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ABSTRACT: The selective action mechanism of sodium butyl
xanthate (BX), ammonium salt (NH4

+), and sodium m-nitro-
benzoate (m-NBO) on pyrite and arsenopyrite was examined by
experiments and quantum chemistry. The experiments show that
under alkaline conditions, ammonium salt (NH4

+) and m-NBO
can have a strong inhibitory effect on arsenopyrite. At pH 11, the
recovery rate of arsenopyrite reduces to 16%. The presence of
ammonium salt (NH4

+) and m-NBO reduces the adsorption
energy of BX on arsenopyrite to ΔE = −23.23 kJ/mol, which is far
less than the adsorption energy on the surface of pyrite, ΔE =
−110.13 kJ/mol. The results are helpful to understand the
synergistic mechanism of the agent on the surface of arsenopyrite
and pyrite, thus providing a reference for the selective separation of
arsenopyrite.

1. INTRODUCTION

Arsenopyrite (FeAsS) is an extensively distributed mineral that
commonly coexists with other sulfides. A major limitation with
the treatment of As-containing polymetallic sulfide ores is that
the As content in the concentrate product is too extremely
high. This is because the formation conditions and crystal
structure of arsenopyrite and other sulfide minerals such as
pyrite (FeS2) are roughly similar;1 hence, their physical and
chemical properties are also extreme. Therefore, using
conventional flotation reagents causes arsenopyrite and pyrite
to be collected together, which in turn makes the As content in
the pyrite concentrate significantly exceed the standard. This
increases the smelting costs, reduces the value of the sulfide
minerals’ concentrate, and causes serious environmental
pollution.2 The inorganic arsenate and As-containing organic
matter generated by the oxidation of As-containing minerals
can pollute the environment and affect human health via the
grand geological cycle and minor biological cycle.3 Benefici-
ation technology is commonly used before smelting to
minimize the As content in nonferrous metal sulfide
concentrates and treat the separated As-containing products.4

It is important to improve the production efficiency and
environmental protection.5

Many domestic and foreign researchers examined the
technologies and principles of separating pyrite and arsen-
opyrite. Flotation is extensively used and can be classified in
four types: heating flotation, oxidants,6 electrochemical

oxidation,7 and inhibitors.8 The increased processing volumes
of As-containing sulfides and stringent quality requirements for
concentrates increased the prominence of inhibitors, which can
be divided in two categories: inorganic9 and organic.10 The
mechanism of inorganic inhibitors is well understood. In
general, two or more inhibitors are used to enhance the
inhibitory effect. Compared with inorganic inhibitors, organic
inhibitors offer many types of features, no pollution and a wide
range of sources. Inhibitors can be combined with different
agents to strengthen their effectiveness and selectivity.11

Although researchers have extensively focused on arsenopyrite
and pyrite, they have also focused on novel inhibitors or
compound inhibitors, while there is less research on the
combined synergy between inorganic and organic agents. In
particular, the understanding of the interaction mechanism
between them is not deep enough. However, the increasingly
stringent requirements for environmental protection have
caused researchers to focus on developing novel effective and
nontoxic combinations of inhibitors and reagents. Thus,
inorganic and organic inhibitors are combined for selective
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separation of arsenopyrite and other sulfides, which has
become the focus of future research.12 This has led to a
trend of increasingly complex flotation reagents.
The synergy between different reagents has an extremely

complex mechanism, and little theoretical research on this
topic has been reported. Experimental studies demonstrated
that the mechanism may be related to chemical combination,
chelation, and adsorption.13,14 Xanthates are excellent
collectors owing to the special affinity between the metal
atoms of the mineral and the chelating reagent, which in turn
leads to a chemical reaction between the collector and mineral.
Inhibitors primarily chelate with metal atoms or promote their
oxidation, thus forming a passivation film on the mineral
surface. However, the competitive adsorption of combined
reagents indicates that a reagent adsorbed on the mineral
surface may interact with the accompanying inhibitor, and
their mutual effects on each other may ultimately promote and
strengthen the flotation process.15 The synergistic effect has
been applied to the flotation of Cu ores; for example,
Sherwood Copper processes a high-grade Cu−Au deposit at
Minto Mine in Yukon, Canada. However, the mechanism of
combined reagents is unclear, and the interaction between
inorganic and organic inhibitors requires additional study.
Janetski et al.16 performed flotation experiments on sulfides;
however, certain limitations still cannot be explained by
empirical results. The flotation mechanism needs to be clarified
at the microscale to explain the influence of chemical reagents
on minerals during the flotation process.17−20 The emergence
of quantum chemistry has thus made such a clarification
possible.21

