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Comparative study of lead/zinc extraction using Aliquat 336 and Trioctylphosphine oxide (TOPO)
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ABSTRACT

	
In this study, lead extraction was performed using TOPO and Aliquat 336 in toluene. The respective contact times required to reach extraction equilibrium were determined to be five minutes (E = 99.29%) and 10 minutes (E = 90.46%) for TOPO and Aliquat 336, respectively. The optimal extraction percentages were obtained at a lead concentration of 500 ppm, with E > 90% for all extractants. Lead speciation, defined as the occurrence of different forms of lead compounds, was investigated through the analysis of the E-pH diagram and the speciation diagram at elevated chloride concentrations. The obtained results, which included lead ions such as Pb²⁺, PbCl₃⁻, PbCl₄²⁻, and PbCl⁺, provided valuable insights into the behavior and interactions of lead compounds under these conditions. The extracted species were identified using the slope method, with complexes formed in the organic phase identified as either  . The confirmation of these complexes was achieved through the analysis of functional groups utilizing Fourier-transform infrared spectroscopy (FTIR). The extraction percentages obtained with kerosene were the most optimal, with values greater than 80%. The addition of Na₂CO₃, Na₂S₂O₃, NaCl, NaClO, Na₂SO₄, and NaHCO₃ resulted in enhanced Pb²⁺ extraction percentages for both extractants, thereby producing a salting-in effect at a concentration of 5.10⁻² M. The lead stripping process was found to be significant with Na₂S₂O₃ (E = 99.70%) for Aliquat 336, Na₂CO₃ (E = 92.89%), and Na₂S₂O₃ (E = 42.2%) for TOPO. The mixture of TOPO and Alamine 336 exhibited an antagonistic effect on lead extraction. The determination of negative ΔG° values for Pb²⁺ ion extraction indicated that Pb²⁺ reacts spontaneously with Aliquat 336 and TOPO. Lead is extracted more readily from synthetic solutions than zinc.
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1. INTRODUCTION

The world's population is undergoing exponential growth, and the process of industrialization is accelerating. These trends have resulted in an escalating number of environmental problems (Tal, 2025). Consequently, environmental protection has emerged as a substantial economic and political concern. This phenomenon has prompted a call to action for industrialists across all sectors to enhance their production processes while concomitantly reducing pollution levels (Wu et al., 2022). The rapid development of industry has led to a significant increase in waste generation and the release of various metals and molecules into the environment. These substances include toxic chemicals that pose a threat not only to humans but also to their surroundings. Consequently, human activities generate environmental risks in the form of heavy metals such as rare earths, cadmium (Cd), lead (Pb), zinc (Zn), chromium (Cr), mercury (Hg), copper (Cu), nickel (Ni), arsenic (As), and selenium (Se) (Devi et al., 2014; Han et al., 2023). (Devi et al., 2014; Han et al., 2023).
Presently, the mitigation of environmental pollution is achieved through the extraction and separation of metal pollutants by means of various physicochemical processes. These processes include adsorption (Alatabe, 2024), chemical precipitation, biosorption (Alatabe et al., 2025), ion exchange, solvent extraction, electrochemical remediation, sedimentation, and flocculation (Gahrouei et al., 2024; Joshi et al., 2026). Solvent extraction, also referred to as liquid-liquid extraction, is a pivotal technique for extraction and purification in multicomponent systems. This method is particularly advantageous due to its capacity for continuous operations and its ability to facilitate controlled mass transfer from one phase to another (Lanjwani et al., 2025). The escalating costs of raw materials and the persistent necessity to enhance the extraction, production, and purification of strategic metals have precipitated a marked increase in the implementation of solvent extraction in metallurgical industries (Manssonini et al., 2023). The merits of this technique are manifold, including its simplicity, high performance, efficiency, and relatively low-cost equipment, which enables high degrees of separation. Solvent extraction is a process capable of extracting and separating a wide variety of solutes, including metals, acids, and organic molecules, from aqueous solutions. These solutions can include leach juices and industrial effluents (Rahim et al., 2025).
Given the significance of liquid-liquid extraction, research programs involving experimental research and modeling are continually being developed (Arce et al., 2022). The selection of an extractant constitutes a pivotal aspect of the extraction process. The extractant must be thermodynamically efficient, capable of rapid extraction, and selective with regard to the solute; otherwise, there is a high risk of extracting a mixture of solutes (Schaeffer et al., 2025). Extraction agents are organic compounds that are designed to selectively transfer a solute, such as a metal, from an aqueous phase to an organic phase during liquid-liquid extraction. This process is pivotal in hydrometallurgy and effluent treatment (Spadina et al., 2020). One such extractant is trioctylphosphine oxide (TOPO), which has gained renown for its high efficiency in extracting uranium via a solvation mechanism (Giusti et al., 2025). 

