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Abstract: In this article, the application of a polymer film containing the ionic liquid Cyphos IL 101
for the simultaneous recovery of precious and heavy metal ions ((Ni(II), Zn(II), Co(II), Cu(II), Sn(II),
Pb(1I), Ag(I), PA(II), and Au(IIl)) from waste electrical and electronic equipment (WEEE) is described.
The experiments were performed for solutions containing metal ions released from computer e-waste
due to leaching carried out with concentrated nitric(V) acid and aqua regia. It was found that the
applied polymer film allows for the efficient recovery of precious metals (98.9% of gold, 79.3% of
silver, and 63.6% of palladium). The recovery of non-ferrous metals (Co, Ni, Cu, Zn, Sn, and Pb)
was less efficient (25-40%). Moreover, the results of the performed sorption/desorption processes
show that the polymer film with Cyphos IL 101 can be successfully used after regeneration to recover

metals ions several times.

Keywords: electronic scrap; metal recovery; polymer films; Cyphos IL 101

1. Introduction

The dynamic growth in the production of electrical and electronic equipment (EEE)
around the world and the numerous innovations in such equipment—e.g., in terms of
miniaturization and affordability—have reduced its life, consequently leading to the gener-
ation of large amounts of so-called e-waste (WEEE) [1-4]. The amount of WEEE generated
varies between countries and depends mainly on economic and technological develop-
ments, consumption levels, and the availability of EEE equipment, and it is expected to
increase systematically regardless of the discrepancies [5]. Electronic scrap is diverse; it
includes spent products used in the production of integrated circuits, PCB, connectors,
wiring, etc., as well as batteries and fluorescent lamps [6,7]. WEEE contains many different
hazardous components that can be released during improper storage or processing, posing
a threat to human health and the environment [8], as well as valuable precious metals,
such as gold or silver, the recovery of which is desirable [7-10]. For example, conductive
elements of printed circuit boards include, among others, gold, silver, tin, and zinc [11,12].
Therefore, the development of methods for reducing of the amount of electronic scrap—
enabling its reuse, recycling, and various forms of recovery—is extremely important not
only for the protection of the natural environment (energy saving, reduction of water and
air pollution), but also for economic reasons [13-16]. The limited amounts of valuable
metals in ores and the economic, political, and social problems associated with their mining
also contribute to the search for new solutions/methods for the recovery of various metals
from e-waste, which can be treated as their secondary source [12,17].

Methods for recovering valuable metals from e-waste, as used today, are based primar-
ily on physical processes—in which the metal fraction is separated from non-metals using
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specific differences in their properties (e.g., magnetism, electrical conductivity, density,
etc.)—and on chemical processes, which are utilized in pyrometallurgical, hydrometallurgi-
cal, or biotechnological techniques [18,19]. Hydrometallurgical methods are characterized
by their high accuracy, predictability, simplicity of control, and possibility of planning the
metal recovery processes at various scales. Therefore, they are of great interest and will
probably play a key role in the management of waste electronic and electrical equipment in
the future [18,20]. However, such recovery processes are usually complex, and they involve
many unit operations, ranging from disassembly, grinding, and physical separation of
components to leaching, which leads to the transfer of the desired substances into aqueous
solutions, followed by extraction [11].

