ag, Au, Al, Cu,
Fe, Ni, Sn, and Zn) was performed by inductively coupled plasma-optical
emission spectrometry (ICP-OES) [37].

2.2. Metals extraction

The extraction of the metals was carried out through hydrometal-
lurgical processing. The speciation and Pourbaix diagrams (Fig. 1S 7S
in Supplementary Material) of the metals quantified were individually
evaluated to verify the type of acid, pH, and potential for the extraction
of the metals of interest, with a focus on the recovery of the Ag. Just to
evaluate the behavior of metals in solution, the concentration consid-
ered for each acid was 10 mM, and metals were 10 uM. Thus, after
analyzing the diagrams, two routes (A and B) were studied under con-
stant mechanical agitation in a closed system. Fig. 1.

The flowchart of Fig. 1 details the leaching steps in which the con-
centration and leaching agent, the time, the temperature used, and the
solid/liquid ratio are presented. Route A consists of two stages in which
the first was the selective leaching of Fe and the second for recovery of
Ag. Route B was composed of a single leaching step.

After each leaching step of each route, a 50 mL aliquot of the liquor
was removed for chemical analysis (in triplicate) at ICP-OES. The
leached liquor corresponding to each of these steps was filtered, and the
material retained was washed with high purity water and dried in an
oven for 24 h at 60 °C. Finally, the weighing of the non-leached material
was carried out. After this weighing, this dry waste obtained was sub-
jected to the next leaching.

The parameters for metal leaching of WPCBs used were defined from
the studies by Silvas et al. who investigated the metallic recovery of
printer WPCBs also using two leaching steps, the first only in sulfuric
acid (s/1 ratio 1/10, at 75 °C, 4 h) and the second with sulfuric acid and
addition of hydrogen peroxide. However, at the end of the two steps, not
all the Ag present in the studied WPCBs was extracted in the proposed
process [48]. Thus, in the current study, the temperature and time were
modified to ensure maximum extraction of the metals present in the
study scrap.

2.3. Routes of the hydrometallurgical process

Hydrometallurgical processing was divided into two sequential
stages of leaching in Route A: acid leaching in sulfuric medium and acid
leaching in sulfuric and oxidizing medium. In acid leaching in sulfuric
medium, the waste was leached for 18 h, sulfuric acid 2 M, solid/liquid
ratio 1/10 (100 g WPCB/1000 mL acid), at 95 °C. After filtration and
drying, the dry waste from this step was subjected to the second
leaching. During leaching in sulfuric medium (2 M), 15 mL of hydrogen
peroxide (130 volumes) were added every 15 min for 6 h of leaching.

Route B was composed of the second stage of leaching of Route A
(acid leaching in a sulfuric and oxidizing medium), with the same con-
centration of acid, peroxide quantity, temperature, solid/liquid ratio,
and ration time.
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(a)
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Fig. 12. a) Precipitate formed in the metal extraction solution of the WPCB sample, Route A (1st step in HoSO4, 2 M, 18 h, 95 °C, s/l ratio 1/10 and the 2nd in H>SO4
2 M + H,0,, 6 h, 95 °C, s/l ratio 1/10), b) Image obtained by backscattered electrons (SEM) of the AgCl precipitate present in the membrane on the filtration, ¢) EDS
spectrum obtained from the area analyzed in the SEM of the precipitate formed on the filtration membrane.

Table 3
Parameters and appearance of the solution in AgNP synthesis tests.

