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i The main achievement of this project is; successful recovng technique for
gold ions from the eco-friendly solution, ammonium thiosulfate, with simple and high efficiency was

newly developed to eliminate the challenges of poor recovery of the system.

Currently in metallurgy, the focus is on green mining with non-toxic solution, but the application
of the system to industrial mining is elusive so far due to the limited recovery technique. In the
project, a simple recovery technique was newly developed and >99% of Au ions can be recovered.

The main achievements of this project are; (1) successful recovery technique
with simple and high efficiency for gold ions from the eco-friendly ammonium thiosulfate solution
was newly developed to eliminate the challenges of the limited industrial application by the poor
recovery in the system, and (2) to widen the scope of the research, recovery of heavy metal ions
from the waste/acid medium by the developed technique was also evaluated, not limited to only gold.
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Cyanide and/or halide leaching are the most commonly employed hydrometallurgical
techniques to extract gold (Au) from both primary and secondary resources (Ha et al., 2010). Although
effective, cyanide is toxic to human health, difficult to handle, and harmful to the environment while
the halides (e.g., aqua regia) are strongly corrosive and unselective (Jeon et al., 2017). Because of
these critical drawbacks, several alternative lixiviants for Au are being developed and among them,
ammonium thiosulfate is the most promising because it is non-toxic, has high selectivity for Au and is
less corrosive (Arima et al., 2002). Despite these advantages, the industrial application of ammonium
thiosulfate is still limited primarily because of two reasons: (1) the recovery of dissolved Au from
ammonium thiosulfate pregnant solutions remains elusive to date, and (2) conventional recovery
techniques like adsorption and reductive precipitation (i.e., cementation) are ineffective in ammonium
thiosulfate media. Jiexue and Qian (1991), for example, only recovered ~30% of dissolved Au using
activated carbon in their thiosulfate system, which they attributed to the low adsorption affinity of the
Au-thiosulfate complex (Au(S203),*") to activated carbon. Gallagher et al. (1990) compared the
adsorption on activated carbon of the Au-thiosulfate complex with several Au-cyanide complexes and
found that the adsorption of Au-thiosulfate complex was the least favorable because the affinity of Au-
complexes to activated carbon strongly depended on the type of ligand and follows this order:
SCN™>SC(NHz), > CN™ > S5,0;5".

Aside from adsorption, dissolved Au in ammonium thiosulfate pregnant solutions could be recovered
via reductive precipitation or cementation, an electrochemical process whereby Au ions are reduced
and deposited as elemental Au onto the surface of metals like zinc (Zn) and copper (Cu) that acted as
electron donors or reductants (Arima et al., 2002). Unfortunately, this approach suffers from the
excessive amount of Zn and Cu needed for Au recovery because these metallic reductants easily
dissolve in ammonium thiosulfate solutions (Arima et al., 2002; Aylmore and Muir, 2001; Jeon et al.,
2018a). Aluminum (Al) could be another good candidate for Au recovery because of its low standard
redox potential (Arima et al., 2002). Unfortunately, Al is easily oxidized in moist air, so its surface is
rapidly covered with an aluminum oxyhydroxide film that protects the metal from reductively
dissolving especially in solutions with pH between 6 and 10.

In a previous study of the authors that investigated the ammonium thiosulfate leaching of Au from
printed circuit boards (PCBs), it was reported that Au extraction efficiency was low especially at high
solid-to-liquid ratios because extracted Au ions were readily re-deposited onto coexisting metals in
PCBs during leaching (Jeon et al., 2018). This interesting phenomenon of enhanced Au cementation
in ammonium thiosulfate solution was attributed by the authors to galvanic interactions of the various
metals found in PCBs (e.g., Cu and Al) that made electron transfer to Au-thiosulfate complex easier.
In other words, Al and Cu formed numerous galvanic cells composed of Al as the anode (i.e., primary
electron donor) and Cu as the cathode (i.e., electron acceptor), a configuration that created an electron
pathway between Al and Au-thiosulfate complex (Jeon et al., 2018). Cu-Al galvanic interactions
interfered with and limited the extraction of Au from PCBs in ammonium thiosulfate solution but by
looking at these results from another perspective, a promising way to recover Au ions from ammonium
thiosulfate solution was discovered.

