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Abstract. As part of our efforts to develop efficient extractants for highly alkaline high-level waste at the Savannah
River Site, extraction studies of Sm(III) by three types of sulfonamide ligands have been carried out. Aqueous phases of
various alkalinity (pH 10 - 14) were used, while dichloromethane was the organic phase. Analysis of the aqueous
phases by the Arsenazo-III UV-Vis spectrophotometric method was carried out following stripping of the organic
phases with 0.1 M HNO3. The results indicate that all three types of sulfonamides exhibit strong Sm(III) extraction and
recovery at pH range of 10-11.5 in the presence of an organic base (triethylamine). A UV-Vis titration study of
disulfonamide (DSA-7) with Sm(III) is indicative of 1:1 M/L complexation in solution in accordance with our
previously published work with analogous disulfonamides.
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1. INTRODUCTION
The persistent problem of large volumes of alkaline
high-level waste (HLW) at the Hanford Site (HS) and
the Savannah River Site (SRS) as a result of weapons
production during the cold war has generated interest
in integrated separation treatment processes using
solvent extraction with synthetic ligands.[1] There are
two sequential processes currently applied at SRS for
integrated processing: 1) The well-developed
Next-Generation Caustic Side Solvent Extraction
(NG-CSSX) process, invented at Oak Ridge National
Laboratory, has addressed Cesium separation at
Savannah River successfully, by using calixarene
ligands;[2] 2) The sorption-based Actinide Removal
Process (ARP) used for separation of Strontium and
Actinides using monosodium titanate. [3] This latter
process, even though successful is much slower than
solvent extraction, and thus presents the kinetic
bottleneck for integrated tank treatment and closure.
Furthermore, for some tanks with high actinide content,
multiple strikes are needed. In this work we aim to
develop compatible organic actinide extractants, which
can be used directly in the CSSX solvent for an overall
simpler and more economic extraction-based HLW
treatment that could –at minimum– reduce the
amount of titanate and extensive contact times with the
sorbent during ARP, and –at best– greatly simplify
integrated processing, by eliminating the need for a
sorption step all together.
For successful extraction from the alkaline medium,
special consideration must be given to the ligand
design, with emphasis on ligands that can provide
suitable binding sites [4] taking into account that
Ln(III) and An(III) prefer to complex with
electron-rich –O and –N sites. Another consideration is
the ability to form soluble complexes under the
prevailing alkaline conditions. In the literature, various

ligand derivatives, such as alkyl(aminomethyl)
phenols,[5] calix[4]arenes,[6-7] thiacalix,[8] and
alkylpyrocathecols,[9-10] have been applied for the
extraction of f-elements from high pH, with
alkylpyrocathecols showing Am[III] extraction as high
as 97% from 6 M NaOH. [10]
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Figure 1. Structures of DSA-1 and DSA-3

Several sulfonamide-based ligands have been
synthesized by our group aiming at f-element
extraction from alkaline solutions, and have yielded
promising results for Sm(III) extraction, which was
used as a surrogate for Am(III). Our group has reported
that
a
tripodal
trisulfonamide
ligand,
2,4,6-tris-(4-(iso-propyl)-phenylsulfamoylmethyl)benz
ene gave 52% Sm(III) recovery from 2 x 10-4 M NaOH
in the presence of 0.1 M NaNO3.[11] More recently,
Sm(III) extraction from alkaline media by simpler
diarylsulfonamide derived ligands (Figure 1) gave even
better results with recovery over 65% (by DSA-3) at a
pH of 13.5.[12] In the same work, it was also reported
that DSA-1 with two Me-groups has its maximum at pH
12.5 and shows only 2% extraction at pH 13.5. These
results indicate that the structure of sulfonamide
extractants could be potentially fine-tuned for
maximum extraction and recovery of actinides at high
pHs as well as at HLW conditions. [12]
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These results inspired us to develop additional
sulfonamide ligands for An(III) and Ln(III) extraction.
In this paper, three types of sulfonamide ligands, a
monosulfonamide (MSA-2), a disulfonamide (DSA-7),
and two trisulfonamides (SA3-67 and SA3-82) were
synthesized, and their Sm(III) extraction behavior from
alkaline environments (pH 10-14) was studied in detail.
In addition, UV-Vis titrations were performed to
investigate the coordination stoichiometry of DSA-7
with Sm(III).