This study examined the effects of different reagents on the
flotation of arsenopyrite and pyrite. Microflotation experi-
ments, zeta potential measurements, Fourier transform infrared
spectroscopy (FTIR), and molecular simulation were per-
formed to analyze the mineral surface before and after the
action of each reagent. The results of this study should provide
theoretical guidance for separating arsenopyrite and pyrite by
flotation.

2. RESULTS AND DISCUSSION
2.1. Microflotation Experiment. Figure. 1 shows the

effects of the collector sodium butyl xanthate (BX), inhibitor
m-nitrobenzoate (m-NBO), and activating reagent NH4

+ on
the floatability of arsenopyrite (Apy) and pyrite (Py)
depending on pH. When BX was used itself, Apy demonstrated
good floatability under acidic conditions, and its floatability

decreased with increase in pH. Unlike its effect on Py, NH4
+

has an inhibitory effect on Apy;22 therefore, its addition
reduced the floatability of Apy in the studied pH range. The
addition of the inhibitor m-NBO decreased the floatability of
Apy under alkaline conditions. Moreover, Py demonstrated
good floatability under acidic conditions when BX was used
alone. Increasing the pH significantly reduced the floatability of
Py. With m-NBO, Py demonstrated good floatability for the
entire pH range with a recovery rate of >60% regardless of pH.
The addition of NH4

+ reduced the effect of m-NBO on Py.
When the mass concentration of m-NBO was 50 mg/L, the
flotation recovery rate was >60%. This shows that pH had little
effect on the recovery rate of Py when NH4

+ was added. Note
that the inhibitor m-NBO had no effect on the flotation of Py
when NH4

+ was added. In summary, addition of NH4
+ reduced

the inhibitory effect of m-NBO on Py, which retained good
floatability throughout the studied pH range. However, the
addition of m-NBO after NH4

+ reduced the floatability of Apy
under alkaline conditions. When NH4

+ reacted with m-NBO,
the inhibitor was selectively adsorbed on the Apy surface.
Moreover, m-NBO and BX competed to adsorb on the Apy
surface, which reduced the floatability of Apy. However, the Py
surface was protected by NH4

+, which weakened the
adsorption of m-NBO.
When the NH4

+ concentration was fixed, Figure. 2 shows
that increase in the m-NBO concentration affected the
flotation recovery of Apy and Py. When the combined
inhibitor concentration reached [NH4

+ + m-NBO] = 75 mg/
L + 75 mg/L (molar ratio of 3.5:1), the difference in the
flotation recovery rates of Py and Apy was maximized. The
increase in m-NBO concentration gradually increased the
flotation recovery rate of Py, which stabilized at ∼60%. The
increase in the m-NBO concentration initially decreased the
flotation recovery of Apy, which then gradually stabilized at
∼18%. These results demonstrate that NH4

+ and m-NBO can
be combined to realize the selective flotation of Py and Apy.
Flotation separation experiments were performed on pyrite-

toxin sand artificial mixed ore using single-agent m-NBO and
combination agent [NH4

+ + m-NBO], and the results are
shown in Figure 3. Figure 3(a) shows that single-agent m-NBO
pyrite and arsenopyrite concentrate, with a grade of 48.14% S
and 1.60% As and recovery rates of 74.32% S and 20.26% As,
was obtained, compared with the obtained tailings containing
29.72% S and 11.18% As, with recovery rates of 25.68% S and
79.74% As. Under the [NH4

+ + m-NBO] combination agent,
as shown in Figure 3(b), the concentrate grades were as

