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Mechanism study on the sulfidation 
of ZnO with sulfur and iron oxide at 
high temperature
Junwei Han, Wei Liu, Tianfu Zhang, Kai Xue, Wenhua Li, Fen Jiao & Wenqing Qin

The mechanism of ZnO sulfidation with sulfur and iron oxide at high temperatures was studied. The 
thermodynamic analysis, sulfidation behavior of zinc, phase transformations, morphology changes, 
and surface properties were investigated by HSC 5.0 combined with FactSage 7.0, ICP, XRD, optical 
microscopy coupled with SEM-EDS, and XPS. The results indicate that increasing temperature and 
adding iron oxide can not only improve the sulfidation of ZnO but also promote the formation and 
growth of ZnS crystals. Fe2O3 captured the sulfur in the initial sulfidation process as iron sulfides, which 
then acted as the sulfurizing agent in the late period, thus reducing sulfur escape at high temperatures. 
The addition of carbon can not only enhance the sulfidation but increase sulfur utilization rate and 
eliminate the generation of SO2. The surfaces of marmatite and synthetic zinc sulfides contain high 
oxygen due to oxidation and oxygen adsorption. Hydroxyl easily absorbs on the surface of iron-bearing 
zinc sulfide (Zn1−xFexS). The oxidation of synthetic Zn1−xFexS is easier than marmatite in air.

Most of nonferrous metals, such as Cu, Pb and Zn, are primarily recovered from sulfide ores with beneficia-
tion followed by metallurgical process1. With the ceaseless exploitation of metal resources, high-grade ores are 
exhausted day by day, and correspondingly, millions of tons of smelting wastes containing plenty of heavy metals 
are generated every year in the world2. In the past decades, most users preferred stockpiling or landfilling to recy-
cling the wastes because of lack of economic and legislative driving forces. Since the heavy metals in wastes are 
rarely in sulfides but are in oxides and oxidized compounds, which are more soluble in water than their sulfide 
counterparts, the concerns are not only the waste of metal resources but environmental threats3,4. For catering to 
the sustainable development of nonferrous industry, a number of hydrometallurgical5–8, pyrometallurgical9,10 and 
their combined processes11–14 have been performed to exploit low-grade oxide ores and recycle valuable metals 
from smelting wastes. Despite many achievements made, these technologies have still not been widely applied for 
mass production due to the presence of some technical and economical drawbacks.

Sulfidation has recently received much attention as a possible generic technology for the recovery of valuable 
metals from low-grade oxide ores or wastes. In this process, metal oxides and oxidized compounds are converted 
into sulfides, which have a good floatability and are relatively insoluble in aqueous solutions15. As a result, the aim 
to recover metals by flotation and reduce the pollution of heavy metals can be achieved theoretically. At present, 
many sulfidation methods have been proposed to convert various oxidized materials, including sulfidation with 
Na2S16,17, mechanochemical sulfidation18,19, hydrothermal sulfidation20–23 and sulfidation roasting24,25. Sulfidation 
roasting is more beneficial for the formation and growth of sulfide crystals and thus shows better results for the 
recovery of nonferrous metals by flotation. Li et al.26 investigated the recovery of lead and zinc from low-grade 
Pb-Zn oxide ore by sulfidation roasting and flotation process. The results indicated that the sulfidation degree of 
lead and zinc reached 98% and 95%, respectively. Meanwhile, 79.5% Pb and 88.2% Zn were recovered by con-
ventional flotation, and the concentrate contained 10.2% Pb and 38.9% Zn. Wang et al.27 studied the sulfidation 
roasting and flotation of cervantite. A flotation concentrate grading 21.04% Sb with a recovery of 77.15% was 
achieved. Zheng et al.28–30 employed sulfidation roasting and flotation process to recycle valuable metals from lead 
smelter slag and zinc leaching residues. The experimental results of zinc leaching residue showed that a flotation 
concentrate with 39.13% Zn, 6.93% Pb and 973.54 g/t Ag was obtained, and the recovery rates of Zn, Pb and Ag 
were 48.38%, 68.23% and 77.41%, respectively. By contrast, it is more difficult to recover valuable metals from the 
smelter slag, because it contains complex amorphous phases, resulting in the metal sulfides generated with low 
crystallinity and fine grains.
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Base on the fact that increasing temperature can not only accelerate chemical reactions but also promote the 
formation and growth of crystals, some researchers attempted to use a high-temperature roasting process to 
convert the metal oxides into sulfides with sufficient particle size and good crystalline structure. Harris et al.31,32 
investigated the sulfidation of nickeliferous lateritic ore with sulfur. They found that at low temperatures the 
Fe-Ni-S phase formed was submicron in nature and heating to temperature between 1050 and 1100 °C not only 
allowed for the growth of the particles, but also facilitated the further reaction of iron sulfides with nickel oxides 
to iron oxides and nickel sulfides, which was conducive to the enrichment of nickel by flotation. Han et al.25,33 car-
ried out the selective sulfidation of lead smelter slag at high temperatures. The results indicated that, although the 
selective transformation of lead smelter slag could be achieved and the zinc sulfides with coarse grains and good 
crystallinity were generated after sulfidation roasting at above 1000 °C, a qualified zinc sulfide concentrate has 
never been obtained. The reasons are complicated and from many aspects, which needs to be resolved. However, 
the majority of studies on sulfidation roasting have been restricted to the investigation in process optimization. 
Additionally, numerous studies focused on the sulfidation of ZnO nanoparticles for synthesizing ZnO/ZnS core–
shell nanostructures by hydrothermal process at low or room temperatures. The mechanism of these studies is 
obviously different from that of our study34–40. Therefore, it is necessary to establish a system of theoretical knowl-
edge for further developing the sulfidation roasting technology of metal oxides.

