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A B S T R A C T

Efficient recovery of Au(S2O3)2
3− at low concentrations is a key challenge for the development of environmentally 

friendly, cyanide-free thiosulfate leaching methods in industry. In the study, carbon materials including activated 
carbon (AC), graphite, and graphene were used as electrodes for electrochemical reduction and recovery (electro 
reduction-recovery) of trace gold(I) from thiosulfate leaching solutions (Au(S2O3)2

3− ). The results demonstrated 
that Au(S2O3)2

3− could be efficiently recovered in the form of Au0 with nearly 100 % recovery from both 
simulated and actual gold ore leaching solutions, significantly simplifying traditional recovery and reduction 
processes. Even in the presence of impurities such as cations and S2O3

2− , recovery remained high, around 90 %. 
Among the parameters studied, applied voltage was the most critical for optimizing recovery, as it enhanced ion 
migration and significantly improved gold reduction. The study investigated the relationship between the 
intrinsic properties of carbon materials and their electrochemical reduction and recovery capabilities. Rich 
porosity of carbon materials promoted interactions with Au(S2O3)2

3− , enhancing the electric double layer ca
pacity, while π–π* satellite transitions played a dominant role in the charge transfer, thereby improving the 
reduction rate. This research offers new insights of the mechanisms behind the recovery of trace Au(S2O3)2

3− from 
thiosulfate leaching solutions through carbon electrodes.

1. Introduction

Gold, an essential metal resource [1,2], faces substantial extraction 
challenges due to the limitations of conventional cyanide leaching, 
which is increasingly criticized for its environmental impact and in
efficiency in processing low-grade ores [3]. Thiosulfate leaching has 
emerged as a more environmentally friendly, cyanide-free alternative 
for gold extraction[4–6], even from refractory ores [7]. However, 
despite its potential, this method has not seen widespread industrial 
application owing to inefficiencies in recovering gold thiosulfate ions 
(Au(S2O3)2

3− ) at low concentrations.
Extensive research has explored various recovery methods, including 

precipitation [8], solvent extraction [9], adsorption [10], and electro
deposition [11], yet significant challenges remain under real-world 
low-concentration conditions. These challenges primarily stem from 
two key factors: weak interactions between Au(S2O3)2

3− and adsorbents, 
attribute to the ion’s large molecular weight and the complex leaching 
solutions. Another concern involves the low purity and high costs 
associated with certain recovery techniques like chemical precipitation 
[12,13] and ion-exchange [14,15]. Given these issues, developing effi
cient and cost-effective methods for recovering Au(S2O3)2

3− from thio
sulfate leaching solutions is crucial. Addressing the limitations in 
existing methods, particularly under low-concentration conditions, re
mains a critical area of research in hydrometallurgy, with the goal of 
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enabling more sustainable and economically viable gold extraction 
processes.

Catalytic reduction-recovery based on molybdenum disulfide was 
proposed in our previous works to realizing adsorption and reduction 
together [16–18], which shortened the traditional gold extraction pro
cedures, while it was hard in selectively recovering Au(S2O3)2

3− in actual 
leaching solutions. In the thiosulfate leaching solutions, mole ratio of 
S2O3

2− and Au(S2O3)2
3− was higher than 3:1, causing a great obstacle to 

low-concentration Au(S2O3)2
3− recovery. According to the electro

chemical theory [19], large and small amounts of ions migrate differ
ently under an external field. Our recent researches have proved that Au 
(S2O3)2

3− can be separated and recovered with an applied voltage [20]. 
The choice of materials used as electrodes for electro reduction-recovery 
is crucial for the recovery of Au(S2O3)2

3− .
Based on the electric double layer capacity property, rich porous 

structure of electrodes with high surface area is beneficial for ions 
storage and reaction [21,22]. In addition to its electrochemical reduc
tion properties, when the applied voltage exceeds a certain threshold 
(0.25 V) [23], Au(S2O3)2

3− can be reduced into gold metal, achieving 
both adsorption and reduction simultaneously. Carbon materials such as 
activated carbon (AC), graphite, graphene, and carbon nanotubes, 
known for their super porous structure, are widely employed as elec
trodes in various applications including desalination [24,25],batteries 
[26–28], and metals adsorption [29–31]. Leveraging its porous material 
structure of carbon materials, this method enables the efficient recovery 
of low concentration Au(S2O3)2

3− at a low cost, while also facilitating 
simultaneous reduction. However, few works focus on the electro 
reduction-recovery of Au(S2O3)2

3− based on carbon electrodes and 
relevant reaction mechanism.

