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Abstract: Arsenopyrite is a common arsenic-containing mineral that is often closely associated with 
sulfide minerals, such as pyrite, chalcopyrite, pyrrhotite, galena, and sphalerite, and with precious 
metals, such as gold and silver. The selective inhibition of arsenopyrite is an important method used 
to reduce the arsenic content of processed products, the cost of arsenic removal in metallurgical 
processes, and its impact on the environment. In this study, we discovered a chemical sodium, m-
nitrobenzoate (m-NBO), that can effectively inhibit the flotation behaviors of arsenopyrite via 
sodium butyl xanthate (NaBX), and these effects were studied by flotation experiments. The results 
showed that, using NaBX as a collector, arsenopyrite had good floatability under acidic conditions, 
but the floatability decreased under alkaline conditions. Furthermore, the organic inhibitor m-NBO 
had a significant inhibitory effect on arsenopyrite under alkaline conditions. In addition, the 
adsorption between m-NBO and NaBX was competitive, and a hydrophilic layer formed on the 
surface of arsenopyrite. The passivation film prevents dixanthogen from being adsorbed on the 
surface of the mineral. Due to the effect of m-NBO on arsenopyrite, the redox potential and oxide 
content of the arsenopyrite surface increased, the hydrophobicity of the arsenopyrite surface was 
reduced, and the flotation of arsenopyrite was inhibited. These results provide options for 
separating multimetal sulfide minerals and arsenic-containing minerals. 
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1. Introduction 
Arsenic is a pollutant that affects waterbodies and soil [1]. It can be stabilized as a 

series of pentavalent (arsenate) anions: HଷAsOସି, HଶAsOସି, HAsOସଶି, and AsOସି. However, 
under most reducing (acidic and weakly alkaline) conditions and lower redox potentials, 
trivalent arsenate ( HଷAsOଷ ) dominates. Due to its instability, arsenic has become a 
significant source of arsenic pollution in the environment [2]. 

From the perspective of thermodynamics, arsenopyrite is easily oxidized and 
decomposed in both acid and alkaline media, but from the perspective of kinetics, 
arsenopyrite is an inert mineral that is difficult to oxidize [3]. As the oxidation process of 
arsenopyrite is a process that converts S, As, and Fe from low valence to high valence, 
passivation films form on the surface, limiting arsenopyrite oxidation to a certain extent 
[4]. Once arsenopyrite is oxidized, it releases Fe, As, S, and other elements. Among them, 
special attention should be paid to As and its valence state because arsenic is a toxic 
element, and its toxicity is related to its valence, especially As3+ and As5+. In a supergene 
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environment system, because the environment is rich in oxygen, arsenopyrite 
decomposition is inevitable and pollutes the surrounding environment [5]. Therefore, 
separating arsenic from other minerals in the form of arsenopyrite as a part of tailing 
filling in mining processes can reduce the environmental pollution caused by the release 
of arsenic due to the oxidative decomposition of arsenopyrite. 

The most common mineral in arsenic-bearing minerals is arsenopyrite, which is often 
closely associated with sulfide minerals, such as pyrite, chalcopyrite, pyrrhotite, galena, 
and sphalerite [6]. In the process of nonferrous metal mineral recovery, the [Fe–S] bond 
exposed during the dissociation of arsenopyrite can easily interact with thio-compound 
collectors and can enter the flotation concentrate of sulfide minerals, resulting in arsenic 
being present in the main metal concentrate and in the arsenic content exceeding the 
standard and affecting the quality of the concentrate. In the subsequent smelting process, 
the smelting cost increases due to the removal of arsenic [7,8]. We take tin smelting in 
Guangxi, China, as an example, as this industry is the most advantageous and is 
characteristic of the area. A large amount of arsenic-containing gypsum slag is produced 
during pyrometallurgical smelting. In the process of arsenic removal, every 1 ton of 
arsenic removed carries away 3 to 4 tons of tin, resulting in a huge waste of tin resources. 
In Australia, because of strict arsenic emission standards, smelters only process copper 
concentrates with <0.5% arsenic, because each 0.1 wt% higher of arsenic is fined at about 
USD 3 [5,9]. Therefore, the effective separation of arsenic-containing minerals, such as 
arsenopyrite and other sulfide minerals, in the process of beneficiation of nonferrous 
metal sulfide minerals is crucial. 

As arsenopyrite is also a type of sulfide mineral, the similarities between its crystal 
structure and surface bond energy, and those of the co-associated sulfide minerals cause 
similar flotation thermodynamic properties. Therefore, their separation is difficult and has 
remained problematic in beneficiation work [10]. Over the years, researchers have 
conducted a lot of research to reduce the arsenic content in sulfide minerals. Although the 
technologies used to inhibit arsenopyrite with inorganic inhibitors are relatively mature 
[11,12], the depletion of nonferrous resources, the quality of the concentrate, and the need 
to protect the environment now involve increasingly stringent measures. In addition, the 
selective inhibitory effect of inorganic inhibitors on arsenopyrite has various problems 
such as a large dosage, poor selectivity, and large impact on subsequent processes. 
Therefore, alternative agents with good selectivity and a good inhibitory effect are still 
needed. Organic inhibitors have multiple functionalities to meet various needs, such as a 
reduction ability, a coordination ability, hydrophilicity, high flexibility, low cost, 
environmental friendliness, and good selectivity. Therefore, in recent years, organic 
chemicals have been favored by engineers and researchers in mineral processing [13]. 
Specifically, this concerns the development of high-efficiency small molecule organic 
inhibitors with multifunctional groups, which are also a feasible way to meet the needs of 
resource development, to meet new environmental protection requirements, and to 
reduce smelting costs [14]. 

