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Abstract: The depression mechanism of sulfite ions on sphalerite and Pb2+ activated sphalerite in the flotation separation of galena from
sphalerite still lacked in-depth insight. Therefore, the depression mechanism of sulfite ions on sphalerite and Pb2+ activated sphalerite in
the flotation separation of galena from sphalerite was further systematically investigated with experiments and density functional theory
(DFT) calculations. The X-ray photoelectric spectroscopy (XPS) results, DFT calculation results, and frontier molecular orbital analysis
indicated that sulfite ions were difficult to be adsorbed on sphalerite surface, suggesting that sulfite ions achieved depression effects on
sphalerite  through  other  non-adsorption  mechanisms.  First,  the  oxygen  content  in  the  surface  of  sphalerite  treated  with  sulfite  ions  in-
creased, which enhanced the hydrophilicity of the sphalerite and further increased the difference in hydrophilicity between sphalerite and
galena. Then, sulfite ions were chelated with lead ions to form PbSO3 in solution. The hydrophilic PbSO3 was more easily adsorbed on
sphalerite than galena. The interaction between sulfite ions and lead ions could effectively inhibit the activation of sphalerite. In addition,
the UV spectrum showed that after adding sulfite ions, the peak of perxanthate in the sphalerite treated xanthate solution was significantly
stronger than that in the galena with xanthate solution, indicating that xanthate interacted more readily with sulfite ions and oxygen mo-
lecules within the sphalerite system, leading to the formation of perxanthate. However, sulfite ions hardly depressed the flotation of ga-
lena and could promote the flotation of galena to some extent.  This study deepened the understanding of the depression mechanism of
sulfite ions on sphalerite and Pb2+ activated sphalerite.
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1. Introduction

Inorganic depressants are important in inhibiting sphaler-
ite flotation due to their lower cost than organic depressants.
Commonly used inorganic depressants include cyanide, lime,
zinc sulfate, sodium sulfide, sulfite, and their respective salts
[1].  Cyanide  exhibits  strong  inhibitory  effect  on  sphalerite
but does not affect galena. However, its environmental tox-
icity limits its application in Pb–Zn flotation [2–3]. Lime and
zinc sulfate inhibit sphalerite by forming a hydrophilic film
on its surface [1,4–6]. Sodium sulfide also demonstrates in-
hibitory  properties  against  sphalerite [7–8].  Sulfite  and  its
salts  are  typically  utilized  in  combination  with  zinc  sulfate

and  other  depressants,  offering  several  advantages  such  as
low toxicity, insoluble gold and silver, and enhanced activa-
tion of Cu2+ [1,9–11].

Extensive  research  conducted  by  scholars  has  shed  light
on the inhibitory mechanism of sulfite and its salts on miner-
als, contributing significantly to the development of the basic
theory of mineral flotation. For instance, Khmeleva et al. [12]
investigated  the  flotation  mechanism of  sodium bisulfite  in
the absence of  collectors  for  inhibiting copper activation of
sphalerite. They found that sulfate ions interacted with cop-
per-activated  pyrite,  leading  to  the  breakdown  of  hydro-
phobic sulfur compounds essential for the flotation process.
Furthermore,  Khmeleva et  al. [11] explored  the  inhibitory 
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mechanism of sodium bisulfite on copper-activated sphaler-
ite  in  the  presence  of  xanthate.  They  proposed  that  the  de-
composition  of  copper  xanthate  and  hydrophobic  copper
sulfide  compounds  caused  by  sulfurous  acid  was  the  main
mechanism for its inhibition of sphalerite.

In  addition,  the  use  of  sodium  sulfite  to  enhance  the
separation  of  copper-activated  sphalerite  and  pyrite  under
weakly alkaline pH conditions was demonstrated by Shen et
al. [13]. Spectral research results indicated that sodium sulfite
promoted the oxidation of copper on pyrite, forming copper
hydroxide,  but had no effect  on sphalerite.  Khmeleva et al.
[14] also  investigated  the  depression  mechanism  of  sulfite
on copper-activated pyrite in the presence of xanthate. They
determined that the depression effect of sulfite on copper-ac-
tivated  pyrite,  in  the  presence  of  xanthate,  entailed  four
mechanisms:  (1)  xanthate  decomposition  through  perx-
anthate formation in solution; (2) desorption of di-xanthogen
from the  pyrite  surface;  (3)  consumption  of  dissolved  oxy-
gen by sulfite ions leading to a drop in pulp redox potential;
(4) pyrite oxidation by sulfite ions renders its mineral surface
hydrophilic. Additionally, Grano et al. [15] examined the ef-
fect of sulfite on galena flotation. The formation of insoluble
lead sulfite precipitates on the galena’s surface was affirmed
by the dissolution study of the galena and X-ray photoelec-
tron  spectroscopy  (XPS)  examination  of  its  surface.
However, sulfite did not completely inhibit xanthate adsorp-
tion at these specific sites, thus explaining the relatively weak
inhibition  of  sulfite  on  galena  flotation.  The  depression
mechanism of sulfite and its  salts  was generally considered
intricate.

