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In view of the recycling and the preconcentration of palladium(Pd) from aqueous solutions, a sulfur-
bearing extractant, 1,3-diethyl-imidazole-2-thione, in ionic liquid organic phase was evaluated for

palladium extraction. Extraction conditions were examined followed by mechanism studies. The Pd(II) in

10 water was extracted through a neutral extraction mechanism which can avoid or decrease the loss of ionic

liquid used in traditional methods and highlights the green credentials of the ionic liquids. The extraction

system also provides a new method for the preparation of metal complexes crystals. Investigations of the
extracted complexes of palladium(II) with the EEImT ligand was conducted by single crystal x-ray
diffraction and computational methods. The results show that the Pd(II)-EEImT complex with both 1:1

15 and 1:2 stoichiometry were produced during extraction, not simply one structure. And the cis geometry
was more favorable than trans of Pd(EEImT),Cl, complex. This was further explained by computer
calculation, which suggested that the cis configuration with larger dipole was energetically more stable

than the trans.

Introduction

20  The widespread applications of palladium (Pd) in chemical
catalyzing ', alloy membrane preparation > and fine chemical
industry * indicate the growing demand of palladium not only in
high quality but also in great quantity. Therefore, under the
overarching pressure of natural resources and environment,
separation and purification of palladium from both natural ores
and industry waste are profound. Given this, different methods
like electrolytic deposition *, solid phase extraction °, ion
exchange ® were developed. Considering separation ability and
complexity, the traditional solvent extraction is still the most
30 convenient and economical method allow for the large-scale
application "%,

Although solvent extraction has gained long-run development,
efficient green extraction systems are still in eagerly needed.
Recent studies on the solvent extraction of palladium value the
use of ionic liquids, which are considered advantageous for their
versatility and "green" credentials °, as either the organic phase or
the extractants. For example, A. Cieszynska et al. probed the use
of trihexyl(tetradecyl)phosphonium chloride for palladium
extraction from hydrochloric acid solutions '°. Katsuta and
Shoichi et al.'" developed a well founded method to selectively
separate palladium and platinum by trioctylammonium-based
mixed ionic liquids, which are recyclable, easy to handle, safe,
and environmentally. Sasaki, Kotoe et al.'> used ionic liquid
betainium bis(trifluoromethanesulfonyl)imide to extract Pd(I),
4s Rh(IIT) and Ru(III) from HNO; aqueous solution, which proceed
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via the coordination between betaine and metal ions and the
cation exchange of the formed complex with proton.
During the above researches, the metal ions are extracted to the
organic ionic liquids phase through an ion exchange mechanism,
so which were shown as follows'*"*, where the subscript (aq), (IL)
and (or) denote an aqueous phase, ionic liquid phase and the
organic phase respectively.

2H*(aq) + PdCl,* (aq) + 2R,R'PA(IL) < (R ,R'P),PdCI, (or) + 2HA (aq)

55 M™ (aq) + mL(IL) + x[C, min][TFSA](IL) <> [M(L), ™ (TFSA™), ](IL) + x[C, min*](aq)

PtCl,* (aq) + 2[C, min] PF,(IL)+ < ([C, min]), - PtCl ,*~ (or) + 2PF,” (aq)
These mechanisms will certainly lead to the loss of ionic
liquids. Therefore in order to facilitate the extraction, the volume
of the ionic liquids phase would be relatively large, with volume
60 Tatio to aqueous phase about 1:2,'® which means the higher cost
for application. On the other hand, since most of the waste
aqueous sources that containing Pd(Il) is acidic, and the yields of
the extraction with ion exchange will fluctuate with the varying
concentration of the aqueous hydrogen ions'” so an extra

s procedure is needed to adjust pH. Nevertheless, these
disadvantages can be avoided through neutral extraction.
In our work, the sulfur-bearing extractant, 1,3-diethyl

imidazole-2-thione (EEImT) was firstly used as the extractant to
extract aqueous palladium to the ionic liquid organic phase, i.c.,
70 1-ethyl-3-methylimidazolium bis((trifluoromethyl)sulfonyl)imide
([EMIm]NTF,). Extracted complexes were formed through a
neutral coordination rather than ion exchange mechanism
therefore avoided the loss of ionic liquid and directly saved the
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volume of the organic phase. The extraction system also provides
a new method for the quick preparation of the regularly-shaped
metal complexes crystals under certain conditions. Two novel
PdCl,-thione crystals were obtained. The X-ray crystallography
analysis and computer calculations were conducted to elucidate
the construction and configuration of the Pd (II)-EEImT
complexes. The extraction is barely dependent on the
hydrochloric acid concentration at certain conditions. And the
whole system was verified to be effective and stable.

