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Abstract The imidazolium bis(2-ethylhexyl) phosphate
moiety was chemically attached on silica gel by chemical
modification. The resulting product ([SG-Im]™ [DEHP]")
was characterized by FT-IR spectroscopy, thermo-
gravimetry and elemental analysis. The sorption behavior
of Am(IIT) and Eu(IIl) on [SG-Im]* [DEHP]~ was studied
from dilute nitric acid medium for the separation of
Am(II) and Eu(IIl) from aqueous waste. The effect of
time, concentrations of nitric acid and europium in aqueous
phase on the distribution coefficient (Ky) was studied. The
study indicated the possibility of using modified silica for
the separation of Eu(IIl) from Am(III) with high separation
factors (>50 at 0.1 M HNOy).

Keywords Ionic liquid - Anchoring - Extraction -
Americium - Recovery

Introduction

Room temperature ionic liquids (RTILs) are organic salts
melt at temperatures lower than 100 °C and they are
finding several applications in the separation of toxic and
radiotoxic metal ions from wide variety of aqueous feeds
[1-5]. In liquid-liquid extraction, RTILs are being
employed as an alternative to molecular volatile organic
compounds and n-paraffins. The RTIL diluents in
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conjunction with the conventional ligands were shown to
exhibit extraordinary extraction of toxic metal ions from
aqueous phase. Several authors have exploited this feature
and explored the possibility of using ionic liquids for sol-
vent extraction applications [6—11].

The employment of ionic liquids in solvent extraction
has some drawbacks. Since RTILs are comprised entirely
of ions they exhibit significant solubility in aqueous phase.
The traditional imidazolium bis (trifluoromethane sulpho-
nyl)imide ionic liquids are not suitable for solvent extrac-
tion applications, as the main pathway for metal ions
extraction is by cation exchange [12]. In addition, the
bis(triflouromethanesulphonyl) imide anion also undergo
anion exchange [13] with various anions present in aqueous
phase. This exchange reaction often results in the pollution
of aqueous phase and issues also develop with respect to
the loss of room temperature ionic liquid molecules from
organic phase during recycling. Therefore, there is a need
to develop advanced ionic liquid based systems for the
extraction of metal ions from aqueous medium.

The problem of ionic liquid loss [14] to aqueous phase
can be minimized by anchoring the ionic liquid moiety on
solid supports [15-20] such as silica gel, and organic
polymers. Among the cation and anionic moiety of the
ionic liquid, anchoring of cationic moiety on inert solid
supports is relatively easy. The anion can be chosen in such
a way that it is strongly hydrophobic and insoluble in
aqueous phase. In this connection, Xin et al. reviewed [21]
the use of ionic liquid anchored on solid supports for
various applications. Yang et al. [22] developed a magnetic
microsphere confined ionic liquid as a novel sorbent for the
determination of chlorophenols in environmental water
samples. Galan-Cano et al. [23] studied the use of ionic
liquid coated magnetic nanoparticles for the gas chro-
matography/mass  spectrometric ~ determination  of
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polycyclic aromatic hydrocarbons in waters. Similarly,
Fontanals et al. [24] studied the extraction of a group of
acidic compounds from complex aqueous samples by
polymer-supported imidazolium trifluoroacetate salt. In
this context, we also developed ionic liquid anchored on
magnetic adsorbents [25] for the separation of Am(III) and
Eu(Ill) from dilute nitric acid medium. In this paper, we
report anchoring of imidazolium bis(2-ethylhexyl)phos-
phate on the inert matrix, silica gel, and studies on the
extraction of Am(III) and Eu(Ill) from dilute nitric acid
medium. The imidazolium moiety was covalently linked to
silica gel by organo modification reaction on silica gel
surface. Since the anionic moiety bis(2-ethylhexyl)phos-
phate was insoluble in aqueous phase, it does not undergo
anion exchange with anions present in aqueous phase. In
the present study, Am(III) was used as trivalent actinide
representative and Eu(Ill) was used as lanthanide repre-
sentative for extraction studies.