Aliquat 336 classified as ionic liquids is considered as green solvent and environmentally friendly solvent due to this negligible vapor pressure even at high temperatures and high potential to reduce or replace hazardous organic solvents currently used in solvent extraction (Emam et al., 2023).Their environmentally friendly nature has prompted extensive global research into their use as alternatives to conventional organic solvents in various fields, such as organic synthesis, catalytic processes, electrochemistry, separation techniques, biochemistry, and materials engineering (Alatabe, 2026).

Its distinctive mechanism enables the extraction of anionic metal complexes, rendering it highly effective in the recovery of precious metals, including gold and rhenium (Khalid et al., 2025; Stojanovic et al., 2011).

In light of these considerations, our research focuses on the extraction of metals, including lead and zinc, from synthetic solutions and those obtained through gold panning. The aim of this study is the determination of the metal-ligand stoichiometry and the optimal parameters for lead extraction using Aliquat 336 and TOPO. An evaluation of the Pourbaix diagram, speciation diagram, slope method, and the effect of several parameters was conducted.

2. methodology

2.1. Reagents 
PbCl2 was obtained from Merck, while ZnSO4 was procured from Analar Normapur. The stock solution of 500 mg/L of lead and zinc was prepared by dissolving an appropriate amount of metal salt in deionized water and acidifying it with concentrated hydrochloric acid (HCl) to prevent hydrolysis. Ammonia (NH₃) and hydrochloric acid (HCl) solutions were utilized to adjust the pH of the solutions. The following substances were provided by Merck and Gatt-Koller: NH4Cl, Na2CO3, Na2S2O3, NaCl, NaClO, Na2SO4, NaHCO3, Arsenazo (III), Dithizone, and tetrachloromethane (CCl4). Aliquat 336, trioctylphosphine oxide (TOPO ((C8H17)3PO)), para-tert-butylcalix[4]arene, and dibenzo-crown-6 (DB18C6) were produced by BASF, Merck, and Fluka, respectively. Toluene, kerosene, heptane, and diisobutyl ketone (DIBK) were utilized as diluents in the experimental process. The chemicals and reagents utilized in this study were of analytical grade.
2.2. Apparatus
JENWAY 6705 monochromatic spectrophotometer was used to measure the concentration of metal ions in aqueous solutions. The mixing of aqueous and organic solutions was carried out with a mechanical shaker.
2.3. The solvent extraction procedure
The process of solvent extraction entails the interaction of an aqueous phase containing metal cations (Pb2+) with an organic phase comprising the extractant (TOPO, Aliquat 336). Consequently, 10 mL of the aqueous phase and 10 mL of the organic phase were contacted for a duration of five minutes (Aliquat 336) and 10 minutes (TOPO), respectively, until hydrodynamic equilibrium was achieved. The two phases were separated by decantation. In order to optimize the extraction process, a comprehensive study was conducted on the influences of several parameters, including stirring time, metal concentration, extractant concentration, pH effect, diluent effect, ionic strength effect, extractant effect, synergistic study, and temperature effect. 
The following solutions were utilized as stripping solutions: HNO3, H2SO4, HCl, NaOH, H2O, Na2CO3, NaHCO3, and Na2S2O3, all at a concentration of 0.5 M.
The E-pH and speciation diagrams were plotted using Medusa and HSC 6.0 software, respectively.
The concentrations of zinc and lead ions in aqueous solutions were determined before and after extractions. The measurements were taken at 665 nm with arsenazo (III) and 535 nm with dithizone for lead and zinc, respectively. These measurements were made using a JENWAY 6705 UV-Visible spectrophotometer. 
The distribution coefficient (D) and the extraction percentage (E) were calculated using equations (1) and (2), respectively.
D = 										(1)
E = 									(2)		
where, C,  ,  are the concentrations of metallic ions in aqueous solutions before and after extractions, aqueous and organic solutions volumes respectively.
To ensure the reproducibility of results, all analysis experiments were repeated thrice.


