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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Active carbon is functionalized with 
primary and quaternary amine sites. 

• The functionalized carbons recover up 
to 100 % of Au thiosulfate in 2 h 
contact. 

• At acid conditions, an ion-exchange 
adsorption mechanism has been proven. 

• At basic pH, Au⁰ species are evidenced 
in addition to ion-exchange phenomena. 

• Au stripping is accomplished with 
aqueous-based eluents in up to 76 % 
efficiency.  
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A B S T R A C T   

Thiosulfate is a non-toxic and efficient leaching agent that could be employed instead of cyanide for extracting gold 
from ores. Nevertheless, it is not commonly used in the gold mining industry due to the challenge that represents the 
recovery of the formed gold thiosulfate complex from the leachate. Several alternatives such as precipitation methods 
and adsorption onto amine-rich resins have been attempted for solving this problem. However, neither of them have 
been proven fully effective or compatible with current hydrometallurgical processes. In this research, the function
alization of granular active carbon with covalently grafted primary and quaternary amine sites is proposed, for 
enhancing its ability at trapping Au thiosulfate. The functionalized carbons accomplish up to 100 % Au recovery 
(pristine carbon recovers < 18 % Au) in 2 h (with quaternary aminated carbon), while also being able to operate 
under acid (pH 4) and basic (pH 9) adsorption conditions. Moreover, ASTM hardness tests estimate that these carbons 
conserve the mechanical properties needed for being employed in Carbon-in-pulp processes (H > 86%). In-depth 
solid characterization techniques (XPS, TOF-SIMS, FTIR, PXRD) have revealed that the adsorption mechanism of 
Au thiosulfate onto amine groups depends on the pH of the solution: at acid pH, an ion exchange mechanism seems to 
be the dominant process. Under basic conditions, the formation of Au⁰ species is evidenced, in addition to ion- 
exchange phenomena. Elution of the gold loaded samples has been achieved with a yield up to 76 % with 
Na₂S₂O₃ and NaCl solutions.  
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1. Introduction 

Cyanidation has been one of the most used gold leaching techniques 
in several mining facilities around the world since its invention in the 
1800s. It is chosen due to its technical simplicity, efficiency and low cost, 
despite its high environmental impact and toxicity [1,2]. This process 
consists in contacting the previously ground ore with a cyanide salt 
solution (commonly NaCN or KCN), which will leach gold from the 
auriferous ore by forming the stable Au cyanide complex. Then, typi
cally, AuCN is recovered from the pregnant solution by either precipi
tation methods through the addition of Zn powders (Merrill-Crow) [3] 
or by adsorption on active carbons (Carbon-in-Pulp) [4]. 

Nowadays, however, sustainable development policies implemented 
in several countries are pressing to reduce or ban the use of toxic com
pounds like cyanide in gold extraction activities, being therefore 
imperative to propose sustainable alternatives. In this context, thiosul
fate is seen as an appropriate choice since it is both, a non-toxic and 
highly efficient leaching agent, even when employed with carbonaceous 
or complex ores, where cyanide shows lower performances [1,2,5]. 

Thiosulfate (S₂O₃2⁻) is a metastable sulfur compound with a strong 
capacity for metal (e.g. Au, Ag, Cu, Fe, Ni, Co) complexation. It achieves 
to dissolve gold from auriferous ores in alkaline conditions (typical 
working pH: 9–11), in the presence of an oxidant like oxygen, forming 
the stable, anionic complex [Au(S₂O₃)₂]3⁻. Usually, to increase the gold 
dissolution rate, leaching is carried out in the presence of ammonia and 
copper ions. By a close control of leaching conditions (e.g. concentration 
of species, pH), Au dissolution is usually effective. However, in the 
practice, the use of thiosulfate in the gold mining industry is scarce due 
to the fact that recovering [Au(S₂O₃)₂]3⁻ from the leachate is chal
lenging. Several alternatives have been proposed for solving this prob
lem including: precipitation methods with Zn, Al or Cu powders; solvent 
extraction techniques with esters or amines in organic media; direct 
adsorption onto active carbons or basic polymeric resins with amine 
sites. However, neither of them have been, up to date, proven effective 
due to numerous application drawbacks. For instance, precipitation 
methods may involve high costs due to elevated consumption of pre
cipitation agents and complex after-process product purifications. 
Regarding solvent extractions methods, the use of organic solvents is 
required for gold recovery in organic medium, which is incompatible 
with installed on-site hydrometallurgical facilities. Additionally, the 
separation of Au and other metals in these conditions is sometimes too 
complex and obtaining a high purity product is problematic. Concerning 
active carbon, even though this is the main sorbent chosen for AuCN 
recovery, in thiosulfate systems, it shows poor performances, due to its 
lack of affinity for the [Au(S₂O₃)₂]3⁻ complex. Considering resins 
adsorption, despite possessing high loading capacities and good affinity 
for Au thiosulfate, their main drawbacks lay on their brittleness, making 
it challenging to work directly in contact with mineral pulps that are 
really abrasive, their small particle sizes (usually some μm) which 
necessitate fine filters and pricey centrifugation techniques for separa
tion and their sensitivity to osmotic shock. For all these reasons, thio
sulfate’s applicability to the industry is limited so far to minerals with 
preg-robbing carbon [1,2,6,7]. 

Activated carbon (AC) is a type of carbon material employed in a 
variety of applications in different forms (granular, powdered, extruded, 
etc.), thanks to its high adsorption capacity of organic and inorganic 
molecules and complexes. For example, granular active carbons are 
preferred in Carbon-in-Pulp processes for Au cyanide adsorption instead 
of resins, due to their high mechanical resistance to abrasion, making it 
possible to work directly in contact with mineral pulps [8]. Additionally, 
powdered active carbons are daily employed for water and air depol
lution in homes and factories, as they are cheap and versatile [9]. 

The adsorption of a specific compound on a given active carbon 
depends on both its physical structure (active carbons are characterized 
by a high surface area and well-developed microporosity) and unique 
chemical composition [10–12]. Indeed, the presence of different 

heteroatoms on the carbon’s surface is the key for its chemical reactivity 
[12]. These heteroatoms (e.g. oxygen, nitrogen, sulfur, phosphorus, etc.) 
could come from the raw material employed in the carbon’s production, 
or could be intentionally added by specific functionalization procedures, 
thanks to which, they can be tuned for working in a desired application 
[13]. For instance, in other research works, carbon materials have been 
functionalized with basic functions for their employment in polymer and 
electrochemical applications, sensors development, H₂S adsorption, se
lective metal removal from aqueous media and biomaterials [14–20]. 

