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ABSTRACT

The growing demand for precious metals, such as gold, silver and palladium, and the depletion
of primary metallic resources contribute to the search for new solutions that enable the recov-
ery of these valuable materials from waste electrical and electronic equipment (WEEE), which
is now treated as their secondary source. Conventional methods based on high-temperature
pyrometallurgical routes are now giving way to hydrometallurgical processes due to their greater
accuracy, ease of control and the possibility of planning the metal recovery processes at various
scales. Scientists are particularly interested in the precious metal recovery methods based on the
utilization of solvent extraction (SE) and polymer inclusion membranes (PIMs) processes, mainly
because of their high efficiency and the possibility of using various chemical compounds as extract-
ants and carriers. The article reviews the latest achievements in the applications of SE and PIMs for
the recovery of Au(Ill), Ag(I) and Pd(II) from acidic solutions, including those obtained as a result
of leaching WEEE. The limitations and advantages of SE and PIMs processes based on the use of
both commercial and non-commercial chemicals are described.
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1. Introduction

In recent years, there has been a rapid increase in the
production of various electrical and electronic equipment
(EEE), with its increased miniaturization and affordability
leading to the shortening of its lifespan [1-3]. Operational
problems faced by the electrical and electronic equipment
repair sector also have a major impact on the decreasing
lifespan of EEE [4]. This has led to the generation of signif-
icant amounts of waste electrical and electronic equipment
(WEEE) [5,6]. WEEE includes but is not limited to worn-out
integrated circuit (IC) manufacturing and computer indus-
try products, printed circuit boards (PCBs), connectors,
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wiring, metal housings, as well as batteries and fluorescent
lamps [7-10].

WEEE contains many metals, both hazardous ones that
can be released in case of improper storage or processing
(e.g., mercury) and may pose a threat to human health and
the environment, as well as precious ones such as gold,
silver and palladium, whose recovery is beneficial for eco-
nomic and environmental reasons alike [11-14]. Due to the
significant and systematically increasing amount of EEE
waste, as well as the limited quantities of precious metals in
ores and problems related to their extraction, new solutions
and methods enabling proper e-waste management and fast
and efficient recovery of valuable metals from such waste
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are intensively sought in recent years [15,16]. WEEE man-
agement is relatively well performed across the European
Union mainly thanks to the WEEE Directive 2012/19/EU
[17], which sets high targets for the Member States for the
collection, recycling and recovery of valuable materials
from e-waste. For many other countries outside the EU,
collection, recycling and recovery rates are lower (e.g.,
in African countries) and WEEE legislation is constantly
evolving (e.g., in India) [18,19].

Technologies for recovering valuable metals from
e-waste used today are primarily based on physical pro-
cesses that separate metal and non-metal fractions based
on differences in their properties (e.g., magnetic, elec-
trical conductivity, density, etc.) and chemical, such as
pyrometallurgical, hydrometallurgical and biotechnologi-
cal methods [16,20]. While pyrometallurgical processes in
which EEE waste is subjected to high temperatures (often
exceeding 1,000°C), usually in specially adapted furnaces,
have been of great interest to scientists for many years,
their use is systematically declining due to the high costs
and the large scale of such operations (typically large
amounts of WEEE are introduced into the furnaces) [10,16].
Hydrometallurgical methods involve the use of leaching
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agents (e.g., strong bases, acids, chlorine systems, etc.)
and transfer of the desired components into a solution.
Today, they are much more frequently used and modified
than pyrometallurgical methods. Many researchers believe
that hydrometallurgical methods will play a key role in
future waste electronic and electrical equipment manage-
ment processes due to their high accuracy, predictability,
ease of control, and the possibility of planning the metal
recovery process at different scales [21,22].

Nonetheless, the recovery of valuable metals from WEEE
using hydrometallurgical methods is a complex process
(Fig. 1), involving multiple unit operations ranging from dis-
assembly, comminution, and physical separation of compo-
nents to leaching, which enables the transfer of the desired
substances to aqueous solutions [21,22]. The subsequent
recovery of valuable metal ions from aqueous solutions is
made possible by using solvent extraction (SE) processes
or polymer inclusion membranes (PIMs), among others.

This paper aims to present recent developments regard-
ing the feasibility of using SE and PIM processes to recover
such precious metals as gold, silver, and palladium from
acidic model solutions and solutions obtained by leach-
ing waste electrical and electronic equipment (using
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Fig. 1. Stages of WEEE proceeding for the recovery of valuable metals.

Source: own elaboration based on [21,22].
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acids or their mixtures) and to discuss the limitations and
challenges of implementing such solutions on a larger scale.

2. Fundamentals of solvent extraction and polymer
inclusion membrane processes

2.1. Solvent extraction

Based on the samples” physical properties, extraction
can be divided into liquid and solid extraction. Liquid
extraction involves transferring selected components
from a sample solution (feed solution) to another solution
(receiving solution). In contrast, solid sample extraction
involves dissolving the desired components in an appro-
priate solvent and then separating the solution from the
insoluble matrix components [23,24].

The main parameters describing the extraction process
are the partition coefficient, distribution ratio and extraction
percentage [25,26].

Partition coefficient K, [Eq. (1)], where: [A_ o 1S the
ratio of activities of a solute in an aqueous/orgamc system
will remain constant and independent of the total quantity
of [Aaq].

K — [ A ] 1)

"4

Since the solute exists in different forms due to such pro-
cesses as ionization, protonation, complexation, or polym-
erization, the value of the K, partition coefficient does not
depend on the solute’s total concentration. Thus, in practice,
the so-called D,, distribution ratio is used, as this value is
determined by the experimental conditions [Eq. (2)] [25].

M, [M],-[M],
WMl ML @

where [M]__ - the concentration of metal ions in an organic
phase (molfdm3) M] - the concentration of metal ions
in an aqueous phase (mol/dm3), [M],,., — the concentration
on metal ions in feed solution (mol/dm?).

The most vital parameter in terms of process efficiency
is the extraction percentage — %E,, [Eq. (3)]. It depends on
the distribution ratio and the volume of the phases and is
expressed as follows [26]:

D
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D, +—

M
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where V, —volume of an aqueous phase (dm’), V- volume

of an orgamc phase (dm?®) (V V =1).

2.2. Polymer inclusion membrane process

Polymer inclusion membranes (PIMs) contain a poly-
mer, carrier, and typically also a plasticizer, which are
dissolved in an appropriate organic solvent; once they

are poured onto a glass ring and the solvent evaporates,
they form thin, stable and flexible films. The plasticizer
is responsible for improving the membrane’s mechanical
properties. Membranes are usually conditioned in distilled
water to ensure their homogeneity [27]. Numerous studies
have shown that polymer inclusion membranes can serve
as an alternative to traditional solvent extraction during
metal ions recovery processes [28,29]. For PIM, metal ion
transport depends primarily on the carrier contained in the
membrane. The carrier is most often an ion exchanger or a
complexing compound [30]. On the other hand, the rate of
metal ion transport by PIM is a more complex process and
depends on many parameters, for example, the polymer
matrix type, carrier concentration, plasticizer amount, thick-
ness and surface morphology of the membrane, as well as
the composition of the feed and receiving solution [31]. The
transport of metal ions by PIM occurs through the facilitated
transport mechanism, which involves the ion exchange of
metal ions and counterions on the membrane surface.
A distinction is made between co-transport, in which both the
metal ion and the counterion move in the same direction,
and counter-transport, in which the metal ion moves in the
opposite direction to the counterion [32] (Fig. 2). Counterions
(X") are ions that can de-diffuse and be exchanged for
another ion. The diagram below shows the mechanisms
of metal ion (M) transport across a polymer membrane.
The metal ion (M™) and the counterion (X") are extracted
with an inert carrier (L) into an organic phase, that is, the
polymer inclusion membrane, forming a complex compound
(MX L) that diffuses through the PIM. This is followed
by a re-extraction process during which the metal ion and
counterion are transferred to the receiving phase [Eq. (4)].

