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Abstract: Anglesite sulfidization mechanism was systematically investigated using flotation tests, X-ray photoelectron 
spectroscopy (XPS), field-emission scanning electron microscopy (FESEM), Raman spectroscopy, and ultraviolet− 
visible diffuse reflectance spectroscopy (UV−Vis DRS). The activation effect of sodium sulfide on anglesite flotation 
was demonstrated by the flotation tests; however, sodium sulfide concentration must be properly controlled to avoid 
excessive sulfide ions causing flotation depression. The results of XPS, Raman, and UV−Vis DRS revealed that PbSO4 
was replaced by PbS during anglesite treatment with a sodium sulfide aqueous solution. FESEM imaging shows the 
dissolution of PbSO4 and the precipitation of PbS nanoparticles during sulfidization. Thus, it can be suggested that the 
reaction of anglesite with a sodium sulfide aqueous solution proceeds via an interface-coupled dissolution–precipitation 
mechanism: upon contact with a sodium sulfide aqueous solution, anglesite dissolution releases Pb2+ and SO4

2– into the 
fluid boundary layer, which becomes oversaturated with respect to PbS phase; then the PbS nanoparticles nucleate and 
grow on the surface of anglesite. The PbS nanoparticles grown on anglesite can improve the floatability of anglesite. 
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1 Introduction 
 

Anglesite (PbSO4) is a secondary lead mineral, 
derived from the weathering of lead sulfide mineral. 
In nature, anglesite is replaced by cerussite (PbCO3) 
when it comes into contact with CO2-rich fluids [1]. 
Therefore, cerussite and anglesite are the most and 
second-most important non-sulfide lead minerals 
(popularly called oxidized minerals), respectively. 
However, anglesite can also be the most abundant 
non-sulfide lead mineral in the weathering zones of 
some ore deposits, such as the Kuh-e-Surmeh 
Deposit in Fars, Iran [2], and the Pb−Zn−Cd Fule 
Deposit in Yunnan Province, China [3]. Anglesite  
is also the main Pb-bearing material in hydro- 

metallurgical zinc-leaching residues [4−6]. 
Sulfidization flotation is a common and low- 

cost method for recovering oxidized minerals of 
base metals [7]. Sulfidization converts the surfaces 
of oxidized minerals to more hydrophobic sulfide 
compounds that are suitable for xanthate flotation, 
which is a critical stage in this flotation process. 
Thus, the sulfidization mechanisms of oxidized 
minerals have been extensively studied [8,9]. Two 
classic interpretations have been proposed on the 
sulfidization mechanism: (1) chemisorption of 
sulfide ions on the surfaces of oxidized minerals, 
and (2) substitution of sulfide ions in oxidized 
mineral crystal lattice via solid-state diffusion, also 
known as “ion exchange” of sulfide ions with the 
anions of the mineral lattice [10,11]. By definition,  
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chemisorption produces a monolayer surface complex 
rather than a new phase. Nevertheless, recent 
morphology, textural, and kinetic evidences have 
shown that the sulfidization product of oxidized 
minerals is a solid multilayer rather than         
a monolayer (i.e. a new solid phase) [12−17]. The 
ion exchange mechanism involves the preservation 
of the crystal structure and the interdiffusion of ions 
through the solid. However, the oxidized minerals 
usually have different crystal structures with their 
corresponding sulfidization products; in addition, 
the diffusion of ions in solids needs to overcome  
the energy barrier to motion, which is kinetically 
unfavorable under ambient conditions [18,19]. As a 
result, the sulfidization of oxidized minerals is more 
likely to occur via a mechanism that has not yet 
been discussed in the field of flotation research. 

In geoscience and environmental science, 
interface-coupled dissolution–precipitation (ICDP) 
rather than solid-state diffusion has been 
acknowledged as a universal mechanism for the 
solid−solid phase transformation during solid− 
aqueous solution interaction [18−21]. According to 
the ICDP mechanism, an aqueous solution will 
induce the dissolution of an insoluble or even an 
extremely insoluble phase, generating an interfacial 
boundary layer of the aqueous solution that may be 
oversaturated with respect to a more stable solid 
phase. Then, the nucleation and growth of the new 
phase on the surface of the parent phase may occur 
and thereby promote the dissolution of the parent 
phase, which in turn accelerates the growth of the 
product phase. That is, in the presence of an 
aqueous solution, the dissolution of a less stable 
phase and the precipitation of a more stable   
phase coupling occur at a solid–aqueous solution  
interface [19]. 

