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The strategic importance of platinum and palladium, two platinum-group metals (PGMSs), is particularly supported
by their technological applications, one of the most relevant being the role they perform as catalysts for several

sorts of chemical reactions.

spent catalysts recycling hydrometallurgy solvometallurgy solvent extraction

| 1. Introduction

Platinum and palladium are the best-known elements of platinum-group metals (PGMs). The former has had an
important use in jewellery for many years, but the interest in the utilization of the latter in the same business has
recently increased. The third most important PGM element, considering its demand and applications, is rhodium.
The total gross request for ruthenium was of the same order of magnitude as rhodium in 2021 (31.6 and 32.2
tonnes, respectively), whereas iridium is the fifth least demanded PGM (7.2 tonnes in 2021) . Osmium is not

taken into consideration in these figures, as it does not possess relevant technological applications.

The extensive technological applications of platinum and palladium make these PGM metals the most widely used
in the group (gross demand of 210 and 314 tonnes in 2021, respectively). An illustration of the main business lines

relying on the use of these two PGMs can be seen in Figure 1 1],
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Figure 1. Main applications of (a) platinum and (b) palladium (gross demand, data from 2021 [1).

The major application of platinum is in the manufacture of automotive catalysts (35%), followed by its utilization in
jewellery (22%). For palladium, 83% is used for the production of automotive catalysts, but its involvement in the

chemical, and electric and electronic industries, cannot be neglected (data from 2021) [,

Automotive catalysts are mandatory devices used in vehicles, since the mid-1970s, to minimize the emission of
toxic exhaust gases from combustion engines. Initially, platinum and rhodium were the selected PGMs, but
gradually palladium has been advantageously replacing platinum in modern three-way catalytic converters 2,
Furthermore, the utilization of platinum and palladium as industrial catalysts for several inorganic and organic
reactions, particularly in nitric acid manufacture, and in the petroleum refining and petrochemical and
pharmaceutical industries, is very well known 21,

The brand image of PGMs is their exclusive catalytic properties, justifying their leading technological applications.
Other properties that PGMs exhibit, such as their high melting points, excellent resistance to elevated temperatures
and corrosion, and good electrical and chemical stabilities, complement their high-tech interest and applications 2!,
as can be seen in Figure 1. Moreover, several end-of-life devices possess higher PGMs contents than primary
ores: for instance, computer motherboards and mobile phone handsets contain around 80 g and up to 130 g per
tonne, respectively, of palladium, while automotive catalysts may contain up to 2000 g per tonne of PGMs in the
ceramic catalyst bricks (the active part of these apparatus). These contents are significantly higher than those

existing in primary ores (on average less than 10 g per tonne) [,

The difficulty in replacing PGMs in most of their applications, together with their rarity as primary resources and
high economic value, have been used to justify the efforts of scientists and industries to develop recycling practices
supported by sustainable processes, as the preservation of the Earth requires 4. Accordingly, the responsible
commissions of the European Union (EU) have always classified PGMs as critical raw materials in reports released
every three years since 2011, with the last published report being from March 2023 Bl. The recycling of several
materials has been found to be determinant for the maintenance and progression of mankind at a technological
level, justifying increased financial investment in EU projects involving academia and industrial consortia, through
Horizon 2020 and the current Horizon Europe [&. Moreover, PGM recycling helps to reduce the environmental
impact of removing these metals directly from the mines, whose exploitation causes significant effects on climate
change 2.

The current PGM recycling levels are still far from the desirable figures, but an increasing tendency is noticeable in
recent years W. In fact, the high economic value of PGMs provides justification for their better recycling profiles
compared to those of most metals, although some non-profitable issues may inhibit industries from investing more

in recycling than is strictly necessary, only obeying the rules imposed by the government.

With the growing development of hybrid, electric, and fuel-cell vehicles, a decrease in platinum and palladium

demand for automotive catalysts manufacture may be expected in the next few years (8, but huge changes are
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usually slower than expected, and other potential applications for these metals will surely appear in the meantime.
Moreover, even when conventional combustion engines end, spent catalytic converters will exist for several years
after. Hence, the recycling practices will certainly proceed in the near- and medium-term future, possibly with
unpredictable variations in the matrices where PGMs are included. Therefore, the most robust recycling practices
of today, revealing the potential to be applied to variable substrate compositions, will be those better able to

succeed in the future.

The established industrial routes to recycle PGMs from spent catalysts are pyrometallurgy and hydrometallurgy .
Pyrometallurgy can act alone to recover PGMs sponges, but hydrometallurgy is subsequently required if PGMs
must be separated from one another. The major PGMs suppliers and refiners, as far as known, use both
approaches to produce isolate PGMs from spent devices [, thickening the supply coming from the harsh and
polluting extractive facilities that dig PGMs from the Earth’s crust. The hydrometallurgical route can be easier to
install by small and medium-sized recycler enterprises, and it is potentially more benign to the environment than
pyrometallurgy; these are probably some of the reasons justifying the recent development of hydrometallurgy for
PGMs recovery, e.g., [BIE Additionally, alternative liquid media to water have also been deeply investigated,

particularly those involving ionic liquids (ILs) and deep eutectic solvents (DES) [2QIL1]112]

The chemical inertness of PGMs requires leaching agents with a high oxidation potential and complexation ability
(131 which is why chloride reagents are typically chosen as aqueous media to dissolve these metal elements.
Accordingly, high concentrations of hydrochloric acid in the presence of chlorine, chloride salts, or hydrogen

peroxide 4 are the most common chemical agents utilized to leach PGMs from solid matrices.

To concentrate and/or purify the leaching solutions loaded with PGMs, solvent extraction (SX) (or liquid-liquid
extraction) is one of the unit operations mostly applied in hydrometallurgy to recover palladium and platinum from
leaching solutions of spent catalysts 131, Accordingly, SX is the chosen unit operation to be explored. A scheme of
the SX operating mode when applied in hydrometallurgy can be observed in Figure 2.
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Figure 2. Solvent extraction (SX) in hydrometallurgy.

Industrial SX in hydrometallurgy includes extraction, scrubbing, and stripping stages in sequence. In extraction, the
leaching solution (aqueous feed in Figure 2) is stirred with an adequate organic solvent to transfer the metal of
interest to the organic medium. Undesired contaminants often accumulate in the solvent, which is why the metal-
loaded solvent is often agitated with an aqueous scrubbing solution. The scrubbed solvent is then equilibrated with
a stripping aqueous medium, causing the transfer of the metal to a new aqueous solution, the final strip liquor 13
(28] Successful SX schemes allow the efficient and selective transfer of the metal of interest from the aqueous feed
to the strip liquor, leaving impurities in the extraction and scrub raffinates. The reutilization of the organic solvent in
successive extraction—stripping cycles should therefore be guaranteed, justifying SX's cost-effectiveness.
Additionally, all aqueous phases are usually reutilized as well, contributing to a more sustainable and economically
viable process. The concept of “non-aqueous SX”, involving two non-aqueous immiscible phases [ will be

presented in detail in the section “Solvometallurgy”.

In recent years, there have been extensive research efforts on the development of hydrometallurgy and/or
solvometallurgy for PGM recovery from primary and secondary resources; the latter includes end-of-life devices
such as spent catalysts and e-waste. Accordingly, reviews on this subject are regularly emerging in the literature,
e.g., JBIQIL2)17][18][19][20][21][22][23][24][25][26][27][28][29][30][31][32][33][34] ' and the chosen sample of references cited
herein corresponds only to those from 2018 onwards. A major part of these reviews describes pyrometallurgical
methods as well [BIRI[18]120][22][23][24][26][27][29][30[32]  therefore, offering a detailed overview of the state-of-the-art of
the most common industrial methodologies to process PGMs. Additionally, some of them are specifically devoted to
providing a thorough outline of PGM recovery from spent automotive catalysts (SACs) WIEIRI22][241[27]291[33] ' thys,
informing about the general composition of SACs and how they are primarily processed for pyro-and/or
hydrometallurgical treatments. It is worthwhile to mention that the use of ILs 12B0B1] gand biometallurgical 231124126]

(27](281(291(32] recent advances to process PGMs have also been comprehensively summarised.

| 2. Hydrometallurgy

As pointed out in the Introduction, the usual leaching media to dissolve PGMs are chloride aqueous solutions. The
development of processes able to efficiently recover and separate platinum and palladium from complex chloride
media must rely on knowledge about the nature and physico-chemical behaviour of their chlorocomplexes 131, The
data regarding the speciation of the most significant co-existing contaminants, as well as their main physico-

chemical characteristics, are obviously valuable in accomplishing successful operations.

