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Abstract: Lead refining dross containing plenty of tin and other heavy metals, such as lead and 
antimony, is considered a hazardous waste generated in large quantities in lead smelter plants. In 
this study, calcium stannate was synthesized from lead refining dross using sodium carbonate 
roasting and alkaline leaching followed by precipitation with CaO. The effect of roasting and 
leaching parameters on the extraction efficiency of tin was investigated. The leaching efficiency of 
tin reached 94% under the optimized conditions: roasting with 60% Na2CO3 at 1000 °C for 45 min, 
and leaching using 2 mol/L NaOH solution for 90 min at 85 °C and 8 cm3/g liquid/solid ratio. 
Furthermore, more than 99% of tin in the leaching solution was precipitated using CaO. Finally, 
XRD, SEM, and ICP-OES analyses indicated that the final CaSnO3 product had a purity of 95.75% 
and its average grain size was smaller than 5 μm. The results indicated that the developed method 
is feasible to produce calcium stannate from lead refining dross. 

Keywords: alkaline leaching; secondary resources; hazardous waste reduction; smelting wastes; 
sodium roasting 

 

1. Introduction 

Lead, as one of the most common metals, has been widely applied in various fields, such as 
lead-acid batteries, protection from X-ray and radioactive radiation, chemical anticorrosion, and 
solder [1–5]. It is primarily produced from lead sulfide concentrates through a sintering 
roasting-blast furnace smelting-refining process. The crude lead produced by blast furnace smelting 
requires a refining process to remove various impurities for obtaining refined lead (purity ˃99%) 
[6–9]. In general, tin is the main impurity in crude lead from which it is usually separated into the 
lead refining dross stream following oxidation since it has a stronger affinity for oxygen than lead 
[10–12]. As a result, considerable quantities of lead refining dross containing tin are produced 
annually [13–15] containing heavy metals, such as Sn, Sb, and As, which occur rarely as sulfides but 
mainly as oxides and oxidized compounds that are generally more soluble in the environment. 
Hence, the accumulation of lead refining dross not only takes up a mass of land, but also causes a 
potential environmental risk and a waste of valuable metals [16–22] such as tin which is a scarce 
metal. According to the International Tin Research Institute (ITRI), the reserve of economically 
recoverable tin was only 2.2 Mts in 2016, which would merely meet the current global tin demand 
for approximately eight years [23,24]. It is therefore urgent to develop an economical and 
eco-friendly technology to recover tin from tin secondary resources for alleviating the financial 
burdens and environmental degradation. 
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In the past decades, a large number of studies have been carried out for recovering tin from tin 
secondary resources including tin anode slime, tin-bearing alloys, electric-wastes, and tin-bearing 
slags. Various volatilization, selective leaching, alkaline fusion, and roasting–leaching processes are 
applied to recover tin from these tin secondary resources depending on the differences of phase 
composition and tin content [25–27]. Yang et al. [28] reported that a vacuum distillation process was 
conducted for recovering metals from waste Sn-based alloys at a distillation temperature of 
900–1100 °C under a chamber pressure of 20–50 Pa. The recovery of tin was higher than 99 wt %, and 
the content of impurities in the metallic tin was no more than 0.05 wt %. Han et al. [29] proposed an 
alkaline pressure oxidative leaching process to pretreat tin anode slime. The extraction efficiency of 
tin reached 92% under the following conditions: leaching using 2.5 mol/L NaOH solution at 130 °C 
under 1 MPa oxygen partial pressure. At the same time, antimony, bismuth, and silver hardly 
dissolved into the NaOH solution and were enriched in the residue. Kim et al. [30] reported that tin 
could be successfully leached from Pb-free solder with SnCl4 and HCl solution at 50–70 °C. Guo et al. 
[31,32] employed an alkali fusion-leaching–separation process to recycle tin from the copper anode 
slime and waste printed circuit boards (PCBs). The results indicated that the leaching rate of tin from 
the copper anode slime and waste PCBs reached 86% and 91.08%, respectively. It is no doubt that 
these technologies developed have made some significant achievements, but they also have some 
drawbacks such as high energy consumption, severe equipment corrosion, and the emissions of Cl2. 
Furthermore, there are few studies on recycling of tin from lead refining dross, in which tin is mainly 
in the form of stannic oxide (SnO2) that has a stable tetrahedral structure [33]. SnO2 is insoluble in 
mild acid or alkali solutions, and therefore, it is challenging to recover tin from lead refining dross 
by direct acid or alkaline leaching. 