Figure 1. Effect of pH on the recovery of (a) Apy and (b) Py when using BX, NH4
+, and m-NBO; C(BX) = 1.6 × 10−3 mol/L.
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follows: 35.77% S and 1.00% As, with recoveries of 52.06% S
and 10.92% As, respectively; nevertheless, the obtained sand
contained 37.21% S and 7.15% As, with recovery rates of
47.94% S and 86.33% As, respectively. Therefore, the
combination inhibitor can be used to separate pyrite and
thus poison sand.
2.2. Zeta Potential Analysis. Figure 4 shows the zeta

potentials of Apy and Py surfaces before and after interaction
with BX. In the absence of BX, the isoelectric points (IEPs) of
Apy and Py were 3.96 and 7.99, respectively. When pH < IEP,
the Apy and Py surfaces were positively charged, and BX
electrostatically adsorbed on the mineral surface. When pH >
IEP, the Apy and Py surfaces were negatively charged, and it
was difficult for BX to adsorb on the mineral surface. The
interaction with BX greatly promoted a positive shift in the
zeta potentials of Apy and Py. This indicates that BX
significantly affected the surface properties. There was little
difference between the zeta potentials of Apy and Py, which
indicates that BX affected the floatabilities of Apy and Py in a
similar manner.
When Apy interacted with BX, the zeta potential of the Apy

surface decreased for the entire pH range. In this study, the
mineral surfaces generally had a negative zeta potential, which
indicates that the collector and Apy surface primarily
interacted via chemical adsorption with certain electrostatic

adsorption. When Py interacted with BX, the zeta potential of
the Py surface decreased for the entire pH range. This indicates
that the negatively charged BX adsorbed on the mineral
surface.
Figure 5 shows the zeta potentials of the Apy and Py surfaces

under the combined effects of NH4
+ and m-NBO. The

combined inhibitor promoted the positive movement of the
zeta potential. For Apy, the IEP moved to pH 4.48 with NH4

+

and 4.31 with NH4
+ and m-NBO. For Py, the IEP moved to

8.52 with NH4
+ and 7.89 with NH4

+ and m-NBO. This
indicates that combining NH4

+ and m-NBO had considerable
effect on the mineral surface properties. The zeta potentials of
Apy and Py demonstrated important differences after treat-
ment with NH4

+ and m-NBO, particularly at pH 8−12, which
can help explain their different flotation performances in
microflotation experiments. The addition of NH4

+ decreased
the zeta potential of Apy considerably more than that of Py,
which indicated that NH4

+ has a much greater affinity with Apy
than with Py. Subsequently, the addition of m-NBO
significantly reduced the zeta potential of Apy compared
with Py. This may be explained by the formation of a strong
passivation layer on the Apy surface; it reduced the adsorption
of the collector BX and inhibited the flotation recovery of Apy.
Howevery, NH4

+ had a protective effect on Py,23 which
weakened the adsorption of m-NBO and caused the Py surface
to adsorb a considerably greater amount of the collector BX.
This enhanced the floatability of Py even in the presence of m-
NBO; therefore, the greatest inhibition of Apy in the
microflotation test coincided with the conditions for a
considerable decrease in the zeta potential.

2.3. FTIR Analysis. Figure 6 and Table 1 show the IR
spectra and characteristic peaks of the Apy surface before and
after its interaction with NH4

+, m-NBO, and BX. Apy had a
broad reflection peak close to 1630 cm−1 and a weak
absorption peak at 1069 cm−1. After the action of BX, new
absorption peaks appeared at 1112 cm−1 (ref 24) and 1382
cm−1; these peaks are characteristic of BX and indicate that BX
adsorbed on the Apy surface. After the action of NH4

+, a novel
characteristic peak appeared at 1381 cm−1.25 When BX was
added, the characteristic peak of BX at 1112 cm−1 did not
appear in the IR spectrum, which can be attributed to
competitive adsorption. The peak at 1381 cm−1 corresponds to
NH4

+ and indicates that the adsorption of BX onto the Apy
surface was extremely weak. Therefore, NH4

+ caused changes
to the surface potential of the Apy surface. Xanthate oxidizes to
dixanthate and xanthate, which appear on the IR spectrum at

Figure 2. Effect of the inhibitor concentration (m-NBO) on the
flotation recovery of Py and Apy; C(BX) = 1.6 × 10−3 mol/L, C(NH4

+)
= 75 mg/L.