In recent years, surface spectroscopy and electrochemical methods have been widely 
used to study the process of minerals and flotation reagents [15]. Studies have shown that 
there are two mechanisms of inhibiting arsenopyrite [16,17]. In the first mechanism, under 
alkaline conditions, the oxidation potential is reached in the presence of an oxidant. The 
appearance of an oxidation potential causes arsenopyrite to form a film of iron hydroxide 
on the surface, thereby inhibiting arsenopyrite. In the second mechanism, a large number 
of hydroxyl and carboxyl groups are present in the molecular structure of the inhibitor. In 
an alkaline medium, some of the groups interact with the minerals and are chemically 
adsorbed on the surface of arsenopyrite in the form of anions, forming a hydrophilic film 
that prevents and covers the role of collectors, which makes arsenopyrite hydrophilic. On 
this basis, many previous works studied amino trimethyl phosphonic acid, 
ethylenediamine tetra-n-propionic acid, ethylenediamine tetramethylene phosphonic 
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acid, pyrogallic acid, hydroquinone, tannic acid, α-amino phosphoric acid [18], 
benzodiazepines [19], and new organic small molecule inhibitors. 

Under the action of polar functional groups, when interacting with minerals, some 
of the polar groups in the molecule selectively interact with the surface of minerals. This 
process extends outwards to the medium (water), causing the surface of minerals to be 
hydrophilic or preventing the adsorption of collectors, thereby inhibiting the flotation of 
the minerals [20]. When macromolecular organic inhibitors interact with minerals, a 
hydrophilic adsorption layer is formed and the collectors adsorbed on the mineral surface 
are masked. These processes result in shielding of the collector hydrophobic effect and 
cause the mineral to be hydrophilic and inhibited. Therefore, tannin [21], HA sodium 
(ammonium) [22], polyacrylamide [13], lignosulfonate [23], and organic macromolecular 
inhibitors have good applications in the removal of arsenopyrite. 

Nitrobenzoate, which is an organic oxidant, has certain corrosive properties to metals 
at low concentrations. Its corrosion form is localized corrosion [24]. Although As is 
semimetallic and S is nonmetallic, arsenopyrite is a semiconductor, similar to an “alloy” 
[25]. However, in essence, an arsenopyrite oxidation process occurs with or without 
inhibitors in a flotation system. Therefore, linking the oxidation process of arsenopyrite 
with the “corrosion” process of the alloy-like arsenopyrite and the process of achieving 
“passivation” of arsenopyrite by forming a passivation film on its surface is easy. The use 
of electrochemical technology to study the electrochemical behavior of FeAsS in the 
required electrolyte, especially the oxidation process, is without a double of great 
significance [26]. 

Based on the two aforementioned, important points (organic agent and arsenopyrite 
oxidization), this study found a small organic molecule inhibitor agent that has oxidizing 
properties and that can have a significant inhibitory effect on arsenopyrite sodium m-
nitrobenzoate (m-NBO) [27]. Herein, we used Fourier-transform infrared spectroscopy 
(FTIR), X-ray photoelectron spectroscopy (XPS), cyclic voltammetry curves (CV), and 
Tafel curves (Tafel) to study the m-NBO inhibitory mechanism of arsenopyrite. 

2. Materials and Methods 
2.1. Materials 

The high-purity arsenopyrite sample was obtained from the Chifeng polymetallic 
sulfide deposit in Inner Mongolia [28]. Arsenopyrite (Apy) was manually selected, 
crushed, agate ground, and sieved. Next, 38–75 μm arsenopyrite samples were used for 
single mineral flotation, and 20–38 μm samples were used for the Fourier-transform 
infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS) analyses and 
the electrical preparation of the chemical powder electrodes. The main mass fraction of 
arsenopyrite is shown in Table 1. Among them, Fe, As, and S are the main elements, and 
their contents are 34.93 wt% Fe, 47.12 wt% As, and 14.88 wt% S. As seen from Table 1, the 
arsenopyrite sample used in this study has high purity and few impurity elements, and 
thus, it can be used in pure mineral test research. 

Table 1. Chemical element analysis of arsenopyrite. 

Element Fe As S Si Zn Al Ca Mn K P 
Content 
(wt.%) 

34.93 47.12 14.88 1.37 0.64 0.51 0.48 0.03 0.03 0.01 

The reagents used in this study include inhibitors, collectors, and frothers. The 
inhibitor was the analytical reagent m-NBO produced by Shanghai Macklin Biochemical 
Co., Ltd. (Shanghai, China) and the collector NaBX was provided by Chehe Mineral 
Flotation Plant in Chehe, China (NaBX, purity > 85%). The foaming agent, terpineol oil, 
was provided by Tangshan Jest Technology Co., Ltd. (Tangshan, China). The other 
reagents in the test were analytically pure, including sodium hydroxide (NaOH), 
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hydrochloric acid (HCl), and other pH adjusters. Deionized water (resistivity: 18.2 MΩ) 
was used for all flotation and analytical studies. 

2.2. Methods 
2.2.1. Micro-flotation Tests 

A total of 2 g of Apy was added to a 40 mL flotation cell for micro-flotation tests. The 
flotation behavior of arsenopyrite was then studied in different slurry systems under 
different pH conditions. Before the test, the mineral surface was treated with an ultrasonic 
cleaning apparatus for 3 min. The arsenopyrite samples treated in different ways were 
stirred for 2 min under specified solution conditions to enhance the interaction between 
the agent and the mineral. The pH value was measured with a pH meter (FE 20, METTLER 
TOLEDO, Zurich, Switzerland), and the pH of the suspension was adjusted as necessary 
using NaOH and HCl. Subsequently, various reagents were added to the pulp: m-NBO 
(if needed), NaBX (if needed), and terpineol. After 2 min flotation, the float and the sink 
products were collected and dried. Finally, the recovery rate was calculated based on the 
dry weight of the product [22]. The tests under the same conditions were conducted three 
times. 

