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Highlights

e Six thiosalicylate-based ammonium and phosphonium ionic liquids (ILS)
were newly synthesized

e ILs showed good extraction of cadmium, copper, and zinc

e Phosphonium ILs showed better extraction efficiencies than their
ammonium counterparts



Abstract

This study aims to develop novel ammonium and phosphonium ionic liquids (ILs)
with thiosalicylate (TS) derivatives as anions and evaluate their extracting efficiencies
towards heavy metals in aqueous solutions. Six ILs were synthesized, characterized,
and investigated for their extracting efficacies for cadmium, copper, and zinc. Liquid-
liquid extractions of Cu, Zn, or Cd with ILs after 1-24 hours using model solutions
(pH 7; 0.1 M CaCl,) were assessed using flame atomic absorption spectroscopy (F-
AAS). Phosphonium-based ILs trihexyltetradecylphosphonium 2-
(propylthio)benzoate [Pess14][PTB] and 2-(benzylthio)benzoate [Psss14][BTB] showed
best extraction efficiency for copper and cadmium, respectively and zinc was
extracted to a high degree by [Pess14][BTB] exclusively.
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1. Introduction

Heavy metal pollution of surface and ground water bodies is currently considered
as one of the world’s most alarming environmental problems. Heavy metals (HM) are
natural constituents of water bodies and occur usually in trace and ultratrace levels
only, depending amongst others on the geological composition of the water body’s
catchment area. In elevated concentration they may occur either naturally from
leaching of ore deposits, eroded minerals within sediments, and extruded products
from volcanoes or in more frequent cases anthropogenically from industrial or
domestic effluents, solid waste disposal, and harbor channel dredging. They may be
present in water in colloidal, particulate, and dissolved phases. Some heavy metals
such as cobalt, copper, iron, manganese, molybdenum, and zinc are essential to living
organisms for catalytic enzyme activities and need to be taken up from the
environment in trace levels. Excess exposure, however, can result in toxicity.[1]

In the aquatic environment dissolved species of HM are taken up by biota and if
uptake and excretion rates are not balanced can be accumulated in them. Excess
exposure and accumulation of HM in cells can cause severe effects on cell
metabolism and vital functions. The mechanism of action of HM toxicity involves the
formation of metal complexes with proteins where amine, carboxylic acid, thioether
and thiol groups are involved. The binding of metals to these groups inactivates
enzyme systems and disrupts or distorts protein structures. As a result of these
modifications of biological molecules, malfunction or cell death can occur.[1]

In the field of heavy metal extraction, conventional methods include precipitation,
ion-exchange, electrolysis, and adsorption, among others. Each method has its own
advantages and disadvantages. In general, these techniques are limited either by
selective operation or high operations costs.[2—4] New trends are steadily rising each
time in search for more reliable and economical methods. Some of these innovative
methods include removal of heavy metals such as Cd(ll), Ni(ll), Cu(ll), Zn(ll), and
Cr(VI) using aquatic plants (Lemna gibba) by means of different approaches such as
described in the studies conducted by Demim and coworkers[5-7], where the analyses
involved mathematical models and statistical designs. Another study by Xiong and
coworkers[8] made use of a magnetic y-Fe,Os/C@HKUST-1 composite for the

efficient removal of Cr(VI). These emerging methods have the limitations of not



being reusable in the case of L. gibba and having multi-step synthetic strategies in the
case of magnetic composites.

Liquid-liquid extraction is also a common method for separation that partitions
solutes between an aqueous phase and an organic solvent, which are conventionally
volatile organic compounds (VOCs). With the addition of a metal ion extractant that
remains in the hydrophobic phase, metal ion separations can be induced.[9] The
search for sustainable alternatives to VOCs used in traditional solvent extraction is of
interest as a result of hazardous problems associated with these commonly used
solvents. The challenges in adapting new classes of solvents to traditional separations
include finding extractants which are quantitatively partitioned to the solvent phase
and can still readily complex target metal ions.