Experimental Section
Reagent and materials

1,3-diethyl imidazole acetate salt and 1-ethyl-3-methyl
imidazolium bis  ( (trifluoromethyl) sulfonyl) imide were
purchased from Lanzhou Greenchem ILS, LICP, CAS, China.
PdCl, was purchased from Guangfu Institute of Fine Chemical
(Tianjin, China). All the reagents (sulfur, sodium bicarbonate,
methanol, acetonitrile, methylene dichloride, acetone) were AR
and used without additional purification. Distilled water was used
to prepare the aqueous solutions in all experiments.

Synthesis of 1,3-dimethyl-imidazole-2-thione

The synthesis of thione was designed according to literature
procedure '® to give 1,3-diethyl imidazole-2-thione in 63 % yield.
1H NMR (300MHz, DMSO) : 3=7.378 (s, 1 H), 4.051 (t, 4 H),
1.247 (trip, 6H). The 1,3-dimethyl- imidazolium acetate (2.0 g)
was stirred with sulfur (0.1 g) in an round-bottom flask at 50 °C.
After several minutes, the mixture turned yellow to dark brown.
Then 10 mL acetonitrile was added after 24 h. The mixture was
leached with filter to eradicate sulfur. Then the acetonitrile was
distilled under vacuum. The product was dissolved in 15 mL
methylene dichloride. Deionized water and sodium bicarbonate
solution(5%) were used to wash the oil to remove 1,3-diethyl
imidazole acetate salt and acetic acid. Then the methylene
dichloride was distilled under vacuum. The product was
recrystallized at room temperature to give the almost colorless
crystal. This procedure was shown as the following scheme.
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Scheme 1. Synthesis of 1,3-dimethyl-imidazole-2-thione

Extraction procedure

Extraction was conducted with using 0.01 - 0.05 mM of
EEImT in 0.5 mL [EMIm|NTF, as the organic phase. Feed
solutions contained 0.001 mM of palladium(II) chloride in 0.1
mM - 5 M HCIL. The two phases with volume ratio of aqueous
phase to organic phase (Ry/0) of 10, were mechanically shook in
an orbital shaker for 0.5 - 20 min and separated with centrifuge at
2000 rpm for 5 min. Atomic absorption spectrophotometer (3150,
Precision & Scientific Instrument Shanghai Co., Ltd., Shanghai,
China) was used to determine Pd(II) concentrations in the
aqueous solutions before and after extraction. High Performance
Liquid Chromatography (LC2000, TianMei, Shanghai, China)
was used to analyze the consumed extractant after the extraction.
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Each experiment was carried out 3 times and the standard
deviations did not exceed 5%. Extraction percentage E (%) and
distribution coefficient (D) of Pd(II) were calculated from the
equations below.

_ [Pd], ~[Pd]

x100% Dy, = =

_[pd}, ~[Pd],,
[Pl

E, =
" [pdl,

A/O

55
Crystal growth and analyzation

Single crystals suitable for the X-ray diffraction study were
grown by slow solvent evaporation. Ethanol water solutions (10
mL) containing 0.0282 mM PdCl, and one or two equivalent of
EEImT were stirred and filtrated with a funnel, then volatilized in
serum bottle at 298 K for two weeks. Reddish brown needle-like
crystals were obtained.

It was worth mentioning that at high complexes concentration
(0.282 mol/L), the organic phase become rather viscous. The
Adding of 2 mL ethanol will easily wash out the Pd-EEImT
complexes, which also can form regularly-shaped needle like
crystal. This procedure was not shown by earlier literature reports,
and it may represent a novel method to prepare the metal
complexes crystals.

Single crystal x ray diffraction data collection was conducted
on an area detecting system (Bruker-Nonius SMART APEX II
CCD) and graphite monochromated Mo-Ka radiation (A
0.71000 A). A hemisphere of data was measured using a strategy
of omega scans of 0.5° per frame. Empirical absorption
corrections were applied. The structures were solved by a
combination of direct methods and difference Fourier syntheses.
All  non-hydrogen atoms were refined with anisotropic
displacement parameters. All hydrogen atoms were calculated in
ideal positions riding on the parent carbon atoms. The unit cell
parameters were obtained by full-matrix least-squares refinement.
Data collection, integration, and absorption corrections were
performed using the APEX222 software suite (Bruker)'.
Computing structure solution and refinement was carried out
using the SHELXL-97 software package (Bruker)™.

Crystal data and details of the structure determination are
summarized in Table 1. CCDC 994393 and 994500 contain the
supplementary crystallographic data for the structures described
in this paper.