2.2.2. FTIR Measurements 
The infrared spectrum analysis used a Nicolet IS 10 Fourier transform infrared 

spectrometer from Thermo Fisher Scientific (Waltham, MA, USA), with a scanning range 
of 4000–400 cm−1. Each spectrum was scanned 16 times, and the measurement resolution 
was 4 cm−1. For each analysis, 2 g of the sample was added to 40 mL of deionized water to 
adjust the pH. According to the needs, different reagents were added to the slurry, 
including m-NBO and NaBX. After the treatment, the sample was rinsed with deionized 
water three times and dried in a vacuum oven at 25 °C. For infrared spectroscopy analysis, 
10 mg of the sample and 100 mg of spectral pure KBr were taken, uniformly mixed, and 
compressed into pellet with a tablet press [29]. 

2.2.3. XPS Measurements 
XPS analysis was performed using an American Thermo Scientific K-Alpha plus 

(Waltham, MA, USA) and single chromium Al Kα x-ray source. The source energy was 
1486.6 eV, the voltage was 15 kV, the beam current was 15 mA, and constant analyzer 
energy was analyzed in the (Constant Analyzer Energy) mode. All elements in the 
measurement sample were detected by survey scanning, and the high-resolution XPS 
spectra of C1s, Fe2p, S2p, As3d were recorded. All XPS spectra were fitted, analyzed, and 
calculated on Advantage software. All data were based on the C1s peak of surface 
contamination, the binding energy of which is 284.8 eV [22]. 

2.2.4. Electrochemical Measurements 
In this work, CV curve and Tafel curve tests were performed to understand the 

interaction between m-NBO, NaBX, and arsenopyrite. The CHI 760E (CH Instruments, 
Inc., Austin, TX, USA) scanning electrochemical instrument is a traditional three-electrode 
electrochemical cell. Herein, a double-wall glass reactor was used as an electrochemical 
cell with an effective volume of 200 mL. The electrode was a mineral powder 
microelectrode, Ag/AgCl was used as a reference electrode, a glassy carbon electrode was 
used as a working electrode, and a graphite electrode was used as an auxiliary electrode. 
The electrolyte is 0.1 M KCl, and a 1 M NaOH solution adjusted the pH to pH = 9 and pH 
= 11.5 [30]. 

An open circuit potential (OCP) scan was performed before each CV experiment and 
started when the OCP stabilized (approximately 10 min later). In the CV study, the 
following cycle was performed: from the OCP to 600 mV (positive potential sweep), then 
to −800 mV (negative potential sweep), and then to the OCP at a sweep rate of 20 mV/s. 
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Each test was carried out for four cycles. The shape and peak intensity of the oxidation or 
reduction products became stable starting from the second scan, so the second test data 
were used. The Tafel test voltage range was OCP ± 0.3 V, and the scanning speed was 10 
mV/s. The potentials above are all Ag/AgCl. According to the float test procedure, the 
reagents were added in the order of m-NBO (if needed) and NaBX (if needed). The 
arsenopyrite powder electrode was placed in the electrolyte for 15 min to reach 
equilibrium before the electrochemical measurement. The background electrolyte was 0.1 
M KCl, and the pH value was adjusted to 11.5 using a NaOH solution [31]. 

3. Results and Discussion 
3.1. Arsenopyrite Flotation Experiments 

As shown in Figure 1, in order to verify the influence of m-NBO on the floatability of 
arsenopyrite, a series of flotation tests were carried out. The pH value and the type of 
agent play important roles in the flotation of arsenopyrite, and the determination of the 
optimal pH value depends on the lower recovery rate of arsenopyrite. When the pH value 
changed from 3 to 11, the selectivity of arsenopyrite decreased. Under lower pH 
conditions, arsenopyrite had a higher recovery rate under different flotation slurry 
systems. When pH = 3, the recovery rate of arsenopyrite was 40%. When 1.6 × 10−3 mol·L−1 
of NaBX was added to the pulp, the recovery rate of arsenopyrite was 85%. When 50 
mol·L−1 of m-NBO and 1.6 × 10−3 mol·L−1 of NaBX were added, the recovery rate of 
arsenopyrite was 78%. When pH > 9, the flotation recovery rate of arsenopyrite showed a 
downward trend, except for in the NaBX slurry systems, and when pH = 11.5, the recovery 
of arsenopyrite was the lowest. Due to the presence of polar groups such as m-NBO 
carboxyl and nitro groups, the Fe2+ or As3+ on the surface of arsenopyrite can be easily 
oxidized and fixed on the surface of minerals. The m-NBO molecules adsorbed by 
arsenopyrite form hydrogen bonds with water, thereby selectively suppressing 
arsenopyrite [13]. As shown in Figure 1, when m-NBO is present, the recovery rate of 
arsenopyrite drops sharply in pH = 11.5 conditions. These results show that m-NBO can 
change the surface properties of arsenopyrite under alkaline conditions and can reduce 
the floatability of arsenopyrite. 

 
Figure 1. Effect of pH and depressants on the floatability of arsenopyrite, and error bar; C(m-NBO) 
= 50 mg·L−1 and C(NaBX) = 1.6 × 10−3 mol·L−1. 

As shown in Figure 2, as the amount of m-NBO increases, the recovery rate of 
arsenopyrite gradually decreases, but when C(m-NBO) > 50 mg/L, the recovery rate of 
arsenopyrite rises slightly, which may be due to the influence of competitive adsorption 
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between m-NBO and NaBX. It can also be seen from Figure 2 that, when the dosage of the 
agent is 50 mg/L, the recovery of arsenopyrite is the lowest. 

 
Figure 2. Effect of m-NBO dosage on the floatability of arsenopyrite, and error bar; C(NaBX) = 1.6 × 
10−3 mol·L−1, and pH = 11.5. 