Figure 3. Flotation separation results of the pyrite−arsenopyrite artificial mixed minerals: (a) flotation separation of single-agent m-NBO pyrite and
arsenopyrite concentrate; (b) flotation separation of combination agent [NH4

+ + m-NBO] pyrite and arsenopyrite concentrate.
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1112 cm−1 (ref 24) and 1382 cm−1. The absorption peaks in
the IR spectrum are characteristic of dixanthate and xanthate,
which indicates that these may be the effective flotation
components for Apy after the action of NH4

+ and BX. After the
action of m-NBO, there was no obvious change in the
characteristic peaks of the IR spectrum, which may be
attributed to the elimination of the absorption peak of m-
NBO itself at 1377 cm−1.
Figure 7 and Table 2 show the IR spectra and characteristic

peaks of the Py surface before and after its interaction with
NH4

+, m-NBO, and BX. After the action of BX, novel
absorption peaks were observed at 1094 and 1382 cm−1, which

are characteristic of xanthate and dixanthate and indicate that
BX adsorbed on the Py surface.26 After the action of NH4

+, a
novel absorption peak was observed at 1382 cm−1.25 After the
combined action of NH4

+ and BX, a novel absorption peak was
observed at 1090 cm−1, which indicates the adsorption of
dixanthate and xanthate on the Py surface. After adding m-
NBO after the action of NH4

+, the IR spectrum retained the
above-mentioned characteristic absorption peaks. The absorp-
tion peak at 1382 cm−1 can be attributed to the combined
effect of NH4

+ and m-NBO. The addition of BX caused a new
IR absorption peak to appear at 1101 cm−1 and a weaker
absorption peak to appear at 1379 cm−1. These results show

Figure 4. Relationships between the zeta potential and pH before and after the action of BX: (a) Apy and (b) Py.

Figure 5. Relationships between the zeta potential and pH before and after the actions of NH4
+ and m-NBO: (a) Apy before and after NH4

+; (b)
Apy and NH4

+ before and after m-NBO; (c) Py before and after NH4
+; (d) Py and NH4

+ before and after m-NBO.
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that the effect of m-NBO on Py was reduced because of
competitive adsorption among flotation reagents.27

2.4. Quantum Chemical Analysis. 2.4.1. Frontier Orbital
Analysis. The frontier orbital shape and composition of a

Figure 6. Infrared spectra of Apy before and after the actions of NH4Cl, m-NBO, and BX: (a) with BX and (b) without BX.

Table 1. Characteristic Peaks for the IR Spectrum of Apy and the Effects of the Flotation Reagents

Wavenumber (cm−1)

Apy
Apy +
BX

Apy +
NH4

+
Apy + NH4

+ +
BX

Apy + NH4
+ + m-

NBO
Apy + NH4

+ + m-NBO +
BX Functional groups Bonding properties

3436 3434 3437 3434 3432 3437 O−H bending vibrations water (adsorbed
water)

1630 1626 1627 1624 1627 1627 O−H bending vibrations water (adsorbed
water)

1385 1377 -NO2 symmetrical stretching
vibration

m-NBO

1381 Inorganic ammonium ion NH4
+

1382 1383 -CH3 bending vibrations NaBX
1112 CS stretching vibration NaBX

1069 1053 1059 1053 1076 1062 SO4
2− stretch vibration Apy

871 As−O stretching vibration Apy
580 601 568 608 540 568 Fe−O stretching vibration Apy
431 431 432 420 432 435 O−As−O bending vibrations Apy

Figure 7. Infrared spectra of Py before and after the actions of NH4Cl, m-NBO, and BX: (a) with BX and (b) without BX.
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flotation reagent can be used to intuitively show which atom is
possibly the active site of a reaction. To facilitate a qualitative
understanding of the atomic contributions of BX and m-NBO,
Figure 8 shows the frontier orbitals of their molecular
structures. The parameters are presented in Table 3. EHOMO

and ELUMO are the energies of the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO), respectively, and ΔEHOMO−LUMO is the frontier
orbital energy gap. EHOMO is the ability of molecules to lose
electrons (i.e., reduction), and ELUMO is the ability of molecules
to gain electrons (i.e., oxidation).28 The frontier orbitals of m-
NBO and BX are primarily concentrated at -NOO-, -COO-,
and S. The regions of the molecule with high HOMO density
have relatively loose outer electrons, which indicates that the
electrons can transfer from sulfur atoms to metal species on the

