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Abstract: The individual and combined depressive action of metabisulfite and dextrin on pyrite in the 

presence and absence of amyl xanthate has been studied through contact angle, zeta potential, 

microflotation, and IR spectroscopy analyses. The combined application of depressants significantly 

reduces the contact angle of pyrite compared with that of galena, with this effect being enhanced when 

the pulp is oxygenated during conditioning with metabisulfite, facilitating pyrite surface oxidation. Zeta 

potential measurements demonstrate the role of the oxidation process in decreasing the magnitude of 

the negative electric charge on the pyrite surface. These results were further corroborated by IR 

spectroscopy studies, which confirmed the oxidation of the pyrite surface in the presence of 

metabisulfite, as well as the co-adsorption of dextrin and amyl xanthate. In microflotation experiments, 

pyrite and galena exhibited contrasting flotation behaviors, with pyrite being effectively depressed at 

pH 8 when a combination of air, metabisulfite, and dextrin was used. 
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1. Introduction 

Pyrite is the most abundant iron sulfide mineral in the Earth’s crust and is commonly associated as 

gangue with base metal minerals such as chalcopyrite (CuFeS2), galena (PbS), and sphalerite (ZnS). In 

most galena-pyrite flotation circuits, sodium cyanide is used with lime as a pH regulator, and the 

dosages depend on the iron (Fe) grade in the process feed. Lead flotation is conducted within a pH 

range of 8 to 11.5 (Bulatovic, 2007). For example, Heydari et al. (2019) used a mixture of potassium 

permanganate and dextrin to depress pyrite during the flotation of galena and sphalerite. This approach 

enabled effective separation at a pH of 8.5 for galena and 12 for sphalerite. In addition, sodium cyanide 

is very effective because it can form an insoluble iron cyanide complex that inhibits the electrochemical 

oxidation of xanthate and consequently the pyrite depression (Wang et al., 2020). 

Nevertheless, in response to environmental constraints, researchers have explored alternative 

solutions, including organic depressants or biopolymers similar to dextrin (DX) (which include 

substances such as starch, carboxymethylcellulose, and chitosan), polyacrylamides (PAMs), and wood 

extracts such as lignosulfonates (Bulut et al., 2011; Mu et al., 2016a). Recently, (Zhai et al., (2025) reported 

an effective separation of pyrite and galena using pullulan polysaccharide (PP) at a pH of 8. 

Characterization results indicated that the Fe sites in pyrite were more prone to forming stable 

coordination bonds with the O atoms in the C−O−H groups of PP. In the flotation system of binary 

minerals, the selective separation of pyrite and galena is considerably improved at pH=8.00 with the 

introduction of 40 mg/L PP, corresponding to a galena recovery of as high as 91.55 %. Despite their eco-

friendliness, these substitutes have not fully supplanted the cyanide-lime combination. 

http://www.minproc.pwr.wroc.pl/journal/
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As a result, studies have been conducted to improve the depression efficiency of these reagents. For 

example, Laskowski et al. (1991) and López-Valdivieso et al. (2004) investigated the intricate interactions 

among polysaccharides such as dextrin and starch and those between oxides and sulfide minerals. In 

the adsorption process, dextrin forms complexes via its OH- groups with metallic sites on mineral 

surfaces. This specific phenomenon is particularly notable in pyrites that contain ferric oxyhydroxide 

(FeOOH) species from the oxidation processes on the pyrite surface. 

Moreover, recent findings confirmed that biopolymer adsorption was augmented with mineral 

surface oxidation (Mu et al., 2016b, 2015; Mu and Peng, 2019), which highlights its importance in 

effectively utilizing these reagents. For example, López-Valdivieso et al. (2018) conducted dextrin 

adsorption experiments on air-oxidized pyrite (30 and 24 hours with air) and showed that maximum 

adsorption occurred at pH values near the isoelectric point of iron hydroxide (pHiep = 7.5), which forms 

during the oxidation process. The oxidation times used in their study were 30 minutes and 24 hours, 

demonstrating the impact of oxidation duration on adsorption behavior. Further insights from Feng et 

al. (2020) elucidate the efficacy of the hydrogen peroxide oxidation of sphalerite in relation to Locust 

bean Gum adsorption. Their study concluded that the Gum adsorption onto sphalerite primarily 

occurred through chemical interactions with oxidation products on the sphalerite surface. However, the 

combined use of oxidants with organic depressants for galena-pyrite separation remains 

underexplored. Wang et al. (2020) assessed the combination of calcium hypochlorite (Ca(ClO)2) with 

dextrin for pyrite depression. Their results indicated that the combined effect of Ca(ClO)2 and dextrin 

significantly inhibited pyrite flotation in a more efficient manner than their individual effects, 

particularly in the presence of galena. 

