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Solvent extraction of zinc (II) using Alamine 336 and TBP: removal of zinc from gold mining waste
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[bookmark: _GoBack]ABSTRACT 

	In this work zinc was extracted with TBP and Alamine 336. A study of the kinetics showed that equilibrium was relatively rapid for both extractants. The best extraction percentages were achieved for a zinc concentration of 50 ppm at 91.35% and 84% for TBP and Alamine 336 respectively. The following zinc speciation’s , ,  and were obtained from pH, E-pH and speciation diagrams in high Cl- concentrated solutions. The nature of the extracted species was determined by the slope method, and the complexes formed in the organic phase were] and []. These results were confirmed by the study of functional groups by FTIR. The effect of diluent on zinc extraction was as follows: Kerosene > Diisobutylketone > Heptane > Toluene. The addition of Na2CO3, Na2S2O3, NaCl, NaClO, Na2SO4 and NaHCO3 significantly enhanced Zn(II) extraction for both extractants. Zn(II) recovery by stripping follows the sequence HCl (82.33%) > H2O (75.09%) > H2SO4 (63.85%) > HNO3 (50.09%) > NaOH (30.33%) for Alamine 336 and HCl (74.02%) > H2SO4 (43.29%) > H2O (41.86%) > HNO3 (37.82%) > NaOH (36,19%) for TBP. The combination of TBP and Alamine 336 has an antagonistic effect on zinc extraction. The negative values of the thermodynamic parameters ΔG° and ΔH° indicate spontaneous, exothermic processes. The Pb(II)/Zn(II) separation is in favor of lead for synthetic solutions and from gold cementation on zinc chips.
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1. INTRODUCTION

Since the 1960s, environmental degradation due to heavy metal pollution has become a major issue for our societies. Pollution is characterized by the harmful alteration of natural environments, affecting their physical, chemical or biological properties. Among its various forms, heavy metal contamination poses a particularly serious threat due to its high toxicity, persistence in the environment and tendency to accumulate in living organisms. 
Heavy metals, such as lead (Pb), zinc (Zn), mercury (Hg), copper (Cu), nickel (Ni), arsenic (As) and cadmium (Cd), are mainly released by industrial, agricultural and urban activities (Angon et al., 2024). Their presence in the environment can have direct or indirect harmful effects on human health and the balance of ecosystems (Jomova et al., 2025; Laoye et al., 2025).
Metallic contamination of aquatic ecosystems represents a major environmental issue, and is a growing concern in the scientific community (Saravanan et al., 2024; Hama et al., 2023). This form of pollution is considered one of the most worrying for receiving environments, due to its persistence and toxicity (Dagdag et al., 2023).
Its deleterious effects can compromise the ecological balance and lead to critical situations for biodiversity. 
Many researchers report the procedures for the zinc extraction and other metals from industrial wastes. The process of zinc recovery depends on the speciations in which it occurs and, on its concentrations (Binnemans et al., 2020; Ozturk, 2025).  
However, solvent extraction has been proposed to selectively recover zinc using many extractants (Kani et al., 2021). This process has become a safe and reliable technique for trapping and eliminating heavy metal or trace metal element (TME) pollution. (Soukeur et al., 2021; Shofia et al., 2025). Thus, zinc from leachates can be recovered using various methode like electrolysis, crystallization, and precipitation of metals ((Ružičková et al., 2025).
Throughout the development of this technique, various types of organic extractants have been used. Some of these extractants are used in fields as diverse as hydrometallurgy, medicine and the military for the purification and enrichment of certain so-called strategic metals.
[bookmark: _Hlk218457454]For example, Alamine 336, a tertiary amine, is used in a variety of industrial applications, including the extraction of uranium and cobalt (Yildiz et al., 2016). In addition to tertiary amines, other extractant like green ionic liquid-based ligands and organophosphorus extractants are nowadays the extractants of choice for the extraction and separation of various metals (Hosseini, 2025; Housseini et al., 2025).  ionic liquid-based ligands are eutectic molten salts composed of large, asymmetric organic cations paired with organic or inorganic anions. These compounds like Aliquat 336 are gaining recognition as green solvents due to their unique properties, including negligible volatility, thermal stability, and non-flammability (Hosseini and Khoshfetrat, 2024). 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 (Hosseini et al., 2022). Also, TBP (Tributylphosphate) is a neutral organophosphorus extractant, commonly used in the nuclear sciences for purification (Annam et al., 2018).
The work we present here is part of this approach, and has the general objective of extracting zinc using Alamine 336 and TBP. Specifically, the aim is to determine the optimum conditions for extraction, as well as the aqueous environment for zinc, by studying the effects of various parameters. The use of Pourbaix and speciation diagrams will provide a better understanding of the types of complexes formed in the organic phases.