Sulfidization flotation processes have been 
used for decades to recover anglesite from lead 
oxide ores, mixed sulfide−oxide lead ores, zinc- 
leaching residues, and sintering dust [4,6,22,23]. 
However, to the best of our knowledge, little 
research has been conducted into the sulfidization 
mechanism in anglesite flotation. Information  
gaps still exist on the chemical states, elemental 
compositions and morphologies, and so on, of the 
surfaces of the sulfidized anglesite. This study 
aimed to examine the effect of sulfidization on the 
floatability of anglesite, and investigate whether 
anglesite sulfidization occurs via an ICDP 

mechanism. These purposes would be achieved by 
conducting flotation tests, X-ray photoelectron 
spectroscopy (XPS), field-emission scanning 
electron microscopy (FESEM), Raman spectroscopy, 
and ultraviolet−visible diffuse reflectance spectro- 
scopy (UV−Vis DRS). 
 
2 Experimental 
 
2.1 Materials 

Analytical-grade PbSO4 particles (purity > 98% 
on a metal basis) were purchased from Tianjin 
Guangfu Fine Chemical Research Institute, China. 
The particles were dispersed and dry-screened to 
obtain size fractions (≤ 74 μm) for use in this study. 
Analytical-grade PbS particles (purity > 99.9% on 
the metal basis, Macklin) were used as a reference 
sample in the UV−Vis DRS analyses. The X-ray 
diffraction (XRD) patterns of PbSO4 (Fig. S1 in 
Supporting Information) and PbS (Fig. S2) samples 
matched the standard patterns for anglesite PbSO4 
(JCPDS No. 36-1461) and galena PbS (JCPDS 
No. 05-0592), respectively. 

Analytical-grade sodium sulfide (Na2S·9H2O) 
was used as a sulfidizing agent, and analytical- 
grade methyl isobutyl methanol (MIBC) was used 
as a foaming agent. Analytical-grade sulfuric acid 
or sodium hydroxide was used for pH regulation. 
Na2S, MIBC, H2SO4, and NaOH were obtained 
from Sinopharm Chemical Reagent Co., Ltd. 
Industry-grade sodium amyl xanthate (NaAX) 
obtained from Hunan Mingzhu Flotation Reagents 
Co., Ltd., China, was used as a collector. 

Deionized water (resistivity >18.2 MΩ∙cm) 
prepared by the Hitech laboratory water purification 
system was used in this study. 
 
2.2 Flotation tests 

Flotation tests were carried out in a 40 mL 
flotation cell. For each test, a 3.0 g anglesite sample 
and a given amount of deionized water were put in 
the flotation cell to prepare a pulp suspension. After 
stirring for 1 min, a sodium sulfide aqueous 
solution with a specific concentration was dosed 
into the pulp to react for 3 min. Then, when the 
pulp pH was adjusted to a specific value using 
NaOH or H2SO4 solutions, the pulp was conditioned 
with NaAX and MIBC for 3 min. After flotation for 
3 min, the floating and sunken products were dried 
and weighed to calculate the recovery. Each test 
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was repeated three times or more, and their average 
value was taken as the final result; in addition, the 
standard deviation was plotted as an error bar. 
 
2.3 Characterization 

The samples for characterization underwent 
the same sulfidization process as the flotation test 
samples. After sulfidization, the samples were 
washed and dried. Before measurements, the 
samples were stored in vacuum-sealed bags to 
minimize oxidation. 

The elemental compositions and chemical 
states on the raw and sulfidized anglesite surfaces 
were examined with an X-ray photoelectron 
spectrometer (PHI5000 Versaprobe III, Ulvac-Phi, 
Japan). The operating parameters were as follows: 
Al Kα radiation, working voltage 15 kV, takeoff 
angle 45°, and passing energy 69 eV; the obtained 
data were corrected using the adventitious carbon 
C 1s peak at 284.80 eV, and then were analyzed 
using MultiPak software. The phase composition of 
the outer layers of anglesite particles before and  
after sulfidization was determined using Raman 
spectroscopy (532 nm line of a He−Ne laser, Horiba 
Evolution spectrophotometer, HORIBA Scientific, 
France) and DRS (UV−3600 spectrophotometer, 
Shimadzu, Japan). The referenced Raman spectra of 
anglesite PbSO4 and galena PbS were obtained 
from the RRUFF Project (https://rruff.info). Surface 
morphologies of the raw and sulfidized anglesite 
particles were imaged by a Zeiss Sigma 300 field- 
emission electron microscope (Zeiss, Germany); 
before imaging, the samples were coated with 
platinum to improve their surface conductivity. 
 