Volume in added sodium citrate Hot shake time Aspect of the

e

(mL) (min) solution

5 15 Translucent
25 Translucent

10 15 Translucent
25 Yellow

15 15 Turbid
25 Precipitate

formation

2.4. Purification of silver

The purification of the Ag recovery solution from the second stage of
Route A was carried out utilizing chemical precipitation for subsequent
synthesis of silver nanoparticles (AgNPs). The method used was the
precipitation of silver as silver chloride (AgCl). Before precipitation, a
prior 2 L filtration of the liquor from the second leaching stage of Route
A was carried out with a 0.20 um filtration membrane to eliminate
possible wastes from previous leaching stages. For AgCl precipitation,
NaCl was added (at 25 °C and constant agitation) twice in excess of the
stoichiometric calculation, in the leached liquor, as Eq.(1):

AgSO,(aq) + NaCl(s)—AgCl(s)| + NaSO,(aq) @

Precipitation was identified by the formation of a white suspension
salt (AgCl). The membrane-filtered liquor was stored and the material
retained in the membrane was washed with high purity water and sent
to dry at room temperature for 24 h. This dry material was weighed and
analyzed by scanning electron microscopy coupled to dispersive energy
spectroscopy (SEM/EDS) to identify the elements present in this pre-
cipitate obtained. The solubilization of this AgCl precipitate was carried
out using ammonium hydroxide in the solid/liquid ratio of 1/30.

2.5. Synthesis of AgNPs

The method used for the synthesis of AgNPs has been described by
Turkevich et al. [49] in which sodium citrate was used as a reducing and
stabilizing agent at a concentration of 1% (v/v) or 10 g/L with reaction
stoichiometry, as Eq.(2):

4Ag" + CgHs0;Na; + H,0—4Ag" + CgHsO-H; + 3Na* + HT + 0,  (2)

1.0
3 08 425nm
L)
8 06 '
=
() |
2 04 1
o |
(7] |
g o2 |
0 T } T T T
300 400 500 600 700 800
(c) Wavelength (nm)
1.0
= M\
2 .7 I\
% 05 4 | B
«c - 1 A
2 2 | \
= - / \
N AR IR
] \ v«” \ / \
- X
| AL | LI BLLLAL 1 | LLLLLL I

346 1020 40 100 300 1000 3000

Size (nm)

Fig. 13. a) Evolution of the AgNPs synthesis solution to 10 mL of sodium cit-
rate and 25 min of hot stirring; b) UV-vis absorption spectra of the AgNPs
synthesized (15.7 g.L-1 Ag, 25 min, sodium citrate drip 1%v/v), e c) Size dis-
tribution of AgNPs obtained by the DLS technique.

The solution containing Ag was placed in a 250 mL conical flask
under heating, magnetic stirring (1100 rpm), and ORP control, with
reference electrode Ag/AgCl, KCl mol.L™1). This solution was brought to
boiling, and sodium citrate was dropped (1 drop/second) onto it.

Synthesis tests of the nanoparticles were performed following pa-
rameters: volume of the reducing agent 5 mL, 10 mL and 15 mL; hot
stirring time (after boiling) 15 min and 25 min. After removing the
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Fig. 14. FEG-SEM/EDS from the samples of AgNPs.

heating, the solution was kept under stirring at room temperature. This
stirring (unheated) remained until the solution turned yellow. After
stirring, the solution was left to stand at room temperature.

2.6. Characterization of AgNPs

The absorbance spectra of the synthesized nanoparticles were ob-
tained by UV-vis absorbance spectroscopy (UV-Vis) in a Merck/Pharo
300 M spectrophotometer, with a wavelength range between 300 and
800 nm. Dynamic light scattering (DLS) analysis was performed to
obtain the size distribution of the nanoparticles, using the Zetasizer
Nano Series equipment. The morphology and composition of the nano-
particles produced were verified by field-scanning electron microscopy
and dispersive energy spectroscopy (FEG-SEM/EDS) by the Jeol JSM-
4701 F model.

2.7. Results and discussion

2.7.1. Characterization of the metals from WPCBs

The characterization results of the studied waste (with 96% of
granulometry below 2 mm) showed that it contains: 0.053 wt% of Ag;
1.43 wt% of Al; 13.83 wt% of Cu; 1.47 wt% of Fe; 0.32 wt% of Ni;
1.70 wt% of Sn; and 0.043 wt% of Zn [37].

