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Solvent Extraction of Sr** and Cs* using Protic Amide-Based

lonic Liquids

Huimin Luo,' Jing-Fang Huang,” and Sheng Dai’

"Nuclear Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, TN, USA
2Chemical Sciences Division, Oak Ridge National Laboratory, Oak Ridge, TN, USA

Sixteen protic amide-based ionic liquids (ILs) derived from N,N-
dimethylformamide and other protophilic amide derivatives with
bis(trifluoromethanesulfonyl)imide or bis(perfluoroethylsulfonyl)-
imide as conjugated anions were synthesized in a one-pot reaction
with very high yields. All sixteen of these protic ionic liquids (PILs)
were characterized by NMR spectra, thermogravimetric analysis,
and differential scanning calorimetry. These protic amide-based ionic
liquids were tested as extraction solvents using dicyclohexano-18-
-crown-6 (DCH18C6) as an extractant for separation of Sr>* and
Cs™ from aqueous solutions. The extraction efficiencies were studied
in comparison with those derived from both imidazolium-based and
ammonium-based IL extraction systems. Excellent extraction
efficiencies were found for a number of these ILs using DCH18C6
as an extractant. Unlike findings for imidazolium-based and
ammonium-based ILs, the observed enhancement trend for the
extraction efficiency associated with our amide-based ILs is not
directly correlated with the enhanced hydrophilicity of the corre-
sponding cations of the PIL system. The effects on extraction
efficiencies of solution acidities, anions, and alkyl chain lengths in
the cations of ILs were also investigated and reported.

Keywords Ionic liquids; protic amide-based ionic liquids; solvent
extraction

INTRODUCTION

Tonic liquids (ILs) exhibit great promise as new diluents for
solvent extraction of metal ions from aqueous solutions (1-5).
The general extraction mechanism associated with these
hydrophobic ionic solvents can be considered to involve the
conventional complexation of metal ions via an extractant
that is coupled to an ion-exchange process (4). This syner-
gistic interplay of the two separation processes is the key to
the high extraction efficiencies observed for a number of IL
extraction systems containing extractants (1,6,4). It has been
demonstrated that the ion-exchange process associated with
IL diluents is dependent on the hydrophilicity of the corre-
sponding IL cation. The high hydrophilicity of the cations
of a hydrophobic IL can lead to enhanced extraction
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efficiency (1,6,4). This assertion regarding the relationship
of the extraction efficiency to the hydrophilicity of the IL cat-
ion has prompted our recent investigation of protic ionic
liquids (PILs) as potential diluents for extraction of metal ions
(7). Currently, ILs can be categorized into three classes (apro-
tic, protic, and metal ion) based on the specific cation-transfer
mechanisms for their cation formation. The cations of aprotic
ionic liquids (AILs) can be readily formed via transfer of alkyl
cations (8), while the cations of metal-ion ionic liquids (MILs)
are derived from transfer of cationic metal ions to neutral
ligands (9-11). The cations of PILs are formed through trans-
fer of protons to neutral bases (12). The key property of PILs
is the hydrophilicity of their cations. In general, the hydrophi-
licity of ILs is correlated with structures of ILs. The shorter
the carbon chain length on cations of ILs is the higher the
hydrophilicity of ILs is. Our prior results show that the
extraction efficiency of crown ethers can be further enhanced
through these PILs because of the enhanced hydropholicity of
PIL cations (7). In support of our continuing interest in the
development of new solvent-extraction methods based on
ILs for separation of fission products from high-level wastes
(1,13,14), we describe herein the application of another class
of PILs in the solvent extraction of metal ions with crown
ethers. Our research objectives are twofold:

1. to further explore the applications of PILs in extraction
of metal ions in aqueous phases and

2. to probe the structural dependence of extraction
efficiencies on IL cations.

The PILs used in our study are based on amide-based
hydrophobic ILs. We have recently reported a convenient
and efficient one-pot synthesis route to this new family
of room-temperature ionic liquids (RTILs) based on N,N-
dimethylformamide and other amide derivatives (15). A total
of 16 ILs with a broad structural diversity were synthesized in
a one-pot reaction with a high yield. Unlike the PILs used
in our previous investigation, this class of the PILs is not
based on traditional ammonium or imidazolium cations;
instead, proton ions are attached to the oxygen group in
amide structures to form the cations of the PILs (Scheme 1).
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SCH. 1. Synthesis scheme of amide-based ionic liquids.