The speciation and the kinetic/thermodynamic properties of all PGM chlorocomplexes are highly dependent on
several factors, and the knowledge and exploitation of the most relevant ones have been the keys to the
development of PGM separation schemes, which have been successfully applied by refiners to precious metal

recovery (gold, silver, and PGMs) from primary sources since the 1970s. These factors are 13I[33l:

e The oxidation and coordination numbers;
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» The size, charge, and structure of chlorocomplexes;
» The kinetics of ligand exchange reactions of the type MX, + L - MX,_1L + X.

There is plenty of information that can be collected from the literature about the behaviour of primary PGM (Pd and
Pt) and secondary PGM (Ir, Rh, Ru, and Os) complexes in chloride aqueous media, e.g., 2333, Pt and Pd ions
exhibit +2 and +4 charges, but their relative stability is different depending on the metal ion. Some of the main

physico-chemical features related to Pt and Pd chlorocomplex species are summarised in Table 1 28],

Table 1. Oxidation states, d-electron configurations, coordination numbers, and structure configurations of the most
common Pd and Pt chlorocomplexes.

Metals R d-EIectrqn LG Structure Configurations
States Configurations Numbers
c, o
"o
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ICIP &
2- . cl
6 cl, c 2 o, | K 27 ). 74 V for
4 2= 6 2= [E] 4 2= 4 2= ’Pt‘ "_Ptc d|nate d8
8 6
Pt 2, +4 2= dd 4,6 o N, c:|°‘(| N,
) Cl
PtCI,)*= .
[26] [ 2 [Ptms]z plexes in

aqueous chloride solutions, the thermodynamic and kinetic contributions to the overall picture should be
considered. Hence, under a given set of conditions, thermodynamic stability is generally described through the
equilibrium constant for a particular reaction of the complex, whereas kinetic stability depends on the rate at which
the complex is converted to an equilibrium concentration of products. In particular, the mentioned Pd(ll), Pt(Il), and
Pt(IV) chlorocomplexes exhibit comparable thermodynamic equilibrium constants for the replacement of one
chloride anion by a water molecule (4.6 x 1072, 1.3 x 1072, and 5.6 x 1073, respectively); however, in the case of
[PACl4)?", a chloride anion is rapidly replaced by water, with a half-life of the reaction of less than 0.1 s.

Accordingly, this behaviour of the Pd(ll) chlorocomplex is termed as /abile to substitution by other ligands.

On the other hand, the aquation of [PtClg]>™ is too slow to be determined in the absence of Pt(ll), which can
catalyse the reaction; under these circumstances, the complex can be classified as being inert in ligand substitution
reactions 28, In the major part of the chloride concentrations used in the leaching solutions of spent catalysts, the
oxidation potential is too high to allow the significant co-existence of Pt(ll) species; hence, the main contribution of
Pd(ll) and Pt(IV) chlorocomplex species such as [PdCls)?>” and [PtClg]>” should be expected. As pointed out

previously, the [PdClg]>” species is rare, as it only shows some stability in the presence of excess chlorine, and has
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a tendency to slowly decompose to the stable Pd(ll) species B8; in contrast, the Pt(IV) chlorocomplex anion is

stable under similar conditions.

The exploitation of the kinetic different behaviours of the main Pd(Il) and Pt(IV) chlorocomplex species is on the
basis of flowsheet schemes developed to separate the two metal ions by SX, schemes that are currently adopted
by the principal PGM industrial refiners (23],

Accordingly, the reactivity shown by Pd(Il) and Pt(IV) towards a given extractant, the active ingredient of the
organic solvent, is often rather different in nature, allowing an adequate separation of both metal ions. As an
example, di-octylsulphide (DOS) is used in the INCO process to extract Pd(ll), as depicted in Equation (1) 22!,

[PACI,4]?~ (aqg) + 2 DOS (org) < PdCIl,(DOS), (org) + 2 CI™ (aq) (1)

In Equation (1), (aq) denotes species in the aqueous solution, and (org) denotes species in the organic solvent.
This reaction belongs to the type of system usually known as compound formation through ligand substitution,
profiting from the labile characteristics of the [PdCl,]2~ chlorocomplex. On the other hand, Pt(1V) is often extracted
through the formation of ion pairs in an organic phase, exemplified by the application of a protonated tertiary amine
(RgNH* CI7), Equation (2), which is used in the Matthey—Rustenberg process 12!,

[PtClg]?>™ (aq) + 2 R3NH* CI™ (org) < [(R3NH™),PtClg?7] (org) + 2 CI™ (aq) (2)

Pt(IV) can nevertheless be extracted through solvation, and an example is its extraction as a solvate in the INCO

process—Equation (3)—when tributylphosphate (TBP) is used 13,
H,PtClg (aqg) + 2 TBP (org) < H,PtClg - 2 TBP (org) (3)

Furthermore, there are also examples of Pd(ll) extraction through jon pair formation, as is the case of its
preliminary extraction by protonated tertiary amines prior to the interaction with hydroxyoxime derivatives in the
Matthey—Rustenberg process 2. This approach accelerates the SX process since the direct Pd(ll) extraction by
hydroxyoxime derivatives is slow. The involved reactions are depicted in Equations (4) and (5) (HL represents the

hydroxyoxime derivative).
[PACI,]?~ (aq) + 2 RgNH* CI™ (org) « [(RsNH'),PdCI,27] (org) + 2 CI™ (aq) (4)
[(RsNH"),PdCI,27] (org) + 2 HL (org) < PdL, (org) + 2 RzNH* CI~ (org) + 2 HCI (aq) (5)

A summary of the most significant SX schemes to recover Pd(Il) and Pt(IV) directly from pregnant liquors of spent
catalysts, published in the last 13 years, is displayed in Table 2 in chronological order. If the works dealing with
investigations involving model solutions of SACs were considered, the entries shown in Table 2 would, at least,

double. Additionally, only the best results found in each publication of Table 2 are highlighted.
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Table 2. Most significant SX schemes to recover Pd(Il) and Pt(IV) from pregnant liquors of spent catalysts (SAC:

spent automobile catalyst; TU: thiourea).

Target
Metal(s)

Pd, Pt

Pt

Pt

Pd

Pd

Pd, Pt

Pt

Pd

Pt

Extractant(s)

LIX84I (2-hydroxy-5-
nonylacetophenone oxime)
and Alamine 336 (trioctyl-
decylamines)

Alamine 336; Aliquat 336
(trioctylmethy!l
ammonium chloride)

N,N'—dimethyl-N,N'—
diphenyltetradecyl-
malonamide
(DMDPHTDMA)

1,2-bis(2-methoxyethylthio)
benzene

Cyanex 923
(trialkylphosphine oxides,
mainly with hexyl and octyl
groups)

Alamine 336 (Microfluidic
SX)

Aliquat 336

Thiacalix[6]arene and
thiacalix[4]arene derivatives

Thiacalix[4]arene derivative

Catalysts/Leaching

Media for SX Application

First-generation SAC/
3 M HCI

Monometallic (Pt/Al;,O3);
multimetallic
(PtSnIn/Al,O3)/1.4 and 0.5
M CI~, respectively

SAC/5M HCI

SAC/2 M CI”

Alumina and coated
ceramic honeycomb
catalysts/5 M H,SO,4

SAC/pH 1.42

Spent petroleum refining
catalyst/3 M HCI

SAC/pH 0.8

SAC/pH 0.8

SX Data

LIX84l;: 100% Pd
extraction; 100%
stripping with acidic TU;
good selectivity
Alamine 336: 100% Pt
extraction; 100%
stripping with acidic TU;
Fe co-extraction, easily
scrubbed

>99.4% extraction;
reductive stripping to
Pt(Il) by NaxS203; good
selectivity

99.5% extraction in
presence of Sn; =79%
stripping with (HCI +
NaClO3) + NaOH,;
reasonable selectivity