2.  methodology

2.1. Reagents 

ZnSO4 was obtained from Analar Normapur and PbCl2 from Merck. The stock of solution of 500 mg/L of zinc and lead were prepared by dissolving an appropriate amount of metal salt in deionized water and acidified with concentrated HCl (from Merck) to prevent hydrolysis. Ammonia (NH3) (from Merck) and hydrochloride acid (from Merck) solutions were used to adjust pH of the solutions. NH4Cl, Na2CO3, Na2S2O3, NaCl, NaClO, Na2SO4 et NaHCO3, were provided by Gatt-Koller and Arsenazo (III), Dithizone, tetrachloromethane (CCl4) were supplied by Merck. 
Alamine 336, Tributylphosphate (TBP((C4H9O)3PO)), para-tert-butylcalix[4]arene and dibenzo-crown-6 (DB18C6), were produced by BASF, Merck and Fluka respectively. Toluene, kerosene, heptane and DiisobutylKetone (DIBK) were used as diluent and were provided by Merck. All chemicals and reagents used in this work 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
Solvent extraction involves contacting an aqueous phase containing metal cations (Zn2+) with an organic phase containing the extractant (TBP, Alamine 336). Thus, 10 mL of the aqueous phase and 10 mL of the organic phase were brought into contact for 5 minutes (Alamine 336) and 10 minutes (TBP) until hydrodynamic equilibrium was reached. The two phases were separated by decantation. In order to optimize extraction, the influences of several parameters were studied, namely stirring time, metal concentration, extractant concentration, pH effect, diluent effect, ionic strength effect, extractant effect, synergistic study and temperature effect.
The stripping experiments were carried out using various mineral acids (HNO3, H2SO4, and HCl) at 0.5 M, H2O and NaOH at 0.5 M. The concentrations of zinc and lead ions in aqueous solutions before and after extractions were determined at 535 nm with Dithizone and 665 nm with Arsenazo (III) for zinc and lead respectively using JENWAY 6705 UV-Visible spectrophotometer. 
The distribution coefficient (D) and the extraction percentage (E) were calculated from equation (1) and equation (2) respectively (Vander Hoogerstraete et al., 2018; Bai et al., 2024):
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.

3. results and discussion

[bookmark: _Hlk216024757]3.1. Effect of extraction time
The kinetics of Zn2+ ion transfer between the organic and aqueous phases were studied to determine the best contact time required to reach extraction equilibrium. The aqueous phase was titrated to 500 ppm Zinc and pHi = 2. The concentration of Alamine 336 and TBP in the organic phase is 10-3 M. Extraction was carried out at 30°C. The results obtained are shown in Fig.1.


[bookmark: _Toc217147510]Fig.1. Kinetic curve for Zn2+ extraction with Alamine 336 and TBP.
([Zn2+] = 500 ppm ;[Alamine 336]= [TBP]= 10-3M; Vaq = Vorg = 10 mL ; pHi = 2 ; T = 303 K)
[bookmark: _Toc217661718]
It can be seen that the highest extraction percentage is obtained at t = 5 minutes with Alamine 336 and t = 10 minutes for TBP. A clear regression in extraction percentage is observed from 10 minutes for Alamine 336 and 20 minutes for TBP, with a plateau forming up to 40 minutes. This result suggests that the rate of formation of the metal-ligand complex becomes constant and extraction equilibrium is reached.
3.2. Effect of metal concentration
The concentration of Alamine 336 and TBP in the organic phase was set at 10-3 M and pHi = 2. The effects of varying the Zn2+ ion concentration on the extraction percentage were carried out by varying the metal ion concentrations from 50 to 1000 ppm. Fig.2. illustrates the results obtained.


