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Weidong Xing and SManseung Lee*

Department of Advanced Material Science and Engineering, Institute of Rare Metal,
Mokpo National University, Chonnam 534-729, Republic of Korea

2 o

28 B9 BYS AU 908 Faiahg AR A e FAiAE Axshed Ba% 1EE o Bk A
AomRy H5sis TS NS AL g Fasih B =Rt oY Afowry oo AL 98 UE THL =
AT, BN BNk B B AR, A, USRL, 37 Holeyel SRS o3t 2o ETH A
A& stk E thioureash thiosulfateol 18 £ HE T4 o]5k BEol sl el vIAE PP FHOE v

St

FH0] @ &, F2AY, F&E, 23 A

Abstract

The special properties of silver are often indispensable in the manufacture of advanced materials. Therefore, it is of importance
to develop a process to recover silver which is necessary for the production of advanced materials from diverse resources. In
this manuscript, the developed processes for the leaching of silver from diverse resources are reviewed. For this purpose, the
advantages and disadvantages of using some inorganic acids (nitric and sulfuric acid) and their mixture with other oxidizing
agents (ozone, oxygen, hydrogen peroxide and ferric ion) were investigated. Moreover, the leaching of silver with thiourea and
thiosulfate was compared over those by inorganic acids in terms of environmental effect.
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1. Introduction and chemical properties. Generally, silver is recovered
from either some natural resources as by-product or the

Silver is an important metal widely used in the manu- residues after the extraction of other metals). In recent
facture of advanced materials due to its special physical years, with the decrease in the amount of resources
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containing silver, the secondary resources become more
important in the production of advanced materials con-
taining silver. Along with technology innovation, more
intense application of silver to advanced materials has
been tried, such as nano-silver, solar cells, printed inks,
battery catalysts, printed circuit boards and so on>®.
The consumption of silver is rapidly increasing in ac-
cordance with the demand for metallic silver from the
industries. Therefore, development of a hydrometallurgical
process to recover silver with high purity from secondary
resources is of utmost importance.

There are lots of resources containing metallic silver,
such as pyrargyrite, Au-Ag ore, lead-zinc sulfide concent-
rates, refractory antimony ore, plumbojarosite, lead-silver
concentrate, gold-antimony alloy, manganese silver ore
etc. In recent years, pure silver is employed in the manu-
facture of the electronic products and other advanced
materials. Therefore, it is very important to recycle the
secondary resources, such as the printed circuit boards
of waste mobile phones or computers, medical X-ray

79, photographic films'?, crushed Au-

process effluents
Ag Wastes, silver sulphide precipitates, metallic scraps,
anode slime, and spent catalystl).

In order to recover pure silver from secondary re-
sources, metallic silver should be dissolved. Therefore,
the first step in developing a process for the recovery
of silver is to find economical as well as environment-
friendly leaching condition to dissolve metallic silver.
In most of the developed processes for silver, either
inorganic acids or the mixture of acids and oxidizing
agents are employed. The leaching processes to dissolve
metallic silver from the secondary resources are reviewed
in this work.

2. Developed Processes for the Leaching of
Silver

2.1. Leaching with the mixture of inorganic acids
and oxidants

2.1.1. Leaching with the mixture of sulfuric and Os

C. Rodriguez-Rodriguez et al.'” developed aqueous

ozone leaching of silver from the pyrargyrite in acid

solution and found that the concentration of ozone has
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the greatest effect on the leaching percentage of silver.
The solution containing 0.18 M sulfuric acid and 0.079
g Oy/L at 25°C is found to be suitable for leaching of
silver. Under this condition, 80% of the silver was leached
out from the pyrargyrite within the reaction time of one
hour. The overall reaction in this mixture can be

represented as

Ag;SbS;+ 14.505+ 0.5H,0 + 2H"
=3Ag>" + SbO; + 3HSO, + 14.50, )

J. Vifials et al.'? used ozone to leach silver from the
metallic scraps under the condition of 0.1 M H,SO,.
According to this work, the concentration of hydrogen
ion and ozone plays an important role during the reaction.
Moreover, the main product was the insoluble Ag,O
when the pH =4 and the kinetics is controlled by mass
transfer of ozone to the solid-liquid interface. Meanwhile,
the main by-product O, could be converted by O; by
Eq. (2), which could again dissolve metallic silver in
the presence of acid.