An alternative to hydrometallurgical processes is the recovery of metals through
more environmentally friendly methods, such as modified polymer materials. They have
been increasingly used in recent years as an alternative to classic solvent extraction in the
recovery of various metal ions from e-waste [21,22]. Because the efficiency of metal recovery
processes based on the application of polymer materials depends on the type and properties
of the carrier (ion exchanger or compound with complexing properties), intensive research
related to the possibility of using various molecules for this purpose [17,23], including
commercially available chemicals, such as Cyphos IL 101, Kelex 100, Aliquat 336, and
Calix[4]pyrolles [24-27], has been conducted. Campos et al. [28] tested Cyphos IL 101 for
gold recovery from HCl solutions in liquid /liquid extraction systems and immobilized in
a biopolymer composite matrix. They reported that gold can be easily desorbed from a
loaded ionic-liquid-impregnated resin using thiourea (in HCI solutions), and the resin can
be reused for at least four cycles. Vincent et al. [29] immobilized Cyphos IL 101 in capsules
prepared by ionotropic gelation in calcium chloride solutions. They used resins containing
various amounts of ionic liquid and found that the maximum sorption capacity was
different for wet and dry resins (about 177 and 142 mg Pt g~ !, respectively) and depended
on various factors. For example, zinc ions significantly decreased Pt sorption, which
was probably due to the competition effect of chloro-anionic Zn species. Platinum can be
desorbed from the loaded resin using either nitric acid (5 M) or thiourea (0.1 M in 0.1 M HCl
acid solution). Regel-Rosocka et al. [30] investigated an application of phosphonium ionic
liquids for removal of Pd(II) ions from aqueous chloride solutions with liquid-liquid
extraction and transport across polymer inclusion membranes (PIMs). The authors obtained
the highest values of the normalized initial flux for a CTA membrane containing Cyphos IL
101 and a receiving phase: mixture of 0.1 thiourea + 0.5 M HCI. Often, in the PIM separation
processes described in the literature, the different metal ions were recovered in experiments
based on the utilization of model solutions, of which the composition and properties
can easily be changed/controlled. For example, Pospiech [31] applied PIMs containing
Cyphos IL 101 and Cyphos IL 104 for the separation of Co(II) and Cu(Il) ions from model
chlorine ion aqueous solutions (NaCl/HCI) and reported that the selectivity coefficients
for cadmium and copper ions decreased with increasing HCl concentration in the source
phase. Koztowski et al. used PIMs equipped with Calix[4]pyrrole derivative as a carrier
for the separation of Ag(l) from different nitrate aqueous solutions. They found that the
effective transport of silver ions depends on many factors—not only on the concentrations
of the carriers and metal ions, but also on the pH and temperature of the source aqueous
phase [32]. Because separation processes based on the application of PIMs and other
polymer sorbents are influenced by many parameters [24,27], it is extremely important to
compare the effectiveness of polymer materials with specific carriers in model and real
solutions. Although such studies are carried out, they usually concern the separation of one
or two metal ions [33], and many types of e-waste contain several or many different metals.
Moreover, even in the case of commercial carriers with known properties, it is uncertain
how effective the polymer materials containing such carriers as complexing agents will be
in an environment of real composite samples.
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In this paper, we present the results of the application of polymer films containing
Cyphos IL 101 as a carrier for use in the simultaneous recovery of Pb(II), Ni(II), Zn(II),
Co(II), Cu(l), Sn(Il), Ag(I), and Au(lll) ions from average computer scrap waste.

2. Materials and Methods
2.1. E-Waste

Treatment of waste electrical and electronic equipment is a complex and challenging
process (Figure 1) that involves many unit operations. First, e-waste must be mechanically
separated to carry out a leaching process, whereby valuable metal ions can be recovered
from aqueous solutions through techniques such as solvent or membrane extraction.

P Physical Non-ferrous Separation Metal ions Analysis Recovered

E-waste Dismantling Comminution

N )R

) 65 & & & G, |

Ferrous
fraction

Figure 1. Stages of handling waste electrical and electronic equipment (WEEE).

The e-waste was harvested from old computers. Motherboards, compact disc drives
(CDDs), and floppy disk drives (FDDs) were removed. In light of metal recovery studies,
processors are the most valuable parts of computers because they contain a large amount
of pure material that does not require much cleaning.

The processor pins were separated from the PCBs using a soldering torch. Graphics
cards, random-access memory (RAM), and modems containing gold-plated contacts on the
PCBs were separated mechanically by cutting them out. The contacts of the video graphics
array (VGA) and digital visual interface (DVI) connectors were similarly separated. The
computer material harvested in this way was the subject of this study (Figure 2).

Figure 2. Computer pins used in this research.

2.2. Reagents

The suspension of poly(vinyl chloride) (PVC), of an average molecular weight of
72,000, was obtained from ANWIL (Wloclawek, Poland). Tetrahydrofuran (analytical
grade) was purchased from Avantor (Gliwice, Poland) and was used without further
purification. The phosphonium ionic liquid Cyphos IL 101 and bis(2-ethylhexyl)adipate
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(DAO) were purchased from Sigma-Aldrich (Poznan, Poland). Concentrated chloric and
nitric acids were purchased from Avantor (Gliwice, Poland). The 5 M solution of nitric acid
was obtained through dilution of the concentrated acid with distilled water. That solution
was standardized against anhydrous sodium carbonate. The “aqua regia” solution was
prepared by mixing concentrated nitric acid with concentrated chloric acid in a volume
ratio of 1:3.

