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Abstract:



Electrical and electronics equipment and automotive and industrial catalysts are some examples of top technological devices whose functioning rely on the use of platinum-group metals (PGMs). The PGMs’ high economic value and difficult to replace technological properties, together with their scarcity in the Earth’s crust, justify concerns about their critical condition and reinforce the importance of developing recycling practices for PGM end-of-life materials. This article presents and discusses recent advances regarding the use of hydrometallurgical solvent extraction to recover one PGM, palladium, from spent catalysts. Two different tendencies are implicit in the literature concerning Pd(II) extraction: a few groups focus on the adjustment and optimization of current commercial extractants, while others prefer to design new extracting compounds. Actually, the leach solutions obtained from the treatment of anthropogenic materials generally exhibit different compositions when compared to those coming from the primary resources. The pros and cons of both approaches are critically discussed, and the assumptions backing some of the reported achievements are also appraised.
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1. Introduction


The mineral deposits of platinum-group metals (PGMs) are generally limited in the Earth’s surface, and their relative geographical abundance is unevenly distributed worldwide. Accordingly, South Africa (95%) and Russia (2%) are the almost exclusive primary producers of platinum, palladium, and rhodium [1].



PGMs are considered critical raw materials in the last European Union report on the subject, since they are likely to exhibit small deficit supplies in 2020 [2]. This situation arises from the PGMs’ extensive applications, ranging from electrical and electronics equipment to automotive and industrial catalysts, passing through their use in fuel cells, in medicinal and dentistry materials, and in jewelry [3]. The PGMs’ unique properties of good thermal and electrical stability, resistance to corrosion, and low chemical reactivity justify their hard replacement in several utilizations, the wider PGMs application being related with their intrinsic catalytic activity [3]. To prevent ore exhaustion due to current and short-term PGMs demand, and to contribute for the environmental preservation of the planet, the development of recycling practices applied to end-of-life materials containing PGMs (so-called urban mining) is compulsory. The economic factors cannot be neglected as well [4].



Solvent extraction (SX), also known as liquid-liquid extraction, is the conventional unit operation often applied to separate, purify, and concentrate PGMs from leaching solutions when hydrometallurgical recycling is considered [5]. Accordingly, the development of integrated environmentally friendly and cost-effective hydrometallurgical processes for PGMs recycling are usually supported on this separation technique.



Hydrometallurgical SX basically includes an extraction and a stripping stage. In extraction, the feed aqueous phase contacts with an efficient and selective extractant (the component of the organic solvent able to chemically interact with the metal species to be recovered through the formation of ion-pairs, by complexation or by solvation). The loaded solvent is then equilibrated with a stripping aqueous medium, causing the transfer of the metal to the new aqueous solution—Figure 1. Prior to the stripping step, and if some undesired contaminants accumulate in the solvent, contact with a scrubbing solution may additionally be included [5]. Successful SX schemes effectively separate the metal of interest from the impurities, left in the raffinate, and also allow the reutilization of the solvent in successive extraction-stripping cycles, meaning that the solvent did not suffer degradation.


Figure 1. The solvent extraction scheme applied for metals recovery.
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The distribution ratio (D) is one of the main parameters used to evaluate the efficiency of a liquid-liquid extraction process and is defined by the International Union of Pure and Applied Chemistry (IUPAC) as the “total analytical concentration of a substance in the organic phase to its total analytical concentration in the aqueous phase, measured at equilibrium”. To assess the selectivity of a SX system for the metal A over the metal B, for instance, the separation factor (SF or β) of A towards B is defined as DA/DB [5].



A final recovery stage is then necessary to obtain the purified end-product, which can be the metal itself or a salt containing the metal.



There is more interest in the recycling of platinum, palladium, and rhodium from the urban mining, since these three PGMs have a larger worldwide utilization (particularly the former two [3]). Chloride media is traditionally used to solubilize the PGMs, as these solutions show a better performance than others (e.g., nitric or sulfuric acids) [5]. The predominating chlorocomplex species found in acidic and concentrated chloride media for Pt, Pd, and Rh are typically [PtCl6]2−, [PdCl4]2−, and [RhCl6]3−, respectively [5,6,7]. Rh(III) SX is very difficult [8], and the separation of Pt(IV) from Pd(II) is also challenging, as both metals are often co-extracted [5,6,7]. Pt(IV) is almost exclusively recovered through ion-pairs ([PtCl6]2− is inert, being extracted as such), and Pd(II) can be removed either by the formation of ion-pairs and/or by complexation [6,7].



Palladium displays the highest supply and demand values within the above mentioned PGMs [3]. This review comments on the most recent research findings focusing on the SX of Pd(II) from chloride solutions, particularly those envisaging the application of SX systems to the leaches coming from the hydrometallurgical treatment of catalysts, either automotive or industrial, and critically discusses some dubious claims and assumptions found in the literature.




