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Abstract

Pyrite is separated from other minerals mainly by flotation. However, the hydrophilicity of pyrite is affected by many factors,
causing it to easily enter the concentrate and consequently reduce the quality of concentrate. Highly efficient pyrite depres-
sants can be selectively adsorbed on the surface of pyrite to improve its hydrophilicity, thereby increasing the flotation separa-
tion efficiency. Understanding the fundamental inhibition mechanism of depressants on pyrite is a prerequisite to improve the
flotation desulfurization efficiency. The inhibition ability and mechanism of different types of pyrite depressants are reviewed
in this manuscript. In recent years, molecular simulation has increasingly become a powerful tool to study the interaction
between reagents and minerals, shedding new light on the adsorption mechanisms of reagents on mineral surfaces at the
atomic and electronic levels. The properties of sulfide mineral and flotation reagents as well as the microscopic adsorption
mechanistic studies of reagents on mineral surfaces based on quantum chemistry and molecular simulation are also reviewed.
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1 Introduction

Pyrite (FeS,), one of the most common sulfide minerals, is
not only associated with coal and nonferrous metals (chalco-
pyrite, galena, and sphalerite) (Wang and Forssberg 1991),
but also it is the primary carrier of some precious metals
such as gold and silver (Bi et al. 2020). Existence of pyrite
in minerals and coal greatly affects their quality (Mu et al.
2016b). Furthermore, oxidation of pyrite in the tailings
is one of the main reasons for the formation of acid mine
wastewater (AMD) (Chen et al. 2014b; Bai et al. 2021).
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China has abundant coal reserves (Li et al. 2020). The
coal reserves in China were estimated at 138.819 billion
tons in 2018, accounting for 13.2% of the world’s total coal
reserves (Cheng et al. 2019a, 2020a, b). The range of sul-
fur content in various grades of coal is shown in Table 1;
the proportions of medium-high sulfur coal and high sulfur
coal are 7% and 3%, respectively (Tang et al. 2015). Sulfur
in coal can be classified into inorganic sulfur and organic
sulfur. Inorganic sulfur mainly exists in the form of sulfide
minerals (mainly pyrite), accompanied by a small amount
of sulfate. On the other hand, thiophene (C,H,S), organic
disulfide (R-S—S—R), thiol (-SH), and thioether (R—S—R) are
the main forms of organic sulfur (Xu et al. 2021; Xiong et al.
2020). Pyrite accounts for about 60%—70% of the total sulfur
in high-sulfur coal (Wang 2013). The main forms of pyrite
in coal are finely dispersed pyrite, large blocks of pyrite,
invaded pyrite, and stuffed pyrite (Yu 2013). In China, about
80% of coal is used as fuel (Tao et al. 2014), producing
gaseous SO, when burnt (DeCuir et al. 2021). This gase-
ous SO, then easily causes acid rain (Cheng et al. 2019c),
which pollutes the environment, damages buildings, as well
as accelerates the corrosion of metal parts such as boilers
and pipelines (Cheng and Zhang 2018). In addition, the con-
version of SO, from gaseous to solid state also contributes
to the formation of PM2.5 (Xu et al. 2021). Coal with a high
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Table 1 Sulfur content in various grades of coal

Grade S a4 (%)
Ultralow sulfur coal <0.50
Low sulfur coal 0.51-1.00
Low-medium sulfur coal 1.01-1.50
Medium sulfur coal 1.51-2.00
Medium-high sulfur coal 2.01-3.00
High sulfur coal >3.00

pyrite content is also known to promote the oxidation and
spontaneous combustion of coal, thus triggering transporta-
tion security risks.

Pyrite is often distributed in rock in the form of blocks or
filled along the cracks of rock in the form of veins. Particle
size distribution of pyrite is generally within the range of
0.3-0.5 mm, mainly associated with chalcopyrite, galena,
and sphalerite (Liu and Zhou 2016). Strawberry-shaped
pyrite in manganese is composed of multiple pyrite berries
and formed during the formation of manganese ore, whereas
euhedral-semi-automatic pyrite and pyrite beds formed dur-
ing the diagenesis exist in manganese-bearing rocks (Wang
et al. 2016).

Because of different formation conditions of coal-derived
pyrite (coal pyrite for short) and ore-related pyrite (ore
pyrite for short), their physicochemical properties are vastly
different. Xi et al. (2016) assumed that the S atoms were
replaced with C atoms in coal pyrite. In addition, the S/Fe
molar ratio of ore pyrite is 1.96:1, close to the standard S/
Fe molar ratio (2:1), and the C content is only 6.82%. On the
other hand, the S/Fe molar ratio of coal pyrite is 1.85:1, and
the C content reaches 19.46% (Yu 2013). Therefore, a part
of S atoms might be replaced with C atoms in coal pyrite.
However, the existence of C in coal pyrite is complex, where
C atoms might exist in the form of C—Fe compounds (Shao
et al. 1994). Xu (2018) compared the magnetic susceptibility
and thermal stability of coal pyrite and ore pyrite. The mag-
netic values of coal pyrite and ore pyrite reached the maxi-
mum at 500 °C and 550 °C, respectively. In other words,
ore pyrite required a higher temperature to achieve stronger
magnetic properties compared to coal pyrite. In addition,
coal pyrite had a lower pyrolysis temperature and greater
maximum weight loss than those of ore pyrite, indicating
that the existence of organic matter in coal pyrite affected
its pyrolysis.

The separation difficulties of coal pyrite and ore pyrite are
different due to the difference in their physicochemical proper-
ties. Xi et al. (2016) showed that the hydrophobicity of coal
pyrite is higher due to the substitution of C. In addition, finely
dispersed pyrite is embedded in coal and coexists with coal in
the form of coal pyrite conjoined body. Cao et al. (2019) found
that the content of coal pyrite bodies was far higher than that of
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coal and pyrite monomers in raw coal despite it being ground
for 150 s. Therefore, the coexistence of coal and pyrite is the
main factor affecting their separation.

Doped atoms (Co, Ni, Cu, Au, Sb) often exist in pyrite,
leading to higher surface oxidation activity and floatability,
larger unit cell, and lower pyrite hardness (Tu 2017). Besides,
pyrite floatability is also affected by its activation, oxidation,
single-crystal morphology, lattice defects, impurity types, and
content. For example, pyrite containing Au, Ni, Co, and C
atoms has better floatability (Xian 2013).

As one of the most commonly used sulfide mineral col-
lectors (Bulut and Atak 2002; Valdivieso et al. 2005; Yang
et al. 2018), xanthate has satisfactory collection efficiency of
pyrite. However, it is necessary to suppress pyrite rather than
collect pyrite in many cases. Therefore, efficient pyrite depres-
sants play an important role in flotation. Mu et al. (2016b)
reviewed widely used pyrite depressants and their interaction
mechanisms. In recent years, with the rapid development of
theoretical chemistry and computational chemistry, quantum
chemistry and molecular simulation have become increasingly
powerful tools to study the molecular properties of flotation
reagents and reagent/mineral interaction. As such, further
review is needed on the advances in pyrite depression in these
aspects. Here, based on the commonly used pyrite depressants,
recent studies on the surface properties of sulfide minerals,
flotation characteristics of reagents, and adsorption of reagents
on mineral surfaces are reviewed from the perspective of quan-
tum chemistry and molecular simulation. The advantages of
computational simulation and its future development prospects
are also analyzed.