In the current study, the sulfidation behavior of ZnO roasted with sulfur at high temperatures was system-
atically studied for the first time. Since sulfur is volatile and easy to escape at high temperatures, the sulfidation 
would be first carried out at 400 °C to avoid sulfur loss and then performed at a higher temperature for further 
sulfidation and the particle growth and crystal modification of the metal sulfides generated. Meanwhile, iron 
oxide (typically Fe2O3) was used as an additive to capture sulfur in the initial stage, and the iron sulfides obtained 
would act as the sulfurizing agent in the late period of the roasting at high temperatures. In this paper, the ther-
modynamic analysis, sulfidation behavior of zinc, phase transformations, morphology changes, and surface prop-
erties were investigated by HSC 5.0 combined with FactSage 7.0, ICP, XRD, optical microscopy coupled with 
SEM-EDS, and XPS, respectively. The purpose was to clarify the mechanisms of ZnO sulfidation with sulfur and 
sulfur capture with iron oxide at high temperatures and thus to provide a theoretical foundation for guiding the 
development of sulfidation roasting process.

Experimental Section
Materials.  Zinc oxide (ZnO), sulfur (S), and ferric oxide (Fe2O3) are of analytical grade and were purchased 
from Sinopharm Chemical Reagent Co., Ltd. in China. The marmatite sample used for XPS analysis was obtained 
from Dachang dressing plant, Guangxi (China). It contains 49.73% Zn, 27.90% S, and 12.43% Fe. A carbon pow-
der containing 53% C was used as the reducing agent. All samples used were ground and sieved to smaller than 
74 μ​m for the experiments.

Methods.  The sulfidation roasting was performed in an elevator furnace, whose schematic was given in the 
previous paper33. For each test, 10 g ZnO powder was thoroughly mixed with sulfur, Fe2O3 and carbon powders in 
a scheduled mass ratio. The mixture was loaded in an alundum crucible with a volume of 100 mL and sealed with 
a cover followed by iron wire bundling. The alundum crucible was then put into the furnace. Prior to the roasting, 
a nitrogen gas (N2) with a flow speed of 2 L/min was introduced into the furnace for excluding air. Thereafter, the 
mixture was heated at a rate of 40 °C/min to 400 °C and held at this temperature for 2 h, and then further heated 
to a required temperature for 1 h. When the roasting finished, the roasted mixture was taken out after they were 
cooled to room temperature under N2 atmosphere, then weighed, ground, and analyzed by a selective leaching 
and ICP for the sulfidation degree of zinc, whose detailed analysis process and calculation method were described 
by Han et al.33.