Here, AC, graphene, and graphite were selected as carbon electrodes 
to investigate the electro reduction-recovery of Au(S2O3)2

3− . The porous 
structure and functional groups of carbon materials were thoroughly 
researched, along with their impact on the recovery performances of Au 
(S2O3)2

3− . The study aims to comprehensively explore and utilize carbon 
materials for electro reduction-recovery of Au(S2O3)2

3− , thereby 
advancing the application of thiosulfate leaching in the gold industries.

2. Experimental

2.1. Materials

Ammonium thiosulfate ((NH4)2S2O3, 98 wt%) was purchased from 
Sigma-Aldrich (Shanghai, China). Standard chloroauric acid (HAuCl4, 
1000 mg L− 1) was obtained from Well Group Scientific Ltd., USA. High 
pure flake graphite (99 wt%) was the product from XFNANO, Jiangsu, 
China. Graphite powder (Graphite) was got from Shanghai Macklin 
Biochemical Technology Co., Ltd. Sodium hydroxide (NaOH), sodium 
sulfate (Na2SO4), charcoal activated powder (AC), potassium perman
ganate (KMnO4), sulfuric acid (H2SO4), hydrazine hydrate (N2H4⋅H2O), 
calcium chloride (CaCl2), magnesium chloride (MgCl2), aluminium 
chloride (AlCl3), ferrous chloride (FeCl2), lead chloride (PbCl2), cupric 
chloride (CuCl2), nickel chloride (NiCl2), manganous chloride (MnCl2), 
sodium thiosulfate (Na₂S₂O₃), sodium sulfite (Na₂SO₃), copper sulfate 
pentahydrate (CuSO4⋅5H2O), 5 % ammonia solution (NH3⋅H2O) and 
dimethylacetamide (DMA) (12.5 mg mL− 1) were bought from Sino
pharm Chemical Reagent Co., Ltd. (Shanghai, China). Vinylidene fluo
ride (C2H2F2) was procured from Alfa Aesar (China) Chemicals Co., Ltd. 
Conductive carbon black was obtained from American Cabot, while 
carbon black was acquired from Suzhou Sinero Technology Co., Ltd. 
(China). Deionized water was produced by Millipore SAS (France) with 
18.2 MΩ cm. Pt plate and Hg/HgO reference electrode were bought from 
SHANGHAI CHUXI INDUSTRIAL CO., LTD.

2.2. Characterizations

X-ray diffraction (XRD, D8 Advance, Bruker AXS, Germany) with Cu- 

Kα radiation was used to analyze the internal structure and morphology 
of materials. Raman spectra was obtained utilizing an INVIA Raman 
microscope with an Ar laser (Renishaw, England). The American 
Thermo Scientific Nicolet 6700 was used for analyzing materials’ sur
face functional groups in the wavenumber range of 4000–400 cm− 1. The 
Brunauer–Emmett–Teller method (BET, V-Sorb X800, China) was 
employed to investigate the pore structure distribution, adsorption and 
desorption isotherms. Microstructures were obtained via scanning 
electron microscope (SEM, Phenom ProX G6, Netherlands). The chem
ical element state was determined by X-ray photoelectron spectroscopy 
(XPS, Thermo Scientific K-Alpha, America). The Agilent 280FS AA 
Spectrometer (G8434A, America) was used to determine the gold con
centration of the filtrate.

2.3. Preparation of graphene

Graphene was prepared by oxidation-reduction method. Initially, 
graphene oxide was prepared from graphite powder, which was subse
quently reduced to obtain graphene. In a controlled environment, 5 g of 
graphite powder was mixed with 115 mL of 98 % concentrated sulfuric 
acid in an ice bath and stirred for 30 min. Then, 20 g KMnO4 was added 
to the mixture, and the stirring continued for an additional hour. The 
mixture was transferred to a warm water bath at 40 ◦C, where stirring 
continued for another 30 min. Afterward, distilled water was gradually 
added to dilute the reaction solution to a total volume of 800 mL, 
ensuring that the temperature remained below 100 ◦C. An appropriate 
amount of H2O2 was added until the solution turned yellow. The mixture 
was then centrifuged while hot, washed with 5 % HCl and distilled water 
until near neutral, and finally filtered. The resulting graphene oxide was 
washed and dried at 60 ◦C.

The synthesis of graphene was achieved through the reduction of 
graphene oxide, as outlined below. Graphene oxide dispersion was 
prepared by weighing 0.1 g graphite oxide and adding it to 200 mL of 
NaOH solution with pH = 11, and being ultrasonicated at 150 W for 90 
min. Afterward, the dispersion was centrifuged at 4000 r⋅min− 1 for 3 
min to remove the residual graphite oxide. 0.2 mL of hydrazine hydrate 
was added to the centrifuged graphene oxide dispersion, and the gra
phene suspension was obtained by reacting at 90 ◦C for 2 h. The gra
phene suspension was sealed and left to stand for a few days to observe 
its dispersion effect. After confirming the suspension was ideal, it was 
filtered and lyophilized to gain graphene.

