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ARTICLE INFO ABSTRACT

Keywords: Arsenopyrite, which is a typical gold-bearing mineral, is widely distributed in gold tailings. In this study, we have
Arsenopyrite examined the surface morphology of arsenopyrite before and after oxidation, the types of oxidation products, and
Oxidation

the oxidation mechanism. We have carried out froth flotation and contact angle measurements and found that
the wettability, which is a descriptor of the hydrophilicity of the arsenopyrite surfaces, increases with the levels
of surface oxidation. X-ray photoelectron spectroscopy (XPS) was used to analyze the elemental composition
before and after oxidation, which has demonstrated that both Fe(II) and As(IIl) oxidize to Fe(III) and As(V),
respectively. The microscopic changes of the surface at the atomic level were also examined by atomic force
microscopy (AFM), which indicated that the oxidation products gradually and partially cover the surface of the
arsenopyrite upon reaction with hydrogen peroxide. These observations explain why the arsenopyrite XPS signal
and the uniform change in wettability do not vanish completely during oxidation. Finally, density functional
theory (DFT) calculations were used to describe the oxidation of the surface As atoms by the O of the chem-
isorbed hydrogen peroxide molecules. The computational results also show that the hydrogen peroxide disso-
ciates into two hydroxyl groups that coordinate the Fe and As atoms on the surface of the arsenopyrite. The
results of this study have important implications for the reuse of gold tailings containing arsenopyrite.

Surface characterization
Density functional theory

1. Introduction tons of gold tailings annually [5,6]. In situ storage, which is the most
common method for treating gold tailings, uses a lot of arable land,
whereas the oxidation of the sulfides in the tailings produces acidic mine

wastewater, which is extremely harmful to human health and the

With the rising demand for gold across all industries, the quality of
basic ore deposits has gradually declined. Gold grades have currently

reached 3-4 g/t and are predicted to fall to just 1 g/t by 2050, as a result
of the depletion over time of the main high-quality gold ore deposits
[1,2]. The extraction and sorting of gold unavoidably produces a sig-
nificant number of by-products, known as gold tailings, which are
dumped close to the mine site and take up valuable land resource [3,4].
As more gold ore is being mined, more gold tailings are also being
produced. For example, China alone has been generating 24.5 million

environment [7,8]. Moreover, gold tailings still contain a significant
amount of recoverable gold, silver, and other metals, making them an
incredibly valuable secondary resource [9]. The prudent utilisation of
gold tailings can assist with resource recycling, while also contributing
to environmental conservation.

Arsenopyrite-containing gold ore is frequently found in basic gold
deposits and is typically hard to treat [10]. The arsenopyrite mineral

* Corresponding authors at: School of Chemistry, University of Leeds, Woodhouse Lane, Leeds, West Yorkshire LS2 9JT, United Kingdom (D. Santos-Carballal);
Biobank, Shenzhen Second People’s Hospital, First Affiliated Hospital of Shenzhen University, Shenzhen 518035, People’s Republic of China; National-Regional
Key Technology Engineering Laboratory for Medical Ultrasound, Guangdong Key Laboratory for Biomedical Measurements and Ultrasound Imaging, School of
Biomedical Engineering, Health Science Center, Shenzhen University, Shenzhen, China (D. Zhang).

E-mail addresses: D.Santos-Carballal@leeds.ac.uk (D. Santos-Carballal), u3005757 @connect.hku.hk (D. Zhang).

https://doi.org/10.1016/j.apsusc.2023.157673
Received 10 April 2023; Accepted 31 May 2023
Available online 10 June 2023

0169-4332/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:D.Santos-Carballal@leeds.ac.uk
mailto:u3005757@connect.hku.hk
www.sciencedirect.com/science/journal/01694332
https://www.elsevier.com/locate/apsusc
https://doi.org/10.1016/j.apsusc.2023.157673
https://doi.org/10.1016/j.apsusc.2023.157673
https://doi.org/10.1016/j.apsusc.2023.157673
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2023.157673&domain=pdf
http://creativecommons.org/licenses/by/4.0/

K. Jiang et al.

surrounds the gold particles in the ore, and because of the dense struc-
ture of the host, any leaching agent cannot effectively get into contact
with the gold particles, thereby lowering the recovery efficiency of the
precious metal [11,12], which ultimately is retained in the tailings. In
the past, the gold grade in these arsenic-bearing gold tailings was even
larger than in most current ore deposits,[13] because of the low effi-
ciency or inadequate separation techniques available at the time.
However, even now it is beneficial to analyze and utilize these because,
despite the presence of arsenic, they contain significant valuable
residue.

