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ABSTRACT

In this work, the recovery of copper(Il) and zinc(Il) ions from aqueous solutions using solvent
extraction and polymer inclusion membranes (PIMs) was compared. 2,6-Diaminopyridine was
used as an extractant in solvent extraction and as a carrier in PIMs. The characteristic parameters
of these two processes were determined. The results of all the experiments were processed and,
additionally, standard deviations were calculated. The percentage of extraction was dependent on
the ligand concentration in the organic phase. For solvent extraction, the highest extraction per-
centage was 83.53% for copper(Il) ions and 93.12% for zinc(II) ions. In the case of application of the
PIM containing 20 wt.% of 2,6-diaminopyridine as a carrier, the highest recovery factor determined
after 24 h was 72.81% for copper(Il) ions and 93.65% for zinc(Il) ions, respectively. The stability con-
stants of its complexes of 2,6-diaminopyridine with copper(Il) and zinc(Il) ions were determined
spectrophotometrically. Electrospray ionization high-resolution mass spectrometry was applied for
the confirmation of the ability of 2,6-diaminopyridine to form complexes with Cu(II) and Zn(II)
ions in solutions and for determination of the elemental composition of these complexes.

Keywords: 2,6-diamopyridine; Copper(Il) ions; Zinc(Il) ions; Solvent extraction; Polymer inclusion

membrane; Mass spectrometry

1. Introduction

2,6-Diaminopyridine is a well-known compound,
widely used in the chemical industry, that is, in the pro-
duction of medicinal products, cosmetics and polyam-
ides [1]. Norris Shreve et al. [2] used 2,6-diaminopyridine
for the synthesis of azo dyes (a bacteriostatic indicator of
the bacterial species of E. coli and Staphylococcus aureus).
Nowadays, research related to the new applicability of
2,6-diaminopyridine and its derivatives in medicine and
pharmacology continues to be done. One of the examples
is that the complexation properties of these compounds
are used to remove toxic metal ions, such as cadmium(II)

* Corresponding author.

and zinc(Il) from organisms [3,4]. Because 2,6-diaminopy-
ridine belongs to a group of compounds that are electron
donors or proton acceptors [5], it can easily form complex
compounds with metal ions. It has also been shown that the
method of conducting coordination processes of metal ions
with a 2,6-diaminopyridine can have an impact on the prop-
erties of the obtained complexes. Singh et al. [6] found that
2,6-diaminopyridine form macromolecular complexes with
isatin and transition metal ions (Co(II), Ni(II), Cu(II), Cd(II))
as a result of condensation reactions. Such complexes are
biologically active. 2,6-Diaminopyridine was used for the
formation of type 1:1 bi- and tetranuclear cobalt(Il) com-
plexes during a reaction with polymer complexes [Co(OH),

1944-3994/1944-3986 © 2021 Desalination Publications. All rights reserved.
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(OOCCMe,), 1, [7]. Asali et al. [8] reported that in the
bimetallic complexes of u-2,6-diaminopyridine [M(CO,)],
with chromium, molybdenum, and vanadium, metal ions
were coordinated by amine groups, but not pyridine nitro-
gen. Rana et al. [9] have also proved that pyridine nitrogen
did not participate in the formation reactions of macrocy-
clic complexes (2,6-diaminopyridine and acetylacetone)
with trivalent metal ions. Instead, both deprotonated amine
groups of 2,6-diaminopyridine were involved in the coordi-
nation of metal ions. Ilhan et al. [10,11] used the complex-
ation properties of 2,6-diaminopyridine for the synthesis
of new macrocyclic Schiff bases, which are able to form
complexes with metal ions such as Cu(II), Ni(II), Pb(I),
Co(Il) and La(IIl). Moreover, the 2,6-diaminopyridine has
also been used for the synthesis of polymeric macrocyclic
urea during the reaction with a meta-substituted aromatic
amine. Bohme et al. [12] have synthesized a macrocyclic
structure by the condensation of three structurally similar
monomers, 1,3-phenylenediamine, and 2,6-diaminopyri-
dine with N,N-carbonyldiimidazole. In this reaction, crown
ethers were formed. They are commonly used as carriers
in polymer inclusion membranes (PIMs) for the recovery
of metal ions. Zhai et al. [13] modified silica-coated Fe,O,
nanoparticles with 2,6-diaminopyridine and used them
for the selective extraction of magnetic trace amounts of
copper(II) and zinc(II) in the solid phase. They found that the
adsorbent can be used repeatedly and the method is cheap,
fast, and environmentally friendly. 2,6-Diaminopyridine
has also been used as a polymeric ion exchanger for
precious metal ions recovery, for example, for gold(III) [14].

Despite many diverse applications, 2,6-diaminopyri-
dine has not been used as a carrier in PIMs to date. In this
paper, the complexation properties of 2,6-diaminopyridine
were used for the recovery of copper(ll) and zinc(Il) ions
from aqueous solutions. The classic solvent extraction and
polymer inclusion membrane processes were performed,
using 2,6-diaminopyridine as an extractant and a metal
ions carrier, respectively. The characteristic parameters for
both processes were calculated and compared.

2. Materials and methods
2.1. Reagents

All the reagents used in this work were of analytical
grade purity and were used without further purification.
The 2,6-diaminopyridine (shown in Fig. 1) was purchased
from Sigma-Aldrich (Poznan, Poland), other compounds
used in experiments, such as copper(Il) nitrate, zinc(Il)
nitrate, nitric acid, ammonia, potassium hydroxide,
chloroform and methanol have been bought from Avantor
(Gliwice, Poland).

.
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Fig. 1. The structure of 2,6-diaminopyridine.

We found in the literature that the dissociation
constant of 2,6-diaminopyridine is 7.87 [15].

The concentration of the potassium nitrate solution was
determined gravimetrically as potassium sulfate, whereas
the concentration of the aqueous copper(II) or zinc(Il) ions
solutions by the atomic absorption spectrometry method.
The nitric acid was standardized against anhydrous sodium
carbonate. Carbonate free potassium hydroxide was pre-
pared and standardized against a standard potassium
hydrogen phthalate solution.

The pH-meter utilized in performed experiments was
calibrated using commercial technical buffer solutions
(Mettler Toledo, Greifensee, Switzerland) having a pH of
2.00, 4.01, 7.00, and 10.00.

2.2. Determination of the stability constant

To calculate the stability constant of the complexes of
metal ions (M = Cu(ll), Zn(II)) with 2,6-diaminopyridine
[L] it was necessary to record their absorption spectra. For
this purpose, a stock aqueous solutions of copper(Il) or
zinc(Il) ions with a concentration of 0.0012 mol/dm?® and a
solution of ligand L in methanol (2.65 x 10~ mol/dm?®) were
made. Then the appropriate amounts of metal ions solution
and methanol solution of the 2,6-diaminopyridine were
mixed to prepare samples for spectrophotometric analy-
sis. The absorption spectra of the prepared samples were
recorded on Cary 50 spectrophotometer (Varian, Melbourne,
Victoria, Australia) at various L:Cu(Il) and L:Zn(II)
molar ratios, ranging from 1:0 to 1:1. The spectra were
recorded in the range of the wavelength from 200 to 450 nm.

2.3. Extraction procedure

We conducted separation of copper(Il) and zinc(II) ions
by solvent extraction. All experiments were performed
at 25°C + 0.2°C. The aqueous phase contained 0.1 mol/
dm?® of Cu(ll) or Zn(Il) ions, respectively and 0.2 mol/
dm’ NH, (pH ~ 7.8 for copper(Il) ions and pH ~ 7.32 for
zinc(I) ions). The organic solution contained 2,6-diami-
nopyridine (L) dissolved in chloroform. The chloroform
solution of ligand was added to the same volume of an
aqueous solution. The volume of both phases (aqueous
phase and organic phase) was 4.5 cm®. The concentration
of metal ions [M] (M = Cu(Il) or Zn(II)) in aqueous phases
was constant, but the concentration of the ligand was
varied in the range from 0.025 and 0.1 mol/dm?® (samples
I-IV). The prepared samples were then shaken for 1 h.
The equilibrium was established after approximately 15 min
by the visual observation. It was checked if any changes
in the phase volumes had occurred, then the phases were
separated and the pH of the aqueous phase was mea-
sured. The metal ions concentration in the aqueous phases
was determined by atomic absorption spectrophotometry
(AAS 240FS Spectrometer, Agilent, Santa Clara, CA, USA).

2.4. Polymer inclusion membrane
2.4.1. Preparation of polymer inclusion membrane

A solution of 60 wt.% polyvinylchloride as a support,
and 20 wt.% a bis(2-ethylhexyl) adipate as a plasticizer, and
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20 wt.% a 2,6-diaminopyridine as an ion carrier in 10 cm?
tetrahydrofuran was prepared. The membrane was made
by pouring the received solution on a glass ring. After
slow evaporation of the solvent overnight, the resulting
PIM was peeled off from the glass plate. Next, the PIM was
immersed for 12 h in distilled water. Two samples of the
PIMs were cut out from the same membrane film for dupli-
cate transport experiments. The PIMs contained 20 wt.%
of 2,6-diaminopyridine as a carrier. The membranes were
homogeneous, transparent, flexible, and had good strength.
The mean thickness of membranes was determined in the
same way, as we described previously [16]. The average
thickness of the membranes, which were used for cop-
per(Il) and zinc(II) ions transport, was 0.227 + 0.020 mm
and 0.238 + 0.020 mm, respectively. The PIMs prepared this
way were used for the removal of copper(Il) and zinc(II)
ions from aqueous solutions.

2.4.2. Transport studies

Transport of both metal ions was conducted in a per-
meation module cell in which the membrane film (having
the active surface area of 2.2 cm?) was tightly clamped
between two cell compartments. The feed and receiving
aqueous phases (45 cm® each) were mechanically stirred
at 800 rpm. The feed phase contained a 0.1 mol/dm? solu-
tion of copper(Il) or zinc(Il) ions, respectively. The pH
of the feed phase was kept constant (approx. 7) using
ammonia solution and controlled by pH-meter (pH meter,
CX-731 Elmetron, Poland), with a combination pH elec-
trode (ERH-126, Hydromet, Poland). The 0.005 mol/dm?
HNO, was used as a receiving phase. The PIMs transport
experiments were carried out at 25°C + 0.2°C. The samples
of the aqueous feed and receiving phases were taken peri-
odically and analyzed by atomic absorption spectroscopy
(AAS Spectrometer, Solaar 939, Unicam) to determine the
metals ions concentration.

2.4.3. Mass spectrometry

The electrospray ionization high-resolution mass spec-
trometry (ESI-HRMS) experiments were performed using
a Q-Exactive Orbitrap mass spectrometer (Thermo Fisher
Scientific, Bremen, Germany) equipped with TriVersa Nano-
Mate ESI ion source (Advion BioSciences Ltd., Ithaca, NY,
USA). Samples of the separated organic phases obtained
after liquid-liquid extraction described in detail above
(samples IV, equal concentrations of metal ions and the
ligand) were diluted (1:1) in methanol (Avantor, Gliwice,
Poland). HRMS data were acquired in a positive ion mode
within the m/z range of 50-750 at the resolution of 140,000
(m/z 200). Thermo Xcalibur software (ver. 4.1.31.9) was
used to process obtained mass spectra.

3. Results and discussion
3.1. Determination of the stability constant

The UV spectra of the complexes of copper(Il) and
zinc(Il) ions with 2,6-diaminopyridine are shown in
Fig. 2. The obtained absorption spectra are characterized

by absorption bands in the UV region wavelengths ranging
from 200 to 400 nm.

Fig. 2 shows that Cu/2,6-diaminopyridine and Zn/2,6-
diaminopyridine complexes are formed in the studied
systems. The isobesthetic points at 320 nm for copper(Il)
ions and at 315 nm for zinc(Il) ions were recorded.

The stability constants were determined using an
equation based on the method developed by Lis et al. [17].
The stability constants (logK) were calculated using the
equation:

vt o1 11 )

(878[4) K(scst) |:C[M]:| (867814)

where [C[M]] is the molar concentration of metal ions
(mol/dm?®), &€ = A/[L], A is the absorbance of the system
at 336 nm (A =1 cm), [L] is the molar concentration of the
ligand (2,6-diaminopyridine), ¢, is the molar absorption
coefficient of the ligand at A = 307 (dm?/mol cm’), ¢_is the
molar absorption coefficient of the complex at A = 336 and
337 nm for Cu(ll) and Zn(II) (dm*mol cm?®), respectively,
K is the stability constant of the obtained complex.

The values of the stability constants (logK) of Cu(Il)/2,6-
diaminopyridine and Zn/2,6-diaminopyridine complexes
were determined based on Fig. 2. In the calculations, the
1:1 molar ratios of the complexes L: metal ions were taken.
The logK was equal to 5.70 + 0.01 and 5.93 + 0.01, in case of
Cu(Il) and Zn(II) complexes, respectively.

3.2. Solvent extraction

Based on the results of earlier studies [8,9] and ESI-
HRMS experiments described later in this work it can be
assumed that one of the most likely coordination structures
of metal ions with 2,6-diaminopyridine molecules formed
during the solvent extraction process is this, in which
the metal ions to ligand ratio is 1:2 (as shown in Fig. 3).
However, the results of the stability constants experiments
show, that other complexes may be also formed in solu-
tion, in which the ratio of metal ions to ligand molecules is
different, for example, 3:1 for L:Cu(Il) and 5:1 for L:Zn(II).

One of the main parameters describing the solvent
extraction is the extraction percentage (%E,,) of the metal
ions (Eq. (1)):

%%z—ﬂ%flm @)

org

where D, is the division ratio determined experimentally,
V., is the volume of the water phase (dm?), V18 the volume
of the organic phase (dm?) (V= Vi 80 Vaq/Vurg =1).

The division ratio is the ratio of the sum of the concen-
trations of all the substances in the organic phase (X[M],)

to the sum of the concentrations of all the substances in the
water phase (Z[MI,)-

XM,
N

D ®)
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Fig. 2. The UV spectra of the complexes of copper(Il) ions (a) and zinc(Il) ions (b) with 2,6-diaminopyridine in various [L]:[M] molar

ratios (from 1:0 to 1:1).

Obtained results were elaborated using a spreadsheet
and standard deviation.

In the case where there were no phase changes in the
volume after extraction, it was possible to appoint a divi-
sion ratio of metals ions (D, and D, ,) using Eq. (3).
The division ratios of metals ions were from 0.57 to 5.07 for
copper(ll) and from 1.69 to 4.92 for zinc(II), depending on
the ligand concentration. This allowed the authors to cal-
culate the percentage of extraction using Eq. (2). Table 1
shows the dependence between the division ratio of metal
ions (D, and D, ) and the percentage of copper(Il) and
zinc(Il) ions extraction, and the ligand concentration in
the organic phase.

The solvent extraction was performed to recovery cop-
per(Il) and zinc(Il) ions using a 2,6-diaminopyridine as an
extractant. Values of both parameters D and %E,, increase
with an increasing concentration of 2,6-diaminopyridine
in the organic phase. A higher percent of extraction was
obtained for zinc(Il) ions in comparison to copper(Il) ions.
The best percentage of extraction (83.53 % for Cu(Il) and
93.12% for Zn(Il)) was obtained for L:M molar ratio of 1:1.

The results indicate a high ability of 2,6-diaminopyridine
to separate copper(Il) and zinc(II) ions by solvent extraction.
Table 2 shows a comparison of the efficiency of commonly
used commercial extractants of copper(Il) and zinc(Il) ions
recovery by solvent extraction.
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Fig. 3. Proposition of complex formation reaction by 2,6-diaminopyridine molecules with M(Cu(Il) or Zn(Il)) in examined solutions.

Table 1

The % of extraction of copper(Il) and zinc(Il) ions with 2,6-diaminopyridine as an extractant

Concentration of 2,6-diaminopyridine, pH  Division Extraction percentage, pH Division Extraction percentage,
(mol/dm?) ratio, Dy YoE ¢y (%) ratio, D, . %E, ., (%)

0.025 770 0.57 36.32 726  1.69 61.84

0.05 777 0.73 42.25 771 2.02 67.00

0.075 792  1.66 62.45 7.08 2.04 67.13

0.1 782 5.07 83.53 726 492 93.12

The given values of the D, , carry 0.25% tolerance and the %E

Cu(II),Zn(II

Table 2

Cu(ll), Zn(IT)

carry 0.2% tolerance.

Comparison of extractants of copper(Il) and zinc(I) ions by solvent extraction

Extractant Highest extraction percentage References
Cu(I) Zn(1I)
2,6-diaminopyridine 83.53% 93.12% [This work]
di-(2-ethylhexyl)phosphoric acid 31.6% 88.7% [18,24]
Mixture (1:1) of 5-dodecylsalicylaldoxime and 80% 90% [19]
2-hydroxy-5-nonyl acetophenone oxime (LIX 984)

3-Allyl-acetylacetone 85% - [20]
Tri-n-octylamine (TOA) 46% - [21]
Bis(2,2,4-trimethylpentyl)phosphinic acid (Cyanex 272) - 90% [22]
Trihexyl(tetradecyl)phosphonium chloride (Cyphos IL 101) - 97% [23]

Application of 2,6-diaminopyridine as an extractant
in the solvent extraction for removal of copper(ll) and
zinc(Il) ions turned out to be a very yield. We obtained
a high extraction percentage for copper(Il) and zinc(II)
ions. 2,6-Diaminopyridine is not more expensive than
other commercial extractants used for metal ions removal
in solvent extraction. In practice, a compound that can
be used in a solvent extraction can also be used as a car-
rier in polymer inclusion membrane. All of the extract-
ants listed in Table 2 are also used as carriers in PIMs.
Therefore, in the next stage of the research work, 2,6-diami-
nopyridine was used in a polymer inclusion membrane for
transporting the metal ions.

3.3. Transport across polymer inclusion membrane

The transport of copper(ll) and zinc(Il) ions across the
PIMs was conducted for 24 h. Fig. 4 shows the membranes
before and after transport of copper(II) and zinc(II) ions.

The transport across PIMs was described by the first-
order transport rate equation kinetics in relation to the
metal-ion concentration [25]:

ln(CJ =—k-t
Ci

where C is the metal ions concentration in the feed phase
at a given time (mol/dm?®, C, is the initial metal ions
concentration in the feed phase (mol/dm?), k is the rate
constants (s™), t is the time of transport (s).

The plot of In(C/C) vs. time was prepared about the
calculated k value. The rate constant value for the dupli-
cate transport experiment was averaged and the standard
deviation was calculated. Further parameters, for example,
the permeability coefficient (P) was calculated [26] as follows:

4)

p-YL.k
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Cu(ll)

Zn(1l)

()

(b)

Fig. 4. PIM membranes containing 2,6-diaminopyridine as a carrier. Photographs made before transport of metal ions (a) and

after transport of metal ions (b).

where V is the volume of the feed phase (dm® and A is
the area of the effective membrane (m?).

Therefore the initial flux (/) (mol/m> s) was determined
according to Eq. (6) [26]:

J,.=P-C, ®)

The kinetics parameters of the metals(Il) ions trans-
port across PIMs from the feed phase are shown in
Table 3. The initial fluxes (J) of all the investigated cations were
decreased with the increase in over-time in the feed phase.

The transport of metal ions across the polymer inclusion
membrane is based on diffusion caused by the chemical
potential difference and the distribution of the substances
between the membrane and the aqueous phase. During
the transport processes, the metal ions are absorbed and
transferred from the membrane surface to the ligand
molecules inside the PIM. This process controls the rate
of the sorption process [26]. The obtained results show,
that increasing concentrations of Cu(ll) and Zn(Il) in the

Table 3

membrane phases resulted in decreased concentrations of
both metals ions in the aqueous solution (Fig. 5).

Parameters to quantify the amount of metal ions
transported across the membrane at a given time are recov-
ery factor (RF) [27] and accumulation factor (AF) [26],
which are described as follows:

RF = CUC;C -100% @)

0

C
AF = %‘”“"e -100% 8)

0

where C; is the initial concentration of metal ions in the
feed phase (mol/dm?), C is the concentration of metal ions
after time ¢ in the feed phase (mol/dm?®), C_ s the con-
centration of metal ions in the membrane phase (mol/dm?).

Calculated parameters (RF and AF) are presented in
Table 4.

Kinetics parameters of copper(I) and zinc(II) ions transport across PIM

Metal Time Permeability Initial flux, J, Metal Time Permeability Initial flux, J,
ions (h) coefficient, P (um/s) (nmol/m?s) ions (h) coefficient, P (um/s) (nmol/m?s)
0.5 0.0192 2.54 x10* 0.5 0.1154 3.27 x10°®
2 0.0070 9.37 x10° 2 0.0246 6.98 x 10~
4 0.0052 6.90 x 10° 4 0.0110 3.14 x 10+
Cu(Il) 6 0.0046 6.05 x 10° Zn(11) 6 0.0047 1.32 x10*
8 0.0041 5.44 x 10° 8 0.0039 1.10 x 10*
12 0.0032 4.33 x10° 12 0.0010 2.99 x 10
24 0.0019 3.11x10° 24 0.0001 4.73 x 10

The given values of the P carry +0.0001 and J, carry +1.00 x 10,
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Fig. 5. Dependency graph of the amount of metal ions in the membrane phase and in the feed phase vs. time.

Table 4
Transport performance of the obtained membranes

Metal Time Recovery Accumulation Metal Time Recovery Accumulation
ions (h) factor, RF (%) factor, AF (%) ions (h) factor, RF (%) factor, AF (%)
0.5 15.24 84.26 0.5 8.53 90.16
2 22.46 73.23 2 21.92 74.78
4 33.10 66.5 4 29.77 68.13
Cu(Il) 6 43.57 52.13 Zn(II) 6 55.69 40.10
8 52.26 43.43 8 50.73 45.97
12 62.36 37.43 12 79.92 17.98
24 72.81 26.79 24 93.65 5.04

The given values of the RF and AF carry +0.1%.

The recovery factor of metal ions transport across the
polymer inclusion membrane with 2,6-diaminopyridine
as a carrier was from 15.24% to 72.81% for copper(Il) ions
and from 8.53% to 93.65% for zinc(II) ions. The concentra-
tion of metal ions was tenfold excess than ligand concentra-
tion in the membrane. The removal of metal ions depends
on the time of the transport of metal ions across the mem-
brane. The highest recovery factor for copper(Il) and
zinc(II) ions was obtained after 24 h of transport across PIM,
and it was 72.81% and 93.65%, respectively.

Obtained results clearly indicate, that, membranes con-
taining 2,6-diaminopyridine as a carrier can be success-
fully used for the recovery of metal ions such as copper(Il)
and zinc(II) from aqueous solutions.

3.4. Characterization of 2,6-diaminopyridine complexes
with Cu(1l) and Zn(Il) ions by ESI-HRMS

ESI-HRMS experiments were performed for the sepa-
rated organic phases obtained after liquid-liquid extraction
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of Cu* or Zn* from model solutions using 2,6-diaminopy-
ridine L (the initial concentration of ligand L and metal ions
was equal in each case). ESI-HRMS spectra of analyzed sam-
ples (shown in Figs. 6a and b) regardless of the type of metal
ions present, show signals of similar intensity, corresponding
to similar ions. Both spectra are dominated by signals, which
can be assigned to singly charged ions of 2,6-diaminopyridine
[L +HJ" (C.H,N,)", m/z___=110.0716, m/z_, = 110.0718) and
to ions of complexes formed by L molecules and/or its frag-

ments, such as: [C.HN]J* (m/z__=80.0502, m/z_,_ = 80.0500),
[2L + HJ* (C,H N, m/z_ = 219.1352, m/z_, = 219.1358),
and [CH NJ* (m/z__ = 2821308, mfz_, = 282.1341).

Formation of [CHN]" and [C,H N.]* ions was probably
related to partial L molecules decomposition, for example
during compound storage, in the solution or during the
electrospray ionization process. Less intensive signals corre-
spond to complexes formed by L molecules with metal ions,
such as [2L + Cu* - HJ* ((C,,H,N,Cu)", m/z__ = 280.0492,
m/z_,. = 280.0497) and [2L + Zn* - H]" ((C,;H,,N.Zn)*, m/
z, .. = 281.0572, m/z_, = 281.0493), respectively. It is worth
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Fig. 6. ESI-HRMS spectra recorded for the samples of the
separated organic phases after liquid-liquid extraction, contain-
ing 2,6-diaminopyridine (L) and metal ions (a) Cu* and (b) Zn*.
Unassigned minor signals correspond to ions not relevant in
this study (e.g., formed by solvent molecules).

zinc and copper ions complexes is similar. This allows con-
cluding that, the differences in the properties of Cu*" and Zn*'
ions do not affect the type of complexes formed, and have
no (or have very little) effect on the quantity of generated
complex-ions. These findings are consistent with the liquid—
liquid extraction results, where the percentage of extraction
obtained for zinc and copper ions was similar (93.12% and
83.53%, respectively).

The high mass accuracy of the HRMS mass spectrome-
try causes that there can be no question as to the elemental
composition or charge of generated complexes. The results
of performed ESI-HRMS experiments clearly show that, in
the analyzed solutions, 2,6-diaminopyridine forms with
Cu(Il) and Zn(II) ions complexes in which the M:L ratio is
1:2 (one metal ion binds two ligand molecules). However,
the solutions may also contain metals complexes with
2,6-diaminopyridine molecules of different composition,
that cannot be identified by ESI-HRMS, which allows only
ions analysis.

4. Conclusions

In this research work, we used a 2,6-diaminopyridine
as an extractant for copper(ll) and zinc(Il) ions in classic
solvent extraction and as a carrier in a PIMs. The results
show that the highest extraction percentage in the solvent
extraction for copper(ll) and zinc(Il) ions was 83.53% and
93.12%, respectively. The concentration of both metal ions
was 0.1 mol/dm? and the concentration of extractant was
varied in the range from 0.025 to 0.1 mol/dm?®.

The rate of separation of metal ions was significantly
better in solvent extraction comparing to the transport of
metal ions across the polymer inclusion membrane. The
highest percent of extraction of metal ions was obtained
after 15 min in solvent extraction while the highest recov-
ery factor rate was achieved after 24 h. The results clearly
indicate that both separation processes are very effective
for the recovery of copper(ll) and zinc(Il) metal ions. It
can also be concluded that 2,6-diaminopyridine is a better
extractant in solvent extraction than transport of metal ions
across PIMs. Despite obtaining in slightly worse recovery
rates during transport across PIM we believe that method
is better for the environment. The main parameters to the
removal of copper(Ill) and zinc(Il) ions using PIM con-
taining 20% wt. of 2,6-diaminopyridine such as RF and
AF have been determined.

The results of the performed experiments indicate
that 2,6-diaminopyridine can be successfully used in both
types of separation processes, that is, in the classic sol-
vent extraction and in a relatively new technique based on
the utilization of PIMs. In both cases, high copper(Il) and
zinc(Il) ions recovery rates have been obtained. Moreover,
the results of conducted ESI-HRMS experiments confirm
the ability of 2,6-diaminopyridine to form complexes with
Cu* and Zn?*, ions in solution and provide information
about the elemental composition of formed complexes.

Symbols
C —

) Molar concentration of metal ions, mol/dm?

— Absorbance
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g — Molar absorption coefficient of the ligand,
dm?/mol cm?®

€, — Molar absorption coefficient, dm*/mol cm?

K —  Stability constant

%E,, ~ — Extraction percentage, %

D, — Division ratio determined experimentally

Vaq —  Volume of the water phase, dm?

org —  Volume of the organic phase, dm?

ZZ[M]org —  Sum of the concentrations of all the substances
in the organic phase

Z[M]aq —  Sum of the concentrations of all the substances
in the water phase

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

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

k — Rate constants, s!

t —  Time of transport, s

P —  Permeability coefficient

\% —  Volume of the feed phase, dm?

A —  Area of the effective membrane, m?

I, — Initial flux, mol/m?s

RF —  Recovery factor, %

AF — Accumulation factor, %

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

embranc Concentration of metal ions in the membrane

phase, mol/dm?
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Abstract: In this paper, the application of new substituted 2,6-bis((benzoyl-R)amino)pyridine (R = H,
4-Me, and 4-NMe,) derivatives for the recovery of copper(II), nickel(II), cobalt(II), and zinc(II) ions
from aqueous solutions was described. The structures of the synthesized compounds were confirmed
by nuclear magnetic resonance spectroscopy (NMR), electrospray ionization high-resolution mass
spectrometry (ESI HRMS), and tandem mass spectrometry methods (HCD MS/MS). Three different
derivatives of 2,6-bis((benzoyl-R)amino)pyridine were used as carriers in membrane processes and
as extractants in classic solvent extraction. In each case, the single derivative recovery was carried
out on a model solution that contained only one type of metal ions. Spectrophotometry studies
were performed to determine the stability constants of the complexes formed by the synthesized
species with analyzed metals ions. The results obtained indicate that the synthesized compounds
form stable complexes with Cu(Il), Ni(II), Co(II), and Zn(II) ions and can be used in both types of
studied recovery processes. However, the effectiveness of the synthesized compounds in the recovery
of metal ions depends both on the structure of compounds and properties of metals as well as on
their concentration.

Keywords: 2,6-bis((benzoyl-R)amino)pyridine derivatives; metal ions Cu(II), Ni(II), Co(Il), Zn(II);
membranes; solvent extraction; mass spectrometry; nuclear magnetic resonance

1. Introduction

Schiff bases, also referred to as imines, are chemical compounds containing azomethine
functional group (-R'HC=NR?, where R!, R>—hydrogen atom, alkyl, or aryl), and are
usually formed by the condensation reaction of a primary amine with an active carbonyl
compound (aldehyde or ketone) [1,2]. Schiff bases are a nitrogen analogue of an aldehyde
or ketone in which the carbonyl group (C=0) is replaced by an imine (C=N) [3]. Imines
have very good donor properties and can form chemically stable complex compounds with
various metals [4-6] including transient metal ions [1,7], which makes them useful and
widely used in coordination chemistry as organic ligands [8,9].

Many Schiff bases have been successfully used in separation processes for the recov-
ery of metal ions (e.g., N,N'-bis(salicylidene)ethylenediamine (Salen) was applied for the
removal of copper(Il) ions by solvent extraction [10]) and also for the recovery of copper(I),
nickel(Il), and zinc(II) ions by liquid-liquid extraction and by using polymer inclusion
membrane sorption/desorption and transport across the membrane [11]. Salen derivatives
with different electron-accepting substituents on the aromatic ring have been utilized as
extractant agents in polymeric inclusion membranes for the extraction of gold ions from
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aqueous solutions [12]. Other Schiff bases have also been utilized as metal ion extractants.
Oshima et al. used the following imines for the selective removal of copper(Il) ions: N,N'-
bis(2-quinolylmethylidene)-1,2-diiminoethane (BQIE), N,N'-bis(2-pyridylmethylidene)-1,3-
diimino-2,2-dimethylpropane (BPMP), and N,N'-bis(2-quinolylmethylidene)-1,3-diimino-
2,2-dimethylpropane (BOMP). They found that the distance between two imine N atoms
in these complexes was a factor controlling the extraction selectivity process [13]. Dede
et. al. used 1-(biphenyl)-2-hydroxyimino-2-(4-chloroanilino)-1-ethanone, 1-(biphenyl)-
2-hydroxyimino-2-(4-methylanilino)-1-ethanone, and 1-(biphenyl)-2-hydroxyimino-2-(IN-
pyrrolidino)-1-ethanone for the removal of transition metal ions such as Mn(II), Co(II),
Ni(Il), Cu(Il), Zn(II), Pb(II), Cd(II), and Hg(Il) through a solvent extraction process [14].
Recently, Wiecka and coworkers applied pyridinium derivatives containing an imidoamide
or imine moiety as novel extractants for the recovery of palladium(Il) and platinum(IV)
from model chloride aqueous solutions [15], while Bhargava and Uma synthesized a
new Schiff base called N-(4-hydroxy-3-methoxy benzylidene)-biphenyl-4-amine) and used
it for the adsorption of copper(ll) ions [16]. Another compound, (E)-4-(2-hydroxyethyl
imino)pentan-2-one (AcEt), was utilized during solvent extraction in the separation of
thorium(IV) metal ions from chloride media [17]. Schiff bases were also applied in polymer
membranes for the recovery of metal ions (e.g., Mashhadizadeh and Sheikhshoaie used a
bis[5-((4-nitrophenyl)azo salicylaldehyde as a carrier in polymer inclusion membrane for
the removal of mercury(Il) ions [18]). Other carrier groups applicable to the removal of
metal ions are calixarenes (e.g., Ulewicz and co-authors used a p-tert-butylcalix[4]arene
derivative to transport Pb(Il) ions across PIMs [19], whereas a calix[4]-crown-6-derivative
nest carrier was used to recover Zn(II), Cd(II), and Pb(Il) ions by a PIM membrane [20]).
However, research on the recovery of different metal ions from aqueous solutions is not
based solely on the search for new compounds (extractants and carriers); well-known
compounds with relatively simple structures are increasingly being used for this pur-
pose [21,22]. Lately, 2,6-diaminopyridine has been applied for the removal of copper(Il)
and zinc(II) ions from aqueous solutions in a polymer inclusion membrane and in a classic
solvent extraction processes [23].

It has been reported that among the nitrogen-containing heterocycles, pyridine and
its derivatives belong to a group of compounds that play an important role in biologi-
cal, pharmacological, and agricultural applications [24-26]. As a tridentate ligand, 2,6-
bis(imino)pyridine is often used for the synthesis of organometallic compounds [27]. There-
fore, we carried out a reaction between 2,6-diaminopyridine and the appropriate benzoyl
chloride derivative or ester derivative to obtain 2,6-bis(benzoylamino)pyridines substituted
in the aromatic ring. 2,6-Diaminopyridine can be an electron donor or proton acceptor [26],
so these derivatives can easily form complexes with metal ions. In one of the ways in
which to form complexes, there is a possibility that both nitrogen atoms—from the amide
groups and the pyridine ring—can be involved in the complexation, which results from the
presence of two functional groups of subjected compounds [28]. However, when examining
the complex-forming properties of 2,6-diaminopyridine for the separation of d-electron
metal ions [26,29], it was found that only the amide group nitrogen atoms (one atom after
deprotonation) are involved in the coordination of metal ions, and the pyridine nitrogen
atom does not take part in this process. Based on the literature, the following structures
between a metal ion and investigated compounds (Figure 1) can be proposed [30]:

Understanding the complexing properties of the newly-synthesized chemical com-
pounds, which are A1-A3 compounds, will make it possible to use them in separation
processes such as solvent extraction, sorption, membrane extraction, and transport across
polymer inclusion membranes. It is worth highlighting that the currently described com-
pounds are amides, thus are considered as more polar than Schiff bases.

In the case of all of the above-mentioned processes, the key aspect is the correct
selection of carriers, which should feature the appropriate complex-forming properties.
In parallel, the simple, efficient, and cheap synthesis is beneficial as well as the easy
confirmation of molecular structure (NMR, HRMS). However, it should be emphasized that
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the effectiveness of the recovery of metal ions from aqueous solutions with the use of new
non-commercial chemical compounds is also greatly influenced by the proper selection of
the experimental conditions.
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Figure 1. The proposed structures (I, II, III, and IV) of the complexes of compounds A1-A3 and metal
ions (M(II)).

In this paper, the results of the application of new organic ligands A1-A3 as extractants
in solvent extraction and as carriers in membrane extraction for the recovery of copper(I),
nickel(II), cobalt(Il), and zinc(Il) ions from aqueous solutions are described.

2. Materials and Methods
2.1. Synthesis of 2,6-Bis((benzoyl-R)amino)pyridine (R = H, 4-Me, and 4-NMe,) Derivatives

The investigated A1-A3 derivatives were obtained using the reactions presented in
Scheme 1.

Oy _C
YOP
(A) N 3CHIN AN N W N
| + 2 — |
N THF P~
HaN NH, I R R

0o CH3
I /Ej\ I
Na-H
Pz
B m * : ' "
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N CH
H c/ CH

3 3

3

Scheme 1. The scheme of the synthesis of A1-A3 compounds during a reaction with (A) benzoyl chloride derivatives
(R =H, 4-Me) and (B) ethyl 4-(dimethylamino)benzoate.
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II.

III.

The steps of the benzoyl chloride derivative synthesis (Scheme 1A) are described below:

2,6-Diaminopyridine (Sigma Aldrich, Poznan, Poland) and triethylamine (Sigma-
Aldrich, Poznan, Poland) solutions were magnetically stirred in dry tetrahydrofuran
(THF) (Avantor, Gliwice, Poland) (at 0 °C) and then the appropriate amount of 4-
R-benzoyl chloride (solution in dry THF) was added dropwise to the mixture over
a 60 min period. The 4-R-benzoyl chloride derivatives utilized included benzoyl
chloride and p-toluoyl chloride (Sigma Aldrich, Poznan, Poland).

The mixture was stirred overnight. It was heated for 1 h, evaporated, and treated by a
saturated water solution of NaHCOQO3, and stirred for 15 min.

The obtained solids were re-crystallized twice from ethanol (Sigma Aldrich, Poz-
nan, Poland).

The synthesis reaction with ethyl 4-(dimethylamino)benzoate (Scheme 1B) involved

the following steps:

L

II.

III.
Iv.

2,6-Diaminopyridine (Sigma Aldrich, Poznan, Poland) and sodium hydride (Sigma
Aldrich, Poznan, Poland) solutions were magnetically stirred under a nitrogen atmo-
sphere for 1 h (at 25 °C).

The mixture was heated for 1 h and then cooled to r.t. Ethyl 4-(dimethylamino)
benzoate in dry tetrahydrofuran was added dropwise to the cooled mixture over a
60 min period.

The mixture was heated to boiling point and stirred overnight.

An NH4Cl solution (Sigma Aldrich, Poznan, Poland) was added to the cooled mixture
and was stirred to allow ammonia to evaporate.

The mixture was evaporated under reduced pressure and a obtained solid was crys-
tallized from ethanol (Sigma Aldrich, Poznan, Poland).

The specific descriptions of the syntheses of all investigated compounds as well

as their 'TH NMR and '>C NMR spectra obtained using a Bruker Avance III 400 MHz
(with a DMSO-dg¢ solution in the case of all compounds synthesized) are provided in the
Supplementary Materials, whereas their structures are presented in Table 1.

Table 1. The properties of the A1-A3 compounds obtained.

Structure of compound

e

Chemical name

2,6-bis(benzoylamino)pyridine (A1)

Molecular formula

C19H15N30,

Monoisotopic mass [Da]

317.1164

Structure of compound

LT
5%
o
b b
HaC CHj
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Table 1. Cont.
Chemical name 2,6-bis(4-methylbenzoylamino)pyridine (A2)
Molecular formula Cr1H19N30,
Monoisotopic mass [Da] 345.1478
o] ‘ = o)
Z
N N N
Structure of compound | |
H,;C H H CH
bl T '\ll o d 3
CHgy CHjy
Chemical name 2,6-bis (4-(N,N-dimethylamino)benzoylamino)pyridine (A3)
Molecular formula Cy3Hy5N50,
Monoisotopic mass [Da] 403.2008

2.2. Mass Spectrometry Experiments

A high-resolution mass spectrometry (HRMS) analysis of compounds A1-A3 was
performed using a QExactive Orbitrap™ mass spectrometer (Thermo Fisher Scientific,
Bremen, Germany) equipped with a TriVersa NanoMate robotic nanoflow ESI ion source
(Advion BioSciences Ltd., Ithaca, NY, USA). Samples of A1-A3 were dissolved in methanol
(Avantor, Gliwice, Poland) to achieve a concentration of 1 mmol/dm?3 before being intro-
duced into the mass spectrometer using an electrospray source. All of the HRMS data were
acquired in a positive ion mode within the m/z range of 50-750 and at the resolution of
140,000 (m/z 200). Tandem mass spectrometry experiments (MS/MS) were performed
using the higher-energy collisional dissociation mode (HCD) with the normalized collision
energy set individually for each compound (in a range of 15-45 eV). The Thermo Xcalibur
software (ver. 4.1.31.9) was used to process the obtained HRMS and MS/MS spectra.

2.3. Complexation Properties of 2,6-Bis(R-benzoyl-amino)pyridine (R = H, 4-Me, and
4-NMe,) Derivatives

The absorption spectra of the complexes of metal ions and the examined compounds
were recorded to calculate their stability constants. For this purpose, stock solutions of each
salt of metal and methanol solutions of each 2,6-bis((benzoyl-R)amino)pyridines derivatives
were made. Then, the appropriate amounts of the salt solution and the methanol solution of
the examined compound were mixed to prepare samples for spectrophotometric analysis.
The concentration of the ligand and metal ions in the samples was selected in such a way
that the absorbance of the start solutions did not exceed one and the concentration ratios of
ligand to metal in each of the next solutions were appropriate. The absorption spectra of
the samples were recorded with varying molar ratios of the components (ligand:metal).
The spectra were recorded in the 200450 nm wavelength range.

2.4. Separation Procedure
2.4.1. Classic Solvent Extraction

The separation of copper(Il), nickel(Il), cobalt(II), and zinc(II) ions by solvent extraction
was conducted. All experiments were performed at 25 &= 0.2 °C. The concentration of metal
ions in the aqueous solution was obtained after the appropriate dissolution of the reference
metal. The organic solution contained organic ligands A1-A3 (L), which was dissolved in
chloroform. The concentration ratio of metal ions in aqueous solution to ligands in organic
solution was 1:1, 1:2, and 1:5, respectively. The chloroform solution of the appropriate
ligand was added to the same volume of aqueous solution. The volume of both phases
(aqueous phase and organic phase) was 2500 uL. The prepared samples were then shaken



Membranes 2021, 11, 233

6 of 19

for one hour. The equilibrium was established after approximately 15, 45, and 60 min
by visual observation. It was then checked to see if any changes in the phase volumes
had occurred, then the phases were separated and the pH of the aqueous phase was
measured. The metal ion concentration in the aqueous phases was determined by atomic
absorption spectrophotometry (AAS 240FS Spectrometer, Agilent, Santa Clara, CA, USA).
The parameters of classic solvent extraction with 2,6-bis((benzoyl-R)amino)pyridine (R = H,
4-Me, and 4-NMe;,) derivatives as extractants are shown in Table 2.

Table 2. The parameters of classic solvent extraction processes.

Metal Ions Ligand M:L pH Covi Cipy T u
Al 1:1 10.016 0.010 0.010 20 200

CroHeNaO, 12 8.256 0.005 0.010 22 300
1952 115 10.424 0.002 0.010 25 400

1:1 10.145 0.010 0.010 20 200

Cu(I c ‘?{2 o, 12 7.985 0.005 0.010 2 300
215932 .5 10.753 0.002 0.010 25 400

A3 1:1 10.160 0.010 0.010 20 200

CotLeN-O, 12 8.157 0.005 0.010 22 300
23302552 1.5 10.792 0.002 0.010 25 400

Al 1:1 10.298 0.010 0.010 20 200

CroHeNaO, 12 7.845 0.005 0.010 22 300
1952 115 10.510 0.002 0.010 25 400

. 1:1 10.043 0.010 0.010 20 200
Ni(I) c %2 o, 12 7.955 0.005 0.010 2 300
215932 .5 10.573 0.002 0.010 25 400

A3 1:1 10.134 0.010 0.010 20 200

CoHeN-O, 12 8.254 0.005 0.010 22 300
23302552 .5 10.580 0.002 0.010 25 400

Al 1:1 9.920 0.010 0.010 20 200

CroHeNaO, 12 8.5668 0.005 0.01 22 300
1952 115 10.463 0.002 0.01 25 400

1:1 10.050 0.010 0.01 20 200

Co(Il) c %2 o, 12 7.756 0.005 0.01 2 300
218932 1.5 10.553 0.002 0.01 25 400

A3 1:1 10.139 0.010 0.01 20 200

CotLeN-O, 12 8.651 0.005 0.01 22 300
23302552 .5 10.645 0.002 0.01 25 400

Al 1:1 10.216 0.010 0.01 20 200

CrotleNaO, 12 8.654 0.005 0.01 22 300
1952 15 10.728 0.002 0.01 25 400

1:1 10.138 0.010 0.01 20 200

Zn(Il) c %2 o, 12 7.859 0.005 0.01 2 300
212932 .5 10.716 0.002 0.01 25 400

A3 1:1 10.209 0.010 0.01 20 200

CotLeN-O, 12 7.6591 0.005 0.01 22 300
233725N5M2 .5 10.682 0.002 0.01 25 400

where: Cpyj—the concentration of metal ions [mol/ dm?], Crj—the concentration of ligands A1-A3 [mol/ dm?3],
T—temperature [°C], p—the mixing speed [mix./minutes].

2.4.2. The Membrane Extraction Process
The Preparation of Polymer Inclusion Membrane

A solution containing 60 wt.% of polyvinylchloride (PVC) as a support, 20 wt.%
of a bis(2-ethylhexyl)adipate (ADO) as a plasticizer, and 20 wt.% of an appropriate 2,6-
bis((benzoyl-R)amino)pyridine (R = H, 4-Me, and 4-NMe;) derivative as an ion carrier in
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10 pL tetrahydrofuran was prepared. The membrane was obtained by pouring the received
solution on a glass ring. After a slow evaporation of the solvent for 12 h, the resulting poly-
mer inclusion membrane (PIM) was peeled off from the glass plate. Through the next 12 h,
PIM was immersed in distilled water. The membranes were homogeneous, transparent,
flexible, and had good strength. Mean thickness of membranes was determined in the
same way, as described previously [31]. The thickness of the membranes, which were used
for transport of copper(ll), nickel(Il), cobalt(Il), and zinc(II) ions, was approx. 0.25 mm.

Membrane Extraction Experiments

The circular polymer membranes were immersed in beakers containing metal ions
such a copper(Il), nickel(II), cobalt(II), and zinc(Il). The ratio of concentrations of metal
ions in aqueous solutions and appropriate ligands in organic solutions was 1:5. For each
examined solution, an appropriate amount of ammonia solution was added to adjust
the pH. The pH was above 8. Then, samples were taken from the aqueous phases at
regular intervals over the course of 24 h of the conducted experiments. The parameters of
membrane extraction processes with A1-A3 compounds as carriers are shown in Table 3.

Table 3. The parameters of the membrane extraction processes.

Metal Ions Ligand M:L pH
Al
1:5 9.262
C19H15N30,
A2
Cu(Il) 1:5 9.194
C21H19N30,
A3
1:5 9.428
Co3H25N50,
Al
1:5 10.609
C19H15N30,
. A2
Ni(II) 1:5 9.332
Co1H19N30,
A3
1:5 10.895
C23H25N50,
Al
1:5 10.654
C19H15N30,
Co(Il) A2 1:5 10.456
C21H19N30,
A3
1:5 9.850
Co3H25N50,
Al
1:5 9.345
C19H15N30,
Zn(1D) A2 1:5 10.850
C21H19N30,
A3
1:5 9.506
Co3HasN50;

3. Results and discussion
3.1. Confirmation of the Structures of 2,6-Bis((benzoyl-R)amino)pyridine (R = H, 4-Me, and
4-NMe;,) Derivatives Using HRMS and HCD MS/MS Methods

The electrospray ionization high-resolution mass spectrometry method (ESI-HRMS)
was used to confirm the molecular masses and formulas of the A1-A3 compounds analyzed,
while the HCD MS/MS tandem mass spectrometry method was used to verify the com-
pound structures. As a soft ionization technique, ESI enables most small molecules such as
the ones analyzed to be transferred directly from the solvent into the mass spectrometer
without a major change in their structures [32]. The HRMS method, characterized by high
mass accuracy and sensitivity, enables the precise determination of the elemental composi-
tion and charge of the ions formed. The HCD MS/MS technique (called ‘beam-type’ CID)
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Relative abundance

is based on a controlled decomposition of the selected ions of the species examined into
smaller fragments, followed by an analysis of the resulting dissociation products, which
provides detailed structural information [33,34].

Electrospray ionization high-resolution mass spectrometry of the samples (dissolved in
methanol) containing the compounds analyzed resulted in the formation of the following
singly charged ions: [M+H]*, [M+Na]*, and [2M+Na]*, where M = Al, A2, and A3.
Figure 2a—c shows the ESI HRMS spectra of compounds A1-A3, whereas Table 4 presents
the ESI-HRMS data of the main ions generated under the ESI conditions. The formation of
sodiated ions, typical for ESI HRMS experiments may be related to the presence of a small
amount of Na* in the samples as a result of using certain substrates for the synthesis (i.e.,
NaHCO3) or due to the laboratory glassware utilized [35,36].

100 [A3+H]*
100 [AL+H]* ) it [A2+H]* y (Gt
[A1+Na] % ¢80
80 : § -
g 80 [A2+Na]* 350
60 2A1+Na]*
[ . i - [2A2+Na]* g a0 [A3ea]?
40 J 242 Z
] +H]*
20 L < 20 [ ] : 20 / [A3+(CyqHyyN,O)]*
| ; C J |
0100 200 300 400 500 600 700 0100 200 300 400 500 600 700 0100 200 300 400 500 600 700
m/z m/z m/z

(a)

(b) (c)

Figure 2. Electrospray ionization (ESI) (+) HRMS mass spectra of compounds: Al (a), A2 (b), and A3 (c), dissolved in
methanol. The unassigned signals correspond to ions, which are not relevant in this study (i.e., complexes formed by solvent

molecules, impurities).

Table 4. Electrospray ionization high-resolution mass spectrometry (ESI HRMS) data of the main
ions found in the samples containing the A1-A3 compounds analyzed, dissolved in methanol.

Compound Al (C19H15N3 02)

mM/Zmeas m/Zg,. Assignment
318.1233 318.1242 [A1+H]*
340.1052 340.1062 [A1+Na]*
657.2217 657.2226 [2A1+Na]*
Compound A2 (C21H19N305)
M/Zmeas m/zg,c Assignment
346.1538 346.1555 [A2+H]*
368.1365 368.1375 [A2+Na]*
691.3022 691.3032 [2A2+H]*
713.2841 713.2852 [2A2+Na]*
Compound A3 (C23H25N502)
m/Zmeas m/zg,. Assignment
257.1393 257.1402 [C14H17N4O]*
404.2077 404.2086 [A3+H]*
426.1896 426.1906 [A3+Na]*
660.3402 660.3410 [A3+(C14H17N4O)]*

The results of the ESI HRMS experiments performed unequivocally confirm that
the A1-A3 chemical compounds possess the correct molecular weight and elemental
composition. The formation of [C14H17N4O]* ions in the case of the ESI HRMS conducted
using a sample containing A3 is most probably related to the decomposition of a small part
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of the compound molecules in the methanol solution, electrospray ionization process, or
the compound storage method. Regardless of their origin, the most intensive signal on the
spectrum (Figure 2c) corresponds to singly charged [A3+H]* ions, which confirms that
only a small part of A3 molecules was decomposed.

The results of ESI HCD MS/MS experiments performed to confirm the structures of
the A1-A3 compounds together with the relevant ESI HCD MS/MS mass spectra obtained
for singly charged protonated ions of analysed molecules are presented in Table 5.

The results of the tandem mass spectrometry experiments performed indicate that the
main HCD dissociation processes of all 2,6-bis((benzoyl-R)amino)pyridine (R = H, 4-Me,
and 4-NMe;) derivatives are similar, regardless of the differences in their structure. Some
generated products are the result of a simple breaking of molecular bonds (i.e., [C7H50]*,
[C12H9N20]+ in the case of [A1+H]+; [C8H70]+, [C13H11Nzo]+ for [A2+H]+} [C8H12N1+,
[CoH1oNOJ*, and [C15H15N4O05]* in the case of [A3+H]"), other fragments originate from
more complex intramolecular rearrangements, which are typical for HCD MS/MS (i.e.,
[C12H11N50O,]* in the case of [A1+H]*; [C13H13N>0,]* for [A2+H]*, respectively). While a
detailed analysis of the fragmentation processes was not the subject of this work, the results
of the higher energy collisional dissociation experiments performed for the singly charged
protonated ions of the A1-A3 compounds make it possible to confirm the structures of the
species analyzed.

Table 5. Fragments observed following higher energy collisional dissociation (HCD MS/MS) of the following singly charged
protonated ions: [A1+H]*, [A2+H]*, and [A3+H]*, respectively and the relevant ESI HCD MS/MS mass spectra

[A1+H]* ESI HCD MS/MS mass spectrum of [A1+H]*
m/Zmeas m/zg,c Assignment
+
318.1235 318.1242 [A1+H]*, (C19H16N30,) -
[A1-H,O+H]*, 100
300.1129 300.1137
(C19H14N301) Ly .
- + g U L L
282.1032 282.1031 [A1-2H,O+HI, : (0T (Y
(C19H12N3) g 60 2 e [A1+H]*
| [C12H13N,0,]*
215.0815 215.0820 [C1oH 1N, O, ] E ~
i o n 3~
197.0709 197.0715 [C12H9N20]+ < ( : } o [A1-2H,0+H]*
171.0553 171.0558 [C1oH7N,O]* 0 " [CiaHsN,O
105.0339 105.0340 [C;H50]* [ -
O60 100 140 180 220 260 300 340 380
95.0496 95.0497 [C¢H,O1* m/z
77.0392 77.0391 [CeH5]"
[A2+H]* ESI HCD MS/MS mass spectrum of [A2+H]*
m/Zmeas m/Zeyc Assignment
346.1538 346.1555 [A2+H]*, (CoHaoN30,)
. [A2-H,0+H]*
[A2-H,O+H]J*, :
328.1434 328.1450 100 e
(C21Hi1gN301) ] . N
g N P Y
- + 80 . N ol
310.1330 310.1344 [A2-2H,0HI, o | A ®
(C1Hy6N3) : : A %
2 60 [C13H,3N,0,]
254.0917 254.0929 [C14H12N30,1* 3 e [A2+H]*
229.0965 229.0977 [C13H13N, 05 £ 40 8 ‘ Lo
211.0860 211.0871 [C13H11N2OJ* = 20  [CysHuN,0]* [A2-2H,0+H]*
185.0704 185.0715 [C11HoN,OJ* n 5
119.0490 119.0497 [CsH,OT* 60 100 140 1som}zzo 260 300 340 380
109.0649 109.0653 [C;7HoO]*
91.0545 91.0548 [C/H,]*
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Table 5. Cont.

[A3+H]* ESI HCD MS/MS mass spectrum of [A3+H]*
m/Zmeas m/zg,c Assignment
404.2068 404.2086 [A3+H]*, (Co3HoeN505) kK
100 |
_ + N
386.1963 386.1981 [A3-FLO+HI", ik
(C23H24N501) 20 [CoHyNOJ*
[A3-H2 O-C2 Hg +H]+, g
356.1463 356.1511 8
(C21H1gN50y) e W
3 I ¥ +
283.1180 283.1195 [C15H;5N,0, ] 2 a0l |t N i Mﬁ;ﬁ’;ﬁ’
& 5 ' . &
214.0967 214.0980 C1oH1oN50]* 3 | [GHNE [ ‘
[ 127712773 ] < 20 i ‘ [CysH1sNLO,]*
148.0751 148.0762 [CoH1oNOJ* : b |
122.0963 122.0970 [CsH1NT* 060 100 140 180 220 }so 300 340 380 420
mjz
79.0547 79.0548 [CeH7I*

3.2. Complexation Properties of 2,6-Bis((benzoyl-R)amino)pyridine (R = H, 4-Me, and
4-NMe,) Derivatives

The spectrum in the UV-VIS region is called the electronic absorption spectrum, but
strictly, it is the electron-oscillation-rotation spectrum. The energy of a molecule is the sum
of electron, oscillation, and rotation energies. Since the electronic transition is accompanied
by transitions from a specific sequence of oscillatory and rotational sublevels to their
respective combinations in the excited state, the spectrum consists of absorption bands, not
single lines. In organic compounds, the absorption of radiation in the UV-VIS region leads
to changes in the energy states of valence electrons, causing the transfer of an electron from
one orbital to another with higher energy.

The absorption spectra of complexes of the tested compounds A1-A3 with various
metal ions are shown in Figure 3. On the obtained spectra, the characteristic bands in the
UV region are visible. Maxima of absorption for clear Al, A2, and A3 ligands in methanol
were observed at wavelengths of 303 nm, 246 nm, and 303 nm (two maxima of absorption),
and 333 nm, respectively. On each spectrum, the vanishing band of the ligand and the
appearance of new ones corresponding to the complex (ligand + cation) with the isosbestic
points were recorded. The shapes of the spectra for each studied compound differed
because of the presence of various substituents located in the molecules of investigated
derivatives A1-A3. Spectra of the A1 compound showed a hypochromic effect, while in the
spectra of the A2 and A3 compounds, bathochromic shifts were visible. The bathochromic
shifts are clearly shown for the A2+Cu(II) spectrum and for all spectra of the A3 compound.

Based on the recorded absorption spectra, the stability constants (K) of the created
complexes were calculated using the known method [37].

The determined values of the stability constants (log K) of complexes are shown in
Table 6. The values of log K1, log K, were assigned to stability constants of complexes, in
which the molar ratio of ligand:metal ions was 1:1 and 1:2, respectively.

Table 6. Stability constants of the complexes of compounds A1-A3 with various metal ions.

A1—Cy9H15N30,M = A2—Cy1H19N3O,M = A3—Cy3H5N50,M =
Metal Ions 317.34 g/mol 345.39 g/mol 403.47 g/mol
log K3 log K> log Ky log K log Ky log K3
Cu(II) 4.398 3.475 4.225 4.724 8.266 9.370
Ni(II) 4.544 4.515 4.500 4.605 7.695 8.131
Co(II) 4.183 4.583 5.809 6.415 4.218 5.836
Zn(II) 3.848 4.942 5.377 5.870 5.908 6.164

The given values of the log K carry & 0.001.
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Figure 3. Absorption spectra of complexes of compounds A1-A3 with various metal ions in various molar ratios of ligand

to metal.

The higher value of the stability constant (log K > 1.0) indicates that at equilibrium,
the activity of the complex is larger than the product of activities of the metal ion and
ligand (Equation (1)).

mL + [Me(H,O) |™" = [MeLy ™ + mH,O (1)

As a result, the high value of log K indicates that the ligand binds to the metal ion
more strongly than water molecules. The stability constant is then used as a measure of
the thermodynamic stability of the complex. An increase in the number of ligands in the
coordination sphere usually leads to a decrease in the number of water molecules to be
replaced. This is why in some cases, it is found that complexes with a larger number of
ligands are more stable than others because of unusual structural changes and differences
in the electronic configuration of the metal ion. The complexes with a higher crystal field
stabilization energy value will be stable, and the stability constant for those complexes will
be high [38].

Due to their structure (i.e., the presence of deprotonated NH and C=0 groups in their
molecules,) the tested derivatives belong to the so-called Lewis bases. Such compounds
easily react with metal ions—the so-called Lewis acids. Therefore, in aqueous solutions,
complexes of the tested derivatives with selected metal ions are characterized by quite
stable structures. They can be compared with the stability of complexes formed by (3-
diketones, whose log K; for complexes with metal ions such as cobalt and nickel has a
value amount to 5.

The stability constants of complexes of a derivative with the -N(CHj3), groups with
the chosen metal ions were the highest. This compound created the most stable complexes,
especially with copper(Il) and nickel(II) ions. This may be explained by a substituent effect
of the -N(CH3), group in the deprotonated ligand. The electron donating -N(CHj3), moiety
increased the basic character of the (O-C-N-C-N)—making it more potent to interaction
with the Lewis acid.

The results suggest that the analyzed compounds may be useful in the extraction
of different metal ions from aqueous solutions, and thus may be applicable as selective
carriers in polymer inclusion membranes that may be used to recover metal ions.

3.3. Results of Separation Processes
3.3.1. Classic Solvent Extraction

The solvent extraction of copper(Il), nickel(Il), cobalt(Il), and zinc(II) ions was per-
formed with 2,6-bis((benzoyl-R)amino)pyridine (R = H, 4-Me, and 4-NMe,) derivatives as
extractants. The experiments were carried out for solutions in which the ligands and metal
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ions concentration ratios were 1:1, 1:2, and 1:5, respectively. The extraction percentage
(%Ep) of the metal ions is described by the following equation:

Dy
Dy +

%Ep = -100% @)

Vig
VDYg

where D) is the division ratio determined experimentally; Vy, is the volume of the aqueous
phase [dm?]; Vorg is the volume of the organic phase [dm?] (Vag = Vorg, 50 Vg / Vorg = 1).

The division ratio (Equation (3)) is the ratio of the sum of the concentrations of all
the substances in the organic phase (X[M]org) to the sum of the concentrations of all the
substances in the aqueous phase (X[M]).

= S ©)

Obtained results were elaborated using a spreadsheet and additionally, the standard
deviation was calculated (Table 7).

Table 7. The division ratio of metal ions with 2,6-bis((benzoyl-R)amino)pyridine derivatives as extractants.

A1l A2 A3
Cm Cm Cm
Metal Ions [mol/dm?] Dm Metal Ions [mol/dm?] Dm Metal Ions [mol/dm?] Dm
0.01 0.152 0.01 0.557 0.01 0.141
Cu(Il) 0.002 3.939 Cu(Il) 0.002 3.689 Cu(Il) 0.002 3.398
0.005 0.970 0.005 1.135 0.005 0.785
0.01 21.486 0.01 42.765 0.01 4.944
Ni(II) 0.002 4.953 Ni(II) 0.002 137.861 Ni(II) 0.002 17.993
0.005 3.921 0.005 11.722 0.005 8.652
0.01 343.710 0.01 144.544 0.01 88.719
Co(II) 0.002 281.621 Co(II) 0.002 731.722 Co(II) 0.002 164.552
0.005 67.493 0.005 73.529 0.005 28.850
0.01 4.327 0.01 7.056 0.01 4.333
Zn(II) 0.002 4.057 Zn(II) 0.002 3.653 Zn(II) 0.002 4.256
0.005 4.035 0.005 4.461 0.005 4274

The given values of the Dy carry =+ 0.001.

The obtained division ratios (Table 7) for the analyzed metal complexes with all
compounds increased in the following order: Cu(Il) < Zn(Il) < Ni(II) < Co(1l), for the
greater part of the studied extraction processes. Co(II) complexes were the best extracted,
and the Cu(II) complexes were the worst extracted. In case of the process using compound
A1, this sequence changes to Cu(Il) < Ni(Il) < Zn(II) < Co(Il), for the concentration of metal
ions in the solution 0.005 mol/dm?3. While for the compound A2 and the concentration
of 0.002 mol/dm?, the value of the division ratio was the highest for Zn(II) ions and the
lowest for Co(II).

The percent of the extraction of metal ions with all of the investigated extractants is
shown in the plots below.

The extraction of metal ions with extractants A1-A3 was efficient. The %Ey was
more than 90% for nickel(Il), cobalt(ll), and zinc(Il) with all A1, A2, and A3 ligands.
However, those ligands were not as effective during copper ion extraction (Figure 4).
The results of the conducted experiments clearly showed that the proper concentration
of metal ions and appropriate ligands had a significant impact on the efficiency of the
extraction processes. The conducted spectrophotometric titration (Section 3.2) confirmed
the formation of complexes with various M:L ratios including compounds of the type 1:1,
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1:2, and 1:5. The extraction studies were performed to take into account the mentioned
molar ratios of the metal ion content in the samples to the existing concentration of the
extractants. It was found that at the 1:1 molar ratio (M:L), a high recovery of metals was
observed, while in most cases with a significant excess of ligand in the solution (1:5), a
further slight increase in this recovery was observed.