2. Solvent Extraction of Palladium(II)


2.1. Commercial Extractants


The commercial compounds mostly used for Pd(II) recovery by SX are amines, for instance Alamine 300 [9], Alamine 308 [10], Alamine 336 [11], and quaternary ammonium salts, e.g., Aliquat 336 [12]. These extractants have been employed individually or mixed with solvating extractants like tri-n-butylphosphate (TBP) [10,13], tri-n-octylphosphate (TOP), or methylisobutylketone (MIBK) [13]. Moreover, binary extractants based on trioctylammonium chloride and Cyanex 301 (an organophosphorus acid) [14] or dinonylnaphthalenesulfonic acid [15], as well as the hydroxyoxime derivative LIX84I [16,17] have also been investigated. Organophosphorus esters such as Cyanex 921 [18], Cyanex 923 [19], Cyanex 471X [20], and TBP alone [21] have been reported as adequate for extracting Pd(II). A few commercial ionic liquids (ILs), e.g., Cyphos 101 [22,23,24,25,26], Cyphos 102 [24,26,27], Cyphos 104 [23,24,28], Cyphos 105 [26], and hexadecylpyridinium chloride [29] and the two low-toxic fungicides propiconazole and penconazole [30] have been claimed as promising Pd(II) extractants as well.



Amines and ammonium salts typically extract Pd(II) through ion-pairs; accordingly, its separation from Pt(IV) is not easily affordable. A few publications cited above actually aim to achieve the separation of Pt(IV) and Pd(II) [9,13], but the co-existence of Pt and Pd in catalysts urban mining is nevertheless becoming rare. The most recent automotive catalysts mainly contain Pd [4], and its mixtures with Rh are now less frequent. Additionally, industrial catalysts do not usually mix Pt and Pd. The most challenging task in the recovery of Pd from the catalysts is its separation from other metals present in high-fold excesses, such as Al and/or Ce. Even for optimized leaching conditions, there are always excess concentrations of contaminants that may turn the selective recovery of Pd(II) a difficult accomplishment.



This article is not meant to present an exhaustive revision of the literature on the subject, but the sampling of works cited above points out to a general tendency: Any concerns in applying the developed process schemes to the recovery of Pd(II) from catalyst solutions showed up in only a few publications. Furthermore, a recurrent problem in the problematics of PGMs SX is that authors claim the development of promising process schemes that were achieved with model solutions. Of course, such an approach is necessary to investigate and find the best conditions that should be adopted, but in the majority of the cases, authors propose the optimized schemes without testing them with real leaching solutions, and this an important drawback against the advance of knowledge in this field. The point is that real conditions are often more adverse than the simulated ones, as the undesired contaminants are usually more abundant than previewed.



Twenty years ago, Schügerl and collaborators [20] reported their investigation of the extraction of Pd(II) from a leaching solution of catalysts having Pt(IV), Pd(II), and Rh(III) in the presence of a large excess of Fe(III) and lower amounts of Mo, Pb, Cu, Ni, Mn, Co, Cr, Si, Al, and P in 6 M HCl. The Pt(IV) amount was in a four- to 10-fold excess to Pd(II), situation not likely to occur with the most recent automobile catalysts, but they were able to efficiently and selectively extract Pd(II) by Cyanex 471X (triisobutylphosphine sulfide) dissolved in bis(2-ethylhexylphosphoric acid) (D2EHPA). Pd(II) stripping was achieved by a stabilized sodium thiosulfate aqueous phase. The authors produced a concentrated model leaching solution and tested it in a pilot-plant with three operating columns for the recovery of the PGMs by the developed separation scheme, achieving satisfactory results.



Lee and co-workers used a model leaching solution of an automobile catalyst containing Fe(III), Pt(IV), Pd(II), Rh(III), and Ce(III) in 6 M HCl [10], claiming it had a similar composition as the real ones. Probably, only metallic automobile catalysts were involved in the production of such a leaching solution, since Al should have been present if catalysts with ceramic monoliths were considered. The results obtained seem generally encouraging: Pt(IV) and Pd(II) are co-extracted by Alamine 308, the two metals being then separated by selective stripping with acidic thiourea solutions, playing with the relative concentrations of the stripping agent and the aqueous/organic (A/O) ratios. As stressed previously, the test of the overall proposed scheme in a global and sequential way is missing [10].



Ramachandra Reddy and collaborators [17] proposed a process scheme to separate Pd(II) and Pt(IV) from a leaching solution of a first-generation catalyst, which was used 37 years ago for small cars. It is stated that LIX84I is able to selectively and quantitatively extract Pd(II) from a 3 M HCl solution containing Fe, Cr, Mn, Pt and Ni. This data contradicts information published previously [16], in which it was shown that Pd(II) was only quantitatively extracted by LIX84I at pH values surrounding 2–3 (94–97%). Nevertheless, authors advocate that LIX84I only extracts Pd and Cu within Fe, Ni, Zn, and Al at pH 2, Cu being easily scrubbed from the loaded organic phase by dilute sulfuric acid. Pd(II) stripping is accomplished by acidic thiourea solutions. The proposed flowsheet for the separation of all the metals is not clear, since the pH values of all the involved aqueous solutions are not indicated. Accordingly, the overall and objective results obtained for the real catalyst solution by applying the proposed process scheme are missing.