M"™ + nX ™ +zL —MX L — M" + nX " +zL 4)

The carrier molecule (L) released in this way diffuses
back into the feed phase to extract further ions from the
solution. The extraction and re-extraction processes occur in
succession until the system attains chemical equilibrium.

Co-transport (A) involves the simultaneous transport
of a metal ion (M) and a counterion (X-) across the mem-
brane from the feed phase to the receiving phase. When
an inert carrier is used, the process’s driving force is the
variation of the partition coefficient of the transported sub-
stance and its complex formed with the carrier at the feed
phase/membrane and membrane/receiving phase inter-
faces. The released applied carrier molecule diffuses back
toward the feed phase to extract more metal ions until a
complete chemical equilibrium is attained. The facilitated
transport (B) of metal ions involves the formation of a
hydrophobic complex between a carrier molecule (L) and
a metal ion (M"™), which then diffuses through the mem-
brane phase into the receiving phase, thereby releasing
the carrier molecule (L). When acidic carriers are used,
the transport of metal ions occurs according to the count-
er-transport mechanism (C). The counter-transport mech-
anism involves the transport of metal ions from the feed
phase to the receiving phase across the membrane while
hydrogen ion transport occurs in the opposite direction.
At the feed phase/membrane interface, the metal ion forms
a complex compound — ML, with the deprotonated form
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Fig. 2. Mechanisms of metal ion transport across polymer inclusion membranes, where: A — co-transport, B — facilitated transport,
C - counter-transport, L — carrier, X~ — counterions, M"* — metal ions, H — hydrogen ion.

Source: own elaboration based on [20,33-35].

of the carrier, and after the diffusion of the complex com-
pound at the membrane/receiving phase interface, a pro-
cess of re-extraction of the metal ions into the receiving
phase occurs with simultaneous uptake of hydrogen ions
present in this phase. The counter-transport mechanism’s
driving force is the difference in the values of the parti-
tion coefficients, formed by maintaining an appropriate
pH gradient between the feed and receiving phases [20].

The primary parameters describing the process of trans-
porting ions through the polymer membrane are the ini-
tial flux of metal ions - ], the S, , . selectivity coefficients
and the percentage of metal ions separation — RF [33-35].

The initial metal ions flux ], is defined by Eq. (5), where
P is the permeability coefficient and ¢, is the initial metal
ions concentration in the feed phase (mol/dm?).

] 0= P Cg (5)
Vv
P=|—|k 6
%) ©
where A - the effective membrane area (m?), V — the volume
of feed phase [m?].

The reaction rate constant k (s), takes on different values
depending on the order of the reaction; for example, for a
first-order reaction, it is described by Eq. (7).

In< =kt @)
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The transport of metal ions across the polymer inclu-
sion membrane is described by the S, . selectivity coeffi-
cients represented by Eq. (8) (where J,,,, and ] ,,, represent
the initial flux for M1 and M2 metal ions, respectively).

S _Jown 8)

M1/M2
]O,MZ

The most important parameter determining the effi-
ciency of the process transporting metal ions across the
membrane is the recovery of metal ions from the feed phase
to the receiving phase Eq. (9):

RF =

€ % 100% ©)

where ¢, — initial concentration of metal ions in the feed
phase (mol/dm?), c — metal ion concentration after the period
of time (mol/dm?).

3. Recovery of gold(III) ions

Because of its value and excellent properties (non-cor-
rosion, high electrical and thermal conductivity), gold
is often recovered from WEEE [36,37]. Currently, Au is
recovered from e-waste using such methods as leaching
processes, as well as solvent extraction and membrane sep-
aration. Leaching processes are carried out using various
solutions, such as aqua regia, which is a mixture of HCI
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and HNO, (3:1; Au(Ill) recovery over 99%) [38], sodium
thiosulfate solutions (0.12 and 0.2 mol/dm?, gold recovery
of 70% and 75%, respectively)) [39], and 65% HNO, solu-
tion (recovery of ca. 82% Au(Ill) [40]. The solvents used
in leaching processes are typically neither cheap nor envi-
ronmentally inert, and as such, other methods are being
developed to reduce the volumes of solvents used and
limit pretreatment processes [41]. For example, gold can be
easily recycled from the gold-plated layer of waste mobile
phone (WMP) PCBs using a DMF-CuCl-CaCl, (DMF:
dimethylformamide) system called “mild aqua regia”
with no pretreatment or enrichment processes required;
additionally, the reaction system can be used recurrently
[42]. Wu et al. [43] utilized the process of spontaneous
reduction of gold by electroactive aniline polymers during
hydrometallurgical leaching (with the mixture of concen-
trated HCl and HNO,) of e-waste. They reported that by
coupling the metal reduction process with an increase in
the intrinsic oxidation state of the polymer and the sub-
sequent re-protonation and reduction of the intrinsically
oxidized polymer to the protonated EM salt (emeraldine
salt), spontaneous and sustainable gold recovery from
acidic solutions can be achieved without utilizing exten-
sive metal-extracting reagents and external energy input.
Research is also being conducted to increase the selectivity
of the processes of recovering precious metals from waste.
Tuncuk [44] developed a method to recover Au(Ill), Ag(I)
and Cu(Il) ions from WEEE based on the use of several oxi-
dizing agents (i.e., 2% iodine, 3% hydrogen peroxide) and a
two-stage leaching process that enabled efficient and selec-
tive recovery of gold (99.98%) and silver (96.90%) ions. New
methods for recovering metals from e-waste are typically
designed to be eco-friendly, which often requires hybrid
solutions or combinations of several different methods [45].

When recovering gold(III) ions from a solution obtained
from e-waste leaching, the selection of the correct extract-
ant and the conditions under which the extraction pro-
cess is carried out are vital [46]. The used extractant must
enable the selective transport of Au(Ill) ions from an aque-
ous mixture of metals into a hydrophobic (organic) phase
through the coordination or supramolecular chemical rec-
ognition under properly chosen conditions [47]. Choosing
the right extractant is not a simple process and the use of
different compounds may lead to significantly different
results even in cases where their structures are similar.
For example, Doidge et al. [48] researched the recovery
of gold ions from waste smartphones and the use of sim-
ple primary, secondary, and tertiary amides as reagents
that selectively transport gold from aqueous to organic
phases in solvent extraction experiments. They reported
that while the strength of the extraction of gold from sin-
gle-metal solutions is ordered 3° > 2° > 1° (where 3°, 2°
and 1° stands for tertiary, secondary and primary amides,
respectively), the 3° and 2° amides are ineffective at trans-
porting gold from mixed-metal solutions due to the forma-
tion of a third phase [49]. New chemical compounds that
can be used as gold extractants are constantly being sought.
Oshima et al. [50] compared the extraction behaviour
of Au(lll) from acidic chloride media using cyclopen-
tyl methyl ether (CPME) with processes conducted using
such commercial extractants as dibutyl carbitol (DBC) and

methyl isobutyl ketone (MIBK). They reported that while
the extractability of CPME was relatively low compared to
DBC and MIBK, CPME was advantageous in the stripping
and reductive recovery of the extracted Au(Ill). Alzate et
al. [51] used optimized quantities of ammonium persulfate
to extract non-leaching gold from WEEE and reported that
[(NH,),S,O,] in aqueous oxygen enriched media could be
used to extract superficial gold with an efficiency exceed-
ing 98%. Campos et al. [52] developed a two-stage method
for recovering gold from HCI solutions (such solutions
can be obtained during the leaching of e-waste). The first
step involved liquid/liquid extraction using toluene and
hexane, whereas the second step included gold recovery
with the use of tetra-alkyl phosphonium chloride (Cyphos
IL-101) upon immobilization in a biopolymer compos-
ite matrix. Their results indicate that the resins could be
re-used for at least 4 cycles and are specially adapted for
the recovery of gold from low metal concentrations.