Previous studies predominantly focused on the depression

mechanism of sulfite ions on copper ions activated sphalerite,
suggesting  that  sulfite  ions  decompose  hydrophobic  sulfur
compounds and copper xanthate, thereby depressing copper
ions  activated  sphalerite.  However,  the  depression  mechan-
ism of sulfite ions on sphalerite and Pb2+ activated sphalerite
to  separate  galena from sphalerite  remained unclear.  It  was
essential to determine whether the depression of sphalerite by
sulfite ions was solely due to their adsorption or if other ways
were involved. This work aimed to further investigate the de-
pression mechanism of sulfite ions on sphalerite and Pb2+ ac-
tivated sphalerite in the separation of galena from sphalerite,
employing various characteriazations to gain comprehensive
understanding of sulfite’s intricate role in Pb–Zn flotation. 

2. Experimental 

2.1. Materials
 

2.1.1. Mineral samples and reagents
Pure  galena  and  sphalerite  samples  were  obtained  from

Hunan  province,  China.  The  samples  were  initially  ground
and screened, and the particle size of 38–74 µm fraction was
selected  for  micro-flotation,  ultraviolet–visible  (UV–vis)
spectrum,  and  Fourier  transform  infrared  (FTIR)  spectro-
scopy.  Furthermore,  the  particle  sizes  below  38 µm  were
subjected  to  additional  grinding  for  30  min  to  prepare  the
XPS samples. Fig. 1 demonstrated the high purity of the min-
eral  samples,  confirming  their  suitability  for  the  respective
experimental  analyses.  The  chemicals  employed  in  the  ex-
periment, including hydrochloric acid, sodium hydroxide, so-
dium sulfite,  and sodium butyl  xanthate (SBX),  were all  of
analytical purity.

  

10 20 30 40 50 60 70 8010 20 30 40 50 60 70 80

(a)
Galena

2θ / (°) 2θ / (°)

In
te

n
si

ty
 /

 a
.u

.

10 20 30 40 50 60 70 8010 20 30 40 50 60 70 80

(b)
Sphalerite

In
te

n
si

ty
 /

 a
.u

.

Fig. 1.    X-ray diffraction (XRD) patterns of (a) galena and (b) sphalerite samples.
  
2.1.2. Solution chemical analysis

SO2−
3

HSO−3

SO2−
3

The solution composition of sulfite ions was calculated by
Visual  MINTEQ software [16].  The  calculation  parameters
were set as the concentration of  30 mg/L at 25°C. The
pH was changed from 0 to 14. From Fig. 2, it could be ob-
served that when the pH value was between 3 and 6, the com-
ponent of the sulfite solution was mainly .  When the
pH was larger than 8, the main component in the sulfite solu-
tion was . By analyzing the concentration components
in  the  sulfite  solution,  the  configuration  of  sulfite  ions  was

determined to simulate the adsorption of sulfite ions on min-
eral surfaces in alkaline environments. 

2.2. Methodology
 

2.2.1. Micro-flotation tests
Investigations  on  mineral  flotation  were  conducted  in

XFG  flotation  machine  from  China.  The  pure  mineral
samples (2 g)  were cleaned with ultrasonic cleaning device
for 3 min to eliminate oxidation film. After that, 40 mL of de-
ionized water was added to the flotation cell together with the
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ultrasonic-treated  samples.  The  various  dosing  sequences
were as follows: (1) minerals + pH + SBX; (2) minerals + pH
+ Na2SO3 + SBX; (3) minerals + Pb(NO3)2 + pH + SBX; (4)
minerals + Pb(NO3)2 + pH + Na2SO3 + SBX. The pulp’s pH
was stabilized in 2 min using hydrochloric acid and sodium
hydroxide. And all reagents reacted for 2 min. Then, 0.2 µL
terpineol  was  added  to  the  flotation  cell  for  foaming  with
1  min,  and  foam  products  were  collected  with  scraper  for
4 min. Eventually, filter, dry, and weigh foam products and
tank bottom products,  and calculate  the proportion of  foam
products in the total product quality, that is, the recovery.

When  conducting  micro-flotation  research  on  binary
mixed  minerals,  1  g  of  galena  and  1  g  of  sphalerite  were
placed  into  a  flotation  cell.  The  dosing  sequence  of  mixed
minerals was consistent with that of single minerals. Pb grade
in concentrates was detected by chemical element analysis. 

2.2.2. Contact angle measurement
A sessile drop approach was used to assess the wettability

of mineral surfaces using JY82C contact angle device. In or-
der to obtain fresh surfaces, the well-selected mineral sample
was  polished  using  polishing  paper.  The  prepared  mineral
sample was then immersed in the required solution for 5 min.
The  corresponding  dosing  sequences  were  as  follows:  (1)
minerals + pH (9) + SBX and (2) minerals + Na2SO3 + pH (9)
+ SBX. The contact angle measurement was performed after
the treated mineral sample had been dried in the air. 

