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Highlights 

 

• A novel recovery technique for gold ions in ammonium thiosulfate was developed 

• Recovery efficiency using single either ZVAl or activated carbon was negligible 

• >99% of gold was recovered employing both of ZVAl and activated carbon  

• Gold was recovered on activated carbon attached to ZVAl 

 



Abstract 

In gold (Au) hydrometallurgy, ammonium thiosulfate is the most attractive and promising 

alternative to conventional lixiviants like cyanide or the halides because it is non-toxic, less 

corrosive and has high selectivity for Au. However, its industrial-scale application for Au 

extraction is still severely limited because the recovery of dissolved Au from pregnant solutions 

remains challenging. The present study proposes a novel, simple and effective technique to 

address this difficulty using zero-valent aluminum (ZVAl) and activated carbon.  

Gold recovery was investigated by mixing 0.15 g of ZVAl and/or activated carbon and 

10 ml of a solution containing 1 M Na2S2O3, 0.5 M NH3, 0.25 M (NH4)2SO4 and 10 mM CuSO4 

with 100 mg/l of dissolved Au in a constant temperature water bath shaker at 25ºC for 24 h. 

Gold recovery from the ammonium thiosulfate solution was negligible when only ZVAl or 

activated carbon was added. When ZVAl and activated carbon were both present in the 

ammonium thiosulfate solution, however, over 99% of Au ions were successfully recovered. 

Scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX) 

observations of the solid residues indicate that Au was predominantly deposited on activated 

carbon attached to ZVAl. Based on the rest potentials of these two materials, their synergistic 

effect on Au recovery could be attributed to the formation of numerous galvanic cells in 

solution where ZVAl acted as anodes (i.e., primary electron donor) while activated carbon 

acted as the cathode onto which Au ions are reduced via cementation to elemental Au.  

 

Keywords: Gold recovery, Cementation, Ammonium thiosulfate solution, Activated carbon, 

Aluminum  



1. Introduction 

Cyanide and/or halide leaching are the most commonly employed hydrometallurgical 

techniques to extract gold (Au) from both primary and secondary resources (Calderon et al., 

2019; Ha et al., 2010; Jeon et al., 2018a; Kim et al., 2018; Langhans et al., 1992). Although 

effective, cyanide is toxic to human health, difficult to handle and transport, 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; Jeon et al., 2018a; 

Karavasteva, 2010). 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 difficult, and (2) conventional 

recovery techniques like adsorption and reductive precipitation (i.e., cementation) are 

ineffective in ammonium thiosulfate media. Jiexue and Quian (1989), 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(S2O3)2
3–) to 

activated carbon. Similarly, Navarro et al. (2006) reported Au recovery of only 13% on 

activated carbon under the following conditions: 10 mg/l of gold, 0.8 M of NH4OH, 0.2 M of 

S2O3
2–, pH of 10.5, temperature of 25°C, and recovery time of 8 h. 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(NH2)2 > CN– > S2O3
–. 

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 (Jeon et al., 2018). Unfortunately, 

this approach suffers from the excessive anount of Zn and Cu needed for Au recovery because 

these metallic reductants easily dissolve in ammonium thiosulfate solutions (Alymore and Muir, 

2001; Arima et al., 2002; Berezowsky and Sefton, 1979; Guerra et al., 1999; 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 (Karavasteva et al., 

2010; Panao et al., 2018; Seng et al., 2019a; Park et al., 2018; 2019a; Tabelin et al., 2017a; 

Tatsuhara et al., 2013).  

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., 2018b, 2019). 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. Galvanic interaction is a phenomenon 

that has also been well reported in mineral processing (Rabieh et al., 2018; Seng et al., 2019b), 

flotation of complex sulfide ores (Majima, 1969; Allison et al., 1972), and acid/neutral mine 

drainage formation (Chopard et al., 2017; Tabelin et al., 2017b). 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., 2018b). 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. In this study, a novel approach to recover 

Au ions from ammonium thiosulfate solutions based on galvanic interactions between zero-

valent Al (ZVAl) and activated carbon is introduced. Activated carbon was selected instead of 

Cu due to the following reasons: (1) it does not dissolve in ammonium thiosulfate solution, (2) 

it could be regenerated, and (3) it is ubiquitous and cheap. 