An additional work headed by Ramachandra Reddy presents an alternative process to separate and recover Pd(II) and Pt(IV) from chloride leaching solutions of automobile catalysts [21]. Accordingly, TBP is able to efficiently and selectively separate Pd(II) from a synthetic feed solution with Pt, Cr, Mn, Fe, and Ni. A flowsheet for the developed process is again included, but no tests with real leaches to validate the results obtained with the model solution were carried out.



In sequence of preliminary investigation, Mhaske and Dhadke [18] successfully employed Cyanex 921 to the separation of Pd(II), Pt(IV), and Rh(III) from a synthetic aqueous solution mimicking the leaches coming from the treatment of auto catalysts, with a similar composition as that reported by Schügerl and collaborators [20]. Furthermore, Cyanex 923 has specifically been applied for Pd(II) recovery from leaching solutions of Pd coated alumina and coated ceramic honeycomb catalysts [19]. These latter authors decided to use sulfuric acid instead of HCl, since Pd(II) separation from Al from the latter media was not so successful. They reached good Pd(II) recovery results with 5 M perchloric acid for stripping, but the leaching solutions had less than 20 mg·L−1 of Pd(II), as PGMs do not dissolve easily in other media than chloride. Nevertheless, this is a good example of the application of developed processes to real leaching solutions.



A few research studies have been devoted to the application of commercial ionic liquids to the recovery of Pd(II) from chloride solutions in the last 7–8 years [22,23,24,25,26,27,28,29], aiming the optimization of their extractive performance toward the separation and recovery of several metal ions. Generally, the several ILs investigated, when diluted in toluene, showed a high extractive performance toward Pd(II) recovery (>96%) at 0.1 M HCl only [22,23,28,29], and rather similar results were achieved for Cyphos 101 in xylene [25]. The works carried out by Papaiconomou and collaborators [26,27] have objectively the intention of applying the most promising SX schemes involving ILs to the recycling of PGMs from end-of-life devices such as automobile catalysts. Actually, these authors showed that pure Cyphos 101 and 102 are able to quantitatively separate Pd(II) from Rh(III) from 6–8 M HCl solutions, and afterward, Rh(III) can efficiently be extracted by the same ILs from 4 M or more dilute HCl solutions, for instance [26]. The investigation of suitable agents for the PGMs stripping from the ILs is currently underway [26].



Anpilogova and co-workers [30] state that propiconazole and penconazole, two commercial products widely used in agriculture as low-toxic fungicides—Figure 2—are really efficient and selective to recover Pd(II) from a leach solution of an aluminopalladium catalyst APK-2 applied in the manufacture of nitric acid.


Figure 2. The structures of the Pd(II) extractants investigated by Anpilogova et al. [30]: (a) propiconazole and (b) penconazole.
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Although not producing real leach solutions, the authors did the necessary calculations to prepare model aqueous media containing Al(III) in the amount corresponding to the dissolution of 20% and 40% of Al2O3 and showed that the high Al(III) concentrations did not affect the efficiency of Pd(II) extraction by both compounds (>99.9%). For Pd(II) stripping, the researchers propose a 4 M ammonia solution, which allows the quantitative metal ion recovery. The evaluation of the solvents robustness in practical conditions is nevertheless still necessary, as Al(III) may be co-extracted, therefore inhibiting the compounds action in a few extraction-stripping cycles. An additional basic drawback in the schemes, even considering that the authors mimicked well the real conditions, is the use of chloroform as diluent for penconazole [30]; chlorinated diluents cannot be used in industrial liquid-liquid extraction.



Commercial compounds have the important advantage of being already available in the market. Hence, if a successful utilization of commercial compounds to recover Pd(II) by SX is really achieved, individually or in synergistic mixtures, this would be the ideal situation for an investment by the hydrometallurgical recycling industrialists.




2.2. Synthesized Extractants


When research groups are not motivated by the use of already known commercial extractants and have the capability to produce novel and optimized structures for extractants by themselves, then it is not easy to resist to the temptation of designing and subsequently synthesize potentially promising compounds to be tested for the SX of PGMs.



Several types of organic compounds have been produced for the efficient and selective SX of Pd(II) from complex chloride solutions. There is a broad group of Pd(II) extractants that can be called as “amide derivatives”, although several other structural details are likely to play a determinant role in the metal ion extraction, particularly with the involvement of sulfur atoms (e.g., thioamide and thiocarbamate derivatives). Other families of organic compounds intensively investigated for Pd(II) recovery are sulfoxides and dithioethers, as well as calix[n]arenes with sulfur and/or nitrogen as heteroatoms. The most relevant findings related with all these Pd(II) extractants are described and discussed in sequence.