2.2.3. Analysis method
UV-vis  spectroscopy  was  used  to  determine  the  adsorp-

tion strength of SBX on minerals. Initially, 1 g of 38–74 µm
samples and 40 mL distilled water were combined. The vari-
ous dosing sequences were as follows: (1) minerals + pH (9)
+ SBX and (2) minerals + Na2SO3 + pH (9) + SBX. The con-
centrations of sodium butyl xanthate and sodium sulfite were
60 and 30 mg/L, respectively. After adding the reagents, the
solution  was  stirred  for  10  min.  Then,  filter  the  suspension
using  syringe  filter  with  pore  size  of  0.45 µm.  Finally,  the
peak intensity of SBX in filtrate was determined using UV-
2600 spectrometer. According to the variation in peak intens-
ity, the adsorption strength of SBX on minerals was determ-
ined. In addition, in the experiment of sulfite decomposition
of  Pb-xanthate  and  Zn-xanthate,  60  mg/L  Pb(NO3)2 or
60  mg/L  ZnSO4 was  mixed  with  60  mg/L  butyl  sodium

xanthate. Then, 30 mg/L sodium sulfite was added to adjust
pH to 6. The decomposition rate of xanthate treated with Pb2+

and xanthate treated with Zn2+ was determined based on the
intensity of producing perxanthate [17]. Besides, the concen-
tration of Pb2+ and Zn2+ in the experiment of precipitation of
metal  ions  with  sulfite  ions  were  detected  by  inductively
coupled plasma-optical emission spectrometer (ICP-OES). 

2.2.4. FTIR spectroscopy
The infrared spectrum utilized an instrument model IR Af-

finity. FTIR spectroscopy of minerals was obtained utilizing
the KBr method. First, 40 mL of deionized water and 0.5 g of
minerals (galena or sphalerite) were introduced in a flotation
cell.  The  different  dosing  sequences  were  as  follows:  (1)
minerals + pH (9) + SBX and (2) minerals + Na2SO3 + pH (9)
+  SBX.  The  pH  was  adjusted  to  9.  The  concentrations  of
SBX  and  Na2SO3 put  into  the  beaker  were  6000  mg/L.
Moreover,  the  solution  was  stirred  for  1  h.  Afterward,  the
samples were washed three times with pure deionized water
to  remove  leftover  SBX.  Finally,  samples  were  dehydrated
for measurements. 

2.2.5. XPS analysis
XPS analysis was conducted in vacuum analytical labor-

atory utilizing a Thermo Scientific ESCALAB 250Xi system
from the United States with Al-Kα as the sputtering source. In
this experiment, 40 mL of deionized water and 0.5 g of min-
eral (galena or sphalerite) samples were combined and put in-
to a 100 mL beaker. The various dosing sequences were as
follows: (1) minerals + pH (9); (2) minerals + Na2SO3 + pH
(9). The pH was adjusted to 9. The sample was then agitated
magnetically for 30 min. Then, the suspension was filtered.
Clean solid fraction vacuum dried at 40°C to produce a final
sample for XPS measurements. 

2.2.6. DFT calculations

SO2−
3

SO2−
3

The DFT calculations were performed with the CASTEP
module  in  the  Materials  Studio  2017  package [18].  The
PW91 functional approximates the exchange-correlation po-
tential  of the Generalized Gradient Approximation [19].  To
precisely define the weak interactions of the H-bonding inter-
action and dispersion, DFT-D correction with the Tkatchen-
ko-Scheffler  (TS)  approach  was  utilized  in  all  calculations
[20–21]. According to previous research, the sphalerite (110)
surface was the most stable surface [22–24].  Therefore,  the
slab  model  (110)  surface  was  used,  which  was  finally  en-
larged into 3 × 2 × 1 supercell model. The galena (100) sur-
face was considered to be the universal stable exposed plane
[25–26]. The slab model galena (100) surface was used and
enlarged into 3 × 3 × 1 supercell model. Then, the slab model
of  sphalerite  (110)  surface  and  galena  (100)  surface  with
three thicknesses and 25 Å vacuum layer was structured. The
H2O, , and PbSO3 were pre-optimized in a cubic cell of
20 Å × 20 Å × 20 Å using the k-point of Gamma and cutoff
energy of 400 eV. For the surface model, k-point meshes of 1
× 1 × 1 and cutoff energy of 370 eV were also employed. The
Mg2+ were used to balance the charge of  in the system.
The convergence tolerance of self-consistent field interaction
was 1 × 10–6 eV/atom. The convergence tolerances of energy,
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maximum  force,  maximum  stress,  and  maximum  displace-
ment were set as 2 × 10−5 eV/atom, 0.05 eV/Å, 0.1 GPa, and
2 × 10−3 Å, respectively.

The adsorption performance of various flotation reagents
on mineral surfaces can be effectively evaluated by adsorp-
tion energy. The adsorption energy (Eads) is calculated using
the following formula [27–28]:

Eads = Esystem−Eslab−Eadsorbates,

where Esystem is  the  energy  of  the  system,  and Eslab and
Eadsorbates are denoted as the energies of the slab model and ad-
sorbates, respectively. 