3.2. FTIR Analysis 
Diffuse reflectance FTIR infrared spectroscopy was used to study the mechanism of 

action between m-NBO and arsenopyrite. The FTIR of organic inhibitor m-NBO is shown 
in Figure 3. Some obvious characteristic peaks can be observed, of which 3584 cm−1 is the 
broad peak-hydroxy stretching vibration and 3086 cm−1 is the –C–H– stretching vibration. 
At 1639 cm-1, the vibration is –C=O– aromatic antisymmetric stretching. Furthermore, 1608 
cm−1 corresponds to the C=C skeleton vibration of the aromatic ring, 1522 cm−1 and 1567 
cm−1 correspond to the asymmetric vibrations of –NOO–, 1394 cm−1 and 1350 cm−1 
correspond to the –NOO– symmetrical stretching vibrations or methyl deformation or to 
–COO– anti-symmetric stretching, 829 cm−1 corresponds to –C–H– out-of-plane bending 
vibrations, 790 cm−1 corresponds to the out-of-plane bending of the aromatic ring –C–H–, 
and 721 cm−1 corresponds to the binary substitution (meta) of benzene [32]. These results 
show that the molecular structure of m-NBO contains a variety of functional groups such 
as –COO– and –NOO–, and the reasonable combination of multiple functional groups 
matches the Benzene ring structure, so that m-NBO can be selectively adsorbed on the 
surface of minerals. 

The FTIR of NaBX is shown in Figure 4, and the characteristic peak is 1108 cm−1. 
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Figure 3. FTIR of organic-depressant m-NBO. 

 
Figure 4. FTIR of NaBX. 

Figure 5 shows the flotation effect of m-NBO on the flotation behavior of 
arsenopyrite. As can be observed from Figure 5, the results are quite different. The surface 
species produced by the interaction of arsenopyrite with m-NBO and NaBX were 
identified using infrared spectra. As shown in Figure 5 and Table 2, 3436 cm−1 and 1630 
cm−1 bending vibrations of –O–H appear. These are mainly from the adsorption layer 
containing water on the surface of arsenopyrite. At 1049 cm−1, 871 cm−1, 580 cm−1, and 431 
cm−1, the characteristic peaks of arsenopyrite are the SOସଶି  antisymmetric stretching 
vibration, As–O stretching vibration, Fe–O stretching vibration, and O–As–O bending 
vibration. 
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Figure 5. FTIR of arsenopyrite after interaction with m-NBO and NaBX; pH = 11.5, C(m-NBO) = 50 mg·L−1, C(NaBX) =·1.6 × 
10−3·mol·L−1. 

The infrared spectra and band assignments before and after the action of arsenopyrite 
and the agent are shown in Figure 5 and Table 2. 

When arsenopyrite reacts with NaBX, new absorption peaks appear at 1382 cm−1 and 
1112 cm−1 in the infrared spectrum, indicating that NaBX has been adsorbed on the surface 
of arsenopyrite. Fornasiero et al. [33] believes that, in the alkaline pH range, xanthate can 
be oxidized into dixanthate and that it can also be oxidized into dixanthate by Fe3+ or 
Fe(OH)3 particles, as shown in Equations (1) and (2): 2Feଷା + 2EXି →  2Feଶା + (EX)ଶ (1)

2Fe(OH)ଷ + 6Hା + 2EXି →  2Feଶା + 6HଶO + (EX)ଶ (2)

This further indicates that the hydrophobic product of NaBX on the surface of 
arsenopyrite is dixanthate and that its adsorption mode is a chemical action. 
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Table 2. Band assignments for arsenopyrite infrared spectrum features of m-NBO and NaBX (/ means none). 

Apy Apy + NaBX 
Wavenumber/cm−1 

Functional Groups Bonding Properties 
Apy + m-NBO Apy + m-NBO + NaBX 

3436 3436 3438 3436 O–H bending vibrations water (adsorbed water) 
1630 1626 1629 1630 O–H bending vibrations water (adsorbed water) 

/ / 1404, 1387 1405, 1388 
–NO2 symmetrical 

stretching vibration 
m-NBO 

/ 1382 / / –CH3 bending vibrations NaBX 
/ 1112 / 1116 C=S stretching vibration NaBX 

1049 1053 1083 1033 SO42− stretch vibration Apy 
871 / 829 / As–O stretching vibration Apy 
580 601 612 607 Fe–O stretching vibration Apy 

431 431 433 434 
O–As–O bending 

vibrations 
Apy 

However, as shown in Figure 5, when arsenopyrite reacts with m-NBO, characteristic 
peaks of –NOO– appear at 1387 cm−1 and 1404 cm−1, indicating that m-NBO is adsorbed 
on the surface of arsenopyrite. m-NBO complexes with the As and Fe ions on the surface 
of arsenopyrite to achieve chemical adsorption. The possible complexation reaction is 
shown in Figure 6. 

 
Figure 6. Possible adsorption mechanism of m-NBO on an arsenopyrite surface with two binding 
mechanisms involving m-NBO: a metal cation and arsenic (Me can be Fe3+). a—is expected to be 
rather weak due to steric hindrance and repulsion of the OHି ligands and due to a small difference 
in Pauling’s electronegativity; b—In the case of the Me-O-As bridge, a stable bond is expected. 

Schaufuss et al. [34] proposed that, under high vacuum conditions, the surface 
reaction of oxygen and arsenopyrite is manifested as the rapid oxidation of surface arsenic 
particles. In the adsorption process, As and Fe react with arsenopyrite and the –COO–, –
NOO– in m-NBO may cause adsorption in the complexation. Qin et al. [35] and other 
researchers reported that xanthate is oxidized to produce dixanthate, which increases the 
hydrophobicity of the mineral surface and promotes the mineral flotation. In the 
arsenopyrite treated with m-NBO, under the action of NaBX, no new characteristic peaks 
appeared on the surface of arsenopyrite and the double xanthate absorption peak at 1382 
cm−1 disappeared. However, a weak absorption peak is present, which may be due to the 
symmetric stretching vibration of –NOO– at 1405 cm−1 and 1388 cm−1 of m-NBO, indicating 
that m-NBO and dixanthate have competitive adsorptions on the surface of arsenopyrite. 
Due to the flotation effect of m-NBO, the hydrophilicity of arsenopyrite increased and 
arsenopyrite was inhibited. This result is also consistent with the flotation test results of 
the arsenopyrite micro-flotation mineral. 
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3.3. XPS Analysis 
XPS was used to study the effects of m-NBO and NaBX on the surface chemical 

composition and adsorption on arsenopyrite surfaces. The XPS spectra of Fe 2p, S 2p, and 
As 3d on the surface of arsenopyrite before and after the addition of m-NBO and NaBX 
are shown in Figure 7, respectively. 