In this study, the zinc content of samples was determined with inductively coupled plasma (ICP, IRIS Intrepid 
II XSP). The crystal phase compositions were analyzed by X-ray powder diffraction (XRD, Germany Bruker-axs 
D8 Advance). The morphological characteristics were analyzed by optical microscopy (Leica DMRXP) and scan-
ning electron microscopy (SEM, Quanta FEG250) combined with energy dispersive spectroscopy (EDS, Genesis 
XM2). Both powder and lump samples were used for the morphological analysis, thus each of the powder samples 
was made into a lump with a polished surface in advance, through bonding, cutting, grinding, and polishing pro-
cesses41. Additionally, X-ray photoelectron spectroscopy (XPS) study was carried out with a Thermo Scientific 
ESCALAB 250Xi using an Al Kα​ X-ray source. Binding energy calibration was based on C 1 s at 284.8 eV. The 
background of the spectrum was obtained using the Shirley method. A nonlinear least-square curve-fitting pro-
gram (Avantage software 5.52) was used to deconvolve the XPS data.

Results and Discussion
Thermodynamic analysis.  As is well known, the melting point and boiling point of sulfur are approxi-
mately 120 °C and 445 °C, respectively. Therefore, the possible sulfidation reactions of ZnO and Fe2O3 with sulfur 
at the temperature range of 120–445 °C are as follows:

+ = + ∆ = − . − .θZnO S ZnS SO G T kJ mol2 3 2 52 571 0 081 / (1)l g( ) 2( )

+ + = + ∆ = − . − .θZnO S C ZnS CO G T kJ mol2 2 2 146 655 0 109 / (2)l g( ) 2( )

+ . = + . ∆ = − . − .θFe O S FeS SO G T kJ mol5 5 2 1 5 23 770 0 020 / (3)l g2 3 ( ) 2 2( )
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+ + . = + . ∆ = − . − .θFe O S C FeS CO G T kJ mol4 1 5 2 1 5 164 896 0 061 / (4)l g2 3 ( ) 2 2( )

+ . = + . ∆ = . − .θFe O S FeS SO G T kJ mol3 5 2 1 5 96 393 0 197 / (5)l g2 3 ( ) 2( )

+ + . = + . ∆ = − . − .θFe O S C FeS CO G T kJ mol2 1 5 2 1 5 44 733 0 238 / (6)l g2 3 ( ) 2( )

where the ∆Gθ−T equations of these reactions were obtained by data-fitting using Origin 8.0, and the primary 
data of standard Gibbs free energy changes (∆​Gθ) for these reactions at the range of 120 to 445 °C were calculated 
by HSC Chemistry 5.0 (Fig. 1). It is found that ZnO and Fe2O3 can react with liquid sulfur to ZnS and FeS2 or FeS 
at the range of 120 to 445 °C, except for reaction (5). Obviously, the addition of carbon not only promotes these 
sulfidation reactions but also can increase sulfur utilization rate and eliminate the generation of SO2, indicating 
that carbon plays a positive role in the sulfidation of metal oxides.

In the sulfidation roasting, the objective of preheating at 400 °C is to convert elemental sulfur into zinc and 
iron sulfides as much as possible for reducing sulfur loss by evaporation. However, it is needed to introduce a 
high-temperature roasting process for the further sulfidation of ZnO and the growth of the ZnS crystals gener-
ated. The ∆​Gθ for the possible sulfidation reactions of ZnO and Fe2O3 with sulfur gas (S2) at the range of 445 to 
1200 °C were calculated, as well. Meanwhile, the reactions of ZnO with iron sulfides (mainly FeS2 and FeS) at the 
range of 120 to 1200 °C were also investigated. The equations of these reactions are given as follows:

+ . = + ∆ = − . + .θZnO S ZnS SO G T kJ mol2 1 5 2 176 545 0 061 / (7)g g2( ) 2( )

+ + = + ∆ = − . − .θZnO S C ZnS CO G T kJ mol2 2 230 005 0 013 / (8)g g2( ) 2( )

+ . = + . ∆ = − . + .θFe O S FeS SO G T kJ mol2 75 2 1 5 257 640 0 254 / (9)g g2 3 2( ) 2 2( )