3 Results and discussion 
 
3.1 Flotation test results 

Figure 1 shows the effect of pulp pH on raw 
and sulfidized anglesite flotation. The flotation 
recoveries of raw and sulfidized anglesite increased 
slightly with increasing pH until approximately 7. 
At pH ~7, the flotation recoveries of raw and 
sulfidized anglesite were 33.3% and 68.0%, 
respectively. When pulp pH > 7, the flotation 
recoveries of raw and sulfidized anglesite decreased 
sharply; at pH 9.58, flotation recoveries for raw and 
sulfidized anglesite were only approximately 5.0%. 
The results showed that anglesite flotation is 
adversely affected under higher pH conditions, 

which may be attributed to the instability of 
anglesite under higher pH conditions [24]. 
Furthermore, it is apparent from Fig. 1 that 
recoveries of sulfidized anglesite were higher than 
those of raw anglesite at pH <8.5, which 
demonstrates the positive effect of sulfidization on 
anglesite flotation. 

Figure 2 shows that the shape of the anglesite’s 
flotation recovery vs sodium sulfide concentration 
presents an inverted U-shaped curve, which is 
consistent with those of other oxidized minerals, 
such as malachite [12], cerussite [13], azurite [25], 
and cuprite [26]. In Fig. 2, the anglesite recovery 
increased from 33.3% to 71.8% as sodium sulfide 
concentration increased from 0 to 1.5 m mol/L; 
however, once the sodium sulfide concentration 
exceeded the optimal value, anglesite flotation 
recovery declined. The results further showed the 
promotion of sulfidization on anglesite flotation; 
however, the concentration of sodium sulfide has to 
be strictly controlled to avoid excessive sulfide ions 
depressing the flotation. 
 

 
Fig. 1 Effect of pulp pH on anglesite flotation recovery 
with and without sodium sulfide 
 

 
Fig. 2 Flotation recovery of anglesite vs sodium sulfide 
concentration 
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3.2 XPS spectra 
In the XPS study, high-resolution spectra of 

Pb 4f and O 1s were used to analyze lead and 
oxygen, respectively. For sulfur, in general,  
stronger S 2p spectra were used instead of S 2s 
spectra. However, the S 2p peak region overlaps  
the energy loss peak of the Pb 4f line, interfering 
with concentration calculations and peak 
recognition [14]. Considering this, this study is 
dependent on the S 2s spectra which also show a 
larger range of chemical shifts. The S 2p spectra are 
used as an ancillary reference. 

Figures 3(a) and (b) show the S 2s and S 2p 
spectra of the raw and sulfidized anglesite, 
respectively. For raw anglesite (Sample 1, without 
Na2S solution treatment), only one S 2s peak 
appeared at 232.50 eV (Fig. 3(a)), and one S 2p 
spin-orbit doublet consisting of S 2p3/2 peak at 
168.30 eV and S 2p1/2 peak at 169.48 eV was 
observed (Fig. 3(b)), both of which agreed with 
sulfur in PbSO4 in NIST XPS database [27]. In 
addition, as expected, a not very sharp peak 
appeared at 163.70 eV in the S 2p spectrum, which 
was attributed to the energy loss peak of the Pb 4f 
line. After sulfidization (Samples 2 and 3 treated 
with 1.5 and 5.0 mmol/L Na2S solution, respectively), 
new S 2s peaks emerged at (225.25±0.07) eV 
(Fig. 3(a)), and new S 2p3/2 and S 2p1/2 doublets 

appeared at binding energies of 160.80 and 
161.98 eV, respectively (Fig. 3(b)), both of which 
could be assigned to sulfur in PbS [27]. Figure 3 
also shows that with increasing the concentration of 
sodium sulfide, the intensity of the S 2s and S 2p 
peaks corresponding to PbSO4 decreased while 
those corresponding to PbS increased. 