In our study, we propose a fast, simple, and sustainable strategy for heavy metal
extraction by means of liquid-liquid extraction using ionic liquids, which are also
gaining a lot of attention in the field of heavy metal extraction. lonic liquids are salts
with melting point below 100 °C with outstanding properties of being non-flammable
below their decomposition temperature, having low vapor pressure and possessing
tunable properties, which allows construction of a distinct design for specific
applications[10] in the areas concerning metal extraction[11-16], organic
synthesis[17,18], fuels cells[19,20], solar cells[21-23], as well as biological[24-27]
and biomass processing[28,29]. In addition, compared to other methods, ILs can be
regenerated using metal stripping agents that enables its recycling.[30,31] The most
common prospects for metal extraction are imidazolium, pyridinium, ammonium, and
phosphonium ionic liquids, where imidazolium and pyridinium ILs are more studied
compared to ammonium and phosphonium ILs. Some studies revealed that long-chain
quaternary ammonium and phosphonium ionic liquids have improved thermal and
chemical stability compared to their imidazolium- and pyridinium-based counterparts.
Other properties like miscibility behaviour and solvating properties also expand their
function in various applications.[32-34]

Aliquat® 336- and Cyphos® IL 101-based ILs are highly hydrophobic due to their
long-chain alkyl groups. The hydrophobicity of these ILs allows the formation of
biphasic liquid-liquid systems suitable for extraction processes from aqueous
solutions. Aliquat® 336, tricaprylylmethylammonium chloride [N1gss][CI], is an ionic
liquid itself and previous studies have evaluated its capacity as extracting agent for
Cd[35,36], Cu[36,37], and Zn[36,37]. Cyphos® IL 101,



trinexyltetradecylphosphonium chloride [Pgss14][Cl], also an ionic liquid, has been
studied for the extraction of metals such as Zn[38,39] and Cu[39]. However, their
application in liquid-liquid extraction processes has some drawbacks due to leaching
of these ILs into the aqueous phase, which may cause additional environmental risks.
To overcome this drawback, it has been suggested to combine the properties of
quaternary ammonium and phosphonium cations with different functionalized anions
that exhibit high affinity towards specific metals to develop task-specific ionic liquids
(TSILs).[34]

A study on ammonium- and phosphonium-based ILs with functionalized aromatic
anions containing thiol or thioether functionalities showed efficient metal extraction
for Cu (tricaprylylmethylammonium thiosalicylate [A336][TS] and
trihexyltetradecylphosphonium thiosalicylate [PR4][TS]) and moderate extraction for
Zn (tricaprylylmethylammonium methylthiosalicylate [A336][MTBA] and [PR4][TS])
and Cd ([A336][MTBA], [PR4][TS], and trihexyltetradecylphosphonium
methylthiosalicylate [PR4;][MTBA]) in aqueous solutions.[40] Another study also
suggests that incorporating aromatic anions that contain thiol functionalities resulted
in an alteration of the physico-chemical properties of ILs.[32] Aromatic anions as
components of ILs also showed decreased water solubility and water uptake of both
ammonium- and phosphonium-based ILs.[32] A number of Aliquat® 336-derived ILs
have been described in literature for metal ion extraction, but
tricaprylylmethylammonium thiosalicylate [A336][TS] appears to be the most
efficient among the ILs previously studied.[33]

Hence, this study aimed to synthesize novel ammonium and phosphonium ionic
liquids with thiosalicylate (TS) derivatives as anions and evaluate their extracting
efficiencies by liquid-liquid extraction towards cadmium, copper, and zinc in aqueous

solutions.