3.3.2. Membrane Extraction Process

Shortly after the polymer membranes were immersed in a solutions containing Co(II),
Ni(II), Co(Il), or Zn(II) ions, respectively, the membrane extraction processes were started.
Metals ions were adsorbed on the surfaces of the membranes. The ligand molecules
(A1, A2, or A3) doped into the polymer membranes bound metals ions thanks to the
complexation reactions.

[%]
100
80
60
Al
40
20
0
Cu(m Ni(ID) Co(Mm Zn(TD)
®001M WO0.002M m0.005M

[%]

100

Ni(ID Co(I Zn(I)

#001M mO0.002M m0.005M

80
60
A2
40
20
0
Cu(I)

Figure 4. Cont.
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Figure 4. The dependence of the concentration of metal ions in aqueous solution on percent of extraction of metal ions with
compounds A1-A3. The given values of the %Ep carry £ 0.01%.

After 24 h of membrane extraction process, the percentage of metal ion removal from
the solutions (%RF) was also determined (Equation (4)).

cop—¢C
€0

RF =

-100% @)

where cy is the initial concentration of metal ions in the feed phase [mol/ dm?] and ¢ is the
concentration of metal ions after time t in the feed phase [mol/ dm?].

The results of the membrane extraction processes performed are presented in Figure 5.
Based on these results, it can be unequivocally stated that the efficiency of the membrane
processes carried out with the utilization of A1-A3 compounds as carriers was lower than
in the extraction processes, in which these compounds were used as extractants. This
may be caused by various factors such as, for example, inappropriate selection of the
polymer or plasticizer to obtain membranes with the tested compounds. The copper(Il)
ions recovery was as poor in the case of the membrane process as in classical extraction,
regardless of the type of A1-A3 used. As the results obtained for other analyzed ions
(Ni(II), Co(II), Zn(Il)) were much better (in both types of processes), it can be assumed
that the individual properties of metal ions have a significant impact on the extraction and
membrane processes. Additionally, for all examined metal ions, the lowest values of metal
ions recovery were obtained with the application of compound A1l as a carrier.

The analysis of the metal ion sorption process onto the membranes with 20 wt.% of
the investigated compounds used as a carrier was carried out using Equation (5):

n=(0) v ©

where g; is the sorption capacity (mg/g); V is the volume of the solution (dm?); m is
the mass of the sorbent (g), and ¢’ and ¢! are the analytical metal ion concentrations
in the solution at the beginning and after an appropriate time of the sorption process
(mol/dm?), respectively.
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Figure 5. Recovery of metal ions in membrane extraction processes with 2,6-bis((benzoyl-R)amino)pyridine (R = H, 4-Me,
and 4-NMey) derivatives as a carriers. The given values of the RF carry & 0.01%.

The sorption capacity of the membrane with all of the ligands A1-A3 as carriers after
24 h of the sorption of investigated metal ions is presented in Table 8.

Table 8. The sorption capacity of membrane with ligands A1-A3 after 24 h of sorption.

Compound Metal Ions qt
Cu(Il) 0.17
Ni(IT) 0.30
Al Co(IT) 3.42
Zn(I) 2.44
Cu(Il) 0.79
Ni(l) 0.92
AZ Co(II) 212
Zn(I) 3.69
Cu(Il) 0.21
Ni(Il) 0.60
A3 Co(I) 2.07
Zn(I) 3.81

The given values of the q; carry £+ 0.01 mg/g.

The highest q; of investigated membranes was obtained for Zn(Il) and Co(II) ions
sorption and was equal to 3.81 mg/g and 3.42 mg/g, respectively. The lowest q; was
observed for Cu(Il) ions (0.17 mg/g). The received results can be compared with other
literature data (e.g., the sorption capacity of sorbent prepared from mixed local conifer
sawdust (SW) and fly ash (FA) was 3.22-3.29 mg/g at 293 K [39], and the sorption capacities
of novel nanosorbent (NZVI-DETA-PY) for Co(II), Cu(Il), and Zn(II) ions were 2600 umol/g,
4750 umol/g, and 5600 umol/g, respectively [40].

4. Conclusions

In this study, the application of a series of new 2,6-bis((benzoyl-R)amino)pyridine (R
=H, 4-Me, and 4-NMej,) derivatives for the removal of metal ions (copper(ll), nickel(Il),
cobalt(II), and zinc(II)) from aqueous solutions was described.

The compounds A1-A3 were obtained in the condensation reactions of 2,6-diaminopyridine
with benzoyl chloride derivatives and with ethyl 4-(dimethylamino)benzoate, respectively.
NMR and electrospray ionization high-resolution mass spectrometry (ESI HRMS) and
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higher energy collisional dissociation tandem mass spectrometry (HCD MS/MS) methods
were successfully used to confirm the structures of all synthesized ligands. Given the high
mass accuracy of HRMS mass spectrometry and a relatively easy and straightforward inter-
pretation of the simple fragmentation spectra (HCD MS/MS) of the analyzed compounds,
there is no doubt about the elemental composition, charge, or structure of the ions formed.

The experiments of the complexation properties confirmed that the series of new
compounds exhibited high complex-forming properties. The various molar ratio of lig-
and:metal was proved to form complex metal ion complexes with the investigated ligands.
Application of the spectrometric method allowed us to determine the ratio of ligand to the
metal in the studied complexes as well as their stability, which was quite high.

Thanks to the complex-forming properties of the compounds A1-A3, it is possible
to use synthesized compounds as very efficient extractants for removing metal ions from
aqueous solutions. Studied derivatives can also be used as carriers in the membrane
processes. However, to increase the efficiency of membrane processes, further research is
needed, where membranes containing a different polymer and/or plasticizer will be used.
Since the synthesis of chemical compounds used in this study as extractants and carriers is
relatively easy and cheap, and these compounds have strong complexing properties, the
results of this research may prove to be a new direction in the search for simple organic
ligands to remove metal ions from waste.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2077-037
5/11/4/233/s1, Figure S1. The "H NMR (A) and '3C NMR (B) spectrum of 2,6-(N,N’-dibenzoyl)-
diaminopyridine (A1).; Figure S2. The 'H NMR (A) and '*C NMR (B) spectrum of 2,6-bis(4-
methylbenzoyl)-diaminopyridine (A2).; Figure S3. The 'H NMR (A) '3C NMR (B) spectrum of
2,6-bis(4-dimethylbenzoylamino)pyridine (A3).
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Abstract: The work describes the results of the first application of 2,6-bis(4-methoxybenzoyl)-dia-
minopyridine (L) for the recovery of noble metal ions (Au(Ill), Ag(I), Pd(II), Pt(II)) from aqueous
solutions using two different separation processes: dynamic (classic solvent extraction) and static
(polymer membranes). The stability constants of the complexes formed by the L with noble metal
ions were determined using the spectrophotometry method. The results of the performed experi-
ments clearly show that 2,6-bis(4-methoxybenzoyl)-diaminopyridine is an excellent extractant, as
the recovery was over 99% for all studied noble metal ions. The efficiency of 2,6-bis(4-methoxyben-
zoyl)-diaminopyridine as a carrier in polymer membranes after 24 h of sorption was lower; the per-
centage of metal ions removal from the solutions (%Rs) decreased in following order: Ag(I) (94.89%)
> Au(III) (63.46%) > Pt(II) (38.99%) > PA(II) (23.82%). The results of the desorption processes carried
out showed that the highest percentage of recovery was observed for gold and silver ions (over
96%) after 48 h. The results presented in this study indicate the potential practical applicability of
2,6-bis(4-methoxybenzoyl)-diaminopyridine in the solvent extraction and polymer membrane sep-
aration of noble metal ions from aqueous solutions (e.g., obtained as a result of WEEE leaching or
industrial wastewater).

Keywords: polymer membranes; solvent extraction; recovery of noble metal ions; 2,6-bis(4-methox-
ybenzoyl)-diaminopyridine; spectrophotometry

1. Introduction

Solvent extraction (SE), a process of separating metal ions from aqueous solutions by
extraction into organic solvents immiscible with water, has been used for many years to
recover various metals, both common and rare [1-4]. This well-established separation
method has been widely used as a tool for the recovery of precious metals from different
types of industrial waste, including waste electrical and electronic equipment (WEEE) [5-
7]. This type of waste contains many valuable metals, and its recovery is often more effec-
tive than extraction from decreasing ore grades; thus, the term “urban mining” has been
introduced [8]. The growing interest in methods of precious metals recovery from waste
is related to the various applications of these materials. They can be used as raw materials
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for high-technology industries (e.g., electronic materials) as well as in pharmaceutics, jew-
elry, catalysis, etc. Furthermore, the demand for precious metals in industrial applications
has significantly increased in the last few years [9,10].

Although extraction is a relatively simple method, the long time required for analysis
and the need to use organic solvents (many of which are volatile and toxic) prove to be
serious limitations. Moreover, some extractants are not effective or affordable enough [8].
It has been reported by Bulgariu and Bulgariu [11] that many of the disadvantages of clas-
sical SE can be minimized by using the aqueous two-phase system in the extraction pro-
cess. They investigated the extraction of gold(Ill) in an aqueous PEG(1500)—(NH4)2SO4
two-phase system, using chloride ions as extracting agents. The PEG-based two-phase
system they utilized was non-toxic, non-flammable and non-volatile. The obtained results
showed that gold(IIl) was quantitatively extracted (>98%) into the PEG-rich phase in acid
media. Another environmentally friendly two-phase extraction system based on polypro-
pylene glycol 425 and sodium chloride has recently been successfully applied for the ex-
traction of Pt(IV) and Pd(Il) from diluted hydrochloric acid solutions [12]. Ecologically
safe, two-phase aqueous systems have been used to extract various metal ions, not only
noble ones. However, the utilization of such systems usually requires time-consuming
determination of the appropriate process conditions (e.g., proper concentration of metal
ions and other reagents used, temperature, pH) [13].

An alternative to the conventional method of liquid-liquid extraction is the applica-
tion of membrane processes, e.g., polymer inclusion membranes (PIMs) [14], which can
reduce the consumption of solvents. Other advantages of PIMs (a type of liquid mem-
brane in which the liquid phase is held within the polymeric network, usually polyvinyl
chloride (PVC) or cellulose triacetate) are their wide range of applications, high efficiency
in the extraction of various metal ions, high stability and the possibility of conducting
extraction and back-extraction processes [14,15]. It has been shown that the process of
metal ion recovery using SE and PIMs depends on many factors, including the metal’s
properties, concentration, pH, matrix complexity, etc., but the vital factor in both pro-
cesses is the correct selection of the chemical compounds binding the metal ions (extract-
ants and carriers, respectively) [15,16]. Hence, many studies conducted in recent years
search for new extractants/carriers that would allow for more effective recovery of pre-
cious metals from aqueous and acidic solutions (e.g., obtained as a result of leaching of
WEEE waste) [17,18]. A variety of chemical compounds, both commercially available car-
riers (e.g., Cyphos IL 101) and non-standard ones (e.g., niacin), have been used for this
purpose [19-24]. Often, the application of the same compound as the extractant in SE and
as the carrier in PIMs produces different results concerning the recovery of both heavy
and noble metal ions [25,26].

This paper describes the results of the application of 2,6-bis(4-methoxybenzoyl)-dia-
minopyridine (shown in Figure 1) for the recovery of noble metal ions such as Au(Ill),
Ag(l), Pd(Il) and Pt(Il) from aqueous solutions using SE and polymer membrane pro-
cesses. 2,6-Bis(4-methoxybenzoyl)-diaminopyridine can be considered a heterocyclic am-
ide which due to its structure possesses the ability to form complexes with various metal
ions. In previous work, we showed that the presence of oxygen/nitrogen atoms in the
molecule of 2,6-bis(4-methoxybenzoyl)-diaminopyridine allows it to form complexes with
copper(ll) ions; thus, it can be successfully used for the SE recovery of Cu?* (recovery per-
centage above 99%) [27]. Despite the ability to form complexes with metal ions, so far 2,6-
bis(4-methoxybenzoyl)-diaminopyridine has not been used as an extractant in liquid-liq-
uid extraction designed for the recovery of noble metals ions, nor as a carrier in polymer
membranes.
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Figure 1. Structure of 2,6-bis(4-methoxybenzoyl)-diaminopyridine (C21H19N3Oa).

2. Results and Discussion
2.1. The Stability Constants of Complexes Formed by Precious Metal lons with 2,6-Bis(4-
Methoxybenzoyl)-Diaminopyridine

For all investigated systems (ligand to chosen metal ion: Au(Ill), Ag(I), Pd(Il) and
Pt(Il)) the absorption spectra were recorded in various ratios of L:M (Figure 2).
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Figure 2. Absorption spectra of investigated systems of ligand to metal ions in various ratios

(L:M).

The obtained absorption spectra are characterized by absorption bands together with
the isosbestic points in the UV region wavelengths ranging from 200 to 400 nm. Constant
changes in the shapes of recorded spectra are related to the creation of new complexes
with various ratios of ligand to the metal ion. Based on the above spectra, the stability
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constants of complexes of 2,6-bis(4-methoxybenzoyl)-diaminopyridine with Au(III),
Ag(I), PA(II) and Pt(Il) ions were calculated and are presented in Table 1.

Table 1. Stability constants of complexes of 2,6-bis(4-methoxybenzoyl)-diaminopyridine with
Au(lIll), Ag(I), Pd(Il) and Pt(II) ions in various ratios of L:M.

L —C21H19N304

Metal Ion (L:M=1:1) (L:M =1:2) (L:M =1:3)
log K1 log K2 log Ks
5.540 4.851 4.607
Au(III)
Ag(l) 4.883 - -
Pd(II) 4917 5.398 -
Pt(II) 5.771 5.584 -

The given values of the log K carry + 0.001 tolerance.

One valent, two valent and three valent metal ions created complexes of ligand to
metal ion of type 1:1, 1:2 and 1:3, respectively. The most stable complexes were created by
2,6-bis(4-methoxybenzoyl)-diaminopyridine with platinum(II) ions. Only in the case of
palladium(II) was its complex type 1:2 more stable than complex type 1:1, as the rest of
the metal ions created exactly the most stable complexes (in which one metal ion is bound
to one molecule of ligand). The values of the stability constants of complexes with two
and three metal ions were lower. The values of the stability constants of complexes calcu-
lated previously with other metal ions were compared with the values obtained in this
work and were equal for complex type 1:1 with Cu(Il) ion 5.5 [27].
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2.2. Classic Solvent Extraction

The dependence of the parameters obtained after the solvent extraction process (i.e.,
division ratio on the extraction percentage) is shown in Figure 3.
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Figure 3. The dependence of the division ratio (Dm) on the extraction percentage (%E), where the e is related to the M:L
ratio 1:1, the A is related to the M:L ratio 1:5, and the 4 corresponds to the M:L ratio 1:10. The given values of %E carry
+0.03 and Dw carry + 0.025.

If after the extraction process the sum of the concentration of metal ions in the organic
phase is higher compared to the sum of the concentration of metal ions in the aqueous
phase, the division ratio (Dwm) increases. The values of Dm impact the extraction percentage
(%E), which is why the %E obtained for all extracted metal ions increased proportionally
with increasing division ratios. The highest values of %E vs. Dm were for the ratio of M:L
(metal:ligand) equaling 1:5 for gold, silver and platinum ions, while for palladium this
value was the lowest.

Figure 4 shows the extraction percentages obtained for various molar ratios of ana-
lyzed noble metal ions and 2,6-bis(4-methoxybenzoyl)-diaminopyridine (L).
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Figure 4. The extraction percentages obtained for various molar ratios of analyzed noble metal ions and 2,6-bis(4-methox-
ybenzoyl)-diaminopyridine (L, extractant).

Application of 2,6-bis(4-methoxybenzoyl)-diaminopyridine in the SE processes led
to the removal of approximately 99% of all noble metal ions from the aqueous solutions.
The influence of molar ratios (M:L) on the amount of metal ions removed was less signif-
icant. The best (but not much better) results for metal ions recovery were obtained when
the M:L ratio was 1:10. For example, the %E of palladium ions was 99.5%, 99.9% and 99.9%
when the M:L molar ratios during the extraction were 1:1, 1:5 and 1:10, respectively. The
differences were very small. Based on the results of these and previous studies [27], it can
be concluded that 2,6-bis(4-methoxybenzoyl)-diaminopyridine is a very effective extract-
ant that might be used for the recovery of various metal ions, including gold, silver, plat-
inum, palladium and copper.

2.3. Membrane Extraction and Back-Extraction Processes

The sorption and desorption of metal ions on/from polymer membranes was con-
ducted according to the method described by Witt et al. [28].

The sorption capacities q: were calculated according to Equation (3) for gold(Ill), sil-
ver(l), palladium(Il) and platinum(II) for 24 h sorption processes and are presented in Ta-
ble 2.

Table 2. The changes in sorption capacity of the membranes with 20 wt.% 2,6-bis(4-methoxyben-
zoyl)-diaminopyridine over time during sorption processes.

Metal Ions Au(III) Ag() Pd(II) Pt(II)
Time [h] q: [mg/gl q: [mg/g] q: [mg/gl q: [mg/gl

4 0.3705 0.0326 0.0240 0.3794

6 0.3986 0.0388 0.3830 0.9588

12 0.5002 0.0923 0.4193 1.6790

24 0.9399 0.1080 0.6415 1.7516

The given values of the qt carry + 0.0015 tolerance.

The sorption capacity increased with the time of sorption. The highest gt after 24 h of
sorption process was observed for the membrane when the platinum ions were sorbed (qt
=1.7516 mg/g), and the lowest was in the case of silver ions sorption (q: = 0.1080 mg/g).

Figure 5 presents obtained results of %Rs.
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Figure 5. The percentage recovery of metals in the membrane (%Rs) after 24 h with 2,6-bis(4-meth-
oxybenzoyl)-diaminopyridine as a carrier for gold(IlI), silver(I), palladium(II) and platinum(II) ions.
The given values of %Rs carry + 0.019.

The percentage of metal ion removal from the solutions (%Rs) for all metal ions in-
creased following time, and that dependency was similar to the changes of the sorption
capacity q¢ parameter. The %Rs parameter for the investigated metal ions after 24 h of
sorption decreased in following order: Ag(I) (94.89%) > Au(llII) (63.46%) > Pt(II) (38.99%)
> Pd(II) (23.82%). In the case of sorption of silver(l) ions, equilibrium was reached after 6
h. For other metal ions a longer time was needed.

In addition to sorption, the opposite process was also carried out. For desorption of
Au(Ill), Ag(I), PA(II) and Pt(II) ions from the surface of polymer membranes containing
2,6-bis(4-methoxybenzoyl)-diaminopyridine a solution of 5 mol/dm? of nitric acid was
used. Figure 6 shows the percentage of metal ions desorbed as the sum of metal ions pre-
viously adsorbed on the surfaces of the membranes.

Desorption
100.00
80.00
@ 60.00
e o
=
& 40.00 /
@
20.00
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0 8 16 24
Time (h)
Au(III) Ag(I) —o—Pd(II) —o—Pt(II)

Figure 6. The sum of desorbed metal ions after 24 and 48 h. The given values of %Rdes carry + 0.019.
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Au(III)

As a result of the desorption processes carried out, the metals adsorbed on the mem-
brane surface were transferred into solutions. The metals were recovered into the concen-
trated solution, as its volume in relation to the solution used for sorption was three times
smaller. The highest percentage recovery was observed after 48 h of desorption for silver
(97.65%) and gold (96.62%) ions, whereas the lowest was for platinum (66.11%) and pal-
ladium (61.74%) ions. This confirms that by using membranes containing 2,6-bis(4-meth-
oxybenzoyl)-diaminopyridine as a carrier it is possible not only to successfully adsorb
metal, for example from wastewater, but also to transfer it to another concentrated aque-
ous phase and use this metal in further production processes.

Figure 7 shows the polymer membranes after the membrane extraction processes and
membrane back-extraction processes.

Ag(D) PA(I) Pt(1D)

) ) @l

Figure 7. The polymer inclusion membranes containing 2,6-bis(4-methoxybenzoyl)-diaminopyridine after processes:
membrane extraction (A), membrane back-extraction (B).

The above photos confirmed the efficiency of desorption processes, as it is clearly
seen that metals adsorbed during sorption processes passed from the surfaces of the mem-
branes (Figure 7A) into the solution of nitric acid. The surfaces of the membranes after
desorption were colorless (Figure 7B).

3. Comparison of the Efficiency of Studied Processes

The results of the current research have shown that separation methods such as clas-
sic solvent extraction and membrane extraction are effective in recovering precious metals
from aqueous solutions. The main aim of scientists involved in similar research is to find
an effective extractant/carrier that will enable the high recovery of all precious metals.
However, among the known extractants/carriers (Table 3), only 2,6-bis(4-methoxyben-
zoyl)-diaminopyridine enabled the effective recovery of gold, silver, palladium and plat-
inum during the both the solvent extraction and membrane extraction processes.
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Table 3. Selected metal ion extractants/carriers used in separation processes (SE, PM) for the recovery of noble

metal ions.
2,6-bis(4-methoxybenzoyl)-diaminopyridine D:EHAG
Au(lll) Ag) Pddl) PtdI) Ref. Au(lll)  Ag) Pd(dI) PII) Ref.
SE X X X X [This work] SE - - X X [29]
PM X X X X [This work] PM X - - - [25]
Kelex 100 Calix [4]pyrrole
Au(lll) Ag) Pddl) PtdI Ref. Au(lll) Ag) Pd(II) PII) Ref.
SE - - X X [30,31] SE - - - - -
PM X - - - [32] PM - X X - [23,33,34]
Cyphos IL 101 Cyphos IL 102
Au(lll) Ag) Pddl) PtdI) Ref. Au(lll)  Ag) Pd(II) PII) Ref.
SE X - X - [35-37] SE X - X - [35-37]
PM - - X - [37] PM - - X - [37]
Cyphos IL 104 Cyanex 302
Au(lll) Ag®) PddI) PtdI) Ref. Au(lll) Ag) PddI) PtdI) Ref.
SE - - X - [38] SE X X X - [39—-42]
PM X - X - [37,42] PM - - - - -

“X” indicates that the specified extractant/carrier can be used to recover the specified metal ions.

4. Materials and Methods
4.1. Materials

2,6-Bis(4-methoxybenzoyl)-diaminopyridine (L) (Figure 1) was synthesized follow-
ing the procedure detailed in [27]. This compound is insoluble in water, but it is well sol-
uble in organic solvents, e.g., chloroform, tetrahydrofuran, ethyl acetate or diethyl ether.

The other compounds used in the experiments, such as metal stock solutions with a
concentration of 1000 mg/L (Au(IlI), Ag(l), Pd(Il) and Pt(II)), concentrated nitric acid, am-
monia, potassium hydroxide, chloroform and methanol were purchased from Avantor
(Gliwice, Poland). All the reagents used in this work were of analytical grade and were
used without further purification. Double-distilled water was used to dilute concentrated
aqueous solutions.

The pH of aqueous solutions was measured using a SevenCompact series pH meter
(Mettler Toledo, Greifensee, Switzerland), which was calibrated using commercial tech-
nical buffer solutions (Mettler Toledo, Greifensee, Switzerland) having pH values of 2.00,
4.01, 7.00 and 10.00. The metal ion concentration in the aqueous phases was determined
using the atomic absorption spectroscopy method (AAS 240FS Spectrometer, Agilent,
Santa Clara, CA, USA).

4.2. Determination of Stability Constants of Complexes of Au(Ill), Ag(1), PA(Il) or Pt(1I) with
2,6-Bis(4-Methoxybenzoyl)-Diaminopyridine

Stability constants (log K) of complexes of 2,6-bis(4-methoxybenzoyl)-diamino-
pyridine with Au(IIl), Ag(I), Pd(II) and Pt(Il) ions were determined according to the pre-
viously described method [27]. For this purpose, a methanol solution of L with the con-
centration of 3 x 10 mol/dm?® and aqueous solutions of metal ions (M, each with a con-
centration of 100 mg/L) were prepared. When preparing solutions with different molar
ratios of L:M, the appropriate higher amount of metal ion solution was added each time
to a constant amount of ligand solution. The absorption spectra of obtained solutions were
recorded, and stability constants of the created complexes of L with Au(IIl), Ag(I), Pd(II)
and Pt(Il) ions were calculated.



Int. ]. Mol. Sci. 2021, 22,9123

10 of 15

4.3. Separation Processes

The recovery of noble metal ions such as Au(IIl), Ag(l), Pd(II) and Pt(II) was carried
out using 2,6-bis(4-methoxybenzoyl)-diaminopyridine in two different separation pro-
cesses. The first process was classic solvent extraction (dynamic process), and the second
was membrane extraction (static process) (Figure 8). Both processes resulted in separating
metal ions from the aqueous phase.

‘ Separation process |
|
| |
I Dynamic process ] [ Static process ]
[ Extraction by mechanical shaking ] [ Sorption by polymer membrane l
e
e
®e
M
e e
I
L} L
L ®
- »
‘ o=
£ ik
LS - L L_J'l _L.l L)
4 '-./ o
a b

Figure 8. Scheme of the dynamic and static extraction processes, where L—2,6-bis(4-methoxyben-
zoyl)-diaminopyridine; (a) dissolved in the organic phase, (b) contained in a polymer membrane;
M = Au(Ill), Ag(I), PA(II) or Pt(II) ions in the aqueous phase.

For solvent extraction, 2,6-bis(4-methoxybenzoyl)-diaminopyridine (L) was dis-
solved in an organic solvent (chloroform), while in membrane extraction the ligand was
immobilized in an organic polymer membrane.

4.3.1. Classic Solvent Extraction

Classic solvent extraction experiments were performed at 25 + 0.2 °C. The proper
concentration of metal ions in the aqueous solutions was obtained by dilution of stock
solutions of metal ions, the concentration of which was 1000 mg/L. The limit of concentra-
tion of metal ions in different samples was from 0.0004 to 0.0016 mol/dm?. The stock solu-
tion of the 2,6-bis(4-methoxybenzoyl)-diaminopyridine (L) had a concentration of 0.008
mol/dm? in chloroform. The chloroform solution of L was added to the same volume of
the aqueous solution. The volume of both phases (aqueous phase and organic phase) was
1100 pL. The molar ratios of the concentration of metal ions in aqueous solution to the
ligand in organic solution were 1:1, 1:5 and 1:10, respectively.

Prepared samples were then shaken for one hour. The equilibrium was established
after approximately 30 min by visual inspection. Changes in the phase volumes were
checked, the phases were then separated, and the pH and metal ion concentration of the
aqueous phase were determined. Based on these measurements the parameters of solvent
extraction, i.e., the extraction percentage (%E, Equation (1)) and the division ratio (Dwm,
Equation (2)) were calculated.
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The extraction percentage is a parameter that takes into account the partition coeffi-
cient and the volume of the aqueous (Vaq) and organic (Vorg) phases. The division ratio is
the ratio of the sum of the concentrations of all the substances in the organic phase
(X[M]org) to the sum of the concentrations of all the substances in the aqueous phase
(Z[M]aq) [43].

D
%E = —— x 100%
YL )
Vorg
_ Z[M]org
2= 3l <2>

4.3.2. Membrane Extraction Processes

The Preparation of Polymer Membranes

To prepare the membranes, a solution containing 60 wt.% polyvinylchloride (PVC)
as support, 20 wt.% a bis(2-ethylhexyl)adipate (ADO) as a plasticizer and 20 wt.% a 2,6-
bis(4-methoxybenzoyl)-diaminopyridine as an ion carrier was prepared in 10 cm? of tet-
rahydrofuran. Next, the solutions were poured onto ANUMBRA Petri dishes. After slow
evaporation of the solvent for 24 h, the resulting polymer membranes (PMs) (Figure 9)
were peeled off from the Petri dishes. Through the next 12 h, PMs were immersed in dis-
tilled water. The membranes were homogeneous, transparent, flexible and had good
strength. The mean thickness of the membranes was determined as described previously
[44]. The thickness of the membranes used for Au(Ill), Ag(I), Pd(Il) and Pt(Il) ion extrac-
tion was approximately 0.265 cm.

Figure 9. The polymer membrane with 20 wt.% of 2,6-bis(4-methoxybenzoyl)-diaminopyridine be-
fore the membrane extraction process.

Membrane Extraction and Back Extraction Experiments

The circular polymer membranes were immersed in beakers containing one of the
noble metal ions, such as Au(Ill), Ag(I), Pd(Il) or Pt(Il). The solutions of metal ions (vol-
ume 30 cm?) used as feed phase contained 3 mg/L of metal ions (pH solution was from
1.521 to 2.121). During the static processes, the metal ions from the solutions were bound
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to the surfaces of the membranes (sorption process). Small samples of well-defined vol-
umes were taken from the solutions at regular intervals for 24 h to determine the concen-
tration of metal ions in the solutions.

Analysis of the sorption processes of metal ions on membranes with 20 wt.% of 2,6-
bis(4-methoxybenzoyl)-diaminopyridine as a carrier was performed using Equation (3):

_ Ci_ct. 3
Qt—( m )V 3)

where qi—the sorption capacity (mg/g), V—the volume of the solution (dm?®), m—the
mass of the membrane (g), and ¢’ and ct—the analytical concentration of metal ions in the
solution at the beginning and after a determined period of the sorption process (mol/dm?3),
respectively [45].

After 24 h of sorption, the percentage of metal ion removal from the solutions (%Rs)
was also determined (Equation (4)).

0 i

%R, = — x 100% )

cO

where: c® and ¢! denote analytical concentrations of metal ions in the solution at the begin-
ning and after an appropriate period of the sorption process [28].
After extraction processes, the applied polymer membranes were immersed in 10 cm?
5 mol/dm?® HNO:s solutions for 24 h to desorb metal ions from the membrane surfaces. The
desorption efficiency (%Rdes) was calculated using formula 5.
l

C
%Rges = X 100% @)

where c2 refers to the initially sorbed concentration of metals during the desorption pro-
cess [28,46].

5. Conclusions

As a result of the performed separation processes, i.e., dynamic classic solvent ex-
traction (mechanical shaking) and static membrane extraction (polymer membranes) us-
ing 2,6-bis(4-methoxybenzoyl)-diaminopyridine, it was found that this compound proved
to be more efficient in SE processes. Presumably, shaking has a beneficial effect on the
process of binding of noble metal ions by the studied compound (recovery of more than
99% of gold, silver, palladium and platinum ions). However, despite the high efficiency
of this process, a relatively large amount of organic solvent (chloroform) was used, and
the recovered metal ions remained bound to the extractant in the organic phase. Due to
its sustainable chemistry, static membrane extraction appears to be the more advanta-
geous process, despite the lower percentage recovery of metals from solutions. The recov-
ery was the highest for silver (Ag(I) (94.89%)) and gold (Au(Ill) (63.46%)) ions, whereas
for platinum and palladium ions it was much lower (Pt(I) (38.99%), Pd(Il) (23.82%)).
Moreover, the results of the performed desorption processes showed a high percentage of
recovery, e.g., for gold and silver ions over 96% after 48 h. The reduction in the use of toxic
solvents is important for economic and environmental reasons. The synthesis of 2,6-bis(4-
methoxybenzoyl)-diaminopyridine is relatively cheap and simple. The obtained results
show that 2,6-bis(4-methoxybenzoyl)-diaminopyridine may be potentially used in the fu-
ture on a larger scale. One of the important areas of practical application of the tested
compound may be the recovery of noble metal ions from solutions obtained as a result of
WEEE leaching. The proposed methods (classic solvent extraction and polymer mem-
brane extraction) may also be useful for the recovery of these metal ions from industrial
wastewater.
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Abstract: A new compound 2,6-bis(4-methoxybenzoyl)-diaminopyridine (L) was used as an extractant
for copper(Il) ion recovery in a solvent extraction conducted at a temperature of 25 °C. The best results
(99% recovery of copper(Il) ions) were obtained when the aqueous phase contained 0.001 mol/dm?
Cu(II) and 0.2 mol/dm? NHj; (pH~5.8), while the organic phase was a 0.001 mol/dm? chloroform
solution of 2,6-bis(4-methoxybenzoyl)-diaminopyridine. Spectrophotometry studies were used to
determine the dissociation constant of the tested compound and determine the stability constant of the
complex of subjected compound with copper(Il) ions. The high-resolution mass spectrometry (HRMS)
and higher energy collisional dissociation tandem mass spectrometry (HCD MS/MS) methods have
been applied for the confirmation of the structure of 2,6-bis(4-methoxybenzoyl)-diaminopyridine and
to determine its complexation with Cu(Il) in solution.

Keywords: solvent extraction; 2,6-bis(4-methoxybenzoyl)-diaminopyridine; dissociation constant;
stability constant; mass spectrometry

1. Introduction

There are many separation processes of metal ions from water solutions. One of the most often
used is the solvent extraction. Applications of liquid-liquid extraction can be found in industries
such as petrochemical, pharmaceutical and hydrometallurgical. Hydrometallurgy helps concentrate
metals like zinc or copper, for electrowinning as well as for separating the complex metallic system,
for example, nickel/cobalt and other metal ions [1]. This method can be used for the selective
separation of other metal ions: Zn(II), Cd(II), Al(IIT), Co(Il), Ni(II) [2-6] or Cu(Il) [7,8]. The copper is
widely used in the industry because of its properties, therefore it can be found in electrical materials,
construction, transport and industrial machines [9]. The recovery of copper(Il) ions is very important
for environmental protection. Copper belongs to not biodegradable metals. This metal has a tendency
to accumulate in animals and humans organism, causing various diseases and disorders [10]. As a
result of the application of copper in the industry its ions are present in the wastewaters and waste
solutions originating from the electronic, electroplating etc. [11]. Therefore, the recovery of copper(Il)
ions is the subject of many studies, because copper salts are cheap and easy to obtain as well as being
less dangerous than salts of other transition metals [12]. For this purpose various methods such as
precipitation, coagulation, adsorption, ion exchange, membrane separation and solvent extraction are
used [2].
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In the extraction process, we used organic solvents and an extractant. The main success of the
extraction processes is determined by the selection of an appropriate extractant [13], which from
the economical point of view would be able to recovery at least 90% of metal ions from the treated
water solutions. Nowadays, the common extractants for copper(Il) that are available commercially are
expensive. Therefore, new extractants are constantly being searched for.

In literature a lot of information can be found about aminopyridines. This group of compounds
can create complexes with transitional metal ions. For example, ions like Cu(Il), Zn(II), Co(II) and
Cd(II) can participate in the formation of macrocyclic complexes with 2,6-diaminopyridine [14]. There
are known complexes of Schiff-base macrocyclic ligands. Ilhan et al. composed a new compound of
2,6-diaminopyridine and 1,7-bis(2-formylphenyl)-1,4,7-trioxaheptane [15], and 2,6-diaminopyridine
and 1,6-bis(2-formylphenyl) hexane [16] and characterized their complexes. Presented examples prove
the high affinity of these compounds to metal ions. Nonetheless, there is little information about metals
recovery using aminopyridines. Zhai et al. were someof the first to investigate the selective magnetic
extraction of copper and zinc ions in solid phase using modified silica coated Fe30O4 nanoparticles with
2,6-diaminopyridine. They obtained high extraction efficiencies [17].

The results obtained in the referenced articles inspired us to attempt to use a derivative of
2,6-diaminopyridine for metal ions extraction from aqueous solutions.

In this paper for the first time a 2,6-bis(4-methoxybenzoyl)-diaminopyridine (Cp; H19N3O4) derived
from 2,6-diaminopyridine was used as new extractant for copper(Il) ions recovery. This work aimed to
check the ability of this compound to be used in the solvent extraction process.

To achieve this aim, the structure of the obtained compound should be known and its complexation
with copper(Il) in solution measured. Moreover, the dissociation constant of the studied compound
and constant stability of L: Cu®* should be determined.

2. Materials and Methods

2.1. Synthesis and Properties of 2,6-Bis(4-Methoxybenzoyl)-Diaminopyridine

The structure of the compound 2,6-bis(4-methoxybenzoyl)-diaminopyridine (L) used in the studies
is shown in Figure 1. All the substrates for the synthesis of 2,6-bis(4-methoxybenzoyl)-diaminopyridine
were purchased from Sigma-Aldrich and used without further purification. The synthesis procedure
consisted of the following steps: (a) to the magnetically stirred solution of 2,6-diaminopyridine
(Sigma Aldrich, Poznari, Poland) and triethylamine (Sigma Aldirch, Poznari, Poland) in dry
tetrahydrofuran (THF) (Avantor, Gliwice, Poland) (at 4 °C) the 4-methoxybenzoyl chloride
(Sigma Aldrich, Poznan, Poland) was added (solution in dry THF) dropwise (15 min), (b) the
mixture was stirred overnight, evaporated and treated with chloroform and water mixture, (c) the
chloroform (Avantor, Gliwice, Poland) layer was separated, washed with water, dried with MgSO4
(Avantor, Gliwice, Poland) and evaporated, and (d) the residue was recrystallized from THF/hexane.
The method of the synthesis has been described in detail elsewhere [18].

0 X 0

Z
NH N NH

H3C CHj

~ 7

o] O
Figure 1. Structure of compound 2,6-bis(4-methoxybenzoyl)-diaminopyridine (Cp;H19gN3Oy4).

The presence of NH group between two electron acceptors (C=0 and pyridine ring) in the obtained
compound (L) approaches it to the 3-diketone molecule [19] in the light of its tautomerism. That is
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why the studied compound can probably undergoes tautomerism according to Equation (1) [20]. The
obtained enol form may be stabilized by intramolecular hydrogen bonding.

0]
O — O
Q)kNH N NHJ\©\ o/H H oo
HyCo _CHy e
(e) (o) 3V
o 1

2.2. Other Reagents

)

The copper(Il) nitrates, both of analytical reagent grade (Avantor, Gliwice, Poland) were
recrystallized from distilled water. The concentration of the potassium nitrate solution was determined
gravimetrically as potassium sulphate, whereas the concentration of the aqueous copper ion solutions
were standardized by titration using EDTA solution or by the atomic absorption spectrometry method.
Nitric acid (analytical reagent grade was obtained from Avantor Company, Gliwice, Poland) was
standardized against anhydrous sodium carbonate. Ammonia was obtained from Avantor, Gliwice,
Poland (analytical reagent grade). Carbonate free potassium hydroxide (the titrant, Avantor, Gliwice,
Poland) was prepared and standardized against a standard potassium hydrogen phthalate solution.
Chloroform and methanol (analytical reagent grade, Avantor, Gliwice, Poland) were used as received.
The pH-meter was calibrated using commercial technical buffer solutions (Mettler Toledo, Greifensee,
Switzerland) having a pH of 2.00, 4.01, 7.00, and 10.00.

2.3. Mass Spectrometry

All mass spectrometry experiments were performed on the Q-Exactive Orbitrap mass spectrometer
(Thermo Scientific, Bremen, Germany). Samples of the compound 2,6-bis(4-methoxybenzoyl)-
diaminopyridine (L) and Cu(NOj3), (Avantor, Gliwice, Poland) were dissolved in methanol
(Avantor, Gliwice, Poland) and distilled water (1:1) respectively, to a concentration of 1 mmol/dm?3.
Analytical solutions of L and metal salt were prepared (1:1, 1:4 and 1:10) in methanol to give a
final concentration of 10 mmol/dm3, before being introduced into the mass spectrometer using an
electrospray source. Data acquisition and analysis were conducted using the Xcalibur (Thermo Xcalibur
4.1.31.9, Waltham, USA) software. All mass spectra were obtained with a resolution of 70,000 at m/z
200. HCD MS/MS experiments were performed with nitrogen gas (gas generator NiGen LCMS 40-1,
Tremezzina, Italy) at a normalized collision energy of 35%.

2.4. Dissociation Constant (pK,) of 2,6-Bis(4-Methoxybenzoyl)-Diaminopyridine

The dissociation constant (pKj,) of 2,6-bis(4-methoxybenzoyl)-diaminopyridine (L) was determined
by the spectrophotometric method. Solution of (L) in methanol with a concentration of 0.0011 mol/dm3
was prepared. Than the 11 solutions were prepared to spectrophotometric measurements in this way
that to appropriate amount of the stock solution was added an appropriate amount of one of the
commercial technical buffer solution (Mettler Toledo, Greifensee, Switzerland) having a pH of 2.00,
4.01,7.00,9.21 or 10.00. For absorption measurements a wavelength of 264 nm was used.

2.5. Determination of Cu-Ligand Stability Constant

To calculate the stability constant of the complex of copper(ll) ions with ligand (2,6-bis(4-
methoxybenzoyl)-diaminopyridine) it was necessary to record their absorption spectra. For this
purpose, a stock solution of copper ions with a concentration of 0.0016 mol/dm3 and solution of
ligand in methanol (2.65:10> mol/dm?®) were made. Then the appropriate amounts of copper ion
solution and methanol solution of the ligand were mixed to prepare samples for a spectrophotometric
analysis. The absorption spectra of the prepared samples were recorded on Cary 50 spectrophotometer
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(Varian, Melbourne, Victoria, Australia) with varying molar ratios of the components (L: cation). The
spectra were recorded in the range of the wavelength 200 to 450 nm.

2.6. Extraction Procedure

The measurements were run at 25 °C and a fixed ionic strength maintained in the aqueous phase
with 0.5 mol/dm?® solution of potassium nitrate. The aqueous phase contained 0.001 mol/dm? Cu(II)
ions and 0.2 mol/dm3 NHj (pH~5.8), the organic phase contained 0.001 mol/dm? ligand in chloroform.
Ammonia was used for pH adjustment during the extraction process. Copper hydroxide starts to
precipitate in pH~7.5.

A 4.5 cm? of aqueous phase was introduced to each of the five graduated test tubes. Then a
chloroform solution of (L) was added to each test tube, in this way that the volume of the organic phase
was always equal to the volume of the aqueous phase but the concentration of the ligand was varied
in the range from 0.0001 to 0.001 mol/dm? (samples I-V). The prepared samples were then shaken
for one hour. The equilibrium was established after approximately 15 min. It was checked to see if
any changes in the phase volumes had occurred, then the phases were separated and the pH of the
aqueous phase was measured. The Cu(Il) concentration in the aqueous phase was determined by
atomic absorption spectrophotometry (AAS 240FS Spectrometer, Agilent, Santa Clara, CA, USA).

3. Results and Discussion

3.1. Characterization of 2,6-Bis(4-Methoxybenzoyl)-Diaminopyridine and Its Complexation with Cu(II) by
Mass Spectrometry Methods

The structure of 2,6-bis(4-methoxybenzoyl)-diaminopyridine (L) and its ability to form complexes
with copper(Il) ions in solution was confirmed by application of the electrospray ionization
high-resolution mass spectrometry (ESI HRMS) and higher energy collisional dissociation tandem
mass spectrometry (HCD MS/MS) methods. ESI is a soft ionization technique, which enables most of
the small molecules analyzed to be transferred directly from the solvent into the mass spectrometer
without change in their structures [21]. HRMS methods, based on measurement of the mass-to-charge
ratio (m/z) of the analyte ions in the gas phase were characterized by high mass accuracy and sensitivity,
which were necessary for the precise determination of the elemental composition and charge of the ions
formed. HCD tandem mass spectrometry method, which is variation of traditional collision induced
dissociation technique (CID), enabled the controlled decomposition of selected ions of a given chemical
compound into smaller fragments (as a result of inelastic collisions of ions with inert gases). Analysis
of the resulting fragmentation products provided information about the structure of analyte ions [22].

Electrospray ionization of the solution containing 2,6-bis(4-methoxybenzoyl)-diaminopyridine
(L) led to the formation of singly charged ions [L+H]" (Cy1HygN3Oy4, m/Zmeas = 378.1440, m/z¢,1c =
378.1453) of the analyzed compound. HCD of [L+H]" ions led to the formation of a series of products,
some of which were generated as a result of intramolecular rearrangements. Figure 2 shows the
proposed [L+H]* ions HCD fragmentation pathways and chosen products structures. However,
for some of the generated products, in addition to the structures shown in Figure 2 other ways of
combining the atoms in the molecules should also be considered (for example structures differing by
the location of the OH group attached to the pyridine ring in [C13H1,0O3N,+H]* or by the location of
the charge in [C13H110,N;]"). It cannot be excluded that some of the generated products result from
secondary fragmentation reactions.
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Figure 2. Proposed [L+H]" ions higher energy collisional dissociation (HCD) fragmentation pathways
and products structures.

Detailed analysis of the fragmentation processes is not the subject of this work but the results of
ESI HCD MS/MS experiments performed for singly charged ions [L+H]", allow for confirmation of
the structure of the L compound. In comparison with conventional structure confirmation methods,
(for example a combination of NMR or IR and elemental analysis), HCD provides simple mass spectra
that are straightforward and easy to interpret.

Electrospray ionization of all of the examined solutions containing analytical mixtures of
2,6-bis(4-methoxybenzoyl)-diaminopyridine (L) and Cu(NO3); (molar ratios: 1:1, 1:4 and 1:10) led to the
formation of singly charged ions: [C13H130,N3+H]* (m/Zmeas = 244.1075, m/z,)c = 244.1086), [L+H]*
(C21H20N304, m/zmeas = 378.1441, m/anlc = 3781453), [CuN03++L]+ (C21H19N407Cu1, m/zmeas =
502.0533, m/Zcq1c = 502.0549), [Cu?* +2L-H]* (C4pH37;NgO0gCuy, M/Zmeas = 816.1959, m/z .1 = 816.1968).
Tons [C13H130,N3+H]* were probably formed as a result of small part of L molecules decomposition
in the methanol/water solution, or in electrospray ionization process, or during compound storage.
Regardless of the origin of the [C13H;30,N3+H]* ions, the most intensive signals on ESI HRMS spectra
corresponded to singly charged [L+H]" ions, which confirms that only a small part of L molecules had
been decomposed. Moreover, HRMS spectra showed signals corresponding to complexes formed by
L molecules with copper ions (i.e., [CuNOs*+L]*, [Cu?*+2L-H]*), but did not show signals which
could be assigned to complexes formed by [C13H;30,N3+H]" fragments with Cu(II) ions. The ESI
HRMS spectrum of the analyzed methanol solution of the mixture of L with metal salt (1:4) is shown in
Figure 3. Differences in the molar concentrations of the compound L and copper ions do not affect the
type of ions formed but influence the intensity of the signals corresponding to generated products.
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Figure 3. Electrospray ionization (ESI) (+) HRMS mass spectrum of analytical mixtures of L
(2,6-bis(4-methoxybenzoyl)-diaminopyridine) and Cu(NOs), (molar ratios: 1:4) in methanol. The inset
shows the distribution of the isotopic envelope.

Given the high mass accuracy of the HRMS mass spectrometry, there can be no question as to the
elemental composition or charge of the ions formed. Based on the results of the performed HRMS
experiments, it is possible to conclude that in the process of the formation of copper(Il) ions complexes
with 2,6-bis(4-methoxybenzoyl)-diaminopyridine can participate both the entire and the deprotonated
ligand molecules. It should be emphasized that the HRMS spectrum only shows signals corresponding
to ions and the HRMS method does not allow the detection of neutral complexes that can also be
formed, e.g., [Cu2*+2L-2H]. Nevertheless, the results of ESI HRMS experiments clearly confirm that
molecules of 2,6-bis(4-methoxybenzoyl)-diaminopyridine (L) are able to form various complexes with
Cu(Il) ions, but they do not allow to determine all types of possible complexes.

3.2. Dissociation Constant of 2,6-Bis(4-Methoxybenzoyl)-Diaminopyridine

The spectrum of the non-ionized form of the compound is fundamentally different from that of the
ionized form. The proposition of dissociation reaction for 2,6-bis(4-methoxybenzoyl)-diaminopyridine
is presented by the following equation:

OH ‘ X o o ‘ X o]
X = *HO N P +HO"
N7 N7 OSNH = N7 N7 ONH
HaC CH HsC CH
ERANN o C<o o

+H,0 _ .
C,HigN,0, === C,H;N,O, +H,0 )
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The equilibrium constant pK, of the above reaction (dissociation constant of the 2,6-bis(4-
methoxybenzoyl)-diaminopyridine) is defined as follows:

[C21H18N3O;] [H307]

K, = 3
! [C21H19N304] )

From here:
[C21H19N304]

[C21H18N304—]
To determine the characteristic pK, value of the test compound, the ratio of the concentration of

the non-dissociated to dissociated form at the appropriate pH was determined spectrophotometrically.
Using the same solution concentrations in subsequent measurements, the formulas for pK;, can be so

—logK, = pK, = pH + log 4)

expressed for acid:

©)

pKa = pH + log:_AM
where for the selected wavelength: Aj—absorbance of the completely ionized form (Cy1H1gN304"),
Ap—absorbance of the non-ionized form (C;1H19N30y), A—absorbance of a mixture of both forms at
a given pH.

For a more precise pKa determination, several measurements were made at different pH values
and the mean value was calculated.

The absorption curve (Figure 4) of the ionized form intersects with the absorption curve of the
non-ionized form in the so-called isosbestic point. At this point all the curves of the examined system
intersect, regardless of the ratio value [C21H19N304]/[C21H18N3047], because the sum [Cp1 H19N3O4]
+ [C21H18N3047] = Cy remains constant which is easy to prove.

g 16
g
2 14
2
2 12
<
1
0.8
0.6
0.4
0.2
0
200 250 300 350 400
Wavelenght, nm
pH2.538 pH2.807 pH 5.836 pH 6.028
— pH 8.881 — pH8.961 — pH9.200 ——pH9.338
—— pH 10210 —— pH 10493 —— pH 10.604

Figure 4. Acid-base balance spectra of 2,6-bis(4-methoxybenzoyl)-diaminopyridine.

The dissociation (pK;) of investigated ligand determined using the described method was equal
to 5.72. The dissociation constant was determined for further adjustment of appropriate conditions to
solvent extraction (pH). The obtained value indicated that the best conditions for extraction of metal
ions using 2,6-bis(4-methoxybenzoyl)-diaminopyridine were between pH from 5.72 to 7.5. Outside this
range, extraction was inhibited for following reasons. First, below the pH value of 5.72 the compound
exists only in non-ionized form, which is not able to bind other cations (Equation (2)). Secondly, above
pH of 7.5 occurs concurrent reaction a hydrolysis of metal ions. Formation of hydroxides interferes in
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the process of recovery metal ions from the solution. Addition of ammonia solution during extraction
process prevents creation of metal hydroxides according to reaction:

[Cu(H20),)*" +4NHsoq © [Cu(NH3),)*" +4H,0 (6)

3.3. Determination of the Stability Constant

The UV spectrum of the complex of copper(ll) ions with 2,6-bis(4-methoxybenzoyl)-
diaminopyridine is shown in Figure 5. The obtained spectrophotometric spectra are characterized by
absorption bands in the UV region between the wavelength 250 and 380 nm.

¢ |
E 1 -
=
2
2
< 08 - @\
0.6 A \ / -.
04 -
0.2 A
0 T T T T
200 250 300 350 400 450
Wavelength,nm
—1 —2 3 4 —5 —6 7 8 9

Figure 5. Absorption spectra of Cu(Il) complexes with 2,6-bis(4-methoxybenzoyl)-diaminopyridine in
various [L] vs. [Cu(II)] molar ratios: 1:0 (1), 1:0.125 (2), 1:0.25 (3), 1:0.375 (4), 1:0.5 (5), 1:0.625 (6), 1:0.75
(7), 1:0.875 (8), 1:1 (9).

Figure 5 shows that Cu/(2,6-bis(4-methoxybenzoyl)-diaminopyridine) complexes were formed
in the studied systems. Vanishing of the bands due to ligand Cp;H19N304 (262 nm and 305 nm) and
the appearance of new bands (287 nm and 337 nm) together with the isosbestic points at 273 nm and
297 nm were also recorded.

Based on absorption spectra the stability constant (K), was calculated using the
Pawlicki et al. [23] method.

The stability constant was determined using Equation (7):

1 1 1 1

(6-e1)  Klec—e1) [Ca] | (ec—e1) @

where: 1/(e — er) =y, 1/[Cu(I])] = x, Cu(Il) is the molar concentration of Cu(Il) ions, mol/dm?, e = A/L,
A is the absorbance of the system at 304 nm, L is the molar concentration of the ligand (C1H19N3O4),
mol/dm?3, ¢; is the molar absorption coefficient of the ligand at 304 nm, and ¢c is the molar absorption
coefficient of the complex.

The determined value of the stability constant (log K) of Cu(Il)/(2,6-bis(4-methoxybenzoyl)-
diaminopyridine) complex, in which molar ratio L vs. Cu(Il) is 1:1, were equal to 5.5 + 0.1.
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3.4. Solvent Extraction

One of the possible, most likely coordination processes of coordination copper ions to investigated
ligand during extraction is presented using the following Equation (8):

o ‘ A 0 o ‘ X o
N _ + Cu* \\ —
N~ N7 ONH — N~ ONH
HaC. CHy  HsC CH
™o o0 o \ . o
Cu

It is well known that Schiff bases can be created by ketones and amines [24]. The Schiff bases can
create a metal complexes with transition metals [25].

In the case where there is no phase change in volume, distribution ratio of metal ion (D¢,p)) was
defined as follows:

®)

0
CCu(H) (org) CCu(H) - CCu(H)
Dcy(in= Ce =

(II) (aq) CCu(H) ©)
where: C’c, ) and Cep) denote analytical copper ions concentrations in the aqueous phase before
and after extraction, respectively.

Based on analytical calculations for each equilibrium value of pH for the aqueous phase, the
distribution ratios (D¢, ) were calculated using Formula (9) and subsequently extraction curves
(Figure 6) were plotted for investigated ligand (log D¢, = f(pH)).

2.5
o 2 *
S

R2=0.9856
*
15 1
l -
0.5
0 T T T T T T T

5.2 525 53 535 5.4 5.45 55 5.55 H 5.6
p

Figure 6. Relation logDc,qp = f(pH) in process of extraction Cu/(2,6-bis(4-methoxybenzoyl)-

diaminopyridine) complexes.

The log D¢y, coefficient increases with ligand concentration increasing.
The percentage of copper(ll) ions extraction was calculated using the following formula:

%WE B DCu(H)-lOO%
Cu(H) DCu(H) + Vaq/Vorg

(10)

where: V5 and Vyre—volumes of aqueous and organic phases.

Table 1 shows dependence between the percentage of copper(Il) ions extraction and concentration
of ligand in the organic phase.

The highest percentage extraction of copper (99.13%) at pH 5.53 was obtained for 0.001 mol/dm?
concentration of ligand in organic phase, whereas the lowest %E ¢, was observed for 0.0001 mol/dm?
concentration. The obtained results of solvent extraction indicated that the studied compound could
be used as extractant.
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Table 1. Relation between ligand concentration in organic phase and percentage of copper(II)
ions extraction.

Concentration of the Ligand in Organic Phase, mol/dm3 Y%E
0.00010 91.98
0.00025 93.16
0.00050 95.49
0.00075 97.83
0.00100 99.13

The given values of the %Ec,y carry 0.7% tolerance.

4. Conclusions

Obtained in this work, results indicated that the new compound 2,6-bis(4-methoxybenzoyl)-
diaminopyridine could be used as extractant in solvent extraction. During the studies, more than
99% of copper(Il) ions were extracted from 0.001 mol/dm3 Cu?" water solution (pH~5.8) using
chloroform phase, which contained 0.001 mol/dm?® 2,6-bis(4-methoxybenzoyl)-diaminopyridine.
The electrospray ionization high-resolution mass spectrometry (ESI HRMS) and the higher energy
collisional dissociation tandem mass spectrometry (HCD MS/MS) methods have been successfully
used to confirm the structure of 2,6-bis(4-methoxybenzoyl)-diaminopyridine and its ability to form
complexes with Cu®* ions in solution. The fairly high stability of the created complexes with
2,6-bis(4-methoxybenzoyl)-diaminopyridine and Cu?* ions was proved in spectrophotometry tests.

The obtained results indicate that in future 2,6-bis(4-methoxybenzoyl)-diaminopyridine can
be used in other processes for metal ions recovery, for example, as an ion carrier in polymer
inclusion membrane.

Author Contributions: The synthesis of 2,6-bis(4-methoxybenzoyl)-diaminopyridine was done by B.O.,
the solvent extraction process was conducted by D.B., K.W. determinated the dissociation constant of
2,6-bis((4-methoxybenzoyl)-diaminopyridine and stability constant of it complex with copper(Il) ions, M.A. K.
planned all of the HRMS and HCD MS/MS experiments and analyzed the obtained mass spectra.

Funding: This research received no external funding.
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A NEW APPLICATION OF 2—BENZOYLPYRIDINE —
EFFICIENT REMOVAL OF SILVER IONS FROM ACIDIC AQUEOUS
SOLUTIONS VIA ADSORPTION PROCESS ON POLYMERIC MATERIAL
AND CLASSIC SOLVENT EXTRACTION
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In this article, we present the results of the first application of 2-benzoylpyridine (2-BP) as a carrier
in adsorptive polymeric materials dedicated for the removal of Ag(I) and Cu(ll) ions from model
acidic solutions. In the first stage of the research, the classical solvent extraction, in which 2—-BP
was used as an extractant, allowed to determine the proper conditions for conducting adsorptive
processes. The stability constants of 2-BP complexes with analyzed metal ions were determined using
the spectrophotometric method. The electrospray ionization (ESI) high-resolution mass spectrometry
(HRMS) method was applied for the confirmation of the ability of 2-BP molecules to form complexes
with Cu”* metal ions in a solution and to determine the elemental composition of generated complexes
(to identify the ratio of the number of metal ions to the number of molecules of 2-BP). The obtained
results indicate that both the adsorptive processes and solvent extraction strongly depend on the
properties of metal ions and that the use of 2-BP as a carrier/extractant allows for efficient removal
of silver(I) ions and much less effective removal of copper(Il) ions. The utilization of adsorptive
polymeric materials is in line with the contemporary research trends that focus on eco-friendly and
cost-effective methods.

Keywords: 2-benzoylpyridine, adsorptive polymer materials, liquid-liquid extraction, silver(I) and
copper(Il) ions, mass spectrometry

1. INTRODUCTION

Due to the structure of the pyridine ring (the presence of electronegative nitrogen atom and its lone pair),
pyridine-containing ligands are common in the field of coordination chemistry (Pal, 2018), and references
therein. They are capable of forming complexes with a variety of metal ions, including transition metals
(Kufelnicki et al., 2016; Farahani and Khalaj, 2021). Usually, they are monodentate ligands that have the
ability to bind metals in various proportions. However, the structure of the complexes depends, apart from
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the type of ligands, on the properties of metal ions (Pal, 2018; Zolotukhin et al., 2020). The ability of 2—
benzoylpyridine to form complexes (as a result of comprising N and O atoms in a molecule as donors) with
different metal ions is well known and has various applications. For example, Au(Ill) complexes coordinated
with 2-benzoylpyridine ligand were applied to discover a novel protein-directed labelling approach with
propargyl ester functional groups (Lin et al., 2018). Recently, platinum 2—benzoylpyridine complexes have
been used in research on cancer cell growth inhibition (Li et al., 2020). Pyridine-containing ligands can
also form stable, rigid complexes with other elements, such as silicon (Peloquin and Schmedake, 2016).

The complex-forming properties of pyridine and its derivatives have been used, among others, in liquid—
liquid extraction (LLE) processes, based on the transfer of the chemical compounds (e.g. metals ions)
from a liquid to another liquid phase having different polarity. Typically, metal ions present in the aqueous
solution are transferred to a properly selected organic phase, which contains specific pyridine derivatives.
LLE processes can be carried out on both acidic (e.g. chloride) and alkaline (e.g. NH4OH) solutions
depending on the properties of the extractant and the extracted metal ions (Wojciechowska et al., 2017;
Das et al., 2021; Bozejewicz et al., 2019). Extraction processes performed with utilization of different
pyridine derivatives were described in the literature for many metal ions, including noble and radioactive
metals (Werlinger and Rojas, 2020; Dubenskiy et al., 2020; Wang et al., 2021; Steczek et al., 2019). The
process of liquid-liquid extraction is relatively easy and cheap, but its serious limitation is the need to use
large amounts of chemicals, i.e. toxic solvents. An alternative to LLE is separation based on the utilization of
active polymeric materials, which is considered more environmentally safe. One example of the polymeric
material widely used is the polymer inclusion membrane (PIM), in which the liquid phase is held within
the polymeric network of a base-polymer (Almeida et al., 2012a; Almeida et al., 2012b; Nitti et al., 2021).
PIMs consisting of a polymer matrix (e.g. PVC, CTA), a plasticizer and a carrier, are characterized by high
stability and selectivity and are usually inexpensive. Furthermore, their application allows both sorption
and desorption processes to be performed (Carner et al., 2020). The efficiency of these two processes
depends on many factors, such as composition of the material, properties of removed/recovered metal ions,
experimental conditions, such as temperature, pH, and process duration (Keskin et al., 2021; Zante et al.,
2022). The interest in this area is steadily growing also due to the low energy consumption, small size of the
polymeric material and the potential possibilities of using them on a larger scale (Shao, 2020). In processes
based on utilization of polymeric materials, the proper selection of the carrier (the component that binds
the metal ions) is critical. Various compounds containing a pyridine ring in their molecules have been used
in the separation process as extractants/carriers. For example, Lopez-Guerrero et al. (2020) used pyridine—
2-acetaldehyde benzoylhydrazone (2-APBH) as extractant in LLE and as a carrier for the simultaneous
recovery of Cu(Il), Ni(Il) and Cd(II) ions from natural waters and demonstrated the applicability of
the proposed polymer membrane on the real estuary and seawater samples with high salinity. Tasaki et
al. (2007) used N—(6—alkylamido)-2—pyridine carboxylic acid with a pyridine moiety and a carboxylic
acid as chelating ligands in LLE and PIMs processes and established that studied membranes proved
to be an excellent copper(Il) carrier. What is more, this PIM exhibited high selectivity for copper(Il)
over cadmium(Il) from aqueous solution (Tasaki et al., 2007). The results of recent research based on
the application of pyridine derivatives: 2,6—diaminopyridine for removal of copper(Il) and zinc(II) ions
(Bozejewicz et al., 2021a) and 2,6-bis((benzoyl-R)amino)pyridine (R = H, 4-Me, and 4-NMe;) for the
removal of Cu(Il), Ni(Il), Co(Il), and Zn(II) ions (Bozejewicz et al., 2021b) from aqueous solutions clearly
show that these compounds can be used in both LLE and membrane processes. Since separation methods
play a vital role in many processes, e.g. in recovery of valuable metals such as silver and copper contained
in waste electrical and electronic equipment (WEEE) (Tuncuk, 2019), new carriers/extractants that would
allow for more effective recovery/removal are systematically sought.

