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Cyanide salts are currently used as leaching agents in gold extraction processes despite their toxicity. Thiosulfate
is a greener choice, but its employment is constrained by the difficulty at recovering gold thiosulfate from the
leachate using activated carbon, which in contrast, works well for gold-cyanide adsorption. Aiming to solve this
problem, activated carbon has been covalently functionalized with thiol groups (-SH) through a peptide bond

Adsorption . . . . . . . :
Mech:nism formation with cysteamine, as thiol-carrier molecule. The functionalized carbon accomplishes up to 100% Au
Elution recovery (with 2 and 25 ppm Au solution) in 8 h contact and its performance seems independent on the solution’s

pH. In-depth solid characterization techniques (XPS, TOF-SIMS, FTIR, PXRD, TEM, N: physisorption, elemental
analysis) have been used to unravel the interactions between Au thiosulfate and thiol functions and two different
gold adsorption mechanisms have been demonstrated: under acid conditions, the formation of Au'*- S chains has
been proven. Under basic conditions, Au® species have been detected in addition to Au'*- S chains. Elution of the

gold loaded samples has been accomplished at a 71% level using Na2S:0s and NH4OH as eluents.

1. Introduction

Gold mining is a relevant productive activity with operations on all
the continents, except Antarctica. In 2020, more than 3400 metric tons
of gold were exploited from mines at different scales, from which
15-20% are considered as artisanal and small-scale mining production
(ASM) [1,2]. In ASM, gold extractive processes like mercury amalgam-
ation and cyanidation are vastly employed due to their technical
simplicity and low cost [3]. Currently, more than 70 countries in Africa,
Latin America and Asia use these recovery procedures despite their
environmental and health impacts [4,5].

Since its invention in the 1800s, cyanidation was proposed as a more
efficient alternative to ancestral amalgamation practices to recover fine
gold (<0.2 mm particle size) [4]. In this process, a cyanide salt (NaCN or
KCN) is added to leach gold from the previously ground mineral
(10-20% solids). Then, either Merrill-Crow (cementation of gold using
Zn powders [6]) or Carbon-in-Pulp (sorption of gold cyanide onto
granular activated carbon [7]) processes are implemented to recover the
gold-cyanide complex from the leaching solution [4]. Even though
cyanidation has been proven efficient, simple and cost-effective, it is
impossible to deny the health risk that its handling represents.
Furthermore, the lack of clean mining practices and adequate tailing
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treatment that are constantly seen in ASM have caused irreversible
pollution in rivers and soils and everlasting damage [3,8].

For these reasons, aiming at finding greener and sustainable alter-
natives, research in gold recovery is nowadays focusing on proposing
non-pollutant gold lixiviants. Among those, thiosulfate is considered as a
suitable option due to its low toxicity (its complexes are currently used
as fertilizer and potential antidote to cyanide and arsenic), high gold
leaching efficiency and low cost [9-11]. Thiosulfate S,0s2" achieves to
dissolve gold from the ore in alkaline solutions in the presence of an
oxidant like oxygen, forming the stable, anionic complex [Au(S205)2]%"
according to the following main reaction [9]:

4 Au + 8 $205>" + 02 + 2H20 — 4 [Au(S203)2]> + 4 OH-

However, one of the main drawbacks of this method is the difficulty
to recover [Au(S:0s)2]%" from the leaching solution, as it has low affinity
for cheap sorbents like granular activated carbon, that in contrast, can
easily trap gold-cyanide complexes [9,12]. An alternative for [Au
(S20s)2]%" recovery is strong base resins, consisting mainly of amines
attached to a polymer backbone. Nevertheless, their main disadvantages
are their low mechanical resistance to abrasion, making it difficult to
work in contact with mineral pulps, their small particle sizes that require
fine filters and costly centrifugation methods and their sensibility to
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osmotic shock [13]. In consequence, the industrial use of thiosulfate is
rare nowadays, limiting its application to minerals with preg-robbing
carbon [9,10].

Activated carbon (AC) is a complex, graphitic-type carbon with
extensive internal porosity and great surface area (up to 1500 m?/g) [14,
15]. It is used in a variety of applications due to its high adsorption
capacity of organic and inorganic compounds, whose affinity is deter-
mined by both its physical structure (porosity) and chemical compo-
nents [15,16]. Furthermore, the presence of heteroatoms like oxygen,
sulfur and nitrogen, that could be derived from the raw material or
added by specific preparation or post-treatments procedures, are the key
for its chemical reactivity and adsorption capacity [17]. Indeed, acti-
vated carbon could be intentionally modified by different techniques to
enrich it with a specific heteroatom that would increase the adsorption
capacity for a desired compound. In this context, sulfur containing
functional groups, specifically thiols (-SH), represent an attractive
functionalization option, since their affinity for gold is well-known and
they could be grafted in activated carbons with simple functionalization
processes [18,19].

Grafting thiol groups onto carbon materials has been carried out for
several purposes before. These carbons have been employed in, for
example, transition metal nanoparticles anchoring [18,20], immobili-
zation of nanotubes onto gold tips for scanning tunneling microscopy
imaging [21], preparation of ordered and aligned nanotubes on gold
surfaces [22], etc. Regarding metallurgical applications, Yunlong Chen
et al. [23,24] have worked on activated carbon modification with aro-
matic nitrogen and sulfur-containing molecules through non-covalent
functionalization methods for gold thiosulfate recovery. Since their
choice has been non-covalent functionalization, the only elution alter-
native proposed has been washing the gold loaded solid with organic
solvents, which are toxic and difficult to be handled at industrial-scale
level. Additionally, the active trapping molecule is completely
removed from the carbon by elution and the stripped gold will be found
in organic medium, which is incompatible with the hydrometallurgical
processes that are currently installed in real on-site factories.

No effort has been done so far to develop a thiol covalently func-
tionalized activated carbon for this application, which might represent
an interesting alternative since covalent bonding is more likely to
remain grafted [20] during gold adsorption processes. Additionally,
covalent thiol grafting may allow the employment of greener, aqueous
eluents to strip gold, avoiding the use of organic solvents and allowing
the proposal of an integral, environmentally friendly process, in accor-
dance to current hydrometallurgical on-site facilities.

Furthermore, the interaction mechanism between gold (I) thiosulfate
and thiol groups covalently anchored on activated carbon and the
possible Au-S structures that may be formed working under acid and
basic conditions have never been studied, as far as we know. Neither is
the transformation of these thiol functions after gold adsorption and
elution, which could be key to propose a way of carbon reloading and
recycling.