[bookmark: _Toc217147511]Fig.2. Effect of varying Zn2+ ion concentration on extraction.
([Zn2+] = 500 ppm ; [Alamine 336] = [TBP]= 10-3M ; Vaq = Vorg = 10 mL ; pHi = 2 ; t = 10 min ; T = 303 K)
[bookmark: _Toc217661719]The highest extraction rate is obtained for a Zn2+ concentration of 50 ppm, with 91.35% and 84% for TBP and Alamine 336 respectively. These extraction percentages decrease progressively from 50 ppm to 39.3% (TBP) and 34.4% (Alamine 336) for a Zn2+ concentration of 1000 ppm. Extraction percentages for both extractants decrease with increasing Zn2+ metal ion concentration. This would appear to be due to saturation of the complexation sites and disruption of the solvation equilibrium in the organic phase, making extraction less favorable for concentrations exceeding 50 ppm. Similar results have been reported by (Gangazhe et al., 2025) on the extraction of zinc from liquids with a high chloride ion content.
3.3. Effect of pH 
The influence of the pH of the aqueous phase on the extraction of Zn2+ ions was studied by varying the pH between 1 and 5 by adding appropriate quantities of hydrochloric acid (to lower the pH) and ammonia (to raise the pH) of the aqueous phase. Fig.3. illustrates the results obtained. The aim of this study was to increase the extraction percentage for a 1000 ppm solution. Thus, the highest extraction percentage is obtained at pH = 1 and decreases from pH = 2. This result would appear to be due to the chloride ion concentration of the aqueous phase.
In fact, in acid solutions rich in chloride ion, the zinc speciations are, ,  and  , as shown in Fig.4. and Fig.5. Alamine 336, an anionic extractant, extracts zinc in its anionic or  . TBP, a neutral extractant, will complex zinc in its neutral form. These results will be confirmed or refuted by the slope method. Similar results have been reported by (Lum et al., 2013).



[bookmark: _Toc217147512]Fig.3. curve showing the effect of pH on zinc extraction.
([Alamine 336] = [TBP]= 10-3M ; Vaq = Vorg = 10 mL ; pHi = 2 ; t = 10 min ; T = 303 K)
[image: ]
[bookmark: _Toc217147513]Fig.4. Zinc E-pH diagram.
[image: ]
[bookmark: _Toc217147514][bookmark: _Toc217661720]Fig.5. Speciation diagram of ZnCl2 solution at 303 K.

[bookmark: _Toc217661721]3.4. Effect of ligand concentration 
3.4.1. TBP
The Zinc ion concentration was set at 1000 ppm, and the extractant concentration (TBP) was varied from 10-1 mol/L to 10-6 mol/L. The results show that the extraction percentage increases with increasing extractant concentration. The study of Zinc-TBP complexation will provide further confirmation of the extraction process. The theoretical equilibria for the formation of Zn2+ complexes can be described by the following equations:
        					(3)
where,  the complex of Zn(II) with TBP in the organic phase.
The equilibrium Keq 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 (7):
= n                                                                                             		(7)


[bookmark: _Toc217147515]Fig.6.  Variation of logD as a function of log[TBP] for zinc (II) extraction.
The stoichiometry of metal-extractant complexation was determined graphically using the slope analysis method. As shown in Fig.6., the graph of logD versus log[TBP] increases and follows an equation: y = 1,9169x + 1,5122 (R2 = 0,99). 					(8)
This result shows that during zinc extraction, two TBP molecules complex with one zinc atom (Salardini et al., 2009). Thus, the extraction reaction can be described by the following equation:
     					(9)
[bookmark: _Toc217661722]3.4.2. Alamine 336
Alamine 336 is an anionic extractant. The theoretical equilibrium reactions for the formation of Zn2+ complexes can be illustrated by the following equation:
In a strongly acidic environment, Alamine 336 first undergoes protonation according to equation:
        				           (10)
  +  m      		           (11)
where,   the Zn(II) complex with Alamine 336 in the organic phase.
The Keq balance equation can be written as follows:
 							           (12)
with                                                      		           (13)
Thus, the logarithm of the second part of equation (18) gives:
 +  n log[]					           (14)			     
Finally, the derivatives on both sides of equation (14) give the estimated values of n and m, as shown in expressions (15) and (16):
=   m		(15)		=   n	           (16)


[bookmark: _Toc217147516]Fig.7. Variation of logD as a function of chloride ion concentration.


