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Solubility of Sb in binary Na2CO3−NaCl molten salt 
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Abstract: The interaction between molten Na2CO3−NaCl salt and Sb and the solubility of Sb in molten salt were investigated in the 
temperature range of 700−1000 °C. The results show that the dissolution equilibrium of Sb in molten salt can be achieved in 3 h, and 
the amount of Sb dissolved in the melt decreases as the viscosity decreases. The solubility limits in an eutectic mixture were 
determined as 5.42%, 2.42%, 0.75% and 0.68% at 700, 800, 900 and 1000 °C, respectively. A high temperature and appropriate 
content of NaCl will decrease the dissolution of Sb. The insoluble Sb was collected at the bottom of molten salt. The Sb dissolved on 
the surface of the molten salt is easily oxidized, whereas the Sb dissolved inside the molten salt is randomly distributed in terms of 
the form of metal Sb. 
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1 Introduction 
 

Molten salts are used in materials preparation [1,2], 
solar power plants [3−5] and other engineering     
fields [6−8]. As the simplest binary system, eutectic 
Na2CO3−NaCl molten salts have been widely used as the 
solvents in quenching baths for steel [9,10], ceramic- 
materials preparation [11], municipal-waste disposition 
[7] and other engineering processes. Recently, molten 
alkali and chloride salts (Na2CO3, Na2CO3−NaCl, 
K2CO3−KCl) have also been used for stibnite and 
bismuth glance ore smelting [12,13] to replace the 
traditional ternary slag of FeO−SiO2−CaO in traditional 
antimony smelting process. This new process used 
molten salt as an inert reaction medium; Sb2S3 was 
reduced to the metal by carbothermic and desulfurization 
reactions and gathered at the bottom of the molten salt 
after being extracted by natural sedimentation. The 
significant reduction of the smelting temperature will 
result in an obvious decrease in energy consumption, at 
the same time, which provides the outstanding 
advantages of eliminating SO2 discharge while utilising 
the larger zinc ash resources. 

Although the use of molten Na2CO3−NaCl to 
extract Sb from stibnite is a cleaning process, the data on 

the dissolution behaviors and the solubility limit of Sb in 
binary Na2CO3−NaCl systems are still scarce. A high 
solubility of Sb in molten salt will increase the 
mechanical loss during the smelting process and decrease 
the recovery rate of Sb. In the present study, the 
dissolution behaviors including solubility of Sb in salt 
and interaction between Na2CO3−NaCl melt and Sb were 
investigated in the 700−1000 °C temperature range. The 
research results have a significant guidance on the 
molten salt smelting of Sb, and it also can promote the 
new process development of other heavy metals. 
 
2 Experimental 
 

The Na2CO3 and NaCl used in this experiment were 
analytical grade (99%) and were dried in an oven at  
270 °C for 24 h. The antimony used was high purity 
(99.99%). As the phase diagram in Factsage shows, the 
eutectic temperature is 635 °C for the composition of 
n(Na2CO3)/[n(Na2CO3)+n(NaCl)]=0.423, where n 
represents the amount of substance. The Na2CO3 and 
NaCl were charged into a corundum crucible (diameter  
3 cm, height 5 cm) in the necessary proportion and 
heated to melt completely. Next, the metal was 
submerged into the melt, and this moment was defined as 
the experiment start time. Approximately 5 g and 1 g of  
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the salt and metal sample, respectively, were used each 
time. All experiments were carried out with dehydrated 
high-purity argon gas. After the predetermined 
experimental time, the sample was quenched by flushing 
argon gas. The metal and flux were separated for 
chemical analysis. Inductively coupled plasma atomic 
emission spectroscopy was used to analyze the content of 
Sb in the solid salt. 

Viscosity measurements were performed using a 
RTW−10 instrument for testing melt physical properties 
(Kexiang Instrument Co., Ltd., Anshan, China). This 
measurement system included an electric furnace with a 
temperature-controlling program, sensors, a computer 
equipped with test software and a holder. The viscosities 
of the binary Na2CO3−NaCl samples were measured by 
the horizontal-hammer method. After heat treatment, the 
specimens were examined by an ESCALAB Mark II 
X-ray photoelectron spectrometer (VG scientific, UK). 
The XPS spectrometer consisted of an X-ray source, 
which was Al Kα radiation in ultra-high vacuum 
(3.56×10−5 Pa). The C 1s peak (284.8 eV) was used as 
the internal standard for binding-energy calibration. 
X-ray diffraction (XRD) studies were performed using 
Rigaku D/max 2550VB+18 kW powder diffractometer 
with a Cu Kα X-ray source at 40 kV and 300 mA. To 
investigate the diffusion homogenization of Sb in molten 
salt, the saturation salt was quenched to room 
temperature, and the block sample was cut along the 
diameter to obtain a flat cross-section. The distribution of 
Sb along the diameter was monitored by a JEOL 
JSM−6360LV scanning electron microscope (SEM) 
coupled with an X-ray electron dispersive spectroscope 
(EDS). 
 