2 Oxidation and surface activation
pathways of pyrite in solution

Pyrite is easily oxidized in solutions, affecting the adsorption
of collectors on its surface (Huang et al. 2013; Niu et al. 2019).
Oxidation extent of S atom in pyrite is closely related to pulp
pH. When the pH is less than 6, elemental sulfur (S°) is the
main existing form of S atom; with the increase in pH, S0
gradually oxidizes to SO,>~ (Niu et al. 2019). The hydropho-
bicity of pyrite is enhanced by S” and polysulfide (S,2~), while
SO,>~ and SO32_ exhibit better hydrophilicity (Huang et al.
2013). Therefore, an alkaline environment is preferred for the
depression of pyrite (Bulut et al. 2011; Sarquis et al. 2014).
Reactions involved in the oxidation of pyrite are as follows
(Liu et al. 2020a):

FeS, + 11H,0 - 15¢~ — Fe(OH); + 2SO;™ + 19H* (1)

0, + 4e” + 4H" - 2H,0 )
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Shi et al. (1997) reported that unoxidized and highly oxi-
dized pyrite had preferable hydrophilicity. Jin et al. (2015)
studied the effect of oxidation on the interfacial water struc-
ture on pyrite surface. Hydrogen bonds and electrostatic
attraction between Fe(OH); and H,O increased the wetta-
bility of pyrite. Here, Fe(IlI) might be adsorbed on pyrite
surface as Fe(OH)** and Fe(OH)," (Yang et al. 2018). The
concentration of these Fe-containing substances adsorbed
on pyrite surface was dependent on the oxidation degree of
pyrite (Fairthorne et al. 1997). On a different note, Cu dis-
solves from the chalcopyrite lattice, leaving a metal-deficient
sulfur-rich surface, which is then readsorbed or precipi-
tated as hydroxide species on the chalcopyrite surface. The
hydrophobicity and flotation performance of chalcopyrite
are as such dependent on oxidation processes, i.e., metal
dissolution that produces a hydrophobic surface and metal
hydroxide precipitation that produces a hydrophilic surface
(Fairthorne et al. 1997).

In a different manner, pyrite could be surface activated by
the Cu atoms present in pulp. Cu®** adsorbed on the pyrite
surface undergoes an immediate redox reaction with S*~ to
generate Cu™ and S~; at the same time, Fe?* is oxidized to
Fe3t by S™, which then reduces to s> (Fig. 1) (Fletcher et al.
2020). After being activated by Cu*, the surface potential
of pyrite changes from positive to negative; this potential
was observed to be close to that of CuFeS,. Chalcopyrite
(CuFeS,) layers might have formed on the pyrite surface
(Ejtemaei and Nguyen 2017). CuFeS, easily interacts with
xanthate or oil collectors, improving the floatability of pyrite
under alkaline conditions (Fletcher et al. 2020). In addition,
Cu activation of sphalerite occurs in two steps: (1) substitu-
tion of Zn** with Cu?* and (2) oxidation of S*~ to S~ by
the reduction of Cu®* to Cu™, followed by a CuS-type layer
formation on the mineral surface. The zeta potential of cop-
per-activated sphalerite showed almost similar zeta potential
as that of CuS (Fletcher et al. 2020). Thus, the floatability
of sphalerite is affected by the concentration of copper. At
low copper concentrations, sphalerite flotation increased due
to the formation of a sulfur-rich surface, following copper
adsorption (as Cu?* or Cu(OH),), its exchange with zinc at
the surface and in the sphalerite lattice, and the reduction
of cupric sulfide to cuprous sulfide with the oxidation of
sulfide to polysulfide; at higher copper concentrations, above

the solubility limit of Cu(OH), and in the pH range 7-11,
copper hydroxide started to precipitate on the polysulfide
surface and depressed sphalerite flotation (Fornasiero and
Ralston 2006).

3 Pyrite depressants and their mechanism
3.1 Coal pyrite depressants

Although the contact angle is smaller and the induction
time of coal pyrite is longer than those of coal (Qi et al.
2019), coal pyrite has better floatability than ore pyrite due
to the doping of C atoms. Efficient depressants are needed
to inhibit the floatability of pyrite in the flotation separa-
tion of coal and pyrite. Liu and Wu (2015) noted that the
desulfurizing efficiency of thioglycolic acid (TGA) depres-
sant is higher than that of vitamin C and lime. Shao et al.
(1997) reported that the Fe sites of pyrite (active adsorption
areas of xanthate) were occupied by the SH group of TGA.
Furthermore, the negative charge of coal pyrite surface was
enhanced by TGA, which caused electrostatic repulsion
between pyrite and coal. The depression performance of
other depressants decreased in the following order: tannic
acid (TA) > sodium humate (NaA) > pyrogallol > calcium
hypochlorite > starch (Yu 2013). Although TA and NaA
exhibited good performance by reducing the hydrophobic-
ity of pyrite, they induced strong corrosion and depression
effects on clean coal, therefore rendering them unsuitable
for the floatability of clean coal.

Both strong oxidants and reductants can be used
as depressants, but oxidants might cause the loss of
clean coal. Shi et al. (1997) reported that the reductant
C¢H;(OH); effectively depressed coal pyrite by lower-
ing the pulp potential or forming hydrophilic complexes
with Fe ions on the mineral surface. Sotillo et al. (1997)
reported that hydrophilic complexes formed by the reac-
tion between TEPA ((NH,),"CSC,H,PO(OH)O") and the
Fe atoms of pyrite as a new depressant removed a part of
pyrite, but had no effect on ash removal rate. On a differ-
ent note, H,0, is the most common oxidant for desulfuri-
zation and can provide good sulfur removal rate (Pecina
et al. 2012); however, it causes environmental pollution.

s

Oxidation: S*—§

Reduction: Cu**—Cu®

Reduction: S—S*

Fig. 1 Surface activation of pyrite by Cu.2*. Modified with permission from Ejtemaei and Nguyen (2017)
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In addition, H,O, might also have destructive effect on
coal quality. Therefore, when oxidants or reductants are
used to assist desulfurization, the recovery of these rea-
gents should be considered.

Recently, carrier-microencapsulation (CME) technol-
ogy has been developed (Jha et al. 2011, 2008; Satur et al.
2007). The mechanism of CME is that when organic car-
riers (such as catechol) and metal ions (such as Ti** and
Si**) are added to the pulp, coordination compounds are
formed on the mineral surface. The organic carrier is then
oxidized and decomposed, and hydrophilic metal oxide/
hydroxide layers are formed by the released metal ions.
Jha et al. (2011) reported that the synthesized coordina-
tion compound Si(cat);*>~ formed hydrophilic SiO, and
Si(OH), on pyrite surface (Eqs. (3) and (4)). Nonetheless,
Si(cat);>~ cannot decompose and form hydrophilic film
layers on the coal surface because the conductivity of
pyrite and coal is inconsistent.

