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Fine materials, such as flue dust, generated during processing of electronic
waste (e-waste) contain valuable metal resources, such as Au and Ag. How-
ever, recovery of valuable metals from this flue dust has not been extensively
studied. In this study, a leaching process was investigated for effective
recovery of Au and Ag from flue dust. In particular, thiourea was used as
leaching reagent to replace cyanide, which has environmental problems. The
effects of various parameters on the process, such as leaching time (1-10 h),
thiourea concentration (20-60 g/L), and pulp density (20-100 g/L) as well as
reaction temperature (20-60°C), were systematically examined. One- and two-
step leaching methods were proposed to recover Au and Ag, respectively. Au
and Ag leaching efficiencies of about 90% and 100% were obtained by one-step
thiourea leaching. However, metals such as Fe and Al were also dissolved
together. In the two-step process, Fe and Al were dissolved using H,SO, as a
first step, then Au and Ag were recovered using thiourea leaching. Using this
two-step process, Au and Ag were dissolved at higher purity than when using
the one-step leaching process, achieving leaching efficiencies of about 98% and
100%, respectively. This investigation will lead to a cost-effective method for
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recovering precious metals from secondary waste.

INTRODUCTION

The life cycle of electrical and electronic equip-
ment has shortened as a consequence of advance-
ment in technology. This has resulted in generation
of large quantities of electronic waste (e-waste).'?
E-waste contains harmful components, but also
valuable metals such as Au, Ag, and Cu. For this
reason, e-waste recycling is important in terms of
environmental protection and valuable metal
recovery.

Recently, some researchers have reported studies
on recycling of e-waste based on hydrometal-
lurgy.?>~" Leaching is a process for extracting soluble
constituents from a solid by using a solvent in a
hydrometallurgical process. The most common
leaching agent used in recovery of precious metals
is cyanide.® Although cyanide is a very efficient
product in industry, it is highly toxic and thus
harmful to human health and the environment.
Therefore, many studies have evaluated other sol-
vents to substitute this toxic chemical.’

1616

Various reagents such as halide, thiosulfate, and
thiourea can replace cyanide.>'° Among these,
research on thiourea as Au extraction agent has
shown considerable promise.'’ However, it is more
expensive than cyanide, and the Au recovery step
requires further development.'® The thiourea leach-
ing process is currently at a low research level, but
it may be expected that it will become economically
feasible following extensive research.

Fine materials, such as flue dust, are generated in
smelters or metallurgical furnaces. Some research-
ers have investigated recovery of valuable metals
from Cu smelter slag using leaching processes.'*'?
However, studies on leaching of flue dust generated
during the smelting process of e-waste are not well
known.

In this study, we investigated two thiourea leach-
ing processes for effective recovery of Ag and Au
from flue dust. The effects of various parameters on
the process, such as leaching time (1-10 h), thiourea
concentration (20-60 g/L), pulp density (20-100 g/
L), and leaching temperature (20-60°C), were sys-

(Published online June 11, 2018)


http://crossmark.crossref.org/dialog/?doi=10.1007/s11837-018-2965-2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11837-018-2965-2&amp;domain=pdf

Recovery of Gold and Silver from Secondary Sources of Electronic Waste Processing by 1617

Thiourea Leaching

Table I. Composition analysis of fine material from e-waste

Composition

Fe (wt.%) Mn (wt.%) Al (wt.%) Ca (wt.%)

Co (wt.%)

Ni (wt.%)

Pb (wt.%) Zn (wt.%)

Cu (wt.%)

Au (ppm)

Sample < 75 yum Ag (ppm)

0.9 0.1 13.3 0.9 6.0 4.1

1.6

141 1.7 0.1

2111

tematically examined. Finally, one- and two-step
leaching processes were performed, and the Au and
Ag leaching efficiencies compared for -effective
recovery.