2.4. Fabrication of carbon electrodes

Conductive carbon black functions to enhance electrode conductiv
ity, improve cycling stability, increase electrochemical activity [32]. 
Polyvinylidene fluoride, as a traditional binder, provides firmness, sta
bility, good thermal stability, and a high dielectric constant. AC (or 
graphite or graphene), conductive carbon black and polyvinylidene 
fluoride were evenly mixed in a mortar at a mass ratio of 8:1:1 and 
dissolved in DMA. Titanium plate with anti-corrosion[33–35], 
wide-application was chosen as substrate for coating carbon materials. 
Approximately 30 ± 5 mg of the mixture was then evenly coated onto 
the Ti plate using the flat part on the back of the spoon. The electrode 
was then heated at 60 ◦C for at least 1 h to remove the residual organic 
solvent. Finally, the electrode was immersed in deionized water and 
allowed to soak until ready for use.

2.5. Electro reduction-recovery of Au(S2O3)2
3-

The ammonium thiosulfate was prepared with deionized water with 
the molar ratio of Au to S2O3

2− as 1 to 4. Chloroauric acid and sodium 
hydroxide were added drop by drop to keep the pH of the solution at 10.

A pair of carbon electrodes was put at 5 mm distance into the elec
trolytic cell that contained Au(S2O3)2

3− with external voltage (1.2 V). 
The cell was connected to a peristaltic pump with a speed of 50 r/min. 
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2.5 mL of solution would be extracted and filtered using a 0.22 μm filter 
membrane at 0, 1, 2, 4, 7, 10, and 22 h. The concentration of filtrate was 
determined by the atomic absorption spectrometer. The following for
mulas were used for calculating the reduction (Re) and recovery (R): 

Re =
(C0 − Ct) × (V0 − Vt)

m
(1) 

R =
(C0 − Ct)

C0
× 100% (2) 

where C0 and Ct are the concentrations of Au at the initial and time t, 
respectively, mg⋅L− 1; V0 and Vt are the volumes of reaction solution at 
the initial and time t, respectively, L; and m is the material mass used in 
the electrode, mg.

2.6. Thiosulfate leaching in gold ores

The gold ores (China) were mixed evenly by pile cone and then 
leached by copper− sodium thiosulfate system. System (0.3 M Na₂S₂O₃, 
Na₂SO₃, CuSO4⋅5H2O, 5 % NH3⋅H2O) with the pH of 10 and the leaching 
time of 12 h were used to leaching the gold ores. As a leaching agent, 
Na2S2O3 had the capacity to facilitate the dissolution of gold. The use of 
Na2SO3 could reduce the consumption of thiosulfate. Firstly, sulfites 
possess reducibility, which could diminish the oxidation-reduction po
tential of the overall solution, thereby reducing the consumption of 
thiosulfate and enhancing the stability of thiosulfate. Second, the thio
sulfate ion was unstable in solution and would decompose. One of the 
decomposition products was sulfite, and the addition of sulfite can 
prevent the reaction, thereby reducing the effect of thiosulfate con
sumption. The oxidizing agent Cu2+ in CuSO4⋅5H2O could catalyze 
leaching, promote the dissolution of gold and oxidize S2O3

2− . While the 
dissolution of gold can be accelerated by NH3⋅H2O, which in turn 
facilitated the stabilization of thiosulfate ions and the maintenance of 
solution pH. Furthermore, ammonia formed complexes with copper 
ions, which also facilitate the dissolution of gold. The leachate was 
decanted and stored for subsequent use.

2.7. Electrochemical measurements

Electrochemical impedance spectroscopy (EIS) and cyclic voltam
metry (CV) were run on VersaSTAT-450, PAR, USA. A three-electrode 
system was used for both experiments in 50 mL of 1 mol L− 1 Na2SO4 
and 5 mg L− 1 Au(S2O3)2

3− . A Pt plate and a Hg/HgO 1 M KOH electrode 
were used as counter and reference electrodes, respectively. The work
ing electrode of approximately 1 cm2 operated in this process was made 
from the same material as the electrode used in the Au removal exper
iment. The frequency range of the EIS test was 0.01–10000 Hz. The 
following formula was used for calculating the specific capacitance (C): 

C =

∫
IdV

2mvΔV
(3) 

where C is the specific capacitance, F⋅g− 1; I is the discharge current, A; m 
is the mass of material on working electrode, g− 1; v is the scan rate, 
mV⋅s− 1; and ΔV is the working voltage window, V.