EXPERIMENTAL
Materials and Methods

All chemicals and solvents were reagent grade and
used without further purification unless noted otherwise.
Dicyclohexano-18-crown-6 (DCHI18C6) was purchased
from Aldrich and is a mixture of cis-syn-cis and cis-anti-
cis isomers. The density of ILs was measured by filling a
1.0 mL volumetric flask to the mark with each IL and then
weighing (14). The water content of the ILs was measured
using a Metrohm 652 KF coulometer. The synthesis yields
of these PILs and their physical properties are summarized
in Table 1. Aqueous solutions were prepared using deio-
nized (D.1.) water with a specific resistance of 18 MQ-cm
or greater. 'H-, and '3C-NMR spectra were obtained in
CDCl; with a Bruker MSL-400 NMR spectrometer operat-
ing at 400.13 MHz for proton and 100.61 MHz for carbon.
Proton and carbon chemical shifts are reported relative
to tetramethylsilane (TMS). Viscosities were measured using
a Minivis II microviscometer (Grabner Instruments'™).
Thermogravimetric analysis (TGA) curves were measured
in nitrogen at a scan rate of 10°C/min with a TA Instru-
ments TGA 2950. Differential scanning calorimetry
(DSC) curves were performed with a TA Instruments
DSC Q100. The scanning sequence is first freezing the sam-
ple to —90°C, next retaining this temperature for 20 min,
and then heating the sample to 150°C at 10°C/min. The
concentrations of Cs* and Sr** were determined using a
Dionex LC20 ion chromatograph equipped with an IonPac

CS-12 analytical column. In some cases, the distribution
coefficients for Sr*™ were also verified by measuring stron-
tium concentrations using inductively coupled plasma—
atomic emission spectroscopy (ICP-AES).

Extraction Experiments

The extraction experiments were performed in duplicate
for each IL by contacting 1 mL of IL containing 0.10 M of
DCHI18C6 with 10mL of cation-containing aqueous
solution (1.5mM) for 60 min in a vibrating mixer. After
centrifugation, the upper aqueous phase was separated
and the concentrations of the cations were determined by
ion chromatography or ICP-AES.

The distribution coefficients (D,,) for extraction of M"*
are defined in Eq. (1) as (13,14)

oS

where C; and C; represent the initial and final concentra-
tions of M"" in the aqueous phase, respectively. Although
the value of D,, depends on the concentration of free
extractants, the extraction trend reflected in D,, should
be the same as that of the corresponding equilibrium con-
stant for a given initial extractant concentration. A volume
ratio is needed in the calculation of distribution coefficients
(Eq. (1)) to account for the difference in volume between
two phases. Thus, a distribution ratio for M" " greater than
1 (Dy; > 1) represents an overall preference of M™" for the

{Volume of aqueous solution}
{Volume of IL}

(1)
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TABLE 1
Physical properties of amide-based ionic liquids

Viscosity (cP)

Molecular Density Water content  Topeet” (°C)  Tonsetw (°C)  Tonset” (°C)
ILs formula (g/mL) 23°C 40°C 100°C (ppm) Free amide Cation Anion
| [DMFH] [NTf,] 1,55 2388 86.06 11.04 2690 185 350
2 [DMFH] [BETI] 1.59  NM? NM? NM? NM? 78 181 343
3 [DEFH] [NTf] 143 1302 5291  8.020 2400 188 347
4 [DEFH] [BETI] 146 8995 3812 6.221 2710 90 201 331
5 [Di-PrFH] [NTf] 133 2021 7349 8713 2570 194 314
6 [Di-PrFH][BETI] 139 4067 1256 10.69 2590 84 196 313
7 [Dn-BuFH][NTf,] 116 1012 43.52 6.343 1250 184 335
8 [Dn-BuFH] [BETI] 123 1384 5546 7.009 1230 126 192 326
9 [DMAH] [NT£] 151 1624 6674 9.837 1700 229 364
10 [DMAH] [BETI] 1,53 NM? NM’ NM’ 1200 7 224 328
11 [DEAH] [NTf] 142 1386 5825 8.670 1630 223 337
12 [DEAH] [BETI] 143 1742 6792 8.642 1650 B 232 335
13 [DMPAH][NTf,] 147 1325 5819 9.177 1650 228 382
14 [DMPAH][BETI] 148 1881 7588 9.950 1760 92 223 328
15 [DMBAH][NTf] 141 5986 1683 14.10 3170 223 339
16 [DMBAH][BETI] 139 6844 1749 13.10 1350 139 25 324

“Tonser: Onset decomposition temperature based on TGA measurement. The estimated errors are +5°C.

PNM: not measured.

IL phase. The values of D;; were measured in duplicate
with uncertainty within 5%.