In this context, the goal of this research is to develop a covalently
thiol functionalized activated carbon capable of efficiently trapping [Au
(S205)2]%", overcoming in that way the main obstacle that impedes its use
as green leaching agent, instead of cyanide. The idea is to create a new
solid enriched with thiol groups, which would augment its adsorption
performance. For this purpose, a commercial coconut-based activated
carbon, which is commonly used in the mining industry in Carbon-in-
Pulp processes, was covalently functionalized with cysteamine as thiol
carrier (functionalization process scheme shown in Fig. 1). Cysteamine
was chosen as model thiol-containing molecule for two reasons: 1) it
could be covalently anchored to the carbon through amide bonding and
2) it is a quite simple, linear chain molecule that contains just one thiol
function, which may facilitate the understanding of the interaction be-
tween Au with S groups. Moreover, thiol functionalization was chosen
due to the fact that this functional group has known affinity for Au
complexes and could be easily grafted on activated carbon through
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Fig. 1. Activated carbon thiol functionalization process: 1) Oxidation 2)
Acylation. 3) Thiolation.
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covalent linking. Besides, covalent linking was preferred as functional-
ization approach because it is a stronger bond that is more reliable.
Furthermore, this functionalization strategy permits the elution of the
gold loaded carbon with green, aqueous eluents. With our study, we
want to propose a modified granular activated carbon with the capacity
of adsorbing Au thiosulfate and that, thanks to its characteristics, may be
compatible with current Carbon-in-Pulp processes where CN- is used as
leaching agent. Our research will bring fundamental and practical
knowledge that will contribute to the potential employment of thiosul-
fate as green leaching substance for auriferous ores that are nowadays
being leached with cyanide, causing a significant environmental impact.
Additionally, a complete study of gold adsorption kinetics, equilib-
rium isotherms, influence of the solution’s pH, thiol functions stability
under air, changes in the carbon’s texture after functionalization and
green elution alternatives was carried out. Finally, the mechanism of
gold thiosulfate interactions with surface sites at acid and basic condi-
tions and the state of thiol sites after elution was unraveled by in-depth
characterizations, bringing new fundamental understanding.

2. Experimental
2.1. Materials and reagents

The functionalization tests were carried out on a granular, coconut
shell-based commercial activated carbon (Calgon Carbon GRC 20/22)
with a particle size ranging from 1.7 to 3.4 mm. Carbon Black ENSACO®
from Imerys Graphite & Carbon with a particle size of 45 pm was
functionalized with thiol groups for comparison purposes. The following
reagents were used: nitric acid (HNOs, 65%, Roth), sodium hydroxide
(NaOH, 99.2%, VWR), thionyl chloride (SOClz, 99.7%, Acros Organics),
toluene (CeHsCHas, 100%, VWR), cysteamine (NH-CH-CH2SH, 96%,
Sigma-Aldrich), methanol grade HPLC (100%, VWR), Argon (al, Air
liquide), gold (I) sodium thiosulfate hydrate (NasAu(S203):exH-0,
99.9%, Alfa Aesar), ammonium hydroxide solution (28.8% NHs basis,
Sigma Aldrich), sodium chloride (NaCl, 99% Sigma-Aldrich), sodium
sulfite (Na2SOs, 98%, Acros Organics), sodium thiosulfate anhydrous
(NazS203, 99%, Alfa Aesar), potassium thiocyanate (KSCN, 98.5%, Alfa
Aesar), sodium hydroxide standard solution (NaOH, 1 mol/L, Merk),
sodium carbonate standard solution (Na:COs, 0.05 mol/L, Merk), so-
dium bicarbonate (NaHCOs, > 99.7%, Sigma Aldrich), hydrochloric acid
(HCl, 37%, VWR), potassium bromide (KBr, for spectrometric IR use,
Roth), gold standard solution for atomic absorption (999 mg/L + 4 mg/
L, Sigma Aldrich), pH buffer solutions (pH 4, 7, 10, Alfa Aesar, +0.01),
deionized water.

2.2. Characterization methods and techniques

X-ray photoelectron spectroscopy (XPS) was employed to analyze the
chemical environment of the samples surfaces. The analyses were car-
ried out with a SSX 100/206 photoelectron spectrometer from Surface
Science Instruments (USA) equipped with a monochromatized micro
focused Al X-ray source (powered at 20 mA and 10 kV). Samples were
analyzed directly in activated carbon grains form by fixating them with
double-sided tape onto small brass troughs of 6 mm diameter, that were
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placed on a ceramic carousel. The pressure in the analysis chamber was
around 107® Pa. The angle between the surface normal and the axis of the
analyzer lens was 55°. The analyzed area was approximately 1.4 mm?
and the pass energy was set at 150 eV. In these conditions, the full width
measured at half maximum (FWHM) of the Au 4f; 5 peak for a clean gold
standard sample was about 1.6 eV. A flood gun set at 8 eV and a Ni grid
placed 4 mm above the sample surface were used for charge stabilisa-
tion. The following sequence of spectra was recorded: survey spectrum,
C1s,0 1s, N 1s, Au 4f 7,5, S 2p3, and C 1s again to check the stability of
charge compensation with time. Data treatment was performed with the
CasaXPS program (Casa Software Ltd, UK). Spectra were decomposed
with the least squares fitting routine provided by the software with a
Gaussian/Lorentzian (85/15) product function and after subtraction of a
Shirley baseline. Molar fractions were calculated using peak areas
normalized based on acquisition parameters and sensitivity factors
provided by the manufacturer.

Time of flight secondary ion mass spectrometry (TOF-SIMS) was used
for the chemical characterization of functionalized activated carbon
samples. For this purpose, a TOF.SIMS5 instrument (IONTOF GmbH,
Miinster, Germany) was used. A pulsed Bi** metal ion source was
employed to produce a primary beam using an acceleration voltage of
30 kV. An AC target current of 0.3 pA with a bunched pulse width lower
than 1 ns was used. Both positive and negative secondary ion species
were analyzed. For spectra, a raster of 128 x 128 data points over an
area of 200 x 200 pm? was employed. The total primary ion beam dose
for each analyzed area was always kept below 5 x 10'! jons.cm™2, to
maintain static conditions. Lateral resolution of ~3 pm and mass reso-
lution m/Am > 5500 at 49 m/z were maintained for positive and
negative spectra acquisition. Under these conditions, no charge
compensation was necessary. All data analyses were carried out using
the software supplied by the manufacturer, SurfaceLab (version 6.5).
Activated carbon grains were sticked onto Ag conductive double side
adhesives and introduced directly in the chamber of the instrument for
analysis.

Fourier transform infrared spectroscopy (FTIR) in transmission mode
was employed to evidence the presence of functional groups in activated
carbon. For this purpose, a Bruker Alpha spectrometer equipped with
DTGS detector was employed. The equipment is placed inside a globe
box with argon atmosphere to avoid the presence of CO2 and water. The
spectra was obtained with 100 scans in the range of 800-4000 cm™! with
aresolution of 2 cm. For the analysis, KBr pellets with a dilution rate of
0.5 wt% activated carbon were prepared. The pellets’ preparation
involved grinding both KBr and activated carbon using a mortar and
pestle until obtaining a particle size < 100 pm. Then, the KBr-carbon
mixture was pressed applying 10 tons to form the pellet, which was
finally dried under vacuum overnight to eliminate water interference
before analysis. The spectra were exploited using OPUS software version
7.5.

Atomic Absorption Spectrometry (AAS) was employed to determine
the gold concentration in solutions. This analysis was done on a Perki-
nElmer 3110 instrument. Calibration curves were done in the range of
2-50 ppm by direct dilution of a commercial gold standard solution.

The pH of gold thiosulfate solutions was measured with a Eutech
Instruments pH510 pH-meter equipped with a SI Analytics N54 BNC
probe, which was previously calibrated with buffer commercial solu-
tions at 4, 7 and 10 pH values.