 

 



Minerals 2021, 11, 1216 11 of 21 
 

 

Figure 7. XPS of arsenopyrite after interactions with m-NBO and NaBX; pH = 11.5, C(m-NBO) = 50mg·L−1, C(NaBX) = 1.6 × 10−3 
mol·L−1; (a)Fe 2p, (b)As 3d, (c)S 2p. 

As shown in Figure 7a, most of the iron atoms on the surface of arsenopyrite are Fe(II) 
combined with As–S ion groups. As Fe(II) has almost the same binding energy when 
combined with As–S or S–S [36], the content of Fe(II)–AsS is used to express the total 
Fe(II)-As and Fe(II)–S contents. For accurate comparison of the relative species 
distribution changes before and after the action of arsenopyrite with m-NBO and NaBX, 
the same full width at half maximum was set under the same binding energy or the 
corresponding chemical state, as shown in Table 3. 

Table 3. Distribution of the chemical state, binding energy, and atomic concentration of the surface elements Fe 2p, As 2p, 
and S 3d before and after the adsorption of m-NBO and NaBX on arsenopyrite. FWHW, full width at half maximum. 

Chemical 
State 

BE/eV 

FWHW 

Atomic/% 

Apy 
Apy+ 
NaBX 

Apy+ m-
NBO 

Apy + m − 
NBO + 
NaBX 

Apy 
Apy+ 
NaBX 

Apy+ 
m-NBO 

Apy + m -
NBO + 
NaBX 

Fe2+–AsS 707.3 707.1 707.3 707.0 1.0 35 43 29 41 

Fe2+–(Fe–O) 709.6 709.4 709.5 709.6 2.7 20 19 20 16 

Fe3+(Fe–O) 711.7 711.6 711.8 711.7 2.6 45 38 51 43 

As−1–S 41.3 41.1 41.3 41.2 1.0 39 33 26 34 
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As0 42.1 41.8 42.0 41.9 1.0 

As3+–O 44.2 44.0 44.1 44.2 1.7 23 26 17 33 

As5+–O 45.5 45.4 45.5 45.5 1.8 38 41 57 33 

𝑆ଶଶିor S=S 162.3 162.2 162.3 162.1 1.1 

71 74 60 62 𝑆௡ଶି or S=C 163.6 163.2 163.5 163.4 1.1 

S0 or S=S 164.8 164.0 164.8 164.8 1.4 

11 11 18 23 𝑆ଶ𝑂ଷଶି or S–S 166.1 165.3 166.1 165.9 1.4 

𝑆𝑂ସଶି 168.3 168.1 168.5 167.9 1.9 

18 15 22 15 𝑆𝑂ସଶି 169.6 169.3 169.8 169.2 1.9 

As shown in Figure 7a, 707.3 eV [36], 709.6 eV, and 711.7 eV on the surface of 
arsenopyrite represent Feଶା– AsS, Feଶା(Fe − O), and Feଷା(Fe − O), respectively, and the 
relative atomic concentrations are 35%, 20%, and 45%, respectively, as shown in Table 4. 
After the treatment of arsenopyrite and NaBX, the content of low-valence oxides of 
arsenopyrite increases; the content of high-valence Fe3+ decreases; and the relative atomic 
concentrations are 43%, 19%, and 38%, respectively, as shown in Table 3. The adsorption 
of xanthate and dixanthate on the surface of arsenopyrite forms Fe(OH) · X and Fe(OH)ଶ ·Xଶ, which are beneficial to the flotation of arsenopyrite [37,38]. When arsenopyrite reacts 
with m-NBO, the content of arsenopyrite in the Fe2p energy spectrum as Feଶା– AsS , Feଷା– AsS, and Feଷା(Fe– O) changes to varying degrees. In the low oxidation state, the 
content of Feଶା– AsS decreased by 6%, while the content of Fe3+(Fe–O) increases by 6%. 
This may be due to the effect of m-NBO, in which the roles of –COOH– and –NOO– 
promote the conversion of Fe2+ to Fe3+. Infrared absorption spectroscopy has proved that 
m-NBO has a complexation effect on the surface of arsenopyrite, showing that, under the 
action of m-NBO, the oxidation of [Fe] on the surface of arsenopyrite is promoted. When 
arsenopyrite reacts with m-NBO and then reacts with NaBX, the Feଷା– AsS concentration 
on the arsenopyrite surface changes a little, and the As–metal–organic complex fraction is 
easily formed on the arsenopyrite surface to cover the surface of arsenopyrite, preventing 
the adsorption of NaBX on the surface of arsenopyrite [39], showing that, under the action 
of m-NBO, the oxidation degree of iron ions on the surface of arsenopyrite increases, 
which intensifies the increase in the oxide content on the surface of arsenopyrite; due to 
the existence of an As–metal–organic complex fraction, the adsorption of NaBX on the 
surface of arsenopyrite is weakened and the recovery of arsenopyrite is reduced, which is 
also consistent with the results of the flotation test.  
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Table 4. The Tafel parameters of the electrode in the pH = 9 solution were studied (0.3 mol/L m-NBO). 