2.3. Preparation of Polymer Films Containing Cyphos IL 101

The polymer films (Figure 3) were prepared by pouring the received solution on a
glass. The solution contained 60 wt.% poly(vinylchloride) (PVC) as a support; 20 wt.%
bis(2-ethylhexyl)adipate (ADO) as a plasticizer and 20 wt.% a Cyphos IL 101 as an ion
carrier were prepared in 10 cm? tetrahydrofuran. After slow evaporation of the solvent for
12 h, the resulting polymer film was peeled off from the glass plate and cut on a few rings
with a diameter 4.4 cm. Over the next 12 h, the films were immersed in distilled water. The
films were homogeneous, transparent, and flexible, and they had a good strength. The
mean thickness of the films was determined and was approximately 0.25 nm.

\

Figure 3. Prepared polymer film.

2.4. Preparation of Polymer Films Containing Cyphos IL 101

Testing of computer pins, which were harvested from e-waste after the pre-treatment
described in the “E-waste” subsection (Section 2), involved the following steps (Figure 4a—c):

1.  The computer pins were qualitatively analyzed for the presence of metals. This study
was performed using a Panalytical XRF Minipal X-ray fluorescence spectrometer.

2. Computer pin samples (0.5 g) were flooded with 50 mL of concentrated (65%) nitric(V)
acid and allowed to stand for 24 h. After some time, gold was released on the surface
of the solution (Figure 4a). At the bottom, however, a certain amount of undissolved
precipitate remained. The gold flakes were separated from the solution through
the decantation of the solution from over the undissolved precipitate, and then this
solution was centrifugated. In this way, 0.36 mg of gold was obtained.

3. The undissolved precipitate (Figure 4b) mentioned in point 2, together with the small
amount of remaining solution, was separated by filtration.

4. To the filter containing precipitate mentioned in point 3, 50 mL of aqua regia was
added (Figure 4c). After some time, the filter with the precipitate dissolved completely.
As a result of these operations, two solutions containing metals released from the pins

were obtained: a solution of metals in nitric(V) acid (A) and a solution of metals in aqua

regia (B).
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(c)

Figure 4. Preparation of computer pin samples for analysis: (a) computer pins dissolved in nitric
(V) acid—gold flakes visible on the surface; (b) computer pins dissolved in nitric (V) acid—visible
undissolved pin residues; (c)—dissolving of insoluble components in nitric (V) acid residue of
computer pins in aqua regia.

2.5. Recovery of Metal Ions on Polymer Films Containing Cyphos IL 101

The polymer films obtained as described in the “Preparation of polymer films contain-
ing Cyphos IL 101” subsection were used to recover metals from two solutions prepared in
line with the “Leaching e-waste” subsection.

The following steps were taken next:

1. A polymer film (Figure 5) was placed in 45 mL of nitric acid(V) solution (A) for 24 h
to bind the metal ions present in the solution on its surface. Samples of the solution
were taken at set intervals.

2. Atthe same time, a polymer film was put into 38 mL of aqua regia solution (B) for 24 h
to bind the metal ions present in the solution on its surface. Samples of the solution
were taken at set intervals.

3. After removal from the above solutions (Figure 6a,b), the polymer films were air-dried
and placed in 10 mL of 5 M nitric acid for 24 h to desorb the metal ions bound on
the film surface. This step was intended to allow the films to be used in subsequent
sorption and desorption cycles.

To carry out further cycles of metal sorption/desorption onto/from the polymer films,
the computer pins were again dissolved, and solutions A and B were prepared (in line
with the “Leaching e-waste” subsection). For each new solution, the number of metal ions
present was determined. Polymer films, which were purified in 5 M nitric (V) acid, were
placed in the solutions thus prepared to bind the metal ions present in the solution on their
surface. Again, the solution was sampled at set intervals. A total of three consecutive cycles
of sorption and desorption were carried out. The repeated cycles on the polymer films that
were used several times were intended to establish the possibility of their suitability for
repeated application.