Using polymer inclusion membranes is a common solu-
tion for recovering gold(Ill) ions from e-waste. The pri-
mary factor that defines PIM capabilities is the carrier and
the membrane’s separation properties depend on its selec-
tion. One well-known commercial carrier is the Kelex 100.
Due to its chelating ability, Kelex 100 enables the recovery
of not only Cd(II), Pb(Il), and Ni(II) ions [53,54] but also
gold(IlI) ions. De San Miguel et al. synthesized a polymer
inclusion membrane containing 32% w/w of Kelex 100,
serving as the carrier, as well as 18% w/w of CTA (matrix)
and 50% w/w of NPOE (plasticizer) for the transport of
gold(Ill) ions from concentrated chloride solutions. The
researchers have demonstrated the membrane’s ability to
recover approximately 85% of the gold, as well as the pos-
sibility of using it for fifteen 6 h cycles without the loss of
its transport capability. Studies on the recovery of gold ions
from concentrated hydrochloric acid media with the use
of Kelex 100 in hybrid membranes containing hydroxyl-
terminated poly(dimethylsiloxane) with (3-aminopropyl)
triethoxysilane were also conducted. The results have
shown that this method makes it possible to recover 70%
of the gold [56]. Phosphonium ionic liquids are of great
interest to researchers as well. Apart from their use in tra-
ditional extraction processes (recovery of d-electron metal
ions and lanthanides [57-59]), compounds such as Cyphos
IL-101, 102, 104, etc. are often used in polymer inclusion
membranes for the recovery of transition metal ions, for
example, V(V), Zn(II), Cd(II), Co(II), and Ni(II) [26,60-62].
Phosphonium ionic liquids have also been used to separate
gold ions from e-waste. Bonggotgetsakul et al. [63] used
PIM containing 30% w/w of Cyphos IL-104 as a carrier,
and 70% w/w of PDVF-HFP as a matrix for the recovery
of gold(Ill) ions from a solution obtained by leaching elec-
tronic scrap with aqua regia. Based on performed experi-
ments, they determined the stoichiometric formula of the
Au(Ill)/Cyphos IL-104 complex, ([P]'[AuCl,]- H[PO,J,
where [P]* is the phosphonium cation and [PO,]" is the
phosphonium anion), and also concluded that the pro-
posed PIM-based technology is an attractive alternative
to conventional solvent extraction methods since it elim-
inates the use of diluents which are often toxic, volatile
and flammable. Polymer inclusion membranes with dif-
ferent concentrations of Cyphos IL-104 as the membrane
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extractant/carrier, were also examined for their ability to
extract Au(Ill) from hydrochloric acid solutions. It has
been reported that a PIM consisting of 25% w/w of Cyphos
IL-104, 5% w/w of 1-dodecanol, and 70% w/w of PVC
exhibited the best performance in terms of extraction rate
and the amount of Au(Ill) extracted (recovery of 95% Au).
Nonetheless, because of the loss of 1-dodecanol from the
PIM to the aqueous solutions, the membrane was suitable
only for a single efficient recovery of Au(Ill) from e-waste
hydrochloric acid solutions [64]. Another carrier used
in PIMs applied in the recovery of gold ions from
e-waste is dm-3N-[N,N-di(2-ethylhexyl)aminocarbonyl-
methyl]glycine (D,EHAG). Kubota et al. applied the
extracting organic solution and the PIM containing the
synthesized D,EHAG extractant for the selective recovery
of gold from synthetic (model) and real leachates obtained
from e-waste (leaching with aqua regia). They reported,
that PIMs with D,EHAG exhibited high selectivity for the
gold(III) ions (recovery of 96% of the gold) over the other
metal ions present in much higher concentrations in the
leachates [65]. Bonggotgetsakul et al. [28] used a polymer
inclusion membrane containing 20% w/w of the Aliquat 336
commercial carrier and 2-nitrophenyl acetyl ether, 1-hexa-
nol, 1-acetanol, 1-decanol, 1-dodecanol, or 1-tetradecanol
as a modifier to recover gold ions from hydrochloric acid
solutions. Their results show that gold recovery depends on
the type of modifiers used and that the Au(III) extraction
rate increases significantly when sonification is employed,
as a result of the physical effects generated during acoustic
cavitation, which eliminate the aqueous stagnant diffusion
layer at the membrane/solution interface. Recently, Campo-
Cobo et al. [66] applied salen-type ligands with electron-
accepting substituents on the aromatic ring as extractant
agents in polymer inclusion membranes for the extraction
of different metal ions (Cu?, Pb*, Ca%*, Al**, Co*, Au¥, Fe?,
Fe*, Ni*, Mn?*, Zn*, Au®) from aqueous solutions. They
reported that the examined Salen derivatives had higher
selectivity to gold than to other metals and enabled the
extraction of acceptable percentages of gold. The experi-
ments were conducted in model solutions with low pH
that was controlled using HNO,, nonetheless, applying
this method in the recovery of gold from real solutions
obtained by e-waste leaching requires further research.

4. Recovery of silver(I) ions

Several methods have been developed for the recovery
of silver(I) from waste electrical and electronic equipment,
such as electrochemical processes [67] or adsorption pro-
cesses [13]. However, many of these solutions have draw-
backs and limitations that lead researchers to seek more
effective methods. For instance, the application of cyclic
voltammetry technique for gold and silver electrodeposi-
tion from synthetic solutions on graphite and copper elec-
trode allows for removal of 97% of silver, but the metal
deposits have not enough adherences on the electrode
material [67]. Another solution is leaching of e-waste or a
combination of leaching methods and other techniques,
such as emulsion liquid membranes (ELM). In the latter
case, as reported by Laki et al. [68], leaching first transfers
silver from catalyst particles to an aqueous solution, and

then an ELM extracts silver ions from the leaching solution
in a single separation step. The use of leaching methods for
the recovery of silver from WEEE, depending on the leach-
ing reagent used and the source of the e-waste, allows the
recovery of about 50%-99% of silver(I) ions [11].