General Procedure for Synthesis of Amide-Based lonic
Liquids

The method for synthesizing these ILs is based on a com-
bination of neutralization and the metathesis methodology
(16,17). Briefly, organic amides and a slightly excess amount
of concentrated HCI aqueous solution were mixed at room
temperature. To this mixture, either lithiumbis(trifluoro-
methanesulfonyl)imide (LiNTf,) or lithium bis(perfluor-
oethylsulfonyl)imide (LiBETI) predissolved in D.I. water
was added in equal molar ratios in flasks. In each of
these mixtures, the IL phase formed readily following the
addition of aqueous solution of LiNTf, or LiBETI and
the reaction is quite exothermic. The lower layers (IL) were
separated from the aqueous phase and washed with D.I.
water 4 times to ensure the removal of LiCl. The final pro-
ducts in the form of nearly colorless free-flowing liquids
were dried under vacuum at 70°C for 4 h.

N,N-Dimethylformamidium bis(trifluoromethylsulfonyl)-
imide (1). From N,N-dimethylformamide (4.27¢g,
0.058 mol), concentrated HCIl, and LiNTf, (predis-
solved in D.I. water), 18.45g (0.053 mol) of [DMFH]
[NTf,] was obtained as a colorless liquid (yield of
90%). '"H-NMR data: 6, 13.10 (broad peak, 1H), 8.27
(s, 1H), and 3.27 (d, 6H, J=49.5Hz). '>*C-NMR: ¢,

165.36 (CHOH), 119.45 (CF3, q, Jc.r=319.2Hz),
40.99 (CH3), and 35.53 (CH5).
N,N-Dimethylformamidium bis(perfluoroethylsulfonyl)imide
(2). From N,N-dimethylformamide (3.07 g, 0.042 mol),
concentrated HCI, and LiBETI (predissolved in D.I.
water), 17.86g (0.098mol) of [DMFH] [BETI] was
obtained as a colorless liquid (yield of 93%). "H-NMR
data: J, 11.24 (broad peak, 1H), 8.31 (s, 1H), 3.24 (d,
6H, J=49.7Hz). ">C-NMR: 4§, 164.05 (CHOH),
117.70 (CF3, qt, Jc_F:287.2HZ, Jc_c_F:33.0 HZ),
111.57 (CFy, tq, Jc.r=2939Hz, Jc.cr=39.0Hz),
40.37 (CH3), and 34.58 (CH3).
N,N-Diethylformamidium bis(trifluoromethylsulfonyl)imide
(3). From N,N-diethylformamide (6.07 g, 0.060 mol),
concentrated HCI, and LiNTf, (predissolved in D.I.
water), 21.10g (0.055mol) of [DEFH] [NTf;] was
obtained as a colorless liquid (yield of 92%).
'"H-NMR data: 6, 11.87 (broad peak, 1H), 8.36 (s, | H),
3.65 (m, 4H, J=7.1Hz), 1.48 (t, 3H, J=7.28 Hz) and
1.32 (t, 3H, J =7.30 Hz). >*C-NMR: 6, 163.86 (CHOH),
119.36 (CF3, q, Jc.p=320.2Hz), 46.70 (CH,), 41.17
(CH»), 13.02 (CH3), and 11.45 (CH3).
N,N-Diethylformamidium bis(perfluoroethylsulfonyl)imide
(4). From N,N-dicthylformamide (5.57 g, 0.055mol),
concentrated HCI, and LiBETI (predissolved in D.I.
water), 25.00g (0.052mol) of [DEFH] [BETI] was
obtained as a colorless liquid (yield of 95%).
'"H-NMR data: 8, 11.20 (broad peak, 1H), 8.28 (s,
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1H), 3.58 (m, 4H), 1.35 (t, 3H, J=7.24 Hz) and 1.28
(t, 3H, J=7.25Hz). 3C-NMR: 6, 164.20 (CHOH),
117.79 (CF3, qt, Jc_F:287.6HZ, Jc_C_F:33.3HZ),
111.57 (CFa, tq, Jer=294.0Hz, Jecp=38.9Hz),
46.16 (CH,), 40.60 (CH,), 13.10 (CHs), and 11.45
(CH,).

N,N-Diisopropylformamidium bis(trifluoromethylsulfonyl)-

imide (5). From N,N-diisopropylformamide (7.23 g,
0.056 mol), concentrated HCI, and LiNTf, (predis-
solved in D.I. water), 21.63 g (0.064 mol) of [(Di-PrFH]
[NTf,] was obtained (yield of 94%). "H-NMR data: 9,
11.66 (broad peak, 1H), 8.24 (s, 1H), 4.04 (m, 1H,
J=6.87Hz), 3.97 (m, 1H, J=6.76Hz), 1.44 (d, 6H,
J=6.89Hz), and 1.39 (d, H, J=6.81 Hz). *C-NMR:
9, 164.04 (CHOH), 119.53 (CF3, q, Jc.r=320.9 Hz),
52.52 (CH), 48.22 (CH), 22.87 (CH3), and 18.96 (CH5).