For several years, sodium metabisulfite (MBS) has been successful in treating pyrite depression 

(Dávila-Pulido et al., 2011). In addition, MBS can act as a surface oxidant for pyrite (Mu and Peng, 2019). 

Shen et al. (2001) used MBS to effectively separate pyrite from sphalerite and mentioned that this 

separation was achieved because of the oxidation products of pyrite. In a recent study by Liu et al. 

(2020), sodium sulfite was used with a lignosulfonate biopolymer to improve the separation between 

chalcopyrite and galena. They reported that sodium sulfite promoted the oxidation of galena and 

increased the adsorption of the biopolymer because of surface oxidation. 

The depression of pyrite has been previously evaluated using either sodium metabisulfite or dextrin 

individually; however, the combined effect of these reagents has not been reported. In this study, we 

investigate the joint depressing effect of sodium metabisulfite and dextrin on pyrite flotation using 

contact angle measurements, zeta potential analysis, microflotation tests, and IR spectroscopy. 

Additionally, contact angle and microflotation results for galena are presented as a comparison with 

pyrite. 

2. Materials and methods 

2.1. Materials 

Natural samples of pyrite from Guanajuato, Mexico and galena from Ward’s Natural Science 

Establishment, Inc., USA, and the state of Durango, Mexico were used in this research. The large pieces 

were manually crushed, and an optical microscope was used to eliminate or remove impurities from 

the mineral sample. Three types of samples were used: 1-cm2 crystals for the contact angle 

measurements, -75 + 53µm fractions for the microflotation studies, and -20 µm fractions for the zeta 

potential measurements. The samples were characterized using X-ray diffraction (XRD) and chemical 

analysis via atomic absorption to determine their purity. Fig. 1 shows the diffraction patterns. The 

chemical analyses revealed 85.9 % Pb and 45.11 % Fe to obtain a concentration of 99.19 % galena and 

97.22% pyrite, respectively. The diffraction patterns only show the characteristic peaks of galena and 

pyrite. No other mineral phase was identified.  

It is important to note that the pyrite sample used in this study was prepared in an open atmosphere, 

which likely resulted in surface oxidation (Wang, 1996). This oxidation may affect the interaction with 

flotation reagents and may not represent the behavior of fresh, unoxidized pyrite typically found in real 

ore deposits. Future studies should investigate the effects of using unoxidized pyrite to better 

understand the implications for flotation performance in natural ore conditions. 
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Fig. 1. XRD patterns of galena (top) (+ PDF:00-001-0880) and (bottom)pyrite (*PDF:01-071-1680) 

Industrial-grade potassium amyl xanthate (PAX) with a purity of 94% was used as a collector for 

pyrite and galena without prior purification. Tapioca Dextrin 12 from Stanley Manufacturing Company 

was used and has been reported (Nyamekye and Laskowski, 1993) to have a molecular weight of 56,000 

uma. Sodium metabisulfite  from J.T. Baker was used as a depressant. All experiments were performed 

at a constant ionic strength of 1x10-3 M NaCl. The water had a resistivity of 18.25 MΩ·cm, and the pH 

value was adjusted with dilute solutions of NaOH and HCl. 

2.2. Contact angle tests 

Contact angle studies on pyrite and galena in the presence of dextrin and sodium metabisulfite were 

conducted by mounting mineral crystals in epoxy resin, polishing them with silicon carbide sandpaper 

with different grit sizes (#240, #600, #800, #1000, #3000, and #5000) and subsequently polishing them 

with 0.25 µm alumina powder until a mirror finish was achieved. The crystals were sonicated for 5 

minutes to remove any reactive or contaminant particles that could interfere with the contact angle 

measurement. Then, the samples were conditioned in an aqueous solution to the desired chemical 

conditions for a specific time (3-10 min). In this study, the individual effects of adding MBS and DX, the 

effects of pulp aeration in the presence of MBS to enhance the oxidation effect, and the combined effects 

of the two depressants were evaluated. The pulp pH value was adjusted to 8 by adding aqueous 

solutions of HCl and NaOH. Then, MBS or DX depressant was added and allowed to contact the mixture 

for 10 minutes. When both depressants were used, the sample was always first conditioned with MBS 

and subsequently with DX. Afterwards, PAX was added at the desired concentration, and the mixture 

was allowed to react for 5 minutes. Conditioning was conducted in a glass cell, and a 1-mm bubble was 

placed using a Hamilton 0.10-ml microsyringe series 700 with a hook shape. The shadow of the bubble 

in equilibrium with the crystal and aqueous solution was photographed and processed with the image 

analyzer (ImageJ) and Contact-Angle plugin  (Brugnara, 2006) to obtain the contact angle. Three bubbles 

were placed for each measurement, and the average angle was reported as the final measurement. 