Often, recovery processes are conducted using solvent
extraction and membrane separation. Much of the research
involves extraction processes carried out on model solu-
tions, the results of which can be used in the future to
recover silver from real WEEE after leaching. For instance,
Shimojo and Goto [69] performed solvent extraction and
stripping of silver ions in room-temperature ionic liquids
(RTILs) containing calixarenes and reported that pyridino-
calix-[4]arene showed a high extraction ability and selec-
tivity for silver ions (90% silver recovery). Their results
highlight the great potential of calixarenes as extractants
in RTILs systems. Due to the high efficiency and selectivity
of the process, silver ion recovery studies are increasingly
being conducted using polymer inclusion membranes.
For example, Nowik-Zajac et al. [70] conducted Ag(I)
recovery studies from aqueous nitrate source phase using
polymer inclusion membranes, which contained deriv-
atives of calixpyrroles with methyl (KP1) and carboxyl
(KP2) groups, as ion carriers, o-nitrophenyl pentyl ether
(o-NPPE) as a plasticizer and cellulose triacetate (CTA)
as support. Their results indicate that the competitive
transport of Ag(I) from the aqueous nitrate source phase
through KP1 and KP2 is an effective separation method
for Ag(I) ions and allows the recovery of 98.8% of silver
ions from solution. Recently polymer inclusion mem-
branes with different concentrations of a calixpyrrole ester
derivative as the membrane carriers have been studied to
determine their ability to transport Ag(I) from aqueous
nitrate solutions. Authors reported that the effectiveness
of the transport process across the membranes depends
on the concentrations of ion carriers and metal ions, the
pH of the source aqueous phase, and stripping agents [71].
Radzyminska-Lenarcik et al. [72] applied polymer inclu-
sion membranes (PIMs), which consisted of cellulose tria-
cetate as a polymeric support, o-nitrophenyl pentyl ether
as a plasticizer, and either 1-hexylimidazole (1) or 1-hex-
yl-2-methylimidazole (2) as an ion carrier for the separation
of silver ions from model solutions and after battery leach-
ing (silver-oxide battery). They found that Ag(I) is more
easily transported through PIMs doped with (1) in the case
of the model solution. In the case of the leaching solution
after 24 h transport, the recovery coefficient of Ag(I) for PIM
doped with (1) was 86%, and for PIM doped with (2) 47%.
Examples of the use of PIMs with different carriers for the
recovery of silver ions from model solutions show the high
efficiency of these methods, which also exhibit high selec-
tivity towards Ag(I) ions. In order to apply these solutions
to the recovery of silver ions from real solutions obtained
from WEEE leaching, further research is needed to deter-
mine the exact conditions conducive to the recovery pro-
cesses or the type and amount of carriers and plasticizers.

5. Recovery of palladium(III) ions

Many different solutions have been used to date for
the recovery of palladium(ll) ions. Popular methods
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include hydrometallurgical processes based on applica-
tions of various types of ionic liquid (IL) extractants, as
understanding their extraction mechanisms and influenc-
ing factors is advantageous for further development in
various industries, for example, wastewater treatment [73].
Cieszynska and Wisniewski [74,75] carried out extraction
processes of palladium(II) from chloride solutions using
two ionic phosphonic liquids, Cyphos IL-101 and Cyphos
IL-104 (in the presence of toluene), as extractants and
showed that extraction proceeds at the interface according
to the anion-exchange mechanism. The results indicate that
when these compounds are used, the extraction efficiency
depends both on the hydrochloric acid concentration (the
increase in HCI concentration has a negative influence on
the extraction) and, to a lesser extent, on the temperature
(increase in temperature causes a slight decrease in the
palladium(II) extraction). Depending on the extraction con-
ditions, from 54% to 97% of palladium (II) was recovered
when Cyphos IL-101 was used and from 52% to 96% of
Pd(II) when Cyphos IL-104 was used. The obtained results
indicate that both Cyphos IL-101 and Cyphos IL-104 are
very efficient and fast extractants [74,75]. Regel-Rosocka
et al. [76] carried out solvent extraction and membrane
separation of palladium(Il) ions from aqueous chloride
solutions using three phosphonium ionic liquids: Cyphos
IL-101, Cyphos IL-104 and Cyphos IL-102, which was used
for the first time as a metal ion carrier. They reported that
Cyphos IL-102 also efficiently extracts palladium(II) ions
both with liquid-liquid extraction and PIMs. However, sim-
ilarly to results obtained previously for the application of
Cyphos IL-101 and Cyphos IL-104 [74,75], increasing HCl
content in the feed aqueous phase caused a decrease in
extraction efficiency when Cyphos IL-102 was employed.
Palladium (II) recovery using Cyphos IL-102 ranged from
84% to 90%, depending on process conditions. In addition,
the results obtained with extraction using the discussed
ionic liquids were significantly better than those obtained
with polymer inclusion membranes. Fajar et al. [77] per-
formed separation of Pt(IV), Pd(Il), and Rh(III) by sequential
transport through polymer inclusion membranes contain-
ing another ionic liquid, trioctyl(dodecyl) phosphonium
chloride (P,,,,Cl), as a metal carrier. Their results indicate
that P, .Clionic liquid is an effective carrier in PIM for the
recovery of Pd(II) ions, and that generated PIM exhibited
a stable performance with multiple uses (after the seventh
cycle, the recovery of palladium(Il) was 96%). Additionally,
recovery of palladium(II) ions from hydrochloric acid solu-
tions can be performed by application of polymer inclusion
membranes containing Cyanex 471X (triisobutylphosphine
sulphide) as the ion carrier. Pospiech [78] showed that the
course of the process depends on Cyanex 471X concentra-
tion in the membrane and hydrochloric acid concentration
in the source phase and potassium thiocyanate (KSCN) con-
centration in the receiving phase. Mixed ionic liquids such
as [C,bet]Br/[C,mim][NTf,] were also successfully used as
a new extraction system to extract Pd(II) from multimet-
al-ion solutions. The obtained results indicated the exis-
tence of three different types of Pd(II) complexes and high
palladium recovery (over 91%) after three cycles of experi-
ments [79]. Recently Bourgeois et al. [80] have described a
simple process for the recovery of palladium from printed

circuit boards waste. The solution obtained by leaching
waste PCBs with nitric acid was processed through solvent
extraction (with a solvent based on N,N’-dimethyl-N,N’-
dibutyltetradecylmalonamide (BDMA), as an extractant).
They reported that the extraction yield was 99%, vol-
ume of effluents generated during the solvent extraction
sequence was small and no specific metal chelator was
required for palladium stripping. Jha et al. [81] stated
that “PIMs are one of the most promising techniques”
because they are environmentally friendly (reduction of
the amount of solvents), allow for selective separation of
metal ions, simultaneous extraction and re-extraction,
and show long-term stability. Table 1 shows structures of
selected chemical compounds used for palladium recovery
in classical extraction and polymer inclusion membrane
processes.

The results of the use of extraction processes and poly-
mer inclusion membranes presented in this section indicate
that these methods can be useful in the recovery of palla-
dium found in WEEE, such as PCBs, which is important both
because of the limited access to natural resources (ores) and
the need to reduce the amount of e-waste generated [82].

6. Summary

Due to the increasing development of civilization, more
and more waste electrical and electronic equipment is pro-
duced, which contain among others materials made of gold,
silver or palladium. Research conducted to date has proven
that separation methods such as solvent extraction, and
polymer inclusion membranes are effective when recovering
valuable precious metals from waste. Currently, research is
primarily focused on finding an effective extractant/carrier
(Table 1) that will enable high recovery of precious metals
from e-waste.

In summary, finding efficient extractors/carriers can sig-
nificantly contribute to environmental quality by reducing
landfill as well as the extraction of natural resources.