100% extraction; 100%
stripping with acidic TU;
excellent selectivity

98.6% extraction; 100%
stripping with HCIO;
excellent selectivity over
Al

Pd and Pt co-extraction

100% extraction of Pt
and Fe; 100% Fe
scrubbing with dilute
HCI; 100% Pt stripping
by HCIO,4

99.3% extraction; 100%
stripping with TU;
excellent selectivity,
slight Zr co-extraction

88% extraction; 20% Pd
co-extraction

References

[40]

[42]

[44]

[45]

https://encyclopedia.pub/entry/47551

7/24



Platinum and Palladium Solvent Extraction of Spent Catalysts | Encyclopedia.pub

Target
Metal(s) Extractant(s)
Pd Thiacalix[6]arene and
thiacalix[4]arene derivatives
Pd Thiacalix[6]arene derivative
Pd Acyclic thioamide derivative
1,3-bis (dimethylthio-
Pd
carbamoyloxy)-benzene
Pd Calix[4]arene-based n-
dialkylamino extractants
Azothiacalix[4]arene
Pd o
derivative
Heterocyclic dithioether
Pd :
ligands
Pq Sulphur—carbon—sulphur
(SCS) pincer ligands
Thioamide and
Pd thiodiglycolamide
derivatives
Pd. Pt Thiodiphenol-based n-

dialkylamino extractants

Catalysts/Leaching

Media for SX Application

SAC/1 M HCI

SAC/pH 1.5

SAC/0.1 M HCI

SAC/1 M HCI

SAC/0.06 M HCI

SAC/1 M HCI

SAC/0.5 M HCI

SAC/= 0.1 M HCI

Spent petrochemical
catalyst/2M HCI (MgClz +
NH4C|) + H202

SAC/0.1 M HCI

SX Data

99% extraction; slight co-
extraction of Zr, Pt, and
Al

98% extraction; 98%
stripping with acidic TU;
22% co-extraction of Zr

96% extraction; 99.5%
stripping with acidic TU;
excellent selectivity

99.9% extraction; > 99%
stripping with acidic TU;
excellent selectivity

88-92% extraction; 90—
99% stripping with acidic
TU; reasonable
selectivity

99.7% extraction; >99%
stripping with acidic TU;
<10% Pt and La co-
extraction

99.9% extraction; >99%
stripping with acidic TU;
11-17% Pt, 3—-8% Rh,
<4% other metals co-
extraction

99.9% extraction;
>99.9% stripping with
acidic TU; excellent
selectivity

95-100% extraction; 98—
99.5% stripping with
acidic TU; Al slowly
accumulates in the

solvents

99.5% Pd, 99.3% Pt
extraction; 99% Pd and
Pt stripping with acidic
TU; <3% other metals

co-extraction

References

[46]

[47]

[48]

[49]

[51]

[52]

53]

[54]

[55]
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Target Catalysts/Leaching
Metal(s) Extractant(s) Media for SX Application SX Data References
93-98% Pd, 92-94% Pt
Calix[4]arene-based amino extraction; 95-99% Pd,
Pd, Pt extractants containing n- SAC/pH 1.22 91-93% Pt stripping with (6]
alkyl moieties acidic TU; <6% other
metals co-extraction
0 ion: 0,
e 0
Pd calix[4]arene SAC/0.06 M HCI bping ’ (571
T <2% other metals co-
derivative .
extraction
90% extraction, 50% Fe
co-extracted; Fe
Pd Phosphonu_Jm.-based ionic SAC/5 M HCI scrupbmg by Na,SOs3, 58]
liquid Pd stripping by TU; small
amounts of other metals
co-extracted
Alamine 308
Pd, Pt (trioctylamine); SAC/unknown [HCI] 81% Pd, 95% Pt (591
Cloud-point extraction
99.9% extraction; 99%
Pq Thiophosphate-based SAC/0.06 M HCl stripping with acidic TU; [60]
extractant <1% other metals co-
extraction
100% Pt, 0% Rh, 100%
i - 0, 0
Cyphos IL 101 (trihexyl SAC/10.7 M HCI + Fe, 1OQ A).Zn, 47% Pb 61
Pt, Rh tetradecyl- 1 M H>SOu + HoO extraction; 19% Pt and
phosphonium chloride) 2o 2=z 100% Fe stripping with
HNO3
100% extraction; 100%
- : Fe co-extraction; Fe
Pi Thlog;%:z;(;l\?emlde SA((:E/;HI\;: IH+C|I_;ZOZ scrubbing by water and (62]
Pt stripping by acidic TU
did not work
100% Pt, 100% Pd,
100% Fe, 96% Mg, 95%
SAC/10.7 M HCI + Zn, 84% Cu extraction; [63]
a5l & szl 1 M H2SO4 + HoOo Pd stripping with acidic
TU and Pt stripping with
HNO3
Pd, Pt Cyanex 471X SAC/HCI + H20, Cyanex 471X: 100% Pd [64]

(triisobutylphosphine
sulphide) and Cyphos IL
101

(6 M HCI)

extraction; 46% stripping
with acidic TU; 99% Fe,
scrubbed with water.

As can be observed in Table 2, the majority of extractants that have been investigated for recovering Pd(ll) and

Pt(IV) from leaching solutions of spent catalysts are not commercially available and have been specifically
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Target Catalysts/Leaching ine 336
Extractant(s) : - SX Data References "¢

Metal(s) ... [38][42] Media for S@L}&)Ilcatlon 1 toluene

Cyphos IL 101: 99% Pt,
100% Pd; 100% Fe, taining 45

0 - 1 .
-1 -1 -1 -1 100/.0 Z!’n cq ext.re}ctlon, 1e loaded

stripping inefficient
iquat 336
. [43] 100% Pd, 4% Al, .11% »wn good
Dithiophenol-based Cr, 24% Fe, 3% NI, 9% ;
P . SACIHCI + H20, Rh, 1% Ce extraction; F&Ie3Ie4 .. jh Aliquat
Pd extractant bearing 3 S . .
[HCll=8 M scrubbing with water, ; are ionic
atoms - ) ;

100% Pd stripping with
[12] ILs in the

One compound: 80% Pd,

SAC/aqua regia + H,O, 0% Pt extraction; another
e N (half diluted); HCI + compound: 70% Pt, 0% [66]

Pd, Pt Pyridinium salt derivatives H,SO,+ H,0, (half diluted) S (B £ e i scussed

[H1<6 M extraction; Pd stripping

by acidic TU

The extractant 1,2-bis (2-methoxyethylthio) benzene has been extensively investigated and tested to extract Pd(Il)
from a SAC leach liquor 49, The extractant dissolved in 1,2-dichlorobenzene allowed efficient and selective Pd(ll)
recovery over Pt(IV) and Rh(lll), and over several other metals co-existing in the real 2 M CI™ leaching solution.
The stability of the extractant in successive extraction—stripping cycles has been cautiously demonstrated, showing
a very good reproducibility of results when an acidified thiourea aqueous phase was employed to strip Pd(ll) 42,
However, the use of 1,2-dichlorobenzene as the diluent and the unfavourable kinetics involved—24 h for extraction,
and 3 h for stripping—are disadvantages of this extraction system for future practical applications. Pd(ll) is
extracted by 1,2-bis (2-methoxyethylthio) benzene (L) through compound formation, leading to the formation of
PdCL,L and PdCl,L, species 49,

Several thiacalix[4] and thiacalix[6]arene derivatives bearing different substituent groups of the O-thiocarbamoyl,
phosphonomethyl, and dialkylamino types have been synthesized by the Yamada group to recover mainly Pd(ll),
but also Pt(IV), from leaching liquors of SACs [24I[45]46]47][50][56] There is a common feature in all those works,
which is the testing of the organic solvent performance with SAC liquors that have been highly diluted, and
therefore, not being representative of the leaching solutions often involved in the hydrometallurgical industry. As
can be seen in Table 2, the tested calix[n]arenes are particularly adequate to extract Pt(IV) and Pd(ll), but there
are usually appreciable amounts of several contaminants that are also co-extracted. In addition to the general use
of a diluent that is not appropriate to be employed in practical applications (chloroform), this drawback adds to the
difficult syntheses that these compounds generally require. Pd(ll) and Pt(IV) extraction reactions are mainly of
compound formation type for Pd(ll), e.g., #4B1 and ion pair formation for Pt(IV) and also for Pd(ll) 42I56]