2.3. Microflotation tests 

The microflotation studies were conducted using a Hallimond tube (Fuerstenau, 1957). One gram of 

pyrite or galena at a size of -75 + 53 µm was used in a suspension of 100 ml of deionized water. The 

minerals were conditioned following a similar sequence of reagent addition to that in the contact angle 

tests, i.e., the depressants were added before the collector. After the conditioning time ended, the 

particles were transferred to the flotation tube and floated for 1 minute with a constant high-purity 

nitrogen flow of 30 mL/min (López-Valdivieso et al., 2006, 2005). After the test, the floatability was 

calculated by the weight difference. Each flotation test was repeated three times. 
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2.4. Zeta potential measurements 

The interaction mechanism among MBS, DX, and PAX on the pyrite surface was investigated through 

the zeta potential analysis using a zetameter (Zeta-Meter System 3.0+, USA). This instrument measures 

the electrokinetic mobility of individual particles through a microscope and converts this mobility into 

the zeta potential via Smoluchowski equation (Adamson and Gast, 1997). The Smoluchowski’s 

equation, shows the relation between zeta potential and electrophoretic mobility, 

𝜁 =  
4𝜋𝜂

𝜀
𝑈                                                                              (1) 

where ζ is zeta potential, U is electrophoretic mobility, η the viscosity of the water, ε the dielectric 

constant and  π the constant. All measurements were conducted at room temperature (25 ± 1 °C) with a 

constant NaCl concentration of 1x10–3 M. Five milligrams of pyrite with a particle size of -20 µm was 

used in a magnetically stirred suspension (100 mL) in the presence of air flow and MBS. The pH of the 

suspension was measured, and the suspension of particles was subjected to ultrasonic treatment for 5 

minutes before the zeta potential test. The supernatant that contained the fine mineral particles was 

transferred to a capillary cell for the zeta potential measurements. The average of 10 measurements was 

taken to represent the measured zeta potential (Chen et al., 2023; Demirbas et al., 2007). 

2.5. Infrared spectra analysis  

ATR-IR studies were conducted to analyze the infrared spectra of pyrite and its interaction products 

with MBS, DX, and PAX. The measurements were performed using a Perkin Elmer Spectrum 100 

Analyzer, covering a range of 600–4000 cm⁻¹. Spectra were acquired with an average of 32 scans at a 

resolution of 4 cm⁻¹. Samples were ground to a particle size of less than 20 µm and prepared similarly 

to those used in zeta potential measurements and microflotation. After the designated conditioning 

time, the particles were filtered and dried at 40°C. 

3. Results and discussion 

3.1.   Contact angle between pyrite and galena 

Fig. 2 shows the contact angle as a function of MBS addition (Fig. 2a) and DX addition (Fig. 2b) without 

the presence of a collector. In the absence of the depressant, the natural contact angle of the minerals is 

measured, which corresponds to the highest value and subsequently decreases as the MBS/DX dosage 

increases. It is important to note that contact angle values close to 60°, obtained using the captive bubble 

technique, indicate that the mineral is considered hydrophobic. In this study, the measured contact 

angles for galena and pyrite fall within this range, classifying these minerals as partially 

hydrophobic.The contact angle of pyrite decreases in the presence of MBS from 55º to 42º when it 

reaches the maximum dosage. Similarly, pyrite in the presence of dextrin has a maximum reduction of 

29° with 300 mg/L DX, so DX is slightly more effective in reducing the hydrophobicity of pyrite than 

MBS. Additionally, these Figs. show that the contact angle of galena slightly decreased in the presence 

of both MBS and DX, although their effect at these concentrations was minimal 

The difference in wettability between galena and pyrite caused by individual depressants is not 

large, so it is expected that the differences in floatability will not be large. Therefore, the combined effect 

of the two reagents was evaluated using constant MBS concentrations with and without pulp aeration 

(150 mL/min of air). The combined effect of the depressants (Fig. 2c) caused a larger reduction of the 

contact angle than when the depressants were used (Figs. 2a, b) individually. The  contact angle of pyrite 

significant decreases 29° with 60 mg/L dextrin in the presence of MBS. The decrease in contact angle 

was more effective when pulp preaeration was performed before and during conditioning with MBS. 