+ + . = + . ∆ = − . + .θFe O S C FeS CO G T kJ mol2 1 5 2 1 5 337 830 0 144 / (10)g g2 3 2( ) 2 2( )

+ . = + . ∆ = − . − .θFe O S FeS SO G T kJ mol1 75 2 1 5 53 141 0 023 / (11)g g2 3 2( ) 2( )

Figure 1.  Standard Gibbs free changes of the possible reactions as a function of temperature in the range of 
120–1200 °C. 
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+ + . = + . ∆ = − . − .θFe O S C FeS CO G T T kJ mol1 5 2 1 5 133 331 0 133 / (12)g g2 3 2( ) 2( )

+ = + + ∆ = . − .θZnO FeS ZnS FeS SO G T kJ mol2 3 2 3 129 307 0 354 / (13)g2 2( )

+ + = + + ∆ = − . − .θZnO FeS C ZnS FeS CO G T kJ mol2 2 2 2 25 716 0 289 / (14)g2 2( )

+ = + ∆ = − . + .θZnO FeS ZnS FeS G T kJ mol2 2 2 2 47 319 0 003 / (15)

+ + = + + ∆ = . − .θZnO FeS C ZnS Fe CO G T kJ mol2 2 2 2 51 461 0 130 / (16)g2( )

The functions of ∆Gθ−T for reactions (7) to (16) were also drawn in Fig. 1. The results reveal that the sulfida-
tion of ZnO and Fe2O3 with S2 are thermodynamically feasible, except for reaction (9) at above 1014 °C. The ∆Gθ 
of reactions (7) to (12) are respectively lower than that of reactions (1) to (6) in most of the temperature range, 
suggesting that high-temperature roasting not only promotes the growth of ZnS fine particles but also favors 
sulfidation reactions both thermodynamically and kinetically. It is also found from Fig. 1 that ZnO can react 
with FeS2 and FeS above 400 °C, demonstrating that the captured sulfur can act as sulfidizing agent to further 
transform ZnO into ZnS, when sulfur is insufficient in the late period of the roasting. Meanwhile, the addition of 
carbon also favors these reactions. In addition, the sulfidation of ZnO with sulfur or iron sulfides in the presence 
of carbon can be promoted by increasing temperature. As a result, the selective sulfidation of zinc and iron oxides 
with sulfur can be achieved by roasting with carbon at high temperatures. Hence, the sulfidation roasting were 
carried out at the temperature range of 800 to 1200 °C.

On the other hand, the selective sulfidation was also investigated with the predominance-area diagrams of 
Fe-Zn-S-C-O system (Fig. 2), which were calculated using the Predom module of FactSage 7.042. The results 
indicate that the selective sulfidation to obtain zinc sulfide and iron nonsulfides, which favors the separation of 
zinc and iron by conventional flotation, can be achieved by adjusting temperature and the partial pressures of S2 
and O2, based on the presence of the desired stability areas (marked with green) in the predominance-area dia-
grams of Fe-Zn-S-C-O system. Compared with 800 °C, the predominance-area diagram at 1100 °C shows a larger 
ZnS stability area and a smaller ZnFe2O4 area (ZnFe2O4 is an undesired mineral phase but is usually generated 
in a smelting process), indicating that increasing temperature is beneficial to the sulfidation of ZnO. Besides, the 
target region of selective sulfidation expands to a higher range of O2 partial pressure as the temperature increases 
from 800 to 1100 °C. Therefore, high temperature is helpful for reducing the requirement of reductive atmos-
phere. Based on the thermodynamic analysis, the selective sulfidation of ZnO roasted with sulfur and iron oxide 
can be achieved under a reductive condition at high temperatures.