2. LIGAND SYNTHESIS
2.1. Materials and Methods
Commercial reagents and solvents were purchased
from Fisher Scientific or Sigma Aldrich and were used
without further purification. Sulfonamide ligands were
synthesized by modification of reported procedures.
[13,14] 1H-NMR spectra were recorded on a 600 MHz
Bruker or a 400 MHz Bruker NMR spectrometer and
were referenced to the residual solvent resonances. All
1H-NMR chemical shifts are recorded in ppm. FT-IR
spectra were recorded on a Cary 600 series FT-IR
spectrometer.
2.2. Monosulfonamides
OH
NO2

NH
O S O

(m); 1452 (w); 1425 (w); 1403 (w); 1340 (s) (w); 1320 (s)
1303 (m); 1260 (m); 1228 (m); 1147 (s); 1078 (m); 1036
(w); 956 (m); 912 (m); 881 (m); 829 (m); 748 (m); 729
(w); 666 (s); 638 (s). Elemental Analysis for MSA 2
C21H28N2O5S – Calcd: C, 59.98; H, 6.71; N, 6.66.
Found: C, 59.93; H, 6.72; N, 6.67.
2.3. Disulfonamides
N,N'-Bis-(2,4,6-triisopropylbenzene)-1,2-be
nzenedisulfonamide (DSA-7): 2.70 g (27.5 mmol)
of 1,2-phenylenediamine was dissolved in DCM,
4.95 mL of pyridine was added and left to stir in an ice
bath for 10 minutes. 16.67 g (55 mmol) of
1,3,5-triisopropylbenzenesulfonyl
chloride
was
dissolved in DCM and added dropwise to the stirring
solution. After addition, the reaction was stirred at
room temperature for 18 hours and monitored with
TLC. When judged to be complete, workup was
performed by adding excess cold water and extracting
the organic phase. Then, the product was followed by
washing with 1M HCL, 1M Brine, and DI water. The
combined organic phases were collected and dried with
Na2SO4, and the solvent was removed in vacuo.
Addition of hot ethanol and gradual cooling with
subsequent recrystallization from DCM/hexane gave a
white precipitate. Yield: 8.28 g, 47%. 1H-NMR
(400MHz, CDCl3): δ9.33 (s, 2H), δ7.26 (s, 4H), δ7.13 (d,
2H), δ7.00 (d, 2H), δ3.86 (m, 4H), δ2.95 (m, 2H),
δ1.24 (m, 12H), δ1.13 (m, 24H). 13C NMR (101 MHz,
CDCl3): δ154.61 (s), δ153.37 (s), δ150.82 (s), δ146.49
(d), δ142.39 (s), δ132.10 (d), δ127.53 (d), δ124.54 (s),
δ124.97 (s), δ117.16 (s), δ98.08 (s), δ34.12 (d), δ32.44
(d), δ30.12 (s), δ28.95 (s), δ24.77 (s), δ24.13 (s), δ24.01
(d), δ23.54 (s), δ23.32 (s). FT-IR (cm-1, ATR) 3251 (m);
2960 (w); 2929 (w); 2869 (w); 1600 (w); 1567 (w); 1497
(w); 1460 (w); 1427 (w); 1399 (w); 1324 (m); 1273 (w);
1256 (w); 1153 (s); 1106 (m); 1037 (w); 915 (w); 884 (w);
803 (m); 752 (w); 736 (w); 667 (s).

Figure 2. Structure of MSA-2

N-(2-Hydroxy-5-nitrophenyl)-2,4,6-triisopr
opylbenzene sulfonamide (MSA-2): 3.00 g (20
mmol) of 2-amino-4-nitrophenol was dissolved in DCM,
4.72 mL of pyridine was added and left to stir in an ice
bath for 10 minutes. To a stirring solution, 7.00 g (23
mmol) of 1,3,5-triisopropylbenzenesulfonyl chloride
was dissolved in DCM and added dropwise. After
addition the reaction mixture was stirred at room
temperature for 18 hours and monitored by TLC. When
judged to be complete, work up was performed by
adding excess cold water and extracting the organic
phase. This was followed by washing with 1M HCL, 1M
Brine and DI water. The combined organic phases were
collected and dried with Na2SO4, the crude product was
purified using column chromatography and dried
under vacuum, providing a white solid. Yield 2.10 g,
26%;. 1H-NMR (600MHz, CDCl3):  8.01 (dd, 1H), 7.54
(d, 1H), 7.43 (s, 1H), 7.18 (s, 2H), 7.04 (d, 1H), 6.46 (s,
1H), 3.92 (m, 2H), 2.90 (m, 1H), 1.25 (d, 6H), 1.19 (d,
12). 13C NMR (101 MHz, CDCl3): δ155.96 (s), δ154.44
(s), δ150.91 (s), δ141.04 (s), δ130.36 (s), δ124.36 (s),
δ123.61 (s), δ123.55 (s), δ120.26 (s), δ116.39 (s), δ34.22
(s), δ30.21 (s), δ24.71 (s), δ23.44 (s). FT-IR (cm-1; ATR)
3269 (m); 2959 (w); 2867 (w); 1598 (m); 1524 (s) 1503
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Figure 3. Structure of DSA-7