This paper shows the results of the application of 2—benzoylpyridine (shown at Figure 1) as an extractant
in liquid-liquid extraction and as carrier in polymeric material for the removal of Ag(I) and Cu(Il) ions
from acidic aqueous solutions. Due to increased concern with membrane adsorption techniques (Vo et al.,
2020; Huang and Cheng, 2020; Khulbe and Matsuura, 2018) new polymer materials were used for the
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sorption of silver and copper ions. Despite considerable interest in the properties of 2—benzoylpyridine,
this pyridine derivative has not yet been used as an extractant in liquid—liquid extraction or as a carrier in
polymeric materials designed to recover/remove silver and copper ions. Our results show that the efficiency
of both separation processes carried out with 2—benzoylpyridine as an extractant/carrier is particularly high
in removal of silver ions.

2. EXPERIMENTAL SECTION

2.1. Materials and methods

All the reagents used in this work were of analytical grade purity and were used without further purification.
The stock nitric solutions of silver(I) and copper(Il) metal ions and 2—benzoylpyridine (shown in Figure 1
and described in Table 1) were purchased from Sigma Aldrich. The other compounds used in experiments,
such as nitric acid, chloroform and methanol were bought from Avantor (Gliwice, Poland).

Fig. 1. The structure of 2-benzoylpyridine

Table 1. The basic parameters of 2-benzoylpyridine (Chemical Book)

Molecular formula C1,H9gNO
Monoisotopic mass 183.0684 g/mol
Composition C(78.67%) H(4.95%) N(7.65%) O(8.73%)
Density 1.139 + 0.06 g/cm?
Melting point 41-43 °C
Boiling point 317 °C
Water solubility Insoluble

We found in the literature that the dissociation constant of 2—benzoylpyridine is 2.90 + 0.10 (Chemical
Book). The concentration of metal ions in their aqueous solutions was determined by the atomic absorption
spectrometry method. Nitric acid was standardized against anhydrous sodium carbonate.

2.2. Liquid-liquid extraction experiments with 2—-BP as an extractant

We separated metal ions from the aqueous solution using liquid-liquid extraction. The measurements were
run at 25 °C +0.2, at a fixed ionic strength (0.5 mol/l) maintained in the aqueous phase with KNOj3. The
organic phase contained 0.1 mol/l of 2-benzoylpyridine (L, 2-BP) diluted in chloroform. The aqueous
phase contained one of the metal ions: Ag(I) or Cu(Il), and also nitric acid which was responsible for
maintaining adequate conditions for the extraction processes. The volume of both phases (aqueous phase
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and organic phase) was 5000 ul. The concentration of each metal ion [M] in the aqueous solution and
the basic parameters of liquid-liquid extraction are shown in Table 2. Equilibrium was established after
approximately 5 minutes through visual observation. It was checked if any changes in phase volumes had
occurred, then the phases were separated and the pH of the aqueous phase was measured.

Table 2. The basic parameters of liquid—liquid extraction

. : . Concentration of metal ions
Metal ions in aqueous solution M:L wt. pH
mol/l mg/l
Ag* 0.009 2.289*
1000.00 1:18
Cu? 0.015 2.773*

*The pH values have a tolerance of 0.001%

The concentration of metal ions in aqueous phases was determined with the use of atomic absorption
spectroscopy (AAS 240FS Spectrometer, Agilent, Santa Clara, CA, USA). The pH-meter utilized in
the performed experiments was calibrated using commercial technical buffer solutions (Mettler Toledo,
Greifensee, Switzerland) with a pH of 2.00, 4.01, 7.00 and 10.00.

The liquid-liquid extraction of both metal ions from aqueous nitric solutions was described using distri-
bution ratio (Dps) and extraction efficiency (%FE). Distribution ratio (Eq. (1)) is the ratio of the sum of

concentrations of all the substances in the organic phase (Z (M ]Org) to the sum of concentrations of all

the substances in the water phase (Z [M] aq). Extraction efficiency (%E, Eq. (2)), in turn, is the ratio of
distribution ratio to the sum of distribution ratio and volume of the aqueous and organic phases, where
Dy is determined experimentally, and the volume of the aqueous phase and the organic phase is equal to
1 (Vag = Vorg = 1). The obtained results were analyzed using a spreadsheet and standard deviation.

2 M1,
WE = D—MV - 100% 2)
D 4
T

2.3. Sorption of Ag(I) and Cu(Il) ions on polymer materials containing 2-BP as a carrier

The polymeric materials were made by pouring on a glass ring the organic solution dissolved in tetrahy-
drofuran containing a 60 wt.% polyvinylchloride (PVC), 20 wt.% a bis(2-ethylhexyl)adipate (ADO) and
also 20 wt.% 2-benzoylpyridine. The solvent was evaporated for 24 h, and the resulting polymeric material
with diameter of 4.5 cm and weight of 0.79 g was conditioned in distilled water for the next 24 h. As
a result, the modified polymer materials were homogeneous, transparent, flexible, and had good strength.

The aqueous metal ion solutions (Ag(I) and Cu(II)) were prepared for sorption. In single-component metal
ion solutions, the concentration of particular metal ions was 316.67 mg/l. The volume of each aqueous
solution used as the feed phase was 30 ml. Small amounts of nitric acid for pH adjustment during the
process were added to the metal ion solutions. The circular polymeric materials were immersed for 24 h
in beakers with a prepared aqueous solution of metal ions. The contents of the beakers were stirred with
a magnetic stirrer. The sorption process was carried out within 24 h. Samples from metal ions solutions
were taken regularly.
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The analysis of the metal ions sorption process onto the polymer materials with 20 wt.% of 2—benzoylpyri-
dine (L) as a carrier was carried out using sorption capacity parameter (Eq. (3)):

qt=(cl_ct)-v )

m

where g, is the sorption capacity (mg/g); V is the volume of the solution (1); m is the mass of the sorbent
(2); and c’and ¢’ are the analytical metal ion concentrations in the solution at the beginning and after an
appropriate time of sorption process (mg/l), respectively.

After 24 h of sorption, the percentage of metal ions removed from the solutions (% Rj) was also determined
(Eq. (4)) (Ipeaiyeda and Tes, 2014).

ct—¢f

%R, = - 100% 4)

Furthermore, in order to determine the quantitative selectivity of the investigated sorbent (2-BP), the
distribution ratio K4 (L/g) was determined (Eq. (5)) (Zhang et al., 2008):

metal ions [mmol] solution [I]
d = .

(&)

sorbent [g] metal ions [mmol]

The metal ions concentration in the aqueous phases after sorption was determined with an inductively
coupled plasma mass-spectrometer ICP-MS (NexION 300d PerkinElmer, Inc., Waltham, MA, USA).

2.4. Spectrophotometric examination

UV-Vis spectra of the aqueous and organic phase after extraction processes were recorded in the wavelength
range of 200 nm to 400 nm. Water solution of 0.5 mol/l KNO3 was used as reference solution while testing
aqueous phases, whereas the organic phases were tested against chloroform. The spectra of the samples
were recorded with spectral slits of 1 nm and with 1 nm steps using cuvettes having 1 cm path lengths.

2.5. Determination of stability constants (log K)

Stability constants (log K) of complexes of 2—-BP with Ag(I) and Cu(Il) ions were determined based on
absorption spectra and according to the previously described method (Lis et al., 2011).

2.6. Mass spectrometry experiments

High-Resolution Mass Spectrometry (HRMS) experiments were performed for samples of the separated
organic phase after liquid-liquid extraction described in detail in paragraph 2.2, containing Cu(II) ions
and 2-BP, diluted (1:1) in methanol. QExactive Orbitrap™mass spectrometer (Thermo Fisher Scientific,
Bremen, Germany) equipped with a TriVersa NanoMate robotic nanoflow ESI ion source (Advion Bio-
Sciences Itd., Ithaca, NY, USA) was used in all experiments. The HRMS data were acquired in a positive
ion mode within the m/z range of 50-750 and at the resolution of 140,000 (m/z 200). Processing of the
obtained HRMS spectra was conducted using Thermo Xcalibur software (version 4.1.31.9).

3. RESULTS

3.1. Liquid-liquid extraction

The parameters that influence the liquid—liquid extraction process are: pKa of the extractant (ligand), the
concentration of both metal ions in the aqueous solution and the ligand in the organic phase, as well
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as temperature, pH, stirring speed and extraction time (Chimuka et al., 2010). Liquid-liquid extraction
depends on the pH of the solution of metal ions (M"* = Ag* and Cu?*), so the equilibrium of the extraction
process with 2-benzoylpyridine (HL) is as follows:

M'Z;g) + mHL(org) > MLm(aq) + mHz—aq) (6)

Table 3 shows the values of the distribution ratios of both metal ions for the 2—benzoylpyridine concentration
(0.1 mol/).

Table 3. The distribution ratio of 2-benzoylpyridine as an extractant

Metal ions in aqueous solution Dy
Ag* 34.90"
Cu?* 0.24*

*The D, values have a tolerance of 0.01%

The pH value influences the ability of the molecule (pK,) to accept protons. It is known that in the case of
acidic analytes, carrying out the extraction process at a pH higher than their pK, value usually significantly
reduces the recovery/removal due to the presence of these compounds in the aqueous phase in ionized
form (Zgota-Grzeskowiak, 2010). The solvent extraction process being carried out in the range of the
dissociation constant value and the extraction efficiency is as follows: Ag* > Cu?* (Figure 2).

%E  100.00 Lot

80.00
60.00
40.00

20.00

Ag(l) cu(l)

Fig. 2. Efficiency of extraction process

0.00

Summarizing, the results of extraction efficiency (%FE) confirmed the selectivity of the examined extractant.
Silver metal ions can be removed more efficiently from aqueous solution than copper metal ions during
liquid-liquid extraction with 2-benzoylpyridine. Although 2-benzyolpyridine is a cheap and commercially
available compound which shows complexing properties, it was not used so far as an extractant in liquid—
liquid extraction for removal of silver metal ions from an aqueous solution.

In fact, many scientists use various extractants to remove metal ions from waste/aqueous solutions. Table 4
summarizes the efficiency of selected commercial extractants commonly used for the removal of metal
ions through various separation processes. Comparison of the effects of the extractants listed in Table 4
for the extraction of different metal ions with the results presented in this paper related to the utilization
of 2-BP clearly show that application of 2—-benzoylpyridine allows to obtain much higher values of %FE in
case of silver(I) ions.
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Table 4. The comparison of efficiency of extractants used in various separation processes for removal of Ag(I) and

Cu(II) metal ions

9E, %
Separation process Extractant Ref.
Ag+ Cu2+
2% iodi h
Leaching o iodine and 3% hydrogen | o ) - Tuncuk (2019)
peroxide
Leaching NH; - 79.43 Tuncuk (2019)
Polymer inclusion membrane | Calix[4]pyrrole derivatives 92.77 - Nowik-Zajgc et
al. (2020)
Leaching Aqua regia 99.0 - Sun et al. (2017)
_ _ Tanha et al.
Extraction Oxime - <97.0 (2016)
—12 wt.% of iC si
Smelting process 8 Wlt)z: cz (Ss%eg]t;lc side - 98.0 | Zhao et al. (2021)
2—(1H—imidazol-2—
. . . Pearce et al.
Extraction yDpyridine and a synergist - 50.0 (2019)
(SDBS)

3.2. Spectrophotometric studies

The following figures show spectra of organic phase before (Figure 3a) and after (Figure 3b) extraction
process. Figure 3a presents the spectrum of chloroform solution of pure 2-BP with maximum of absorption
at 263 nm. Figure 3b presents spectra on which absorption maxima become displaced towards longer
wavelengths (350 nm). These changes are caused by the complexation reaction, which takes place at the
interface of aqueous and organic phase. At this moment in organic phase complexes of 2—BP (extractant)
with investigated metal ions are formed. Moreover, those spectra clearly show that the concentration of
created complexes is related to the value of extraction efficiency calculated in paragraph 3.1. Absorbance
of spectra of 2-BP with Ag(I) ions is high, because of high concentration of these complexes in organic
phase. In turn, the extractant is significantly less effective in case of separation of Cu(Il) metal ions, which
concentration of its complexes with 2-BP is low in organic phase.

g 12 g 1.2
B 1 2 1
E 0.8 E 0.8
< 0.6 < 0.6
0.4 0.4
0.2 0.2
0 0
210 260 310
wavelenght [nm]
—2-BP
(a)

300

—— 2-BP/Ag(l)

350

400

wavelenght [nm]

(b)

—— 2-BP/Cul(Il)

Fig. 3. The absorption spectra of organic phases: a) before extraction process, b) after extraction

https://journals.pan.pl/cpe

375


https://journals.pan.pl/cpe

.__/_
Matgorzata A. Kaczorowska et al.,Chent. Process Eng., 2022, 43 (3), 369—-382

3.3. Sorption of Ag(I) and Cu(Il) ions on polymer materials containing 2—-BP

The calculated in this paper sorption capacities (g; ) of polymer materials with 20 wt.% of 2—benzoylpyridine
(L) as a carrier after 24 h of sorption processes for Ag(I) and Cu(II) ions were 276.36 mg/g and 27.06 mg/g,
respectively. Especially in the case of sorption Ag(I) ions, the parameter is very high in comparison with
other literature data, which describe sorption of metal ions on modified polymers, e.g. PVC. For example,
Freitas et al. (2016) studied Ag* and Cu®* binary adsorption from the aqueous solution using Verde-lodo
bentonite and reported that maximum sorption capacities were 6.99 mg/g for copper(Il) ions at 60 °C
and 9.71 mg/g for silver(I) ions at 20 °C. In other studies, a functional polymer containing 2—mercapto—1—
methylimidazole and guanylthiourea ligands from chemically modified vinylbenzylchloride/divinylbenzene
copolymer (VBC/DVB) was used (Pil$niak-Rabiega and Wolska, 2020). The maximum sorption capacity
of Ag(I) obtained from the Elovich model was 40.7 and 194.2 [mg Ag/g resin] for the resins I (with
2-mercapto—I—-methylimidazole) and II (with guanylthiourea), respectively. Han et al. (2021) studied
the adsorption of Cu(Il), Cr(Ill), and Pb(Il) ions onto polyethylene, polypropylene, and polyethylene
terephthalate microplastic particles and reported that the maximum sorption capacity of Cu(Il) ions was
0.51mg/g.

Further, Table 5 presents the results of the percentage of sorption of Ag(I) and Cu(Il) metal ions from
single-component solutions using polymer materials containing 2—benzoylpyridine.

Table 5. The percentage of sorption of Ag(I) and Cu(Il) metal ions from single-component solutions using polymer
materials containing 2-benzoylpyridine

Metal Ions Ag(D) Cu(Il)
Time [h] %Rs [%] q; [mg/g] %Rs [%] q; [mg/g]
4 67.03 260.2682 3.54 13.7436
6 67.94 263.7931 3.78 14.6753
12 69.55 270.0255 4.03 15.6460
24 71.18 276.3602 6.97 27.0601

The given values of %R, and g, carry £0.01 and +0.0001 tolerance

The results indicate high selectivity of the tested polymeric materials for Ag(I) ion sorption (71.18%).
The obtained sorption results confirm also the results received in liquid-liquid extraction experiments.
Removal of investigated ions using polymer materials with 2—benzoylpirydyne was less effective, but more
environmentally friendly, as it limited the use of toxic reagents in comparison with solvent extraction.

Similar preferential selectivity order Ag(I) > Cu(II) was observed by Kotodziejska et al. (2014) for the crown
ether, i.e. N—(diethylthiophosphoryl)-aza[18]crown—6 used as an ion carrier for competitive transport of
Ag(I), and Cu(Il). They show that N—(diethylthiophosphoryl)—aza[18]crown—6 applied as ionic extractant
allows for very high removal of silver cations with good selectivity and the entire amount of Ag(I) can
be removed from source aqueous phase under pH 3.0. Moreover, PIMs with immobilized calix[4]pyrrole
derivative as a carrier was used for selective extraction of Ag(I) from a mixed solution of Cu(Il), Pb(Il),
CddI), Ni(I), Zn(II), and Co(II) (from copper smelting wastewater) (Nowik-Zajac et al., 2020).

The distribution coefficients (K ;) of polymer materials with 20 wt.% of 2-BP, as a carrier after 24 h of
sorption processes for Ag(I) and Cu(Il) ions were 0.1387 and 0.024, respectively.
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3.4. Stability constants of 2—-BP complexes with metal ions

Based on obtained electron spectra (one of the examples is Figure 4, which presents complexation reaction
between 2-BP and Ag(I) ions), the stability constants of generated complexes were calculated.

i 14
o
8 12
g 1
L
< 08
0.6
0.4
0.2
0
210 230 250 270 290 310 330
wavelenght, nm
1:0 1:0.125 1:0.25 1:0.375
1:05 1:0.75 1:0.625 1:0.875
1:1 1:1.125 1:1.25 1:1.375
1:15 1:1.625 1:1.75 1:1.875
1:2

Fig. 4. Electron spectrum obtained during complexation reaction between 2-BP and Ag(I) ions

In Figure 4, the formation of Ag(I)/(2-benzoylpyridine) complexes in the studied system is shown. Van-
ishing of the band due to ligand 2-BP (263 nm) and the appearance of new bands (269 nm) together with
the isosbestic points at 241 and 275 nm were also recorded.

Calculated stability constants of complexes of 2-BP with Ag(I) and Cu(II) metal ions in various molar
ratios of metal ion to ligand (M:L) are shown in Table 6.

Table 6. Stability constants of complexes of 2-BP (L) with Ag(I) and Cu(II) metal ions in various molar ratios M:LL

. Stability constants, log K
Metal ions M
M:L=1:2 M:L =1:1 M:L =3:2 M:L =2:1
Ag* 4.290 3.813 3.602 3.399
Cu?t 4.301 4.287 3.824 3.653

The given values of the log K carry +0.001 tolerance

The results summarized in Table 6 show that with an increasing amount of metal ions in the environment
of reaction, the stability constants of the formed complexes decrease. The stability constants for complexes
with both ions are similar. Both ions form the most stable complexes when the molar ratio M:L is 1:2.
However, Cu(Il) ions form also the same stable complexes with the molar ratio 1:1. It is most probably
related to the disproportionation reaction in which copper changes its oxidation state from +II to +1.

3.5. Mass spectrometry

Electrospray ionization (ESI) high resolution mass spectrometry (HRMS) experiments were performed to
determine the elemental composition of the complexes formed by 2—benzoylpyridine molecules with Cu(II)
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ions during extraction process, and thus to identify the ratio of Cu>* to 2-BP (L) in generated complexes.
The ESI (high voltage, atmospheric pressure) technique was used in experiments because it allows most
small molecules to be “transferred” directly from the solution to the mass spectrometer without major
changes in their structure. HRMS is characterized by high accuracy of mass measurement (more precisely
mass to charge ratio (m/z) measurement) and sensitivity, which are necessary to accurately determine
the elemental composition and charge of the generated ion complexes (Konermann et al., 2013; Xian et
al., 2012).

ESI-HRMS spectrum recorded for the sample of the separated organic phase after liquid-liquid extraction
(described in paragraph 2.2), containing 2-benzoylpyridine (L) and Cu®* ions is presented in Figures 5,
and the mass spectrometry data of the main compounds found in the sample are shown in Table 7. ESI
HRMS spectrum is dominated by signals corresponding to 2-benzoylpyridine-related ions such as: [L-H]*,
[L+H]*, [C14H14NO3]*, [C13H190NO;]*, [C13H12NO;]*, which is due to the use of an excess of ligands
in performed liquid-liquid extraction experiments. The formation of a deprotonated 2-benzoylpyridine
cations ([L-H]*) in ESI(+) experiments, which typically results in generation of protonated ions ([L+H]*),
is remarkable but is not the subject of the current research. Formation of the exceptional deprotonated
cations has been reported before, for example in atmospheric pressure ionization mass spectrometry of
2—(diphenylsilyl)cyclopropanecarboxylate esters (Wang et al., 2020). EST HRMS spectrum shows a signal
corresponding to doubly charged ions of complexes containing one metal atom and three 2—benzoylpyridine
molecules, i.e. [3L+Cu?*]** and a signal which can be assigned to [2L+Cu*]* cations, in which one copper
atom is linked to two ligand (2-BP) molecules. The formation of [3L+Cu®*]** and [2L+Cu*]* ions proves
that in complexes with L molecules, copper ions can be present in both oxidation states (+1 or +II).
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Fig. 5. ESI-HRMS spectrum recorded for the sample of the separated organic phase after liquid—liquid extraction,
containing 2—benzoylpyridine (L) and Cu®*ions. Unassigned minor signals correspond to ions not relevant in this
study (e.g., formed by solvent molecules)

The results of the performed ESI HRMS experiments confirmed that 2-benzoylpyridine is able to form
in solution complexes with copper ions in which metal ion to L ratio is 1:3 and 1:2. The obtained results
do not confirm the formation of complexes in which the ratio of copper ions to 2—benzoylpyridine ligands
is 1:1. However, it should be emphasized that the method (ESI HRMS) does not allow to detect neutral
complexes, which may also form in the analyzed solutions.
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Table 7. ESI-HRMS data of the main compounds found in the sample of the separated organic phase after
liquid-liquid extraction, containing 2-benzoylpyridine (L, C1oH9NO) and Cu?* ions

2-benzoylpyridine (L)/Cu?*
M/ Zmeas m/ Zcale Assignment Mass error (ppm)
182.0598 | 182.0606 [L-H]*, [C1,HgNO]J* 4.39
184.0754 | 184.0762 [L+H]*, [C12H10NOT* 4.34
212.0705 | 212.0711 [C13H1oNO,]* 2,83
214.0859 | 214.0868 | [(L-H)+CH3OH]" or [(L+H)+CH,0]*, [C13H|2NO,]* 4.20
244.0966 | 244.0974 [C14aH14NO3]* 3.27
306.0665 | 306.0674 [BL+Cu?*]?*, [C36H27N303Cu;]** 2.94
367.1438 | 367.1446 [2L+H]*, [C24H 9N, O, ]* 2.17
429.0657 | 429.0664 [2L+Cu™]*, [C24H §N,0,Cu; * 1.63

4. CONCLUSIONS

The obtained results of the application of 2—benzoylpyridine (2—BP) for the removal of Ag(I) and Cu(Il) ions
from acidic aqueous solutions by liquid—liquid extraction and adsorptive processes show that this compound
is a particularly good extractant/carrier in the case of silver metal ions. The extraction efficiency for Ag(I)
ions was over 97%, and the percentage of sorption of silver ions with the use of a polymer material contain-
ing 20 wt.% of 2-benzoylpyridine was 71.18%, while the corresponding values for the recovery of copper
ions were much lower, i.e. 19% (LLE) and 6.97% (adsorptive process), respectively. These results indicate
a high dependence of both separation processes on the properties of the removed metals ions. Based on spec-
trophotometric results, it can be concluded that 2-BP can form various complexes with metal ions, but the
most stable are those in which the metal ion to ligand ratio is 1:2 (for Ag(I) and Cu(II) ions). The results of
the ESTHRMS experiments performed for solution after extraction, containing 2-BP and Cu”* show forma-
tion of doubly charged complexes (cations) in which the ratio of Me”* to L is 1:3 and the generation of singly
charged complexes (cations) containing one copper ion (at oxidation state +1) and two ligand molecules.
The obtained results do not allow for unequivocal determination of the type of all complexes formed in
solution, but indisputably show that the ligand must be present in an excess during extraction processes.

The results of the conducted research show that 2-benzoylpyridine is a much better extractant in relation to
silver ions than many other commercially available chemical compounds. Besides having strong complexing
properties for these ions, 2—-BP is well known compound readily available and relatively cheap. The recovery
of silver ions by utilization of a polymer materials containing 20 wt.% of 2—-BP is slightly less efficient,
but this method allows a significant reduction of the solvents used. Moreover, since the carrier is bound in
the polymer matrix and is insoluble in the aqueous phase, the polymer material based process applied on
a larger scale will be much more environmentally friendly than classical solvent extraction. The results of
this research may show a new direction of how the properties of 2-BP used as an organic carrier can be
used to remove silver metal ions from various types of waste.

SYMBOLS
ct analytical metal ion concentrations in the solution at the beginning time of sorption pro-
cess, mg/l
c! analytical metal ion concentrations in the solution at the after time of sorption process, mg/l
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Dy distribution ratio

K4 the distribution ratio, 1/g
LLE liquid-liquid extraction

m mass of the sorbent, g

M metal ions

\% volume of the solution, 1

Vag volume of the aqueous phase, 1
Vorg  volume of the organic phase, 1
q: sorption capacity, mg/g

DE extraction efficiency, %
%R  the percentage of metal ion removal from the solutions, %
2-BP 2-benzoylpyridine
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Abstract: This paper presents the results of the first application of N,N’-bis(salicylidene)ethylenedia-
mine (salen) as an extractant in classical liquid-liquid extraction and as a carrier in membrane
processes designed for the recovery of noble metal ions (Pd?+, Ag*, Pt?*, and Au®*) from aqueous
solutions. In the case of the utilization of membranes, both sorption and desorption were investi-
gated. Salen has not been used so far in the sorption processes of precious metal ions. Recovery
experiments were performed on single-component solutions (containing only one type of metal
ions) and polymetallic solutions (containing ions of all four metals). The stability constants of the
obtained complexes were determined spectrophotometrically. In contrast, electrospray ionization
high-resolution mass spectrometry (ESI-HRMS) was applied to examine the elemental composition
and charge of the generated complexes of chosen noble metal ions and salen molecules. The results
show the great potential of N,N’-bis(salicylidene)ethylenediamine as both an extractant and a carrier.
In the case of single-component solutions, the extraction percentage was over 99% for all noble
metal ions (molar ratio M:L of 1:1), and in the case of a polymetallic solution, it was the lowest,
but over 94% for platinum ions and the highest value (over 99%) for gold ions. The percentages of
sorption (%Rs) of metal ions from single-component solutions using polymer membranes containing
N,N’-bis(salicylidene)ethylenediamine as a carrier were highest after 24 h of the process (93.23% for
silver(I) ions, 74.99% for gold(III) ions, 69.11% and 66.13% for palladium(II) and platinum(II) ions,
respectively), similar to the values obtained for the membrane process conducted in multi-metal
solutions (92.96%, 84.26%, 80.94%, and 48.36% for Pd(II), Au(III), Ag(I), and Pt(II) ions, respectively).
The percentage of desorption (%Rges) was very high for single-component solutions (the highest,
i.e., 99%, for palladium solution and the lowest, i.e., 88%, for silver solution), while for polymetallic
solutions, these values were slightly lower (for Pt(Il), it was the lowest at 63.25%).

Keywords: solvent extraction; polymer membranes; sorption; noble metal ions; salen; stability
constant; mass spectrometry

1. Introduction

N,N’-bis(salicylidene)ethylenediamine (commonly known as salen, L) easily creates co-
ordination compounds. It has been reported that this compound is a tetradentate chelating
ligand, which can form mononuclear complexes by two covalent and two-coordinate cova-
lent sites located in a planar array [1]. Due to the presence of two phenolic hydroxyl groups,
which can lose the protons under appropriate conditions, the salen ligand can become a
conjugate base (L27). Salen and its complexes are still of interest to scientists, who study
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the complexation reactions between salen and various metal ions [2,3]. It is known that the
complex formation process depends on multiple factors including the type of solvent used.
For example, Elsherif et al. [3] investigated the stoichiometry and formation constants of
complexes of salen with Cu(Il) in methanol, 2-propanol, acetonitrile, tetrahydrofuran, and
chloroform as nonaqueous solvents at 25 °C. They reported that the stoichiometry of the
investigated complexes in all solvents were the 1:1 (M:L) type, and the order of stability
was as follows: chloroform~tetrahydrofuran > 2-propanol > methanol~acetonitrile. The
Cu(Il) ions formed the most stable complexes with salen molecules in chloroform and the
least stable in methanol. Initially, complexation properties of salen were used primarily in
catalysis [4]. However, over time, the uses of salen have been extended, and one of them is
separation. For example, the Hpsalen type bearing pendant tertiary amine groups [5] has
been synthesized for the solvent extraction and membrane transport of transition metal
salts for metal separation and purification processes. These ligands undergo a so-called
zwitterionic transformation when binding metal salts, forming overall neutral assemblies,
which can be transferred into non-polar, water-immiscible solvents. In addition, the recov-
ery characteristics of copper and sulfate have been reported for a modified ligand, which
shows copper-binding and thus facilitates copper-recovery and ligand-recycling. Similar
solutions were also reported by Forgan et al. [6] and Galbraith et al. [7]. In turn, Dadfarnia
et al. [8,9] developed a microcolumn for an online preconcentration of investigated metal
ions with a flow injection-flame atomic absorption spectrometry (FI-AAS). Salen, in this
case, was immobilized on surfactant-coated alumina. The method was applied to water
samples, multivitamin tablets, and standard reference alloys. Kim et al. synthesized modi-
fied silica-salen(NEt;), [10] for the separation and concentration of the metal ions from an
aqueous solution by solid-phase extraction. The synthesized salen(NEt;) was chemically
bonded to silica gel by a diazonium coupling reaction. The procedure of adsorption was
applied to three types of water samples. The authors obtained adsorption capacities and
binding constants for Cu(Il), Mn(II), Pb(Il), and Zn(II), and the recoveries reached more
than 95%. In other studies [11], the authors used a chemically modified XAD-4-salen chelat-
ing resin for the separative concentration of Cu(Il), Pb(Il), and Bi(III) ions from an aqueous
solution. XAD-4-salen was synthesized by the reaction of salen and Amberlite XAD-4 resin.
The method has been employed to determine the investigated metal ions in samples of five
kinds of river water. The adsorbed metal ions were desorbed by 10 mL of 1.0 M HNO3
and the total recoveries of the proposed method were more than 85% in the spiked samples
in which a given amount of analytes was added. The silica derivative-salen [12] formed in
a series of reactions of rice husk ash, 3-(chloropropyl)triethoxysilane, potassium iodide,
and ethylenediamine also showed high potential for the extraction and removal of Ni(II),
Cu(Il), and Co(Il) ions from aqueous solutions. Furthermore, salen has found application
in so-called metal-organic frameworks (MOFs) [13,14], which are dedicated to various
separation processes due to their well-defined pore size and geometry. Thus, the separation
of substances can be provided on mixtures of gases, vapors, and liquid phases. In this year,
salen [15] and sodium tetraphenylborate (TPB) were used as extracting agents in polymeric
inclusion membranes to extract gold from aqueous solutions. The fabricated membranes
showed high selectivity and reactivity toward gold. The reduction of gold on the mem-
brane surface reached more than 90%. The presence of gold was confirmed by scanning
electronic microscopy. The authors proved that the addition of salen to TPB affected the
size and structure of the gold nanoparticles. Campo-Cobo et al. [16] also investigated other
salen-type ligands with electron-accepting substituents on the aromatic ring as extractant
agents in polymeric inclusion membranes. Salen-type ligands had higher selectivity to
Au(Ill) than to other metals (Cu(Il), Pb(II), Ca(Il), AI(IIT), Co(II), Fe(II), Fe(III), Ni(II), Mn(II),
and Zn(II)). The results showed that the percentage of extracted gold depends on the type
of substituent present in the ligand’s aromatic ring, the pH of the working solution, and
the membrane area. There was no effect of membrane thickness on the metal extraction.
The time required to reach a certain extraction percentage decreased considerably as the
membrane area increased.
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In our previous paper [17], we also used salen as an extractant in liquid-liquid extrac-
tion, as a carrier during the transport across polymer inclusion membrane, and in sorption
processes for the removal of Ni(Il), Cu(Il), and Zn(Il) ions from aqueous solutions. The
results of liquid-liquid extraction show that salen is a very effective extractant, especially
for removing copper(ll) ions from aqueous solutions. Still, its efficiency depends on its
concentration in the system. Moreover, we proved that the separation of chosen metal
ions using the investigated polymer membranes with salen was better during the sorption
process (membrane extraction) than during the transport across those membranes.

In this paper, we present the novel investigation results of the recovery of chosen
precious metal ions (Pd?, Ag*, Pt**, and Au’") from aqueous solutions, using salen
during the classical solvent extraction and sorption processes on polymer membranes.
Establishing the proper conditions for membrane sorption is not easy as the process
depends on various factors (for example, type and concentration of recovered metal ions,
properties of base-polymer, plasticizer, and carrier used to fabricate the membrane, type of
solvent used, pH, temperature, and process time). However, the polymer membranes have
many advantages: they are effective, inexpensive, show high stability and versatility, and
allow both the sorption and desorption processes to be carried out. Polymer-based non-
fluid membranes are usually more stable because carrier ions in polymer membranes are
chemically or physically bound within the membrane matrix. In addition, separation based
on the utilization of polymer membranes is an environmentally safe alternative to solvent
extraction by drastically reducing the use of toxic solvents. Therefore, the membrane
extraction is defined as a sustainable green strategy [18-20]. The interest in the recovery of
precious metals from aqueous solutions (i.e., various types of wastewater) is systematically
growing due to the decline in the natural resources of these metals (ores), their intensive
utilization in various industries, and the increase in the amount of waste generated (e.g.,
waste electronic and electrical equipment), which contain significant amounts of these
metals [21]. The reuse of precious metals that originated from secondary sources is also
an important part of green chemistry. In the case of known methods such as solvent
extraction [22] or membrane processes dedicated to recovering precious metal ions, the key
role is played by the use of a properly selected extractant/carrier that will be safe for the
environment and enable sufficiently efficient recovery. The results presented in this article
show the great potential of salen for the recovery of gold, silver, palladium, and platinum
ions. The results of applying membrane processes are particularly promising as they are
not only efficient, but are also environmentally friendly (consumption of small amounts of
salen and chemical solvents), allowing for extraction and reverse extraction at low costs.

2. Materials and Methods
2.1. Reagents

All the reagents used in this work were of analytical grade purity and used without
further purification. The N,N'-bis(salicylidene)ethylenediamine (L) was bought from
Sigma-Aldrich (Poznan, Poland). The pattern metal ions (Pd%+, Ag", Pt2*, and Au®*), nitric
acid, ammonia, potassium hydroxide, chloroform, and methanol were purchased from
Avantor (Gliwice, Poland).

The structure of N,N’-bis (salicylidene)ethylenediamine is shown in Figure 1.

OH
N
OH

Figure 1. The structure of N,N'-bis(salicylidene)ethylenediamine (L, salen).
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2.2. Mass Spectrometry

In all high-resolution mass spectrometry experiments, the mass spectrometer Q-
Exactive Orbitrap (Thermo Fisher Scientific, Bremen, Germany) was used. This instrument
was equipped with a TriVersa NanoMate robotic nanoflow ESI ion source (Advion Bio-
Sciences Ltd., Ithaca, NY, USA). Samples of the separated organic phases after liquid-liquid
extraction (described in detail in Section 2.4) containing N,N-bis(salicylidene)ethylenedia-
mine and one type of the selected metal ion (Pd?*, Pt**, or Au®") in a molar ratio of 5:1
were diluted (1:1) in methanol. MS data were acquired in a positive ion mode within the
m/z range of 50-800 at the resolution of 140,000 (1/z 200). Obtained mass spectra were
processed using Thermo Xcalibur software (ver. 4.1.31.9).

2.3. The Stability Constants

Stability constants (log K) of complexes of salen with Pd?, Ag", Pt?*, and Au®* ions
were determined as we described in our previous paper [17]. For this purpose, a methanol
solution of salen with the concentration of 5.5 x 10~> mol/L and aqueous solutions of
metal ions with the concentration of 1 g/L were prepared. Then, to prepare solutions with
different molar ratios of ligand to metal ions, each time, a higher amount of metal ions
solution was added according to the fixed amount of ligand solution. Finally, the absorp-
tion spectra of the obtained solutions were recorded, and stability constants of created
complexes of salen with Pd%, Ag*, Pt%*, and Au®* ions, respectively, were calculated.

2.4. Solvent Extraction

The stock aqueous solutions for Pd?, Ag*, Pt2*, and Au3* metal ions were made
by dilutions of pattern metal ion solutions in water, respectively. The organic solution
contained N,N’-bis(salicylidene)ethylenediamine (L) dissolved in chloroform. The samples
for the extraction processes were prepared so that the molar ratio of metal ions to ligand
(M:L) was 1:1, 1:5, and 1:10 in single-component metal ion solutions and 1:1 and 1:4 for
polymetallic solutions. Small amounts of ammonia solution were added to the metal ion
solutions to avoid the creation of hydroxides during the extraction process. All experi-
ments were carried out in graduated test tubes, and the temperature of the processes was
25 £ 0.2 °C. The volume of both phases (aqueous phase and organic phase) was 1100 pL.
The parameters of the particular phases in the extraction processes are described in detail
in Table 1.

Table 1. The parameters of the particular phases in the extraction process.

Type of

Metal

Cwm Metal Ion Cwm Ligand in

. Sample M:L H in the Aqueous the Organic

Solution Tons P P Phase, [?nol/L] Phase, [;o,nol/L]
1 1:1 8.997 0.009 0.009
P42+ 2 1:5 9.015 0.002 0.010
3 1:10 9.111 0.001 0.010
4 1:1 10.247 0.009 0.009
single Ag* 5 1:5 10.354 0.002 0.010
Compo- 6 1:10 10.119 0.001 0.010
nent 7 1:1 8.997 0.005 0.005
solution P2+ 8 1:5 9.214 0.002 0.010
9 1:10 9.059 0.001 0.010
10 1:1 9.132 0.005 0.005
Audt 11 1:5 9.325 0.002 0.010
12 1:10 9.456 0.001 0.010
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Table 1. Cont.

Cym Metal Ion Cwm Ligand in

S?iiiiﬁfl I\I/I:;:l Sample M:L pH in the Aqueous the Organic
Phase, [mol/L] Phase, [mol/L]

Pd2+
Ag* 1:1 (for the sum of all precious metal ions)
P2+ 1:4 (for single metal ion) 9.285 0.00062 0.0025

polymetallic Au3*

solution Pd%* MIX

Ag* 1:4 (for the sum of all precious metal ions) 9.197 0,00062 0.01
P2+ 1:16 (for single metal ion) : : :
Au3+

The given values of pH carry +0.001.

Next, the prepared samples were shaken for 1 h. The equilibrium was established
after approximately 15 min by visual observation. Next, it was checked for any changes in
the phase volumes, then the phases were separated, and the pH of the aqueous phase was
measured. Finally, the metal ion concentration in the aqueous phases was determined by
an inductively coupled plasma mass-spectrometer ICP-MS (NexION 300d PerkinElmer,
Inc., Waltham, MA, USA).

The extraction percentage (%Ey;) of metal ions was described by the equation
as follows:

= g —100% 1)

where Dy is the division ratio determined experimentally; Vaq is the volume of the water
phase [1]; Vorg is the volume of the organic phase [1] (Vaq = Vorg, 50 Vaq/Vorg = 1).

The division ratio is the ratio of the sum of the concentrations of all the substances in
the organic phase (X[M]org) to the sum of the concentrations of all the substances in the
water phase (X[M]aq).

Z [M] org
Dm M, 2)

The results were elaborated using a spreadsheet and standard deviation.

2.5. The Preparation of Polymer Membranes

The polymer membranes (one is shown in Figure 2) were made by pouring on a glass
ring the organic solution dissolved in tetrahydrofuran contained a 60 wt.% polyvinylchloride
(PVC), 20 wt.% a bis(2-ethylhexyl)adipate (ADO) and also 20 wt.% N,N'-bis(salicylidene)ethy-
lenediamine (salen). The solvent was evaporated for 24 h, and the resulting polymer
membrane (PM) was conditioned in distilled water for the next 12 h. As a result, the
membranes were homogeneous, transparent, flexible, and had good strength. The thickness
of the membranes, which were used for precious metal ions such as gold(ll), silver(l),
palladium(II), and platinum(Il) transport, was approx. 0.178 mm.
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Figure 2. The polymer membrane with 20 wt.% N,N’-bis(salicylidene)ethylenediamine before the
sorption process.

2.6. Sorption and Desorption Experiments

First, the aqueous metal ion solutions were prepared for sorption. In single-component
metal ion solutions, the concentration of particular precious metal ions was 80 mg/L,
whereas, in polymetallic solutions (MIX), it was 20 mg/L for single metal ions.

The volume of each aqueous solution used as the feed phase was 30 mL. Small
amounts of ammonia solution for pH adjustment during the process were added to the
metal ion solutions. The circular polymer membranes were immersed for 24 h in beakers
with a prepared aqueous solution of metal ions. The contents of the beakers were stirred
with a magnetic stirrer. The sorption process was carried out within 24 h. Samples from
single-component metal ion solutions and polymetallic solutions (Nos. I-IV and MIX) were
taken regularly. The polymer membrane after the sorption process was immersed in 10 mL
5 mol/L HNOj solution for 24 h.

The analysis of the metal ions sorption process onto the membranes with 20 wt.% of
N,N’-bis(salicylidene)ethylenediamine (L) as a carrier was carried out using Equation (3):

q = (Ci_ct)v &)

m

where q; is the sorption capacity (mg/g); V is the volume of the solution (l); m is the mass
of the sorbent (g); and ¢ and c! are the analytical metal ion concentrations in the solution at
the beginning and after an appropriate time of sorption process (mol/L), respectively.
After 24 h of sorption, the percentage of metal ion removal from the solutions (%Rs)
was also determined (Equation (4)) [23].
it
%Rs = —— < .100% @)

cl

While the desorption efficiency (%Rges) was calculated using Equation (5).

t
%R yos = z—a.loo% ®)

where ¢ refers to the initially sorbed metal concentration during the desorption
processes [23,24].

The metal ion concentration in the aqueous phases after sorption and desorption was
determined with an inductively coupled plasma mass-spectrometer ICP-MS (NexION 300d
PerkinElmer, Inc., Waltham, MA, USA).

3. Results
3.1. The Stability Constant

The recorded absorption spectra of the investigated systems are presented in Figure 3.
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Figure 3. The absorption spectra of the investigated systems (complexes of salen: with (A). Pd?*, (B).
Ag*, (C). Pt?*, and (D). Au* ions, respectively.

Presented spectra show that complexation reactions between salen and the chosen
metal ions occur when adding progressively higher amounts of metal ion solutions. Shapes
of the spectra of systems with different L:M molar ratios changed in comparison to the
spectra of clear ligand or clear metal ions. Maximum absorption of the ligand solution and
Pd?+, Ag™, Pt2*, and Au®* ion solutions in the UV region were equal to 255 nm, 275 nm,
272 nm, and 275 nm, respectively. In the spectra of salen with Pd?*, Ag*, and Pt?*, isosbestic
points were also clearly visible.

Based on the above absorption spectra, the stability constants of the complexes of the
chosen metal ions with salen molecules were calculated (Table 2).
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Table 2. The stability constants of the complexes of salen (L) with P4+, Ag*, Pt**, and Au®* ions.

M
L:M Complex Stability
2 2 3
Type Constants Pd™ Ag’ Pt Au™
log K
1:1 log K1 5.54 2.30 5.48 0.52
1:2 log K2 4.60 4.40 4.60 4.63
1:3 log K3 4.00 4.30 4.30 4.00

The given values of log K carry £0.01.

The most stable complexes were formed by salen (L) with palladium (log K; 5.54)
and platinum ions (log K; 5.48) involving one ligand molecule and one metal ion (type
1:1). Stability constants of complexes for these metal ions (L:M) decreased in the following
order: type 1:1 > type 1:2 > type 1:3. One valent metal ion (Ag*) formed with (L) the most
stable complexes, which involved one ligand and two metal ions (type 1:2), whereas three
valent metal ions such as gold usually formed complex type 1:3.

3.2. Solvent Extraction

The solvent extraction of metal ions (Pd?*, Ag*, Pt**, or Au®*) from single-component
solutions using N,N'-bis(salicylidene)ethylenediamine (L) was carried out in molar ratios
of metal ion to ligand of 1:1, 1:5, and 1:10, respectively. In contrast, the removal of metal
ions from polymetallic solutions (MIX 1 and MIX 2) was carried out in the ratios of 1:4 and
1:16. Table 3 shows the results of the extraction percentages in various M:L molar ratios.

Table 3. The results of extraction percentages in various molar ratios M (Pd?+, Ag*, Pt2*, or Au?t).L
(N,N’-bis(salicylidene)ethylenediamine) for single-component and polymetallic solutions.

The Extraction

Type of Solution Metal Ions M:L Percentage, %Eny [%]
1:1 99.35
Pd2+ 1:5 97.39
1:10 92.98
1:1 99.95
Ag* 1:5 99.86
single component 1:10 99.83
solution 1:1 99.15
Pt2t 1:5 97.80
1:10 94.98
1:1 99.56
Audt 1:5 97.77
1:10 94.89
Pd?* 96.43

1:1 (for the sum of all

Ag* . . 95.27
P+ precious metal ions) 94.62
polymetallic solution Aut 1:4 (for single metal ion) 99:89
MIX 2+
( ) Pd + 1:4 (for the sum of all 96.50
Ag . . 96.46
3 precious metal ions)
Pt . . 94.86
34 1:16 (for single metal ion)
Au 99.90

The given values of %Ep carry £0.01.

All obtained extraction percentages had very high values, which indicates the affinity
of N,N’-bis(salicylidene)ethylenediamine to bind metal ions from aqueous solutions. There
was no visible molar ratio (M:L) dependence on extraction percentage, which confirms the
high effectiveness of the compound used as an extractant, even in small concentrations.
Still, on the other hand, its selectivity is low. The amount of removed metal ions from
mixed solutions is similar for all investigated precious metals. The utilization of N,N'-
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bis(salicylidene)ethylenediamine (L) in classical solvent extraction enables the removal of
more than 94% of precious metal ions from the aqueous solutions.

Figure 4 presents the results of metal ion removal from single-component and poly-
metallic solutions, both with an identical M:L ratio of 1:1, using N,N"-bis(salicylidene)ethyl-
enediamine (L) as an extractant. It was found that the effectiveness of salen as an extrac-
tant decreased when noble metal ions (Au(Il), Pd(II), and Pt(Il)) were removed from the
polymetallic samples. However, in the case of the Ag(I) ions, almost the same extraction per-
centage was observed, regardless of whether these ions were present in single-component
or multi-component samples.

100
98

96

(yo EM

94

92

90
Au(III) Pd(II) Pt(IT) Ag(@)

m single-component with M:L 1:1 MIX with M:L 1:1

Figure 4. The comparison of metal ion removal from single-component and polymetallic solutions
(both with M:L of 1:1) using N,N’-bis(salicylidene)ethylenediamine (L) as an extractant. The given
values of %Ep; carry £0.01.

Moreover, the division ratio increased with the increase in the percentage extraction.
The highest division ratio for the single-component solution was 2074.55 for Ag(I) ions
(M:L molar ratio 1:1), and the lowest Dy was 13.26 for Pd(I) ions (M:L molar ratio 1:10). In
the case of the polymetallic solution (MIX), the lowest Dy was for the Pt(Il) ions, and the
highest for Ag(I) in both M:L ratios.

3.3. Sorption and Desorption Experiments

The first process for the precious metal ion removal from the aqueous solution was
sorption, and then desorption of Pd%, Ag*, Pt2*, and Au>* ions from the surface of the
membranes containing N,N'-bis(salicylidene)ethylenediamine (L) as an ion carrier was
conducted. The figure below shows the polymer membranes after the sorption (Figure 5A)
and desorption (Figure 5B) processes. The photos show massive changes on the surface of
the membranes in comparison to a pure membrane (Figure 2). These were caused by the
deposition of complexes of precious metal ions created together with molecules of salen
contained in the structure of the membranes.
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MIX

Figure 5. The membranes containing 20 wt.% of N,N’-bis(salicylidene)ethylenediamine after sorp-
tion (A) and desorption (B).

As a result of the conducted experiments, the sorption capacity (q¢, mg/g) of the
investigated polymer membranes was calculated, as shown in Figure 6. The q; describes
the amounts of metal ions adsorbed on the surface of the polymer membrane over a
given time.

1.6
1.4 - i .
12
1 .

o A Pd(IT)

0.8 Ag(D

«0.6 . + Pt(1D
""0 4 . = Au(IIl)
0.2
0 .

(A)

time, h

60
50

40 + Pd(I)
E 30
(B) Eﬁ e Ag(D)

20
10

0O —= = = =

0 6 timg h 18 24

Figure 6. The changes in the sorption capacity of the polymer membranes with 20 wt.% salen as an
ion carrier during sorption: (A) for single-component metal ions solutions, (B) for the polymetallic
solution. The given values of q; carry £0.02.

In Figure 6A,B, some differences can be noticed. First of all, the values of the sorption
capacities for the polymetallic solution were larger by two orders of magnitude. For
the single component solutions, the sorption capacity over the whole process was the
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largest for Au(lll) and the smallest for Ag(I) ions, respectively, whereas for the polymetallic
solution, the exact opposite was observed. The qt obtained for platinum ions was similar
for both solutions.

In single-component solutions, the qt decreased in the following order: Au(Ill) > Pt(II)
> Pd(II) > Ag(I), which is the same as the order of electronegativity of the investigated
metal ions: Au(Ill) 2.54 > Pt(Il) 2.28 > Pd(II) 2.20 > Ag(I) 1.93. The greater electronegativity
of the metal ion caused the greater affinity of this metal for binding to the ligand; thus, the
qt of Au(Ill) was the largest.

On the other hand, in the polymetallic solution, the order of the values of qt was
connected with the valence of investigated elements and decreased in the following order:
Ag(I) > Pt(I) > Pd(II) > Au(Ill). Thus, the Ag(I) ions represent the greatest competition for
the metal ions present in the solution because they only need one electron to return to the
basic state.

Figure 7 shows the percentage of removal of noble metal ions from single-component
aqueous solutions (%Rs) during the sorption process conducted after 24 h, while the effi-
ciency of the desorption process (%Rges) was conducted for 48 h and is shown in Figure 8.

100
90
80
[ |
70 A
m n : ¢
8 60 A Pd(ID)
o S0 Ag(l)
A
X 40 * P(IT)
30 X . = Au(IIl)
20 :
10 *
0 n—=
0 6 12 18 24
time, h

Figure 7. The percentage recovery (%Rs) of metal ions from single-component solutions using
polymer membranes containing salen. The given values of %Rs carry £0.01.

The percentage of noble metal ion removal from the single-component solutions for all
metal ions increased with time. In the case of sorption of Au(Ill) and Ag(I) ions, equilibrium
was already reached after 12 h, whereas Pt(II) and Pd(II) ions needed more time. The order
of %Rs is as follows: Ag(I) > Au(Ill) > Pd(II) > Pt(II).

After sorption, the opposite process (i.e., desorption) was conducted. For desorption
of Pd(Il), Ag(I), Pt(Il), and Au(Ill) ions from the surface of polymer membranes containing
the investigated ligand (salen), the solution of 5 mol/I of nitric acid was used. Figure 8
presents the percentage of metal ion desorption as the sum of previously adsorbed metal
ions on the surface of polymer membranes.
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Figure 8. The sum of desorbed metal ions after 24 and 48 h from the surface of membranes previously
used to absorb metal ions from single-component solutions. The given values of %Rges carry +0.01.

Figure 8 shows that all previously sorbed metal ions on the surface of polymer mem-
branes containing N,N’-bis(salicylidene)ethylenediamine were transferred into a solution
of nitric acid. It should be noted that the volume of the solution used for desorption was
three times smaller (10 mL) compared to the one used for sorption. After 24 h of desorption,
almost 100% of all metal ions adsorbed. This confirms that by using investigated mem-
branes containing salen as an ion carrier, it is possible to successfully adsorb metal ions
from an aqueous solution on the surface of the membrane and recovered them to another
solution.

The percentage of noble metal ion removal (%Rs) from the polymetallic solution for
all metal ions increased with time (Figure 9).

100
90 -
80 .
70
60
50
40
30 "
20
10 ¢

(VL.
0 6 12 18 24
time, h

+ PA(IT)
. * Ag(D)
Pe(IT)
= = Au(IIl)

%R,, %

Figure 9. The percentage recovery (%Rs) of metal ions from the polymetallic solution using a polymer
membrane containing salen. The given values of %R carry 4+0.01.
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The percentages of noble metal ion removal after 24 h of sorption from polymetallic
solution (%Rs) were 92.96%, 84.26%, 80.94%, and 48.36% for PA(II), Au(IIl), Ag(I), and Pt(II)
ions, respectively.

Figure 10 presents the results of desorption.

100
90
80 o
70
60
50
40
30
20
10

0O =
0 6 12 18 24 30 36 42 48 54
time, h

Pd(1I)

* Ag()
Pt(1l)

= Au(III)

%o Rdes’ %

Figure 10. The sum of desorbed metal ions after 24 and 48 h from the surface of membranes previously
used to absorb metal ions from a polymetallic solution. The given values of %R geq carry +0.01.

The highest percentage recovery was observed after 24 h of desorption for Pd(II)
(95.03%), then for Au(IlI) (94.75%), Ag(I) (80.06%), and Pt(Il) (63.25%). Compared to des-
orption conducted after the adsorption of metal ions from single-component solutions,
the %Rges was lower, and desorption was more complicated, likely because of the pres-
ence of the mixtures of salen complexes with investigated metal ions on the surface of
the membranes.

As a result of the conducted experiments (Table 4), the highest percentages of noble
metal ion recovery from single-component solutions were observed for Ag(I)
(93.23%—sorption, 88.04%—desorption) and Au(Ill) (74.99%—sorption, 92.72%—desorption)
ions, whereas for polymetallic solutions, the highest values were observed for Pd(II)
(92.96%—sorption, 94.81%—desorption) and Au(IlI) (84.26%—sorption, 94.72%—desorption).

Table 4. The results of the recovery of precious metal ions (Pd?+, Ag*, Pt**, and Au®")
from single-component and polymetallic solutions using polymer membranes containing N,N'-
bis(salicylidene)ethylenediamine.

. The Percentage of The Percentage of
Type of Solution Metallons g/ o tion, %R, [%]  Desorption, %R e [%]
Pdz* 69.11 99.68
single component solution Ag* 93.23 88.04
P2+ 66.13 98.07
Audt 74.99 92.72
Pd%+ 92.96 94.81
+
polymetallic solution (MIX) lét% . igzg iggg
Audt 84.26 94.72

The given values of %Rs and %Rges carry £0.01.

3.4. Mass Spectrometry

High-resolution mass spectrometry (HRMS) characterized by high accuracy of mass
measurement (more precisely, the mass-to-charge ratio of ions, m/z) [25] was used to
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examine the elemental composition of complexes formed in separated organic phases
obtained after liquid-liquid extraction experiments (described in detail in Section 2.4) by
N,N’-bis(salicylidene)ethylenediamine with noble metal ions such as Au®*, Pd?*, and Pt?*.
In all experiments, ionization of molecules was performed by the utilization of the electro-
spray ionization method (ESI) because ESI, in the case of most small molecules/systems,
allows their direct “transfer” from solution to the mass spectrometer without changing their
structure [26]. ESI HRMS was previously successfully used to study the elemental com-
position and charge of complexes formed by salen with copper(Il), zinc(II), and nickel(II)
ions after the solvent extraction processes [17]. However, it is necessary to emphasize that
ESI-HRMS does not allow for the detection of neutral complexes present in the solutions
(which cannot be ionized under the experimental conditions) or those that may become
neutral as a result of ionization (in ESI, ionization usually occurs as a result of attaching
one or more protons to the molecules). ESI-HRMS spectra of the analyzed samples are
shown in Figure 11 (samples containing Au>*) and Figure 12 (samples containing Pd** or
Pt?*), while the ESI-HRMS data of the main ions found are presented in Table 5.

Table 5. EST HRMS data of the main ions found in the samples of the separated organic phases after
liquid-liquid extraction (performed for samples in which the molar ratio of metal ions to ligand (M:L)
was 1:5, L-N,N’-bis(salicylidene)ethylenediamine) diluted (1:1) in methanol.

Au(NO3)3 and L (C16H16N202)

Ml Zmeas mlzga1c Assignment Mass Error [ppm]
122.0603 122.0606 [C7HgN1O1]* 2.46
165.1023 165.1028 [CoH1,N,O4 + H]* 3.03
269.1283 269.1290 [L + H]F, (C16H17N2O0)* 2.60
463.0715 463.0720 [Au?* + L-2H]*, (AuCi6H 14N> O0)* 1.08
Pd(NO3)2 and L(C16H16N202)
M/Zmeas mlZga1c Assignment Mass Error [ppm]
122.0604 122.0606 [CyHgN1O1]* 1.64
165.1025 165.1028 [C9H12N201 + H]+ 1.82
269.1287 269.1290 [L + H]*, (C16H17N,O0)* 1.11
373.0166 373.0168 [Pd?* + L-H]*, (PdC14H5N,0,)* 0.53
Pt(NO3)2 and L(C16H16N202)
M/ Zmeas mlzZg,1c Assignment Mass Error [ppm]
122.0604 122.0606 [C;HgN104]* 1.64
165.1025 165.1028 [CoH1,N,O4 + H]* 1.82
269.1288 269.1290 [L + H]*, (C16H17N200)* 0.74

The results of the ESI HRMS experiments performed for all analyzed samples showed
the formation of a series of similar, singly charged ions related to the presence of salen
such as protonated salen molecules [L + H]*, salen fragments ions [C;HgN;04]", and
[CoH12N,O4 + H]*. The generation of identical fragment ions of salen was also observed
in the case of ESI HRMS experiments conducted for organic phases resulting from classical
liquid-liquid extraction containing N,N'-bis(salicylidene)ethylenediamine and copper, zinc
or nickel ions [17]. It is most probably related to partial L molecule decomposition (i.e., in
the solution, during ESI experiments or compound storage). In the case of samples con-
taining salen and gold(III) ions, an additional, not very intensive signal at m/z = 463.0715
was observed (Figure 11), which can be assigned to [Au* + L-2H]* ions. Given the high
mass accuracy of the HRMS mass spectrometry, there can be no question as to the ele-
mental composition or charge of the ions generated. The process of formation of such
mononuclear complexes must be associated with the detachment of two protons from
the ligand L molecules (most likely from hydroxyl oxygen atoms). In the case of sam-
ples containing palladium ions, the formation of similar mononuclear complexes with
the formula [Pd?* + L-H]* was also observed (Figure 12, left spectrum, minor signal at
m/z = 373.0166), which must be accompanied by the loss of a single proton from the N,N'-
bis(salicylidene)ethylenediamine molecules. Interestingly, no corresponding ion formation
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was noted in the case of samples containing platinum ions (Figure 12, right spectrum).
Based on the current and previous results (experiments performed for copper, zinc, and
nickel ions, where the formation of other types of salen/metal ion complexes was also
observed, for example, [M2* + 2L — HJ*, [2M2* + 2L — 3H]*, where M = Cu?*, Zn%*,
Ni?*) [17], it can be concluded that the properties of noble metal ions significantly affected
the elemental composition of the formed species. Certainly, not only is the valence of
metal ions important, as different metal ion/salen complexes were identified in the ESI
HRMS experiments performed for solutions containing other divalent metal ions: copper,
nickel, zinc, and palladium. It is necessary to consider the possibility of generating neutral
complexes containing several noble metal ions and/or several salen ligands in the exam-
ined solutions, which the applied technique could not detect. Moreover, it is very likely
considering the results of liquid-liquid extraction (very high process efficiency).

[CoHy 2N, Oy +HJ*
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Figure 11. ESI-HRMS spectrum recorded for the sample of the separated organic phase after liquid—
liquid extraction containing N,N’-bis(salicylidene)ethylenediamine (L) and Au®* ions. Inset shows
the isotopic pattern for [Au*+L-2H]* ions; (I) experimental, (IT) theoretical. Unassigned minor
signals correspond to ions not relevant to this study (e.g., formed by solvent molecules).
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Figure 12. ESI-HRMS spectra recorded for the samples of the separated organic phases after liquid—
liquid extraction containing N,N’-bis(salicylidene)ethylenediamine (L) and Pd?* (left) or Pt>*(right)
ions, respectively. Unassigned minor signals correspond to ions not relevant to this study (e.g.,
formed by solvent molecules).
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4. Summary

The results show that N,N'-bis(salicylidene)ethylenediamine can be used as an effec-
tive extractant/carrier in recovering noble metal ions from aqueous solutions using separa-
tion processes such as solvent or membrane extraction. For scientists involved in research
on the application of the extraction and membrane processes for noble metal ion recovery,
the main aim is to find an effective extractant/carrier with a high recovery rate, which is
not dangerous to the environment. Table 6 compares the efficiency of selected carriers used
to recover noble metal ions with the efficiency of N,N'-bis(salicylidene)ethylenediamine

used in this study.

Table 6. Selected extractants/carriers used in the separation processes (SE, PM) for the recovery of

noble metal ions.

N,N’-bis(salicylidene)ethylenediamine)

[%]
%Epp
%Rs

[%]
%Ep
%Rs

[%]
Y%EMm
%R

OH
\N/\/N\
OH

Pd(I) Ag(D) PH(ID) Au(IID)
92.98-99.35%  99.83-99.95%  94.98-99.15%  94.89-99.56%
69.11% 93.23% 66.12% 74.99%

2,6-bis(4-methoxybenzoyl)-diaminopyridine

) Ry 0
L
j RS U\NH’LN/ NH/” | 5

T
H EC . o = o o _/CH 3

Pd(II) Ag(I) Pt(II) Au(III)

~99% ~99% ~99% ~99%
23.82% 94.89% 38.99% 63.46%

Ethylenodiamino-bis-acetylacetone
HiC ;
34 CH,

/
C=0 0=C

<

=N N=C
e i CH;
Pd(II) Ag(l) PH(II) Au(II)
87-93% - - 56-65%

Calix[4]arene derivatives

CH,
OR

Ref.

[This work]
[This work]

Ref.
[27]
[27]

Ref.
[28]
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Table 6. Cont.

N,N’-bis(salicylidene)ethylenediamine)

[%] Pd(II) Ag(l) Pt(II) Au(III) Ref.
70.9% 13.3% 64.4% - [29]
%Em 99% - - - [30]
95% - - - [31]

%Rs - - - - -

Calix[4]pyrrole derivatives

CHa

R= OO—CHZCOOCH3

Hi3C

R CH,
[%] Pd(II) Ag(D) PH(II) Au(IT) Ref.
. - 92.77% - - [32]
%R ; 80.1%, ; ; [33]
D>,EHAG
N (0]
(0] OH
[%] Pd(II) Ag(D) PH(II) Au(ITl) Ref.
0/ E - - - 690/0 [34]
oM 98% - - - [35]
%Rs - ; - 96% [34]
Aliquat 336
Hw,c "1» V .
1 1 —
s | e
& b
[%] PA(I) Ag(D) PH(IT) Au(IIl) Ref.
99% . - - [36]
%Eyp 99% - - 99% [37]
- - ~100% [38]
%Rs 80% - - - [39]
Cyphos IL 101
((|3H2)50H3
H3C(H2C)5—FT—(CH2)13CH3 cl
(CH2)sCH3
[%] Pd(II) Ag(D) PH(II) Au(IIl) Ref.
- - ~100% - [38]
>90% 93-95% - - [40]
%Ey 99.9% - - 99.9% [41]
- - - 98.4% [42]
84-90% - - - [43]

Y%Rs ~45% - - - -




Membranes 2021, 11, 863

19 of 22

Based on the results reported by various scientists, it can be concluded that newly
synthesized or commercial extractants/ion carriers can be used to recover noble metal ions
(Pd, Ag, Pt, and Au). For example, calix[4]arene derivatives can be effective extractants
in the recovery of palladium, silver, and platinum ions from aqueous solutions whereas
calix[4]pyrrole derivatives can be used as extractants for palladium ions and as carriers
for silver ions. N-[N,N-di(2-ethylhexyl)aminocarbonylmethyl]glycine (D2EHAG) can also
be applied in solvent extraction for the recovery of palladium (98%) and gold (69%) ions,
and in membrane extraction for the removal of gold ions (96%). Aliquat 336 is an effective
extractant for palladium, platinum, and gold ions. Additionally, an amine derivative of
3-diketone can be applied to separate palladium and gold ions by solvent extraction. More-
over, ionic liquids are commonly employed in the separation processes to remove noble
metal ions from aqueous solution (e.g., Cyphos IL 101 is a good extractant of palladium,
silver, platinum, and gold ion solvent extraction). Fajar et al. used a trioctyl(dodecyl) phos-
phonium chloride (Pggg12Cl) ionic liquid as an ion carrier in polymer inclusion membrane
for the removal of Pd(II) ions with an efficiency of 98% [44]. Boudessocque et al. applied
ionic liquids bearing tetrahexylammonium and tetraoctylammonium cations and halide,
dicyanamide, thiocyanato, and bis(trifluoromethysulfonyl)imide in the solvent extraction
process for removal of Au(llI) and Pt(Il) ions (efficiency above 90%) [45].