N,N-Diisopropylformamidium bis(perfluoroethylsulfonyl)-

imide (6). From N,N-diisopropylformamide (4.09 g,
0.032mol), concentrated HCI, and LiBETI (predis-
solved in D.I. water), 15.32 g (0.030 mol) of [(Di-PrFH]
[NTf,] was obtained (yield of 94%). '"H-NMR data: 9,
10.46 (broad peak, 1H), 8.24 (s, 1H), 4.10 (m, 1H,
J=6.88Hz), 3.96 (m, 1H, J=6.75Hz), 1.40 (d, 6H,
J=6.89Hz), and 1.37 (d, H, J=6.80 Hz). >*C-NMR:
d, 164.00 (CHOH), 117.64 (CF3, qt, Jc.p=287.5Hz,
Je.cr=33.3Hz), 111.55 (CF,, tq, Jc.p=294.3Hz,
Jc.ccp=38.8Hz), 53.18 (CH), 4895 (CH), 21.23
(CHs3), and 18.94 (CHj;).

N,N-Dibutylformamidium bis(trifluoromethylsulfonyl)imide

(7). From N,N-dibutylformamide (5.51g, 0.035mol),
concentrated HCI, and LiNTf, (predissolved in D.I.
water), 14.12 g (0.032mol) of [(Dn-BuFH] [NTf;] was
obtained (yield of 92%). "H-NMR data: 3, 12.20 (broad
peak, 1H), 8.26 (s, 1H), 3.44 (m, 4H), 1.63 (m, 4H), 1.37
(m, 4H), and 0.95 (t, 6H, J=7.35Hz). >*C-NMR: ¢,
165.05 (CHOH), 119.66 (CFs, q, Jc.r=321.3Hz),
50.35 (CH,), 44.64 (CH,), 29.84 (CH,), 28.44 (CH,),
19.77 (CH»), 19.31 (CH,), 13.33 (CH3), and 13.26 (CH3;).

N,N-Dibutylformamidium bis(perfluoroethylsulfonyl)imide

(8). From N,N-dibutylformamide (5.06 g, 0.032 mol),
concentrated HCI, and LiBETI (predissolved in D.I.
water), 16.55g (0.031mol) of [(Dn-BuFH] [BETI]
was obtained (yield of 96%). '"H-NMR data: J, 12.94
(broad peak, 1H), 8.25 (s, 1H), 3.44 (m, 4H), 1.61
(m, 4H), 1.33 (m, 4H), and 0.95 (t, 6H, J=7.34 Hz).
3C.NMR: 4, 165.07 (CHOH), 117.93 (CFs, qt, Je.p-
=287.4Hz, Jc.c.p,=33.3Hz), 111.59 (CF,, tq, Jc.F-
=294.1Hz, Jc.cp=38.5Hz), 50.31 (CH,), 44.61
(CH,), 29.86 (CH,), 28.46 (CH,), 19.78 (CH,), 19.31
(CH,), 13.31 (CHj3), and 13.22 (CHy).

N,N-Dimethylacetamidium bis(trifluoromethylsulfonyl)imide

(9). From N,N-dimethylacetamide (4.03 g, 0.046 mol),
concentrated HCI, and LiNTf, (predissolved in D.I.
water), 15.88¢g (0.043mol) of [DMAH] [NTf,] was

H. LUO, J.-F. HUANG, AND S. DAI

obtained as a colorless liquid (yield of 94%).
'"H-NMR data: 8, 8.07 (broad peak, 1H), 3.33 (s,
3H), 3.26 (s, 3H), and 2.48 (s, 3H). '*C-NMR: ¢,
174.45 (C), 119.57 (CF3, q, Jc.p=320.1Hz), 39.69
(CHs3), 37.68 (CHj3), and 17.84 (CH3).

N,N-Dimethylacetamidium bis(perfluoroethylsulfonyl)imide

(10). From N,N-dimethylacetamide (3.52 g, 0.040 mol),
concentrated HCI, and LiBETI (predissolved in D.I.
water), 17.0g (0.036mol) of [DMAH] [BETI] was
obtained as a colorless liquid (yield of 91%). "H-NMR
data: 9, 11.35 (broad peak, 1H), 3.15 (s, 3H), 3.07 (s,
3H), and 2.29 (s, 3H). *C-NMR: 6, 174.18 (C), 117.64
(CF;, qt, Jc.p=287.3Hz, Jc.c.pr=33.1Hz), 111.41
(CFz, tq, JC-F:2937 HZ, Jc_c_F:38.8 HZ), 3941
(CHj3), 37.31 (CH3), and 17.81 (CH3).