Nz-physisorption analysis was carried out with a Micromeritics
equipment model ASAP 2020. Nitrogen adsorption-desorption iso-
therms were obtained by dosing nitrogen (77 K) in the outgassed sam-
ples (Outgassing conditions at < 5 mmHg: Evacuation phase: 90 °C, 1 h.
Heating phase: 120 °C, 10 h). The equivalent specific surface area of
carbon was estimated by the Brunauer-Emmett-Teller (BET) method
applied in a lower P/Po range, as proposed by Rouquerol [25] for
microporous materials. The range employed for the calculation was
0.0001-0.06. The external specific surface area was evaluated by the
slope of the line drawn in the linear portion of the t-plot (calculated
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according to Hakins and Jura method) in the 6.5-10.3 A thickness range.
The micropore volume was given by the intercept calculated in the same
range. The micropore specific surface area was estimated by the dif-
ference between the BET equivalent area and the external surface area.
The distribution of pores in the material was estimated by the Density
Functional Theory (DFT) method supposing a slit pores geometry.

Powdered X-ray diffraction (PXRD) was used to analyze ground
activated carbon samples. The analysis was performed with a MAR345
image plate detector and an Incoatec Microfocus Source!!CHERILLIANCE
(1pSHIGHBRILLIANCEy £ E1LM47 operating at 50 kV and 1000 pA. The
wavelength was 0.71073 A (Mo K o radiation). The samples were filled
in a 0.7 mm diameter glass capillaries and were exposed to X-rays for 15
min during which the capillary was rotated by 180°. Diffraction data
was integrated by Fit2D software (using data from a 0.1 mm diameter
capillary filled with LaBs as calibrant).

SEM imaging was done on a field-emission scanning electron mi-
croscope JEOL 7600 F operating at 15.0 kV, WD: ~7 mm. One grain of
carbon was sticked with double-phase tape on a 26 mm diameter
specimen holder and was directly introduced into the analysis chamber.

TEM imaging was carried out with a LEO 922 Q (Zeiss) Transmission
Electron Microscope operating at 120 kV. Before analysis, the activated
carbon samples were ground using a mortar and pestle (until attaining a
particle size <100 pm) and were dispersed in ethanol. Ultrasonication
was used if necessary to obtain good particles dispersion. For the anal-
ysis, one drop of the suspension was deposited on C-flat™ thick grids
(Standard 20 nm Carbon, 1.2 pm hole diameter and 1.3 pm hole spacing
with a 200 mesh copper grid, Protochips) and introduced directly in the
analysis chamber.

Elemental analysis was used to determine the total content (% mass)
of C, H, N and S in the non-functionalized and functionalized carbons.
For this purpose, a FlashSmart analyzer (ThermoScientific) with TCD
detector was employed. The temperature of the equipment’s furnace
was 950 °C and the GC column’s temperature was 65 °C (packed col-
umn: length: 2 m; diameter: 6 x 5 mm). The following gases were used:
helium as carrier gas (140 mL/min), helium as reference gas (100 mL/
min) and oxygen (250 mL/min). The total analysis time was 720 s
(oxygen injection: 5 s, sample delay: 12 s). For the analysis, 1-3 mg of
ground active carbon (particle size < 100 pm) were put inside adapted
crucibles and directly introduced into the analysis chamber. For S
analysis, the ground carbon was put along with ~10 mg V20Os in a tin
crucible.

Differentiate Boehm titrations were employed to determine activated
carbon’s acidity and the presence of oxygen functional groups. This
characterization method for carbon materials is described in detail in the
literature [26-28]. A typical experiment consisted in putting 0.5 g of
activated carbon grains in contact with a solution (0.05 M) of either
NaOH, Na=COs or NaHCO:s for 24 h. Then, the carbon was separated by
filtration and a 10 mL aliquot was taken from the filtrate. Subsequently,
an exact amount of HCl solution (0.05 M) was added to acidify such
aliquot (20 ml if the base was NaOH or NaHCOs and 30 mL if the base
was Na=COs) and this solution was degassed using Ar for at least 2 h to
eliminate CO-. Finally, the degassed solution was titrated with degassed
NaOH (0.05 M) using some drops of phenolphthalein as indicator. The
titration was done under Ar purging to avoid the presence of COa.
Additionally, during the degassing and titration processes, the recipients
containing the solutions were covered by a septum to avoid evaporations
(see Fig. S15 in ESI).

2.3. Methods

2.3.1. Thiol covalent functionalization

Thiol functionalization of activated carbon involved the use of co-
valent linking techniques that, in general, include the following steps: 1)
oxidation of the solid to enrich its surface with carboxylic acid groups, 2)
acylation with SOClz and 3) amide coupling with amino-thiols through
the acylated carboxylic acids [18,29,30]. Concretely, in this research,
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the carbon’s oxidation was carried out by putting 4 g of material in
contact with HNOs solution (2.5 M, 250 mL) for 6 h at 105 °C under
reflux, using a NaOH trap for acid vapors. Afterwards, the carbon was
filtrated out, washed with plenty of deionized water until obtaining a
neutral pH and dried under vacuum for several hours. The oxidized
activated carbon will be referred to hereinafter as ACox.

Secondly, ACox was acylated with 20 mL of thionyl chloride (SOCl2)
in toluene medium (130 mL) at 120 °C for 5 h, under agitation. After
that, the solid was filtrated, washed with toluene (500 mL) and dried
under vacuum for the night.

Thirdly, the acylated support was dispersed in 170 mL of methanol
along with 1.3 equivalents of cysteamine, which were calculated ac-
cording to ACox estimated total acidic functions determined by Boehm
Titrations. The dispersion was mixed for 24 h at room temperature
(=20 °C) under argon atmosphere after which, it was washed with
methanol (500 mL) and dried under vacuum for several hours. The thiol
functionalized sample will be referred to hereinafter as AC-SH. A scheme
illustrating all the functionalization steps is shown in Fig. 1 and the main
reactions involved in each functionalization step are given in detail in
supplementary information (Fig. S 1).

Carbon black (CB) was functionalized with thiol functions in the
same way as activated carbon for comparison purposes. The function-
alized carbon black will be named CB-SH.

2.3.2. Gold adsorption tests

Gold thiosulfate adsorption tests consisted of agitating 0.5 g of AC
with 100 mL of gold thiosulfate solution at ambient temperature for 24
h. Then, the solid was recovered from the gold solution by filtration,
dried for several hours and stored for solid characterization, while the
filtrate was directly analyzed by atomic absorption to determine the
remaining gold in solution after contacting with carbon. The gold
thiosulfate solutions were prepared by dissolving an exact quantity of
NasAu(S:20:)20xH-0 in water to obtain different concentrations: 2 mg/L,
25 mg/L or 100 mg/L (Au basis). The solutions were analyzed before use
with atomic absorption to assess their exact gold content. These working
concentrations were chosen taking into consideration the typical Au
content of leachates coming from real minerals extracted from Latin
American countries like Ecuador, Peru and Chile, which are nowadays
processed through cyanidation and Carbon-in-Pulp processes [3,31-33].
The gold loading tests were carried out at two different initial pH con-
ditions: at ~ pH 4, which is the unshifted pH of the solution and ~ pH 9,
which is the common pH of real Au thiosulfate solutions coming from
auriferous ore leachates [9]. The solution’s initial pH was adjusted by
adding few drops of NHsOH. The pH of the solution after its contact with
activated carbon was measured to determine the final equilibrium pH.