2.2.1. Extractants Containing Amide Functions


Secondary and tertiary pyridine amides, e.g., [31,32] and fatty imidazoline derivatives [33] are examples of compounds that have been synthesized and investigated for the SX of Pd(II) from chloride media. These studies focused essentially on fundamental aspects of the extractive behavior, namely the assessment of the suitability of the extractants to recover Pd(II) along a broad range of HCl concentrations, some particular structural aspects favoring the extractive process [31,32], selectivity for Pd(II) extraction when in presence of other metals such as Pt(IV), Cu(II), Pb(II), and Fe(III) [32], and Fe(III), Cu(II), and Co(II) [33], and finally the identification of the involved extraction reactions and characterization of the Pd(II) species in the organic phases [31,32,33]. An acidified thiourea aqueous solution has been efficiently used to strip Pd(II) from the imidazoline derivatives [33], but apparently, all these compounds have not been further explored for potential utilization for the treatment of real leaching solutions.



Sulfur-functionalized amide derivatives have also been cautiously investigated by Narita and co-workers for Pd(II) extraction, e.g., [34,35]. The researchers showed that several sulfide-containing monoamide compounds, namely those depicted in Figure 3, extract Pd(II) over a large HCl concentration range, and easily release the metal ion by contact with a concentrated ammonia solution. Furthermore, high separation factors are achieved for Pd(II) when it co-exists with equivalent amounts of Pt(IV), Rh(III), Fe(III), Cu(II), Zn(II), and Ni(II) for HCl concentrations until 5 M [34]. All the extractants are soluble in 80% n-dodecane, 20% 2-ethylhexanol (v/v), hence turning the solvents adequate for practical purposes. The interpretation of the distribution and spectroscopic data points out to the predominant existence of inner-sphere Pd(II) complexes of the type [PdCl2L2] (L = sulfide containing monoamide). The direct application of these SX systems to selectively extract Pd(II) from real leaching solutions of end-of-life catalysts has not been carried out to date, and it would surely be worthwhile.


Figure 3. The structures of the Pd(II) extractants investigated by Narita et al. [35].
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Diamide derivatives have also been acutely explored as SX agents to recover Pd(II). One of the first works published about the extraction characteristics of these compounds toward PGMs [36] points out to the importance of including an additional heteroatom within the two amide groups, either oxygen or sulfur, to effectively extract Pd(II). In fact, a few N,N,N′,N′-tetrasubstituted malonamide [37,38] and succinamide [39] derivatives showed a general good affinity toward Pt(IV) extraction but a much more limited performance concerning Pd(II).



Several diamides possessing sulfur atoms within the two amide groups have been developed with the goal of achieving an efficient and selective Pd(II) recovery from complex chloride solutions. Accordingly, a number of works appeared in literature regarding the investigation of the Pd(II) extraction performance by N,N,N′,N′-tetrasubstituted thio- and dithio-diglycolamides, usually abbreviated by TDGA and DTDGA, respectively. The main data collected from some of the most relevant publications dealing with Pd(II) extraction by this sort of derivatives are summarized in Table 1. The general structures of the TDGA and DTDGA derivatives are represented in Figure 4.


Figure 4. The general structures of TDGAs and DTDGAs (N,N,N′,N′-tetrasubstituted thio- and dithio-diglycolamides, respectively).
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Table 1. Pd(II) extraction by N,N,N′,N′-tetrasubstituted thio- and dithio-diglycolamides (TDGA and DTDGA, respectively).







	
Extractants

	
Scope of the Study

	
Selectivity/Stripping

	
Extraction Reactions/Organic Species

	
References






	
N,N′-dimethyl-N,N′-diphenyl-TDGA

	
Diluent chloroform; Influence of [HCl]

	
Pt(IV), Ru(III), Rh(III), Ir/no stripping

	
Ion-pair and complexation

	
[36]




	
N,N,N′,N′-tetra-n-octyl-TDGA

	
Diluent n-dodecane [41] + 2-ethylhexanol [40]; Influence of [HCl] [40,41], [HNO3] and [H2SO4] [41]

	
Pd(II), Pt(IV), Rh(III), Fe(III), Cu(II), Ni(II) Zn(II)/stripping with ammonia [40] Ag(I), Au(III), Hg(II)/no stripping [41]

	
[PdCl2(TDGA)2] [40]; 1H NMR and IR indicate determinant role of S in complexation [41]

	
[40,41]




	
N,N′-dimethyl-N,N′-didecyl-TDGA

	
Diluent dodecane + 2-ethylhexanol; Influence of [HCl]

	
Pt(IV), Au(III), Fe(III)/no stripping

	
[PdCl2(TDGA)2]

	
[42]




	
N,N′-dimethyl-N,N′-dicyclohexyl-TDGA

	
Diluent 1,2-dichloroethane [43], toluene; Influence of [HCl]

	
Pt(IV) [43]; Pt(IV), Rh(III), Fe(III), Al(III) [44]; Cr, Al(III) [45]/thiourea in HCl