The concentrations of metal ions in all probes from the sorption and desorption
processes were determined with inductively coupled plasma mass spectrometry (ICP-MS,
NexION 300d).
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Figure 5. Polymer film immersed in nitric(V) acid solution.

(a) (b)

Figure 6. Polymer films after the first sorption process: (a) the membrane after removal from A
solution, (b) the membrane after removal from B solution

3. Results and Discussion

The conductive material used in electronics is usually copper. In addition, conductive
elements of nickel, silver, gold, tin, or a zinc-lead alloy are applied to the surfaces of the
boards. According to the above data, it was first decided to obtain the XRF qualitative
spectrum of the tested computer pins. The obtained spectrum (Figure 7a) confirmed the
presence of some of these elements on the surface of the tested material, which was obtained
from electro-scrap. Figure 7b is, in turn, a comparative test, i.e., it is the spectrum of an
empty vessel with a special X-ray film. After approximately estimating the area of the
peaks obtained in spectrum 7a, which correspond to specific elements, it can be concluded
that the samples contained large amounts of copper, nickel, and zinc.

To consider the above results and high copper(Il) content, the tested pins had to be
dissolved in nitric(V) acid first. Copper is a semi-precious metal, which means that it does
not react with non-oxidizing acids (no signs of reaction with HCI). However, Cu reacts
with oxidizing acids (e.g., HNO3).

Nitric acid and its salts are powerful oxidants—therefore, it reacts violently with
metals that do not displace hydrogen (e.g., copper or silver). It also oxidizes certain non-
metals, such as sulfur, carbon, and phosphorus. In addition, metals such as aluminum,
chromium, and iron are passivated on contact with concentrated nitric(V) acid.
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Figure 7. XRF spectra of (a) harvested computer pins; (b) blank test (X-ray film sample cell).

The course of the reaction of the selected divalent metals found in computer pins with
concentrated nitric acid is as follows:

M + 4 HNO30ne. = M(NO3); + 2 NO, + 2 H,O (1)

where M = Co, Ni, Cu, Zn, Sn, Pb.
In the case of monovalent silver, the course of the reaction is described by Equation (2).

Ag® + 2 HNO3cone, — AgNO3 + NO, + H,O )

In the system studied here, it was observed that the nitric(V) acid dissolved the above
metals, as well as the silver, leaving the remaining undissolved metals at the bottom of the
vessel in the form of lumps or a brownish sludge. Gold that was not dissolved in HNOj3
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accumulated on the surface of the solution in the form of flakes. The gold flakes were
separated with simple centrifugation methods.

The rest of the precipitate was dissolved in another solvent. For this purpose, a
mixture of nitric(V) acid and hydrochloric acid (in a 1:3 ratio), which formed the so-called
aqua regia, was used. Its powerful oxidizing properties were evidenced by the fact that
it dissolved all precious metals. In addition to gold, metals such as platinum, palladium,
hafnium, molybdenum, and zirconium also reacted. When hot, chromium, tungsten,
tantalum, rhodium, and osmium also undergo this reaction. The freshly prepared mixture
was colorless but began to take on an orange—amber color after only a few minutes. This
happened through the formation of nitrosyl chloride according to the equation below:

3 Cl~ + NO; + 4 H;0* — NOCI + 2 CI° + 6 H,O (3)

The reaction of gold and palladium with aqua regia occurred in two steps, as shown
in Equations (4) and (5), then (6) and (7):

AW’ + 3NO;~ + 6 H;0" — Au®" + 3NO; + 9 H,O (4)
AU +4C1~ — [AuCl]™ (5)
Pd’ + 2NO3;~ +4 H;0™ — Pd*" + 2 NO, + 6 H,O (6)
Pd** + 4 Cl~ — [PACL >~ 7)

3.1. Results of Leaching of E-Waste

After the dissolution of the computer pins in nitric(V) acid (A) and aqua regia (B),
the resulting solutions were analyzed for their contents of the selected metals with the
ICP-MS method. The experiments were repeated and standard deviations were calculated.
Table 1 shows the results of the determination of the metal content in the freshly prepared
solutions.