mineral surface to form covalent bonds.29,30 This indicates that
the sulfur atoms are the active centers of these molecules,
which is consistent with the microflotation experimental
results. Figure 8 shows that the nitro group is coplanar with
the benzene ring to form a conjugated system. The nitro group
has strong electron withdrawal properties, which attracts
electrons from the conjugated system to move to the nitro
group and reduces the electron cloud density of the benzene
ring. m-NBO had ELUMO = −5.07 kJ/mol. As per the frontier
orbital theory, m-NBO has a certain degree of oxidation, which
allows it to act as an inhibitor. A smaller absolute value for
ΔEHOMO−LUMO shows stronger activity and easier interaction
between molecules. This indicates that m-NBO easily adsorbs
on mineral surfaces.

2.4.2. Adsorption Energies. Figure 9 shows the adsorption
energies of xanthate on the Py (100) and Apy (001) surfaces
with different reagents. NH4

+ and m-NBO had little effect on
the Py surface, which increased the effect of the collector BX.
NH4

+ and m-NBO had a greater effect on the Apy surface;
therefore, they competed with BX for adsorption. This reduced
the adsorption of BX on Apy and inhibited its floatability. The
adsorption energy of xanthate was greater on the Py surface

Table 2. Characteristic Peaks for the IR Spectrum of Py and the Effects of Flotation Reagents

Wavenumber (cm−1)

Py
Py +
BX

Py +
NH4

+
Py + NH4

+ +
BX

Py + NH4
+ + m-

NBO
Py + NH4

+ + m-NBO +
BX Functional groups Bonding properties

3437 3435 3443 3443 3437 3432 O−H bending vibrations water (adsorbed
water)

1629 1623 1625 1620 1629 1626 O−H bending vibrations water (adsorbed
water)

1382 1379 -NO2 symmetrical stretching
vibration

m-NBO

1382 Inorganic ammonium ion NH4
+

1382 1382 -CH3 bending vibrations BX
1094 1090 1101 CS stretching vibration BX

1084 1081 1082 1075 1035 1084 SO4
2− stretch vibration Py

561 573 564 573 539 570 Fe−O stretching vibration Py
422 419 411 471 419 428 O−Fe−O bending vibrations Py

Figure 8. Frontier orbitals for the molecular structures of the flotation reagents: (a) HOMO and (b) LUMO of BX; (c) HOMO and (d) LUMO of
m-NBO.

Table 3. Frontier Orbital of Each Reagent

Reagent EHOMO (kJ·mol−1) ELUMO (kJ·mol−1) |ΔEHOMO−LUMO|

m-NBO 0.88 −5.07 5.95
NaBX 13.07 −1.98 15.05
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(ΔE = −52.86 kJ/mol) than on the Apy surface (ΔE = −87.44
kJ/mol), which indicates that BX possibly adsorbed onto the
Py surface. When NH4

+ reacted with Py (ΔE = −111.91 kJ/
mol) and Apy (ΔE = −33.30 kJ/mol), NH4

+ reduced the
adsorption of BX on the Apy surface. The addition of m-NBO
led to competitive adsorption between m-NBO and BX, which
reduced the adsorption of BX on the Apy surface (ΔE =
−23.23 kJ/mol) but had almost no effect on the Py surface
(ΔE = −110.13 kJ/mol). Thus, these results demonstrate how
the selective adsorption of Apy and Py could be achieved.
To summarize, the adsorption energy results demonstrated

that xanthate more easily adsorbs on the Py surface. The
addition of NH4

+ reduced the adsorption energy of BX on the
Apy surface compared with that on the Py surface. The
addition of m-NBO did not affect the adsorption energy of BX
on the Py surface but reduced the adsorption energy on the
Apy surface. This shows that the combined action of NH4