N,N-Diethylacetamidium bis(trifluoromethylsulfonyl)imide

(11). From N,N-diethylacetamide (5.56g, 0.048 mol),
concentrated HCI, and LiNTf, (predissolved in D.I.
water), 17.62g (0.044mol) of [DEAH] [NTf,] was
obtained as a colorless liquid (yield of 93%).
'"H-NMR data: d, 11.80 (broad peak, 1H), 3.63 (q,
4H, J=7.15Hz), 2.53 (m, 3H), 1.36 (t, 3H, J=7.30 Hz)
and 1.33 (t, 3H, J =7.20 Hz). >*C-NMR: 4, 173.86 (C),
119.54 (CF;, q, Jc.p=320.8 Hz), 46.45 (CH,), 44.45
(CH»), 18.13 (CH3), 12.61 (CH3), and 11.84 (CHj).

N,N-Diethylacetamidium  bis(perfluoroethylsulfonyl)imide

(12). From N,N-diethylacetamide (5.10g, 0.044 mol),
concentrated HCI, and LiBETI (predissolved in D.I.
water), 20.60g (0.042mol) of [DEAH] [BETI] was
obtained as a colorless liquid (yield of 95%).
"H-NMR data: 8, 9.53 (broad peak, 1H), 3.55 (q, 4H,
J=7.22 H), 2.40 (s, 3H), 1.37 (t, 3H, J=7.30Hz) and
1.26 (t, 3H, J=7.22Hz). '*C-NMR: 4, 173.80 (C),
117.86 (CF3, qt, Jc_}::287.5 HZ, Jc_c_F:33.2HZ),
111.57 (CFQ, tq, Jc_}::2941 HZ, Jc_c_}::38.7 HZ),
45.36 (CH,), 43.59 (CH,), 17.96 (CH3), 12.55 (CHy),
and 11.73 (CHy).

N,N-Dimethylpropylamidium bis(trifluoromethylsulfonyl)-

imide (13). From N,N-dimethylpropylamide (6.24 g,
0.062mol), concentrated HCIl, and LiNTf, (predis-
solved in D.I. water), 21.85 g (0.057 mol) of [DMPAH]
[NTf,] was obtained as a colorless liquid (yield of
92%). "H-NMR data: 9, 9.33 (broad peak, 1H), 3.31
(s, 3H), 3.26 (s, 3H), 2.75 (q, 2H, J=7.32Hz), and
1.30 (t, 3H, J=7.20Hz). "*C-NMR: 4, 178.07 (C),
119.67 (CF3, q, Jc.r=319.6Hz), 41.16 (CH3), 39.72
(CHs3), 25.01 (CH,), and 8.90 (CHs;).

N,N-Dimethylpropylamidium  bis(perfluoroethylsulfonyl)-

imide (14). From N,N-diisopropylethylamine (5.62 g,
0.056 mol), concentrated HCI, and LiBETI (pre-
dissolved in D.I. water), 24.22g (0.050mol) of
[DMPAH] [BETI] was obtained as a colorless liquid
(vield of 91%). "H-NMR data: 9, 10.34 (broad peak,
1H), 3.32 (s, 3H), 3.21 (s, 3H), 2.72 (g, 2H,
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J=7.69Hz), and 1.28 (t, 3H, J=7.71 Hz). >*C-NMR:
o, 177.76 (C), 117.66 (CF;3, qt, Jc.p=287.4Hz,
Jec.ccp=33.1Hz), 11142 (CF,, tq, Jc.r=293.9Hz,
Je.cr=389Hz), 39.11 (CHj;), 38.13 (CH;), 24.67
(CH,), and 8.70 (CHs;).

N,N-Dimethylbenzamidium bis(trifluoromethylsulfonyl)imide
(15). From N,N-dimethylbenzamide (4.28 g,
0.029mol), concentrated HCI, and LiNTf, (predis-
solved in D.I. water), 11.50 g (0.027 mol) of [DMBAH]
[NTf;] was obtained as a colorless liquid (yield of
92%). '"H-NMR data: §, 9.57 (broad peak, 1H), 7.94
(m, 1H), 7.61 (m, 2H), 7.33 (m, 2H), 3.26 (s, 3H), and
3.16 (s, 3H). *C-NMR: 4, 173.43 (C), 133.93 (C),
132.98 (CH), 129.23 (CH), 127.58 (CH), 119.55 (CF3,
g, Jc.p=321.1 Hz), 41.30 (CH3), and 37.95 (CH3).

N,N-Dimethylbenzamidium bis(trifluoroethylsulfonyl)imide
(16). From N,N-dimethylbenzamide (3.48 g, 0.023 mol),
concentrated HCl, and LiBETI (predissolved in D.I.
water), 11.52g (0.022mol) of [DMBAH] [BETI]
was obtained as a colorless liquid (yield of 93%).
"H-NMR data: , 9.98 (broad peak, 1H), 7.59 (m, 1H),
7.50 (m, 2H), 7.29 (m, 2H), 3.16 (s, 3H), and 3.09
(s, 3H). PC-NMR: 9§, 173.40 (C), 132.32 (C), 128.97
(CH), 128.37 (CH), 127.25 (CH), 117.87 (CF;, qt,
Jc_F:287.8 HZ, JC-C-F:33-3 HZ), 111.53 (CFz, tq,
Jcr=2941Hz, Jccr=38.6Hz), 40.71 (CH;), and
37.22 (CHj;).