2. Materials and methods
2.1. Apparatus

'H and ®C NMR spectra were recorded on a Bruker Avance I1I™ 500 MHz
spectrometer in DMSO-ds at 298 K using standard pulse programs at 500.10 (*H) and
125.75 MHz (*3C). UV-Vis spectra were recorded on an Agilent 8453
spectrophotometer in the range of 200 to 1000 nm in methanol. FT-IR spectra were
measured with a Bruker Vertex 70 Fourier transform IR spectrometer. Dissolved
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organic carbon (DOC) measurements were performed on a Shimadzu TOC-V CHP
analyser and density measurements were measured with a Klaus Hofmann calibrated
glass pycnometer. Viscosity measurements were conducted using a Kinexus
rheometer (plate/plate method; temperature range: 298-323 K; test time: 7 min). The
water content of ILs was determined by a Mettler Toledo DL39 Karl Fischer
coulometer. A Perkin Elmer AAnalyst 200 was used to perform flame atomic
absorption spectroscopy (F-AAS) measurements of cadmium, copper, and zinc with
the following wavelengths: 324.75 nm (Cu), 213.86 nm (Zn), 228.80 nm (Cd).

2.2. Standard solutions and reagents

Cyphos® IL 101 (tetradecyltrihexylphosphonium chloride, 95%) and thiosalicylic
acid (97%) were purchased from Sigma Aldrich. Sodium methoxide (85%, extra pure)
and Aliquat® 336 (mixture of quaternary ammonium compounds, tri-C8-10-
alkylmethyl chlorides, >75%) were obtained from Acros. Sodium sulfate (anhydrous,
99%) was purchased from Alfa Aesar, sodium hydroxide (50%) from J.T.Baker, and
nitric acid (TraceSELECT) from Fluka. Standard solutions of Cu, Zn, and Cd
(1000 mg/L in 2% (w/w) HNO3) for AAS were purchased from Sigma-Aldrich and
were used for the instrument calibration and extraction experiments. The thiosalicylic
acid derivatives 2-(benzylthio)benzoic acid, 2-(ethylthio)benzoic acid, and 2-
(propylthio)benzoic acid were synthesized according to literature.[41,42] Utilized

solvents were of HPLC grade and used without further purification.

2.3. Synthesis of lonic liquids

The synthesis of the six ILs in this study involved a deprotonation-metathesis
reaction described in literature.[32,35] Aliquat® 336 or Cyphos®IL 101 was
transferred to a round-bottom flask and dissolved in methanol. Equimolar amounts of
the corresponding thiosalicylic acid and sodium methoxide were added to the
Aliquat® 336 or Cyphos® IL 101 solution. The solution was stirred for 2 hours at
room temperature. Afterwards methanol was evaporated and the resulting residue was
extracted with dichloromethane/water. The separated organic phase was dried over
anhydrous Na,SQ,, filtered, concentrated under reduced pressure and dried in vacuo.
All syntheses and characterization of the obtained products can be found in the

Supplementary Information.



2.4. Leaching and chloride content measurements

Leaching experiments were done by weighting 100 mg of ILs in 12-mL glass
vials, adding 5 mL 0.1 M CaCl, solution. The experiments were performed in CaCl,
solutions due to the fact that leaching is dependent on the ionic strength of the
aqueous phase as shown in a previous study.[32] Samples were shaken for 24 hours
and then centrifuged at 4000 rpm for 10 minutes. For each sample, 3 mL of the
supernatant aqueous solution was diluted with 9 mL ultrapure water. The samples
were acidified to pH = 2 with HCI and purged with carrier gas for 5 min prior to TOC
analysis. Results are given as non-purgeable dissolved organic carbon (NPDOC). The
purities of the tested ionic liquids were quantified by their residual chloride ions. The
chloride content was determined by dissolving the sample in ethanol/water (1:1). The
solution was then analysed using capillary electrophoresis (CRYSTAL 310) with a

conductivity detector (TraceDec).