In the context of gold thiosulfate recovery, grafting nitrogen func
tional groups (specifically amines sites) represents an attractive func
tionalization strategy, that may increase the affinity of active carbon for 
this complex, since it is known [6] that amine sites (primary, secondary, 
tertiary or quaternary) are the acting agents present in commercial weak 
and strong base resins used for this purpose. Indeed, amine groups can 
be protonated when immersed in aqueous solutions [21] and, thanks to 
this property, they could electrostatically attract anionic compounds 
like [Au(S₂O₃)₂]3⁻ [7]. By producing an amine-functionalized carbon, we 
could obtain the best characteristics of both solids: amines as trapping 
group for gold thiosulfate, grafted onto resistant granular active carbon, 
which is compatible with Carbon-in-Pulp processes. As far as we know, 
no published work has covalently functionalized granular active carbon 
with amine groups for gold thiosulfate recovery. The only similar ap
proaches found in the literature are the research of Fotoohi and Mercier 
[7], who have functionalized mesoporous silica with primary amine 
sites and Zhao Li et al. [22], who have worked on the functionalization 
of chloromethylated polystyrene with quaternary amines. However, 
since silica and chloromethylated polystyrene have small particle sizes 
[6], they may face similar problems as resins, due to the difficulty in 
separating the gold-loaded silica from the mineral pulp by simple 
filtration methods. Furthermore, the interaction mechanism between 
gold (I) thiosulfate and amine groups covalently anchored on activated 
carbon has not been studied, as far as we know, neither the influence of 
pH in Au adsorption. Since the protonation and deprotonation of amine 
sites (and therefore, their Au adsorption capacity) might strongly 
depend on the solution pH, a deeper study of the adsorption mechanism 
under acid and basic conditions would be relevant to accomplish a 
complete understanding of the phenomena. Furthermore, no research 
has been found concerning the evaluation of elution strategies of the 
gold loaded aminated carbons by green aqueous eluents. 

Hence, the goal of this research is to develop a covalently primary or 
quaternary amine functionalized granular active carbon, capable of 
efficiently trapping [Au(S₂O₃)₂]3⁻. The idea is to create a new solid 
enriched with primary or quaternary amine sites, which would augment 
its adsorption performance, while conserving its mechanical properties, 
allowing its potential use in industrial Carbon-in-pulp processes. 
Therefore, the chemical functionalization process will be carried out 
directly on active carbon grains and not on carbon powders, to remain in 
alignment with its actual application in the gold mining industry. 

The functionalization method that will be implemented has been 
previously used in other researches for metal nanoparticles anchoring 
[23–25]. It involves the oxidation of the material with a strong oxidant 
for enriching the surface with carboxylic acid groups, followed by an 
acylation step that will facilitate the grafting of the desired amine 
through the formation of an amide bond. For primary amine function
alization, ethylenediamine is added to obtain an –NH₂ terminal. If 
quaternary amine functionalization is desired, the peptide bond is 
formed with a tertiary amine and then a quaternization reaction is 
carried out with a methylating agent for obtaining the required func
tional group. Fig. 1 shows schematically both functionalization 
pathways. 

After functionalization, the amine-grafted carbon grains will be 
tested with Au thiosulfate solutions to explore their gold adsorption 
kinetics and their adsorption performances at different gold concentra
tions and pHs (acid and basic). Moreover, some elution strategies with 
green, aqueous-based eluents will be tested for gold stripping. 
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Furthermore, the functionalized carbons will be verified with an ASTM 
Hardness Test method to assess their mechanical resistance to abrasion 
and value its compatibility with Carbon-in-Pulp processes. Finally, the 
mechanism of gold thiosulfate interactions with the different amine sites 
under basic and acid adsorption conditions will be investigated by in- 
depth characterization techniques, bringing new fundamental 
knowledge. 

2. Experimental 

2.1. Materials and reagents 

All functionalization experiments were carried out on a granular, 
coconut shell-based commercial active carbon (Calgon Carbon GRC 20/ 
22), which is commonly employed in Carbon-in-Pulp processes for 
AuCN adsorption. Average particle size: 2.5 ± 0.9 mm (mesh 6 x 14). 
The following reagents were used as received: nitric acid (HNO₃, 65 %, 
Roth), thionyl chloride (SOCl₂, 99.7 %, Acros Organics), sodium hy
droxide (NaOH, 99.2 %, VWR), toluene (C₆H₅CH₃, 100 %, VWR), N,N- 
dimethylethylenediamine (C₄H₁₂N₂, 95 %, Merk), ethylenediamine 
(C₂H₈N₂, ≥99 %, Sigma Aldrich), methyl trifluoromethanesulfonate 
(CF₃SO₃CH₃, ≥97 %, Alfa Aesar), Argon (α1, Air liquide), gold (I) sodium 
thiosulfate hydrate (Na₃Au(S₂O₃)₂•xH₂O, 99.9 %, Alfa Aesar), ammo
nium hydroxide solution (28.8 % NH₃ basis, Sigma Aldrich), sodium 
thiosulfate anhydrous (Na₂S₂O₃, 99 %, Alfa Aesar), sodium chloride 
(NaCl, 99 % Sigma-Aldrich), sodium sulfite (Na₂SO₃, 98 %, Acros Or
ganics), sodium hydroxide standard solution (NaOH, 1 mol/L, Merk), 
sodium carbonate standard solution (Na₂CO₃, 0.05 mol/L, Merk), so
dium bicarbonate (NaHCO₃, ≥99.7 %, Sigma Aldrich), hydrochloric acid 
(HCl, 37 %, VWR), potassium bromide (KBr, for spectrometric IR use, 
Roth), pH buffer solutions (pH 4, 7, 10, Alfa Aesar, ±0.01), gold stan
dard solution for atomic absorption (999 mg/L ± 4 mg/L, Sigma 
Aldrich), deionized water, technical-grade acetone (Lambert 
Chemicals). 

2.2. Characterization methods and techniques 

The functional groups in active carbons were characterized using 
Fourier transform infrared spectroscopy (FTIR) in transmission mode 
(Bruker Alpha spectrometer with DTGS detector). To reduce the inter
ference of water and carbon dioxide in the spectra, the apparatus was 
located inside a globe box with argon atmosphere. The spectra were 
collected in the range 600–4000 cm⁻1 (resolution: 2 cm⁻1) with 100 
scans. The analysis was carried out on KBr – active carbon pellets 
(dilution rate: 0.5 wt% AC). The pellets were prepared by combining 

together active carbon and KBr and milling the mixture until the particle 
size was less than 100 μm. Then, the KBr-carbon mixture was pressed (10 
tons) to form the pellet, which was dried under vacuum overnight before 
analysis. The OPUS software version 7.5 was used to exploit all the 
spectra. 

The concentration of gold in solution was determined by Atomic 
Absorption Spectrometry (AAS). The analysis was carried out with a 
PerkinElmer 3110 instrument. Several calibration curves in the range of 
2–25 ppm were performed by diluting a commercial gold standard 
solution. 

X-ray photoelectron spectroscopy (XPS) was employed for chemical 
surface characterization of modified active carbons. For this purpose, a 
SSX 100/206 photoelectron spectrometer (Surface Science Instruments, 
USA) equipped with a monochromatized micro focused Al X-ray source 
(powered at 20 mA and 10 kV) was used. The analyses were done 
directly on active carbon grains (approximate analyzed area: 1.4 mm2) 
by fixating them with double-sided tape onto small brass troughs (Ø 6 
mm), that were placed on a ceramic carousel. The pressure in the 
analysis chamber was ≈10⁻⁶ Pa, the angle between the surface normal 
and the axis of the analyser lens was 55◦, and the pass energy was 150 
eV. The flood gun was set at 8 eV and a Ni grid placed 4 mm above the 
samples was employed for charge stabilisation. Under these conditions, 
the full width measured at half maximum (FWHM) of the Au 4f7/2 peak 
for a clean gold standard sample was ≈1.6 eV. The following sequence of 
spectra was recorded: survey scan, C 1s, O 1s, N 1s, Au 4f 7/2, and C 1s 
again, to check charge stability compensation in time. The spectra were 
calibrated using the C 1s peak, fixing the position of C- (C,H) component 
at ≈284.6 eV. Data treatment was done with CasaXPS program (Casa 
Software Ltd, UK) where the spectra were decomposed with the least 
squares fitting routine with a Gaussian/Lorentzian (85/15) product 
function subtracting a Shirley baseline. Molar fractions were calculated 
using peak areas normalized based on acquisition parameters and 
sensitivity factors provided by the manufacturer. 