Probably inspired by the promising extraction results provided by calix[n]arene derivatives, the Yamada group

pursued their research developing the synthesis methods for several other extractants with somewhat similar

structures, all of them bearing one or more benzene rings, and always possessing sulphur atoms 481491(53][55][601(65]
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The structures of the best derivatives for Pd(Il) and Pt(IV) recovery by SX reported in these works are illustrated in

Figure 3.
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Figure 3. Compounds recently developed by the Yamada group for the SX of Pd(Il) and Pt(IV). Examples of

structures: (a) acyclic thioamide derivative 48: (b) SCS pincer ligand with 2 thioamide groups 42; (¢) SCS pincer
ligand with 2 sulphide groups B3 (d) thiodiphenol derivative with 2-substituted amino groups B3 (e)

thiophosphate-based extractant [8%: (f) dithiophenol-based extractant with 3 sulphur atoms 2],

The Pd(ll) extraction performances shown by all extractants displayed in Figure 3, and that of Pt(IV) extraction by
the (d) derivative shown in Figure 3, have been thoroughly investigated from a fundamental point of view.
Furthermore, the Pd(ll) extraction, and sometimes stripping reactions involving thiourea, have been systematically
studied by spectroscopic (FTIR, UV-visible, NMR) and single-crystal X-ray diffraction techniques 223l and DFT
calculations 62 demonstrating the high quality of the research. All compounds extracted Pd(ll) through compound
formation [48I149531[60I65] ' \with the exception of the extractant shown in Figure 3d, which co-extracts Pd(ll) and

Pt(IV) through the formation of ion pairs 2.

There is a notable tendency to substitute chloroform, used as a diluent 48, with more suitable diluents for practical
applications, e.g., kerosene 53l kerosene with 20% n-octanol 53, n-octanol only 9, and toluene 3. Additionally,
the determination of equilibrium extraction isotherms 2880 and the reutilization performance of the solvents when
subject to several extraction—stripping cycles 4853153160 - deserved the attention of the authors, as these are
important features to be considered in industrial practice. Regrettably, only the work published in 2023 63 studied
the development of the SX system to recover Pd(ll) from an undiluted SAC leachate, free from Pt(IV), since all

previous works involved dilute SAC leaching solutions, as can be observed in Table 2.

The dithiophenol-based extractant with three sulphur atoms, depicted in Figure 3 as derivative (f), showed
promising behaviour towards Pd(ll) extraction from a real SAC solution with approximately 8 M HCI by carefully
adjusting the extractant concentration. After extraction, the metal-loaded organic phase was scrubbed with water to
remove the major part of the co-extracted Fe(lll) from the liquor. Pd(ll) was subsequently stripped from the organic

phase by thiourea and the final aqueous solution contained Pd(Il) only, but Fe(lll), Al(lll), and Ce(lll) were still
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present in the organic phase after scrubbing 2!, Hence, the accumulation of these contaminating elements in the
organic phase is predictable, inhibiting the complete recycling of the solvent when reutilized in sequential
extraction—stripping cycles. This is generally a drawback that is difficult to surpass. Moreover, the kinetic profile of
this SX system is surprising; after 24 h equilibration, the Pd(Il) extraction efficiency is more or less elevated for HCI
concentrations between 1 and 10 M (>85%), but after 6 h, it is almost 0% at 4 M HCI (but = 95% at 8 M HCI). The
authors opted to choose a 6 h contact time for the investigation of Pd(Il) SX from the SAC liquor. Another
disadvantage of this SX system is the rather complicated synthesis of extractant (f) in Figure 3, as four synthesis

steps were necessary to produce the compound.

A thioamide and a thiodiglycolamide derivative were tested for their ability to selectively recover Pd(Il) from the
leachate of a spent hydrogenating catalyst from the petrochemical industry 24 (Figure 4). The leaching stage was
optimized in order to maximize Pd(lIl) dissolution and minimize Al(Ill) co-extraction, but contents of Pd(ll) and Al(lII)
up to 55 mg/L and 2750 to 4200 mg/L, respectively, were nevertheless achieved. Alternative leaching agents to
partially replace HCI, namely magnesium and ammonium chlorides, were employed, with all leachates showing a
total chloride ion concentration of 2 M. The assays revealed similar results for all leachates, a similar behaviour to
that observed in the SX experiments involving the two organic extractants. Equilibrium Pd(ll) extraction isotherms
and SX reutilization data were achieved for all leaching solutions and showed very promising results. The identified
drawback was the progressive accumulation of Al(lll) in the organic solvents, which would certainly inhibit the
reutilization of the solvent after a higher number of extraction—stripping cycles. Furthermore, Pd(ll) stripping by the
acidic thiourea solution became less efficient when the organic solvents were saturated with Pd(ll) 4. Both
compounds extract Pd(Il) through compound formation [EZ88] although the extraction data achieved for the

thiodiglycolamide derivative indicated the involvement of the protonated extractant in the Pd(Il) extracted species
[68],

5

Hac/\/\/\)J\NHGHa a
1
c

(a)

1A C

3 3

Figure 4. The structures of the thioamide (a) and thiodiglycolamide (b) derivatives investigated in 2462],

The thiodiglycolamide derivative—structure (b) in Figure 4—was also tested for its ability to recover Pt(IV) from a
spent SAC leaching solution containing Pt as the only PGM and 8 M HCI 2. Equilibrium extraction isotherms
showed a very good loading profile of the thiodiglycolamide derivative towards Pt(IV), but the affinity to load Fe(lll)
was even higher. The net result was the inability of water to completely scrub Fe(lll) from the organic phase in
successive extraction—stripping cycles, and the same occurred with thiourea in HCI to strip Pt(lV), causing the
saturation of the organic phase. In fact, both Fe(lll) and Pt(IV) could not properly be removed from the organic

solvent, although the results obtained with a model solution did not indicate that such behaviour would occur [62],
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More recently, and after somewhat exhaustive research of the SX performance of ionic liquids (ILs) to recover
PGMs from model solutions, e.g., 12, the first works involving real leachates of spent catalysts using commercial
ILs as SX solvents began to appear in the literature [B8IBLESI64: however, to date, these studies only used

phosphonium-based ILs. The structures of the tested ILs, all commercially available, are illustrated in Figure 5.

H29C 14
\ ,.CeHi1s HsC
<l /P cr /O H3C
H13Ce \c = HaC p?” CHy
cHia oy oH, !
O  HsC CH,
(c) HogC
Hzﬁcm = '1\:1 +,.-C5H13
b \ ,.-CsHiz E
!-{l ]C/P cr H13Cs \CGH
17Cs 13
CgHiz

Figure 5. lonic liquids investigated for Pd(ll), Pt(IV), and Rh(lll) extraction from leachates of spent catalysts. (a)
Cyphos IL 101 [61I631[64]: (b) trioctyldodecylphosphonium chloride B8l: (c) trihexyl(tetradecyl)phosphonium bis(2,4,4-
trimethylpentyl)phosphinate (Cyphos IL 104) 3],

Goto and co-workers B8 tested the SX performance of Pd(Il) and Rh(lll) from a spent SAC leachate using
trioctyldodecylphosphonium chloride IL—(b) derivative in Figure 5. The authors used the undiluted IL to extract
Pd(ll) from the leaching SAC solution, containing approximately 5 M HCI, within a 10 min contact time.
Approximately 99% Pd(Il) was extracted, together with 50% Fe(lll) and a small amount of other metals (<5%). A
first Fe(lll) scrubbing with sodium sulphite for 30 min and at 45 °C allowed 90% Fe(lll) removal from the loaded
organic phase. Subsequently, Pd(ll) stripping was accomplished using a thiourea solution, with an efficiency of
90%. Rh(lll) was extracted from the raffinate leftover from the first Pd(Il) extraction stage by adding a fresh quantity
of the IL, but adjustment of the HCI concentration to 1 M was necessary. For an efficient Rh(lll) extraction, a 5 h
contact time was needed. After Fe(lll) scrubbing as previously described, Rh(lll) was recovered using a 5 M HCI
stripping solution. Both metal ions were extracted through ion pair formation 8. The results presented in this
publication are promising, but much work has still to be carried out, particularly to check the robustness of the
solvent in successive extraction—stripping cycles and the effect of the accumulation of contaminants in the organic
phase. Nothing was reported about any trouble arising from the viscosity of the IL in the SX essays; therefore, it is

supposed there were not any constraints to point out.