3. results and discussion
3.1. Effect of stirring time
The effect of stirring time on the extraction of Pb2+ ions between the organic and aqueous phases was carried out between 5 and 40 minutes. The aim is to determine the extraction kinetics in order to reach equilibrium. The concentration of Pb2+ ions in the aqueous phase is 500 ppm at pHi = 2. The concentration of Aliquat 336 and TOPO in the organic phase is 10-3 M. Extraction is performed at a temperature of 30°C. The results obtained are shown in Fig.1.

    
[bookmark: _Toc217421997]Fig.1. Effect of stirring time on the extraction efficiency of lead Pb(II).
([Pb2+] = 500 ppm, [extractant]= 10-3 M, T = 30°C, Vorg = Vaq = 10 mL, pH = 2)
The efficiency of lead extraction varies with stirring time. With TOPO, maximum extraction (E = 99.29%) is reached after five minutes, and then it drops with a plateau up to the fortieth minute, reflecting extraction equilibrium between the metal and ligand. For Aliquat 336, the extraction percentage increases until the tenth minute (E = 90.46%), after which it drops to E = 85% with a plateau until t = 40 minutes. This also reflects extraction equilibrium.

3.2. Effect of metal concentration 
The study of the effect of metal concentration on extraction yield was carried out in the range 100 ppm to 1000 ppm. All other parameters were kept constant. Fig.2. shows the results obtained. 


[bookmark: _Toc217421998]Fig.2. Effect of metal concentration on the percentage extraction of Pb(II).
([Aliquat 336] = [TOPO]= 10-3M; Vaq = Vorg = 10 mL ; pHi = 2 ; t = 10 min; T = 303 K)
For both extractants, the extraction efficiency is greater than 90% at a metal concentration of 500 ppm. From this concentration onward, extraction efficiency remains virtually constant, reflecting the saturation of the extractant's complexation sites. Similar results were reported by Rajadurai et al. (2022).
3.3. Effect of pH 
The study examined how the initial pH of the aqueous phase affects the extraction of Pb(II) ions by adjusting the initial pH from 1 to 5. Nitric acid was added to lower the pH, and ammonia was added to raise the pH. Both were added to the Pb(II) feed solutions (aqueous phase). Fig. 3 illustrates the results obtained. The percentage of extraction decreases as the pH increases for both extractants. Additionally, the solutions become cloudy at pH = 5 and higher, which appears to be due to the different speciations of Pb(II) in aqueous media. In chlorinated aqueous media, the lead speciations are , ,  and , as illustrated in Figs 4 and 5. Aliquat 336, an anionic extractant, extracts lead in its anionic form,  or  . TOPO, a neutral extractant, will complex lead in its neutral form. These results will be confirmed or refuted by the study of the slope method. Similar results were reported by (Byrne et al., 2010).