19N

3.2 Ore- pyrite depressants

Although xanthate is one of the most commonly used col-
lector for sulphide ores, its substantial adsorption on sulfide
surface limits its potential and advocates the exploration of
new sulfide ore collectors and depressants. The collecting
mechanism of xanthate for pyrite can be explained as fol-
lows: Metal hydroxides (oxidation product of pyrite) and
xanthate ions (X7) are subjected to redox reactions, gen-
erating hydrophobic dixanthogen (X,) on the pyrite sur-
face. Moreover, the content of hydrophilic iron hydroxide
decreases, leading to an increase in the floatability of pyrite
(Bulut and Atak 2002; Valdivieso et al. 2005). The collec-
tion mechanism of xanthate for pyrite is shown in Fig. 2.
Hydrophobic ferric hydroxo-xanthate layers may be formed
on pyrite surface due to the chemisorption between xan-
thate ions and Fe(OH),*, Fe(OH)", and pyrite clusters; the
adsorption process is thermodynamically feasible (Ejtemaei

O
0-=+-5i==-0
; +2H,0 + 4H' + 30, = 2Si(OH), + 6 )
o o
& °
2-
O\ ,O
‘\\ l,' (0]
0----8i----0
2 +4H" + 30, =2Si0,+ 6 + 2H,0 @)
o O
(o]

Besides, the separation of coal and pyrite is also
affected by the mechanical entrainment of foams and
mutual affinity in flotation (Fornasiero and Ralston 2006;
Wang 2013). Qi et al. (2019) reported that dodecane col-
lector could not penetrate the hydration film on pyrite
surface. Consequently, pyrite persisted in clean coal
due to the entrainment of foam. The positive charge of
coal increased because of the adsorption of pyrite, fur-
ther decreasing the separation efficiency (Fornasiero and
Ralston 2006). Although many factors affect the effective
separation of coal and pyrite, the degree of coal and pyrite
dissociation in grinding and the entrainment of foam in
flotation are the main influencing factors.

@ Springer

and Nguyen 2017). Therefore, effective pyrite depressants
are both capable of adsorbing pyrite to improving the hydro-
philicity, as well as preventing the formation of hydrophobic
dixanthogen.

3.2.1 Inorganic depressants

Cyanide is one of the most common inorganic depressants
in the separation of sulfide minerals (Guo et al. 2014; Zhao
et al. 2016). Cyanide produces ferricyanide or reduces
the electrochemical activity of minerals to prevent the
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Ferric hydroxide

Fe*' + 0, — Fe3+

Aqueous solution

Cathodic site

2Fe(OH)y(s) + 6H" + 2¢”

Fe*" + nOH" — Fe(OH)y*™

Dixanthogen (X,) X

2X—X,()+2¢

Anodic site

2Fe’* + 6H,0

Fig.2 Collection mechanism of xanthate ions. Modified with permission from Valdivieso et al. (2005)
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Fig.3 Depression mechanism of Ca(ClO), for pyrite. Modified with permission from Yin et al. (2019)

adsorption and oxidation of xanthate (Guo et al. 2014).
Guo et al. (2016) reported that the redox potential of pyrite
was reduced due to the adsorption of cyanide; however,
this reduction was insignificant in hindering the adsorp-
tion of xanthate and formation of dixanthogen. As a result,
Fe(CN)," (n < 6) was produced by the reaction of CN™ and
Fe atoms (Zhu et al. 2013). Wang and Forssberg (1996)
reported that Fe(CN)64_ and Fe(CN)63_ are the main prod-
ucts in the Fe-CN-Xanthate-H,O system under neutral to
alkaline conditions; as such, the reactivity between xanthate
and passivated pyrite might be reduced due to the passiva-
tion effect of Fe(CN),”™ on pyrite (Guo et al. 2016).

The properties of pyrite surface are easily affected by oxi-
dants. Hydrophobic cuprous-xanthate complexes are instanta-
neously formed on copper-activated pyrite surface; then, they
are further oxidized with sodium sulfite to produce hydrophilic

copper hydroxide (Shen et al. 2001). Hydrophilic Fe-O/OH
was formed upon the oxidation of pyrite with H,0,, which
provided more adsorption sites for dextrin depressant (Bogusz
et al. 1997). Yin et al. (2019) reported that at pH 10, the resid-
ual potential of pyrite surface was 0.01 V, and FeS, oxidized
with Ca(ClO), to form CaSO, and Fe(OH); precipitates, which
inhibited the adsorption of collector ammonium dibutyl dithi-
ophosphate (ADD). Furthermore, the electronegativity of pyrite
also decreased due to the adsorption of Ca(OH)*. The depres-
sion mechanism of Ca(ClO), is shown in Fig. 3; similar results
have been reported by other researchers (Bai et al. 2019).
Alkaline conditions are beneficial to the hydroxylation
of metal atoms on pyrite surface. Iron hydroxyl generated
from OH™ and Fe hindered the adsorption of xanthate and
desorbed xanthate ions (Li et al. 2012). Zhang et al. (2011)
reported that the depression ability of lime is stronger than
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that of sodium hydroxide, as lime formed hydrophilic cal-
cium films on pyrite surface. Interestingly, lime and sodium
hydroxide are also known as pH modifiers as they reduce
the floatability of pyrite, mainly by changing the pulp pH.
Ca** plays an important role in the depression of pyrite; the
depression mechanism of Ca®* will be further discussed in
Sect. 4.

3.2.2 Organic depressants

The main disadvantages of inorganic reagents are their tox-
icity, corrosiveness, and nondegradability, which are harm-
ful to the environment. As such, nontoxic, renewable, and
readily biodegradable natural polysaccharides such as starch,
dextrin, guar gum and carboxymethyl cellulose (CMC) were
evaluated as pyrite depressants (Bulut et al. 2011; Fletcher
et al. 2020). The main factors that influence the properties
of organic depressants are molecular structure, type of func-
tional group, polymer molecular conformation, and pulp pH.
For instance, depressants that contain sulfonic acid groups or
benzene rings have substantial adsorption ability on pyrite
(Chen et al. 2010; Sun et al. 2005). On the other hand, the
hydroxylation of mineral surface, dissociation of carboxyl
groups, and stability of Fe(OH); layers could be affected by
pulp pH (Bicak et al. 2007; Rath et al. 2000).

3.2.2.1 Polysaccharide depressants Natural polysaccha-
rides are macromolecular polymers, and they are composed
of different monosaccharides (Liu and Laskowski 1989).
Polysaccharides can form hydrophilic layers on pyrite
surface by interacting with hydroxylated metals, and they
slightly affect the conversion of xanthate to dixanthogen. As
such, coadsorption might occur between xanthate and poly-
saccharides on the mineral surface (Mu et al. 2016b).
Starch is widely used as a depressant in the flotation of
sulfide minerals owing to its wide availability, low cost, and
nontoxicity. Han et al. (2019b) reported that new characteris-
tic peaks appeared after pyrite was treated with starch, indi-
cating that both physical adsorption and chemical adsorp-
tion occurred simultaneously. Fletcher et al. (2020) reported
that the depression ability of oxidized starch is stronger than
that of ordinary starch. Experimental results showed that the
recovery of pyrite was 4.0% when the dosage of ordinary
starch was 700 g/t, while the recovery of pyrite was only
2.0% when the dosage of oxidized starch was 500 g/t.
Dextrin is a product of partial thermal degradation of
starch under acidic conditions (Mu et al. 2016b). As the
adsorption of dextrin requires the presence of metal oxides
on pyrite surface, dextrin can therefore be adsorbed on pyrite
surface when pyrite is oxidized or doped with metal ions
(Bogusz et al. 1997). The surface properties of oxidized
pyrite are complex, where Fe(III)-O/OH compounds are
the known adsorption sites of dextrin, and the adsorption
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amount of dextrin is directly proportional to the concentra-
tion of Fe(Il1)-O/OH. Besides Fe(III)-O/OH, Fe(II)-OH
was also identified as the adsorption site of dextrin (Val-
divieso et al. 2004). As xanthate tends to be adsorbed on the
unoxidized anode sites of pyrite, the adsorption of dextrin
was satisfactory at pH higher than 4 (Valdivieso et al. 2007).
Valdivieso et al. (2004) reported that the redox reactions
between xanthate ion and ferric hydroxide generated hydro-
phobic dixanthogen and reduced the concentration of ferric
hydroxide, resulting in the desorption of dextrin and pyrite.
However, because the oxidation of pyrite could be acceler-
ated by blowing air into the pulp, the number of adsorption
sites of dextrin increased.