The gold loaded samples used for solid characterization will be
named: AC-SH.Au.pH4 or AC-SH.Au.pH9, depending on the gold
loading conditions. Additionally, thiol-functionalized carbon black CB-
SH was loaded with gold (0.5 g CB, 100 mL gold solution, 25 ppm
initial Au concentration, pH4) under the same conditions as function-
alized AC for comparison purposes. This sample will be named CB-SH.
Au.

The gold adsorption efficiency (% R) was calculated according to Eq.
(1), where Ci (mg/L) is the gold concentration before activated carbon
contact, and Cf (mg/L) is the gold concentration after contact:

Ci—Cf

% R= — % 100
i

Eq. (1)

Adsorption isotherms of the functionalized activated carbon (AC-SH)
were obtained to evaluate the adsorption capacity of the tested activated
carbons at equilibrium, according to a methodology reported elsewhere
[32,34,35]. For these tests, different masses of activated carbon (from
0.1 to 0.7 g) were put in contact with 100 ml of Au solution (100 ppm
initial gold concentration, pH 4 and pH 9) for 24 h under agitation. The
temperature was controlled and maintained at 25 °C during all the
contact time with an oil bath. Then, the carbon was recovered by
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filtration and the solutions were analyzed by atomic adsorption to assess
the remaining gold content in solution. The experimental data was
adjusted and processed using the Freundlich isotherm model (according
to Egs. (2) and (3)) and the K-value was calculated with the isotherm
data. The K-value is the activated carbon loading (in mg Au/g AC) at
equilibrium when the remaining gold concentration is 1 mg Au/L. This
parameter is usually used to report the gold loading capacity of activated
carbons [34].

X _ kerin
e KCf Eq. (2)

X 1
Log—=LogK + —log Cf Eq. (3)
M n
In the equations, X = mass of Au adsorbed in 24 h (mg); M = mass of AC
(g); Cf = remaining concentration of Au in solution at equilibrium; n and
K are Freundlich constants that can be calculated with Eq. (3).

2.3.3. Elution tests

Elution tests consisted in two phases: 1) Gold loading phase: carried
out according to the procedure described in point 2.3.2 above, working
at 25 ppm gold concentration, pH 4. 2) Elution phase: The gold loaded
carbon (herein referred to as AC-SH.Au) was contacted with 25 mL of
eluent under agitation for 24 h at 50 °C. For heating, an oil bath was
used along with a cold-water refrigerant to minimize evaporations.
When the contact time had passed, the carbon was recovered by filtra-
tion while the solution was transferred directly to a 50 ml volumetric
flask. The eluted AC was washed with water and the washings added to
the filtrate until reaching the flask’s graduation mark. This solution was
analyzed by atomic adsorption and then the mass of gold in the eluent
was calculated. The eluted solid (herein referred to as AC-SH eluted) was
dried and stored for solid characterization. The elution efficiency was
determined with Eq. (4) by comparing the mass of Au in the eluent and
the mass of Au in the carbon before elution. For calculation details and
scheme of elution process see Fig. S2.

mass of Au in eluent « 100

% elution efficiency = Eq. (4

mass of Au in AC before elution

Elution solutions were prepared by dissolving an exact amount of

reagents in water to obtain a desired molar concentration (M). Three

elution solutions were tested: KSCN, 1 M; NaCl, 2 M + NazSOs, 0.1 M
and NazS:0s, 1 M + NH4OH, 0.1 M.

2.3.4. Thiol functions stability under air storage

To determine the stability of thiol functions under air storage, two
samples were synthetized under the same conditions, as described in
section 2.3.1. The first one (AC-SH air) was stored inside a desiccator at
RT, while the second one (AC-SH Ar) was stored inside a glovebox under
argon atmosphere. Both samples were loaded with gold thiosulfate (25
ppm, pH 4, according to section 2.3.2) during a period of 4 months to
assess their recovery capacity over time. Additionally, XPS analyses
were carried out on the carbon to assess the possible thiols oxidation
during this testing time under air storage.

3. Results and discussion
3.1. Activated carbon oxidation and acylation

The presence of oxygen groups in carbon materials has a direct effect
on its surface chemical properties and its adsorption behavior. By
oxidation, carbon acquires new characteristics like higher acidity, hy-
drophilicity and wettability, as well as enhanced biocompatibility and
reactivity towards certain molecules [36-39]. Besides, oxygen groups
like carboxylic acids, lactones and phenols, can serve as anchors for
other functionalities, opening possibilities to graft a variety of hetero-
atoms like S and N on its surface [14,40].
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Carbon can be enriched with surface oxides through different tech-
niques. The most used one is the wet chemistry approach in which the
solid is contacted with liquid oxidants such as H202, AgNOs or strong
acids at different concentrations and temperatures [37,39]. In this
research, HNOs was chosen to oxidize activated carbon, as it has been
reported in the literature [15,37,39] that it could enrich the surface of
the material with carboxylic acid groups, which is the desired oxygen-
ated functionality for creating an amide coupling in further functional-
ization steps.

To assess the carbon’s modification and presence of oxidized species
after treatment, the so-obtained ACox was characterized by Differentiate
Boehm Titrations, FTIR and XPS. Firstly, Boehm Titrations evidenced
that the material’s total acidity increased from 8 mmol/100 g AC (non-
oxidized carbon) to 156 mmol acid sites/100 g AC after treatment,
where 80 mmol/100 g AC corresponded to carboxylic acid groups, 33
mmol/100 g AC to lactones and 43 mmol/100 g AC to phenols.

Secondly, different oxidized functional groups were detected by
FTIR. As shown in Fig. 2, ACox presents new characteristic bands
compared to the non-oxidized one (Blank): a band at ~ 1720 cm™! that
could be attributed to the C=O stretching of the carbonyl group in
carboxylic acids, lactones and ketones [41-43], a band at ~ 1570 cm!
that has been observed by many authors in oxidized samples and has
been assigned to C—=C aromatic ring stretching vibration [42] or highly
conjugated C=0 groups [41], two sharp bands at ~ 1384 cm™' and
~810 cm™! assigned to NOs asymmetric stretching and NO bending vi-
bration, respectively [43], which denotes the existence of inorganic
nitrates that could be present due to HNOs residue in the sample. Finally,
an increase of intensity of a broad band at ~ 1100 cm™! is observed
which could be due to the presence of alcoholic C-O stretching of phe-
nols and O-H bend/stretching [42,43].

Thirdly, XPS analysis done on the oxidized and non-oxidized carbons
corroborated the increment of oxidized functional groups thanks to
HNO:s treatment. Table 1 shows the O 1s and C 1s XPS quantification of
activated carbons before and after the oxidation process. First of all, it is
noticed that the oxidized sample (ACox) contains significantly higher O
content compared to the non-oxidized carbon (Blank). Indeed, while
8.6% at. of O was detected in the non-functionalized sample, the
oxidized one presents 15.8% at. of this element. Furthermore, by
decomposition of the C 1s peaks of both samples, it could be confirmed
that the oxidation treatment causes an increment on the amount of all
oxidized species linked to C (see columns 0—C-0, C=0, 0-C-0, C-O in
Table 1). For more detail, the C 1s HR peak’s decomposition of Blank
and ACox are given in Fig. S3 A and B.