The Rzelewska-Piekut group published a paper about the use of Cyphos IL 101 Bl —derivative (a) in Figure 5—to
recover Pt(IV) and Rh(lll) from leaching solutions of SACs. The authors investigated the best conditions to leach
Pt(IV) and Rh(lll), leading to the choice of a HCI, H,SO,, and H,0O, mixture as a feed solution to apply a SX
scheme involving Cyphos IL 101 diluted in toluene. The results obtained were somehow encouraging: 100% Pt(1V)

and 0% Rh(lll) extractions, but 100% Fe(lIl) and Zn(Il) removal were also verified. Contact with a nitric acid solution
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stripped 19% of Pt(I1V), all Fe(lll), and half of the Zn(ll) from the organic medium. Further investigation of Pt(IV)

stripping from the loaded organic phase needs to be carried out to improve the SX process.

Both Cyphos IL 101 and 104—derivatives (a) and (c) in Figure 5—were tested for their ability to recover Pt(1V),
Pd(Il), and Rh(lll) from a SAC leaching solution by the Rzelewska-Piekut group again [63l. The suggested approach
used several stages: (1) a preliminary leaching step by oxalic acid, to reduce the amount of non-precious metals
(AI(IT, Fe(lln), Mg(ll), and Zn(Il)) leached in the second stage and leaving PGMs in the residue; (2) leaching of the
residue with a mixture of HCI, H,SO,4, and H,0O, to dissolve PGMs; (3) extraction of PGMs preferably by Cyphos IL
101 in toluene, for which 100% extraction of Pt(IV), Pd(ll), and Fe(lll) was achieved, together with 96%, 95%, and
84% extraction of Mg(ll), Zn(ll), and Cu(ll), respectively; and (4) Pd(ll) stripping by acidic thiourea, followed by
Pt(IV) stripping by a nitric acid solution. The numbers do not lie: it was obviously possible to concentrate Pd(Il) and
Pt(IV) from the second leaching solution by SX, but a lot of work still has to be carried out to investigate how to
remove the impurities that were not easily scrubbed from the loaded IL, whose accumulation will result in the
inhibition of Pt(1V) and Pd(ll) extraction in a short number of extraction—stripping cycles. Both Pt(IV) and Pd(ll) were
extracted by Cyphos IL 101 through ion pairs B3] |t should also be emphasized that, much of the data were

presented without a logical placement; therefore, its organization is rather confusing.

Cyphos IL 101 in toluene was tested for its ability to recover Pt(IV) and Pd(ll) from leachates of two SACs, one with
Pt(IV) and Rh(Ill) and another with Pt(1V), Pd(Il), and Rh(lll) as PGMs 4. An exhaustive investigation to find the
best conditions to leach PGMs was accomplished, always with the goal of maximizing their dissolution and
minimizing the presence of contaminants. Cyphos IL 101 showed very promising results regarding the uptake of
Pd(ll) and Pt(IV), with extraction percentages close to 100%, together with quantitative co-extraction of Fe(lll) and
Zn(Il). Water scrubbing revealed poor washing percentages for Fe(lll) and zZn(ll) in both leachates, although the
PGMs remained in the organic phase. There was inefficient Pd(ll) stripping by acidic thiourea—only 34%—which
was also without selectivity, as Pt(IV) and Fe(lll) were co-stripped. Aqueous ammonia did not work for Pt(IV)
stripping, showing better results for removing Zn(ll), and especially Fe(lll). In summary, the quantitative Pd(Il) and
Pt(IV) extractions are encouraging results, provided that the presence of Fe(lll) and Zn(ll) can be avoided. For that,
the inclusion of a previous extraction step for base metal removal is a possibility, or the identification of appropriate
scrubbing agents for both Fe(lll) and zZn(ll). For the latter situation, the scrubbing agents should not interfere with
Pd(I1) and/or Pt(1V) in the loaded Cyphos IL 101 organic phase (4],

Several alkoxyimine-1-propylpyridinium chloride derivatives were synthesized and tested for their ability to recover
Pd(ll) and Pt(IV) from real SACs solutions diluted in toluene €€, These ILs were tested with leaching solutions of
agua regia and a mixture of HCI, H,SO,4, and H,0,, with and without dilution. One pyridinium chloride derivative
extracted 80% Pd(Il) from two-fold diluted aqua regia, and > 65% Pt(IV) was extracted from the mixture of HCI,
H,SO,4, and H,0, using two other IL derivatives. Separation of Pt(IV) from Pd(Il) or Pd(ll) from Pt(IV) was not
possible by extraction with the pyridinium chloride salts used. In most cases, Pd(ll) and Pt(IV) were co-extracted
together into the organic phases, which were also contaminated with base metals such as Fe(lll), Al(lll), Mg(ll), and

Zn(Il). Additionally, phase separation immediately after extraction was always slow, and only achieved after 24 h.

https://encyclopedia.pub/entry/47551 14/24



Platinum and Palladium Solvent Extraction of Spent Catalysts | Encyclopedia.pub

Extraction of Pt(IV) and Pd(Il) by alkoxyimine-1-propylpyridinium chloride derivatives occurs through ion pair

formation (68!,

The results obtained with Cyanex 471X (a commercial organic extractant developed for the selective extraction of
Pd(Il) over Pt(IV) in the 1980s) for Pd(ll) extraction from a real SAC solution deserve a mention 84183 The active
ingredient of Cyanex 471X is triisobutylphosphine sulphide (TIBPS). Adopting the recommended extraction
procedure B2 (briefly, 15 min contact time for a kinetic separation of Pd(ll) from Pt(IV) at 50 °C), it was possible to
effectively separate Pd(ll) from Pt(IV) from a real SAC leachate, and only Fe(lll) was quantitatively co-extracted.
Fe(lll) was efficiently scrubbed by water (88%), and Pd(ll) stripping was effectively accomplished by thiourea in HCI
64 The Pd(ll) percentage stripping reported—46%—is surely higher, as there was abundant precipitation of Pd
species whose content was not considered in the overall Pd(ll) recovery value. These results are encouraging,

particularly for Pd(Il) recovery, and deserve further investigation.

It is worthwhile to mention that there are other hydrometallurgical unit operations that have been actively
investigated in recent years to recover platinum and palladium from real leachates of spent catalysts; these include
ion exchange ZIIAI2T3I7475]  applied on leachates coming from SACs LAZ278I74] gnd industrial catalysts LTS,
and PGM precipitation 81 from SAC leachates. These works report advantages and constraints, but in
comparison with SX, they are at an earlier stage of development, and therefore, still need improvement. The
precipitation of PGM nanoparticles contaminated with base metals from SACs leachates, and the confirmation of
the maintenance of their catalytic activity in chemical transformations X4 is an interesting finding; nevertheless,
although being motivating from an in situ point of view (e.g., in-house recycling of catalysts) it does not seem
promising for implementation by industry, as the selling of “no pure” catalysts should not be appealing for

industries.

| 3. Solvometallurgy

Solvometallurgy is the designation used to describe the integrated process of extracting metals from ores,
industrial residues, scraps, and urban waste using non-aqueous solutions 2%, Non-aqueous does not mean that
water is forbidden, but a low water content should be employed. The involved unit operations in solvometallurgy
are solvent leaching; separation of the residue; purification of the leach solution by non-aqueous SX [ or non-
agueous ion exchange; and metal recovery by precipitation or electrolysis in non-aqueous electrolytes. For
solvometallurgical processes to be sustainable, they must be based on the use of green solvents, meaning that all

toxic or environmentally harmful solvents must be avoided 29,

ILs are an example of alternative chemical compounds that are supposed to be “green”. It is, however, well known
that some ILs are not as green as previously thought, and the investigation of their toxicity should be a priority (8],
As described previously, several ILs have been investigated for PGM recovery from model and real leaching
solutions of spent catalysts, but not from the point of view of an integrated solvometallurgical process; therefore,
the investigations which aimed to develop integrated non-aqueous processes, starting from the PGM-containing

spent catalyst, and ending in the final metal recovery, will be mainly addressed under this heading, obviously
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focusing on the use of non-aqueous SX. Non-aqueous SX considers the use of two immiscible liquid phases, but

neither is aqueous.