+ and
m-NBO reduced the adsorption of BX on the Apy surface and
inhibited its floatability.
2.4.3. Charge Density Difference. The electronic structure

information of flotation reagents adsorbed on the crystal planes
of minerals is quite significant for understanding the electron
transfer and chemical bond properties after adsorption.
Calculation of the charge density difference is an effective
method for analyzing the electronic structure.31 The electron
flow direction before and after adsorption can be intuitively
obtained by calculating the charge density difference. The
charge density difference diagram is obtained by subtracting
the charge densities after bonding and before bonding. Table 4
shows the Mulliken populations of related atoms after a
flotation reagent adsorbed on the mineral surface. The average
Mulliken population distributions of the atoms and bonds of
Py and Apy for different systems can be used to explain the
types of charge transfer and bond formation. Figure 10 shows
the plot of the charge density differences of BX, NH4

+, and m-
NBO molecules on Py and Apy planes; the red area is electron
scarcity, the blue area is electron enrichment, and the white
area is no change in the electron density. The Py + BX system
had populations of 0.46 (S1−Fe1) and 0.36 (S2−Fe1). The
addition of NH4

+ reduced the population of S2−Fe1 to 0.35
and, thus, enhanced the ionicity of the system.32 The addition

m-NBO significantly reduced the population and, thus,
increased the ionicity further.
In Figure 10, the red and blue patterns for BX show that

many electrons moved from the outside of S1 and transferred
to Fe ions; this is consistent with the weak electronegativity of
Fe ions and their weak electron binding ability. The larger and
darker red area in Figure 10(d) compared with Figure 10(a)
shows that Fe1 transferred more electrons to S1 and, thus, had
a stronger interaction. The results of the Mulliken population
analysis were consistent. When NH4

+ was added to the system,
additional electrons were transferred from the outside of S1 to
Fe. In Figure 10(b), Fe1 had a larger and lighter red area,
which indicates that additional electrons were transferred to S1
and, thus, represents a stronger interaction. However, Figure
10(e) shows no obvious red area on the surface. The addition
of NH4

+ to the Apy surface weakened the ability of As1 and
Fe1 to transfer electrons to S1, which reduced the effect of the
collector BX. Adding m-NBO as shown in Figure 10(c) caused
NH4

+ to strongly interact with the Py surface. In Figure 10(f),
the periphery of S1 is white, which indicates almost no change
in the electron density; however, the periphery of m-NBO
shows a more obvious red. These results show that m-NBO
interacts with the Apy surface, which reduces the effect of the
collector BX and, thus, inhibits the floatability of Apy.

Figure 9. Total energy and adsorption energy of the reagent molecules: adsorptions of (a) BX, (b) NH4
+, and BX and (c) NH4

+, m-NBO, and BX
on Apy; adsorptions of (d) BX, (e) NH4

+, and BX and (f) NH4
+, m-NBO, and BX on Py.

Table 4. Changes in the Mulliken Charge Population for
Apy and Py after the Adsorption of BX, NH4

+, and m-NBO

Type Atomic bond Population Distance (Å)

Apy + BX S1−As1 0.48 2.04
Apy + NH4

+ + BX S1−As1 0.42 2.34
S2−Fe1 0.45 2.31

Apy + NH4
+ + m-NBO + BX S1−Fe1 0.53 2.25

S2−Fe2 0.46 2.35
Py + BX S1−Fe1 0.46 2.23

S2−Fe2 0.36 2.40
Py + NH4

+ + BX S2−Fe1 0.35 2.24
Py + NH4

+ + m-NBO + BX S1−Fe3 0.29 2.42
S2−Fe2 0.37 2.25
O1−Fe1 0.41 1.88
O2−Fe2 0.40 1.96
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3. CONCLUSIONS

Both experiments and quantum chemistry were used to
evaluate the effects of m-NBO and NH4

+ on the floatability
of Py and Apy. The microflotation experimental results
demonstrated that the combined action of NH4

+ and m-
NBO can achieve the selective inhibition of Apy and Py. Zeta
potential analysis shows that NH4

+ reduced the surface
potential of Apy but had little effect on Py. In an alkaline
environment, m-NBO had a weak inhibitory effect on the Py
surface when combined with NH4

+. In the case of Apy, the
combined action of m-NBO and NH4

+ occupied active sites on
the mineral surface, which significantly reduced the adsorption
of BX and inhibited the floatability of Apy.
The primary reactive site of BX was the S atom, and the

primary reactive site of m-NBO was the O atom. The primary
activation site on the mineral surface was Fe. The Py surface
had a significantly greater ΔE (110.13 kJ/mol) than BX (ΔE =
87.44 kJ/mol) after interacting with m-NBO and NH4