Moreover, sorption is also a commonly used method for removing noble metal ions
from aqueous solutions. Vojoudi et al. used modified silica-coated magnetic nanoparticles
and silica gel as a sorbent to remove gold, palladium, and silver ions [46]. Tahmasebi
and Yamini employed polythiophene-coated Fe304 nanoparticles as a selective adsorbent
for magnetic solid-phase extraction of silver(l), gold(Ill), and palladium(Il) [47]. Aliquat
336 can be used as an extractant to remove gold, palladium, and platinum ions by the
solvent extraction process and can also be applied as sorbent-impregnated for the selective
recovery of gold ions (e.g., Aliquat-336-impregnated alginate capsule (AIAC)) [48]. Huang
et al. made four adsorption and desorption cycles with a trithiocyanuric-Zr based MOFs
adsorbent (ZT-MOFs) for the removal of gold ions (from 94.5% to 87.5%, depending on
the cycle) [49].

Despite many available extractants/ion carriers, none of the analyzed compounds
were applied to recover all investigated noble metal ions (palladium, silver, platinum, and
gold ions) from an aqueous solution. Moreover, N,N'-bis(salicylidene)ethylenediamine)
can be used as effective active compounds for both processes (solvent and membrane
extraction) for the recovery of palladium, silver, platinum, and gold ions.

5. Conclusions

The results of the application of N,N’-bis(salicylidene)ethylenediamine to recover
noble metal ions (Pd?*, Ag*, Pt?*, and Au’*) from model aqueous solutions containing
single metal ions or their mixture show that this compound is a very efficient extractant in
solvent extraction and a carrier in membrane processes. Based on the absorption spectra
of complexes of salen with silver, palladium, platinum, and gold ions, it was found that
various types of complexes (different L:M ratios) can be formed in the solution. For example,
the values of the stability constants were the highest for complexes of the type M:L of 1:1
in the case of palladium and platinum ions (5.54 and 5.48), whereas in the case of silver
ions for M:L of 1:2 (4.40) and gold ions for M:L of 1:3 (4.00), respectively. The application
of electrospray ionization high-resolution mass spectrometry allowed us to confirm that
salen forms mononuclear complexes with gold and palladium ions in aqueous solutions of
the type [Au®* + L-2H]* and [Pd?* + L-H]*. However, it should be emphasized that the
technique used does not allow for identifying other neutral complexes that certainly form
during extraction and membrane separation. The results of the extraction experiments show
the very high efficiency of salen as an extractant, both in the case of processes conducted in
single-component solutions (extraction percentage reached over 99% for all noble metal
ions) as well as in polymetallic solutions (the lowest extraction percentage was over 94%).
The results of noble metal ion removal obtained with the polymer membranes containing
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N,N’-bis(salicylidene)ethylenediamine as a carrier were slightly worse as the percentage of
sorption (%Rs) of metal ions from single-component solutions was the highest for silver
ions (93.23%) and the lowest for platinum ions (66.13%), whereas, for multi-metal solutions,
these values were slightly lower (the highest for Pd(II) at 92.96%, and the lowest for Pt(II)
at 48.36%). The critical advantage of membrane processes is the possibility of conducting
desorption and, consequently, transferring noble metal ions from the surface of membranes
to another solvent. The obtained percentage of desorption (%Rges) was very high, both
for single-component solutions (the highest, i.e., 99%, for Pd(II) ions and the lowest, i.e.,
88%, for Ag(I) ions) as well as for polymetallic solution (the lowest, i.e., 63.25% for Pt(II)).
Another advantage of the membrane process over classic extraction is the need for much
smaller amounts of chemical reagents (salen, organic solvents), which is important for
economic and environmental reasons.
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Abstract: In this paper, three main methods of metal ion separation, i.e., liquid-liquid extraction,
transport across polymer inclusion membranes (PIMs), and sorption/desorption, are described. In
all of them, N,N’-bis(salicylidene)ethylenediamine (salen) was used as an active compound, i.e., as
an extractant or as a carrier for the recovery of Ni(II), Cu(Il), or Zn(Il) ions from aqueous solutions.
In each case, the recovery was performed on a model solution, which contained only a single metal
ion. The obtained results were compared with the author’s previous results for the separation of
metal ions using p-diketones, since both p-diketones and salen form the so-called Werner-type
complexes. Electrospray ionization high-resolution mass spectrometry (ESI-HRMS) was also
applied to confirm the ability of the carrier to form complexes with metal ions in a solution.
Moreover, spectrophotometry was used to determine the stability constant of the obtained
complexes.

Keywords: N,N’-bis(salicylidene)ethylenediamine; salen; metal ions; nickel(II), copper(Il), zinc(II),
liquid-liquid extraction; polymer inclusion membranes; sorption

1. Introduction

The structure of the compound molecule (ligand) has a huge influence on the process of
forming its complexes as the ligand, being a chemical form directly connected with the central atom
(metal ion), uses a free pair of electrons. Furthermore, this phenomenon is closely related to the
possibility of using ligands as extractants or as carriers in separation processes such as liquid-liquid
extraction or transport across polymer inclusion membranes, respectively. In both these processes,
complex compounds of metal ions and ligands are formed. The stability of these complexes affects
the efficiency of metal ion recovery from the aqueous solution. Ligands, which form very stable
complexes, are successfully used as extractants in solvent extraction or precipitation processes.
However, they cannot be used as carriers in PIMs, because binding between a ligand and a metal ion
is so strong that the metal cannot be released to the receiving phase and, therefore, cannot be
recovered.

Among many types of ligands, the most common are those that form the so-called Werner- type
complexes [1]. This means that a metal ion is bound through one of three possible donor atoms of the
ligand: nitrogen, oxygen, or sulfur. The ligands containing nitrogen and oxygen are imidazole [2]
and trioctyl phosphine oxide (TOPO), respectively [3]. In turn, Cyanex 301 [4] and Cyanex 471X [5]
have a sulfur atom in the structure. All of these are used in metal ion separation processes, e.g., in
liquid-liquid extraction or transport across polymer inclusion membranes (PIMs).

Membranes 2020, 10, 60; doi:10.3390/membranes10040060 www.mdpi.com/journal/membranes
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Complexation reactions occur by binding one or more than one donor atoms. A ligand that has
only one atom that coordinates directly to the central atom in a complex is called a monodentate [6];
in turn, a polydentate ligand (chelate) [7] is a structure that is attached to a central metal ion by
bonds from two or more donor atoms.

The literature identifies many examples of polydentate ligands which form more stable
complex compounds than monodentate ligands. For example, [-diketones are a group of
compounds which bind cations by two oxygen atoms and form very stable chelates. LIX-54 is a
well-known copper(Il) extractant from the group of p-diketones [8].

N,N’-Bis(salicylidene)ethylenediamine (salen) is also a polydentate ligand with oxygen and
nitrogen donor atoms. Its structure is shown in Figure 1.

OH
N
\N/\/ R
OH

Figure 1. Structure of N,N’-bis(salicylidene)ethylenediamine (salen).

The literature states that salen easily forms complexes with various metal ions and that these
complexes can have different applications. Earlier data on the complexes of salen were reported in
1966 by Gerloch et al. [9]. They described complexation reaction of ferric chloride with the Schiff
base, i.e., salen in acetone solution. The obtained complex was monomeric in chloroform solution
and non-conducting in nitromethane. Lewis et al. [10] reported the magnetic properties of some
binuclear complexes of chromium(IIl) and iron(IIl). Furthermore, Chuguryan and Dzyubenko [11]
used a spectrophotometric method for complexing neptunium with
N,N’-bis(salicylidene)ethylenediamine in aqueous ethanol solutions in the range of pH = 6-10 and
temperature of 25 + 1 °C. They proved that, in the given conditions, only one mononuclear NpO:
(salen)- complex could be prepared. The determined concentration stability constant was equal to 7.5
+0.035. They suggested using the studied compound for spectrophotometric analysis of neptunium
in aqueous alcohol solutions. Vol’pin et al. [12] in turn considered the use of chelate cobalt(Il)
complex [Co(N,N’-bis(salicylidene)ethylenediamine)] as an effective catalyst for NADH
(nicotinamide adenine dinucleotide) oxidation in methanol at room temperature. Nielson et al. [13]
described the preparation of polymeric {TiO(N,N’-bis(salicylidene)ethylenediamine)}» from
[Ti(OCHMez)2(acac)2] and salen-H> in methanol solution. Yang et al. [14] synthesized and
characterized N,N-bis(salicylidene)ethylenediamine zinc(Il) iodide (ZnLl2), and applied it as the
electrolyte of a dye-sensitized solar cell. Huerta-Jose et al. [15] prepared and employed indium(III)
complex of salen as a chemo-sensor for the recognition of HSOx4.

Finally, we found three papers in which salen was used for the removal of metal ions from
solutions. Tadjorodi et al. [16] prepared BSEA-SBA-15 by covalently anchoring N,N’-
bis(salicylidene)ethylenediamine (BSEA) on mesoporous silica (SBA-15) using a hydrothermal
method. The authors suggested that BSEA-SBA-15 can be used in the future as an effective
adsorbent for the removal of metal ions due to it having a porous structure and active functional
groups. Dadfarnia et al. [17] synthesized silver ion-imprinted polymer, in the presence of an
Ag(l)-salen complex, using 4-vinylpyridine as the functional monomer, ethylene glycol
dimethacrylate as the crosslinker, and 2,2-azobis(isobutyronitrile) as the initiator. Then, the
imprinted Ag(I) ions were completely removed by leaching. The polymer was employed as a
selective sorbent for extraction and separation of the trace amounts of Ag(I) ions. Three years ago,
Reffas et al. [18] studied the cloud point extraction for the purpose of separation of copper(Il) from
aqueous saline sulfate medium with salen as the chelating extractant and the polyethoxylated
alcohol Tergitol 15-5-7 as the biodegradable non-ionic surfactant.

Based on the found data, due to its structure and insolubility in water,
N,N’-bis(salicylidene)ethylenediamine can be used as an extractant or a carrier in both liquid-liquid
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extraction and transport across PIMs. That is why, in this paper, we considered the possibility of
using salen in the above-mentioned processes. We also describe its use in sorption processes. The
obtained complexes of salen and Ni(Il), Cu(ll), and Zn(I) were characterized using
spectrophotometric and mass spectrometry methods.

2. Materials and Methods

2.1. Reagents

N,N’-Bis(salicylidene)ethylenediamine was purchased from Merck (Kenilworth, NJ, USA). Its
selected properties are presented in Table 1.

Table 1. Selected properties of N,N’-bis(salicylidene)ethylenediamine (salen) [19].

Form Crystal
Color Yellow
Assay 98%
Melting point 127-128 °C
Boiling point 41148 °C
Solubility in water Insoluble

Solubility in chloroform 0.1 g/mL

The standard solutions of metal ions (Ni(Il), Cu(Il), and Zn(II)) were purchased from Sigma
Aldrich (Poznan, Poland), while the aqueous solutions of metal ions (Ni(NOs)2, Cu(NOs)2, and
Zn(NOs)2) were made from their analytical reagent grade salts (Avantor, Gliwice, Poland) in
double-distilled water. The concentration of these solutions was standardized using the atomic
absorption spectrometry method. The solution of analytical reagent grade nitric acid (Avantor,
Gliwice, Poland) was standardized against anhydrous sodium carbonate. Ammonia was obtained
from Avantor (Gliwice, Poland). Methanol, chloroform, and tetrahydrofuran (analytical reagent
grade, Avantor, Gliwice, Poland) were used without further purification. Polyvinyl chloride (PVC)
with an average molecular weight of 72,000 was obtained from ANWIL (Wloclawek, Poland).
Bis(2-ethylhexyl)adipate (DAO) was purchased from Sigma-Aldrich (Poznan, Poland).

2.2. Stability Constants of Complexes of N,N’-Bis(salicylidene)ethylenediamine with Various Metal Ions

For calculation of stability constants of the complexes of salen with nickel(II), copper(Il), and
zinc(Il) ions, a known spectrophotometric method was used [20]. The stock metal ions solutions
were made from the appropriate standard solutions, and their concentration was equal to 0.1 g/L.
The salen was dissolved in methanol, and the concentration of this stock solution was about 0.001
mol/L. Then, the spectrophotometric titration was carried out, and the absorption spectra of each
prepared sample were recorded on a Cary 50 spectrophotometer (Varian, Melbourne, Victoria,
Australia). The molar ratios of the components (salen with respect to Ni(Il), Cu(Il), or Zn(Il)) were
different in each sample. The spectra were recorded in the range of 200 to 500 nm.

2.3. Liquid—Liquid Extraction of Metal Ions from Model Solution Using
N,N’-Bis(salicylidene)ethylenediamine

N,N’-Bis(salicylidene)ethylenediamine was used as an extractant during the performed
liquid-liquid extraction of metal ions (Ni(Il), Cu(ll), or Zn(Il)) from a model solution. The
liquid-liquid extraction process was carried out in three variants with different salen-metal ion
molar ratios (the concentration of metal ions in each case was constant):

1. 0.5:1 (3.6 x 10~ mol of salen in organic phase with 7.2 x 105 mol of Ni(II), Cu(II), or Zn(II) ions in
the aqueous phase);

II. 1:1 (7.2 x 10-° mol of salen in organic phase with 7.2 x 10> mol of Ni(Il), Cu(Il), or Zn(Il) ions in
the aqueous phase);
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III. 1.5:1 (10.8 x 10 mol of salen in organic phase with 7.2 x 10-°> mol of Ni(Il), Cu(Il), or Zn(II) ions
in the aqueous phase).

All measurements were run at 25 °C, and a fixed ionic strength was maintained in the aqueous
phase with 0.5 mol/L solution of potassium nitrate. The aqueous phase contained, except for various
metal ions (Ni(Il), Cu(Il), or Zn(Il)), ammonia to keep a suitable pH (12.5) during the extraction
process. Chloroform was used as a solvent in the organic phase. The volume of the organic phase
was always equal to the volume of the aqueous phase, which was 3.6 mL. The prepared samples
were then shaken for one hour. The equilibrium was established after approximately 15 min. After
checking if any changes in the phase volumes occurred, the phases were separated. The
concentration of metal ions in the aqueous phase after liquid-liquid extraction was determined by
atomic absorption spectrophotometry (AAS 240FS Spectrometer, Agilent, Santa Clara, CA, USA).

2.4. Polymer Inclusion Membranes with N,N’-Bis(salicylidene)ethylenediamine

2.4.1. Preparation of Polymer Inclusion Membranes (PIMs)

The membranes were obtained by the casting method as described in our earlier paper [21]. All
membranes were made of three components: polyvinyl chloride (PVC; as a polymer support), DAO
(as a plasticizer), and N,N’-bis(salicylidene)ethylenediamine (as a metal ion carrier). Two types of
compositions of the membranes were created: the first type with 20 wt.% salen and the second type
with 40 wt.% salen. Smaller samples of the PIMs were cut out from the same membrane film to allow
repeating the experiments. Obtained membranes were homogeneous and flexible.

2.4.2. Sorption of the Metal Ions onto Polymer Inclusion Membranes

The sorption of the metal ions onto obtained polymer inclusion membranes was conducted
according to the method described by Best et al. [22]. Membranes were immersed in a beaker
containing 50 mL of solution, which was made in the same way as the feed phase described in
Section 2.4.4. The solution was shaken using a magnetic stirrer at a speed of 50 rpm. Samples of the
solution were taken at regular time intervals and diluted using nitric acid; then, the concentration of
metal ion was determined using the AAS method.

2.4.3. Desorption of the Metal Ions from Polymer Inclusion Membranes

The desorption of the metal ions from the surface of PIMs was performed by rinsing the
membrane after the sorption process (Section 2.4.2) with distilled water; after drying, it was
immersed in 30 mL of 0.05 mol/L aqueous nitric acid. Reduced volumes of solutions were used to
concentrate the initial solutions from Section 2.4.2. Further operations were the same as in Section
242

2.4.4. Transport Studies across Polymer Inclusion Membranes

The transport experiments were carried out in a permeation module cell, which was also
presented in the authors’ earlier paper [21]. As a feed phase, an aqueous solution containing 0.02
mol/L of metal ions (Ni(II), Cu(Il), or Zn(II)) and ammonia was used. Ammonia was added to keep a
suitable pH (12.5) during the process. As a receiving phase, the 0.05 mol/L aqueous solution of nitric
acid was used.

2.5. Analysis of Complexes of N,N'-Bis(salicylidene)ethylenediamine with Various Metal Ions by Mass
Spectrometry

The high-resolution mass spectrometry (HRMS) experiments were performed using a
Q-Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) equipped with
a TriVersa NanoMate robotic nanoflow ESI ion source (Advion BioSciences Itd., Ithaca, NY, USA).
Samples of the separated organic phases after liquid-liquid extraction described in detail in Section
2.3, in variant III, were diluted (1:1) in methanol (Avator, Gliwice, Poland). MS data were acquired in
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a positive ion mode within the m/z range of 50-750 at the resolution of 140,000 (m/z 200). Obtained
mass spectra were processed in Thermo Xcalibur software (ver. 4.1.31.9).

3. Results and Discussion

3.1. Complexation Properties of N,N’-Bis(salicylidene)ethylenediamine

The dissociation constant of salen was found in the ChemicalBook database. Its value is equal to
pKa=12.59 + 0.50. According to the Brensted—-Lowry theory, the value of dissociation constant Ka of
the ligand determines its basicity and tendency to dissociate a proton. At this pH, the proton can be
easily replaced with other cations in a complexation reaction. This means that salen can be used as
an extractant or as a carrier for the removal of metal ions from strong alkalic solutions, e.g., from
wastewater from concrete companies [23], electroplating companies [24], or breweries [25].

The increase in value of Ka of the ligand causes an increase in the stability constant of its
complexes [26].

The stability constants of the complexes of salen with Ni(Il), Cu(Il), and Zn(II) ions consisted of
one mole of ligand and one mole of metal ion (type 1:1). A summary is presented in Table 2.

Table 2. Values of stability constants (logBi1) of Ni(I), Cu(ll), and Zn(II) complexes with
N,N’-bis(salicylidene)ethylenediamine in an aqueous methanol solution at 25 °C.

log p1
Ni(Il) Cu(Il) Zn(ID)
N,N’-bis(salicylidene)ethylenediamine 5.438 5.452 5.426
The given values carry +0.001 tolerance.

Ligand

The obtained log (31 showed similar values. Small variations can be seen. The close proximity of
the studied metals in the periodic table may explain this fact. The stability of a complex correlates
with the size of ionic radius of the involved metal ion [27,28]. The obtained values of stability
constants were inversely proportional to the values of ionic radii of their metal ions: Ni?* (r Ni?* = 72
pm) < Cu? (r Cu? =69 pm) > Zn* (r Zn? =74 pm). The highest stability constant was obtained for the
complex of salen with copper(Il) ions. The values of stability constants of salen complexes with
nickel(II) and zinc(Il) ions were lower than those for copper(Il) complexes.

A similar situation occurred in the case of 3-diketone. For example, the dissociation constant of
acetylacetone in a water-methanol solution is equal to 9.65 [29], and the stability constants of its
complexes with nickel(Il), copper(Il), and zinc(II) are 4.96, 8.24, and 5.76 [29], respectively. The
dissociation constant of acetylacetone is lower than the pKa of salen, but the changes in stability
constants for both compounds with particular metal ions are similar, except for the zinc(I) complex.

3.2. Separation Processes

In this paper, we describe the following separation processes: liquid-liquid extraction,
transport across polymer inclusion membranes, and sorption/desorption. In all of them,
N,N’-bis(salicylidene)ethylenediamine was used as an active compound (extractant or carrier) for
the recovery of the investigated metal ions from solution. In each process, the recovery was
performed on a model solution which contained only a single metal ion (e.g., Ni(II)).

In the sections below, the parameters of all mentioned processes are quantified and discussed.

3.2.1. Liquid-Liquid Extraction

The spectra and photographs below (Figure 2) clearly show that, during the extraction, the
complexes of the investigated metal ions with salen used as an extractant were formed. The
complexes of nickel(II), copper(Il), and zinc(Il) ions with salen in chloroform solutions had specific
colors of red, purple, and yellow, respectively.
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Figure 2. Absorption spectra and photography of organic phases after extraction using salen (variant
II).

In order to analyze the process of extraction of metal ions from the simple model solution,
further calculations were made. At the beginning, the distribution ratios (Dm) of metal ions for each
investigated system were calculated using Equation (1).

_ CM(org) _ CIEI - CM
CM(agq) Cu @
where C’v and Cu denote the analytical metal ion concentrations in the aqueous phase before and
after attaining a partition equilibrium (mol/L), respectively.
Then, the percentage of metal ion extraction (%E) was calculated using Equation (2) for each of
the investigated systems.

Dy

Dy - 100%
%E=M—0

V
D M + Vaq (2)
or,

where Vi and Vrg are the volumes of aqueous and organic phases, respectively (Vig/Vorg = 3.6 mL/3.6
mL =1).

Table 3 shows the values of Dm and %E, which were calculated for each of the three experiment
variants with different salen-metal ion molar ratios.

Table 3. The distribution ratios (Dm) and the percentages of metal ion extraction (%E) of the
investigated systems in ammonia solutions.

Variant of Experiment / salen:M Du. %E Ck)
Ni(I) Cu(l) Zn(I) Ni(ID) Cu() Zn(D
1/05:1 040  2.04 072 2854 67.14 41.89
II/1:1 0.89 7279 441 4702 9864 8152
1I/1.5:1 1.56 486,00 712 6098 99.79  87.68

The given values carry +0.01 tolerance.

The received results show that the values of Dm and %E increased along with the increasing
concentration of salen in the samples. The highest percentage of extraction (99.79%) was obtained for
copper ions, whereas %E for zinc and nickel ions extracted in the same conditions was 87.68% and
60.98%, respectively. The obtained results proved that N,N’-bis(salicylidene)ethylenediamine can be
successfully used as an extractant for metal ion recovery, especially for the recovery of copper(II)
ions. For comparison, the values of %E obtained in our previous experiment [30], regarding the
extraction of copper ions from ammonia solution using 3-allyl-acetylacetone, 3-butyl-acetylacetone,
and unsubstituted acetylacetone as extractants, were lower and equal to 85%, 80%, and 72%,
respectively.
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3.2.2. Sorption

The analysis of the metal ion sorption process onto the membranes with 20 wt.% and 40 wt.% of
salen was carried out using Equation (3).
¢t -ct
=" .y
q: m (3)

where q: denotes the sorption capacity (mg/g), V is the volume of the solution (L), m is the mass of
the sorbent (g), and Ci and C! are analytical metal ion concentrations in the solution at the beginning
and after an appropriate time of sorption process (mol/L), respectively.

Here, g: describes the amount of metal ions adsorbed on the surface of the membrane over a
specific period of time. Figure 3 presents plots of g: vs. time for sorption processes of the investigated
Ni(II), Cu(II), or Zn(II) ions onto the membranes containing 20 wt.% or 40 wt.% salen.

membranes with 20 wt.% of salen membranes with 40 wt.% of salen
o0 30 o0 30
® &
g - g °® °
& 20 (] & 20 oo
Ni(IT) ol o
i
. 10 | =™ 10
sorption u ‘0
0 0
0 1 2 3 4 0 1 2 3 4
time, h time, h
oo 30 a0 30
Y
& ] n Eb
& 20 & 20
. . ¢
Cu(II) [ ] °
. 10 [ 10 (]
sorption )
o9
0 0
0 1 2 3 4 0 1 2 3 4
time, h time, h
&0 30 s0 30
o o
g g
& 20 & 20
Zn(1I)
. 10 10
sorption
0 0
0 1 2 3 4 0 1 2 3 4
time, h time, h

Figure 3. The changes in sorption capacity of the membranes with 20 wt.% or 40 wt.% salen during
the sorption processes.

In all of investigated sorption processes, during the first hour, a rapid increase in sorption
capacity was observed (g¢). This fact can be related to the large number of available active places in
relation to the amount of sorbed metal ions. After that time, the adsorption of metal ions onto the
surface of membranes slowed down, eventually reaching equilibrium.

After 24 h of sorption, the percentage of metal ion removal from the solutions (%Rs) was also
determined (Equation 4).

i t

c" —
~————-100%

%R = C

)
where C and C! denote analytical metal ion concentrations in the solution at the beginning and after
an appropriate time of sorption process (mol/L), respectively.

The %Rs reached the values presented in Figure 4.
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Figure 4. The percentage of metal ion removal from the solutions after 24 h of sorption processes
onto membranes with 20 wt.% or 40 wt.% salen.

Figure 4 shows that the effectiveness of sorption correlated with the increasing amount of
ligand in the membrane. A 20% increase in the amount of salen in the membrane increased metal ion
sorption on its surface by about 10-fold. The sorption effectiveness of copper or nickel ions was
almost the same on the membrane with 20 wt.% and 40 wt.% salen.

Figure 5 shows the visible result of sorption on membranes. The colors of deposits on the
membranes were the same as those obtained in organic phases of the liquid-liquid extraction. This
confirms the formation of complexes of the investigated metal ions with salen present in the
structure of the membrane.

(A) B)

Figure 5. Photography of polymer inclusion membranes (PIMs) with 40 wt.% salen: (A) before
sorption; (B) after sorption from solution with Cu(II) ions; (C) after sorption from solution with Ni(II)
ions; (D) after sorption from solution with Zn(II) ions.

In our previous paper [31], we considered the possibility of removing Cu(Il), Zn(Il), and Pb(II)
ions via sorption on PVC-based composite materials with various contents of acetylacetone. The
reduction in ion concentration ranged from 8% to 91%, from 10% to 85%, and from 6% to 50% for
Cu(Il), Zn(I), and Pb(Il) ions, respectively, depending on the composite composition. The best
results were obtained for the material containing 30 wt.% acetylacetone, as well as porophor, which
increased the active surface of the material.

3.2.3. Desorption

The desorption of Ni(Il), Cu(Il), and Zn(Il) ions from the surface of membranes with salen, used
during the sorption processes, to the solution of nitric acid at a concentration of 0.05 mol/L was also
performed. The results presented in Table 4 were calculated as a percentage of the sum of desorbed
metal ions from the sum of previously adsorbed metal ions.
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Table 4. The percentage of the sum of desorbed metal ions after 24-h desorption of Ni(II), Cu(Il), and
Zn(Il) ions from the surface of membranes with salen in a 0.05 mol/L solution of nitric acid.

Membranes with 20 wt.% Salen Membranes with 40 wt.% Salen

Ni(II) 36.59 20.69
Cu(Il) 39.67 74.19
Zn(IT) 94.51 39.22

The given values carry +0.01 tolerance.

Almost full desorption in nitric acid was achieved only for zinc(Il) ions in the case of the
membrane with 20 wt.% salen, probably because that membrane bound the smallest amount of ions
during sorption. It is observed that, in the case of membranes where large amounts of metal cations
were absorbed, the desorption process was complicated (the average percentage of desorption was
equal to approximately 30%).

3.2.4. Transport across Polymer Inclusion Membrane

In order to describe the efficiency of metal removal from the feed phase, the recovery factor

(%RF) was calculated (Equation 5).
0

c'-¢

where C? is the initial concentration of metal ions in the feed phase (mol/L), and C: is the
concentration of metal ions in the receiving phase after time (mol/L).

The results obtained after 24 h of metal ion transport across PIMs doped with salen in relation
to various amounts of the carrier are shown in Table 5.

Table 5. Recovery factors (%RF) for the transport of investigated metal ions across polymer inclusion
membranes (PIMs) with salen as a carrier.

%RF (%)
Membranes with 20 wt.% Salen Membranes with 40 wt.% Salen
Ni(II) 5.87 10.63
Cu(II) 3.26 9.35
Zn(10) 3.69 9.09

The given values carry +0.01 tolerance.

The results presented in Table 5 show that the recovery of the investigated metal ions using
PIMs with salen is minimal in the applied conditions.

The process of metal ion transport across a membrane is described by a linear kinetic equation
(Equation (6)).

Cc
in((ga) = —H ©)
where (' is the initial concentration of metal ions in the donor phase (mol/L), C: is the concentration
of metal ions in the donor phase after time t (mol/L), k is the rate constant (h™), and t is the time of
transport process (h).
The following values also describe metal ion transport across PIMs:
e Initial flux (Jo):

— VkCO
Jo= n 7)

7

where Jo (umol/m?s) denotes the initial flux at ¢ =0, V is the volume of the receiving phase (m?®), and A
is the interface of membrane (m?);
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e Permeability coefficient (P) [m/s]:

P=-gk ®)

The results of the calculation of the above parameters are shown in Table 6.

Table 6. Permeability coefficients and initial fluxes for competitive transport of Ni(Il), Cu(Il), and
Zn(II) ions across PIMs doped with salen.

P 106 (m/s)  Jo 105 (umol/m?2s)

Ni(II) 6.43 12.86
Membranes with 20 wt.% salen Zn(II) 4.00 7.99
Cu(II) 3.52 7.05
Ni(II) 19.17 38.33
Membranes with 40 wt.% salen Zn(II) 14.53 29.07
Cu(Il) 14.33 28.65

The given values carry +0.01 tolerance.

The obtained results show that permeability coefficients and initial fluxes for metal ion
transport across the studied membranes were low (slightly higher in the case of the membrane with
40 wt.% salen). This fact explains the low values of recovery factors (%RF), which were described
above. The highest recovery factors were obtained for nickel(Il) ions (5.87% and 10.63% during the
transport across PIMs with 20 and 40 wt.% salen, respectively), and nickel(II) ions were also
transported with the highest initial fluxes by both membranes. This shows that the compositions of
the received membranes were not suitable for the transport of the investigated metal ions and must
be changed.

3.3. Mass Spectrometry

Electrospray ionization high-resolution mass spectrometry experiments (ESI-HRMS) were
performed for the separated organic phases obtained after liquid-liquid extraction of metal ions
(Cu*, Zn*, and Ni*) from model solutions, using N,N’-bis(salicylidene)ethylenediamine (this
procedure was described in detail in Section 2.3, in variant III). ESI-HRMS spectra of the analyzed
samples are shown in Figure 6a—c, while the ESI-HRMS data of the main compounds found are
presented in Table 7.
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Figure 6. ESI-HRMS spectra recorded for the samples of the separated organic phases after

liquid-liquid extraction, containing

N,N’-bis(salicylidene)ethylenediamine (L) and metal ions (a)

Cu?¥, (b) Zn*, and (c) Ni**. Unassigned minor signals correspond to ions not relevant in this study

(e.g., formed by solvent molecules).

The results of ESI-HRMS experiments show that, for all of the analyzed samples in the solutions
after extraction, similar complexes containing metal ions and N,N’-bis(salicylidene)ethylenediamine
(L) molecule(s), were formed (i.e., [Cu?* + L - H]*, [Zn* + L - H]*, [Ni* + L - H]*, [Cu?* + 2L - H]*, [Zn?*
+ 2L - HJ%, [Niz* + 2L - HJ*, [2Cu?* + 2L - 3HJ*, [2Zn?* + 2L - 3H]*, [2Ni?* + 2L - 3H]*). However, the
intensity of signals corresponding to complexes of the same type formed by different metal ions was
not the same. For example, signals which can be assigned to [2Cu?" + 2L - 3H]* ions were dominant
to the [2Zn?* + 2L - 3H]* were much less intense (Figure 6b),
whereas the signals corresponding to [2Ni** + 2L — 3H]* (Figure 6¢) ions were minor. The same
reduction in intensity was observed for all signals corresponding to similar complexes differing only
by metal ions. This allows for the conclusion that, although the properties of metal ions do not affect
the types of complexes formed, they have a large impact on the quantity of generated complex ions.

(Figure 6a), and those corresponding
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These findings are consistent with the liquid-liquid extraction results, where the highest percentage
of extraction was obtained for copper and the lowest was obtained for nickel ions.

Table 7. ESI-HRMS data of the main compounds found in the samples of the separated organic

phases after liquid-liquid extraction (variant IIT described in Section 3.2) diluted (1:1) in methanol. L
stands for N,N’-bis(salicylidene)ethylenediamine (CisHisN202).

Cu? and L
1M/ Zmeas M/ Zcale Assignment
122.0599 122.0606 [C7HsN1O1]*
165.1019 165.1028 [CoH12N201 + H]*
269.1279  269.1290 [L + HJ*, (C16H17N202)*
330.0414 330.0429 [Cu? + L - H]Y, (CuCisH1sN202)*
433.2224 433.2239 [L + (CoH12N201) + HJ, (C2sH20N4O3)*
4941361 494.1379 [Cu? +L - H + (CoH12N201)[*, (CuC2sH27NsOs)*
537.2487 537.2501 [2L + H]*, (C32H33N4O4)*
598.1622 598.1641 [Cu? + 2L - HJ* (CuCs2Hs1N4O4)*
659.0757  659.0780 [2Cu? + 2L - 3H]* (Cu2Cs2H29N4Ou4)*
Zn* and L
1M/ Zmeas M/ Zcale Assignment
122.0600 122.0606 [C7HsN1On]*
165.1019 165.1028 [CoH12N201 + H]*
269.1278  269.1290 [L + HJ*, (C16H17N202)*
331.0408 331.0424 [Zn? + L - HY*, (ZnC16H1sN202)*
433.2226  433.2239 [L + (CoH12N201)+H]*, (C2sH20N4Os)*
495.1361 495.1374 [Zn?* + L - H + (CoH12N201)[*, (ZnC2sH27N4Os)*
537.2487 537.2501 [2L + H]*, (C32H33N4O4)*
599.1620 599.1636 [Zn2 + 2L — H]* (ZnCs2H31N4O4)*
661.0720 661.0771 [2Zn2* + 2L - 3H]* (Zn2Cs2H20N4O4)*
Ni>*and L
M/Zmeas M/ Zaale Assignment
122.0599 122.0606 [C7HsN1O1]*
165.1019 165.1028 [CoH12N201 + H]*
269.1276  269.1290 [L + HJ*, (C16H17N202)*
325.0472 325.0486 [Niz + L — H]*, (NiC16H15sN202)*
433.2228 433.2239 [L + (CoH12N201) + HJ*, (C2sH20N4Os)*
489.1452 489.1436 [Ni* + L — H + (CoH12N201)[*, (NiC2sH27N4Os)*
537.2483 537.2501 [2L + H]*, (C32H33N4O4)*
593.1677 593.1699 [Niz- + 2L — H]* (NiCs2H31N4Oa4)*
649.0877 649.0895 [2Ni2* + 2L — 3H]* (Ni2Ca2H20N4O4)*

Electrospray ionization of all of the examined solutions also led to the formation of singly
charged ions related to N,N’-bis(salicylidene)ethylenediamine, such as [L + HJ*, [2L + HJ,
[C7HsN101]*, and [CoH12N201 + HJ*. Ions [C7HsN1O1]* and [CoH12N201 + HJ* were probably formed as
a result of partial L molecule decomposition in the solution, during electrospray ionization process
or during compound storage. The ESI-HRMS spectra show that fragments of L could also form
complexes with both metal ions (e.g., [Cu? + (L — H) + (CoH2N201)[*, [Zn?* + (L - H) + (CoH12N201)[*,
[Ni?* + (L - H) + (CoH12N201)]*) and whole L molecules (e.g., [L + (CoH12N201) + HJ*).

Based on the results of the performed ESI-HRMS experiments, it is possible to conclude that, in

the analyzed solutions, various types of complexes of copper(ll), zinc(Il), and nickel(II) ions with
N,N’-bis(salicylidene)ethylenediamine molecule(s) were formed. Given the high mass accuracy of
the HRMS mass spectrometry, there can be no question as to the elemental composition or charge of
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the ions generated. However, it should be emphasized that the ESI-HRMS method does not allow
the detection of neutral complexes that can also be formed in the examined solutions.

4. Conclusions

The value of the dissociation constant of N,N’-bis(salicylidene)ethylenediamine (salen) is equal
to pKa = 12.59 + 0.50, which determines the basicity of the compound and tendency to dissociate a
proton. That proton can be easily replaced with other cations in a complexation reaction. The
obtained stability constants of complexes of salen with Ni(II), Cu(Il), and Zn(Il) ions were similar
since the stability correlates with the size of the ionic radius of the involved metal ion.

The results obtained in liquid-liquid extraction show that salen is a very effective extractant,
especially for removing copper(Il) ions from aqueous solutions, but its efficiency depends on its
concentration in the system. The obtained polymer inclusion membranes with salen can be used as
sorbents for the recovery of metal ions from solutions, but they cannot be successfully used as metal
ion carriers in transport across those membranes. Electrospray ionization high-resolution mass
spectrometry  (ESI-HRMS) was  successfully wused to confirm the ability of
N,N’-bis(salicylidene)ethylenediamine to form complexes with Cu?, Zn?, and Ni? ions in solution.
The results of the performed ESI HRMS experiments provide information about the elemental
composition of formed complexes.

Author Contributions: K.W. determined the stability constants of complexes of salen with various metal ions;
liquid-liquid extraction, sorption/desorption, and transport across polymer inclusion membrane were
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have read and agreed to the published version of the manuscript.
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Abstract: The transport of Cu(ll) ions from an equimolar mixture of Co(II), Ni(Il), and Cu(ll) ions as
well as from solutions containing only Cu(ll) ions in the feed phase through polymer inclusion
membranes (PIMs) with aromatic pP-diketones as carriers has been investigated. The polymer
membranes consisted of polyvinylchloride (PVC) as the support, bis(2-ethylhexyl)adipate (ADO) as
plasticizer, and aromatic p-diketones (benzoylacetone (1) and dibenzoylmethane (2)) as ion carriers.
The transport selectivity of PIMs with 1 and 2 was: Cu(ll) > Co(Il) > Ni(Il). The highest recovery
factors of Cu(Il) ions were observed for 1 (94.0%), whereas for Co(ll) and Ni(Il) the factors were 21.4
and 7.3%, respectively. The Cu(ll)/Co(II) and Cu(Il)/Ni(Il) selectivity coefficients were equal to 8.9
and 33.7 (for 1), 6.4 and 28.3 (for 2), respectively.

Keywords: p-diketones, polymer inclusion membrane, metal ion separation, copper(Il), cobalt(Il), nickel(II)

1. Introduction

For many years, there has been an increase in the use of non-ferrous metals such as Cu, Cr, Zn, Nj, etc.
(Cote, 2000), which resulted in the increase of prices of these metals. As a result, the metallurgical
industry needs new sources of these metals. Such additional sources may be poor off-balance sheet
ores and solid, semi-solid and liquid industrial waste (ashes, slags, dusts, sludge and sewage)
(Szyczewski et al., 2009; Radzyminska-Lenarcik et al., 2015a). These metallic raw materials are usually
mixtures of many metals and because of their low content, they can only be recycled using
hydrometallurgical processes, e.g. extraction, ion exchange or membrane techniques. These techniques
utilize differences in the formation and structure of metal complexes with appropriately selected
reagents (extractants/carriers).

The polymer-based membrane concept, which has been known for over 40 years, was proposed as
an alternative to conventional solvent extraction (Almeida et al., 2012). Such membranes have been
termed polymer inclusion membranes (PIMs) and have shown excellent stability and versatility, in
particular when compared to other liquid membrane types, e.g. supported liquid membranes (SLMs)
(Bartsch and Way, 1996). The membrane processes are also characterized by a better use of the ion
carrier in the organic phase (membrane) in comparison with conventional extraction systems
(Wieczorek, 2007; Baczynska et al., 2013).

The PIMs are usually composed of an extractant (carrier), a base polymer (cellulose triacetate
(CTA) or polyvinyl chloride (PVC)) and a plasticizer or modifier. Such membranes are highly stable
during the transport of metal ions (Walkowiak et al., 2000; Nghiem et al., 2006; Sgarlata et al., 2008;
Almeida et al., 2012). The carrier is essentially a complexing agent or an ion-exchanger, responsible for
binding with the species of interest and transporting it across the PIM.

Actually, the application of PIMs is focused mainly on the transport of metal cations. It has been
shown in many papers that this type of membranes is able to transport different metal cations with
high selectivity and good efficiency. De Gyves et al. (2006) described the removal of Cu(Il) ions from a

http:/ /dx.doi.org/10.5277 / ppmp1868
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Cu(II)-Zn(II)-Fe(IIl) mixture in chloride and sulfate medium across PIMs containing LIX® 84-I as the
metal ion carrier.

The permeation of copper ions through PIMs containing di-(2-ethylhexyl)phosphoric acid
(D2EHPA) was investigated by Kavitha and Palanivelu (2012). High Cu(Il) ion concentration in the
feed phase leads to an increase in the flux values from 0.53x10-¢ to 4.48x10-¢ mol/m? s at pH 4.5. Also
alkyl derivatives of imidazole: 1-heptyl-2- or 4-methylimidazole (Radzyminska-Lenarcik and Ulewicz,
2015b), 1-hexyl-2-methylimidazole (Ulewicz and Radzyminska-Lenarcik, 2012a); 1-decyl-2-
methylimidazole (Ulewicz and Radzyminska-Lenarcik, 2012b), and 1-alkyl-2-methylimidazole
(Radzyminska-Lenarcik and Ulewicz, 2017) were used as selective carriers for the recovery of Cu(ll)
ions from quaternary mixtures (Cu(ll)-Zn(II)-Co(II)-Ni(Il) or Cu(Il)-Zn(II)-Cd(I)-Ni(I)). The best
result for Cu(Il) removal was obtained for the most hydrophobic alkylimidazoles (94.5%), while the
selectivity ratios Cu(II)/M(II) decreased.

The hydrophobic p-cyclodextrin polymers have been used as macrocyclic ion carriers for the
separation of metal ions from dilute aqueous solutions by transport across PIMs. In the case of
competitive transport of Cu(ll), Co(Il), Ni(Il) and Zn(Il) ions through such PIMs, the selectivity order
was: Cu(II) > Co(II) > Ni(Il) > Zn(II) (Kozlowski et al., 2005).

The transport of Zn(Il), Fe(Il) and Fe(Ill) ions from chloride aqueous solutions across PIMs and
supported liquid membranes (SLMs) containing one of three phosphonium ionic liquids: Cyphos IL
101, Cyphos IL 104 and Cyphos IL 167 as an ion carrier was reported (Baczynska et al., 2016a, 2016b).
The results showed that Zn(Il) and Fe(Ill) are effectively transported through all of the investigated
PIMs and SLMs, while the transport of Fe(ll) is not effective. The highest values of initial flux and
permeability coefficient of Zn(Il) were reported for SLM containing Cyphos IL 167.

The use of 1-hexyl-4-methylimidazole as the carrier in PIMs enables the separation of 98.5% Zn(II)
from a single component solution and 96.9% from a four-component solution of Zn(II)-Cd(II)-Co(I)-
Ni(Il) after running the process for 24 hours (Ulewicz and Radzyminska-Lenarcik, 2015).

Ulewicz et al. (2007) investigated the transport selectivity of the PIMs with five derivatives of
imidazole azocrown ethers for a Pb(I)-Zn(II)-Cd(II) mixture. The transport selectivity coefficients
varied in the following order: Pb(Il) > Zn(II) > Cd(Il). The best selectivity coefficient for Pb(II)/Cd(II)
amounted to 46. Pb(Il) ions present in the diluted feed solutions pH 3.0 were quantitatively removed
(about 99%) in about 180-200 min. during the transport across membranes consisting of 50%
D,EHPA/50% PVC (w/w) (Gherisim et al., 2011). Aliquat 336/PVC-based PIMs enable the selective
extraction of Cd(II) from chloride solutions (Xu et al., 2004; Annane et al., 2015) and can be also used
to separate the Cd(I)-Cu(Il) aqueous mixture (Wang and Shen, 2005; Upitis et al., 2009; Peterson and
Nghiem, 2010). PIMs are also suitable for the preferential extraction of Co(Il) ions from their acid
solution containing Co(II)-Ni(ll) because extraction of Ni(Il) in the experimental conditions was not
observed (Blitz-Raith et al., 2007). Moreover, there is a potential for the application of the PIMs with
Cyanex 301 for Co(Il) recovery from acidic leach liquor solutions from spent lithium ion batteries
(Pospiech, 2013).

In most cases, the typical organic donors which form stable complexes with transition metal ions -
commonly used in the extraction processes as extractants - are used as metal carriers, e.g.: crown
ethers, quaternary ammonium salts, tertiary amines, pyridine derivatives, phosphoric acid
derivatives, hydroxyoximes, and B-diketones (Almeida et al., 2012; Regel-Rosocka and Alguacil, 2013).

The complex-forming properties of -diketones are used for the separation of metal ions from
solutions by means of solvent extraction as well as PIMs (Miyake et al., 1990; Regel-Rosocka and
Alguacil, 2013; Witt et al., 2016). LIX type extractants commercially used for the recovery of copper
include 1-phenyl-3-isoheptyl-1,3-propanedione (LIX-54) (Kyuchoukov et al., 1998) or a mixture of a
number of components, for instance, six isomeric 1-phenyldecane-1,3-diones (LIX 54-100) (Bermejo et
al., 2000; Regel-Rosocka and Alguacil, 2013; Gotfryd and Pietek, 2013; Wejman-Gibas et al., 2017).
Moreover, LIX 54 enables the separation of zinc (Alguacil and Cobo, 1998a) and nickel ions (Alguacil
and Cobo, 1998b) from weakly basic media. Both, the LIX 54 and LIX 54-100 are also used as metal
carriers in liquid membranes (Kyuchoukov et al., 1998).

However, a majority of commercial extractants, which were previously used as non-ferrous metal
ion carriers during the transport through liquid membranes, do not have sufficient selectivity towards
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a number of metals. Therefore, it is necessary to find new, selective carriers, which enable the
separation of metal ions from aqueous solutions.

The aim of this study was to investigate the suitability of aromatic B-diketones to the selective
transport of Cu(ll), Co(ll), and Ni(II) from model aqueous solutions using PIMs that consisted of
polyvinyl chloride PVC (matrix) and bis(2-ethylhexyl)adipate ADO (plasticizer). The benzoylacetone
(1) and dibenzoylmethane (2) were used as carriers. The values of three parameters: initial flux (Jo),
selectivity coefficient (Sm)/m(), and recovery factor of a given metal after 60 hours (RF) were selected
for the comparative analysis of the transport process.

2. Material and methods
2.1 Reagents

The inorganic chemicals, ie. copper(ll), cobalt(Il) and nickel(ll) nitrates, as well as
tetramethylammonium hydroxide and hydrochloric acid were of analytical grade and were purchased
from POCh (Gliwice, Poland). The aqueous solutions were prepared with double distilled water, the
conductivity of which was 0.1 pS/m. The pH-meter was calibrated using the commercial buffer
solutions (Radiometer) having a pH of 7.00£0.01 and 9.21+0.01, respectively.

The organic reagent, i.e. polyvinyl chloride (PVC) in suspension with an average molecular
weight of 72000 was obtained from the Anwil company, Poland. The bis(2-ethylhexyl)adipate (ADO)
and tetrahydrofuran (both of analytical grade) were purchased from POCh (Gliwice, Poland) and
were used without further purification. The p-diketones (Fig. 1) were synthesized as described by
Staniszewski and Urbaniak (Staniszewski and Urbaniak, 2009). Their characteristics is shown in Table
1.

1 2

Fig. 1. Structures of benzoylacetone (1) and dibenzoylmethane (2)

Table 1. Physicochemical parameters of carriers

Molecular  Molecular mass,  Melting point  Boiling point

Carrier formula [&/mol] °C] °C] Physical state
benzoylacetone white to off-
1 C10H1002 162.18 54-56 260-261 white crystalline
powder
dibenzoylmethane white to y.ellow
5 C15H120; 224.25 77-79 219-221 crystalline

powder

2.2 Polymer inclusion membrane preparation

A solution of polyvinylchloride (PVC) as a support, ADO as aplasticizer and p-diketone (1, 2) as an
ion carrier in tetrahydrofuran was prepared. A specified portion of the solution was poured into a
membrane mould which was composed of a 9.0 cm diameter glass ring fixed on a glass plate with a
PVC-tetrahydrofuran glue. After a slow evaporation of the solvent overnight, the resulting polymer
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inclusion membrane was peeled off from the glass plate. Then the PIM was immersed for 12 hours in
distilled water to make it homogeneous. In order to repeat the process in the same conditions two
samples of the PIMs were cut out from the same membrane film for duplicate transport experiments.
The average PIM thickness was 30-35 pm.

2.3 Transport studies

The transport experiments were carried out in a permeation module cell. The membrane film (having
the surface area of 4.4 cm?) was tightly clamped between two cell compartments. Both phases: the feed
and receiving aqueous phases (45 cm?® each) were mechanically stirred at 600 rpm. The 0.5 M HCI was
used as a receiving phase. The PIMs transport experiments were carried out at 20+0.2 °C. Small
samples of the aqueous receiving phase were taken periodically via a sampling port equipped with a
syringe and analyzed by atomic absorption spectroscopy (AAS Spectrometer, Solaar 939, Unicam) to
determine the copper(ll), cobalt(Il) and nickel(Il) concentration. The feed phase pH (7.8) was kept
constant using tetramethylammonium hydroxide and controlled by pH-meter (pH meter, CX-731
Elmetron, Poland), with a combination pH electrode (ERH-126, Hydromet, Poland).

The transport across PIMs fits the first-order kinetics in relation to the metal-ion concentration
(Danesi, 1984-85), which can be described by equation 1:

C
In o =—kt 1)
where ¢ - initial concentration of metal ions in the feed phase [M], ¢ - concentration of metal ions in
the feed phase after time f [M], k - rate constant, [h-1], ¢ - time of transport [h].

To calculate the value of k, the graph of In(c/co) versus time was plotted. The rate constant values
for two independent transport experiments were averaged and a standard deviation was calculated.
The permeability coefficient (P, [m/s]) was calculated as follows:
a

Y

where V - volume of the aqueous phase, and A - an effective area of membrane.
The initial flux (Jo, [mol/m? s]) was determined as equal to:

J,=P-c 3)

The selectivity coefficient (S) was defined as the ratio of initial fluxes for M; and M; metal ions,
respectively:

P= )

S=Joan!Jou (4)

To describe the efficiency of metal ions transport from the feed phase, the recovery factor (RF) was
calculated:

cy—C

RF = -100% 5)

Co

3. Results and discussion

In the first series of the experiments, the authors investigated the transport of Cu(ll) from nitrate
aqueous solutions containing metal ions at a 0.001 M concentration through PIMs with aromatic p-
diketone and ADO into 0.5 M hydrochloric acid aqueous solutions. No transport was detected after
running the blank experiment for more than 60 hrs. The relationship between In(c¢/co) and the time of
Cu(Il) transport across PIMs containing 1 or 2 p-diketone is shown in Fig. 2. The correlation between
In(¢/co) and time was linear, as confirmed by the high correlation coefficient (R?) ranging from 0.915 to
0.986.
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Fig. 2. Kinetics of Cu(II) ions transport across PIMs containing 0.05 M benzoylacetone (1) and dibenzoylmethane
(2) from aqueous solutions. Feed phase: cpyy =1 mM, pH = 7.8, receiving phase: 0.5 M HCl, Membrane: 0.5 g PVC,
0.2 g ADO, and 60% carrier calculated on PVC

As shown in Fig. 2, the transport of Cu(ll) across PIMs with 3-diketone can be described by first
order kinetics in relation to the metal ion concentration changes. It is in accordance with the
mathematical model proposed by Danesi (Danesi, 1984-85). The kinetic parameters and recovery
factor of Cu(ll) are summarized in Table 2 for both carriers 1 and 2.

Table 2. Kinetic parameters and recovery factors for competitive transport
of Cu(II) across PIM with carriers 1 and 2. Conditions as in Fig. 2

Carrier P Jo RF
[am/s] [pmol/m2s]  [%]

1 630.0 1.998 94

2 389.6 1.239 38

Both the permeability coefficient and the initial flux are higher for carrier 1 in comparison with 2
(Table 2). Also, the recovery factor of Cu(Il) is higher (more than twice as high). Such significant
differences are a result of differences in the formation and stability of the Cu(Il) complexes with both
of the investigated carriers.

The {-diketones exist in the enol form (Eq. 6), making them Broensted acids. Owing to their
specific structure, diketones combine with cations of block d and f metals, forming highly stable 6-
member chelate complexes (Eq. 7) (Lis et al., 2011). The mechanism of metal ion complexation is very
complicated because according to Miyake et al. (1990) both tautomeric forms of P-diketone are
reactive towards metal ions. In the case of Cu(ll), the reaction mechanism was described by equation
7.

R, R, R,
—0 —O0 / O\
\ /H /H
o} —0 —0 (6)
R, R R,

enol form keto form enol form
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It has been noted that keto form hydrates are easily formed and are more stable in comparison
with the hydrates of the corresponding enol forms (Prochaska et al., 1995). The stability constants of
complexes of the studied carriers with Cu(lI), Co(II) and Ni(Il) ions are summarized in Table 3.

R, R, _H* R R +H" R R
o] H/o o] o o] o)

2+ 2+
+Cu 2 + Cu + Cu

\ u %)
R N R,
T
N

Table 3. Stability constants of complexes of benzoylacetone (1) and dibenzoylmethane (2) with selected metal ions

at 30 oC
Ligand Cu(Il) Co(I) Ni(II) Reference
dibenzoyzlmefha“e 1298 997 1046 (van Uitert et al.,, 1953a)
benzoyllacetone 12.05 942 958 (van Uitert et al., 1953b)

The stability constants (Table 3) of the complexes with 2 are higher than those of the same metals
with 1. For both carriers, the stability constants of their metal complexes with the metal ions decrease
in the following order: Cu(Il) > Ni(Il) > Co(II).

The increased stabilities of metal ion complexes with 2 impede the process of dissociation of the
complex from PIM to the receiving phase. As a result, lower values of the kinetic parameters for
carrier 2 were observed - compiled in Table 1. It seems that too high stabilities of the complexes being
formed in the membrane reduce transport efficiency. Fig. 3 presents the proposed mechanism of the
transport of Cu(II) across PIMs.

FEED PHASE RECEIVING PHASE

=00 0=
CU2+ \ e Cu2+
2H* 2H

Fig. 3. Schematic transport of Cu(II) ions through the PIM doped with p-diketones



Physicochem. Probl. Miner. Process., 54(3), 2018, 741-750 747

The transport of Cu(ll) from an equimolar nitrate mixture of three metal ions (Cu(Il)-Co(II)-Ni(Il)),
each at a 0.001 M concentration, across PIMs with aromatic B-diketone 1 was also investigated. The

kinetic parameters and the selectivity order are summarized in Table 4.

The transport rate of Cu(ll), Co(Il) and Ni(Il) across the studied membrane increased in the
following order: Ni(Il) < Co(Il) < Cu(ll). The stability constants of the complexes of these ions with 1
are increasing in the same order. Recovery factors for all of the investigated ions are shown in Fig. 4.
The recovery factors (Fig. 4) of all ions investigated for PIMs with 1 increased with time. The highest
recovery factors 94.0% (after 60 h) were obtained for Cu(Il), whereas for Co(II) and Ni(lI), the factors
were 21.4 and 7.3%, respectively. The transport selectivity (Table 4) of the PIMs with 1 increased in the

series: Cu(Il) > Co(II) > Ni(II).

Table 4. Kinetic parameters, selectivity order, and selectivity coefficients for competitive transport
of Cu(II), Co(Il) and Ni(II) ions across PIM with carrier 1. Conditions as in Fig. 2

Metal ions P Jo Selectivity order,
[pm/s] [pmol/m2 s] and selectivity coefficients
Cu(II) 106 0.337
Cu(Il) > Co(II) > Ni(II)

0.038 Scuqy/con = 8.9

Co(I) 3.8
Scuq/Niqny = 33.7
Ni(II) 1.1 0.010
100
80 -
oCu(ll)
= %07 aco(ll
9 o(ll)
= ANi(ll)
w ]
& 40
20
0 +EEE . ’ ’ ’ ’
0 10 20 30 40 50 60 70
Time [h]

Fig. 4. Recovery of Co(II), Ni(II), and Cu(ll) from feed phase from aqueous solutions in transport across PIMs
with B-diketone 1. Feed phase: cyy =1 mM, pH = 7.8; receiving phase: 0.5 M HCl; membrane: 0.5 g PVC, 0.2 g
ADQO, and 60% carrier calculated on PVC
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Fig. 5. Relationship of In(¢/co) vs. time for Cu(Il), Co(II) and Ni(II) transport across PIMs with 2 from the feed
phase of different metal ions concentrations; receiving phase: 0.5 M HCl, membrane: 0.5 g PVC, 0.2 g ADO, and
60% carrier 2 calculated on PVC
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In order to examine the influence of the metal ions concentration in the feed phase, the transport of
the metal ions from two equimolar mixtures of three ions (0.001 and 0.01 M) was performed. The
relationship between In(c/co) and time for Cu(Il), Co(Il) and Ni(Il) transport across PIMs doped with
carrier 2 is shown in Fig. 5, whereas the kinetic parameters (calculated for the experimental data) are
summarized in Table 5.

Table 5. Kinetic parameters for competitive transport of metal ions across PIM with carrier 2. Conditions - Fig. 5

Concentration of metal ions . k Jo
Type of metal ions
(M] [h1]  [pmol/m? s]
0.001 Cu(II) 0.0496 14.2
Co(II) 0.0053 2.20
Ni(IT) 0.0015 0.50
0.01 Cu(I) 0.0216 0.62
Co(II) 0.0022 0.089
Ni(I) 0.0008 0.026

It is evident that metal ions are transported across PIMs at a higher rate from solutions of lower
concentration. Also, the initial fluxes are higher for thess concentrations (Table 5). For the 0.01 M
concentration, the selectivity coefficients Cu(Il)/Co(ll) and Cu(Il)/Ni(Il) are equal to 6.95 and 23.5,
respectively. For the 0.001 M solutions, the same parameters are 6.43 and 28.3, respectively. For both
concentrations, the transport selectivity across the PIM with 2 is ordered as: Cu(Il) > Co(II) > Ni(Il)
(Fig. 5).

The new compounds investigated, i.e. aromatic {-diketones (benzoylacetone (1) and
dibenzoylmethane (2)), can be used for recovering Cu(ll) from nearly neutral solutions using PIMs.
The commercial extractant LIX 54-100 containing six isomeric 1-phenyldecane-1,3-diones (Dziwinski
and Szymanowski, 1996) was used for the extraction of Cu(ll) from acidic waste solutions (Gotfryd
and Pietek, 2013). According to these authors, the pHi,» corresponding to 50% of copper extraction
was 2.2. Bermejo et al. (2000) investigated the membrane extraction (SLMs) of copper from
ammoniacal/ammonium sulfate medium by LIX 54-100 dissolved in Iberfluid (kerosene type diluent).
According to these authors, the permeability coefficients depend on pH, and at pH 8.8, 9.5, and 10.5
they were 565, 416 and 210 pm/s, respectively. The PIMs with benzoylacetone (1) and
dibenzoylmethane (2) can be used for copper recovery from ammoniacal solutions obtained after
leaching waste containing a small amount of copper ions.

4. Conclusions

The new PVC-based polymer inclusion membranes, with aromatic p-diketones (benzoylacetone (1)
and dibenzoylmethane (2)) were prepared. Copper(ll) can be effectively separated from equimolar
aqueous solutions of copper, cobalt, and nickel nitrates with these PIMs.

The separation of metal ions using PIMs with benzoylacetone (1) was more effective than those
with dibenzoylmethane (2). The transport selectivity of the PIMs was ordered as follows: Cu(Il) >
Co(II) > Ni(Il). The highest recovery factors for Cu(ll) were observed for benzoylacetone (94.0%),
whereas for Co(ll) and Ni(Il), the factors were 21.4 and 7.3%, respectively. The Cu(ll)/Co(ll) and
Cu(Il)/Ni(II) selectivity coefficients of the PIMs were equal to 8.9 and 33.7 (for 1), 6.4 and 28.3 (for 2),
respectively. The metal ions were transported across the PIMs at higher rates from solutions of lower
concentrations.
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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.



Polymers 2021, 13, 1454

30f18

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.

Physical Non-ferrous Separation Metal ions ~ Recovered

et G e B, |
|| | b
_4 A vV N v . J\ v N

4

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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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 Cl° + 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(11) Ag(D) Sn(I) Pb(II) Au(dIl) 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 22.1 - - - 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(III) > 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].



Polymers 2021, 13, 1454

10 of 18

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(I) 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(I) 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, @®)
€o
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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

" JJJL”I{L'

Co(@ Ni(I) Cu() Zn(I) Agd) Sn(l) Pb(I)

A1l 05hmA2.3h A3 6h A4 12h A5 18h mA6.24h
100
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M”%]'4|4'JIII

Co(II) Sn(II) Pb(II) Au(IIT) Pd(I)

B.1.0.5h ®mB2.3h ®B3.6h B4.12h ®B5.18h ®WB6.24h

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—¢
=) v ©)

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 10> 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(IT) 5.72 x 102 2.76 x 1074 3.65 x 1072 1.76 x 1074
Au(III) - - 2.05 x 1073 1.04 x 1075
Pd(IT) - - 3.05 x 10~° 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() 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(ID) Ni(I) 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% PA(I)).
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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.



Polymers 2021, 13, 1454

15 of 18

Co(II) Sn(II)

0 ,
1 2 cycle of process 3

cycle of process

=& Sorption ~a—desorption ~—8— sorption ~a— desorption

Pb(II) Au(III)
100

[%]

- 3 N
cycle of process I = cycle of process

~——8— sorption ~—a— desorption & sorption ~a— desorption

Pd(II)

0e @ @

! - cycle of process 3

—&—somption  —#— desorption

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



Polymers 2021, 13, 1454

16 of 18

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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REVIEW OF RECOVERY METHODS
OF WASTE FROM INDUSTRY AND POWER PLANT SERVICE

Aleksandra Czajkowska, Daria Bozejewicz
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Summary. This review about recovery methods of waste from industry and power plant services. The following the extraction
process have been described in the article, just like leaching, solvent extraction and polymer inclusion membrane. These
methods can be used to recover metal transition from industry wastewater or metals contained in ores, sludges, concentrates
or scrap, e.g. electronic. The Polish energy sector is still based on the combustion of conventional fuels. It is estimated that in
Poland about 15 million tons of by-products are produced every year from coal combustion and about 2.5 million tons of
gypsum from flue gas desulphurization. New solutions should be sought for the use of combustion by-products to minimize

the wastes from the energy sector.