Table 1. Metal content found in freshly prepared solutions formed by dissolving computer pins: in nitric(V) acid (A) and

aqua regia (B).

Symbol of  Co(ID Ni(II) Cu(ID Zn(1I) Ag(D) Sn(I) Pb(II) Au(I) PddD  Ta(V)
the Sample (ppb)
A0 35.1  239,65629 301,789.35 102,075.88 4.32 3065.40 3262.64 - - BLQ
B.0 221 - - - 15,111.88 2309.07 47.63 0.11 BLQ

BLQ—beyond the limit of quantification. The given values of the concentration carry + 0.01 ppb.

From the data obtained, non-ferrous metals are the largest component of computer
pins. Understandably, the studied material contains significantly fewer precious metals.
The metal content can be ranked as follows:

Cu(II) > Ni(Il) > Zn(IT) > Sn(Il) > Pb(I) > Au(IIl) > Co(Il) > Pd(Il) > Ag(I) > Ta(V).

3.2. Results of Recovery of Metal Ions on Polymer Films Containing Cyphos IL 101

Because previously published research results have shown that Cyphos IL 101 can
be successfully used to recover gold from low metal concentrations [28] and that it works
well in an acidic environment [34], we decided to use this particular ionic liquid to recover
metal ions from the acidic solution obtained by leaching the computer pins with nitric acid
and aqua regia. Additionally, ionic liquids also perfectly fit into the assumptions of green
chemistry because they are a “green” alternative to the popular volatile, flammable, and
often toxic organic solvents [35]. Their use eliminates the emission of harmful substances
into the natural environment because they are characterized by a practically immeasurable
vapor pressure under moderate conditions [36,37].
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The mechanism of the sorption process is related to the binding of the metal ions
present in the solution to the Cyphos IL 101 molecule as a result of a complexation reaction.
In the first stage, in an acidic solution, the proton detaches from the Cyphos IL 101 molecule,
which allows the metal ion to attach to this site and form a complex compound. The
prepared polymer films were immersed in solutions A and B. From this point onwards,
samples were taken from each solution at specified intervals to assess the progress of the
sorption process, i.e., to determine the content of metals not yet adsorbed on the polymer
surface at any given time. The experiments of the sorption processes were repeated and
standard deviations were calculated (Tables 2 and 3).

Table 2. Changes in the values of metal ion concentrations in nitric(V) acid (A) in solution with sorption time on polymer

film.
Symbol of ) Co(II) Ni(I1) Cu(II) Zn(II) Ag() Sn(II) Pb(II)
the Sample Time (h) (
ppb)
Al 0.50 34.92 238,563.29 296,386.02 101,145.38 2.19 2863.98 3139.67
A2 1.50 34.94 223,442.34 290,767.62 100,853.95 1.76 2712.10 2996.41
A3 3.00 30.83 199,932.97 257,349.24 85,830.85 1.45 2363.87 2676.53
A4 10.00 28.31 183,021.32 232,285.68 75,987.33 1.22 2185.95 2438.11
A5 23.00 2791 178,906.54 220,067.10 71,645.99 1.01 2072.34 2347.74
26.72 156,570.95 206,577.27 69,413.90 0.88 1911.74 2152.41
Ab 24.00 76.07% 65.33% 68.45% 68.00% 20.37% 62.36% 65.97%

The given values of the concentrations carry =+ 0.01 ppb.

Table 3. Changes in the values of metal ion concentrations in aqua regia (B) in solution with sorption
time on polymer film.

Symbol of the Co(ID) Sn(I) Pb(ID) Au(l)  Pd(D
S 1 Time (h)
ample (ppb)
B.1 0.50 1.77 14,823.34 2215.05 37.70 0.07
B.2 1.50 1.73 14,783.23 2200.64 33.95 0.07
B.3 3.00 1.72 13,281.13 1917.68 18.37 0.06
B.4 10.00 1.54 12,586.45 1734.79 7.64 0.05
B.5 23.00 1.42 11,367.46 1582.00 1.65 0.04
1.32 10,241.67 1469.91 0.54 0.04
B.6 24.00 59.73% 67.77% 63.66% 1.13% 36.36%

The given values of the concentration carry =+ 0.01 ppb.