Table 1. Crystal data and details of the structure determination

CCDC number 994393 994500
Formula C10H24C14N4Pd252 C10H24C12N4Pd82

Formula weight 667.09 g/mol 489.79 g/mol

Crystal system tetragonal monoclinic
Space group P-421c C2/c
Temperature(K) 298(2) 293(2)
a(A) 10.954(3) 18.078(19)
b(A) 10.954(3) 9.268(1)
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c(A) 19.840(5) 13.131(14) shown in Figure 1. The Ep, attains maximum (about 98%) when
molar ratio of EEImT : Pd is 4.
a(®) 90 90
B(®) 90 113.059(2)° 1004 R - - "
v(°) 90 90 1 u
Cell volume 2380.6(8) A’ 2024.26(40) A 804
z 4 4 1
2 60
Total/unique N "
. 10996 4756 = 1
reflections oy
= 404
Ry 0.1138 0.0291 |
RI[I>20(1)] 0.0484 0.0309 204
wR2 [I>26(1)] 0.0931 0.0759 "
0 L] L] L]
X-ray powder diffraction was carried out by using a D8 0.00 CEE::ET (mol/L) 0.04

Advance X-ray diffractometer with a graphite monochromater
and Cu-K radiation (A=0.15418nm).

Calculation Methods

o

All calculations were performed with gaussian-09 ',

Optimization for the geometrical structures in this investigation

was conducted firstly by Hartree Fock method using STO-3G

basis set”. Symmetric and internal coordinate constraints were
10 applied during optimizations. Harmonic frequency calculations
were carried out at the same level to determine the sum of
electronic and thermal Free Energies. None of the imaginary
frequencies showed in all cases. The single point energies of
optimized structures were determined by employing the density
functional hybrid model Becke3LYP at 6-31+G(d,p) basis set for
hydrogen, carbon, nitrogen, sulfur, chlorine atoms, and palladium
was treated by Hay-Wadt effective core potential »*. All energies
reported in this paper, unless otherwise noted, are free energies at
298 K and 1 atm.

@

Results and discussion
Extraction of Pd(II) with EEImT/[EMIm|NTF,

2

S

The influence of mixing time, hydrochloric acid and EEImT
concentrations on the extraction of palladium (II) with
EEImT/[EMImINTF, were examined to study the optimal
conditions.

Establishment of the optimum time to attain equilibrium was
conducted with mixing 5 ml aqueous phase (0.1 mM PdCl, in 0.1
mM HCl) and 0.5 ml organic phase (2 mM EEImT in
[EMIm|NTF, and [EMIm|NTF, alone) from 0.5 to 30 min. The
ionic liquid [EMIm]NTF, itself can extract only 8% of Pd(Il)
after 15 min of contact, while the adding of EEImT results in the
percentage extraction of Pd(II) maintaining about 98% within 3
min of contact. This indicates a fast and stable equilibrium for the
Pd(IT) extraction with EEImT/[EMIm]NTF,. In addition, through
the whole extraction process, there was no observable change in
the volumes of the two phases. And there was no emulsion
between the interphase, which further represents the easily
separation for the two phases.

The effect of EEImT concentration on the palladium
40 percentage extraction(E) was investigated. The results were

2
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Figure 1. The effect of EEImT concentration (Cgg,r) 0on the
4s Pd(II) extraction rate (Epg). Aqueous and organic phase were in
the volume ratio of 10. Aqueous Pd(II) concentration is 0.1 mM.

Then the influence of hydrochloric acid concentration was

studied under the optimized conditions. The adding of HCI is

so obviously against neutral extraction of Pd(Il), since it can lower
the Epy from 97.8% to 88.1%, as illustrated in Figure 2.

100
\‘*0—.. ° ° °
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=
™
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—&— EEImT of 0.004 mol/L
—— EEImT of 0.005 mol/L
70 <
0 I
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Cycy (mol/L)

Figure 2. Influence of the hydrochloric acid concentration on
Pd(Il) extraction rate. Aqueous phase: 5 ml, 0.1 mM PdCl,,
Organic phase: 4 mM and 5 mM EEImT in 0.5 mL [EMIm]NTF,.