Experimental
Instrumentation

The Fourier transformed infrared (FTIR) spectrum of the
sample was recorded using BRUKER TENSOR II FT-IR
spectrometer equipped with an ATR (attenuated total
reflectance) diamond crystal and Zn—-Se window. Proton
NMR analysis was done using Bruker AVANCE III
500 MHz (AV 500) multi nuclei solution NMR. TGA
pattern was recorded by subjecting the sample at a heating
rate of 10 Kmin~' for the temperature range of
298-873 K by using thermogravimetric analyzer model
number TGA/SDTA 85le of M s '. Mettler Toledo
GmbH, Switzerland. Microelemental CHNS analysis of the
adsorbent was carried out by using Elementer Vario-EL.

Materials

N-Methylimidazole and 3-chloropropyltriethoxysilane
were purchased from Alfa Aesar. Bis(2-ethylhexyl)phos-
phoric acid (HDEHP) and chloroform were obtained from
Merck. The chemicals like isopropanol, acetone were
analytical grade and they were used without any further
purification. Chromatographic silica gel of particle size
60—120 mesh was purchased from E-Merck. The silica gel
(20 g) was stirred with nitric acid (8 M, 100 mL) at room
temperature for 2 h. The mixture was then refluxed for 8 h
at 100 °C. The silica gel was filtered and washed with
distilled water, until the pH of the filtrate was ~7. The
activated silica gel was washed with surplus water and air
dried over night. The silica gel obtained after air drying
was used for anchoring.
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Preparation of [SG-Im]* [DEHP]™

The imidazolium bis(2-ethylhexyl) phosphate was chemi-
cally attached on the surface of the silica gel by the reac-
tion scheme shown in Fig. 1. The systematic procedure is
described below.

Preparation of sodium bis(2-ethylhexyl)phosphate
(Na-DEHP)

Bis(2-ethylhexyl)phosphate (15 mmol) in chloroform was
refuxed with sodium hydroxide (18 mmol) for about 6 h at
60 °C. The product obtained was separated from aqueous
phase (sodium hydroxide) and chloroform was removed by
rotary evaporation. The final product was dried under high
vacuum. A pale yellow viscous liquid (Na-DEHP) was
obtained with 98% yield.

Preparation of 1-methyl-3 (3-ethoxysilylpropyl)
imidazolium chloride (ImSi-Cl)

Equimolar quantity of N-methylimidazole (120 mmol) was
refluxed with 3-chloropropyltriethoxysilane (120 mmol)
for 48 h at 80 °C. The product obtained was washed with
diethyl ether thoroughly and dried under vacuum. A pale
yellow viscous liquid (ImSi-Cl) was obtained. The product
obtained after drying was characterized by 'H NMR
(Bruker Avance III 500 MHz) and FT-IR. 'H NMR
(CDCl3, d/ppm relative to TMS): 0.628-0.589 (2H, t,
—CH,-Si), 1.228-1.193 (9H, t), 2.024-2.006 (2H, m),
3.837-3.788 (6H, q), 4.111 (3H, s, -N-CH3), 4.346-4.311
(2H, m), 7.295 (1H, s), 7.515 (1H, s, -N-CH-), 10.644
(1H, s, -N-CH-N-). FT-IR shows following the charac-
teristic bands: 2962 cm ™! (C-H str), 1456 cm ™! (C-N str),
1568 cm™" (C—C str), 1300 cm™" (Si~C str), 1098 cm™
(Si-0 str), 1136 (C-O str). The yield of 1-methyl-3 (3-
ethoxysilylpropyl) imidazolium chloride (ImSi-Cl) was
82.05%.