2.5. Liquid-liquid extraction experiments

Extraction experiments of metals were performed by weighting 100 mg of ionic
liquids in a 12-mL glass vial, adding 5 mL of 4.00 mg/L Cd(ll), 5.00 mg/L Cu(ll), or
1.00 mg/L Zn(I1) solutions. All model solutions contained 0.1 M CaCl,, whose pH
had been adjusted to pH 7.0 using NaOH and HNOj3. Samples were shaken at 100 rpm
and after extraction, 4 mL of each sample was transferred into clean vials for
subsequent measurement. To study the effect of contact time on metal uptake by ILs,
independent extraction experiments were done for 1, 2, 4, and 24 hours. At least three
repetitive experiments were performed for each IL, metal, and extraction time, where
all experimental sets included blank samples. Quantification of the metal
concentrations remaining in aqueous solutions after extraction was carried out by
flame atomic absorption spectroscopy (F-AAS) via external standard calibration in a
working range of 0.01-5.00 mg/L. Extraction efficiencies were calculated by the

following equation:

Extraction efficiency (%) = ( GG ) x 100
c

where ¢; and c¢; are the metal concentrations in the aqueous phase before and after

extraction, respectively.



3. Results and discussion
3.1. Synthesis and characterization of ILs

The structures of the ILs prepared and studied in this work are presented in
Table 1. The six thiosalicylate-based ILs were synthesized by a deprotonation-
metathesis reaction described in literature[32,35], which is a fast, simple, and
sustainable standard synthetic strategy. The respective thiosalicylic derivatives were
deprotonated with sodium methoxide and reacted with commercially available
Aliquat® 336 or Cyphos® IL 101 yielding the desired phosphonium and ammonium-
based ILs in excellent yields (>94%) after aqueous work up.

To confirm the formation of the synthesized ILs, *H, *C NMR, FT-IR, and UV-
Vis measurements were performed. From the *H NMR spectral data, chemical shifts
between 7.04 and 7.77 ppm could be clearly assigned to the corresponding aromatic
hydrogen atoms of the benzoate anion for all ILs. The proton signals corresponding to
the aliphatic hydrogen atoms of the anions could also be clearly assigned. However,
the proton signals of the cations in the aliphatic region could not be explicitly
assigned due to strong overlapping with the alkyl groups of the cations. The
successful deprotonation of the anions was confirmed by the disappearance of the
proton signal of the carboxylic acid hydrogen atom in the *H NMR spectrum and the
shift of the aromatic signals of the respective thiosalicylate scaffold. FT-IR spectra
also confirmed this deprotonation by the disappearance of the characteristic —OH
broad absorption band of carboxylic acid. Absorption bands at approximately 2900
and 2800 cm™ are due to alkyl C—H stretches. Stretching and bending vibrations of
aromatic C—H groups could be assigned to IR bands at approximately 1000-600 and
1460 cm™, respectively. Characteristic bands for C—S at approximately 1370 cm™ and
C=0 at approximately 1600 cm™ can be likewise observed.

The presence of impurities in ILs is known to significantly affect their physico-
chemical properties and the two most common IL impurities are water and
chloride[43-45] and water contents up to 6.8% (w/w) have been determined. These
are higher values compared to previous studies of ionic liquids with thiosalicylate and
methylthiobenzoate.[32] Due to the fact that ILs tend to absorb water from the
environment, water is considered as one of the common IL impurities that can
significantly change the properties of ILs such as viscosity. Water impurities can
either decrease or increase viscosity[43,46], which can therefore limit the usage of ILs
in certain applications. Chloride content values between 2.1 and 2.8% were obtained,
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which is lower compared to a previous study[47] on Aliquat® 336-based ionic liquids
applying an anion-metathesis route.

3.2. Physico-chemical properties

The physical state of Aliquat® 336-based ILs more commonly exist as semi-solid
or solid at room temperature than Cyphos® IL 101-based ILs.[32] As shown in Table
1, all isolated ILs are liquid at room temperature except for [N1ggs][BTB], which is in
good agreement with results of studies investigating ammonium and phosphonium
ILs. Densities of the studied ILs were found to be <1 g/cm® at 25 °C, which agree
with results reported in literature. A few studies have investigated the impact of the
ions on density, where imidazolium ILs have shown densities >1 g/cm®, in contrast to
ammonium and phosphonium ILs with densities <1 g/cm®.[48,49] In comparison to
the two commercially-available precursors, Aliquat® 336 and Cyphos® IL 101, results
showed higher densities for all synthesized ILs with the displacement of the chloride
anion with aromatic anions. This is consistent with data reported in literature for
different ammonium and phosphonium ILs with aromatic anions and can be attributed
to an increased packing ability due to the phenyl ring and the bulkiness of the
aromatic anion.[32]

