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A value-added multistage 
utilization process for the gradient-
recovery tin, iron and preparing 
composite phase change materials 
(C-PCMs) from tailings
Zijian Su1, Yikang Tu1, Xijun Chen1, Yuanbo Zhang1, Benlai Han1, Corby Anderson2 & Tao Jiang1

Tin-, iron-bearing tailing is a typically hazardous solid waste in China, which contains plenty of 
valuable tin, iron elements and is not utilized effectively. In this study, a multistage utilization process 
was put forward to get the utmost out of the valuable elements (tin and iron) from the tailings, and 
a gradient-recovery method with three procedures was demonstrated: (1) An activated roasting 
followed by magnetic separation process was conducted under CO-CO2 atmosphere, tin and iron were 
efficiently separated during magnetic separation process, and 90.8 wt% iron was enriched in magnetic 
materials while tin entered into non-magnetic materials; (2) The tin-enriched non-magnetic materials 
were briquetted with CaCl2 and anthracite and roasted, then tin-rich dusts were collected during the 
chloridizing roasting process; (3) The roasted briquettes were infiltrated in melting NaNO3 to prepare 
NaNO3/C-PCMs by a infiltration method. Three kinds of products were obtained from the tailings by 
the novel process: magnetic concentrates containing 64.53 wt.% TFe, tin-rich dusts containg 52.4 wt.% 
TSn and NaNO3/C-PCMs for high temperature heat storage. Such a comprehensive and clean utilization 
method for tin-, iron-bearing tailings produced no secondary hazardous solid wastes, and had great 
potential for practical application.

Tin is a crucial cog in the global economy as its use in electronic solder industry, since the third revolution of sci-
ence and technology1–4. Cassiterite (SnO2) is the only natural mineral from which tin metal can be economically 
extracted, and more than 90% tin was obtained from the processes of physical mineral processing and carbother-
mic reduction smelting4,5. The average tin content of primary tin ores was only about 0.2–1.0 wt.%, while the min-
imum tin grade of cassiterite concentrates for smelting was above 40.0 wt.%, and the recovery of tin was as low as 
10–20 wt.% during the long process of multistage mineral processing5. Therefore, a large fraction of tin-bearing 
tailings with 0.1–1.0 wt.% tin content was produced during the beneficiation processes and discharged as solid 
waste. According to incomplete statistics, about more than 10 million tons of tin-bearing tailings are produced 
each year in China, and the total amount of tin-bearing tailings is larger than 500 million tons in the world6. The 
tailings not only occupy precious land and cause environmental pollution, but also give rise to security risks6–8.

Tin is classified into siderophile element according to Goldschmidt geochemical classification of the elements. 
Hence, tin-, iron-bearing minerals are closely associated and fine-grained during the geological mineralization 
process9,10. Nevertheless, iron is a lower-value element compared to tin, and iron-bearing minerals are always 
discarded into the tailings dam. Moreover, iron has adverse effects on the tin recovery during the physical mineral 
beneficiation process and tin smelting process, which brings difficulty for utilizing tin-bearing tailings. Based on 
the type of iron-bearing minerals, the tin-bearing tailings were classified into hematite-limonite type and magnet-
ite type tailings, and previous investigations showed that both types were difficult to utilize4,5.

The high-grade tin resources have been almost exhausted in recent years, especially in China, so the second-
ary tin resources of tin-bearing tailings have been paid much attention1,4,5. Advanced gravity concentration and 
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flotation methods are applied to recover tin from these tailings, but the complex disseminated relationship of tin 
and iron minerals can’t be changed during these physical dressing processes11,12. In addition, Fe3+ ions were easily 
dissociated from the iron minerals during the mineralization process, and adsorbed on the surfaces of cassiterite 
particles, which restrained the effectiveness of flotation reagents4. Fuming processes were practised to recover 
tin efficiently from low-grade tin-bearing materials, but the iron oxides were easily reduced to FeO and gener-
ated low-melting-point slags. Moreover, those iron oxides were impossible to recover, so the iron-bearing slags 
became secondary hazardous solid wastes13,14. Nowadays, the traditional processes were mainly focused on Fe or 
Sn extraction from tin-bearing tailings, which had low efficiency and caused secondary contamination.

Slags generated from the pyrometallurgical industry are regarded as hazardous solid wastes, and they are 
also deemed to be with low economic value and difficult to utilize15–18. However, series of natural minerals and 
slags were commonly used to prepare composite phase change materials (C-PCMs) for thermal energy storage, 
which provided new insights to utilize metallurgical slags through environment-friendly and high-value-added 
processes19–22. Natural clay minerals (kaolin, diatomite, sepiolite, bentonite, perlite, etc) have porous structure 
and considerable specific surface area, thus, those minerals were always with excellent adsorbability and suitable 
for preparing low-temperature C-PCMs (~100 °C)23–26. Industrial solid wastes such as fly ash (FA) and blast fur-
nace slags (BFS) were obtained from high-temperature processes, which showed excellent thermostability and 
corrosion resistibility. Then, novel routes to utilize FA and BFS for preparing high-temperature C-PCMs (higher 
than 300 °C) were proposed, and PCMs (NaNO3, Al, Na2SO4, etc) with different operating temperatures were 
selected22.