Preparation of 1-methyl-3(3-ethoxysilylpropyl)imidazolium
bis(2- ethylhexyl)phosphate (ImSi-DEHP)

ImSi-Cl1 (20 mmol) in chloroform (50 mL) was stirred with
NaDEHP (20 mmol) for 24 h at room temperature. The
precipitated NaCl was separated by filteration. The product
obtained (ImSi-DEHP) was washed with small amount of
water to remove excess NaCl, then chloroform was
removed under reduced pressure and dried under vacuum
to obtain a highly viscous yellow liquid. The product
obtained after drying was characterized by 'H NMR
(Bruker Avance III 500 MHz) and FT-IR. 'H NMR
(CDCls, d/ppm relative to TMS): 0.572 (2H, t, -CH,-Si),
0.868-0.819 (12H, m), 1.245-1.217 (23H, m), 1.485-1.360
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(6H, m), 3.985 (3H, s, -N-CH3), 3.731-3.677 (10H, m,
—-0O-CH,), 4.264-4.250 (2H, t, -N-CH,), 7.617 (1H, s),
9.628 (1H, s, -N-CH-), 9.794 (1H, s, -N-CH-N-). FT-IR
showed following the characteristic bands: 2965 cm ™' (C—
H str), 1454 cm™! (C-N str), 1569 cm-1 (C-C str),
1308 cm ™! (Si-C str), 1102 cm™! (Si-O str), 1131 cm™!
(C-O str), 1040 cm™" (P=0O str and P-O—C out of phase
str). The yield of the product obtained in this step was
87.8%.

Immobilization of ionic liquid on silica

ImSi-DEHP (5 mmol) was dissolved in chloroform
(30 mL). Activated silica (3 g) was added to ImSi-DEHP
in chloroform and refluxed for 24 h at 65 °C. The newly
modified [SG-Im]* [DEHP]™ was filtered and washed with
chloroform, isopropanol and acetone. The [SG-Im]*
[DEHP]™ adsorbent was dried under ambient condition
overnight. This was used for all extraction studies.

Extraction of Am(III) and Eu(III)

All equilibration experiments were performed at 298 K.
Extraction efficiency of Am(IIT) and Eu(IIl) in [SG-Im]*
[DEHP]™ was determined by measuring the distribution
coefficients of Am(III) and Eu(Ill). The experiment
involved equilibration of 0.05 g of the sorbent with 10 mL
of nitric acid (concentration varied from 0.001 to 0.1 M)
spiked with the corresponding radiotracers (~10*M,

2 Am tracer was used for Am(III) and "3?*15YEu tracer
was used for Eu(IIl)) in 20 mL stoppered glass test-tubes.
The test-tubes were rotated by using a test-tube rotator,
which rotates in up-down manner with a constant speed of
50 rpm for a specified period of time. The radioactivites of
24 Am(111) and 52T 154Eu(I1) before and after equilibration
were determined by radiation counting technique using
Nal(Tl) single channel analyser. The distribution coeffi-
cient (Ky) of Am(IIT) and Eu(IIT) was determined from the
radioactivity measurement of aqueous phase using Eq. 1.
The equilibration experiment was performed in triplicate
and the radioactivity of the sample in each solution was
counted five times for a specific period of time to minimize
the experimental and statistical error. The error in the
distribution coefficient was found to be +5%. The sepa-
ration factor (SF) was determined using Eq. 2.

i (52)-(0) o

Ky of Eu(II) 2)
Ky of Am(III)

SF

where Ay and Ay are the initial and final radioactivity
(counts per minute per mL of the sample) of aqueous
phase. V is the volume of aqueous phase, and m is the mass
of the sorbent taken for equilibration.

Rate of uptake of Am(IIl) (or Eu(IIl)) was studied
by equilibrating 0.05 g of sorbent with 10 mL of nitric
acid (0.001 M), spiked with **'Am(III) tracer (or
USZHISVEY(IID) in the case of Eu(Il) study) at 298 K.
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Separate experiments were performed for 2-360 min.
Aliquots were drawn from the aqueous phase before and
after equilibration. From the initial radioactivity and the
radioactivity measured at various intervals of time, the
percentage extraction of Am(III) (or Eu(IIl) extracted was
calculated by using Eq. 3.