3. Results and discussion

3.1. Structure characterization

Microstructure of AC, graphite, and graphene were characterized by 
X-ray diffraction (XRD). X-ray photoelectron spectroscopy (XPS), 
Raman, and Fourier transform infrared spectroscopy (FTIR) were used 
to observe functional groups. In Fig. 1(a), AC had only two broad peaks 
at about 25◦and 43◦, an indication that it had an amorphous structure. 
Upward warping at a low diffraction angle in AC was ascribed to high 
porosity [36]. The peaks in graphene resemble those in AC, with the 
difference being a broader and smoother shape, indicating lower 
porosity in graphene. Unlike the two materials above, graphite had two 
distinct peaks, one clear characteristic peak at 26.5◦ corresponding to 
the (002) crystallographic plane of the graphite structure. The sharp 
peak pattern indicated a high degree of graphite crystallization. Another 
peak at 54.5◦ of (004) facet could be used to evaluate the degree of 
graphitization, that was the degree to which carbon atoms form a 

Fig. 1. (a) XRD patterns, XPS (b) survey spectra, (c) O 1s spectra, (d) C 1s spectra, and (e) FTIR patterns of carbon materials.
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densely packed hexagonal graphite crystal structure [37]. The sharp 
peak here meant the degree of graphitization was high. All the results 
indicated that the carbon materials exhibit high purity.

XPS had been used to investigate the chemical states of elements in 
carbon materials. In Fig. 1(b), there were strong absorption peaks at 
binding energies of 1229, 532, and 284 eV in the survey spectrum, 
belonging to the absorption peaks of C KL1, O 1s, and C 1s, respectively, 
which indicated that the C and O elements were the main constituents in 
the three carbon materials. Fig. 1(c) displayed the O 1s XPS spectrum, 
and the fitted peaks at about 531 and 533 eV were raised from C–O and 
C––O groups, respectively, while there was only C–O peak in graphene 
might due to the small number of other groups. To further study the 
group information, C 1s XPS spectrum was given in Fig. 1(d). Binding 
energy peaks at about 284, 286, 288, and 290 eV in carbon materials 
were corresponded to the C–C, C–O–C, O–C––O, and π–π* satellite, 
respectively [38]. To elucidate the role of functional groups, the carbon 
material’s composition from C 1s analysis was presented, as shown in 
Table 1. Among the three materials, graphene exhibited the highest 
proportion of π–π* satellite, indicating that the conjugated π-electron 
system of graphene was more continuous and ordered, and electrons 
could move more freely in the material. This also signified that it 
exhibited the highest electron mobility. Furthermore, graphene exhibi
ted the highest proportion of oxygen functional groups among all carbon 
materials, which could enhance its interaction with Au(S2O3)2

3− .
Aiming to further investigate more functional groups of the three 

materials, FTIR was performed and the results were shown in Fig. 1(e). 
The peaks at about 3420, 3922, 2850, 1638, 1560, 1420, 1380, 1100 
and 874 cm− 1 were attributed to the stretching vibration of O–H, C–H, 
C–H, C––O, C––O, C–H, C–H, C–O and C–H, respectively, which could be 
seen in the three materials [39]. As for the peak at 2925–2850 cm− 1 

ascribed to C–H, it was only found in AC and graphite. Anyways, the 
three materials were very similar in terms of elemental composition and 
functional groupings.

The degree of graphitization had a negligible effect on the properties 
of carbon materials. Despite the high degree of graphitization observed 
in graphene, the recovery was found to be lower than that of AC, indi
cating that the effect of graphitization was not particularly pronounced. 
As evidenced by prior research, oxygen-containing functional groups 
exert a pronounced influence on the adsorption of Au(S2O3)2

3⁻ [40,41]. 
Nevertheless, the three carbon materials under consideration in this 
study, as evidenced by the results of FTIR and XPS analyses, exhibited 
comparable oxygen-containing functional groups. Accordingly, the 
discrepancy in the recovery observed in this study can be attributed 
primarily to variations in surface area and aperture.

3.2. Morphology and pore characteristics

The morphology of carbon materials was characterized by scanning 
electron microscope (SEM). From Fig. 2(a–c) it was obvious that among 
the three carbon materials, graphite had the largest size, followed by AC. 
The surface of AC was relatively rough with visible pores, while graphite 
surface was smooth and hard, and graphene was soft and stackable. 
Accordingly, peaks for elemental C and O were found in insert picture in 
Fig. 2(d–f), which indicated that the existence of C and O. The atomic 
concentration was further provided, and O concentration in graphene 
was highest, that in AC took second. The discovered patterns were 
consistent with the oxygen group content observed in XPS.