[
a

This was previously explained that the Pd(II) exists in the form
of PACI,* at higher level of CI" thus the coordination of the Pd(II)
and EEImT was intervened **. It is note worthy that the adding of

6 25% extra extractant will dramatically shrink this decline, as the
red line in Figure 2 shows. According to many previous reports,
the extraction rate will be fluctuated about = 10% with the
varying of HCI concentration >?**’_ Nevertheless, in the case of
the neutral extraction with EEImT/[EMIm|NTF, the extraction

os rate become less dependent on the H' concentration at
appropriate extractant concentration, with only -2% fluctuation in

This journal is © The Royal Society of Chemistry [year]
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the tested range, which is more preferable for the practical
application, since many waste effluent that containing Pd(II) is at
various concentration of H'.
Back-extraction was carried out by mixing the loaded organic
s phase with four times the volume of stripping reagent solutions,
among which the 0.5 M thiourea / 1.0 M HCI and 4.0 M NH,SCN
/ 1.5 M NH,OH were tested to be the most efficient. Both of the
two stripping reagent led to the color fading of the loaded ionic
liquid phase from reddish brown to white transparent, and above
10 96% Pd(II) was stripped to aqueous phase through ICP-AES
determination.

Since very high extractability was shown by prior experiments,
the traditional slope method and Job’s method become
unsatisfying to determine the stoichiometry of Pd-EEImT

15 complex. What is more, the HPLC analysis for the concentration
of EEImT before and after extraction indicated that the consumed
EEImT was less than two times but more than one times of the
extracted Pd(II), which means that there may be more than one
structure existed in the extracted complexes (not shown).

20 Therefore X-ray single crystal diffraction combining with X-ray
powder diffraction were alternatively used to figure out the
extracted complex.

X-ray crystallographicanalysis

25 Since traditional methods were not suitable in this case to
elucidate the extracted complexes, single X ray diffraction was
applied alternatively. Although regularly-shaped needle like
crystals can also be obtained quickly by the extraction with high
level complexes concentration as mentioned above, there may be

30 remained ionic liquid on the surface of the crystal which may
interfere with the X-ray single crystal diffraction. In addition, the
single X ray results may not comprehensively represent all the
molecular structure. So the washed crystal was grinded and
analyzed with X-ray powder diffraction after dried for 24 h under

3580 °C to be compared with the structure-known pattern.
Nevertheless, this phenomenon may provide a new clue to
synthesize the metal complexes crystals.

According to previous cases related to the neutral metal
extraction 2% we proposed the most probable stoichiometry (1:1

40 and 1:2) of Pd: EEImT in the extracted complexes, and conducted
X-ray single crystal diffraction to verify the speculation.

The Pd,(EEImT),Cl, (Figure 3.) adopts a bridging geometry
with two Pd atoms connected to two sulfur atoms respectively to
form a parallelogram in the space group P -421c. The bond length

ss of Pd-S is 2.311 A and 2.290 A, which is comparable to those
observed in the related bridging palladium complexes bearing
sulfur and chlorine ligands (2.280 A and 2.271 A,** 2.278 A and
2252 A,*' 2.284 A and 2.267 A*. The angle between the two Pd-
centered square planar(139.901°) is dramatically smaller than that

50 in 165.441°,° 180.000°,> 180.000°>* 180.000°,* unless the two
sulfur atoms are connected together 120.115°%*

Each palladium center takes the usual square planar geometry
with a little bit distortion, since the two chlorine atoms are
located at different distances from it (Pd1-CIl is 2.319 A while

ss Pd1-CI2 is 2.300 A). The two Pd—S bond lengths also are slightly
different (Pd1-S1 is 2.311 A while Pd1-S2 is 2.290 A). And
bonding of S with Pd induces a distortion in the structural
features of the diethyl-imidazole substituent.*> This may be

explained by the strong intermolecular hydrogen bond formed

o between the Cl atoms with the C3 H atom in the adjacent
imidazole rings, which serve an unsymmetrical tension to the Cl
atoms on the Pd atoms in opposite site.

Figure 3. Molecular structure of Pd,(EEImT),Cl,, ORTEP
es representation on the 50% probability level for all non-carbon
atoms. Hydrogen atoms have been deleted for clarity.

Figure 4. Molecular structure of cis-Pd(EEImT),Cl,, ORTEP
representation on the 50% probability level for all non-carbon
70 atoms. Hydrogen atoms have been deleted for clarity.

The PA(EEImT),Cl, (Figure 4.), crystallizes in the space group
C 2/c with four substituent of center Pd atoms constitutes a more
symmetrical structure than that of Pdy(EEImT),Cl,. The Pd-S

7s bond distance of 2.324 A in Pd(EEImT),Cl, is close to those
reported®®,  which is slightly longer than that of
Pd,(EEImT),Cl, (2.311 A and 2.290 A). This indicates that the
Pd-S bond is more stronger in Pd,(EEImT),Cl,. However, as for
the higher degree of chelation of PA(EEImT),Cl, (2 of chelation),

s0 it can be more favorable in the extraction than Pd,(EEImT),Cl, (1
of chelation).