In the present study, the preparation of calcium stannate (CaSnO3) from lead refining dross 
through sodium carbonate roasting, alkaline leaching, and precipitation with CaO was proposed for 
the first time. The objective of roasting is to convert the SnO2 contained in lead refining dross into 
sodium stannate, which is helpful for the selective extraction of tin in the subsequent alkaline 
leaching process. The effects of roasting conditions (Na2CO3 addition, roasting temperature, and 
time) and leaching parameters (NaOH concentration, liquid/solid ratio, leaching temperature, and 
time) on the extraction efficiency of tin were systematically investigated. Meanwhile, phase 
transformations during the roasting process were revealed by X-ray diffraction (XRD) and scanning 
electron microscopy coupled with energy dispersive spectrometry (SEM–EDS) analyses. The final 
product obtained was characterized in detail by thermo-gravimetric and differential thermal 
analysis (TG–DTA), XRD, and SEM–EDS analysis. 

2. Materials and Methods  

2.1. Materials 

The lead refining dross used in this study was collected from a lead pyrometallurgical plant in 
Jiangsu province, China. The main chemical composition of the lead refining dross is presented in 
Table 1. The results showed that the sample contained 54.20% Sn, 8.92% Sb, and 6.45% Pb, indicating 
that tin was the most valuable metal in dross. The main phases of Sn, Sb, and Pb in dross are shown 
in Tables 2, 3, and 4, respectively. The results indicated that the tin contained in the dross was mainly 
in the form of SnO2, which has been confirmed by XRD analysis (Figure 1). The SEM–EDS analysis 
results of the dross are also presented in Figure 1. The results revealed that the lead refining dross 
was composed of mainly SnO2, some Sb and Pb, and minor Fe, which was in accordance with the 
results given in Tables 1 and 2. 

In addition, sodium carbonate (Na2CO3) was used as an additive for sodium roasting. Sodium 
hydroxide (NaOH) was used as the leaching agent for the leaching process. Sodium sulfide (Na2S) 
was added to the leaching solution at the leachate purification stage to remove lead ions as lead 
sulfides. Calcium oxide (CaO) was used to precipitate tin from the purified solution. All of these 
agents were of analytical grade and provided by Sinopharm Chemical Reagent Co., Ltd. (Beijing, 
China). 
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Table 1. Main chemical composition of lead refining dross (wt %). 

Elements Sn Sb Pb Fe Cu S Si 
Contents 54.20 8.92 6.45 0.51 0.04 0.135 0.046 

Table 2. Tin phase composition of the lead refining dross. 

Phase Composition SnO2 Sn Silicate SnCl2 Total 
Sn content (wt %) 53.90 0.10 0.11 0.09 54.20 

Percentage (%) 99.44 0.19 0.20 0.17 100.00 

Table 3. Antimony phase composition of the lead refining dross. 

Phase Composition Sb2O3 Antimonate Sb Sb2S3 Total 
Sb content (wt %) 6.06 2.59 0.25 0.024 8.92 

Percentage (%) 67.94 29.06 2.80 0.20 100 

Table 4. Lead phase composition of the lead refining dross. 

Phase Composition Pb PbO PbS Silicate Total 
Pb content (wt %) 1.44 2.09 2.48 0.44 6.45 

Percentage (%) 22.33 32.40 38.45 6.82 100 

 
Figure 1. XRD pattern (a) and SEM image (b) of lead refining dross with energy dispersive 
spectrometry (EDS) spectra at points A (c), B (d), and C (e). 