Figure 4(a) presents the Pb 4f spectra of    
the raw and sulfidized anglesite samples. In the 
spectrum of raw anglesite (Sample 1), the peaks at 
139.28 and 144.14 eV are respectively attributed  
to the Pb 4f7/2 and Pb 4f5/2 spin-orbit doublets    
of PbSO4, respectively [27]. After sulfidization 
(Samples 2 and 3), two new Pb 4f7/2 and Pb 4f5/2 
spin-orbit doublets emerged at binding energies of 
137.60 and 142.46 eV, respectively, which are 
ascribed to PbS [27]. Similarly, with increasing the 
concentration of sodium sulfide, the doublets 
corresponding to PbSO4 decreased while those 
corresponding to PbS increased. 

The O 1s spectra of the raw and sulfidized 
anglesite are plotted in Fig. 4(b). All of O 1s peaks 
were at 531.50 eV and could be attributed to O in 
PbSO4 [27]. Furthermore, the intensity of O 1s 
peaks decreased with increasing sodium sulfide 
concentration. 

To more clearly show surface changes before 
and after anglesite sulfidization, semi-quantitative 

 

 

Fig. 3 High-resolution XPS spectra of S 2s (a) and S 2p (b) for anglesite treatment with and without sodium sulfide 
solutions 
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analyses of element content on raw and sulfidized 
anglesite surfaces were carried out. Table S1 in 
Supporting Information shows the element content 
and atomic ratio of the raw anglesite surfaces 
calculated based on the Pb 4f, S 2p, and O 1s 
spectra. As shown in Table S1, the contents of Pb, S, 
and O were 14.24 at.%, 32.95 at.%, and 52.81 at.%, 
respectively, and the Pb/S/O molar ratio was 
1:2.31:3.70, both of which were significantly 
different from that expected for PbSO4, 
demonstrating the negative effect caused by the 
energy loss peak of the Pb 4f line. Thus, the element 
contents were calculated based on the Pb 4f, S 2s, 
and O 1s spectra, which are listed in Table 1. Table 
1 shows that the contents of Pb, S, and O for the 
raw anglesite were 16.86 at.%, 18.99 at.%, and 
64.14 at.%, respectively, and the Pb/S/O molar ratio 
was 1:1.13:3.80, both of which were close to the 
theoretical values for PbSO4. As seen in Table 1, 

with increasing sodium sulfide concentration, the 
total contents of Pb and S increased while that of O 
decreased. After sulfidization, the total contents of 
Pb and S increased because PbS had higher Pb and 
S contents than PbSO4. Interestingly, the S/Pb 
molar ratio remained at approximately 1, indicating 
that PbSO4 was replaced by PbS at a S/Pb molar 
ratio of about 1 during anglesite sulfidization. 

 
3.3 Raman spectra and DRS results 

Typically, X-ray diffraction (XRD) analysis is 
the most powerful technique for phase composition 
identification. However, under the flotation-related 
circumstances, the sulfidization products of oxidized 
minerals cannot be identified because XRD analysis 
is not sensitive to the low-content phases [12,13]. In 
contrast, Raman spectroscopy and DRS have 
advantages in examining the phase compositions on 
the surface of solids [15,28,29]. 

 

 
Fig. 4 High-resolution XPS spectra of Pb 4f (a) and O 1s (b) for anglesite with and without sodium sulfide solution 
treatment 
 
Table 1 Element contents and molar ratios of raw and sulfidized anglesite samples calculated based on Pb 4f, S 2 s and 
O 1s spectra 

Sample 
No. 

Content/at.% S/Pb molar 
ratio 

O/Pb molar 
ratio Total Pb Pb in PbSO4 Pb in PbS Total S S in PbSO4 S in PbS O 

1 16.86 16.86 0.00 18.99 18.99 0.00 64.14 1.13 3.80 

2 25.79 14.6 11.19 24.15 13.2 10.95 50.06 0.93 1.94 

3 32.20 5.03 27.17 30.60 5.62 24.98 37.79 0.95 1.17 
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Figure 5(a) shows the optical photographs and 
optical micrographs corresponding to Raman 
spectra of raw and sulfidized samples. The raw 
anglesite powder (Sample 1) was milky white to  
the naked eye but colorless and transparent under 
an optical microscope. After treatment with a 
1.5 mmol/L sodium sulfide solution (Sample 2), the 
anglesite particles turned light brown, and the 
optical micrographs showed that some regions 
turned black, while some remained colorless and 
transparent. When sodium sulfide concentration 
was 5 mmol/L (Sample 3), the particles appeared 
black to the naked eye, and the optical microscopy 
image showed that the particles were reflective and 
metallic black, similar to galena PbS. These color 
changes are the most conspicuous evidence of the 
transformation from PbSO4 to PbS. 