However, through the XRD results (Figure 5.) of the extracted
complexes, both the 1:1 and 1:2 stoichiometry of the Pd(Il)-
EEImT complexed were produced during extraction, not simply

ss one structure. This is rather different from previous metal
extraction studies, which claimed that the neutral extractant
containing S or N atoms would extract the palladium (or other
metal ions) in a certain integral ratio (2:1 or 1:1), like sulfoxide
and even thione.®***! We speculated that at relatively high

4 | Journal Name, [year], [vol], 00—00
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Pd(IT):EEImT level, about 1:10 to 1:1, the extracted complexes is
composed with both 1:1 and 1:2 stoichiometry. While more and
more 1:2 stoichiometry would appear with the increasing
extractant concentration, as for its higher molecular stability.

There is the possibility of two structures for the configuration
of Pd(EEImT),Cl, which involve the ligation of palladium with
sulfur and chlorine atoms on diagonally opposite sides (trans,
Figure 6.) and a symmetrical (cis) configuration.
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Figure 5. Experimental powder X-ray diffraction pattern of C)
complexes washed from loaded ionic liquid and simulated

powder patterns for cis-

and A)

Figure 6. Optimized geometry of the trans-Pd(EEImT),Cl,

Trans configurations of palladium are in the majority as
reported “>** and are more energetically stable in view of the
smaller steric hindrance *°, nevertheless the cis configuration was
obtained according to the results of x ray crystallography.
However, the powder pattern does not fully matched with XRD
result of the sediment washed out of the [EMIm|NTF, with high
levels of extracted complexes, which indicates that the trans
configuration may also exists in the extracted complexes.

Calculation Results

Quantum chemical calculations were performed to get the
thermodynamic parameters for the optimized geometries of the
two possible structures. Selected Bond Lengths (A) and Angles

30

40

45

55

(deg) for Pd-EEImT complexes are presented in Table 2. The
trans form was not given directly by crystal growth, therefore the
optimized structure parameters was used for comparison. The
DFT (B3LYP) structure of the cis-Pd(EEImT),Cl, is in good
agreement with X-ray crystallographic data. The bond distances
and angels are generally within 0.0854 A and 2.938°. According
to the parameters of the optimized trans-Pd(EEImT),Cl,, the Pd-S
bond length is 2.378 A, the angle of 0(S-Pd-Cl) is 93.065°.
Further energy calculations revealed that the structure involves
the ligation of similar donor atoms in a cis configuration has a
lower molecular energy of -8285.910 au., and is more
energetically feasible than that with similar donor atoms in a trans
configuration (with molecular energy about -8281.184 a.u.).
What is more, the cis configuration has a larger dipole moment,
which will lead to a higher solubility in the polar solvent
phase.This may account for the crystal growth result.

Table 2. Selected Bond Lengths (A) and Angles (deg) for Pd-
EEImT complexes

Pd,(EEImT),Cl,
Pd—Cl1 2.3185(35) Cl1—Pd—CI2 93.90(14)
Pd—CI2 2.3002(37) S—Pd—S 81.71(13)
Pd—S1 2.2898(34) Pd—S—Pd 90.56(11)
Pd—S2 23117(34)  Cl1—Pd—S 92.08(14)
Cc-S 1.7588(135) N—C—N 107.2(12)
C—S—Pd 109.5(5)
Cis-Pd(EEImT),Cl,
Pd—Cl 2.3503(10) Cl—Pd—Cl 90.53(5)
Pd—S 2.3240(11) Cl—Pd—S 92.52(3)
Cc-S 1.7434(45)  S—Pd—S 84.56(5)
C—S—Pd  103.701(137) N—C—N 106.6(3)
Optimized cis-Pd(EEImT),Cl,
Pd—Cl 2.3052 Cl—Pd—Cl 93.47
Pd—S 2.4094 Cl—Pd—S 91.59
Cc—S 1.7207 S—Pd—S 83.36
C—S—Pd 102.7 N—C—N 108.5
Optimized trans-Pd(EEImT),Cl,
Pd—Cl 2.3179 Cl—Pd—S 93.25
Pd—S 2.3780 C—S—Pd 105.0
C—S 1.7217 N—C—N 105.2
Conclusions

The extraction of Pd(II) with EEImT in the ionic liquid system
was studied with detail mechanism clarification. During
extraction experiments for the Pd(II) with EEImT, the extraction
rate of Pd(II) can attained 97.8% with 10 of aqueous: organic