The viscosities of investigated ILs at 25 °C show that the incorporation of bulky,
aromatic anions caused an increase in viscosity of Aliquat® 336-based ILs
[N1gss][ETB] and [Niggs][PTB] compared to the chloride-containing precursor
Aliquat®336. On the other hand, Cyphos® IL 101-based ILs [Pess14][ETB] and
[Pess24][PTB] showed lower viscosities in comparison to the Cyphos® IL 101
precursor, with the exception of [Pess1a][BTBA]. In addition, Aliquat® 336-based ILs
also showed higher viscosities — 4558 and 5510 cP for [Nigss][ETB] and
[N1gss][PTB], respectively — than their Cyphos® IL 101 counterparts — 1947 and
1814 cP for [Pees14][ETB] and [Pess14][PTB], respectively. This is in accordance with
observations in literature.[50] Figure 1 shows the viscosities of the studied ILs as a
function of reciprocal temperature, where viscosity decreases with increasing

temperature as expected.
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Figure 1. Viscosity of TS-based ionic liquids as a function of reciprocal temperature.

The leaching of ILs into an aqueous phase plays an important role in their
potential application as extracting agents and in the determination of possible reaction
mechanisms. The obtained leaching data are presented in Table 1 in terms of
dissolved organic carbon (DOC) count, where [N1ggs] ILs showed more leaching than
their [Psss14] COunterparts. As expected, the alteration of the S-alkyl chain also showed
increased leaching with increasing polarity of the anion constituent.

All synthesized ILs are generally immiscible in water and soluble in common
organic solvents such as acetone, acetonitrile, chloroform, dichloromethane, ethanol,

ether, ethyl acetate, methanol, toluene and some of them even in n-hexane.

3.3. Extraction efficiency

The application of ILs as extracting agents for efficient removal of metal ions can
be manipulated by proper selection of the anion, which is supposed to bind to the
respective metal ions yielding the respective coordination compounds. We chose
thiosalicylate derivatives which provides an S,0 set of donor atoms with well-known
binding characteristics for a broad range of metals[40,51-53]. Utilization of these
novel ILs allows separation of heavy metals without additional need of organic
solvents or extracting agents. The extraction was done in a solution with 0.1 M CacCl,
at similar ionic strength. A study by Bayyari et al. [54] concluded that increasing

ionic strength increases the extracting ability of ionic liquids. This can be explained
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by the increase of the thermodynamic activity of the metal salt extracted and decrease
in the activity of water as the ionic strength increases which means that chloride anion
is functioning as a salting out agent.[54] Liquid-liquid extractions of Cd(ll), Cu(ll),
and Zn(ll) with the synthesized ILs were performed and the determined extraction
efficiencies are shown in Figure 2, where the given uncertainties represent the
standard deviation of the results of at least three independently-prepared samples. As
the TSILs contain thiol groups, they were expected to be potential extracting agents
for cadmium, which was extracted up to 96% by [Peses14][BTB]. The evaluated ILs
showed relatively good extraction of copper with up to 99% extraction efficiency by
[Pess14][PTB]. However, almost all ILs exhibited moderate extraction efficiencies for
zinc except for [Pess14][BTB] which extracted zinc up to 93%. In comparison with
other extracting agents examined in literature, hydroxyapatite more successfully
extracted Cu(ll) and Zn(ll) with 90% efficacy after 20 minutes for copper and 85%
efficacy after 50 minutes for zinc, but at rather high concentration of the metal
solutions (100 mg/mL).[55] The established ILs in this study gave similar or even
higher extraction rates at a 20-fold lower metal concentration on the cost of longer
extraction times. In addition, separation of the ILs can be easily performed without
addition of flocculents which were needed to improve the sedimentation of
hydroxyapatite. Another study removed more than 90% Cd(Il) using an aquatic plant
L. gibba[5], which is less efficient than the results obtained in our study and the time
frame of 4 days is rather long compared to the applied extraction time of 24 hours

within this work.
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Figure 2. Extraction efficiencies of TS-based ILs for (a) cadmium, (b) copper, and (c) zinc extraction.