7. Conclusions

Waste electrical and electronic equipment is an import-
ant secondary source of precious metals such as gold, silver
and palladium, among others, but the recovery of metals
from WEEE using solvent extraction (SE) and polymer
inclusion membrane (PIM) methods is a rather complex
process influenced by many factors. Furthermore, before
applying SE or PIMs, the WEEE leaching must first be car-
ried out, for example, using acids or acid mixtures, result-
ing in acidic solutions. Therefore, the extractants used in
the solvent extraction process must allow selective trans-
port of recovered metal ions from acidic aqueous solutions
containing a mixture of various metals into an organic
phase. It should be emphasized that even relatively small
differences in the structure of chemical compounds can sig-
nificantly affect their metal ion chelating properties. Due
to the variety of factors influencing the SE process, usu-
ally, the properties of a new extractant are evaluated using
a less complex model solution, for example, containing
only one/several metal ions, and only after determining
the appropriate process conditions (e.g., pH, temperature,
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Table 1
Review of extractants/ion carriers used in separation processes (SE, PIMs) for metals ions recovery
Methods of recovery of  Carrier/extractant Metal ions

metal ions

Polymer inclusion
membrane

Polymer inclusion
membrane

Polymer inclusion
membrane

Polymer inclusion
membrane

Polymer inclusion
membrane

Extraction

Cyphos IL-101
(CH2)sCH3
HaC(HzC)s—P——(CHz)1sCH3 CI~
(CHz)sCH3

Trihexyltetradecylphosphonium chloride
Cyphos IL-102
(CH2)sCH3

|
HSC(H20)5_||°+_(CH2)13CH3
(CH2)sCH3 g~

Trihexyltetradecylphosphonium bromide
Cyphos IL-104

CHa(CH2)(CH 0

CH3(CHz)4CHz—~P=CHa(CHz)12CHs CHa
CH2(CH3)4CHs HaC CHs H
heG CHy  CHy CHy °

Trihexyltetradecylphosphonium bis(2,4,4-trimethylpentyl)phosphinate
D,EHAG

N 0
0 OH
N-[N,N-di(2-ethylhexyl)aminocarbonylmethyl]glycine
Kelex 100

C3Hs CyHs,

7-(4-ethyl-1-methyloctyl)-8-hydroxyquinoline
1°-, 2°- and 3°- amides

H H
1° amide L 2° amide L?
0
‘M -~
N
I
3° amide L3

Au(IIl)
Pd(II)

Au(II)
Pd(ID)

Au(III)
Pd(II)

Au(II)

Au(III)

Au(II)

(Continued)
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Table 1 Continued
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Methods of recovery of
metal ions

Carrier/extractant Metal ions

Polymer inclusion
membrane

Extraction

Extraction

Extraction

Emulsion liquid
membrane

Polymer inclusion
membrane

Salen

@A\N \/Q Au(III)

N,N’-Bis(salicylidene)ethylenediamine
DBC and MIBK

CH; O
0 Au(IlI
HsCO™ """ 0CH; H,C CHs o

Dibutyl carbitol and Methyl isobutyl ketone
Ammonium persulfate (NH,),5,0,

“Ta o -
H Y%
Mo 0/3\ 0...0 Au(III)
Al I\
5 (o)

Phenolic oximes

RI
Au(III)
Rl '
R |
OH N.
OH
MEHPA
‘\ 0\/(/\/ \/\j\/ \/E/\/
HO™ Y, Ag(l)
2-Ethylhexyl phosphoric acid ester (a mixture of 55% mono and 45% diesters)
Calixpyrroles
CHy R
CH,
R=
Ag(l)

(KP1) —CHg

(KP2) —\_<0
R

OH
CH,

(Continued)
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Table 1 Continued
Methods of recovery of  Carrier/extractant Metal ions
metal ions
Calix[4]pyrrole

Polymer inclusion
membrane

Polymer inclusion
membrane

Extraction

Polymer inclusion
membrane

Polymer inclusion
membrane

Extraction

Extraction

= @‘O—CHQCOOCHg

Alkylimidazole

O D\CHS

C6H13 CBH13

1-Hexylimidazole and 1-Hexyl-2-methylimidazole
Calix[4]arene-bearing pyridine

PFg
\NN,
|
R=CgHys [Cemim][PFel ~ X

R=CgHy7; [Csmim][PFg]  'Bu[4]CH.Py  'Bu[1]CH,Py

Ionic liquid trioctyl(dodecyl) phosphonium chloride (P, ,CI)

88812

Cyanex 471X
S Pr

/—P—/

P
-Pr

Triisobutylphosphine sulphide
[C,bet]Br/[C,mim][NTf,]

LHs

* o] 0]
/ \ 1 o
[N) FaC-$-N=$-CFq
k/\ o o
CHa

1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
BDMA

CHs
HaC/N\/\H/\CH:s

N,N’-Dimethyl],N,N’-dibutyltetradecylmalonamide

Ag(I)

Ag(I)

Ag(I)

Pd(ID)

Pd(ID)

Pd(II)

Pd(ID)
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extractant concentration and others) tests are conducted on
real solutions. Choosing the right extractant is not easy, as
its use should also allow for a high level of precious metal
recovery (above 90%) and not pose a threat to the environ-
ment. Currently, commercial extractants such as Cyphos
IL-101, Cyphos IL-102, or Cyphos IL-104, DBC, as well as
non-commercial extractants such as amides, or cyclopentyl
methyl ether, among others, are used in the SE processes of
WEEE solutions.

The use of PIMs allows for a significant reduction in
the amount of solvents used during the recovery of pre-
cious metals from WEEE compared to solvent extraction
and is therefore important for environmental and eco-
nomic reasons. Proper carrier selection in PIM is criti-
cal, as is extractant selection in SE. Appropriate polymer
inclusion membranes should recover precious metals
at high levels and show selectivity for the metals recov-
ered. It is also important that they can be used repeatedly,
with only a slight decrease in performance from cycle to
cycle. This paper presents examples of the application
of various PIMs for the recovery of Au, Ag and Pd from
WEEE, both containing commercial carriers (e.g., Cyphos
IL-101, Kelex 100), as well as new ones, not used for this
purpose so far (e.g., salen and its derivatives). Currently,
due to the high efficiency of the process of recovering pre-
cious metal ions from WEEE, the simplicity of performing
experiments, the relatively low cost of reagents/solvents
and the need to use only a small amount of them, PIMs
are considered by many researchers as one of the most
promising techniques that are likely to play an essential
role in the recovery of precious metals on a larger scale.

Symbols

K, —  Partition coefficient

A — Ratio of activities of a solute concentration of
the metal ions in the an organic phase

a — Ratio of activities of a solute concentration of

the metal ions in the an aqueous phase

%E,, -  Extraction percentage, %

D,, - Division ratio determined experimentally

Vaq - Volume of the water phase, dm®

Ve - Volume of the organic phase, dm®

M, -  Concentration of metal ions in an organic phase,
mol/dm?®

M, —  Concentration of metal ions in an aqueous
phase, mol/dm?®

Vi Volume of an organic phase, dm?

Ve - Volume of an aqueous phase, dm®

IR —  Initial metal ions flux, mol/m?s

P —  Permeability coefficient

c, — Initial metal ions concentration in the feed
phase, mol/dm?

A —  Effective membrane area, m?

\% - Volume of feed phase, m*

k —  Reaction rate constant, s

RF —  Recovery factor, %

c —  Metal ions concentration in the feed phase at
given time, mol/dm?®

c — Initial metal ions concentration in the feed

phase, mol/dm?