This journal is © The Royal Society of Chemistry [year]
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phase volume ratio and 4 of EEImT:Pd(I) molar ratio. At
appropriate extractant concentrations, the extraction rate become
barely dependent on the hydrochloric acid concentration. Which
represent that the EEImT is an efficient extractant for palladium.
What is more, the ionic liquid-based extraction system also
provides a quick and convenient method to prepare metal
complexes crystals, however detailed conditions are still waiting
for the further exploration. Single X ray diffraction results
illustrated the Pd(II)-EEImT complex with 1:2 and 1:1
stoichiometry in detail. At the experimental conditions, both the
two structures existed in the extracted complexes dissolved in the
ionic liquid. And the percentage of the former one will increase
as the adding of extractant amount. The computer calculations
further illustrated that the cis configuration of Pd(EEImT),Cl,
owns a lower molecular energy than the trans one. The larger
dipole moment also promotes its stability in the polar solvent.
Which may explain why the crystal growth result in the cis form.

Acknowledgements

Thanks go to Professor Maoxia He and Di Sun in helping with
computer calculations and X-ray crystallographicanalysis.

This work was supported by the National Natural Science
Foundation of China (Grant 21276142 and 21476129)

Notes and references

“ Key Laboratory for Special Functional Aggregated Materials of
Education Ministry, School of Chemistry and Chemical Engineering,
Shandong University, Jinan 250100, P. R. China

? Institute of Materia Medica, Shandong Academy of Medical Sciences,
Jinan 250062, P.R.China

T Details of calculation and crystal structures are available free of charge
via the Internet at http://pubs.acs.org. See DOIL: 10.1039/b000000x/

1 Trost, B. M., Van Vranken, D. L. A general synthetic strategy toward
aminocyclopentitol glycosidase inhibitors. Application of palladium
catalysis to the synthesis of allosamizoline and mannostatin A[J]. J.
Am. Chem. Soc., 1993, 115(2): 444-458.

2 Yan, S., Maeda, H., Kusakabe, K., et al. Thin palladium membrane
formed in support pores by metal-organic chemical vapor deposition
method and application to hydrogen separation[J]. /nd. Eng. Chem.
Res., 1994, 33(3): 616-622.

3 Blaser, H. U, Chen, C., Cobley, C. J., et al. Organometallics as
Catalysts in the Fine Chemical Industry[J]. Organometallics, 2012,
40.

4 Silien, C., Lahaye, D., Caffio, M., et al. Electrodeposition of palladium
onto a pyridine-terminated self-assembled monolayer[J]. Langmuir,
2011, 27(6): 2567-2574.

5 Davudabadi, F. M., Shemirani, F., Gharehbaghi, M. Ferrofluid-based
dispersive solid phase extraction of palladium[J]. Talanta, 2013, 109:
121-127.

6 Wolowicz, A., Hubicki, Z. Comparison of strongly basic anion
exchange resins applicability for the removal of palladium (II) ions
from acidic solutions[J]. Chem. Eng. J., 2011, 171(1): 206-215.

7 Feng, S. P.,, Huang, Z. L., Liu, W., et al. Study on Properties of
Extraction Palladium (II) with the New Synthesized Material[J]. Adv.
Mater. Res., 2013, 774: 1342-1345.

8 Chung, N. H., Tabata, M. Selective extraction of gold (III) in the
presence of Pd (II) and Pt (IV) by salting-out of the mixture of 2-
propanol and water[J]. Talanta, 2002, 58(5): 927-933.

9 Rogers, R. D., Kenneth, R. S., Ionic liquids--solvents of the

future?. Science 302.5646 (2003): 792-793.

Cieszynska, A., and Wisniewski, M. "Extraction of palladium (II)

from chloride solutions with Cyphos< sup>®</sup> IL 101/toluene

6s 11

12

70

13

75 14

15
80

16

85

17

90 18
19
20

95

21

100

105 22

23
24

110

25

115 26

27

120

28

125

29

30
31

130

mixtures as novel extractant." Sep. Purif. Technol. 73.2 (2010): 202-
207.

Katsuta, Shoichi, et al. "Selective extraction of palladium and
platinum from hydrochloric acid solutions by trioctylammonium-
based mixed ionic liquids." Ind. Eng. Chem. Res.50.22 (2011):
12735-12740.

Sasaki, Kotoe, et al. "Extraction of Pd (ii), Rh (iii) and Ru (iii) from
HNOs; aqueous solution to betainium bis (trifluoromethanesulfonyl)
imide ionic liquid." Dalton Trans. 43.15 (2014): 5648-5651.
Cieszynska,A., Wisniewski, M., Extractive recovery of palladium(II)
from hydrochloric acid solutions with Cyphos®IL 104,
Hydrometallurgy 113-114 (2012) 79 - 85.