2.7.2. Metal recovery

Leaching conditions of each metal can be verified through the
Pourbaix diagrams and they can vary with the concentration of the
element and reaction temperature [50]. Thus, the Pourbaix diagrams of
Cu, Fe, Ag, Al, Sn, Zn and Ni were evaluated for hydrometallurgical
processing in which the pH and potential of the species subjected to the
leaching process were correlated and evaluated individually (Fig. 15-7S

in Supplementary Material).

The potential (Eh) and pH conditions identified in Fig. 1S-7S (in the
Supplementary Material) in which the metals could be present in the
ionic or soluble phase were approximated to observe the specific con-
ditions of leaching of these metals and, thus, favor (or not) selective
leaching. These regions are represented in gray in the speciation dia-
grams and these leaching conditions are shown in Table 1.

The speciation diagrams of these metals in hydrochloric, sulfuric,
and nitric acid were also observed to study the species that could be
formed, in which “(¢)” and “(M®")” represent, respectively, the crys-
talline or solid phase and the metal in the soluble phase. Thus,
depending on the metallic concentration, potential, pH, and anion that
participates in the reaction, the study of selectivity in the extraction of
each metal and the solubility of the species formed was carried out.
Figs. 2-Fig. 8 shows the diagrams.

According to Fig. 2a), b) and c), Cu would form soluble species
(Cu?*, CuCl™, CuSO4 ", CuNO3™) below pH 6.5 in a nitric, hydrochloric,
or sulfuric medium. Above this pH, the formation of an insoluble species
of Cu (CuO) would be initiated therefore this pH condition was not
considered favorable for the leaching of WPCBs. Although Cu is
considered soluble in association with chloride, nitrate, and sulfate ions,
in the sulfuric acid simulation (Fig. 2b), copper would have 85%
dissolution at pH 0, and for the Cu®>" species, an increasing trend of
dissolution is seen with increasing acid concentration. Thus, increasing
the concentration of sulfuric acid to 2 M could reach 100% Cu leaching.

In the simulation of Fe leaching (Fig. 3a), its soluble phases (Fe3T,
FeCl,™) are observed in a hydrochloric medium below pH 0.5. In sulfuric
medium (Fig. 3b), the soluble species (FeSO4*, FeHSO42", Fe(S04)%,
FeOH, ") can be verified at pH below 2.3, and, in nitric medium (FeOH,
+), Fig. 3¢), the leaching pH is below pH 1.5. In all conditions of acid
simulation, the predominance of insoluble phases (iron precipitate) is
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Fig. 15. Flowchart of the complete silver nanoparticle production route pro-
posed from the recovery of Ag from WPCBs.

observed at pH above 2.

According to Fig. 4a), the Ag in hydrochloric medium would have
about 93% of insoluble species (AgCl) in which (regardless of pH) about
5% of the species could form a metal complex (AgCl’), depending on the
other ions in the solution. In a sulfuric and nitric medium, Fig. 4b) and
c), respectively, the Ag would be soluble up to pH 10.5 (according to the
studied conditions). Ag precipitates would be formed between pH 10.5
and 12. Despite being soluble in nitric medium up to pH 10.5, the species
formed would be silver nitrate, which may be photosensitive and de-
grades with light, forming silver oxide [51].

Fig. 5a), b) and c) show that 100% of the Al can be leached at pH
below 3, and that it is precipitated between pH 5 and 8.5. In a hydro-
chloric medium, Al would become soluble as a metal complex (Al(0ED)*)
at a pH above 10, according to other ions in the solution. The results in
the nitric medium are similar to those in the hydrochloric medium. In
the sulfuric medium simulation, three soluble species could be observed
up to pH 4.5 (AI**, AISO, ™, and AlSO,4%) and above pH 10 (AI(OH)*),
and, between pH 5.5 and 8, insoluble fractions could be identified.
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Sn (Fig. 6a, b, and c¢) would present soluble phases below pH 3 in the
simulations of the three studied media. Above this pH, it would form
insoluble species (independent of the associated anion), however, below
pH 1, 100% of its leaching would be achieved.