To further investigate the thermodynamics of ZnO sulfidation, the equilibrium compositions of the reaction 
products at 1100 °C were calculated using the Equilibrium Compositions module of HSC 5.0 and determined 
by the Gibbs free energy minimization method for isothermal, isobaric and fixed mass conditions. The detailed 
calculation method referred to the papers by Pickles et al.43–45. The effect of sulfur dosage on the equilibrium 
amounts of possible species was studied. The ZnO amount was fixed at 2 kmol. The results for without carbon 
and with 1 kmol carbon are presented in Fig. 3a and b, respectively. It is found that the addition of carbon not 
only promotes ZnO sulfidation and reduces the sulfur amount required, but also can eliminate the generation of 
SO2. This is consistent with the conclusion from Fig. 1. With the increase in sulfur dosage, ZnS amount gradually 
increases until its maximum at 3.1 kmol S for without carbon or at 2.1 kmol S for with 1 kmol carbon. Further 
increasing sulfur dosage, S2 gas begins to appear and increases significantly. In addition, SO2 is regenerated when 
sulfur amount is more than 2 kmol. Hence, the optimal sulfur dosage is considered as 2 kmol. Figure 3c and d 
show the effects of carbon dosage on the sulfidation of ZnO without and with 0.5 kmol Fe2O3, respectively. It 

Figure 2.  Predominance-area diagrams of Fe-Zn-S-C-O system at (a) 800 °C and (b) 1100 °C. [0.333 <​ Zn/
(Fe +​ Zn) <​ 1, log10 P(CO) =​ −​1 (atm), ‘+​’ =​ 1.0 atm P(total) isobar)].
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concluded that 1.1 kmol is the optimum carbon dosage depending on the considerations from ZnS amount, SO2 
amount and carbon utilization rate. For the addition of Fe2O3, with the increase of carbon dosage from 0.1 kmol to 
1.1 kmol, FeS amount gradually decreases as ZnS amount increases. However, above 1.1 kmol carbon the situation 
is reversed. On the whole, the selective sulfidation of ZnO reacted with sulfur and iron oxide can be achieved, 
although some FeS and ZnFe2O4 are still remained under the optimized conditions, which may be a problem 
caused by the addition of Fe2O3.

Sulfidation behavior of ZnO.  Although the thermodynamic analysis of ZnO sulfidation was studied and 
some significant conclusions have been obtained, it is essential to investigate the sulfidation behavior of ZnO by 
a series of experiments. The effects of temperature, sulfur dosage, Fe2O3 dosage, and carbon dosage on the sulfi-
dation of ZnO were investigated based on the thermodynamic analysis (Fig. 4). It can be found from Fig. 4a that 
the sulfidation of ZnO can be promoted by increasing temperature, but the higher roasting temperature the more 
sulfur required. For sulfur dosage within 60%, the ZnS generated was reoxidized due to the fast consumption of 
sulfur at high temperatures. To limit the loss of sulfur, Fe2O3 was introduced to the sulfidation process for captur-
ing sulfur in advance, as mentioned previously. As shown in Fig. 4b, without the addition of Fe2O3, the sulfidation 
degree of zinc increases with the increase from 800 to 900 °C, above which it begins to decrease. However, with 
the addition of Fe2O3, the sulfidation degree increases gradually until the temperature above 1100 °C. This indi-
cates that Fe2O3 could capture sulfur in the initial period of the roasting and then the generated iron sulfides acted 
as the sulfurizing agent in the late period of the sulfidation. With the increase in Fe2O3 dosage, the sulfidation 
degree of ZnO increases significantly, but when Fe2O3 dosage is more than 50%, the value has no significant vari-
ation, except for the temperature above 1100 °C, indicating that 50% Fe2O3 is sufficient for the sulfidation. Above 
1100 °C, the sulfidation degree of zinc decreases as the temperature further increases, and the decrease extent 
significantly increases with the increase in Fe2O3 dosage, because high temperature and the addition of Fe2O3 can 
accelerate the consumption of carbon, resulting in that it is insufficient above 1100 °C. The carbon dosage was 
therefore increased for attempting to improve the utilization rate of sulfur. The results shown in Fig. 4c reveal that 
increasing carbon dosage promoted the sulfidation of ZnO and thus improved the utilization rate of sulfur, no 
matter whether or not adding Fe2O3. The sulfidation degree of ZnO reached 97.5% after the roasting with 60% 
sulfur, 15% carbon and 50% Fe2O3 at 1100 °C. These conclusions drawn from the roasting experiments are in 
accordance with those obtained by thermodynamic analysis.