EXPERIMENTAL PROCEDURES

Fine materials were provided by an e-waste
recycling company in Europe. To optimize the
effective recovery process, size separation (RX-29,
W.S. Tyler) was performed as a pretreatment
process. The as-received sample (< 75 um) was
fused with a lithium borate mixture (40 wt.%
lithium tetraborate, 60 wt.% lithium metaborate)
at 1100°C for 1 h. After this borate fusion process,
the melt was dissolved in HNOj3; for inductively
coupled plasma optical emission spectrometry (ICP-
OES) analysis (Optima 8000, PerkinElmer). This
fusion process has several advantages, viz. minerals
are readily dissolved, no pressure vessel is needed,
and clear aqueous solution is obtained for a variety
of analytical procedures.'*

H,SO0, (95-98%, J. T. Baker), thiourea (> 99.0%,
Sigma-Aldrich), and HyO5 (30 wt.%, Sigma-Aldrich)
were used as leaching reagents. During leaching,
the solid/liquid content was varied from 20 g/L to
100 g/l and the bath temperature from 20°C to
60°C. A magnetic stirring bar was also used to mix
the solution during leaching at fixed speed of
250 rpm. One- and two-step leaching processes
were proposed to recover Au and Ag. After leaching,
the solid residue was separated from the leachate by
vacuum filtration, and the solid residue was dried in
an oven (110°C) for about 2 h. As for the initial
sample, the solid residue was prepared for analysis
using the fusion process. The leachate and solid
residue were analyzed by ICP-OES.

RESULTS AND DISCUSSION

Initial Characterization of As-Received
Sample

Table I presents the results of the ICP-OES
analysis, including each element in the composition.
Major elements present in the sample were Fe and
Al with content of 13.3 wt.% and 6 wt.%, respec-
tively. The sample also contained valuable metals
such as Au (141 ppm) and Ag (2111 ppm). Based on
these ICP-OES results, two types of leaching pro-
cess were performed. The first method was thiourea
leaching to recover Au and Ag as a one-step process.
The second (two-step) method was leaching to
recover base metals (Fe, Al) in a first step then
valuable metals (Au, Ag) in a second step.

One-Step Leaching Process for Recovery of Au
and Ag

Thiourea leaching was performed for recovery of
Au and Ag. Fe(I1I), HyO,, and Fey(SO,)3 are well
known as the most suitable oxidants for thiourea
leaching of Au.'® Some researchers have used
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Fig. 1. Effect of various leaching conditions on recovery of Au and Ag: (a) thiourea concentration, (b) temperature, and (c) pulp density.
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Fig. 2. Mass balance for one-step process for recovery of Au and Ag.

Feo(SO4)5 in thiourea leaching for effective recovery
of Au.'"'®> However, it appears to have two disad-
vantages: consumption of an excessive amount of
thiourea due to formation of iron sulfate—thiourea
complex and accumulation of impurities which
would require a much more expensive purification
step.16 Therefore, in this study, HyO, was used as
oxidizing agent without addition of Fey(SOy4); to
avoid such accumulation of impurities.

Figure 1 shows the effect of various leaching
conditions on the recoveries of Au and Ag. The
effect of thiourea concentration and time on the
recoveries of Au and Ag is shown in Fig. la.
Experiments were conducted at 20°C in 2 M H50,,

0.5 M H,0; solutions with pulp density of 20 g/L.
The leaching efficiency for Au and Ag increased
with increasing thiourea concentration from 20 g/L
to 60 g/L. In particular, the highest Au and Ag
leaching efficiency was obtained at thiourea concen-
tration of 60 g/L. The overall reaction (Egs. 1 and 2)
can be expressed as:'”

2Au + 2CS(NHy),+ (NH3(NH)CS),

1
+2H" = 2Au[CN(NHy),], W
2Ag +4CS(NHy), + (NH(NH)CS), @

+2H" = 2Ag[CS(NHy),];.
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Fig. 3. Effect of various leaching conditions for recovery of Fe and Al: (a) temperature, (b) pulp density, and (c) H,SO, concentration.

This means that the dissolution of Au and Ag is
highly dependent on the concentration of thiourea
and formamidine disulfide. Thiourea concentration
of 60 g/L was selected as the optimum condition for
Au and Ag dissolution. Other researchers have also
studied the concentration of thiourea that provided
the optimum Au efficiency under their experimental
conditions. 1617

Figure 1b shows the effect of temperature and
time on the Au and Ag leaching (using thiourea
concentration of 60 g/L). The leaching efficiency of
Au increased significantly with increasing temper-
ature from 40°C to 60°C for 1 h. The Au and Ag
leaching efficiency reached or exceeded 94% after
1 h at 60°C. Therefore, the leaching condition was
set at 60°C for 1 h. Figure 1c presents the effect of
the pulp density on the Au and Ag leaching
efficiency. The pulp density was changed from
20 g/L to 100 g/L, while the other conditions were
fixed (60 g/L thiourea concentration, 2 M HySOy,
0.5 M H505, 60°C, and 1 h). As shown in Fig. 1c, the
leaching efficiency of Au and Ag did not change
significantly. Although there was a slight decrease
in the Au leaching efficiency, the loss was less than
10% because it was present at very low (ppm) levels.