[bookmark: _Toc217147517]Fig.8. Variation of logD as a function of log[Alamine 336].
The equation of the curve is y = 2,2313x + 0,6299 (R2 = 0,99)			           (17)
Determination of the stoichiometric coefficients (m and n) and the extraction equilibrium reaction was carried out by studying the concentration of Cl- ions in the aqueous solution and the concentration of Alamine 336 in the organic phase. The coefficients of the reaction can be determined by analyzing the graphs in Fig.7. and Fig.8. Fig.7. shows the variation of log D as a function of log[Cl-]. A slope of 1.9 (R2 = 0.98) is obtained, indicating that two chloride ions (Cl-) (n = 2) surround the zinc ion during complexation. Fig.8. shows the variation of log D as a function of the logarithm of Alamine 336 concentration. A straight line with a slope of 2.231 (R2 = 0.99) is obtained, suggesting that two extractant molecules are involved in zinc complexation (m = 2) (Stasiak et al., 2016). According to these results, the extraction reaction can be described by the following equation:   
  +  2      		           (18)

3.5. Spectroscopic study of complexes obtained by FTIR (Fourier Transform Infrared Spectroscopy)
To better understand the zinc (II) extraction process, FTIR studies were carried out on organic solutions of Alamine 336 and TBP. The distinction of functional groups is illustrated in Fig.9. and Fig.10. for Alamine 336 and TBP respectively. The analysis shows that the peaks observed around 2855 cm-1 and 2870 cm-1 respectively for Alamine 336 and Alamine 336-zinc are attributed to the stretching vibrations (C-H) of numerous methyl (-CH3) and methylene (-CH2) groups. The peaks observed between 1461 cm-1 and 1490 cm-1 are attributed to bending vibrations (N-CH2). The peak at 1095.83 cm-1 in Alamine 336 due to stretching vibration (-C-N) was shifted to 1080 cm-1 in the case of Alamine 336-zinc, indicating complexation between zinc and Alamine 336 (Liu et al., 2018).


[bookmark: _Toc217147518]Fig.9. FTIR spectrum of Alamine 336 before and after zinc extraction.


[bookmark: _Toc217147519]Fig.10. FTIR spectrum of TBP before and after zinc extraction.

For the FTIR spectra of TBP and TBP-zinc, the peaks observed in the 1200 cm-1 to 1350 cm-1 regions are attributed to stretching vibrations of the (P=O) groups. (C-H) bond vibrations are observed between 2800-3026 cm-1. The band around 1080 cm-1 is attributed to (P-O-C) bond vibrations. The decrease in peak intensity around 1260 cm-1 is attributed to the complexation of zinc by TBP. Indeed, it has been shown that the P=O bond of TBP can be weakened to reduce its vibrational frequency when an atom is extracted (Chikineva et al., 2025).
Structures can thus be proposed for the complex formed in organic solutions.
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[bookmark: _Toc217147520][bookmark: _Toc217552369][bookmark: _Toc217661724]Fig.11. Optimized structures of [] et [].

3.6. Effect of the diluent
The effect of diluent was studied and Fig.12. illustrates the effects of diluent (toluene, heptane, diisobutylketone (DIBK) and kerosene) on the percentage zinc extraction by Alamine 336 and TBP.


[bookmark: _Toc217147521]Fig.12. Evolution of efficiency as a function of diluent variation. 
(Vaq = Vorg= 10 mL ; t = 10 min ; [extractant] = 10-3 mol/L ; [Zn2+] = 1000 ppm ; pH = 2 ; T = 303K)
[bookmark: _Toc217661726]Analysis of Fig.12. shows that Zn2+ extraction depends on the nature of the diluent. Indeed, the different extraction efficiencies show that extractability ranges according to the following order: Kerosene > Diisobutylketone > Heptane > Toluene. These results appear to be due to the difference in interfacial tension between the diluents and the aqueous phase. Ranking these diluents according to their separating power or interfacial tension shows that the higher the interfacial tension, the higher the diluent's solubilizing power for cations. These different parameters indicate that for Zinc extraction efficiency, kerosene is preferable due to its high interfacial tension, which makes it a good separator (Ajiboye et al., 2024).
3.7. Effect of ionic strength
The effect of ionic strength was studied using six (6) salts at a concentration of 5.10-2 M. The extraction results for the effect of ionic strength are shown in Fig.13.