Considering the present lower utilization of the tin-bearing tailings and urgent need of tin resources, it is 
imperative to develop a comprehensive utilization route for these tin-bearing tailings. Our group has paid sub-
stantial attention to develop effective method to utilize the tailings. In this study, a value-added multistage utili-
zation process for the gradient-recovery Sn, Fe and preparing C-PCMs from tailings was proposed. High quality 
magnetite concentrates, tin-bearing dusts and NaNO3/C-PCMs were produced from the tailings, and no second-
ary hazards were produce during the whole process.

Materials and Method
Materials.  Two typical tin-bearing tailings (tailing A and tailing B) used in this study were taken from Yunnan 
province, China. The major chemical compositions of them were determined by XRF, the total Fe and Sn content 
were detected by ICP-AES, and the results are shown in Table 1. The tin content of the tailings was respectively 
0.792 wt.% and 0.358 wt.%, while the iron content were 40.15 wt.% and 36.00 wt.%, and both of iron and tin in the 
tailings were with great value. The sieve analysis results of the tailings indicated that the granularity of the tailings 
below 0.074 mm was found as 78.26 wt.% and 74.26 wt.%, respectively.

The XRD pattern of the tailings are shown in Fig. 1. Figure 1 indicated that the major mineral compositions of 
Tailing A were goethite, calcite and dolomite, while magnetite, quartz, garnets (mainly andradite (Ca3Fe2(SiO4)3) 
and grossularite (Ca3Al2(SiO4)3)) were the main phases in Tailing B. Based on the types of iron-bearing minerals, 
the tailings were typical hematite-limonite type (Tailing A) and magnetite type (Tailing B).

The microstructure of the tailings were observed by SEM-EDS, and the results are shown in Figs 2 and 3. As 
observed from Figs 2 and 3, the particle size of cassiterite minerals was less than 10 μm, and they always existed 
as individual particles or were closely embedded in iron-bearing minerals (Point A and Point E in Fig. 2, Point A 
and Point E in Fig. 3). Based on the previous researches, ultrafine particle (<10 μm) and unliberated cassiterite 
minerals are almost unrecoverable by conventional physical separation methods4,5.

The tin content in the tailings was too low to determine the phase compositions by XRD and SEM-EDS, hence, 
chemical phase analysis was used to make sure the phases of tin in the tailings in this study27,28. The results in 
Table 2 showed that the distribution ratio of tin in cassiterite existed as cassiterite in the tailings were 98.6 wt.% 
and 68.4 wt.%, respectively. Previous studies indicated that part of tin existed as lattice Sn4+ in magnetite, which 
were more difficult to recover4,29.

Methods.  The experimental flowsheet is shown in Fig. 4. All the roasting tests were conducted in a horizontal 
resistance furnace as presented in our previous studies5. As shown in Fig. 4, both of Sn and Fe were recovered 
gradiently, and NaNO3/C-PCMs were prepared from the tailings by the following three steps.

Recovery of iron.  Two tailings were mixed as mass ratio of 1:1, and the mixed samples were balled into 8–10 mm 
green pellets in a disk pelletizer. After dried, the pellets were weighed and roasted in the horizontal furnace. 
The total flow rate of the CO-CO2 mixed gas was fixed at 4.0 L/min. After roasted at given temperatures for a 
period, the pellets were subjected to wet-grinding in a ball mill (XMQ Φ240*90) for 10 min, and the grinding 
concentration was fixed at 50 wt.%. After wet-grinding, the magnetic separation was conducted in a magnetic 
separator (Model: XCGS-73, Davis magnetic tube) with a magnetic field intensity of 0.10T. The grinding and 

Components 
(wt.%) TFe FeOa SiO2 Al2O3 CaO MgO Sn S LOI

Tailing A 40.15 1.23 1.50 1.20 13.62 5.42 0.792 0.21 13.32

Tailing B 36.00 15.32 18.85 4.30 10.46 2.01 0.358 0.10 4.37

Table 1.  Chemical compositions of the tin-, iron-bearing tailings. aFeO content is analyzed by a chemical 
method.
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magnetic separation parameters were chosen based on our previous study5. Finally, the magnetite concentrates 
were obtained and most of tin was enriched in non-magnetic materials (tin-rich materials).

Recovery of tin.  The non-magnetic tin-rich materials were ground to 100 wt.% less than 0.074 mm, and then 
mixed with a certain amount of CaCl2 and anthracite (the fixed carbon content was 82.3 wt.%, and the granularity 
below 0.037 mm was 100 wt.%). Next, the mixture was pressed into cylindrical green briquettes with diameter 
of 5 mm and height of 5 mm under a pressure of 20 MPa for 3 min. After that, the green briquettes were dried 
and then roasted in the horizontal furnace. The total flow rate of the N2 gas was fixed at 4.0 L/min. Finally, the 
tin-bearing dust was collected from the offgas.

Preparation of C-PCMs.  After the chloridizing roasting process, the temperature of the horizontal furnace 
was cooled to 350 °C, then the briquettes were infiltrated in melting NaNO3 at 350 °C for 2 h22. Finally, the 
NaNO3/C-PCMs were prepared and cooled to room temperature. Thermal cycle tests were carried out in the 
muffle furnace and the C-PCMs were maintained at a temperature of 350 °C for 2 h before dropping to 50 °C 
during each thermal cycle.