The contact angle value for pyrite crystals at 10 mg/L DX was 18°. 

These results highlight the crucial role of oxygen in reacting with MBS. Previous studies (Brandt and 

Eldik, 1995; Mu and Peng, 2019) have suggested that this reaction leads to the formation of the 

peroxymonosulfate radical (𝑆𝑂5
∗−), a powerful oxidant, which in turn promotes the formation of 

oxidized species on the mineral surface. These results are consistent with those reported by López-

Valdivieso et al. (2018), where dextrin adsorption on the surface of pyrite is promoted by the formation 

of ferric hydroxide, which plays a key role in the depression of pyrite. The ferric hydroxide forms due 
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to the oxidation of the pyrite surface facilitated by the presence of oxygen and MBS (Dávila-Pulido et 

al., 2011). 

 

Fig. 2. Contact angle of pyrite and galena as a function of the (a) MBS and (b) DX concentrations at pH 8 without a 

collector. (c) Contact angle of pyrite as a function of the combination of MBS (150 mg/L) and DX with and 

without pulp pre-aeration (150 mL/min) and without a collector 

In Fig. 3, the effect of adding air + MBS + DX was evaluated in the presence of 1x10⁻³ M PAX as a 

collector. Galena maintained a consistently high contact angle across the entire range of MBS and DX 

concentrations. In contrast, pyrite's contact angle decreased to 36° with the addition of 10 mg/L DX, 

indicating a potential for effective separation in the presence of PAX. Furthermore, a reversible change 

in the contact angle was observed, although this reversibility diminished as the MBS concentration 

increased, with the effect being less pronounced at 1000 mg/L MBS. A similar phenomenon of contact 

angle reversibility was previously reported for sphalerite when MBS was used as a depressant (Dávila-

Pulido et al., 2011). 

 

Fig. 3. Contact angles of pyrite and galena with the combination of MBS and DX with preaeration at different 

MBS concentrations and in the presence of 1x10-3 M PAX 
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3.2. Microflotation 

Figs. 4a and b show the flotation performance of pyrite and galena as a function of DX and MBS addition 

in the presence of PAX, respectively. Galena and pyrite exhibited good flotation performance 

throughout the range of studied dosages because the hydrophobicity established by PAX could not be 

inhibited by the addition of individual depressants. Fig. 4c shows the effects of using a constant 

concentration of 150 mg/L MBS and pulp aeration. Pyrite exhibited a decrease in flotation to a value of 

46% with a concentration of 25 mg/L DX, demonstrating a selective depressive effect on pyrite while 

preserving the floatability of galena under these conditions. In addition, pyrite flotation is restored at 

dextrin dosages above 25 mg/L. This behavior is similar to that reported in contact angle measurement 

tests. This behavior is likely attributed to the formation of a hydrophobic precipitate involving Fe²⁺ and 

Fe³⁺ ions, which are released during pyrite oxidation with metabisulfite and react with dextrin and 

xanthate. According to Liu and Laskowski (1989) and  Rath et al. (2000), dextrin preferentially forms 

precipitates with iron ions at a pH of 8.5. This precipitate can modify the pyrite surface, impacting both 

contact angle (Fig. 3) and flotation. The reversibility of these effects is observed only in the presence of 

PAX, which may interact with or alter the precipitate layer. Further coprecipitation tests with PAX 

would be required to confirm this process but were beyond the scope of this study. Some authors 

reported good pyrite depression efficiency at low dextrin concentrations of 10-30 mg/L (Wang et al., 

2020). However, these differences are attributed to the concentration and type of collector, particularly 

in this research, which used PAX, which is the most powerful collector among all the xanthates. 
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Fig. 4. Microflotation of pyrite and galena as a function of the (a) DX concentration and (b) MBS at pH 8 in the 

presence of 1x10-3 M PAX. Floatability of pyrite and galena as a function of the DX concentration at 150 (c) and 

1000 (d) mg/L MBS with pre-aeration of the pulp (150 mL/min of air) in the presence of 1x10-3 M PAX 

As shown in Fig. 4d, at a constant concentration of 1000 mg/L MBS and pulp oxygenation, the 

combined effect of the depressants considerably reduced the floatability of pyrite, which enables 

selective flotation between pyrite and galena. The wettability and microflotation test results show that 

pulp oxygenation during the action of MBS is particularly important so that MBS can function as an 

oxidant. Some authors (Dávila-Pulido et al., 2011; Mu et al., 2016a) explain that MBS can oxidize the 

surface of pyrite by forming sulfuric acid and sulfur dioxide.  