2.2. Methods 

The entire treatment scheme investigated for the production of calcium stannate from lead 
refining dross is given in Figure 2. The samples were first ground to −74 μm, dried in a vacuum 
oven, and stored for subsequent experiments. For each test, 10 g of lead refining dross was 
thoroughly mixed with a certain amount of Na2CO3 using a mortar and pestle. The prepared mixture 
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was put into a 50 mL porcelain crucible which was then placed into the muffle furnace for roasting. 
The samples were heated at a rate of 30 °C/min to a required temperature and roasted at this 
temperature for a specific time. When roasting was finished, the samples were taken out after 
cooling to below 100 °C. Finally, the roasted samples were weighed, ground and sieved to −74 μm 
for analysis and leaching tests.  

 
Figure 2. Flowsheet of the experimental process. 

The leaching experiments were performed in a glass beaker of 500 mL equipped with a 
mechanical stirrer and placed in a thermostatic water bath. Prior to leaching, a NaOH solution was 
prepared according to scheduled concentrations and liquid/solid ratio, then placed into a beaker and 
heated at a particular temperature and stirred at 300 rpm. When the required temperature was 
reached, 10 g of the roasted sample was put into the beaker. When leaching was finished, the 
leaching residue was separated from the leachate by filtration. The filtrate was collected for the 
subsequent precipitation experiments, and the residue was dried, weighed, and analyzed by 
ICP-OES for tin content. The leaching efficiency of tin (η) was calculated as:  

η = 𝛼 ⋅ 𝑚 − 𝛽 ⋅ 𝑚𝛼 ⋅ 𝑚 × 100% (1) 

where α and β represent tin content in the samples before and after leaching, respectively (%); m0 and 
m1 are the mass of the samples before and after leaching, respectively (g). 

After a purification process with the addition of Na2S, a required amount of CaO was 
introduced to the purified filtrate for tin precipitation as calcium stannate trihydrate (CaSnO3·3H2O). 
Finally, the obtained CaSnO3·3H2O powder was heated at 800 °C for obtaining the final CaSnO3 
product. 

2.3. Analytical Techniques  

In this study, the chemical composition of samples from all the experiments was determined 
using inductively coupled plasma-optical emission spectrometry (ICP-OES) (IRIS Intrepid II XSP, 
Thermo Scientific, Waltham, MA,USA) following digestion with a mixture of concentrated HCl and 
HNO3 (3:1, v/v) [34]. The phase composition of tin, antimony, and lead contained in the lead refining 
dross was determined following selective leaching and ICP-OES analysis. The crystalline phases 
were determined by X-ray diffraction (XRD) (TTR-III, Rigaku, Tokyo, Japan) in 2θ scale with a 
copper target (CuKα1 radiation, λ = 1.5406, 50 Kv, and 100 mA) at the scanning rate of 10 deg/min 
varying from 10 to 80 deg. The morphologies of the solid samples were investigated by scanning 
electron microscopy (SEM) (JSM-6490LV, JEOL, Tokyo, Japan) coupled with energy dispersive 
spectroscopy (EDS) (JSM-6490LV, JEOL, Tokyo, Japan). Additionally, polished sections of powder 
samples were prepared for SEM–EDS analysis following bonding, cutting, grinding, and polishing 
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processes. The precursor obtained was analyzed using thermo-gravimetric and differential thermal 
analysis (TG–DTA) with a thermal analyzer (STA 8000, PerkinElmer, Waltham, MA, USA) in 
flowing N2 at a heating rate of 10 °C/min from 20 to 1300 °C [35,36]. 

3. Results and Discussion 

3.1. Sodium Roasting of Lead Refining Dross 

To selectively convert SnO2 contained in dross to Na2SnO3 and thus to obtain a relatively high 
alkaline leaching efficiency of tin, it is necessary to optimize the operating parameters of sodium 
roasting. The reaction describing tin roasting by sodium carbonate is given by Equation (2) [37].  Na Co  + SnO  = Na SnO  + CO (g) (2) 

In this study, the effect of Na2CO3 dosage, roasting temperature, and time on tin leaching 
efficiency were investigated by applying the following fixed leaching conditions: NaOH 
concentration 2 mol/L, temperature 85 °C, 120 min reaction time, and 20 mL/g liquid/solid ratio. The 
results are shown in Figure 3. As shown in Figure 3a, with increasing Na2CO3 dosage from 0% to 
60%, the leaching efficiency of tin significantly increases from 5% to 94%, implying that the SnO2 
contained in dross was converted to Na2SnO3, which is soluble in mild alkaline or acidic solutions. 
After that, the value has no significant change with further increasing Na2CO3 dosage, indicating 
that 60% of Na2CO3 addition is sufficient for SnO2 conversion to Na2SnO3. 

