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Abstract


This study presents a rapid and efficient laboratory-scale process for removing lead from Pb–Sb alloy melts using a composite H3PO4–(NaPO3)6 flux. Thermodynamic analysis was combined with experimental investigation to elucidate the influence of key parameters on lead removal behavior. The Wilson equation was employed to describe the non-ideal behavior of the Pb–Sb system, enabling estimation of equilibrium lead contents and providing theoretical support for interpreting experimental trends. Under the investigated conditions (1073 K, H3PO4/(NaPO3)6 mass ratio of 2:1, and a holding time of 10 min), the Pb mass fraction was reduced from 10.0 wt.% to 0.018 wt.%, corresponding to a lead removal efficiency of 99.86%. Compared with the traditional refining processes, this method shortens the processing time and avoids the use of volatile gas reagents, demonstrating its potential for lead–antimony separation. The results provide thermodynamic and experimental insight into phosphate-based refining of crude antimony.
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1. Introduction


Antimony is a critical strategic metal widely used in flame retardants, high-performance alloys, and semiconductor devices—applications that demand strict control of heavy-metal impurities [1,2,3,4]. Antimony and lead resources face declining reserves, lower grades, and complex occurrence states; the two metals frequently coexist (e.g., jamesonite contains ca. 28–32 wt.% Pb and 24–28 wt.% Sb [5]). This association, together with secondary Pb–Sb alloys generated during industrial applications, inevitably produces substantial amounts of Pb–Sb alloys in smelting and recycling. Without further processing, these alloys both waste strategic resources and pose environmental risks due to heavy-metal leakage, making their efficient treatment an urgent metallurgical need.



Among these Pb–Sb-containing intermediates, crude antimony is a typical feed where Pb removal is particularly challenging. During the mining and smelting of antimony ores, lead is inevitably introduced into crude antimony (typically 5–15 wt.% [6]), and its separation remains a bottleneck for high-value utilization of antimony resources. This difficulty arises from the similar physicochemical properties of Pb and Sb, e.g., comparable melting points and mutual solubility in melts [6], which hinder efficient purification.



To address this challenge, various approaches have been explored for Pb removal from crude antimony. Although vacuum distillation is effective for processing complex metallurgical feeds and recovering secondary resources [7,8,9,10,11,12,13,14,15], its application to the Pb–Sb system is constrained by azeotropic behavior, which limits separation based on volatility differences [16]. Consequently, chemical refining is often required, making the choice of an appropriate lead removal agent critical.



Among the various lead removal agents used in chemical refining, phosphate-based reagents have been widely investigated in both industrial and laboratory settings. Conventional agents such as orthophosphoric acid often suffer from long reaction times and considerable antimony losses [17,18]. To improve performance, Liu et al. [19] developed a liquid reagent based on phosphoric acid derivatives and sodium phosphate; however, the process relied on nitrogen atomization and auxiliary equipment, complicating simplification and industrial implementation. Ye et al. [20,21] employed NaPO3 as a lead removal agent and effectively decreased the lead content in crude antimony; however, their thermodynamic analysis assumed an ideal solution, neglecting the non-ideal behavior of Pb–Sb melts and causing deviations in equilibrium predictions. Zhang et al. [22] prepared a composite reagent consisting of phosphoric acid derivatives and sodium polyphosphate, achieving satisfactory lead removal but without systematic optimization of key operating parameters. More recently, Zhang et al. [23] proposed a molten-salt route using Sb2O3, P2O5, H2O, Sb2S3, and K/Na salts, reducing the lead content to 0.03% without harmful gas emissions; however, the resulting slag contained pungent and unstable metabisulfites that may decompose to SO2 at high temperatures, posing potential environmental risks.



Therefore, this study proposes a chemical refining method using an H3PO4-(NaPO3)6 composite reagent. Phosphate reagents can react with lead to form chemically stabilized Pb-containing species [12,13,14], while polyphosphates (e.g., (NaPO3)6) may promote interfacial reactions and mass transfer in the molten phase. This work aims to investigate a rapid and low-emission laboratory-scale lead removal process for crude antimony (a Pb–Sb alloy) and to clarify the role of thermodynamic analysis in interpreting lead removal behavior, rather than to establish optimized industrial operating conditions.