The dissociation of MBS in water proceeds in two primary steps. First, MBS dissolves and dissociates 

into disulfite ions (𝑆2𝑂5
−2). In the second step, the disulfite ions undergo hydrolysis, reacting with water 

to form bisulfite (𝐻𝑆𝑂3
−) and sulfite (𝑆𝑂3

−2) ions. 

The overall process can be summarized as: 

𝑆2𝑂5
−2 + 𝐻2𝑂 =  2𝐻𝑆𝑂3

−                                                              (2) 
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𝐻𝑆𝑂3
− = 𝐻+ + 𝑆𝑂3

−2                                                                 (3) 

In aqueous solution, sodium metabisulfite thus dissociates into bisulfite and sulfite ions, which may 

further interact with the medium depending on the pH of the solution  

𝑆2𝑂5
−2 + 2𝑂𝐻− = 2𝑆𝑂3

−2 + 𝐻2𝑂                                                           (4) 

Moreover, the addition of oxygen to the system can enhance the oxidation of the pyrite surface by 

MBS because the oxidation of MBS with pyrite is catalyzed by oxygen. It has been reported that the 

sulfite ion oxidizes to sulfate (reactions 5), and there are intermediate propagation reactions where 

oxidizing radicals are formed (reactions 5-6), as suggested by Connick et al. (1995)  and Mu et al. (2019). 

𝑆𝑂3
2− +

1

2
𝑂2(𝑎𝑐) =  𝑆𝑂4

2−                                                  (5)                                                                         

𝑆𝑂3
∗− + 𝑂2(𝑎𝑐)  → 𝑆𝑂5

∗−                                                               6) 

𝑆𝑂5
∗− + 𝑆𝑂3

2− → 𝑆𝑂5
2− +  𝑆𝑂3

∗−                                                                                         (7) 

When pyrite is oxidized in the presence of sulfite ions 𝑆𝑂3
2− and oxygen, the process becomes more 

complex than a simple reaction with oxygen and water. Sulfite acts as a reducing agent, facilitating the 

oxidation of sulfur in pyrite and accelerating the release of sulfur products. The main reactions involve 

the oxidation of pyrite to produce ferrous ion  (𝐹𝑒2+)  and sulfate ions (𝑆𝑂4
2−) (Equation 8) followed by 

the oxidation of ferrous ions to ferric ions (𝐹𝑒3+), which can further catalyze the oxidation of more 

pyrite. 

 𝐹𝑒𝑆2 + 4𝑆𝑂3
2− + 5

1

2
𝑂2 + 𝐻2𝑂 =    𝐹𝑒2+ + 6𝑆𝑂4

2− + 2𝐻+                                  (8) 

The presence of sulfite not only converts to sulfate but also acts as a catalyst. In the oxidation process 

of ferrous ions (Fe2+) on the pyrite surface, the formation of ferric hydroxide Fe(OH)3 can occur, among 

other products. 

3.3. Zeta potential analysis 

The zeta potential of pyrite was determined to investigate the effect of oxidation induced by sodium 

metabisulfite in combination with aeration. Fig. 5 shows the zeta potential of pyrite as a function of pH 

with and without 400 mg/L MBS. The isoelectric point (IEP) of pyrite is approximately 6.7, which is 

consistent with the findings of Jiang et al. (2000), who noted this characteristic behavior of partially 

oxidized pyrite exposed to the atmosphere (Fornasiero et al., 1992; Jiang et al., 2000; Paredes et al., 2019). 

With the addition of sodium metabisulfite, the zeta potential becomes negative across the entire pH 

range, which suggests a significant alteration in the surface electrical properties of pyrite, indicative of 

the adsorption of 𝑆𝑂3
2− and 𝐻𝑆𝑂3

− ions. This adsorption is primarily driven by electrostatic interactions 

with the positively charged sites on the pyrite surface, as well as specific chemical adsorption 

mechanisms. The latter involves hydrogen bonding between the sulfite ions and the hydroxyl groups 