[bookmark: _Toc217421999]Figure 3: Effect of pH on Pb(II) extraction efficiency.
([Pb2+] = 500 ppm ; [Aliquat 336] = [TOPO]= 10-3M ; Vaq = Vorg = 10 mL ; pHi = 2 ; t = 10 min ; T = 303 K)
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[bookmark: _Toc217422000]Fig.4. E-pH diagram of Pb(II).
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[bookmark: _Toc217422001]Fig.5. Speciation diagram of ZnCl2 solution at 303 K.
[bookmark: _Toc217420674]
3.4. Effect of extractant concentration
3.4.1. TOPO
This study focuses on extracting Pb(II) at a concentration of 500 ppm by varying the concentration of the Aliquat 336/TOPO extractant from 10⁻⁴ to 10⁻¹. The results show that the extraction percentage increases as the extractant concentration increases. Studying metal-ligand complexation provides a better understanding of the extraction process. The following equations illustrate the theoretical equilibrium reactions for the formation of the Pb²⁺ complex:
        				(3)
where,    the Pb(II) complex with TOPO in the organic phase. 
The Keq balance equation can be written as follows:
 								(4)
with                                             				(5)
Thus, the logarithm of the second part of equation (4) gives:
         		                                                	(6)
Finally, the derivatives on both sides of equation (6) give the estimated value of n, as shown in equation (13):
= n                                                                                                         	(7)


[bookmark: _Toc217422002]Fig.6. Variation of logD as a function of log [TOPO] for the extraction of Lead (II).
Metal-ligand stoichiometry can be determined graphically through slope analysis. Fig. 6 illustrates the plot of logD versus log[TOPO], with the equation y = 2.059x + 2.76 (R² = 0.99). This equation indicates that, during lead extraction, two TOPO molecules complex one lead atom. Consequently, the extraction reaction can be described by the following equation:
     	  			(8)
[bookmark: _Toc217420675]


3.4.2. Aliquat 336
Aliquat 336 is an anionic extractant consisting of a quaternary ammonium salt and an ionic liquid. The following equation illustrates the theoretical equilibrium reactions for the formation of Pb²⁺ complexes:
  +  m        +   m ()	(9)
where,    the Pb(II) complex with Aliquat 336 in the organic phase. 
The Keq balance equation can be written as follows:
 						(10)
with                                                      	  	(11)
Thus, the logarithm of the second part of equation (10) gives:
[bookmark: _Hlk216036758] n log[Cl-]				(12)
Finally, the derivatives on both sides of equation (12) give the estimated values of n and m, as shown in expressions (13) and (14).
=   m		(13)                         =   n	 (14)


[bookmark: _Toc217422003]Fig.7. Variation of logD as a function of log[Aliquat 336] for Pb(II) extraction.
([Pb2+] = 500 ppm ; Vaq = Vorg = 10 mL ; pHi = 2 ; t = 10 min ; T = 303 K)

The equation of the curve is y = 1,039x + 4,385 (R2 = 0,97)			(15)


[bookmark: _Toc217422004]Fig.8. Variation of logD as a function of log[Cl-] for Pb(II) extraction.
([Pb2+] = 500 ppm ; Vaq = Vorg = 10 mL ; pHi = 2 ; t = 10 min ; T = 303 K)
The equation of the curve is y = 2,072x + 2,636 (R2 = 0,96).			(16)
Determining the stoichiometric coefficients (m and n) and the extraction equilibrium is based on studying two parameters: the concentration of the Cl⁻ ion in the aqueous solution and the concentration of Aliquat 336 in the organic phase. The stoichiometry of the complexation reaction between the metal and the extractant was graphically determined using slope analysis. Fig. 8 shows the variation of log D as a function of log[Cl⁻]. The slope is 2.072 (R² = 0.96), indicating that two chloride ions (Cl⁻) surround the lead (II) ion during complexation (n = 2). Fig. 7 shows the variation of log D as a function of the logarithm of the Aliquat 336 concentration. A straight line with a slope of 1.039 (R² = 0.97) was obtained, suggesting that one molecule of Aliquat 336 is involved in lead complexation (m = 1). Based on these results, the extraction reaction can be described by the following equation:   
  +         +   ()	(17)	