References

(1]

[10]

[11]

[12]

[13]

[14]

[13]

[16]

[17]

[18]

[19]

S. Shaikh, K. Thomas, S. Zuhair, An exploratory study of
e-waste creation and disposal: upstream considerations,
Resour. Conserv. Recycl., 155 (2020) 104662, doi: 10.1016/j.
resconrec.2019.104662.

X. Zeng, R. Gong, W.-Q. Chen, J. Li, Uncovering the recycling
potential of ‘New” WEEE in China, Environ. Sci. Technol.,
50 (2016) 1347-1358.

B. Boubellouta, S. Kusch-Brandt, Relationship between
economic growth and mismanaged e-waste: panel data
evidence from 27 EU countries analyzed under the Kuznets
curve hypothesis, Waste Manage., 120 (2021) 85-97.

K. Abeliotis, K. Boikou, C. Chroni, K. Kalafata,
H. Angelakopoulos, K. Lasaridi, WEEE preparing for reuse in
Greece: potential and initiatives, Waste Biomass Valorization,
12 (2021) 2959-2968.

P. Tanskanen, Management and recycling of electronic waste,
Acta Mater., 61 (2013) 1001-1011.

H. Ismail, M.M. Hanafiah, A review of sustainable e-waste
generation and management: present and future perspectives,
J. Environ. Manage., 264 (2020) 110495, doi: 10.1016/;.
jenvman.2020.110495.

A. Akcil, 1. Agcasulu, B. Swain, Valorization of waste LCD
and recovery of critical raw material for circular economy:
a review, Resour. Conserv. Recycl., 149 (2019) 622-637.

S. Zhang, Y. Gu, A. Tang, B. Li, B. Li, D. Pan, Y. Wu, Forecast
of future yield for printed circuit board resin waste generated
from major household electrical and electronic equipment
in China, J. Cleaner Prod., 283 (2021) 124575, doi: 10.1016/;.
jclepro.2020.124575.

R. Hischier, HW. Boni, Combining environmental and
economic factors to evaluate the reuse of electrical and
electronic equipment — a Swiss case study, Resour. Conserv.
Recycl,, 166 (2021) 105307, doi: 10.1016/j.resconrec.2020.
105307.

L. Rocchetti, F. Veglio, B. Kopacek, F. Beolchini, Environmental
impact assessment of hydrometallurgical processes for metal
recovery from WEEE residues using a portable prototype plant,
Environ. Sci. Technol., 47 (2013) 1581-1588.

Z. Sun, H. Cao, Y. Xiao, J. Sietsma, W. Jin, H. Agterhuis,
Y. Yang, Toward sustainability for recovery of critical metals
from electronic waste: the hydrochemistry processes, ACS
Sustainable Chem. Eng., 5 (2017) 21-40.

C. Hageliiken, C.W. Corti, Recycling of gold from electronics:
cost-effective use through ‘Design for Recycling’, Gold Bull,
43 (2010) 209-220.

J. Liu, Z. Deng, H. Yu, L. Wang, Ferrocene-based metal-
organic framework for highly efficient recovery of gold from
WEEE, Chem. Eng. Technol., 410 (2021) 128360, doi: 10.1016/j.
ej.2020.128360.

M.P. Cenci, F.C. Dal Berto, B.W. Castillo, H.M. Veit, Precious
and critical metals from wasted LED lamps: characterization
and evaluation, Environ. Technol., 10 (2020) 1-12.

R.G. Charles, P. Douglas, M. Dowling, G. Liversage,
LM. Davies, Towards increased recovery of critical raw
materials from WEEE - evaluation of CRMs at a component
level and pre-processing methods for interface optimisation
with recovery processes, Resour. Conserv. Recycl., 161 (2020)
104923, doi: 10.1016/j.resconrec.2020.104923.

M. Kaya, Recovery of metals and nonmetals from electronic
waste by physical and chemical recycling processes, Waste
Manage., 57 (2016) 64-90.

Directive 2012/19/EU of the European Parliament and of
the Council of 4 July 2012 on Waste Electrical and Electronic
Equipment, WEEE, Official Journal of the European Union L,
197, 38-71.

0O.S. Shittu, ILD. Williams, PJ. Shaw, Global E-waste
management: can WEEE make a difference? a review of e-waste
trends, legislation, contemporary issues and future challenges,
Waste Manage., 120 (2021) 549-563.

D. Ibanescu, D. Cailean Gavrilescu, C. Teodosiu, S. Fiore,
Assessment of the waste electrical and electronic equipment



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

[32]

[33]

[34]

(35]

(36]

[37]

(38]

D. Bozejewicz et al. / Desalination and Water Treatment 246 (2022) 12-24

management systems profile and sustainability in developed
and developing European Union countries, Waste Manage.,
73 (2017) 39-53.

M.D. Rao, K.K. Singh, C.A. Morrison, ].B. Love, Challenges and
opportunities in the recovery of gold from electronic waste,
RSC Adyv., 10 (2020) 4300-4309.

M. Sethurajan, E.D. van Hullebusch, D. Fontana, A. Akcil,
H. Deveci, B. Batinic, J.P. Leal, T.A. Gasche, M.A. Kucuker,
K. Kuchta, I.LEF. Neto, HM.V.M. Soares, A. Chmielarz, Recent
advances on hydrometallurgical recovery of critical and
precious elements from end of life electronic wastes - a review,
Crit. Rev. Env. Sci. Technol., 49 (2019) 212-275.

M. Assadian, M.H. Idris, S. Morteza, G. Shahri, B. Gholampour,
Gold recovery from WEEE by chlorine system, Appl. Mech.
Mater., 330 (2013) 123-125.

V.S. Kislik, Modern and Future Trends in Fundamentals of
Solvent Extraction, Solvent Extraction: Classical and Novel
Approaches, Amsterdam, 2012, pp. 439-450.

R.A. Milescu, M.L. Segatto, A. Stahl, C.R. McElroy, T.J. Farmer,
JJH. Clark, V.G. Zuin, Sustainable single-stage solid-liquid
extraction of hesperidin and rutin from agro-products using
cyrene, ACS Sustainable Chem. Eng., 8 (2020) 18245-18257.

D. Kealey, PJ. Haines, Chemia Analityczna, Krétkie wyklady,
Warszawa, 2019, pp. 120-121.

B. Pospiech, Studies on extraction and permeation of
cadmium(II) using Cyphos IL-104 as selective extractant and
ion carrier, Hydrometallurgy, 154 (2015) 88-94.

C.-V. Gherasim, M. Cristea, C.-V. Grigoras, G. Bourceanu, New
polymer inclusion membrane. Preparation and characterization,
Dig. J. Nanomater. Biostruct., 6 (2011) 1507-1516.

Y.Y.N. Bonggotgetsakul, M. Ashokkumar, R.W. Cattrall,
S.D. Kolev, The use of sonication to increase extraction rate in
polymer inclusion membranes. An application to the extraction
of gold(TII), J. Membr. Sci., 365 (2010) 242-247.

D. Bozejewicz, K. Witt, M.A. Kaczorowska, The comparison
of the removal of copper(Il) and zinc(Il) ions from aqueous
solution using 2,6-diaminopyridine in a polymer inclusion
membrane and in a classic solvent extraction, Desal. Water
Treat., 214 (2021) 194-202.