[bookmark: _Toc217147522]Fig.13. Effect of salt on zinc extraction.
[bookmark: _Hlk205923160][bookmark: _Hlk216745435](Vaq = Vorg = 10 mL ; t = 10 min ; [Extractant] = 10-3 M ; [Zn2+] = 1000 ppm ; pH = 2 ; T = 303 K)
The results presented in Fig.13. show that sodium bicarbonate (Na+)  and sodium hypochlorite (Na+ClO-) are the best salts for extracting zinc with Alamine 336, with extraction yields in excess of 99%. For the extractant (TBP), the best extraction salts are sodium chloride (Na+Cl-) and sodium thiosulfate (2), also with extraction percentages in excess of 99%. Zinc extraction efficiency depends on the nature of the background salt used during extraction. 
Following this extraction sequence:
Alamine 336:   ≈ ClO- >   >  >   > ;
TBP:  ≈ > > ClO- > >;
Thus, according to Hofmeister's series, the general order is as follows: > K+ > Na+ > Li+ > Ca2+ > Mg2+ for cations and  > >  >  >  > F- > Cl- > Br- >  > I- >  > SCN- for anions, adding Na2CO3, Na2S2O3, NaCl, NaClO, Na2SO4 and NaHCO3. 
Salts increased the solubility of metal complexes. The significant influence of hydrogen carbonate ions (), hypochlorite (ClO-) for Alamine 336 and chloride ions (Cl-), thiosulfate ions () for TBP on Zn(II) extraction showed a salting-in effect. Many authors have reported similar results concerning the effect of salts as a function of the Hofmeister series (Dupond et al., 2015; Kang et al., 2020; Chaibou et al., 2023).
3.8. Stripping
The stripping was carried out by contacting the organic phase containing the extractant-zinc complex with a new aqueous phase consisting of various mineral acids (HNO3, H2SO4, and HCl) at 0.5 M, H2O or NaOH at 0.5 M. Fig.14. shows the experimental results obtained. 


[bookmark: _Toc217147523][bookmark: _Hlk216747475]Fig.14. Effect of stripping solutions on the zinc recovery.
(Vaq = Vorg = 10 mL; t = 10 min ; [Extractant] = 10-3 M ; [Zn2+] = 50 ppm ; pH = 2 ; T = 303 K)
Analysis of the diagram shows that the percentage of zinc stripping increases in the following sequence: HCl (82.33%) > H2O (75.09%) > H2SO4 (63.85%) > HNO3 (50.09%) > NaOH (30.33%) for Alamine 336. HCl (74.02%) > H2SO4 (43.29%) > H2O (41.86%) > HNO3 (37.82%) > NaOH (36.19%) for TBP. Stripping is better in acidic and aqueous media, as a strong supply of H+ protons helps to break down the complexes and facilitate the return of zinc to the aqueous phase. Achieving these results is crucial to creating a concentrated zinc solution ready for purification or electrowinning. This step also makes it possible to recycle the organic solvent and recover the valuable zinc as pure metal, often forming zinc amine, sulfate or chloride complexes in the stripping solution (Mishonov et al., 2004; Bartkowska et al., 2002).

3.9. Effect of extractant types
Extraction was performed using several types of extractants on the extraction efficiency of zinc by Alamine 336, TBP, para-tert-butylcalix[4]arene and Dibenzo-crown-6. The results are shown in Fig.15.


[bookmark: _Toc217147524]Fig.15. Effect of extractant type on zinc extraction.
(Vaq = Vorg = 10 mL; t = 10 min; [Extractant] = 10-3 M; [Zn2+] = 50 ppm; pH = 2; T = 303 K)
TBP gave the highest extraction percentage with E = 91.34%, followed by Alamine 336 with E = 84%, para-tert-butylcalix[4]arene and dibenzo-crown-6 with E ≈ 75%. This difference in extractability is indeed linked to the mechanism involved in zinc complexation. For Alamine 336 the mechanism is based on ionic complex formation, where Alamine 336 (an anion exchanger) forms a lipophilic complex with the zinc anion while TBP, as a neutral extractant, forms coordinative complexes with zinc ions. However, for DB18C6 and para-tert-butylcalix[4]arene, the mechanism depends on the cavity of the extractant and the cationic diameter of the zinc. Thus, the main mechanism involved is coordination complexation and encapsulation via the host-guest effect, where DB18C6 and para-tert-butylcalix[4]arene act as macrocyclic receptors that recognize and sequester the zinc ion in their cavities via functional groups (Mohammed et al., 2024).
3.10. Synergistic effect
Synergy is a technique for boosting the performance of hydrometallurgical processes by creating more efficient and selective extraction systems. The evolution of the extraction coefficient of Zn(II) by Alamine 336 and TBP was studied separately, as well as their mixture. Fig.16. illustrates the results obtained.