Arsenopyrite encapsulating gold particles will unavoidably be sub-
jected to weathering during the stockpiling process, creating diverse
oxidation products [14]. These oxidation by-products, which primarily
consist of insoluble carbonates and arsenates as well as hydroxy-iron
compounds, create loose and unstable hardpans on the surface of the
mineral [15], thereby facilitating subsequent oxidation [16]. As a result,
as the arsenopyrite oxidises, it breaks down and releases the gold over a
prolonged period of weathering. This process enables the efficient
leaching and recovery of gold without the need for expensive pre-
treatment that would otherwise be costly due to arsenopyrite encapsu-
lation. As such, research on the various stages of oxidation of arseno-
pyrite is crucial to gain insight into the exposure of the gold particles
from the arsenic-bearing gold tailings. Prior research on the oxidation of
arsenopyrite has largely concentrated on the release of Fe(IlI) and the
oxidation of arsenopyrite by oxygen in air [10,17]. In an acidic envi-
ronment, the Fe(Il) in arsenopyrite is initially oxidized to Fe(III), fol-
lowed by the oxidation of AsS?>™ to As(Il) and SO?{, and the slow
oxidation of As(IIl) to As(V) by oxygen [18-20]. However, since the
tailings are stacked outdoors, ultraviolet (UV) light plays a significant
role in the oxidation of arsenopyrite, as earlier research has shown [21].
Egs. (1)-(3) describe the chemical reactions for the oxidation of As(III)
by oxygen from air under UV light, which involves dissolution of As(III)
and formation of the O3~ and HO3 radicals. These radicals will then
react to form HyO5 (Eq. (4), (5)) [22]. H304 is clearly a better oxidizing
agent than O» and Fe(III), hence it has paramount importance in the
entire process of arsenopyrite oxidation in open pits. However, it is still
unclear how H,0, affects the oxidation process and morphology of
arsenopyrite.

As(IIl) + Oy + hv — As(IV) + O3 @
As(Ill) + 05 +H">As(IV) + HO3 2
As(IV) + Oy = As(V) + O3 3
HO>+ HO>—H,0, + O, @
HO>+ 05 + H'—=H,0, + O, %)

The potential impact of Hy0O- in the release of gold particles that are
encased within the arsenopyrite host have led us to study the oxidation
of this mineral phase using experimental and computational techniques.
In order to examine the recovery of arsenopyrite following oxidation by
various concentrations of HyOo, flotation tests were used, which is a
method frequently used in the mineral processing industry to separate
and enrich minerals. Atomic force microscopy (AFM) was used to study
the surface morphological changes of arsenopyrite at various levels of
oxidation. By using X-ray photoelectron spectroscopy (XPS) mapping,
the elemental composition of the oxidized arsenopyrite surface and the
corresponding chemical elements were determined. Finally, computer
simulations based on the density functional theory (DFT) were
employed to confirm the structure, energy, charge transfer, and elec-
tronic configuration of HyO, adsorbed on the surface of arsenopyrite.
The outcomes of these experiments and theoretical calculations provide
fundamental insight to support the resource exploitation of arsenic-
containing gold tailings.
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2. Materials and methods
2.1. Materials and reagents

The arsenopyrite mineral samples were collected from Guilin,
Guangxi, China. Arsenopyrite samples were first hand-selected for good
crystallinity and purity, crushed in an agate mortar, and dry sieved using
a 74 pm sieve. The off-sieve fraction was collected and washed three
times with anhydrous ethanol to remove the ultra-fine powder. The
washed samples were vacuum dried and stored for further analysis. The
chemical composition of the arsenopyrite samples was determined by
inductively coupled plasma (ICP) spectrometry and the results showed
that the tested material was 34.20% Fe, 44.80% As and 20.1% S, indi-
cating 97.39% purity of FeAsS. X-ray diffraction (XRD) results showed
that all samples had the arsenopyrite phase and good crystallinity. The
oxidation of arsenopyrite was tested as follows. Each time 2 g of arse-
nopyrite sample was placed in a 30 ml stirring tank and 20 ml of
deionised water was added. After adjusting the solution to pH = 3, the
corresponding concentration of Hy05 solution was added and the sample
was stirred for 3 min before filtering and drying under vacuum. All the
chemicals used were analytically pure (Sinopharm Chemical Reagent
Co., Ltd.) and deionised water (18.2 MQ-cm) was used in the
experiments.