2. Materials and Methods


2.1. Experimental Procedure


Crude antimony was treated as a Pb–Sb binary alloy for sample preparation. High-purity antimony particles (≥99.99%) were crushed to 5–10 mm and mixed with high-purity lead particles (≥99.99%) at a mass ratio of 9:1 in a graphite crucible. The mixture was melted at 1073 K for 20 min in a pit-type electric resistance furnace under argon. To ensure homogeneity, the melt was stirred, turned over, remelted, and then cooled to obtain the final sample.



The composite lead removal agent consisted of H3PO4 solution and (NaPO3)6. Before each experiment, the components were weighed according to the specified mass ratio, thoroughly premixed, and added into the crucible. Lead removal experiments were conducted under varying process parameters, including temperature, reagent ratio H3PO4/(NaPO3)6, and reaction time.



For each run, 10.0 g of the Pb–Sb alloy was charged into a graphite crucible together with the premixed composite reagent. The crucible was placed in a vertical tube furnace under flowing argon and heated at 8 K·min−1 to the target temperature, then held for the prescribed reaction time. After the reaction, power was cut, the crucible was withdrawn, and the sample was allowed to cool to room temperature.



After cooling, the metal and slag phases were separated mechanically. Residual surface slag adhering to the antimony phase was removed; both phases were ground to <75 μm for chemical analysis. Pb and Sb were quantified by ICP-OES (6300, Thermo Electron Corporation, Waltham, MA, USA) after acid digestion. The experimental flow chart is shown in Figure 1. Considering the laboratory-scale setup, the main sources of experimental uncertainty include temperature fluctuation (±10 °C), mass measurement (±0.01 g), and chemical analysis by ICP-OES. The reported results emphasize comparative trends obtained under identical experimental procedures.




2.2. Calculation of Lead Removal Efficiency


The lead removal efficiency (    η   P b    ) was calculated based on the total lead mass in the Sb–Pb system before and after the process, using the following equations:


[Pb]initial = m1·[Pb%]initial



(1)






[Pb]final = m2·[Pb%]final



(2)






    η   P b   =      [ P b ]   i n i t i a l   −     [ P b ]   f i n a l       [ P b ]   i n i t i a l      · 100 %  



(3)




where     η   P b     = lead removal efficiency from crude antimony. [Pb]initial and [Pb]final are the total masses (g) in the sample before and after smelting, respectively; m1 and m2 are the corresponding sample masses (g).





3. Theoretical Basis


3.1. Thermodynamic Calculation


The lead removal mechanism of the composite reagent is described by the reactions below. Standard thermodynamic data for the involved species are summarized in Table 1 and Table 2 [24]. In all expressions, T is in K and   Δ G °   is in   k J / m o l  , all thermodynamic data and reaction Gibbs free energies refer to pure substances in their stable phases at atmospheric pressure and temperature.


  2 Pb +  O 2  = 2 PbO ,   Δ G ° = − 434.6 + 0.1684 T   ( k J / m o l )  



(4)






  4 Sb + 3  O 2  = 2  Sb 2   O 3  ,   Δ G ° = − 1410.8 + 0.4964 T   ( k J / m o l )  



(5)






   Sb 2   O 3  + 3 Pb = 3 PbO + 2 Sb ,   Δ G ° = 53.5 − 0.0224 T   ( k J / m o l )  



(6)






  3 PbO +  P 2   O 5  =  Pb 3  (  PO 4   ) 2  ,   Δ G ° = − 210 + 0.0671 T   ( k J / m o l )  



(7)






  2  H 3   PO 4  + 3 PbO =  Pb 3  (  PO 4   ) 2  + 3  H 2  O ,   Δ G ° = 238.7 − 0.0559 T   ( k J / m o l )  



(8)






  6 Pb + 3  O 2  + 4  H 3   PO 4  = 2  Pb 3  (  PO 4   ) 2  + 6  H 2  O ,   Δ G ° = − 411.98 + 0.1112 T   ( k J / m o l )  



(9)







The lead removal effect is achieved through the synergistic reaction of the composite agent components with lead, forming stable lead phosphate. Figure 2 presents the Gibbs free energy (ΔG) as a function of temperature for these reactions. Within the temperature range of 873–1073 K, most key reactions involved in lead removal exhibit negative ΔG values, indicating their thermodynamic feasibility under the experimental conditions. Although Equation (6) shows slightly positive ΔG values, it is not the dominant pathway for lead removal in the present composite reagent system.