3.5. Spectroscopic study of complexes obtained by FTIR (Fourier Transform Infrared Spectroscopy)

FTIR studies were conducted on organic TOPO solutions to identify the functional groups involved in the Pb(II) extraction process. The distinction of these groups is illustrated in Fig. 9 for TOPO. FTIR peaks of free and complexed TOPO show bands at 1180 cm-1 linked to the elongation vibrations of the (P=O) groups. Peaks observed between 2922 and 3026 cm⁻¹ are attributed to the stretching vibrations of the (-CH₂) bonds of the alkyl chains. Elongation vibrations at 1490 cm⁻¹ are attributed to (P-C) groups. The shift of the (P=O) band to a lower frequency of 1080 cm⁻¹ indicates coordination of TOPO with Pb²⁺ (Sosun et al., 2022).
[bookmark: _Toc217422005]Fig.9. FTIR spectrum of TOPO-Pb(II) before and after lead extraction.

Fig.10 illustrates the structures optimized by the quantum method, Density Functional Theory (DFT), for complexes formed in organic solutions.
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[bookmark: _Toc217422006]Fig.10. Optimized structures of  .   
3.6. Effect of the diluent
Toluene, heptane, diisobutylketone (DIBK), and kerosene were used to study the effect of the diluent on the percentage of lead extracted by Aliquat 336 and TOPO. Fig. 11 illustrates the obtained results.  


[bookmark: _Toc217422007]Fig.11. Extraction efficiency as a function of diluent variation.
(Vaq = Vorg= 10 mL ; t = 10 min ; [extractant] = 10-3 mol/L ; [Pb2+] = 50 ppm ; pH = 2 ; T = 303K)

Indeed, the extraction efficiency depends on the nature of the diluent for both extractants in the following order: kerosene > diisobutylketone > heptane > toluene. These results appear to be due to specific molecular interactions between the diluent molecules and the metal complex. Additionally, the boiling and flash points of the various diluents could explain this order of extraction (Hayat et al., 2025).

3.7. Effect of ionic strength
Six salts (Na₂CO₃, Na₂S₂O₃, NaCl, NaClO, Na₂SO₄, and NaHCO₃) with a concentration of 5.10⁻² M were used as the background salts for lead extraction. Fig. 12 shows how the ionic strength of these salts affects extraction.


[bookmark: _Toc217422008]Fig.12. Effect of salt on lead extraction. 
(Vaq = Vorg= 10 mL ; t = 10 min ; [extractant] = 10-3 mol/L ; [Pb2+] = 50 ppm ; pH = 2 ; T = 303K)
Sodium sulfate (2Na+, ) and sodium thiosulfate (2) are most effective for lead extraction with Aliquat 336, yielding over 99%. For TOPO, the highest extraction percentages were obtained using sodium bicarbonate (Na⁺, HCO₃⁻) and sodium thiosulfate (2Na⁺, S₂O₃²⁻), exceeding 90%.
Thus, the efficiency of lead extraction depends on the nature of the background salt used during extraction. Following this extraction sequence we have:
Aliquat 336:  ≈   >    >   >  > ClO- ;
TOPO:  > >  > > ClO-.
However, Hofmeister's series for anions follows this order:  > >  >  >  > F- > Cl- > Br- >  > I- >  > SCN-. Adding Na₂CO₃, Na₂S₂O₃, NaCl, NaClO, Na₂SO₄, and NaHCO₃ to the aqueous phase considerably increased the extraction percentage. These salts increased the solubility of the metal complexes. Thus, the salting-in effect was observed when 5.10⁻² M of salt was added, which considerably enhanced the extraction percentage of both extractants. Many authors have reported similar results concerning the effect of background salts as a function of the Hofmeister series (Musilova et al., 2021; Feng et al., 2024; Gregory et al., 2022).

3.8. Stripping 
The following 0.5 M solutions were used as stripping solutions: HNO₃, H₂SO₄, HCl, NaOH, H₂O, Na₂CO₃, NaHCO₃, and Na₂S₂O₃. A new aqueous phase was prepared from these compounds and brought into contact with the organic phase containing the extractant-lead complex. Fig. 13 shows the experimental results obtained.