2.2. Micro-flotation experiments

The flotation experiments were carried out using an XFG-II labora-
tory flotation machine (Jilin Exploration Machinery Factory, China). 2 g
of arsenopyrite sample with 20 ml of deionised water was added to a 30
ml flotation tank at 1800 rpm for each flotation measurement. After the
pulp stabilised, the pH was adjusted to an appropriate value by adding
HCl and NaOH, followed by the addition of sodium butyl xanthate and
stirring for 3 min. The froth product and tailings were collected, filtered,
vacuum dried and weighed to calculate the recovery. Three flotation
tests were carried out under each condition and the results were aver-
aged to give the final flotation recovery.

2.3. Wettability measurements

Wettability measurements on arsenopyrite surfaces were made using
a contact angle meter, model JC2000C. Before each treatment with
different concentrations of hydrogen peroxide, the arsenopyrite surface
was polished with a polishing agent to eliminate the effect of surface
roughness and oxidation prior to carrying out the contact angle mea-
surements. The polished arsenopyrite slices were immersed in the
hydrogen peroxide solution with the appropriate concentration for 3
min, which was followed by rinsing with deionised water and vacuum
drying. For each measurement, a 6 pl droplet of deionised water was
placed on the arsenopyrite surface using a micro-syringe and a high-
speed camera was used to film the droplet touching the surface as well
as the stabilisation process. The contact angle experiments were per-
formed using a five-point method, with three values measured at a time
and averaged as the final result.

2.4. Atomic force microscopy (AFM) imaging

The surface morphology of arsenopyrite was obtained using a
MultiMode 8.0 AFM (Bruker, USA). Arsenopyrite sample pieces with
freshly created surfaces and atomic-level smoothness were used as test
substrates. The cantilever of the test probe (SNL-10, Bruker, USA) ended
in a SigNy4 tip with a resonance frequency of 65 kHz and a spring constant
of 0.35 N/m. After imaging the natural arsenopyrite substrate, it was
immersed in HyO» solution at an appropriate concentration and pH for 3
min. Since the flotation data demonstrated that the pH range between 4
and 10 has a greater impact on arsenopyrite flotation recovery, we have
chosen a final intermediate pH value of 7.0. All images were acquired in
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air using a tapping mode and processed by Nanoscope Analysis v1.8
software. The depth of colour in the AFM images quantifies the high
morphological fluctuations of the mineral surface.

2.5. X-ray photoelectron spectroscopy analysis

VersaProbe II (ULVAC-PHI, Japan) was used for the XPS test, and a
200-W monochromatic Al K X-ray source (1486.7 eV) was used under
chamber vacuum conditions (vacuum pressure less than 110°° Pa).
During the investigation, an unidentified carbon C 1s peak with a
binding energy of 284.8 eV was used to calibrate all the elements. The
final data were analyzed with MultiPak software, and the Fe 2p3,s, As
3ds,2, and S 2p3/2 peaks were fitted with narrow scan spectra using the
Gauss-Lorentz method.

2.6. Computational details

The surface structure of arsenopyrite and the adsorbed species were
optimized using the Vienna Ab initio Simulation Package (VASP), which
is based on the plane wave density functional theory (PW-DFT) [23,24].
The interaction between ion nuclei and valence electrons was described
using the projected augmented wave (PAW) approach, and the electron
exchangecorrelation energy was calculated using the Perdew Burke
Ernzerhof (PBE) generalized gradient approximation (GGA) functional
[25,26]. The Grimme D3 method was utilized in all computations to
account for the long-range Van der Waals dispersion interactions in the
structures [27,28]. Test calculations showed that the energy of the
optimized system can converge to within 107 eV when the cutoff en-
ergy is 400 eV, whereas the Hellman-Feynman forces coverged to within
0.01 eV/A. A Monkhorst Pack mesh of 2 x 2 x 1 k-points was used to
model the surface and adsorption structures.

We have used the METADISE code[29] to cut the optimised crystal
structure of arsenopyrite and create its (001) surface. The surface
created by METADISE ensures that the dipole moment perpendicular to
the surface plane is zero. A 12 A vacuum gap is placed above the top
atom in the surface to avoid interaction with the periodic images.

Different initial HyOy adsorption modes, e.g. various hydrogen and
oxygen atom orientations and configurations, were fully optimised. The
most stable adsorption structures were utilized to establish if the
adsorption of Hy0, on the arsenopyrite surface can take place. The
adsorption energy (Eagqs) of HoO2 on the arsenopyrite surface was
calculated as:

Eads = ESurface+mol - ESurface - Emol (6)

where Ep, is the energy of the hydrogen peroxide molecule, and Egy;.
face-+mol and Egyrface are the energies of the combined HyO2-FeAsS system
and the pure surface, respectively. As such, exothermic reactions and
spontaneous adsorption processes lead to negative values of the
adsorption energy.