3. Results and discussion 

3.1. Micro-flotation experiments
 

3.1.1. Single mineral flotation
Galena  and  sphalerite  were  subjected  to  single  mineral

flotation  tests  to  assess  the  floatability  with  and  without
Na2SO3. Fig.  3 depicted  that  sphalerite’s  recovery  reached
approximately 20% under acidic conditions when SBX col-
lector dosage was 60 mg/L. As pH increased, sphalerite’s re-
covery gradually decreased, and it couldn’t be floated at pH =
9. Conversely, galena exhibited consistent floatability across
the entire pH range. The addition of Na2SO3 further reduced
sphalerite’s recovery but slightly enhanced galena’s floatab-
ility.  To investigate if  sulfite had a promoting effect on ga-
lena flotation, Fig. 4 showed the flotation recovery outcomes
for two different particle size of galena in relation to sodium
sulfite  concentration.  At  the  xanthate  concentration  of
15 mg/L and pH = 9, both particle size of galena experienced
increased flotation recovery as sodium sulfite  concentration
rose.  The recovery at  higher concentrations.  These findings
indicated that sodium sulfite promoted galena recovery in the
presence of xanthate.
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Fig. 3.    Flotation recoveries of galena and sphalerite as a func-
tion of pH.
 

During the grinding process, metal ions such as Cu2+, Pb2+,
and  Ag+ are  inevitably  generated,  activating  sphalerite
[29–32].  This  experiment  focused  on  the  complexation  ef-
fect  of  sulfite  ions  on  Pb2+. Fig.  5 demonstrated  that  Pb2+

strongly  activated  sphalerite,  elevating  its  recovery  by  ap-

proximately  50% [33].  This  was  attributed  that  as  pH  in-
creased, hydroxide ions in the solution also rose, and Pb2+ re-
acted with hydroxide ions to form hydrophilic lead hydrox-
ide  precipitates,  reducing  sphalerite  recovery  activated  by
lead ions. However, the addition of Na2SO3 significantly sup-
pressed  sphalerite  activated  with  Pb2+.  Under  acidic  condi-
tions, the recovery of Pb2+ activated sphalerite decreased by
approximately  30%.  Under  alkaline  conditions,  the  number
of  free  Pb2+ decreased.  Therefore,  the  depression  effect  of
sulfite ions on Pb2+ activated sphalerite was weakened. Over-
all,  sulfite  ions  readily  formed  precipitation  products  with
Pb2+, effectively nullifying the activation effect on sphalerite.
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Fig. 5.    Flotation recoveries of sphalerite activated by Pb2+ as a
function of pH.
  
3.1.2. Flotation experiment of binary mixed minerals

Binary mixed mineral tests were conducted to confirm the
role  of  sulfite  ions  in  Pb–Zn  mineral  separation  under  al-
kaline conditions. Fig. 6(a) showed the separation of Pb–Zn
binary mixture with sulfite ions without the addition of Pb2+.
Without Na2SO3, the concentrate achieved a yield of 49.30%
and Pb grade of 79.31%. However, after adding Na2SO3, the
Pb  grade  increased  to  81.50%,  but  the  yield  in  concentrate
decreased  to  46.50%.  This  result  indicated  that  sulfite  ions
promoted the separation of galena from sphalerite. Fig. 6(b)
illustrated the impact of sodium sulfite concentration on the
separation  of  Pb–Zn  mixed  minerals  with  the  addition  of
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60 mg/L Pb(NO3)2. As sodium sulfite concentration rose, the
Pb grade in concentrate increased from 60.79% to 78.98%.
However,  the  yield  in  concentrate  gradually  declined  from
63.68%  to  48.78%.  Overall,  these  findings  suggested  that
sulfite ions could counteract the influence of Pb2+ on sphaler-
ite  activation,  benefiting  the  flotation  separation  of  galena
from sphalerite. 

3.2. Contact angle measurement

The  hydrophobicity  of  minerals  could  be  determined  by
measuring  the  contact  angle  on  their  surfaces. Fig.  7 illus-
trated the contact angles of galena and sphalerite before and
after  treatment with sulfite ions and xanthate ions.  Initially,
the  contact  angles  were  75.4°  for  galena  and  41.3°  for
sphalerite, respectively [34–35]. After adding sodium sulfite,

the contact angles decreased to 37.6° for sphalerite and 51.1°
for  galena,  indicating that  sulfite  increased the  hydrophobi-
city  of  both  minerals,  with  galena  remaining  more  hydro-
phobic than sphalerite. However, in the presence of xanthate,
sulfite had a greater impact on the contact angle reduction of
sphalerite compared to galena. With xanthate and sulfite, the
contact  angle  on  sphalerite  decreased  from  71.9°  to  39.2°,
while on galena it reduced from 98.4° to 90.0°. Thus, sulfite
led to a significant decrease in hydrophobicity of sphalerite
when  both  xanthate  and  sulfite  were  present,  resulting  in  a
greater  difference  in  hydrophobicity  between  galena  and
sphalerite  surfaces.  Consequently,  sulfite  had  a  more  signi-
ficant  effect  on  the  difference  of  surface  hydrophobicity
between galena and sphalerite.