Characterization.  The mineral constituents of the roasted samples were identified by X-ray diffraction 
(XRD, D/max 2550PC, Japan Rigaku Co., Ltd) with the step of 0.005° at 10° min−1 in ranging from 10° to 80°, 
then XRD results was analyzed using Jade.6.0. The major chemical compositions were determined by XRF (X-ray 
Fluorescence, Axios mAX), and the content of Fe and Sn content were detected by ICP-AES (Inductively Coupled 
Plasma-Atomic Emission Spectrometry, IRIS Intrepid II XSP). The morphological change of the sample was 
detected using an environmental scanning electron microscope (ESEM; FEI QUANTA 200; FEI, Eindhoven, 
The Netherlands) equipped with an EDAX energy dispersive x-ray spectroscopy (EDS) detector (EDAX Inc., 
Mahwah, NJ). The latent heat and the phase-transition temperature of the PCMs and the prepared C-PCMs were 
characterized by differential scanning calorimeter (DSC, NETZSCH STA 449F3) in an argon atmosphere at a 
heating rate of 5 °C/min. In this study, thermal cycling test was carried out to determine the change in thermal 
properties of C-PCMs. Thermal reliability of the prepared C-PCMs was tested by 50 thermal cycles of heating 
and cooling between 50 °C and 350 °C at a rate of 5 °C/min. Thermal cycle test was carried out in the muffle fur-
nace and the C-PCMs were maintained at a temperature of 350 °C for 2 h before dropping to 50 °C during each 
thermal cycle22. The heat transfer property of the C-PCMs was examined by a laser thermal conductivity meter 
(NETZSCH LFA 457) in an air atmosphere at a heating rate of 5 K/min and the sample used was pressed into 
wafer with a diameter of 10 mm and thickness of 2 mm22. The thermal diffusion coefficient a (m2·s−1) using the 
laser thermal conductivity meter and the specific heat capacity Cp (J·kg−1·K−1) was tested by Thermal Analyzer. 
Then the thermal conductivity coefficient of λ (W/m·K) was calculated as: λ = Cp × α × ρ22.

Thermodynamic analysis.  The main objective of the thermodynamic analysis was to predict the effect of 
the temperature and CO content on the reduction of iron and tin-bearing materials, and Factsage 7.2 software was 
used. The calculations were based on the minimization of the Gibbs free energy of the system under isothermal 
and isobaric conditions.

Results and Discussion
Recovery of iron.  Based on our previous studies, tin-bearing minerals in tailings were fine-grained cassiter-
ite and lattice Sn4+ in magnetite particles, and both types of tin were very hard to separate and recover by tradi-
tional processes. It was found that cassiterite and lattice Sn4+ in magnetite could react with CaO to form CaSnO3/
Ca2SnO4 as Eqs (1) and (2)29–31.

Figure 1.  XRD pattern of the tailings.
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+ →CaO SnO CaSnO /Ca SnO (1)2 3 2 4

+ → +−Fe Sn O CaO Fe O CaSnO /Ca SnO (2)3 x x 4 3 4 3 2 4

CaSnO3/Ca2SnO4 were nonmagnetic substances while Fe3O4 was magnetic, which made it possible to separate 
iron and tin effectively during the following magnetic separation process. Then, magnetite concentrates with very 
low tin content were produced, and most of tin were enriched in the non-magnetic materials.

As observed form Figs 1–3, the calcite and dolomite in Tailing A were easily decomposed under roasting con-
ditions, which could provide CaO components and promoted the separate of tin and iron4. However, Ca-bearing 
minerals in Tailing B were mainly garnets, which have high thermostability and difficult to decompose to CaO 
during the roasting process. So, extra additives of CaO must be added during the calcified roasting followed by 
magnetic separation process29. Nevertheless, in this study, Tailing A and Tailing B were mixed first, and the CaO 
generated from carbonate was enough for the reactions of Eqs (1) and (2), then no extra additives were used in 
this process.

All the experiments were conducted as Fig. 4, and the mixed tailings (Tailing A and Tailing B were mixed as 
mass ratio of 1:1, with 38.07 wt.% Fe and 0.575 wt.% Sn) were used as the raw materials. Based on our previous 
studies, the roasting temperature had significant effect on the phase transformation of tin-bearing minnerals 
and the separation of tin and iron4,29. Hence, the effect of roasting temperature on the separation of tin and iron 
from the mixed tailings were investigated at the temperature range of 700–1000 °C, and the results are shown in 
Fig. 5. The other roasting conditions were fixed: roasting time of 90 min and roasting atmosphere of 5 vol.% CO/
(CO + CO2). After that, the roated products were wet-ground to 80 wt.% less than 0.074 mm, and the magnetic 
separation tests were conducted in the magnetic separator.

Figure 2.  SEM-EDS images of the Tailing A (hematite-limonite type).

https://doi.org/10.1038/s41598-019-50536-y
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Figure 5 demonstrated that it was easy to get high Fe recovery and iron grade of the magnetic materials as 
the temperature increased from 700 to 850 °C, meanwhile, the tin content in the magnetic materials decreased 
obviously from 0.268 wt.% to 0.089 wt.%. However, as the roasting temperature increased further to 900 °C and 
1000 °C, the iron recovery and iron grade of magnetic materials decreased while the tin content increased slightly, 
which was attributed to the formation of Ca-Fe-Sn-O and Ca-Fe-O compounds at higher temperature32,33.

Based on Fig. 5, the results obtained under optimal conditions were listed in Table 3. A magnetic concentrate 
containing 64.53 wt.% TFe and 0.089 wt.% TSn was obtained, while the tin content of the non-magnetic materials 
was enriched to 1.226 wt.%. Figure 6 presents SEM-EDS results of the non-magnetic materials, and Ca-Sn-O 
compounds (Spot A and Spot C in Fig. 6) were found in the outer layer of the Ca-bearing compounds. In addi-
tion, the Ca/Sn/O atomic ratio of the Ca-Sn-O compounds (Spot A and Spot C in Fig. 6) was similar to the value 
of 2:1:4, which confirmed the formation of Ca2SnO4 as Eqs (1) and (2).