The data in the above tables show that the best recovery occurred for the precious
metals contained in the examined e-waste. In contrast, the recovery of non-ferrous metals
(Co, Ni, Cu, Zn, Sn, Pb) occurred at 25-40%, as between 59 and 76% of these metals
remained in the nitric(V) acid solution (A) and the aqua regia solution (B). This was most
likely due to the selectivity of the metal ion binding agent found in the polymer films used,
namely Cyphos IL 101.

This argument appears to be correct because when comparing the recovery of cobalt
and gold, it is clear that Cyphos IL 101 performed more efficiently with the precious
metal. Cobalt recovered from nitric(V) acid and aqua regia amounted only to 23 and 40%,
respectively, while as much as 98.9% of the gold was recovered. The sorption process
described could also be influenced by the composition of the solution that was studied.
There are numerous examples in the literature of the use of Cyphos IL 101 for the recovery
of various precious metal ions, e.g., palladium [38], gold [28], or platinum [29]. The authors
of this publication point out that the effectiveness of this compound is closely related to the
composition of the medium from which the metal recovery is carried out.

Figure 8a,b show the percentage change in metal ion concentrations during the sorp-
tion process in nitric(V) acid (A) and aqua regia (B), respectively, with the polymer film.
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Figure 8. Percentage change in metal ion concentrations during the sorption process in (a) nitric(V)
acid solution A and a polymer film containing Cyphos IL 101 immersed in it, as well as (b) aqua regia
B and a polymer film containing Cyphos IL 101 immersed in it.

Only in the case of Au(Ill) ions can it be seen that it was possible to remove them
almost completely from the solution. The amount of gold bound by the polymer films was
proportional to the amount of gold lost in the solution. In the case of other metal ions,
partial sorption was seen on the polymer films.

To describe the efficiency of removing metal ions from the aqueous solution using
polymer films containing Cyphos IL 101, and based on the obtained results, the accumu-
lation factor (AF) was calculated (Equation (8)). The mentioned parameter is described
as follows:

AF = Smembrane 1009, @®)
€0
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where: co—the initial concentration of metal ions in the feed phase (mol/dm?®); ¢ emprane—
the concentration of metal ions in the membrane phase (mol/ dm?).

From the data shown in the graphs above (Figure 9), it can be seen that the sorption
process started immediately when the polymer films were dropped into the solutions. The
sorption process could be quantified after only 0.5 h. For most metal ions, the accumulation
factor after this time was still low, but in the case of sorption of silver, palladium, and gold
ions, it was already 49.30%, 36.36%, and 20.84%, respectively. With time, all accumulation
factors increased, and after 24 h, the non-precious metals did not exceed 40%. During the
24 h cycles of sorption, no decreases in accumulation factors were observed. This proved
that Cyphos IL 101, which was used in the polymer films, bound the metal ions from the
solution very strongly.

100
80
60

Vo _1,1,1I_1lﬂil,l
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Figure 9. The accumulation factors describing the process of metal ions” sorption in (a) nitric(V) acid
(A) and (b) aqua regia (B) on polymer films.

The sorption capacity of polymer films with 20 wt.% of Cyphos IL 101 was calculated

using Equation (9):
cp—¢
=) ©)

where: g;—the sorption capacity (mg/g), V—the solution volume (dm?), c—the concen-
tration of metal ions in the feed phase after time ¢ (mol/dm?), and m —the mass of the
sorbent (g).

The results of the sorption capacity parameter after 24 h of sorption are presented in
Table 4.

The sorption capacity is a very important parameter of all sorbents. The sorption
capacity of the studied polymer films for metal ions was higher in nitric(V) acid than in
aqua regia. The highest and the lowest sorption capacities was obtained for Cu(Il) and
Pd(Il); they were 4.91 and 3.05 x 107> mg/g, respectively. The low values of sorption
capacities for precious metal ions were caused by their small amounts in the studied
WEEE. The received results can be compared with those found in the literature; e.g., the
sorption capacities of materials that were obtained through impregnation of Cyphos IL101
on Florisil and Silica were 2.94 and 3.97 mg/g, respectively [39]. The sorption capacity of
Amberlite XAD-7 with immobilized Cyphos IL 101 was, in turn, 71 mg/g [40], but the costs
of preparing these resins were higher than those of the polymer films studied in this paper.
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Table 4. The sorption capacity of the materials used.