M. Ulewicz, U. Lesinska, M. Bochenska, Transport of lead
across polymer inclusion membrane with p-tert-butylcalix[4]
arene derivatives, Physicochem. Probl. Miner. Process.,
44 (2010) 245-256.

M. Baczynska, M. Rzelewska, M. Regel-Rosocka, M. Wisniewski,
Transport of iron ions from chloride solutions using cellulose
triacetate matrix inclusion membranes with an ionic liquid
carrier, Chem. Pap., 70 (2016) 172-179.

A. Casadella, O. Schaetzle, K. Nijmeijer, K. Loos, Polymer
Inclusion Membranes (PIM) for the recovery of potassium in
the presence of competitive cations, Polymers, 8 (2016) 76, doi:
10.3390/polym8030076.

E. Radzyminska-Lenarcik, M. Ulewicz, The wuse of
1-alkylimidazoles for selective separation of zinc ions in the
transport process across a polymer inclusion membrane,
Physicochem. Probl. Miner. Process., 50 (2014) 131-142.

D. Wang, J. Hu, D. Liu, Q. Chen, J. Li, Selective transport and
simultaneous separation of Cu(ll), Zn(II) and Mg(II) using
a dual polymer inclusion membrane system, J. Membr. Sci.,
52 (2017) 206-213.

H.I. Turgut, V. Eyupoglu, R.A. Kumbasar, The comprehensive
investigation of the room temperature ionic liquid additives in
PVC based polymer inclusion membrane for Cr(VI) transport,
J. Vinyl Add. Tech., 25 (2019) E107-E119, doi: 10.1002/
vnl.21649.

T. Zh. Sadyrbaeva, Gold(III) recovery from non-toxic electrolytes
using hybrid electrodialysis—electrolysis process, Sep. Purif.
Technol., 86 (2012) 262-265.

PP. Natesh, S. Govindaradjane, S.P. Kumar, Methodological
review on recovery of gold from E-waste in India, J. Chem.
Pharm. Res., 8 (2015) 268-272.

C.K. Lee, K.-I. Rhee, H.-J. Sohn, Recovery of gold from electronic
scrap by hydrometallurgical process, ]J. Korean Inst. Resour.
Recyl., 6 (1997) 36-40.

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

(51]

[52]

(53]

[54]

[55]

[56]

[57]

23

A.C. Kasper, HM. Veit, Gold recovery from printed circuit
boards of mobile phones scraps using a leaching solution
alternative to cyanide, Braz. J. Chem. Eng., 35 (2018) 931-942.
M.A. Dehchenari, S. Hosseinpoor, R. Aali, N. Salighehdar
Iran, M. Mehdipour, Simple method for extracting gold from
electrical and electronic wastes using hydrometallurgical
process, Environ. Health Eng. Manage., 4 (2016) 55-58.

A. Ashiq, J. Kulkarni, M. Vithanage. Chapter 10 -
Hydrometallurgical Recovery of Metals From E-waste, M.N.V.
Prasad, M. Vithanage, Eds., Electronic Waste Management
and Treatment Technology, Butterworth-Heinemann, 2019,
Pp- 225-246, ISBN 9780128161906.

R. Wang, C. Zhang, Y. Zhao, Y. Zhou, E. Ma, J. Bai, ]. Wang,
Recycling gold from printed circuit boards gold-plated layer of
waste mobile phones in “mild aqua regia” system, J. Cleaner
Prod., 278 (2021) 123597, doi: 10.1016/j.jclepro.2020.123597.

Y. Wu, Q. Fang, X. Yi, G. Liu, R.-W. Li, Recovery of gold from
hydrometallurgical leaching solution of electronic waste via
spontaneous reduction by polyaniline, Prog. Nat. Sci.: Mater.
Int., 27 (2017) 514-519.

A. Tuncuk, Lab scale optimization and two-step sequential
bench scale reactor leaching tests for the chemical dissolution
of Cu, Au & Ag from waste electrical and electronic equipment
(WEEE), Waste Manage., 95 (2019) 636—643.

A K. Awasthi, J. Li, An overview of the potential of eco-friendly
hybrid strategy for metal recycling from WEEE, Resour.
Conserv. Recycl., 126 (2017) 228-239.

J. Rydberg, M. Cox, C. Musikas, G.R. Choppin, Principles and
Practices of Solvent Extraction, 2nd ed., Marcel Dekker, New
York, 2004, p. 584.

A. Matthew Wilson, PJ. Bailey, P.A. Tasker, J.R. Turkington,
R.A. Grant, ]J.B. Love, Solvent extraction: the coordination
chemistry behind extractive metallurgy, Chem. Soc. Rev.,
43 (2014) 123-134.

E.D. Doidge, LM.M. Kinsman, Y. Jo. I. Carson, A.J. Duffy,
I.A. Kordas, E. Shao, P.A. Tasker, B.T. Ngwenya, C.A. Morrison,
J.B. Love, Evaluation of simple amides in the selective
recovery of gold from secondary sources by solvent extraction,
ACS Sustainable Chem. Eng., 7 (2019) 15019-15029.

E.D. Doidge, 1. Carson, P.A. Tasker, R.J. Ellis, C.A. Morrison,
J.B. Love, A simple primary amide for the selective recovery of
gold from secondary resources, J. German Chem. Soc., 55 (2016)
12436-12439.

T. Oshima, T. Koyama, A.N. Otsuki, A comparative study on
the extraction of Au(III) using cyclopentyl methyl ether, dibutyl
carbitol, and methyl isobutyl ketone in acidic chloride media,
Solvent Extr. Ion Exch., 39 (2021) 477-490.

A. Alzate, M.E. Lopez, C. Serna, Recovery of gold from waste
electrical and electronic equipment (WEEE) using ammonium
persulfate, Waste Manage., 57 (2016) 113-120.

K. Campos, T. Vincent, P. Bunio, A. Trochimczuk, E. Guibal,
Gold recovery from HCI solutions using Cyphos IL-101
(a quaternary phosphonium ionic liquid) immobilized in
biopolymer capsules, Solvent Extr. Ion Exch., 26 (2008) 570-601.
J.C. Aguilar Cordero, M. Sanchez-Castellanos, E. Rodriguez
de San Miguel, J. de Gyves, Cd(Il) and Pb(Il) extraction and
transport modeling in SLM and PIM systems using Kelex 100 as
carrier, J. Membr. Sci., 190 (2001) 107-118.

M. Macias, E.R. de San Miguel, Optimization of Ni(II) facilitated
transport from aqueous solutions using a polymer inclusion
membrane, Water Air Soil Pollut.,, 232 (2021), doi: 10.1007/
511270-021-04998-4.

ER. de San Miguel, A.V. Garduno-Garcia, ]J.C. Aguilar,
J. de Gyves, Gold(lll) transport through polymer inclusion
membranes: efficiency factors and pertraction mechanism
using Kelex 100 as carrier, Ind. Eng. Chem. Res., 46 (2007)
2861-2869.

E.R. de San Miguel, A.V. Garduno-Garcia, M.E. Nunez-Gaytan,
J.C. Aguilar, J. de Gyves, Application of an organic-inorganic
hybrid membrane for selective gold(Ill) permeation, J. Membr.
Sci., 307 (2008) 1-9.