Ag+ 0;+2H = Ag”" + 0,+ H,0 )

2.1.2. Leaching with the mixture of (NH,4),S,0; and
NH,0H
Chi Jung Oh et al.'” recovered precious metals from
the print circuit boards of waste computers and the
process is presented in Fig. 1. First, both Cu and Zn
is removed by leaching with the mixture of H,SO, and
H,0,. Then the Au and Ag in the residue are dissolved
by the mixture of (NH,4),S,05; and NH,OH. The leaching

PCBs
!

Pretreatment

H,SO4+H,0, Recovery of Cu, Zn

residue

(NH,4),S,0;+NH,OH Ag, Au

residue
Pd
Fig. 1. Flowchart for the recovery of precious metals from

PCBs.
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percentage of Au and Ag is 95% at 48 h and 100%
at 24 h, respectively.

2.1.3. Leaching with HNO;

Atefeh Khaleghi et al.'9 recovered silver and synthe-
sized silver nanoparticles from the copper anode slime.
All silver could be removed by 4 M nitric acid at the
reaction temperature of 90°C at atmospheric pressure.
At the same condition, only 26% leaching percentage
of Ag was obtained by employing sulfuric acid. After
leaching with nitric acid, Ag was separated from the
leaching solution with HCI to synthesize silver nano-
particles with various methods.

Serdar Aktas'> investigated the recovery of silver
from spent silver oxide button cells by leaching with
nitric acid. The leaching percentage of silver was 99%
at 25°C, using 2.0 M nitric acid in 1 h. The dissolved
silver was precipitated with KCI solution and reduced
to metallic silver with zinc powder. N. Sathaiyan et al.'®
studied silver recovery from waste silver oxide button
cells. In the case of leaching under the conditions (200
g/ HNOs, 50°C), the leaching percentage of Ag was
higher than 95%. And then pure metallic Ag was pro-
duced from the leaching solution.

P.C. Holloway et al.'” leached the silver sulphide
precipitates with nitric acid and the reaction is represented
as Eq. (3). Under the condition of 150°C, 1100 kPa
and the twice theoretical amount of nitric acid, the
leaching percentage of Ag was 96%. From the leaching
solution, silver with high purity was produced by hydro-
gen reduction at 150°C and 4000 kPa hydrogen pressure.

Agzs + 8HNO3 = 3Agst4 + 8NO + 4H2O (3)

2.1.4. Leaching with nitrite-copper

G. Alvarado-Macias et al.'® investigated the kinetics
of silver leaching with the nitrite-copper system. Nitrite
was employed as the oxidant as well as complexing
agent for silver. It was found that the cupric-nitrite
complexes have the synergistic effect on the silver leach-
ing kinetics. The leaching percentage of Ag could be
reached almost 92% under the conditions: 1.5 M nitrite;
0.2 M cupric ions; pH, 5; reaction time, 6 h. However,

during the reaction, some copper precipitates were formed
in the bulk solution.

Liu weifeng et al.'” analyzed the behavior of silver
and lead in the chlorination leaching process from gold-
antimony alloy. When the chloride ion concentration was
2.4 M, the three quarters of silver complex species exist
as AgCl,*". The reducing percentage of silver is 99%
at the condition of 80°C and 1.5 h as the dosage of
gold-antimony added is 10%.

R. Zarate-Gutiérrez et al.>? investigated the oxidative
leaching of lead-silver concentrate. It was observed that
0.65 M nitric acid could dissolve 90% silver in 90 min.
In addition, the presence of Fe** not only increased the
solubility of silver, but also enhanced the kinetics. By
the oxidation of Fe’*, most of the silver could be
dissolved into solution at 130°C.