The diagrams in Fig. 7a), b) and c) show the behavior of Zn that is
similar for the three media evaluated. Soluble Zn species are identified
at pH below 6. Between pH 9 and 11.5, insoluble Zn is in the form of
hydroxide (Zn(OH)5). At pH 0, all Zn can be leached in nitric media.

Through Fig. 8a), b) and c¢), we can see that the soluble species of Ni
would present themselves at pH below 7.5, and the insoluble species
would be identified from pH 8, for all the simulations carried out. Thus,
as in the case of Zn, sulfuric media could leach all Ni at pH below 0.

Except for Ag, metals that were studied in the presence of hydro-
chloric media would form soluble chlorides. Therefore, the addition of
chloride to the solution could promote the selective precipitation of Ag
and its purification [23,32]. However, one of the problems with the use
of hydrochloric acid would be its corrosive and toxic characteristics,
such as with the generation of pollutants and gas emissions) [52].

According to the studies by Naseri Joda and Rashchi (2012), all ni-
trates are soluble at pH below 2. Thus, all metals evaluated would be
leached under these conditions [41]. For the synthesis of AgNPs, this
would not be interesting because larger amounts of contaminants (Cu,
Fe, Sn, Ni, and Zn) would be in solution. Therefore, steps with sulfuric
acid were employed.

The Pourbaix diagrams (Figs. 15-7S in Supplementary Material) and.

Table 1 also show the main interferences in the selective leaching of
metals, such as Cu in the presence of Fe, in which the two metals would
be leached. This fact can be explained by the Cu cementation process
which is caused due to the presence of Fe and the difference in oxy-
reduction potential between them [53]. The (3) (anode reaction), (4)
(cathode reaction) and Eq. (5) (global reaction) describe this process
[10,54]:

Fer) — Fe?yq) + 2¢ 3)
Cu2+(aq) + 2e” —»Cuy, 4)
Fe + Cu*ag) = Fe™ g + Cugy) )

Initial leaching (without the addition of peroxide or oxidizing agent)
could be used to avoid the influence of Fe on Cu leaching [24,55]. The
objective would be to favor the dissolution range of Fe using hydro-
chloric and/or sulfuric and/or nitric acid so the Cu would remain
insoluble: pH 2.5-5. By adjusting the leaching conditions for the
extraction of Fe, Zn would also become soluble. However, the presence
of Zn in WPCBs in the form of alloys (such as brass) makes it difficult to
extract them in isolation [56]. The Sn could also become soluble in the
Fe extraction phase, as long as the working pH was below 0.5. This
would happen with solutions above 1 M for nitric, sulfuric, and hydro-
chloric acids.

Studies of Yilmaz et al. also address the Ag cementation process by
copper Eq. (6) [34]:

2A8 (g + Culyy = 2A2% + Cu®T g 6)

The leaching conditions of Ag can be more influenced by Cu than
with other metals found in the solution. The overlapping of the Pourbaix
diagrams for Ag and Cu (25 °C) is shown in Fig. 9.

This overlap shows that Ag could be leached together with Cu. An
alternative for selective leaching between these metals would be to leach
Cu in an oxidizing medium. However, the reaction potential should be
kept below 750 mV so the Ag would remain insoluble. After all the
extraction and collection of the Cu leaching waste, the new leaching in
oxidizing medium should be initiated, maintaining the potential above
750 mV. Thus, Ag in an aqueous medium could be obtained and the
synthesis of nanoparticles of Ag could be performed.
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2.8. Metal extraction liquor

Fig. 10 and Fig. 11 show the results of the percentage of leached mass
in each stage of Route A and B, respectively, which were calculated in
relation to the initial amount of metals present in the sample.