Recovery of tin.  As demonstrated in Section 3.1, the tin grade of non-magnetic materials was enriched to 
1.226 wt.%, and most of tin was transformed to Ca2SnO4. It was known that chlorination volatilization method 
is the most efficient method to recover tin from middle-grade tin materials. So, CaCl2 was chosed as chlorination 
agents in this study. Firstly, the possible volatilization reactions of Ca2SnO4 were taken into consideration. Table 4 

Figure 3.  SEM-EDS images of the Tailing B (magnetite type).

Tin existed as cassiterite Acid-soluble tin

Content 
(wt.%)

Distribution 
ratio (wt.%)

Content 
(wt.%)

Distribution 
ratio (wt.%)

Tailing A 0.781 98.6 0.011 1.4

Tailing B 0.245 68.4 0.113 31.6

Table 2.  Phase compositions of tin in the tailings.
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lists the possible reactions and ∆Gθ-T equations of Ca2SnO4-CaCl2-CO-CO2 system. The values of thermody-
namic parameters of the pure substances are obtained from FactSage 7.2.

It was known that both of SnO and SnCl2 could volatilize as gaseous phase at a relative lower temperature, 
hence, the effect of generated gasous products (partial pressure) on the reaction equilibrium were calculated 
and plotted in Fig. 734–37. Based on the ΔG-T relationship of Eqs (3)–(5), the CO/(CO + CO2)-T equilibrium 

Figure 5.  Effect of roasting temperature on the separation of iron and tin from the mixed tailings.

Figure 4.  The experimental flowsheet.
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relationship at given SnO/SnCl2 partial pressures was calculated, and the gas-phase equilibrium diagram was 
presented in Fig. 8.

Figure 7 showed that the ∆G value of Eqs (3) and (4) decreased obviously as the decrease of the gas partial 
pressure, as well as the reaction temperature of the volatilization reactions. In addition, it was observed from 
Fig. 7 that the ∆G value of Eq. (4) was much higher than that of Eq. (3) at various gas partial pressures, which 
indicated that Ca2SnO4 was much easier to be reduced to metallic tin than SnO. However, the ∆G value of Eq. (5) 
decreased much lower than Eq. (3) when SnCl2 gas partial pressure was 10−5 and 10−7 atm (Fig. 7b,c), then Eq. (6) 
could be conducted preferentially. The results in Fig. 8 illustrated that the volatilization reactions were controlled 
by the partial pressure of gaseous SnO/SnCl2, and the shadow area of SnO/SnCl2 stability zone was increased as 
the decrease of SnO/SnCl2 partial pressure. However, the SnO stability zone (in Fig. 8) was too narrow to control, 
so it was easier to recover Sn from Ca2SnO4 in the presence of CaCl2.

The experimental flowsheet of the fuming process was shown in Fig. 4, CaCl2 and anthracite were used as 
chloridizing agent and reducing agent, respectively. The volatilization dusts and roasted residues were collected 
and analyzed. The effect of roasting temperature on the volatilization of tin was investigated, and the results were 
shown in Fig. 9. Figure 9 indicated that the temperature had a significant impact on the volatilization ratio of Sn, 
and the Sn volatilization ratio increased from 32.5wt.% to 99.5 wt.% as the roasting temperature rose up from 
800 °C to 1000 °C. Based on the thermodynamic analysis, the saturated vapor pressure of SnCl2 increased as the 
increase of temperature, which promoted the volatilization of tin.

The results obtained under optimal roasting temperature of 1000 °C were listed in Table 5 and Table 6 based 
on Fig. 9. As shown in Table 5 and Table 6, the Sn content in the dust was enriched to 52.4 wt.% with a recovery of 
99.5 wt.%, while the residual Sn content in the roasted briquettes decreased to 0.005 wt.%.

Preparation of C-PCMs.  According to the results of Section 3.1 and 3.2, both of iron and tin were recovered 
efficiently, only low-value elements of Si, Ca, Mg and Al were remained in the roasted briquettes as shown in 
Tables 5 and 6. The XRD pattern of the roasted briquettes shown in Fig. 10 indicated that the main phases were 
anothite, gethlenrite and magnetite.

Figure 11 shows the SEM image of the fracture surface of the roasted briquettes, demonstating that the bri-
quettes had more coarse surfaces with a polyporous structure consisting of a large number of irregular micro-
pores in the range of 1–5 micrometer. The chloridizing roasting temperature was much lower than the melting 
point of the mixtures, so no fusion phase was formed during the roasting process. In addition, the reducing agent 
of anthracite also played an important role as pore forming materials, so a porous structure was formed after the 
anthracite was burnt up. The porosity value of the roasted briquettes was determined as 35.2 vol.% by drainage 
method.

The TG-DSC curves of the roasted residues are plotted in Fig. 12. It was seen from Fig. 12 that the mass of the 
roasted residues almost kept unchanged and no chemical reaction occurred as the temperature rose from room 
temperature to 1000 °C.