3 Results and discussion 
 
3.1 Solubility in eutectic system 

The Na2CO3−NaCl binary system has an eutectic 
point of 635 °C. A reduction in the melting point 
decreases the operation temperature. The solubility of Sb 
in eutectic molten salt as a function of time and 
temperature is presented in Fig. 1. It can be seen from the 
figure that both temperature and time have a strong 
influence on the solubility of Sb. The dissolution of Sb 
achieved equilibration quickly, and the time needed to 
reach equilibrium is related to temperature. The 
equilibration time was found to be 3 h at 800 °C; 
however, at 700 °C, there was a slow increase after 3 h. 
Due to the acceleration of ionic migration and molecular 
diffusion at high temperature, the dissolution 
equilibration was achieved quickly. The solubility of Sb 
has a small increase with time increasing, which was 
caused by the volatilization of molten salt [14], so the 
relative content of Sb was increased. 

 

 
Fig. 1 Solubility of Sb at different temperatures and time in 
eutectic Na2CO3−NaCl molten salt 
 

However, the solubility of Sb in molten 
Na2CO3−NaCl decreases as the temperature increases, in 
contrast to the dissolution of other compounds in molten 
salt. After 3 h, the dissolution reached 4.9741%, 
2.2709%, 0.7298% and 0.3763% at 700, 800, 900 and 
1000 °C, respectively. The melting point is 635 °C, 
although the molten salt was an eutectic mixture. Thus, 
the viscosity of the flux was high at temperatures greater 
than but relatively close to the melting point, and the 
viscosity decreased obviously as the temperature 
increased. As the temperature increased from 700 °C to 
1000 °C, the viscosity decreased from 17.0213 mPa·s to 
0.9063 mPa·s. This can be explained by the decrease in 
the solubility of Sb as the temperature increases. As 
shown in Fig. 2, both the solubility of Sb and the 
viscosity of the molten salt have an exponential 
relationship with temperature. Equations (1) and (2) are 
the fitting equations in the temperature range from   
700 °C to 1000 °C, respectively. 

⎟
⎠
⎞

⎜
⎝
⎛×= −

RT
107747exp108204.2 8η  (R2=0.9962)      (1) 

 

 
Fig. 2 Effect of temperature on solubility of Sb and viscosity of 
molten salt 
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S 75838exp104770.4 4  (R2=0.9885)       (2) 

 
To further study the diffusion and distribution of Sb 

in molten Na2CO3−NaCl, surface scanning was 
performed for the top, middle and bottom regions of the 
cross-sections of the block samples calcined at different 
time and temperatures, as shown in Fig. 3. The surface 
scanning results indicate that the content of Sb dissolved 
in the bottom region is higher than that in the top region 
at 800 °C for 0.5 h of calculation. This finding is 
explained by the low diffusion rate of Sb and insufficient 
time elapsed. When the contact time is 3 h, the content of 
Sb in the whole section of salt sample remains nearly 
constant from the bottom to the surface. So the 
dissolution of Sb can be achieved in 3 h. When the 
calcination temperature was 1000 °C, the diffusion rate 
of Sb was high and the distribution of Sb was uniform 
after 3 h. But the quantity of Sb was small, because the 
viscosity of molten salt was small and mechanical loss of 
Sb was little. 

To examine whether there is a phase change of the 
eutectic salts and Sb after the treatment at high 
temperature, X-ray diffraction was utilized to study the  

supernatant salt and subjacent metal. Figure 4 shows the 
XRD patterns of the salt mixtures subjected to heat 
treatment from 700 °C to 1000 °C after 3 h and the metal 
specimen obtained after treatment at 800 °C after 3 h. By 
comparing the pattern with the standard card, all of the 
peaks in Fig. 4(a) were confirmed to arise from Na2CO3 
(JCPDS card, No.37−0451) and NaCl (JCPDS card, 
No.05−0628). Furthermore, all of the peaks in Fig. 4(b) 
were identified as Sb (JCPDS card, No.35−0732). The 
results illustrate that molten salt and Sb did not react and 
the clarification of molten salt and antimony was 
excellent. The lack of detection of the Sb phase in the 
salt mixture might due to the insufficient content of Sb. 

X-ray photoelectron spectroscopy was employed to 
examine the valence state of the elements in the sample 
calcined at 800 °C for 3 h. The survey spectrum of the 
sample is shown in Fig. 5. Sodium is present on the 
surface in the form of Na2CO3 and NaCl, with peaks at 
1071.5 eV and 1072 eV, respectively. In the Cl 2p 
spectrum, the peaks are too weak to be detected. The 
peak at 531.1 eV of the O 1s spectrum can be attributed 
to carbonate. The two Sb 3d peaks can be attributed to 
Sb2O3 due to the oxidation of Sb on the surface. 