After its oxidation, activated carbon was acylated with SOCl: to
“activate” its oxidized functions for the formation of an amide bond in
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Fig. 2. FTIR of non-functionalized (Blank) and HNOs oxidized activated carbon
(ACox). (A colour version of this figure can be viewed online.)
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Table 1

XPS analysis quantification of non-functionalized and functionalized activated
carbon samples. In the table: O—C-O represents groups like carboxylic acids,
C=0, O-C-O corresponds to groups like ketones and ethers and C-O is assigned
to groups like phenols. The C 1s peak’s decomposition and components
assignment have been done according to Ref. [44].

XPS analysis quantification

Element O1s C1ls
-
Sample Total Shake- 0=C-0 C=0, Cc-0 C-(C, Total
o up 0-C-0 H) C
Atomic percentage excluding H (% at.)

Blank 8.6 8.6 1.5 2.7 2.0 75.2 90.0
ACox 15.8 6.0 3.4 3.6 3.4 65.3 81.7
AC-Cl 11.7 6.8 2.5 3.1 3.6 68.7 84.7

the next step (see scheme in Fig. 1). XPS analysis was done on the
acylated carbon to corroborate the presence of Cl in the sample. Indeed,
as it could be observed in Fig. S 4, the Cl 2p3 HR XPS peak was detected
in this sample at 200.4 eV, which has been assigned to Cl linked to C
[44]. Additionally, it can be noticed in Table 1, that the amount of O
quantified by XPS in the acylated support (AC-Cl) decreases after the
acylation step, mainly due to the reduction of the amount of carboxylic
acid groups (component O—C-0). This observation confirms that the
expected reaction has indeed taken place, since SOCl: is supposed to
react mainly with this type of oxidized species. The decomposition of the
C 1s peak of AC-Cl is given in Fig. S3 C.

3.2. Thiolation

The presence of thiol groups on the surface of the S-functionalized
carbon (named AC-SH) was corroborated by XPS, FTIR and TOF-SIMS
analysis. Firstly, the AC-SH XPS survey scan (Fig. 3A) presents a new
peak at ~ 165 eV, whose biding energy corresponds to S 2p, which is not
detected in the survey spectra of the non-treated AC (Blank). Addition-
ally, the S 2p high resolution (HR) peak (Fig. 3B and D) of AC-SH allows
to distinguish two sulfur components with their doublets (S 2ps,2 and S
2pi,2): a first one located at 164.0 + 0.2 eV (S 2ps,2), that could be
attributed to -C-S-(H) (thiols) [20,45] and a second component located
at a higher binding energy at around 168.2 + 0.3 eV (S 2p3,2), which
may correspond to an oxidized sulfur form like sulfates (C-SOs) [46,47].
Furthermore, as shown in Fig. 3C, AC-SH presents a new nitrogen peak
located at lower biding energies compared to the Blank, where the only
component detected was at ~ 406.5 eV, attributed to an oxidized form of
nitrogen like nitrates (C-NOs) [48]. The N 1s HR peak of AC-SH was
resolved in two components at ~ 399.6 eV and 401.5 eV. The first one is
assigned to the amide bond [20] between cysteamine and the carbonyl
groups in the sample, which corroborates the success of the covalent
functionalization process, while the second one may correspond to a
protonated form of nitrogen that could be due to the presence of the
zwitterionic cysteamine moiety [49,50] that is not bound covalently but
physically adsorbed on the surface or/and a possible protonation of the
nitrogen involved in the amide coupling due to the analysis conditions
[51].

FTIR analysis (Fig. 4) verifies the presence of thiols in AC-SH. Several
new peaks are detected in the functionalized sample: a weak band at
2550 cm™! corresponding to S-H stretching [52,53], a band at 1580 cm!
assigned to C=O0 stretching of amides [20] and a band at 860 cm!
assigned to C-SH in-plane deformation vibration [43]. Finally, a band at
1700 cm! is seen, corresponding to C=O0 stretching of carboxylic acid
groups [43], which is present due to the sample’s prior oxidation and the
fact that not all of them would react with the S-containing molecules.

By analyzing AC-SH with TOF-SIMS in positive and negative modes,
several fractions of the grafted functional groups were detected, as
illustrated in Fig. S 5. At m/z =~ 33.0, a peak attributed to —-SH™ fragment
is observed; additionally, the whole fragment corresponding to
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Fig. 3. XPS analysis. A) Survey spectra. B) S 2p HR peak of AC-SH and AC-SH.Au.pH4 C) N 1s HR peak of AC-SH and Blank. D) S 2p HR peak of AC-SH and AC-SH.Au.

PHO. (A colour version of this figure can be viewed online.)

-NH-CH2-CH=-SH" is detected at m/z ~ 76.0, verifying the presence of
the expected functions as pending arm, grafted onto activated carbon.
Furthermore, the fragment S-S~ is detected at m/z ~ 64.0, which denotes
the presence of disulfide bonds that may be formed due to the oxidation
of two thiol functions located close together [54]. It is important to
notice that the C-S-S species are detected at the same binding energy in
XPS as thiols -C-S(H), ~163.8 eV [44], so the contribution of this XPS
peak in AC-SH may be due to the presence of both species.

Finally, through elemental analysis characterization of the non-
functionalized and thiol functionalized samples (Table S3), it was
determined that all the engaged S was incorporated in the solid in the
last functionalization step, since the amount of S detected in the thiol
functionalized sample (AC-SH) is really close to the amount of S added to
react with the acylated support (see calculation details in Fig. S 17 in
ESI). Considering that no S was quantified in the non-functionalized
activated carbon, all the S detected in AC-SH may come from cyste-
amine and therefore, it can be concluded that a quantitative reaction
yield has been attained. Nevertheless, we may suppose that there could
also be a contribution of some non-bounded cysteamine that may have
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stayed physically trapped within the porous network of carbon.

3.2.1. Changes in the carbon’s surface area and texture due to the
functionalization process

Changes in the carbon’s surface area and texture before and after
functionalization treatments have been assessed through physisorption
analysis and SEM imaging. As it can be seen in Table 2, the non-
functionalized material (Blank) presents an elevated specific surface
area (1066 m?%/g) due to a well-developed microporosity (microporous
surface area: 1061 m?2/g). After oxidation, the total specific surface area
of the carbon (ACox) is reduced to 927 mz/g, with a drop in the
microporous volume and microporous surface area (919 m?/g), while
the external surface area seems to increase slightly after treatment.
Regarding AC-SH, a significant reduction of the total surface area of the
material after functionalization is evidenced, with a clear impact on the
microporous surface area, which was reduced from 1061 mz/g (Blank)
to 490 m2/g. The external surface area of AC-SH seems unchanged.
These three samples present a Type I adsorption isotherm (Fig. S6) with
a H4 hysteresis type, typical of activated carbons, which corroborates
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Table 2

Physisorption analysis of non-functionalized (Blank) and functionalized acti-
vated carbons: ACox and AC-SH. The Standard deviations shown in this table
have been calculated between samples of the same type, synthetized and
measured at different moments.