Matsumiyaa, Kikuchi, Y., Yamadaa, T., Kawakami,S., Extraction of
rare earth ions by tri-n-butylphosphate/phosphonium ionic liquids
and the feasibility of recovery by direct electrodeposition, Sep. Purif-
Technol. 130 (2014) 91 - 101.

Zhang, C., Huang, K., Yu, P.H., Liu, H.Z., Ionic liquid based three-
liquid-phase partitioning and one-step separation of Pt(IV), Pd(II)
and Rh(III), Sep. Purif. Technol. 108(2013) 166-173].

Katsuta, S., Yoshimoto, Y., Okai, M., Takeda, Y., Bessho, K.,
Selective Extraction of Palladium and Platinum from Hydrochloric
Acid Solutions by Trioctylammonium-Based Mixed lonic Liquids,
Ind. Eng. Chem. Res. 2011, 50, 12735 - 12740.

Giridhar, P., Venkatesan,K.A., Srinivasan,T.G., Vasudeva Rao, P.R.,
Extraction of fission palladium by Aliquat 336 and electrochemical
studies on direct recovery from ionic liquid phase, Hydrometallurgy
81 (2006) 30 - 39.

Rodriguez, H., Gurau,G., Holbrey, J. D., Rogers, R. D. Chem.
Commun., 2011,47, 3222.

APEX 2 AXScale and SAINT, version 2010, Bruker AXS,
Inc.,Madison, WL

Sheldrick, G. M. SHELXTL, structure determination software suite,
v.6.10, Bruker AXS Inc., Madison, W1, 2001.

Frisch, M.J., Trucks, G.W., Schlegel, H.B., Gill, P.W.M., Johnson,
B.G., Robb, M.A., Cheeseman, J.R., Keith, T.A., Petersson, G.A.,
Montgomery, J.A., Raghavachari, K., Allaham, M.A., Zakrzewski,
V.G., Ortiz, J.V., Foresman, J.B., Cioslowski, J., Stefanov, B.B.,
Nanayakkara, A., Challacombe, M., Peng, C.Y., Ayala, P.Y., Chen,
W., Wong, M.W., Andres, J.L., Replogle, E.S., Gomperts, R., Martin,
R.L., Fox, D.J., Binkley, J.S., Defrees, D.J., Baker, J., Stewart, J.P.,
Head-Gordon, M., Gonzales, C., Pople, J.A. Gaussian 09. Gaussian,
Inc. Wallingford. CT 2009.

Schlegel, H. Bernhard. "Optimization of equilibrium geometries and
transition structures." J. Comput. Chem. 3.2 (1982): 214-218.

Hay, P. J., Wadt, W. R. J. Chem. Phys., 1985, 82(1): 270

Jha, Manis Kumar, et al. "Solvent extraction of platinum using amine
based extractants in different solutions: A review." Hydrometallurgy

142 (2014): 60-69.

Mohammad, A. T. et al. “Simultaneous extraction and
preconcentration of copper, silver and palladium with modified
alumina and their determination by electrothermal atomic absorption
spectrometry.” Chin. Chem. Lett. 25.4 (2014): 649 - 654.

Juliane, T., et al. “Development of a solvent extraction system with
1,2-bis(2-methoxyethylthio)benzene for the selective separation of
palladium(Il) from secondary raw materials.” Hydrometallurgy. 127—

128 (2012) :30-38.

Raja, M. M., Dharmarajaa, A., Panchanatheswarana, K., et al.
"Extraction of fission palladium(ll) from nitric acid by
benzoylmethylenetriphenylphosphorane (BMTPP)."
Hydrometallurgy. 84.1-2(2006): 118-124.

Lu, Wenjuan, et al. "Coordination and extraction of mercury (II) with
an ionic liquid-based thione extractant." Dalton Trans. 42.36 (2013):

12908-12916.

Chauhan, R. S., Kedarnath, G., Wadawale, A. Alexandra, M. Z.,
Slawinb, V., Jain, K. Dalton Trans., 2013, 42, 259.
Apek, A. L., Kruis, D., Koten,G. van. ,Private Communications (2004)

Solans, Xavier, et al. "The structure of dichlorobis [-(3-
dimethylamino-1-propanethiolato)--S,N]-dipalladium
(ID,(D[Pd,(CsH2NS),CL], and ac, bd, eg, fth-tetrakis [-(3-
piperidinemethanethiolato)--S,  N]-tripalladium  (II)  dichloride

6 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 6 of 8



Page 7 of 8

RSC Advances

32

33

10 34

35

36

20

37

25 38

39

30

40

35 41

40 42

43

45

44

50

45

dihydrate,(II)[Pd3(C¢H2NS)4] Cl * 2H,0." Acta Crystallogr., Sect. C:

Cryst. Struct. Commun. 39.12 (1983): 1653-1655.