Within 873–1073 K, most reactions exhibit negative ΔG° values (Figure 2), indicating that lead is readily converted to PbO and further to stable Pb3(PO4)2 under the oxygen potential supplied by P2O5/H3PO4. Table 2 shows that Pb and Sb are molten in this range, while P2O5 is liquid, which enhances mass transfer and reaction contact.



Although H3PO4 alone can remove lead, it often results in antimony losses and encapsulation of antimony droplets by viscous slag, as reported in previous studies [20]. In the composite system, H3PO4 decomposes below ~973 K to release P2O5 that preferentially reacts with PbO to form Pb3(PO4)2. Sodium polyphosphate (NaPO3)6 decomposes at higher temperatures (>973 K), replenishing P2O5 and sustaining the reaction rate in the mid-to-late stages. Its decomposition product Na2O forms low-melting mixtures with Sb2O3, reducing slag viscosity, improving flowability, and thereby mitigating mechanical entrapment of antimony droplets. A schematic of the overall mechanism is shown in Figure 3.



As illustrated in Figure 3, during the lead removal process, Pb and Sb react with O2 to form PbO and Sb2O3. The resulting Sb2O3 forms a solid slag layer on the surface of the molten mixture, preventing oxygen from contacting the internal antimony and thus inhibiting its further oxidation.




3.2. Activity of Components for the Pb-Sb Binary System


The ideal solution model neglects interactions between Pb and Sb atoms, leading to inaccurate predictions of reaction equilibria in Pb–Sb melts. To correct for this non-ideal behavior, the activity coefficients of Pb and Sb were calculated using the Wilson equation [25], which is based on local composition theory. For a binary (i−j) liquid alloy, the excess Gibbs free energy (GE) of the Wilson equation is given by:


       G   E     R T    = −   x   i     ln   (     x   i   +   A   i j     x   j   ) −   x   j     ln   (     x   j   +   A   j i     x   i   )  



(10)




where GE is excess Gibbs free energy; xi and xj are molar fractions of components i and j, respectively; R is ideal gas constant; T is system temperature; Aij, Aji are Wilson equation parameters, defined as:


    A   i j   =      v   j       v   i        exp     −        λ   i j   −   λ   i i       R T                         



(11)






    A   j i   =      v   i       v   j        exp     −        λ   j i   −   λ   j j       R T                         



(12)




where vi and vj are molar volumes of components i and j (temperature-dependent), respectively; λii, λij, λjj are atomic pair interaction energies for i−i, i−j, and j−j pairs (assumed to be temperature-independent), respectively [26].



Differentiating Equation (7) with respect to xi (or xj) yields the activity coefficient equations for components i and j:


    ln     γ   i     = −   ln       x   i   +   A   i j     x   j       +   x   j          A   i j       x   i   +   A   i j     x   j      −      A   j i       x   j   +   A   j i     x   i         



(13)






    ln     γ   j     = −   ln       x   j   +   A   j i     x   i       −   x   i          A   i j       x   i   +   A   i j     x   j      −      A   j i       x   j   +   A   j i     x   i         



(14)







By substituting the experimental values of the activity coefficients of the components into Equations (13) and (14), and parameters Aij and Aji of the Wilson equation can be obtained. The relevant temperature correlation formulas are presented in Equations (15) and (16):


   A  i j  ′  =     v j ′     v i ′       (     A  i j    v i     v j     )     T   T ′        



(15)