2.1.5. Leaching with cyanidation after pretreatment

Xian-yang Qiu et al?D treated a refractory Au-Ag
ore with cyanidation after the pretreatment of reductive
sulfating leaching as Egs. (4) and (5). Through the pre-
treatment to overcome the hindrance by manganese, silver
leaching was possible by employing the mixture of
H,SO,4, NaCN and the reductant of pyrite. The results
indicated that the leaching percentage of silver sharply
increased from 27 to 71% at the condition 0.2 g/LL NaCN,
pH 9, leach time 30 h, particle size 20 um, FeS, 0.12
M. The disadvantage of this process is the high usage
of the necessary chemicals. In addition, cyanidation has
serious effect on the environment and health of worker.

2F682 + 14H2$O4 + 15Mn02
= Fex(SO,); + 15MnSO, + 14H,0 (88°C) 4)

MnO + H,SO,=MnSO,+ H,0 (88°C) %)

Wei Li et al?? reported the recovery of silver from
manganese-silver ore followed by the pretreatment with
ammonia-ammonium sulfate alkaline solution. When the
conditions were 0.02 M NH;-H,O, 1.0 M (NH,),SOy,,
4 g of Cu wire, a liquid- solid ratio of 3:1 and a stirring
speed of 300 rpm, reaction time 4 h, the leaching percent-
age of Ag was 79%.

ibrahim Alp et al?® studied the extraction of silver
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Cu+ NH;H,0+(NH,),S0,

Pretreatment

- - Leaching liquid
Filtration

Recovery Mn

Residue

NaCN+CaOr Cyanidation

Filtration

Solution

containing Ag
and Au

Residue

Fig. 2. The flow sheet of leaching Ag from manganese-
silver ore.

and gold from a refractory ore with cyanidation followed
by the KOH pretreatment. It was observed that under
the KOH pretreatment the leaching percentage of silver
and gold increased from 18.7 to 94.5% and 49.3 to 87.6%,
respectively, at the conditions of 5 M KOH, 80°C, 2
h; cyanidation 1.5 g/LL NaCN, pH 10.5, 24 h. The pretreat-
ment could lessen the influence of other metals such
as Sb on the leaching of Ag and Au. Oktay Celep et
al?¥ reported the effect of NaOH pretreatment on the
leaching of silver and gold from a refractory antimonial
ore. According to this work, the leaching percentage of
silver and gold improved from 18.7 to 90% and 49.3
to 85.4% under the conditions: 3 M NaOH, 80°C.

2.1.6. Leaching with the mixture of HCI and CaCl,

J. Vinals et al.?> reported the recovery of silver and
gold from plumbojarosite by employing the system of
HCI-CaCl,. The leaching percentage of silver and gold
was the same as 95% under the following conditions:
CaCl,, 300 g/L; temperature, 90°C; 900 mV versus SHE;
pulp density 1: 2.5; reaction time, 1 h.

2.2. Leaching with thiosulfate

2.2.1. Leaching with thiosulfate

Bin Xu et al.?® reported the recovery of Ag, Au and
Pd from de-copperized anode slime containing Sn, Pb
and Sb with thiosulfate followed by sodium hydroxide
and subsequent acetic acid pretreatment. It was found
that Pb caused detrimental effect on the leaching of the
precious metals. After the pretreatment for removing most
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of Pb in the slime, the leaching percentage of Ag
increased from 69.2 to 93.4%.

AgS + CuNH3),* + 68,057
=2Ag(S,0;);> + CuS + 4NH; (6)

2.2.2. Leaching with ammonium thiosulfate

Jana Ficeriova et al.?’*® used ammonium thiosulfate
for silver recovery from sulfide concentrates. After mech-
anical activation and mechanochemical pretreatment,
99% Ag was dissolved into the solution at the conditions:
reaction time, 15 min; stirring rates, 8.33 s temperature,
70°C; pH, 6; leaching reagents, 74 g/L. (NH,),S,05 and
10 g/ CuSO,-5H,0. Jana Ficeriové et al.?® studied the
leaching of Ag and Au with ammonium thiosulfate, after
being pretreated by milling and found that 93% silver
and 98% gold were achieved with 48 hours.