  
Sphalerite Sphalerite + SO3
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71.9°41.3° 37.6° 39.2°

Galena Galena + SO3
2− Galena + SBX Galena + SO3
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75.4° 51.1° 98.4° 90.0°

Fig. 7.    Contact angles of galena and sphalerite before and after treatment with sulfite ions and xanthate ions.
  
3.3. Precipitation of Pb2+ and Zn2+ by sulfite

SO2−
3

Fig.  8 showed the  relationship  between  the  precipitation
amounts  of  Pb2+ and  Zn2+ by  sulfite  ions  and  pH.  Because
Pb2+ began to precipitate at pH = 6, the amount of metal pre-
cipitated  by  sulfite  could  not  be  accurately  determined.
Therefore,  the  precipitation  experiments  only  explored  the
precipitation of Pb2+ and Zn2+ within the pH range of 3–5. As
shown in Fig. 8, it could be observed that sulfite ions had a
strong precipitation ability towards Pb2+ within the entire pH
range.  Based  on  the  concentration  composition  diagram,  it
could be inferred that this was caused by an increase in the
concentration  of  ions.  However,  sulfite  ions  did  not

precipitate zinc ions. At the pH range of 3–5, the precipita-
tion amount of the entire Zn2+ was 0 mg, further indicating
that  sulfite  could  strongly  precipitate  Pb2+ in  the  solution,
thereby eliminating the flotation of Pb2+ activated sphalerite. 

3.4. UV–vis absorption spectra

Fig.  9(a)  displayed  the  UV–vis  absorption  spectrum  of
SBX treated by different  minerals  with  or  without  Na2SO3.
The characteristic peak of xanthate in the UV–vis spectrum
occurred  at  the  wavelength  of  301  nm [36–37].  In  the  un-
treated xanthate solution,  this  peak was the strongest.  After
treatment  with  sphalerite,  the  intensity  of  this  peak  slightly
weakened, indicating that sphalerite had adsorption capacity

 

Yield in concentrate
Grade of Pb in concentrate

Yield in concentrate
Grade of Pb in concentrate

81.50

49.30
46.50

0 30
Concentration of Na2SO3 / (mg·L−1) Concentration of Na2SO3 / (mg·L−1)

R
es

u
lt

s 
/ 

%
79.31

0

20

40

60

80

100

0 30 60 90

SBX = 60 mg·L−1
78.01 78.98

Pb(NO3)2 = 60 mg·L−1

pH = 9 69.74
63.6860.79

52.84
49.38 48.78

R
es

u
lt

s 
/ 

%

(a) (b)

0

20

40

60

80

100

SBX = 60 mg·L−1

pH = 8

Fig. 6.    Results of galena–sphalerite artificially mixed minerals: (a) without Pb2+; (b) with Pb2+.

F. Zhang et al., Depression mechanism of sulfite ions on sphalerite and Pb2+ activated sphalerite in the flotation ... 339



for  xanthate.  However,  after  treatment  with  galena,  the  in-
tensity of the xanthate peak significantly decreased, indicat-
ing that galena had a strong adsorption capacity for xanthate.
When sodium sulfite  was added,  new peak appeared in the
solution.  According  to  previous  reports,  sulfite  and  oxygen
molecule  jointly  reacted with  the  xanthate  ions  in  the  solu-
tion,  and  a  peak  of  perxanthate  appeared  (348  nm)
[17,38–39].  After  adding  sodium  sulfite,  the  peak  of  perx-
anthate  in  the  xanthate  solution  treated  with  sphalerite  was
significantly  stronger  than  that  in  the  xanthate  solution
treated with galena, indicating xanthate in the sphalerite sys-

tem was more easily decomposed by sulfite ions and oxygen
molecule  than  in  the  galena  system.  However,  after  adding
sulfite  ions,  the  intensity  of  the  xanthate  peak  in  the  treat-
ment of galena slightly increased compared to the treatment
of galena without sulfite ions. The sulfite ions had a certain
desorption effect on the xanthate adsorbed on galena.

To further investigate the decomposition rate of xanthate
in sphalerite and galena system by sulfite ions and oxygen,
Fig.  9(b)  showed  the  UV–vis  absorption  spectra  of  lead-
xanthate and zinc-xanthate treated with sulfite. After mixing
Pb2+ and xanthate, there was no peak of xanthate, indicating
that  xanthate  ions  and  Pb2+ formed  a  stable  complex,  con-
firming  the  strong  interaction  between  Pb2+ and  xanthate
ions. However, after mixing Zn2+ and xanthate, a strong peak
of xanthate appeared, indicating that the interaction between
xanthate ions and Zn2+ was weak. After adding sulfite to lead-
xanthate, the characteristic peak of xanthate appeared, indic-
ating that  some of  the  xanthate  bound to  Pb2+ had been re-
placed  by  sulfite  ions.  In  addition,  a  weak  peak  of  perx-
anthate (348 nm) also appeared [17]. However, after adding
sulfite to zinc-xanthate, the peak of xanthate treated by Zn2+

significantly weakened and the peak of perxanthate appeared
significantly [17]. This result further confirmed that xanthate
interacts  more  readily  with  sulfite  ions  and  oxygen  mo-
lecules  within  the  sphalerite  system than  in  the  galena  sys-
tem, leading to the formation of perxanthate.
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3.5. FTIR spectra