 
Figure 3. Effect of roasting parameters on leaching efficiency of tin: (a) Na2CO3 dosage (1000 °C, 45 
min); (b) temperature (60% of Na2CO3, 45 min); (c) time (60% of Na2CO3, 1000 °C). 

Figure 3b shows the effect of roasting temperature on tin leaching efficiency. It is seen that 
roasting temperature has a significant effect on the extraction of tin from lead refining dross. The 
leaching efficiency of tin moderately increases as the temperature increases from 600 to 800 °C, 
above which the value increases markedly with the temperature increasing from 800 to 900 °C. 
When the temperature is above 900 °C, with the increase of temperature the leaching efficiency of tin 
increases slightly and reaches its maximum at 1000 °C. After that, further increase of the temperature 
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results in a decrease of tin recovery, which is probably attributed to the evaporation of molten 
sodium carbonate at high temperatures [38]. The optimum roasting temperature was considered to 
be 1000 °C, and therefore further roasting experiments were performed at this temperature. Figure 
3c shows the leaching efficiency of tin as a function of roasting time. It is obvious that roasting time 
also plays an important role in the extraction of tin from lead refining dross, but the effect of roasting 
time is less than that of Na2CO3 dosage or temperature in the ranges investigated. The leaching 
efficiency of tin increases observably as the time increases from 15 to 45 min, after which the value 
has no significant variation, implying that the reaction of SnO2 and Na2CO3 almost completed within 
45 min. As a result, the optimum roasting time was determined as 45 min. 

To investigate the phase transformations during the roasting process, those roasted samples 
generated in the previous experiments were subjected to XRD analysis. The XRD patterns of the lead 
refining dross roasted at various conditions are presented in Figure 4. It was found that the main 
phase after roasting was Na2SnO3. It can be seen from Figure 4a that the sample roasted without 
Na2CO3 mainly contains SnO2 without any diffraction peaks of Na2SnO3. With the increase of 
Na2CO3 dosage, the peak intensity of Na2SnO3 gradually increases while that of SnO2 decreases. 
When the addition of Na2CO3 is 60% or above, the diffraction peaks of SnO2 disappear with a 
maximum peak intensity of Na2SnO3, indicating that the Na2SnO3 formation reaction is completed. 
This is in good agreement with the results in Figure 3a. As shown in Figure 4b, it is obvious that 
there is no diffraction peak of Na2SnO3 observed from the XRD pattern at 600 °C The peaks of 
Na2SnO3 begin to appear at 800 °C, which confirms the conclusion that the reaction of SnO2 and 
Na2CO3 mainly occurred at above 800 °C. The peak intensity of Na2SnO3 firstly increases with the 
increase of roasting temperature while it decreases over 1000 °C, which is consistent with the 
conclusion obtained from Figure 3b. As seen from Figure 4c, there are diffraction peaks of SnO2 in 
the sample roasted for 30 min demonstrating that the conversion to Na2SnO3 is incomplete. When 
the time is above 45 min, no diffraction peak of SnO2 can be found, and the tin contained in the dross 
has been fully converted to Na2SnO3. It is thus indicated that a 45 min roasting time is sufficient for 
the transformation, which confirms the conclusions drawn from Figure 3c. 