The most potent ILs were found to be [Pess14][PTB] and [Peses14][BTB] which are
most capable to extract Cd(ll), Cu(ll), and Zn(ll) (Table 2) and overall [Pesss14]
derivatives showed better extraction efficiencies than their [N1ggg] counterparts, which
is in good agreement with results found in literature.[32] However, no clear trend can
be derived for the utilized thiosalicylate modifications. Furthermore, the ILs
synthesized in this study showed better extraction rates for cadmium and zinc
compared to previously-synthesized ILs [A336][TS] and [PR4][TS].

Furthermore we investigated the recyclability of these ILs due to the observed
high efficacy for cadmium, which is in accordance to the hard and soft acids and

bases (HSAB) principle that predicts thio-functionalized ILs to preferably bind to
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Cd(ll). Figure S1 shows the results for five regeneration cycles of extraction and
back-extraction of the six synthesized ILs after 1 hour using HNO3; as the most
applicable stripping agent. EDTA and HCI were also tested as stripping agents but
with unsatisfactory results. After each cycle, the metal content in the aqueous phase
was determined. The back-extraction efficiencies were only moderate, but consistent
for consecutive cycles for each IL. A higher concentration of HNOg, longer stripping-
off time or different stripping agents may be used to improve back-extraction

efficacies.

4. Conclusions and Outlook

In this study, six thiosalicylate-based ammonium and phosphonium ILs were
obtained in high yield (>94%) and sufficient purity. The physico-chemical properties
of the ILs were assessed and showed the dependence of these properties on the
utilized cation or anion or on the combined influence of the cation and anion of the
respective IL. The ILs were evaluated as potential extracting agents for cadmium,
copper, and zinc in aqueous solutions, where ILs showed good extraction rates for
cadmium and copper and moderate efficiencies for zinc after 24 hours. The
investigated ILs also showed better extraction of cadmium and zinc compared to
structurally related representatives [A336][TS] and [PR4][TS]. Although the observed
efficacies are promising the rather long extraction time of 24 hours is a limiting factor
and optimization of the extraction parameters such as temperature may help improve
the extraction efficiency of the ILs. The regeneration efficiencies of the ILs for Cd(Il)
in five consecutive regeneration cycles were relatively consistent at a moderate level;
however, the extraction efficacy for each cycle does not change overall. Optimization
of this issue is necessary with regards to the economical point of view and a higher
concentration of HNOj3 or utilization of other metal stripping agents may solve this

drawback.

Although there are cheaper methods for the removal of heavy metals, the
application of ILs provides several advantages. First of all the physico-chemical and
extraction properties can be fine-tuned by established and straight forward
modifications of the thiosalicylate anion, allowing the design of task specific ionic
liquids. The synthesis of the ionic liquids in this study involved a fast, simple, and

sustainable standard synthetic strategy with inexpensive starting materials and
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minimal side products yielding the compounds in high purity. The use of these ILs in
liquid-liquid metal extraction avoids the utilization of (volatile) organic solvents or
additional extracting agents. Further research should concern the formulation of a
detailed extraction mechanism based on the obtained data from synthesized metal
complexes and their corresponding crystal structures. Also immobilization of the
developed ILs might be a promising approach. Investigations on the affinity towards

different heavy metal ions and on the possible toxicity are currently in progress.
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Tables

Table 1. Physicochemical properties of TS-based ionic liquids compared to [A336][TS] and [PR4][TS].