Concerning PGM recycling from SACs, the main overall solvometallurgical operations developed under the scope
of PLATIRUS, an EU Horizon 2020 project, have been published 2. This article presents a PLATIRUS project
overview, although without an in-depth technical analysis of each technology; it summarises the evaluation of the
most promising technologies that were developed, their operation in cascade, the expected recycled PGM end-
user validation, and the next steps required to prepare the industrial application and to further confirm the project’s
potential. Several types of leaching procedures were investigated 2, including solvometallurgical and microwave-
assisted options to separate PGMs from leachates, and “non-conventional liquid—liquid extraction” approaches
were developed 2. The microwave-assisted leaching option led to the concept of “split-anion extraction”.
Basically, split-anion extraction is an SX process in which different anions are present in the aqueous and organic
solutions. In the project, PGMs were extracted from the chloride leachates using the iodide form of the quaternary
ammonium IL Aliquat 336, [A336][l], dissolved in p-cymene. The iodide anions, which have a stronger affinity for

the organic phase, coordinate with PGMs to form stable iodo-complexes in the IL phase 2210,

The investigators from the PLATIRUS EU project published another article describing the feasibility of an optimized
integrated solvometallurgical approach to efficiently and selectively recover PGMs from SACs Bl Two distinct
solvoleaching steps were proposed: the first one was to selectively leach Pd(ll) using a dilute solution of ferric
chloride in acetonitrile, separating it from the other elements; the remaining residue undergoes a similar operation
but using a more concentrated ferric chloride solution, again in acetonitrile, to extract Pt(IV), Rh(lll), and Fe(lll).
After evaporation of the solvent, the residue was dissolved in ethylene glycol and, through non-aqueous SX, Pt(IV)
and Fe(lll) were extracted by the quaternary ammonium IL Aliquat 336 ([A336][Cl]) dissolved in p-cymene, leaving
Rh(lll) in the raffinate. Fe(lll) and Pt(IV) were subsequently separated through selective stripping. The overall

workflow described in Y is detailed in Figure 6.
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Figure 6. Simplified scheme showing the integrated solvometallurgical process to recover PGMs from SACs,
developed under the PLATIRUS EU Horizon 2020 project (adapted from [81]),

The authors claimed that, with the proposed solvometallurgical process, less harmful chemicals compared to those
of the hydrometallurgical approaches were used, and the utilization of high temperatures and pressures and
aggressive acidic leaching media (i.e., Cl,, HNO3, and HCI) were also avoided. Regarding the non-aqueous SX,
the complete separation of individual PGMs and Fe(lll) in a safe and simple way was accomplished as well. The
assumption that acetonitrile is a harmless chemical solvent is, at least, dubious 2. Even though revealing an
apparent high potential for PGM recovery from SACs 2Bl the use of solvometallurgy as a viable alternative to

the already mature hydrometallurgy needs to be much more developed and further evaluated.

References

1. Johnson Matthey. Available online: https://matthey.com/pgm-market-report-2022 (accessed on 31
May 2023).

2. Hageluken, C. Recycling the platinum group metals: A European perspective. Platinum Metals
Rev. 2012, 56, 29-35.

3. USGS, Science for a Changing World. Available online:
https://pubs.usgs.gov/fs/2014/3064/pdf/fs2014-3064.pdf (accessed on 12 July 2023).

https://encyclopedia.pub/entry/47551 17/24



Platinum and Palladium Solvent Extraction of Spent Catalysts | Encyclopedia.pub

10.

11.

12.

13.

14.

15.

16.

17.

. Lavika, A.N.; Hageliken, C.; Wagera, P. Improving supply security of critical metals: Current

developments and research in the EU. Sustain. Mater. Technol. 2018, 15, 9-18.

. European Commission, Study on the Critical Raw Materials for the EU. Available online:

https://single-market-economy.ec.europa.eu/system/files/2023-
03/Study%202023%20CRM%20Assessment.pdf (accessed on 5 June 2023).

. European Commission, Funding & Tender Opportunities. Available online:

https://ec.europa.eu/info/funding-tenders/opportunities/portal/screen/programmes/h2020
(accessed on 5 June 2023).

. Saguru, C.; Ndlovu, S.; Moropeng, D. A review of recent studies into hydrometallurgical methods

for recovering PGMs from used catalytic converters. Hydrometallurgy 2018, 182, 44-56.

. Grilli, M.L.; Slobozeanu, A.E.; Larosa, C.; Paneva, D.; Yakoumis, |.; Cherkezova-Zheleva, Z.

Platinum group metals: Green recovery from spent auto-catalysts and reuse in new catalysts—A
review. Crystals 2023, 13, 550.

. Xu, B.; Chen, Y.; Zhou, Y.; Zhang, B.; Liu, G.; Li, Q.; Yang, Y.; Jiang, T. A review of recovery of

palladium from the spent automobile catalysts. Metals 2022, 12, 533.

Binnemans, K.; Jones, P.T. Solvometallurgy: An emerging branch of extractive metallurgy. J.
Sustain. Metall. 2017, 3, 570-600.

Li, Z.; Dewulf, B.; Binnemans, K. Nonaqueous solvent extraction for enhanced metal separations:
Concept, systems, and mechanisms. Ind. Eng. Chem. Res. 2021, 60, 17285-17302.

Paiva, A.P.; Nogueira, C.A. lonic liquids in the extraction and recycling of critical metals from
urban mines. Waste Biomass Valor. 2021, 12, 1725-1747.

Bernardis, F.L.; Grant, R.A.; Sherrington, D.C. A review of methods of separation of the platinum-
group metals through their chloro-complexes. React. Funct. Polym. 2005, 65, 205-217.

Nogueira, C.A.; Paiva, A.P.; Oliveira, P.C.; Costa, M.C.; Rosa da Costa, A.M. Oxidative leaching
process with cupric ion in hydrochloric acid media for recovery of Pd and Rh from spent catalytic
converters. J. Hazard. Mat. 2014, 278, 82-90.

Cox, M. Solvent extraction in hydrometallurgy. In Solvent Extraction Principles and Practices, 2nd
ed.; Rydberg, J., Cox, M., Musikas, C., Choppin, G.R., Eds.; Marcel Dekker Inc.: New York, NY,
USA, 2004; pp. 455-505.

Paiva, A.P. Recycling of palladium from spent catalysts using solvent extraction—Some critical
points. Metals 2017, 7, 505.

Sinisalo, P.; Lundstrom, M. Refining approaches in the platinum group metal processing value
chain—A review. Metals 2018, 8, 203.

https://encyclopedia.pub/entry/47551 18/24



Platinum and Palladium Solvent Extraction of Spent Catalysts | Encyclopedia.pub

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Panda, R.; Jha, M.K.; Pathak, D.D. Commercial processes for the extraction of platinum group
metals (PGMs). In Rare Metal Technology 2018; The Minerals, Metals & Materials Series; Kim,
H., Wesstrom, B., Alam, S., Ouchi, T., Azimi, G., Neelameggham, N.R., Wang, S., Guan, X., Eds.;
Springer International Publishing AG: Cham, Switzerland, 2018; pp. 119-130.

Sethurajan, M.; van Hullebusch, E.D.; Fontana, D.; Akcil, A.; Deveci, H.; Batinic, B.; Leal, J.P,;
Gasche, T.A.; Kucuker, M.A.; Kuchta, K.; et al. Recent advances on hydrometallurgical recovery
of critical and precious elements from end of life electronic wastes—A review. Crit. Rev. Environ.
Sci. Technol. 2019, 49, 212-275.

Ding, Y.; Zhang, S.; Liu, B.; Zheng, H.; Chang, C.-c.; Ekberg, C. Recovery of precious metals from
electronic waste and spent catalysts: A review. Resour. Conserv. Recycl. 2019, 141, 284—-298.

Wongsawa, T.; Traiwongsa, N.; Pancharoen, U.; Nootong, K. A review of the recovery of precious
metals using ionic liquid extractants in hydrometallurgical processes. Hydrometallurgy 2020, 198,
105488.

Trinh, H.B.; Lee, J.-c.; Suh, Y.-].; Lee, J. A review on the recycling processes of spent auto-
catalysts: Towards the development of sustainable metallurgy. Waste Manag. 2020, 114, 148—
165.