Phase transformations.  To investigate the phase transformation behaviors during the sulfidation process, 
all of the samples roasted previously for the investigation on the sulfidation behavior of ZnO were analyzed by 

Figure 3.  Equilibrium phase diagrams of ZnO sulfidation at 1100 °C with (a) different sulfur amount,  
(b) different sulfur amount and 1 kmol carbon, (c) different carbon amount and 2 kmol sulfur, and (d) different 
carbon amount, 2 kmol sulfur and 0.5 kmol Fe2O3.
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XRD and some of the results are given in Fig. 5. It is seen from Fig. 5a that the diffraction peaks of ZnS (sphalerite 
plus wurtzite) gradually increase, while the peaks of ZnO decrease, as the sulfur dosage increases. Obviously, 
increasing sulfur dosage promoted the sulfidation of ZnO, but ZnO peaks always presented in the XRD patterns, 
which indicated that the transformation of ZnO to ZnS was incomplete. As shown in Fig. 5b, the addition of 
Fe2O3 was helpful for the sulfidation of ZnO and the optimized dosage was considered as 50%, under which the 
peaks of ZnO disappeared, while the wustite was generated. Figure 5c and d show the XRD patterns of the sam-
ples roasted with 60% sulfur at different temperatures in the presence of 8% and 15% carbon, respectively. It is 
found that the changes for ZnS peaks intensity are consistent with the corresponding sulfidation degree variations 
in Fig. 4(c). For 8% carbon, ZnO amount was significantly reduced while sphalerite was markedly increased as the 
temperature increased from 800 to 900 °C, above which some ZnS generated were reoxidized due to insufficient 
sulfur and carbon and thus the amount of sphalerite was decreased. However, wurtzite was increased gradually 
with the increase from 800 to 1200 °C, which reveals that increasing temperature can promote the transformation 
of sphalerite to wurtzite, especially above 1000 °C. For 15% carbon, with the increase in temperature, the intensity 
of ZnO decreased and that of ZnS increased. When the temperature reached 1100 °C, the peaks of ZnO were 
hardly observed. Hence, increasing carbon dosage is conducive to the sulfidation of ZnO. Figure 5e and f present 
the XRD patterns of the samples roasted with 60% sulfur and 50% Fe2O3 at different temperatures in the presence 
of 8% and 15% carbon, respectively. The changes for ZnS peaks intensity well confirmed the corresponding data 
of the sulfidation degree in Fig. 4(c). It is found that the increase both in temperature and carbon dosage not only 
promoted the sulfidation but also affected the iron mineral phase. For 8% carbon, the iron was mainly in the 

Figure 4.  Effects of roasting parameters on the sulfidation behavior of ZnO at different temperatures: (a) sulfur 
dosage (carbon dosage was fixed at 8 wt.%), (b) Fe2O3 dosage (sulfur and carbon dosage were fixed at 60 wt.% 
and 8 wt.%, respectively), and (c) carbon dosage (sulfur dosage were fixed at 60 wt.%).

Points

Element content (wt.%)

Zn Fe S O C

A 66.64 — 28.99 0.58 3.79

B 84.72 — 3.01 9.02 3.25

C 63.15 4.75 31.42 0.68 —

D 19.02 65.34 0.18 15.46 —

E — 100 — — —

Table 1.   Chemical composition of the selected points in SEM images by EDS.
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form of Fe3O4 and ZnFe2O4 within 1000 °C, above which they were converted into FeO. For 15% carbon, the iron 
primarily exists as Fe2O3, ZnFe2O4 and FeO within 900 °C, above which it was mainly in the form of metallic iron, 
which is strongly magnetic and thus can be separated by magnetic separation.

It is difficult to distinguish ZnFe2O4 and Fe3O4 by XRD because all the peaks of them are almost overlapped, 
thus the samples roasted with Fe2O3 at different temperatures were detected by Vibration Sample Magnetometer 
(BHV-50HTI) (Fig. 6). The results indicated that Fe3O4 was generated after the roasting and its amount decreased 
with the increase of temperature from 800 to 1100 °C, based on the changes of saturation magnetization. Besides, 
note that some of iron contained in ZnS crystal lattices as solid solution. In conclusion, carbon dosage of 15% 
is better than 8% for the sulfidation of ZnO. Since the carbon powder used contains 53% C, the carbon of 15% 
actually contains about 8% C, which is the theoretical value of the carbon required, based on the thermodynamic 
analysis.