Electrode Corrosion Potential Ecorr (mV) Corrosion Current Icorr (μA/cm2) 

Apy −95.5 8.49 

Apy + NaBX −100.5 10.47 

Apy + m-NBO −101.9 8.99 

Apy + m-NBO + NaBX −165.0 7.31 

Figure 7b and Table 3 show the As 3d energy spectrum and binding energy before 
and after the action of arsenopyrite with m-NBO and NaBX. The best fit of the As 3d 
spectrum of arsenopyrite produces As−1–S peaks and As0 peaks with binding energies of 
41.3 eV and 42.1 eV [4], with a relative atomic concentration of 38.55%. The As 3d energy 
spectrum shows that As has a high oxidation state, the peaks at 44.2eV and 45.5eV 
represent As3+–O and As5+–O [40,41], and the relative atomic concentration contents are 
23% and 38%, respectively. When arsenopyrite reacts with NaBX, under alkaline 
conditions, the surface As0 and As5+–O of arsenopyrite at the same binding energy do not 
change significantly. The content of As3+–O changes greatly relative to the atom content. 
The As3+–O concentration increases from 23% to 26%. When arsenopyrite reacts with m-
NBO, the best fit of the As 3d spectrum after the addition of arsenopyrite produces As1−–
S peaks and As0 peaks with binding energies of 41.3eV and 42.0eV. The relative atomic 
concentration is 26%, a high oxidation state peak of As with a high binding energy 
appeared at 45.5eV, and the relative atomic concentration content increased from 19% to 
57%. These results show that, under the action of m-NBO, the surface oxidation of 
arsenopyrite is intensified and the content of high oxidation state As5+–O on the surface of 
arsenopyrite is increased. After the action of m-NBO and the subsequent action of NaBX, 
the surface content of arsenopyrite increases by 34%, 33%, and 33%. The discovery of the 
oxidation states of As0, As3+, and As5+ illustrates the continuous reaction model of arsenic 
oxidation: the basic electron transfer stage. This indicates that m-NBO accelerates the 
oxidation of arsenopyrite surfaces under alkaline conditions and increases the content of 
high oxidation state As5+–O on arsenopyrite surfaces, which may be due to the production 
of AsOଷଷି and AsOସଶି on arsenopyrite surfaces, which increases the hydrophilicity of the 
arsenopyrite surface, so arsenopyrite is inhibited. 

Figure 7c and Table 3 show the S 2p energy spectrum and binding energy before and 
after the action of arsenopyrite with m-NBO and NaBX. The S 2p energy spectrum is fitted 
by three pairs of spin orbits. The main peaks of arsenopyrite are (AsS)ଶି with binding 
energies of 162.3 eV and 163.6 eV [36]. The relative atomic concentration accounts for 
approximately 71%. The other two peaks are at 164.8 eV and 166.1 eV binding energies. 
The peak is the slight oxidation product of arsenopyrite, such as elemental sulfur and 
polysulfide [42], with an atomic relative concentration of 11%. During the oxidation of 
sulfur, many intermediate oxidation products are produced. The final product is a sulfate 
ion. The SOସଶି  peaks in the oxidation state have 168.3 eV [43] and 169.6 eV binding 
energies, and the relative atomic concentration is 17.75%. When arsenopyrite interacts 
with NaBX, the binding energies of 163.6 eV shifted (−0.4 eV), indicating that NaBX is on 
the surface of arsenopyrite. This indicates that xanthate iron is formed on the surface of 
arsenopyrite. The concentration of the relative atomic concentration accounts for the 
arsenopyrite S 2p spectrum at (AsS)2− being reduced from 71% to 62%, which may be 
caused by the overlap in the signal from the terminal S* of dixanthogen and the disulfide 
signal on the surface of arsenopyrite [44]. In addition, the peak at 166.1 eV for the binding 
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energy in the presence of NaBX is significantly shifted (−0.8 eV), which is mainly due to 
dixanthate (C4H9CH2–O=C=S*) = S–S=(*S=C–O–CH2C4H9) in the formation of the bridge S 
[45]. When arsenopyrite interacts with m-NBO, the relative atomic concentration of SOସଶି 
on the surface of arsenopyrite increases from 18% to 22%, indicating that m-NBO has a 
certain oxidation effect on arsenopyrite, but a certain difference is found when compared 
with As5+–O (38~57%), indicating that SOସଶି affects the hydrophobicity of arsenopyrite to 
a certain extent, although it is not the main reason. When arsenopyrite interacts with m-
NBO, after the action of NaBX, the binding energy changes insignificantly. The binding 
energy does not change much at 163.6eV and 166.1eV, indicating that no formation of iron 
xanthogenate or dixanthate is found on the surface of arsenopyrite at this time. This 
difference in adsorption provides a basis for m-NBO to inhibit arsenopyrite. 

The results show that the level of Sଶଶି and its SOସଶିcontent are factors that determine 
whether arsenopyrite is floatable, but m-NBO has a certain limiting effect on the degree 
of oxidation of Sଶଶି under alkaline conditions. The degree of oxidation of [Fe] and [As] ions 
determines the hydrophilicity of the surface of arsenopyrite—the coverage of hydrophilic 
passivation films such as ferric hydroxide and arsenate—thereby inhibiting arsenopyrite 
[46]. 

3.4. Electrochemical Analysis 
CV curves are a commonly used electrochemical research method. This method 

controls the scanning of the electrode potential one or more times in a triangular 
waveform at different rates over time. The potential range allows for different reduction 
and oxidation reactions to occur alternately on the electrode and for recording a current–
potential curve. According to the shape of the curve, the degree of reversibility of the 
electrode reaction; the possibility of intermediates, phase boundary adsorption, or new 
phase formation; and the nature of the coupling chemical reaction can be judged. A Tafel 
curve is used to analyze the influence of corrosion potential mineral flotation separation 
during the flotation process. However, oxidation is the key step in the inhibition of 
arsenopyrite. As the surface oxidation reaction of sulfide minerals is essentially an 
electrochemical reaction, analyzing the effect of arsenopyrite on the surface of minerals 
through the electrochemical behavior of arsenopyrite in the slurry is of great significance 
[47]. 