   A  j i  ′  =     v i ′     v j ′       (     A  j i    v j     v i     )     T   T ′        



(16)







The Wilson equation parameters Aij and Aji calculated at the experimental temperature T can be used to compute the Wilson equation parameters    A  i j  ′    and    A  j i  ′    at different temperatures T′ via temperature correlation formulas. Substituting the temperature-dependent coefficients    A  i j  ′    and    A  j i  ′    into Equations (13) and (14) provides the corresponding activity coefficients for the alloy components. Experimental activity coefficients of binary liquid alloy components were retrieved from the literature [27], and relevant parameters were sourced from [28]. Wilson equation parameters Aij and Aji at the experimental temperature were obtained by substituting experimental activity coefficients into Equations (13) and (14). Table 3 lists these parameters for the Pb-Sb system, and Table 4 provides molar volume formulas for relevant metals. Comparison of calculated activity values and experimental data [26] for the Pb-Sb binary system at 905 K is presented in Table 5 (The average absolute error (AAE) between calculated and experimental values is 0.02, with a correlation coefficient R2 of 0.99) and Figure 4.





4. Results and Discussion


4.1. Thermodynamic Estimation of Residual Lead Content


The initial Pb mass fraction in the Pb–Sb alloy was 10.0 wt.%, corresponding to a molar fraction of     x   P b     = 0.0612. Using the Wilson parameters (Table 3 and Table 4), the activity coefficients of lead,     γ   P b    , were calculated. With the activity definition     a   P b   =   γ   P b     x   P b    , the Gibbs free energy change in the core reaction (Equation (6)) was evaluated to estimate the thermodynamic tendency of the core reaction. The resulting equilibrium activities were then converted to corresponding residual lead mass fractions for comparison purposes (Table 6).



As shown in Table 6, the thermodynamically estimated residual Pb mass fraction shows a slight increasing trend with temperature (973–1173 K). This trend is thermodynamically reasonable: increasing temperature makes (    ∆ G   0    ) less negative, reduces the equilibrium constant, and thus raises the equilibrium Pb content in the metal phase. Notably, the initial     a   P b     is much higher than the equilibrium     a   P b    , indicating a strong driving force for Pb removal under the studied conditions. The deviation of     γ   P b     from unity further confirms the pronounced non-ideal behavior of the Pb–Sb melt and highlights the need for activity corrections when making equilibrium predictions. It should be noted that the calculated values represent thermodynamic tendencies rather than the actual experimental residual lead contents, as kinetic factors and interfacial mass transfer also play important roles under the present laboratory conditions.



Regarding the phase constitution of the final slag, lead is inferred to be incorporated into a complex phosphate–oxide network rather than forming a single crystalline phase. Due to the multi-component nature of the slag and the rapid cooling rates post-experiment, the formation of well-defined crystalline lead phosphates is often suppressed. Consequently, the removal mechanism is substantiated by the high elemental removal efficiency and thermodynamic feasibility, even if specific crystalline diffraction peaks are not prominent.




4.2. Effect of Lead Removal Agent Mass Ratio


With the total addition of the composite agent fixed at 30% of the alloy mass, a reaction temperature of 1073 K, and a holding time of 10 min, the effect of the H3PO4/(NaPO3)6 mass ratio was investigated (Table 7 and Figure 5).



When the ratio increased from 1:1 to 2:1, the lead removal efficiency improved markedly from 94.16% to 99.69%, while the direct Sb recovery also increased overall and reached 89.1% at 2:1. This behavior is attributed to a synergistic effect: H3PO4 supplies active phosphate species in the early stage to rapidly immobilize lead as Pb3(PO4)2, whereas (NaPO3)6 sustains phosphate availability and lowers slag viscosity via Na-containing phosphates, mitigating mechanical entrainment of Sb. At too low an H3PO4 fraction, the early phosphate supply is insufficient, resulting in incomplete Pb fixation. Conversely, an excessive H3PO4 fraction may generate surplus P2O5 that reacts with Sb2O3, increasing Sb loss. Accordingly, a mass ratio of 2:1 was selected for subsequent experiments, considering both lead removal efficiency and antimony recovery.