The main metal of interest in this study, Ag, was completely solu-
bilized in the two routes (A and B) in which the reaction potential was
maintained close to 750 mV. For Ag recovery from 100 g of WPCBs
(containing 0.053 g of Ag) in Route A 0.053 g of Ag and, in Route B,
0.050 g were recovered. Thus, by comparing the two routes tested, acid
leaching in sulfuric medium (1st of Route A) can be indicated for final
solutions with lower concentrations of Fe and Al impurities since in this
step 100% of these metals were leached, and it functioned as a purifi-
cation stage for the removal of these metals. For applications that
require a purified Cu, for example, Route B cannot contribute to the
subsequent purification steps of this solution as all metals would also be
in solution. These studies from different routes presented possibilities to
recovery several interest metals only modifying the pH and ORP of the
solutions.

The pH and ORP for each stage of Route A are represented in Table 2.

According to studies carried out through speciation and Pourbaix
diagrams and the values presented in Table 2, the Fe, Al, Zn, and Ni
could be solubilized in the first stage of leaching of Route A. In the
second stage of the same route, Cu and Ag, as well as the remaining
amount of Fe, Al, Zn and Ni could also be leached. Still, in the two stages,
Sn would have the lowest percentage of solubilization, when compared
to the other metals studied. After the final leaching, the Sn had the
maximum recuperation of 81.6 wt% and 2.1 wt% in Route A and B,
respectively.

2.9. Purification of silver

In the present study, the purification of the Ag involved unit chem-
ical precipitation operations to extract the silver present in the extrac-
tion of liquor in salt form for later synthesis of AgNPs. After the
hydrometallurgical processing, the liquor obtained was characterized in
ICP-OES, in which the amount of Ag was analyzed with the result of
32.7 mg/L.

The amount of NaCl added was 0.07 g for 2 L of solution (excess of
twice). After the addition of NaCl, the formation of a white precipitate in
all the leached liquor was observed, as Fig. 12 a). The precipitate present
in the membrane was analyzed in SEM/EDS, to check its composition,
Fig. 12 b) and c¢).

Fig. 12 b) presents the electron scattered image of the precipitate
adhered to the filtration membrane, after the chemical precipitation
step. Fig. 12 c) shows the EDS of the microregion viewed in Fig. 12 b).
Through the EDS, the composition of the precipitate present in the
filtration membrane was observed, in which the presence of Ag, Cland S
was identified. The presence of S in the EDS can be justified using HoSO4
in the last stage of leaching of the waste. Cl and Ag, present in the EDS
image, suggest the composition of the precipitate as AgCl. The other
impurities have not been verified with the precipitated AgCl. Panda
et al. also precipitated (also with AgCl) about 99% high purity Ag [57].

Upon solubilization of AgCl, Ag formed a metallic complex of
diamine silver (I) chloride, according to Eq. (7).

AgCl + 2NH4 OH— [Ag(NH3)],Cl + 2 H,O 7

After solubilization of Ag as a diamine silver (I) chloride, a solution
of concentration equal to 15.7 g.L. ! was prepared, which was used for
the synthesis of AgNPs. From the diammine silver (I) chloride, the silver
nanoparticles can be synthesized using different reducing reagents, such
as sodium borohydride [58], sodium citrate [59], ascorbic acid [60] e
hydrazine [61]; and stabilizers, such as polyvinylpyrrolidone (PVP) and
polyethylene glycol (PEG) [20] and cyclodextrin [62].
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2.10. Synthesis and characterization of AgNPs

The formation of nanoparticles can be inferred by changing the color
of the synthesis solution over time to yellow [63,64]. Therefore, the
color changes of the final solutions and the formation/appearance of the
precipitate were verified.

Table 3 presents the result of the AgNPs synthesis tests performed
with the variation of the sodium citrate volume parameters and hot
stirring time.

For the volumes of 5 and 15 mL of sodium citrate in the two times
tested (15 and 25 min) the aspect of the solutions indicated that the
AgNPs were not formed, as well as in the volume of 10 mL in the time of
15 min of hot stirring. According to the characteristic color and the non-
formation of precipitate, the AgNPs were synthesized in the test in which
the added volume of citrate was 10 mL and the time was 25 min

The evolution of the reaction and the color change of the solution are
presented in Fig. 13 a).