RESULTS AND DISCUSSION
Synthesis and Physical Properties

The reaction developed for synthesizing the amide-based
ILs used in our current study is illustrated in Scheme 1 and
has been previously reported (15). The essence of this syn-
thesis method involves first the neutralization of a given
amide with a strong acid, followed by metathesis with a
desired anion donor, all in aqueous phase (16,17). This
method avoids the use of more-expensive superacid
reagents (e.g., HTFSI). For the metathesis reaction, we
selected the lithium salt of either bis(trifluoromethanesulfo-
nyl)imide (LiNTf;) or bis(perfluoroethylsulfonyl)imide

I -
) F,CF,C—S—N

HO o / CH,CH, 3702 I
° \CH CH BE

(LiBETTI). Using this methodology, 16amide-based ILs
were successfully synthesized in high yields.

The thermal properties of some of these PILs have been
investigated before by TGA and DSC (18). The TGA
curves measured for all 16amide-based ILs reveal a
two-step weight-loss process as summarized in Table 1.
The calculations of weight balances indicate that the first
step is consistent with the loss of the amide of the ILs
and the second step is correlated with the loss of the anion.
The first-step thermal decomposition temperature (Tonse)
for protonated amide cations is in the range of 180 to
230°C, about 100°C higher than those of the corresponding
free amides. Interestingly, the second-step thermal
decomposition temperature (T,,s) depends somewhat on
the choice of amide cations and lies roughly within a
50°C window centered at 350°C. For the same cation, the
ILs with NTf, as the conjugate anion have slightly higher
thermal stabilities than those with BETI ™ as the conjugate
anion. The difference in Ty, 1s closely related to the
choice of cations. Generally, the larger the substituents
on cations are, the greater the differences in T

After they are subjected to drying, these PILs have higher
water contents than those of aprotic imidazolium-based ILs
(13,14). This observation is consistent with the enhanced
hydrophilicity of the IL cations. The viscosities of the PILs
were measured at three different temperatures and summar-
ized in Table 1. The viscosities decrease appreciably when
the temperatures increase from room temperature to 40°C
and 100°C. There seems to be little correlation between
the cation compositions of this series of PILs and the mea-
sured viscosities. As expected, the ILs with BETI™ are more
viscous than those with NTf, for the same cations.

In our previous work (15), the Fourier transform infrared
(FTIR) spectra of these ILs indicated a band at 1721 cm ™',
which was assigned to a C=N stretch mode. This result sug-
gests that the left-most resonance structure of the bottom
tautomer in Scheme 1 is a dominant structure. Further sup-
port for this premise is found in our NMR investigation as
shown in Fig. 1. The case is best illustrated using IL 4, based
on N,N-diethylformamide (DEF). The NMR clearly shows
that the asymmetry imposed by the C=N bond results in

ilj bt aa'
—S— CFZCF3

162 124 12 120 118 116

114 112 110 108 106

Cherical shifts (ppm)

FIG. 1. Expanded regions

of ®NMR spectrum of 1L4.
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different chemical shifts being assigned to the carbons of the
two ethyl groups.

Extraction Results

All 16 amide-based ILs were investigated as new extrac-
tion media in our current study. Strontium and cesium ions
were selected as targeted metal cations of interest because
they are model-divalent and univalent metal ions well
investigated in the context of crown ethers and in our ear-
lier studies (13,14). In addition, both *°Sr and '*’Cs are fis-
sion products that are ubiquitous in nuclear wastes and
contaminated nuclear sites. Consequently, the development
of efficient extraction methodologies is important for their
detection and removal. Because it is abundant in contami-
nated radioactive waste sites, chloride ion was chosen as a
typical hydrophilic aqueous anion. The crown ether chosen
for extraction of Sr*™ and Cs™ in this study was DCH18C6,
which is known to form strong coordination complexes
with the corresponding targeted metal ions (19,20).