As shown in Figures 8–11, the pH of arsenopyrite is at pH = 9 and pH = 11.5, and the 
CV curve and the Tafel curve in the solution are used to analyze the influence of m-NBO 
and NaBX on the flotation of arsenopyrite. 
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Figure 8. CV curves of the arsenopyrite electrode in the presence of m-NBO and NaBX at pH = 9; 
scanning rate: 10 mV/s, C(m-NBO) = 0.3 mol·L−1, C(NaBX) = 1.6 × 10−3 mol·L−1. 

As shown in Figure 8, when pH = 9, the difference between arsenopyrite under 
natural conditions and NaBX conditions is small, but after the action of m-NBO, under the 
action of NaBX, the degree of oxidation on the surface of arsenopyrite increases. 
Compared with no NaBX, the arsenopyrite electrode has a more obvious anode peak at 
about −100 mV. We speculate that the peak may be due to NaBX oxidation to dixanthate, 
and the increase in the pH of the slurry increases the current density and accelerates the 
reaction, as shown in Figure 9. 

 
Figure 9. CV curves of the arsenopyrite electrode in the presence of m-NBO and NaBX at pH = 11.5; 
scanning rate: 10 mV/s, C(m-NBO) = 0.3 mol·L−1, C(NaBX) = 1.6 × 10−3 mol·L−1. 



Minerals 2021, 11, 1216 16 of 21 
 

Under high alkali conditions, such as when the pH is 11, the current density of the 
anode peak increases significantly and the oxidation speed increases, indicating that the 
oxidation reaction easily proceeds, as shown in Figure 9. When m-NBO and NaBX are not 
present in the system, an oxidation reaction occurs on the surface of arsenopyrite in the 
alkaline medium, as shown in Figure 9. Since As and S are covalently bonded and are 
difficult to separate, the initial oxidation reaction can be expressed by Equation (3) [48]: FeAsS + 3HଶO → Fe(OH)ଷ + AsS + 3Hା + 3eି (3) 

The production of realgar-like products (AsS) requires a higher potential for further 
oxidation. As shown in Figure 9, the oxidation of arsenopyrite at high potential can be 
expressed by Equation (4): FeAsS + 7HଶO → Fe(OH)ଷ + S଴ + HAsOସଶି + 10Hା + 8eି (4)

The generated S଴ is an intermediate product of oxidation products SOସଶି, SଶOଷଶି, SOଷଶି, 
and SଶO଺ଶି. Under alkaline conditions, iron oxides and arsenates co-deposit on the surface 
of arsenopyrite to form a passivation film, which reduces the floatability of arsenopyrite. 

As shown in Figure 9, when NaBX is added to the system, the electrochemical activity 
of arsenopyrite is reduced owing to the presence of dixanthate, and the process of 
transforming arsenopyrite surface ions to a high oxidation state is weakened. The main 
reason for this is that NaBX is oxidized to dixanthate. The adsorption on the surface of 
arsenopyrite increases the floatability of arsenopyrite. Yang et al. [49], Qin et al. [50], and 
others have also conducted similar studies, and they report that dixanthate is a 
hydrophobic entity in the flotation of sulfide minerals. The oxidation of NaBX to 
dixanthate is accompanied by a chemical adsorption process of electron transfer. The 
oxidation of acid ions on the surface of sulfide minerals to form dixanthate is carried out 
in two steps, as shown in Equations (5) and (6): EXି ⇌ EXୟୢୱ + e (5) 

EXୟୢୱEXି+⇌ EXଶୟୢୱ + e (6) 
In this process, low-valence  Fe(OH) and Fe(OH)ଶ  easily produce Fe(OH) · X  and 

Fe(OH)·X2, etc. The XPS analysis showed that xanthogenate was present on the surface of 
arsenopyrite. The high oxidation state on the surface of arsenopyrite is reduced, and 
because of the electrochemical adsorption of NaBX on the surface of arsenopyrite, the 
electrochemically adsorbed xanthogenic acid ion and other xanthogenic acid ions combine 
to generate dixanthate, thereby increasing the floatability of arsenopyrite. 

After arsenopyrite reacted with m-NBO, as shown in Figure 9, the curve shows a 
reduction peak at 0.05 V, and an obvious reduction peak at the high electrode potential of 
0.38 V, indicating that arsenopyrite has been electrochemically reduced under the action 
of m-NBO, but the anode peak is not seen in the reverse scan, which shows that the 
electrochemical reaction is an irreversible reaction. 

After arsenopyrite reacted with m-NBO, NaBX was added. As shown in Figure 9, 
under the action of m-NBO, the oxidation of arsenopyrite in the solution is increased, 
which promotes an increase in the oxidation potential of arsenopyrite and accelerates the 
oxidation rate of the surface of arsenopyrite. At this time, the oxidation potential of 
arsenopyrite is lower than that under natural conditions, and the following reactions 
occur on the surface of arsenopyrite according to Equation (7): FeAsS + 3HଶO → Feଷା + S଴ + AsOଷଷି + 6Hା + 6eି (7) 

As shown in Figure 9, as the oxidation potential increases, a second oxidation peak 
appears near 0.45 V, which is mainly because m-NBO increases the electrochemical 
activity on the surface of arsenopyrite, which intensifies the oxidation of S଴and AsOଷଷି into 
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arsenopyrite oxidation. The process of generating AsOସଷି and SOସଶି is shown in Equation 
(8): FeAsS + 10HଶO → Feଷା + HଶAsOସି + SOସଶି + 18Hା + 12eି (8) 

Fe3+ and HଶAsOସି  form a hydrophilic passivation film on the surface of arsenopyrite, 
as shown in Equation (9): 𝐻ଶ𝐴𝑠𝑂ସି + 𝐻ଶ𝑂 + 𝐹𝑒ଷା → 𝐹𝑒(𝐴𝑠𝑂ସ) ∙ 2𝐻ଶ𝑂 + 2𝑒ି (9)

The flotation of NaBX on the surface of arsenopyrite is weakened, and the formation 
of Fe(OH) · X  and Fe(OH)·X2 on the surface of arsenopyrite is reduced. Therefore, 
arsenopyrite is suppressed. 