4.3. Effect of Lead Removal Agent Addition Amount


At a fixed mass ratio of 2:1, a reaction temperature of 1073 K, and a holding time of 10 min, the effect of the lead removal agent addition on the lead removal behavior was investigated. The addition amount is expressed as wt.% of the alloy to facilitate comparison and discussion.



As shown in Table 8 and Figure 6, increasing the addition from 20 to 60 wt.% of the alloy significantly enhanced the lead removal efficiency, which increased from 97.97% to 99.84%. At relatively low addition levels (≤30 wt.%), the contact between the lead removal agent and the molten alloy was insufficient, resulting in incomplete reaction and lower lead removal efficiency. In addition, the direct recovery rate of antimony (    R   S b    ) decreased slightly due to volatilization and oxidation losses during the treatment. When the addition reached 50–60 wt.% of the alloy, the lead removal efficiency exceeded 99.8%, and     R   S b     stabilized above 88%, indicating that the lead removal reaction was nearly complete. Further increasing the addition within this range only marginally improved the lead removal efficiency, while increasing reagent consumption. Considering both the high economic value of antimony and reagent utilization, an addition range of 50–60 wt.% of the alloy was identified as optimal. Therefore, an addition of 60 wt.% of the alloy was selected for subsequent experiments.



It is worth noting that the reagent-to-metal ratio used in this laboratory-scale study is primarily related to the reaction characteristics of lead removal under static conditions. Under laboratory-scale conditions, mass transfer and melt convection are limited compared with industrial furnaces. Therefore, an excess amount of the reagent is required to ensure sufficient contact between Pb and phosphate-related species. In industrial operations, where dynamic mixing and heat transfer conditions are more favorable, reagent consumption could be significantly reduced.




4.4. Effect of Reaction Temperature


Using the optimal mass ratio of 2:1, a composite agent addition amount of 6 g per 10 g of alloy, and a reaction time of 10 min, the influence of temperature was investigated (Table 9 and Figure 7).



In the range of 973–1073 K,     η   P b     increased slightly from 99.68% to 99.89%, consistent with an increased reaction rate. Above 1073 K,     η   P b     became essentially stable, indicating that the process approached equilibrium under the given addition and time. The direct Sb recovery peaked at 1073 K (74.5%). At lower temperatures (e.g., 1023 K), higher melt/slag viscosity likely hinders mass transfer and promotes entrainment-related losses. At higher temperatures (e.g., 1123 K), Sb volatilization and oxidation become more significant, reducing     R   S b    . Therefore, 1073 K was selected as a representative reaction temperature for subsequent tests, balancing high     η   P b     with acceptable     R   S b    . This temperature also maintains both the phosphate phase and the metal melt fully molten, favoring interfacial contact and reaction.



Regarding the selectivity between Pb and Sb at high temperatures, although antimony constitutes the major metallic phase with high activity, the process exhibits high Pb removal selectivity. This is primarily attributed to the significantly stronger chemical affinity of lead toward phosphate compared to antimony. Furthermore, as a surface-active element, lead tends to enrich at the interface, reacting preferentially with the flux before significant antimony oxidation occurs.




4.5. Effect of Holding Time


At a 2:1 mass ratio, a total addition of 6 g per 10 g alloy, and 1073 K, the influence of holding time was assessed (Table 10 and Figure 8).



From 5 to 10 min, the residual Pb decreased slightly (0.019% → 0.018%), while     R   S b     increased from 71.3% to 78.7%, indicating that the interfacial reaction between active phosphate species and dissolved Pb dominated during this period. After 10 min,     η   P b     remained essentially constant whereas     R   S b     declined, suggesting that extended holding increases Sb volatilization/oxidation and/or entrainment losses without improving Pb removal. These suggest that Sb losses may be mitigated by limiting the high-temperature residence time and promoting rapid phase separation once lead fixation is achieved. A slight rise in residual Pb at 20 min (to 0.020%) may reflect redistribution of Pb between phases or coarsening/settling effects rather than true phosphate decomposition at 1073 K. Consequently, a holding time of 10 min was adopted for subsequent experiments, considering both performance and energy consumption.