Cationic guar gum is a water-soluble polymer; the
hydroxyl groups of guar gum can be adsorbed with iron
hydroxide ions (Fe(OH),*, Fe(OH)**) under alkaline condi-
tions. Hydrogen bonds and Bronsted acid—base interactions
are the main driving forces for the adsorption of guar gum
on pyrite surface. The molecular weight had no effect on its
inhibiting ability (Bicak et al. 2007).

Modified polysaccharides were synthesized by introduc-
ing other functional groups to polysaccharides via etherifi-
cation or esterification reactions (Mu et al. 2016b). CMC is
the product of etherification reaction between carboxym-
ethyl and polysaccharide (Liu and Laskowski 1989); CMC
has selective adsorption properties. Unlike guar gum, CMC
contains negatively charged carboxyl groups. CMC with a
high substitution degree demonstrated low adsorption abil-
ity, probably because of the electrostatic repulsion effect
between the negatively charged substituents of CMC and
negatively charged pyrite surface at pH 9. In this case, CMC
modified with Ca* decreased the negative charge of pyrite
surface and promoted the adsorption of CMC (Bicak et al.
2007). Unlike starch and dextrin, CMC and xanthate were
competitively adsorbed on pyrite surface (Fig. 4) (Feng et al.
2013; Mu et al. 2016b).

Konjac glucomannan is another natural polysaccharide
extracted from amorphophallus konjac. Liu et al. (2020a)
compared the abilities of konjac glucomannan, starch, guar
gum, and dextrin in the flotation separation of chalcopy-
rite and pyrite. Figure 5 shows that with the increase in
depressant dosage, the recovery of pyrite and chalcopyrite
decreased at varying degrees compared to the depression
ability of starch on the two minerals, which was undesir-
able. When the dosage of konjac glucomannan, guar gum,
and dextrin was 10 mg/L, the recovery of pyrite was 2.11%,
27.46%, and 33.68%, respectively; while the recovery of
chalcopyrite was 92.06%, 90.05%, and 93.26%, respec-
tively. Konjac glucomannan showed superior selectivity to
chalcopyrite and pyrite than starch, dextrin, and guar gum.
The depression mechanisms of konjac glucomannan and
guar gum are similar owing to their similar molecular struc-
ture, i.e., hydrogen bonds between the OH groups of konjac
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Fig.4 Competitive adsorption of CMC and xanthate. Modified with
permission from Mu et al. (2016b)

glucomannan and Fe(OH); are formed through Bronsted
acid-base interaction. Furthermore, the oxidation atmos-
phere of pyrite surface decreased owing to the adsorption of

konjac glucomannan, inhibiting the conversion of xanthate
to dixanthogen.

Chitosan shows excellent selective adsorption perfor-
mance in binary metal systems (Vold et al. 2003). Huang
et al. (2013) reported that the inhibiting ability of chitosan
on pyrite, galena, sphalerite, and chalcopyrite varied in
pure mineral flotation, while in mixed mineral flotation, it
showed selective inhibiting ability. The selective adsorption
of chitosan was dependent on the electron affinity of lattice
metal ions. The greater the electron affinity of metal ions, the
stronger the interaction between metal ions and the amino
group of chitosan. The selectivity of chitosan on pyrite is
greater than that on galena (Huang et al. 2013).

Recently, a polysaccharide—metal cyclic complex was
observed to be formed when both the hydroxyl groups in
a polysaccharide molecule lost a proton according to the
Brgnsted—-Lowry acid-base theory. This complex is capable
of enhancing the adsorption properties of polysaccharides
(Eq. (5)) (Laskowski et al. 2007; Liu et al 2000).

i X
—o| .
~on e A7
~ / + HOHMe —> / IMe +  H;0
f—OH -R—Q—' S
H ~ . e 5)
100 100
, (a)
90 —#— Konjac Glucomannan
—&— Guar Gum
80 .
Dextrin
70 F —w— Starch
S eof S
5 sl 5
> >
8 o
g 4or §
or 65 —=— Konjac Glucomannan
20 60 b —®— Guar Gum
Dextrin
0F 55 - —w— Starch
oy 50 L 1 1 1 1 L L L
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Dosage (mg/L) Dosage (mg/L)

Fig.5 Effect of dosage of depressants on the recovery of a Pyrite and b Chalcopyrite under different reagent conditions (pH=9.0, ¢ (xan-

thate) =9.5 mg/L). Reprinted with permission from Liu et al. (2020a)
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Fig.6 Adsorption of xanthate ions and biopolymer on pyrite surface. Modified with permission from Mu et al. (2015)

3.2.2.2 Lignosulfonate depressants Lignosulfonate,
also known as sulfonated lignin, is a byproduct of sulfite
papermaking pulp (Ouyang et al. 2006). Modified ligno-
sulfonate is highly cross-linkable and contains hydrophilic
groups such as hydroxyl, sulfonic, and carboxyl groups;
these hydrophilic groups are connected with hydrophobic
hydrocarbyl group (Ouyang et al. 2010). Liu et al. (2009)
reported that calcium lignosulfonate could be adsorbed on
the mineral surface and increased the reducibility of mineral
through the interactions between SO5 group and Fe(OH);.
Mu et al. (2015) found that the charge-transfer resistance of
pyrite increased with the addition of lignosulfonate depres-
sants (DP-1775), indicating that the oxidation of pyrite
was depressed by DP-1775. Besides, the capacitance of
pyrite remained constant before and after the adsorption of

A¥N W

Attraction Repulsion ‘

DP-1775, suggesting a possibility that both the oxidized and
nonoxidized sites of pyrite were occupied by the biopoly-
mer. Figure 6 shows that the adsorption sites of xanthate
ion (X7) were occupied by DP-1775. Owing to the presence
of diverse functional groups in lignosulfonate, it might be
adsorbed on pyrite through electrostatic attraction, hydro-
phobic interaction, hydrogen bonding, or chemical bonding
(Fig. 7) Mu et al. 2015; Yekeler and Yekeler 2006).

3.2.2.3 Other organic depressants Other organic depres-
sants include modified biopolymer, TA, polyglutamic acid
(PGA), and NaA.