(OH) on the pyrite surface. In particular, this interaction can occur between the proton of 𝐻𝑆𝑂3
−and the 

surface OH groups, or between the oxygen atoms of 𝑆𝑂3
2−and 𝐻𝑆𝑂3

−and the OH groups. This is further 

supported by the absence of an isoelectric point (IEP) for pyrite in the pH range investigated, which 

emphasizes the role of specific adsorption mechanisms such as hydrogen bonding. 
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Fig. 5. Zeta potential of pyrite as a function of pH with and without 400 mg/L MBS 
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Fig. 6 shows that after pyrite particles had been conditioned at pH 8 with airflow for different time 

intervals, the zeta potential became less negative (inset of Fig. 6). This reduction in negativity is directly 

related to the surface oxidation of pyrite, which leads to the formation of ferric hydroxide on the mineral 

surface. It is important to note that the surface oxidation of pyrite occurs unevenly, often manifesting 

as patches due to variations in the surface structure and reactivity of different crystallographic facets 

(Chandra and Gerson, 2011; Chernyshova, 2003). 

 Paredes et al. (2019) conducted zeta potential studies and found that the stable phases that formed 

during oxidation included ferric oxyhydroxides such as Fe(O)OH, and goethite was one of the 

thermodynamically most stable forms. Niu et al. (2019) conducted XPS studies and reported that the 

oxidized species formed on pyrite were SO4
2− and Fe(O)OH. 
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Fig. 6. Zeta potential of pyrite during the oxidation process as a function of the oxidation time with air at a 

constant pH of 8 

Fig. 7 presents the zeta potential of pyrite as a function of the air + MBS addition, which is similar to 

the conditioning in the contact angle and microflotation measurements. For MBS dosages below 100 

mg/L and 5 min of conditioning with air, the zeta potential decreases from -20 to -12.5 mV, which can 

be attributed to the oxidation process (Fig. 6). When the concentration exceeds 150 mg/L, the zeta 

potential of pyrite becomes more negative because of the adsorption process of sulfite ions on the 

oxidized sites and virgin sites, as demonstrated in Fig. 5. 

0 100 200 300 400 500 600 700 800 900 1000
-40

-35

-30

-25

-20

-15

-10

-5

0

5

Oxidation Process+DX

Oxidation Process+

 adsorption of sulfite ions

 

 

 Air+MBS

Z
e

ta
 P

o
te

n
ti
a

l 
(m

V
)

Na2S2O5 Concentration (mg/L)

Oxidation Process

0 20 40 60 80 100
-40
-35
-30
-25
-20
-15
-10

-5
0
5

 

 

 Air+100mg/L MBS+ DXZ
e

ta
 P

o
te

n
ti
a

l 
(m

V
)

Dextrin Concentration (mg/L)

 

Fig. 7. Zeta potential of pyrite as a function of the MBS concentration; the sample was conditioned 5 min with an 

air flow of 150 mL/min at pH 8 

After the oxidation process (5 min with air +100 mg/L of MBS), various dextrin concentrations were 

evaluated to determine their adsorption on the oxidized surface. The inset in Fig. 7 illustrates the 

decrease in zeta potential with increasing dextrin concentration. As reported in several studies, 
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including López-Valdivieso et al. (2004) and Liu et al. (2000), the addition of dextrin reduces the zeta 

potential of minerals like pyrite (Rath et al., 2000), galena, and sphalerite  (Rath and Subramanian, 1999; 

Rath et al., 2000), without shifting the isoelectric point (IEP). This indicates that the primary effect of 

dextrin is to shift the slipping plane farther from the surface, likely due to the large macromolecule's 

conformational changes. According to Liu et al. (2000), the adsorption of dextrin on pyrite occurs 

primarily through hydrogen bonding and van der Waals interactions. At pH levels around 8, dextrin 

behaves as a nonionic polymer, adsorbing onto the pyrite surface without significantly altering its 

isoelectric point (IEP). 

Fig. 8 shows the zeta potential of pyrite vs. pH under various conditions: in the presence of air, 400 

mg/L MBS, 100 mg/L DX, and 1x10-3 M PAX. Raw pyrite data are included for comparison. Pyrite 

treated with MBS and DX has a different isoelectric point from that of pure pyrite (Fig. 5) and lower 

electrical potentials due to the presence of MBS and DX. However, the addition of the collector PAX 

induces a significant change: the electrical potential becomes negative in the pH range of 3-7, which 

makes the isoelectric point of oxidized pyrite disappear. Fuerstenau et al. (1990b) and López-Valdivieso 

et al. (2005) reported that xanthate adsorbed onto oxidized pyrite, formed dixanthogen, and reduced 

the amount of ferric hydroxide. The zeta potential measurements are consistent with the adsorption and 