2.4. Trisulfonamides
N,
N',
N''-(nitrilotris(ethane-2,1-diyl))
tris(4-methylbenzenesulfonamide), (SA3-67): A
THF solution containing dry triethylamine (7.47 mL,
53.6 mmol) and p-toluenesulfonyl chloride (8.17 g,
42.8 mmol) was purged with nitrogen. To the stirring
solution, tris(2-aminoethyl)amine (2.00 mL, 13.4
mmol) was added slowly. The solution was left to stir
for 24 hours at room temperature. Saturated
ammonium chloride solution was added, and the
product was extracted into dichloromethane. The
combined organic phases were washed with 1M NaCl
and dried using Na2SO4. The excess solvents were
removed under reduced pressure and the crude
product was recrystallized using hexanes and dried
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under vacuum providing a white solid. Yield: 6.65 g,
81.6%. 1H NMR (400 MHz, CDCl3): δ7.79 (d, 6H),
δ7.29 (d, 6H), δ6.01 (t, 3H), δ 2.92 (q, 6H), δ2.49 (t,
6H,), δ2.41 (s, 9H). 13C NMR (101 MHz, CDCl3):
δ143.37 (s), δ136.77 (s), δ129.82 (s), δ127.21 (s), δ54.05
(s), δ40.74 (s), δ21.54 (s). FT-IR (cm-1): 3517 (w), 3289
(m), 2968 (w), 2857 (w), 1653 (w), 1596 (w), 1493(w),
1451 (m), 1414 (m), 1318 (s), 1288 (m), 1153 (vs), 1120
(m), 1090 (s), 1044 (m), 950 (m), 915 (m), 852 (m), 814
(s), 730 (m).
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Figure 4. Structure of SA3-67

N,N',N''-(nitrilotris(ethane-2,1-diyl))tris(4-(
tert-butyl)benzenesulfonamide) (SA3-82): A
THF solution containing dry triethylamine (7.47 mL,
53.6 mmol) and 4-tert-butylbenzenesulfonyl chloride
(9.98 g, 42.88 mmol) was purged with nitrogen. To this
stirring solution, tris(2-aminoethyl)amine (2.00 mL,
13.4 mmol) was added slowly. The solution was left to
stir for 24 hours at room temperature. Saturated
ammonium chloride solution was added, and the
product’s extraction into the organic phase was done
using dichloromethane. The combined organic phase
was washed with brine and dried using Na2SO4. The
excess solvents were removed under reduced pressure
and the product was recrystallized using hexanes and
dried under vacuum to give a white solid. Yield: 8.11 g,
82.4%. 1H NMR (400 MHz, CDCl3): δ7.83 (d, 6H),
δ7.50 (d, 6H), δ6.02 (t, 3H), δ2.94 (q, 6H), δ2.50 (t,
6H), δ1.30 (s, 27H). 13C NMR (101 MHz, CDCl3):
δ156.25 (s), δ136.99 (s), δ126.98 (s), δ126.18 (s), δ54.39
(s), δ40.95 (s), δ35.12 (s), δ31.11 (s). FT-IR (cm-1):
3304 (s), 3259 (m), 2957 (m), 2867 (w), 2815 (w), 1595
(w), 1460 (w), 1398 (m), 1322 (s), 1292 (m), 1270 (w),
1198 (w), 1157 (vs), 1112 (s), 1087 (s), 1049 (m), 1015
(w), 944 (m), 924 (w), 894 (w), 837 (m), 812 (w), 754
(m), 664 (m). Elemental Analysis for SA3-82
C36H54N4O6S3 – Calcd: C, 58.83; H, 7.41; N, 7.62.
Found: C, 58.83; H, 7.40; N, 7.62.
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Figure 5. Structure of SA3-82