Based on the results in Figs 10–12, it was known that the chloridizing roasted briquettes had a porous struc-
ture and excellent thermostability. According to the previous investigations22, we proposed to use the roasted 
briquettes as structural materials for high temperature C-PCMs. It was known that NaNO3 was a common PCM 
with an operation temperature of 300–350 °C. So, we tried to prepare NaNO3/C-PCM based on the flowsheet in 
Fig. 4. The roasted briquettes were first infiltrated in fusion NaNO3, then NaNO3 was filled into the micropores 
of the briquettes. Finally, NaNO3/C-PCMs were obtained. The mass addition value of the roasted briquettes after 
infiltration was measured as 61.7 wt.%, indicating that the mass fraction of NaNO3 in C-PCMs was 38.2 wt.%.

Figure 13 shows the XRD patterns of the prepared NaNO3/C-PCMs and original roasted briquettes. In Fig. 13, 
the diffraction peaks of NaNO3, anothite, gethlenrite and magnetite were found, and no newly generated phase 
was observed, which verified that that NaNO3 didn’t react with the structural materials under such conditions. 
Therefore, the original roasted briquettes and the NaNO3 are highly chemically compatible at high temperatures 
and only physical changes could occur betwwen the two components.

In order to determine the thermal storage property and thermal stability of the NaNO3/C-PCMs, the 
melting-freezing DSC cures of NaNO3/C-PCMs before and after 50 thermal cycles were analyzed, and the results 
are shown in Fig. 14.

Our previous study indicated that the melting and freezing temperatures for pure NaNO3 were measured to 
be 303.6 °C and 301.1 °C, and the melting and freezing latent heat were 180.23 J/g and 177.96 J/g, respectively22. 
The melting and freezing temperatures of prepared NaNO3/C-PCMs in Fig. 14 were measured as 300.7 °C 
and 300.9 °C, while the melting and freezing latent of NaNO3/C-PCMs were 65.45 J/g and 65.02 J/g, which 
was very close to the theoretical values (NaNO3 mass fraction in the C-PCMs was 38.2 wt.%, 180.23 J/g × 38.2 
wt.% = 68.85 J/g). In addition, the results illustrated that the super-cooling of the NaNO3/C-PCMs was only 0.2 °C 
compared to 2.5 °C of pure NaNO3, which was much favorable to the thermal shock resistance of the C-PCMs22. 

Yeild/wt.%

Grade/wt.% Recovery/wt.%

Fe Sn Fe Sn

Raw materials (mixed tailings) — 38.07 0.575 — —

Roasted products 92.5 41.16 0.622 100.0 100.0

Magnetite material 53.6 64.53 0.089 90.8 8.3

Non-magnetite material 43.0 8.10 1.226 9.2 91.7

Table 3.  The results obtained under the optimal conditions.
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The super-cooling of the prepared NaNO3/C-PCMs in this study is even lower than that of C-PCMs using pure 
compounds as matrix, which was about 2 °C38. These results suggest that the prepared NaNO3/C-PCMs may be 
well suited for high-temperature storage applications.

Thermal reliability was the most important property for the C-PCMs, so the DSC curve of the NaNO3/C-PCMs 
was determined after 50 times thermal cycle tests and shown in Fig. 14. The results showed that melting and freez-
ing temperature was 302.0 °C and 302.4 °C, and the melting and freezing latent heat were 64.20 J/g and 63.81 J/g 
after 50 thermal cycles. Furthermore, it was observed form Fig. 14 that the super-cooling temperature of the 
C-PCMs after 50 cycles was 0.4 °C, and the phasetransition enthalpy was about 97.8 wt.% of that before the ther-
mal cycles. The thermal reliability of the prepared NaNO3/C-PCMs was basically the same as that of other schol-
ars38,39. The results revealed that the NaNO3/C-PCMs had a good thermal reliability with regard to the changes in 
the phase change temperature and latent heat. In addition, the appearance and shape of the NaNO3/C-PCMs were 
almost unchanged after 50 thermal cycles as shown in Fig. 14a,b and the products had great apparent compressive 
strength, which might be suitable for preparing building packing materials22.

The heat transfer property is an important character in latent heat energy storage application, which declares 
the efficiency of heat storage and heat release process. The thermal conductivity coefficient of roasting residues, 
NaNO3 and NaNO3/C-PCMs were measured and displayed in Table 7, and the value of NaNO3/C-PCMs were 
0.70 W/m·K at 25 °C and 0.48 W/m·K at 350 °C. While the values of NaNO3 (AR) were 0.54 W/m·K at 25 °C and 
0.47 W/m·K at 350 °C. The results in Table 7 indicated that the thermal conductivity coefficient of the prepared 
composite was reduced with the increase of temperature, and the compact structure between the matrix and 
NaNO3 improved the thermal conductivity of C-PCMs.

Figure 6.  SEM-EDS results of non-magnetic materials obtained under the optimal parameters.

Eqs. Reactions ∆Gθ-T (KJ/mol)

(3) 1/2Ca2SnO4 + CO = CaO + CO2 + Sn ∆Gθ = −0.134 T + 106.5

(4) Ca2SnO4 + CO = 2CaO + CO2 + SnO(g) ∆Gθ = −0.405 T + 502.2

(5) Ca2SnO4 + CaCl2 + CO = 3CaO + CO2 + SnCl2(g) ∆Gθ = −0.350 T + 379.0

Table 4.  ∆Gθ-T equations of the possible reactions of Ca2SnO4-CaCl2-CO-CO2 system.

https://doi.org/10.1038/s41598-019-50536-y
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Moreover, compared to other phase change materials38–40, the prepared NaNO3/C-PCMs in this study use the 
cheaper and even harmful solid waste as the main raw materials to convert it into high-value-added heat storage 
materials. This process not only provides a novel way for the utilization of tin-, iron-bearing tailings, but also has 
great significance for environmental protection.