Microscopic morphology changes.  The samples roasted without and with Fe2O3 were investigated by 
optical microscopy and SEM-EDS (Fig. 7). Both lump and powder samples were subjected to SEM-EDS analysis. 

Figure 5.  XRD patterns of the samples roasted with (a) different sulfur dosage at 900 °C, (b) different Fe2O3 
dosage at 1100 °C, (c) 60% sulfur and 8% carbon, (d) 60% sulfur and 15% carbon, (e) 50% Fe2O3 and 8% carbon, 
and (f) 50% Fe2O3 and 15% carbon.
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It is seen from Fig. 7a and b that the sample roasted without Fe2O3 is fine, porous, and no clear boundary between 
different mineral phases. EDS analysis indicated that it was mainly composed of ZnS and ZnO (Table 1), which 
confirmed the XRD results. By contrast, the sample roasted with 50% Fe2O3 has a larger particle size and more 
compact structure. Most of the mineral phases in the sample can be distinguished from the others (Fig. 7c), 
and the ZnS particles generated have clear edges and corners (Fig. 7d). Therefore, the addition of Fe2O3 not 
only improved the sulfidation of ZnO but also promoted the formation and growth of ZnS crystals, because the 

Figure 6.  Magnetic hysteresis loops of the samples roasted with 60% sulfur and 8% carbon at different 
temperatures. 

Figure 7.  SEM images and optical micrograph of the samples roasted with 60% sulfur and 8% carbon at 
1100 °C: (a) without additive (for lump), (b) without additive (for powder), (c) with 50% Fe2O3 (for lump), and 
(d) with 50% Fe2O3 (for powder).
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generation of the intermediates with low melting points (iron sulfides) improved the liquidity of the reactants32. 
On the other hand, the majority of ZnO was converted into iron-bearing zinc sulfides and thus ZnO was hardly 
found by EDS, but some zinc reacted with iron oxide to zinc-bearing magnetite (ZnxFe3−xO4), which is a spinel, 
magnetic and insoluble in mild solution, and is usually produced during the reduction process of zinc ferrite46–48, 
was generated. The spinel formation is bad for the separation of zinc and iron, but it can be decreased by increas-
ing the reducibility of the reaction system. This could be proved by the fact that the diffraction peaks of ZnFe2O4 
and Fe3O4 (In this paper, ZnxFe3−xO4 is considered as the mixtures of ZnFe2O4 and Fe3O4 with different ratio) 
were significantly decreased and even disappeared with the increase in temperature and carbon dosage, as pre-
sented in Fig. 5. In addition, it is found that some of Fe2O3 was converted to metallic iron. Hence, high tempera-
ture and sufficient carbon are conducive to the sulfidation of ZnO.

Surface property analysis.  The surface elemental composition and chemical status of natural marmatite, 
the ZnO roasted with 70% sulfur (synthetic ZnS), and the ZnO roasted with 60% sulfur and 50% Fe2O3 (synthetic 
Zn1−xFexS) were investigated by XPS. A wide survey scan of XPS spectra was taken in the range of 0–1350 eV 
(Fig. 8a). The peaks of Zn, Fe, S, and O are observed from the surfaces of these samples, except for Fe that is not 
on the surface of synthetic ZnS. Note that C was introduced onto the surface of the samples in XPS analysis and 