 

2. Materials and methods 

2.1 Materials 

ZVAl (99.99%, Wako Pure Chemical Industries, Ltd., Japan) and activated carbon (99.99%, 

Wako pure Chemical Industries, Ltd., Japan) having about 800-1500 m2/g of specific surface 

area were used to recover Au ions from ammonium thiosulfate solutions (Li et al., 2002; Oda 

and Nakagawa, 2003).  

 

2.2 Characterization of the materials 

Particle size distributions and zeta potentials of activated carbon and ZVAl were determined 

by laser diffraction (Microtrac®  MT3300SX, Microtrac Inc., Japan) and Zetasizer Nano-series 

with MPT-2 multi-purpose titration system (Malvern Corporation, UK), respectively. For the 

zeta potential measurements, the pH of 10 mg of activated carbon or aluminum in 0.01 M 

potassium chloride solution was adjusted automatically from 2.0 to 12.0 with 0.1 M 

hydrochloric acid or sodium hydroxide solution at 25°C. Moreover, surface characterization of 

ZVAl was done by attenuated total reflectance Fourier transform infrared (ATR-FTIR) 

spectroscopy (FT/IR-6200 HFV and ATR Pro One attachment equipped with a diamond prism, 

Jasco Analytical Instruments, Japan).  

 



2.3 Recovery of gold ions from ammonium thiosulfate solution 

The stock ammonium thiosulfate solutions containing ~100 mg/l of Au ions (i.e., Au-

ammonium thiosulfate solution) was prepared by dissolving 0.01 g of gold powder (99.999%, 

Wako Pure Chemical Industries, Ltd., Japan) in 100 ml of ammonium thiosulfate solution 

containing 1 M of Na2S2O3, 0.5 M of NH3, 0.25 M of (NH4)2SO4 and 10 mM of CuSO4 (pH 

between 9.5 and 10) using a 300-ml Erlenmeyer flask shaken in a thermostat water bath shaker 

at 25 ºC for 24 h with constant shaking amplitude and frequency of 40 mm and 120 min–1, 

respectively.  

To evaluate the recovery of dissolved Au from ammonium thiosulfate solution, 0.15 g 

of ZVAl and/or 0.15 g of activated carbon were mixed with 10 ml of Au-ammonium thiosulfate 

solution in 50-ml Erlenmeyer flasks at 25 ºC (shaking amplitude of 40 mm and frequency of 

120 min-1). After 24 h, the filtrate and residue were separated by filtration using 0.2 μm syringe-

driven membrane filters (LMS Co., Ltd., Japan). The residues were washed thoroughly with 

deionized water (18 MΩ·cm, Mill-Q®  Integral Water Purification System, Merck Millipore, 

USA), dried in a vacuum oven at 40ºC and analyzed by scanning electron microscopy with 

energy dispersive X-ray spectroscopy (SEM-EDX, Superscan SSX-550, Shimadzu 

Corporation, Japan). Meanwhile, the concentrations of Au ions remaining in the filtrates were 

analyzed by inductively coupled plasma atomic emission spectroscopy (ICP-AES) (ICPE-9820, 

Shimadzu Corporation, Japan) (margin of error = ± 2%) and Au recovery (AuR) was calculated 

according to the following equation:  

𝐴𝑢𝑅 =
[𝐴𝑢𝐵] − [𝐴𝑢𝐴]

[𝐴𝑢𝐵]
 (1) 

where [AuB] and [AuA] denote the concentrations of dissolved Au before and after the recovery 

experiments, respectively. Note that dissolved Au concentrations before and after the recovery 

experiments were measured and the recovery experiments were done in triplicates to ascertain 

that the observed trends are statistically significant. 



 

3. Results and discussion 

3.1 Characterization of activated carbon and zero-valent aluminum 

The particle size distributions of activated carbon and ZVAI used in this study were in the 

range of 2-228 µm, and 6-80 µm, respectively (Fig. 1(a) and 1(b)). The D50 of the former and 

latter were about 32 and 20 µm, indicating that the particle size distributions of both samples 

are quite similar. Zeta potentials of the samples with pH are illustrated in Fig. 2, and the results 

showed that ZVAl has a positive charge below pH 8 and a negative charge at above pH 8. In 

contrast, activated carbon has a positive charge at pH below 3 and is negatively charged from 

3.5 to 12. These zeta potential results could be a reason why sole activated carbon and 

aluminum could not recover gold-thiosulfate complex (Au(S2O3)2
3–) in the range of pH 9-10 

solution. 