	
[PdCl2(TDGA)2] with HCl co-extraction [46]

	
[43,44,45,46]




	
N,N,N′,N′-tetra-(2-ethylhexyl)-DTDGA

	
Diluent n-dodecane; Influence of [HCl]

	
Cr, Fe, Mn, Ni, Pt/thiourea in HCl

	
[PdCl2(DTDGA)]

	
[47]




	
N,N′-dimethyl-N,N′-didecyl-DTDGA

	
Diluent n-dodecane; Influence of [HCl]

	
Pt(IV), Rh(III), Cr(II), Ni(II), Fe(III), Nd(III), Zr(II), Sr(II), Mn(II)/thiourea in HCl

	
[PdCl2(DTDGA)]

	
[48]










Narita and collaborators published the first articles reporting the adequacy of thiodiglycolamide derivatives for Pd(II) extraction [36,40,49]. Generally, N,N′-dimethyl-N,N′-dioctyl-TDGA [49], N,N′-dimethyl-N,N′-diphenyl-TDGA [36] and N,N,N′,N′-tetra-n-octyl-TDGA [40] extract Pd(II) quantitatively over a wide range of HCl concentrations, and N,N,N′,N′-tetra-n-octyl-TDGA shows an outstanding selectivity to recover Pd(II) from complex mixtures containing Pt(IV), Rh(III), Fe(III), Cu(II), Ni(II) and Zn(II) until 3 M HCl, as Pt(IV) and Fe(III) are increasingly extracted for more concentrated HCl aqueous phases [40]. Ammonia solutions stripped Pd(II) efficiently, although some unsuccessful cases were registered. Therefore, good perspectives were actually open to test these compounds to recover Pd(II) from complex solutions, since promising Pd(II) loading capacities and high resistance to oxidation were verified for N,N,N′,N′-tetra-n-octyl-TDGA [40]. Consequently, other research groups continued to invest on synthesizing additional TDGAs with different alkyl groups, as these syntheses are not complicated.



Huang and collaborators showed that N,N′-dimethyl-N,N′-didecyl-TDGA is only efficient to extract Pd(II) above 4 M HCl (D ≥ 5), but Pt(IV) and Fe(III) are significantly co-extracted at those higher HCl concentrations, both with maximum D values varying between 2 and 3 [42]. Therefore, the increase of the length of the fatter alkyl substituents does not seem to be a good option. Paiva and co-workers thoroughly investigated the performance of N,N′-dimethyl-N,N′-dicyclohexyl-TDGA toward Pd(II) and Pt(IV), formerly in 1,2-dichloroethane (1,2-DCE) [43], later on in toluene [44]. Pd(II) is quantitatively extracted from 1 to 8 M HCl when the extractant is dissolved in 1,2-DCE, but it decreases above 6 M HCl when toluene is employed as diluent (D ≈ 3 at 7.5 M HCl). The Pd(II) selectivity factors achieved for 4 M and 6 M HCl complex solutions containing Pt(IV), Rh(III), Fe(III) and Al(III) point out to the fact that Fe(III) co-extraction does not affect the Pd(II) distribution ratios, Fe(III) being efficiently removed from the organic phases by a scrubbing step with water. Pt(IV) is slightly co-extracted; nevertheless, the most important result is the absence of Al(III) extraction [44], since this element usually predominates when catalysts leaching solutions are involved. N,N′-dimethyl-N,N′-dibutyl-TDGA has also been tested under similar conditions as N,N′-dimethyl-N,N′-dicyclohexyl-TDGA [50], but it generally showed poorer Pd(II) extraction and selectivity performances, hence suggesting that shorter lengths of the fatter alkyl substituents lead to worse Pd(II) recovery figures. Pd(II) stripping from N,N′-dimethyl-N,N′-dibutyl-TDGA has similarly been successfully achieved with acidic thiourea solutions [50].



Regarding the involved Pd(II) extraction reactions by the investigated TDGA and DTDGA derivatives, the data displayed in Table 1 indicates the preferential formation of inner-sphere complexes.



Further experiments were carried out to check the extraction behavior of N,N′-dimethyl-N,N′-dicyclohexyl-TDGA toward Pd(II) recovery from real leaching solutions of a petrochemical catalyst [45]. Although exhibiting good Pd(II) loading capacities and robustness in sequential extraction-stripping cycles (determinant characteristics that should be observed when industrial practice is envisaged), the weakness of this SX system is the successive Al(III) accumulation, which will sooner or later compromise the whole scheme. Hence, finding the solution to this problem will surely relaunch the interest to proceed with further development.



