Comparison of the Extraction and Stripping Behavior of Iron (III) from Weak Acidic Solution Between Ionic Liquids and Commercial Extractants
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Abstract
Fe(III) can be easily extracted from weak acidic solutions by organophosphorus extractants, but stripping a large amount of Fe(III) from the loaded extractants is very difficult. The extraction and stripping of Fe(III) from 2 pH chloride and sulfate solutions was performed with ionic liquids(ILs) and organophosphorus acidic extractants, and the behaviors compared. As ionic liquids, two succinimides ([N88SA][C4min] and ([N88SA][C4Py]) were used, and bi-functional ionic liquids (Bif-ILs) synthesized from Aliquat336 and the organophosphorus acids Cyanex272, D2EHPA, and PC88A were employed. The extraction of Fe(III) by the ILs and extractants employed in this work was in the following order: organophosphorus extractants > Bif-ILs > succinimide ILs. The extraction of Fe(III) by succinimide ILs and Bif-ILs was higher from the chloride solution than from the sulfate one, while the nature of the medium had little effect on the extraction of Fe(III) by the organophosphorus extractants. FT-IR spectra confirmed the ion exchange mechanism of Fe(III) by the succinimide ILs. There was little difference in the stripping of Fe(III) by H2SO4 from the loaded Bif-ILs and the organophosphorus acids. However, stripping of Fe(III) from the loaded Bif-ILs using HCl did not readily occur. Fe(III) was readily stripped from the loaded [N88SA][C4min] and [N88SA][C4Py], and the HCl solution was more effective for stripping than H2SO4. [N88SA][C4min] is considered a promising new extractant for the recovery of Fe(III) based on its Fe(III) extraction and stripping behavior from weak acidic solution.
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1. INTRODUCTION
In hydrometallurgy, the presence of Fe(III) in the leaching solution poses some problems in the subsequent separation step of the metal ions [1-4]. Therefore, removing or recovering Fe(III) from the leaching solutions is very important. Several methods, such as precipitation and solvent extraction, have been employed for this purpose [5].
Fe(III) can be efficiently extracted from weak and strong acidic solutions by employing commercial extractants such as amines, TBP, acidic extractants, and their mixtures [1,5-9]. When the concentration of Fe(III) in a weak acidic leaching solution is high, complete stripping of large amounts of Fe(III) from the loaded acidic extractants is very difficult. However, a reducing agent can be added to the stripping solution to enhance the stripping of Fe(III) [9,10]. Therefore, the development of new extractants with good Fe(III) stripping ability is necessary.
Ionic liquids (ILs) can efficiently extract Fe(III) from strong hydrochloric acid. Examples include Aliquat336 (N-methyl-N,N,N-trioctylammonium chloride), Cyphos IL 101(trihexyl (tetradecyl)phosphonium), [C4mim][NTf2] (1-butyl-3-methylimidazolium bis(tri-flouromethan-esulfonyl)imide), Cyphos IL 104 (trihexyl(tetradecyl)phosphonium bis(2,4,4-trimethylp-entyl) phosphate) and others [11-18]. However, these ILs have some difficulty stripping a large amount of Fe(III).
In this work, two succinimide ILs and several Bif-ILs (R4NA) were employed to investigate their ability to extract and strip Fe(III) from chloride and sulfate solutions with an initial pH of 2.0. The two succinimide ILs employed in this work were 3-butyl-1-methyl-1H-imidazol-3-ium 4-(dioctylamino)-4-oxobutanoate ([N88SA][C4min]) and 1-butylpyridin-1-ium 4-(dioctylamino)-4-oxobutanoate ([N88SA][C4Py]). Bif-ILs were synthesized by reacting Aliquat336 (R4NCl) with organophosphorus acids such as Cyanex272 (H-Cy), D2EHPA (H-D2) and PC88A (H-PC). To the best of our knowledge, no work has been reported on the extraction of Fe(III) by these ILs, or comparisons of the extraction behavior of these ILs with commercial organophosphorus acids. The stripping of Fe(III) from the loaded ILs using H2SO4 and HCl solutions was also investigated.