3. Results and discussion
3.1. Flotation recovery

Fig. 1 illustrates how pH and Hy05 concentration affect arsenopyrite
flotation recovery in a system with sodium butyl xanthate acting as a
trap. As can be observed, the flotation recovery of arsenopyrite under
acidic conditions, i.e. pH = 2, was significant in the absence of H20,.
Note that an equal volume of deionized water was added to maintain
similar experimental conditions. The recovery reduced as the pH rose to
4, but at pH = 6, the recovery increased to 60 %, although for pH > 6, we
found that the total recovery declined. The general flotation pattern of
arsenopyrite was disrupted by the addition of HyO», and the overall
recovery decreased with pH. If the HyO, concentration rises further,
arsenopyrite recovery at each pH tends to steadily decline, which shows
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Fig. 1. Flotation recovery of arsenopyrite as a function of pH and H,O5 con-
centration when sodium butyl xanthate is the collector and methyl isobutyl
carbinol is the frother (SBX = 60 mg~L’1, MIBC = 20 mg~L’1).

that arsenopyrite is inhibited by the oxidation of HOx.

The floatability of arsenopyrite was relatively large at all HyO»
concentrations for pH = 2, since the majority of the oxidation products
under acidic conditions were primarily in the form of hydrophobic iron
ions. After the pH increased to 4, it was evident that the flotation curves
in the presence of HyOy were significantly inhibited compared to the
experiments in the absence of HyO5. We found that the hydroxyl iron
species, which concentration rises in solution with pH, adsorb on the
mineral surface, thereby increasing the hydrophilicity of the surfaces
and inhibiting flotation of the material.

3.2. Surface wettability

The contact angle is an important parameter in froth flotation, as it
measures the wettability of the solid surface, which describes the hy-
drophilicity or hydrophobicity of the mineral surface. As can be seen
from Fig. 2, the contact angle of the natural arsenopyrite surface before
interaction with HpO4 is 70.9°, which indicates the naturally hydro-
phobic character of this material. When the surface of arsenopyrite was
treated with 20 mg-L ™! of Hy0s, the contact angle decreased to 47.5°,
indicating oxidation of the mineral surface and an increase of hydro-
philicity. When the H>0 concentration was increased to 60 mg-L’l, the

90
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15 [ ;

0 mg-L"! 20 mg-L! 40 mg-L"!
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Fig. 2. Variation in contact angle of arsenopyrite at different H,0,
concentrations.
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contact angle was further reduced to 9.8° and the surface became fully
hydrophilic. The results of the microbubble flotation tests are also
compatible with these findings, as they show that when the concentra-
tion of H»O, rises, the oxidation of the arsenopyrite surface progres-
sively increases, leading to the gradual accumulation of hydrophilic
species at the surface and the reduction of the floatability of the mate-
rial. These findings demonstrate that hydrogen peroxide also alters the
floatability of the system by modifying the wettability of the arseno-
pyrite surface.

3.3. Surface morphology

Fig. 3 shows the surface of arsenopyrite before and after being sub-
merged in solutions with different concentrations of HyO5. In order to
discuss the distribution and accumulation of oxidation products on the
mineral surface, the 3D morphologies show the average height and root-
mean-square (RMS) surface roughness. Fig. 3 also illustrates the effect of
the degree of oxidation on the surface morphology of arsenopyrite.

As seen in Fig. 3(a), the surface of a natural arsenopyrite sample was
examined using atomic force microscopy before oxidation, in order to
use it as a reference in comparisons with the surface morphology after
oxidation by H2O,. Because there are no impurities or crystal flaws on
the surface of natural, non-oxidized arsenopyrite, it is evident that the
surface is essentially flat and there are no significant areas of uneven-
ness. We found that the average height of the surface was 2.03 nm, and

(A) Natural

Parameters

Length: 2.50 pm
Width: 2.50 pm
Mean value:  2.03 nm
B 0.00 nm RMS: 0.36 nm

(C) Oxidized with 40mg-L" H,0,

[ |

(=)

=] Parameters

] Length: 2.50 pm
= I7l AI(;I nm Width: 2.50 pm
B 370 om Mean value: 18.44 nm
Il 0.00 nm RMS: 4.42 nm
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the roughness was 0.36 nm for the pristine material.