The characteristics of pores was explored using the BET method. The 

N2 adsorption–desorption curves were shown in Fig. 3(a). AC exhibited a 
type IV isotherm with an H4 hysteresis loop in the vicinity of high 
pressure, indicating that it was a material with a mixed structure of 
micropores and mesopores, containing a solid with narrow crack pores. 
Graphite and graphene belonged to the type IV isotherms with H3 
hysteresis loops, which indicated that graphite and graphene were 
mainly materials with a layered structure. Based on the curves, the 
specific surface areas of materials were given in Fig. 3(b). It showed that 
the specific surface area of graphite was very small, indicating that its 
pore structure was not well developed. Compared to the others, gra
phene had a larger specific surface area. Among the three materials, AC 
has the largest specific surface area, mainly due to the abundance of 
micropores and mesopores.

Furthermore, the pore structure of materials was obtained, and the 
cumulative pore volume curves were shown in Fig. 3(c). It can be 
concluded that the pore volume of AC was mainly provided by meso
pores, while the pore volume of graphene was mainly provided by 
macropores. The cumulative pore volume of graphite was very small and 
mainly provided by macropores. The aperture distribution diagram was 
shown in Fig. 3(d). It could be seen that AC was predominantly meso
porous, with micropores and a small amount of macropores. Graphite 
had no micropores, but has trace mesopores and trace macropores. And 
graphene had very small amounts of micropores, mainly mesopores, and 
the pore volume provided by macropores and mesopores did not have 
significantly disparity. It could be calculated that the porosity of AC was 
the highest, and graphite was the lowest. The size rule was consistent 
with the porosity when considering the specific surface area. As the 
porosity increased, the specific surface area also increased, thereby 
expanding the reaction sites and improving the recovery. While, the 
available test results indicated that there were no significant differences 
in the functional groups among the three materials. Instead, the primary 
distinction was in their structural composition. It can be concluded that 
the electrochemical effect and recovery were enhanced with an increase 
in pores and specific surface area.

3.3. Electro reduction-recovery performances

Au(S2O3)2
3− recovery performances by the electrode made from 

different carbon materials were evaluated. The adsorption capacity and 
corresponding recovery of different electrode materials were shown in 
Fig. 4. As shown in the figure, the bar chart and the line with data points 
represented reduction and recovery, respectively. The double coordi
nate diagrams following were also the same. At a concentration of 1 mg 
L− 1 Au(S2O3)2

3− , the order of recovery ability from high to low was by 
AC, graphene, graphite and finally titanium plate electrodes. In Fig. 4
(a), AC electrodes had the highest recovery among the three materials, 
reaching 100 %, followed by graphene electrodes at 79 %. While, 
graphite electrodes had the lowest recovery which reached 68 %. AC 
electrodes’ highest recovery presumably due to its rich pore structure. 
Compared to graphite electrodes, graphene electrodes had more pores, 
which may be the main reason for its higher recovery. It was obvious 
that titanium plate showed a very low recovery as shown in Fig. 4(b), 
primarily as a substrate in the electro reduction-recovery process. The 
results of recovery confirming that low-concentration Au(S2O3)2

3− can 
be efficiently recovered by electroreduction.

Moreover, the effects of environmental solutions and operational 
parameters including concentration, pH, electrodes-spacing, and 
applied voltage on Au(S2O3)2

3− recovery were considered. The recovery 
performances under different initial gold(I) concentrations (0.1, 0.5, 1, 
2, 5, 7, 10, 20, and 50 mg L− 1) were shown in Fig. 5(a). Within the gold 
(I) concentration range of 0.1–50 mg L− 1, carbon electrodes exhibited 
excellent recovery and adsorption capacity of Au(S2O3)2

3− , confirming 
that low concentration Au(S2O3)2

3− could be recovered by electro 
reduction-recovery method. Under the concentrations of 20 and 50 mg 
L− 1, the method could still achieve a recovery of more than 90 %. If the 
recovery needs to be further improved, the number of plates can be 

Table 1 
Proportion of functional groups in carbon materials.

π–π* satellite O–C––O C–O–C

AC 10.28 % 6.41 % 9.88 %
Graphite 9.49 % 3.98 % 8.26 %
Graphene 14.88 % 7.72 % 15.03 %
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increased, which was also used in industry. Given that Au(S2O3)2
3− is 

stable in alkaline conditions, the pH of the solution was examined be
tween 8 and 12 (Fig. 5(b)). It was evident that the recovery remained 
high until 10, at which point it declined due to the increased competi
tion from the ion OH− for reactive sites [42]. Fig. 5(c) depicted the 

reduction performances at varying electrodes-spacings, with the optimal 
recovery effect observed at 5 mm. It can be postulated that when the 
distance between the plates was minimal, the convection of the solution 
between the two electrodes would be reduced, which in turn resulted in 
a decline in the recovery. Conversely, when the distance between the 

Fig. 2. SEM images of (a, d) AC, (b, e) graphite, and (c, f) graphene.