ToF-SIMS (Time of Flight Secondary Ion Mass Spectrometry) was 
also employed for surface characterization of modified active carbons. 
The analysis was done in a TOF.SIMS5 instrument (IONTOF GmbH, 
Münster, Germany). A primary beam was produced by a pulsed Bi3⁺ 
metal ion source 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 
applied. The analysis was done in both positive and negative mode. For 
spectra acquisition, a raster of 128 x 128 data points over an area of 200 
× 200 μm2 was employed. The total primary ion beam dose for each 
analyzed area was always kept below 5 x1011 ions.cm⁻2, for static con
ditions maintenance. A lateral resolution of ~3 μm and mass resolution 
m/Δm > 5500 at 49 m/z were maintained for positive and negative 

Fig. 1. Primary and quaternary amine functionalization processes: 1) Oxidation (giving solid named ACox), 2) Acylation. 3A) Primary amine formation (giving 
functionalized AC-NH₂), 3B) Peptide bond creation with tertiary amine. 4B) Quaternary amine formation (giving AC-NMe₃⁺). 
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spectra acquisition. No charge compensation was necessary. The ob
tained spectra were analyzed with the software SurfaceLab (version 
6.5), supplied by the manufacturer. Active carbon grains were sticked 
onto Ag conductive double side adhesives and introduced directly in the 
instrument chamber for being analyzed. 

Powdered X-ray diffraction (PXRD) was used for analyzing ground 
active carbon samples (particle size <100 μm). The analysis was per
formed with an Incoatec Microfocus SourceHIGHBRILLIANCE 

(IμSHIGHBRILLIANCE) Mo ELM47 source (MAR345 image plate detector) 
operating at 50 kV and 1000 μA, at a wavelength of 0.71073 A◦ (Mo K α 
radiation). The samples were filled in glass capillaries (0.7 mm diam
eter) and were exposed to X-rays for 15 min, while the capillary was 
rotated by 180◦. Fit2D software was used for data integration (using data 
from a 0.1 mm diameter capillary filled with LaB₆ as calibrant). 

The pH of solutions was determined with a pH-meter (Eutech In
struments pH510 equipped with a SI Analytics N54 BNC probe), which 
was calibrated before analysis with 4, 7 and 10 pH buffer commercial 
solutions. 

The Point of Zero Charge (PZC) of active carbons was determined 
through the Park and Regalbuto methodology [26]. In a typical exper
iment, 1 g of AC was placed in a 25 mL Erlenmeyer along with 10 mL of 
deionized water, whose pH was previously measured and regulated at a 
determined pH value by adding either HCl or NaOH. Then, the carbon 
was agitated for 24 h, after which the solution’s pH was measured again, 
to determine the final pH after contact. This procedure was repeated 
over a wide range of initial pHs (1.5–13.5) and a graph comparing the 
variation of initial vs final pH was elaborated to establish the PZC value, 
which corresponds to the plateau of such curve. 

Active carbon’s acidity and the presence and nature of oxygen 
functional groups were determined by Differentiate Boehm titrations. 
This characterization method is described elsewhere [27–29]. In a 
typical experiment, 0.5 g of AC grains were put in contact with a basic 
solution (0.05 M) of either NaOH, Na₂CO₃ or NaHCO₃ for 24 h. After
wards, the carbon was filtrated and an aliquot (10 mL) was taken. Then, 
HCl solution (0.05 M) was added for acidification (20 ml if NaOH or 
NaHCO₃ were used as base and 30 mL if Na₂CO₃ was employed) and this 
solution was degassed using Ar (at least 2 h). Lastly, the degassed so
lution was titrated with degassed NaOH solution (0.05 M) using 
phenolphthalein as indicator. 

Active carbon was tested with the Standard Test Method for Ball-Pan 
Hardness of granulated active carbons according to norm ASTM 
D3802-79 (1999) [30], to assess its degree of hardness before and after 
functionalization processes. In a typical experiment, the material 
(original particle size: mesh 6 x 14) was put in a hardness pan along with 
several steel balls (ø 12.7 mm and 9.5 mm). Then, it was shaken in a 
mechanical sieve-shaker with tapping hammer (ATM Arrow) for 30 min. 
After this time, the balls were removed and cleaned with a brush and the 
carbon was transferred to a hardness test sieve (mesh No. 25). The 
carbon was then sieved for 10 more minutes in the sieve-shaker. Finally, 
the Ball-pan hardness number (H %) was calculated with Eq. (1), where 
B is the amount of carbon that was retained on the hardness test sieve 
and A corresponds to the amount of carbon originally loaded into the 
hardness pan. 

H %= 100∗
B
A

Eq. (1)  

2.3. Methods 

2.3.1. Amine covalent functionalization 
Active carbon was covalently functionalized with either quaternary 

or primary amine sites following a procedure described elsewhere 
[23–25]. For the functionalization with quaternary amines, the 
following four-step process was performed:  

1. Oxidation: 4 g of AC were put in contact with 400 mL of HNO₃ (2.5 
M) for 6 h. The system was agitated and heated at 105 ◦C, under 
reflux, using a NaOH trap for acid vapors. Subsequently, the carbon 
was filtrated out, washed with plenty of deionized water (at least 2 L) 
and dried under vacuum for several hours. The oxidized carbon will 
be referred to hereinafter as ACox. 

2. Acylation: ACox was acylated with 20 mL of SOCl₂ in toluene me
dium (130 mL) at 120 ◦C for 5 h, under agitation. After that, the solid 
was filtrated, washed with 500 ml of toluene and dried overnight 
under vacuum.  

3. Peptide bond creation with tertiary amine: The acylated carbon 
was dispersed in 170 mL of toluene along with 1.3 equivalents of N, 
N-dimethylethylenediamine, calculated according to the total 
amount of acidic functions in ACox determined by Boehm Titrations. 
The dispersion was heated at 120 ◦C and mixed for 4 h. Then, the 
carbon was filtrated, washed with 500 ml of toluene and dried under 
vacuum for several hours.  

4. Quaternary amine formation: Lastly, the carbon described in step 
3 was agitated with CF₃SO₃CH₃ (5 equivalents according to estimated 
acidic functions in ACox) in 200 mL of acetone for 24 h at room 
temperature (RT). Afterwards, the sample was filtrated, washed with 
500 ml of acetone and dried under vacuum for several hours. The so- 
obtained quaternary amine functionalized carbon will be referred to 
hereinafter as AC-NMe₃⁺. 

The functionalization process to obtain primary amine sites involved 
the carbon’s oxidation and acylation (steps 1 and 2) as described above. 
Afterwards, the acylated carbon was put in contact with ethylenedi
amine (1.3 equivalents according to ACox total estimated acidic func
tions) in toluene medium (170 mL) at 120 ◦C for 4 h. Finally, the carbon 
was filtrated, washed with 500 ml of toluene and dried under vacuum 
for several hours. This primary amine functionalized carbon will be 
referred to hereinafter as AC-NH₂. A scheme illustrating the function
alization process to enrich carbon with quaternary and primary amine 
sites is shown in Fig. 1. 