Arsenopyrite begins to evenly show convex patches on its surface
after 30 min of soaking in a 20 mg-L’1 H50, solution (Fig. 3(b)). The
development and buildup of surface oxidation products is the primary
cause of this observation, and the shape of the protrusion is primarily
determined by the crystal structure. The result of surface wettability is
consistent with this shift in surface morphology. The oxidation experi-
ments were carried out at pH = 7, which led to the adsorption of a large
concentration of hydrophilic species onto the arsenopyrite surface. The
surface becomes covered with the newly formed hydrophilic oxidation
products, thereby increasing its wettability. In contrast to the natural,
unoxidized arsenopyrite surface, the average height of the surface after
oxidation using the H,O, solution with a concentration of 20 mg-L™! is
12.05 nm, and the surface roughness is 3.05 nm.

As anticipated, when the concentration of the H,O, solution is
increased to 40 and 60 mg-L ™}, the oxidized arsenopyrite surface ex-
hibits an increased protrusion area, larger protrusion height surface, and
rougher overall surface (Fig. 3(c) and (d)), mainly caused by the accu-
mulation of additional oxygenated products and the consequent
expansion of the surface reaction area. The average height and rough-
ness of the arsenopyrite surface increased after oxidation to 18.44 and
22.28 nm, for H,0, concentrations 40 and 60 mg-L ™! respectively, while
the roughness was 4.42 and 4.78 nm. The results also show that the
oxidation products gradually grow and accumulate on areas with sur-
face defects, increasing the wettability of arsenopyrite .

(B) Oxidized with 20mg-L"' H,0,

Height
Bl 31.86nm
()
]
[ 21.
(] \ Parameters
=] Length: 2.50 pm
- 10.62 nm % 8! L "
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Fig. 3. AFM 3D images of arsenopyrite surfaces under different conditions. (a) Natural arsenopyrite surface; (b) 20 mg-L~! H,0,-impregnated arsenopyrite; (c) 40
mg-L~! HyO,-impregnated arsenopyrite; (d) 60 mg-L™ H,0,-impregnated arsenopyrite.
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3.4. High-resolution XPS

XPS was used to examine the oxidation products on the surface of the
arsenopyrite in solutions containing various concentrations of hydrogen
peroxide. In order to calculate the chemical states and relative concen-
trations of the elements on the surface of oxidised arsenopyrite, the
binding energy of each element was determined by fitting their spectra.
Figs. 4-6 display the high-resolution XPS spectral peak position fitting,
and Table 1 lists the calculated relative contents of each chemical
element.

First, as can be seen in Fig. 4, the Fe 2p3/» signals were primarily
matched to two recognizable peaks with binding energies that were
situated at 707.08 and 711.17 eV, respectively. It is possible to infer that
only the low spin Fe(II) state, which displays a single peak at 707.08 eV
corresponding to the chemical state of Fe in unoxidized arsenopyrite, is
present on the mineral surfaces [30,31]. With rising H,O2 concentration,
the peak in arsenopyrite corresponding to Fe(Il) steadily declines. In
contrast, the peak at 711.17 eV is caused by the Fe(IIl) ion resulting from
the oxidation of the arsenopyrite surface [32,33], which rises with an
increase in HoO5 concentration, and the formation of Fe oxides.

After oxidation, the As 3d spectra (Fig. 5) are primarily split into
three peaks, with binding energies of 41.22, 43.77, and 45.06 eV for the
3ds,2 level, characteristic of As 1-871[30-32,34], As®*-0, and As®*-O
groups, respectively [35-37]. As'™-S is the chemical state of As in
arsenopyrite in the absence of oxidation. When arsenopyrite starts to
oxidize, the oxide species gradually accumulate and cover its surface, as
shown by the two chemical states of As>*-O and As®>"-O appearing with
an increase of HyO5 concentration. The relative content of As®T-0 was
larger than the more oxidized As®*-O state prevalent in low concen-
trations of HyO», confirming that the former species was formed during
the initial phase of surface oxidation. We found that arsenopyrite con-
tent on the surface declines dramatically with the HyO» concentration,
as As~! becomes oxidised.