1. INTRODUCTION

The significant development of industry observed in
recent years with one of the parties based on the
development of our everyday life, and the other on the
degradation of the natural environment generated by
the generation of large amounts of materials by
industrial plants. According Central Statistical Office
in Poland was created 7 243.1 hm’ industry waste in
2017 (Table 1).

The most wastewater re-quiring treatment discharged

directly into the ground created was technology

electricity, gas, steam and air conditioning supply and

just ~ 0.1% was untreated. Whereas, the most untreated

wastes was mining and quarrying (105.6 hm®) and

manufacturing (26.9 hm?) [1].

Table 1

Selected information about treated and untreated industrial

wastewater [source: own elaboration based ordinance

of Environment 2018 1. [1]
Wastewater

requiring treatment

. . Discharged discharged directly
Specification = wastewater, .
hm? into the ground
Treated, Untreated,
hm® hm®
Total 7243.1 775.5 105.6
Mining and 310.5 2473 60.5
Quarrying
Manufacturing 736.9 393.2 26.9
Electricity,
gas, steam and
air 6096.9 66.9 6.9
conditioning
supply

2. ENERGY PLANTS

The electricity supplied to the Power System in Poland
comes from various types of power plants. Power

plants are called plants where primary energy is
converted into electricity.

Polish energy industry is mainly and primarily based
on the functioning of the so-called conventional
thermal power plants, in which non-renewable energy
sources (hard coal, lignite, natural gas, etc.) are used
for energy combustion. The electricity production
process in a thermal power plant takes place in three
stages:

— The first step: fuel is fed to the (steam) boiler and
burned. This creates heat energy that changes the
water into steam, which flowing in the tubes
installed inside the boiler;

— The second step: in the next move, the expanding
steam hits the turbine blades, thus sets in the
rotating motion the device;

- The third step: then the rotating turbine shafts
drives the generator (generator), finally producing
electricity.

Primary
energy Potential energy

Kinetic energy Nuclear energy Chemical energy

Thermal
energy

Mechanical
anergy

Electricity

Fig. 1. Transfer of energy in selected types
of power plants [2]

In a nuclear power plant it comes from the process
of nuclear fission of radioactive elements, while in a
thermal power plant it comes from the process of fuel
combustion (Figure 1).
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The alternative way to generate electricity for thermal
energy based on burning coal or lignite is the
production of electricity as a result of natural and
repetitive processes in the environment (renewable
energy). One of the main methods used in Poland to
produce electricity by renewable energy sources
is water. The operation of a hydroelectric power plant
is relatively simple- falling water hits the turbine
blades. Only in this way can the turbine be set in
motion, which then drives the generator (generators)
producing electricity.

The use of wind is another way to produce electricity
using renewable energy sources. The operation of
a wind power plant is also simple, mainly based on the
operation of a generator. When the wind hits the
resistance of the rotor blades, it changes the kinetic
energy into mechanical work performed by the
rotational movement of the rotor. Mechanical energy is
transferred via a shaft and gear to the generator, finally
converted to electricity.

The common element in all types of power plants
discussed is the transformation of mechanical energy
into electricity in generators (Figure 1).

The idea of generating electricity in conventional
thermal power plants is dependence, that during the
combustion of the substance a very large amount
of heat is released. The heat energy conversion in
a nuclear power plant is another possible way
of generating electricity as a result of nuclear fission
of uranium, plutonium or thorium atoms. Taking into
account the production process, the stages of electricity
production are analogous to those at a thermal power
plant, except for the method of obtaining heat energy
needed to make a steam.

The low level of implementation of renewable energy
sources (RES) results from too high construction costs
this type of installation and depending on the amount
of electricity finally received from the prevailing
weather conditions and season (constant fluctuations in
energy production, except for the use of geothermal
energy). At the same time, taking into account the
standards imposed by the European Union, in Poland
has been observed increase in the implementation of
renewable energy sources in final energy pro-duction
(Table 2).

Table 2

Electricity production in Poland - renewable energy is marked in blue, while thermal energy is marked in red [3]

Electrical power

The production The production Changes in .
Specification in 2016 in 2017 production 1nstalled2-051t;1 tus as at
GWh % MW
Total 166 597 170 335 102,2 43 612,0
Thermal power plants 140 378 140 259 99,9 32 233,0
- by brown coal 51082 52 281 102,3 9286,9
- by hard coal 80 173 79 265 98,9 20 989,5
- by gas 5604 6161 109,9 12364
- biomass / biogas 3519 2 552 72,5 720,2
Renewable Energy Sources 26 701 30 594 560,3 12 791,9
power plants
Water power plants 2335 2719 116,4 2 306,0
- including  pumped 482 474 98,4 1413,0
storage power plants
Wind farms 2 981 3485 116,9 1374,7
Industrial power plants 9 897 11417 115,4 2751,0
Independent power plants -
renewable energy 11 006 12 454 113,2 49472
installations

3. ENERGY PLANTS

In order to analyze the content of chemical compounds
and substances whose excessive emission to the
environment could have a negative impact on society
and the natural environment, this article has described
the components contained in the by-products of coal
combustion. Stationary sources are the main cause of
air pollution emissions arising from human activities.

The latest data shows that in 2017 emissions of
stationary sources fluctuated within (Figure 2):

A coal is the medium used mainly as fuel to burn steam

73% of dust emissions;

50% of carbon monoxide emissions;

45% sulfur dioxide emissions;
23% nitrogen oxide emissions.

boilers in Poland, contain three components:
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- organic;
- inorganic (mineral);

- water.

209,1

Fig. 2. Balance of main air pollutants emission in 2017
a) Expressed in NO,, b) Local boiler plants, trade
workshops agriculture and others [4]

Analyzing the carbon components reaction during the
combustion process and taking apportionment by
combustible substance and ballast. The ballast and the
components include moisture and mineral parts from
which ash is finally formed. The combustible carbon
substance includes hydrocarbons, organic compounds
and elements such as sulfur (S), oxygen (O) and
nitrogen (N). The combustible substance also has
a negligible content of some inorganic sulfides [5].

In terms of environmental protection, the processes of
burning fossil fuels and coal, are the main possible
sources of air and ambient contamination with solid
and gaseous compounds, toxic and non-toxic
combustion products. One of the side effects of coal
combustion is the production of solid combustion
products i.e. ash and slag, which are called combustion
waste. The analyzes show that almost all exhaust
components can be considered as polluting the natural
environment.

The differences in the chemical composition of ashes
from one power plant are small, assuming that the
facility is supplied by one coal supplier, which
provides a product with unchanging properties. The
chemical composition of ashes in the other power
plants may be different which results in burning
variable fuel [6]. The physicochemical properties of
ash depends on the following factors [7]:

- the type of fuel used for the combustion process;

— ash characteristics and final sulfur content in the
fuel used;

- the type of sorbent used, its properties in the flue
gas desulphurisation process;

- the method of combustion in the boiler and its
construction;

- the oxidation state of gas desulphurization products.

Laboratories dealing with the measurement of dust-gas
particles and the content of impurities in exhaust gases,
distinguishes testing for the content of the following
substances in fly ash and exhaust gases:

- arsenic and its compounds in fly ash;
- chlorine and its inorganic compounds in gas;
- chromium and its compounds in fly ash;
- zinc and its compounds in fly ash;
- fluorine and its inorganic compounds in gas;
- cadmium and its compounds in fly ash;
- copper and its compounds in fly ash;
- nickel and its compounds in fly ash;
lead and its compounds in fly ash;
- total dust;
- mercury and its compounds in exhaust gases;
- mercury and its compounds in fly ash.

In addition, measurements are made for the content
following compounds in the fly ash and exhaust gas:
benzene, benzo (a) pyrene, benzo (b) fluoranthene,
benzo (k) fluoranthene, indeno (1, 2, 3-cd) pyrene.

3.1. Types of combustion
by products in Poland

The total amount of combustion by-products produced
annually is estimated at around 23 million tonnes. Hard
coal and lignite are the main raw materials in the
energy sector. It is estimated that around 96% of the
electricity production comes from its conversion [8].
With the development of the economy a cyclical
increase in energy demand is observed. The one in
mind coal is a strategic resource because of'its very rich
natural resources in Poland, technology availability,
economy and process knowledge. With the increase in
electricity demand, the amount and types of
combustion by-products will increase analogously.
The following by-products of energy combustion and
flue gas cleaning installations such as [9]:

- fly ash;

- slag;

- ash-slag mixtures;

- microspheres;

- ashes from fluidized bed boilers;

- waste from flue gas desulphurisation by wet, semi-
dry and dry methods have been distinguished so
far.

Polish energy sector is mainly based on hard coal,
which is why energy waste is one of the largest waste
groups. The increasing amount of by-products
of combustion is a huge problem and a challenge in
environmental protection, therefore methods are
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sought to enable their further use. In the composition
of waste resulting from the combustion of coal such as:

- non-flammable minerals remaining after burning;
- flue gas desulphurisation products;
- free calcium oxide;

- excess sorbent (limestone) and the product
of secondary carbonization of calcium oxide (CaQ)
in the form of calcite;

- unburned coal in the form of coke breeze;

- a mineral substance that is an admixture

of sorbent are distinguished.

To sum up, in connection with the operation of a coal-

fired power unit, are created the following waste

groups:

- wastes from energetic coal combustion (according
to waste classification: non-hazardous waste);

- waste from the flue gas desulphurisation process
(according to waste classification: non-hazardous
waste).

3.2. Legislation relating to energy waste

Legal regulations and industry standards have a great
impact on the energy waste market. These legal acts
regulate the possibility of using combustion by-
products (energy waste) in a specific amount and
properties in a given product or product group. The
following regulations refer to the flow of energy waste
in Poland [10]:

- Waste Act of 14 December 2012;

- Regulation of the Minister of Environment on the
waste catalogue of December 9, 2014 (RME, 2014);

- Regulation of the Minister of Environment
of 10 November 2015 on the list of types of waste
that natural persons or non-business entities may
recover for their own needs and acceptable recovery
methods;

- Regulation of the Minister of Environment
of 11 May 2015 on waste recovery outside
of installations and devices;

- Regulation of the Minister of the Environment of
January 20, 2015 on the recovery process;

- Regulation (EC) No 1907/2006 of the European
Parliament and of the Council of 18 December 2006
concerning  the  Registration, Evaluation,
Authorisation and Restriction of Chemicals
(REACH), establishing a European Chemicals
Agency, amending Directive 1999/45/EC and
repealing Council Regulation (EEC) No 793/93 and
Commission Regulation (EC) No 1488/94 as well
as Council Directive 76/769/EEC and Commission

Directives 91/155/EEC, 93/67/EEC, 93/105/EC
and 2000/21/EC.

Other factors have conditioned the application, but also
have limited the free flow of energy waste on the
market with the following indicators [11]:

- the quantity and quality of production combustion
by-products, which should be understood as the
degree of fulfillment of the conditions contained in
the standards of a given product or group of
products produced based on energy waste;

- physicochemical properties of energy waste, in
addition, also the level of toxicity and radioactivity
of combustion by-products (e.g. granulometric
composition, content of sulfur compounds,
concentration of naturally radioactive elements,
etc.);

- location of waste recipients relative to their
producers;

- opportunities and costs of:

— the storage of waste;

— transport of waste to storage and recovery
places;

— transport of waste to final recipients (places of
their use);

— subjecting the waste generated to recycling;

- conditions and costs of producing the final product
or group of products based on waste;

- the volume of demand for a given product
or groups of products based on waste.

In addition, the properties and possibilities of using
energy waste directly affect and regulate the increase
in public, business and social awareness as well as the
development of technology [12].

4. THE USE OF COMBUSTION
BY PRODUCTS IN INDUSTRY

Because of their binding properties, fly ash is most
often used in road engineering for soil stabilization,
production of building materials or construction
of tailing ponds. Additionally, fly ash is used in
agriculture for deacidification of soils or in the
municipal economy for the reaction of neutralization
of acid industrial wastewater and chemical
or biological neutralization of municipal wastewater.
There is also the use of waste in the combustion
process as a sorbent in dry flue gas desulphurisation.

Fly ash obtained in the energy sector is used for the
production of lightweight ceramic aggregate, or as an
admixture of cement and concrete [13]. Ceramic
aggregates are used in agriculture for the production
of floor panels in barns and piggeries. They are used
as drainage layers and garden ballasts in gardening.
Ceramic aggregates are introduced in many areas due
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to their vapor permeability and resistance to insects and
rodents.

Waste from coal combustion can also be used as a raw
material for carbon dioxide (CO;) capture, when they
have the right properties. They should have a high
calcium oxide content (CaO) and free calcium oxide
(Ca0), because they react directly with water. The
group of wastes from energy combustion that can be
used to bind carbon dioxide (CO;) includes [14]:

— fly ash from hard coal and lignite combustion in
fluidized bed boilers;

— fly ash from hard coal and lignite combustion in
conventional boilers;

— fly ash and solid waste mixtures from calcium flue
gas desulphurisation methods;

— wastes from semi-dry flue gas desulphurisation
methods.

According to the research results presented in Poland
by AGH University of Science and Technology, it is
possible to reduce carbon dioxide emissions (CO,) in
commercial power generation up to 117.25 Gg/year,
using mineral sequestration, which allows this method
to compete with others, e.g. with geological storage
of carbon dioxide [14].

A slag is another by-product of combustion, that can
be used in another area, which is produced around
300,000 tonnes a year in Poland [15]. Slags are used
as an additive to concrete mixtures in construction, or
as a component of the substrate for railway
embankments. In Poland, research is ongoing on the
use of ashes from biomass burning in fertilizers [16].
Combustion  by-products resulting from the
combustion of biomass, which is produced in
uncontaminated components, usually do not contain
amounts of heavy metals and other harmful substances
that would exceed acceptable Polish standards,
therefore they do not pose a potential threat to
environmental contamination [17].

One of the most important legal documents is the
REACH Regulation, which regulates the possibility of
placing combustion by-products on the market [18].
This Regulation sets out capabilities related to the use
of chemicals and the issuing of permits and marketing
restrictions also for combustion by-products. Accurate
waste management in energy combustion can become
an important part of circular economy. Combustion by-
products, as already mentioned, can be successfully
used for cement production, soil stabilization, road
foundation or the restoration of land from excavation
[19-21]. Natural aggregates are under protection in
Poland, but also they can be replaced by combustion
by-products in Europe because of wide use of this
waste in various economy sectors.

5. METAL IN INDUSTRAIL WASTES

The waste created mining and quarrying requiring
treatment pose over 19% discharged directly into the
ground, while the least untreated wastes discharged
directly into the ground was from electricity, gas,
steam and air conditioning supply (0.11%) (Table 1)
[1]. In order to protect and improve the state
of European inland waters and the ecosystems
dependent on these waters, the European Union
adopted a Water Framework Directive in 2000. The
document imposes a number of guidelines that are to
affect the achievement of good ecological status of
waters. In addition, applicable national law and EU
regulations specify the permissible levels of individual
metals in industrial waste water. The average daily
highest allowed value selected metals in wastewater
was from 0.5 for chromium, nickel, copper and cobalt
and to 2 mg/l for zinc (Table 3).

Table 3
The daily limits values selected metals in wastewater [22]
Metal The highest allowed value
Zinc 2 mg Zn/l
Chromium 0.5 mg Cr/l
Cobalt 1 mg Co/l
Copper 0.5 mg Cwl
Nickel 0.5 mg N/l

A significant amount of metals was in industrial
wastewater, but you cannot forget about metals present
in ores, sludges, concentrates or scrap, e.g. electronic.
The main difference between them and wastewater is
their physical state, and therefore the recovery method
should be adapted to the material properties. In this
review described commonly used the chemical
methods for recovery of metals.

6. RECOVERY OF TRANSITIONS METAL
FROM INDUSTRIAL WASTES

The metals present in industrial waste are most often
recovered using extraction techniques. In the case
of metal recovery from aqueous solutions, the
traditional solvent extraction process or its alternative
is used - polymer inclusion membranes. However, in
the case of metal recovery from solids, e.g. sludges or
post-metallurgical slag, the leaching process is used.

6.1. Recovery of metals from solid phases -
leaching

Leaching is a Dbasic wunit operation during
hydrometallurgical processes and it involves chemical
transfer of solid-state metals into solution. Is the most
difficult hydrometallurgical process, which is preceded
by a series of preliminary operations. Leaching
methods include percolation methods (leaching in the
"In situ" deposit, leaching on an order and leaching in



Str. 72

Rynek Energii

Nr 6(145) - 2019

vats) as well as mixed leaching (suspension leaching,
pressure leaching and leaching sintering). The
substances used during leaching of ores, concentrates
or scrap are most often inorganic acids, acidic salt
solutions, alkaline hydrolyzing salts, alkalis and
solutions of complexing compounds in acidic and
alkaline environments. The selection of the appropriate
leaching agent as well as the method and process
parameters depends primarily on the chemical and
mineralogical composition of the leached material.

However, a good leaching agent should be selective for
the separated metal, easily accessible, well soluble in
water, create stable solutions and ensure obtaining the
highest possible concentration. In addition, the solvent
should be easy to regenerate, durable non-toxic and
cheap [23-24]. Thus, the success of the process
depends on the choice of the right leaching agent. In
the table 4 data on the recovery of selected metal ions
using various leaching agents were collated.

Table 4
Recovery of ions metal and with using leaching agent [sources: own elaboration]
Leaching agent Parameters Application Percent of References
recovery
.. HNO}INH}
Ammonia .m.the presence of 1:12 Copper(Il) 3539 25
nitric acid
pH~ 11
Atmospheric leaching,
Oxygenated sulphuric acid ~ Fe(II) concentration 20-30 Copper(Il) and 95% Cu 2%
acidic solution g/dm?®and s/l from 1:6 to zinc(II) 90% Zn
1:10
. L I 81.2% Li
Ammonia solutions in the NH; - H,O - NH,HCOs . Lithium(I), 96.4% Ni 27
presence of H,O; nickel(II), cobalt(II) 96.3% Co
. 0

Experimental studies of scientist prove that leaching is
an effective method of recovering metal ions from the
steel and mining industries. Depending on the medium
used and the material composition, metals such
as copper, zinc, cobalt and nickel can be separated. The
separation capabilities of ammonia solutions enable
recovery more 90% copper, nickel and cobalt.

The effectiveness of this solvent is due to the fact that
ammonia leaching of copper, nickel, zinc and cobalt
sulfides with ammonia solutions and ammonium salts
is based on the stability of the amminocomplexes
Me(NH3),™", that are formed during the dissolution
of sulfides (n most often takes the maximum value
for a given central ion) [23].

6.2. Recovery of metals from liquid phases —
solvent extraction and polymer inclusion
membrane

Extraction is a separation method that involves the
separation of desired components of substances
or chemical compounds by dissolving them
in a solvent and separating them into a solution. Many
extraction methods are known. One of the criteria for
the division of these methods is taking into account the
physical state of the tested samples, so the extraction
of liquid samples and the extraction of solid samples

are distinguished [28]. Solvent extraction is often the
recovery technique used for the extraction of liquid
samples. Solvent extraction is used to separate analytes
from matrix components during pre-treatment or
purification of the sample, or to concentrate analytes at
very low concentrations, making them impossible to
determine [29].

Solvent extraction allows the transition of the desired
component from the primary to the secondary matrix.
These phases must differ in polarity. In order for this
process to occur, two solutions differing in polarity
should be used.

To transfer metal ions in solution that are hydrophilic
to the secondary (organic) phase, the hydrophobic
properties need to be increased. A reaction at the
interface (water phase / organic phase) then takes place
and the resulting hydrophobic complex compound
(ligand-metal) is transferred to the organic phase [30].

This means that in order for the metal ion recovery
process to take place, an organic compound with
complex-forming properties should be introduced into
the system. This knowledge allows the selection of the
right extractant for the separation of any metal. An
example of the use of extractants is presented in the
table below (Table 5).
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Table 5

The parameters for recovery of metals by solvent extraction and polymer inclusion membrane [sources: own elaboration]

Solvent extraction

Percent of

Extractant Parameters Application References
recovery
Solution of up 63 g/1 Cd
. or 81 g/l Zn were Ammonia stripping of
Aliquat 336 obtained with 97 g/l zinc and cadmium. ~99% 31
NH;3
= 0
D,EHPA pgz‘E%{'gfg Vf;:;‘;d Zine(IT) 98% 32
Sulphate solutions
containing 0.01 M metal Cobalt(IT) and 13'E-80'7% Co
Cyanex 272 ions each and 0.1 M Nickel(II) (pH=5.55-6.75) 33
Na:SO4 ’ 93.7% Ni (pH=3.65)
Polymer inclusion membrane
Ion carrier Parameters Application Percent of References
recovery
1.50 M D,EHPA,
D,EHPA 2.50cm® ONPPE/1.0 g Zinc(II) 96.14% 39
CTA,pH=5.0
Source phases 0.001 M
each metals, pH = 3.0,
] o
D,EHPA Rty chase LOM - Zine(1), lead(11) S s 40
ONPPE/1.0 g CTA, 1.0
M D2EHPA
34 -57% Zn
Phosphonium ionic \ . (membranes without
liquid (IL) i.c. 55%CTA +40% IL + . NPOE)
Cyphos IL : 1 0’1 5% NPOE or 60% CTA Zinc(II) 48-90% Zn 41
104. 1 6.7 ’ + 40%IL (membranes
’ containing 5%
NPOE)
28.40 wt% CTA +32.15
TOA Wt% TOA + 39.45 Cobalt(IT) 91.80% 42

Wt% ONPEE

Inclusion polymeric membranes (PIM) deserve special
attention in the case of metal ion recovery. This is due
to the fact that membrane processes belong to
economically separation technologies, because solvent
extraction consumes large amounts solvents, often
toxycal. When transporting metal ions through liquid
membranes, the amount of solvents used is small, and
extraction and re-extraction processes occur
simultaneously [34]. The membrane is a semi-
permeable phase whose task is to separate two other
phases, usually liquid or gas. Such a membrane acts as
a passive or active barrier for mass transport. This
means that if one of the components of the mixture
passes through the membrane faster than the others, it
can be selectively secreted from this mixture [35].
Polymer inclusion membranes besides matrix (PCV or
CTA) contain a polymer and a chemical compound
capable of extracting or transporting ions or chemical
molecules from aqueous solutions - a carrier. Usually,
PIM also contain a plasticizer, which is responsible for
improving the mechanical properties of the membrane.

As a result, PIMs are thin, flexible and stable films
[36]. Polymer inclusion membranes classified as liquid
membranes (LM) have many advantages, primarily the
reduction of the use of large amounts of organic
solvents, often toxic and hazardous, as well as high
distribution coefficients and mass transport stream
values. In addition, LM is distinguished by a relatively
low operating cost and high membrane selectivity.
However, it should be remembered that in addition to
many advantages of liquid membranes, it is possible to
wash the carrier from the membrane phase. The speed
of transporting metal ions by PIM depends on many
parameters, including on the type of polymer matrix,
carrier concentration, amount of plasticizer and the
thickness or morphology of the membrane surface
[37]. The transport of metal ions depends primarily on
the support used in the membrane, which is an ion
exchanger or a compound with complexing properties
[38], many carriers commonly used in PIM are known.
Most often they are commercial extractants originally
used in extraction processes. Depending on the ion
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carrier used, the desired metal ion can be extracted
(Table 4). Due to the chemical nature of the
extractants, these compounds can be divided into
acidic, basic and neutral. Knowledge of the possibility
by which mechanism the metal-ligand complex is
formed is necessary in order to select the appropriate
metal ion carrier.

There are many commercial extractants used
successfully to recover transition metal ions. Table 4
shows selected commercial extractants, the recovery of
transition metals is commonly used, gaining the
efficiency of the process by up to approx. 90%. For
zine (I) recovery effective an extractant was D.EHPA
turned out to be, allowing 98% Zn (II) recovery.
Cyanex 272 allowed the extraction of approx. 13.6-
80.7% Co (II) and 93.7% Ni (II). Whereas using
Aliquat 336 to ammonia stripping of zinc and cadmium
in an amount approx. 99%.

The use of D;EHPA in a polymer inclusion membrane
enables the recovery of approx. 90% of zinc (II) ions.
Whereas cobalt can be successfully recovered using
TOA as a carrier. Scientific have proven that the
composition of PIM affects the separation possibilities.
As mentioned earlier, PIM usually consists of a matrix,
carrier and plasticizer, and thanks to these components
it retains its properties, which can be seen, for example,
in the recovery of zinc ions using phosphonium ionic
liquids. With the addition of 5% plasticizer, 48 to 90%
of zinc (II) was obtained, while in the membrane
without plasticizer the recovery percentage was 34-
57%.

7. CONCLUSION

The development of the economy increases the
demand for electricity, which in Poland is mainly
produced in professional thermal power plants. The
negative effect of producing energy is obtaining
combustion by-products in various forms. New
solutions and methods should be sought to enable the
use and thus to minimize the level of waste storage,
taking into account environmental issues.

Legal and regulatory requirements are required for the
global and rational use of combustion by-products. It
is also necessary to raise public awareness of the

benefits from introducing combustion by-products,
which will increase the promotion of new development
methods. The waste discussed in the article is
increasingly becoming possible to implement in
various industries, but a large amount of it is still only
stored and not used further in other processes.

Mainly waste from energy combustion is used in the
production of cement and concrete, in land reclamation
and development, or for road reconstruction. At the
same time, there are many other technologies that
enable the use of combustion by-products. There are
methods that allow the use of waste to fill mining
excavations or fertilize agricultural land. New methods
are mentioned in literature and research regarding the
use of combustion by-products in various spheres,
however, too low demand and profitability resulting
from the implementation of this waste are still
observed in new areas.

In addition, industrial growth contributes to the
generation of significant amounts of waste plus
valuable metals. For example, galvanic protective
coatings on the one hand protect metal from corrosion
and on the other contribute to the formation of waste
water during the production process. Waste water
generated in production processes, among others the
above mentioned contains metals that can be recovered
and reused.

The mining and mining industry contributes to the
production of a range of wastes ranging from
underground wastes to processing wastes generated
during processing and enrichment. In contrast, the
electronics industry produces various types of cables
and wires, batteries and cells, integrated circuits,
capacitors, etc., which contain metals such as copper,
zinc and gold. Given the limited resources of natural
resources, the recovery of metals from waste is
becoming a very important process that, in addition to
economic reasons, improves the state of the
environment. The described methods of metal recovery
using extraction techniques can be successfully used to
recover metals from industrial waste, and the
recovered metals can be reused in production
processes.
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PRZEGLAD METOD ODZYSKIWANIA ODPADOW Z PRZEMYSLU I ELEKTROWNI

Stlowa kluczowe: odzysk metali, metody wydobycia, uboczne produkty spalania, przepisy dotyczace wlasciwego
wykorzystania odpadow energetycznych

Streszczenie. Niniejszy przeglad zawiera metody odzyskiwania odpadow z przemyshu i elektrowni. W artykule
zostal opisany proces ekstrakcji, podobnie jak lugowanie, ekstrakcje rozpuszczalnikiem i membrana inkluzyjna
polimeru. Metody te mozna stosowaé¢ do odzyskiwania przemiany metali ze §ciekow przemystowych lub metali
zawartych w rudach, szlamach, koncentratach lub ztomie, np. elektroniczny. Polski sektor energetyczny nadal
opiera si¢ gldwnie na spalaniu paliw konwencjonalnych. Szacuje si¢, ze w Polsce co roku produkowane jest okoto
15 milionéw ton produktow ubocznych, z samego spalania wegla i okoto 2,5 miliona ton gipsu z odsiarczania
spalin. Nalezy poszukiwa¢ nowych rozwigzan dla wykorzystania produktow ubocznych spalania aby
zminimalizowa¢ odpady pochodzace z sektora energetycznego.
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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.

Keywords: Electronic scrap; Metals recovery; Solvent extraction; Membrane separation

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,

* Corresponding author.

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

1944-3994/1944-3986 © 2022 Desalination Publications. All rights reserved.
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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

LEDs | Batteries

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].



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

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 — [Aus ] 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

%E,, =
D, +—=

M

x 100% 3)
org

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- Co (5)
Vv
P=|—1|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 @)
CU

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

S _Jom 8)

M1/M2 — ]
0,M2

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="°

x100% )

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(IIl) 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(Ill) 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(Il) 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(IIl) 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(IIl) 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(Il) 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
{CHgz)sCHz
H3C(HzCls~P——(CHz)1sCHz CI~
(CH3)5CHa

Trihexyltetradecylphosphonium chloride
Cyphos IL-102
(CH2)5CHg

|
HzC(HzC)s—P*—(CHz)13CH3
(CHz)sCHz g~

Trihexyltetradecylphosphonium bromide
Cyphos IL-104

CHa(CH2)(CH 9

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?
SR
i -
|
3° amide L?

Au(IIl)
Pd(II)

Au(II)
Pd(ID)

Au(III)
Pd(II)

Au(II)

Au(III)

Au(II)

(Continued)



20

Table 1 Continued

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

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

CHz O
fe) Au(IlI
HaC0™ """ 0CHj HyC CHs o

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

Ta 0 e
'f A4
N, AL 0.0 Au(IIl)
H LVH] |O //S\\
H 00
2
Phenolic oximes
RI
Au(III)
Rl U
R i
OH N
OH
MEHPA
S /0\/(/\/ \/\j\/ \/(/\/
HO™'\, 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 O\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 i-Pr
e
P
I-Pr
Triisobutylphosphine sulphide
[C,bet]Br/[C,mim][NTf,]

JGHS
* o] 0]
(NB FsC-§-N=5-CF;
CH4

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

H:sCJN\/\HACHS

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®

Vi - 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?®
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Abstract: Pollution of the environment, including water resources, is currently one of the greatest
challenges due to emerging new contaminants of anthropogenic origin. Of particular concern are
emerging organic pollutants such as pharmaceuticals, endocrine disruptors, and pesticides, but also
other industrial pollutants, for example, synthetic dyes. The growing demand for environmentally
friendly and economical methods of removing emerging contaminants and synthetic dyes from
wastewater resulted in increased interest in the possibility of using techniques based on the appli-
cation of polymer inclusion membranes (PIMs) for this purpose. PIM-based techniques are promis-
ing methods for eliminating emerging contaminants and synthetic dyes from aqueous solutions,
including wastewater, due to high efficiency, membranes versatility, ease/low cost of preparation,
and high selectivity. This review describes the latest developments related to the removal of various
emerging contaminants and synthetic dyes from aqueous solutions using PIMs over the past few
years, with particular emphasis on research aimed at increasing the effectiveness and selectivity of
PIMs, which may contribute to wider use of these methods in the future.

Keywords: emerging contaminants; pharmaceuticals; pesticides; synthetic dyes; polymer inclusion
membrane; separation processes

1. Introduction

The term “emerging contaminants” (ECs) refers to synthetic or naturally occurring
chemical compounds (and microorganisms) that have not been commonly monitored in
the environment, many of which have been discovered recently [1]. The group of ECs is
diverse and includes a variety of chemicals, such as, for example, pharmaceuticals, hor-
mones (animal and human), personal care products, detergents (household and indus-
trial), perfluoroalkyl and polyfluoroalkyl substances (PFASs), pesticides, industrial chem-
icals, and microplastics. Substances belonging to the ECs category can be classified ac-
cording to a variety of criteria, e.g., based on their structure, size, properties, or functions.
In the case of the criterion of the size and structure of ECs, two main categories were
distinguished: chemicals of emerging concern and particles of emerging concern, wherein

the second group includes only engineered nanoparticles and microplastics [2]. The divi-
sion of ECs due to their functions is not simple because such substances can be used for
various purposes in different products. For example, PFASs containing aliphatic carbon
backbones with the side chain hydrogens substituted by fluorines are used in consumer
goods such as surfactants, firefighting foams, alkaline cleaners, carpets, non-sticky pans,
room polishers, shampoos, fume resistants, photo films, semiconductors, food packaging,
pesticides, denture cleaners, and masks [3]. In principle, ECs may adversely affect ecolog-
ical conditions and human health; however, as they may undergo various transformations

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution  (CC  BY) license
(https://creativecommons.org/license

s/by/4.0/).

Membranes 2023, 13, 132. https://doi.org/10.3390/membranes13020132 www.mdpi.com/journal/membranes



Membranes 2023, 13, 132

2 of 22

(e.g., degradation processes) when introduced into the environment, it is not easy to de-
termine their overall impact on living organisms and research in this area is still being
conducted [1,4,5]. Many reports related to the analysis of different types of environmental
samples (e.g., surface water and groundwater, soil) have confirmed the increasing pres-
ence of emerging contaminants and products of their transformations [6]. The increase in
the amount of these substances in the environment results from their widespread use
around the world. For example, pharmaceuticals and related compounds, i.e., active phar-
maceutical ingredients (APIs), are consumed in large quantities, often without a prescrip-
tion, consequently getting into the water cycle [7]. APIs found in wastewater include a
vast variety of substances, among others, painkillers and anti-inflammatory drugs, anti-
biotics, hypoglycemic drugs, anti-ulcer drugs, anti-epilepsy drugs, etc. [8], and also nar-
cotic substances such as cocaine, barbiturates, methadone, amphetamines, opiates, heroin,
etc. [9]. Various persistent and environmentally hazardous anthropogenic PFASs have
been detected not only in surface waters, soils, and biosolids (by-products in the sludge
treatment process) but also in human tissues and blood serum [3,10,11]. Due to PFASs
potential adverse effects on human health, the United States Environmental Protection
Agency has set the combined concentration of per- and polyfluoroalkyl substances in
drinking water at 70 pg/L as the lifelong health advisory level [12].

Pesticides are also one of the most common groups of pollutants found in the envi-
ronment because the steadily increasing use of these compounds in agricultural practices
(e.g., to destroy unwanted vegetation) has resulted in the occurrence of residues of these
chemicals and their metabolites in groundwater, wastewater, and soil [13]. Pesticides have
been proven by many researchers as toxic substances to humans and the environment.
For example, chronic exposure to herbicides causes cardiovascular problems, retinal de-
generation, some muscle degeneration, and cancer in humans [14]. Due to the properties
of pesticides and the diversity of compounds belonging to this group of ECs, many coun-
tries, including the EU, have set limits for individual and total pesticides in treated drink-
ing water, respectively (e.g., the EU Drinking Water Directive) [15].

The presence of emerging contaminants (e.g., pharmaceuticals and pesticides) in the
water environment is a significant problem due to their toxicity. Traditional technologies
for removing these compounds from wastewater (e.g., coagulation, adsorption, advanced
oxidation) have disadvantages such as, for example, excessive and toxic sludge produc-
tion and high production costs. Additionally, conventional wastewater treatment plants
are unable to completely remove many of ECs; therefore, new effective methods of
wastewater treatment are systematically sought [16-18].

The group of chemical compounds classified as synthetic dyes is also complex, but
its largest part is made up of azo dyes [19]. Synthetic dyes, due to their properties (e.g.,
relatively simple and inexpensive synthesis, stability, resistance to light and oxidizing
agents), are widely used for dyeing different products in various industries, e.g., in the
textile and paper industries, for dyeing leather and other materials. However, the wide-
spread use of synthetic dyes is also associated with serious environmental risks, especially
to aquatic ecosystems. These compounds are usually resistant to recycling and can persist
in the environment for a long time, potentially posing a threat to living organisms. To
remove them from aqueous solutions (e.g., from industrial wastewater), various methods
are used (such as adsorption, oxidation, coagulation, precipitation, ion exchange, or meth-
ods based on the use of microorganisms) [19,20]; however, each of these methods has cer-
tain limitations, which is why new, more efficient and eco-friendly methods of removing
synthetic dyes from wastewater are being sought.

In recent years, there has been increased interest in the possibility of using various
types of membranes to remove ECs and synthetic dyes from wastewater. In principle,
membrane-based processes are considered more environmentally friendly than many tra-
ditional methods of removing these pollutants [21,22]. One type of liquid membranes
(LMs) are polymer inclusion membranes, containing a polymer matrix, carrier, and most
often a plasticizer, the use of which enables simultaneous extraction and re-extraction.
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Moreover, compared to other LMs, PIMs are characterized by better stability, longer life-
time, selectivity, and flexibility properties [23].

This mini-review presents an overview of the latest achievements in the use of poly-
mer inclusion membranes for the removal of synthetic dyes and selected emerging con-
taminants (pharmaceuticals, endocrine-disrupting compounds, and pesticides) from
aqueous solutions, with particular emphasis on the achievements of the last five years. It
also contains information on the effectiveness and most important limitations in the ap-
plication of the methods developed. Attention was focused on these compounds due to
their systematically increasing consumption and the threat they pose to the environment.

2. Polymer Inclusion Membranes — Short Characteristics

Various contaminants can be removed from aqueous solutions using membrane tech-
niques, e.g., with polymer inclusion membranes which have been successfully used,
among others, to separate metal ions [24-26] and dyes [27-29] and different pesticides
from aqueous matrices [30]. PIMs were also applied for the remediation of pharmaceuti-
cals and endocrine-disrupting substances from water systems [16].

A membrane is a semi-permeable mass transport barrier between two phases (liquid
or gaseous). It is essential that the individual components of the mixture (said mass) be
separated and move at different speeds. Membrane methods are used, e.g., for gas sepa-
ration and water purification, filtration, and separation. Such applications are possible
thanks to the simple concept behind them, the modularity of the solution, low energy
costs, ease of scaling up, and a positive impact on the environment. If membranes are
viewed as semi-permeable phase separators, the traditional concept of a membrane as a
polymeric film can be extended to include liquids. These membranes are called Liquid
Membranes. The membrane system, in this case, consists of an organic liquid that is im-
miscible neither with the feeding (donor) phase nor with the receiving (acceptor) phase.
The membrane is, in this case, a semi-permeable barrier between the phases, which are
mostly aqueous solutions. Transport through liquid membranes includes both liquid-lig-
uid extraction and membrane separation processes [31]. The commonly accepted
transport mechanism across liquid membranes is diffusion. The components diffuse
through the membrane due to the concentration gradient. The efficiency and selectivity of
transport through the LM can be significantly increased by introducing a complex sub-
stance (carrier) into the liquid membrane. The carrier in the LM reacts reversibly with the
substance in the donor phase to form a complex.

Solution components can be transported across the membrane in several ways. There
are four possible ion transfer mechanisms:

a) Simple transport;

b) Assisted transport;

c¢) Coupled counter-transport;

d) Coupled transport co-transport [31].

Direct transport is one of the forms of simple transport and is defined as the phenom-
enon of the transfer of compounds caused by solubility in a liquid membrane. The process
is continued until the substance concentrations in the feed and receiving phases are equal-
ized. The transferred substance does not react chemically with the membrane compo-
nents; it remains in the same form in both phases. Another form of simple transport occurs
when the transferred substance becomes a substrate and reacts with a compound con-
tained in the receiving phase. Then, the concentration of the substance to be removed will
not reach equilibrium, and the transport will continue until the complete transition of
molecules from the feeding phase takes place [31].

Assisted transport in liquid membranes is one of the most important applications of
supramolecular chemistry. It can occur by partitioning, complexation, or diffusion reac-
tion. The substance from the feed phase is complexed by a carrier (ionophore) contained
in the membrane and released to the receiving phase. The conveyor increases the speed
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of transport and ensures a significant selectivity of the process. It lasts until the concen-
trations on both sides of the LM are equal or until the substance is completely removed
from the feeding phase. Assisted and simple transport can occur simultaneously.

The synthesis and use of various chemical compounds as carriers in liquid mem-
branes have been the subject of intensive research by scientists over the last few decades
[31,32].

Counter-transport, on the other hand, is transport that takes place against the con-
centration gradient. It involves the transfer of substance A from the feed phase to the re-
ceiving phase by means of a carrier, with the simultaneous transfer of substance B (usually
a hydrogen ion) in the opposite direction. When the concentrations of substance B are
equalized, the process stops. Appropriate planning of the process, including the selection
of concentrations, allows for the complete extraction of substance A from the feed phase.

In membrane co-transport, a liquid substance is co-transported with an accompany-
ing component. The type and properties of the latter affect the parameters of the process
that takes place until the concentrations are equalized. The speed of transport is regulated
by the concentration of the accompanying substance. Co-transport is the most common
form of transport across liquid membranes [33].

PIMs belong to the category of Supported Liquid Membranes (SLM) [33,34]. The ma-
trix for the construction of the SLM membrane is usually made of plastics, e.g., poly(vinyl
chloride), polypropylene, polyamides, modified cellulose, etc. [35]. The main problem of
SLM technology is stability. This includes, e.g., the chemical stability of the carrier as well
as the mechanical resistance of the porous substrate. In order to improve the stability pa-
rameters, newer and better systems are being created. For example, PIMs are created by
pouring a solution obtained by mixing a polymer, an organic phase (carrier), and a so-
called plasticizer. The plasticizer is added to the mixture to reduce the hardness and
strength of the membrane while increasing its flexibility [31]. PIMs have many ad-
vantages, as shown in Scheme 1.

Polymer inclusion

’ membrane (PIM) Advantages of PIMs:
/ ¥ extraction and back-extrachon in a single
step,
¥ large mass flows,

¥ small amounts of solvents used,

+ good selectivity,

+ the high recovery factor,

¥ concentration of the substance possibility,
¥ low cost of investition.

L=

> treated wastewater

PIM binding pollutants
(emerging contaminants and
svnthetic dyes)

emerging contaminants
and synthetic dyes in the
wastewater

Active compound
(carrier)

Scheme 1. The advantages of PIMs used for the removal of emerging contaminants and synthetic
dyes.
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3. Applications of PIMs for the Removal of Selected Emerging Contaminants
3.1. Remowval of Pharmaceuticals and Endocrine-Disrupting Compounds by PIMs

Pharmaceuticals are a large group of various chemical compounds used, among oth-
ers, in human health protection (e.g., anti-inflammatory drugs, antibiotics, painkillers,
beta-blockers, etc.) and animal treatment (various veterinary drugs), in food preservation,
and in agriculture. Their consumption is systematically growing, and it is expected that it
will continue to grow due to, inter alia, the extension of the average life expectancy of
people [16]. Due to the structural diversity of pharmaceuticals and the fact that they are
usually found in small amounts in environmental and wastewater samples, their deter-
mination often requires the use of techniques allowing for analyte isolation and enrich-
ment for trace analysis, which complicates the entire process and increases its costs. Re-
moving small amounts of hazardous substances from the environment is also not easy.
The processes of separation of pharmaceuticals based on the use of membranes, such as
polymer inclusion membranes, not only allow the removal of even small amounts of con-
taminants from complex matrices with high efficiency and selectivity but also fit into the
trend of the so-called “green analytical chemistry” (consumption of small amounts of
chemical reagents, reduction of the use of toxic solvents, the possibility of multiple uses
of membranes) [36]. Recently, PIMs have been used to remove from aqueous solutions
one of the most widely utilized pharmaceuticals, ibuprofen (IBF), a non-steroidal anti-
inflammatory drug, intended, inter alia, for lowering fever, pain relief and applied in the
treatment of rheumatoid arthritis [8]. There is a need to develop an effective method of
removing ibuprofen from the environment because it has been shown that prolonged ac-
cumulation of this compound can adversely affect the hormonal balance in the aquatic
systems [8,16].

Moulahcene et al. [37] prepared novel polymer inclusion membranes containing in-
soluble poly(f-cyclodextrin (3-CD) polymer as a carrier, poly(vinyl chloride) as a base
polymer, and dibuthylphtalate (DBP) as a plasticizer, and used them for the elimination
of ibuprofen and progesterone from model aqueous samples. They found that the effec-
tiveness of ibuprofen extraction depends on the content of -cyclodextrin in the mem-
brane, the agitation of analyzed samples, and reaction pH. The highest efficiency of the
ibuprofen removal process (approx. 50%) was observed in an acidic environment
(pH~2.0). However, based on these results, it is not possible to clearly determine the suit-
ability of (B-CD-based PIMs for removing ibuprofen from real samples because
wastewater samples contain many other components that can potentially affect the mem-
brane process. Ahmad et al. [8] reported that modification of PIMs with graphene oxide
(GO) and small amounts of Aliquat 336 (methyltrioctylammonium chloride) as carrier al-
lows for the removal of ibuprofen from model aqueous solutions. They reported that GO
+ Aliquat 336 —doped polymer inclusion membranes made of PVC as base polymer with-
out adding any plasticizer allow for the extraction of ibuprofen with an efficiency of ~84%,
~83%, and ~77% at a feed solution pH of 10, 6, and 2, respectively. Although obtained
results indicate a high potential for ibuprofen extraction using GO-doped PIM better than
those obtained with PIM containing poly(f3-cyclodextrin [37]. Similar results (recoveries
of analyzed pharmaceuticals in the range of 81-34%) were received by Roman-Hidalgo et
al. [38]. They used PIMs containing Aliquat 336 and cellulose triacetate (CTA) as base pol-
ymer, which were the support of 1-octanol liquid membranes in electromembrane extrac-
tion (EME) for the simultaneous removal of four non-steroidal anti-inflammatory drugs
(such as salicylic acid (SA), ketoprofen (KET), naproxen (NAP), and ibuprofen) and four
highly polar acidic drugs (such as anthranilic acid, nicotinic acid, amoxicillin, and hippu-
ric acid). They also reported that the tested PIM can be applied for the extraction of these
chemicals from real urine samples.

Removal of antibiotics from wastewater is also of great importance because, when
introduced into the environment, they can have a toxic effect on flora and fauna, and in
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addition, they can potentially increase the resistance of microorganisms to antibiotics. Tra-
ditional methods of wastewater treatment do not allow the complete removal of these
compounds, which is why research is systematically conducted on the possibility of using
other techniques [39]. Polymer inclusion membranes have been used during the last few
years for the preconcentration of antibiotics in order to allow the determination of trace
amounts of these substances in environmental water samples. For example, Garcia-Rodri-
guez et al. [40] successfully utilized PIMs containing CTA or PVC as base polymers, Ali-
quat 336 as a carrier, and 2-nitrophenyloctyl ether (2-NPOE) as a plasticizer for the pre-
concentration of aqueous samples of sulfonamides (SAs) and tetracyclines (TCs). Garcia-
Rodriguez et al. [41] also developed a passive sampler containing a polymer inclusion
membrane (CTA/Aliquat 336/2-NPOE) for monitoring sulfamethoxazole (SMX) (one of
the antibiotics most frequently detected in wastewater treatment plants, which can be
harmful to living organisms) in water systems. They reported that the designed passive
sampler minimized the influence of the flow pattern of the aquatic medium monitored,
which is a significant property because the flow pattern of water cannot be controlled and
possibly have an influence on the reliability of passive sampling data collection. PIMs
were also used in novel methods based on a combination of various techniques. Recently,
it has been reported that the hollow fiber polymer inclusion membrane liquid-phase mi-
croextraction (HF-PIM-LPME) methods, based on the use of PIMs and being a modifica-
tion of the conventional HF-SLM-LPME method (Hollow Fiber Supported Liquid Mem-
brane Liquid-Phase Microextraction), in which SLM was replaced with PIM, can be suc-
cessfully used for the preconcentration of pharmaceutically active compounds in aqueous
solutions. It was shown that HF-PIM-LPME is more stable compared to HF-SLM-LPME
and is characterized by good selectivity for the analyzed pharmaceuticals [42]. Olasupo et
al. [43] reported the efficient removal of sulfamethoxazole antibiotics from aquatic sam-
ples by utilization of an electromembrane extraction process based on polymer inclusion
membranes comprised of the CTA polymer, Aliquat 336 carrier and the plasticizer dioctyl
phthalate (DOP). Since sulfamethoxazole extraction using only PIM was insufficient (after
40 h of extraction at pH 9, transport efficiency was 82%), in order to improve the transport
of the antibiotics across the membrane, they used electromembrane extraction and exam-
ined the impact of electric voltage on the efficiency of the extraction process. The use of a
voltage of 50 V allowed for the complete removal of sulfamethoxazole from the aqueous
solution (transport efficiency of 100%). Moreover, the membrane was used in 12 consecu-
tive cycles, and only a slight decrease in extraction efficiency was observed, which con-
firms its stability. Formulated PIMs (CTA/Aliquat 336/DOP) were also successfully used
to preconcentrate sulfamethoxazole from real environmental samples. However, it was
reported that applying a voltage was essential to achieving the total recovery of this anti-
biotic. Olasupo et al. [43] obtained better results in comparison with results obtained by
Roman-Hidalgo et al. [38], who used the same PIM-EME method and the same PIM re-
covered 81% of analyzed pharmaceuticals.

Proper selection of all membrane components and thorough optimization of all ex-
perimental conditions enables the use of PIMs alone for the recovery of various antibiotics
from aqueous solutions with satisfactory efficiency. Recently, polymer inclusion mem-
branes with PVC and CTA base polymers and different carriers, such as bis-2-(ethylhexyl)
phosphate (B2EHP) and Aliquat 336, have been applied for ciprofloxacin (CIP) removal
from model aqueous solutions and real river water and wastewater samples. Ciprofloxa-
cin has been shown to be persistent in the environment. In addition, it is present in various
environmental media, which is due to the fact that this antibiotic is widely used and con-
ventional wastewater treatment methods do not allow for its complete removal. The re-
sults of performed experiments show that at optimum conditions (proper selection of pH,
receiving phase composition), the removal efficiency of 99.2% was noted using
PVC/B2EHP PIM and 95% with the use of CTA/B2EHP membrane. The application of
Aliquat 336 as the carrier allowed for obtaining the highest removal efficiency of 60%. The
authors concluded that the formulated PIMs with B2EHP can be potentially considered a
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suitable alternative for the removal of CIP from the aquatic environment [44]. In turn,
Olasupo et al. [45] applied PIMs containing PVC as the base polymer, B2EHP as the car-
rier, and DOP as the plasticizer for the removal of ciprofloxacin from the aquatic system
and optimized the experimental conditions (i.e., pH of the source solution, source solution
concentration, carrier concentration, the concentration of the receiving solution, and ex-
traction time) using multivariate analysis of half-fractional factorial design. They reported
that PIMs with the composition of PVC 45%: B2EHP 25%: DOP 30% allowed for almost
complete removal of CIP, wherein removal efficiency strongly depended on pH (>99% at
pH=06,90% at pH =12, and 85% at pH = 7). The method was also successfully applied to
remove ciprofloxacin from real environmental wastewater and river samples with an av-
erage percentage removal efficiency of >97%. Based on the results of the use of
PVC/B2EHP/DOP PIMs for CIP removal, it can be assumed that this method may also be
potentially useful in the future for the removal of other pharmaceuticals from aqueous
systems.

Polymer inclusion membranes may also in the future play an important role in the
removal of chemical compounds from aqueous solutions that are substrates for the syn-
thesis of traditionally used drugs. An example of such a compound is salicylic acid, which
is used in the synthesis of aspirin and glyburide (and is also a metabolite of aspirin). Ad-
ditionally, it is also used as an analgesic and antipyretic drug and prevents platelet aggre-
gation. It has been reported that salicylic acid has been detected not only in sewage but
also in drinking water and is characterized by high ecological toxicity [46] and references
therein. Therefore, the development of an effective method of removing this compound
from complex matrices is extremely important for environmental protection. Recently,
Meng et al. [47] examined the suitability of a polymer inclusion membrane containing
PVC as a base polymer and N,N-bis(1-methylheptanyl)acetamide (N503) as a carrier for
the separation of salicylic acid and two phenols from aqueous solutions. They analyzed
the influence of carrier concentration and membrane thickness on the morphology, struc-
ture, and mass transfer stability of formulated PIMs. Their results have shown that poly-
mer inclusion membranes had a good mass transfer capability for salicylic acid and p-
nitrophenol (PNP) through a hydrogen transfer mechanism in weakly acidic environ-
ments with a properly selected receiving phase. The mass transfer of salicylic acid exhib-
ited the characteristics of a fixed-site hopping mechanism. Moreover, at pH = 6, the phenol
and p-nitrophenol coexisting with salicylic acid in the analyzed samples were selectively
removed because, in such conditions, salicylic acid molecules formed intramolecular hy-
drogen bonds and were not transported effectively.

Efficient methods are also systematically sought to remove phenolic compounds
from aqueous solutions (e.g., sewage), classified as potential endocrine-disrupting chem-
icals (EDCs), such as bisphenol and octylphenol. These compounds cause exogenous en-
docrine disruption in the neurological, reproductive, and immune systems, even in very
small amounts, and are classified as highly toxic pollutants [48]. Balahouane et al. [49]
used polymer inclusion membranes with calix[4]resorcin arene derivatives as the carrier,
CTA as the polymer matrix, and 2-NPOE as a plasticizer to eliminate bisphenol A (BPA)
from synthetic wastewater (model solutions containing bisphenol A) and to determine the
process parameters that most affect its performance. They found that the efficiency of the
bisphenol A removal process using PIMs was affected mainly by the concentration of
membrane components, stirring rate, pH of the feed phase, and thickness of the mem-
brane. Under optimal conditions of the membrane process, about 90% of bisphenol A was
transported from the feed phase to the receiving phase, wherein PIM was an efficient tool
in bisphenol A removal only when this contaminant was present in the solution in an
undissociated state. The prepared membranes were also successfully used in three suc-
cessive cycles of removal of this compound. All presented examples of the application of
polymer inclusion membranes for the removal of various pharmaceuticals and endocrine
disruptors show that with the (qualitatively and quantitatively) proper selection of mem-
brane components and carrying out the membrane process in optimal conditions (for each
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pollutant removed, experimentally determined), separation based on utilization of PIMs
is a promising technology for removing such organic contaminants from their aqueous
solutions. As noted by Olasupo et al. [16], PIM “has a great potential for the remediation
of pharmaceuticals and endocrine disruptors in the aquatic system, due to its versatility,
ease/low cost of preparation and high contaminant selectivity”.

Table 1 shows examples of the use of PIMs for the removal of pharmaceuticals and
endocrine-disrupting compounds, such as IBF, SA, KET, NAP, sulphathiazole (STZ), TC,
oxytetracyline (OTC), SMX, and also CIP, PNP, and BPA (Figure 1).

HO. O
OH

0 HO OO b
O 0

IBF SA KET

H;0 H,0
OTC SMX CcIp
OH HO. 'D ' OH
O,N” : HyC' CH,
PNP BPA

Figure 1. Structures of pharmaceuticals and endocrine-disrupting compounds removed by PIMs.

Table 1. Examples of removal of pharmaceuticals and endocrine-disrupting compounds by meth-
ods based on utilization of PIMs.

The Composition Additional Information Re.m.oval References
of PIM Efficiency
PVC/B-CD/DBP Acidic environment (pH 2) 50% of IBF [37]
. Various feed solutions: at pH -849% of IBF
PVC/Aliquat 336 + 10,
GO toH 6 ~83% of IBF [8]
AP ~77% of IBF
and at pH 2

Posterior HPLC separation with 34-81% SA, KET,

CTA/Aliquat 336 diode array detection NAP, and IBF

[38]
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The feed solution was at pH 9, 55% of SP, 75% of

TA/Ali 2-
CTA/ 1\;32)? 336/ and the stripping solution con- STZ, and 100% of [40]
tained 1.0 M NaCl TC, and OTC
CTA/Aliquat 336/2- Receiving solution was 2.0 M
NPOE NaCl SMX [41]
CTA/Aliquat . o
336/DOP After 40 h of extraction at pH 9 82% of SMX [43]
PVC/B2EHP 99.2% of CIP
CTA/B2EHP Extraction at pH 6 95% of CIP [44]
PVC/Aliquat 336 60% of CIP
An er11\';1trorIiIrnlezn’cilC:1 a7t pH6, 90% of CIP
PVC/B2EHP/DOP Pt 22 and 7, 85% of CIP [45]
and the environmental
. >97% of CIP
wastewater and river samples
PVC/N503 The hydrogen bond mechanism 7.54 mg/g PNP and [47]
atpH6 8.88 mg/g SA
calix[4]resorcin  Separation at pH 4 and stirring 90% of BPA [49]
arene at 600 rpm

3.2. Removal of Pesticides Using PIMs

According to the World Health Organization, pesticides are chemical compounds
used to fight parasites, including insects, rodents, fungi, and weeds. A lot of pesticides
released into the environment have been defined as toxic, persistent, bioaccumulative,
and harmful to the health of the entire ecosystem, including humans [50]. Depending on
the type of pesticide and the nature of the environmental sample, various methods are
used to determine the content of these compounds, to identify them, and finally to remove
pesticides (e.g., solvent extraction (SE), Solid-Phase Extraction (SPE), Solid-Phase Micro-
extraction (SPME), High-Resolution Mass Spectrometry (HRMS), chromatography-based
methods, etc.), however, all these solutions have certain limitations (e.g., SE—consump-
tion of large amounts of toxic solvents) [50,51]. Therefore, other solutions are sought.
Methods based on the use of PIMs are becoming increasingly popular because they are
environmentally friendly, efficient, and selective and allow the removal of even small
amounts of pesticides from aqueous solutions. Examples of removal of various pesticides,
e.g., chlorpyrifos (CPS), 4-amino-2-chloropyridine (ACP), paraquat (PQT), diquat (DIQ),
and picloram herbicides (4-amino-3,5,6-trichloro-2-pyridinecarboxylic acid) (PCM) (Fig-
ure 2) by methods based on the application of PIMs, are shown in Table 2.

M
Cl | % C1S Hy
W O, _CHs = =
cl N/ O/P\ ~ = CHz—N* N*—CHg
=
CHs cl N
CPS ACP PQT
e}
T T Cl-_ _N
- OH
\_/\ I
N N c N el
— NH,
DIQ PCM

Figure 2. Structures of pesticides removed by PIMs.
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Table 2. Examples of removal of pesticides by PIMs.

The Composition Additional Information Re-m.oval References
of PIM Efficiency
CTA/NPOE GC-MS prior PIM 93% of CPS [52]
CTA/AA/2- An initial flux of 364 (+16) x 10® mol ACP, PQT, and (53]
NPOE/DDL m™ s for transport of ACP DIQ
ggé?ﬁ‘\lﬁ‘}g;t Receiving solution was 0.25 M NaCl ~ 95% of PCM [54]

From 99.1% to
100% of cationic
quaternary am-
EME-HPIM monium and an- [55]
ionic chlorophe-
noxy acetic acid
herbicides

For example, Vera et al. [52] used a new extraction phase based on a polymer inclu-
sion membrane containing cellulose triacetate (70%) and nitrophenyl octyl ether (30%) for
the detection of three different pesticides: chlorpyrifos, diazinon, and cyprodinil in natu-
ral water samples. They evaluated the main factors affecting the extraction efficiency (i.e.,
membrane composition, stirring speed, extraction, and elution time) and reported that
PIM-assisted extraction allows pesticide determination in the range of 50-1000 mg/L with
good linearity and high recoveries (85% and higher, depending on pesticide). They found
that CTA/NPOE PIM-assisted extraction is especially useful for the detection of chlorpyr-
ifos in river waters (RF = 93%). Mwakalesi and Potter [53] applied polymer inclusion mem-
branes containing anacardic acid (AA) obtained from cashew nut shells as an acidic car-
rier, CTA as a polymer matrix, 2-NPOE as a plasticizer and dodecanol as a modifier for
the extraction of 4-amino-2-chloropyridine, paraquat and diquat. These compounds can
be treated as representative target solutes of organic pesticide residues. They reported that
PIM with optimal composition (i.e., 30 wt% CTA, 40 wt% NPOE, 10 wt% AA, 20 wt%
dodecanol) has an extraction performance similar to polymer inclusion membrane con-
taining commercially available synthetic bis-(2-ethylhexyl) phosphoric acid instead of
AA. Additionally, AA containing PIM has also been successfully used for ACP, paraquat,
and diquat removal from real environmental water samples. The developed method
based on the use of PIMs with AA originating from natural sources (e.g., plants and plant
waste) is part of the trend of using eco-friendly methods for the treatment of polluted
waters. Another example confirming that polymer inclusion membranes with a properly
selected composition in optimal conditions are excellent tools for removing pesticides
from aqueous solutions are the results of research conducted by Mwakalesi and Potter
[54]. They applied PIMs containing CTA polymer, NPOE plasticizer, and Aliquat 336 car-
rier to remove picloram (4-amino-3,5,6-trichloro-2-pyridinecarboxylic acid), which is an
herbicide used to control the growth of woody plants. Because of the poor adsorption of
picloram by soils and its high leaching properties, this compound often occurs in aqueous
environmental samples. Due to its adverse effect on aquatic organisms and animals, there
is a need to develop safe (for living organisms) and efficient methods to remove picloram
from aquatic systems. Results of performed experiments demonstrate that
CTA/NPOE/Aliquat 336 PIMs with an optimized concentration of ingredients and type
and concentration of stripping reagent showed good rates of flux and transport efficiency
for picloram in both non-competitive and competitive transport studies. Moreover, it has
been reported that this membrane can be used in a passive sampling device to recover
picloram (at the maximum concentration of 500 pg/L) from a complex matrix of natural
water. In principle, in the last decade, in the environmental monitoring of waters for the
presence of various types of pesticides, polymer inclusion membranes have played an
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important role and are increasingly used for, inter alia, passive sampling, sample pre-
treatment, and preconcentration and also for removing these compounds from aquatic
mediums [56]. There were also attempts to use polymer inclusion membranes in combi-
nation with other techniques to develop efficient methods to remove hazardous pesticides
from water systems. For example, Mamat et al. [46] developed a new, more complex
method for removing cationic and anionic herbicides from aqueous solutions based on
the use of modified polymer inclusion membranes, namely electric-field driven extraction
in which a bubbleless electrode has been integrated with electromembrane extraction
across hollow polymer inclusion membranes (HPIMs). New hollow membranes based on
PIMs were employed because they can be successfully used in electromembrane extrac-
tion, and, in principle, they improve extraction efficiency and reproducibility compared
to traditionally used supported liquid membranes. In performed experiments, two types
of HPIMs containing CTA as a polymer matrix and tris(2-ethylhexyl)phosphate as a plas-
ticizer were used: with di-(2-ethylhexyl)phosphoric acid as an anionic carrier or Aliquat
336 as a cationic carrier. The electromembrane extraction based on the utilization of
HPIMs made it possible to simultaneously determine both cationic quaternary ammo-
nium and anionic chlorophenoxy acetic acid herbicides from river water samples with an
extraction efficiency ranging from 99.1% to 100%. Based on the obtained results, the au-
thors predict that the proposed approach may be potentially applicable in the future to
remove other (both organic and inorganic) polar ions from aqueous solutions [57]. How-
ever, the use of an appropriate method based on membrane techniques to remove various
pollutants, including pesticides, from the aquatic environment is not easy due to the
chemical diversity of the chemical compounds removed, the complexity of the matrix in
which they occur, different physicochemical properties of membranes and the wide range
of parameters affecting the efficiency and selectivity of the separation processes [58].