2.3.2. Gold thiosulfate adsorption tests 
Non-functionalized and functionalized active carbons were tested 

with gold thiosulfate solutions to assess their adsorption capacity. In a 
typical experiment, 0.5 g of AC were agitated with 100 mL of gold 
thiosulfate solution at RT for 24 h. Then, the solid was recovered by 
filtration, dried for several hours and stored before its characterization, 
while the filtrate was analyzed by AAS to determine the amount of gold 
in solution. Gold thiosulfate solutions were prepared by dissolving an 
exact quantity of Na₃Au(S₂O₃)₂•xH₂O in water until obtaining a desired 
concentration: 2 mg/L, 10 mg/L or 25 mg/L (Au basis). These solutions 
were analyzed before use with AAS to assess their exact gold content. 
The tested concentrations were chosen considering the typical gold 
contents of real leachates obtained from minerals which are currently 
exploited with cyanidation and Carbon-in-pulp processes [31–33]. 

To determine the influence of pH on gold adsorption, some tests were 
carried out under different pH conditions: at ≈ pH 4, which is the 
unshifted pH of the gold solution and ≈ pH 9, which is the typical pH 
found in leachates coming from real auriferous ores processed in 
Carbon-in-Pulp facilities [2]. The pH was adjusted by adding few drops 
of NH₄OH. For these experiments, the initial Au thiosulfate solution 
concentration was always 25 ppm. The gold loaded carbons will be 
named AC-NH₂.Au and AC-NMe₃⁺.Au followed by the pH at which the 
adsorption was carried out. 

Active carbon gold adsorption efficiency (% R) was calculated ac
cording to Eq. (2), where Ci (mg/L) is the Au concentration of the so
lution before active carbon contact, and Cf (mg/L) is the gold 
concentration after contact: 

% R=
Ci − Cf

Ci
∗100 Eq. (2) 

N. de la Torre-Miranda et al.                                                                                                                                                                                                                

astm:D3802


Materials Chemistry and Physics 312 (2024) 128657

5

2.3.3. Elution tests 
Elution tests consisted in two phases: 1) Gold loading phase: carried 

out according to the procedure described above at point 2.3.2 (Initial Au 
concentration in solution: 25 ppm, pH 4 or pH 9). 2) Elution phase: The 
gold loaded carbons were agitated with 25 mL of a selected eluent 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 filtrated while the solution was transferred to a 
50 ml volumetric flask. The eluted AC was washed with water and the 
washings added directly to the flask until reaching its graduation mark. 
This solution was analyzed by AAS for calculating the mass of gold in the 
eluent. The eluted carbon was dried and stored before its characteriza
tion. The elution efficiency was determined with Eq. (3), by comparing 
the mass of Au in the eluent and the mass of Au in the carbon before 
elution. 

% elution efficiency=
mass of Au in eluent

mass of Au in AC before elution
∗100 Eq. (3) 

Elution solutions were prepared by dissolving an exact amount of 
reagent in water to obtain a desired molar concentration (M). Two 
elution solutions were tested: NaCl (2 M) + Na₂SO₃ (0.1 M) and Na₂S₂O₃ 
(1 M) + NH₄OH (0.1 M). 

3. Results and discussion 

3.1. Active carbon oxidation 

The presence of heteroatoms on the surface of active carbon (AC) 
confers it specific characteristics, properties and reactivity towards 
certain molecules [10,34]. These heteroatoms may remain from the raw 
materials used in their production or could be incorporated 
post-synthetically in the carbon matrix by different chemical function
alization methods [10,11]. For instance, active carbon can be oxidized 
by liquid oxidants like HNO₃, which will increase its acidity due to the 
creation of new oxygen groups on its surface such as carboxylic acids, 
lactones and phenols [27,35,36]. These groups, and especially carbox
ylic acids, can be used as “anchor functions” to graft other functionalities 
of interest [23,37], which may have good affinity towards gold com
plexes within the present context. Hence, a granular active carbon used 
commercially for Carbon-in-Pulp processes was treated with nitric acid 
to increase the number of carboxylic acid groups on its surface. 

To assess the presence of new oxidized species after HNO₃ treatment, 
ACox was characterized by Differentiate Boehm Titrations, XPS and 
FTIR. As shown in Fig. 2, Boehm titrations evidence a notable 
augmentation of the carbon’s total acidity after oxidation, from 8 mmol/ 
100 g AC (Blank) to 156 mmol acid sites/100 g AC (ACox). Differentiate 
Boehm Titrations allow to determine and quantify the type of oxygen 
groups present in the solid: the main acid functionality found in ACox is 
carboxylic acid groups (80 mmol/100 g AC), followed by phenols (43 
mmol/100 g AC) and lactones and (33 mmol/100 g). 

XPS analysis corroborates the oxidation of carbon after HNO₃ treat
ment. As shown in Table 1, the total atomic oxygen surface content 
(Total O) of ACox increased from 8.6 at.% (Blank) to 15.8 at. %. The 
same tendency is seen when comparing the amount of O linked to C with 
the total C detected in the sample (O–C/Total C), which is augmented 
from 0.09 to 0.23, evidencing that the increase in atomic oxygen 
detected on ACox actually comes from oxidized species linked to the 
carbon matrix. Moreover, these results are in accordance with the in
crease of acidity measured by Boehm Titrations, which demonstrates 
that a more acidic sample contains more oxygen on its surface. Similar 
observations were done by S. Hermans et al. [38], who demonstrated a 
linear correlation between the sample’s total acidity measured by 
Boehm Titrations and the O/C ratio detected by XPS. 

Finally, FTIR analysis corroborates the presence of different oxygen 
groups in ACox, that were not detected on Blank. As illustrated in Fig. 3, 

ACox spectrum shows a band at ≈ 1720 cm⁻1, corresponding to the C––O 
stretching of carbonyl groups coming from carboxylic acids, lactones or 
ketones [35,39,40] and a band at ≈ 1570 cm⁻1 that could be assigned to 
highly conjugated C––O groups [35] or C––C aromatic ring stretching 
vibration [39]. Additionally, it could be noticed that the intensity of a 
broad band at ≈ 1100 cm⁻1 in ACox is increased compared to the Blank. 
This could be due to the presence of alcoholic C–O stretching of phenols 
and O–H bend/stretching [39,40]. Lastly, a sharp band at ≈ 1384 cm⁻1 

attributed to NO₃ asymmetric stretching and another found at ≈ 810 
cm⁻1, assigned to NO bending vibration [40] denote the presence of 
inorganic nitrates. These nitrates could come from HNO₃ residue in the 
sample. 

3.2. Amination 

The presence of amine groups on the surface of the functionalized 
carbons by the two envisaged pathways (AC-NH₂ and AC-NMe₃⁺, see 
Fig. 1) was confirmed by XPS, TOF-SIMS and FTIR analysis. Firstly, the 
XPS N 1s high resolution (HR) spectra of Blank (Fig. 4 A) evidences a 
peak located ≈406.7 eV, which could be attributed to an oxidized form 
of nitrogen like nitrates (C–NO₃) [41]. This species is the main compo
nent (Area 56 %) as well in the carbon after oxidation with HNO₃ 
(ACox), as it could be observed in Fig. 4 B. In contrast, after function
alization with primary amines, the N 1s HR peak of AC-NH₂ shows new 
nitrogen species located at lower binding energies (Fig. 4C). This peak 
was resolved in four components positioned at ≈ 398.7 eV, 399.9 eV, 
401.5 eV and 403.8 eV. The first one located at ≈398.7 eV could be 
attributed to aromatic nitrogen inside the carbon matrix (e.g. pyridines) 
[42,43]. The peak at ≈ 399.9 eV, which is the most significant compo
nent (49 % of the peak’s area), denotes the presence of amine groups or 
amides (due to the amide coupling expected in the reaction) [23,42,44]. 