Antimony is easily oxidized to generate Sb2O3 
 

 
Fig. 3 Surface scanning results of Sb across block samples along diameter: Top (a), central (b) and bottom (c) regions of sample 
tested at 800 °C for 0.5 h; Top (d), central (e) and bottom (f) regions of sample tested at 800 °C for 3 h; Top (g), central (h) and 
bottom (i) regions of sample tested 1000 °C for 3 h 
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Fig. 4 XRD patterns of solid salts and metal after dissolution: 
(a) Solid salts; (b) Metal specimen 
 

 
Fig. 5 XPS spectrum of eutectic mixture sample after 
dissolution 
 
according to Reaction (3) [15,16]. Though the reaction 
was engaged under high purity argon, the pO2

 was still 
higher than 10−3 Pa. The change in the Gibbs free energy 
as a function of temperature and pO2

 calculated for the 
oxidation of Sb is shown in Fig. 6. The results showed 
that the oxidation of Sb can be spontaneous when the 
reaction temperatures were maintained between 500 °C 
and 1000 °C, as ΘΔ TG <0. Although ΘΔ TG  increased as 

the temperature and pO2
 decreaseed, the ΘΔ TG  value was 

still −199.45 kJ/mol at 1000 °C and pO2
=10−3 Pa. 

Therefore, the Sb on the surface of the molten salt was 
easily oxidized. 
 
2Sb+1.5O2=Sb2O3                            (3) 
 

 
Fig. 6 ΔGΘ of oxidation reaction of Sb as function of 
temperature  
 

The morphology of the sample obtained from heat 
preservation at 800 °C for 3 h was also studied. Figure 7 
shows the SEM-BSE images and EDX spectra of the 
sample. The low-magnification image shows that the 
metal particles were randomly embedded in the salt  
(Fig. 7(a)), with no regular morphology. All of the 
particles were randomly embedded together across the 
solid granular powders. This phenomenon was observed 
clearly upon high-magnification, as shown in Fig. 7(b), 
and three particles combined tightly with an obvious 
interface. Figures 7(c), (d) and (e) show the EDX spectra 
of regions A, B and C in the SEM-BSE image. It could 
be conjectured from the mole fractions that phases B and 
C were NaCl and Na2CO3, respectively. Phase A, the 
brightest point, was Sb grain. It can be seen from the 
pictures that most of the Sb particles were tightly 
embedded across the surface of the NaCl granular 
powders. 
 
3.2 Effect of salt composition on solubility of Sb 

The solubility of Sb and viscosity of molten salt at 
900 °C are plotted against the salt content in Fig. 8. As 
the mole fraction of Na2CO3 increased from 0 to 0.4, the 
solubility of Sb decreased from 6.2719% to 0.764%, and 
the viscosity of molten salt increased from 8 to 2.7 mPa·s. 
This can be interpreted as follows. The solubility of Sb 
was determined by the viscosity of the molten salt, and 
the viscosity of the salt increased with increasing 
Na2CO3 contribution because Na2CO3 had a higher 
viscosity than NaCl. However, in the first stage 
(nNa2CO3

/(nNa2CO3
+nNaCl)< 0.4), the melting point of the 

system will decrease with increasing Na2CO3 content; 
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Fig. 7 SEM-BSE images and energy spectra of solid salt tested at 800 °C after 3 h: images at low magnification (a) and high 
magnification (b); EDX spectra of Region A (c), Region B (d) and Region C (e) 
 

 
Fig. 8 Effect of NaCl content on viscosity of Na2CO3−NaCl 
molten salt and solubility of Sb in this molten salt 

thus, the viscosity of the system was the lowest at 0.4. 
Therefore, when the mole fraction of Na2CO3 was more 
than 0.4, both the solubility of Sb and the viscosity of the 
molten salt increased with increasing Na2CO3 content. 
 
4 Conclusions 
 

1) The dissolution equilibrium of Sb in molten salt 
can be achieved in 3 h depending on temperature, where 
high temperatures can accelerate the diffusion rate of Sb. 

2) The viscosity of molten salt has a significant 
effect on the equilibrium solubility of Sb, and the amount 
of Sb dissolved in the melt decreases as the viscosity of 
molten salt decreases. Salt composition affects the 
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solubility of Sb by changing the melting point and 
viscosity of the molten system. 

3) Metal Sb and molten salt do not react, and the 
elements do not change valence state with the exception 
of Sb, which is easily oxidized. All of the dissolved Sb 
particles embed together randomly across the solid 
granular powders. 
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锑在 Na2CO3−NaCl 二元熔盐中的溶解度 
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摘  要：研究了在 700~1000 °C 温度范围内金属锑在 Na2CO3−NaCl 二元熔盐中的溶解行为。结果表明，金属锑的

溶解平衡可以在 3 h 内完成，同时锑的溶解量随熔体黏度的降低而减少。在 700、800、900 和 1000 °C 时锑的饱

和溶解量分别为 5.42%、2.42%、0.75% 和 0.68%，较高的温度和适量的 NaCl 含量可以降低锑的溶解量。不溶解

的锑沉聚于熔盐底部，不与熔盐反应。溶解在熔盐表面的锑容易被氧化，而溶解于熔盐中的锑以金属态的形式随

机地分布于熔盐中，形成夹杂。 

关键词：锑；溶解度；熔盐；黏度 
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