Sample  BET equivalent Microporous Microporous External
specific surface surface area volume (cm®/g)  surface area
area (m%/g) (m®/g) (m?/g)
Blank 1066 + 43 1061 + 42 0.42 £ 0.02 5+1
ACox 927 + 20 919 + 18 0.36 + 0.01 8+1
AC-SH 496 + 15 490 + 14 0.20 = 0.01 6+1

the microporosity character of the materials [55].

Moreover, the pores’ distribution estimated by DFT (Fig. 5) reveals
that the Blank has a maximum pores width of 20 A, with a notable region
of pores between 13.6 A to 18.6 A. Then, when the carbon is oxidized
(ACox), the maximum pores’ width increases to 30 A and a new region of
pores within the region 17 A to 30 A is created. Regarding the thiolated
carbon (AC-SH), the maximum pores width is 30 A and a region of pores
between 13.6 A to 30 A is observed.

The changes in the material’s texture due to the functionalization
processes could be explained by several reasons including the produc-
tion of humin substances as by-product that could block the carbon’s
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Fig. 5. DFT pores distribution of non-functionalized (Blank) and functionalized
activated carbons. (A colour version of this figure can be viewed online.)
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micropores [16], the harsh conditions that could cause the micropores
walls to collapse [56,57], leading to a reduction of the microporous
volume, and finally a possible pore blockage by the created functional
groups [16].

Additionally, SEM imaging (Fig. S7) reveals a notable change in the
carbon’s texture through the different functionalization steps. For
instance, big pores of around 1 pm could be identified after the carbon’s
oxidation (ACox), that are still present in the sample after the contact
with cysteamine (AC-SH), which may explain the increase of external
surface area evidenced by physisorption analysis. Also, it can be
observed that the thiolation process (AC-SH) has a “cleaning” effect on
the carbon’s surface, since it seems smoother than after oxidation, and it
creates wide open grooves in the material.

3.3. Gold adsorption tests

Fig. 6 illustrates the gold recovery performances at 2, 25 and 100
ppm of the non-functionalized (Blank) and thiolated (AC- SH) samples,
working at acid and basic pH. It is evident that the presence of thiols on
the carbon surface enhances its ability to adsorb [Au(S203)213-, with an
uptake of up to 100% at 2 and 25 ppm gold concentration (pH 4),
compared to low recovery performances of the non-functionalized
sample under these conditions (16% recovery at 2 ppm and 8% recov-
ery at 25 ppm). When working at basic pH, the AC-SH gold adsorption
performance remains unchanged at 2 and 25 ppm initial gold concen-
trations, while the Blank increases its uptake to 18 and 20%, respec-
tively. Furthermore, when working at a higher gold concentration (100
ppm), the functionalized carbon traps up to ~ 70% of gold from the
solution at pH 4 and the behavior of the sample remains similar at basic
pH, while the Blank increases its gold uptake up to 32% under these
conditions. For additional information, Table S1 in ESI shows the
equilibrium pHs measured after the gold solutions were contacted with
the tested activated carbons.

Besides, by analyzing the kinetics data shown in Fig. 7 A, it was
determined that AC-SH adsorbs all the gold from the solution in 8 h
contact time (corresponding to 50 mg Au/g AC) at pH 4 and its behavior
is similar working at pH 9. Additionally, the Au adsorption rate of the
functionalized carbon, which was calculated by determining the slope of
the kinetics curve from O to 8 h (Fig. 7 B), is found to be 5.43 mg Au/g
AC*h when the adsorption is done at acid pH and 5.68 mg Au/g AC h for
basic conditions. Since in real Carbon-in-Pulp facilities for AuCN re-
covery, activated carbon is usually in contact with the mineral pulp for a
total contact time of 8-12 h [3,58], the adsorption time of our
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Fig. 6. Non-functionalized (Blank) and thiolated (AC-SH) activated carbons
gold recovery performances at pH 4 and pH 9.
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functionalized carbon may not constitute a limitation for its actual
application in current installed processes. Moreover, if we compare the
performance of other developed S-functionalized carbons applied in Au
thiosulfate adsorption (ref. [23,24]) where the adsorption equilibrium
in similar testing conditions was reached upon 24-50 h contact, it could
be considered that, for this application, our thiol functionalized acti-
vated carbon constitutes a performance asset.
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pH 9, 25 °C.

Fig. 8 shows the equilibrium gold adsorption isotherms of the thiol
functionalized activated carbon AC-SH at pH 4 and pH 9. The carbon
samples were contacted with the Au solution for 24 h to ensure that Au
adsorption equilibrium has been reached. As it could be observed, a
good fitting of the experimental data was obtained with the Freundlich
model, as could be confirmed with the reported R? values [32,34,35].
From the isotherm data fitting, the K-value parameter at a residual Au
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Conditions: 100 ppm initial Au concentration, 100 mL, 24 h, pH 4 or
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concentration of 1 mg/L was calculated. The K-value, which is used to
estimate the gold adsorption capacity of activated carbons [34] was
found to be 13.78 mg Au/g AC when the adsorption was carried out at
acid pH, and 12.5 mg Au/g AC, when the adsorption was done under
basic conditions. The calculated Freundlich constants are given in
Table S2 in ESIL

XPS analysis done on the gold loaded sample under acid conditions
(AC-SH.Au.pH4) corroborates the presence of gold on the carbon’s
surface and its link with —-SH functions. Firstly, the survey spectrum of
this sample (Fig. 3A) presents several peaks that could be assigned to Au,
with the main one located at ~ 84 eV, corresponding to Au 4f. The Au 4f
HR peak (Fig. S 8A) reveals that the Au 4 f;,2 component is located at
84.4 eV, which could be attributed to Au in oxidation state +1 [59]. The
XPS surface atomic quantification reveals that the ratio Au/C-S(H) is
around 1.5.

Secondly, regarding the S 2p HR peak of AC-SH.Au.pH4 (Fig. 3B), we
observe a shift of around 0.9 eV towards lower binding energies in the
C-S-(H) component after gold loading, from 163.8 eV (AC-SH) to 162.9
eV (AC-SH.Au.pH4). This shift proves the existence of a strong interac-
tion between Au and -SH, as it has been reported that unbound thiols
appear at a binding energy around 163.8-164.2 eV, while when thiols
interact with Au, the thiol peak moves towards lower energies [45]. In
general, a XPS peak shift towards lower binding energies denotes an
increase of the negative charge density of the involved atom. More
interestingly, it has been demonstrated that there is a direct correlation
between this S 2p shift and the theoretical charge density of sulfur from
thiols, when it is linked with gold monolayers [60]. Indeed, it has been
stated that the sulfur atom involved in this interaction becomes more
negatively charged when forming the Au-S bound. This shift has been
interpreted by other authors as the formation of the Au-thiolate bond
[61].