In biopolymers, owing to the formation of heterocyclic
rings in their molecular structure, donor atoms and metal
ions are easily chelated, and the stability of metal chelate

Hydrophobic sites

e e s

(a) Electrostatic interaction

\/C—OH X] /C—O\ A
\C_OH + HOA Me. Y| \CE_OH ,,,,,,, MC
\ e |

H H

(¢) Hydrogen bonding

H H
[ > X N e
“c—oH (R —o. XX
-y + HO{Me _rd SMe |
G—COOH bo'd g—(\:\—o@
H H O

/ / Hydrophobic carbon chain

(b) Hydrophobic interaction

(d) Chemical interaction

Fig. 7 Possible interaction types between lignosulfonate and pyrite. Modified with permission from Mu et al. (2015)
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Fig.8 Chelation between biopolymers and Cu(l) sites on pyrite sur-
face. Modified with permission from Mu et al. (2016¢)

is better than that of ionic and covalent metal salts. For
instance, 2-mercaptobenzothiazole (MBT) molecule was
observed to chelate with metal ions through the thioamide
group (Mu et al. 2016a). Six-membered rings were formed
due to the chelation between carboxyl, hydroxyl groups, and
Cu(I) sites on copper-activated pyrite surface (Fig. 8) (Mu
et al. 2016c¢).

To depress pyrite more effectively during the flotation
separation of Cu-S, Khoso et al. (2019a) designed and
synthesized a modified biopolymer inhibitor, tricarboxy-
late sodium starch (TCSS). Flotation results showed that
the recovery of Cu was over 77%, and the grade of Cu
increased from the initial feed of 12.50% to 24.50%. In addi-
tion, because of the weak TCSS/chalcopyrite interaction, the
adsorption of xanthate on chalcopyrite surface was limited
in the presence of TCSS.

On the other hand, TA is a nontoxic and biodegradable
mixture composed of polyphenol substances (Xu et al.
2019). Han et al. (2020a) reported that the Fe atoms on
pyrite surface are capable of bonding with the Ph—O and
COO™ polar groups of TA. The concentration of hydrophilic
Fe(II1)-O/OH substances increased by 25.75% and 23.61%
after pyrite was treated with lactic acid and salicylic acid,
respectively. In addition, the hydroxyl groups present in the
two molecules also prevented the adsorption of xanthate
(Han et al. 2019a, 2020b).

Khoso et al. (2019b) evaluated PGA to separate chal-
copyrite from pyrite. The recoveries of chalcopyrite and
pyrite were above 85% and below 20% at pH 9, respectively.
However, flotation results of actual minerals might differ
from those of pure minerals and artificially mixed miner-
als owing to the atomic doping and monomer dissociation
degree of minerals. Therefore, further studies are required
in this field to verify the depression effects of PGA in actual
ore flotation.

In the search for alternative organic depressants, it was
also found that electrochemical characteristics of reagents
and minerals are important parameters for their reactivity.
Chen et al. (2000a) reported that the electrostatic potential
(ESP) of sulfide minerals decreased when TGA was used.

The concentration of dixanthogen decreased when the ESP
of sulfide minerals was lower than the reversible potential
(Ex_/x») of xanthate to dixanthogen. Besides, the reduction
of dixanthogen is also controlled by the electronic energy
level of mineral, whereas an increase in the Fermi level or
a decrease in the edge energy level of sulfide minerals can
promote the reduction of dixanthogen. For example, TGA
and sodium fulvate initiated the reduction of dixanthogen via
increasing the Fermi level and decreasing the edge energy
level of pyrite (Chen et al. 2000b).

NaA is extracted from weathered lignite and exhibits
excellent chemical and electrochemical properties (Cheng
et al. 2019b). Chen et al. (2011) reported that the zeta
potential and contact angle of pyrite decreased with the
addition of NaA, indicating that the hydrophilicity of
pyrite improved due to the adsorption of A™ ions. Besides,
owing to its excellent electrochemical activity (Chen et al.
2000b), the peak position of C—C bond in benzene shifted
upon the adsorption of A~, demonstrating that chemical
adsorption occurred between pyrite and the benzene ring
of NaA (Chen et al. 2011).

The characteristics of several typical organic depres-
sants including their toxicity, inhibitory ability, and
adsorption methods are shown in Table 2.

4 Effects of Ca®* on the depression of pyrite

The affinity between depressants and minerals is affected
by divalent cations such as Ca®* and Mg?* (Chen et al.
2011; Lummer and Plank 2012). Electrostatic repulsion
exists between anionic polyelectrolytes and negatively
charged solid surfaces, while divalent cations acted as a
bridge to drive the adsorption of carboxylate groups on
the negatively charged solid surface (Gregory and Barany
2011). For instance, Ca>* increased the electrostatic attrac-
tion between polymers and minerals by altering the charge
of mineral surface. Negatively charged hydrophilic groups
of polymer were neutralized by Ca**, thus reducing its
electrostatic repulsion with polymers (Nanthakumar et al.
2010). Ca(OH)* formed in the solution might transfer
electrons, leading to electron accumulation on pyrite sur-
face that prevented the oxidation of xanthate ions into dix-
anthogen (Mu et al. 2016c; Zhang et al. 2011). In addition,
Ca(OH)* and Ca*" also reacted with carboxyl groups to
promote the adsorption of CMC (Wang 2006). Xiong et al.
(2020) and Wang (2013) reported that hydrophilic CaSO,,
Fe(OH),, Fe(OH);, and Ca(OH), precipitates were formed
after CaO was dissolved. Ca(OH), provided adsorption
sites for polysaccharides, leading to the formation of
hydrogen bonds between polysaccharides and hydroxyl
groups (Bicak et al. 2007). Li et al. (2012) simulated the
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Table 2 Characteristics of typical organic depressants

Organic depressant type Molecular structure

Characteristic

HOH,C
Starch e o

%%

HOHC,

HpHe o %/ %/ ~

Dextrin HOH,C,
/‘?é(
H HOH,C
HO H
Guar gum
g HOH,C, o H H (¢]
H o H
o H HO OH g
CH,OH
CMC Ho HOOCH:COIC
H le}
Bon
H
CH,OCH,COOH
Konjac glucomannan HOH,C HOH,G .
,COCH,C o
o o
.0 o on
HO OH

Chitosan

sk

Lignosulfonate
O3

CH CH,OH
\C/ :

HO )
H,

Nontoxic, abundant reserves, but unsatisfactory inhibiting ability
(Liu and Laskowski 1989)

Stronger adsorption capacity on oxidized pyrite surface or surface
doped with metal ions (Valdivieso et al. 2004)

Hydrogen bond is the main adsorption form on pyrite (Liu and
Laskowski 1989)

The molecular weight and presence of Ca>* ions affect the inhibi-
tory activity of CMC (Liu and Laskowski 1989)

The inhibiting activity of konjac glucomannan on pyrite is better
than those of starch, dextrin, and guar gum (Liu et al. 2020a)

The adsorption capacity of chitosan depends on the electron affinity

of metal ions present on the mineral (Vold et al. 2003)

The functional groups of lignosulfonate are diverse and exhibit good
adsorption capacity on pyrite surface (Ouyang et al. 2006)

adsorption of OH™ and CaOH™ on pyrite surface; the Fe—O
atomic distances of pyrite and OH™ (1.843 A) were smaller
than those of pyrite and CaOH* (2.092 A). Moreover, the
electron overlap degree between the O of OH™ and Fe was
higher than the electron overlap degree between the O of
CaOH™" and Fe. However, the adsorption energy of OH™ on
pyrite (—264.99 kJ/mol) was greater than that of CaOH*
(=276.62 kJ/mol), and this result is inconsistent to the