+. This
shows that m-NBO and NH4

+ did not affect the BX adsorption
capacity of the Py surface, which indicates that m-NBO had a
weak inhibitory effect on Py. The Apy surface had a
significantly smaller ΔE (23.23 kJ/mol) than BX (ΔE =
52.86 kJ/mol) after interacting with m-NBO and NH4

+. This
shows that m-NBO and NH4

+ reduced the BX adsorption
capacity of the Apy surface, which indicates that m-NBO had a
strong inhibitory effect on Apy.
The Mulliken population analysis confirmed that the charge

density differences on the Apy surface did not considerably
change with the addition of NH4

+ and m-NBO. These results
confirmed those increased after the action of NH4

+. O and S
were reported to affect the activity and reactivity of flotation
reagents on the mineral surface.

In the flotation process, multiple agents interact with each
other, and the synergistic effect is widespread. For example,
xanthate is partially oxidized into dixanthate and then
coadsorbed to the mineral surface, which improves the
flotation index. However, not all agents can improve the
flotation index. Attention should be given to eliminate this
adverse synergy effect, and this is not conducive to flotation.
Furthermore, the mixing of foaming agents and collectors for
sulfide minerals and fine flotation should be strengthened, and
research on the mixed use of foaming agents should continue.

4. MATERIALS AND METHODS
4.1. Materials. Mineral samples were obtained from the

Chifeng polymetallic sulfide deposit in Inner Mongolia, China.

The mineral samples were manually selected, crushed, ground
with agate, and sieved. Microflotation experiments were
performed with 38−75 μm sized, and FTIR and zeta potential
measurements were performed with 20−38 μm sized. Table 5
presents the chemical element analyses of ore samples used in
this study: arsenopyrite (Apy) and pyrite (Py). The Apy

Figure 10. Front view of Mulliken charges when treatment reagents adsorb on the surfaces of Py (100) and Apy (001): Charge density differences
when (a) BX, (b) NH4

+, and BX and (c) NH4
+, m-NBO, and BX adsorb on Apy; charge density differences when (d) BX, (e) NH4

+, and BX and
(f) NH4

+, m-NBO, and BX adsorb on Py.

Table 5. Chemical Element Analyses of Apy and Py

Element content (wt %)

Fe As S Si Zn Al Ca Mg Mn K P

Apy 34.93 47.12 14.88 1.37 0.64 0.51 0.48 0.03 0.03 0.01
Py 48.85 46.92 1.90 1.53 0.19 0.11 0.46 0.04

Figure 11.Molecular structures of flotation reagents: (a) m-NBO and
(b) BX.
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samples had a purity of 96.93%, whereas the Py samples had a
purity of 95.66%.
In this study, different chemical reagents with different

functions were used to evaluate their effects and interactions
with each other. Analytically pure sodium m-nitrobenzoate (m-
NBO) produced by Shanghai Macleans Biochemical Co., Ltd.
(Shanghai, China) was selected as an inhibitor, whereas
analytically pure ammonium chloride (NH4

+) was selected as
an activating reagent. Butyl xanthate (BX) with a purity of
>85% from Zhuzhou Flotation Plant (Zhuzhou, China) was
selected as the collector. Terpineol oil provided by Tangshan
Jiesde Technology Co., Ltd. (Tangshan, China) was selected as
the foaming agent. Furthermore, other reagents, including
sodium hydroxide (NaOH) and hydrochloric acid (HCl), were
analytically pure. Deionized water (resistivity: 18.2 MΩ) was
used for all experiments and analyses.
4.2. Methods. 4.2.1. Microflotation Experiments. Micro-

flotation experiments were performed using a 40 mL flotation
cell machine on 2 g ore samples. The flotation behaviors of
Apy and Py were examined with different slurry systems under
different pH conditions. Before each test, the mineral surface
was cleaned by ultrasonication for 5 min. The pH was
measured and adjusted as necessary using NaOH and HCl.
Various reagents were then added as necessary: NH4