[bookmark: _Toc217147525]Fig.16. Synergistic effect of Alamine 336 and TBP on zinc extraction.
(Vaq = Vorg = 10 mL ; t = 10 min ; [Extractant] = 10-3 M ; [Zn2+] = 50 ppm ; pH = 2 ; T = 303 K)
These histograms show that the distribution coefficient of the mixture of two extractants (D1(Alamine 336) and D2 (TBP)) is lower than the sum of the distribution coefficient of each extractant taken separately, illustrating an antagonistic effect on zinc extraction. The determination of the synergy coefficient Cs is negative, which also suggests that the mixture of two extractants has an antagonistic effect. Indeed, this antagonistic effect would appear to be due to interference between the two extractants, where Alamine 336 (anionic) interferes with the TBP mechanism (neutral), creating less stable metal-ligand complexes (Nguyen et al., 2020).
3.11. Effect of temperature
[bookmark: _Hlk216793584]In solvent extraction, temperature is an important parameter in the formation and stability of metal-ligand complexes. Zinc (II) extraction reactions with Alamine 336 and TBP were carried out over a range from 303 to 333 K. The results show that the percentage extraction of zinc (II) decreases significantly with increasing temperature for both extractants.
This approach, based on thermal variation, is also a classic method for calculating the thermodynamic data of complexes formed during extraction. The characteristic quantities standard enthalpy change (ΔH°), entropy change (ΔS°) and Gibbs standard free energy change (ΔG°) are defined as follows:
ΔG° = - 2.303RTlogKeq								          (19)
ΔG° = ΔH° - TΔS°							 	          (20)

The variation of the equilibrium constant (Keq) as a function of temperature is expressed by Van't Hoff's equation:
logKeq =   							          (21)
The logKeq values can be calculated using equations (6) and (14), respectively for the reactions of Alamine 336 and TBP.


[bookmark: _Toc217147526][bookmark: _Hlk216794647]Fig.17. Effect of temperature on zinc extraction. 
(Vaq = Vorg = 10 mL ; t = 10 min ; [Extractant] = 10-3 mol/L ; [Zn2+] = 1000 ppm ; pH = 2)
[bookmark: _Hlk216794744]The results are shown in Fig.17. The graph showing log D as a function of 1000/T shows a good correlation. Based on the slope and y-intercept values, ΔH°, ΔS° and ΔG° can be calculated using equation (19). The thermodynamic values are listed in Table 1. The ΔG° values for Zn(II) ion extraction are all negative, indicating that the reactions of Zn(II) with Alamine 336 and TBP are spontaneous under these conditions. The negative ΔH° values of the Alamine 336-Zn (-22.13 kJ/mol) and TBP-Zn (-18.34 kJ/mol) complexes indicate exothermic processes. The ΔS° values of Zn(II) extraction with all extractants are negative. These results indicate a disorder-reducing reaction that may be due to the solvate structure of the complexes formed in organic solutions. Similar results have been reported by (Baba et al., 2011).


[bookmark: _Toc217147531]Table 1. Thermodynamic parameters for Zn(II) extraction.
	Complexes
	logKeq
	ΔH°(kJ/mol)
	ΔS°(J/mol.K)
	ΔG°(kJ/mol)

	TBP – Zinc
	1.51
	-18.34
	-31.61
	-8.76

	Alamine 336 – Zinc
	0.63
	-22.13
	-60.99
	-3.65



3.12. Separation factor
The separation factor of two or more metals in solvent extraction measures the efficiency of the process for their separation by comparing their distribution coefficients. An aqueous solution of (Pb2+ and Zn2+ at 500 ppm) was prepared and brought into contact with an organic solution containing the 10-3 M extractant. Table 2 shows the results obtained.