Katarzyna Wejman Gibas et al.*” recovered silver from
a residue after pressure leaching of a flotation copper
concentrate with thiosulfate. The optimum experimental
conditions were 1 M thiosulfate, 0.8 M ammonia, 0.1
g/L, 25°C, 4 h. After the pressure NaOH leaching, the
leaching percentage increased from 75 to 100%.

D.M. Puente-Siller et al.>" developed a process for
the leaching of silver with the system of thiosulfate-
copper-NaOH-citrate. However, in the presence of EDTA
and sodium citrate, the leaching process was affected
due to the formation of a porous layer of copper sulfide
and copper oxide.

2.2.3. Leaching with the mixture of thiosulfate-nitrite-
sulfite-copper

G. Alvarado-Macias et al.>? investigated silver leaching
with the system of thiosulfate-nitrite-copper ions. It was
found that the complexes of copper and ammonia can
catalyze the silver dissolution. The sulfite ion has a
negative effect on the Ag leaching, and at pH 9.6 the
leaching of Ag was affected due to the formation of
copper hydroxide species on the silver particle. The best
conditions were: thiosulfate, 0.1 M; nitrite 1.5 M; copper,
0.05 M; pH 7.2. Under these conditions, the silver
recovery was 96%. In 2016, G. Alvarado-Macias et al.?®
found that thiosulfate concentration and temperature play
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an important role on the leaching of silver in this system.

2.2.4. Leaching with Sodium thiosulfate and oxygen

Eleazar Salinas-Rodriguez et al.>* studied the kinetics
of silver leaching from a mining tailing which contains
metallic and silver sulfides with sodium thiosulfate.
According to this work, the leaching reaction is controlled
by mass transfer of oxygen at the solid-liquid surface
and the reactions can be described as Egs. (7) and (8).

2Ag+4(S,05)* +2H" +0.50,
=2Ag(S,05),” + H,0 @)

AgySi) T 05+ 4(S,05)* +4H"
=2Ag(S,05),” + 8% +2H,0 ®)

I. Rivera et al¥ studied the dissolution kinetics of
Ag in the thiosulfate solution in the presence of oxygen.
The leaching process was controlled by mass transfer
of oxygen in the solid- liquid interface and the stirring
rate has an important influence on the transport of
oxygen. In the presence of Cu and O,, the leaching
percentage increased by almost 30%. Xiong Tong et
al.’® researched the role of oxygen and ammonium ions
on the silver leaching in thiosulfate solution. It was found
that ammonium and oxygen both can improve the dis-
solution of silver. However, the excess oxygen and
ammonium will result in the degradation of thiosulfate.

2.3. Thiourea leaching

2.3.1. Leaching with the mixture of thiourea and

oxidants

Jana Ficeriova et al” utilized thiourea to recover
Au and Ag from various Au-Ag wastes. In the thiourea
solution, 98% of gold and 96% of silver were obtained
in the presence of Fe’" after 1 h. Particle size has an
important effect on the dissolution of Au and Ag.

Li Jingying et al.’® studied the leaching of Au and
Ag from the printed circuit boards of waste mobile
phones with thiourea solution in the presence of Fe*'.
Egs. (9) and (10) represent the leaching reaction. At
the conditions: particle size 100 mesh, 24 g/L thiourea,
0.6% Fe**, after leaching reaction 2 h, the leaching
percentage of Au and Ag was 90% and 50%, respectively.

Since the leaching percentage of Ag is not high, it is
necessary to do further research to improve the leaching
percentage of silver.