. . Ao — Ay
Percentage extraction of metal ions = | ————

) x 100%
(3)

0

Adsorption isotherm

Adsorption isotherm of Eu(IIT) on [SG-Im]" [DEHP]™ was
studied by equilibrating 0.05 g of the sorbent with 10 mL
of nitric acid solution containing various quantities of
europium nitrate spiked with **TYEy(II) tracer.
Equilibration experiments were carried out for 2 h at
298 K. The amount of Eu(IIl) extracted was measured
from radioactivity values of the aqueous solution before
and after equilibration as discussed above.

Results and discussions
Characterization of the sorbent

The elemental analysis of the sorbent, [SG-Im]* [DEHP]~,
indicated the presence of 7.1% C and 1.12% nitrogen.
Based on the elemental analysis of nitrogen, the amount of
imidazolium bis(2-ethylhexyl) phosphate on silica gel was
determined to be 0.4 mmol g~ '. Thermogravimetry pattern
of silica gel and [SG-Im]" [DEHP] ™~ are shown in Fig. 2. It
can be seen that the weight loss occurring below 100 °C in

100
98

96

r Pure Silica
94 |-

Weight loss (%)

90 -

88 N [SG-Im]’ [DEHP]”

200 400 600 800 1000
Temparature °/ C

Fig. 2 TGA pattern of silica gel and [SG-Im]* [DEHP]~
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both cases is due to the loss of loosely bound water mole-
cules especially adsorbed on the surface of silica gel as well
as [SG-Im]* [DEHP] . However, in case of [SG-Im]™
[DEHP] " the loss of water molecules is gradual and require
more temperature (~ 150 °C) for completion, as shown in
Fig. 2. This could be due to the ionic nature of surface
which holds the water molecules strongly and require
higher temperature for vaporisation. The weight loss
occurring in the temperature range 200-800 °C in case of
silica gel is very gradual and this could be attributed to the
cross condensation of silanol group present on the surface of
silica gel leading to the continuous loss of water molecules.
Since the energy of silanol groups present on the surface of
silica gel is not uniform, the condensation occurs at dif-
ferent temperatures, resulting in a gradual but continuous
decrease in the weight of the sample. In contrast to this, the
weight loss occurring in the temperature range 200-600 °C
is more and this can be attributed to the loss of organics
present on the surface of [SG-Im]" [DEHP] . This obser-
vation confirms the presence of organic moiety on the
surface of silica gel. Moreover the elemental analysis and
IR pattern confirmed the presence of imidazolium phos-
phate moiety on the surface of the silica gel.

Rate of sorption

The percentage of sorption of Am(III) and Eu(IIl) by [SG-
Im]" [DEHP]~ as a function of time is shown in Fig. 3. It
is observed from the figure that the extraction of Am(III)
and Eu(IIl) on [SG-Im]" [DEHP] ™~ increases with increase
in time, the percentage of sorption reaches a saturation

100} .
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o G
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Fig. 3 Percentage sorption of Am(III) and Eu(IIl) as a function of
time, fitted by using pseudo-first order (dotted line) and pseudo-
second order (solid line) rate equations. Sorbent phase: [SG-Im]™
[DEHP]™ (0.05 g). Aqueous phase: 0.001 M HNO; (10 mL), spiked
with **'Am or '"*15*Eu tracer
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after 100 min of equilibration. The variation in the rate of
sorption of Am(IIl) and Eu(IIl) after 4 h of equilibration is
insignificant. Therefore, all the sorption experiments were
performed for a duration of 4 h to ensure the establishment
of equilibrium. Figure 3 also shows the fitted curves for the
percentage extraction of Am(IIl) and Eu(IIl) by pseudo-
first order (dotted line) and pseudo-second order (solid line)
kinetic models. The derived equations for first order and
second order kinetic models are shown in Eqs. 4 and 5. The
detailed derivations of these equations are discussed else-
where [26]. It should be noted that these equations were
derived for homogeneous systems. However, several
researchers utilized these equations for describing the
heterogeneous (solid-liquid phase) extraction systems and
for calculating the rate constant and other parameters
[27-31]