+, m-
NBO, and/or BX, followed by terpineol oil. After 2 min of
flotation, the floating and sinking products were collected.
For the separation test of the artificial mixed minerals, 2 g of

mixed mineral powders (1.5 g of pyrite and 0.5 g of
arsenopyrite) was used. The test flow was the same as that
of the single-mineral flotation.
Each flotation test was conducted under the same conditions

three times. The recovery of products can then be expressed as
follows:33

=
+

×
m

m m
R 100%1

1 2 (1)

where R is the recovery, m1 is the mass of the floating product,
and m2 is the mass of the nonfloating product.
4.2.2. Zeta Potential Measurements. The zeta potential

was measured using a Zetasize Nano ZS680 (Malvern, U.K.)
zeta analyzer instrument. Suspensions (0.01% mass fraction) of
a small amount of mineral sample in a 1 × 10−3 M KCl
background electrolyte solution were dispersed in a beaker and
magnetically stirred for 6 min at the desired pH. After 20 min
of settling, the pH of the suspension was measured, and the
supernatant was collected for zeta potential measurement.
Tests were conducted thrice under the same conditions, and
the average and standard deviation were calculated.34

4.2.3. FTIR Spectroscopy. FTIR spectroscopy was per-
formed using a Nicolet IS 10 Fourier transform infrared

spectrometer from Thermo Fisher Scientific (Waltham, MA,
U.S.A.). The diffuse reflection approach (30 scans, resolution:
2 cm−1) was utilized at room temperature (25 °C). Spectra
were collected in the absorption band range 400−4000 cm−1.
Samples were prepared by adding 1.0 g of pure mineral
particles (−38 μm in size) in 40 mL of deionized water as per
the desired reagent scheme. After conditioning for 30 min, the
suspension was filtered, and the filter cake was washed three
times with deionized water at pH 6.5. Then, the filter cake was
dried in a vacuum oven at 25 °C. After completely evaporating
the moisture, 1 mg of dry solid was mixed with 100 mg of
spectroscopy-grade KBr for analysis.35

4.3. Models and Computational Details. Under alkaline
conditions, m-NBO and BX primarily exist in the form of
anions. Therefore, this study primarily focused on modeling
the anion form of these reagents. GaussView 6.0 was used to
build molecular models of m-NBO36 and BX, as shown in
Figure 11. The package Gaussian 09 at the B3LYP functional
and 6-311G+2 (d, p) basis set was used to optimize the
geometry of molecular structures.37,38

Density functional theory (DFT) has been confirmed to be
one of the most accurate methods for calculating the electronic
structure of solids.39,40 DFT simulations were performed by
using the CASTEP module of Materials Studio 2017, and the
Ultrasoft pseudopotential method was used for calculation.
The periodic unit cell parameters of Py and Apy were obtained
from the crystal structure database. The calculated lattice
parameters were closest to the experimental results when the
generalized gradient approximation (GGA-PBE) was used.
Thus, the GGA-PBE functional was selected for subsequent
calculations.41 The DFT-D correction was applied to eliminate
the effect of dispersion. The DFT calculations demonstrated
that the most exposed dissociation planes for Py and Apy were
(100)42 and (001),43 respectively. Figure 12 shows the
resulting optimized unit cell models. To eliminate the influence
between mirror molecules, the final supercell sizes of Py and
Apy were 17.21 × 17.01 × 40 Å3 and 16.25 × 16.25 × 40 Å3,
respectively. The atomic charges were determined as per
Mulliken population analysis.44 The plane wave cutoff energy
was set to 500 eV for calculations. The Broyden−Fletcher−
Goldfarb−Shanno (BFGS) algorithm45 was used to optimize
the models. The self-consistent field (SCF) convergence
criterion was 2 × 10−6 eV/atom, the interatomic force was
0.05 eV/A, and the total change in energy of the system was 2
× 10−5 eV/atom. Point K was set to Gamma. All calculations
were performed under periodic conditions. The adsorption
energy reflects the acting intensity of a reagent, which can be
calculated as follows:

= − +E E E E( )ads ads/s ads s (2)

Figure 12. Optimized unit cell models: (a) Py and (b) Apy.
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where Eads/s is the adsorption energy, Eads is the total energy of
Py (100) and Apy (001), and Es is the energy of the adsorbent.
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