4. Use of PIMs for Removal of Synthetic Dyes

Water pollution associated with the large-scale use of synthetic dyes, e.g., in the tex-
tile industry, is one of the most pressing environmental problems in the world. Synthetic
dyes introduced into wastewater may hinder the operation of the sewage treatment plant,
and introduced into the environment may be harmful to food chain species and aquatic
organisms. At the same time, not only dyes can pose an environmental threat, but also
products of their transformation, e.g., as a result of hydrolysis of some of these com-
pounds, poisonous aromatic amines may be formed [59]. Due to the need to remove such
contaminants from wastewater, new environmentally friendly methods with high effi-
ciency but also low costs and easy implementation are systematically sought. The exam-
ples presented in this chapter (and in the simplified version in Table 3) clearly confirm
that polymer inclusion membranes are well suited for the removal of various (both cati-
onic and anionic) synthetic dyes from aqueous solutions, as evidenced by the high effi-
ciency of the processes and the simplicity of membrane preparation and experimentation.
Figure 3 shows the structures of acidic dyes (red Bordeaux, Yellow Erionyl (RXL), Congo
Red (CR)), basic dyes (Methylene Blue (MB), Malachite Green (MG), Rhodamine B (RB)),
and also reactive orange dyes (RO16).
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Figure 3. Structures of synthetic dyes removed by PIMs.

Table 3. Examples of removal of synthetic dyes by various PIMs.

The Composition of Additional Infor- Removal
) .. References
PIM mation Efficiency
pH (2-9) of the aque-
ous solution, the con-
centration of extractant
CTA/Aliquat 336/2-  in the membrane (5-30 99% of red Bordeaux acid [60]

NPOE pmol/cm?), initial dye and RXL
concentration (50-250
ppm), and the stirring
speed (250400 rpm)
EDC forms inclusion
CTA/EDC/2-NPOE  complex with cationic ~90% of MB [29]
dyes having 1:1 M ratio
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PVC/B2EHP/DOP

The average extraction
efficiency was >98% for
MG concentration of
20-80 mg/L

>98 of MG from model solu-

tion and >96% of MG for
wastewater samples

[61]

PVC/B2EHP/DOP

Receiving solution was
1.0 M HNOs, and 4 h of
extraction process
(with magnetic stir-
ring). The feed solution
was MG, MB, and the
mixture of both dyes
(all volumes are set to
100 mL)

>97% of MB and MG

[62]

PIM/APTES-CuO

APTES-modified CuO
nanoparticles were in-
tegrated with PIM. The
PIMs were fabricated
with the diffusion-in-
duced phase inversion
technique

97% of MB

[63]

The feed phase was 20
mg/L MB or RB at pH
6.0. The receiving

CTA/D2EHPA/2-NPOE phase was 1.0 M HNO:s

or 1.0 M H2S0+4 in the
case of the MB or RB
transport, respectively

93% of MB and 97% of RB

[64]

PVDEF-co-
HFP/B2EHP/DOP

Feed phase was 120 mL

of 10 mg/L of MG, and

receiving phase was 1.0
M HNOs

97% of MG

[65]

CTA/RC8/2-NPOE

Feed solution was 100
mg/L of MB, and the
receiving solution was
0.3 M HCI (pH 11)

72.55% of MB

[66]

CTA/Aliquat 336

At pH 2, with tempera-
ture and stirring
speed of 30 °C and 150
rpm

87% of CR

[67]

Feed solution was 10

PVDEF-co-HFP/Aliquat mg/L of RO16, and re-

336

ceiving solution was
1.0 M HCI

99.62% of RO16

[68]

Feed solution was 10

PVDEF-co-HFP/Aliquat mg/L of RO16, and re-

336

ceiving solution was
solution of HCI

99.62% of RO16

[27]

For example, Salima et al. [60] used PIMs containing CTA as the base polymer, 2-
nitrophenyl octyl ether as a plasticizer, and Aliquat 336 as a carrier for removing two types
of acid dyes: red Bordeaux acid and yellow Erionyl from aqueous solution. To determine
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the optimal conditions for conducting the membrane extraction process, they analyzed
the influence of such factors as the pH of the aqueous solution, the initial concentration of
dyes in the feed solution and of Aliquat 336 in the membrane, and the stirring speed. They
reported the extraction of 99% of analyzed synthetic dyes under optimized experimental
conditions. Minhas et al. [29] applied an ester derivative of calix[4]arene (EDC) as a carrier
in polymer inclusion membranes consisting of CTA as a base polymer and 2-NPOE as a
plasticizer and used the prepared membranes for extraction of cationic synthetic dyes
(methylene blue, basic red, and Nile blue) from aqueous solutions. After optimization of
various experimental parameters (pH of the donor and the acceptor phases, temperature,
stirring speed, and concentration of membrane components and dyes in feed solutions),
PIMs enabled the extraction of about 90% of dyes. Moreover, the extraction efficiency of
the PIMs remained similar after ten consecutive cycles. That, as noted by the authors,
“demonstrates membranes reusability potential in context of economical industrial appli-
cations”. Ling and Suah [61] reported, based on the results of performed experiments, that
PIMs can be applied successfully for the removal of synthetic dyes from both model and
real wastewater solutions. They used polymer inclusion membranes containing PVC pol-
ymer, B2EHP extractant, and dioctyl phthalate plasticizer for the removal of malachite
green dye and found that in optimal experimental conditions, the average extraction effi-
ciency achieved was >98% for model solutions and >96% for wastewater samples. Results
of experiments performed by Amin et al. [62] have also shown that polymer inclusion
membranes are also suitable for the simultaneous extraction of two basic synthetic dyes,
such as malachite green and methylene blue, from aqueous solutions. They used a batch
reactor consisting of a polymer inclusion membrane composed of PVC as the base poly-
mer, B2EHP as an extractant, and DOP as the plasticizer and reported that extraction effi-
ciency was higher than 97% for the mixture of malachite green and methylene blue within
4 h of the extraction process. The results are similar to those obtained in previously de-
scribed research [61] and further works [23,63-64]. Mustafa et al. [63] prepared 3-(ami-
nopropyl)triethoxysilane (APTES) enhanced CuO nanoparticles integrated polymer in-
clusion membranes and used them for the removal of the methylene blue dye (model so-
lutions) via transportation from the feed phase to the strip phase. They reported that after
the optimization of experimental conditions (pH of the feed/receiving phases, stirring
speed, time, the concentration of the carrier in the membrane, and concentration of the
dye), a dye transportation efficiency of 97% was achieved. Studies on the development of
efficient PIMs for removing synthetic dyes also refer to the possibility of using polymers
other than CTA/PVC as a membrane matrix. Methylene blue and rhodamine B (cationic
dyes) were also removed with comparable effect during facilitated transport on PIM
(D2EHPA-PIM) [64]. The adsorption removal efficiencies under the optimal conditions
reached about 93% and 97% for MB and RB, respectively. On the other hand, different
extraction values were observed for MB (E% = 18.7%) and for RB (E% = 82.4%) during the
process at pH 2. Desorption of both dyes from the membrane was achieved using acidic
aqueous solutions, and a desorption ratio of up to 90% was obtained. The dye transport
was elucidated using mass transfer analysis, where relatively high values of the initial
fluxes (Jo) were found: 41.57 and 18.74 pmol-m2-s~! for MB and RB, respectively. Soo et al.
[23] used PVDEF-co-HFP as the base polymer for the formulation of PIM with B2EHP as a
carrier and DOP as the plasticizer and used this membrane for the extraction of cationic
dye malachite green from model aqueous solutions. With optimal composition in optimal
experimental conditions, the formulated PIM was able to remove more than 97% of the
synthetic dye. These results may potentially influence further directions of the develop-
ment of PIMs because CTA/PVC-based PIMs usually demonstrate lower performance in
long extraction periods, and PVDF-co-HFP has higher stability than other base polymers.
Moreover, as demonstrated by Soo et al,, it has high extraction and transport efficiency
for malachite green synthetic dye. Recently, Benosmane et al. [65] reported that the appli-
cation of PIMs consisting of CTA polymer, 2-NPOE plasticizer, and calix[4]resorcin arene
(RCS) carrier allows the efficient removal of methylene blue dye from model solution as
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synthetic aqueous wastewater, wherein the carrier and plasticizer content in the mem-
brane strongly influence the properties of PIMs. Abdul-Halim et al. [66] used PIM made
from cellulose triacetate and Aliquat 336 to extract Congo red from an aqueous solution.
They improved some of the parameters, such as Aliquat 336 concentration, pH of extrac-
tion solution, the concentration of Congo red, the temperature of the process, and stirring
speed which had an impact on the dye removal. Finally, 87% of Congo red was success-
fully removed after 24 h by using CTA-PIM with 50 wt.% Aliquat 336 at the optimum
conditions: pH = 2, temperature 30°C, and stirring speed of 150 rpm, respectively Gun-
asegaran et al. [67] removed the reactive orange 16 (RO16) dye by PIM consisting of
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDE-Co-HFP) as a base polymer,
and Aliquat 336 as a carrier. The optimum extraction of RO16 dye was found in an initial
dye concentration of 10 mg/L in 4 h time at pH 2 with an agitation speed of 500 rpm at
room temperature using PIM with 9% carrier content. The highest percentage of removal
of RO16 dye was 99.62%. Results of experiments performed by Ravi et al. [27], who ap-
plied PIMs consisting of PVDF-Co-HFP as a polymer matrix and Aliquat 336 as a carrier
for the removal of the dye reactive orange 16 from aqueous solutions, confirm the suita-
bility of this co-polymer for the development of membranes intended for the removal of
synthetic dyes. In optimal experimental conditions, the extraction efficiency of reactive
orange 16 was almost complete (99.62%). The presented examples of the use of PIMs con-
taining various carriers/polymers/plasticizers for the removal of different synthetic dyes
confirm the high efficiency of these methods (extraction efficiency in most cases was well
over 90%) and suggest that they can potentially be used on a wider scale in the future,
e.g., for the treatment of industrial wastewater from the textile industry. However, further
research is needed, especially in the field of membrane stability (the possibility of their
multiple uses) and in the development of techniques for their regeneration.

5. Concluding Remarks and Future Perspectives

In recent years, scientists have been particularly interested in developing effective
and environmentally safe methods of removing hazardous pollutants, such as emerging
contaminants and synthetic dyes, from aqueous solutions [68-72]. The environmental
threat from these pollutants is primarily due to economic growth. The pharmaceutical,
cosmetic, textile, and many other industries generate a large amount of often toxic
wastewater, which according to European law, must be properly treated. In some cases,
the toxic compounds introduced into the water ecosystem can have serious acute effects
on the organisms exposed to them [73]. Emerging contaminants (e.g., pharmaceuticals
and pesticides) and synthetic dyes can be removed from aqueous solutions during various
separation processes such as adsorption, solvent extraction, bioremediation, etc. Table 4
presents sample information on the methods used to remove specific emerging contami-
nants, such as pharmaceuticals and pesticides from various aqueous mediums, and the
results achieved by their applications. Comparing the results described in Table 1 with
the results obtained using various PIMs to remove these contaminants from aqueous so-
lutions (described in the text), it can be clearly stated that in many cases, polymer inclusion
membranes are much more efficient (e.g., in comparison to solvent extraction, adsorption,
precipitation methods). In the case of comparable performance of PIMs and other meth-
ods, the advantages of PIMs (i.e., the ease of PIMs formulation, the possibility of using
various chemical compounds for this purpose, low consumption of toxic solvents, the pos-
sibility of multiple use of membranes after regeneration, relatively low costs of PIMs sep-
aration and safety for the environment) may have a key, positive impact on the decision
which of the solutions are more beneficial.
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Table 4. Examples of using different methods to remove selected emerging contaminants from
aqueous solutions.

Method Active Compound Contamination Re‘m‘oval References
Efficiency
Adsorption Mixed-linker Zr-MOFs DIC 2.04 mmol/g [74]
Adsorption Active carbon TC 477.1 mg/g [75]
Adsorption Graphene ATN, CB, CIP, DIC, GFZ, and IBF >90% [76]
Magnetic nanoparticles: Cu- IBF 13.38, DIC 12.47,
Adsorption DIC, IBF, CIP, and OFX CIP 12.35, OFX 11.14 [77]
BTC@Fe3Os
mg/g
Adsorption CDP Pesticides 22.5% [78]
HPIM 1: (CTA + TEHP +
Electro membrane DEHPA .

extraction ~ HPIM 2: (CTA + TiEHP + Ali- Herbicides 99.1-100% (5]

quat336)

Extraction Covaiizl?:{(;grg;g ame- Pesticides >80% [79]
Dispersive so'lid EMR-Lipid: mixture (')f fethyl Pesticides from the oil matrix 595, [80]
phase extraction acetate and acetonitrile

Solvent extraction Bio-sourced ionic liquids Pesticides >95% [81]
Bioremediation Microalgae Parabens Close to 100% [82]
Co-precipitation

over activated car- MAAC cIp 81.97 mg/g [83]

bon
. Activated carbons from ar- DIC 126 mg/
Adsorption gan nutshells Caffeine 210 mg/g (84]

In conclusion, this article presents examples of the application of methods based on
the use of polymer inclusion membranes in the last five years to remove selected emerging
contaminants and synthetic dyes from aqueous solutions (model and real wastewater
samples). Separation methods based on the application of PIMs have great potential and
can probably be widely used in the future for the effective removal of such pollutants
because they are economical and environmentally friendly. However, the application of
PIMs to remove pharmaceuticals, pesticides, and synthetic dyes from wastewater also has
some limitations. In order for the membrane process to be carried out with the desired
efficiency, it is necessary to determine the proper composition of the membranes (qualita-
tive and quantitative) and the optimal conditions for the membrane process (for each type
of pollutant to be removed and each type of wastewater treated). It has been shown that
a variety of chemical compounds can be used to formulate PIMs, both as a polymer matrix
(e.g., CTA and PVC) or pollutants carriers (e.g.,, D2EHPA, Aliquat 336, N503, Calix
[4]resorcin arene). In addition, various modifications to PIMs can be introduced, e.g., the
addition of different plasticizers and formulation of membranes containing two different
carriers. Polymer inclusion membranes are also increasingly used in combination with
other methods (e.g., EME). Since the membrane process is influenced by many factors (in
addition to membrane composition and feed solution/wastewater composition, the com-
position of the receiving phase, pH, temperature, etc., play an important role), it is usually
time-consuming to determine all the optimal conditions. Moreover, the efficiency of PIMs
decreases after some time, so it is necessary to develop a fast and effective method for
their regeneration or to change membranes frequently, which also affects the time needed
to treat wastewater and the cost of the process. Solving problems related to the fouling of
membranes will certainly contribute to their wider use in the future to remove various
pollutants from the aquatic environment.
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Abbreviations

B-CD Poly(3-cyclodextrin)

AA Anacardic Acid

ACP 4-Amino-2-chloropyridine

Aliquat 336  Trioctylmethylammonium chloride

APIs Active Pharmaceutical Ingredients

APTES 3-(Aminopropyl)triethoxysilane

ATN Atenolol

BPA Bisphenol A

Eégﬁii o Bis-2-(ethylhexyl)phosphate

4-tert-BP 4-Tert-butylphenol

CB Carbamazepine

CDP Cross-linked cyclodextrin polymer

cIp Ciprofloxacin

COFs Covalent organic frameworks

CPS Chlorpyrifos

CR Congo red

CTA Cellulose Triacetate

DDL Dodecanol

DES Desipramine

DIC Diclofenac

DIQ Diquat

DOP Dioctyl Phthalate

D2EHPA Di(2-ethylhexyl)phosphoric acid

EDC Calix[4]arene

ECs Emerging Contaminants

EDCs Endocrine-Disrupting Chemicals

EME Electro Membrane Extraction

GC-MS The gas chroma.tography and mass spec-
trometry detection

GFZ Gemlfibrozil

GO Graphene Oxide

HF-PIM-LPME Hollow .Fib‘er Polymer‘lnclusion Mem—
brane Liquid-Phase Microextraction

HPIMs Hollow Polymer Inclusion Membranes

HEF-SLM- Hollow Fiber Supported Liquid Mem-

LPME brane Liquid-Phase Microextraction

HRMS High-Resolution Mass Spectrometry

KET Ketoprofen

IBF Ibuprofen

MI Imipramine

LM Liquid Membrane

MAAC Magnetic activated
carbon

MB Methylene Blue

MG Malachite Green
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NAP Naproxen

NOR Nortriptyline

N503 N,N-bis(1-methylheptanyl)acetamide

2-NPOE 2-Nitrophenyloctyl ether

OFX Ofloxacin

OTC Oxytetracycline
Picloram herbicides (4-amino-3,5,6-trich-

PCM 1 L
loro-2-pyridinecarboxylic acid)

PIM Polymer Inclusion Membrane

PNP P-nitrophenol

PEASs Perfluoroalkyl and Polyfluoroalkyl Sub-
stances

PQT Paraquat

PVC Poly(vinyl chloride)

PVDF-co-HFP Poly(vinylidene fluoride-co-hexafluoro-
propylene)

RB Rhodamine B

RC8 Calix[4]resorcinarene

RO16 Reactive Orange 16 dye

RXL Yellow Erionyl (acidic dye)

SA Salicylic Acid

SAs Sulfonamides

SE Solvent Extraction

SLM Supported Liquid Membranes

SMX Sulfamethoxazole

SPE Solid-Phase Extraction

SPME Solid-Phase Microextraction

SPY Sulfapyridine

STZ Sulfathiazole

TCA Tricyclic Antidepressants

TC Tetracycline

TPB Triphenylbenzene

TRIP Triptycene
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ZASTOSOWANIE SPEKTROSKOPII FOURIEROWSKIE]
w PODCZERWIENI w ANALIZIE PROCESOW SORPCYJNYCH
— MINI PRZEGLAD

D. BOZEJEWICZ, Politechnika Bydgoska im. J i J. Sniadeckich, Wydziat Technologii
i Inzynierii Chemicznej, Zaklad Chemii Ogolnej i Nieorganicznej, ul. Seminaryjna 32,
85-326 Bydgoszcz.

Abstrakt: Adsorpcja jest tatwa, ekonomiczng, przyjazna dla srodowiska i technologia,
ktéra ma na celu oddzielenie roznych zwigzkow (jondw i czasteczek) z jednej fazy do
drugiej przy uzyciu materialdéw adsorpcyjnych [1]. Mechanizmy adsorpcji sa zwykle
niespecyficzne, dlatego mozna je wykorzysta¢ do eliminacji lub zmniejszenia ré6znego
typu zanieczyszczen z probek cieklych lub gazowych. Stwierdzono, ze adsorpcja jest
korzystng metoda oczyszczania pod wzgledem ekologicznym oraz ekonomicznym,
o prostej konstrukcji, tatwej w uzyciu i niewrazliwej na szkodliwe substancje [2]. Wie-
dza na temat zachodzacych mechanizméw podczas proceséw sorpcyjnych pozwala na
dobodr optymalnych parametrow procesu oraz skutecznego materiatu sorpcyjnego. Jedng
z metod umozliwiajagcych optymalizacje procesu sorpcji jest spektroskopia fourierowska
w podczerwieni (FTIR). w pracy przedstawiono najnowsze osiagni¢ecia FTIR w analizie
procesow sorpcyjnych, zarowno podczas analizy struktury nowych sorbentow, jak row-
niez w celu zbadania mechanizmdéw procesu sorpcji.

Wprowadzenie: Spektroskopia fourierowska w podczerwieni (FTIR, ang. Fourier
Transform Infrared Spectroscopy) to technika analityczna polegajaca na okresleniu inte-
rakcji miedzy promieniowaniem podczerwonym (IR, ang. Infrared) a analizowang prob-
ka (stata, ciekla lub gazowa). FTIR mierzy zaréwno cze¢stotliwosci, przy ktorych probka
absorbuje, jak réwniez intensywnos$¢ tych absorpcji. w zwigzku z tym, ze zwigzki wyka-
zujg charakterystyczng absorpcj¢/emisje w obszarze spektralnym IR mozna je analizo-
wacé zarowno ilosciowo, jak i jakosciowo za pomocg spektroskopii FTIR [3]. Spektro-
skopia w podczerwieni jest technikg spektroskopii oscylacyjnej, ktéra wykorzystuje
zasadg, ze czasteczki majg okreslone dyskretne poziomy energii odpowiadajace czgsto-
tliwosciom, z jakimi si¢ obracajg lub wibrujg [4]. w rezultacie otrzymuje si¢ widmo,
czyli wykres zalezno$ci wielko$ci absorpcji promieniowania od dtugosci fali lub liczby
falowej © [em'] (Tabela 1). Zatem absorpcja wynika z przejécia miedzy stanami oscyla-
cyjnymi i rotacyjnymi czasteczki i wystepuje, gdy przejscie powoduje zmiang momentu
dipolowego [4,5]. Przy czym grupy funkcyjne czasteczki odpowiadaja za absorpcje
promieniowania o réznych czestotliwosciach, a stgzenie sktadnika mozna okresli¢ na
podstawie wielkoS$ci absorpcji promieniowania [3]. Podczerwien jest rodzajem promie-
niowania elektromagnetycznego o nizszej czestotliwosci niz $wiatlo widzialne
w zakresie liczb falowych 12 500 — 10 cm™. Wyréznia si¢ podczerwien bliska (NIR, ang.
Near Infrared), ktora zawiera si¢ w zakresie liczb falowych od 10 000 do 4 cm’! [6].
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Tabela 1. Wybrane charakterystyczne liczby falowe pasm drgan wigzan wystgpujacych w zwiazkach orga-

nicznych [7].

Zakres absorpcji, cm’’ Typ drgan Wiazanie

3760 rozciagajace O-H wody
3500-3300 rozciagajace N-H aminy
3350-3250 rozciagajace C-H aromatyczne
2970-2850 rozciagajace C-H alifatyczne
1760-1690 rozciggajace C=0 (aldehydy, ketony, kwasy, estry)
1650-1550 deformacyjne N-H
1600-1500 rozciggajace Cc=C

Spektroskopia FTIR moze dostarczy¢ podstawowych informacji na temat struktury mo-
lekularnej zwigzkow organicznych i nieorganicznych np. w probkach geologicznych
podczas analizy mineratéw lub skamieniatoéci [8] czy w analizie struktury biatek [9,
10]. w analizie $rodowiskowe]j spektroskopia FTIR jest stosowana w celu okreslenia
charakteru zanieczyszczen oraz mechanizmu wigzania w przypadku usuwania zanie-
czyszczen w procesach sorpcyjnych [3].

W niniejszym opracowaniu przedstawiono najnowsze osiggnigcia spektroskopii fourie-
rowskiej w podczerwieni w analizie proceséw sorpcyjnych, szczegdlnie w celu potwier-
dzenia struktury otrzymanego sorbentu oraz mechanizmu wigzania na jego powierzchni.
Obecnie z powodzeniem wielu badaczy wykorzystuje spektroskopie¢ FTIR w procesach
sorpcyjnych w celu potwierdzenia struktury adsorbentu oraz mechanizmu wigzania
z adsorbatem (Tabela 2).

Tabela 2. Wybrane zastosowanie spektroskopii FTIR w procesach sorpcyjnych.

Adsorbent Adsorbat Mechanizm | Struktura Ref.
HGP-MNP Cu(ID), Ni(II), A1(1IT) X X [11]
Fe—Al-Mn fosforany X X [12]
La(OH); fosforany X [13]
B-CD-CS-EDTA Pb(II), Cu(Il), Ni(II), CIP X [14]
VPO, wielosiarczki X [15]
MOF Dy** X [16]
Kropidlak popielaty Cr(VD X [17]
GOA barwniki X [18]
hydrozelu modyfikowanego Cu(Il), Cd(ID), Pb(Il) X [19]
EDTA ? ?
IFC bitum X [20]

Almomani i in. zastosowali spektroskopi¢ FTIR do analizy magnetycznych nano-
czastek tlenku zelaza (MNP) na poliglicerolu (HPG) w celu usuwania metali cigzkich,
takich jak nikiel, miedz i glin z wtérych $ciekow przemystowych. Dzigki analizie FTIR
autorzy potwierdzili adsorpcje jonéw miedzi(Il), niklu(Il) i glinu(IIl) na powierzchni
HGP-MNP za pomocg grup hydroksylowych obecnych w strukturze badanego adsorben-
tu. Ponadto widma FTIR potwierdzily struktur¢ zmodyfikowanych nanoczastek HPG-
MNP. Stwierdzono obecno$¢ grup: O-C-O (1099 cm’), CH, (2887 cm™) oraz O-H
(3410 cm™) [11]. Natomiast Lii wraz z zespotem badawczym opisali zsyntetyzowany
metoda utleniania i wspolstracania nanostrukturalny tlenek trimetalu Fe—Al-Mn, ktory
znalaz} zastosowanie w adsorpcji fosforanéw. w wyniku otrzymanych widm FTIR trime-
talu Fe—Al-Mn przed i po adsorpcji fosforanow potwierdzono wigzanie fosforanow do
powierzchni badanego tlenku trimetalu. Znaczace przesunig¢cie wartosci liczb falowych
wybranych pasm w widmie badanego tlenku trimetalu Fe-Al-Mn (570, 974 i 1123 cm™)
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potwierdzito, ze tlenek trimetalu Fe-Al-Mn byt raczej zwigzkiem tlenkowym niz prosta
mieszaning. z widm FTIR wynika, Zze po przeprowadzonej adsorpcji prawdopodobnie
utworzyt si¢ kompleks na powierzchni sfery wewnetrznej (M-O-P) migdzy fosforanem
a tlenkami. Ponadto na podstawie wzrostu pH uktadu stwierdzono, ze powierzchniowe
grupy hydroksylowe (M-O) adsorbentu moga by¢ wymieniane przez zaadsorbowany
fosforan [12]. Zhang i in. zbadali natomiast proces adsorpcji fosforanow na adsorbencie,
jakim byt wodorotlenek lantanu.

W oparciu o analiz¢ widm FTIR zaadsorbowanych fosforandw autorzy stwierdzili po-
wstawanie w zakresie pH od 4 do 9 diprotonowanych dwukleszczowych kompleksdéw
dwurdzeniowych lub monoprotonowanych dwukleszczowych komplekséw jednordze-
niowych [13]. Spektroskopia FTIR umozliwila rdwniez analiz¢ mechanizmu adsorpcji
jonow metali ciezkich (Pb(II) Cu(Il), Ni(Il)) oraz leku przeciwbakteryjnego — cyproflok-
sacyny (CIP) z wody za pomoca kompozytu B-CD-CS-EDTA (tj. B-cyklodekstryna-
chitozan-EDTA). Widmo FTIR dla adsorpcji Ni(II) + CIP jednoznacznie wskazato zanik
pasm pochodzacych od drgan grup karboksylowych i przesuni¢cie pasm przypisanych
O-H/N-H oraz jednostki glukozy B-CD, potwierdzajac tym samym adsorpcje jonow
Ni(II) i CIP jednoczesnie poprzez kompleksowanie, oddzialywanie elektrostatyczne
i tworzenie kompleksu inkluzyjnego typu ,,gospodarz-gos¢” [14]. Natomaist Jiao i in.
zastosowali fosforan wanadu VPO,, jako adsorbent wielosiarczkéw stosowanych
w akumulatorach litowo-siarkowych. Eksperymenty sorpcyjne wykazaly, ze VPO, ma
dobra zdolno$¢ adsorpcji polisiarczkéw. Spektroskopia FTIR potwierdzita istnienie
chemicznych oddziatywan miedzy VPO, a polisiarczkami. Wibracj¢ czestotliwo$ci czy-
stego VPO, zaobserwowano przy dtugosci fali 648 cm™ (V-O-P), 947 cm™ (P-O) oraz
1103 cm™ (V-0), przy czym gtéwna pozycja piku VPO,/Li,S, byla nieznacznie przesu-
nieta ku czerwieni w porownaniu z czystym VPO,. Czestotliwosci drgan wigzania V-O-
P, wigzania P-O i wigzania V-O przesunely si¢ odpowiednio do 642 cm™, 943 cm’
i 1097 cm™. Natomiast czestotliwosci drgan tych wiazah w VPOL/Li>S¢ byly przesunigte
odpowiednio do 640 cm™, 939 cm™ i 1096 cm™. Powyzsze wyniki jednoznacznie wska-
zaty na wysokie powinowactwo VPO, do polisiarczkow litu [15]. Inni badacze zastoso-
wali spektroskopi¢ FTIR do potwierdzenia adsorpcji jonéw dysprozu za pomoca ukta-
doéw metaloorganicznych (MOF) modyfikowanego grupami karboksylowymi [UiO-66-
(COOH),]. Na podstawie analizy widm FTIR jednoznacznie wskazano, ze wolna grupa
karboksylowa przyczynia si¢ do wychwytywania jonéw Dy’* [16]. Metode spektroskopii
FTIR mozna réwniez wykorzysta¢ w przypadku biosorpcji jonow chromu(VI). Dhal i in.
na podstawie widm FTIR udowodnili , powstawanie wigzan chemicznych pomigdzy
jonami Cr(VI) a grupami karboksylanowymi, aminowymi, amidowymi i hydroksylo-
wymi, wystepujacymi na powierzchni $ciany komoérkowej grzyba (kropidlak popielaty)
[17]. Ponadto za pomoca spektroskopii FTIR potwierdzono réwniez strukture réznych
adsorbentow, np. zsyntetyzowanego aerozelu tlenku grafenu (GOA), ktéry znalazt zasto-
sowanie do usuwania barwnikow z wody [18], hydrozelu modyfikowanego EDTA sto-
sowanego do adsorpcji jonéw Cd(II), Cu(Il) i Pb(Il) ze Sciekéw przemystowych [19],
czy wewnetrznie funkcjonalizowanego wegla (IFC) pochodzacego z surowca alg w celu
selektywnej adsorpcji niektorych potencjalnie niebezpiecznych emisji bitumu [20].

Whioski: Spektroskopia fourierowska w podczerwieni znajduje coraz szersze zastoso-
wanie w analizie Srodowiska, szczegodlnie w procesach sorpcyjnych. z najnowszych
doniesien literaturowych wynika, ze widma FTIR dostarczaja wiedzy na temat nowych
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materiatéw sorpcyjnych, np. HGP-MNP, GOA, IFC stosowanych do usunigcia jonéw
metali (Cu(Il), Ni(II), Al(III)), barwnikéw czy bitumu. Ponadto widma FTIR potwier-
dzajg mechanizmy sorpcji z wykorzystaniem VPO,, modyfikowanego EDTA hydrozelu,
czy tlenku trimetalu Fe-Al-Mn w celu usuni¢cia odpowiednio wielosiarczkow, jonow
metali (Cu(I), Cd{I), Pb(I) i fosforanow. Podsumowujac spektroskopia FTIR, jako
metoda analityczna pozwala nie tylko potwierdzi¢ struktur¢ nowego, zsyntezowanego
materiatu sorpcyjnego, ale rowniez zinterpretowac¢ zachodzacy mechanizmu wigzania
zanieczyszczen z adsorbentem w procesie sorpcji.
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metal ions from wastewater
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Abstract

The metals contained in surface and ground water come mainly from industrial
effluents and domestic sewage. Currently, various techniques and processes
are used to treat polluted water to remove contaminants from it, including metal
ions, for this purpose processes such as extraction, ion exchange, precipitation,
or sorption are used. Sorption is one of the most popular and effective methods
of wastewater treatment because is a simple, efficient, and economical method.
The popularity of this method is due to the availability of various synthetic as well
as natural sorption materials. The main advantage of using the separation
properties of various sorption materials is the decrease of amounts of metal ions,
including heavy metal ions in the natural environment.

This review presents selected adsorbents (natural organic, synthetic
organic/polymeric, mineral sorbents) and their modifications used
for the recovery of metal ions present in sewage sludge. The basic parameters
of the sorption process were also presented, which describe, among others,
sorption efficiency.

Keywords: natural organic sorbent, synthetic organic/polymers, mineral sorbents,
modified sorbents, removal metal ions, adsorption
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1. Introduction

The main source of heavy metal ions present in sewage sludge is industrial
effluents and domestic sewage. Sewage sludge is a complex mixture that consists
of by-products of wastewater treatment processes of sewage from various
domestic and industries sources and rainwater runoff roads through, physical,
biological and/or chemical processes. Heavy metals occur in sewage sludge
in the form of precipitated, dissolved, co-precipitated with metal oxides, adsorbed,
or associated with biological residues. They can take the form of oxides,
hydroxides, sulphides, sulphates, phosphates, silicates, organic compounds
in the form of humic complexes, and compounds with complex sugars (Gawdzik,
2012; Weiner and Matthews, 2003, Obaid et al., 2018).

" F f'jmﬂ ’. Ll. P
@ > ¢

Mertal ions

‘Heavy metalions (Zo. Cu, Cd, Pb, Cr, Hg, Ag, etc)

Fig. 1. The scheme of sources metal ions contained in surface and ground water and the way their
recovery (own elaboration)

Methods such as chemical precipitation, ion exchange, membrane filtration,
flocculation, and adsorption (Cristiani et al., 2021) have long been for the removal
of metal ions from solution. One of the commonly used processes for the recovery
of metal ions from wastewater is sorption. Sorption consists of the use
of adsorbents, i.e. porous solids with a developed specific surface, on which
the process of surface bonding of molecules from the liquid or gas phase takes
place (Bandura et al., 2017). According to the definition, adsorption is the mass
transport of substances from either a gas or liquid state to a solid interface
as the result of physical and/or chemical interactions. During the sorption process,
the molecules attach to the surface of the chemical through physical and chemical
bonding (Ugwu et al., 2020). All adsorbents, both natural and synthetic, contain
functional groups that allow metal ions to be adsorbed. Chemically modified
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adsorbents have a higher adsorption capacity than unmodified adsorbents.
As the result, the modified adsorbent enhances the surface-active area of sorbent
(Chakraborty et al., 2020). According to researchers, sorption is a very effective,
simple and economical process for metal ion removal from wastewaters.
The research works conducted so far concern the kinetics and thermodynamics
of sorption, possible sorption mechanisms, and factors influencing sorption
properties or modification of already existing adsorbents (Zhano et al., 2011;
Ishtiag et al., 2020).

The paper presents selected adsorbents (natural, organic, synthetic,
organic/polymer, mineral) used for the sorption of metal ions (e.g., Cd**, Co?*,
Cu?', Zn?**, Ni%¥", Pb*", Hg?', Fe**, Cr*", Cr*, Ba*', etc.) from aqueous solutions.
It also, describes the basic parameters of the sorption and desorption process.

2. Basic parameters of adsorption and desorption process

2.1. Adsorption process

It was found that the adsorption conditions are influenced by ion concentration,
contact time, adsorbent content, and pH solution. The capacity sorption (g., mg/g)
is a main parameter of the sorption process and describes the ability to bind metal
ions by the adsorbent. The metal ions uptake (g.) on the investigated adsorbent at
a given time (¢) is given by the following equation (Far et al., 2021):

_ V(G- Co) ()

€ m

where: V' is the volume of the metal ions solution [dm®], m is the mass
of adsorbent [g], and Cp and C, are the metal concentrations [mg/dm?] at #= 0 and
t, respectively.
Moreover, equation 2 describes the percentage of removal (%Rads) of metal
ions (Ishtiag et al., 2020).
Co—Ce (2)

%Rgas = C - 100,
0

where: Cy and C. are initial and equilibrium concentrations of metal ions,
respectively [mol/dm?].

Mathematical description of sorption process described below. In the mass
exchange mechanism in the process of adsorption from solutions, the following
steps are specified:

— diffusion or convection in solution;
— diffusion of particles from the liquid to the interface;
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—mass diffusion through the interface;

— diffusion in the liquid phase inside the pores of the adsorbent;
— specific adsorption on the active centers of the adsorbent;

— diffusion in the surface layer of the adsorbent.

A dynamic equilibrium, is a defined separation of the adsorbate between the
solution and the adsorbent. The amount of metal ions in the solutions adsorbed
(g.) was describe formula 1. The mechanism of the sorption process that exists
between the adsorbent surface and the heavy metal ions can be described with the
use of adsorption isotherms for both single and multiple component systems
(Ugwu et al., 2020). During the mathematical description of the adsorption
equilibrium from dilute aqueous solutions, the equations of the Freundlich (3),
Langmuir (4), and Dubinin-Radushkevich (5) isotherms are commonly used
(Zhao et al., 2010).

1 3

de = KpCen, 3

_ K,C, (4)
Qe qmax 1 + KLCe’

(6]

2
RT 1n(% \
de = Qmax€Xp \_ TOS /;

where: g. the amount of solute adsorbed at equilibrium, C, the equilibrium
concentrations of sorbate in solution [mol/dm?] over time [t], C; the concentrations
of sorbate in sorbent [mol/dm’] over time [t], Eo solid characteristic energy
towards a reference compound, and others parameters or constants: £ is constant
of Dubinina-Radushkevicha, constant dependent on sorption energy,
K is constant of Langumir.

2.2. Desorption process

Desorption of metal ions is based on the release of adsorbed ions from the
adsorbent surface and their transfer to the receiving phase. It is the reverse of the
sorption process. Desorption efficiency (%R, Eq. 6) is promoted by, among
others temperature increase or reduction of the degree of dispersion (Ishatiaq
et al., 2020; Ipeaiyeda and Tesi, 2014).

C:
%oRges = - 100, ©
a

where: C; is a released matal concentration [mol/dm?], C, is an intially sorbed
metal concentration [mol/dm?].
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3. Kind of adsorbents

Due to their origin, sorbents are divided into natural organic, synthetic
polymeric, and mineral sorbent (Fig. 2). Natural organic sorbents include, i.a peat,
sawdust, wood bark, and cellulose that forms during the production of paper.
Despite their high absorbency, they are of limited use, e.g., they are not suitable
for removing aggressive substances. On the other hand, synthetic polymer
sorbents are characterised by high absorbency and low weight. They can be used
to remove impurities formed on the water, with the so-called hydrophobic sorbents
that do not absorb water. Raw materials such as wood sawdust, bark, and other
wood processing wastes can be mineral sorbents. Mineral sorbents are made
of natural fibees, while synthetic sorbents are artificial materials made of plastic.

Sorbents

synthetic organic/
polymers

natural organic mineral sorbents

Fig. 2. Kind of adsorbents

Commonly used sorbents are mainly solid materials (granules, mats, pillows,
sorption barriers, etc.). They are used to limit the horizontal and vertical migration
of substances (Pijarowski and Tic, 2014).

3.1. Natural organic sorbents

Natural organic sorbents are widely used to remove metal ions by sorption
process, and including, among others wood sawdust, bark, and peat (Baltinova
et al., 2016), which is presented below.

3.1.1. Wood sawdust

Wood sawdust (WSD) is industrial biomass waste used as an adsorbent. WSD
was obtained by wood processing units and industries that procedure furniture.
This waste is cheap and eco-friendly and is commonly using to remove toxic metal
ions from aqueous solutions (Varma et al., 2019).

For example, wood sawdust was used to remove copper, zinc, and cadmium
from galvanic wastewater (Tan et al., 2019), e.g., Rahman et al. (2019) used maple
sawdust to adsorb copper ions, obtaining maximum adsorption of 9.5 mg/g
at pH = 6.0 (Rahman and Islam, 2009). Moreover, like other adsorbents, wood
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can be modified and used to remove metal ions from an aqueous solution.
Rafatullah et al. used meranti sawdust to remove Cu(Il), Cr(IlI), Ni(II), and Pb(II)
ions from aqueous solutions with concentrations from 1-200 mg/L. The better
adsorption was when the pH of the sample equals 6 for all metal ions (Rafatullah
et.al.,, 2009). In addition Tan et. al. synthesised an innovative adsorbent based
on wood flour for Pb(Il) removal, assessed the experimental adsorption capacity
of this adsorbent as amounting 189.9 mg/g in 180 min. Moreover, the adsorbents
high selectivity of the Pb(Il), Cu(Il), and Zn(Il) ions in mixed solution for lead
ions (Tan et al.,, 2019). Other synthesised wood sawdust experimentation
was undertaken by Guo et.al. and applied to removal Pb(II) and Cu(Il) ions.
The capacity sorption for Pb(Il) and Cu(Il) ions was 241.8 and 95.7 mg/g,
respectively (Guo et al., 2020). El-Sheikh et al. (2018) prepared five adsorbents:
the Cit-MOW (citric acid-coated magnetic olive wood sawdust)
with the adsorption capacities (at pH = 5.6) of: 21.0, 14.4, 17.6 mg/g for Cu(Il),
Co(ID), Zn(II), respectively, while cit-Mag (citric acid-coated magnetite) showed
adsorption capacities (at pH = 5.6) of: 5.0, 1.6, 4.4 mg/g for Cu(Il), Co(Il), Zn(II),
respectively (EI-Sheikh et al., 2018).

3.1.2. Bark

The bark is a waste from wood processing, which is used as an adsorbent
around an amorphous structure, irregular surface. Bark materials were composed
mainly of lignin and holocellulose (Georgin et al., 2019). Bark is a cheap natural
adsorbent and is commonly used to remove metal ions (Cd(Il), Pb(II), Cu(Il),
Zn(1I), Ni(II), Hg(II), Fe(1l), Cr(1ll), Cr(VI)) (Baltinova et al., 2016; Naiya et al.,
2009; Hamdaoui, 2016; da Silva Correia et al., 2018; Hashem et al., 2018; Sen et
al., 2015).

For example, the bark was used to remove 94.80, 95.50, and 94.23% of Cd(1l),
Pb(I), and Cu(Il) respectively from industrial real wastewater by Kebede et al. (2018).
Akar et al. (2019) was used modified and non-modified bark to remove heavy metal
ions from wastewater. The highest removal of Cr(VI) obtained 89.6% for non-modified
bark and 90.7% for modified bark. The highest removal of Ni(Il) was obtained 74.5 and
56.5% for non-modified and modified bark, respectively (Akar et al., 2019). Wajima
obtained a modified adsorbent from cedar bark using sulfur-impregnation,
and calculated the maximum adsorption capacity, of 0.30-0.74 mmol/g. The order
of selectivity of the adsorbent was: Pb(II) > Fe(II) > Cu(Il) > Zn(II) > Cd(II) > Ni(I)
> Fe(II) (Wajima, 2017). Saeed et al. (2020) investigated the leaves (CL) and bark (CB)
of cinnamomum verum to check their effectiveness in reducing the concentration
of hexavalent chromium (Cr*® metal ions) in the biosorption process (Saeed et al., 2020).
Scientists also studied the application of green synthesis of magnetite nanoparticles from
Hevea bark extract to the removal of Cd and Na ions. The highest adsorption capacity
for Cd(IT) and Na(I) ions was 37.03 and 3.95 mg/g, respectively (Sebastian et al., 2019).
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3.1.3. Peat

The peat is a raw material of an extensive capacity, it can be a precursor
for the synthesis of an adsorbent, e.g., using to the removal of metal ions from
aqueous solutions. Peat is a cheap natural adsorbent, that is friendly to the
environment (Men’shchikov et al., 2020).

Thus, Ringqvist et al. (2002) studied sphagnum and carex peat samples for the
removal of zinc and copper ions from wastewater. The highest removal of Zn(II) and
Cu(Il) ions, 97-99%, 85-100%, respectively, were obtained in the effluent from
the carex peat sulphide mine, and 37-77% for Zn, and 80-100% for Cu ions in the
sphagnum peat sample (Ringqvist et al., 2002). Other scientists described the sorption
capacity of peat for nickel(Il) and lead(Il) ions of 61.27 mg/g and 82.31 mg/g,
respectively. The peat was an effective sorbent among natural organic sorbents, and the
desorption experiments confirmed the possibility of reusing peat for the removal
of harmful metal ions (Bartczak et al., 2018). Ho and Mckay studied the sorption
of copper, lead, and nickel ions from an aqueous solution onto sphagnum moss peat
(Ho and Mckay, 2000). Balasubramanian et. al. used Indonesian (Sumatra) peat
as a metal adsorbent, with the metal ions adsorption of Pb > Cd > Zn for single- and
multisolute systems. Desorption tests found that moret than 90% of Pb, Cd, and Zn
can be eluted from the peat (Balasubramanian et al., 2009). In addition, peat, except
for the above-mentioned metal ions, can be an effective adsorbent for removing
chromium and mercury ions (Priyantha and Lim, 2016; Bulgariu et al., 2008). However,
modified peat, e.g.,, coco-peat biomass (CPB) can be used for the removal
of Pb(Il), Cd(Il), Cu(Il), and Ni(Il) ions from single and quaternary solutions.
The biosorption capacity of Pb(II), Cd(Il), Cu(Il) and Ni(II) ions removal at pH 4 was
as 0.440, 0.133, 0.335 and 0.154 mmol/g, respectively (Vijayaraghavan et al., 2016).

3.2. Synthetic organic/polymer sorbents

Porous organic polymers (POP) are of great interest, especially in wastewater
treatment, due to their high porosity, flexibility, structure, and good chemical
stability. Thanks to that these adsorbents can be used in the adsorption process
to remove metal ions from wastewater (Huang et al., 2021).

Synthetic organic/polymeric sorbents were widely used for the recovery
of various metal ions from heavy metal ions to noble metal ions. Bratskaya et al.
(2016) synthesised a series of polymeric sorbents of pyridylethyl-containing
derivatives of polyallylamine, polyethylenimine, and chitosan to the recovery
of Au(Ill), Pt(IV), and Pd(II) ions. The maximum recovery of gold and palladium
ions was 95% and 80%, respectively from PEC (when using 0.1 M HCl/1 M
thiourea as an eluent) (Bratskaya et al., 2016). Other scientists synthesised new
synthetic sorbents during co-precipitation of the PAA and linear and branched PEI
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and CaCOs crystallisation from supersaturated solutions for the removal of metal
ions (Cu(Il), Ni(Il), and Co(Il)) and their equimolar mixture. The results
of the sorption experiments shown the sorption capacity of different ions can
be correlated to the polymorph composition of the compounds (Zaharia et al.,
2021). Tan et al. synthesised a mesoporous poly-melamine-formaldehyde
(mPMF) polymer with a large surface area. This sorbent was characterised
by good porosity and a high density of amine and triazine functional groups.
Adsorption over mPMF was highly selective for lead ions commonly found
in water ions (Na*, K" and Ca*") (Tan et al., 2013). While Shemshadi et. al. (2012)
used seven polymeric sorbents for the removal of Cd(Il) from aqueous solution.
The investigated adsorbents were obtained by mixing the polymers (PVP,
MBAAmM-N,N', and PAAm) in various ratios (Shemshadi et al., 2012). Seknal and
Bicak (2001) synthesised cross-linked terpolymer beads modified by EDTA.
The maximum sorption capacities for Fe**, Zn*", Cd**, and Pb?* ions, were equal
to 1.48, 1.38, 1.72, and 1.8 mmol/g, respectively (Senkal and Bicak, 2001).

3.3. The mineral sorbents

Mineral sorbents are most often used due to the specific structure and
absorption properties as well as the high efficiency of such sorbents (Pijarowski
and Tic, 2014). Mineral sorbents except for modified mineral adsorbents, include
zeolites, clay minerals, and silica adsorbents.

3.3.1. Zeolites

Zeolites are crystalline aluminosilicates that consist of SiOs and AlOs
tetrahedra linked together to form a nanoporous, three-dimensional, cage-like
structure (Mandal et al., 2020). It was, various natural zeolites have the ability
to exchange different cation ions, e.g., ammonium and heavy metal ions.
Moreover, modification of natural zeolites can be carried out by a few methods,
for example, acid treatment, ion exchange, or surfactant functionalisation. In this
way, modified zeolites were shown to have higher adsorption capacity for organic
compounds and anions (Wang and Peng, 2010). Zeolites except for the removal
of various metal ions from aqueous solutions are used in membrane processes,
e.g., for hydrogen separation in syngas production (Coronas and Santamaria,
2004) or post-combustion CO, capture (Raganati et al., 2021; Xu et al., 2019).
Modified zeolites are used, to e.g., the adsorption ofbBisphenol-A and propranolol
hydrochloride (Rakhym et al., 2021) or for the recovery of heavy metal ions
(Cr, As, Pb, Zn, Cu, Ni, Cd, Mn) present in wastewater (Shi et al., 2017).

For example, Hamed et al. studied the removal of heavy metals (such as Fe(III),
Ca(Il), and Mg(Il)) in treated and raw water using modified zeolite. They found
that when the pH was 4.5, the removal efficiency of Fe, Ca, and Mg was equal
to 98.0%, 97.0%, and 94.9%, respectively (Hamed et al., 2015). Thirumavalavan
et. al. synthesised mesoporous materials with commercially available B-zeolite
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for the adsorption of Pb(II), Cu(Il), and Zn(Il) ions. The capacity sorption
for all synthesised compounds was approx. from 4.3 to 9.8, from 2.0 to 3.8, and
from 1.2 to 2.6 mg/g for Pb(Il), Cu(Il), and Ni(Il) ions (Thirumavalavan et al.,
2011). Phuoc et. al. (2021) used NaA zeolite for Pb(Il) ions adsorption studies
in a fixed-bed column configuration. The sorption capacity was 118.5 mg/g with
the concentration of Pb(II) ions of 100 mg/L, the adsorbent bed height of 8.1 cm,
and the inflow rate of 2.5 mL/min (Phuoc et al., 2021). Borhadd et al. (2015)
synthesised the adsorbent from zeolite-A to remove almost 95% of the Pb(Il)
and Cd(Il) ions and approx. 60% of the Ni(Il) ions from aqueous solution
(Borhade et al., 2015). While Lu et al. (2016) investigated the adsorption of Pb**
and Cu*" on zeolite. The highest adsorption capacities of Pb(II) and Cu(II) ions
were 135.5 and 115.5 mg/g, respectively, and for the concentration of a stock
solution of metal ions was 10 g/L (Lu et al., 2016).

3.3.2. Clay minerals

Other adsorbents are clay minerals (NCM), which are among the adsorbent
minerals. The NCMs are not toxic to the environment, but are inexpensive
and can be used as cheap adsorbents (Alshameri et al., 2018). Clay minerals
are cheap materials available all over the world and are characterised by chemical
and morphological diversity (Chouikhi et al., 2019) The researchers found
that the clays and their minerals (natural and modified forms) effectively remove
e.g., ammonium (Alshameri et al., 2018), and various heavy metals from aqueous
solution (Uddin, 2017).

Schimitt et. al. studied the influence of clay minerals (natural organic matter
(NOM)) on the adsorption of various metal ions such as Al, Fe, Zn, and Pb
(pH equal 5 and 7). They used kaolinite (KAO) and a smectite/illite mixture (MM)
for the removal of metal ions (Schmitt et al., 2002). Gier and Johns (2000) used
a series of micas and illite for the adsorption of Ba®*, Pb**, Cu?*, and Zn*". It was
found that there is selective adsorption of Cu?* ions about to Zn>* and Pb*" ions
during the sorption of these silicates (Gier and Johns, 2000). Li et al. (2020)
studied the adsorption of a number of cations (Na*, K*, Cs*, Ca?*, Pb*", Cd**, Ba**
and Zn*") on the outer surface and in the montmorillonite interlayer. They
investigated the role of interlayer space in determining the efficiency
and the mechanism of adsorption. The stability of the adsorbed cations was found
to be higher in the intermediate layer than in the outer surface, especially for M**
(Lietal., 2020). Esmaeili et al. (2019) using bentonite as a sorbent for the removal
0f 99.9% of copper, and nickel ions, and 89.2% of zinc ions.
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3.3.3. Silica adsorbents

In recent years, silica adsorbents have been increasingly used as sorbents
to remove metal ions from an aqueous solution. The silica sorbents can
be effectively used as adsorbents to remove various toxic metal ions (Ouyang
et al., 2019; Artiushenko et al., 2020; Klapiszewski et al., 2015).

Najafi et al. (2012) used a modified silica adsorbent NH,—~SNHS (Amino-
functionalised silica nano hollow sphere) for the recovery of nickel, cadmium,
and lead ions. The highest adsorption capacity of Ni%*, Cd**, and Pb*" ions onto
the investigated adsorbent was 38.982, 49.526, and 143.295 mg/g, respectively
(Najafi et al., 2012). Bai et. al. (2012) was synthesised a silica-supported
dithiocarbamate adsorbent (Si-DTC) as a new adsorbent for adsorption of Pb(II),
Cd(II), Cu(II), and Hg(II) from aqueous solution. After the sorption experiments,
the adsorption capacities were decribed, as 0.34, 0.36, 0.32, and 0.40 mmol/g
for Pb(II), Cd(II), Cu(Il), and Hg(II), respectively (Bai et. al., 2012). Zhao et.al.
used chitosan-coated mesoporous microspheres of calcium silicate hydrate
for removal of heavy metal ions of Ni**, Zn**, Cr**, Pb*", Cu** and Cd** from
aqueous solution. The highest sorption capacity was 796 mg/g for lead ions
and the lowest was 400 mg/g for zinc ions (Zhao et al., 2014). The next silica
adsorbent is ionic liquid-modified silica gel, which was used to adsorption
for Cu?', Fe**, Mn?", and Ni*" ions (Qian et al., 2016). Functionalised cubic
mesoporous silica, was used to removel Hg?", Cd**, Cu**, and Zn** (Chatterjee
and Paital, 2018). Also used was modified magnetic mesoporous silica MCM-48
to remove Pb(II), Cu(Il), Cr(VI), and Cd(Il) ions. The highest sorption capacity
of lead, copper, chromium and cadmium ions was 127.24, 125.80, 115.60,
and 114.08 mg/g, respectively (Anbia et al., 2015).

4. Summary

Research conducted to date has proved that sorption is an effective and widely
used method to remove metal ions from wastewater. This paper presented various
kinds of adsorbents (natural organic, synthetic organic/polymers, mineral
sorbents) (Table 1) that will enable the high recovery of various metals.

5. Conclusion

Based on the results obtained by wvarious groups of scientists, it can
be concluded that natural organic sorbents such as wood sawdust and the modified
wood sawdust be used for the recovery of Cr**, Pb*, Cu**, Co**, Zn**, and Ni**
ions, but the peat and modified peats can be effective adsorbent to remove Cr®*,
Hg*", Pb**, Cu**, Cd*", Zn**, and Ni** ions. Bark and modified bark can be used
to remove Pb**, Cu?*, Cd*", Co?*, Zn*", Ni**, Fe**, Pd*", Pt**, and Au** ions. Except
for natural organic sorbents, mineral sorbents are used to remove various metal
ions. For example the zeolites and modified zeolites be used for the removal
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of Cd**, Fe**, Ca*, Mn*", Pb*", Cu?', Zn>', and Ni*' ions, and the clay minerals
for removal of Na+, K*, Cs*, Ca®*, Pb*", Cd*", Ba*", Zn**, Cu*", and Ni*' ions.
In addition, the silica adsorbent, thanks to its properties, can be an effective
adsorbent of Cr**, Cr®", Hg*", Pb**, Cu*", Cd*, Zn*", Ni*", Fe**, and Mn?" ions.
The next group of the commonly used sorbents is synthetic organic/polymers
sorbents, which allowed the recovery of Pb**, Cu*’, Cd*', Co*", Zn*", Ni*', Fe*',
Pd?*, Pt**, and Au*" ions from aqueous solutions.

A review of various adsorbents for the removal of metal ions shows that the
appropriate selection of the sorbent allows for the effective recovery of practically
all metal ions from wastewater.

Table 1. Review of selected adsorbents used in sorption processes for metals ions recovery

Kinds of adsorbent Adsorbent Metal ions
Wood sawdust and Cr**, Pb*", Cu*", Co*,
modified wood sawdust Zn** Ni?*

Cr®, Hg*", Pb**, Cu?",
Cd2+, Zl’12+, Ni2+

Cr**, Cr%, Hg?", Pb*",
Bark and modified bark Cu**, Cd*', Zn**, Ni*",
Fe?*, Na*

Pb2+, Cll2+, Cd2+, C02+,
Various synthetic sorbents | Zn?*, Ni?*, Fe3*, Pd**,
Pt2+, Au3+

Zeolites and modified Cd*, Fe**, Ca?*, Mn?",
zeolites Pb?*, Cu?*, Zn?*, Ni**
Na+, K*, Cs*, Ca?",
Clay minerals Pb%*, Cd**, Ba?", Zn**,
Cu?*, Ni?*

Cr**, Cr%, Hg?", Pb*",
Silica adsorbents Cu?*, Cd*", Zn?", Ni*",
Fe**, Mn?*

Natural organic sorbents Peat and modified peat

Synthetic organic/polymers
sorbents

Minerals sorbents
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PRZEGLAD KOMERCYJNYCH NOSNIKOW STOSOWANYCH
W POLIMEROWYCH MEMBRANACH INKLUZYJNYCH
DO ODZYSKU JONOW METALI NIEZELAZNYCH

Daria Bozejewicz!, Katarzyna Witt2, Malgorzata A. Kaczorowska3

1. WSTEP

Metale, takie jak miedz, cynk, zloto, srebro itp., oraz ich stopy zalicza si¢ do grupy
metali niezelaznych (kolorowych). Metale te znalazty zastosowanie w wielu dziedzi-
nach przemyshu, poczawszy od przemystu galwanicznego az do cigzkiego. W przemysle
ciezkim najczesciej wykorzystuje sie te metale, ktore posiadaja tzw. pamie¢ ksztattu,
czyli zdolno$¢ powrotu odksztatconego elementu do pierwotnego ksztattu po wielokrot-
nym nagrzewaniu do wysokich temperatur [8]. Metale niezelazne wykorzystuje si¢
rowniez podczas osadzania powlok metali lub zwiazkéw metali w celach dekoracyj-
nym, antykorozyjnych, czy technologicznych [22]. Istnieja tez powtoki rozrézniane ze
wzgledu na mechanizm ochrony metalu. Stosuje si¢ powtoki anodowe i katodowe. Wta-
Sciwos$cig rozrozniajacg te dwa rodzaje powlok sg wartosci potencjatu elektrochemicz-
nego zastosowanego podtoza i powloki.

Szerokie zastosowanie metali niezelaznych powoduje ich nieuniknione przedosta-
wanie si¢ do $rodowiska naturalnego, a ich kumulacja stanowi zagrozenie dla zdrowia
i zycia zwierzat i ludzi. Konieczne jest, wigc odpowiednie i zgodne z przepisami prawa
unieszkodliwianie odpadow metalono$nych powstatych np. w zakladach przerébki metali.
Wiasciwie zaplanowane procesy utylizacji mogg okazaé si¢ oplacalne, poniewaz wspot-
cze$nie mozliwy staje si¢ odzysk metali, takze tych bardzo cennych. W zwiazku z tym
wielu naukowcow polskich i zagranicznych prowadzi doswiadczalne proby opracowania
jak najbardziej prostego i ekonomicznego rozwigzania odnoszacego si¢ do opisanych
zagadnien. Jednym ze znanych sposobow odzysku metali niezelaznych jest zastosowanie
polimerowych membran inkluzyjnych (ang. Polymer Inclusion Membrane, PIM). Istotne
stato si¢, aby wspomniane membrany byly otrzymane z niedrogich substratow, ale takze
by znajdujacy si¢ w nich tzw. przeno$nik jonow (ligand), ktory w gltéwnej mierze od-
powiada za odzysk, wykazywat duze powinowactwo do metali. Wazne jest rOwniez to,
aby przeno$nik selektywnie reagowat jedynie z jednym ze znajdujacych si¢ w miesza-
ninie metali, co pozwoli na wysoko wydajnoSciowa separacj¢. Zastosowanie odpowied-
niego zwiazku organicznego, petniacego role nosnika, umozliwia powstanie wewnatrz
membrany zwigzku kompleksowego, a pozniej przeniesienie zadanego metalu z fazy
pierwotnej do wtornej. Polimerowe membrany inkluzyjne nalezg do tzw. ciektych
membran. Na przestrzeni ostatnich lat naukowcy udowodnili, iz ciekte membrany, wy-
kazujac bardzo dobre wiasciwosci separacyjne, sg alternatywa dla tradycyjnych metod
ekstrakcji jonowymiennej oraz ekstrakcji ciecz—ciecz podczas odzyskiwania jonow
metali [35]. Zaleta procesow membranowych jest w tym przypadku ograniczenie du-
zych ilosci czesto toksycznych rozpuszczalnikow. Opisane procesy membranowe moz-
na zatem z powodzeniem zastosowac podczas odzysku jonéw metali m.in. z odpadow
przemystowych.

Uniwersytet Technologiczno-Przyrodniczy, Wydzial Technologii i Inzynierii Chemicznej,
ul. Seminaryjna 3, 85-326 Bydgoszcz, 'e-mail: daria.bozejewicz@utp.edu.pl,
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W niniejszej pracy zestawiono i scharakteryzowano powszechnie znane przeno$niki
jonéw metali stosowane w PIM, takie jak: jonowe ciecze fosfoniowe (Cyphos IL 101,
Cyphos IL 104), trioktyloaming (TOA) oraz kwas 2(di-etyloheksylo)fosforowy
(D2EHPA). No$niki te charakteryzujg si¢ wysoka skutecznoscig podczas odzysku metali
niezelaznych, m.in. cynku, miedzi, kobaltu itp.

2. POLIMEROWE MEMBRANY INKLUZYJNE

Membrana definiowana jest jako hydrofobowa organiczna ciecz, ktora rozdziela
dwie fazy wodne: roztwor zasilajacy od roztworu odbierajacego. Cecha charaktery-
styczng polimerowych membran inkluzyjnych jest jednoczesne wystgpowanie procesu
ekstrakcji oraz reekstrakcji, dzigki czemu mozna prowadzi¢ proces w sposob ciagly
[12]. Polimerowa membrana inkluzyjna syntetyzowana jest poprzez rozpuszczenie
polimerowej matrycy (PVC lub CTA), plastyfikatora oraz odpowiedniego przenosnika
jonéw metali w rozpuszczalniku organicznym. Membrany te powstaja na skutek wyle-
wania roztworu zawierajacego polimer oraz ciekla faze organiczna na szklang plytke.
Po odparowaniu rozpuszczalnika membrana zostaje umieszczona na 12 godzin w wo-
dzie destylowanej w celu uzyskania homogenicznosci jej struktury [31]. Rola polimeru
w membranie jest zapewnienie mechanicznej wytrzymatosci membrany. W amorficz-
nym polichlorku winylu o matym stopniu krystalicznosci polarne grupy funkcyjne po-
miedzy wigzaniami wegiel — chlor powoduja oddziatywania niespecyficznych sit dys-
persyjnych, natomiast w polarnym, wysoko krystalicznym trioctanie celulozy, dzigki
grupom hydroksylowym oraz acetylowym tworza si¢ wigzania wodorowe. Plastyfikator
w polimerowej membranie inkluzyjnej odpowiada za wzrost elastyczno$ci oraz wy-
trzymato$ci mechanicznej matrycy. Na skutek wnikania plastyfikatora pomiedzy cza-
steczki polimeru nastgpuje redukcja mocy sit migdzyczasteczkowych, co powoduje
wzrost odleglosci miedzy czasteczkami polimeru. Natomiast przeno$nik jonéw w mem-
branie umozliwia transport jondw metalu, dzigki mechanizmowi transportu utatwione-
go/przenosnikowego (ang. Facilitated transport), ktoremu czgsto towarzyszy transport
innych jonéw znajdujacych si¢ w obu fazach wodnych, tj. wspottransport lub przeciw-
transport [10]. To od doboru przenosnika jondw metali zalezy efektywno$¢ polimerowe;j
membrany inkluzyjnej. Nosnikami w membranie sa gtdéwnie organiczne ligandy roz-
puszczajace si¢ w ciekltej membranie i majace silne wlasciwosci kompleksotworcze.
Ponadto cechg pozadanego no$nika jest jego selektywno$¢ oraz mozliwos¢ odwracalne-
go oddziatywania z transportowanym jonem metalu. W praktyce czesto stosuje si¢ ko-
mercyjne nosniki do odzysku jonéw metali niezelaznych, ktére mozna podzieli¢ ze
wzgledu na ich charakter, tj. kwasowe, zasadowe czy chelatujace.

