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Abstract: The work describes the results of the first application of 2,6-bis(4-methoxybenzoyl)-
diaminopyridine (L) for the recovery of noble metal ions (Au(III), 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-methoxybenzoyl)-
diaminopyridine as a carrier in polymer membranes after 24 h of sorption was lower; the percentage
of metal ions removal from the solutions (%Rs) decreased in following order: Ag(I) (94.89%) >
Au(III) (63.46%) > Pt(II) (38.99%) > Pd(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
separation 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-
methoxybenzoyl)-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 effective
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 for
high-technology industries (e.g., electronic materials) as well as in pharmaceutics, jewelry,
catalysis, etc. Furthermore, the demand for precious metals in industrial applications has
significantly increased in the last few years [9,10].
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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 classical
SE can be minimized by using the aqueous two-phase system in the extraction process.
They investigated the extraction of gold(III) 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(III) was quantitatively extracted (>98%) into the PEG-rich phase in acid media.
Another environmentally friendly two-phase extraction system based on polypropylene
glycol 425 and sodium chloride has recently been successfully applied for the extraction
of Pt(IV) and Pd(II) 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 application
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 membrane 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 processes is the correct
selection of the chemical compounds binding the metal ions (extractants 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 precious 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 carriers (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)-
diaminopyridine (shown in Figure 1) for the recovery of noble metal ions such as Au(III),
Ag(I), Pd(II) and Pt(II) from aqueous solutions using SE and polymer membrane processes.
2,6-Bis(4-methoxybenzoyl)-diaminopyridine can be considered a heterocyclic amide 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(II)
ions; thus, it can be successfully used for the SE recovery of Cu2+ (recovery percentage
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–liquid
extraction designed for the recovery of noble metals ions, nor as a carrier in polymer
membranes.

Figure 1. Structure of 2,6-bis(4-methoxybenzoyl)-diaminopyridine (C21H19N3O4).
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2. Results and Discussion
2.1. The Stability Constants of Complexes Formed by Precious Metal Ions with
2,6-Bis(4-Methoxybenzoyl)-Diaminopyridine

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

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 constants
of complexes of 2,6-bis(4-methoxybenzoyl)-diaminopyridine with Au(III), Ag(I), Pd(II) and
Pt(II) ions were calculated and are presented in Table 1.

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

Metal Ion

L—C21H19N3O4

(L:M = 1:1) (L:M = 1:2) (L:M = 1:3)

log K1 log K2 log K3

Au(III) 5.540 4.851 4.607

Ag(I) 4.883 - -

Pd(II) 4.917 5.398 -

Pt(II) 5.771 5.584 -
The given values of the log K carry ± 0.001 tolerance.
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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 calculated
previously with other metal ions were compared with the values obtained in this work and
were equal for complex type 1:1 with Cu(II) ion 5.5 [27].

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.

Figure 3. The dependence of the division ratio (DM) on the extraction percentage (%E), where the • is related to the M:L ratio
1:1, the N is related to the M:L ratio 1:5, and the � corresponds to the M:L ratio 1:10. The given values of %E carry ± 0.03
and DM 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 (DM) 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).

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 significant.
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 extractant



Int. J. Mol. Sci. 2021, 22, 9123 5 of 13

that might be used for the recovery of various metal ions, including gold, silver, platinum,
palladium and copper.

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

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 qt were calculated according to Equation (3) for gold(III),
silver(I), palladium(II) and platinum(II) for 24 h sorption processes and are presented in
Table 2.

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

Metal Ions
Time [h]

Au(III)
qt [mg/g]

Ag(I)
qt [mg/g]

Pd(II)
qt [mg/g]

Pt(II)
qt [mg/g]

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 qt 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 (qt = 0.1080 mg/g).