Miyashita, Y., Arai, S., Yamada, Y., Fujisawa, K., Okamot, K. anti-
Bis(u-2-ammonio-ethane-thiol-ato-x2S:S)-bis-[di-chloro-
palladium(Il)] dihydrate, Acta Crystallogr., Sect. C: Cryst. Struct.
Commun. 57.12(2001): 1393—1394.

Zhao, D.B., et al. "Thiocyanate functionalised ionic liquids: synthesis,
characterisation and reactivity." Eur. J. Inorg. Chem.2007.2 (2007):
279-284.

Kelly, P. F. Alexandra, M.Z., Slawin, D., Williams, J., Woollins, J.
D. Investigations into the reaction of SuNswith [PPhy],[Pd,Cl¢]. The
X-ray crystal structures of  [PPhy],[Pdx(p-SoN2)Clg]  and
[PPhy]o[Pda(p-SoN2)Cly] Polyhedron, 10.19(1991): 2337-2340.
Weber, G., et al. "The crystal structure of a complex between
2,3,11,12-(bis-1, ~ 2-acenaphtho)-18-crown-6  and  potassium
isothiocyanate." Inorg. Chim. Acta, 90.1 (1984): L1-L3.

Phillips, J. R., et al. "The preparation of
dialkylthiophosphonatoamines. X-ray structures of
(EtO)zPSNHC5H4NOz and

[(EtO),PSNHC(H4NO,],PdCL." Polyhedron. 15.21  (1996): 3725-
3729.

Kubiak, M., T. Glowiak. "Structure of tetrakis (1,3-thiazolidine-2-
thione) palladium (II) dichloride-1, 3-thiazolidine-2-thione (1:
2)." Acta Crystallogr., Sect. B: Struct. Sci, 38.7 (1982): 2031-2034.
Yang, D., Chen,Y.C., Zhu, N.Y. "Sterically bulky thioureas as air-
and moisture-stable ligands for Pd-catalyzed Heck reactions of aryl
halides." Org. Lett. 6.10 (2004): 1577-1580.

Butler, L. M., et al. "Preparation, characterisation and crystal
structure of  dichloro tetrakis-(1-methylimidazoline-2(3H)-
thione)palladium(Il)dihydrate."Inorg. Chim. Acta. 75 (1983): 149-
154.

Gupta, B., Singh, L., Mahandra, H. Extraction and separation studies
on Pt(IV), Ir(IlT) and Rh(III) using sulphur containing extractant. Sep.
Purif. Technol. 132.20(2014):102 - 109

Dan, L., Kaiyu, C., Qiong, J. Extraction of lead, copper, and bismuth
with mixtures of N,N-di(1-methylheptyl) acetamide and neutral
organophosphorus extractants, Sep. Purif. Technol.,
118.30(2013):492-496]

Fowler, J. M., and A. Griffiths. "Dichlorobis (thiomorpholin-3-one)
palladium (II)." Acta Crystallogr., Sect. B: Struct. Sci, 34.5 (1978):
1711-1712.

Qin, Z.Q., et al. "Self-assembly of one-dimensional polymers by
coordination and hydrogen bonding in palladium (II) complexes."
Can. J. Chem. 77.1 (1999): 155-157.

Muir, K. W., and Muir, L. M. "Structure of the palladium (II)
sulfimide complex trans-dichloro (S,S-dimethyl-N-2-
pyridylsulfimide)(triethylphosphine) palladium (In." Acta
Crystallogr., Sect. C: Cryst. Struct. Commun. 42.10 (1986): 1294-
1296.

Ruhela, R., et al. "Investigation of the extraction complexes of
palladium (II) with novel thiodiglycolamide and dithiodiglycolamide
ligands by EXAFS and computational methods." Dalton Trans. 42.19
(2013): 7085-7091.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 7



Table of content

Efficient
Extraction
PA(II) —P

Less H+
ependence

dep
IL+EEImT and IL loss
)
pan s

The extraction is less H™ dependent with less ionic liquid loss and can also quickly

RSC Advances
Adding
ethanol
—  Ethanol+IL
Quick

reparation

Pd-EEImT gf crystals ' ‘ ‘ ' .
1L Wy

e

prepare palladium complexes crystals.

Page 8 of 8