Cs-Extraction Results of Amide-Based ILs Containing
DCH18C6

The solubilities of DCH18C6 in amide-based ILs are
reasonably high, and a concentration of 0.1 M can be readily
achieved. The Cs-extraction results with these amide-based
ILs containing DCH18C6 are summarized in Table 2. The

TABLE 2
Cs extraction efficiency of ionic liquids containing 0.10 M
DCHI18C6

D¢, at different pH conditions
100mM DCH18C6,

1.5mM CsCl
ILs Molecular formula D.I. H,O 0.1 N HCl
1 [DMFH] [NTf,] NM“ NM*
2 [DMFH] [BETI] 554 26.8
3 [DEFH] [NTf,] 133 44.7
4 [DEFH] [BETI] 70.8 122
5 [Di-PrFH] [NTf,] 33.1 21.8
6 [Di-PrFH] [BETI] 67.9 34.5
7 [Dn-BuFH] [ NTf;] 374 14.1
8 [Dn-BuFH] [BETI] 118 24.0
9 [DMAH] [NTf] NM* NM¢
10 [DMAH] [BETI] 62.0 30.6
11 [DEAH] [NTf] 208 16.7
12 [DEAH] [BETI] NM* NM*
13 [DMPAH] [NTf;] 30.3 32.3
14 [DMPAH] [BETI] 126 7.35
15 [DMBAH] [NTf,] 119 12.8
16 [DMBAH] [BETI] 108 37.7

“NM: not measured.
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Cations of lonic Liquids

FIG. 2. Dependence of D¢ on anions and cations of ILs.

extractions were performed as single-species (i.e., noncom-
petitive) extractions from a CsCl aqueous solution at two
different acidities. One extraction was conducted under a
neutral pH condition and another in 0.1 N HCIL.

Effect of Acidity on Cs-Extraction Efficiencies

As shown in Table 2, the D, values of this extraction
system decrease for all ILs listed, with the exception of
[DEFH] [BETI] (4), as the aqueous solution changes from
neutral to acidic conditions. This variation in the extrac-
tion efficiency with pH indicates that a potential stripping
method based on the pH swing can be developed for this
new extraction system. The decrease of the D, values with
the acidity of aqueous solutions can be attributed to the

140 |- —u— NTf -Neutral
|
- - BETI-neutral
120 |- V. - A - NTfZ-acidic °
7
— v— BETI-acidic s
100 - s, d
7
7
7
g 80F ,
[m) - — — _ _ 4
60 |-
A
40 | —
ol Cae T -
1 1 A
Cc2 C3 C4

Carbon chain length

FIG. 3. Dependence of D¢ on carbon chain length on cations of ILs.
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TABLE 3
Sr-extraction efficiency of ionic liquids containing 0.10 M DCH18C6

Dyg, at different pH conditions

1.5mM SrCl,

Ils Molecular formula D.I. H,O 0.1 N HClI 0.2N HCI 0.5N HCl 1.0N HCl
1 [DMFH] [NTf5] 729 466 356 205 126
2 [DMFH] [BETI] 2520 1080 367 53.8 17.0
3 [DEFH] [NTf;] 6880 3660 2530 1100 410
4 [DEFH] [BETI] 51600 15200 4090 1270 347
5 [Di-PrFH] [NTf,] 34700 6320 1920 369 102
6 [Di-PrFH] [BETI] 41400 6660 2180 434 121
7 [Dn-BuFH] [ NTf,] 41400 16100 5930 997 267
8 [Dn-BuFH] [BETI] 381000 29400 8000 1040 232
9 [DMAH] [NTf5] 1090 631 459 260 131

10 [DMAH] [BETI] 4550 3010 588 85.7 32.6

11 [DEAH] [NTf;] 2800 882 455 144 64.0

12 [DEAH] [BETI] 10500 1960 710 170 59.8

13 [DMPAH] [NTf,] 1020 810 638 270 122

14 [DMPAH] [BETI] 13500 3680 1630 441 151

15 [DMBAH] [NTf;] 4630 1880 926 273 75.2

16 [DMBAH] [BETI] 81600 7050 2960 674 219

competition for the binding of DCH18C6 from oxonium
ions under the acidic condition.

Effect of Anion on Cs-Extraction Efficiencies

As seen in Fig. 2, there does not appear to be a system-
atic correlation between the anions and the D values for
this extraction system. Three ILs with BETI™ as anion had
greater D¢, values than the ILs with NTf, as anion;
however, the other two ILs with NTf, as anion had higher

45000
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- N - ® —-DEFH’
30000 - 3 \\ --A--Di-PrFH’
25000 | \ — - Dn-BuFH’
[ LN
. 20000 | TN
Dw L . .
15000 |- . %
I . N,
10000 |- . N,
* AN
. .
5000 - BTN N
[ ‘-__—.—"!‘.?-;1.
o == - o=y
-5000 [ 1 i 1 2 1 2 1 i 1
D.I.H20  0.NHCI  02NHCI  0.5NHCI 1N HCl

Acidities of aqueous phase

FIG. 4. Dependence of Dg, on acidities of aqueous for [DXFH] [NTf,].

D¢ values. The enhancement of the D, values through
hydrophobic conjugate anions can be attributed to the
“latent” ion-exchange properties of ILs, which we have
recently explored (21).