Fig. 2. Differentiate Boehm titrations of non-oxidized (Blank) and HNO₃ 
oxidized active carbon (ACox). 

Table 1 
Comparison between Boehm titrations and XPS analysis of non-oxidized (Blank) 
and oxidized active carbon (ACox).  

Sample XPS analysis Total acidity (mmol/100 g AC) 

Total O (% at.) O–C/Total C 

Blank 8.6 0.09 8 
ACox 15.8 0.23 156  
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This corroborates the success of the covalent functionalization process, 
since both an –NH₂ terminal and the amide bond are expected in this 
sample. The component at ≈ 401.5 eV indicates a possible protonation 
of the nitrogen involved in the amide coupling/amine terminal due to 

the analysis conditions [43,45]. Lastly, the small peak (Area: 7%) at ≈
403.8 eV could be assigned either to nitrites [46], or to the presence of a 
shake-up, which could appear because of the aromatic character of the 
carbon matrix, where the nitrogen species are grafted. 

TOF-SIMS analysis confirms the information obtained by XPS. Fig. S1 
shows the most relevant fragments detected in the positive ion spectrum 
of AC-NH₂. First, at m/z ≈ 17.03, the fragment –NH3⁺ is detected in the 
positive mode, attributed to the protonated primary amine. Moreover, at 
m/z ≈ 87.08, the complete fragment CO–NH–CH₂-CH₂-NH₂⁺ is evi
denced, confirming the amide coupling and the presence of the expected 
functional group that is covalently bounded to the carbon matrix. 

In FTIR analysis, several new bands that reveal the existence of 
amines are detected in the functionalized carbon. Fig. 5 shows the FTIR 
spectra of AC-NH₂, where the following main bands are observed: a 
broad band centered at ≈ 3150 cm⁻1, corresponding to N–H stretching of 
amine or amides [40,47], a band centered at ≈1550 cm⁻1, characteristic 
of N–H bending vibration [7,47] or N–H deformation of primary amines 
[48], a band at ≈ 1200 cm⁻1 corresponding to C–N stretching vibration 
[40,49] and a sharp band at 1384 cm⁻1 assigned to NO₃ asymmetric 
stretching [40]. 

Regarding AC- NMe₃⁺, the N 1s XPS HR peak (Fig. 4 D) evidences as 
well the presence of new nitrogen species created due to the function
alization process, for obtaining quaternary amine sites. Similar to AC- 
NH₂, the N 1s HR peak of AC-NMe₃⁺ was resolved in four components 
located at: ≈398.5 eV, 399.6 eV, 401.6 eV and 404.5 eV. The interpre
tation of these species is similar to AC-NH₂, described above: at ≈ 398.5 
eV, aromatic nitrogen inside the carbon matrix; at ≈ 399.6 eV, amine or 
amide groups; at ≈ 404.5 eV, nitrites or shake-up [23,24,42,44,46]. 

Fig. 3. FTIR spectra of non-functionalized (Blank, pink line) and HNO₃ 
oxidized active carbon (ACox, black line). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 4. N 1s XPS HR peak of: A) Blank, B) ACox C) AC-NH₂, D) AC-NMe₃⁺. In the graphs, P: Position of the component (eV), A: area percentage that represents the 
component % contribution inside the whole peak envelope. 
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Lastly, the component at ≈ 401.6 eV is attributed to protonated nitrogen 
species [23,24,42]. It is important to notice that the size of this peak 
(Area: 32 %) is considerably bigger than the one detected in AC-NH₂ 
(Area: 23 %), which indicates that the amount of charged nitrogen in 
this sample is more important and therefore, that the -NMe₃⁺ terminal is 
present. 

AC-NMe₃⁺ TOF-SIMS analysis corroborates XPS results. Fig. S 1 
shows the most relevant fragments detected in the positive and negative 
ion spectra of this sample: at m/z ≈ 72.09, the fragment HC-N-(CH₃)₃⁺ is 
evidenced in the positive mode, confirming the expected functional 
group. Moreover, the counter-ion F₃C3⁴SO₂O⁻ appears at m/z ≈ 150.96, 
in the negative mode, which verifies the existence of this anion in the 
solid. 

Regarding AC-NMe₃⁺, FTIR spectrum (Fig. 6), the following main 
bands are noted: a broad band centered at 3150 cm⁻1, corresponding to 
N–H stretching of amine/amides [40]; a band at 1720 cm⁻1, attributed to 
the C––O stretching of oxidized carbon species [40], which may be 
present due to the sample’s prior oxidation; a band at 1560 cm⁻1 

assigned to N–H bending vibration [50,51], a sharp band at 1384 cm⁻1 

attributed to NO₃ asymmetric stretching [40] and a band at 1220 cm⁻1 

assigned to C–N stretching [49]. 
Finally, the total nitrogen surface content (at. %, excluding H) 

quantified by XPS in both functionalized samples (AC-NH₂: 5.1 at. %; 
AC-NMe₃⁺: 3.9 at. %) is more important than the amount of N detected in 
the Blank (0.8 at. %) and in ACox (1.4 %), as could be compared in 
Table 2. This means that the functionalization process has increased the 
N content in the treated carbons, as expected, and reconfirms the car
bon’s amination. 

3.3. Hardness tests 

The functionalization procedures that were carried out to enrich AC 
grains with primary and quaternary amine sites could have had an 
impact on the carbon’s structure. For instance, it is known that HNO₃ 
oxidation could modify the active carbon’s porous structure, cause pore 
blockage and even cause carbon’s degradation to humin substances 
[52]. These changes could compromise its mechanical resistance to 
abrasion, which is a determinant factor for its application in gold-mining 
processes, since brittle and fine carbon means more gold losses [53]. The 
Ball Pan Hardness test is a common industrially used method to estimate 
the resistance of granular active carbons during Carbon-in-Pulp 

processes and it will permit the comparison of samples before and after 
functionalization. The hardness tests results are shown in Table 3. As it 
could be observed, while the Ball Pan Hardness number (H) of Blank is 
95.1 %, the primary and quaternary aminated samples present 88.7 % 
and 86.8 %, respectively. This confirms that the functionalization pro
cesses do have an impact on the carbon’s mechanical resistance. How
ever, their H values are still inside the acceptable range for granular 
active carbons employed in mining applications, whose H value could 
vary from 82.8 to 99 % [54]. Therefore, these functionalized carbons 
could be applied in gold extracting practices without further processing 
like pelletization. This is a key characteristic that put the functionalized 
carbon competitively ahead of amine-rich resins, since it is hard enough 
to be employed in Carbon in Pulp processes. 

Fig. 5. FTIR spectra of non-functionalized (Blank, pink line) and primary 
aminated (AC-NH₂, black line) active carbons. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 6. FTIR spectra of non-functionalized (Blank, pink line) and quaternary 
aminated (AC-NMe₃⁺, black line) active carbons. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Table 2 
XPS analysis of non-functionalized, oxidized, aminated and gold-loaded sam
ples: Total nitrogen surface content quantification (% at. excluding H) and N 1s 
components attributions with their positions.  