To  further  understanding  the  variations  in  flotation  sur-
face mechanisms of galena and sphalerite pre- and post-treat-
ment  with SBX and Na2SO3,  FTIR spectra  was depicted in
Fig.  10.  The  FTIR  spectra  analysis  provided  valuable  in-
sights into the structural changes and surface interactions in-
volved in the flotation process of galena and sphalerite upon
treatment  with  SBX  and  Na2SO3.  When  the  galena  and
sphalerite  were  treated  by  SBX,  the  peaks  at  1029.4  and
1055.1  cm−1 corresponded  to  the  C=S  stretching  vibration
peak [40–41].  Furthermore,  the  symmetric  and  asymmetric
C–O–C stretching vibrations were observed at the position of

1128.6 and 1170.7 cm−1 [37]. Meanwhile, the peak intensity
on the surface of galena was substantially higher compared to
sphalerite. Notably, upon the addition of sodium sulfite, the
xanthate peak intensity on the surface of galena increased, in-
dicating more xanthate was adsorbed on galena treated with
sulfite ions. This phenomenon indicated that the addition of
sodium sulfite was beneficial to the improvement of galena
flotation  recovery.  Moreover,  the  peak  observed  at  1631.3
cm−1 could be attributed to moisture content [42–43].  After
treatment with sulfite, the intensity of the moisture peak on
the sphalerite surface was significantly enhanced. However,
the intensity of the moisture peak on the galena’s surface was
significantly  weakened.  These  findings  demonstrated  that
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sulfite rendered the sphalerite surface more hydrophilic while
making the galena surface more receptive to xanthate adsorp-
tion. 

3.6. XPS analysis

Elemental compositions and chemical states could be ob-
tained using XPS examination.  The surface atomic concen-
trations  of  Pb,  Zn,  O,  and  S  were  summarized  in Table  1.
Fig. 11(a) showed that Pb, O, and S were detected in the sur-
face  of  galena  with  or  without  Na2SO3.  After  treating  with
Na2SO3, the signals of Pb and S detected on the galena sur-
face  were  strengthened,  while  the  O  signal  was  weakened.
More specifically, the concentrations of Pb in the surface of
galena increased from 14.0% to 21.4%. The concentrations
of S increased from 42.8% to 52.6%, and the concentration of

O decreased from 43.2% to 26.0%. After the surface of ga-
lena was treated with sodium sulfite, the lead content in the
surface of galena significantly increased, meaning that more
lead sites could be adsorbed by xanthate [15]. Therefore, in
sulfite dosage flotation test, the recovery of galena increased
with the increase of the amount of sulfite. Fig. 11(b) showed
that Zn, O, and S were detected in the surface of sphalerite
with  or  without  Na2SO3.  After  treatment  with  Na2SO3,  the
signals  of  Zn and  S  detected  in  the  sphalerite  surface  were
obviously unchanged, while the O signal was strengthened.
The  concentrations  of  Zn  in  the  surface  of  sphalerite  in-
creased from 32.4% to 32.5%. The concentrations of  S de-
creased from 44.9% to 43.5%, and the concentration of O in-
tensely increased from 22.7% to 24.0%. The increase in oxy-
gen content in the surface of sphalerite meant that the surface
of  sphalerite  treated  with  sulfite  became  more  hydrophilic
than without  sodium sulfite.  The XPS results  indicated that
sulfite ions increased the surface oxygen content of sphaler-
ite,  the  hydrophilicity  of  sphalerite  surface,  and  the  differ-
ence in hydrophilicity between sphalerite and galena.

 
 

Table 1.    Relative content of atoms in the surfaces of galena
at%

Minerals Pb Zn O S
PbS 14.0 — 43.2 42.8

SO2−
3PbS + 21.4 — 26.0 52.6

ZnS — 32.4 22.7 44.9

SO2−
3ZnS + — 32.5 24.0 43.5

  
(a) (b)

0

42

84

126

168

1200 1000 800 600 400 200 0
Binding energy / eV

1200 1000 800 600 400 200 0
Binding energy / eV

Galena

Pb 4f

Pb 4f

C 1s

C 1s

O 1s

O 1s

S 2p

S 2p

Galena + SO3
2−

136

102

68

34

0

0

42

84

126

168 136

102

68

34

0

SphaleriteZn 2p

Zn 2p

O 1s

O 1s

C 1s

C 1s

S 2p

S 2p

Sphalerite + SO3
2−

In
te

ns
ity

 / 
(1

04  c
ou

nt
s)

In
te

ns
ity

 / 
(1

04  c
ou

nt
s)

Fig. 11.    XPS survey spectra of (a) galena and (b) sphalerite treated with 960 mg/L Na2SO3.
 