Figure 5 presents obtained results of %Rs.
The percentage of metal ion removal from the solutions (%Rs) for all metal ions

increased following time, and that dependency was similar to the changes of the sorption
capacity qt parameter. The %Rs parameter for the investigated metal ions after 24 h of
sorption decreased in following order: Ag(I) (94.89%) > Au(III) (63.46%) > Pt(II) (38.99%) >
Pd(II) (23.82%). In the case of sorption of silver(I) ions, equilibrium was reached after 6 h.
For other metal ions a longer time was needed.
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Figure 5. The percentage recovery of metals in the membrane (%Rs) after 24 h with 2,6-bis(4-
methoxybenzoyl)-diaminopyridine as a carrier for gold(III), silver(I), palladium(II) and platinum(II)
ions. The given values of %Rs carry ± 0.019.

In addition to sorption, the opposite process was also carried out. For desorption of
Au(III), Ag(I), Pd(II) and Pt(II) ions from the surface of polymer membranes containing
2,6-bis(4-methoxybenzoyl)-diaminopyridine a solution of 5 mol/dm3 of nitric acid was
used. Figure 6 shows the percentage of metal ions desorbed as the sum of metal ions
previously adsorbed on the surfaces of the membranes.

Figure 6. The sum of desorbed metal ions after 24 and 48 h. The given values of %Rdes carry ± 0.019.

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 con-
centrated 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
palladium (61.74%) ions. This confirms that by using membranes containing 2,6-bis(4-
methoxybenzoyl)-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 aqueous
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.
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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 membranes
(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 classic
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-methoxybenzoyl)-
diaminopyridine enabled the effective recovery of gold, silver, palladium and platinum
during the both the solvent extraction and membrane extraction processes.

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 D2EHAG

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

SE - - X X [30,31] SE - - - - -
PM X - - - [32] PM - X X - [23,33,34]

Cyphos IL 101 Cyphos IL 102

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

SE X - X - [35–37] SE X - X - [35–37]
PM - - X - [37] PM - - X - [37]

Cyphos IL 104 Cyanex 302

Au(III) Ag(I) Pd(II) Pt(II) Ref. Au(III) Ag(I) Pd(II) Pt(II) 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.
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4. Materials and Methods
4.1. Materials

2,6-bis(4-methoxybenzoyl)-diaminopyridine (L) (Figure 1) was synthesized following
the procedure detailed in [27]. This compound is insoluble in water, but it is well soluble 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(III), Ag(I), Pd(II) and Pt(II)), concentrated nitric acid,
ammonia, 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 technical
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(III), Ag(I), Pd(II) or Pt(II) with
2,6-Bis(4-Methoxybenzoyl)-Diaminopyridine

Stability constants (log K) of complexes of 2,6-bis(4-methoxybenzoyl)-diaminopyridine
with Au(III), Ag(I), Pd(II) and Pt(II) ions were determined according to the previously
described method [27]. For this purpose, a methanol solution of L with the concentration
of 3 × 10−5 mol/dm3 and aqueous solutions of metal ions (M, each with a concentration 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(III), Ag(I), Pd(II) and Pt(II)
ions were calculated.

4.3. Separation Processes

The recovery of noble metal ions such as Au(III), Ag(I), Pd(II) and Pt(II) was carried out
using 2,6-bis(4-methoxybenzoyl)-diaminopyridine in two different separation processes.
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.

For solvent extraction, 2,6-bis(4-methoxybenzoyl)-diaminopyridine (L) was dissolved
in an organic solvent (chloroform), while in membrane extraction the ligand was immobi-
lized 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 solu-
tions of metal ions, the concentration of which was 1000 mg/L. The limit of concentration
of metal ions in different samples was from 0.0004 to 0.0016 mol/dm3. The stock solution of
the 2,6-bis(4-methoxybenzoyl)-diaminopyridine (L) had a concentration of 0.008 mol/dm3

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 µL. 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
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extraction, i.e., the extraction percentage (%E, Equation (1)) and the division ratio (DM,
Equation (2)) were calculated.

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

The extraction percentage is a parameter that takes into account the partition coefficient
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 (Σ[M]org) to
the sum of the concentrations of all the substances in the aqueous phase (Σ[M]aq) [43].