Tertiary thioamide derivatives have also been considered as potential Pd(II) extractants [51,52]. Accordingly, both N-methyl-N-phenyl-octanthioamide (MPHTA) and N-methyl-N-cyclohexyl-octanthioamide (MCHTA) in toluene showed Pd(II) extraction percentages above 90% for HCl solutions ranging from 0.5 M to 8.0 M, the metal stripping being efficiently achieved by acidified thiourea aqueous phases. Furthermore, good stability and saturation figures have been obtained for single Pd(II) solutions [51], and commercial diluents can alternatively be used without loss of performance [52]. The selectivity profiles for MPHTA and MCHTA were encouraging, since only Fe(III) significantly decreased the extraction of Pd(II) when Pt(IV), Rh(III) and Al(III) co-existed in the 4 M and 6 M HCl solutions [52]. The involved Pd(II) extraction reactions by MPHTA and MCHTA were clarified by distribution and spectroscopic data, pointing out to inner-sphere complexes of the type [PdCl2L2] until 4.5 M HCl (L being MPHTA or MCHTA) [53]. The promising behavior of MCHTA toward Pd(II) has been checked through its application to real solutions coming from the leaching of the petrochemical catalyst already mentioned [45]. The overall results obtained are generally similar to the ones achieved for N,N′-dimethyl-N,N′-dicyclohexyl-TDGA, e.g., the progressive Al(III) accumulation in the organic phases does not affect Pd(II) recovery for a low number of extraction-stripping cycles but seems to reduce the Pd(II) stripping efficiency by thiourea when the solvents are almost saturated with Pd(II) [45].



Several thiocarbamate derivatives have recently been tested by Yamada and collaborators for the recovery of Pd(II) [54,55]. The structures of the most promising compounds found in these studies are depicted in Figure 5. Both thiocarbamates were thoroughly investigated, showing excellent selectivity values for Pd(II) recovery from a dilute 0.1 M HCl leaching solution of an automobile catalyst, additionally containing Pt(IV), Rh(III), La(III), Ce(III), Y(III), Zr(IV), Ba(II), and Al(III). It should however be emphasized that the real leaching solution tested by these authors, after dilution, did not show high metal concentrations for the contaminants, the Ce(III) concentration of about 600 mg·L−1 being the highest one [54,55]. Several diluents did not affect Pd(II) extraction by both compounds, but the extractants were not soluble in commercial ones. Moreover, more concentrated HCl solutions extensively reduced the kinetics of these extraction systems, since equilibrium times ranging from 10 to 24 h were found for the compound (a) dissolved in chloroform [54], whereas the use of o-nitrobenzene as diluent for compound (b) was suggested to guarantee Pd(II) extraction percentages above 95% for 30 min contacts and for a wide range of HCl concentrations until 8 M [55]—see Figure 5. The diluents investigated are obviously not indicated for industrial practice. Acidified thiourea aqueous phases were employed to strip Pd(II). Distribution and spectroscopic data collected for the latter extractant indicate that Pd(II) is coordinated through a pincer type S–C–S tridentate design, involving the formation of fused six membered chelate rings [54].


Figure 5. The structures of the best Pd(II) thiocarbamate extractants investigated by Yamada et al.: (a) 1,1′-bis[(dimethylthiocarbamoyl)oxy]-2,2′-thiobis[4-t-butylbenzene] [54]; (b) 1,3-bis(dimethylthiocarbamoyloxy)benzene [55].
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A very recent work published by Goto and co-workers explores the PGMs extraction potential of the aminoacids glycine and phenylalanine modified with fat amide moieties [56]. Concerning Pd(II) extraction from HCl media, the figures are not very encouraging, particularly for HCl concentrations higher than 2 M, the results being much better for Pt(IV) and Os(IV) extraction.



Finally, the recent review article by Narita and co-workers deserves mention. Although written in Japanese, the abstract, figures, and tables are written in English [57].




2.2.2. Extractants Containing Other Functional Groups


A group of compounds identified as effective extractants for PGMs, and particularly for Pd(II), are dialkyl sulfoxides [58,59,60]. These studies clarified the roles of dialkyl sulfoxides structure on Pd(II) and Pt(IV) extraction [58], established the involved extraction reactions [58], and proposed the best experimental conditions to achieve selectivity for Pd(II) recovery over Pt(IV) and to separate them from a model 1.5 M HCl solution containing Cu(II), Fe(II), and Ni(II) [59,60]. To reach the objective, the authors used D2EHPA to previously remove the base metals [59,60]. The knowledge of several relevant fundamental information about the sulfoxide systems could perhaps justify additional research to evaluate their potential for Pd(II) recovery from leaching solutions of secondary resources.



Dithioether derivatives have also shown remarkable extractive properties to recover Pd(II). Holdt and co-workers [61,62] made an exhaustive investigation to understand the complexation of Pd(II) by several unsaturated dithioethers, finding that 1,2-bis(2-methoxyethylthio)benzene—Figure 6a—satisfactorily allows selective Pd(II) recovery over Pt(IV) and Rh(III), as well as over several metals co-existing in a real 4.5 M HCl leaching solution of an automobile catalyst containing about 3 g·L−1 Al(III) and 1 g·L−1 of Ce and Fe [61]. The robustness of the extractant in successive extraction-stripping cycles when applied to the treatment of the automobile leaching solution has been thoroughly verified, an acidified thiourea aqueous phase being employed to strip Pd(II) [62]. Nevertheless, the use of 1,2-dichlorobenzene as diluent and the unfavorable kinetics involved—24 h for extraction, 3 h for stripping—can be considered relevant drawbacks of this extraction system for future practical application [62].