2. WrFEOH

The main objective of the study is the development a novel recovery technique for gold ions
from the eco-friendly lixiviant, ammonium thiosulfate solution. (1) Firstly, recovery of Au ions from
the ammonium thiosulfate lixiviant was evaluated by batch-type experiments in single systems—AC
or Al only—as well as binary mixtures of AC and Al. Secondly, (2) to establish the applicability of the
recovery technique to industrial Au ore and/or E-waste recycling processing, the effects of various
parameters (i.e., initial concentration of Au ions, time, oxygen, solid-to-liquid ratio, mixing ratio of
AC and Al, temperature) as well as coexisting metal ions that could be present in the leached pregnant
solution on Au recovery were also investigated. Furthermore, (3) the mechanisms were evaluated by
characterization of the residue by scanning electron microscopy with energy dispersive spectroscopy
(SEM-EDX) and electrochemical experiments including linear sweep voltammetry (LSV) and
chronoamperometry. (4) Finally, to widen the scope of the research, removal of heavy metal ions from
the waste/acidic solutions was also carried out whether the technique could also be employed to not
only metallurgy field but also environmental filed or not.
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Objective (1), (2), and (4): For research (1), (2), and (4) were mainly proceeded by batch-
type experiments. The stock ammonium thiosulfate solution containing Au ions was prepared by
dissolving Au powder (99.999%, Wako Pure Chemical Industries, Ltd., Japan) in ammonium
thiosulfate solution using a 300-ml Erlenmeyer flask shaken in a thermostat water bath shaker at 25 °C
for 24 h with constant shaking amplitude and frequency of 40 mm and 120 min—1, respectively. The
concentration of Au in stock solution was measured by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) (ICPE-9820, Shimadzu Corporation, Japan) (margin of error==+ 2%).
Subsequently, 0.15 g of ZVAI (99.99%, Wako Pure Chemical Industries, Ltd., Japan) and/or 0.15 g of
AC (99.99%, Wako Pure Chemical Industries, Ltd., Japan) were mixed with 10 ml of Au-thiosulfate
solution in 50-ml Erlenmeyer flasks at 25 °C (shaking amplitude of 40 mm and frequency of
120 min—1) under the nitrogen purging condition to remove the dissolved oxygen in the solution. After
1 h, the filtrate and residue were separated by filtration using 0.2 pm syringe-driven membrane filters
(LMS Co., Ltd., Japan). The residues were washed thoroughly with deionized water, dried in a vacuum
oven at 40°C, and analyzed by scanning electron microscopy with energy-dispersive X-ray
spectroscopy (SEM-EDX, Super scan SSX-550, Shimadzu Corporation, Japan). Meanwhile, the
concentrations of Au ions remaining in the filtrates were analyzed by ICP-AES. For research (4),
selective heavy metal ions (Co, Ni, Pb, and Zn) and sulfate/chloride solution were used. To investigate
the removal/recovery efficiency of heavy metal ions from sulfate/chloride solutions, 10 mL of
prepared solutions (initial pH of 1, 2, 3, 4, and 5) were poured into a 50-mL Erlenmeyer flask and then
purged with ultrapure N> (99.9%) for 15 min to remove dissolved oxygen. Afterward, Al and/or AC
powder was introduced into the flask.

Objective (3): LSV measurements were conducted using SI 1280B electrochemical
measurement unit (Solartron Instruments, UK) attached to a computer and a conventional three-
electrode system composed of an Al working electrode, Ag/AgCl in saturated KCI solution as the
reference electrode, and platinum plate as the counter electrode. The 120 ml of ammonium thiosulfate
solution with Au ions was poured into a glass cell with water jacket and purged with ultra-pure nitrogen
gas (99.99%) for 45 min prior to the measurements to minimize the influence of dissolved oxygen in
the solution. Furthermore, all electrochemical measurements were maintained at 25 °C by a thermostat
water recirculation system. Measurements were done after equilibrating the Al electrode to its open
circuit potential (OCP). The cathodic scan was done at a rate of 30 mV/s from the OCP to —1.3 V.
Chronoamperometry measurements were also conducted using SI 1280B electrochemical
measurement unit (Solartron Instruments, UK) attached to a computer with a conventional three-
electrode system composed of the Al working electrode, Ag/AgCl in saturated KCI solution as the
reference electrode, and a platinum plate as the counter electrode. Preparation of the aluminum
electrodes and solutions for the measurements were the same as outlined in previous paragraph. After
equilibration of the Al working electrode to the OCP, it was polarized at —0.8 V and —1.0 V for 15 min,
and then its surface was examined by SEM-EDX.

4. WFZERR

The results showed that individually neither of these two materials could not recover Au
effectively in ammonium thiosulfate lixiviant as reported in many previous studies, but when
combined, over 99% of Au ions could be recovered from the ammonium thiosulfate solution, which
means that there is a synergistic interaction between Al and activated carbon that promoted Au
recovery (published a paper to international journal (Q1)). And in the Al-AC system, the highest Au
recovery was obtained under the following conditions: 1 h recovery time without oxygen, 1:1 of Al
and AC, and 0.3g/10ml at 25 °C. The LSV results using an oxidized Al working electrode with AC
showed two new cathodic peaks at —0.8 V and —1.0 V, indicating that AC acted as a reduction mediator
that enhanced Au recovery. Chronoamperometry results at —0.8 V and —1.0 V showed that Cu and Au
were recovered on AC even if Al oxide was present on Al (submitted a paper to international journal
(01)). In the case of the study on the effects of various coexisting base metal ions on Au recovery, still
high Au recovery was obtained when Cu ions (catalyst in the leaching system) are present in the
solution with minimal effect of other competing base metal ions (submitted a paper to international
journal (Q1)). When the recovery technique was employed to environmental filed, which is the
removal of heavy metal ions from the sulfate/chloride solutions, the results showed that removal
efficiency was higher in the AC/Al-mixture than those in AC or Al only experiments (published 2
papers to international journals (both Q1)). The results will have important industrial implications of
the eco-friendly solvent in the mineral processing/resource recycling field.
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