%E =
DM

D
M+

Vaq
Vorg

× 100% (1)

DM =
Σ[M]org

Σ[M]aq
(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 cm3 of
tetrahydrofuran. 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 distilled
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(III), Ag(I), Pd(II) and Pt(II) ion extraction was
approximately 0.265 cm.
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Figure 9. The polymer membrane with 20 wt.% of 2,6-bis(4-methoxybenzoyl)-diaminopyridine
before 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(III), Ag(I), Pd(II) or Pt(II). The solutions of metal ions (volume
30 cm3) 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 to
the surfaces of the membranes (sorption process). Small samples of well-defined volumes
were taken from the solutions at regular intervals for 24 h to determine the concentration
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):

qt =

(
ci − ct

m

)
·V (3)

where qt—the sorption capacity (mg/g), V—the volume of the solution (dm3), m—the
mass of the membrane (g), and ci and ct—the analytical concentration of metal ions in the
solution at the beginning and after a determined period of the sorption process (mol/dm3),
respectively [45].

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

%Rs =
c0 − ci

c0 × 100% (4)

where: c0 and ci denote analytical concentrations of metal ions in the solution at the
beginning and after an appropriate period of the sorption process [28].

After extraction processes, the applied polymer membranes were immersed in 10 cm3

5 mol/dm3 HNO3 solutions for 24 h to desorb metal ions from the membrane surfaces.
The desorption efficiency (%Rdes) was calculated using Formula (5).

%Rdes =
ci

ca × 100% (5)

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

As a result of the performed separation processes, i.e., dynamic classic solvent extrac-
tion (mechanical shaking) and static membrane extraction (polymer membranes) using
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 chem-
istry, static membrane extraction appears to be the more advantageous process, despite the
lower percentage recovery of metals from solutions. The recovery was the highest for silver
(Ag(I) (94.89%)) and gold (Au(III) (63.46%)) ions, whereas for platinum and palladium ions
it was much lower (Pt(II) (38.99%), Pd(II) (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 future 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 membrane extraction) may also be useful
for the recovery of these metal ions from industrial wastewater.

Author Contributions: Synthesis—B.O.; All analysis, and description of their results—D.B., M.A.K.,
K.W. and W.U.; Draft writing, review and editing—All authors. All authors have read and agreed to
the published version of the manuscript.

Funding: Research co-financed by the Operational Programme PL03 “Improving Environmental
Monitoring and Inspection” within the EEA Grants 2009–2014, No. 309/2015/Wn15/MN-xn-03/D.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Nguyen, T.H.; Lee, M.S. A Review on Separation of Gallium and Indium from Leach Liquors by Solvent Extraction and Ion

Exchange. Miner. Process. Extr. Metall. Rev. 2019, 40, 278–291. [CrossRef]
2. Shen, L.T.; Tesfaye, F.; Li, X.B.; Lindberg, D.; Taskinen, P. Review of rhenium extraction and recycling technologies from primary

and secondary resources. Miner. Eng. 2021, 161, 106719. [CrossRef]
3. Liddell, K. Thermodynamic models for liquid-liquid extraction of electrolytes. Hydrometallurgy 2005, 76, 181–192. [CrossRef]
4. Sarode, D.B.; Attarde, S.B.; Ingle, S.T.; Srivastava, V.; Sillanpaa, M.E.T. Separation and removal of Cu2+, Fe2+, and Fe3+ from

environmental waste samples by N-benzoyl-n-phenylhydroxylamine. Environ. Technol. 2015, 36, 521–528. [CrossRef]
5. Meshram, P.; Abhilash; Pandey, B.D. Advanced Review on Extraction of Nickel from Primary and Secondary Sources. Miner.