[bookmark: _Toc217422009]Fig.13. Effect of stripping solutions on lead recovery.
(Vaq = Vorg = 10 mL ; t = 10 min ; [Extractant] = 10-3 M ; [Pb2+] = 500 ppm ; pH = 2 ; T = 303 K)
Fig.13 shows that the best lead stripping percentages were obtained in solutions containing metal salts and either Na₂S₂O₃ (E = 99.70% for Aliquat 336 and E = 42.2% for TOPO) or Na₂CO₃ (E = 92.89% for TOPO). Stripping is more effective in aqueous media containing metal salts than in acidic, basic, or aqueous media. This appears to be due to a change in ionic strength where the counterions from the salts facilitate the release of lead from the organic phase. Hyde et al. (2017) reported similar results regarding the general principles and strategies of salt release, which were inspired by Hofmeister's series on extraction and stripping.
3.9. Effect of extractant type
A comparative study was carried out to examine the effectiveness of lead extraction using para-tert-butylcalix[4]arene, dibenzo-crown-6, Alamine 336, and TOPO. Fig. 14 illustrates the results obtained.


[bookmark: _Toc217422010]Fig.14. Effect of extractant type on zinc extraction. 
(Vaq = Vorg = 10 mL ; t = 10 min ; [Extractant] = 10-3 M ; [Pb2+] = 500 ppm ; pH = 2 ; T = 303 K)


The order of extractability of the various extractants is as follows: TOPO (99.29%) > Aliquat 336 (90.64%) > p-tert-butylcalix[4]arene (83.78%) > dibenzo-crown-6 (82%). Aliquat 336 is an anionic extractant; para-tert-butylcalix[4]arene is an acidic extractant; and TOPO and DB18C6 are neutral extractants. This difference in extractability seems to be linked to the mechanism involved in lead complexation. However, the lower lead extraction percentages of DB18C6 and para-tert-butylcalix[4]arene compared to Aliquat 336 and TOPO appear to be due to the extractants' cavities and the diameter of the lead cations. The main mechanisms involved are coordination complexation and encapsulation via the host-guest effect. In this process, DB18C6 and para-tert-butylcalix[4]arene act as macrocyclic receptors that recognize and trap the lead ion in their cavities via functional groups (Malinska et al., 2022).
3.10. Synergistic effect
The synergistic effect of TOPO and Aliquat 336 on lead extraction was studied. The Pb(II) extraction coefficients of Aliquat 336 and TOPO were studied separately, as was their mixture. Fig. 15 illustrates the results obtained.


[bookmark: _Toc217422011]Fig.15. Synergistic effect of Aliquat 336 and TOPO on lead extraction.
(Vaq = Vorg = 10 mL ; t = 10 min ; [Extractant] = 10-3 M ; [Pb2+] = 500 ppm ; pH = 2 ; T = 303 K)
Thus, the distribution coefficient of the mixture of the two extractants, D1 (Aliquat 336) and D2 (TOPO), is lower than the sum of the distribution coefficients of each extractant taken separately. This reflects an antagonistic effect on lead extraction. However, the synergy coefficient (Cs) is less than zero, suggesting that the mixture of the two extractants has an antagonistic effect. This antagonistic effect appears to be due to competition between TOPO and Aliquat 336, which destabilizes the Pb-ligand complexes (Liu et al., 2018; Mishra et al., 2018; Begum et al., 2024).
3.11. Effect of temperature
Pb(II) extraction reactions with Aliquat 336 and TOPO were carried out between 303 and 333 K. An increase in temperature tends to decrease the percentage of lead extracted by both TOPO and Aliquat 336. However, studying thermodynamic parameters provides a better understanding of the formation and stability of the various complexes.
The characteristic quantities of standard enthalpy change (ΔH°), entropy change (ΔS°), and standard Gibbs free energy change (ΔG°) are defined as follows:
ΔG° = - 2.303RTlogKeq								          (18)
ΔG° = ΔH° - TΔS°							            	          (19)
The variation of the equilibrium constant (Keq) as a function of temperature is expressed by Van't Hoff's equation:
logKeq =   							          (20)
The logKeq values for Aliquat 336 and TOPO can be calculated using equations (6) and (12).