3. NOSNIKI STOSOWANE W POLIMEROWYCH MEMBRANACH
INKLUZYJNYCH

Na efektywnos$¢ transportu jondéw metalu przez PIM wptywajg parametry mem-
brany oraz szybko$¢ mieszania fazy zasilajacej i odbierajacej. W przypadku sktadu
membrany szczegdlne znaczenie odgrywa rodzaj oraz stezenie nosnika, jak rowniez
plastyfikator oraz matryca [1]. Duzym zainteresowaniem badaczy ciesza si¢ komercyjne
no$niki stosowane w procesach ekstrakcyjnych, m.in. Cyphos IL 101, Cyphos IL 104,
TOA oraz D,EHPA.
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3.1. Charakterystyka jonowych cieczy fosfoniowych stosowanych
jako nos$niki w polimerowych membranach inkluzyjnych

Jednym z powszechnie stosowanych nosnikéw do odzysku jonéw metali d-elektro-
nowych w polimerowych membranach inkluzyjnych sa jonowe ciecze fosfoniowe, wérdd
ktoérych mozna wyrozni¢ zwiazek zawierajacy chlorek triheksylo(tetradecylo)fosfo-
niowy, o nazwie handlowej Cyphos IL 101 oraz komercyjny zwigzek Cyphos IL 104,
ktorym jest bis-2,4,4-(trimetylopentylo)fosfiniantriheksylu (tetradecylo)fosfiniowy.
Cyphos IL 101 (rys. 1) znalazt zastosowanie w procesach ekstrakcyjnych oraz w poli-
merowych membranach inkluzyjnych do odzysku m.in. jonow cynku, kadmu, kobaltu,
niklu, palladu, molibdenu, wanadu itp.
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Rys. 1. Wzor strukturalny zwigzku Cyphos IL 101 (opracowanie wlasne)

Aktualny stan wiedzy potwierdza mozliwos¢ przeprowadzenia procesu separacji
jonéw cynku(Il) przy zastosowaniu polimerowych membran inkluzyjnych na bazie
polichlorku winylu oraz Cyphos IL 101 jako nosnika jonéw metalu. Kogelnig i wspot-
autorzy stwierdzili skuteczno$¢ juz 30% wagowych nosnika w membranie do efektyw-
nego odzysku cynku z 5,0 M roztworu kwasu chlorowodorowego [9]. Zbadano ponadto
mozliwo$¢ ekstrakcji cynku z mieszaniny zawierajacej jony zelaza. Zastosowanie eks-
trahenta Cyphos IL 101 powoduje wzrost wspotczynnika ekstrakcji w nastepujacym
kierunku Fe(II) < Zn(II) < Fe(IIl). Ekstrakcja cynku jest efektywniejsza niz zelaza(Il),
gdy oba jony zawarte sa w fazie zasilajacej. Badania potwierdzily, iz jony cynku(II)
mozna selektywnie ekstrahowa¢ do fazy odbierajacej z roztwordw zawierajacych wyso-
kie stezenie Zn(II) oraz czterokrotnie nizsze st¢zenie Fe(II) [27]. Ekstrahent Cyphos IL
101 umozliwia rowniez separacj¢ kadmu(Il), kobaltu(Il) i niklu(IT) za pomoca PIM. Jak
wykazata Pospiech, membrana syntetyzowana na bazie 18,8% wagowych trioctanu
celulozy (CTA), eteru o-nitrofenylopentylowego (ONPPE) w ilosci 55,1% wagowych
oraz 26,0% wagowych przeno$nika jonow metali, jakim byl Cyphos IL 101 umozliwia
separacj¢ 90% jonow Cd(II) od Co(II) i Ni(Il) z siarczanowych roztwordw, przy zaapli-
kowaniu 0,5 M roztworu kwasu azotowego(V) do fazy zasilajacej [24]. Kolejnym meta-
lem, ktéry mozna odzyska¢ z wykorzystaniem omawianego ekstrahenta, jest pallad.
Wedtug Cieszynskiej i Wisniewskiego Cyphos IL 101 moze by¢ wykorzystywany do
odzysku palladu(Il) z roztworéw chlorkowych o réznym stgzeniu. Zbadano, iz wzrost
stezenia kwasu solnego negatywnie wplywa na proces ekstrakcji jondw palladu. Auto-
rzy dowiedli, iz w przypadku 0,1 M roztworu HCI mozliwa jest separacja 97% jonow
Pd(II), natomiast w 0,3 M roztworze HCI tylko 54% [3]. Rowniez Regel-Rosocka wraz
ze wspotpracownikami zastosowata Cyphos IL 101 w polimerowej membranie inklu-
zyjnej, powstalej na bazie CTA do odzysku jondéw palladu. Stwierdzono, iz najwyzsze
wartosci znormalizowanego poczatkowego strumienia uzyskano, w przypadku, gdy fazg
odbiorcza byla mieszanina 0,1 M roztworu tiomocznika oraz 0,5 M roztworu kwasu
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solnego. Autorzy przeprowadzili rowniez badania z zastosowaniem Cyphos IL 102 oraz
Cyphos IL 104, jako nosnikiem. Mimo iz najwyzsza wydajno$¢ ekstrakcji palladu(II)
uzyskano dla membrany zawierajacej Cyphos IL 101, to stwierdzono rowniez skutecznosé
Cyphos IL 102 oraz Cyphos IL 104 — przy wykorzystaniu 3,0 M roztworu HCl w fazie
odbiorczej [26]. Proces ekstrakcji z wykorzystaniem opisywanego zwiazku przeprowadzi-
li rébwniez inni badacze. W tym celu poddali badaniom jony molibdenu oraz wanadu.
Wynikiem ich pracy bylo potwierdzenie skutecznosci ekstrahenta do usuwania jonow
wanadu przy uzyciu 0,5 M roztworu kwasu siarkowego oraz 4-6 M roztworu kwasu siar-
kowego do odzysku molibdenu. Ponadto Zhu, Tulpatowicz i inni stwierdzili, iz Cyphos IL
101 jest efektywniejszym no$nikiem w pordwnaniu z powszechnie znanymi uktadami
rozpuszczalnikéw pod wzgledem rozdzialu wanadu od molibdenu oraz wanadu od zela-
za(Ill) i glinu [34]. Yftain i inni badacze wykorzystali membrane PIM syntetyzowana na
bazie poli(winylidenofluoro-co-heksafluoropropylenu), jako matrycy w ilosci 55% wago-
wych PVDF-HFP, 10% wagowych eteru nitrofenylooktylowego NPOE oraz 35% wago-
wych no$nika Cyphos IL 101. Wedlug autoréw nowo powstala membrana PIM okazata
si¢ zdolna do ekstrakcji V(V) z siarczandw przy pH 2,3 z wysoka selektywno$cia wobec
jonow Al(III), Co(II), Cu(II), Fe(IlI), Mn(II) oraz Ni(1I) [33].

Kolejnym nosnikiem, z grupy jonowych cieczy fosfoniowych cieszacym si¢ duzym za-
interesowaniem w$rod naukowcow jest komercyjny ekstrahent Cyphos IL 104 (rys. 2). No-
$nik ten z powodzeniem wykorzystywany jest do separacji np. jonow cynku, kadmu, chromu
czy zlota itp., co potwierdzajg naukowcy w przedstawionej analizie literatury tematu.

CHg

HoC
X‘ NN /gc

{ H
HaC o /\ 0

Tt

PN e A LU L O
o/ TN
ch--__/ \ \__ CH, /\ /\\,

Rys. 2. Wzér zwiazku Cyphos IL 104 (opracowanie wlasne)
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Jak wspomniano wczesniej, jonowe ciecze fosfoniowe stosuje si¢ w separacji jo-
néw wielu metali. Zaréwno Cyphos IL 101, jak i Cyphos IL 104 stosuje si¢ do ekstrak-
cji PA(Il) z roztworéw chlorkowych. Prace doswiadczalne potwierdzity mozliwo$¢
separacji 96% oraz 52% jonéw palladu(Il) podczas ekstrakcji odpowiednio z 0,1 oraz
3,0 M roztworem kwasu solnego juz po 5 minutach prowadzenia procesu [3]. Skutecz-
no$¢ 3,0 M roztworu HCI do odzysku Pd(I) w swoich badaniach potwierdzila rowniez
Regel-Rosocka ze wspotpracownikami [27]. Naukowcy zbadali réwniez mozliwosci
ekstrakcyjne Cyphos IL 104 wzglgdem trojwartosciowych lantanowcow. Zbadano eks-
trakcje La(III), Nd(III), Gd(III) oraz Lu(Ill) z nast¢pujacymi no$nikami: Cyphos IL 104,
Cyphos IL 101 oraz Cyanex 272. Najwyzsza skuteczno$¢ ekstrakcji wykazuje Cyphos
IL 104 [14]. Guo, Liu i inni zaproponowali syntez¢ polimerowej membrany inkluzyjnej
z poli(fluorku winylidenu) (PVDF) jako matrycy oraz Cyphos IL 104 jako nosnika do
odzysku jonow chromu(VI), ktory jest jednym z najbardziej toksycznych metali dla
organizmow zywych. Wyniki ich badan potwierdzity skuteczno$¢ zastosowania no$nika
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w membranie. Wedtug nich separacja jonéw chromu(VI) za pomocg Cyphos IL 104 jest
efektywna, a zastosowany no$nik jest 13-krotnie efektywniejszy niz powszechnie sto-
sowany Aliquat 336 [5]. Oprocz mozliwo$ci separacji jonow chromu omawiany ekstra-
hent znalazt zastosowanie do odzysku ztota. W tym celu Bonggotgetsakul, Cattrall
i Kolev zsyntetyzowali membrang z 30% wagowych Cyphos IL 104 oraz 70% wago-
wych poli(fluorku winylidenu-co-heksafluoropropenu) do odzysku jonow ztota(III)
z chlorkowych roztworéw. Do badan wykorzystano ztom elektroniczny. W fazie zasila-
jacej obecna byta woda krolewska, a w odbierajacej — 0,5-molowy roztwor siarcza-
nu(VI) sodu. Wykazano catkowity odzysk Au(lll) do fazy odbierajacej w obecnosci
innych jondw metali przy znacznie wyzszych stezeniach niz Au(Ill), w tym Cu(Il),
ktéra byla obecna w stezeniu ponad 15 000 razy wyzszym od stezenia Au(IIl) [2]. Co
wiecej, Cyphos IL 104 umozliwia odzysk jondw cynku oraz kadmu, transport jonow
cynku(Il) i kadmu(Il) z réwnomolowej mieszaniny z roztworéw chlorkowych z miesza-
niny wielojonowej. Cyphos IL 104 umozliwit separacje 99% Zn(II) [17], potwierdzajac
tym samym wysoka selektywnos$¢ no$nika wobec odzysku cynku. Natomiast Pospiech
zbadata wlasciwosci ekstrakcyjne zwiazku wzgledem kadmu. Stwierdzajac, iz do szyb-
kiej 1 skutecznej separacji Cd(II) (ponad 99%) z wodnych chlorkowych roztworow
zastosowany Cyphos IL 104 wykazuje wyzszg wydajno$¢ usuwania Cd(I) w obecnosci
kwasu azotowego niz siarkowego [23].

Reasumujac, jonowe ciecze fosfoniowe, w tym Cyphos IL 101 oraz Cyphos IL
104, z powodzeniem moga by¢ stosowane do separacji jondw metali z roztwordw oraz
z ich mieszanin. Autorzy analizowanych prac naukowych, badajac wtasciwos$ci ekstrak-
cyjne Cyphos IL 101 oraz Cyphos IL 104, przeprowadzili proces tradycyjnej ekstrakcji
oraz wykorzystali zwigzek jako no$nik w polimerowej membranie inkluzyjne;j.

3.2. Charakterystyka kwasu di(2-etyloheksylo)fosforowego stosowanego jako
nosnik w polimerowych membranach inkluzyjnych

Tematem wielu rozwazan naukowcow jest rowniez komercyjny ekstrahent, zali-
czany do ekstrahentoéw kwasnych: kwas di(2-etyloheksylo)fosforowy, D.EHPA (rys. 3).
Znalazl on zastosowanie m.in. podczas ekstrakcji metali niezelaznych i ziem rzadkich
oraz w procesach oczyszczania sciekow.
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Rys. 3. Wzdr strukturalny zwigzku D.EHPA (opracowanie wlasne)

Nathsarma i Devi przeprowadzili proces rozdziatu jonéow cynku od manganu. Pro-
ces separacji 0,01 M Zn(II) i Mn(Il) z siarczanowego roztworu przeprowadzono za
pomocg soli sodowych DoEHPA, ktére w badanym ukladzie petnity rol¢ no$nika jonow
metalu. Stwierdzono, iz wspolczynnik rozdzialu Zn(Il) i Mn(Il) zmniejszal si¢ wraz ze
wzrostem stezenia ekstrahenta z 0,03 do 0,06 M roztworu [19]. Stwierdzono ponadto,
iz D,EHPA umozliwia separacje 98% Zn(Il) przy pH réwnym 2,5. Proces ekstrakcji
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w tych warunkach zachodzi bardzo szybko, a rownowaga zostaje osiggni¢ta juz po
5 minutach prowadzenia procesu [21]. Oprocz tego badania nad omawianym ekstrahen-
tem dowiodly, iz kwas D,EHPA mozna stosowaé¢ do rozdzialu cynku z mieszaniny,
tj. podczas separacji jonow Zn(II) od Cd(II) i Zn(IT) od Ni(Il) oraz Zn(II) od Co(Il), czy
Zn(II) od Cu(Il) [29]. Kwas di(2-etyloheksylo)fosforowy mozna rowniez zastosowaé do
odzysku kobaltu oraz niklu z roztwordéw siarczanowych. Separacje oraz odzysk dwu-
warto$ciowych jonoéw kobaltu i niklu przeprowadzono w obecnosci 0,1 M roztworu
Na,SO4 za pomocg 0,03, 0,05 oraz 0,06 M roztworu soli sodowej D,EHPA, przy pH
wynoszacym 2,95. Stwierdzono, iz procentowa ekstrakcja jonow metali wzrasta wraz ze
wzrostem rownowagi pH w roztworze [4]. Naukowcy stwierdzili takze, iz wraz ze
wzrostem stezenia D.EHPA rosng mozliwosci ekstrakcyjne jondéw kobaltu(Il) [30].
Kolejnym dwuwarto$ciowym metalem, ktéory mozna wyekstrahowaé z roztworu za
pomoca omawianego nosnika, jest miedz. Wysoka selektywnos$¢ odzysku miedzi uzy-
skano w obecnosci czesto spotykanych w wodach naturalnych oraz $ciekach metali,
takich jak: zelazo(Ill), glin(Ill), cynk(Il), kadm(II), wapn(Il), magnez(II) i nikiel(IT)
w lekko kwasnych roztworach, w obecnosci kwasu solnego (pH = 2,0) [6]. W celu od-
zysku miedzi zsyntetyzowano polimerowa membrane¢ inkluzyjng na bazie trioctanu
celulozy (CTA), ktory stanowit matryc¢ membrany, ftalanu dioktylu (DOP) — plastyfi-
katora oraz DoEHPA jako no$nika jonow metalu. Kavitha i1 Palanivelu stwierdzili, iz
optymalne warunki transportu Cu(Il) to obecnos¢ w fazie zasilajacej 1,0 M roztworu
H,SOs4 (pH = 4,5). Natomiast faza membranowa powinna zawiera¢ 4,8-102 mol/l no-
$nika [7]. Opisywany nosnik mozna ponadto zastosowaé¢ do odzysku glinu(Ill) z mie-
szaniny zawierajacej jony glinu, kobaltu i niklu stosujac sole sodowe D, EHPA w zakre-
sie pH od 3,5 do 4,2. Badacze stwierdzili, ze temperatura nie wptywa na zdolnosci sepa-
racyjne AI(IIl) badanego uktadu [18]. Natomiast w przypadku ekstrakcji skandu no$nik
D,EHPA pozwala na odzysk 99% jonoéw zawartych w roztworze, co bez watpienia
przekonuje do wykorzystania tego no$nika w praktyce [32].

Podsumowujac, kwas di(2-etyloheksylo)fosforowy dzigki swoim wiasciwosciom
kompleksotworczym znalazt zastosowanie w odzysku jonow metali przejsciowych. Przy-
toczone w teks$cie wyniki badan potwierdzaja efektywnos¢ D,EHPA do selektywnej sepa-
racji jonow metali z roztwordw, w tym mieszanin. Dobor odpowiednich warunkow proce-
su umozliwi odzysk nie tylko opisywanych jonoéw metali, a takze innych z bloku d.

3.3. Charakterystyka trioktyloaminy stosowanej jako no$nik
w polimerowych membranach inkluzyjnych

Poza wymienionymi w powyzszych podrozdziatach no$nikami do separacji jonow
metali niezelaznych stosuje si¢ rowniez nosniki zasadowe, wsrdd ktorych na szczegdlng
uwagge zashuguje trioktyloamina (TOA) (rys. 4).
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Rys. 4. Wzor zwigzku TOA (opracowanie wlasne)
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Odzysk metali opisywanych w poprzednich rozdziatach, migdzy innymi chromu,
miedzi, cynku czy niklu, mozliwy jest dzigki procesom membranowym. Polimerowa
membrana inkluzyjna syntetyzowana z trioktyloaming jako no$nikiem jondéw metali
znalazta zastosowanie podczas rozdziatu jonéw Cr(VI). Kozlowski wraz ze wspotpra-
cownikami wykazal 99% skuteczno$¢ tego nosnika w odzysku jondéw chromu(VI)
z odpadéw galwanicznych. Stwierdzono ponadto, ze TOA daje wyzsze wspolczynniki
selektywnosci dla Cr(VI)/Cd(II) oraz Cr(VI)/Zn(Il) [11]. Natomiast Kumbasar wyko-
rzystat trioktyloaming do odzysku kadmu(Il), prowadzac proces z zastosowaniem cie-
ktej membrany emulsyjnej z TOA do ekstrakcji oraz zatgzania Cd(II) z kwasnych roz-
twordéw hugujacych. Optymalne warunki procesu umozliwity odzysk 98% kadmu [15].

Odnoszac si¢ do osiggniecia autora, mozna stwierdzi¢, iz zastosowanie TOA do
separacji Cd(II) pozwoli na uzyskanie satysfakcjonujacego wyniku rowniez w przypad-
ku innych ciektych membran, np. PIM. Poza tym rozwazania innych naukowcéw po-
twierdzaja stuszno$¢ zastosowania TOA jako czynnika ekstrahujacego jony miedzi(Il)
i kobaltu(Il). Wedtug Pos$piech i Walkowiaka transport Cu(Il) i Co(Il) wzrasta wraz ze
wzrostem stezenia jonéow chlorkowych w fazie zasilajacej. Strumienie tych jonow male-
ja w nastepujacej kolejnosci: Cu(Il) > Co(II) > Ni(Il). Stwierdzono rowniez, ze najwyz-
sze strumienie Cu(Il) i Co(II) obserwuje si¢ przy 2,0 M roztworze HCIl w fazie zasilaja-
cej, jednak stosunek wspotczynnikow przenikalno$ci miedzi i kobaltu zmniejszat si¢
wraz ze wzrostem stezenia kwasu [25]. Trioktyloamina rowniez znalazta zastosowanie
w procesie rozdziatu jonow kobaltu(Il) od niklu(II) w roztworach chlorkowych, o ste-
zeniu kwasu solnego od 3,0 do 5,0 M w procesie elektrolizy galwanostatycznej [28], co
jest obiecujace podczas zastosowania tego nosnika w polimerowej membranie inkluzyj-
nej. Zbadano proces membranowy z zastosowaniem TOA do rozdzialu oraz zat¢zania
Co(Il) z 6,0 M roztworu kwasu solnego. Na transport kobaltu wptywa wiele zmiennych,
w tym poczatkowe stezenie Co(Il), szybkos¢ mieszania, zatgzenie ekstahenta itp., jed-
nakze w optymalnych warunkach procent ekstrakcji Co(Il) byl wyzszy niz 99%
w obecnosci 100 mg/l Co(Il) w roztworze zasilajacym [16]. Koztowski wraz ze wspot-
pracownikami zbadat mozliwos$ci separacyjne cynku i kadmu. Badania potwierdzity, ze
polimerowa membrana inkluzyjna zawierajaca TOA jako nosnik jonow metali umozli-
wia efektywng separacje Zn(II) oraz Cd(Il) z roztworéw chlorkowych. Wspdtczynnik
separacji Cd(II)/Zn(IT) wzrasta wraz ze stezeniem kwasu solnego w fazie zasilajacej [13].

Analiza literatury z uwagi na zdolno$ci separacyjne trioktyloaminy oraz wykorzy-
stanie jej w polimerowej membranie inkluzyjnej do odzysku jonéw metali niezelaznych
potwierdza skuteczno$¢ oraz selektywnos¢ nosnika. Dalsze badania nad PIM moga
dostarczy¢ jeszcze bardziej szczegotowych informacji o zdolnosciach kompleksotwor-
czych omawianego zwigzku z metalami d-elektronowymi.

4. PODSUMOWANIE

W publikacji oméwiono wybrane komercyjne nosniki stosowane w polimerowych
membranach inkluzyjnych do odzysku jonéw metali niezelaznych. Scharakteryzowano
cztery powszechnie stosowane nosniki w PIM, tj. Cyphos IL 101, Cyphos IL 104,
D,EHPA oraz TOA. Trioktyloaming ze wzgledu na charakter chemiczny zalicza si¢ do
nos$nikéw zasadowych, a pozostatle do kwasnych. Aktualny stan wiedzy umozliwia
odzysk jonoéw cynku(Il) z kazdym z powyzszych nosnikow. Natomiast jony Cr(VI)
mozna wydzieli¢ za pomoca Cyphos IL 104 lub TOA. Co ciekawe Cyphos IL 104
umozliwia ekstrakcje¢ lantanowcow oraz ztota, zas Cyphos IL 101 molibdenu i wanadu.
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Jony miedzi(Il) z powodzeniem mozna wyekstrahowa¢ z roztworu przy uzyciu
D,EHPA lub TOA jako no$nika jonéw. Wyniki przedstawione przez cytowanych nau-
kowcoéw znaczaco wplywaja na rozwoj omawianej dyscypliny naukowej, bedac réwno-
czesnie inspiracja do dalszych badan.
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Abstract

The growth of industrial development significantly contributes to the improvement of living
comfort, however, the problem of the waste generation being a result of technological processes is
still a problem of the modern world. Metal-bearing waste is among the strategic raw materials due
to the possibility of their reuse, in fact natural deposits of these raw materials are protected, and it
reduces the amount of waste present in landfills. Now, effective methods are being sought for the
recovery of non-ferrous metals from industrial waste, using, inter alia, membrane processes (e.g.
PIM). In the polymer inclusion membranes use a lot of ion carriers. Methods are being sought to
understand the processes that take place inside the membrane. Detailed analysis of the resulting
metal ion-carrier complex, it may be useful to use high-resolution mass spectrometry methods and
tandem mass spectrometry.

Keywords

Polymer inclusion membranes (PIMs), ions carriers, high-resolution mass spectrometry, tandem
mass spectrometry, recovery of metals

Introduction

Industrial waste contains, among others a lot of metals, including heavy metals. Depending on
the industry, various types of pollution can be found in waste, both harmful to human and animal
health, as well as useful for economic reasons. We have different types of pollution that can be
found in the waste depending on the kind of industry. For example it compounds harmful
substances to human and animal health and it also compounds useful substances for economic
reasons. In case of metals such as zinc, copper, cadmium, nickel, gold etc. one should look for more
and more effective methods of their recovery. It is really important in environmental and also
economic aspects, because metal prices are oscillating in amounts of several thousand dollars,
depending on the current market and political situation.

According to the document of the Central Statistical Office ‘Environment Protection 2017’ in
2016 Poland generated 140 million tons of waste, including 8% of municipal waste (i.e. 12 million
tons). The main source of waste generated in 2016 was mining and quarrying, who generated about
52%, while industrial processing about 21%, as well as production and supply of electricity about
16% of the total waste produced (Figure 1). Considering the last ten years, the highest volume of
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waste generated was the waste generated during the exploration of mining and physical and
chemical processing of ores and other minerals. In 2016 it accounted for 56% of the total waste
generated, and waste from thermal processes accounted for 22% [1].

B mining and quanying
industtial processing

B generation and supply of
electricity

B municipal waste

w other

Figure 1. Percentage of waste generated in 2016 based on the study by D. Bochenek, Environmental Protection
Environment 2017, October 2017
Source: own elaboration

On the basis of data available in the GUS document ‘Environment 2017, 49% of waste was
subjected to recovery, 42% was disposed of via storage, and the remaining 4% of waste was
disposed of in a different way (Figure 2) [1]. The most important role in the process of waste
disposal is played by the recovery process, which allows the subsequent use of raw materials.
Nevertheless, the storage process is still a big problem in Poland. Storage is an ineffective process
that does not bring economic and environmental benefits.

4%

B recovery of waste
o storage of waste
= other

W o data

Figure 2. Percentage of waste generated in 2016 based on the study by D. Bochenek, Environmental Protection
Environment 2017, October 2017
Soruce: own elaboration
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Due to the large amount of waste generated, it becomes important to find an effective method
of recovery of non-ferrous metals present in waste, with a view to their further use in industrial
processes. The methods of metal recovery can be divided into the recovery of metals from aqueous
liquid solutions and from constant precipitation. There are many known methods of the separation
of metal ions from aqueous solutions. Since the end of the 20th century, membrane processes have
been of increasing interest among scientists and technologists, enabling metal recovery at low
concentrations. In addition, they can be used in new and already operating industrial installations.
The main advantage of membrane processes is the ability to conduct separation in a continuous
manner with a low energy demand and low technological costs.

In the processes of selective separation and recovery of heavy metal ions, polymer inclusion
membranes (PIMs) were used. A characteristic feature of polymer inclusion membranes is the high
stability during the transport of metal ions, where the carrier, which is the complexing compound, is
responsible for the binding and transport of metal ions through the membrane. The polymer plays
a key role in ensuring the mechanical strength of the PIM-type membrane, and its properties
significantly affect the permeability and durability of the membranes [2].

Polymer inclusion membrane

The most popular, polymer inclusion membranes (PIMs) consists of an ion transporter,
a polymer matrix (usually polyvinyl chloride (PVC) or cellulose triacetate (CTA)), as well as
a plasticizer [2]. One method of preparation of a polymer inclusion membrane is the dissolution of
appropriate amounts (e.g., % by weight) of a polymer, e.g. PVC and a suitable ion transporter. The
obtained solution is then poured into a glass ring e.g. 7.5 cm in diameter, which is placed on a flat
glass plate previously cleaned with acetone. The mixture is covered with a filter paper and a watch
glass and it is left to stand for 24 hours to evaporate the solvent [3]. Most polymer inclusion
membranes are obtained in the form of casting flat membranes. Almeida indicates the possibility of
obtaining PIMs by filling a coated PIM column. This method consists in preparing a cylindrical
PIM with an empty agent by passing the membrane components, which are then cast on a glass
capillary tube [4]. Polymer inclusion membranes prepared in this way can be used in the separation
process. Transport of metal ions through polymer inclusion membranes is possible due to the use of
an appropriate ion transporter.

In the polymer inclusion membranes, the selection of an appropriate metal ion carrier is very
important. In choosing a metal ion carrier, knowledge about the properties of carriers and separated
metal is necessary. When selecting the ion carrier, it is important to remember that the basis for the
polymer inclusion membranes is the complexation reaction. This reaction occurs due to the
presence of a free electron pair on the non-ligand binding orbitals and empty orbitals present in the
central atom that are able to absorb the electron pairs of these ligands [5]. In polymer inclusion
membranes, metal ion transporters can be organic chemicals that are well soluble in the membrane,
but do not dissolve in aqueous solutions. It is also important that the carrier used is characterized by
selectivity and reversible interaction with the separated metal ion [6]. During the separation of non-
ferrous metal ions, the frequently used carriers in polymeric non-ferrous membranes include
D,EHPA (di-(2-ethylhexyl) phosphoric acid), Cyanex 272 (di-(2,4,4-trimethylpentyl) phosphonic
acid), B-diketone derivatives [7-9].
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The D;EHPA acid (Figure 3) in PIMs is used to separate not only zinc, but also manganese,
nickel, copper, etc. Wang and co-authors for the recovery of non-ferrous metals (between zinc,
magnesium) use polymer inclusion membranes containing LIX 84I ion carriers (2-hydroxy-5-nonyl
acetophenone oxime) and D;EHPA (di (2-ethylhexyl) phosphoric acid), thus proposing a PIM
double membrane system for simultaneous separation and enrichment [10]. In addition, DEHPA
acid is used as a carrier to remove selectively Fe (III) ions from acidic aqueous solutions [11].

X, 20
2
o/ “NoH

Figure 3. The chemical formula of D.EHPA, used as an ion transporter in polymer inclusion membranes
Source: own elaboration

The next frequently used carrier in PIMs is Cyanex 272, which introduced into the CTA
polymer matrix, will enable efficient transport of zinc ions. Yilmaz and co-authors have found that
the Zn(II) transport by PIM is affected by variables such as the initial pH and the concentration of
zinc ions of the supply phase and the concentration of the ion transporter (Cyanex 272) and the
receiving phase [8]. Besides mentioned above ions metals Do EHPA and Cyanex 272 also can use to
palladium separation. According to Bonggotgetsakul, the production of the nanoparticles palladium
PANP used D>EHPA as ions carriers, in order to maximum surface coverage polymer inclusion
membrane PANP with an average size of 38 nm [3].

And the next ions carriers are B-diketones derivatives (Figure 4), which specific construction i.e.
the presence of two carbonyl groups and a methylene group per molecule, can use to transport
a lot of metals including zinc, copper, cobalt or nickel. On the basis of the research carried out, Witt
and co-authors found that the increase in roughness increases the porosity of the membrane. These
parameters are very important in transport processes ions, because the greater the roughness, the
larger the active surface of the membrane. lons Zn(II) are transferred in supply phases to receiving
phases with higher speed than ions Cu(II) and Ni(II) and depends on the type of ions carriers [12].

@) @)

R2

Figure 4. Chemical formula of B-diketone molecule, used as an ion transporter in polymer inclusion membranes
Source: own elaboration



[#%\ The Book of Articles — National Scientific Conference

or - “Novel Trends of Polish Science 2018 — December 6-7, 2018, Zakopane
OMOVEN

Separated ammonia and calcium, lead or zinc ions from aqueous environmental solutions has
been with used dinonyl naphthalenesulfonic acid (DNNS) [13]. Recovered are also the waste
containing precious metals, among others from old electronic equipments, for example the mobile
phones.

Kubota with co-authors points to the newly synthesized DoEHAG extractant (N-[N,N-di-(2-
ethylhexyl)aminocarbonylmethyl]glycine), which is characterized by high selectivity to Au (III)
ions with respect to other metals present in solutions [14]. Nanoparticles gold can be made with
polymer inclusion membranes on based polychloride vinyl and commercial ions carriers i.e. Aliquat
336. In this case through the reduction of gold(Ill) it is extracted into the membrane as
a complex [AuCls] [15].

The obtained results confirm the effectiveness and rightness of using ion transporters, including
such as: DoEHPA acid, commercial Cyanex 272 or B-diketone derivative. Own research and review
of specialist literature prove that polymer inclusion membranes are able to transport metal cations
with very good yield and high selectivity. The PIMs studies contain mentioned above derivatives as
metals ions carriers that provide the necessary information on the speed of metal transport by PIMs,
process selectivity, effectiveness, etc. However, this research does not provide information of the
resulting bonds between the recovered metal and the organic ion carrier. A closer understanding of
the processes taking place inside the membrane may be helpful in further design of the
technological process. For this purpose, mass spectrometry and tandem mass spectrometry methods
can be used to determine the resulting complex between the metal and the ligand.

Mass spectrometry

Mass spectrometry (MS) is an analytical tool used to measure molecular weight and analysis of
organic compounds. This method allows measurements at very low concentrations. Mass
spectrometry methods can be divided into so-called soft and hard. In case of "soft" ionization,
a molecular ion is formed, without fragmentation of the molecule, for example, the ESI, MALDI
method. In contrast, in the "hard" ionization there is a fragmentation of the studied molecule, e.g. EI,
CI. Although mass spectrometers differ from each other by ionization of molecules and separation
of ions, all spectrometers operate according to one principle (Figure 5) [16].

The place of

introduction
of the sample

Source of

B Ions analyzer Tons detector Eecorder

Figure 5 Block diagram of the mass spectrometer operation
Source: own elaboration
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Mass spectrometry allows you to get complete information about a given compound when it is
in a clean state, because the spectra of contaminated compounds are difficult to interpret. For this
reason, the MS method should be accompanied by a pre-separation method. Coupled techniques
play an extremely important role here. In this way, the following methods were developed: GC-MS,
HPLC-MS and HPCE-MS, which combine the mass spectrometer with a gas chromatograph, high-
performance liquid chromatography or high-performance capillary electrophoresis [16]. Another
option is to introduce a so-called tandem mass spectrometry. This method (marked with the MS/MS
symbol) consists of performing controlled ion decay of the tested compound and further analysis of
the mass of the obtained fragments, i.e. the ratio of mass to ion charge m/z [17]. Tandem mass
spectrometry is used to identify as well as determine the structure of simple chemical compounds,
which provides information about the structure and type of fragmentation ions and how to link them.
The choice of the appropriate method among the many known methods of fragmentation depends
on the properties of the test compound and on the construction and parameters of the mass
spectrometer [18].

The structure of macromolecular compounds is investigated by means of mass spectrometry
(MS) and tandem mass spectrometry (MS/MS) methods. One of the main methods is used in the
analysis of polymers is MALDI type spectrometry (laser desorption with the use of a matrix). This
method provides a number of information about the chemical structure of the polymer, while
allowing the identification of chains, end groups, functions and provides information about the
presence of other fragments present in the structure. Thanks to the use of MALDI spectrometry
during the analysis of macromolecular compounds, it is possible to examine the resulting structure
or develop a further research procedure. In case of synthetic polymers analysis it's often used
MALDI-TOF-MS  (Matrix-Assisted Laser  Desorption/lonization-Time of  Flight-Mass
Spectrometry) i.e. laser desorption with the use of a matrix with measurement of ion time [19].

Since last years, an increasingly common method of ionization is the electrospray (ESI) method,
which has been used in the analysis of both low molecular weight compounds and macromolecules,
such as biopolymers or complex complex systems. The electrospray ionization technique is one of
the mildest methods in spectrometry, because the resulting ions are characterized by a small excess
of internal energy. The ESI technique has found particular application in the analysis of chiral
compounds. Drabik underlines that the electrospray technique can be successfully use to analyze
chiral compounds, where the relative intensity of signals of the analyzed spectrum depends on the
enantiomeric composition of the analyte under study [20]. Nevertheless, experimental studies
confirm that proper results are obtained only by using several spectrometry methods simultaneously.

Summary

Industrial waste is a very big problem due to environmental and economic reasons. One of
metal separation method in aqueous solution is membranes processes, which is characterized as
a higher efficiency process, with relatively low financial and technological costs, and the metals
recovered in this way can be further used in industry. One of the membranes techniques is the
polymer inclusion membranes. In the PIMs for the separation non-ferrous metals can be used
among the following metal ion carriers: DEHPA, Cyanex 272 or B-diketones derivatives, whereas
to recover precious metals (e.g. gold and palladium) commercial ion carriers i.e. Cyanex 272 or
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Alquat 336 can be used. The transport and selection of the separation process using PIMs is well
known and studied by many researchers, which is possible to effectively control the separation
process and select the most effective metal recovery medium that we want to receive. This raises
one question, if during examining the structure of the complexes created inside the membrane, will
it affect even better process efficiency? For this purpose, it may be appropriate to use high-
resolution mass spectrometry methods and tandem mass spectrometry. These methods are becoming
more and more popular in the analysis of macromolecular compounds, in polymer chemistry or in
purification processes, therefore, PIMs may be used during the study. In-depth analysis of the
structures created inside the membrane between the ligand and the separated metal will allow you to
learn more about the process.

Conclusion

Polymer inclusion membranes, due to the high selectivity of the process and the availability of
many ion transporters, are becoming more and more popular among researchers and engineers. The
researches on the PIMs confirm their effectiveness and possibility in using in industry for recovery
metals in aqueous solution, and efficiency transport depends on using ion carriers. Depending on
the separation conditions, many metal ion carriers are available, and so during the recovery of non-
ferrous metals, Do EHPA, Cyanex 272 and B-diketone derivatives and are proved to be effective
carriers during recovery of precious metals Cyanex 272 and Aliquat 336. Analyzing the available
literature data, one can conclude that the methods of high resolution mass spectrometry and tandem
mass (MS/MS methods) can provide information about the structure and elemental composition of
the resulting complexes, therefore the use of these methods seems to be right in order to better
understand the processes occurring inside the membrane, primarily metal-ligand connections.
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CHARAKTERYSTYKA BUDOWY
ORAZ PROCESOW ZACHODZACYCH
WEWNATRZ POLIMEROWYCH MEMBRAN INKLUZYJNYCH
(PIM) STOSOWANYCH, JAKO PRZENOSNIKI
JONOW METALI

Daria Bozejewicz'?, Katarzyna Witt?, Malgorzata A. Kaczorowska’

1. WSTEP

Znaczna liczba zaktadow przemystowych odprowadza wraz ze $ciekami niebez-
pieczne substancje chemiczne w ilosciach zagrazajacych zdrowiu cztowieka, jak rowniez
srodowisku naturalnemu. W 2000 roku Unia Europejska uchwalita Ramowa Dyrektywe
Wodna, aby zapobiec nieustannemu pogarszaniu si¢ stanu wod. Celem Dyrektywy jest
ochrona oraz poprawa stanu §rodladowych wod europejskich, jak rowniez ekosystemow
ladowych, ktoére sa zalezne od tych wod [Konczyk 2014]. Oczyszczalnie $ciekow sa
umiejscowione w ciggach technologicznych zakladow przemystowych, gdzie metale
cigzkie usuwa si¢ chemicznie oraz fizykochemicznie. Zazwyczaj stosowanymi metodami
oczyszczania $ciekow sa procesy takie jak: stracanie chemiczne, koagulacja-flokulacja,
floatacja, wymiana jonowa, adsorpcja oraz biosorpcja, ekstracja rozpuszczalnikowa czy
procesy membranowe, do ktorych zalicza si¢ ultra- oraz nanofiltracje, elektrodialize czy
osmoze. Kazda z wymienionych metod obcigzona jest wadami technologicznymi, ekolo-
gicznymi czy ekonomicznymi [Jacukowicz-Sobala 2009, Fu Wang 2011].

W ostatnich latach rozpoczgto intensywne badania nad wykorzystaniem ciektych
membran (LM, ang. Liquid Membranes) do transportu jonoéw. Proces ten oparty jest na
pertrakcji, tzn. potaczeniu na jednym etapie procesu ekstrakcji i reekstrakcji. Ciekta
membrana jest niemieszajaca si¢ z wodg fazg organiczng, ktéra rozdziela dwie inne fazy
ciekte tj. faze donorowg (zasilajaca) oraz faze akceptorowa (odbierajgca). Zaréwno faza
zasilajaca, jak i odbierajaca zazwyczaj sa roztworami wodnymi. Ze wzgledu na budowe
membran mozna je podzieli¢ nastepujaco:

— ciekte membrany grubowarstowe (BLM, ang. Bulk Liquid Membrane),

— ciekte membrany emulsyjne (ELM, ang. Emulsion Liquid Membrane),

— ciekte membrany podparte (SLM, ang. Supported Liquid Membrane),

— polimerowe membrany inkluzyjne (PIM, ang. Polymer Inclusion Membrane)
[Konczyk 2014].

Biorac pod uwage uktady z ciektymi membranami (rys. 1), w praktyce najczgsciej
stosuje si¢ membrany ELM, SLM oraz PIM. Natomiast wykorzystanie uktadu BLM na
skale przemystowsa jest niemozliwe z powodu matej powierzchni kontaktu membrany
z sasiadujagcymi fazami oraz grubo$ci membrany, ktéra wywoluje duza retencj¢ trans-
portowanej substancji [Konczyk 2014].
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Rys. 1. Schemat uktadow z ciektymi membranami [opracowanie wlasne]

2. BUDOWA POLIMEROWEJ MEMBRANY INKLUZYJNEJ

Polimerowe membrany inkluzyjne (PIM) znalazly zastosowanie w procesach se-
lektywnego rozdziatu, jak roéwniez odzysku jondw metali ciezkich. Zazwyczaj PIM
sktada si¢ z przenosnika jonow, matrycy polimerowe]j oraz plastyfikatora. Cechg cha-
rakterystyczng polimerowych membran inkluzyjnych jest wysoka stabilno$¢ podczas
transportu jondw metali, gdzie nosnik, ktorym jest zwigzek kompleksujacy odpowiada
za transport oraz wigzanie jonow metalu przez membrang [O’Brayan i in. 2017]. Poli-
merowe membrany inkluzyjne powstaja na skutek fizycznej immobilizacji przenosnika
w polimerowej matrycy przez odparowanie rozpuszczalnika z roztworu sktadajacego si¢
z mieszaniny polimeru, plastyfikatora oraz przenosnika [Konczyk 2014]. Polimer od-
grywa kluczowa rol¢ w zapewnieniu mechanicznej wytrzymatosci membrany typu PIM,
a jego wiasciwosci w znacznym stopniu wplywaja na przepuszczalno$é i trwatosé
membran. Najczesciej stosuje si¢ matryce polimerowe z polichlorku winylu PVC lub
trioctanu celulozy CTA. Dzigki posiadaniu grup hydroksylowych oraz acetylowych,
CTA jest polarnym polimerem zdolnym do tworzenia wigzan wodorowych. Natomiast
polarne grupy C-Cl w PVC powoduja dziatanie niespecyficznych sit dyspersyjnych,
ktore wzmacniaja oddziatywania migedzyczasteczkowe. W zwiazku z powyzszym PVC
jest polimerem amorficznym o matym stopniu krystalicznosci, zas CTA jest wysoce



krystaliczny [Konczyk 2014]. Plastyfikator w PIM wplywa na zwiekszenie elastyczno-
$ci oraz wytrzymatosci mechanicznej matrycy polimerowej przez wnikanie migdzy
czasteczki polimeru oraz obnizanie mocy sit czasteczkowych, co wptywa na powiek-
szenie odlegtosci miedzy czasteczkami polimeru. Najczeséciej stosowane plastyfikatory
to: eter o-nitrofenylooktylowy, eter o-nitrofenylopentylowy, adypinian dioktylu, ftalan
dioktylu oraz chlorek metyltrialkiloamoniowy (Aliquat 336) [Nghiem i in. 2006, Inés
i in. 2012]. Brak czynnika kompleksujacego uniemozliwia transport substancji hydrofi-
lowych, np. jonéw metali, wynika to z duzej gestosci cieklej membrany oraz wystepuja-
cych w niej silnych oddziatywan hydrofobowych. Wprowadzenie do fazy membrano-
wej zwiazku begdacego przenosnikiem wywotuje transport jonow metali przez ciekla
membrang, dzigki mechanizmowi przeno$nikowemu (transport wspomagany), ktoremu
czesto towarzyszy transport innych, obecnych w fazach wodnych jondéw. Transport
jondéw metali przez ciekte membrany jest najczesciej transportem ulatwionym sprzgzo-
nym, podczas ktérego na powierzchni membrany oprocz jondw metalu transportowane
sg przeciwjony. Ze wzgledu na kierunek transportu dzielimy go na wspottransport oraz
przeciwtransport. W pierwszym jon metalu oraz przeciwjon poruszaja si¢ w tym samym
kierunku, a w drugim jon metalu porusza si¢ w przeciwnym kierunku do przeciwjonu
[Koztowski i Konezyk 2014]. Przenosnikami jonow metali w PIM moga by¢ zwiazki
chemiczne dobrze rozpuszczalne w cieklej membranie, nierozpuszczalne w roztworach
wodnych oraz posiadajace wlasciwosci selektywnego i odwracalnego oddziatywania
z przenoszonym skladnikiem [Wodzki 1997]. Gléwnie sa to ligandy organiczne stoso-
wane w roli ekstrahentow podczas ekstrakcji rozpuszczalnikowej [Konczyk 2014].
Biorgc pod uwage wtasciwosci chemiczne oraz sposdb oddziatywania z jonami metalu
przenosniki/ekstrahenty mozna podzieli¢ na kwasowe, zasadowe i oboj¢tne (tab. 1).

Tabela 1. Oddzialywanie jonow metalu z przenos$nikiem/ekstrahentem [opracowanie wlasne na
podstawie odno$nika literaturowego [Konczyk 2014]

Rodzaj fos gk . .
przenofnika Wiasciwosci Reakcja chemiczna
kwasowy | wymiana protonu na jon metalu M™ N 4
(HL) wedhlg reakcji [Ml’l ]W + n[HL]org > [MLn] org T l’l[H ]W (1)
zasadowy L, [MX® ]y, + (p-n)[RN"org >
(RN ekstrakcja jondw metalu [(p-n)RN"MX, "] g 2)
tworzenie z jonami metalu obojetnego
oboictn kompleksu w fazie organicznej przez
(f) y zastgpienie czgsteczki wody [M™]w + n[X]w + q[L]org 2 [MXuLqlore | (3)
w akwakompleksie metalu wlasnymi,
bardziej liofilowymi czasteczkami

3. WEASCIWOSCI PIM ORAZ CHARAKTERYSTYKA PROCESOW
ZACHODZACYCH W MEMBRANIE

Transport jondw metali przez polimerowa membrang inkluzyjng zalezy od wielu
czynnikdw 1 moze by¢ opisywany za pomocg parametréw takich jak: chropowatosé
powierzchni, wspotczynnik przenikalnosci jonow czy wspotczynnik dyfuzji.

Obecnie model transportu jondéw metali przez polimerowg membrang inkluzyjng
oparty jest gtownie na szesciu zalozeniach:

1. Reakcje zachodzace na granicy faz naleza do bardzo szybkich oraz prowadza do
natychmiastowego ustalenia si¢ stanu rownowagi chemicznej.
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2. Stezenie jonu metalu w fazie membranowej pomija si¢ w stosunku do stezenia prze-
nosnika wystepujacego w tej fazie.

3. Stezenie zwiazku kompleksowego metal — nos$nik na granicy membrana/faza odbie-
rajgca pomija si¢ w stosunku do jego stezenia wystepujacego na granicy faza zasila-
jaca/membrana.

4. Transport masy wewnatrz membrany jest wylgcznie wynikiem procesow dyfuzyj-
nych opisanych za pomoca I Prawa Ficka.

5. Dyfuzja wystepujaca w wodnej warstwie na granicy faza zasilajaca/membrana jest
duzo szybsza niz w przypadku dyfuzji kompleksu przez membrang.

6. Faza wodna — zasilajaca oraz odbierajaca sg idealnie mieszane [Konczyk 2014].

Charakterystyke powierzchni membran najczgsciej przeprowadza si¢ za pomoca
mikroskopu sit atomowych (AFM, z ang. Atomic Forces Microscope), ktory umozliwia
mi¢dzy innymi obliczenie chropowatosci (Rf) [Ulewicz i in. 2010]. Jest to procent wy-
dzielenia jonow metali z fazy zasilajacej do odbierajacej. Rf definiuje si¢ jako [Radzy-
minska-Lenarcik i in. 2017]:

C—C

R; = -100% @)

Ci
gdzie:
¢i —stezenie poczatkowe jonow metali w fazie zasilajace;,
¢ —stezenie jonow metali w fazie zasilajacej po czasie t.

Natomiast wspotczynnik przenikalnosci jonow metali przez polimerowe membra-
ny inkluzyjne opisuje rownanie [Ulewicz i in. 2010]:

c A
n(S)==-2-pc )
; vV
gdzie:
¢ — stezenie jonéw metali (M) w wodnej fazie zasilajacej, w okre§lonym

czasie,
ci — poczatkowe stgzenie jonow w fazie zasilajacej,
t —czas transportu [s],
V —objetosé fazy zrodtowej [m?],
A —powierzchnia kontaktu membrany [m?].

Liniowa zalezno$¢ In(c/ci) w fazie zasilajacej w funkcji czasu pozwolita na uzy-
skanie wspotczynnika przenikalno$ci z nachylenia linii prostej, ktorg otrzymuje sig¢
z danych eksperymentalnych. Poczatkowy strumien (J;) okresla rownanie [Ulewicz i in.
2010]:

Ji=P-q (6)

Wspotczynnik dyfuzji Doy [em?/s] kompleksu metalu w fazie organicznej mozna
wyznaczy¢ przy braku opornosci dyfuzyjnej w fazie wodnej/w warstwie zasobnika po
przeksztatceniu réwnania (7) [Ulewicz i in. 2010].

_ o oAt (7
LonVeA,
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gdzie:
Ao = do/Dy [s/cm) — odpornos¢ transportu na dyfuzje przez membrane,
do — grubo$¢ membrany [cm],
n —liczba moli no$nika w kompleksie,
[Llo — poczatkowe stgzenie ekstrahenta w fazie organicznej (M).

4. PRZEGLAD WYBRANYCH PRZENOSNIKI JONOW
STOSOWANYCH W POLIMEROWYCH MEMBRANACH
INKLUZYJNYCH

Transport jonéw metalu przez polimerowg membrane inkluzyjng jest mozliwy
dzigki zastosowaniu odpowiedniego przeno$nika, najczesciej ligandu organicznego.
Wybdr odpowiedniego przenosnika zalezy przede wszystkim od warunkéw separacji.
Tabela 2 zawiera najczesciej stosowane przenosniki jonéw w PIM, zestawienie sporza-
dzone na podstawie dostgpnej literatury.

Tabela 2. Charakterystyka stosowanych przeno$nikoéw jonow w PIM

Nosnik Separowane metale Literatura

Pochodne 1-imidazolu Zn(II), Cu(II), Cd(II), Ni(II) | [Ulewicz i Radzyminska-Lenarcik 2011]

Pochodne B-diketonow | Co (1), Ni (II), Cu (II), Zn (II) [Radzyminska-Lenarcik i in. 2017]

Cyphos IL 101 Cd(IL, Co(1I), Ni(II) [Pospiech 2015]
TDPNO oraz TOA Cd(11), Cr(VI), Zn(1I) [Koztowski i in. 2002]
Kwas di(2-etyloheksylo) | Cr (III)Mn (II), Ni (1), Co (II), [Rajewski i in. 2015]
fosforowego (D.EHPA) Cu (II) [Pospiech i Walkowiak 2010]

Pochodne 1-alkiloimidazoli mozna stosowaé, np. do separacji jonéw miedzi(II)
z rownomolowej mieszaniny Cu(Il), Zn(II), Co(Il) oraz Ni(II) w wyniku transportu
przez ciekta membrang PIM. Na podstawie badan M. Ulewicz i E. Radzyminskiej-
-Lenarcik stwierdzily, ze wraz z wydtuzeniem podstawnika w pier§cieniu imidazolo-
wym poczatkowy strumien jonoOw wzrasta, a wspotczynniki separacji maleja. Autorki
potwierdzity, iz membrany PIM z pochodnymi 1-alkiloimidazoli jako przenos$nikami
jondéw wykazujg duzg stabilno$¢, dzigki czemu mozna je wykorzystaé do separacji jo-
néw [Ulewicz i Radzyminska-Lenarcik 2011].

W przypadku uzycia pochodnych B-diketondéw jako nosnikdéw jonéw metali poli-
merowych membranach inkluzyjnych badania potwierdzaja zalezno$¢ selektywnosci
transportu od budowy czasteczki przeno$nika. Ponadto badania wykazaly malejaca
selektywno$¢ transportu w szeregu Zn(II)>Cu(Il)>Co(II)>Ni(II) [Radzyminska-Lenarcik
iin. 2017].

Kolejnym  noénikiem  wykorzystywanym  PIM  jest chlorek  trihek-
sy(tetradecyl)fosfoniowny (Cyphol IL 101) stosowany do separacji jonéw kadmu(Il),
kobaltu(IT) oraz niklu(II). Badania potwierdzaja skutecznos¢ zastosowania PIM z Cyphos
IL 101 do separacji tych jonow z roztworu kwasu chlorowodorowego [Pospiech 2015].

Koztowski C. i wspoétautorzy na podstawie wynikéw badan dotyczacych odzysku
jondéw metali cynku, kadmu oraz chromu z kwasnych roztworéw wodnych za pomoca
polimerowej membrany inkluzyjnej potwierdzili skuteczno$¢ tej metody. Autorzy jako
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nos$nika uzyli N-tlenek-4-(1'-n-trececylo)pirydyny (TDPNO) oraz tri-n-oktyloaming
(TOA), dzigki czemu uzyskano odzysk jondw metali w kolejnosci: Zn(I)<Cd(II)<Cr(VI).
Ponadto badania potwierdzity stusznos¢ zastosowania TOA w celu efektywnego usu-
wania chromu(VI) ze $ciekoéw galwanicznych tj. 99% [Kozlowski i in. 2002].

Stosuje si¢ rowniez polimerowe membrany inkluzyjne zawierajaca D,EHPA jako
przeno$nik jondéw, poniewaz pozwalaja one na efektywne wydzielanie jonow chro-
mu(Ill) z wodnych roztworéw. Wydajnos¢ transportu jonéw chromu zalezy przede
wszystkim od st¢zenia przeno$nika w membranie. Badania potwierdzaja mozliwos¢
wykorzystania PIM m.in. do separacji jonow Cr(I1l) z probek srodowiskowych [Rajew-
ski i in. 2015]. Ponadto kwas D,EHPA mozna stosowa¢ jako nosnik w celu selektywne-
go usuwania zelaza(Ill) z kwasnych roztwordw wodnych zawierajacych roztwory
Mn(II), Ni(IT), Co(IT) i Cu(Il), gdzie wspotczynnik selektywnosci zalezy od stezenia
ekstrahenta w fazie organicznej [Pospiech i Walkowiak 2010].

5. SPEKTROMETRIA MAS I TANDEMOWA SPEKTROMETRIA MAS

Proces wigzania jondw metalu z przenosnikami wewnatrz PIM mozna przeanali-
zowacé za pomocg metod spektrometrii mas oraz tandemowej spektrometrii mas. Meto-
dy te dajg mozliwo$¢ uzyskania szczego6towych informacji dotyczacych struktury bada-
nych zwigzkow.

Spektrometria mas (MS) jest narz¢dziem analitycznym wykorzystywanym do po-
miaru masy czasteczkowej oraz analizy zwigzkow organicznych. Jest metoda bardzo
czula umozliwiajaca wykonywanie pomiaréw przy bardzo niskich st¢zeniach analizo-
wanych substancji.

Natomiast tandemowa spektrometria mas (oznaczana symbolem MS/MS lub MS?)
polega na przeprowadzeniu kontrolowanego rozpadu jonéw badanego zwiazku i dalszej
analizie masy otrzymanych fragmentéw (tj. stosunku masy do tadunku jonéw m/z)
[McLafferty 1983].

Poczatkowo tandemowa spektrometria mas byla stosowana w celu identyfikacji
oraz ustalenia struktury prostych zwigzkow chemicznych dostarczajac informacji
o budowie i rodzaju jonéw fragmentacyjnych i sposobie ich powigzania. Obecnie zna-
nych jest wiele metod fragmentacji jonéw, ktéore mozna stosowaé z wykorzystaniem
tandemowego spektrometru mas. Wybor odpowiedniej metody zalezy przede wszyst-
kim od wlasciwosci badanego zwiazku oraz od budowy i parametréw spektrometru mas
[Witt i in. 2015].

Jedna z czesto wykorzystywanych metod fragmentacji jest dysocjacja spowodo-
wana zderzeniem badanego jonu z czasteczkami gazow obojetnych (azot, argon). Na
skutek zderzenia nastepuje wzrost energii wewnetrznej, co prowadzi do fragmentacji
jonu, jest to tzw. metoda CID (ang. Collision Induced Dissociation) badz CAD
(Collision Activated Dissociation) [Witt i in. 2015]. Metoda CID moze by¢ wykorzy-
stywana w wigkszosci spektrometrow mas ze wzgledu na mate wymagania techniczne.
Jednak w przypadku analizy ztozonych czgsteczek np. bialek lub peptydow zastosowa-
nie wytacznie metody CID nie prowadzi do uzyskania petnych danych na temat ich
budowy [Leymarie i in. 2002].

Duzym zainteresowaniem cieszy si¢ rowniez metoda ECD (ang. Electron Capture
Dissociation) stosowana w przypadku analizy r6znego rodzaju biomolekut. W metodzie
ECD jony analitu zderzaja si¢ z elektronami o niskiej energii, rzedu < 0,2 eV [Cooper
iin. 2014]. Metoda ECD moze by¢ wykorzystywana do analizy struktury biatek, budo-
wy polimeréw oraz dendrymerow.
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Do jonizacji badanych substancji wykorzystuje si¢ rézne metody, z ktorych
w ostatnich latach szczegdlnie duza popularnoscia cieszy si¢ tagodna technika jonizacji
nazywana elektrorozpylaniem (ESI, ang. Electrospray lonisation) [Han i Gross 2018].
Potaczenie techniki elektrorozpylania z wysokorozdzielczg oraz tandemowa spektrome-
trig mas moze by¢ z wykorzystywane do badania budowy kompleksow utworzonych
przez jony metali ze zwigzkami organicznymi stosowanymi jako przenosniki jonow
w polimerowych membranach inkluzyjnych [Witt i in. 2015]. Zrozumienie mechanizmu
tworzenia takich kompleksow jest niezwykle istotne, poniewaz wiedza na temat para-
metrow wptywajacych na sposob koordynacji jonow metali z ligandami membrany jest
niezbedna w badaniach majacych na celu zwigkszenie efektywnosci PIM.

6. PODSUMOWANIE

Procesy separacji oraz selektywnego wydzielania jonow metali z wodnych roztwo-
row stanowia bardzo wazny problem technologiczny. Ze wzgledow ekonomicznych
oraz ekologicznych waznym zadaniem stato si¢ poszukiwanie skuteczniejszych oraz
praktyczniejszych metod rozdzialu [Rajewski i in. 2015].

Praca przedstawia mozliwosci zastosowania polimerowych membran inkluzyjnych
oraz ich krotkg charakterystyke. PIM skutecznie wykorzystuje sie w celu zredukowania
zawarto$ci jondw metali w roznych roztworach, w tym przemystowych.

Obecnie prowadzone badania nad PIM dotycza gtdwnie procesu transportu jondw
przez membrang oraz efektywnosci i selektywnosci tego rozwigzania w procesie odzy-
sku metali niezelaznych. Procesy te sa juz dosy¢ dobrze znane, jednak ciagle prowadzi
si¢ badania majace zwigkszy¢ efektywnos¢ PIM oraz zakres ich stosowania.
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Opis wynalazku

Przedmiotem wynalazku jest sposdb odzyskiwania miedzi(ll) z kwasnych roztworéw, zwlaszcza
z roztworéw odpadowych i potrawiennych.

Miedz jest szeroko stosowana w przemysle, dzieki swoim witasciwosciom miedz mozna znalez¢
w materiatach elektrycznych, budownictwie, transporcie oraz w maszynach przemystowych.

Obserwowany w ostatnich latach znaczacy rozwéj przemystu z jednej strony wptywa na poprawe
naszego codziennego zycia, z drugiej zas wptywa na degradacje srodowiska naturalnego. Zaktady prze-
mystowe generujg duzg ilos¢ sciekow. Wedtug Gtéwnego Urzedu statystycznego w 2017 roku w Polsce
powstato 7 243,1 hm? Sciekdw przemystowych. Najwiecej nieoczyszczonych $ciekéw wygenerowato
goérnictwo i wydobywanie (105,6 hm?®) oraz przetwdrstwo przemystowe (26,9 hm?®) (GUS, 2018. Ochrona
Srodowiska 2018, Environment 2018). Na szczegdlng uwage zastuguijg $cieki przemystu ciezkiego oraz
przemystu galwanicznego, poniewaz mogg zawiera¢ m.in. miedz.

W wielu procesach przemystowych, szczegdlnie w procesach galwanicznych po procesie mie-
dziowania powstajg roztwory odpadowe i potrawienne zawierajgce miedz(ll). Szczegolne problemy
stwarzajg kwasne odpadowe i potrawienne roztwory zawierajgce miedz(ll), poniewaz wymagajg oczysz-
czania przed wprowadzeniem ich do kanalizacji komunalnej. Natomiast z uwagi na szerokie zastoso-
wania miedzi oraz jej warto$¢ rynkowg powinno dgzy¢ sie do odzysku miedzi znajdujacej sie w tego
rodzaju roztworach.

Z polskiego opisu patentowego nr PL 105481 znany jest sposéb oddzielania miedzi z kwasnych
roztworow wodnych za pomocg ekstrakcji ciecz-ciecz, w ktdrej ekstrahentem jest rozpuszczalnik orga-
niczny i rozpuszczony w nim hydroksy-oksym o wzorze ogélnym A-C(=NOH)-R (w ktérym R oznacza
atom wodoru lub grupe alifatyczng, A oznacza grupe aromatyczng podstawiong grupg hydroksylowg
przy pierscieniowym atomie wegla w pozycji 2, przy czym pozycja 1 odnosi sie do pierscieniowego
atomu wegla, z ktérym potgczona jest grupa -C(=NOH)-R).

Innym znanym sposobem odzyskiwania miedzi jest sposdb opisany w polskim opisie paten-
towym nr PL 108918, ktory polega na ekstrakcji jondw miedzi(ll) na drodze ekstrakcji rozpuszczal-
nikowej z wodnego roztworu zasilajgcego zawierajgcego miedz i zelazo, ktéry polega na kontakto-
waniu roztworu zasilajgcego z fazg organiczng, ktéra zawiera kompozycje reagentowg obejmujaca
ekstrahent hydroksyarylooksymowy. Jony miedzi przechodzg do fazy organicznej podczas ekstrak-
cji miedzi z wodnego roztworu zasilajgcego. Kontaktowanie roztworu zasilajgcego z fazg orga-
niczng zachodzi w co najmniej jednym etapie ekstrakcji obejmujgcym mieszalnik-odstojnik i co naj-
mniej w jednym etapie usuwania z otrzymaniem obcigzonego miedzig elektrolitu, z ktérego jest
wydzielana autolitycznie miedz. Sposdb charakteryzuje sie tym, ze faze organiczng zawierajaca
miedz przemywa sie, przed usunieciem z niej miedzi, wodnym roztworem myjgcym zawierajgcym
przynajmniej czesc¢ elektrolitu.