Figure 6. The structures of the best Pd(II) dithioether extractants investigated by (a) Holdt et al. [62], (b) Kondo et al. [63], and (c) Yamada et al. [64].
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Recently, a work published by Kondo and collaborators report the SX behavior of two new heterocyclic dithioether derivatives toward Pd(II) recovery [63]. The structure of the best extractant is displayed in Figure 6b. In sequence of a cautious investigation to fully characterize the systems, both extractants in chloroform were applied to the treatment of an automobile 0.5 M HCl leaching solution containing Pd(II), Pt(IV), Rh(III), La(III), about 2 g·L−1 Al(III) and 1.5 g·L−1 of Ce(III). Pd(II) has been efficiently recovered (>95%), but Pt(IV) has also been co-extracted (≈6–8%); furthermore, Al(III) and Ce(III) extraction percentages lower than 1% in one extraction cycle are not fully elucidative of the adequacy of the systems for Pd(II) recovery. A 5% ammonia solution efficiently stripped Pd(II) from the loaded organic phases. Additional studies are nevertheless necessary to clarify the practical potential of this sort of compounds, and the diluent should also be replaced accordingly [63].



Another recent publication by Yamada and co-workers focuses on the systematic evaluation of four dithioether derivatives, the most promising of them being illustrated in Figure 6c [64]. This comprehensive report thoroughly describes the influence of the most relevant parameters affecting Pd(II) extraction from chloride and mixed chloride-nitric media, additionally characterizing all the extraction reactions involved. It is also very useful from a practical point of view, since it demonstrates that particularly two of the extractants are adequate for Pd(II) recovery when dissolved in kerosene and other commercial diluents. Additionally, remarkable selectivity values for Pd(II) recovery from a real 0.1 M HCl catalyst leaching solution containing Pt(IV), Rh(III), Zr(IV), Ce(III), Ba(II), Al(III), La(III), and Y(III) have also been obtained, denoting very good Pd(II) loading profiles and recyclability of those two extractants when involved in five successive extraction-stripping cycles with acidified thiourea phases as stripping media [64].



The Yamada research group has also published an extensive amount of information concerning the most adequate synthetic methods of functionalized thiacalix[4/6]arenes at lower and upper rims and their test as liquid-liquid extractants for PGMs, aiming at their utilization for the treatment of automobile catalysts leaching solutions. A review published in 2016 by the group summarizes and discusses the most relevant information collected about the subject [65]. Some of the developed thiacalixarene derivatives revealed promising extractive and selective properties toward Pd(II) recovery, both of the thiacalix[4]arene and thiacalix[6]arene types. More recently, this group published an additional work where they report the synthesis of three p-dialkylaminomethylcalix[4]arenes and their systematic liquid-liquid extraction study prior to their application to the treatment of automobile catalyst leaching solutions. The authors found that two of the extractants are able to efficiently co-extract Pd(II) and Pt(IV) from a real diluted 0.06 M HCl leaching solution, together with lower amounts of other contaminating metals, carrying out the stripping of Pd(II) and Pt(IV) with an acidified thiourea solution [66]. It should, however, be emphasized that low extraction percentages of contaminants may result in concentrations similar to those of Pd(II). Moreover, the reported figures shown by the calixarene derivatives concerning efficiency and selectivity for Pd(II) recovery may not justify the necessary investment to accomplish their rather elaborated synthesis.



The Yamada group has already provided a huge extent of information that markedly contribute to the advancement of knowledge concerning the development of new compounds for the liquid-liquid extraction of PGMs from model and real leaching solutions of secondary resources. The weaker point of the work of this research group, already mentioned [54,55], is perhaps the non-wide representativeness of the concentration values of the main metal contaminants attained for the real catalyst leach liquors after dilution they developed, since Ce(III) and Al(III) concentrations of about 600 mg·L−1 and 320 mg·L−1, respectively, can be considered rather low [64,65,66].






3. Final Summary Tables


The most relevant SX systems that have been investigated for the efficient and selective recovery of Pd(II) from chloride leaching solutions of catalysts, pointed out and more deeply discussed in this review, are summarized and briefly commented in Table 2 and Table 3. All the entries in both Tables refer to SX systems that have been applied to model leaching solutions at least. For the SX schemes involving synthesized extractants—Table 3—only the families to which they belong to are mentioned. The comments include which extractants/families of extractants reveal current potential to be further investigated and developed.



Table 2. Commercial extractants for Pd(II) recovery from catalysts leaching solutions (IL: ionic liquid).