[bookmark: _Toc217422012]Fig.16. Effect of temperature on lead extraction.
(Vaq = Vorg = 10 mL ; t = 10 min ; [Extractant] = 10-3 mol/L ; [Pb2+] = 50 ppm ; pH = 2)

The equation of the curve (Aliquat 336) is: y = 0,354x – 1,4992 (R2 = 0,99)	(21)
The equation of the curve (TOPO) is: y = - 0,394x + 1,733 (R2 = 0,99)		(22)
The graph of log D versus 1000/T (Fig. 16) shows that the points are well-aligned. Based on the slope and y-intercept values, ΔH°, ΔS°, and ΔG° can be calculated using equation 18. The thermodynamic values are listed in Table 1. The ΔG° values for Pb(II) ion extraction are all negative, indicating that the Pb(II)-Aliquat 336 and Pb(II)-TOPO reactions are spontaneous under these hydrodynamic conditions. The negative ΔH° value of the Pb-Aliquat 336 complex (-6.42 kJ/mol) indicates an exothermic process. In contrast, the positive ΔH° value of the Pb-TOPO complex indicates an endothermic process. The negative ΔS° value for the Pb-TOPO complex indicates a reaction that reduces disorder, which may be due to the solvate structure of the complexes formed in organic solutions. Similar results have been reported by several authors (Mohdee et al., 2018; Aly et al., 2024).
[bookmark: _Toc217497540]Table 1. Thermodynamic parameters for Pb(II) extraction.
	Complexes
	logKeq
	ΔH°(kJ/mol)
	ΔS°(J/mol.K)
	ΔG°(kJ/mol)

	TOPO – Pb(II)
	2.76
	14.14
	-6.17
	-16.01

	Aliquat 336 – Pb(II)
	4.38
	-6.42
	62.73
	-25.43



3.12. Separation factor
When extracting two or more metals, the separation factor (β) is defined as the ratio of the individual distribution coefficients (D). An aqueous solution containing 500 ppm of Pb²⁺ and Zn²⁺ was prepared and brought into contact with an organic solution containing a 10⁻³ M extractant. Table 2 shows the obtained results.
[bookmark: _Toc217497541]Table 2. Separation factor between Pb2+/Zn2+.
	Extractant
	Metal
	E(%)
	Distribution coefficient
	Separation Factor

	Aliquat 336
	Pb2+
	99.07
	106.48
	10.65

	
	Zn2+
	1
	0.01
	

	TOPO
	Pb2+
	98.46
	63.93
	6.39

	
	Zn2+
	1
	0.01
	



The separation factor is the ratio of two distribution coefficients given by the equation 23:
β =     			(23)
Because the separation factor is greater than one, Aliquat 336 and TOPO are more selective for lead(II) than zinc(II).

4. Conclusion

This study examined lead extraction using TOPO and Aliquat 336. Several experimental parameters were examined to optimize the extraction process.  The extraction equilibrium times were 5 and 10 minutes, respectively, for TOPO and Aliquat 336. The predominance and speciation of Pb(II) species were determined by analyzing E-pH and speciation diagrams. Thus, , ,  and  were obtained through modeling. Studies using the slope method and FTIR analysis showed that the complexes   were formed in the organic phases. Kerosene produced the highest extraction percentage, greater than 80%. The addition of 5.10⁻² M Na₂CO₃, Na₂S₂O₃, NaCl, NaClO, Na₂SO₄, and NaHCO₃ produced a salting-in effect, enhancing the Pb(II) extraction percentage for both extractants. However, an antagonistic effect was observed on Pb(II) extraction with the mixture (TOPO + Aliquat 36). Lead stripping was more pronounced in saline media: E = 99.70% with Na₂S₂O₃ and Aliquat 336, E = 92.89% with Na₂CO₃ and Na₂S₂O₃, and E = 42.2% with TOPO. Thermodynamic parameters indicated spontaneous processes. The Pb/Zn separation factor is large, indicating that lead is extracted more readily from synthetic solutions than zinc.
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