SO2−
3

SO2−
3

Fig.  12 showed the S 2p high-resolution XPS spectra  of
sphalerite before and after treatment with Na2SO3. As shown
in Fig. 12, the peaks positioned at 161.80 and 162.95 eV were
attributed to species S2− [44–45]. After sodium sulfite treat-
ment, no peaks of species  (166.00 eV) [46] were found,
which indicated that  was was difficult to be adsorbed
onto the surface of sphalerite. 

3.7. Frontier molecular orbital analysis

Fig. 13 showed the frontier orbital shapes of sulfite ions,
galena, and sphalerite. From Fig. 13(a), it could be seen that
the lowest unoccupied molecular orbital  (LUMO) of sulfite

ion  was σ orbit,  therefore,  sulfite  ion  was  difficult  to  form
feedback π bond  with  the π electron  pairs  of  metal  ions  in
mineral surface, but could form σ bond. However, it could be
seen that the highest occupied molecular orbital (HOMO) of
sulfite ion was mainly composed of three O 2p orbitals and S
3p orbitals, providing electrons (Fig. 13(d)).

The  valence  electron  structure  of  Zn2+ is  3d104s0.  From
Fig.  13(b),  it  could  be  seen  that  the  LUMO orbitals  on  the
surface  of  sphalerite  were  mainly  the  4s  orbitals  of  zinc
atoms. This was because the 4s orbitals in the valence elec-
tron layer of Zn2+ were empty orbitals. The 4s orbitals of Zn
atoms on the surface of sphalerite could obtain lone pair elec-
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trons to form forward coordination. However, the LUMO or-
bital of Zn atom on the surface of sphalerite did not match the
symmetry  of  the  HOMO  orbital  of  sulfite  ion,  resulting  in
only a weak positive coordination interaction between sulfite
ion and the surface of sphalerite. From Fig. 13(e), it could be
seen  that  the  HOMO  orbitals  on  the  surface  of  sphalerite
were mainly the 3p orbitals of sulfur atoms, with only a very
small number of d orbitals on zinc atoms participating in the
HOMO orbitals. 3d10 was the electron occupied state of zinc
atoms,  while  3d10 was  a  fully  filled  state  with  strong  inert-
ness. From the perspective of feedback π bonding, it was dif-
ficult for zinc atom on the surface of sphalerite to form feed-
back π bond with the LUMO orbital of sulfite ion.

The valence electron layer structure of Pb2+ in galena was
6s26p0. From Fig. 13(c), it could be seen that the LUMO or-
bitals on the surface of galena were mainly composed of sul-
fur 3p orbitals, and the contribution of lead atoms was weak.
The HOMO orbital of sulfite ion was difficult to effectively
bond with the LUMO orbital of Pb atom on the surface of ga-
lena. As shown in Fig. 13(f), the HOMO orbitals on the sur-
face of galena were mainly composed of the 6s orbital of lead
and the 3p orbital of sulfur. These two types of orbits belong
to the octahedral field σ orbit. The HOMO orbital of lead on
the surface of galena and the LUMO orbital of sulfite ion could

effectively form σ (s–p) bond. Based on the above analysis, it
further  indicated  that  sulfite  ion  was  difficult  to  adsorb  on
sphalerite, while it was more strongly adsorbed on galena. 

3.8. DFT calculations

SO2−
3

SO2−
3

Table  2 showed  the  adsorption  energies  of  various  ad-
sorbates on sphalerite and galena. Table 3 showed the aver-
age bond lengths of adsorbates on the surfaces of sphalerite
and galena.  As illustrated in Fig.  14(a) and (b),  the adsorp-
tion of  on the surfaces of sphalerite and galena resulted
in the Zn–S bond distance was 3.661 Å and the Pb–S bond
distance  was  3.001  Å.  The  corresponding  adsorption  ener-
gies of  were −16.7 and −32.3 kJ/mol, respectively. As
shown in Fig. 14(c) and (d), the adsorption energy of H2O on
the surface Zn site was −60.6 kJ/mol, with Zn–O bond length
of 2.138 Å. While the adsorption energy on the Pb site was
−19.7 kJ/mol, with Pb–O bond length of 2.864 Å [46]. The
adsorption energy of H2O on the Zn sites was lower than that
on the Pb sites, which clarified that the adsorption of H2O on
the surface Zn sites was more spontaneous than that on the
surface Pb sites. In addition, sulfite ions and lead ions gener-
ated hydrophilic PbSO3. The adsorption energy of PbSO3 on
sphalerite was −235.5 kJ/mol, and the average length of S–Pb
and O–Zn bond on the surface sphalerite was 2.294 Å. While
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the adsorption energy of PbSO3 on galena was −175.6 kJ/mol
and the  average length  of  the  S–Pb and O–Pb bond on the
surface  of  galena  was  2.540  Å.  This  result  indicated  that
PbSO3 was  more  easily  be  adsorbed  on  the  surface  of
sphalerite, further reducing its floatability. Hence, in the flot-
ation  separation  of  galena  from sphalerite,  sulfite  could  ef-
fectively depress lead ions activated sphalerite. 