2. EXPERIMENTAL
2.1 Reagents and Chemicals
The extractants, Aliquat336 (ALiCl, BASF Co., 93%), Cyanex272 (H-CY, Cytec Inc., 85%), PC88A (H-PC, Cytec Inc., 95%), and D2EHPA (H-D2, Cytec Inc., 95%) were used without any purification. Kerosene was used as a diluent. Succinimide ILs were synthesized according to the method reported in the literature [19]. Some amount of the prepared succinimide ILs were weighted and diluted in kerosene. The Bif-ILs solutions were prepared by diluting 1 M Bif-ILs, which were prepared by mixing 1 M Aliquat336 and 1 M organophosphorus acids in kerosene according to the method reported in the paper [20]. The structures of succinimide ILs and Bif-ILs are presented in Table 1.
Table 1. The structure of ionic liquids
	Succinimide ILs
	[image: ]
	
Bif-Ils

	[image: ]


R1, R2, R3, R4 denote n-butyl-, n-octyl-, 2,4,4-trimethylpentyl-, 2-ethylhexyl- groups, respectively.


The synthetic solutions of Fe(III) were prepared by dissolving appropriate amounts of FeCl3 (Duksan Pure Chemical Co., LTD, ≥ 97%) and Fe2(SO4)3×nH2O (Kanto Chemical Co., INC, 60-80%) in HCl and H2SO4 solutions, respectively. The pH value of the solution was adjusted by adding doubly distilled water to concentrated HCl (Daejung Co., > 35%) and H2SO4 (Daejung Co., > 95%) solutions.

2.2 Experimental procedure and analytical methods
The extraction and stripping experiments were carried out by mixing equal volumes of aqueous and organic phase (each 20 mL) in a screwed cap bottle for 30 minutes using a Burrell wrist action shaker (model 75, USA) at ambient temperature (22 ± 1 oC). The shaken solutions were allowed to stand in a glass separatory funnel for phase separation. The pH of the solution was measured by Orion Star thermal scientific pH meter (model A221, USA). The metal concentration in aqueous phase before and after extraction was determined by ICP-OES (Inductively coupled plasma-optical emission spectrometry, Spectro Arcos). A Fourier transform infrared (FTIR-Vertex 80 V, Bruker, Germany) spectrometer was employed to analyze the spectra of the reagents.
Extraction percentage (%E) was calculated from the concentration of metal ions in the aqueous phases before [M]i and after [M]aq extraction: %E=Mi-Maq×100Mi, assuming that there was no change in the volume of the two phases after extraction. The stripping percentage of metal was calculated as:  %stripping=Maq×100Morg, where [M]org. and [M]aq. are the concentration of metal in the loaded organic solution before and in aqueous phase after stripping, respectively.


3. RESULTS AND DISCUSSION
3.1 Extraction of Fe(III) by succinimide ILs
In order to investigate the extraction of Fe(III) by succinimide ILs, the initial concentration of Fe(III) was fixed at 100 ppm and the concentration of ILs in organic phase was controlled to 0.03 M by diluting with kerosene. In these experiments, the initial pH of the aqueous chloride and sulfate solution was adjusted to pH 2. In an extraction using ionic liquids, hydrogen ions can be extracted by the ionic liquids. Therefore, the pH of both the chloride and sulfate solutions was maintained at 2 to depress the extraction of hydrogen ions into the ionic liquids.
Figure 1 indicates that the extraction of Fe(III) from chloride solution by ILs was more efficient than that from sulfate solution, with 70.6 and 14.8% for [C4min][N88SA] and 80.4 and 23.5% for [C4Py][N88SA]. The ion exchange mechanism could be responsible for the extraction of Fe(III) in our conditions [21-23]. Differences in the structures of the cations in the ILs could lead to the difference in the extraction percentage of Fe(III). Moreover, the formation of FeCl2+ complexes in chloride solution might also affect the extraction [24]. In the case of extraction with [C4Py][N88SA] from chloride solution, an increase in equilibrium pH was observed, resulting in the formation of a Fe(III) precipitate. In terms of extraction percentage, a slightly higher extraction of Fe(III) from both the chloride and sulfate solutions was obtained with [C4Py][N88SA] than with [C4min][N88SA].
[image: Fig. 1.]
Fig. 1. Extraction percentage of Fe(III) in chloride and sulfate solution at pH = 2 by 0.03 M succinimide ILs.

The solvent extraction reaction of Fe(III) can be proposed as

(1)
Fe3+aq.+Cl-aq.+2R+B-org. = FeClB2org. + 2R+aq.