Based on the above researches, we put forward a multistage utilization process for the gradient-recovery Sn, 
Fe and preparing NaNO3/C-PCMs from tin-, iron-bearing tailings, as shown in Fig. 15. Three kinds of products 
were obtained from the tailings, magnetic concentrates for ironmaking, tin-bearing dusts for tin smelting and 
NaNO3/C-PCMs for thermal energy storage. Both of iron and tin were recovered efficiently with recovery ratio 
of more than 90 wt.% by the recommended process. It was noteworthy that no secondary hazards was produced 
during the process, therefore, this study provided a value-added utilization process for the tailings.

Figure 7.  ∆Gθ-T plots of Eqs (3)–(5) at various gas partial pressures.

Figure 8.  Gas-phase equilibrium diagram of gaseous SnO and SnCl2 (p’SnO = 10−7–10−1 atm).
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Conclusions
The value-added multistage utilization process for the gradient-recovery Sn, Fe and preparing C-PCMs from 
tailings was evaluated and the following conclusions were drawn:

Recovery of iron: Both of fine cassiterite and lattice Sn4+ in the tailings could react with CaO to form CaSnO3/
Ca2SnO4 under roasting conditions, which promoted the separation of tin and iron during magnetic separation 
process. Magnetic concentrate containing 64.53 wt.% TFe and 0.089 wt.% TSn were obtained, which could be 
used as raw materials for ironmaking. The tin content in the non-magnetic materials was enriched to 1.226 wt.%.

Figure 9.  Effect of roasting temperature on the chloridizing volatilization of tin.

Yeild/
wt.%

Content of 
Sn/wt.%

Recovery of 
Sn/wt.%

Tin-rich materials — 1.226 —

Tin-bearing dusts 2.1 52.4 99.5

Roasted briquettes 97.9 0.005 0.5

Table 5.  The results obtained under optimal chloridizing volatilization conditions.

Components TFe FeO SiO2 Al2O3 CaO MgO Sn S

wt.% 7.89 2.32 25.52 6.87 32.21 8.25 0.005 0.01

Table 6.  Chemical compositions of the chloridizing roasting residues.

Figure 10.  XRD partterns of the chloridizing roasting residues.
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Figure 11.  SEM image of the chloridizing roasting residues.

Figure 12.  TG-DSC analysis of the chloridizing roasting residues.

Figure 13.  XRD patterns of NaNO3/C-PCMs and roasted residues.
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Temp. 25 °C 200 °C 350 °C

Roasting residues 0.53 0.52 0.44

NaNO3 (AR) 0.54 0.50 0.47

NaNO3/C-PCMs 0.70 0.55 0.48

Table 7.  Thermal conductivity of NaNO3/C-PCMs under different temperature (W/m·K).

Figure 15.  Proposed process for multistage utilization for tin, iron-bearing tailings.

Figure 14.  Melting-freezing DSC cures of NaNO3/C-PCMs (the insets are the photograph of the NaNO3/C-
PCMs before and after 50 cycles).
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	(1)	 Recovery of tin: Thermodynamic calculation indicated that the tin in calcium stannous was prior to 
volatilization as SnCl2(g) than SnO(g). A chloridizing volatilization process was conducted for the recovery 
of tin from the tin-rich non-magnetic materials. Under optimal roasting conditions, the recovery of tin 
was as high as 99.5 wt.%, and the tin content in the tin-beaing dusts was high to 52.4 wt.%, which met the 
requirements for tin smelting raw materials.

	(2)	 Preparation of C-PCMs: Roasted briquette had a porous structure and excellent thermostability. Melting 
NaNO3 was easily infiltrated into the micropores of the briquette, and NaNO3/C-PCMs was prepared by a 
infiltration method. The melting point and latent heat of the NaNO3/C-PCMs were 300.7 °C and 64.20 J/g, 
respectively. The prepared NaNO3/C-PCMs had relatively lower super-cooling of 0.2 °C and very good 
thermal reliability.

	(3)	 This study proposed a value-added multistage utilization process of gradient-recovery Sn, Fe and preparing 
NaNO3/C-PCMs from tin-, iron-bearing tailings, and no secondary hazards were produced during this 
whole process.

References
	 1.	 Yang, C. et al. Measuring the sustainability of tin in China. Science of the Total Environment 635, 1351–1359 (2018).
	 2.	 Yang, C., Tan, Q., Liu, L., Dong, Q. & Li, J. Recycling Tin from Electronic Waste: A Problem That Needs More Attention. ACS 

Sustainable Chemistry & Engineering 5, 9586–9598 (2017).
	 3.	 Yang, C., Li, J., Tan, Q., Liu, L. & Dong, Q. Green Process of Metal Recycling: Coprocessing Waste Printed Circuit Boards and Spent 