These suggest that Sb losses may be mitigated by limiting the high-temperature residence time and promoting rapid phase separation once lead fixation is achieved.



The non-monotonic variation of antimony recovery (    R   S b    ) with holding time reflects competitive reactions. The initial increase in recovery corresponds to the rapid separation of the lead-rich phase. However, with prolonged holding at elevated temperatures, secondary effects such as mechanical entrainment of metallic antimony droplets into the viscous slag and partial oxidation of antimony become more pronounced, leading to the observed decrease in recovery.




4.6. Kinetics Analysis


To gain insight into the temperature-dependent behavior and the rate-controlling characteristics of lead removal, a kinetic-related analysis was performed based on the core reaction (Equation (6)). The equilibrium constant   K   at different temperatures was calculated from the thermodynamic relationship   Δ G = − R T l n K  .



It should be emphasized that the equilibrium constant   K   can qualitatively reflect the temperature sensitivity of the forward lead fixation process. Consequently,   l n K   is employed here as an apparent kinetic descriptor, rather than a rigorous rate constant, to analyze the temperature dependence of the process using an Arrhenius-type formalism:


  l n K = −      E   a     R    ·    1   T    + l n A  



(17)







(1) Apparent activation energy determination



Linear fitting of   l n K   versus      1   T      yields a straight line with a high correlation coefficient (R2 > 0.99) (Figure 9), indicating a clear Arrhenius-type relationship within the investigated temperature range. The slope of the fitted line is approximately   m ≈ − 12,600   K  . Based on   m = −      E   a     R     , the apparent activation energy is calculated to be 105 kJ/mol.



This value falls within the typical range reported for chemically controlled interfacial reactions (80–150 kJ/mol), suggesting that interfacial chemical reactions play a dominant role under the present experimental conditions rather than by pure diffusion control, which typically exhibits much lower activation energies.



(2) Temperature-dependent reaction tendency



Within the temperature range of 973–1073 K, the Arrhenius term   e x p ( −      E   a     R T    )   increases significantly from 2.5 × 10−6 to 8.3 × 10−6, indicating an enhanced apparent tendency for lead fixation with increasing temperature. This trend is consistent with the experimentally observed improvement in lead removal efficiency.



When the temperature exceeds 1073 K, the absolute value of the negative Gibbs free energy change decreases, and the system gradually approaches thermodynamic equilibrium. As a result, further increases in temperature provide diminishing driving force, leading to a plateau in lead removal efficiency.



Regarding the holding-time effect (Figure 8), effective contact between active phosphate species (originating from P2O5-related species in the slag/melt) and the molten phase promotes rapid lead fixation at the early stage. With prolonged holding at elevated temperatures, phase re-equilibration becomes more pronounced, which may cause a slight rebound in the residual lead content.



Although a rigorous kinetic model is limited by the batch nature of the experiments, the rapid attainment of low residual lead levels suggests that the process is likely controlled by a mix of interfacial chemical reaction and mass transfer through the slag layer. The slight fluctuation in residual Pb content at longer times suggests the system approaches a quasi-equilibrium state, where minor redistribution or mechanical effects may occur.





5. Conclusions


This study developed an efficient and environmentally friendly process for removing lead from crude antimony using an H3PO4–(NaPO3)6 composite agent. The main conclusions are:



Synergistic action is evident: H3PO4 decomposes at low temperature to release reactive phosphate species and rapidly immobilize Pb, while (NaPO3)6 sustains phosphate supply at higher temperatures and improves melt handling, helping to reduce antimony loss.



Thermodynamic calculations confirmed the spontaneity of all key reactions within the 873–1073 K range. Notably, the Wilson equation successfully corrected for the non-ideal behavior of the Pb-Sb melt (    γ   P b   ≠ 1  ), providing more accurate predictions of equilibrium residual lead content, which are consistent with the experimentally observed increase in residual lead with temperature.