 

Since aluminum powder used in this study is not only quite fine in size but also have 

properties that are easily oxidized, the surface is likely to have been oxidized, hence FTIR was 

used to elucidate the surface of the aluminum powder (Fig. 3). The strong peaks at 770 are 

assigned to Al=O vibration band in AlOOH, and an absorption band appeard at 1065 is 

characteristic of Al―O stretching vibration (Ram, 2001). The spectrum has bands at 580, 1400, 

1635, and 1690 cm-1 due to the formation of an amorphous AlO(OH)·αH2O structure. This 

fraction phase is limited in find particles as it consists of only part of their surface in a thin 

surface layer (Aluminum Oxide, 2016; Alexander et al., 2015; Ram., 2001). Deconvolution of 

the broad absorption between 2600 to 3600 further identified several important stretching 

modes of amorphous AlO(OH)·αH2O structure (2670, and 2700 cm-1), and Al―O (2940 cm-

1) (Ram., 2001; Tabelin et al., 2017a). Deconvolution of these peaks showed that it is composed 



of three distinct bands at 3092, 3120, and 3270 cm-1, and those three peaks are assigned to 

O―H coordinated with aluminum ions (i.e., AlOOH) (Ram., 2001; Tabelin et al., 2017a). It is 

interesting to note that the pure ZVAl (i.e., 99.99%) used in the recovery experiments is already 

oxidized and is covered with a thin oxyhydroxide film. 

 

3.2 Recovery of gold ions from ammonium thiosulfate medium 

Figure 4 shows the recovery of Au in ammonium thiosulfate solution using activated carbon, 

ZVAl, and an ZVAl-activated carbon mixture. The results showed that when only activated 

carbon or ZVAl was added, Au recovery from the solution was negligible. The limited ability 

of ZVAl to recover Au ions from ammonium thiosulfate medium could be attributed to the 

oxyhydroxide/oxide film on it that inhibited the cementation of Au ions (Fig. 3) (Jeon et al., 

2018b; Seng et al., 2019a; Syed, 2012). Meanwhile, the low affinity of Au-thiosulfate complex 

to activated carbon could explain why Au recovery by activated carbon was negligible as noted 

previously by Gallagher et al. (1990) as well as zeta potential results in Fig. 2. Individually, 

neither of these two materials could recover Au effectively, but when combined, they recovered 

over 99% of dissolved Au from the ammonium thiosulfate solution, which means that there is 

a synergistic interaction between ZVAl and activated carbon that promoted Au recovery.  

To investigate how this synergistic phenomenon occurred in the ZVAl-activated 

carbon system, the solid residue was examined by SEM-EDX. Figure 5 shows the 

backscattered electron (BSE) photomicrograph of ZVAl-activated carbon mixture and the EDX 

spectra of several representative points (a-1, a-2, and a-3). Point a-1 had Al and O signals, so 

this region is the surface of ZVAl while Point a-2 corresponded to the surface of activated 

carbon because of the strong signal of carbon (C). In comparison, Point a-3 located in an area 

brighter than the background (i.e., ZVAl surface) showed the peaks of Au and Cu together with 

Al, C, O and sulfur (S). Multiple EDX point analyses of more than 30 points on randomly 



selected particles with prominent bright areas in the BSE image showed that Au and C signals 

were detected together 90% of the time. The rest potential of aluminum in Au-thiosulfate 

solution is between –0.5 and –0.3 V (vs. SHE) while that of activated carbon is around 0.34–

0.39 V (vs. SHE) (Tanahashi et al., 1990), suggesting that ZVAl likely acted as the primary 

electron donor (i.e., anode) and the attached activated carbon served as electron pathway (i.e., 

cathode) from ZVAl to Au-thiosulfate complex, a configuration that promoted both galvanic 

interactions and Au cementation. There are two possible mechanisms for the transfer of 

electrons between ZVAl and activated carbon that promoted galvanic interactions (Fig. 6): (1) 

via transfer through the Al-oxyhydroxide layer (Fig. 6(a)), and (2) via direct contact along 

cracks in the Al-oxyhydroxide coating on ZVAl (Fig. 6(b)). The thin Al-oxyhydroxide film on 

ZVAl is relatively brittle and prone to cracking (Zeng et al., 2013), so a portion of this coating 

was likely removed via impact or attrition due to the shaking motion of the recovery 

experiments the facilitated the first mechanism. Meanwhile, the possible transfer of electrons 

through the Al-oxyhydroxide layer could be explained via the quantum tunneling effect (Ke et 

al., 2016). 