3.9. Mechanism diagram of  sulfite  depressing  sphalerite
and Pb2+ activated sphalerite

According  to  the  previous  analysis  results,  schematic  of
the mechanism by which sulfite ions depressed sphalerite and
Pb2+ activated sphalerite was shown in Fig. 15. As shown in
Fig.  15(a),  the  adsorption  of  sulfite  ions  on  the  surface  of

sphalerite was weak, making it difficult to depress sphalerite.
However, sulfite ions could increase the oxygen content on
the surface of sphalerite, enhanced its hydrophilicity, and fur-
ther  increased  the  difference  in  hydrophilicity  between
sphalerite and galena. In addition, in the presence of sulfite
ions,  the  xanthate  in  the  sphalerite  system was  more  easily
decomposed into perxanthate than the xanthate in the galena
system.  As  shown  in Fig.  15(b),  sulfite  ions  could  chelate
Pb2+ in the solution, and the generated PbSO3 was more eas-
ily be adsorbed on the surface of sphalerite, further depress-
ing Pb2+ activated sphalerite.  This diagram provided clearer
understanding of the depression mechanism of sulfite ions on
sphalerite and Pb2+ activated sphalerite in the flotation separ-
ation of galena from sphalerite.
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Fig. 15.    Diagram of sulfite depression mechanism: (a) sphalerite; (b) Pb2+ activated sphalerite.
  

4. Conclusions

Sulfite ions acted as depressants of sphalerite in the flota-

tion  separation  of  galena  from  sphalerite.  The  single  and
mixed mineral experimental results indicated that sulfite ions
could  depress  sphalerite  and  Pb2+ activated  sphalerite.  The

 

Table 2.    Adsorption energies of adsorbates on the surfaces of
sphalerite (110) and galena (100) (kJ·mol−1)

Adsorbates Sphalerite Galena
SO2−

3   −16.7   −32.3
H2O   −60.6   −19.7
PbSO3 −235.5 −175.6

 

Table 3.    Average bond lengths of adsorbates on the surfaces
of sphalerite (110) and galena (100) Å

Adsorbates Sphalerite Galena
SO2−

3 3.661 3.001
H2O 2.138 2.864
PbSO3 2.294 2.540
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contact  angle,  UV–vis  spectrum,  ICP-OES,  FTIR  spectro-
scopy,  XPS,  Frontier  molecular  orbital  analysis,  and  DFT
calculations  further  revealed  the  sophisticated  depression
mechanism  of  sulfite  ions  on  sphalerite  and  Pb2+ activated
sphalerite in the flotation separation of galena from sphaler-
ite. The main conclusions are as follows:

SO2−
3 SO2−

3

SO2−
3

(1)  The  high-resolution  XPS  spectra  of  sphalerite  S  2p
after  treatment  showed  no  peaks  was  detected.
The  DFT calculation  results  also  indicated  that  the  adsorp-
tion of  on sphalerite was weak, with an adsorption en-
ergy of only −16.7 kJ/mol. Frontier molecular orbital analys-
is  further  indicated that  sulfite  ions  were  difficult  to  be  ad-
sorb on sphalerite surface.

(2) The oxygen content in the surface of sphalerite treated
with  sulfite  ions  increased,  which  enhanced the  hydrophili-
city of the sphalerite surface and further increased the differ-
ence  in  hydrophilicity  between  sphalerite  and  galena.  DFT
calculations  further  indicated  that  H2O  was  more  easily  be
adsorbed on the surface of sphalerite. The adsorption energy
of H2O on the surface of sphalerite was −60.6 kJ/mol, which
was much lower than that on the surface of galena.

(3)  Sulfite  ions  could  precipitate  lead  ions,  reducing  the
influence  of  lead  ions  on  the  activation  of  sphalerite.  DFT
calculations further indicated that PbSO3 was more easily be
adsorbed on the surface of sphalerite. The adsorption energy
of  PbSO3 on  the  surface  of  sphalerite  was −235.5  kJ/mol,
which was 59.9 kJ/mol lower than that on the surface of ga-
lena.

(4) The UV–vis spectrum showed that after adding sulfite
ions,  the  peak  of  perxanthate  in  the  sphalerite  treated  with
xanthate solution was significantly stronger than that  in the
galena  treated  with  xanthate  solution.  The  results  indicated
that  xanthate  interacted  more  readily  with  sulfite  ions  and
oxygen molecules within the sphalerite system, leading to the
formation of perxanthate.

In summary, based on the results of experiments and DFT
calculations,  the  depression  mechanism  of  sulfite  ions  on
sphalerite and Pb2+ activated sphalerite in the flotation separ-
ation of galena from sphalerite was elucidated, facilitating a
deeper understanding of the action principles of the flotation
reagents at the mineral interface and advancing the develop-
ment of fundamental theories in mineral flotation. 
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