Au+ 2CS(NH,), + Fe** = Au[CS(NH,),]" + Fe**  (9)
Ag+3CS(NH,), + Fe'" = Ag[CS(NH,),];" + Fe** (10)

2.3.2. Leaching with the mixture of thiourea and other
treatment

Peter Balaz et al.>® reported the thiourea leaching of
silver from a silver-bearing complex sulfide concentrate
followed by mechanochemical alkaline leaching and the
dissolution of silver increased from 5 to 90% in 10
min owing to the increase in the surface area of the
concentrate from 0.3 to 15.7 m%/g by the pretreatment.

Omer Yavuz et al.*? dissolved copper, silver and gold
from anode slime by employing two steps. The first
step was to dissolve 99% Cu and most of Se and Te
with sulfuric acid in 1 h under 6 atm N, pressure at
350°C. The second step was to dissolve the residue after
filtration with thiourea solutions in the presence of
oxidants. When the Fe** concentration was 7.5 g/L, 97.8%
thiourea was degraded and the degradation reactions of
thiourea which occur during the reaction are represented
as

2CS(NH,), + 2Fe? = (SCN,H;), + 2Fe2" + 2H"  (11)
(SCN2H3)2 = CS(NHz)Z + NH2CN +S (12)

2Ag +2CS(NH,), — Ag,S+NH,CN +2H"  (13)

2.3.3. Leaching with thiourea under the ultrasound

M. Salim Oncel*" applied the ultrasound to the thiourea
solution for silver leaching from solid waste of a
cyanidation leach plant containing Ag,FesSs, Ag,S and
Ag;SbS;. Under the conditions: particle size 55 pwm, pulp
density 100 g/L, thiourea concentration 7.4 g/L. and H,SO,
concentration 28.7 g/L, reaction temperature 77°C, leach-
ing time 24 min, the ultrasound power absorbed by the
leaching solution was 80 W/l and the leaching percentage
of silver reached 98.6%.

Jun Chang et al.*” made a comparison about the silver
leaching between ultrasound and conventional methods
from sintering dust in the acidic thiourea solution. The

heMolEd A 26 A A 13, 2017
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experimental conditions were: particle size 75 ~96 pm,
thiourea concentration 22 g/L, leaching temperature 50°C,
stirring speed 300 rpm. Under these conditions, the leach-
ing percentage of silver with conventional and ultrasound
was 89.9% and 95%, respectively. The treatment by
ultrasound could improve the diffusion through the pro-
duct layer.

2.4. Leaching with the mixture of ionic liquid and
aqueous acid

J.A. Whitehead et al.* compared the leaching process
of silver and gold from a sulfidic gold ore in the presence
of oxidant (HSOs ™ or Fe*") and leaching agent (thiourea,
chloride, bromide or iodide) in ionic liquids (1-alkyl-3-
methyl-imidazolium). It was found that the system of
ionic liquid have some advantages over aqueous system.
In the same condition, thiourea was an efficient complex-
ing agent. In addition, the leaching of silver and gold
with thiourea in neutral bmimCl ionic liquid was affected
by the oxidant and the HSO, was better than Fe’*.

3. Conclusion

This work reviewed the leaching process of silver
from either natural or secondary resources. Considerable
research has been done at a laboratory scale and the
mixture of inorganic acids and oxidants, thiosulfate, thiourea
and the mixture of ionic liquid with aqueous acid was
investigated and discussed.

In the case of the inorganic acid such as nitric acid,
the leaching percentage of silver was high but some
gas was evolved during the leaching process. Thiourea
and thiosulfate are non-toxic and non-corrosive reagents
for dissolution of silver compared to cyanide leaching
as well as other inorganic acids. Furthermore, thiourea
and thiosulfate have higher recovery than other aqueous
reagents, particularly the employment of oxidizing reagents
such as oxygen, H,O, and ferric etc. as well as some
elements such as copper in the secondary resources could
result in the higher consumption of these reagents. There-
fore, further research should be performed to overcome
these problems for the industrial application in future.
In addition, the ionic liquid is an efficient solvent to

J. of Korean Inst. Resources Recycling Vol. 26, No. 1, 2017
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leach gold and silver from the mining with some leaching
reagents, such as thiourea, chloride etc. It has some
advantage compared to the aqueous system.
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