Fig. 6 displays the results of peak fitting of the S 2p spectra after the
surface of the arsenopyrite was oxidized. Two peaks of the S 2p3/s
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spectrum, with binding energies of 162.25 and 168.17 eV, correspond to
the chemical states AsS®~ and 50‘21_, which is a post-oxidized state
[31,33,38], where AsS®~ denotes the chemical state of S atoms in
arsenopyrite [30,35,37]. The relative content of AsS>~ noticeably de-
creases with increasing H,O5 concentration because of the accumulation
and coverage of oxidation products on the surface, whereas the relative
content of SOF~ gradually increases with H,O concentration, denoting
the accelerated oxidation of elemental S. The XPS results for all the
arsenopyrite elements demonstrate that deep oxidation cannot shield
the elemental detection signal of this mineral. Note that, as demon-
strated by the AFM experiments, the distribution and thickness of
oxidation products cannot be greater than the detection range of XPS.
However, both, XPS and AFM show that as H,O, concentration rises, the
degree of oxidation of the arsenopyrite surface deepens, as the height
and roughness of the AFM image increases. This change in the surface
structure causes a reduction in the amount of exposed elements of
arsenopyrite detected by our XPS experiments and an increase in the
number of hydrophilic species available on the surface of the mineral,
which is also consistent with the wettability results.

3.5. Adsorption of hydrogen peroxide

3.5.1. Adsorption structures

Density functional theory calculations were used to calculate the
adsorption energies, bond lengths, and electron change transfers before
and after adsorption of hydrogen peroxide on the As, S, and Fe sites of
the (001) surface of arsenopyrite. The most stable configurations are
shown in Fig. 7 and the electron transfers as well as the adsorption en-
ergies are shown in Table 2.

First, the orientation of the H-atoms in hydrogen peroxide has a
significant impact on the adsorption energy. The results clearly show
that an H-atom facing downward is not favorable for overall adsorption,
with the adsorption energy ranging from -33.77 to —26.05 kJ/mol. In
contrast, when the H-atom is facing upward, the O in hydrogen peroxide
directly interacts with the As and S atoms on the surface of arsenopyrite,
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Fig. 4. Fe 2ps,, spectra of arsenopyrite after oxidation for H,0, concentrations of: (a) 20 mg-L™!, (b) 40 mg-L ™! and (c) 60 mg-L 1.
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Fig. 5. As 3d spectra of arsenopyrite after oxidation for H,O, concentrations of: (a) 20 mg-L ™, (b) 40 mg-L™! and (c) 60 mg-L™1.
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Fig. 6. S 2p spectra of arsenopyrite after oxidation for H,O, concentrations of: (a) 20 mg-L~%, (b) 40 mg-L ™! and (c) 60 mg-L 1.

and the adsorption energy ranges from —368.57 to —254.72 kJ/mol.
Consequently, it is evident from the binding energies that strong
hydrogen peroxide adsorption only takes place when the adsorbate O

atoms can coordinate directly to the surface atoms. However, only weak
physisorption occurs when the H-atom is directly interacting with the
surface.
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Table 1
Relative contents of Fe 2p3,5, As 3ds,» and S 2p3,, on the surface of arsenopyrite
after oxidation.

Element Binding Chemical Relative intensity (%)
energy state o 20 0 50
mgLl?! mgL?! mgL?! mgL!
Fe 707.08 Fe*-AsS 100.00 40.83 21.26 15.97
711.17 Fet-0 0.00 59.17 78.74 84.03
As 41.22 As'™-S 100.00 52.36 25.89 23.21
43.77 As>T-0 0.00 36.65 29.46 17.26
45.06 As°T-0 0.00 10.99 44.65 59.53
S 162.25 AsS?~ 100.00 86.96 74.07 61.35
168.17 S03~ 0.00 13.04 25.93 38.65

Additionally, as seen in Fig. 7(a), hydrogen peroxide forms two As-O
bonds with bond lengths of 1.84 and 1.92 A on the surface of arseno-
pyrite, where it is adsorbed to the same As atom as two hydroxyl groups.
We found that the adsorption energy was —254.73 kJ/mol in this
adsorption mode. It is observed that hydrogen peroxide also dissociates
into two hydroxyl groups over the surface S atom, which is consistent
with previous reports [39]. We tested the adsorption of HoO; at the S
site, but found that the molecule indeed dissociates and the O atoms
prefer to coordinate two nearby As atoms, with bond lengths of 1.84 and
1.81 A (Fig. 7(c)). Despite the fact that the two O species were bound to
two separate As atoms, it was clear that the As,—O; bond length was
shorter than when the OH groups adsorb at the same As atom. As a
result, the adsorption energy was —368.57 kJ/mol at nearby As sites,
which was higher than the value calculated at the same As site, and it
follows that arsenopyrite has a greater affinity for HoOy adsorbing on
two nearby As atoms than to the same As atom. At the Fe site, the
adsorbed H,05 will again dissociate into two hydroxyl fragments Fig. 7
(e). Upon interaction with the mineral surface, the two hydroxyl groups
form Fe-O and As-O bonds, releasing a total adsorption energy of
—314.54 kJ/mol. The bond length of the As-O bond (1.78 f&) was shorter
than the As-O bond at the two previous sites, i.e. one As and two nearby
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As atoms. However, the presence of the Fe-OH species caused an overall
weaker adsorption energy than for two nearby As-OH species, explain-
ing the intermediate adsorption energy calculated for this interaction.
However, bonding to two different atoms always led to a higher
adsorption energy than bonding to a single atom. The adsorption energy
at the Fe site was still higher than at a single As site.