3. EXTRACTION STUDIES WITH SM(III)
3.1. General methodology
pH-Dependent extraction and stripping
experiments: The extraction experiments were
carried out in 15 mL glass tubes. The organic phases
were solutions of the ligand in DCM. Extraction
experiments were carried out both in the presence and
absence of triethylamine. The aqueous phase was
Sm(NO3)3·6H2O in sodium hydroxide at different pH
values (pH: 10.0 – 14.0). The organic and aqueous
phases were mixed in stoppered glass tubes and rotated
on a wheel at room temperature. After 5 min’
centrifugation and separation, the Sm concentrations
in the aqueous phase were determined by the Arsenazo
III spectrophotometric method.[15] The stripping
experiments were processed in 15 mL glass tubes. The
organic phases resulting from extraction were stripped
with 0.1 M HNO3. All aqueous phases were thoroughly
filtered before analysis.
UV-Vis spectrophotometric determination
of Sm(III) (λ = 652 nm): The Arsenazo III method
for quantification of Sm was used in a similar fashion
as reported by Savvin.[15] Sm(III) standards were
purchased from Fisher Scientific and were used
without further purification. 0.1 mL of aqueous phases
after extraction and stripping experiments were
obtained and mixed with 1 mL of 1% ascorbic acid, 1 mL
of 0.2 M formate buffer (pH 3.0), and 2 mL of 0.05%
Arsenazo III solution. Then, HNO3 was used to adjust
the pH value to 2.6, and DI water was used to dilute the
solution to 25 mL. Sm(III) calibration standards were
used to construct calibration curves. Blank samples
with Arsenazo III and the buffer without Sm(III) were
used as the background. Control samples after contact
with organic phases that contained no ligand, showed
no Sm(III) recovery, indicating that ligands are
necessary components for extraction. The solutions
were analyzed, and the extraction efficiency was
calculated following the formula below. Since some
precipitation was observed during extraction, the
concentrations from the aqueous phases after stripping
with 0.1 M HNO3 ([Sm3+](observed)) were applied into the
formula below, rather than the concentrations of
leftover Sm in the initial aqueous phases:

E% 

[ Sm3 ]( initial )  [Sm3 ](observed )
[ Sm3 ](initial )

3.2. Extraction studies of Sm(III) with
monosulfonamide MSA-2
The alkaline aqueous solutions of Sm(III) (2.0 × 10-3
M) were prepared in aqueous NaOH with pH ranging
from 10.0 – 14.0 and were mixed with 6.0 mL of
MSA-2 (3.0 × 10-2 M) in DCM. Triethylamine was used
as an organic base in the control experiments. Both
phases were then brought into extended contact in a
rotating wheel (60 rpm; 20 h). For stripping, both
phases were centrifuged for 5 minutes to ensure proper
separation. Then the organic phases were collected and
filtered. 0.1 M HNO3 was added to the organic phase
after extraction. Both phases were again rotated on a
wheel (55 rpm; 18 h).
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It was initially observed that in the presence of
triethylamine, Sm(III) extraction was favored only at
pH of moderate alkalinity and was below 50%. The
control experiments were performed without the
inclusion of triethylamine. Without organic base
however, significantly improved extraction was
observed at pH as high as 12.5 with a maximum of 69%
at pH 12.0 (Figure 6). However, both in the presence
and absence of organic base, no Sm(III) was recovered
for pH above 12.5, which could be attributed to heavy
precipitation during the extraction process, as also seen
with naked eye for high pHs. In addition, partition of
this ligand to the aqueous phase in alkaline solutions is
a concern due to the presence of nitro substituents,
which strongly favor its hydrophilic deprotonated form
at higher pH values.
100
90

Organic
Series1

% of Sm(III) recovered

80

base absent

Series2
Organic
base present

70

Alkaline aqueous phases containing Sm(III) (2.0 ×
10-3 M) were prepared in NaOH with pH ranging from
10.0 – 14.0 and were contacted with 6mL of solutions
of SA3-82 (3.0 × 10-2 M) in dichloromethane. Both
phases were then brought into extended contact in a
rotating wheel (70 rpm; 20 h). After contact both
phases were centrifuged for 5 minutes to ensure proper
separation. Then the aqueous phases were collected
and the concentrations were determined by the
Arsenazo-III UV-Vis spectrophotometric method
method. [15]
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Figure 6. Extraction of Sm (III) (2.0 × 10-3 M) with
MSA-2 (3.0 × 10-2 M) in the presence or absence of
an organic base (triethylamine, 7.5 × 10-2 M).