Granados-Fernandez, R.; Montiel, M.A.; Diaz-Abad, S.; Rodrigo, M.A.; Lobato, J. Platinum
recovery techniques for a circular economy. Catalysts 2021, 11, 937.

Yakoumis, |.; Panou, M.; Moschovi, A.M.; Panias, D. Recovery of platinum group metals from
spent automotive catalysts: A review. Clean. Eng. Technol. 2021, 3, 100112.

Wang, J.; Xu, W.; Liu, H.; Yu, F.; Wang, H. Extractant structures and their performance for
palladium extraction and separation from chloride media: A review. Miner. Eng. 2021, 163,
106798.

Xolo, L.; Moleko-Boyce, P.; Makelane, H.; Faleni, N.; Tshentu, Z.R. Status of recovery of strategic
metals from spent secondary products. Minerals 2021, 11, 673.

Karim, S.; Ting, Y.-P. Recycling pathways for platinum group metals from spent automotive
catalyst: A review on conventional approaches and bio-processes. Resour. Conserv. Recycl.
2021, 170, 105588.

Zheng, H.; Ding, Y.; Wen, Q.; Liu, B.; Zhang, S. Separation and purification of platinum group
metals from aqueous solution: Recent developments and industrial applications. Resour. Conserv.
Recycl. 2021, 167, 105417.

Sun, S.; Jin, C.; He, W.; Li, G.; Zhu, H.; Huang, J. A review on management of waste three-way
catalysts and strategies for recovery of platinum group metals from them. J. Environ. Manag.
2022, 305, 114383.

https://encyclopedia.pub/entry/47551 19/24



Platinum and Palladium Solvent Extraction of Spent Catalysts | Encyclopedia.pub

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

Zupanc, A.; Install, J.; Jereb, M.; Repo, T. Sustainable and selective modern methods of noble
metal recycling. Angew. Chem. 2023, 62, €202214453.

Lee, J.-c.; Kurniawan, K.; Kim, S.; Nguyen, V.T.; Pandey, B.D. lonic liquids-assisted solvent
extraction of precious metals from chloride solutions. Sep. Purif. Rev. 2023, 52, 242-261.

Xia, J.; Ghahreman, A. Platinum group metals recycling from spent automotive catalysts:
Metallurgical extraction and recovery technologies. Sep. Purif. Technol. 2023, 311, 123357.

Tang, H.; Peng, Z.; Tian, R.; Ye, L.; Zhang, J.; Rao, M.; Li, G. Platinum-group metals: Demand,
supply, applications and their recycling from spent automotive catalysts. J. Environ. Chem. Eng.
2023, 11, 110237.

Pianowska, K.; Kluczka, J.; Benke, G.; Goc, K.; Malarz, J.; Ochmanski, M.; Leszczynska-Sejda,
K. Solvent extraction as a method of recovery and separation of platinum group metals. Materials
2023, 16, 4681.

Demopoulos, G.P. Solvent extraction in precious metals refining. J. Metals 1986, 38, 13-17.

Publications of the International Precious Metals Educational and Scientific Foundation; Stern,
E.W. Aqueous Chemistry of Precious Metals Applicable to Refining Processes. pp. 16-50.
Available online: https://www.researchgate.net/profile/Corby-
Anderson/publication/346259411 The IPMI_Journal_-
_Volume_1/links/600a368ca6fdccdch86fd4a9/The-IPMI-Journal-Volume-1.pdf#page=25
(accessed on 9 June 2023).

Ramachandra Reddy, B.; Raju, B.; Lee, J.Y.; Park, H.K. Process for the separation and recovery
of palladium and platinum from spent automobile catalyst leach liquor using LIX 841 and Alamine
336. J. Hazard. Mat. 2010, 180, 253—-258.

Marinho, R.S.; Afonso, J.C.; Dias da Cunha, J.W.S. Recovery of platinum from spent catalysts by
liquid—liquid extraction in chloride medium. J. Hazard. Mat. 2010, 179, 488-494.

Malik, P.; Paiva, A.P. Novel solvent extraction route for the mutual separation of platinum,
palladium, and rhodium in hydrochloric acid media. Solvent Extr. lon. Exch. 2010, 28, 49-72.

Traeger, J.; Konig, J.; Stadtke, A.; Holdt, H.-J. Development of a solvent extraction system with
1,2-bis(2-methoxyethylthio)benzene for the selective separation of palladium(ll) from secondary
raw materials. Hydrometallurgy 2012, 127-128, 30-38.

Gupta, B.; Singh, I. Extraction and separation of platinum, palladium and rhodium using Cyanex
923 and their recovery from real samples. Hydrometallurgy 2013, 134-135, 11-18.

Yin, C.-Y.; Nikoloski, A.N.; Wang, M.W. Microfluidic solvent extraction of platinum and palladium
from a chloride leach solution using Alamine 336. Miner. Eng. 2013, 45, 18-21.

https://encyclopedia.pub/entry/47551 20/24



Platinum and Palladium Solvent Extraction of Spent Catalysts | Encyclopedia.pub

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Sun, P.P.;; Lee, M.S. Recovery of platinum from chloride leaching solution of spent catalysts by
solvent extraction. Mater. Trans. 2013, 54, 74-80.

Gandhi, M.R.; Yamada, M.; Kondo, Y.; Sato, R.; Hamada, F. Synthesis and characterization of
dimethylthiocarbamoyl-modified thiacalixarenes for selective Pd(ll)-ion extraction. Ind. Eng.
Chem. Res. 2014, 53, 2559-2565.

Yamada, M.; Gandhi, M.R.; Kondo, Y.; Sato, R.; Hamada, F. Synthesis and characterisation of p-
diethylaminomethylthiacalixarene for selective recovery of platinum from automotive catalyst
residue. Supramol. Chem. 2014, 26, 620-630.

Gandhi, M.R.; Yamada, M.; Kondo, Y.; Shibayama, A.; Hamada, F. Selective extraction of Pd(ll)
ions from automotive catalyst residue in Cl- media by O-thiocarbamoyl-functionalized
thiacalixarenes. Hydrometallurgy 2015, 151, 133-140.

Yamada, M.; Gandhi, M.R.; Kondo, Y.; Shibayama, A.; Hamada, F. Feasibility studies on
palladium extraction from leach liquors of automotive catalysts using p-
diethylphosphonomethylthiacalixarene. Sep. Sci. Technol. 2015, 50, 1964-1973.

Yamada, M.; Gandhi, M.R.; Sato, R.; Kaneta, Y.; Kimura, N. Comparative study on palladium(ll)
extraction using thioamide-modified acyclic and cyclic extractants. Ind. Eng. Chem. Res. 2016,
55, 8914-8921.

Gandhi, M.R.; Yamada, M.; Kondo, Y.; Shibayama, A.; Hamada, F. Rapid and selective extraction
of Pd(Il) ions using the SCS type pincer ligand 1,3-bis(dimethylthiocarbamoyloxy)benzene, and its
Pd(Il) extraction mechanism. RSC Adv. 2016, 6, 1243-1252.

Gandhi, M.R.; Yamada, M.; Kaneta, Y.; Hu, Y.; Shibayama, A. Calixarene-based n-dialkylamino
extractants for selective platinum group metal separation from automotive catalysts.
ChemistrySelect 2017, 2, 1052-1057.

Senthil, K.; Akiba, U.; Fujiwara, K.; Hamada, F.; Kondo, Y. High selectivity and extractability of
palladium from chloride leach liquors of an automotive catalyst residue by azothiacalixarene
derivative. Hydrometallurgy 2017, 169, 478-487.

Senthil, K.; Akiba, U.; Fujiwara, K.; Hamada, F.; Kondo, Y. New heterocyclic dithioether ligands for
highly selective separation and recovery of Pd(ll) from acidic leach liquors of spent automobile
catalysts. Ind. Eng. Chem. Res. 2017, 56, 1036—-1047.

Gandhi, M.R.; Yamada, M.; Haga, K.; Shibayama, A. Synthesis of pincer-type extractants for
selective extraction of palladium from PGMs: An improved liquid-liquid extraction approach to
current refining processes. Sci. Rep. 2017, 7, 8709.