	
Extractants

	
Application to Real Leaching Solutions

	
Comments

	
References






	
Alamine 308

	
No

	
Poorly selective over Pt(IV) (and other metals)

	
[10]




	
LIX84I

	
Yes

	
Selective for Pd(II) for leaches at pH 2

	
[17]




	
Cyanex 921

	
No

	
Pd(II), Pt(IV) and Rh(III) co-extracted, but separated in the presence of Sn

	
[18]




	
Cyanex 923

	
Yes

	
Applied to sulfuric acid leaches

	
[19]




	
Cyanex 471X

	
Yes

	
Selective Pd(II) separation from low concentrated HCl

	
[20]




	
TBP

	
No

	
Pd(II) and Pt(IV) co-extracted

	
[21]




	
Cyphos 101 IL

	
No

	
Selective Pd(II) separation from low concentrated HCl [22,23,24,25]; in pure form, able to extract Pd(II) from 1–8 M HCl [26]; more fundamental research necessary

	
[22,23,24,25,26]




	
Cyphos 102 IL

	
No

	
Able to extract Pd(II) from 1–8 M HCl [26], with Pt(IV) co-extraction [27]; more fundamental research necessary

	
[24,26,27]




	
Propiconazole and penconazole

	
No

	
Selective for Pd(II) over Al(III) from 3–4 M HCl; more fundamental and applied research necessary

	
[30]










Table 3. Synthesized extractants for Pd(II) recovery from catalysts leaching solutions.







	
Extractants

	
Application to Real Leaching Solutions

	
Comments

	
References






	
Sulfur-functionalized amides

	
No

	
Selective Pd(II) separation from HCl until 5 M; more applied research necessary

	
[34,35]




	
Thiodiglycolamides

	
Yes

	
Selective Pd(II) separation within a wide HCl range; already tested in practical conditions

	
[40,41,44,45,50]




	
Dithiodiglycolamides

	
No

	
Efficient and selective for Pd(II) extraction above 3 M HCl; more applied research necessary

	
[47,48]




	
Tertiary thioamides

	
Yes

	
Selective Pd(II) separation within a wide HCl range; already tested in practical conditions; elaborated syntheses

	
[51,52]




	
Thiocarbamates

	
Yes

	
Selective Pd(II) separation from low concentrated HCl; more applied research necessary

	
[54,55]




	
Dialkyl sulfoxides

	
No

	
Selective extraction of Pd(II) over Pt(IV) optimized; more applied research necessary

	
[58,59,60]




	
Dithioethers

	
Yes

	
Versatile selective extraction of Pd(II) by structurally different compounds; more fundamental and applied research necessary

	
[62,63,64]




	
Functionalized thiacalix[4/6]arenes

	
Yes

	
Selective Pd(II) separation from low concentrated HCl; elaborated syntheses

	
[65,66]











4. Concluding Remarks


This review points out that the investigation about the SX of Pd(II) from chloride media is currently very active. Being the dialkyl sulfide and hydroxyoxime derivatives the traditional compounds industrially used for Pd(II) extraction from PGMs primary resources [5], the adjustment of those extractants to the reality of the anthropogenic waste materials would be a logical approach. As dialkyl sulfides are prone to oxidation and show unfavorable kinetics, e.g., [5], research efforts focused mainly on the study of hydroxyoxime derivatives and amines, since the affinity of those latter compounds toward Pt(IV) and Pd(II) extraction has been well known for decades. Some typical solvating extractants such as Cyanex 923 and TBP also deserved attention. The work regarding the finding of adequate diluents for practical application is facilitated. Given the availability of fundamental and applied extensive data for the extractants already in the market, as well as the perspective of an eased and more immediate industrial application, one could expect a greater commitment from the researchers in developing robust process schemes for Pd(II) recovery from secondary resources using commercial extractants.



There is a more extensive research activity concerning the design of new molecules that can work as efficient and selective extractants for Pd(II) recovery from waste catalysts. Functionalized amide derivatives, often possessing sulfur atoms, have shown their great potential to the proposed aim, as well as some dithioether compounds. Although the economic viability of the syntheses was not a concern in the reported articles, one can predict that most of them may not be prohibitive. Moreover, many investigators are already aware of the importance of applying their successful schemes to real catalysts leaching solutions. These efforts are all very positive and are likely to proceed in the near future. However, one should say that more systematic fundamental studies, even for the SX schemes already proposed, are still necessary in general, since they are always crucial to better determine the actual potential of some extractants prior to their application to real secondary leaches.



As ILs are gaining place in the chemical industry, their application as solvents for PGMs recovery from secondary wastes is actually very pertinent. The promising results already achieved and mentioned in this review are a good basis to justify commitments for long-term research underway.



In addition to some useful information for beginners and involved researchers in this area, may this review be a good starting point for the industrialists interested in developing and optimizing their hydrometallurgical recycling PGMs processes. A wider exchange of information between researchers and industrial stakeholders would be highly desirable. For instance, is there any industrial practice concerning the final Pd recovery from acidified thiourea solutions, one of the widest and most efficient stripping phases applied in research? Academically speaking, there is not any investigation to my knowledge on this topic.
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