As shown in Fig. 5(b), the measured spectrum 
of raw anglesite (Sample 1) is in good agreement 
with the referenced spectrum (PbSO4, RRUFF ID: 
050408) and published data [30]. In the measured 

Raman spectrum of raw anglesite, a strong peak at 
978 cm–1 is attributed to the sulfate stretching 
vibration (ν1), peaks at 439 and 450 cm–1 to ν2 
vibrational mode, peaks at 1060 and 1158 cm–1 to ν3 
vibrational mode, and weak peaks at 607 and 
642 cm–1 to ν4 vibrational mode [31]. However, 
peaks for PbS were not observed in the Raman 
spectra of the sulfidized anglesite (Samples 2 and 3), 
because PbS with a rock salt-type crystal structure 
shows no Raman active modes [32]. 

Figure 6 shows the UV−Vis DRS spectra of 
raw and sulfidized anglesite as well as the PbS 
reference sample. The raw anglesite showed strong 
absorption in the UV region (200−400 nm) but 
weak absorption in the visible light region; in 
addition, an absorption peak was observed at 
~300 nm. Interestingly, the sulfidized anglesite 
showed light absorption characteristics similar to 
that of the PbS reference sample, further suggesting 
the formation of PbS on the surface of the 
sulfidized anglesite. 

 

 
Fig. 5 Optical photographs (left) and optical micrographs (right) (a), and Raman spectra (b) corresponding to optical 
micrographs in (a)  
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Fig. 6 UV−Vis DRS spectra of anglesite particles treated 
with different sodium sulfide concentrations and PbS 
reference sample 
 

As shown in Fig. 5(b), the intensity of PbSO4 

of the Raman peaks decreased considerably    
with increasing sodium sulfide concentration. The 
sulfidized anglesite showed strong light absorption 
in the visible light region; therefore, the measured 
Raman signals were mostly from the surfaces of the 
samples [28]. Thus, the decrease in peak intensities 
suggested that the PbSO4 content on the surfaces  
of the samples decreased with increasing sodium 
sulfide concentration. Consequently, the Raman and 

DRS spectra provided clear evidence of the 
replacement of PbSO4 by PbS on the surface of 
anglesite during sulfidization. 
 
3.4 FESEM observation 

Figure 7 shows the FESEM images of the  
raw and sulfidized anglesite particles at different 
magnifications. At low magnifications (Figs. 7(a1, 
b1, c1)), the sample particles were tabular, which 
was one of the common crystal morphologies of 
anglesite. 

The anglesite crystal particles after treatment 
with deionized water showed geometrically regular 
edges and corners, and the surface was relatively 
smooth. However, considerable microcracks were 
observed under high magnification (Fig. 7(a3)), 
which may be caused by platinum spraying before 
FESEM measurements. After treatment with 
sodium sulfide solutions, a larger number of 
nanoparticles with relatively uniform shapes and 
sizes grew on anglesite surfaces (Figs. 7(b) and (c)). 
Previous XPS, Raman, and DRS studies have 
demonstrated the formation of PbS on the surfaces 
of anglesite treated with sodium sulfide solution; 
thus, it can be considered that these nanoparticles 
were the sulfidization product of anglesite, namely 

 

 
Fig. 7 FESEM images at different magnifications of anglesite particles sulfidized with different sodium sulfide solution 
concentrations: (a1−a3) Sample 1; (b1−b3) Sample 2; (c1−c3) Sample 3 
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PbS. Interestingly, some nanoparticles shown in 
Fig. 7(c3) were cubic, which was the typical crystal 
morphology of galena PbS. PbS nanoparticles 
grown on anglesite treated with 5 mmol/L sodium 
sulfide solution had larger sizes than those treated 
with a 1.5 mmol/L sodium sulfide solution. Thus, 
sodium sulfide concentration may affect the size of 
the PbS nanoparticles. 