3.5.2. Electronic properties

In order to describe the electronic properties of the adsorption sys-
tems, the atomic charge transfers have been calculated [40,41], see
Table 2. When a single As atom is bound by two OH groups (Fig. 7(a)),
the surface As; atom loses 0.80 electrons (e”) during adsorption,
demonstrating oxidation of As(III) to As(V), while the nearby As atom,
despite not being a direct participant in the reaction, still loses 0.12 e™,
demonstrating a slight overall oxidation on the surface of the arseno-
pyrite. The O atoms from the OH fragments gained 0.53 and 0.58 e,
indicating that they were the main oxidizing agent, reducing their
oxidation number from —1 to —2. The results after adsorption at two
nearby As sites showed that the two O atoms from the OH fragments also
received 0.53 and 0.58 e upon adsorption (Fig. 7(c)), proving that the

Table 2

Adsorption energy (Eaqs) of HyO5 on the FeAsS(001) surface and charge transfers
(Aq) of As, S and Fe atoms on the surface of arsenopyrite before and after
hydrogen peroxide adsorption (A positive charge difference indicates that the
adsorption site gains electrons).

0, 0, As; As, Fe; Eags/kJ-mol !
Ag/e” Aq/e” Aq/e” Aq/e” Aq/e”

(a) 0.53 0.58 -0.80 —0.12 —0.03 —254.72

(b) —0.01 0.00 -0.12 0.01 0.00 —26.05

(© 0.53 0.58 —0.54 —~0.56 0.00 —368.57

(d 0.02 -0.02 -0.01 —0.08 0.01 —27.02

(e) 0.51 0.54 —0.62 0.01 —0.21 —314.54

® 0.02 0.02 -0.10 —0.02 0.01 -33.77

LA
SRR A
W‘sﬁ ot

E 4= -254.72 kd/mol

As site-H,0, up

,.(

VERE

Two nearby As
si(e—H,O2 up

}‘ As site-H,0, down

E, 4= -26.05 kJ/mol
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Sl AWE L A0
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site-H,0, down

Nearby Fe and As
sitc- ,0, down

From As site to Fe site

Fig. 7. Geometric configuration of the arsenopyrite surface after hydrogen peroxide adsorption: (a) H up for H,O- on a single As site, (b) H down for H,O- on a single
As site, (c) H up for H>O, on two nearby As sites, (d) H down for H,O5 on two nearby As sites, (e) H up for H,O» on nearby Fe and As site, (f) H down for H,O» on

nearby Fe and As site.
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O atoms underwent similar electron transfers during the oxidation
processes at a single and two nearby As sites. The As; and As; atoms, on
the other hand, lose 0.54 and 0.56 e, respectively, demonstrating that
they become equally oxidized. However, the total charge transferred
from the two As atoms is higher after adsorption at two nearby As sites
(—1.10 ") than at the single As site (—0.92 e™), since the OH groups can
draw more charge from separate As atoms than from a single one. As;
and Fe; lose 0.62 and 0.21 e, respectively, when the two OH fragments
interact with the surface Fe site (Fig. 7(e)). Similar to the oxidation of
the As(III) atoms to As(V) due to the loss of electrons, the Fe atom also
oxidizes, becoming Fe(III). The As; atom loses the largest charge, since it
has larger electronegativity than Fe. The formation of the Fe-O bonds
leads to an overall adsorption energy that is intermediate between the
energy released upon adsorption at two nearby As sites and at a single As
site.

So far, our discussion have been centred on adsorption modes where
the H,O5 molecule dissociates into two OH fragments, whereby an O
atom is directly interacting with the surface of the arsenopyrite. We also
found physisorption modes, where the H atom was bound to the surface,
see Fig. 7(b), (d), and (f). For these physisorption modes, the atomic
electron transfers are negligible, with the exception of the modest
oxidation of the As atom, which loses 0.08-0.12 e™. This supports our
observation that low adsorption energies between —26.05 and -33.77
kJ-mol ! are also connected to only minor surface oxidation processes
occurring during these physisorption modes.