Effect of Carbon Chain Length of Amide
on Cs-Extraction Efficiencies

The previous investigations by Chun et al., (6) Dietz
et al., (4) Visser et al., (2) and our team (1) revealed that

400000 -
¥
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- \ - ® —-DEFH’
300000 - \ _ .
| \ - -A--Di-PrFH
250000 [~ \ - Dn-BuFH"
I \
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FIG. 5. Dependence of Dg, on acidities of aqueous phase for [DXFH]
[BETT].
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FIG. 6. Dependence of Dg, on anions and cations of ILs.

for the same anions, the more hydrophilic the cations of an
IL are, the greater the extraction efficiency for DCH18C6.
This dependence of the extraction efficiency on the hydro-
philicity of IL cations is one of the key evidences for the
ion-exchange model proposed by Dietz et al. (4) Accord-
ingly, the higher extraction efficiency achieved by the PILs

containing DCH18C6 relative to those of the AILs con-
taining the same extractant can be attributed to the
enhanced hydrophilicity of the corresponding IL cations
for facilitating ion-exchange processes and solvating
hydrated crown-ether complexes. However, as seen in
Fig. 3, the correlation between D, values and the carbon
chain length is not clear for Cs extraction under neutral
conditions. Under neutral conditions, the D¢, values
decrease from C2 to C3 and then increase from C3 to
C4. Under acidic conditions, the D, values decrease as
the length of the carbon chain on the amide increases.

Sr-Extraction Results of Amide-Based ILs Containing
DCH18C6

The Sr-extraction experiments based on the PILs were
also performed as single-species (i.e., noncompetitive)
extractions from SrCl, aqueous solutions at five different
acidities. Table 3 summarizes the Sr-extraction results
under these five different conditions.

Effect of Acidity on Sr-Extraction Efficiencies

As seen in Figs. 4 and 5, the Dg, values decrease sharply
with the acidity of aqueous solutions. For example, the Dy,
value of the extraction system based on IL 8 is reduced from
381,000 under the neutral condition to 232 under the acidic
condition (1 N HCI). This change in Dg, with pH value
levels off under highly acidic conditions. The pronounced
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FIG. 7. Dependence of Dg, on anions and cations of ILs at different acidity.
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dependence of Dg, on pH is also correlated with the strong
complex formation of DCHI18C6 with oxonium cations,
which compete with Sr*" during solvent extractions. The
Dg, values for ILs with BETI as anion decrease more
drastically than those for ILs with NTf, as anion.

Effect of Anion on Sr-Extraction Efficiencies

As seen in Figs. 6 and 7, the correlations between IL
anions and Dg, values are obvious under neutral and mild
acidic (0.1 N and 0.2N HCI, respectively) conditions and
the ILs with BETT as anions give rise to much higher Dy,
values than the ILs with NTf, as anions 21. The correlations
between IL anions and Dy, values become less obvious as the
acidities of the aqueous phase increase. At 0.5N HCI, two
sets of ILs with NTf, as anions yielded higher Dg, values
than the ILs with BETI ™ as anions. At the strongest acidic
conditions, four sets of ILs with NTf, as anions yielded
higher Dyg, values than the ILs with BETI ™ as anions.

Effect of Carbon Chain Length of Amide on Sr-Extraction
Efficiencies

As seen in Fig. 8, under both neutral and acidic conditions,
the Dg, values increase as the carbon chain length on the
corresponding amide cations increases. For example, the
Dyg, value (729) of the [DMFH] [NTf,]-Cl-based extraction
system is significantly less than that (41,400) of the
[Dn-BuFH] [NTf,]-C4-based extraction system under neutral
conditions. This observation is not consistent with the results
concerning the imidazolium-based 1L and ammonium-based
IL extraction systems reported previously (7,4). This trend
cannot be attributed to the synergistic effect of the
ion-exchange capability of the IL cations and the unique ionic
solvation environment of the ILs for the charged macrocyclic
complexes. The amide cations with long alkyl chains are more
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300000 | - -A-- NTf2-0_1N HCl ,
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FIG. 8. Dependence of Dg;, values on carbon chain length on cations of ILs.

hydrophobic than those with short alkyl chains. Accordingly,
both ion-exchange and solvation capabilities decrease with
the alkyl chain length.

CONCLUSIONS

Sixteen amide-based ionic liquids have been synthesized
and characterized by NMR, TGA, and DSC. The extrac-
tion efficiencies of the amide-based IL extraction systems
using DCH18C6 as an extractant have been studied in
comparison with the imidazolium-based and ammonium-
based extraction systems. The dependence of the extraction
efficiencies on the acidities of the extraction media, the
carbon chain length on cations, and anions has also been
studied and discussed.
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