Compared with the case without sodium 
sulfide, anglesite dissolution was significantly 
promoted in the presence of sodium sulfide. For 
instance, in a 1.5 mmol/L sodium sulfide solution, 
obvious dissolution pits, approximately rectangular, 
were observed in the FESEM image (marked in red 
in Fig. 7(b)); when sodium sulfide concentration 
was 5 mmol/L, although the dissolution pits might 
be covered by the dense PbS precipitate layer and 
thereby could not be observed, the anglesite particle 
lost its geometrically regular crystal edges (marked 
in red in Fig. 7(c)), probably due to the retreatment 
of crystal edges caused by the promoted dissolution. 
This promotion of anglesite dissolution may be 
because the formation of PbS precipitates reduces 
the lead concentration in the aqueous solution, 
leading to non-equilibrium conditions compared to 
that without sodium sulfide. 
 
3.5 Sulfidization mechanism 

Our results clearly demonstrated that the 
dissolution of PbSO4 and the precipitation of PbS 
occurred simultaneously when anglesite was treated 
with sodium sulfide solutions. Thus, anglesite 
sulfidization can be interpreted as a result of an 
ICDP process that results from more than 19 orders 
of considerable solubility difference between PbS 
(Ksp=10−27.47) and PbSO4 (Ksp=10–7.74) [13,33]. The 
ICDP reactions at the anglesite–sodium sulfide 
solution interface may be schematically illustrated 
in Fig. 8. The following steps are involved in 
anglesite sulfidization: (1) anglesite dissolution 
releases Pb2+ and SO4

2– into the solution upon 
contact with a sodium sulfide solution; (2) the fluid 
boundary layer resulting from the slow diffusion of 
the solutes from the reaction interface to the bulk 
solution becomes oversaturated with respect to PbS 
phase; (3) PbS nucleates and grows on the surface 
of anglesite to generate a layer of sulfidization 
product. Figure 8 also presents the crystal cells of 
anglesite and galena, showing the microstructural 
difference between the sulfidization product and 
anglesite. The overall reaction of anglesite with a 

sodium sulfide solution under neutral pH conditions 
may be written as 

 
PbSO4(s)+HS–(aq)→PbS(s)+SO4

2–(aq)+H+ (aq). 
 
The changes in the enthalpy (ΔH) and Gibbs 

free energy (ΔG) of the anglesite sulfidization 
reaction at 0−30 °C were calculated and are listed in 
Table S2. Negative values of ΔH and ΔG indicate 
the exothermic and spontaneous nature of the 
sulfidization reaction. Thus, the replacement of 
PbSO4 by PbS when anglesite is treated with a 
sodium sulfide solution is thermodynamically 
favorable under flotation-related conditions. 
 

 
Fig. 8 Schematic illustration of anglesite sulfidization via 
ICDP mechanism 
 

As well known, the moderate-concentration 
sulfidizing agents can promote the flotation of 
oxidized minerals, while excessive concentration 
ones can depress the flotation. As illustrated 
schematically in Fig. 9, the recovery versus sodium 
sulfide concentration plot can be divided into three 
parts to explain the relationship between the 
flotation behaviors and sulfidization states of 
anglesite at different sodium sulfide concentrations. 
Part I: under sulfide-deficient conditions, sulfide 
ions are completely consumed by lead ions 
dissolved in the bulk aqueous solution, and 
precipitate as PbS (labeled as PbS(1)), that is, by a 
homogeneous nucleation mechanism. Part II: upon 
adding more sulfide ions, sulfide ions begin to 
diffuse to the anglesite–aqueous solution interface, 
and thereby induce the sulfidization of anglesite via 
an ICDP mechanism. With increasing the sodium 
sulfide concentration, both the coverage of PbS on 
anglesite and the flotation recovery increase until  
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Fig. 9 Schematic illustration of flotation recovery (a) and sulfidization state (b) of anglesite at different sodium sulfide 
concentrations 
 
the maximum recovery is obtained. Part III: when 
the sodium sulfide concentration exceeds the 
optimal value for flotation, the sulfidization 
reaction may be maintained by the formation of 
porosity in the product phase layer; however, a 
considerable part of the sulfide ions still remain in 
the aqueous solution due to diffusion control. The 
residual sulfide ions can reduce the redox potential 
of the pulp and cause competitive adsorption 
against the collector such as xanthate, thereby 
depressing the flotation [23]. 