Tin Stripping Solution. ACS Sustainable Chemistry & Engineering 5, 3524–3534 (2017).
	 4.	 Su, Z. et al. Extraction and separation of tin from tin-bearing secondary resources: a review. JOM. 69, 2364–2372 (2017).
	 5.	 Su, Z. et al. Selective separation and recovery of iron and tin from high calcium type tin-, iron-bearing tailings using magnetizing 

roasting followed by magnetic separation. Sep. Sci. Technol. 51, 1900–1912 (2016).
	 6.	 Cho, Y., Cattrall, R. W. & Kolev, S. D. A novel polymer inclusion membrane based method for continuous clean-up of thiocyanate 

from gold mine tailings water. Journal of Hazardous Materials 341, 297–303 (2018).
	 7.	 Rico, M., Benito, G., Salgueiro, A. R., Díez-Herrero, A. & Pereira, H. G. Reported tailings dam failures-A review of the European 

incidents in the worldwide context. Journal of Hazardous Materials 152, 846–852 (2008).
	 8.	 Rico, M., Benito, R. & Díez-Herrero A. Floods from tailings dam failures. Journal of Hazardous Materials 154, 79–87 (2008).
	 9.	 Ren, Z. Geochemical characteristics of tin-bearing magnetite-skarns. Geochemistry 3(2), 115–127 (1984).
	10.	 Mei, W. et al. Ore genesis and hydrothermal evolution of the Huanggang skarn iron-tin polymetallic deposit, southern Great Xing’an 

Range: Evidence from fluid inclusions and isotope analyses. Ore Geology Reviews 64, 239–252 (2015).
	11.	 Zhou, Y. et al. Beneficiation of Cassiterite Fines from a Tin Tailing Slime by Froth Flotation. Sep. Sci. Technol. 49, 458–463 (2014).
	12.	 Zhou, Y. et al. Beneficiation of cassiterite and iron minerals from a tin tailing with magnetizing roasting-magnetic separation 

process. Sep. Sci. Technol. 48, 1426–1432 (2013).
	13.	 Yu, Y., Li, L. & Sang, X. Removing tin from tin-bearing iron concentrates with sulfidation roasting using high sulfur coal. ISIJ 

International 56, 57–62 (2016).
	14.	 Zhang, Y., Li, G., Jiang, T., Guo, Y. & Huang, Z. Reduction behavior of tin-bearing iron concentrate pellets using diverse coals as 

reducers. Int. J. Min. Process. 110–111, 109–116 (2012).
	15.	 Liu, S., Li, S., Wu, S., Wang, L. & Chou, K. A novel method for vanadium slag comprehensive utilization to synthesize Zn-Mn ferrite 

and Fe-V-Cr alloy. Journal of Hazardous Materials 354, 99–106 (2018).
	16.	 Li, X., Bond, P. L., Van Nostrand, J. D., Zhou, J. & Huang, L. From lithotroph- to organotroph dominant: directional shift of microbial 

community in sulphidic tailings during phytostabilization. Sci. Rep. 5, 12978 (2015).
	17.	 Xiang, J., Huang, Q., Lv, X. & Bai, C. Multistage utilization process for the gradient-recovery of V, Fe, and Ti from vanadium-bearing 

converter slag. Journal of Hazardous Materials 336, 1–7 (2017).
	18.	 Xiang, J. et al. Recovery of tailings from the vanadium extraction process by carbothermic reduction method: Thermodynamic, 

experimental and hazardous potential assessment. Journal of Hazardous Materials 357, 128–137 (2018).
	19.	 Liu, S. Y., Yan, Z. L., Fu, L. J. & Yang, H. M. Hierarchical nano-activated silica nanosheets for thermal energy storage. Sol. Energy 

Mater. Sol. Cells 167, 140–149 (2017).
	20.	 Shen, Q., Ouyang, J., Zhang, Y. & Yang, H. M. Lauric acid/modified sepiolite composite as a form-stable phase change material for 

thermal energy storage. Appl. Clay Sci. 146, 14–22 (2017).
	21.	 Lv, P., Liu, C. & Rao, Z. Review on clay mineral-based form-stable phase change materials: Preparation, characterization and 

applications. Renewable and Sustainable Energy Reviews 68, 707–726 (2017).
	22.	 Zhang, Y. et al. Utilizing blast furnace slags (BFS) to prepare high-temperature composite phase change materials (C-PCMs). 

Construction and Building Materials 177, 184–191 (2018).
	23.	 Ha, H. et al. Design of Reduction Process of SnO2 by CH4 for Efficient Sn Recovery. Sci. Rep. 7, 14427 (2017).
	24.	 Mu, B. & Li, M. Fabrication and thermal properties of tetradecanol/graphene aerogel form-stable composite phase change materials. 

Sci. Rep. 8, 8878 (2018).
	25.	 Jiang, W. Nonvolatile and ultra-lowloss reconfgurable mode (De) multiplexer/switch using triple-waveguide coupler with 

Ge2Sb2Se4Te1 phase change material. Sci. Rep. 8, 15946 (2018).
	26.	 Zhuang, X., Zhang, Y., Cai, C., Zhang, J. & Zhu, Y. Design the magnetic microencapsulated phase change materials with poly(MMA-

MAA) @ n-octadecane modifed by Fe3O4. Sci. Rep. 8, 16379 (2018).
	27.	 Donaldson, J. D. & Moser, W. Volumetric Analysis of Stannous and Total Tin in Acid-soluble Tin Compounds. Analyst 84, 10–15 

(1959).
	28.	 Lai, L. R. & Li, Y. Occurrence and phase of tin contained in the tin minerals of skarn. Mineral Resources and Geology 13(2), 86–90 

(1999).
	29.	 Su, Z. et al. Interface reaction between Fe3-xSnxO4 and CaO roasted under CO-CO2 atmosphere. Applied Surface Science 423, 