[bookmark: _Toc217147532]Table 2. Separation factor between Pb2+/Zn2+.
	Extractant
	Metal
	E(%)
	Distribution coefficient
	Separation Factor

	Alamine 336
	Pb2+
	99
	0.99
	99

	
	Zn2+
	1
	0.01
	

	TBP
	Pb2+
	99
	0.99
	99

	
	Zn2+
	1
	0.01
	



The separation factor is the ratio of two distribution coefficients given by equation 22:
β =     				           (22)
For the same concentration of Zn²⁺ and Pb²⁺, Alamine 336 and TBP are more selective for lead (II) than for zinc (II). The separation factor is significantly different from 1, so separation is easy.
[bookmark: _Toc217661733]3.13. Application of extractants to solutions resulting from the cementation of gold on zinc powder
3.13.1. Cyanide treatment
This process consists of separating the gold by immersing raw or crushed ore, including very low-grade ores and rejects from mercury treatments with a particle size < 100 μm, in an impermeable layer (waterproof membrane). A dilute solution of sodium cyanide (NaCN) is sprayed onto the heap at a rate of around 200 mL for a 200 L slurry, and as it percolates through the ore, it dissolves any gold present (Fig.18A). The mixture is left to stand for 3 to 4 days to dissolve (Klein et al., 2011). This is governed by the Elsner reaction: 
4 Au + 8 NaCN  + O2  + 2 H2O 4 Na[Au(CN)2] + 4 NaOH    		           (23)
The solution, which is said to be “supersaturated” with gold, is then directed to a basin, where it is pumped into columns where the gold is recovered by zinc shavings via the U-tube (Fig.18 B). The gold precipitates onto the surface of the zinc shavings, and the process is complete when the zinc has completely blackened (case-hardened). The reaction governing this mixture is as follows:
2 + Zn                  2Au   +  				           (24)
 (
B
) (
A
)[image: ][image: ]
[bookmark: _Toc147234032][bookmark: _Toc217147527][bookmark: _Toc217147533]Fig.18. (A) Heap leaching basin, (B) Collector pipe (U-shaped), loaded with zinc chips.

Table 3. Zinc and lead content of the carburizing solution.
	Extractant
	Metal concentration 
[Pb2+]i = 2 mg/L
[Zn2+]i = 32.48 mg/L
	E(%)
	Distribution coefficient
	Separation Factor


	Alamine 336
	[Pb2+] = 1.60
	20
	0.2
	666.66

	
	[Zn2+] = 32.47
	0
	0.0003
	

	TBP
	[Pb2+] = 1.80
	10
	0.1
	50

	
	[Zn2+] = 32.40
	0.25
	0.002
	



The application of Alamine 336 and TBP to case-hardening solutions shows an extraction selectivity of lead(II) over zinc(II). The low extractability of both extractants towards lead(II) and zinc(II) would appear to be due to the presence of other, more lipophilic metals saturating the complexation sites.

4. Conclusion

This work is part of a vast field of research into the extraction and separation of heavy metals. The study focused on the optimization of experimental conditions for the extraction of Zn(II) ions by TBP and Alamine 336. Extraction equilibrium kinetics were obtained at 5 and 10 minutes respectively for TBP and Alamine 336. The predominance and speciation of Zn(II) species were determined by studying E-pH and Medusa diagrams. These showed the following speciations, ,  and . Slope method analysis coupled with FTIR analysis showed that the complexes [] and [] were formed in the organic phases. The effect of diluent showed that the best extractibility was obtained with kerosene, with extraction percentages exceeding 80% for TBP and Alamine 336. The effect of ionic strength by adding Na2CO3, Na2S2O3, NaCl, NaClO, Na2SO4 and NaHCO3 at 5.10-2 M showed a salting-in effect with an increase in extraction percentage. An antagonistic effect was observed on Zn(II) extraction by the mixture (TBP + Alamine 36). Zn(II) recovery using stripping solutions gave the following extraction sequences HCl (82.33%) > H2O (75.09%) > H2SO4 (63.85%) > HNO3 (50.09%) > NaOH (30.33%) for Alamine 336. HCl (74.02%) > H2SO4 (43.29%) > H2O (41.86%) > HNO3 (37.82%) > NaOH (36.19%) for TBP. The thermodynamic study of the extraction equilibria gave a spontaneous and exothermic process for both extractants. The Pb2+/Zn2+ separation factor is in favor of lead for both synthetic and case-hardened solutions.
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