Under representative laboratory conditions (1073 K, H3PO4/(NaPO3)6 mass ratio 2:1, composite addition 60 wt.% relative to alloy mass, and a holding time of 10 min), the lead content decreased from 10.00 wt.% to 0.018 wt.%, corresponding to a lead removal efficiency of 99.86%, while maintaining an Sb recovery of 78.7%.



Kinetic analysis indicates that lead removal is primarily controlled by interfacial chemical reactions, with an apparent activation energy of approximately 105 kJ/mol. This is consistent with the experimentally observed temperature dependence of lead removal performance, suggesting that the overall rate in the investigated range is governed mainly by chemical reaction kinetics rather than mass transfer limitations.



The moderate direct Sb recovery (~78.7%) observed under laboratory conditions is mainly associated with Sb volatilization, oxidation, and mechanical entrainment into the phosphate-rich slag. Future improvements may be achieved through enhanced control of the gas atmosphere, optimization of slag composition to reduce viscosity, and shortened high-temperature residence time.



Although the present study is conducted at laboratory scale, the proposed phosphate-based refining route exhibits several features favorable for further scale-up, including a short reaction time and the avoidance of chlorine-based gaseous reagents. From an industrial perspective, key considerations for potential scale-up include reagent consumption, energy input required to maintain the molten state, slag handling, and efficient phase separation. These aspects require systematic evaluation and process optimization in future pilot-scale studies.



Compared with traditional methods, the proposed process achieves a short reaction time (10 min), avoids chlorine-based off-gas and substantially reduces hazardous emissions, and demonstrates potential applicability for further scale-up with appropriate process control. With appropriate gas/slag handling and enhanced interfacial mixing, the approach offers a clean and efficient route for crude antimony refining and may inform impurity removal in other non-ideal alloy systems.
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Figure 1. Experimental flowchart. 
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Figure 2. Gibbs free energy versus temperature for each reaction process. 
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Figure 3. Schematic diagram of reaction mechanism in the lead removal process. 
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Figure 4. Comparison of calculated activities (lines) and experimental data (points) for the Pb-Sb binary system at 905 K. 






Figure 4. Comparison of calculated activities (lines) and experimental data (points) for the Pb-Sb binary system at 905 K.



[image: Metals 16 00135 g004]







[image: Metals 16 00135 g005] 





Figure 5. Experimental results for different ratios of lead removal agent. 
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Figure 6. Experimental results for different lead removal agent addition amounts. 






Figure 6. Experimental results for different lead removal agent addition amounts.



[image: Metals 16 00135 g006]







[image: Metals 16 00135 g007] 





Figure 7. Experimental results at different temperatures. 
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Figure 8. Experimental results for different holding times. 
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Figure 9. Arrhenius-type plot of ln K versus 1/T for the lead removal process. 
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Table 1. Standard molar enthalpy and standard molar entropy of substances in lead removal reactions.






Table 1. Standard molar enthalpy and standard molar entropy of substances in lead removal reactions.





	Substance
	PbO
	H2O (g)
	P2O5
	Pb3(PO4)2
	Sb2O3
	H3PO4 (L)





	  Δ   H   θ     (kJ/mol)
	−217.32
	−241.82
	−1505.40
	−1898.00
	−708.24
	−1288.34



	    Δ S   θ     J/(mol  ·  K)
	68.70
	188.83
	228.90
	206.60
	125.10
	150.80










 





Table 2. Melting points of substances.






Table 2. Melting points of substances.





	Substance
	PbO
	P2O5
	Pb3(PO4)2
	Sb2O3
	Pb
	Sb





	Melting point (K)
	1159
	853
	1287
	928
	600
	903










 





Table 3. Wilson equation parameters for the Pb-Sb system.