TOF-SIMS analysis of AC-SH.Au.pH4 confirms and complements the
information obtained by XPS. Fig. S9 shows the most relevant fragments
detected in the negative ion spectra of this sample. First, at m/z ~ 229.0,
the species Au-S- is observed, which corroborates the formation of a
covalent bond between Au and S, as seen by XPS. More interestingly,
other fragments attributed to Au-S interactions are discovered at m/z ~
426.0, 654.9 and 883.8. These species could be attributed to Au.S-,
AusSz” and AusSs™ fragments, respectively. This denotes that the inter-
action between Au and S is not limited to a one to one connection (e.g.,
one thiol function could form a covalent bond with just one Au thio-
sulfate complex), but that they are capable of forming Au-S “chains”,
where even 4 Au atoms could be linked to 3 S atoms (AusSs?). This
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explains why the Au/C-S(H) ratio detected by XPS is > 1. Finally, at m/z
~ 111.93, the species S:0:2~ could be seen only in the negative ion mode,
which may denote that after the formation of the Au (I) — S bond, S205%-
stays as counter-ion of Au'*.

Regarding the thiolated carbon that was gold loaded under basic
conditions (AC-SH.Au.pH9), the XPS survey spectrum reveals several
gold peaks including the one at 84 eV, attributed to Au 4f (Fig. 3A),
comparable to the case of AC-SH.Au.pH4. Furthermore, the S 2p HR XPS
peak (Fig. 3D) evidences a similar shift (~0.6 eV) of the C-S(H)
component towards lower binding energies after gold contact, which
confirms the formation of a Au-thiolate bond, as explained before at acid
conditions. We remark, however, that the Au 4 f;/5 component (Fig. S
8B) is located at slightly lower binding energies (84.2 eV) in this sample
(AC-SH.Au.pH4: 84.4 eV), which may reveal the presence of other Au
species. To corroborate this hypothesis, complementary PXRD analysis
was carried out with the gold loaded samples, as it has been reported in
the literature that carbon materials might have a reductive character
[62], being capable of reducing Au'* species to Au® [63]. Fig. 9 shows
the diffraction spectra of the gold loaded samples under acid and basic
conditions. As it could be seen, all the samples loaded at basic pH
(Fig. 9B) show 5 small peaks located at 20 ~ 17°, 20°, 28°, 33° and 34°
whose positions and intensities fit well with the Au® simulated spectra
reflections (COD ID 1100138 [64]), confirming the presence of this
species. In contrast, when the gold loading is done under acid conditions
(Fig. 9A), no Au’ reflections are detected, and only 3 featureless broad
humps at 20 =~ 11°, 20° and 34° are seen. These humps correspond to
the (002), (100) and (111) reflections of graphite, as it is known that
activated carbons contain small ordered sp? regions [65], and they are
observed in all the analyzed samples. This phenomena could be
explained by the fact that when Au is involved in a basic medium, rich in
OH, it could be transformed into Au(OH) which precipitates on the
surface, and then, the latter could be reduced to Au® by the electron-rich
carbon surface. This is not the case in acidic conditions, where no Au
(OH) could be formed [66]. Moreover, the presence of Au® species may
explain why the non-functionalized carbon (Blank.Au.pH9) increases its
Au uptake under basic conditions.

TEM imaging has been used as a complementary analytical tech-
nique to verify the presence and size of Au® species in AC-SH.Au.pH9. As
it could be observed in Fig. S 10, Au nanoparticles of around 10 nm are
indeed found in this gold loaded sample.

Concerning TOF-SIMS analysis done on AC-SH.Au.pH9 (Fig. S9),
similar Au-S fragments are found including: AuS~ (m/z ~ 229.0), Au=S~
(m/z ~ 426.0), AusS2" (m/z ~ 654.9) and AuaSs™ (m/z ~ 883.8). Finally,
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2032 (m/z ~ 111.93) could be seen again just in the negative ion mode,
corroborating the presence of this anion as charge-balancing species.

Finally, aiming to understand if the interactions between Au and S
groups occur in the outer-layers of AC or if its highly-developed
microporosity plays an important role in Au thiosulfate adsorption,
carbon black was functionalized and then gold loaded under the same
conditions as AC. It is important to remark that CB possesses a consid-
erably smaller specific surface area (~68 m2/g) due to absence of mi-
cropores, compared to activated carbon. Therefore, if having a high
specific surface area was important for gold adsorption, this material is
expected to show a poorer performance than AC. Interestingly, it was
found that while the non-functionalized CB could trap just 3% of Au
from the solution, the functionalized one achieved 100% gold recovery
(25 ppm initial Au concentration, 100 ml, 0.5 g CB), showing the same
performance as the functionalized activated carbon AC-SH, under these
conditions. This may mean that the interactions between Au thiosulfate
and thiol groups occur in the most external layers of the functionalized
activated carbon and that the reduction of specific surface area that
faces the solid due to the functionalization procedures does not affect its
adsorption capacity. The S 2p and Au 4f XPS HR peaks of the thiol
functionalized (CB-SH) and gold loaded (AC-SH.Au) carbon blacks are
given in ESI in Fig. S11.

With all this information at hand and based on known Au (I) thiolate
structures previously reported in the literature [67], we propose 2
different adsorption mechanisms for the gold loaded samples under acid
and basic conditions, as illustrated in Fig. 10. At acid conditions, several
gold-thiolate interactions may occur including: 1 Au '+ atom linked to S,
2 Au'" atoms connected to one S function or a thiol bridge where 3 or
even 4 Au ! atoms connected to 2 or 3 S functions are plausible, in
agreement with the Au/S surface ratio detected by XPS and confirmed
structures observed by TOF-SIMS. At basic conditions, the same Au-S
interactions occur but, additionally, Au® nanoparticles are as well pre-
sent (as verified by TEM imaging and XRD analysis).

The S—- Au bonds may be formed according to the following main
reaction, which has been previously reported in the literature when
studying thiol-gold adsorption systems [68,69]:
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Regarding the Au® nanoparticles that are observed on the activated
carbon surface when the adsorption is carried out under basic condi-
tions, they may be formed according to the following reactions [66]:

Au'*+ OH- — Au(OH)

2 Au(OH) + e — 2 Au® + H20 + % O2
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Fig. 11. Gold loading performance of thiol functionalized carbon during 16
weeks under air or argon storage. Gold loading conditions: 25 ppm, 100 mL, 24
h, 0.5 g AC, pH 4.
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3.4. Stability of thiol functions under air

Figs. 11 and 12 show the results of the stability tests done on AC-SH
under air and argon storage for 16 weeks. Firstly, in Fig. 11, it could be
noticed that the gold adsorption performance of the air-stored sample is
similar to the one stored under argon during 16 weeks, having a
maximum gold recovery throughout all this time. Additionally, the S 2p
HR XPS peak (Fig. 12) of the air-stored sample shows that the content of
the oxidized sulfur components changes only slightly during this time:
from 18 % at. (week 1) to 21 % at. (week 16). Therefore, it could be said
that thiol functions are stable under air storage conditions for at least 16
weeks and most importantly, their gold adsorption performance remains
unaffected even with the possibility of air oxidation.

3.5. Elution tests

Once AC-SH has been successfully loaded with gold, it is time to
consider the stripping stage. For this purpose, several eluents that are
commonly used for resins elution [70], have been tested. As shown in
Table 3, the best elution results are obtained working with Na2S:0s +
NH+OH solution, where up to 71% of gold could be stripped from the
carbon.