Figure 8.  Surface properties of natural marmatite (1), the ZnO roasted with 70% sulfur (2), and the ZnO 
roasted with 60% sulfur and 50% Fe2O3 (3): (a) XPS survey spectra, (b) chemical compositions on the surface of 
these samples, and high-resolution scans for (c) O 1 s, (d) Fe 2p, and (e) Zn 2p electrons.
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thus has not been discussed. As shown in Fig. 8b, the atomic percentages of O on the surfaces of these samples are 
very high, which is attributed to various oxidation and oxygen adsorption on their surfaces, based on the differ-
ences in the position and shape of O 1 s peaks among the three samples (Fig. 8c). The O 1 s signal of synthetic ZnS 
could be deconvolved into two Gaussian fitted peaks with the binding energies of 531.4 eV and 529.9 eV, which 
were ascribed to the surface-adsorbed oxygen species such as O− and the surface lattice oxygen (O2−) in a zinc/
iron-oxide framework49–53. For synthetic Zn1−xFexS, the O 1 s signal was resolved into three peaks at 532.1 eV, 
531.1 eV, and 530.0 eV. The peaks locate at 532.1 was assigned to absorbed hydroxyl oxygen54–56, and the others 
could respectively correspond to the oxygen species existed on the surface of synthetic ZnS. The original O 1 s sig-
nal of marmatite was deconvolved into three peaks at 532.2 eV, 531.3 eV, and 530.1 eV, each peak of which respec-
tively corresponded to the oxygen species on the surface of synthetic Zn1−xFexS. The presence of lattice oxygen 
species suggest that the sulfidation of ZnO with sulfur relates to the migration of oxygen from the inside of ZnO 
to its surface24,57,58, and that the surface of marmatite can be oxidized in air. It is also found that hydroxyl easily 
absorbs on the surface of iron-bearing zinc sulfide, in comparison with the zinc sulfide without Fe. This may be 
a reason that marmatite is more difficult than sphalerite to be recovered by flotation. Figure 8d and e reveals that 
the high-resolution spectra of Fe 2p and Zn 2p for marmatite and synthetic Zn1−xFexS, respectively. According to 
literatures59,60, the Fe 2p3/2 peaks at 710.8 eV and 708.9 eV signify the presence of Fe3+ and Fe2+, respectively. Since 
the iron contained in marmatite is Fe2+, the results demonstrate that natural marmatite and synthetic Zn1−xFexS 
can be oxidized from their surfaces in air, which may be another reason that marmatite is more difficult than 
sphalerite to be floated with xanthate61–63, and the oxidation of synthetic Zn1−xFexS is easier than marmatite. This 
may be a reason that natural ZnS is easier than synthetic ZnS to be floated64,65. The Zn 2p peaks of the roasted 
samples only have slight shift compared with that of marmatite (1021.8 eV)66, indicating that most of ZnO has 
been converted into ZnS after the sulfidation roasting.

According to the above analyses, the mechanisms of ZnO sulfidation with sulfur and sulfur capture with iron 
oxide during the developed roasting process are summarized in Fig. 9.

Conclusions
The thermodynamic and experimental investigations indicate that increasing temperature can not only enhance 
the reaction of ZnO with sulfur but also favor ZnS particle growth and the conversion of sphalerite to wurtzite, 
especially above 1000 °C. However, sulfur is volatile and easy to escape at high temperatures. Fe2O3 captured the 
sulfur in the initial sulfidation process as iron sulfides, which then acted as the sulfurizing agent in the late period, 
thus the utilization rate of sulfur was increased. The ZnO roasted without Fe2O3 is fine and no clear boundaries 
between different mineral phases, but the sample roasted with 50% Fe2O3 has a larger particle size, mineral phases 
are easily distinguished from others, and the ZnS particles generated have clear edges and corners. Hence, the 
addition of Fe2O3 not only improved the sulfidation of ZnO but promoted the formation and growth of ZnS 
crystals, because of the generation of the intermediates with low melting points. Carbon plays an important role 
in ZnO sulfidation. The addition of carbon not only promoted the sulfidation but also could increase sulfur utili-
zation rate and eliminate the generation of SO2. XPS analysis reveals that the surfaces of marmatite and synthetic 
zinc sulfides contain high oxygen due to oxidation and oxygen adsorption. Hydroxyl easily absorbs on the surface 
of iron-bearing zinc sulfide (Zn1−xFexS). The oxidation of synthetic Zn1−xFexS is easier than marmatite in air. It 
is also found that the sulfidation of ZnO with sulfur relates to the migration of oxygen from the inside of ZnO 

Figure 9.  Schematic diagram for the mechanism of ZnO sulfidation with sulfur and iron oxide. 
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to its surface. This study should contribute to a fundamental knowledge that can be used to guide the sulfidation 
roasting of zinc-containing materials, which is missing in the literatures at the present time.
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