Paiva, A.P.; Ortet, O.; Carvalho, G.I.; Nogueira, C.A. Recovery of palladium from a spent industrial
catalyst through leaching and solvent extraction. Hydrometallurgy 2017, 371, 394-401.

https://encyclopedia.pub/entry/47551 21/24



Platinum and Palladium Solvent Extraction of Spent Catalysts | Encyclopedia.pub

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Yamada, M.; Gandhi, M.R.; Kaneta, Y.; Kimura, N.; Katagiri, H. Thiodiphenol-based n-
dialkylamino extractants for selective platinum group metal separation from automotive catalysts.
Ind. Eng. Chem. Res. 2018, 57, 1361-1369.

Yamada, M.; Kaneta, Y.; Gandhi, M.R.; Kunda, U.M.R.; Shibayama, A. Calixarene-based amino
extractants containing n-alkyl moieties for separation of Pd(ll) and Pt(I1V) from leach liquors of
automotive catalysts. Metals 2018, 8, 517.

Yamada, M.; Gandhi, M.R.; Shibayama, A. Rapid and selective recovery of palladium from
platinum group metals and base metals using a thioamide-modified calixarene extractant in
environmentally friendly hydrocarbon fluids. Sci. Rep. 2018, 8, 16909.

Firmansyah, M.L.; Kubota, F.; Yoshida, W.; Goto, M. Application of a novel phosphonium-based
ionic liquid to the separation of platinum group metals from automobile catalyst leach liquor. Ind.
Eng. Chem. Res. 2019, 58, 3845-3852.

Makua, L.; Langa, K.; Saguru, C.; Ndlovu, S. PGM recovery from a pregnant leach solution using
solvent extraction and cloud point extraction: A preliminary comparison. J. S. Afr. Inst. Min. Metall.
2019, 119, 453-458.

Yamada, M.; Gandhi, M.R.; Kunda, U.M.R.; Mori, T.; Haga, K.; Shibayama, A. Recovery of Pd(ll)
from leach solutions of automotive catalysts by solvent extraction with new thiophosphate
extractants. Hydrometallurgy 2020, 191, 105221.

Rzelewska-Piekut, M.; Paukszta, D.; Regel-Rosocka, M. Hydrometallurgical recovery of platinum
group metals from spent automotive converters. Physicochem. Probl. Miner. Process. 2021, 57,
83-94.

Méndez, A.; Nogueira, C.A.; Paiva, A.P. Recovery of platinum from a spent automotive catalyst
through chloride leaching and solvent extraction. Recycling 2021, 6, 27.

Wiecka, Z.; Rzelewska-Piekut, M.; Regel-Rosocka, M. Recovery of platinum group metals from
spent automotive converters by leaching with organic and inorganic acids and extraction with
quaternary phosphonium salts. Sep. Purif. Technol. 2022, 280, 119933.

Paiva, A.P.; Piedras, F.V.; Rodrigues, P.G.; Nogueira, C.A. Hydrometallurgical recovery of
platinum-group metals from spent auto-catalysts—Focus on leaching and solvent extraction. Sep.
Purif. Technol. 2022, 286, 120474.

Yamada, M.; Ohira, T.; Watanabe, N.; Katagiri, H.; Shibayama, A.; Hamada, F. Recovery of Pd(ll)
by solvent extraction with a dithiophenol-based extractant from the undiluted leachate of spent
automotive catalysts followed by water scrubbing and thiourea stripping. Hydrometallurgy 2023,
215, 105986.

Wiecka, Z.; Rzelewska-Piekut, M.; Reis, M.T.A.; Ismael, M.R.C.; Wieszczycka, K.; Regel-
Rosocka, M. Pd(ll) and Pt(IV) dispersive or non-dispersive extraction from model and real leach

https://encyclopedia.pub/entry/47551 22/24



Platinum and Palladium Solvent Extraction of Spent Catalysts | Encyclopedia.pub

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

solutions with alkoxyimine-1-propylpyridinium derivatives. Sep. Purif. Technol. 2023, 317, 123800.

Ortet, O.; Santos, M.S.C.S.; Paiva, A.P. Palladium(ll) extraction from concentrated chloride media:
Reactions involving thioamide derivatives. Sep. Sci. Technol. 2016, 51, 1461-1471.

Ortet, O.; Santos, M.S.C.S.; Paiva, A.P. Palladium(Il) and N,N'-dimethyl-N,N'-
dicyclohexylthiodiglycolamide—The extracted species from concentrated chloride solutions. Sep.
Purif. Technol. 2016, 170, 1-9.

American Cyanamid Co. Cyanex® 471X Extractant Sales Brochure—Technical Information
Sheet; Cyanamid: Wayne, NJ, USA, 1985.

Nikoloski, A.N.; Ang, K.-L.; Li, D. Recovery of platinum, palladium and rhodium from acidic
chloride leach solution using ion exchange resins. Hydrometallurgy 2015, 152, 20-32.

Sharma, S.; Rajesh, N. Augmenting the adsorption of palladium from spent catalyst using a
thiazole ligand tethered on an amine functionalized polymeric resin. Chem. Eng. J. 2016, 283,
999-1008.

Moon, J.-y.; Nishihama, S.; Yoshizuka, K. Recovery of platinum and palladium from spent
automobile catalyst by solvent-impregnated resins. Solvent Extr. lon. Exch. 2018, 36, 470-479.

Yamada, M.; Kimura, S.; Gandhi, M.R.; Shibayama, A. Environmentally friendly Pd(Il) recovery
from spent automotive catalysts using resins impregnated with a pincer-type extractant. Sci. Rep.
2021, 11, 365.

Lanaridi, O.; Sahoo, A.R.; Limbeck, A.; Naghdi, S.; Eder, D.; Eitenberger, E.; Csendes, Z.;
Schnirch, M.; Bica-Schroder, K. Toward the recovery of platinum group metals from a spent
automotive catalyst with supported ionic liquid phases. ACS Sustain. Chem. Eng. 2021, 9, 375—
386.

Li, H.; Ye, M.; Liu, Z.; Fu, Z.; Zhang, H.; Wang, G.; Zhang, Y. Selective Pt recovery from spent
catalyst enabled by hierarchical porous poly(imine dioxime)/polyethylenimine composite
membrane for recycled Pt/C catalyst. Sep. Purif. Technol. 2023, 310, 123125.

llyas, S.; Srivastava, R.R.; Kim, H.; Cheema, H.A. Hydrometallurgical recycling of palladium and
platinum from exhausted diesel oxidation catalysts. Sep. Purif. Technol. 2020, 248, 117029.

Rzelewska-Piekut, M.; Wolanczyk, Z.; Nowicki, M.; Regel-Rosocka, M. Precipitation of Pt, Pd, Rh,
and Ru nanoparticles with non-precious metals from model and real multicomponent solutions.
Molecules 2023, 28, 5188.

Gongalves, A.R.P.; Paredes, X.; Cristino, A.F.; Santos, F.J.V.; Queirds, C.S.G.P. lonic liquids—A
review of their toxicity to living organisms. Int. J. Mol. Sci. 2021, 22, 5612.

Nicol, G.; Goosey, E.; Yildiz, D.S.; Loving, E.; Nguyen, V.T.; Riafio, S.; Yakoumis, I.; Martinez,
A.M.; Siriwardana, A.; Unzurrunzaga, A.; et al. Platinum group metals recovery using secondary

https://encyclopedia.pub/entry/47551 23/24



Platinum and Palladium Solvent Extraction of Spent Catalysts | Encyclopedia.pub

raw materials (PLATIRUS): Project overview with a focus on processing spent autocatalyst.
Johns. Matthey Technol. Rev. 2021, 65, 127-147.

80. Nguyen, V.T.; Riafio, S.; Binnemans, K. Separation of precious metals by split-anion extraction
using water-saturated ionic liquids. Green. Chem. 2020, 22, 8375-8388.

81. Nguyen, V.T.; Riafio, S.; Aktan, E.; Deferm, C.; Fransaer, J.; Binnemans, K. Solvometallurgical
recovery of platinum group metals from spent automotive catalysts. ACS Sustain. Chem. Eng.
2021, 9, 337-350.

82. Australian Government, Department of Climate Change, Energy, the Environment, and Water.
National Pollutant Inventory. Available online:
https://www.dcceew.gov.au/environment/protection/npi/substances/fact-sheets/acetonitrile#tabs-2
(accessed on 22 June 2023).

Retrieved from https://encyclopedia.pub/entry/history/show/107564

https://encyclopedia.pub/entry/47551 24/24