On the basis of the above results, a one-step
process for Au and Ag recovery can be proposed, as
shown schematically in Fig. 2 with experimental
conditions of 2 M H,0,4, 60 g/L thiourea, and 0.5 M
H505 at 60°C for 1 h. Approximately 35 g of mate-
rial was leached from the initial sample of 100 g
with residue of 65 g. No Au and Ag components
were found in the residue, whose metal content was
4.6 wt.% Fe, 3.2 wt.% Al, and 4.4 wt.% Ca. The
concentrations of Au and Ag in the leachate were
375 ppm and 6116 ppm, revealing 88-90% Au and
95-100% Ag leaching efficiency. However, about
24.2 wt.% Fe was also dissolved after this one-step
leaching process. Such metal ions may act as
impurities in Au and Ag extraction processes.
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Fig. 4. Effect of temperature on second-stage leaching process: (a)
20°C, (b) 40°C, and (b) 60°C (experimental conditions: 60 g/L
thiourea, 2 M Hy04, 0.5 M H;0,, pulp density 65 g/L, 4 h).

Two-Step Leaching Process for Recovery
of Au and Ag

A two-step process was introduced to improve the
leaching efficiency and purity of Au and Ag. In the
first leaching process, base metals are dissolved in
addition to Au and Ag, then the residues of Au and
Ag can be accumulated into the solid-liquid sepa-
ration filter. After that, Au and Ag can be dissolved
through a second leaching process.

Figure 3 shows the effect of various leaching
conditions for recovery of base metals in the first
leaching process. As shown in Fig. 3a, Fe and Al
were dissolved up to a maximum of 95% and 63% at
60°C, respectively. Figure 3b and c presents the
effects of pulp density and H,SO, concentration
during the first leaching process. As shown in
Fig. 3b, the leaching efficiency of Fe, Al, and Ca
decreased with increasing pulp density from 20 g/l
to 100 g/L. In consideration of the increased pulp
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Fig. 5. Mass balance for two-step process for recovery of Au and Ag.

density, the HoSO4 concentration was changed from
1M to 3M to confirm the leaching efficiency. As
shown in Fig. 3c, compared with 2M and 3 M
HySO, solutions, the leaching efficiency of 2 M
H,S0, was slightly higher.

The second leaching experiment was performed
using the residue from the first leaching process.
Thiourea was also used as a second reagent. Fig-
ure 4 shows the effect of temperature on the second
leaching process, revealing that 98% Au and 100%
Ag leaching efficiency were obtained after 4 h at
60°C. Based on these results, a continuous two-step
leaching process for recovery of Au and Ag can be
proposed. The mass balance was established for the
two-step leaching process. As shown in Fig. 5,
approximately 35 g of material was leached in the
first process from the initial sample of 100 g with
residue of 65 g. The Fe dissolution efficiency was
approximately 97%. After that, 3 g of material was
obtained from the second leaching process from the
first leaching residue of 65 g. The concentrations of
Au and Ag in the second leachate were 4600 ppm
and 7.1 wt.%. The final dissolution efficiency was
95-98% for Au and 100% for Ag; That is, it is
possible to selectively separate each metal through

the two-step process, and finally, Au and Ag could
be effectively recovered. Depending on the compo-
sition of the initial material, the one- or two-step
process could be selected. However, it is necessary
to analyze the economics of each process according
to the initial composition (Au, Ag, and impurities) to
determine which process would be more effective.

CONCLUSION

We investigated recovery of Au and Ag from
secondary products generated in e-waste processing
using thiourea leaching. Thiourea leaching was
carried out under various leaching conditions,
obtaining Au and Ag leaching efficiencies of about
90% and 100% using one-step thiourea leaching.
Using a two-step process, Au and Ag leaching
efficiencies of about 98% and 100%, respectively,
were obtained. The purity and leaching efficiency of
Au and Ag were higher when using the two-stage
process compared with the one-stage process.
Although this process was investigated for recovery
of Au and Ag from e-waste flue dust, it may also be
applicable for recovery of secondary metals includ-
ing Au and Ag generated in other processes (smelt-
ing, swarf materials, etc.).
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