Based on these results, galvanic interactions between two materials (e.g., ZVAl and 

activated carbon) with different redox/rest potentials could be utilized as a simple and effective 

way to recover dissolved Au from ammonium thiosulfate medium, which would likely have 

revolutionary implications on how Au is extracted and recovered not only from natural ores 

but also from electronic wastes and other secondary sources. Moreover, this new method could 

be applied to the recovery and/or removal of persistent redox-active hazardous elements like 

heavy metals (e.g., Cu, nickel (Ni), cadmium (Cd), and lead (Pb)) and toxic metalloids (e.g., 

arsenic (As) and selenium (Se)) from groundwater (Huyen et al., 2019a, b; Tabelin et al., 2009; 

2014; Tamoto et al., 2015), mine drainage (Park et al., 2019b; Tabelin et al., 2009; Tomiyama 

et al., 2019) and wastewater (Nazari et al., 2017; Tabelin et al., 2018; 2019).  



 

4. Conclusion 

In Au hydrometallurgy, ammonium thiosulfate has been highlighted since 2000 as a promising 

alternative to cyanide and the halides because it is non-toxic, is only mildly corrosive, and has 

high selectivity for Au. In spite these advantages over conventional lixiviants, the application 

of ammonium thiosulfate leaching in commercial hydrometallurgical operations remains 

limited primarily because of difficulties in the recovery Au ions from ammonium thiosulfate 

pregnant solutions. In this study, a simple and highly effective Au recovery technique using 

ZVAl and activated carbon is introduced. The results showed that individually, activated 

carbon and ZVAl were ineffective to recover dissolved Au from thiosulfate solution. However, 

the presence of both ZVAl and activated carbon induced synergy via the formation of galvanic 

cells that promoted cementation and recovered over 99% of dissolved Au from the thiosulfate 

solution. This novel and simple technique will likely have important implications on Au 

hydrometallurgy because it is efficient, eco-friendly and safe. Moreover, it could be utilized 

for the removal and/or recovery of redox-active persistent contaminants in the environment 

that are difficult to treat using traditional techniques like adsorption and precipitation.  
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Figure captions 

Fig. 1. Particle size distribution of activated carbon and zero-valent aluminum (ZVAI).  

Fig. 2. Zeta potential distributions of activated carbon and zero-valent aluminum (ZVAI) with 

pH.  

Fig. 3. ATR-FTIR spectrum of zero-valent aluminum (ZVAI).  

Fig. 4 Gold recovery in ammonium thiosulfate solution after 24 h with zero-valent aluminum 

(ZVAl), activated carbon and a ZVAl-activated carbon mixture.  



Fig. 5. (a) Back-scattered electron (BSE) photomicrograph of the residue from the ZVAl-

activated carbon system, and the corresponding EDX spectra of point (a-1), point (a-2) and 

point (a-3). 

Fig. 6. Schematic diagram of possible electron transfer mechanism between ZVAI and 

activated carbon in ammonium thiosulfate solution: (a) electron transfer through the Al-

oxyhydroxide layer and (b) direct contact via cracks within the Al-oxyhydroxide layer. 
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Fig. 1. Particle size distribution of (a) activated carbon and (b) zero-valent aluminum (ZVAl). 

 

 

Fig. 2. Zeta potential distributions of activated carbon and zero-valent aluminum (ZVAl) with pH 

 



 

Fig. 3. ATR-FTIR spectrum of zero-valent aluminum (ZVAl) 

 

 

Fig. 4. Gold recovery in ammonium thiosulfate solution after 24 h with zero-valent aluminum (ZVAl), 

activated carbon and a ZVAl-activated carbon mixture. 

 



 

Fig. 5. (a) Back-scattered electron (BSE) photomicrograph of the residue from the ZVAI-activated 

carbon system, and the corresponding EDX spectra of point (a-1), (a-2), and (a-3). 

 

 

Fig. 6. Schematic diagram of possible electron transfer mechanism between ZVAI and activated 

carbon in ammonium thiosulfate solution: (a) electron transfer through the Al-oxyhydroxide layer and 

(b) direct contact via cracks within the Al-oxyhydroxide layer. 