. - a . - : H.0
lonic liquid Structure Physical state at Den5|t%/ Viscosity Leaching CI" content content
room temp. [a/cm?] [cP] [mg C/L] [wt%o] [Wt%)]
Tricaprylylmethylammonium it White semi-solid 0.99 - 55 21 1.3
2-(benzylthio)benzoate C8H17H\3c\ em Cf%
[N1gss][BTB] \ S/\©
C8H17
Trihexyltetradecylphosphonium i Colorless 0.97 3120 49 2.6 2.0
2-(benzylthio)benzoate o St @ o” . o
6z~~~ p*— 76 13 |IC{UId
P BTB b s viscous
[Pess1all ] \CGHB /\©
Tricaprylylmethylammonium Q Yellow viscous 0.98 4558 167 2.7 6.8
R e S
) s
C8Hl7
Trihexyltetradecylphosphonium 0 Yellow viscous 0.97 1947 98 2.8 3.4
2-(et2ylth|o)£_lgrézoate . :1 izg e &o liquid
[Pocorl [ETB] Mo e
CSH13
Tricaprylylmethylammonium Q Yellow viscous 0.97 5510 110 2.1 2.4
2-(pr([)|[\3131/:;:1]l[op)$eBn]zoate CBHUH\BC\ e &O liquid
CBH17
Trihexyltetradecylphosphonium 2 Yellow viscous 0.96 1814 83 2.4 2.7
2-(propylthio)benzoate C.H @fLo -
1 liquid
[Pess14][PTB] CsHla\}T/CeHm > q
CH
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ACCEPTED MANUSCRIPT

Tricaprylylmethylammonium HE 0 Liquid® 0.95° 3090° - 0.11° L5
thiosalicylate CaHi— o7 (Di\LO
[A336] [TS] (|28H17 SH
Trihexyltetradecylphosphonium s o Liquid® 0.93¢ 3875 - 0.56° 0.40°
thiosalicylate CoHig—yr— e s (:EU\O
[PR4] [TS] (l:sH 13 SH

®measured at 25 °C
®measured after 24 hours
“literature data[32]

21



Table 2. Extraction of heavy metals by TS-based ionic liquids.

R Ex_traction Extraction efficiency (%)
time (N)  [Nyggg][BTB] [Pessral[BTB]  [Nigssl[ETB]  [Pessra][ETB]  [Nisss][PTB]  [Pessal[PTB]  [A336][TS] [PR4[TS]
1 10.6+1.3 49.1#3.0 31.3+1.3 40.2+2.3 27.546.7 35.3+2.4 = =
25.7+6.0 56.2+2.5 36.6+2.6 53.7+4.1 37.4+2.8 42.3+6.6 <5.0* 14.0*
cddh 42.3+1.9 80.1+6.2 64.2+0.9 71.0+2.6 66.0+3.8 69.0+4.6 - -
24 87.4+0.7 96.3+0.8 92.0+0.8 95.9+0.2 92.0+0.2 96.0+0.1 - =
34.4+1.9 45.0+6.4 38.5+3.4 72.946.2 56.5+5.1 72.045.0 — —
cud) 61.6+6.6 69.5+2.9 57.0+1.4 79.045.8 70.6+1.2 81.3+1.5 95.0* 81.0*
77.0+2.4 90.2+0.4 64.3+3.4 86.5+0.2 78.9+1.8 93.6+0.7 - —
24 85.9+1.7 97.6+0.9 71.3+4.8 95.6+1.4 86.0+2.7 98.7+0.4 — =
19.2+3.5 54.3+5.2 14.9+5.0 16.5+1.2 20.1+1.0 20.9+2.9 — -
Zni) 26.3+1.3 63.3+0.8 23.443.9 26.5+2.1 35.5+2.8 39.3+3.1 <5.0* 24.0%
50.9+3.7 74.624.2 23.743.2 26.0+1.8 37.4+4.7 56.0+1.6 - —
24 60.9+2.7 93.1+0.9 37.0+2.3 45.4+1.4 50.4+3.3 745454 - -

“literature data[40]
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