 
Figure 4. XRD patterns of the lead refining dross roasted at various conditions: (a) different Na2CO3; 
(b) roasting temperature; (c) roasting time. 
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To investigate the morphological characterization of the dross roasted under the optimal 
conditions, the sample was analyzed by SEM–EDS. The results are presented in Figure 5. It is seen 
from Figure 5 that the roasted dross is porous and loose compared with the sample before roasting 
(Figure 1), which is attributed to the gas generated during roasting process. This is beneficial to the 
lixivium penetrating into the roasted dross particles and thus accelerates the dissolution of tin 
during the subsequent alkaline leaching process. According to EDS analysis combined with XRD 
(Figure 4), it is revealed that the tin contained in the roasted dross was mainly in the form of sodium 
stannate. Additionally, it is seen in Figure 5 that there is some iron, antimony, and lead in the roasted 
samples, which have not been detected by XRD due to their low content. 

 
Figure 5. SEM–EDS results of the dross roasted under the optimal conditions: 60% sodium carbonate 
dosage, temperature 1000 °C, and time 45 min. 

3.2. Alkaline Leaching of Tin 

In hydrometallurgy, E-pH diagrams of Me-H2O systems are widely used to analyze the 
thermodynamic conditions of a leaching process [29]. The E-pH diagrams of Sn-H2O at 25 and 100 °C 
were drawn by the thermodynamic calculation method [39]. Note that the concentrations of related 
metallic ions are fixed at 1 M, and both of the partial pressures of oxygen and hydrogen are at the 
standard atmospheric pressure of 101.325 KPa. The E-pH diagrams of Sn-H2O system shown in 
Figure 6 indicate that the transformation of Sn → Sn(Ⅳ) occurs in the whole pH range investigated. Sn(Ⅳ) exists in the form of SnO3

2- in the alkaline solution, and it tends to precipitate as Sn(OH)4 and 
further dissolve as Sn4+ with the decrease of the pH value [40,41]. Based on the above analysis, tin 
can be selectively extracted with an alkaline solution. 
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Figure 6. E-pH diagrams of Sn-H2O systems at (a) 25 °C and (b) 100 °C. 

Based on the above thermodynamic analysis, the selective extraction of tin from the lead 
refining dross roasted under the optimized conditions (60% Na2CO3 dosage at 1000 °C for 45 min) 
was further studied. The effects of NaOH concentration, leaching temperature, time, and 
liquid/solid ratio on the leaching efficiency of tin were investigated in detail. The results are shown 
in Figure 7. The possible chemical reaction during the leaching process was assumed as follows [42]: Na SnO  + H O = Na [Sn(OH)6] (aq) (3) 

 
Figure 7. Effect of leaching conditions on leaching efficiency of tin: (a) NaOH concentration; (b) 
temperature; (c) time; (d) liquid/solid ratio. 

As shown in Figure 7a, the leaching efficiency of tin increases from 77% to 94% with the 
increase of NaOH concentration from 0 to 2 mol/L. Further increase of NaOH concentration has no 
significant effect on tin leaching, indicating that 2 mol/L of NaOH concentration is sufficient for the 
leaching of tin. Figure 7b reveals that leaching temperature has a positive effect on the leaching 
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efficiency of tin. The value increases significantly when the temperature increases from 25 to 85 °C, 
which is attributed to the fact that the increase of leaching temperature results in the increase of the 
ion diffusion coefficient and decrease of the activation energy of the dissolution reaction [43]. 
Thereafter, it remains nearly constant. It is seen from Figure 7c that the leaching efficiency of tin 
could reach 90% in 15 min, which demonstrates that the leaching rate is fast. This confirms the 
conclusion obtained from Figure 5. With the increase of leaching time, the leaching efficiency of tin 
gradually increases until it reaches its maximum value (94%) at 90 min. Further increasing the 
reaction time has no significant effect on leaching efficiency, indicating that the soluble tin contained 
in the roasted dross has been leached completely. It is seen in Figure 7d that the liquid/solid ratio has 
an important effect on tin leaching efficiency which increases from about 86% to 94% by increasing 
the liquid/solid ratio from 4 to 8 cm3/g, above which no significant variation is seen. 