Process. Extr. Metall. Rev. 2019, 40, 157–193. [CrossRef]
6. Sethurajan, M.; van Hullebusch, E.D.; Fontana, D.; Akcil, A.; Deveci, H.; Batinic, B.; Leal, J.P.; Gasche, T.A.; Kucuker, M.A.; Kuchta,

K.; et al. Recent advances on hydrometallurgical recovery of critical and precious elements from end of life electronic wastes-a
review. Crit. Rev. Env. Sci. Tec. 2019, 49, 212–275. [CrossRef]

7. Ineza, C.; Pearce, B.H.; Begum, N.M.; Luckay, R. The synthesis and use of new amic acid extractants for the selective extraction of
Cu(II),Ni(II) and Co(II) from other base metal ions in acidic medium. Sep. Sci. Technol. 2021, 1–15. [CrossRef]

8. Tomizaki, K.; Okamoto, T.; Tonoda, T.; Imai, T.; Asano, M. Selective Gold Recovery from Homogenous Aqueous Solutions
Containing Gold and Platinum Ions by Aromatic Amino Acid-Containing Peptides. Int. J. Mol. Sci. 2020, 21, 5060. [CrossRef]

9. Sathuluri, R.R.; Kurniawan, Y.S.; Kim, J.Y.; Maeki, M.; Iwasaki, W.; Morisada, S.; Kawakita, H.; Miyazakiv, M.; Ohto, K. Droplet-
based microreactor system for stepwise recovery of precious metal ions from real waste with calix[4]arene derivatives. Sep. Sci.
Technol. 2018, 53, 1261–1272. [CrossRef]

http://doi.org/10.1080/08827508.2018.1538987
http://doi.org/10.1016/j.mineng.2020.106719
http://doi.org/10.1016/j.hydromet.2004.10.005
http://doi.org/10.1080/09593330.2014.979250
http://doi.org/10.1080/08827508.2018.1514300
http://doi.org/10.1080/10643389.2018.1540760
http://doi.org/10.1080/01496395.2021.1881119
http://doi.org/10.3390/ijms21145060
http://doi.org/10.1080/01496395.2017.1366518


Int. J. Mol. Sci. 2021, 22, 9123 12 of 13

10. Xue, D.; Li, T.; Liu, Y.; Yang, Y.; Zhang, Y.; Cui, J.; Guo, D. Selective adsorption and recovery of precious metal ions from water
and metallurgical slag by polymer brush Graphene-polyurethane composite. React. Funct. Polym. 2019, 136, 138–152. [CrossRef]

11. Bulgariu, L.; Bulgariu, D. Extraction of gold(III) from chloride media in aqueous polyethylene glycol-based two-phase system.
Sep. Purif. Technol. 2011, 80, 620–625. [CrossRef]

12. Zakhodyaeva, Y.A.; Zinov’eva, I.V. Extraction of Pt(IV) and Pd(II) from Hydrochloric Acid Solutions Using Polypropylene Glycol
425. Theor. Found. Chem. Eng. 2021, 55, 282–289. [CrossRef]

13. Zakhodyaeva, Y.A.; Zinov’eva, I.V.; Tokar, E.S.; Voshkin, A.A. Complex Extraction of Metals in an Aqueous Two-Phase System
Based on Poly(Ethylene Oxide) 1500 and Sodium Nitrate. Molecules 2019, 24, 4078. [CrossRef] [PubMed]

14. Carner, C.A.; Croft, C.F.; Kolev, S.D.; Inês, M.G.S.; Almeida, G.S. Green solvents for the fabrication of polymer inclusion
membranes (PIMs). Sep. Purif. Technol. 2020, 239, 116486. [CrossRef]

15. Kolev, S.D.; Inês, M.; Almeida, G.S.; Cattrall, R.W. Polymer Inclusion Membranes. In Smart Materials for Sensing and Separation; de
la Guardia, M., Esteve-Turrillas, F.A., Eds.; John Wiley & Sons Ltd.: Hoboken, NJ, USA, 2019. [CrossRef]

16. Wilson, A.M.; Bailey, P.J.; Tasker, P.A.; Turkington, J.R.; Grant, R.A.; Love, J.B. Solvent extraction: The coordination chemistry
behind extractive metallurgy. Chem. Soc. Rev. 2014, 43, 123–134. [CrossRef]