In order to shed light on the nature of the interaction between the
H,02 molecule and the arsenopyrite surface, the projected density of
states (PDOS) of the atoms involved in the adsorption are displayed in
Figs. 8-10. It can be seen in the PDOS of the free H,05 prior to adsorption
and of the exposed atoms on the arsenopyrite surface, that the region
around the Fermi energy level is dominated by p states from the lone
pair electron density of the anions. As a result, these orbitals are antic-
ipated to interact strongly during adsorption of the HoO5 molecule with
the mineral surface.

After adsorption on the As sites, we discovered that the O atoms of
H,0, interact with the p states of the surface As ions, which vanished or
reduced the O-p states around the Fermi level, as shown in Fig. 8.
However, the energy level and PDOS of the As-p state was altered visibly
after adsorption, indicating intense hybridization between the O and the
As; atoms. Note that, since there is no adsorption on the As; and Fe;

Applied Surface Science 637 (2023) 157673

atoms, the electronic properties of these ions are largely unaltered. H,O5
is stable through physical adsorption at this stage because the H atom in
contact with the surface only undergoes a transition to energy levels
below the O-p state, while the electronic densities of the other relevant
atoms remain essentially unchanged [42].

The O-p state close to the Fermi energy level disappears or decreases
when the OH fragments adsorb at the nearby As sites, indicating strong
hybridization between the O and As atoms, see Fig. 9. We found that the
p states of the As; and As; atoms changed in comparison to their non-
adsorbed states. Although the changes of the the electronic states of
As; and As; in the PDOS were smaller than the changes calculated for
the adsorption on a single As; atom, our results are still in line with the
observed electron transfers. Our results demonstrate that the OH frag-
ments form stable chemisorption modes with nearby As sites. Similar to
the interaction with the single As site, the adsorption of H atoms has
minimal impact on the electronic properties of the majority of the sur-
face atoms, causing only slight changes of PDOS bands and energies and
confirming that these are physisorption modes.

The changes in the electronic density of states of the p orbitals of the
O atom after adsorption at the Fe site show hybridisation with the cation
(Fig. 10). Similarly, the shifts of the electronic density of states of the As;
and As, atoms after interaction at the two nearby As sites are also almost
identical after adsorption at the single As site. The main difference is the
larger change in the As-p state than in the Fe-d state due to hybridisation
with the O-p orbitals. Finally, we found that the physisorption modes
have no impact on the density of states of the H atoms interacting with
the surface.

4. Conclusions

In this study, we have reported the chemical oxidation behavior of
the arsenopyrite surface in HoO5 solutions of varying concentrations, as
well as identified the oxidation products. Using froth flotation recovery
and contact angle, it was possible to analyze how the wettability of the
arsenopyrite surface changed for different levels of oxidation. AFM
images showed both the accumulation of oxidation products and
changes in the surface morphology of arsenopyrite. We have used XPS
spectroscopy to determine changes in the oxidation states of the surface
atoms of arsenopyrite, whereas DFT calculations have been employed to
determine the HoO5 adsorption geometries and changes in the electronic
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properties of the arsenopyrite surface.

The main conclusions of this investigation are summarised below.

(1) The froth flotation recovery results demonstrate that hydrophilic

(2)

species are clearly formed on the arsenopyrite surfaces during
oxidation, limiting the capacity of the mineral to float. The con-
tact angle measurements also indicate a consistent increase of the
surface hydrophilicity as the hydrogen peroxide concentration
increases.

The AFM images demonstrate that oxidation products accumu-
late and grow, covering the surfaces of the arsenopyrite,
following the reaction of this mineral phase with solutions con-
taining an increasing concentration of HyoO. XPS experiments
show that surface Fe and S atoms undergo continuous oxidation,

3

-

becoming Fe(III) and S0%, respectively, whereas As undergoes
stepwise oxidation to As(III) and subsequently to As(V).

DFT calculations clearly show that the orientation of the
hydrogen and oxygen atoms of the HyO2 molecule has a sub-
stantial impact on the adsorption energies. The HyO, molecule
adsorbs physically via its H atoms onto the arsenopyrite surface,
whereas the interaction through the O atoms leads to stable
chemisorption modes. The most stable adsorption mode of the
H,02 molecule is formed by the O atoms coordinating two As
atoms of the arsenopyrite surfaces.

The findings presented in this paper provide new information to
enhance our understanding of the oxidation process of arsenopyrite in
ambient conditions and they assist in opening a real possibility for the
exploitation of arsenopyrite-containing gold tailings.
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