Fig. 3. (a) Nitrogen adsorption–desorption isotherms, (b) specific surface area, (c) cumulative pore volume curves, and (d) pore size distribution of carbon materials.
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plates was considerable, the influence of electric field force on the re
covery of gold was reduced. The applied voltage represented a pivotal 
parameter in the recovery process of Au(S2O3)2

3− (Fig. 5(d)). In the 
absence of an applied voltage, the recovery of Au(S2O3)2

3− was markedly 
inferior. Following the application of a voltage to the electrode, Au 
(S2O3)2

3− migrated within the solution, with the recovery increasing in 
accordance with the magnitude of the applied voltage. When the voltage 
reached a sufficient level, the influence of electrostatic interactions 

overcame that of volume repulsion, and ions began to accumulate in the 
pores. The accumulation of ions in the pores resulted in the formation of 
surface charges on the porous electrode. The enhanced surface charges 
attracted a greater number of ions into the pores, thereby significantly 
enhancing the recovery. Furthermore, the correlation was calculated 
based on the recovery results. As illustrated in Fig. S1, voltage repre
sented the most critical parameter for optimizing the recovery, as it 
enhanced ion migration and significantly improved the recovery. In 

Fig. 4. Au(S2O3)2
3− recovery performances of (a) various carbon electrodes, and (b) the variation of recovery over time by with and without carbon materials coating.

Fig. 5. Au(S2O3)2
3− recovery performances by carbon electrodes under different environmental conditions: (a) concentration, (b) pH, (c) electrodes-spacing, (d) 

applied voltage.
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addition, the recovery of graphite and graphene at different concen
trations(2, 5, 10 mg L− 1) was also evaluated in Fig. S2.

3.4. Au(S2O3)2
3− recovery from leaching solutions

To evaluate the application of electro reduction-recovery by carbon 
electrodes in Au(S2O3)2

3− recovery, elemental components in gold ore 
leaching solutions was tested by ICP (Fig. S3), and recovery perfor
mances in the presence of inferred ions were studied (Fig. 6(a)). In the 
presence of impurity ions, among which, except for Mn2+, the Au 
(S2O3)2

3− recovery reached over 90 %, while only reached 83 % when 
Mn2+ existed. The reason for this might be that under the condition of 
pH = 10, Mn2+ was the least likely to precipitate. The hydrated ions of 
manganese were relatively stable under alkaline conditions, and the 
tendency to form precipitates was not as significant as that of other 
metal ions [43], which in fact influenced the recovery of Au(S2O3)2

3− . 
The recovery remained consistent even when varying the concentration 
of Au(S2O3)2

3⁻ in the presence of Mn2⁺ (Fig. S4). It could be concluded 
that the specific concentration dose not contribute to an enhanced effect 
of Mn2⁺. There were two types of impurities, metal cations and S2O3

2− . 
Due to the negative charge of carbon electrodes [44], S2O3

2− was 
repelled. Compared to metal cations, Au(S2O3)2

3⁻ undergoes a reduction 
reaction at the electrode interface, leading to stronger adsorption than 
the electrostatic adsorption of metal ions onto the carbon electrode. 
Moreover, the pore size of the carbon electrode was more conductive to 
the adsorption and recovery of Au(S2O3)2

3⁻. In summary, while impu
rities do have some impact on the reduction process, the main compo
nent being recovered is still Au(S2O3)2

3⁻. Experimental evidence 
suggested that electro reduction-recovery can still have good recovery 
performances at the low gold(I) concentrations, even in the presence of 
impurity ions. For the application of this method in industry, this was a 
valuable discovery.

In the conditional experiments, a gold/thiosulfate molar ratio of 1:3 
was employed. In general, the proportion of thiosulfate employed in 
industrial applications was larger, to ensure complete gold leaching. 
However, as the proportion of thiosulfate increased, the recovery dete
riorated [45]. Consequently, excessive proportion of thiosulfate exper
iments had been conducted to assess the viability of the recovery effect. 
As shown in Fig. 6(b), although the recovery and reduction had 
decreased at high molar ratio, the reduction and recovery were not 
significantly affected, indicating a great potential application in thio
sulfate leaching solutions. The findings of the experimental study 
demonstrated that this method had a broad range of applications.

With the aim of further applying the electro reduction-recovery 
method in factories, recovery experiments were also carried out on the 
actual leaching solutions (Fig. 7). Gold ores were obtained from 

factories, and then being leached by copper− sodium thiosulfate system. 
The recovery of Au(S2O3)2

3− achieved very high values, by AC and gra
phene electrodes, demonstrating the potential application of this 
method in real leaching solutions.