(2)
Fe3+aq.+3R+B-org. = FeB3 org. + 3R+aq.
where B- is the [N88SA]- ion, R+ are the [C4min]+ and [C4Py]+ ions

3.2 Analyzing the interaction between Fe(III) and succinimide ILs using FT-IR spectra
To analyze the interaction between the Fe(III) and ILs, the FT-IR spectra of the ILs and loaded phases were compared after the extraction of Fe(III) from the chloride and sulfate solutions. The analysis was mainly based on changes in the characteristic bands in the range of 1200-1900 cm-1, such as the C=O groups of amide and carboxylate, and the C=C of imidazolium and pyridinium cations. The frequencies of the characteristic vibrational bands in the analyses are presented in Table 2.
Table 2. Frequencies of characteristic vibrational bands of succinimide ILs and loaded phases after extraction of Fe(III) in kerosene
	ILs and loaded phases	C=O (amide groups) (cm-1)	C=C (cm-1)	C=O (carboxylate group) (cm-1)	C=O (carboxylate group) (cm-1)
	[C4min][N88SA]	1608.4	1576.2	1658.2	-
	FeCl3-[C4min][N88SA]	1608.4	-	1658.2	1715.9
	Fe2(SO4)3-[C4min][N88SA]	1608.4	-	1658.2	1715.9
	[C4Py][N88SA]	1608.4	1577.7	1648.9	-
	FeCl3-[C4Py][N88SA]	1608.4	-	1658.7	1714.8
	Fe2(SO4)3-[C4Py][N88SA]	1608.4	-	1658.7	1714.8



The peak at 1608 cm-1 is attributed to the stretching vibration of C=O, while the broad peaks at approximately 1577 cm-1 and 1658 cm-1 are the C=C of the aromatic ILs cations, and the C=O of the amide groups, respectively. The disappearance of the peak corresponding to C=C after the extraction of iron (III) (see Figs 2 and 3) indicates that an ion exchange occurs between Fe(III) and the cations in the ILs ([C4min]+ and [C4Py]+). Moreover, the change in the shape of peaks at 1658 cm-1 and the appearance of new peaks at 1715 cm-1 can be ascribed to the interaction between the Fe(III) and carboxylate groups. These results of the FT-IR spectra are in good agreement with Eqs. (1) and (2).
[image: Fig. 2.]
Fig. 2. The peaks of functional groups of spectra were modified.

[image: Fig. 3.]
Fig. 3. The peaks of functional groups of spectra were modified.


3.3 Extraction of Fe(III) by Bif-ILs
The extraction of Fe(III) by Bif-ILs such as ALi-Cy, ALi-D2, and ALi-PC was compared with the performance of individual extractants such Aliquat336, Cyanex272, D2EHPA, and PC88A. The concentration of extractants was fixed at 0.01M and that of Fe(III) was 100 ppm. However, the formation of an emulsion during shaking was observed, and thus 0.1 M NaCl was added to the aqueous phase to prevent this phenomenon.
Figure 4 shows that D2EHPA was the most efficient extractant among organophosphorus acids, with extraction percentages of 80.9 and 75.5% from the chloride and sulfate solutions. The extraction percentage of Fe(III) by the organophosphorus acids was in the following order: D2EHPA (pKa =3.24) > PC88A (pKa =4.51) > Cyanex272(pKa = 6.37) This observed order is in good agreement with the acid dissociation constant of the organophosphorus acids. Besides, at this weak acidic condition, there was not much difference in the extraction of Fe(III) from the chloride and sulfate solutions. Therefore, the solvent extraction reaction can be represented as [9,25-27]
[image: Fig. 4.]
Fig. 4. Extraction percentage of Fe(III) in chloride and sulfate solution at pH = 2 by 0.01 M organophosphorus acids.


(3)
Fe3+aq.+Cl-aq.+H2A2 org. = FeClA2org. + 2H+aq.

(4)
Fe3+aq.+3H2A2 org. = FeA3.3HAorg. + 3H+aq.
where HA represents organophosphorus acids.
Considering the structure of the Bif-ILs, they can act as either cationic or anionic extractants depending on the existence of metal ions in the aqueous phase, as well as interactions between the Aliquate336 cations and organophosphate anions in the organic phase, which are responsible for their extractability [28,29].
Figure 5 indicates that the extraction of Fe(III) by Bif-ILs and Aliquat336 was more effective from chloride media than from sulfate solution. The addition of NaCl into the aqueous phase can enhance the formation of Fe(III) complexes such as FeCl2+, FeCl3 and FeCl4-, which improves the extraction of Fe(III) [24,30]. On the other hand, the extractability of Fe(III) by Bif-ILs was similar to that of the corresponding organic acids. The extraction percentage of Fe(III) by Ali-D2 was lower than that obtained with D2EHPA. The extraction mechanism could be proposed as:
[image: Fig. 5.]
Fig. 5. Extraction percentage of Fe(III) in chloride and sulfate solutions at pH = 2 by 0.01 M Bif-ILs and Aliquat336.


(5)
Fe3+aq.+3Cl-aq.+ALi+A-org. = FeCl2Aorg. + ALi+Cl-orq.