Kolejnym znanym sposobem odzyskiwania miedzi jest sposdb ujawniony w miedzynarodowym
zgtoszeniu patentowym nr WO03054237, w ktérym proces ekstrakcji metali, szczegdlnie miedzi odbywa
sie poprzez kontakt kwasowego roztworu z kompozycjg ekstrakcyjng rozpuszczalnika zawierajgca nie-
mieszajgcy sie z wodg rozpuszczalnik organiczny i ekstrahent, charakteryzujgcy sie tym, ze kompozycja
ekstrakcyjna zawiera niemieszajgcy sie z wodg rozpuszczalnik organiczny, najlepiej o niskiej zawartosci
weglowodoréw aromatycznych i ekstrahent stanowigcy 4-acylo-(3H)-pirazol-3-on.

Z brytyjskiego opisu zgtoszeniowego nr GB2413552 znane jest zastosowanie 2-hydroksy-3-n-
-alkilobenzaldoksymow posiadajgcych alkilowe tancuchy boczne o liczbie atoméw wegla w zakresie od
C6 do C10, ktére sg zsyntetyzowane z kwasow ttuszczowych. Sposob wedtug tego wynalazku znajduje
zastosowanie do odzysku miedzi ze zrodet mineralnych i odpadow.

Z artykutu naukowego autorstwa Yunhui Zhai, Qun He, Quan Han i Shu’e Duan (Microchim Acta
(2012) 178:405-412) znana jest metoda selektywnej ekstrakcji miedzi(ll) i cynku(ll) do fazy statej z wy-
korzystaniem nanoczgstek o zewnetrznej powtoce modyfikowanej 2,6-diaminopirydyng. Wedtug opisa-
nego w tym artykule sposobie ekstrakcji, zastosowane nanoczastki wykazujg wtasciwosci magnetyczne
i sg mieszane z roztworem zawierajgcym jony Cu?* i Zn?* o pH rownym 7. Po 5 minutach mieszania
wspomaganego ultradzwiekami, prowadzi sie desorpcje jonéw za pomocg kwasu solnego.

Celem wynalazku jest opracowanie sposobu odzyskiwania miedzi(ll) o wysokiej wydajnosci i se-
lektywnosci z kwasnych roztworow, zwtaszcza z roztworow odpadowych i potrawiennych.
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Istotg wynalazku jest sposéb charakteryzujgcy sie tym, ze pH roztworu doprowadza sie do war-
tosci 5,8 alkalizujgc roztwdr za pomocg amoniaku albo zakwaszajgc roztwoér za pomocg kwasu azoto-
wego(V). Nastepnie do roztworu dodaje sie ekstrahent bedacy roztworem 2,6-bis(4-metoksybenzoilo)-
-diaminopirydyny w chloroformie. Przy czym stosunek molowy roztworu ekstrahowanego do ekstra-
hentu wynosi od 1:100 do 1:1000. A tak uzyskang mieszanine ekstrahuje sie przez 0,5-1,0 godziny,
poprzez intensywne mieszanie w zakresie od 200 obr./min. do 300 obr./min., w temperaturze od 20°C
do 30°C. Nastepnie w znany sposéb oddziela sie faze wodng od fazy organicznej, a faze organiczng
zawierajgcg jony miedzi(ll) poddaje sie procesowi wydzielania tego jonu.

Korzystnie, gdy roztwér amoniaku ma stezenie od 0,15 M do 0,25 M, korzystnie, gdy roztwér
amoniaku ma stezenie 0,2 M.

Korzystnie, gdy kwas azotowy(V) ma stezenie od 0,01 M do 0,05 M, korzystnie, gdy kwas azo-
towy(V) ma stezenie 0,02 M.

Korzystnie, gdy stosunek molowy roztworu ekstrahowanego do ekstrahentu wynosi 1:1000.

Korzystnie, gdy mieszanine ekstrahuje sie przez 1 godzine.

Korzystnie, gdy mieszanine miesza sie intensywne z predkoscig 240 obr./min.

Korzystnie, gdy mieszanine miesza sie intensywne w temperaturze 25°C.

Sposéb wedlug wynalazku pozwala na szybki i wysoce wydajny odzysk miedzi(ll) z kwasnych
roztworow, zwlaszcza z roztworéw odpadowych i potrawiennych za pomocg 2,6-bis(4-metoksybenzo-
ilo)-diaminopirydyny. Dzieki sposobowi wedtug wynalazku uzyskuje sie wysoki odzysk miedzi(ll), j. sto-
sowanie 2,6-bis(4-metoksybenzoilo)-diaminopirydyny o stezeniu rownym 0,0001 M pozwala na uzyska-
nie 91% odzysku jonéw miedzi(ll), a dla stezenia réwnego 0,001 M odzysk tego metalu wynosi 99%.
W przypadku stosowania 2,6-diaminopirydyny o stezeniu réwnym 0,001 M i 0,0001 M odzysk jonéw
miedzi(ll) wynosi odpowiednio 83% i 3%, co oznacza, ze 10-krotne zmniejszenie stezenia 2,6-diamino-
pirydyny powoduje drastyczny spadek wydajnosci ekstrakcji jondw miedzi(ll).

Wynalazek ilustrujg nastepujgce przyktady wykonania.

Przyktad |

Synteze 2,6-bis(4-metoksybenzoilo)-diaminopirydyny przeprowadzono w nastepujgcych eta-
pach, zgodnie z opisem przedstawionym w artykule opublikowanym w Journal of Organic Chemistry
2013. 78, 7582-7593.

Do mechanicznie mieszanego roztworu 2,6-diaminopirydyny z trietyloaming (w stosunku molo-
wym rownym 1:3) w tetrahydrofuranie w temperaturze 4°C dodawano kroplami roztwor chlorku 4-me-
toksybenzoilu w tetrahydrofuranie przez 15 minut. Nastepnie tak otrzymany roztwér mieszano przez
noc, a potem ten roztwoér odparowano i przemyto mieszaning chloroform-woda. Potem warstwa chloro-
formowa zostata przemyta woda, a nastepnie wysuszona za pomocg MgSOQ4 i pozostawiona do odpa-
rowania. Uzyskang pozostatos¢ rekrystalizowano z mieszaniny tetrahydrofuranu i heksanu.

Tak uzyskany zwigzek zostat poddany analizie elementarnej oraz analizie strukturalnej NMR.
Analiza elementarna potwierdzita procentowg zawartos¢ wegla, wodoru, azotu i tlenu (zawartosc teore-
tyczna (%): C: 66,8, H: 5,07, N: 11,13, O: 16.96. zawartos¢ zmierzona (%): C: 66,75, H: 5,21, N: 10.98).
Analiza strukturalna NMR potwierdzita, ze otrzymanym zwigzkiem jest 2,6-bis(4-metoksybenzoilo)-dia-
minopirydyna. Wyniki analizy strukturalnej NMR sa nastepujgce: (1H, TMS, DMSO) 10,35 (2H, bs), 8,00
(4H, d, J=8,8Hz), 7,85 (3H, m), 7,05 (4H, d, J=8,8Hz), 3,83 (6H, s); (13C,TMS, DMSO) 165,5, 162,7,
151,1, 140,3, 130,3, 126,6, 114,2, 111,0, 55,9: (15N, NH3, DMSO 55,8, 114,4, 130,4. Wyznaczono
réwniez temperature topnienia uzyskanego zwigzku i wynosita ona 276-278°C.

W celu przeprowadzenia procesu ekstrakcji jondw miedzi(ll) z roztworu za pomoca 2,6-bis(4-
-metoksybenzoilo)-diaminopirydyny konieczne byto sporzadzenie dwdch roztworéw: wodnego i orga-
nicznego. Roztwdr wodny sporzadzono przez rozpuszczenie w wodzie soli Cu(NOz)2 oraz dodanie wody
amoniakalnej, tak aby stezenia jondw miedzi(ll) oraz amoniaku wynosity odpowiednio 0,1 M i 0,2 M,
a pH roztworu miato wartos¢ 5,8. Amoniak zostat dodany do roztworu w celu utrzymania statego pH
podczas procesu ekstrakcji i unikniecia strgcania sie wodorotlenku miedzi(ll) w wyniku reakcji hydrolizy,
ktéra zachodzi przy pH powyzej 7.5. Roztwor organiczny sporzgdzono przez rozpuszczenie odpowied-
niej ilosci 2,6-bis(4-metoksybenzoilo)-diaminopirydyny w chloroformie, tak aby jej stezenie byto réwne
0,001 M.

Nastepnie do pieciu wyskalowanych probéwek dodano po 4,5 cm? wcze$niej sporzgdzonego roz-
tworu wodnego uzyskujac w ten sposob faze wodng. Do tych samych probéwek wprowadzono nastep-
nie rézne objetosci wczesniej przygotowanego roztworu organicznego oraz chloroformu tak, aby obje-
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tos¢ fazy organicznej réwnata sie objetosci fazy wodnej. Stezenia 2,6-bis(4-metoksybenzoilo)-diamino-
pirydyny w przygotowanych prébach wynosity odpowiednio 0,00010, 0,00025, 0,0005, 0,00075,
0,00100 M. Probowki umieszczono w wytrzgsarce i wytrzgsano z predkoscig 240 obr./min. w tempera-
turze 25°C przez 1 godzine.

Nastepnie sprawdzono, czy zaszly jakiekolwiek zmiany objetosci faz, po czym faze wodng od-
dzielono od fazy organicznej. Za pomocg pehametru zmierzono pH fazy wodnej. Natomiast stezenie
jonéw miedzi(ll) w fazie wodnej okreslono za pomocg atomowej spektrometrii mas.

Procentowg ekstrakcje miedzi(ll) obliczono, korzystajgc z réwnania 1:

Deu(n i()q/o (1)

Vorg

%Ecu(ll) = Deant

gdzie: %E ¢,y 0znacza procentowq ekstrakcje miedzi(ll); Dc,;;, 0znacza stosunek rozktadu jo-
now Cu(ll) pomiedzy fazami; V,, oraz V,,,0znacza odpowiednio objetos¢ fazy wodnej oraz organiczne;.
Stosunek rozktadu jonow metalu (D¢, ;1)) ujety we réwnaniu (1) obliczono na podstawie réwnania (2):

CCu(II)(OTy) _ CC?L(II) - CCu(II)

Deuany = 2

Ceutin(aq) Ceutin(aq)
gdzie: D¢,y 0znacza stosunek rozktadu miedzi(ll), CC‘L(,,) oznacza poczgtkowe stezenie jonow
miedzi(ll); Ceuancorg)) 0ZnNacza stgzenie jonow miedzi(ll) w fazie organicznej po procesie ekstrakciji;
Ceuin(aq) 0Znacza stgzenie jonow miedzi(ll) w fazie wodnej po procesie ekstrakgiji.
Tabela 1 przedstawia zaleznos$¢ pomiedzy procentowym odzyskiem jonéw miedzi(ll) a stezeniem
2,6-bis(4-metoksybenzoilo)-diaminopirydyny w fazie organiczne;j.

Tabela 1. Zalezno$¢ pomiedzy stezeniem 2,6-bis(4-metoksybenzoilo)-diaminopirydyny w fazie
organicznej a procentowym odzyskiem jonow miedzi(ll)

Stezenie 2,6-bis(4-metoksybenzoilo)- %E cuan (%)
diaminopirydyny w fazie organicznej (M)
0.00010 91.98
0.00025 93.16
0.00050 95,49
0.00075 97.83
0.00100 99,13

Najwyzszy procent ekstrakcji miedzi(ll) wynoszacy 99,13% otrzymano dla stezenia miedzi(ll)
w fazie organicznej rownego 0,00100 M, natomiast najnizszy %Ecuqy zaobserwowano dla stezenia mie-
dzi(ll) rbwnego 0,0001 M.

Poréwnano procent ekstrakciji miedzi(ll) z wykorzystaniem 2,6-bis(4-metoksybenzoilo)-diamino-
pirydyny i znanego w stanie techniki ekstrahentu — 2,6-diaminopirdyny. W tabeli 2 przedstawiono zalez-
nos¢ pomiedzy procentowym odzyskiem jonéw miedzi(ll), a stezeniem 2,6-diaminopirydyny w fazie or-
ganicznej.
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Tabela 2. Zalezno$¢ pomiedzy stezeniem 2,6-diaminopirydyny w fazie organicznej
a procentowym odzyskiem jonow miedzi(ll)

Stgzenie 2.6-diaminopirydyny w fazie organicznej %E cun (%)
(M)
0,000i0 3,09
0.00025 36,32
0.0005 4225
0,00075 62.45
0.00100 83.53

Najwyzszy procent ekstrakcji miedzi (83,53%) otrzymano dla stezenia ekstrahenta 0,00100 M
w fazie organicznej, natomiast najnizszy %Ecum) (3,09%) zaobserwowano dla stezenia 0,00010 M. Uzy-
skane wyniki powyzszych badan potwierdzajg, ze sposéb wg wynalazku umozliwia wyzszy odzysk jo-
noéw miedzi(ll) z kwasnych roztwordw niz zastosowanie znanego w stanie techniki sposobu ekstrakcji
ciecz-ciecz z wykorzystaniem 2,6-diaminopirydyny.

Przyktad Il

Do przeprowadzenia ekstrakcji ciecz-ciecz uzyto 2,6-bis(4-metoksybenzoilo)-diaminopirydyne
otrzymang jak w przyktadzie I. Do kwasnego elektrolitu, otrzymanego po procesie miedziowania o ste-
zeniu miedzi(ll) rbwnym 0,001 M i o pH réwnym 4,0 dodano amoniak o stezeniu 0,15 M alkalizujgc
roztwor do pH réwnego 5,8. Przed ekstrakcjg wyznaczono zawarto$¢ miedzi(ll) w roztworze kwasnego
elektrolitu za pomocg absorpcyjnej spektrometrii atomowej. Nastepnie do roztworu dodano ekstrahent
bedacy roztworem 2,6-bis(4-metoksybenzoilo)-diaminopirydyny w chloroformie, tak, ze stosunek mo-
lowy roztworu ekstrahujgcego do ekstrahentu wynosi od 1:100. Mieszanine ekstrahowano przez 30 mi-
nut intensywnego mieszania z predkoscig 200 obr./min w temperaturze 20°C. Nastepnie oddzielono
faze wodng od organicznej w znany sposaéb tj. w rozdzielaczu, kolejno przeprowadzono reekstrakcje
jondéw miedzi(ll) z fazy organicznej przy pomocy kwasu azotowego(V). Uzyskany roztwor po reekstrakcji
stanowit 0,01 M roztwoér miedzi(ll).

Przyktad Il

Do przeprowadzenia ekstrakcji ciecz-ciecz uzyto 2,6-bis(4-metoksybenzoilo)-diaminopirydyne
otrzymang jak w przyktadzie I. Do kwasnego roztworu odpadowego miedzi(ll) o stezeniu rownym 0.0025 M
i 0 pH réwnym 6,0 otrzymanego po miedziowaniu metodg galwanizacji dodano kwas azotowy(V) o ste-
zeniu 0,01 M zakwaszajgc ten roztwér do pH réwnego 5,8. Nastepnie do roztworu dodano ekstrahent
bedacy roztworem 2,6-bis(4-metoksybenzoilo)-diaminopirydyny w chloroformie, tak, ze stosunek mo-
lowy roztworu ekstrahujgcego do ekstrahentu wynosit od 1:500. Mieszaning ekstrahowano przez 45
minut intensywnego mieszania z predkoscig 240 obr./min. W temperaturze 25°C. Nastepnie oddzielono
w znany sposoéb faze wodng od fazy organiczne;j tj. w rozdzielaczu, kolejno przeprowadzono reekstrak-
cje przy uzyciu kwasu azotowego(V). Uzyskany roztwor po reekstrakcji stanowit 0,01 M roztwor mie-
dzi(ll).

Przyktad IV

Do przeprowadzenia ekstrakcji ciecz-ciecz uzyto 2.6-bis(4-metoksybenzoilo)-diaminopirydyne
otrzymang jak w przyktadzie |. Do kwasnego roztworu potrawiennego, po trawieniu elektrolitycznym
o stezeniu miedzi(ll) rownym 0,005 M i o pH réwnym 3,5 dodano amoniak o stezeniu 0,2 M alkalizujgc
ten roztwér do pH réwnego 5,8. Nastepnie do roztworu dodano ekstrahent bedacy roztworem 2,6-bis(4-
-metoksybenzoilo)-diaminopirydyny w chloroformie, tak, ze stosunek molowy roztworu ekstrahujgcego
do ekstrahentu wynosi od 1:1000. Mieszanine ekstrahowano przez 60 minut intensywnego mieszania
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z predkoscig 300 obr./min w temperaturze 30°C. Nastepnie oddzielono w znany sposéb faze wodng od
fazy organicznej tj. w rozdzielaczu, kolejno przeprowadzono reekstrakcje przy uzyciu kwasu azoto-
wego(V). Uzyskany roztwor po reekstrakcji stanowit 0,006 M roztwor miedzi(ll).

Przyktad V

Do przeprowadzenia ekstrakcji ciecz-ciecz uzyto 2,6-bis(4-metoksybenzoilo)-diaminopirydyne
otrzymang jak w przyktadzie I. Do mieszaniny kwasnego roztworu potrawiennego i odpadowego uzytych
w przyktadzie Il i IV o stezeniu miedzi(ll) rownym 0,00625 M i o pH réwnym 5,0 dodano amoniak o ste-
zeniu 0,25 M alkalizujgc ten roztwér do pH réwnego 5,8. Nastepnie do roztworu dodano ekstrahent
bedacy roztworem 2,6-bis(4-metoksybenzoilo)-diaminopirydyny w chloroformie, tak, ze stosunek mo-
lowy roztworu ekstrahujgcego do ekstrahentu wynosi od 1 : 1000. Mieszanine ekstrahowano przez 60
minut intensywnego mieszania z predkoscig 300 obr./min. w temperaturze 30 °C. Nastepnie oddzielono
w znany sposob faze wodng od fazy organicznej tj. w rozdzielaczu, kolejno przeprowadzono reekstrak-
cje przy uzyciu kwasu azotowego(V). Uzyskany roztwér po reekstrakcji stanowit 0,0075 M roztwér mie-
dzi(ll).

Przyktad Vi

Do przeprowadzenia ekstrakcji ciecz-ciecz uzyto 2,6-bis(4-metoksybenzoilo)-diaminopirydyne
otrzymang jak w przyktadzie I. Do kwasnego roztworu odpadowego bedgcego zuzytymi roztworami po-
ptucznymi miedzy kapielami galwanicznymi o stezeniu miedzi(ll) réwnym 0,0075 M i o pH réwnym 6,0
dodano kwas azotowy(V) o stezeniu 0,02 M zakwaszajgc ten roztwor do pH rownego 5,8. Nastepnie do
roztworu dodano ekstrahent bedgcy roztworem 2,6-bis(4-metoksybenzoilo)-diaminopirydyny w chloro-
formie, tak, ze stosunek molowy roztworu ekstrahujgcego do ekstrahentu wynosi od 1:750. Mieszanine
ekstrahowano przez 45 minut intensywnego mieszania z predkoscig 300 obr./min w temperaturze 25°C.
Nastepnie oddzielono w znany sposob faze wodng od fazy organicznej tj. w rozdzielaczu, kolejno prze-
prowadzono reekstrakcje przy uzyciu kwasu azotowego(V). Uzyskany roztwér po reekstrakcji stanowit
0,011 M roztwor miedzi(ll).

Przyktad Vi

Do przeprowadzenia ekstrakcji ciecz-ciecz uzyto 2,6-bis(4-metoksybenzoilo)-diaminopirydyne
otrzymang jak w przyktadzie |. Do kwasnego roztworu odpadowego bedgcego zuzytymi kgpielami gal-
wanicznymi o stezeniu miedzi(ll) rownym 0,01 M i o pH réwnym 6,0 dodano kwas azotowy(V) o stezeniu
0,05 M zakwaszajgc ten roztwér do pH réwnego 5,8. Nastepnie do roztworu dodano ekstrahent bedacy
roztworem 2,6-bis(4-metoksybenzoilo)-diaminopirydyny w chloroformie, tak, ze stosunek molowy roz-
tworu ekstrahujgcego do ekstrahentu wynosi od 1:250. Mieszanine ekstrahowano przez 60 minut inten-
sywnego mieszania z predkoscig 240 obr./min w temperaturze 25°C. Nastepnie oddzielono w znany
sposob faze wodng od fazy organicznej tj. w rozdzielaczu, kolejno przeprowadzono reekstrakcje przy
uzyciu kwasu azotowego(V). Uzyskany roztwor po reekstrakcji stanowit 0.04 M roztwor miedzi(ll).

Przyktad Vi

Do przeprowadzenia ekstrakcji ciecz-ciecz uzyto 2,6-bis(4-metoksybenzoilo)-diaminopirydyne
otrzymang jak w przyktadzie |. Do kwasnego roztworu odpadowego po usuwaniu zgorzeliny przed pro-
cesem naktadania powtok galwanicznych o stezeniu miedzi(ll) rownym 0,01 M i o pH réwnym 6,5 do-
dano kwas azotowy(V) o stezeniu 0,02 M zakwaszajac ten roztwor do pH rownego 5,8. Nastepnie do
roztworu dodano ekstrahent bedacy roztworem 2,6-bis(4-metoksybenzoilo)-diaminopirydyny w chloro-
formie, tak, ze stosunek molowy roztworu ekstrahujgcego do ekstrahentu wynosi od 1:100. Mieszanine
ekstrahowano przez 60 minut intensywnego mieszania z predkoscig 240 obr./min w temperaturze 25°C.
Nastepnie oddzielono w znany sposoéb faze wodng od fazy organicznej tj. w rozdzielaczu, kolejno prze-
prowadzono reekstrakcje przy uzyciu kwasu azotowego(V). Uzyskany roztwor po reekstrakcji stanowit
0,1 M roztwor miedzi(ll).

Przyktad VI

Do przeprowadzenia ekstrakcji ciecz-ciecz uzylo 2,6-bis(4-metoksybenzoilo)-diaminopirydyne
otrzymang jak w przyktadzie |. Do kwasnego roztworu elektrolitu o stezeniu miedzi(ll) rownym 0,1 M
i o pH réwnym 1,5 dodano amoniak, o stezeniu 0,4 M alkalizujgc ten roztwér do pH réwnego 5.8. Na-
stepnie do roztworu dodano ekstrahent bedacy roztworem 2,6-bis(4-metoksybenzoilo)-diaminopirydyny
w chloroformie, tak, ze stosunek molowy roztworu ekstrahujgcego do ekstrahentu wynosi od 1:100.
Mieszanine ekstrahowano przez 60 minut intensywnego mieszania z predkoscig 240 obr./min w tempe-
raturze 25°C. Nastepnie oddzielono w znany sposob faze wodng od fazy organicznej tj. w rozdzielaczu,
kolejno przeprowadzono reekstrakcje przy uzyciu kwasu azotowego(V). Uzyskany roztwor po reekstrak-
cji stanowit 1 M roztwor miedzi(ll).
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Zastrzezenia patentowe

. Sposbéb odzyskiwania miedzi(ll) z kwasnych roztworéw, zwtaszcza z roztworéw odpadowych
i potrawiennych, znamienny tym, ze pH roztworu doprowadza sie do wartosci 5,8 alkalizujgc
roztwér za pomocg amoniaku albo zakwaszajgc roztwér za pomocag kwasu azotowego(V).
nastepnie, do roztworu dodaje sie ekstrahent bedgcy roztworem 2,6-bis(4-metoksybenzoilo)-
diaminopirydyny w chloroformie, przy czym stosunek molowy roztworu ekstrahowanego do
ekstrahentu wynosi od 1:100 do 1:1000, a tak uzyskang mieszanine ekstrahuje sie przez
0,5-1,0 godziny, poprzez intensywne mieszanie w zakresie od 200 obr./min. do 300 obr./min.,
w temperaturze od 20°C do 30°C, nastepnie w znany sposob oddziela sie faze wodng od fazy
organicznej, a, faze organiczng zawierajgcg jony miedzi(ll) poddaje sie procesowi wydzielania
tego jonu.

. Sposoéb wedtug zastrz. 1, znamienny tym, ze roztwér amoniaku ma stezenie od 0,15 M do
0,25 M.

. Sposoéb wedtug zastrz. 2, znamienny tym, ze roztwér amoniaku ma stezenie 0,2 M.

. Sposbéb wedtug zastrz. 1, znamienny tym, ze kwas azotowy(V) ma stezenie od 0,01 M do
0,05 M.

. Sposoéb wedtug zastrz. 4, znamienny tym, ze kwas azotowy(V) ma stezenie 0,02 M.

. Sposoéb wedtug zastrz. 1, znamienny tym, ze stosunek molowy roztworu ekstrahowanego do
ekstrahentu wynosi 1:1000.

. Sposoéb wedtug zastrz. 1, znamienny tym, ze mieszanine ekstrahuje sie przez 1 godzine.

. Sposoéb wedtug zastrz. 1, znamienny tym, Zze mieszanine miesza sie intensywnie z predko-
$cig 240 obr./min.

. Sposoéb wedtug zastrz. 1, znamienny tym, ze mieszanine miesza sie intensywnie w tempe-
raturze 25°C.



PL 242122 B1

(19)

WA N Towy 1) PL 242122 B1
' RZECZYPOSPOLITE)
POLSKIE)

(12) Opis patentowy
(21) Numer zgtoszenia: 436670 (51) MKP:
(22) Data zgtoszenia: 2021.01.15 C22B 3/26 (2006.01)
(43) Data publikaciji o zgtoszeniu: 2022.07.18 BUP 29/2022 C22B 15/00  (2006.01)
(45) Data publikacji o udzieleniu patentu: 2023.01.16 WUP 03/2023 C22B 19/00  (2006.01)
C22B 23/00 (2006.01)
(73) Uprawniony z patentu:
POLITECHNIKA BYDGOSKA IM. JANA
| JEDRZEJA SNIADECKICH, Bydgoszcz, PL
(72) Tworca(-y) wynalazku:
DARIA BOZEJEWICZ, Torun, PL
KATARZYNA WITT, Bydgoszcz, PL
BORYS OSMIALOWSKI, Torun, PL
MALGORZATA KACZOROWSKA,
Ciechocinek, PL
(74) Petnomocnik:
Wiadystaw Kowalkiewicz, Poznan, PL
(54) Tytuk

Sposob odzyskiwania jonéw miedzi(ll), niklu(ll), kobaltu(ll) i cynku(ll) z wodnych roztworéw



2 PL 242122 B1

Opis wynalazku

Przedmiotem wynalazku jest sposéb odzyskiwania jonédw miedzi (ll), niklu(ll), kobaltu(ll)
i cynku(ll) z wodnych roztworéw znajdujacy zastosowanie do oczyszczania sciekdw poprodukcyjnych,
sciekdéw przemystowych oraz sciekdéw z galwanizerni (np. zuzyte kapiele galwaniczne).

W przemysle miedz jest szeroko stosowana w przewodach miedzianych oraz miedzy innymi do
produkciji lamp elektronowych, transformatoréw czy elektromagneséw. Z kolei kobalt stosuje sie do pro-
dukcji elektrod akumulatorow litowo-jonowych, niklowo-kadmowych i niklowo-metalowo-wodorkowych.
Natomiast nikiel powszechnie stosuje sie jako powtoke galwaniczng, zwiekszajgcg wytrzymatosc¢ i od-
pornos¢ na korozje pokrywanych elementéw stalowych czy zeliwnych. Podczas, gdy cynk i jego stopy
powszechnie stosuje sie do ocynkowania ptaskich elementéw stalowych oraz przy produkcji mosigdzéw.

Wedtug Gtéwnego Urzedu Statystycznego w Polsce w 2018 roku wytworzono 115 339 tys. ton
odpadow przemystowych. Odpady przemystowe czesto zawierajg szereg metali kolorowych, takich jak
miedz, nikiel, kobalt czy cynk. Gtéwnym zrédtem odpaddéw przemystowych w 2018 r. byto goérnictwo
i wydobywanie, przetwoérstwo przemystowe oraz wytwarzanie i zaopatrywanie w energie elektryczng,
gaz, pare wodng oraz gorgcag wode. Tylko 51% ogdlnej ilosci odpadow wytworzonych w 2018 r. poddano
odzyskowi, dlatego metody odzysku metali z odpadéw zastugujg na szczegdlng uwage (GUS, 2019.
Ochrona srodowiska 2019).

Z polskiego patentu nr PL/EP 1613784 znany jest sposdb odzysku miedzi(ll), niklu(Il), kobaltu(Il)
i cynku(ll) za pomocg kompozycji rozpuszczalnikowej zawierajgcej niemieszajgcy sie z wodg rozpusz-
czalnik organiczny, jeden lub wiecej orto-hydroksyaryloaldoksymow i jeden lub wiecej orto-hydroksya-
ryloketoksyméw, i jeden lub wiecej modyfikatoréw rownowagi wybranych sposréd monoizomaslanu
2,2 ,4-trimetylo-1,3-pentanodiolu, monobenzoesanu 2,2,4-trimetylo-1,3-pentanodiolu, diizomaslanu
2,2,4-trimetylo-1,3-pentanodiolu, dibenzoesanu 2,2,4-trimetylo-1,3-pentanodiolu, ketonu izobutylowo-
heptylowego, nonanonu, 2,6,8-trimetylo-4-nonanonu, ketonu diundecylowego, 5,8-dietylododekano-
6,7-dionu, tridekanolu, i nonylofenolu w ilo$ci zapewniajgcej stopien modyfikacji obecnych orto-hydrok-
syaryloaldoksyméw wynoszgcy od okoto 0,2 do 0,61.

W polskim patencie nr PL/EP 3068912 opisano sposéb odzyskiwania kobaltu(ll) i miedzi(ll). Spo-
séb ten sktada sie z siedmiu etapdw. Pierwszy z nich obejmuje fugowanie w etapie tugowania materiatu
wyjéciowego w roztworze do tugowania dla uzyskania szlamu po tfugowaniu zawierajgcego miedz, ko-
balt, zelazo i glin. W drugim etapie pierwsza cze$¢ miedzi jest ekstrahowana z fazy ciektej dla uzyskania
gtéwnego strumienia miedzi i fazy cieklej zawierajgcej zelazo, glin, kobalt i drugg czes¢ miedzi. Nastep-
nie zachodzi stracanie do kontaktu fazy cieklej zawierajacej zelazo, glin, kobalt i drugg cze$¢ miedzi ze
srodkiem strgcajgcym, zazwyczaj weglanem wapnia i/lub wodorotlenkiem wapnia, do strgcania zelaza,
glinu, kobaltu i drugiej czesci miedzi obecnych w fazie ciektej dla uzyskania szlamu zawierajgcego osad.
Kolejnym etapem jest poddawanie szlamu zawierajgcego osad drugiemu etapowi rozdzielania 10 czesci
statych i cieczy w celu oddzielenia osadu dla uzyskania osadu cze$ci statych i roztworu zawierajgcego
pozostaty kobalt i pozostatg drugg czes¢ miedzi, oraz ewentualnie zawracanie oddzielonego osadu do
etapu pierwszego tugowania. Potem nastepuje ekstrahowanie w drugim etapie ekstrakcji pozostatego
kobaltu i pozostatej drugiej czesci miedzi z zawierajgcego je roztworu, gdzie roztwoér ten doprowadza
sie do kontaktu ze srodkiem ekstrakcyjnym zawierajgcym hydroksyoksym i kwas fosfinowy dla uzyska-
nia roztworu wodnego i roztworu organicznego, w ktérym to roztworze organicznym miedz jest ekstra-
howana do hydroksyoksymu i kobalt jest ekstrahowany do kwasu fosfinowego. W przedostatnim etapie
usuwany jest kobalt z roztworu organicznego do roztworu elektrolitu kobaltowego. Ostatnim etapem jest
usuwanie miedzi z roztworu organicznego do roztworu elektrolitu miedziowego.

Natomiast z polskiego opisu patentowego nr PL 220727 znany jest spostdb selektywnej ekstrakciji
jonéw cynku(ll) z roztworéw wodnych stanowigcych mieszanine jonéw cynku(ll), kadmu(ll), jonéw chlor-
kowych oraz innych jondw nieorganicznych. Sposéb selektywnej ekstrakcji jonow cynku(ll) z roztworow
wodnych stanowigcych mieszanine jondw cynku(ll), kadmu(ll), jonéw chlorkowych oraz innych jonéw
nieorganicznych. Sposob charakteryzuje sie tym, ze ekstrakcje prowadzi za pomoca roztworéw orga-
nicznych stanowigcych rozcienczalnik weglowodorowy lub mieszanine rozcienczalnikéw weglowodoro-
wych niemieszajgcych sie z wodg zawierajgcych od 10 do 70, korzystnie 30 g/dm? hydrofobowych oksy-
moéw ketondw alkilowo-4-pirydylowych o wzorze 1 (fig. 1), w ktérym R oznacza prosty lub rozgateziony
tancuch alkilowy zawierajgcg od 6 do 17 atoméw wegla, oraz dodatek fosforanu tributylu w ilosci od 1
do 40, korzystnie 10% objetosciowych, przy czym ekstrakcje prowadzi sie z roztworu zawierajgcego co
najmniej 0,007 mol/dm3 CI- i nie mniej niz 1,5 mol/dm?® wszystkich jonéw nieorganicznych rozpuszczonych



PL 242122 B1 3

w roztworze wodnym, po czym otrzymane w wyniku ekstrakcji zwigzki kompleksowe cynku(ll) rozpusz-
czone w tym roztworze organicznym rozktada sie za pomocag wody lub wodnym roztworem kwasu mine-
ralnego poprzez mieszanie, a nastepnie, po rozdzieleniu faz, roztwér wodny zawierajgcy jony cynku(ll)
i pozbawiony jonow kadmu(ll), poddaje sie procesom wydzielania metali.

Kolejnym znanym sposobem odzysku jonéw cynku(ll) za pomocg hydrofobowych oksyméw ke-
tonéw alkilowo-3-pirydylowych, jest sposéb ujawniony w polskim patencie nr PL229733. Wynalazek wg
tego patentu dotyczy sposobu selektywnej ekstrakcji jonédw cynku(ll) z kwasnych roztworéw chlorko-
wych zawierajgcych jony cynku(ll) i/lub miedzi(ll) i/lub zelaza(ll) i/lub zelaza(lll) za pomoca hydrofobo-
wych oksymoéw ketonéw alkilowo-3-pirydylowych. Sposéb polega na tym, ze ekstrakcje prowadzi sie za
pomoca roztwordw stanowigcych rozcienczalnik organiczny lub mieszanine rozcienczalnikéw organicz-
nych niemieszajgcych sie z wodg, zawierajgcych od 10 do 140 g/dm?3, korzystnie roztwoér 0,3 mol/dm?
hydrofobowych oksyméw ketonéw alkilowo-3-pirydylowych o wzorze 2 (fig. 2), w ktérym R oznacza
prosty lub rozgateziony tancuch alkilowy zawierajgcy od 6 do 12 atomoéw wegla, z dodatkiem do 40%
objetosciowych niemieszajgcego sie z wodg alkoholu o fancuchu alkilowym prostym lub rozgatezionym
zawierajgcym od o$miu do dwunastu atoméw wegla, korzystnie dekan-1-ol i z dodatkiem fosforanu tri-
butylu w ilosci do 5% objetosciowych, przy czym ekstrakcje prowadzi sie z roztworu wodnego zawiera-
jacego co najmniej 1, korzystnie 4 mol/dm® CI- i kwasu chlorowodorowego w ilosci nie mniejszej niz
stezenie molowe oksymu. Otrzymane w wyniku ekstrakcji zwigzki kompleksowe cynku(ll) rozpuszczone
w tym rozcienczalniku lub mieszaninie rozcienczalnikéw rozktada sie za pomocg wodnego roztworu
siarczanu(VI1) sodu o stezeniu nie mniejszym niz 0,1, korzystnie 0,5 mol/dm?® poprzez mieszanie, a na-
stepnie po rozdzieleniu faz, roztwér wodny zawierajacy jony cynku(ll) i nie zawierajgcy jondw miedzi(ll),
zelaza(ll), zelaza(lll) poddaje sie procesom wydzielania metali.

W artykule naukowym autorstwa Madrzak-Litwa i Borowiak-Resterna (I. Madrzak-Litwa i A. Bor-
owiak-Resterna, ,Solvent extraction of copper(ll) from chloride solutions using 1,1’-dialkyl-2,2’-biben-
zimidazoles as extractants”, Physicochem. Probl. Miner. Process., t. 55, nr 5, s. 1165-1178, 2019)
znane jest zastosowanie 1,1’-dialkilo-2,2’-bibenzimidazolu do odzysku jonéw miedzi(ll) metodg ekstrak-
cji rozpuszczalnikowej. Stwierdzono, ze procent ekstrakcji jondw miedzi(ll) wzrasta wraz ze stopniem
stezenia jonéw metalu i chlorkéw.

Natomiast z artykulu naukowego autorstwa Tanha, Moftakhar, Yaftin oraz Noshiranzadeh
(Z. K. Tanha, M. K. Moftakhar, M. R. Yaftian, i N. Noshiranzadeh, ,Selective and Efficient Solvent Ex-
traction of Copper(ll) lons from Chloride Solutions by Oxime Extractants”, Anal. Bioanal. Chem. Res.,
t. 3, nr 1, s. 53-63, 2016) wynika, ze ekstrahenty: oksym 3-tert-butylo-2-hydroksy-5-metylobenzalde-
hydu oraz oksym 3-tert-butylo-2-hydroksy-5-metoksybenzaldehydu umozliwiajg odzysk ponad 95%
jonoéw miedzi(ll) z roztworéw chlorkowych.

Podczas gdy, znane jest réwniez zastosowanie LIX 84 |, jako ekstrahenta do odzysku jonéw mie-
dzi(ll), niklu(Il) i cynku(ll), co zostato opisane w artykule naukowym autorstwa Raddy i Priya (B. R. Reddy
i D. N. Priya, ,Process development for the separation of copper(ll), nickel(ll) and zinc(Il) from sulphate
solutions by solvent extraction using LIX 84 I”, Sep. Purif. Technol., nr 45, s. 163—-167, 2005). Proces
ekstrakcji jonéw miedzi(ll), niklu(ll) i cynku(ll) za pomoca LIX 84 | wykonano przy réznych stosunkach
fazy wodnej do organicznej, uzyskujgc odzysk ponad 99% jonow miedzi(ll), niklu(ll) i cynku(ll).

Z artykutu naukowego Wassink, Dreisinger i Howard (B. Wasink, D. Dreisinger, i J. Howard, ,Sol-
vent extraction separation of zinc and cadmium from nickel and cobalt using Aliquat 336, a strong base
anion exchanger, in the chloride and thiocyanate forms”, Hydrometallurgy, nr 57, s. 235-252, 2000)
wynika, ze Aliquat 336 moze byc¢ skutecznym ekstrahentem do separacji jonéw cynku i kadmu od niklu.
Stwierdzajac, ze przy uzyciu 30% Aliquat 336 maksymalny transport jonéw cynku wynosit 18 g/l, przy
zawartosci jondw kadmu wynoszgcej 28 g/l.

Z kolei z artykutu naukowego Pospiech i Walkowiak (B. Pospiech i W. Walkowiak, ,Separation of
copper(ll), cobalt(ll) and nickel(ll) from chloride solutions by polymer inclusion membranes”, Sep. Purif.
Technol., nr 57, s. 461-465, 2007) wynika, ze tri-oktyloamina oraz triizooktyloamina w polimerowej mem-
branie inkluzyjnej umozliwia separacje jondw miedzi(ll) i kobaltu(ll). Procent odzysku jonow kobaltu(ll)
byt znaczaco wyzszy niz jonéw miedzi(ll), przy zastosowaniu obu nosnikéw (wynosit ponad 90%).

Natomiast z artykulu naukowego Pospiech (B. Pospiech, ,Separation of cadmium(ll), cobalt(Il)
and nickel(ll) by transport through polymer inclusion membranes with phosphonium ionic liquid as ion
carrier”, Arch. Metall. Mater., t. 60, nr 4, s. 2933-2938, grudz. 2015, doi: 10.1515/amm-2015-0468)
wynika, ze jony kobaltu(ll) i niklu(ll) mozna separowac z roztworéw chlorkowych za pomocg jonowych
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cieczy fosfoniowych. Polimerowe membrany inkluzyjne o zawartosci 26 % wag. Cyphos IL 101, jako
nosnika umozliwiajg odzysk po 24 godzinach trwania procesu 21,5% jonow kobaltu(ll).

Ponadto z artykutu Ulewicz, Koztowskiego i Walkowiaka (M. Ulewicz, C. Koztowski, i W. Walko-
wiak, ,Removal of Zn(ll), Cd(Il) and Cu(ll) ions by polymer inclusion membrane with side-armed dipho-
sphaza-16-crown-6-ether”, Physicochem. Probl. Miner. Process., nr 38, s. 131-138, 2004) wynika, ze
etery koronowe w polimerowych membranach inkluzyjnych umozliwiajg odzysk jonéw cynku(ll) i mie-
dzi(ll) z roztworoéw chlorkowych (0,5 M HCI). Najwyzsze wspotczynniki odzysku dla jondw miedzi (Il)
i kobaltu(ll) stwierdzono dla uktadow, gdzie faze odbiorczg stanowit 0,1 M roztwér octanu amonu.

Celem wynalazku jest opracowanie sposobu odzysku jonéw miedzi(ll), niklu(ll), kobaltu(ll)
i cynku(ll) z wodnych roztworéw.

Istotg wynalazku jest sposodb, charakteryzujgcy sie tym, ze pH roztworu wodnego doprowadza
sie do wartosci wyzszej niz 8 alkalizujgc roztwoér za pomocg amoniaku z wykorzystaniem ekstrakgji
rozpuszczalnikowej, w ktorej stosunek stezenia molowego ekstrahowanego jonu do stezenia molo-
wego ekstrahentu wynosi w przedziale zawartym od 1:1 do 1:5, do ekstrahowanego roztworu dodaje
sie ekstrahent, ktérym jest 0,001 mol/dm? roztwdr 2,6-(N,N’-dibenzoilo)-diaminopirydyny w chlorofor-
mie albo 0,001 mol/dm® roztwor 2,6-bis(4-metylobenzoilo)-diaminopirydyny w chloroformie albo
0,001 mol/dm? roztwor 2,6-bis(4-dimetyloaminobenzoilo)-diaminopirydyny w chloroformie, ekstrakcje
rozpuszczalnikowg prowadzi sie w czasie od 15 do 60 minut poprzez intensywne mieszanie z predko-
Scig w zakresie 200—400 obr./min, i w temperaturze w zakresie od 20°C do 25°C, nastepnie w znany
sposob oddziela sie faze wodng od fazy organicznej, po czym faze organiczng zawierajgcg jony metali
poddaje sie procesowi wydzielania znanym sposobem.

Korzystnie, gdy stosunek stezenia molowego ekstrahowanego jonu do stezenia molowego eks-
trahentu wynosi 1:5.

Korzystnie, gdy ekstrakcje rozpuszczalnikowg prowadzi sie w czasie od 25 do 60 minut.

Korzystnie, gdy ekstrakcje rozpuszczalnikowg prowadzi sie poprzez intensywne mieszanie
z predkoscig 300 obr./min.

Korzystnie, gdy ekstrakcje rozpuszczalnikowg prowadzi sie poprzez intensywne mieszanie
w temperaturze 25°C.

Istotg wynalazku wg drugiej odmiany jest sposdb charakteryzujgcy sie tym, ze pH roztworu wodnego
doprowadza sie do wartosci wyzszej niz 8 alkalizujgc roztwor za pomocg amoniaku, z wykorzystaniem
ekstrakcji membranowej, w ktérej stosunek stezenia molowego ekstrahowanego jonu do stezenia molo-
wego ekstrahentu wynosi 1 : 5, a ekstrahentem jest 2,6-(N,N’-dibenzoilo)-diaminopirydina albo 2,6-bis(4-
-metylobenzoilo)-diaminopirydyna albo 2,6-bis(4-dimetyloaminobenzoilo)diaminopirydyna, przy czym eks-
trakcje przeprowadza sie poprzez przygotowanie polimerowej membrany na drodze wylewania poprzez
sporzadzenie roztworu polichlorku winylu (60% wag.), plastyfikatora (20% wag.) i ekstrahentu (20% wag.)
w 10 cm? tetrahydrofuranu, nastepnie roztwor jest mieszany na mieszadle magnetycznym do uzyskania
jednorodnej konsystencji, po czym roztwor wylewany jest na samopoziomujgcg szalke, a po catkowitym
odparowaniu tetrahydrofuranu membrane odkleja sie od szalki i umieszcza w wodzie destylowanejna 24 h
w celu jej kondycjonowania, a tak przygotowang membrane zalewa sie wodnym roztworem z ktérego eks-
trahowane sg jony, a ekstrakcje membranowg prowadzi sie przez 24 godziny, nastepnie ekstrahowane jony
wydziela sie z membrany poprzez zanurzanie w roztworze kwasu azotowego(V), kwasu octowego lub
kwasu siarkowego(VI), w wyniku czego otrzymuje sie roztwor, ktéry zawiera odzyskane jony.

Korzystnie, gdy plastyfikatorem jest adypianian bis(2-etyluheksylu).

Korzystnie, gdy plastyfikatorem jest ftalan di(2-etyloheksylu).

Korzystnie, gdy ekstrahowane jony wydziela sie z membrany poprzez zanurzanie w roztworze
kwasu azotowego(V).

Sposob wedtug wynalazku pozwala na szybki oraz wysoce wydajny odzysk miedzi(ll), niklu(ll),
kobaltu(ll) i cynku(ll) z roztworéw wodnych o szerokim zakresie pH za pomocg 2,6-bis(benzoilo-R)dia-
minopirydyny (R=H, CHs, N(CH3)2).

Opis figur rysunku

Fig. 1. Wzor strukturalny hydrofobowych oksyméw ketonéw alkilowo-4-pirydylowych, R oznacza
prosty lub rozgateziony tafncuch alkilowy zawierajgcg od 6 do 17 atomow wegla (wzér 1 stanowigcy stan
techniki).

Fig. 2. Wzor strukturalny hydrofobowych oksymow ketonéw alkilowo-3-pirydylowych o wzorze 2,
w ktérym R oznacza prosty lub rozgateziony tancuch alkilowy zawierajgcy od 6 do 12 atoméw wegla
(wzor 2 stanowigcy stan techniki).



PL 242122 B1 5

Fig. 3. Wzor strukturalny 2,6-(N,N’-dibenzoilo)-diaminopirydyny (A1) (wzér 3).

Fig. 4. Wzor strukturalny 2,6-bis(4-metylobenzoilo)-diaminopirydyny (A2) (wzér 4).

Fig. 5. Wzor strukturalny 2,6-bis(4-dimetyloaminobenzoilo)diaminopirydyny (A3) (wzor 5).

Wynalazek zostanie blizej przedstawiony za pomocg ponizszych dwdéch przyktadéw opisujacych
kolejno jego dwie odmiany.

Przyktad |

Odzysk jonéw miedzi(ll), niklu(ll), kobaltu(ll) i cynku(ll) z roztworéw wodnych prowadzono za po-
mocg pochodnych 2,6-bis(benzoilo-R)diaminopirydyny (R=H, CHs, N(CHs)2) o wzorach 3-5 (fig. 3-5).
Odzysk prowadzony poprzez ekstrakcje rozpuszczalnikowa.

Opis syntezy zwigzkow A1-A3

A1: 2,6-(N,N’-dibenzoilo)-diaminopirydyna. Roztwér chlorku benzoilu (5,326 g, 50,93 mmol,
2,0 equiv) w suchym tetrahydrofuranie (50 ml) dodano kroplami do zawiesiny 2,6-diaminopirydyny
(2,065 g, 18,92 mmol, 1 equiv) w trietyloaminie (7,9 ml, 56,68 mmol, 3 equiv), ktére umieszone byty
w tazni lodowej. Mieszanine reakcyjng mieszano w temperaturze 20°C przez catg noc. Nastepnie mie-
szanine ogrzewano przez 1 godzine, nastepnie oddzielono warstwe organiczng, przemyto wodnym
roztworem NaHCOs i rozpuszczalnik odparowano pod préznig. Pozostaty osad dwukrotnie krystalizo-
wano z etanolu.

A2: 2,6-bis(4-metylobenzoilo)-diaminopirydyna. Roztwér chlorku p-toluilu (373 g, 37,76 mmol,
2,0 equiv) w suchym tetrahydrofuranie (50 ml) dodano kroplami do zawiesiny 2,6-diaminopirydyny
(1,894 g, 17,36 mmol, 1 equiv) w trietyloaminie (7,2 ml, 51,66 mmol, 3 equiv), umieszone byly w tazni
lodowej. Mieszanine reakcyjng mieszano w temperaturze 20°C przez catg noc. Nastepnie mieszanine
ogrzewano przez 1 godzine, nastepnie oddzielono warstwe organiczng, przemyto wodnym roztworem
NaHCOs i rozpuszczalnik odparowano pod préznig. Pozostaty osad dwukrotnie krystalizowano z etanolu.

A3: 2,6-bis(4-dimetyloaminobenzoilo)diaminopirydyna. Roztwor 2,6-diaminopirydyny (2,500 g,
22,90 mmol, 1,0 equiv) w suchym tetrahydrofuranie (40 ml) mieszano w temperaturze 25°C w atmosfe-
rze azotu przez 1 godzine z wodorkiem sodu (3,6 g 60% roztworu, 150,01 mmol, 6 equiv) . Otrzymang
zawiesine mieszano w temperaturze wrzenia przez 1 godzine. Po ochtodzeniu otrzymanego roztworu
dodano 4-(dimetyloamino)benzoesan etylu (5,748 g, 29,74 mmol, 2 equiv) rozpuszczony w suchym THF
i ponownie roztwor podgrzano. Do ostudzonego roztworu dodano roztwér chlorku amonu (8,330 g,
155,72 mmol, 1,7 equiv), w celu wygaszenia reakcji. Nastepnie rozpuszczalnik odparowano pod proz-
nig, a otrzymang zawiesine przesgczono i dwukrotnie rekrystalizowano z etanolu.

Prowadzenie ekstrakcji rozpuszczalnikowej

Do przeprowadzenia ekstrakcji rozpuszczalnikowej stosunek stezenia molowego ekstrahowa-
nego jonu w ekstrahowanym roztworze do stezenia molowego uzytego ekstrahenta wynosit 1:1, 1:2
oraz 1:5. Stad stezenie molowe Uganda (A1-A3) wynosito 0,001 mol/dm? w chloroformie, a stezenie
molowe metalu odpowiednio 0,010 mol/dm3, 0,005 mol/dm? oraz 0,002 mol/dm3. Roztwér doprowa-
dzono do pH wyzszego niz 8 poprzez dodanie 20 ul 25% roztworu NHs. Tak uzyskang mieszanine
ekstrahowano przez 15-60 minut, poprzez intensywne mieszanie w zakresie 200—400 obr./min, w tem-
peraturze 20-25°C. W tabeli 1 przedstawiono warunki ekstrakcji dla poszczegdlnych metali i liganddw.

Tabela 1
Warunki ekstrakcji

Czas Predkos¢ Temperatura

Metal Ligand M:L ekstrakcji mieszania  ekstrakcji
[min] [obr./min] [°C]
1:1 15 200 20
. 1:2 45 300 22
CisHisN;Oz 75 60 400 25
A2 1:1 45 300 25
Co@  r o, 12 60 400 20
R g 15 200 2
1:1 60 400 20
A8 1:2 15 200 22
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5 11 15 200 25
1:2 45 300 20
Ci1oH5N50-
7701 ) R P 60 400 22
A2 1:1 45 300 20
CaiHisN302 122 60 400 22
1:5 15 200 25
: 25
TR —
F ~ 2
T e m—
P 1:1 45 300 25
Co(ID) Nay 12 60 400 20
CaHioN02 =7 15 200 22
. A0
B oo +
CasHasNsOz — 7% 45 300 Y
; 2
T —
i3 1:1 45 300 20
Zn(II) i 1:2 60 400 0 22
CaiHisNs02 =75 15 200 25
1:1 60 400 25
A3
1:2 15 200 20
CasHasNsO2 — 7 45 300 22

Za pomocg atomowej spektrometrii absorpcyjnej (ASA) okreslono stezenie metali w pobranych
prébach po przeprowadzonym procesie ekstrakcji rozpuszczalnikowej, ktére przedstawiono w tabeli 2.
Nastepnie w znany sposéb oddzielono faze wodng od fazy organicznej. Faze organiczng zawierajgcg
jony metali poddano procesowi wydzielania.

Tabela 2
Parametry proceséw ekstrakcji rozpuszczalnikowej i procentowy odzyski jonéw

Stezenie Stezenie fi?:;l;;;:
Metal Ligand M:L pH metalu . liganda \ ]grrzez-
[mol/dm] [mol/dm~] ekstrahent
T
! £330 LU B
1:1 10,145 0010 0,01 35.79
com A 2788 0005 001 536
SRR LS 10,753 0,002 0,01 78,68
A3 1 10,060 0010 0,01 12.41
CpiHasNsO 12 8157 0005 001 4398
1:5 10,792 0002 0.01 77,26
Al 1 10298 0010 0,01 95.55
. :2 7,845 0,005 0,01 79,68
NI N2 56510 0002 001 8320
A2 1 10,043 0010 0,01 97,71
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CaHWN:O: 122 7.955 0005 0.01 92.14
15 10,573 0.002 0.01 99,28
3 ;1 101340010 0.01 83.18
SRR STT10,580° 0002 0.01 04.33
1.1 9.920 0010 0.01 99.70
PN TS T 0463 0,002 0.01 90,64
2 1.1 10,050 0010 0,01 99.31
Coll) (. w12 7756 0005 0,01 98,64
S T S TT10,553 0,002 0,01 99.86
3 1 10,139 0010 0,01 08.89
Colhns 2 BOST_0005 001 96,65
1.5 10,645 0,002 0,01 99,40
.1 10216 0010 0,01 81,22
oo, 12 86510005 001 50,14
WEISERRE TS 10,728 0,002 0,01 80,22
" 1.1 10,138 0,010 0,01 §7.50
Zndl) 0o 12 7859 0005 0.01 81,69
R s 10,716 0,002 0,01 78,51
- 1.1 10,209 0.010 0.0] 81,25
PR STTI0,682 0,000 0.01 80.97
Przyktad Il

Odzysk jonéw miedzi(ll), niklu(ll), kobaltu(ll) i cynku(ll) z roztworéw wodnych prowadzono za po-
mocg pochodnych 2,6-bis(benzoilo-R)diaminopirydyny o wzorach 2—4. Odzysk prowadzony poprzez
ekstrakcje membranowa.

Przygotowanie membrany

Sporzadzono roztwor polichlorku winylu (60% wag.), plastyfikatora — np. adypianianu bis(2-etylu-
heksylu) albo ftanalu di(2-etyloheksylu) (20% wag.) i liganda — A1 albo A2, albo A3 przygotowane jak
w przyktadzie | (20% wag.) w 10 cm? tetrahydrofuranie. Roztwér mieszano na mieszadle magnetycznym
do uzyskania jednorodnej konsystencji, po czym wylano na samopoziomujgcg szalke ANUMBRA. Po
catkowitym odparowaniu tetrahydrofuranu membrane odklejono od szalki i umieszczono w wodzie de-
stylowanej na 24 h, w celu kondycjonowania membrany.

Prowadzenie ekstrakcji membranowej

Do kazdego roztworu dodano odpowiednig ilos¢ 25% roztworu NH3 w celu ustalenia pH roztworu
do wartosci wyzszej niz 8. Tak przygotowang membraneg zalano 15 cm?® odpowiedniego wodnego roz-
tworu miedzi(ll) lub niklu(Il), lub kobaltu(ll), lub cynku(ll). Stosunek metalu do liganda podczas ekstrakgiji
membranowej wynosit 1:5, przy czym stezenie molowe liganda wynosito 0,05 mol/dm?, a stezenie me-
talu 0,01 mol/dm? (tabela 3). Proces ekstrakcji prowadzono 24 godziny. Po tym czasie pobrano nie-
wielkg ilos¢ roztworu, aby za pomocg analizy ASA stwierdzi¢ ubytek ilosci jonéw metali w roztworze.
Ubytek jondéw z roztworu swiadczy o zwigzaniu jonéw metali przez membrane.

Tabela 3
Parametry proceséw ekstrakcji membranowej i procentowy odzyski jondw

Yezwinzany

Metal Ligand ML pH przez
membrane

Al
.5 )

CroH1sN1Os 1:5 9,262 842

Cu{Il A2 1:5 9,194 35,79

u(n CarHigNa(h N 21 e

A3 1:5 9,428 9.21

C2:H2sN 501
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Al

: 7
Crol1isN30s 15 10.609 12,21
. A2 -
I\I(ID CoyHioNOs 1:5 :),332 9?,7]_
A3 i -
CoiHasNsQy 10 10.895 83,18
Al — _
. 5 C
CigHisNa(h 13 10,654 69,43
. A2 ’
Coll) o N0, 19 10,456 4557
21 H a3tk
A3 — _
; ‘ 9,85 50,5
CoHasN:O2 9,850 50,53
Al _
' 5
CiglsN30n 1:5 9,345 56.60
Zn(11 A2 1:5 1{.850 §7.59
n{h) CarHiglN2On = S,
A3
CoHasNsOy 7 9,506 §1,25

Jony z membrany odzyskano za pomocg jednego z kwaséw takich jak: kwas octowy, kwas siar-
kowy(VI) lub 5 M kwas azotowy(V). Membrane zanurzono w niewielkiej ilosci takiego kwasu i uzyskano
zatezony roztwor zawierajgcy odzyskane jony metalu.

Uzyskane wyniki w przyktadzie | i Il potwierdzity, ze sposéb wg dwdch odmian niniejszego wyna-
lazku umozliwia odzysk jonow miedzi(ll), cynku(ll), niklu(Il) oraz kobaltu(ll) z roztworéw wodnych z wy-
korzystaniem pochodnych 2,6-bis(benzoilo-R)diaminopirydyny (R=H, CHs, N(CH3)z2).

1.

Zastrzezenia patentowe

Sposob odzyskiwania jondw miedzi(ll), niklu(ll), kobaltu(ll) i cynku(ll) z wodnych roztworéw,
znamienny tym, Ze pH roztworu wodnego doprowadza sie do warto$ci wyzszej niz 8 alkali-
Zujgc roztwor za pomocg amoniaku z wykorzystaniem ekstrakcji rozpuszczalnikowej, w ktorej
stosunek stezenia molowego ekstrahowanego jonu do stezenia molowego ekstrahentu wy-
nosi w przedziale zawartym od 1:1 do 1:5, do ekstrahowanego roztworu dodaje sie ekstra-
hent, ktorym jest 0,001 mol/dm?® roztwér 2,6-(N,N’-dibenzoilo)-diaminopirydyny w chlorofor-
mie albo 0,001 mol/dm3 roztwér 2,6-bis(4-metylobenzoilo)-diaminopirydyny w chloroformie
albo 0,001 mol/dm? roztwér 2,6-bis(4-dimetyloaminobenzoilo)diaminopirydyny w chlorofor-
mie, ekstrakcje rozpuszczalnikowg prowadzi sie w czasie od 15 do 60 minut poprzez inten-
sywne mieszanie z predkoscig w zakresie 200—400 obr./min, i w temperaturze w zakresie
od 20°C do 25°C, nastepnie w znany sposob oddziela sie faze wodng od fazy organicznej,
po czym faze organiczng zawierajgcg jony metali poddaje sie procesowi wydzielania znanym
sposobem.

Sposob odzyskiwania jondw wedtug zastrz. 1, znamienny tym, ze stosunek stezenia molo-
wego ekstrahowanego jonu do steZzenia molowego ekstrahentu wynosi 1 :5.

Sposodb odzyskiwania jondw wedtug zastrz. 1, znamienny tym, ze ekstrakcje rozpuszczalni-
kowg prowadzi sie w czasie od 25 do 60 minut.

Sposob odzyskiwania jondw wedtug zastrz. 1, znamienny tym, ze ekstrakcje rozpuszczalni-
kowa prowadzi sie poprzez intensywne mieszanie z predkoscig 300 obr./min.

Sposob odzyskiwania jondw wedtug zastrz. 1, znamienny tym, ze ekstrakcje rozpuszczalni-
kowa prowadzi sie poprzez intensywne mieszanie w temperaturze 25°C.

Sposob odzyskiwania jonow miedzi(ll), niklu(ll), kobaltu(ll) i cynku(ll) z wodnych roztworow,
znamienny tym, Zze pH roztworu wodnego doprowadza sie do wartosci wyzszej niz 8 alkalizu-
jgc roztwor za pomocg amoniaku, z wykorzystaniem ekstrakcji membranowej, w ktérej stosu-
nek stezenia molowego ekstrahowanego jonu do stezenia molowego ekstrahentu wynosi 1 : 5,
a ekstrahentem jest 2,6-(N,N’-dibenzoilo)-diaminopirydina albo 2,6-bis(4-metylobenzoilo)-dia-
minopirydyna albo 2,6-bis(4-dimetyloaminobenzoilo)diaminopirydyna, przy czym ekstrakcje
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przeprowadza sie poprzez przygotowanie polimerowej membrany na drodze wylewania po-
przez sporzadzenie roztworu polichlorku winylu (60% wag.), plastyfikatora (20% wag.) i eks-
trahentu (20% wag.) w 10 cm? tetrahydrofuranu, nastepnie roztwor jest mieszany na miesza-
dle magnetycznym do uzyskania jednorodnej konsystencji, po czym roztwér wylewany jest na
samopoziomujgcg szalke, a po catkowitym odparowaniu tetrahydrofuranu membrane odkleja
sie od szalki i umieszcza w wodzie destylowanej na 24 h w celu jej kondycjonowania, a tak
przygotowang membrane zalewa sie wodnym roztworem, z ktérego ekstrahowane sg jony,
a ekstrakcje membranowg prowadzi sie przez 24 godziny, nastepnie ekstrahowane jony wy-
dziela sie z membrany poprzez zanurzanie w roztworze kwasu azotowego(V), kwasu octo-
wego lub kwasu siarkowego(VI), w wyniku czego otrzymuje sie roztwor, ktéry zawiera odzy-
skane jony.

. Sposbéb odzyskiwania jonéw wedtug zastrz. 6, znamienny tym, ze plastyfikatorem jest ady-
pianian bis(2-etyluheksylu).

. Sposbéb odzyskiwania jonéw wedtug zastrz. 6, znamienny tym, ze plastyfikatorem jest ftalan
di(2-etyloheksylu).

. Sposbéb odzyskiwani a jonéw wedilug zastrz. 6, znamienny tym, ze ekstrahowane jony wy-
dziela sie z membrany poprzez zanurzanie w roztworze kwasu azotowego(V).
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