In order to ascertain the long-term stability of AC electrodes, this 
work also tested the recycling performance as shown in Fig. 8. The AC 
electrodes demonstrated good recyclability, however, after five cycles, 
the recovery decreased due to the material loss. This may be attributed 
to the poor adhesion of the material to the titanium plate.

3.5. Gold state on carbon electrodes

SEM and XPS were used to explore the gold state on the carbon 
material after being utilized as an electrode for Au(S2O3)2

3− recovery. 
SEM images (Fig. S5) exhibited similar morphology as before. Further
more, XPS was carried out to investigate the state and interaction with 
Au(S2O3)2

3− . Au element was observed on the carbon materials after Au 
(S2O3)2

3− recovery in the XPS survey spectrum (Fig. 9(a)), demonstrating 
that gold had been recovered successfully. To reveal the state of gold, the 
Au 4f XPS spectrum had been recorded and was shown in Fig. 9(d). The 
binding energy peaks of 83 and 87 eV corresponded to the Au4f7/2 and 
Au4f5/2 peaks, respectively, revealing the existence of the gold element 
(Au0) after recovery. All the above results were evidences of the electro 
reduction-recovery of gold in the form of gold metal on the surface of the 

Fig. 6. Au(S2O3)2
3− recovery performances of AC electrodes under (a) inferred ions effects and (b) molar ratio of Au to S2O3

2− effects.

Fig. 7. Recovery performance of Au(S2O3)2
3− from gold thiosulfate leaching 

solutions via carbon electrodes.
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carbon electrode.
The same functional groups as before the recovery were present in 

the spectra of the other elements, included C and O, as illustrated in 
Fig. 9(b and c). The C1s peak had undergone a shift towards a higher 
binding energy, exhibiting an approximate 0.7 eV increase compared to 
the pre-reaction state. This may be attributed to a change in the chemical 
valence state of carbon atoms during the recovery process, from a lower 

valence state (such as C–C or C–H) to a higher valence state (such as 
C––O or O–C––O), which resulted in an increase in electron binding 
energy [46,47]. An alternative hypothesis was that the adsorption of 
gold thiosulfate may result in a change in the electron density on the 
surface of the AC, thereby causing a shift in the C 1s peak. This change 
may be attributed to the formation of a chemical bond between Au 
(S2O3)2

3− and AC, such as the C–S bond between sulfur and carbon. The 
FTIR spectrum of carbon materials (Fig. S6) exhibited notable shifts in 
peak positions that many peaks have shown blue shifted, indicating al
terations in the molecular structure or conformational changed upon 
interaction with the analyte. Decrease in some peaks intensity at certain 
wavenumbers suggested a reduction in the concentration of specific 
functional groups, such as AC at 2917–2850 and 1577 cm− 1. While the 
emergence of new peaks implied the formation of new bonds or the 
presence of additional chemical specie, S–H and C–S at 2515 and 713 
cm− 1 were the newly added peaks [48,49]. The electroreduction be
tween the materials and the Au(S2O3)2

3− was mainly responsible for this. 
The adsorption of thiosulfate ions by the material resulted in a shift of 
the peak. Thiosulfate was a competitive ion [50,51], whereas carbon 
exerted an adsorption effect on Au(S2O3)2

3⁻ [52].The broadening of 
peaks like O–H at 3430–3400 cm− 1 may indicate increased molecular 
interactions or the presence of a distribution of similar but not identical 
vibrational modes. Substantially, these spectral modifications reflect the 
chemical and physical transformations occurring within the materials 
under investigation.

3.6. Electrochemical behaviors

To reveal the instinct electrochemical performances of Au(S2O3)2
3−

Fig. 8. The reusability of AC electrodes in Au(S2O3)2
3− recovery. (A colour 

version of this figure can be viewed online.)

Fig. 9. (a) XPS survey spectra, (b) C 1s XPS spectra, (c) O 1s XPS spectra, and (d) Au 4f spectra of the AC electrode after Au(S2O3)2
3− recovery.
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on carbon materials, CV and EIS were performed in Na2SO4 and Au 
(S2O3)2