@ Springer

conclusions obtained from atomic distance and electron
density. Thus, it is believed that Ca** ions enhanced the
interaction between CaOH™ and pyrite. In summary, Ca>*
ions promote the adsorption of macromolecules on the
surface of minerals and improve the hydrophilicity of min-
erals, mainly because Ca** and its hydrolyzed products,
CaOH™" and Ca(OH),, decrease the electrostatic repulsion
between polymers and minerals.
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5 Quantum chemistry calculations
of flotation reagents and molecular
simulations of pyrite/reagent interaction

The basic principles of quantum mechanics are applied by
utilizing quantum chemistry to evaluate chemical issues at
the molecular and atomic levels. From the static perspective,
the chemical issues focus on the relationship between struc-
ture and properties, while from the dynamic perspective,
the interaction and reaction among molecules are involved
(Wang 2006). As the fundamental equation of quantum
chemistry, Schrodinger’s equation is exceptionally complex.
The establishment of density functional theory (DFT) is a
theoretical leap to overcome this complexity. On the other
hand, wave function is regarded as the main physical quan-
tity of a system in traditional quantum theory. Currently,
electron density is used in DFT to describe the physical
properties of the ground state of a system, simplifying the
complex 3 N-dimensional wave function problem into a
three-dimensional particle density problem, thus providing
a powerful tool to solve quantum chemistry problems (Li
et al. 2005). The microscopic morphology and electronic
structural changes obtained by DFT provide in-depth studies
on the adsorption mechanism of reagents on mineral surface
from the atomic level (Chen et al. 2013).

5.1 Surface properties of sulfide minerals

As mentioned before, different environments result in vari-
ous surface properties of pyrite; for example, the type and
concentration of impurity atoms in ore pyrite and coal pyrite
crystals are different. Among them, doping of C atoms is
noteworthy (Xian 2013). The changes in the physicochemi-
cal properties of sulfide surface lead to differences in the
adsorption behavior of small molecules such as O, and H,O
on its surface. The oxidation of sulfide ore is affected by the
adsorption of O,, whereas the adsorption of H,O is directly
related to the hydrophilicity/hydrophobicity of mineral sur-
face. DFT and molecular dynamics (MD) simulation provide
a possible theoretical basis that describes the lattice defects
of sulfide ores and the adsorption of small molecules (such
as O, and H,0) on sulfide surfaces at the atomic and elec-
tronic levels.

Hung et al. reported the surface relaxation and density
of state (DOS) of pyrite (100), (110), (111), (210), (001)
surfaces and bulk pyrite (Hung et al. 2002b, 2002a; Cai and
Philpott 2004). The (100) surface is more stable than the
(110) surface, while the (111) surface is more stable than the
(210) surface. These results are consistent with the observed
frequency of each crystal plane in natural pyrite. Thus, the
(001) surface is a conductor, whereas bulk pyrite is a semi-
conductor with a band gap of 0.90-0.95 eV. Andersson

et al. (2004) and Stirling et al. (2007) reported that the S
defect of pyrite fractured surface can be attributed to a point-
defect-like sulfur vacancy. Yu (2013) studied the effects of
C atom doping on the electronic structure of pyrite. Ideally,
pyrite would have a wide energy band, large fluctuations,
high degree of nonlocality, and strong metallicity. However,
the DOS showed that the top position of the valence band
of band gap is determined by the Fe 3d electrons, whereas
the bottom position of the conduction band is determined
by the S 3p and Fe 3d electrons. With further increase in
carbon doping concentration, the DOS of S 3p and Fe 3d
gradually shifted to the direction of low energy, the band
gap narrowed, and the Fermi energy level decreased. All of
them promoted the electron transfer from anionic reagent to
mineral surface. For pyrite, as impurity is beneficial to the
adsorption of O,, whereas for the pyrite containing Co and
Ni impurities, O, existed in the form of peroxide (Li et al.
2011).

The hydration mechanism of mineral surfaces can be
further understood by studying the microscopic adsorp-
tion behavior of H,O on the surface. The main interaction
between H,O and pyrite (FeS,) is the hybridization between
O 2p (H,O) orbital and Fe 3d (FeS,) orbital, forming a
strong Fe—O covalent bond. Xi et al. (2017) calculated the
stable adsorption configuration of H,O molecules on a pyrite
(100) surface. Table 3 shows the adsorption energies of H,O
at various sites of pyrite. Based on the adsorption energy, it
was deduced that H,O was adsorbed at the top low position
of S site, vertical to the top Fe site, and parallel to the top Fe
site, but it was difficult to be adsorbed at the top high posi-
tion S. The most stable adsorption configuration of H,O is
parallel to the top Fe site (forming two low site S—H bonds).

Chen et al. (2014b) simulated the difference in the sur-
face relaxation and electronic properties of pyrite and galena
(PbS) before and after H,O adsorption. The adsorption of
H,0 molecule on the PbS surface occurred via hydrogen
bonding between S and H atoms, while Fe/O interactions
occurred on the FeS, surface. Notably, the S—H bond ener-
gies were weakened by the hydrogen bonds between other

Table 3 Adsorption energy of H,O on pyrite (100) surface (Xi et al.
2017)

Adsorption site Adsorption
energy (kJ/
mol)

Top low position S site —-11.89

Top high position S site 13.11

Vertical to top Fe site —38.01

Parallel to top Fe site (two low position S-H bond)  —70.12

Parallel to top Fe site (two high-position S-H bond) —60.79

Parallel to top Fe site (one high position S—-H, one —64.51

low position S-H)
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H,0 molecules, resulting in a stronger PbS surface hydro-
phobicity. At the same time, the activity of O 2p orbital
increased by the formation of hydrogen bonds between H,0O,
which is beneficial to the interaction of O 2p and Fe 3d
orbital and the hydrophilicity of FeS,. In addition to Fe sites,
S sites were also found to be possible oxidation sites for
pyrite, and this was experimentally evidenced, where a part
of O, was incorporated into SO,>~ in the isotope composi-
tion (Li et al. 2018).

Compared with ideal pyrite, the valence bond between
H,O and pyrite changed from Fe—O to Fe-C—O when pyrite
surface was covered with C atoms, while the adsorption of
H,0O decreased due to the weaker C—O bond energy. The
adsorption energy of H,O on pyrite changed from negative
to positive upon the addition of S atoms on pyrite surface,
and the Fe—O bond was converted to Fe—S—O bond. There-
fore, the adsorption of H,O on pyrite surface that contains
S atoms was found to be thermodynamically unfeasible (Xi
et al. 2019). In addition, both the oxidation ability and reac-
tivity of pyrite increased owing to the presence of C impu-
rity. Compared with pyrite with C atoms substituted for S
atoms, the oxidation ability and reactivity of pyrite with C
atoms substituted for Fe atoms are stronger, whereas ideal
pyrite has weak reactivity (Yu 2013). The above conclusions
may provide a reference for further studies in the interface
reactions of pyrite.

5.2 Quantum chemistry calculation of flotation
reagents

In recent studies, adsorption capacity of reagents and min-
erals has been found to be related to the hydrophilicity/
hydrophobicity and special properties of reagents. Frontier
orbital energy (Egomo/Erumo)> ESP, and degree of charge
transfer are crucial parameters that can be calculated using
quantum chemistry methods (Medyanik 2011). All these

(a) (b)

U —

parameters can be used to evaluate the reactivity of reagents
and minerals.