Sample Total N 
content (% 
at.) 

N 1s components 

C–NO₂ or 
shake-up 

C–NO₃ C- 
NR₄⁺ 

N-(C, 
H) 

N––C 
(arom) 

XPS peak’s position (eV) 

Blank 0.8 ± 0.5 – 406.7 – – – 
ACox 1.4 ± 0.3 – 405.7 401.5 399.5 – 
AC-NH₂ 5.1 ± 0.5 403.8 – 401.5 399.9 398.7 
AC-NMe₃⁺ 3.9 ± 0.9 404.5 – 401.6 399.6 398.5 
AC-NH₂. 

Au pH4 
5.3 ± 0.6 403.8 – 401.7 400.1 398.9 

AC- 
NMe₃⁺. 
Au pH4 

3.3 ± 0.2 405.2 – 402.0 400.1 398.8 

AC-NH₂. 
Au pH9 

5.1 ± 0.4 403.6 – 401.4 399.9 398.7 

AC- 
NMe₃⁺. 
Au pH9 

4.2 ± 0.5 404.2 – 401.9 399.9 398.9 

Note: The Standard deviations shown in this table have been calculated between 
samples of the same type, synthetized and analyzed at different moments. 
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3.4. Gold adsorption tests: influence of Au solution concentration and 
kinetics 

Fig. 7 illustrates the gold recovery performances of the non- 
functionalized (Blank) and aminated (AC-NH₂, AC-NMe₃⁺) samples, at 
different initial gold concentrations (all these Au adsorptions were done 
at pH 4). Under these conditions, it is evident that the presence of amine 
sites, either primary or quaternary amines, on the carbon’s surface en
hances its ability to adsorb [Au(S₂O₃)₂]3⁻, accomplishing a gold uptake 
of up to 100 % at 2 and 10 ppm gold initial concentrations, compared to 
notably lower recovery performances of the non-functionalized one. 
Then, when the initial gold concentration is 25 ppm, this efficiency 
enhancement is more remarkable. While AC-NH₂ and AC-NMe₃⁺ achieve 
a gold adsorption performance of ≈95 % and ≈96 %, respectively, the 
Blank’s efficiency is just 8 %. 

Furthermore, by analyzing the kinetics data (% gold recovery in 
function of time) shown in Fig. 8, it can be noticed that AC-NMe₃⁺ shows 
a high efficiency, getting a complete gold recovery in just 2 h contact. 
This may mean that [Au(S₂O₃)₂]3⁻ has a strong affinity for the quaternary 
amine sites that were grafted onto the carbon through the functionali
zation processes. In comparison, AC-NH₂ shows a more gradual gold 
uptake in time, accomplishing a complete recovery in 24 h contact time. 

3.4.1. Gold adsorption mechanism under acidic conditions 
XPS analysis corroborates the presence of gold on the carbon’s sur

face when the adsorption is carried out under acid conditions (pH 4). 

Firstly, when analyzing AC-NH₂.Au.pH4 (Fig. S2 A) with a high reso
lution window centered at ≈ 87 eV, the typical Au 4f doublet (Au 4f7/2 
and Au 4f5/2) is evidenced. Its Au 4 f7/2 component is located at ≈ 84.7 
eV, which indicates the existence of gold species on the carbon’s surface, 
in which the metal is in oxidation state +1 [55], since the position of 
pure Au⁰ is expected to appear at lower binding energies (≈83.95 eV) 
[56,57]. A similar peak is found in the Au 4f HR window of AC-NMe₃⁺. 
AupH4 (Fig. S 2 B), whose Au 4f7/2 component is positioned at 84.6 eV, 
revealing as well the presence of Au1+ species. Then, when comparing 
the XPS peaks’ positions of the N 1s components (Table 2) before 
(samples: AC-NH₂ and AC-NMe₃⁺) and after (samples: AC-NH₂.Au.pH4 
and AC-NMe₃⁺.Au.pH4) gold loading, it is noticed that there is not a 
significant shift in the position of any of the N species after contacting 
the gold solution. This suggests that no covalent interaction has occurred 
between [Au(S₂O₃)₂]3⁻and amine sites, since it has been reported in the 
literature [58] that when amine groups form a covalent bonding with 
Au, the nitrogen peak (assigned to amines: N-(C,H)) is expected to shift 
towards lower binding energies (396.6–398.1.eV), like what happens 
when Au nitride (AuxN) structures are formed, for example. This infor
mation is confirmed by TOF-SIMS analysis of AC-NH₂.Au.pH4 and 
AC-NMe₃⁺.AupH4, since no AuxN fragments were detected. 

Instead, in this case, the adsorption of gold thiosulfate on the ami
nated carbons at pH 4 may occur mainly due to electrostatic in
teractions, between the protonated amine groups and [Au(S₂O₃)₂]3⁻, like 
what occurs with basic resins presenting amine sites [6]. Indeed, as 
shown in Fig. S 3, the Au–S⁻ (m/z ≈ 228.95) fragment and even Au–S₂O₃⁻ 
fragment (m/z ≈ 308.93) were detected by TOF-SIMS in the negative 
mode in both aminated samples, which verifies this hypothesis. Addi
tionally, a reduction of the normalized intensity of the peak F₃3⁴CSO₂O⁻ 
(m/z ≈ 151.0) in the AC-NMe₃⁺.Au.pH4 sample is observed, compared to 
the normalized intensity of the same peak in AC-NMe₃⁺, corroborating 
that this counter-ion is interchanging with Au thiosulfate, when the 
latter is interacting with the quaternary amine site (Fig. 9). 

Lastly, in Table 2, when comparing the total nitrogen surface content 
detected by XPS (at.%, excluding H) of aminated (AC-NH₂, AC-NMe₃⁺) 
and gold loaded samples (AC-NH₂.Au.pH4, AC-NMe₃⁺. Au.pH4), it could 
be evidenced that the amount of N quantified by XPS remains almost 
unchanged after gold adsorption, which verifies that the covalent amine 
grafting in the carbon is strong, and no nitrogen functions are lost during 
the adsorption process. 

3.4.2. Gold adsorption under basic conditions and PZC interpretation 
Since pH is an important factor when considering amines as 

Table 3 
Hardness tests according to the norm ASTM 
D3802-79 (1999) of non-functionalized (Blank) 
and functionalized (AC-NH₂, AC-NMe₃⁺) active 
carbons.  

Sample H (%) 

Blank 95.1 ± 0.7 
AC-NH₂₂ 88.7 ± 0.5 
AC-NMe₃₃⁺⁺ 86.8 ± 0.8  

Fig. 7. Non-functionalized (Blank) and aminated (AC-NH₂, AC-NMe₃⁺) active 
carbons gold recovery performances at different gold thiosulfate initial con
centrations (Adsorption tests carried out at pH 4). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 8. AC-NH₂ and AC-NMe₃⁺ gold adsorption kinetics. Conditions: 25 ppm, 
100 mL, pH 4. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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functional groups, further research was done to assess the impact on 
gold adsorption on the aminated carbons, when the adsorption was 
carried out under acid (pH 4) or basic conditions (pH 9). At this point, it 
is imperative to differentiate between the influence of pH onto primary 
and quaternary amine sites. For instance, it is known that primary 
amines are highly dependent on the solution’s pH, since they must be 
protonated to be able to electrostatically attract negative compounds [7] 
like [Au(S₂O₃)₂]3⁻. In fact, when the adsorption of gold thiosulfate is 
done using weak-base resins which contain primary amine sites, it is 
essential to add an acid prior to gold adsorption, to get the amine pro
tonated [6] and accomplish good gold recoveries from the pregnant 
solution, whose pH is typically in the range of 9–11. In comparison, 
quaternary amine sites are by essence positively-charged groups at all 
pH values, and therefore, their gold thiosulfate adsorption performance 
is not dependent on the pH of the solution. This is the reason why 
strong-base resins, which contain quaternary amine sites, are preferred 
for gold recovery in thiosulfate systems [6]. 