The solution containing silver took about 25 min to change from
translucent (onset of dripping) to light yellow, and an additional 5 min
of cold stirring was maintained until a strong yellow color was obtained.
The ORP value dropped from 524 mV (initial - after the end of the citrate
drip) to 467 mV (final - after cold stirring and complete reduction of
silver) indicating a reduction in silver and formation of nanoparticles
[32,65].

Pillai and Kamat (2004) reported in their studies the control of the
size and shape of the silver nanoparticles in the citrate ion reduction
method in which the hot reaction time (of boiling) and the citrate con-
centration are important for the complete reduction of the Ag ions. They
observed that by rapidly cooling the synthesis solution, only a partial
reduction of the Ag ions occurs and that most of the reduction is
completed with a higher concentration of citrate or an increase in the
hot stirring process (boiling). Thus, these parameters interfere with the
nucleation rate of the nanoparticles [66].

Blosi et al. stated that if the rate of reduction is slow only a few nuclei
can be formed and the growth stage is increased, increasing in particle
size. The particle dimensions can also increase if the reduction rate is
rapid as in the tests performed with the addition of 15 mL of citrate (in
excess) in which numerous nuclei can be formed, and nucleation would
occur in both dissolution stages and crystallization [67].

Fig. 13 b) shows the UV-vis spectra for AgNPs synthesized where the
absorbance peak is 425 nm which corresponds to the characteristic peak
of AgNPs, confirming the observed staining results. Silver nanoparticles
can present absorbance peaks around 400-420 nm [66,68,69].

The average size distribution was 67 nm and the histogram of the
nanoparticle size distribution obtained through the DLS test showed as
Fig. 13 ¢).: 68.6% of particles with an average diameter of 104.3 nm,
16.5% with an average diameter of 3 nm, and 14.9% of particles with
17.2 nm.

Fig. 14 a) and b) presents the image of secondary electrons and c)
sample composition of AgNPs obtained by FEG-SEM/EDS. The presence
of Cl and Na can be justified by the use of NaCl in the precipitation stage
of Ag. After three washing cycles, the observation of two different re-
gions of the sample indicated the morphology of the nanoparticles:
morphology of spheres, rods and other shapes were observed with
different dimensions.

Seerangaraj et al. synthesized AgNPs with an average size of
55.65 nm and also spherical. These AgNPs showed photocatalytic and
biomedical degradation properties. Their nanoparticles exhibited po-
tential bactericidal activity against Gram-negative and Gram-positive
bacterial pathogens [70]. Thus, the application of nanoparticles pre-
pared in this work can also be explored in different areas.

Fig. 15 shows a summary of the proposed complete route for the
production of silver nanoparticles.
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3. Conclusions

The studies of the speciation and Pourbaix (Fig. 1S-7S in Supple-
mentary Material)-diagrams for each metal showed that different routes
can be proposed for different metals of interest in WPCBs. The recovery
of Ag from waste printed boards (memory boards) was proposed
through two leaching routes in which 100% of the Ag and Cu were
recovered in a solution without Al, Sn, and Fe, and a lower concentration
of Ni and Zn was found after the 2nd leaching in an oxidizing sulfuric
medium. This route can be used when a more purified solution of Ag and
Cu is required. The Ag was purified by chemical precipitation with NaCl
and its subsequent solubilization in NH4OH. Thus, pure AgNPs with the
average size distribution of 67 nm were synthesized by the Turkevich
Method in 25 min. This work can be considered promising to make
electronic waste a source for the production of high added value prod-
ucts (synthesis of recovered metal nanoparticles), as well as different
applications of these nanoparticles. The present study also shows that
the recycling of WPCBs can bring benefits in terms of the supply of raw
resources, and it can contribute to the reduction of environmental
pollution and risks to human health related to the incorrect release of
dangerous substances into the environment, the concern with the
depletion of mineral reserves, and the need to search for sources of
secondary recovery of metals adding value to this waste.
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