Table 3. Wilson equation parameters for the Pb-Sb system.





	i−j
	T/K
	Aij
	Aji





	Sb-Pb
	905
	1.2838
	1.3022










 





Table 4. Formulas for the molar volume of Sb and Pb, Adapted from Ref. [28].
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	Element
	ⅴ (cm3/mol)
	T/K





	Sb
	18.8 [1 + 1.3 × 10−4 (T − 904)]
	904–1860



	Pb
	19.42 [1 + 1.24 × 10−4 (T − 600)]
	600–2022










 





Table 5. Comparison of calculated activities and experimental date, Adapted from Ref. [27] for the Pb-Sb system at 905 K.
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	      x   P b      
	      a   P b , E x p .      
	      a   S b , E x p .      
	      a   P b , C a l .      
	      a   S b , C a l .      





	0.1
	0.078
	0.897
	0.064
	0.895



	0.2
	0.164
	0.789
	0.141
	0.782



	0.3
	0.261
	0.678
	0.230
	0.666



	0.4
	0.365
	0.566
	0.329
	0.549



	0.5
	0.474
	0.457
	0.436
	0.436



	0.6
	0.584
	0.354
	0.550
	0.329



	0.7
	0.693
	0.257
	0.666
	0.230



	0.8
	0.799
	0.167
	0.783
	0.141



	0.9
	0.900
	0.083
	0.895
	0.064










 





Table 6. Predicted equilibrium residual Pb mass fraction as a function of temperature for an initial 10.0 wt.% Pb alloy.
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	Temperature (K)
	wt.% Pb





	973
	0.0602



	1023
	0.0607



	1073
	0.0610



	1123
	0.0614



	1173
	0.0617










 





Table 7. Effect of H3PO4/(NaPO3)6 mass ratio on lead removal.
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	m(H3PO4)/m((NaPO3)6)
	Lead Content (%)
	Antimony Direct Recovery Rate (%)
	Lead Removal Efficiency (%)





	1/1
	0.640
	91.2
	94.16



	1.5/1
	0.052
	86.9
	99.55



	2/1
	0.034
	89.1
	99.69



	1/1.5
	1.420
	92.0
	87.00



	1/2
	3.500
	92.9
	68.00










 





Table 8. Effect of lead removal agent addition (20–60 wt.% of alloy) on lead content, antimony direct recovery rate, and lead removal efficiency at 1073 K for 10 min and a mass ratio of 2:1.






Table 8. Effect of lead removal agent addition (20–60 wt.% of alloy) on lead content, antimony direct recovery rate, and lead removal efficiency at 1073 K for 10 min and a mass ratio of 2:1.





	Lead Removal Agent Addition (wt.% of Alloy)
	Lead Content in Antimony After Removal (%)
	Antimony Direct Recovery Rate (%)
	Lead Removal Efficiency (%)





	20
	0.340
	89.40
	97.97



	30
	0.210
	86.21
	98.28



	40
	0.180
	82.90
	98.51



	50
	0.034
	88.23
	99.41



	60
	0.018
	91.20
	99.84










 





Table 9. Effect of reaction temperature on lead removal and direct Sb recovery at a 2:1 mass ratio, 6 g per 10 g alloy, and 10 min.






Table 9. Effect of reaction temperature on lead removal and direct Sb recovery at a 2:1 mass ratio, 6 g per 10 g alloy, and 10 min.





	Temperature (K)
	Lead Content in Antimony After Removal (%)
	Antimony Direct Recovery Rate (%)
	Lead Removal Efficiency (%)





	973
	0.044
	74.0
	99.68



	1023
	0.017
	72.0
	99.88



	1073
	0.016
	74.5
	99.89



	1123
	0.020
	68.5
	99.87



	1173
	0.021
	73.2
	99.85










 





Table 10. Effect of holding time on residual Pb,     η   P b     , and     R   S b     at 1073 K with a 2:1 mass ratio and 6 g per 10 g alloy.






Table 10. Effect of holding time on residual Pb,     η   P b     , and     R   S b     at 1073 K with a 2:1 mass ratio and 6 g per 10 g alloy.





	Holding Time (min)
	Lead Content in Antimony After Removal (%)
	Antimony Direct Recovery Rate (%)
	Lead Removal Efficiency (%)





	5
	0.019
	71.3
	99.87



	10
	0.018
	78.7
	99.86



	15
	0.020
	76.0
	99.85



	20
	0.019
	67.4
	99.88
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