17. Rao, M.D.; Singh, K.K.; Morrison, C.A.; Love, J.B. Challenges and opportunities in the recovery of gold from electronic waste.
RSC Adv. 2020, 10, 4300–4309. [CrossRef]

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

19. Wang, Y.T.; Liu, M.; Tang, N.; Li, S.J.; Sun, Y.; Wang, S.X.; Yang, X.J. Equilibrium and mechanism studies of gold(I) extraction from
alkaline aurocyanide solution by using fluorine-free ionic liquids. Rare Met. 2021, 40, 1987–1994. [CrossRef]
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38. Cieszynska, A.; Wiśniewski, M. Extractive recovery of palladium(II) from hydrochloric acid solutions with Cyphos IL 104.
Hydrometallurgy 2012, 113–114, 79–85. [CrossRef]

39. Sarkar, S.G.; Dhadke, P.M. Solvent extraction separation of gold with Cyanex 302 as extractant. J. Chin. Chem. Soc. 2000, 47,
869–973. [CrossRef]

40. Laki, S.; Shamsabadi, A.A.; Kargari, A. Comparative solvent extraction study of silver(I) by MEHPA and Cyanex 302 as acidic
extractants in a new industrial diluent (MIPS). Hydrometallurgy 2016, 160, 38–46. [CrossRef]

41. Othman, N.; Noah, N.F.M.; Sulaiman, R.N.R.; Abdullah, N.A.; Bachok, S.K. Liquid-liquid extraction of palladium from simulated
liquid waste using phosphinic acid as a carrier. J. Teknol. 2014, 68, 41–45. [CrossRef]

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

43. Li, X.; Wei, C.; Deng, Z.; Li, C.; Fan, G.; Rong, H.; Zhang, F. Extraction and separation of indium and copper from zinc residue
leach liquor by solvent extraction. Sep. Purif. Technol. 2015, 156, 348–355. [CrossRef]

44. Witt, K.; Radzyminska-Lenarcik, E.; Kosciuszko, A.; Gierszewska, M.; Ziuziakowski, K. The influence of the morphology an
mechanical properties of polymer inclusion membanes (PIMs) on zinc ion separation from aqueous solutions. Membranes 2018,
10, 134. [CrossRef]

45. Rostamian, R.M.; Heidarpour, S.F.; Mousavi, M. Afyuni, Characterization and sodium sorption capacity of biochar and activated
carbon prepared from rice husk. J. Agric. Sci. Technol. 2015, 17, 1057–1069.

46. Ipeaiyeda, A.R.; Tesi, G.O. Sorption and desorption studies on toxic metals from brewery effluent using eggshell as adsorbent.
Adv. Nat. Sci. 2014, 7, 15–24. [CrossRef]

http://doi.org/10.1016/j.hydromet.2011.12.006
http://doi.org/10.1002/jccs.200000117
http://doi.org/10.1016/j.hydromet.2015.12.002
http://doi.org/10.11113/jt.v68.3029
http://doi.org/10.3390/membranes5040903
http://www.ncbi.nlm.nih.gov/pubmed/26670259
http://doi.org/10.1016/j.seppur.2015.10.021
http://doi.org/10.3390/polym10020134
http://doi.org/10.3968/5394

	Introduction 
	Results and Discussion 
	The Stability Constants of Complexes Formed by Precious Metal Ions with 2,6-Bis(4-Methoxybenzoyl)-Diaminopyridine 
	Classic Solvent Extraction 
	Membrane Extraction and Back-Extraction Processes 

	Comparison of the Efficiency of Studied Processes 
	Materials and Methods 
	Materials 
	Determination of Stability Constants of Complexes of Au(III), Ag(I), Pd(II) or Pt(II) with 2,6-Bis(4-Methoxybenzoyl)-Diaminopyridine 
	Separation Processes 
	Classic Solvent Extraction 
	Membrane Extraction Processes 


	Conclusions 
	References