Based on the above discussion, the optimal conditions for the selective leaching of tin from the 
roasted lead refining dross were determined as: NaOH concentration 2mol/L, leaching temperature 
85 °C, leaching time 90 min, and liquid/solid ratio equal to 8 cm3/g. Under the conditions, more than 
94% of tin and about 45% Pb were extracted from the dross. 

3.3. Precipitation and Characterization of Calcium Stannate 

The leachate obtained under the optimum conditions contained about 25.5 g/L Sn, 1.5 g/L Pb, 
and 0.12 g/L Sb. The pH value of the leachate was 12.8. To obtain a pure calcium stannate product, 
Na2S was added into the filtrate obtained from the alkaline leaching process to remove lead ions, 
according to the following Equation (4) [39].  

Subsequently, after the purification process, precipitation of stannate ions from the filtrate at a 
pH value of 13.5 using CaO powder was performed to produce a calcium stannate precursor 
according to the following reaction: 

Na2SnO3 + CaO + 4H2O = CaSnO3 · 3H2O + 2NaOH (5) 

The XRD patterns of the precursor shown in Figure 8 indicate that the sample was a well 
crystallized calcium stannate trihydrate (CaSn(OH)6 or CaSnO3·3H2O). The precursor was analyzed 
by TG–DTA for investigating its thermal decomposition dehydration behavior. The results are also 
shown in Figure 8. The weight loss of 9.5% from room temperature to 318.5 °C was mainly attributed 
to the evaporation of physically adsorbed water. The decomposition reaction of calcium stannate 
trihydrate (Equation 6) started at about 318.5 °C, and finished at 816.1 °C, which is in good 
agreement with previous studies [44,45]. The reaction equation is as follows: CaSnO · 3H O = CaSnO  + 3H O(g) (6) 

 
Figure 8. XRD pattern (a) and thermo-gravimetric and differential thermal analysis (TG–DTA) 
curves (b) of the precursor (CaSnO3·3H2O). 

HPbO  + H O + S  = PbS ↓ + 3OH  (4) 
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The XRD pattern of the final product, which was produced after calcination of the precursor 
containing calcium stannate trihydrate at 800 °C, shown in Figure 9, indicates that its main phase is 
CaSnO3, whereas chemical analysis following digestion and ICP–OES analysis indicated that its 
purity was 95.75%. The product was also subjected to SEM–EDS analysis, and the results are 
presented in Figure 10. The SEM images shown in Figure 10a–c revealed that almost all of the 
sample particles are smaller than 5 μm with a compact structure, clear edges, and boundaries 
between different particles, demonstrating that the product had a good crystallinity. EDS analysis 
(Figure 10d) indicated that the product contained O, Sn, and Ca, which confirmed the high purity of 
the sample. 

 
Figure 9. XRD pattern of the calcium stannate obtained. 

 
Figure 10. SEM–EDS results of the calcium stannate obtained: (a) 1000 times magnification; (b) 5000 
times magnification; (c) 10,000 times magnification; (d) EDS spectrum. 

4. Conclusions 

Calcium stannate was produced from lead refining dross by applying sodium carbonate 
roasting, alkaline leaching, precipitation with CaO, and calcination of the precipitate. The Na2CO3 
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dosage, roasting temperature, roasting time, NaOH concentration, leaching temperature, leaching 
time, and liquid/solid ratio have different effects on the extraction of tin from lead refining dross. 
The optimal conditions resulting in higher tin recovery include roasting at 1000 °C for 45 min and 
60% Na2CO3 dosage, and leaching using 2 mol/L NaOH solution for 90 min at 85 °C, and an 8 cm3/g 
liquid/solid ratio. Under these conditions, more than 94% Sn and about 45% Pb were extracted from 
the dross. The lead dissolved in the leachate was effectively removed by adding Na2S. Subsequently, 
more than 99% of tin was precipitated from the purified solution by a causticizing process and the 
precipitate was calcinated to produce a final CaSnO3 product with a purity of 95.75%. SEM analysis 
indicated that the resulting product has a compact structure, clear edges, and clear boundaries 
between different particles. This study should contribute to fundamental knowledge that can be 
used to guide the preparation of calcium stannate from lead refining dross, which is missing in the 
literature at present. 
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