Metal Ions qt (mg/g) in A qt (mmol/g) in qt (mg/g) in B qt (mmol/g) in

Solution A Solution Solution B Solution
Co(II) 433 x 1074 7.35 x 1077 3.87 x 107° 6.57 x 1077
Ni(II) 428 7.30 x 1072 - -
Cu(II) 491 7.72 x 1072 - -
Zn(I0) 1.68 2.57 x 1072 - -
Ag(T) 1.77 x 1074 1.64 x 1076 - -
Sn(II) 5.95 x 1072 5.01 x 1074 2.12 x 1072 1.78 x 1073
Pb(1I) 5.72 x 1072 2.76 x 10~* 3.65 x 1072 1.76 x 10~*
Au(III) - - 2.05 x 1073 1.04 x 1075
Pd(IT) - - 3.05 x 105 2.86 x 1078

The given values of the qt carry + 0.01 mg/g.

As a result of the sorption process on polymer films containing 20 wt.% of Cyphos
IL 101, the following amounts of metals were recovered from 0.5 g of the computer pins
studied (Table 5).

Table 5. The total amounts of metal ions recovered from computer e-waste using polymer films.

Co(ID) Ni(II) Cu(II) Zn(II) Ag(D) Sn(II) Pb(II) Au(III) Pd(II)

mg of Metal Ions/0.5 g

0.00038  3.73884  4.28454  1.46979  0.00015  0.23698  0.08185  0.00179  0.000002
Electro-Scrap

The given values of the total amounts of recovered metal ions & 0.00001 mg/g.

Based on the obtained results, it was found that using a polymer film containing
20 wt.% of Cyphos IL 101 as an ion carrier can recover copper(Il) (4.28454 mg) > nickel(II)
(3.73884 mg) > gold(Ill) (0.36179 mg) > tin(Il) (0.23698 mg) and trace amounts of Pb(Il) >
Co(Il) > Ag(I) > Pd(Il) from 0.5 g e-waste. This allowed the estimation of the number of
metals in a tonne of e-waste (Table 6).

Table 6. Estimated amounts of metals recovered using the method proposed in this paper per tonne of e-waste.

Co(I) Ni(II) Cu(II) Zn(II) Ag() Sn(II) Pb(II) Au(III) Pd(II)

mg of Metal Ions/0.5 g

0.00076 747768  8.56909  2.93958  0.00031  0.47397  0.16369  0.72358 *  0.000005
Electro-Scrap

* This value also includes the amount of gold obtained during the leaching of e-waste in nitric(V) acid. The given values of the total
amounts of recovered metal ions + 0.00001 mg/g.

The quantity of metals recovered with the polymer films appears to be small. However,
an average Pole produces around 12 kg of e-waste per year, which amounts to almost
500,000 tonnes nationwide, which is around 77% of all waste of this type generated in
the European Union. This number is so high because new sub-groups of e-waste that
already exist in Western Europe are now beginning to emerge in Poland. The consequence
of this phenomenon will be a continuous and dynamic increase in the amount of e-waste
produced in our country. In contrast, the US produces the most electronic waste worldwide,
according to a United Nations report. Western countries are also unable to recycle 100% of
their e-waste, which is why they primarily transport it to African and Asian countries, as
the cost of transport to these countries is twice as low as recycling on site [41].

The recovery method proposed in this paper is a good alternative for recycling valu-
able metals from electronic waste. Furthermore, it should be noted that this method allows
for very selective recovery of precious metals because the percentage that was successfully
recovered in relation to other non-ferrous metals was high (98.9% Au(Ill), 79.3% Ag(I), and
63.6% Pd(II)).



Polymers 2021, 13, 1454 14 of 18

3.3. Evaluation of the Long-Term Suitability of Polymer Films Containing Cyphos IL101

Polymer films containing Cyphos IL 101 were regenerated after each sorption process
by immersion in 5 M HNOj solution. The acid solution used for this process was also
analyzed for the presence of the metals studied. The polymer films thus cleaned were
placed again in solutions A and B, which were obtained by dissolving the computer pins in
nitric(V) acid and aqua regia, respectively. The sorption and desorption processes were
carried out on the same polymer films three times in 24 h cycles.