In summary, in the presence of m-NBO, as a result of the electrochemical reaction, a 
hydrophilic passivation film Fe(AsOସ) ∙ 2HଶO is formed on the surface of arsenopyrite. 
This prevents the adsorption of dixanthate and xanthogenic acid on the surface of 
arsenopyrite. Therefore, arsenopyrite is suppressed. When folded back and scanned at 
−0.1–−0.8 V, the reduction peak of arsenopyrite decreases, indicating that, under the action 
of m-NBO and NaBX, the oxidation products on the surface of arsenopyrite are not 
reduced, which implies that the reaction is irreversible [51]. 

The reason for the sulfide mineral corrosion is the presence of a substance in the 
slurry solution, the reduction equilibrium potential of which is higher than the oxidation 
equilibrium potential of the sulfide minerals. This substance is called a depolarizer, or an 
oxidant, in corrosion science. The effect of m-NBO on sulfide minerals is essentially 
electrochemical corrosion, which is closely related to the potential of the solution in the 
system. 

 
Figure 10. Tafel curves of the arsenopyrite electrode in the presence of m-NBO and NaBX at pH = 9; 
scanning rate: 10 mV/s, C(m-NBO) = 0.3 mol·L−1, C(NaBX) = 1.6 × 10−3 mol·L−1. 

Table 4 shows the corrosion potential and the corrosion current obtained by the 
tangents to the two parabolas at the end of the Tafel curve at pH = 9 for [Apy], [Apy + 
NaBX], [Apy + m-NBO], and [Apy + m-NBO + BX], as shown in Figure 10. The coordinates 
of the intersection point of the two tangents are Ecorr and Icorr. From the chart we can see 
that, from the corrosion potential, [Apy] < [Apy + NaBX] < [Apy + m-NBO] < [Apy + m-
NBO + BX], and the corrosion current does not change significantly, showing that, under 
alkaline conditions, m-NBO has a certain inhibitory effect on arsenopyrite. 
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Figure 11. Tafel curves of the arsenopyrite electrode in the presence of m-NBO and NaBX at pH = 
11.5; scanning rate:10 mV/s, C(m-NBO) = 0.3 mol·L−1, C(NaBX) = 1.6 × 10−3 mol·L−1. 

Table 5 shows the corrosion potential and the corrosion current obtained by tangents 
to the two parabolas at the end of the Tafel curve under the conditions of [Apy], [Apy + 
NaBX], [Apy + m-NBO], and [Apy + m-NBO + NaBX], as shown in Figure 11. The 
coordinates of the point of intersection between the two tangents are Ecorr and Icorr. From 
the chart, we can see that, from the corrosion potential, [Apy] < [Apy + m-NBO] < [Apy 
+m-NBO+ NaBX] < [Apy + NaBX]. From the corrosion current point of view, the four do 
not change significantly. When the other conditions are the same, the more negative the 
corrosion potential is, the higher the mineral surface activity, the faster the 
electrochemistry, and the faster the formation rate of oxidation products on the surface of 
arsenopyrite. Therefore, [arsenopyrite] has the worst corrosion resistance. When NaBX is 
added to the medium, the surface potential of arsenopyrite is obviously positively shifted. 
When arsenopyrite is in the action of the m-NBO added, the surface potential of 
arsenopyrite shifts positively, but the rate of this positive shift is significantly lower than 
that of [Apy + NaBX] and is 9 mV different from the Ecorr of [Apy]. When arsenopyrite is 
in the action of m-NBO and NaBX is added, the surface potential of arsenopyrite shifts 
positively but the rate of this positive shift is lower than that of [Apy + NaBX] and is 23 
mV different from the Ecorr of [Apy] and is 4 mV different from the Ecorr of [Apy + NaBX]. 

Table 5. The Tafel parameters of the electrode in the pH = 11.5 solution were studied (0.3 mol/L m-NBO). 

Electrode Corrosion Potential Ecorr (mV) Corrosion Current Icorr (μA/cm2) 

Apy −228 2.22 

Apy + NaBX −201 2.64 

Apy + m-NBO −219 2.92 

Apy + m-NBO + NaBX −205 2.49 
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The complexation of m-NBO forms a hydrophilic passivation film on the surface of 
arsenopyrite, reducing the adsorption of dixanthate on the surface of arsenopyrite, which 
in turn inhibits arsenopyrite. This is consistent with the flotation test results. 

4. Conclusions 
In this study, we discovered and thoroughly studied a new type of inhibitor: sodium 

nitrobenzoate (m-NBO). Its molecular structure contains multiple functional groups such 
as -COO– and –NOO–. The reasonable combination of multiple functional groups and a 
matching chain structure inhibits arsenopyrite flotation. 

When NaBX is used as a collector under alkaline conditions, despite the presence of 
low-valence oxidation products such as HଷAsOଷ, hydrophobic Sଶଶି dominates and makes 
the surface of arsenopyrite floatable. After the action of m-NBO, it weakened the effects 
of butyl xanthate with arsenopyrite. Under alkaline conditions, high-oxidation state 
substances such as Feଷା and AsOସଶି on the surface of arsenopyrite occupy the dominant 
position. Consequently, the floatability of arsenopyrite is reduced. 

In this study, the modification of an organic inhibitor, m-NBO, increases the 
oxidation potential of an arsenopyrite aqueous solution system was shown, resulting in 
the formation of insoluble Fe(AsOସ) ∙ 2HଶO and other hydrophilic passivation films on the 
surface of arsenopyrite and thus preventing the adsorption of NaBX. The passivation film 
that formed on the surface of arsenopyrite is an irreversible reaction, and the 
concentration significantly exceeds the content of polysulfide on the surface of 
arsenopyrite, thus reducing the floatability of arsenopyrite. 

However, some subjects related to agents being optimized for the structure or 
combination of other agents need to be studied further for this technique to be successfully 
applied to sulfide-rich mineral processes. 
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