The PZC value allows to determine the pH at which the net surface 
charge of the carbon is zero [11]. In other words, the PZC will permit to 
obtain an “average” view of the carbon’s surface charge, which will be 
influenced by the presence of the different functional groups in the 
complex carbon structure including: oxygen functional groups, amines, 
and others. Below the PZC value, the surface will be globally positively 
charged, while above the PZC value, the net surface charge is negative. 
This tool may potentially help to predict the pH at which most of the 
primary amine functional groups are more likely to become protonated. 
Fig. 10 shows the PZC values measured on our different types of active 
carbons. Firstly, the PZC value of non-functionalized carbon (9.8) sug
gests that this carbon may have more basic functions than acidic ones. 
Then, when the carbon is oxidized with HNO₃ (ACox), the PZC of the 
sample becomes acidic (3.0), due to the numerous acid oxygen groups, 
which were indeed evidenced by Boehm titrations. Furthermore, when 
the sample is functionalized with primary amine sites (AC-NH₂), the PZC 
value is measured at 6.3, which means that, theoretically, if the pH of 
the solution is below 6.3, most primary amine functional groups are 
more likely to be protonated. Finally, the PZC value of the quaternary 
aminated sample (AC-NMe₃⁺) is 2.8, which may mean that the whole 
charge of the carbon is dominated by the presence of the remaining 
oxygen functional groups on the carbon’s surface, since the quaternary 
amine sites are “inert” towards acid-base chemical reactions and 
therefore, will not influence the pH of the solid [59]. 

Fig. 11 illustrates the performance of these carbons when working at 
pH 4 and pH 9. Firstly, it is noticed that the gold adsorption capacity of 

both aminated carbons is similar and barely impacted when working 
under basic conditions (accomplishing gold recoveries of ≈80 ± 8 %), 
which is an expected result when the carbon is enriched with quaternary 
amine sites. Nevertheless, for primary aminated carbon, theoretically, 
the gold adsorption performance was expected to decrease under basic 
conditions, since the amount of primary amine sites that may be pro
tonated is supposed to diminish at pHs higher than 6.3 (however, it is 
important to remark that at pH 9, some primary amine sites might still 
be protonated, since the pKa of similar amines like propylamine is 10.6 
[60]). Additionally, it is noticed that the non-functionalized carbon in
creases its gold adsorption performance at basic conditions from ≈8 % 
(pH 4) to ≈ 20 % (pH 9). To explain this phenomena, complementary 
PXRD analysis was carried out on the gold loaded samples under these 
two pH conditions, since previous studies have found that carbon ma
terials have a reductive character due to their electron-rich nature [61, 
62], and therefore, could potentially reduce Au1+ compounds to Au0 

[63]. Furthermore, Fotoohi and Mercier [7] hypothesized about the 
possible presence of Au⁰ nanoparticles in primary amine functionalized 
silica after Au thiosulfate adsorption, based on the position of their Au 4f 
XPS peak. 

Fig. 12 shows the diffraction spectra of activated carbons that have 
been loaded with gold at acid and basic conditions. It could be observed 

Fig. 9. TOF-SIMS analysis. Comparison between normalized intensities of 
F₃3⁴CSO₂O⁻ fragment in AC-NMe₃⁺, AC-NMe₃⁺.Au pH4 and AC-NMe₃⁺.Au pH9. Fig. 10. PZC measurements of non-functionalized (Blank), oxidized (ACox) and 

aminated samples (AC-NH₂, AC-NMe₃⁺). 

Fig. 11. Influence of pH on gold loading. Gold loading conditions: 25 ppm, 
100 ml, 0.5 g AC, pH 4 or pH 9. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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that when the gold adsorption is carried out under basic conditions, all 
the samples present several well-defined peaks, whose positions and 
intensities fit well with the typical Au⁰ reflections found in the Au⁰ 
simulated spectrum (COD ID 1100138 [64]). Apart from the peaks 
attributed to Au, three broad humps at 2Θ ≈ 10◦, 20◦ and 34◦ are also 
detected, which are assigned to the (002), (100) and (111) reflections of 
graphite (since active carbons contain small sp2 organized regions [65]). 
These broad peaks are observed in all the analyzed samples, including 
the Blank’s (non-functionalized carbon) diffraction spectra. In contrast, 
when the gold adsorption is carried out at acid pH, no gold reflections 
are detected in any of the samples. These observations could be 
explained by the possible formation of Au(OH), which could have been 
produced due to the abundance of OH⁻ species under basic conditions. 
Then, Au(OH) may precipitate on the carbon surface, which will 
contribute to its reduction to Au⁰ thanks to the electron-rich nature of 
carbon. Au⁰ is then physically adsorbed on the carbon’s surface. This 
phenomenon could not occur in acidic conditions, where no gold hy
droxide could be formed. Additionally, due to aurophilic attraction, it is 
expected to find Au⁰ nanoparticles on the carbon’s surface, since it is 
known that Au (0) species could bind strongly one to each other in the 
solid state [62]. 

XPS analysis of the gold loaded samples under basic conditions gives 
more information about the type of Au species present in the solid. 
Firstly, it could be noticed that the Au 4f 7/2 component of the AC-NH₂. 
Au.pH9 (Fig. S2 C) appears at lower binding energies (84.2 eV) 
compared to the Au 4f 7/2 peak of the sample at acid conditions (Au 4f 7/2 
peak position: 84.7 eV, Fig. S2 A). A similar phenomena is observed in 
the Au 4f 7/2 peak of the quaternary aminated sample gold-loaded under 
basic conditions (AC-NMe₃⁺.Au.pH9, Fig. S2 D), whose position is 84.3 
eV, instead of 84.6 eV (Fig. S 2B). This suggests the presence of new Au 
species, with a different oxidation state, since the position of these Au 
peaks is nearer to 83.95 eV (assigned to pure Au⁰), which is in corrob
oration with the observations made by PXRD. Interestingly, with TOF- 
SIMS analysis, the fragments: Au–S (m/z ≈ 228.95) and AuS₂O₃ (m/z 
≈ 308.93) are detected in both aminated samples (Fig. S 4), which 
means that [Au(S₂O₃)₂]3⁻ may be present on the carbon, probably acting 
as counter-ion of positively charged amine groups. Moreover, similarly 
to what happens in acid conditions with the quaternary amine sample, 
the F₃3⁴CSO₂O⁻ (m/z ≈ 151.0) fragment appears in less normalized in
tensity compared to AC-NMe₃⁺, which may mean that this counter-ion is 
interchanging when [Au(S₂O₃)₂]3⁻ is interacting with the amine site 
(Fig. 9). 