3− solutions (Figure S7, S8 and Fig. 10). In EIS tests (Fig. 10 (a and 
c)), the AC electrode presented a semi-circle in the high frequency re
gion, indicating the impedance of the charge transfer process. In 
contrast, no significant semicircle was observed for the graphite and 
graphene electrodes. This could be due to the electrochemical charge 
transfer reaction occurring very rapidly within the tested frequency 
range, highly active surface reaction kinetics resulting in minimal 
charge transfer impedance, or a highly uniform electrode surface with a 
high electrochemical reaction rate constant. In the high-frequency re
gion, the impedance of the capacitor was lower, thus a significant 
response observed in this frequency range might indicate a larger 
capacitance value. The charge transfer resistance of alternating current 
is indicative of the speed and efficiency of electron transfer between the 
electrode and the electrolyte. A reduction in resistance facilitates the 
charge transfer process, thereby increasing the reaction rate and effi
ciency [53]. However, in our method, the double electric layer exerted a 
more pronounced influence, with the double electric layer being pri
marily associated with the pore and surface area [54]. After that, first to 
study electric double layer ability of carbon electrodes in Na2SO4 solu
tion (Fig. S7), all CV curves did not display a substantial 
oxidation-reduction peak, denoting that the capacitances were pre
dominantly provided by the double layer. Through the calculation 
(formula (3)), it was found that within the scanning speed range of 
5–100 mV/s, AC had the highest specific capacitance, followed by gra
phene, and graphite demonstrated the lowest specific capacitance. Only 
AC exhibited a more obvious semicircle in the high-frequency region, 
indicating that it represented the highest resistance to charge transfer 

among the three materials and the slowest electron transfer kinetics.
To gain further insights into the reaction process, the CV curves in Au 

(S2O3)2
3− solutions (Fig. S8) revealed that in the Au(S2O3)2

3− solution, 
gold depletion occurred in the range of − 0.2 to − 0.8 V, which was 
indicative of a reduction reaction. Further calculations were conducted 
to ascertain the specific capacitance of the materials in Au(S2O3)2

3− as 
shown in Fig. 10(d). The results revealed that AC owned the highest 
specific capacitance, with graphene demonstrating a similar value. 
Nevertheless, the specific capacitance of graphite was relatively low in 
comparison to others, its recovery of Au(S2O3)2

3− was also poor. In terms 
of the order of intercept size, the sequence was as follows: graphene, AC, 
and graphite. It can be observed that an increase in the size of the 
intercept was accompanied by a proportional increase in the charge 
transfer resistance, which indicated that the charge transfer process was 
significantly impeded [55]. This suggested that graphene exhibited the 
most facile charge transfer process in accordance with the FTIR results, 
while graphite displayed the greatest impediment.

In charge transfer, the charge storage capacity of the materials, the 
electrochemical reaction’s dynamic equilibrium, and the electric field 
activity in the electrolyte all affect the recovery process [56]. The 
electrochemical recovery efficiency can be significantly increased by the 
EDLC’s exceptional charge storage capacity and effective charge transfer 
mechanism. EDLC may store a significant amount of charge by creating a 
double layer on the electrode surface. Additionally, choosing the right 
electrolyte can promote improved ion migration and storage, which will 
increase the recovery process’s effectiveness [57].

In accordance with the present experiments, it could be posited that 
the recovery was contingent upon the electrochemical performance of 

Fig. 10. (a) EIS curves, (b) specific capacitances of carbon electrodes in Na2SO4. (c) EIS curves, and (d) CV curves of carbon electrodes scanned at 1 mV s− 1 in 
Au(S2O3)2

3− .
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the carbon materials. It can be demonstrated that an increase in the 
specific capacitance of the material would result in an enhanced re
covery. The electrochemical performance of materials was correlated 
with their pore size and oxygen functional groups, whereby materials 
with a greater abundance of pores and oxygen functional groups 
exhibited a higher specific capacitance.

4. Conclusion

In this study, electro reduction-recovery of trace Au(S2O3)2
3− was 

proposed by the carbon electrodes. At an initial concentration of 1 mg/L, 
the recovery of Au(S2O3)2

3− achieved almost 100 %. Even in the presence 
of interfering ions (cations and S2O3

2− ) and the actual thiosulfate 
leaching gold solutions, high recovery was obtained (higher than 90 %). 
Interestingly, Au(S2O3)2

3− was recovered in the form of gold metals, thus 
to shorten the traditional recovery and reduction procedures. It was 
found that the enhanced reduction and recovery abilities were relevant 
with electrochemical properties including EDLC and charge transfer. 
Higher EDLC improve the reduction capacity of Au(S2O3)2

3− , which 
originated from richer pores and surface area. As for charge transfer 
ability, π–π* satellite was beneficial for charge migration, thereby 
enhancing reduction rate. This work gave a process to recover trace Au 
(S2O3)2

3− from thiosulfate leaching solutions using carbon electrodes and 
could be used on resources recycling. Since electrodeposition and elec
trode coating methods have been applied in gold recovery and battery 
technologies, there is significant potential for this approach to be uti
lized in industrial applications. However, addressing the issue of cycling 
stability is essential for promoting further research.
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