For the conversion of PbSO4 to PbS, PbS 
grows on PbSO4 via three-dimensional heterogeneous 
nucleation rather than via layer-by-layer growth 
because they have different crystal structures; in 
addition, the molar volume and solubility of PbS 
are smaller than those of PbSO4 (Vmol(PbS)= 
31.48 cm3/mol, Vmol(PbSO4)=48.21 cm3/mol) [34]. 
In this case, all the above-mentioned conditions 
favor the development of porosity. The porosity can 
be mainly attributed to the gaps between the PbS 
nanoparticles shown in the FESEM images at the 
higher magnifications (Fig. S3). 

Previous studies on the sulfidization of other 
oxidized minerals have also presented several 
characteristics of an ICDP mechanism, such as the 
conversion of Cu2(OH)2CO3 to Cu2–xS [12], PbCO3 
to PbS [13], and ZnCO3 to ZnS [15]. In addition, 
the features of this mechanism are likewise 
reflected by the synthesis of core−shell and 
heterostructure materials through the interaction of 
metal oxides with an aqueous solution of soluble 
sulfides, such as the synthesis of Cu2O/Cu31S16 [35], 
CuO/CuS [36], and ZnO/ZnS [37] composites. 

Therefore, it may be suggested that the ICDP 
reaction is a universal mechanism for the 
sulfidization of oxidized minerals or metal oxide 
composites when they are treated with sodium 
sulfide solutions. 
 
4 Conclusions 
 

(1) The results obtained using XPS, Raman, 
and UV−Vis DRS demonstrated the replacement of 
PbSO4 by PbS during anglesite treatment with an 
aqueous solution of sodium sulfide. The FESEM 
images showed the dissolution of PbSO4 as well as 
the precipitation of PbS during sulfidization. 

(2) Anglesite sulfidization proceeds via an 
ICDP mechanism: upon interaction with a sodium 
sulfide aqueous solution, the less stable PbSO4 
phase dissolves while more stable PbS phase 
precipitates at anglesite–sodium sulfide aqueous 
solution interface. 

(3) The PbS nanoparticle generated on 
anglesite, which exhibits stronger hydrophobicity 
and reactivity with xanthate than the PbSO4 particle 
at sufficient sodium sulfide concentrations, is 
responsible for the promotion of anglesite flotation 
by sulfidization. However, at above the optimum 
sodium sulfide concentration for flotation, some 
sulfide ions remain in the pulp due to the limited 
diffusion, thereby depressing the flotation. 

(4) The sulfidization flotation behavior is related 
to the feature of the ICDP reaction, suggesting that 
this mechanism has important guiding significance 
for the sulfidization flotation of oxidized minerals 
of base metals. 
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界面耦合的 PbSO4溶解和 PbS 沉淀 
及其对铅矾硫化浮选的影响 
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摘  要：通过浮选试验、X 射线光电子能谱(XPS)、场发射扫描电子显微镜(FESEM)、拉曼光谱和紫外−可见漫反

射光谱(UV−Vis DRS)系统研究铅矾浮选中的硫化机理。浮选试验证明硫化钠对铅矾浮选具有活化作用；但必须控

制硫化钠浓度，以避免过量硫离子对浮选的抑制。XPS、拉曼光谱和 UV−Vis DRS 结果表明，用硫化钠水溶液处

理铅矾时，PbSO4被 PbS 取代。FESEM 观察结果显示硫化过程中 PbSO4 的溶解和 PbS 纳米粒子的沉淀。因此，

可认为铅矾与硫化钠水溶液的反应是通过界面耦合溶解–沉淀机制进行的：在与硫化钠水溶液接触时，铅矾溶解

将 Pb2+和 SO4
2–释放到流体边界层中，该流体边界层相对于 PbS 相变得过饱和；然后，PbS 纳米粒子在铅矾表面成

核并生长。生长在铅矾表面的 PbS 纳米颗粒可以提高铅矾的可浮性。 

关键词：铅矾；硫酸铅；硫化铅；硫化机理；浮选；溶解；沉淀 
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