The adsorption of organic reagents on sulfide ores is an
electrochemical process; therefore, the desorption between
collectors and sulfide ores could be accelerated by the elec-
tron transfer between depressants and sulfide ores (Chen
et al. 2000b). According to frontier molecular orbital (FMO)
theory, the complexity of electron transfer is determined by
frontier orbital energy difference AEygno_umo- It mineral
flotation, AEyomo-Lumo represents the difference between
the highest occupied molecular orbital energy (Eyono) of
the organic molecule and the lowest unoccupied molecu-
lar orbital energy (Ej o) of the mineral. The smaller the
value of IAEyoMo-Lumols the more spontaneous the reac-
tions between organic molecules and minerals. As such, the
frontier orbital energy difference between depressant (Y)
and mineral (MS) (IAEy_ys))), collector (X) and mineral
(MS) (IAEx_p)) could be calculated to identify the com-
petitive adsorption capacity of depressants and collectors
(Shen et al. 2001; Andersson et al. 2004). Depressants have
stronger adsorption abilities on the mineral surface when the
relationship in Eq. (6) is satisfied.

| |DE(Y—MS)' < ’DE(X—MS) | (6)

The |AEy_yg) values between mercaptoacetic acid,
4-aminobenzene sulfonic acid, and pyrogallic acid and pyrite
are 0.15, 0.05, and 0.21 eV, respectively. All of them are
less than the IAEy_yq)| between butyl xanthate and pyrite
(0.22 eV), and thus they have substantial inhibiting abili-
ties on pyrite (Bogusz et al. 1997). Xi (2017) calculated the
frontier orbital energy of following depressants: mercaptoe-
thanol, mercaptopropanol, mercaptobutanol, mercaptoacetic
acid, mercaptopropionic acid, mercaptobutyric acid, thiosal-
icylic acid, 3-mercaptobenzoic acid, and 4-mercaptobenzoic
acid. The activity of these types of depressants (mercaptan

(©)

N
QOw
o

Fig.9 Most stable configuration of a Ethyl xanthate anion, b Isobutyl xanthate anion, and ¢ Amyl xanthate anion (S =yellow, O=red, C=grey,

H=white). Reprinted with permission from Yang et al. (2018)
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carboxylic acids and mercaptan alcohols) improved with
the increase in carbon chain length. Besides, the reactivity
of mercaptan alcohols is stronger than that of mercaptan
carboxylic acids when the number of carbon atoms is the
same. The HOMO electrons of mercaptan carboxylic acids
and mercaptan alcohols were mainly concentrated near the
S atoms, whereas the HOMO electrons of mercaptan aro-
matic carboxylic acids were mainly concentrated near the
S atoms and benzene ring. This shows that the S atoms of
sulfthydryl groups are the common reactive points for vari-
ous depressants.

Yang et al. (2018) predicted that the flotation perfor-
mance of xanthate derivatives with different hydrophobic
groups ROC (Fig. 9) decreases in the following order: amyl
xanthate > isobutyl xanthate > ethyl xanthate, consistent with
the experimental flotation results. In this study, the adsorp-
tion of xanthate on the pyrite surface was suggested to be
thermodynamically feasible because stable ferric hydroxo-
xanthate compounds were formed via interactions between
xanthate and Fe(OH),"/Fe(OH)**, which subsequently
formed hydrophobic layers.

ESP is another important parameter that can be used to
predict the interactions between molecules, especially non-
covalent bond interactions (e.g., hydrogen bonds). Moreover,
the active sites of electrophilic and nucleophilic reactions
could be predicted from the ESP of molecules. For exam-
ple, the areas that correspond to the maximum ESP (such as
hydrogen atom in hydroxyl or carboxyl groups) may act as the
hydrogen bond donor, while the areas that correspond to the
minimum ESP (such as the lone pair of electrons in oxygen-
containing functional groups) represent the hydrogen bond
receptor. Huang et al. (2019) studied the selective adsorption
behavior of S-hydroxyethyl-O-isobutyl xanthate (HEIBX) and
sodium isobutyl xanthate (SIBX) for pyrite and chalcopyrite.
The ESP values of C=S and OH groups of HEIBX were found
to be smaller than those of C=S and C-S groups of SIBX
anion, indicating that HEIBX has stronger chemical activity
and electron-donating ability than SIBX anion.

The interaction energy between electrophilic molecules
and nucleophiles can also be described by electron transfer
degree. Medyanik (2011) discovered that the O atoms in car-
boxyl, hydroxyl, and ester groups are the main nucleophilic
centers. Yekeler and Yekeler (2006) studied the electronic
properties of MBT, 6-methyl-2-mercaptobenzothiazole, and
6-methoxy-2-mercaptobenzothiazole using DFT calculations
at the BALYP/6-31G(d, p) level. Thioamide group was found
to be the active site when MBT molecule bonded with metal
atoms. Furthermore, the reactivity of nucleophiles could be
improved in the presence of OCH; group. Quantum chem-
istry calculations provide a method to determine the theo-
retical flotation characteristics of reagents quantitatively,
which can provide insights to the selection and design of
new flotation reagents.

5.3 Reagents/pyrite interaction

During the flotation, depressants could adsorb and improve
the hydrophilicity of targeted minerals. However, competi-
tive adsorption might occur between collectors and depres-
sants on the mineral surface. The equilibrium adsorption
configurations of butyl xanthate and isobutyl xanthate at
different concentrations on pyrite surface corresponding
to constant number, volume, and temperature (NVT), and
constant number, volume, and pressure (NPT) ensembles
are shown in Figs. 10 and 11 (Han et al. 2018). The hydro-
philic head groups of xanthate were found to be adsorbed
on pyrite surface, while the alkyl chain extended into the
solution. The optimized molecular structures and frontier
orbitals of butyl xanthate and isobutyl xanthate are shown
in Fig. 12. The HOMO was found to be mainly distributed
on the double bond S atom of xanthate molecule, whereas
the LUMO was distributed on the hydrophilic group. The
AFE of butyl xanthate and isobutyl xanthate are 3.040 eV
and 2.975 eV, respectively, indicating that isobutyl xanthate
exhibited better adsorption capacity and surface activity than
butyl xanthate, consistent with the experimental results.
Chen et al. (2014a) reported that stronger adsorption
occurred between xanthate ions and pyrite with an adsorp-
tion energy of —233.35 kJ/mol under anaerobic conditions,
while the adsorption energy decreased to —215.19 kJ/mol
when oxygen was present, indicating that O, is not condu-
cive to the adsorption of xanthate ions on pyrite. Besides,
the activity of Fe 3d electrons near the Fermi level decreased
after pyrite was oxidized with O,, weakening the interaction
between the oxidized Fe atom and xanthate. The electronic
structures of functional groups in hydrogen xanthate, methyl
xanthate, and ethyl xanthate were found to be similar. Hung
et al. (2003) simulated the adsorption of hydrogen xanthate
ion (HOCS,") on the defect sites of pyrite surface. When the
defect sites (dislocation, S—S bond breakage, etc.) are not oxi-
dized completely, chemical adsorption might occur between
the xanthate ions and unoxidized defect sites. However,
this process can only occur in an oxygen-free environment
because the defect sites of pyrite might be instantaneously
oxidized with H,O and O, instead. In a separate study, Chen
et al. (2013) reported that the S—Fe distances were smaller
than the atomic radius of S—Fe, and the 3d orbital state of Fe
atom was closer to the Fermi level (Chen et al. 2014a); there-
fore, the interaction between xanthate and pyrite was identi-
fied to be occurring through the bonding of S and Fe atoms.
Liu et al. (2020b) reported that 6-hexyl-1,2,4,5-tetrazinane-
3-thione (HTT) had stronger ability to accept the d-orbital
electrons of Cu atoms compared with hexyl xanthate anion,
while the weak electron-donating ability of HTT weakened
the interaction with Fe atoms. Therefore, HTT would show
excellent selectivity in the flotation of chalcopyrite from pyrite.