1152–1160 (2017).
	30.	 Su, Z., Zhang, Y., Han, B., Li, G. & Jiang, T. Low-temperature solid state synthesis of Eu-doped Ca2SnO4 ceramics under CO-CO2 

atmosphere. Ceramics International 43, 8703–8708 (2017).
	31.	 Su, Z. et al. Effect of CaCO3 on the gaseous reduction of tin oxide under CO-CO2 atmosphere. Mineral Processing and Extractive 

Metallurgy Review 37, 179–186 (2016).
	32.	 Su, Z., Zhang, Y., Chen, Y., Li, G. & Jiang, T. Reaction between CaO and Fe3O4 under CO-CO2 atmosphere at 800–1100 °C. ISIJ 

International 57(1), 62–67 (2017).
	33.	 Zhang, Y. et al. Phase evolution of tin, iron and calcium oxides roasted in a simulative sintering atmosphere. Powder Technology 311, 

303–312 (2017).
	34.	 Su, Z. et al. Synthesis, characterization, and catalytic properties of nano-SnO by chemical vapor transport (CVT) process under 

CO-CO2 atmosphere. Materials and Design 121, 280–287 (2017).

https://doi.org/10.1038/s41598-019-50536-y


1 4Scientific Reports |         (2019) 9:14097  | https://doi.org/10.1038/s41598-019-50536-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

	35.	 Su, Z. et al. Effect of CaF2 On the Reduction Volatilization of Tin Oxide Under CO-CO2 Atmosphere. Mineral Processing and 
Extractive Metallurgy Review 38(3), 207–213 (2017).

	36.	 Rao, M. et al. Behavior of phosphorus during the carbothermic reduction of phosphorus-rich oolitic hematite ore in the presence of 
Na2SO4. International Journal of Mineral Processing 143, 72–79 (2015).

	37.	 Su, Z. et al. Formation mechanisms of Fe3−xSnxO4 by a chemical vapor transport (CVT) process. Sci. Rep. 7, 43463 (2017).
	38.	 Guo, Q. et al. Study on preparation and thermal properties of sodium nitrate/silica composite as shape-stabilized phase change 

material. Thermochimica Acta 613, 66–70 (2015).
	39.	 Li, R. et al. Thermal properties of sodium nitrate-expanded vermiculite form-stable composite phase change materials. Materials & 

design 104, 190–196 (2016).
	40.	 Xu, G. et al. Sodium nitrate - Diatomite composite materials for thermal energy storage. Solar Energy 146, 494–502 (2017).

Acknowledgements
The authors would express their heartful thanks to National Natural Science Foundation of China (No. 51574283 
and No. 51904353) and the Natural Science Foundation of Hunan Province, China (No. 2016JJ2143).

Author Contributions
Zijian Su performed the experiments and wrote initial drafts of the work. Yuanbo Zhang conceived the project 
and wrote the final paper. Yikang Tu, Xijun Chen and Benlai Han performed the SEM-EDS and XRD analysis. 
Corby Anderson and Tao Jiang discussed the content. All authors discussed the results and reviewed the 
manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-50536-y
http://creativecommons.org/licenses/by/4.0/

	A value-added multistage utilization process for the gradient-recovery tin, iron and preparing composite phase change mater ...
	Materials and Method

	Materials. 
	Methods. 
	Recovery of iron. 
	Recovery of tin. 
	Preparation of C-PCMs. 

	Characterization. 
	Thermodynamic analysis. 

	Results and Discussion

	Recovery of iron. 
	Recovery of tin. 
	Preparation of C-PCMs. 

	Conclusions

	Acknowledgements

	Figure 1 XRD pattern of the tailings.
	Figure 2 SEM-EDS images of the Tailing A (hematite-limonite type).
	Figure 3 SEM-EDS images of the Tailing B (magnetite type).
	Figure 4 The experimental flowsheet.
	Figure 5 Effect of roasting temperature on the separation of iron and tin from the mixed tailings.
	Figure 6 SEM-EDS results of non-magnetic materials obtained under the optimal parameters.
	Figure 7 ∆Gθ-T plots of Eqs (3)–(5) at various gas partial pressures.
	Figure 8 Gas-phase equilibrium diagram of gaseous SnO and SnCl2 (p’SnO = 10−7–10−1 atm).
	Figure 9 Effect of roasting temperature on the chloridizing volatilization of tin.
	Figure 10 XRD partterns of the chloridizing roasting residues.
	Figure 11 SEM image of the chloridizing roasting residues.
	Figure 12 TG-DSC analysis of the chloridizing roasting residues.
	Figure 13 XRD patterns of NaNO3/C-PCMs and roasted residues.
	Figure 14 Melting-freezing DSC cures of NaNO3/C-PCMs (the insets are the photograph of the NaNO3/C-PCMs before and after 50 cycles).
	Figure 15 Proposed process for multistage utilization for tin, iron-bearing tailings.
	Table 1 Chemical compositions of the tin-, iron-bearing tailings.
	Table 2 Phase compositions of tin in the tailings.
	Table 3 The results obtained under the optimal conditions.
	Table 4 ∆Gθ-T equations of the possible reactions of Ca2SnO4-CaCl2-CO-CO2 system.
	Table 5 The results obtained under optimal chloridizing volatilization conditions.
	Table 6 Chemical compositions of the chloridizing roasting residues.
	Table 7 Thermal conductivity of NaNO3/C-PCMs under different temperature (W/mK).