Figures 10 and 11 show the percentage distribution of the quantities of metals adsorbed
on polymer films during the consecutive sorption processes or desorbed from their surface
during desorption.
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Figure 10. Percentage distribution of the quantities of metals adsorbed during the consecutive
sorption processes on polymer films from the pin solution dissolved in concentrated nitric(V) acid A
and desorbed from their surfaces during consecutive processes of desorption.
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Figure 11. Percentage distribution of the quantities of metals adsorbed during the consecutive
sorption processes on polymer films from the pin solution dissolved in aqua regia B and desorbed
from their surfaces during consecutive processes of desorption.

The above graphs show that the polymer films used in this study can still bind metal
ions from the solutions formed by dissolving the computer pins even after three consecutive
sorption and desorption cycles. The obtained results are not unambiguous. It can be only
seen that in most cases, the metal uptake by polymer films decreases with the next cycle
of sorption. This may be related to the phenomenon of film clogging, which is caused by
incomplete regeneration of the surface during consecutive desorption processes, during
which decreasing quantities of metal ions are released into the solution. In the case of
palladium, the number of desorbed ions was impossible to determine. Palladium, however,
was a trace element in the material studied.

4. Summary

Although the use of polymer films does not allow the complete recovery of all of
the metals present in computer pins, it indeed allows the recovery of the most precious
metals. An undoubtable advantage of the materials used in this study is that they can be
reused several times. The obtained films have more benefits than the other more traditional
methods (e.g., electrowinning, solvent extraction, ionic exchange resin). First, the cost
of obtaining polymer films is much lower than the cost of ion exchange resins because
synthesis is provided by using simple and cheap substrates (commonly known polyvinyl
chloride and plasticizer bis(2-ethylhexyl)adipate, and the easily accessible commercial
metal ion carrier Cyphos IL 101), and special equipment is not required. Moreover, no
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power source is required to carry out the process of metal ion recovery. For example,
the electrowinning methods need lots of power. All compounds added to polymer films
are eco-friendly, so the material is safe for the natural environment and it does not cause
pollution compared with solvent extraction, in which toxic solvents need to be used. Finally,
the most important benefit of polymer films is that they can be easily separated from the
solution after process of sorption of metal ions.

It is also important that in the described procedure of preparing e-waste samples
for metals ion recovery, there is no need to use complex pre-treatments. For example,
one alternative non-contaminating reagent used for gold leaching is thiourea [42], but
as reported by Ippolito et al. [43], recovering gold from printed circuit boards or spent
cell phones “as is” for thiourea leaching was not feasible due to the low Au grade release
and recovery of only 15%. Direct leaching of thiourea onto the plate failed due to the
competition between copper and gold for thiourea to form the corresponding complexes.
Only the use of various pretreatment methods made it possible to dissolve the copper and
increase the recovery of gold to about 80%.

The method proposed in this paper meets the requirements of a process that is carried
out in the cheapest possible way and, at the same time, allows high efficiency with low
energy and material inputs.

5. Conclusions

The results concerning the application of polymer films containing Cyphos IL 101
for the recovery of various metal ions ((Ni(Il), Zn(II), Co(II), Cu(Il), Sn(Il), Pb(Il), Ag(I),
Pd(II), and Au(lIll)) from computer e-waste clearly show that the ionic liquid used allows
for the effective recovery of noble metal ions. The efficiency of the recovery process was
as follows: 98.9% for gold, 79.3% for silver, and 63.6% for palladium. In the case of heavy
metal ion recovery, the efficiency was much lower, ranging from 25 to 40%. Moreover, the
results of the experiments also demonstrate that the polymer films used in this research
can still bind metal ions from solutions created by leaching computer pins even after three
consecutive sorption and desorption cycles. In most cases, the metal uptake by polymer
films decreases after each cycle. Due to the very high efficiency of gold ion recovery when
using the ionic liquid Cyphos IL 101 and the high cost of this metal, the procedure described
in this paper may be a good alternative to other less efficient, more complex, and costly
recovery solutions.
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