@ Springer



54 Page 14 of 20

Y. Lietal.

(4) "¢ 3¢ r e | Py

’ v - . « A y -

Fj%i¢w
¢ pel

<M ?ﬁba‘
‘)S)?fr‘t\;.’{"ﬁ 4

Lala

(B B W
oy fT

- 8 2 ¢ Cads

e el

ik

1t?w«‘p£¢x¢$3$&x~$qs¢m°w
e se Ve vesy e s ¥eeds
e S S e e e e

* 5 »

v

Tavaty
ve¥8s
m _'rwt}r*k

Fig. 10 Equilibrium configurations of different butyl xanthate con-
centrations on pyrite surface. a NVT, b NPT (color codes: red=0,
white=H, yellow=S, grey=C, iron grey=Fe, purple=Na. The

Adsorption energy is also essential to determine the
interaction strength between reagents and minerals. Zheng
et al. (2018) compared the adsorption configurations of four
groups (-SH, -NH;, =0, and —-O) of cysteine on pyrite. The
most stable adsorption configurations of each group are
shown in Fig. 13. The bond lengths of S-S, S-Fe, N-S,
N-Fe, O-S, O-Fe, O-S, and O-Fe are 3.027 A, 2.330 A,
3.009 A, 2.176 A, 3.280 A, 2.171 A, 3.018 A, and 2.155 A,
respectively. As a short bond length depicted strong adsorp-
tion capacity, the adsorption abilities of cysteine on Fe atoms
were therefore stronger than those on S atoms. It was also
noted that chemical adsorption was the main adsorption
form of cysteine on the Fe sites.

Niu (2019) observed the formation of FeOOH when pyrite
was oxidized with H,O,. To evaluate the effects of oxidation
on the adsorption of xanthate, Niu et al. (2019) simulated
the interaction between xanthate ions and goethite (FeOOH).
The S—Fe distances of xanthate and FeOOH (2.99 A and
2.80 A) were larger than the S—Fe distance of xanthate and
pyrite (2.284 A and 2.281 A), as shown in Fig. 14 (Chen et al.

@ Springer

above photographs (from left to right) represent 1, 3, 5, 8, and 10
numbers of xanthate, respectively). Reprinted with permission from
Han et al. (2018)

2013), indicating that the adsorption of xanthate on pyrite
surface was stronger than that on FeOOH. As such, the oxida-
tion of pyrite hindered the adsorption of xanthate. Although
the Fe atoms of FeS, and FeOOH were both the adsorp-
tion sites of xanthate, different electronic configurations of
Fe atoms in the two minerals led to a substantial difference
in the adsorption capacity of xanthate (Niu et al. 2019). As
shown in Fig. 15, the Fe** in FeOOH has d> high-spin elec-
tron configuration, while the Fe* in FeS, has d® low-spin
electron configuration. However, there are 3d vacant orbit-
als and lone-pair electrons in the 3p orbitals of S atoms for
xanthate. The lone-pair electrons of S 3p orbital occupied the
e, empty orbital of Fe atom to form a 6 bond when xanthate
interacted with pyrite. In addition, a stronger back-bonding
7 bond formed between the lone-pair electrons donated by
the t,, orbitals of Fe atom and the 3d vacant orbital of S
atom. However, the high-spin Fe** ion of FeOOH has neither
lone-pair electrons nor empty orbitals. Therefore, ¢ bonds and
back-bonding ® bonds were not formed when xanthate was
adsorbed on the FeOOH surface (Niu et al. 2019).
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Fig. 11 Equilibrium configurations of different isobutyl xanthate con- above photographs (from left to right) represent 1, 3, 5, 8 and 10

centrations on pyrite surface. a NVT, b NPT (color codes: red=0, numbers of xanthate, respectively). Reprinted with permission from
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Xanthate Geometric structures HOMO LUMO
Butyl e ® o

xanthate Y O R

Isobutyl e S

xanthate o v ¢

Fig. 12 Optimized molecular structures and FMOs of butyl xanthate and isobutyl xanthate (color codes: red=0, yellow=S, white=H,
gray =C). Reprinted with permission from Han et al. (2018)

6 Conclusions cleaner, and more economical practices. Thus, one of the

main research topics in the mining field is the development
With the growing challenges and concerns associated  of flotation desulfurization reagents. For instance, new
with energy, environment, and social awareness, the min- ~ “green” flotation reagents based on polysaccharide, cellu-
ing industry is constantly pressurized to develop smarter,  lose, and lignin have been synthesized to replace commonly
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Fig. 13 Optimized configuration of (1) —SH, (2) -NHj;, (3)=0, and (4) -O of cysteine adsorbed on the a S site and b Fe site of pyrite (100) sur-

face. Reprinted with permission from Zhang et al. (2018)

Fig. 14 Optimized configurations of xanthate adsorption on a Goethite and b Pyrite surface. Reprinted with permission from Niu et al. (2019);

Chen et al. (2013)

used nonbiodegradable and chemically harmful reagents.
In addition, studies on coal/ore pyrite depressants and their
mechanisms, flotation characteristics of depressants, and
reagent/mineral interactions have been conducted from the
perspective of quantum chemistry and molecular simulation.

Based on this in-depth review, the following problems
still need to be addressed in flotation desulfurization:

@ Springer
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Foam entrainment and inadequate mineral dissociation
mainly affect the flotation desulfurization efficiency.
Ongoing and future studies are recommended to focus
on optimizing the flotation desulfurization technology.

(2) Atpresent, there are still limited studies on highly effi-

cient flotation reagents. The flotation reagent should be
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Fig. 15 Valence electron configurations of a 3d orbitals of Fe,0;, FeEOOH, and FeS,; and b -C=S functional group of xanthate. Reprinted with

permission from Niu et al. (2019)

“green,” highly selective, and have a greater ability to
affect the hydrophilicity of target minerals.

(3) While molecular simulation can provide much funda-
mental information, the results of these simulations are
obtained under ideal conditions and may not reflect the
experimental results or the actual applications, which
are affected by many other external factors. Therefore,
the complex surface properties (lattice defects, dop-
ing of impurity) of sulfide ore should be reflected in
molecular simulation. Besides, the reagent/mineral
interaction and particle/bubble interaction are also
another key factor that influences the flotation process,
which should be included in future simulation studies.

(4) Itis also important to note that only a part of the inor-
ganic sulfur can be removed by flotation, while it is dif-
ficult to remove the organic sulfur in coal by flotation,
which is still an area of research interest.

(5) Finally, although many studies have been conducted in
the quantum chemistry and molecular simulation, there
are still limited studies on depressants, particularly on
pyrite depressants, which is recommended to be further
studied.
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