Raman spectroscopy studies by López-Valdivieso et al. (2018), where a co-adsorption of dextrin and 

xanthate was observed. The combination of MBS and air promotes rapid pyrite oxidation by facilitating 

surface conditions that increase dextrin adsorption, which does not inhibit xanthate adsorption. These 

results align with contact angle and microflotation results. Furthermore, López-Valdivieso et al. (2018) 

demonstrated that under oxidizing conditions, co-adsorption of dextrin and xanthate on pyrite occurs, 

without hindering xanthate adsorption even in the presence of MBS and air. This co-adsorption is 

reflected in the shift to more negative zeta potential values upon PAX addition, indicating xanthate 

adsorption. However, the oxidizing conditions promoted by MBS and air enhance dextrin adsorption, 

maintaining its role as a depressant, consistent with the contact angle and microflotation results. 

 

Fig. 8. Zeta potential of pyrite in the presence of air (5 min), 400 mg/L MBS, and 100 mg/L DX + 1x10-3 M PAX as 

a function of pH 

3.3. Infrared (IR) spectroscopy analysis of the pyrite surface 

Fig. 9a displays the spectra of pyrite exposed to air, MBS, DX, and PAX at pH  8. The IR spectrum of 

ground pyrite exhibits two wide bands linked to oxidation products on the surface. Zone 1 is located at 

1123 cm⁻¹, featuring peaks at 1077 and 1035 cm⁻¹, along with a shoulder at 1013 cm⁻¹. Zone 2 reveals 

two bands within the range of 661 to 815 cm⁻¹.  According to Rath et al. (2000) these two regions are 

characteristic of pyrite prepared in an open-air environment. The absorption bands in the 1123-1035 

cm⁻¹ range are attributed to iron sulfate, specifically FeOHSO₄ (Chernyshova, 2003; Wang, 1996). Weak 

signals at 815 and 661 cm⁻¹ correspond to the formation of iron hydroxy sulfate, Fe₈O₈(OH)₆SO₄, and 

goethite, α-FeOOH, respectively (Reyes et al., 2022).  

After conditioning with air and MBS (Fig. 9b), the peak at 1123 cm⁻¹ is significantly reduced. This 

suggests that some of the sulfoxyl species have dissolved into the solution (Wang, 1996). However, the 

peaks at 815-649 cm⁻¹ are more intense, indicating an increase in the oxidation process on the pyrite 
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surface. This process is consistent with reports from several authors, who have indicated that the use of 

sulfite ions on iron-containing minerals, such as pyrite, chalcopyrite (Mu and Peng, 2019), and 

almandine (Kasomo et al., 2020), leads to the formation of a layer of FeOOH(s) and FeSO₄ on the surface, 

as described by equations 7-10. These products have been confirmed through XPS studies.  

2000 1900 1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800 700 600 500

2000 1800 1600 1400 1200 1000 800 600

T
ra

n
s
m

it
ta

n
c
e
,%

Wavenumber, cm-1

FeS2 (a)

FeS2+ MBS (b)

FeS2+ DX (c)

FeS2+ MBS + DX (d)

FeS2+ MBS + DX + PAX (e)

794 6491266 1094

781

1035

965
671

FeS2+ MBS + DX + PAX (e)

1012

930
822 784750

1258

1071
1034

965

813
794 693 650

671

1123

1035

815

1013

661

8941221

1290

1064

1290 1221 1064 894 781

1077

1068

630

1140

815

T
ra

n
s
m

it
ta

n
c
e
,%

Wavenumber, cm-1

1

 

Fig. 9. IR spectroscopy of pyrite before (a) and after the addition of 1000 mg/L MBS (b), 100 mg/L DX (c), 1000 

mg/L MBS + 100 mg/L DX (d) and 100 mg/L DX (c), 1000 mg/L MBS + 100 mg/L DX + 1x10-3 M PAX. All 

experiments with MBS were conditioned in the presence of air at pH 8. The inset is the same as Fig. 9e but shown 

at a different scale 

The IR spectra of pyrite after interaction with dextrin and air+MBS+DX are depicted in Figs. 10c and 

10d, respectively. For dextrin alone, the bands at 1083 and 1021 cm⁻¹, corresponding to the stretching of 

primary alcohol (–CH2OH) and CH2 twisting vibrations, shift slightly to 1084 and 1027 cm⁻¹ due to the 

interaction of the –CO groups with pyrite. Notably, the band around 930 cm⁻¹, present in free 

polysaccharides, disappears after adsorption onto pyrite, indicating a chemical interaction. 