H. Mahandra, R. Singh, B. Gupta, Liquid-liquid extraction
studies on Zn(II) and Cd(II) using phosphonium ionic liquid



24

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

D. Bozejewicz et al. / Desalination and Water Treatment 246 (2022) 12-24

(Cyphos IL-104) and recovery of zinc from zinc plating mud,
Sep. Purif. Technol., 177 (2017) 281-292.

Z. Zhu, K. Tulpatowicz, Y. Pranolo, C.Y. Cheng, Solvent
extraction of molybdenum and vanadium from sulphate
solutions with Cyphos IL-101, Hydrometallurgy, 154 (2015)
72-77.

A. Kumari, MK. Sinha, SK. Sahu, B.D. Pandey, Solvent
extraction and separation of trivalent lanthanides using Cyphos
IL-104, a novel phosphonium ionic liquid as extractant, Solvent
Extr. Ion Exch., 34 (2016) 469-484.

M.R.Yaftian,M.I1.G.S. Almeida, R.W. Cattrall,S.D.Kolev, Selective
extraction of vanadium(V) from sulfate solutions into a polymer
inclusion membrane composed of poly(vinylidenefluoride-
co-hexafluoropropylene) and Cyphos® IL 101, J. Membr. Sci.,
545 (2018) 57-65.

M. Baczyniska, M. Waszak, M. Nowicki, D. Przadka, S. Borysiak,
M. Regel-Rosocka, Characterization of polymer inclusion
membranes (PIMs) containing phosphonium ionic liquids as
Zn(II) carriers, Ind. Eng. Chem. Res., 57 (2018) 5070-5082.

B. Pospiech, Separation of cadmium(II), cobalt(Il) and nickel(II)
by transport through polymer inclusion membranes with
phosphonium ionic liquid as ion carrier, Arch. Metall. Mater.,
60 (2015) 2933-2938.

Y.Y.N. Bonggotgetsakul, R.W. Cattrall, S.D. Kolev, Recovery
of gold from aqua regia digested electronic scrap using a
poly(vinylidene fluoride-co-hexafluoropropylene)(PVDE-HFP)
based polymer inclusion membrane (PIM) containing Cyphos
IL-104, J. Membr. Sci., 514 (2016) 274-281.

Y.Y.N. Bonggotgetsakul, R.W. Cattrall, S.D. Kolev, Extraction
of gold(III) from hydrochloric acid solutions with a PVC-based
polymer inclusion membrane (PIM) containing Cyphos® IL
104, Membranes, 5 (2015) 903-914.

F. Kubota, R. Kono, W. Yoshida, M. Sharaf, S.D. Kolev, M. Goto,
Recovery of gold ions from discarded mobile phone leachate
by solvent extraction and polymer inclusion membrane (PIM)
based separation using an amic acid extractant, Sep. Sci.
Technol., 214 (2019) 156-161.

LE Campo-Cobo, M.L. Perez-Urbano, TM. Gutierrez-
Valencia, O.L. Hoyos-Saavedra, G. Cuervo-Ochoa, Selective
extraction of gold with polymeric inclusion membranes
based on salen ligands with electron-accepting substituents,
J. Inorg. Organomet. Polym., 31 (2021) 1-11, doi: 10.1007/
510904-021-01924-3.

M.N. Stefanut, Z. Urmési, A. Cita, P. Sfirloaga, C. Tanasie,
Studies for gold and silver recovery from waste electronic
equipment, Rev. Roum. Chim., 58 (2013) 673-678.

S. Laki, A. Arabi Shamsabadi, F. Seidi, M. Soroush, Sustainable
recovery of silver from deactivated catalysts using a novel
process combining leaching and emulsion liquid membrane
techniques, Ind. Eng. Chem. Res., 57 (2018) 13821-13832.

K. Shimojo, M. Goto, Solvent extraction and stripping of silver
ions in room-temperature ionic liquids containing calixarenes,
Anal. Chem., 76 (2004) 5039-5044.

[70]

[71]

[72]

[73]

[74]

[73]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

A.Nowik-Zajac, I. Zawierucha, C. Kozlowski, Selective removal
of silver(I) using polymer inclusion membranes containing
calixpyrroles, RSC Adv.,, 9 (2019) 31122-31132.

A.Nowik-Zajac, I. Zawierucha, C. Kozlowski, Selective transport
of Ag(I) through a polymer inclusion membrane containing
a calix[4]pyrrole derivative from nitrate aqueous solutions,
Int. J. Mol. Sci., 21 (2020) 5348, doi: 10.3390/ijms21155348.

E. Radzyminska-Lenarcik, M. Ulewicz, 1. Pyszka, Application
of polymer inclusion membranes doped with alkylimidazole
to separation of silver and zinc ions from model solutions and
after battery leaching, Materials, 13 (2020) 3103, doi: 10.3390/
mal3143103.

T. Wongsawa, N. Traiwongsa, U. Pancharoen, K. Nootong,
A review of the recovery of precious metals using ionic liquid
extractants in hydrometallurgical processes, Hydrometalurgy,
198 (2020) 105488, doi: 10.1016/j.hydromet.2020.105488.

A. Cieszyniska, M. Wisniewski, Extraction of palladium(II) from
chloride solutions with Cyphos®IL 101/toluene mixtures as
novel extractant, Sep. Purif. Technol., 73 (2010) 202-207.

A. Ciesziiska, M. Wisniewski, Extractive recovery of
palladium(II) from hydrochloric acid solutions with Cyphos®IL
104, Hydrometallurgy, 113-114 (2012) 79-85.

M. Regel-Rosocka, M. Rzelewska, M. Baczynska, M. Janus,
M. Wisniewski, Removal of palladium(Il) from aqueous
chloride solutions with Cyphos phosphonium ionic liquids as
metal ion carriers for liquid-liquid extraction and transport
across polymer inclusion membranes, Physicochem. Probl.
Miner. Process., 51 (2015) 621-631.

A.TN. Fajar, F. Kubota, M.L. Firmansyah, M. Goto, Separation
of palladium(Il) and rhodium(Ill) using a polymer inclusion
membrane containing a phosphonium-based ionic liquid
carrier, Ind. Eng. Chem. Res., 58 (2019) 22334-22342.

B. Pospiech, Highly efficient facilitated membrane transport of
palladium(Il) ions from hydrochloric acid solutions through
plasticizer membranes with Cyanex 471X, Physicochem. Probl.
Miner. Process., 51 (2015) 281-291.

M. Shao, S. Li, C. Jin, M. Chen, Z. Huang, Recovery of Pd(II)
from hydrochloric acid medium by solvent extraction—
direct electrodeposition using hydrophilic/hydrophobic ILs,
ACS Omega, 5 (2020) 27188-27196.

D. Bourgeois, V. Lacanau, R. Mastretta, C. Contino-Pepin,
D. Meyer, A simple process for the recovery of palladium from
wastes of printed circuit boards, Hydrometallurgy, 191 (2020)
105241, doi: 10.1016/j.hydromet.2019.105241.

R. Jha, M.D. Rao, A. Meshram, H.R. Verma, KK. Singh,
Potential of polymer inclusion membrane process for selective
recovery of metal values from waste printed circuit boards:
a review, J. Cleaner Prod., 265 (2020) 121621, doi: 10.1016/j.
jclepro.2020.121621.

R.G. Charles, P. Douglas, I.L. Hallin, I. Matthews, G. Liversage,
An investigation of trends in precious metal and copper content
of RAM modules in WEEE: implications for long term recycling
potential, Waste Manage., 60 (2017) 505-520.