(6)
Fe3+aq.+3Cl-aq.+ALi+Cl-org. = FeCl4·ALiorg.
where ALi is the Aliquat336 ion, A- are anions of the organophosphates.

3.4 Stripping of Fe(III)
To investigate the stripping behavior of Fe(III) from the various types of organic phases, 3 M H2SO4 and 3 M HCl were employed as the stripping solutions. When stripping Fe(III) using 3 M H2SO4, there was little difference in the percentage of Fe(III) stripped from loaded organophosphorus acids and Bif-ILs (see Figs 6. and 7.). This result is in a good agreement with the proposed solvent extraction reactions.
[image: Fig. 6.]
Fig. 6. Stripping of iron from the loaded organophosphorus acids by 3 M H2SO4.

[image: Fig. 7.]
Fig. 7. Stripping of Fe(III) from the loaded ILs by 3 M H2SO4.

For the succinimide ILs, Fe(III) was more easily stripped from loaded [C4min][N88SA] than from [C4Py][N88SA]. It is notable that only a small amount of Fe(III) was stripped from loaded Aliquat336, which might be due to the occurrence of strong interactions between the Aliquat336 and iron complexes. On the other hand, the percentage of Fe(III) stripped from the loaded phases extracted from chloride media was higher than that from sulfate media. These features might be due to the formation of stable iron complexes in the chloride solution. The stripping reaction can be presented as

(7)
FeA3 · 3HAorg.  + 3H+aq. = Fe3+aq.+ 6HAorg.

(8)
FeB3 org. + 3H+aq. = Fe3+aq. + 3HBorg.

(9)
FeClA2org. + 2H+aq. = FeCl2+aq.+2HAorg.

(10)
FeClB2org. + 2H+aq. = FeCl2+aq.+2HBorg
where A- and B- are anions of organophosphorus acids and succinimide ILs
Figures 8 and 9 show that stripping Fe (III) from loaded phases using 3 M HCl was better than using 3 M H2SO4, except for Bif-ILs and Aliquate336. Besides, the stripping from loaded phases extracted from sulfate solutions was higher than that from chloride solutions. This might be due to the formation of iron complexes in the concentrated HCl solution, which can enhance the stripping of Fe(III). It is notable that the stripping of Fe(III) from the loaded succinimide ILs exceeded 90%, whereas Fe(III) was not easily stripped from loaded Bif –ILs. This might be attributed to the back extraction of Fe(III) during stripping by the formation of FeCl3 or FeCl4- complexes in the concentrated HCl. The stripping reaction could be written as
[image: Fig. 8.]
Fig. 8. Stripping of Fe(III) from the loaded organophosphorus acids by 3 M HCl.

[image: Fig. 9.]
Fig. 9. Stripping of Fe(III) from the loaded ILs by 3 M HCl.


(11)
FeClA2org. + 2H+aq.+nCl-aq. = FeCln+1 aq. + 2HAorg.

(12)
FeClB2org. + 2H+aq.+nCl-aq. = FeCln+1 aq + 2HBorg
Thus, [C4min][N88SA] can be considered an efficent extractant for the recovery of Fe(III), with good extractability and easy stripping using HCl and H2SO4 solutions.


4. CONCLUSIONS
Two new succinimide ILs, [C4mine][N88SA] and [C4Py]][N88SA] and several Bif-ILs were employed to recover Fe(III) from chloride and sulfate media in weak acidic solutions. The results showed the presence of chloride ions in the aqueous solution enhanced the extraction of Fe(III) by ILs. However, chloride ions did not affect the extraction of Fe(III) by organophosphorus acids. The extractability of Fe(III) by extractants was in the order: organophosphorus acids > Bif-IL > succinimide ILs. The ion exchange mechanism for the extraction of Fe(III) by the succinimide ILs was confirmed by analyzing FT-IR spectra of the organic phase before and after extraction. The loss of succinimide ILs components was observed, which should be circumvented.
The stripping of Fe(III) from loaded organophosphorus acids, Bif-ILs, and succinimide ILs by H2SO4 showed good effectiveness. Fe(III) was easily stripped from loaded organophosphorus acids and succinimide ILs by HCl, whereas the stripping of Fe(III) from the loaded Bif-ILs was very difficult. Our results show that [C4mine][N88SA] can be employed for the recovery of Fe(III) from chloride and sulfate media, based on extraction and stripping performance. Based on the experimental results, Bif-ILs can be considered an efficient extractant for the recovery of iron(III). Succimide ILs are promising extractants for the recovery of iron, based on their excellent stripping performance. However, before the application of succimide ILs, further work will be needed to commercialize their synthesis at a reasonable price.
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