3.3. Extraction studies of Sm(III) with
Disulfonamide DSA-7
Alkaline aqueous solutions of Sm(III) (2.0 × 10-3 M)
were prepared in NaOH with pH ranging from 10.0 –
14.0, and were mixed with DSA-7 (2.0 × 10-2 M) in
dichloromethane. Both phases were then brought into
extended contact in a rotating wheel (55 rpm; 20 h).
For stripping, both phases were centrifuged for 5
minutes to ensure proper separation. Then the organic
phases were collected and filtered. 0.1 M HNO3 was
used for stripping of the organic phases. Both phases
were again rotated on a wheel (55 rpm; 18 h).
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Figure 7. Extraction of Sm (III) (2.0 × 10-3 M) with
DSA-7 (2.0 × 10-2 M) in the presence of an organic base
(triethylamine, 4.0 × 10-2 M).
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3.4. Extraction studies of Sm(III) with
Trisulfonamide SA3-82
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As shown in Figure 7, DSA-7 demonstrates similar
extraction behavior with MSA-2, with high extraction
ability at moderately alkaline pH. Significant
precipitation was observed during extraction for higher
pH ranges, which hinders recovery of Sm(III) for pH >
12.0.
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Figure 8. Sm (III) (2.0 × 10-3 M) left after extraction by
SA3-82 (3.0 × 10-2 M) in the presence of
an organic base (triethylamine, 7.5 × 10-2 M).

As shown in Figure 8, SA3-82 demonstrates some
Sm(III) extraction in moderately alkaline pHs, (pH
10.0 – 11.5). No extraction was observed for pH > 12.0.
For pH > 12.0, there is extensive precipitation observed
with the naked eye, which is typical for lanthanides
forming insoluble hydroxides. It should be noted that
all aqueous phases were thoroughly filtered before
analysis.

4. UV-VIS TITRATION STUDIES WITH SM(III)
To determine the complexation stoichiometry of
Sm(III) with these ligands, UV-Vis titration and
H-NMR studies were carried out with varying Sm(III)
concentrations. UV-Visible spectra were recorded on a
CARY 100 Bio UV-Visible spectrophotometer.
The
UV-Vis
titration
of
DSA-7
with
Sm(NO3)3·6H2O in CH3CN in the presence of NaOH is
shown in Figure 9. The concentrations of both DSA-7
and NaOH were kept constant, while the
Sm(NO3)3·6H2O was added. After 2 hours of
equilibration for each sample, data were collected
within the range of 200-400 nm. The decrease of the
ligand absorption at 267 nm together with the increase
in absorbance at 244 nm and the isosbestic point
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formed at 250 nm suggest complexation. The increase
of the high energy absorption band (209 nm) is mainly
due to the increasing concentration of Sm3+. The
absorbance values at 300 nm were plotted and fitted
into the 1:1 binding isotherm. Nonlinear regression
analysis of triplicate experiments gave a binding
constant for the 1:1 Sm3+/DSA-7 formation of 7.1 × 107
M-1. The satisfactory fits of triplicate experiments
suggest 1:1 M/L complexation in solution under the
titration conditions.
3.0

Absorbance

2.5
2.0
1.5
[Sm3+]

1.0

0.151 mM
0 mM

0.5
0.0
200

250

300

350

400

Wavelength, nm

Figure 9. UV-Vis titration of DSA-7 (4.0 × 10-5 M) and
NaOH (8.0 × 10-5 M) with Sm(III) (8.0 × 10-4 M) in CH3CN.

5. CONCLUSION
Three
types
of
sulfonamide
ligands,
monosulfonamide (MSA-2), disulfonamide (DSA-7),
and trisulfonamide (SA3-67 and SA3-83), were
synthesized, and their Sm(III) extraction from alkaline
solutions (pH 10-14) was studied in detail. The results
suggest that these ligands exhibited good extraction in
moderately alkaline conditions (pH 10-11.5) when
triethylamine was added as an organic base. However,
due to heavy precipitation at higher pH range, no
extraction was observed in pH 12-14. MSA-2 showed
the most promise, as up to 70% of extraction in pH 12.0
was observed in the absence of an organic base. UV-Vis
titration of DSA-7 with Sm(III) is indicative of 1:1 M:L
complexation in solution. These results together
suggest that sulfonamide ligands have promise for
alkaline HLW extraction treatment for actinides at the
Hanford and Savannah River Sites.
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