Additionally, weak bands near 770 cm⁻¹, attributed to the ring stretching and deformation of β-D-(1–4) 

and β-D-(1–6) linkages, shift to 784 and 750 cm⁻¹ and decrease in intensity after the adsorption of dextrin 

(Rath et al., 2000). 

According to  Liu and Laskowski (1989) when there is a higher DX/metal oxide ratio, as observed 

in oxidized minerals such as galena, pyrite, or sphalerite, the bands at 930 and 760 cm⁻¹, which 

correspond to the asymmetric and symmetric deformations of the glucose ring, are significantly affected 

by substitutions on the hydroxyl groups. This is reflected in weak but visible bands, indicating the 

presence of excess, uncomplexed dextrin. However, when there is an excess of metal oxides, such as 

iron (FeOOH) in this case, dextrin participates in the reaction, leading to an incomplete spectrum. This 

phenomenon is observed in Fig. 9d, where the dextrin absorption bands in the 930–760 cm⁻¹ region are 

difficult to distinguish due to the oxidation of pyrite by sodium metabisulfite. 

In the air+MBS+DX+PAX pyrite spectrum (Fig. 9e), the intensity of all peaks is reduced, indicating 

that PAX desorbed some dextrin, and that co-adsorption of PAX and dextrin occurred on the pyrite 

surface. Moreover, several peaks in the ranges of 1000–1200 cm⁻¹ and 500–700 cm⁻¹, which are 

prominent in the IR spectrum of native pyrite and pyrite+air+MBS, disappeared after the adsorption of 

xanthate (𝑋−). This observation aligns with  López-Valdivieso et al. (2018), who reported that the redox 

reaction follows the equation: 

2Fe(OH)3(𝑠, 𝑠𝑢𝑟𝑓) + 2𝑋− + 6𝐻+ = 𝑋2(𝑠𝑢𝑟𝑓) + 2𝐹𝑒2+ + 6𝐻2𝑂                               (9) 

The disappearance of these peaks indicates that the surface of pyrite underwent a redox reaction, 

consistent with the interaction of xanthate with ferric hydroxide species. In the inset (Fig. 9e), the bands 

at 1064 cm⁻¹ and 781 cm⁻¹, attributed to the adsorption of dextrin, correspond to the stretching of the 
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primary alcohol (–CH2OH) and ring stretching, respectively. On the other hand, the bands at 1290 cm⁻¹ 

and 1221 cm⁻¹, associated with dixanthogen, indicate xanthate adsorption. Based on previous analyses, 

a mechanism for the depression of pyrite by air + MBS + DX in a flotation system with PAX at pH 8 was 

proposed. Fig. 10b shows that PAX was adsorbed on the surface of pyrite without MBS or DX, which 

resulted in effective pyrite flotation (Niu et al., 2019). Fig. 10c indicates that pyrite has oxidized patches 

where a small amount of DX can be adsorbed, in addition to sulfite ion adsorption, which enables partial 

flotation. When pyrite is first conditioned with MBS in the presence of air, an increase in pyrite oxidation 

is promoted, which facilitates the adsorption of sulfite ions and greater adsorption of dextrin on these 

oxidized sites. Thus, pyrite is depressed by increasing the hydrophilicity of its surface, but there is co-

adsorption of dextrin and amyl xanthate. 

 

Fig. 10. Depression mechanism of the combination of air + MBS + DX on pyrite 

4. Conclusions 

In this study, the combined effects of MBS and DX on the hydrophobicity and floatability of pyrite and 

galena were investigated. The wettability studies revealed that compared to the individual depressant 

effect, their combined application significantly reduces the contact angles of pyrite and galena, and the 

contact angle of pyrite is reduced more than that of galena. This effect is notably enhanced when the 

pulp is oxygenated during conditioning with MBS, which promotes the pyrite surface oxidation. 

Zeta potential analysis supports the surface oxidation of pyrite, as evidenced by a decrease in its 

negative charge. The metabisulfite enhances this oxidation and adsorbs onto the pyrite surface, 

facilitating DX adsorption and reinforcing pyrite depression.  

For effective pyrite depression, the sequence of adding MBS and DX should occur in well-

oxygenated conditions to maximize dextrin adsorption and achieve optimal pyrite depression 

Infrared spectroscopy studies revealed that, without MBS or DX, PAX adsorbs directly onto the 

pyrite surface, facilitating flotation. However, conditioning pyrite with MBS in the presence of air 

promotes oxidation, allowing for enhanced adsorption of sulfite ions and dextrin on oxidized sites. 
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