Finally, as shown in Table 2, the Total N content quantified by XPS in 
the samples loaded under basic conditions remains mostly constant after 
gold loading, which means that the covalent functions’ grafting is not 
affected under basic conditions (e.g. no functions are lost during gold 
loading). Additionally, the N 1s components positions do not show any 
significant shift after gold contact, denoting that the interaction between 
Au thiosulfate and the charged amine sites may be electrostatic. These 
results were corroborated by TOF-SIMS analysis done on AC-NH₂. Au. 
pH9 and AC-NMe₃⁺.Au.pH9, where no AuxN fragments were detected. 

Summarizing, when the gold adsorption on primary and quaternary 
aminated carbons is carried out at basic pHs, various type of Au species 
are present and therefore, different types of adsorption mechanisms may 
be taking place at the same time: there are Au (I) thiosulfate species 
adsorbed as counter-ion of the positively charged primary and quater
nary amines sites (as detected by TOF-SIMS), but also some Au⁰ species 
(evidenced by PXRD and XPS) deposited on the carbon’s surface. This is 
the reason why: 1) primary aminated carbons are performant at 
adsorbing gold, even at basic pHs, where the amount of protonated 
amine groups is supposed to decline and 2) Blank enhances its gold re
covery when working under basic conditions. In contrast, during the 
adsorption at acid pHs, no Au⁰ species were evidenced, and therefore, it 
could be implied that the dominant mechanism in this case may just be 
ion-exchange interactions. The adsorption mechanisms of aminated 
carbons under both conditions are illustrated in Fig. 13. 

3.5. Elution tests 

Once the aminated carbons have been successfully loaded with gold, 
it is time to consider the elution stage. For this purpose, several eluents 
that are commonly used for resins’ elution [66,67] have been tested. 
Table 4 shows the elution efficiency of both aminated carbons, whose 
gold loading stage was carried out under acid or basic conditions. 

Regarding the Au loaded carbons under acid conditions, the best 
elution results are obtained with Na₂S₂O₃ + NH₄OH as eluent, where up 
to 67 % and 76 % of gold could be stripped off from the primary and 
quaternary aminated carbons, respectively. The strategy of elution in 
this case may be accomplished through “Au displacement” in which the 
adsorption equilibrium between the amine and Au thiosulfate is altered 
due to the presence of an excess of another anion (in this case, (S₂O₃)2⁻), 
which would take the place of [Au(S₂O₃)₂]3⁻ as counter-ion, and will 
return it back in the solution [6], as illustrated in Fig. 14 A. Concerning 
the stripping with NaCl + Na₂SO3, it is observed that a gold elution of up 

Fig. 12. PXRD analysis of different active carbons loaded with gold under acid and basic conditions. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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to 51 % is attained with the primary aminated carbon and 21 % is ob
tained with the quaternary aminated carbon. In this type of elution, the 
sulfite anion will first transform [Au(S₂O₃)₂]3⁻ into [Au(S₂O₃)(SO₃)]3⁻ 
[68], which is known to have a lowest affinity for the amine [6,69]. In 
fact, Jeffrey et al. [69] and Perera et al. [68], who studied elution 
strategies of gold thiosulfate in aminated resins, reported that in a sys
tem where sulfite species are present, [Au(S₂O₃)(SO₃)]3⁻ is the main 
complex adsorbed in resins, since it is more stable than [Au(S₂O₃)₂]3⁻ 
under these conditions. Moreover, they calculated the adsorption equi
librium K values and determined that while [Au(S₂O₃)₂]3⁻ has a K value 
of 0.53, the mixed complex [Au(S₂O₃)(SO₃)]3⁻ has a K value of 0.0003. 
Therefore, its affinity for the resin is much lower than [Au(S₂O₃)₂]3⁻. In 
consequence, [Au(S₂O₃)(SO₃)]3⁻ could be displaced by Cl⁻, which is 
present in high concentration in the eluent [6,69]. This elution strategy 
is illustrated in Fig. 14 B. 

TOF-SIMS and XPS analysis corroborate the successful gold strip
ping. Indeed, it is noticed that the quantity of Au detected by XPS is 
notably reduced after elution in all samples, as shown in Table 5. 
Additionally, the anions (S₂O₃)2⁻ and Cl⁻ are detected by TOF-SIMS 
analysis in both eluted samples (Figs. S5 and S6). Some of these an
ions may be taking part as counter-ions of the charged amine groups and 
some others may come from eluent residue, still present on the carbon 
surface. 

Furthermore, when the elution is carried out with the samples whose 
gold loading was done under basic conditions, it could be observed that 
the elution efficiency decreases with all eluents and types of sample 
(Table 4). However, an elution of up to 50 % and 56 % is still accom
plished for primary and quaternary amine samples, respectively, using 

Na₂S₂O₃ + NH₄OH as eluent. This reduction of efficiency may be due to 
the presence of Au⁰ in the samples, which would be more difficult to 
strip than [Au(S₂O₃)₂]3⁻. XPS and TOF-SIMS analysis done on the eluted 
solids show similar results in the samples gold-loaded at acid conditions: 
a notable reduction of Au detected by XPS is confirmed (Table 5), and 
the anions Cl⁻ and (S₂O₃)2⁻ are detected by TOF-SIMS analysis in both 
eluted carbons (Figs. S5 and S6), with similar characteristics as stated 
above. 

It is important to highlight that the elution yields that have been 
accomplished in this research are promising, since the stripping has been 
carried out under mild conditions and using green eluents. In fact, in the 
Zadras Elution process that is commonly employed to strip AuCN from 
loaded activated carbons, the elution solution (typically containing 1% 
sodium hydroxide and 0.2% sodium cyanide) is recirculated for 72 h at 
100 ◦C to achieve acceptable stripping yields. Working under this kind of 
conditions causes fine carbon generation, which is lost in mineral tails, 
along with its bearing gold [32,70]. Therefore, it is imperative to pro
pose alternatives where good elution yields can be obtained, minimizing 
the mechanical impact of the solid. 

4. Conclusions 

Granular active carbon has been successfully functionalized with 
primary and quaternary amine sites through covalent bonds. These 
functionalized carbons have been tested with gold thiosulfate solution 
and a remarkable enhancing of gold adsorption performance after 
treatment has been proven working under acid and basic pHs. Kinetics 
studies reveal that quaternary aminated carbon is the most efficient one, 
accomplishing 100 % gold recoveries in 2 h contact time, compared to 
non-functionalized material that gives < 18% recovery under similar 
conditions. Regarding primary-aminated AC, a 60% Au recovery is 
achieved after 2 h of contact, while complete Au recovery is obtained 
after 24 h. The performances of both functionalized supports are slightly 
affected by pH conditions, obtaining in all cases a gold adsorption >80 
%. The adsorption mechanism taking place in aminated carbons depends 
on the pH of the gold solution: under acidic conditions, an ion exchange 
mechanism seems to be the dominant mechanism of gold adsorption. In 
contrast, under basic conditions, the formation of Au⁰ species has been 
evidenced, in addition to ion-exchange phenomena. The best gold 
elution results are accomplished using Na₂S₂O₃ and NH₄OH with both 
aminated carbons, gold loaded at acid and basic conditions (up to 76% 
for AC-NMe₃⁺ and 67% for AC-NH₂). Additionally, NaCl + Na₂SO₃ shows 
promising elution results, especially in samples which were gold-loaded 
at acid conditions (up to 21% for AC-NMe₃⁺ and 51% for AC-NH₂). 
Hardness tests show that the functionalized carbons have the desired 
mechanical properties for being employed in Carbon-in-Pulp processes 
(H >86 %), without further pelletization, giving these carbons a high 
competitive advantage compared to strong-base resins. 
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