Furthermore, these elution tests give deeper fundamental informa-
tion on the kind of interactions occurring between gold and sulfur
functions. In ion-exchange resins, since gold thiosulfate is adsorbed by
reversible ion-exchange phenomena, gold stripping can be carried out
by ionic molecules that will displace Au thiosulfate, taking its place as
counter-ion [12]. However, in the present case, the bond between gold
and sulfur sites is stronger than electrostatic interactions due to the
formation of Au thiolate, whose strength is known to be close to the
Au-Au bond [67]. Therefore, the stripping of Au from carbon is difficult
using ionic molecules like NaCl + Na2SOs and KSCN, which in contrast,
show good performances in resins’ elution.

Since Naz2S:0s + NH4OH solution was found to be the best eluent,
further solid characterization was carried out just with this sample. As
shown in Fig. 13A, the XPS S 2p HR peak of the carbon after elution (AC-
SH eluted) reveals two sulfur components, one at 163.7 eV (S 2 p3/2) and
a second at 168.2 eV (S 2 ps/2). The peaks’ position in this sample is
similar to the one found in the thiol functionalized sample (AC-SH).
Moreover, it is observed that after elution, the shift towards lower
binding of the C-S(H) component found in the gold loaded sample (AC-

S2p
1 2p32 C-S-(H)
—2p;, C-S-(H)
80 ——2pa2 C-SO;
—2py, C-SO;
60 — 16 weeks

Intensity (10" counts/s)

5 \
| LA DL DL L |

176 172 168 164

Binding Energy (eV)

160

Fig. 12. XPS S 2p HR peak of thiol functionalized carbon after 1 and 16 weeks
under air storage. (A colour version of this figure can be viewed online.)
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Table 3
Elution efficiency results with different eluents. Elution carried out with
25 mL of eluent at 50 °C for 24 h.

Eluent, molar concentrations Elution efficiency

KSCN, 1 M
NaCl, 2 M + NazS0s, 0.1 M
NazS20s, 1 M + NH4OH, 0.1 M

1%
2%
71%

SH.Au) is no longer present, in other words, this component moved from
162.9 eV to 163.7 eV, which may indicate that the bound between Au
and S was broken. It is important to notice that the S species detected in
AC-SH eluted seem not to come from NazS:0s residue on the solid’s
surface, since the S 2p HR peak of pure powdered Na-S:0s (Fig. 13B)
looks notably different, with its S 2 ps/; components at 161.9 eV and
167.9 eV. Additionally, in Fig. 134, it could be observed that the S 2 p3 /5
peak at 168.2 eV attributed to oxidized sulfur species in the AC-SH
eluted sample has increased from ~18% (AC-SH) to 35% (AC-SH
eluted). This is expected since the eluted sample has been contacted with
aqueous solutions twice, and therefore, more sulfur species could have
been oxidized.

Table 4 shows the S and Au XPS quantification results of AC-SH, AC-
SH.Au and AC-SH eluted. Firstly, it is observed that the amount of Au
detected in the eluted sample (0.1% at.) is remarkably smaller than the
one detected in the gold loaded one (4.3% at.). Similar results are seen
by TOF-SIMS, where the fractions Au-S-, Au=S-, AusSz2” and AuaSs
appear in significantly less normalized intensity in the eluted sample,
compared to the same normalized peaks in the Auloaded one (Fig. S 12).
These results demonstrate the successful stripping of Au from the car-
bon, in corroboration to XPS observations. Additionally, as shown in
Table 4, it is noticed that after elution, the total sulfur amount quantified
by XPS (Total S) decreases from 5.0% (AC-SH) to 1.7% (AC-SH eluted),
which means that not only Au is stripped from the solid, but also some
sulfur functions are lost in this process. However, with TOF-SIMS
analysis done on AC-SH eluted, -SH and S-S fragments (m/z =~ 33.0
and 64.0, respectively) are still detected, though in smaller normalized
intensity compared to AC-SH (Fig. S 13 and Fig. S 14).

Similarly to what happens when resins are used in gold thiosulfate
systems, it seems that the eluted carbon needs to be enriched with active
thiol functions before being used again in a new gold loading process.
This regeneration could consist in functionalizing it again with a thiol-
containing molecule, or more interestingly, we could take advantage
of the S-S bridges that are still present in the sample (as verified by XPS
and TOF-SIMS) and transform them into active thiols by a reduction
processes. For this purpose, some tests inspired by procedures applied to
polysulfide-containing rubber materials where dithiothreitol is used as
reducing agent [71] have been done, and promising results have been
obtained.

4. Conclusions

Granular activated carbon has been successfully functionalized with
thiol functions through covalent bonds. This functionalized carbon has
been characterized and tested with gold thiosulfate solution and a
remarkable enhancing of the gold adsorption performance after treat-
ment has been proven working under acid and basic conditions and
different Au concentrations. Kinetics studies reveal that AC-SH traps all
the gold from the solution working at 25 ppm Au concentration in 8 h
contact time and that the pH of the solution has little influence on the
gold adsorption performance of the thiolated sample. The K-value of the
functionalized carbon was determined by equilibrium gold adsorption
isotherms: at acid conditions, it corresponds to 13.78 mg Au/g AC, while
under basic conditions, it is estimated at 12.5 mg Au/g AC. The thiol-
functionalized sample seems stable under air storage for at least 16
weeks. Functionalization processes provoke a reduction of the solid’s
specific surface area and microporous volume, though comparative tests
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Fig. 13. S 2p HR XPS peak of: A) Thiol-functionalized carbon (AC-SH), Gold loaded carbon (AC-SH.Au) and carbon eluted with NazS:0s + NH+OH solution (AC-SH
eluted). B) Sodium thiosulfate pure reagent. (A colour version of this figure can be viewed online.)

Table 4

S and Au XPS quantification of AC-SH, AC-SH.Au and AC-SH eluted samples. The
quantification is expressed in atomic percentage excluding H (% at.). BE denotes
the species’ binding energy in eV.

Sample SOx C-S(H)/C-S-S/ Total S  Total Au
C-S-Au
% at. BE: (eV) % at. BE: (eV) % at. % at.
AC-SH 0.9 167.9 4.1 163.8 5.0 -
AC-SH.Au 1.0 168.1 3.6 162.9 4.6 4.3
AC-SH eluted 0.6 168.2 1.1 163.7 1.7 0.1

with carbon black suggest that Au interactions with S functions occur in
the most outer-layers of activated carbon, hence, the reduction of sur-
face area does not affect the Au adsorption capacity of the functionalized
solid. In-depth solid characterization have demonstrated that the gold
adsorption mechanism on the functionalized activated carbon depends
on the pH of the solution: at acid pH, the formation of a Au'*-S chains
has been evidenced, which allows the adsorption of high amounts of
gold, since the Au-S bonding is not limited to a one to one Au-S inter-
action. At basic pH, in addition to the same Au'"-S chains, Au® species
are observed. Stripping of the gold loaded sample has been accom-
plished at up to 71% level using Na2S:0s and NH+«OH as eluent. Our
proposal brings a new perspective that would contribute to open doors
to greener gold-mining processes. S-functionalized activated carbon
may permit to extend the use of non-pollutant leaching agents like
thiosulfate, while being in accordance with the current hydrometallur-
gical on-site facilities. In future works, it would be interesting to
compare this S-functionalized activated carbon with carbons function-
alized with other heteroatoms like N, for instance in the form of amine
groups, to establish differences in important aspects like performances
and adsorption or elution mechanisms.
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