i = Geq (1 — ") Pseudo - first order rate equation ~ (4)

Gagkat

= ———— Pseudo - second order rate equation 5
- q (5)

q:
where ¢, is the concentration of metal ions adsorbed at a
time 7 (in terms of % sorption) and g.q is the concentration
of metal ions adsorbed at equilibrium and k; and k, are the
rate constants of pseudo first order and pseudo second order
rate constants respectively. The fitting parameters and rate
constants of both the first order and second order kinetic
models are also provided in Fig. 3. It can be seen from
fitting parameters, 7> and R” values, that the rate of sorp-
tion of Am(IIl) and Eu(IIl) is well described by the pseudo-
second order kinetic model. The second order rate constant
for Am(III) and Eu(IIl) obtained from the fitting are 0.03
and 0.01 L min~" mol ™" respectively.

Distribution coefficients of Am(III) and Eu(III)

Figure 4 shows the sorption behavior of Am(III) and
Eu(Ill) as a function of nitric acid concentration at equi-
librium in aqueous phase. It can be seen that the distribu-
tion coefficient of Am(III) and Eu(IIl) decreases with
increase in the equilibrium concentration of nitric acid,
indicating the involvement of cation exchange mechanism.
The K, value decreases from ~ 60,000 to 5 mL g_l in case
of Eu(Ill) and from ~40,000 to 0.1 mL g7l in case of
Am(IIT) with increase of nitric acid concentration from
0.001 M to 0.1 M. The separation factor (=K4 of Eu(IIl)
over Am(III)) determined from the distribution ratios and
they are tabulated in Table 1. It can be seen that the sep-
aration factor of Eu(Ill) over Am(IIl) decreases with
decrease in the concentration of nitric acid. At 0.1 M nitric
acid a SF of about 50 was achieved. It should be noted that
the separation factors were achieved without the addition
of any complexing reagents to aqueous phase. The
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01k
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1E-3 0.01 0.1
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Fig. 4 Distribution coefficient of Eu(IIl) and Am(III) as a function of
equilibrium nitric acid concentration at 298 K. Sorbent phase: [SG-
Im]* [DEHP]™ (0.05 g). Aqueous phase: nitric acid spiked with
21 Am or P**1*Ey tracer

Table 1 Separation factor obtained between Eu(Ill) and Am(III)
when the concentration of nitric acid varied from 0.001 to 0.1 M at
298 K

Concentration of nitric acid (M) Separation factor

0.1 52
0.03 6

0.01 2.6
0.003 1.8
0.001 1.5

Sorbent phase: [SG-Im]™ [DEHP]™ (0.05 g). Aqueous phase: nitric
acid spiked with "***'*Eu tracer or **'Am tracer

complexing agents are generally necessary to achieve a
reasonable Am/Eu separations. However, the present study
shows that the separation factor of ~50 at 0.1 M nitric
acid can be achieved without any complexing agent using
[SG-Im]* [DEHP] .

Based on this observation the following mechanism can
be proposed for the extraction of Am(III) and Eu(Il) in
[SG-Im]™ [DEHP]". The sorbent [SG-Im]"™ [DEHP]™
reacts with nitric acid to yield [SG-Im]" [NO; 1,4 and
HDEHP,4 by the reaction shown in Eq. 6. The subscript
“ad” and “aq” indicates the sorbent and aqueous phase
respectively. It should be noted that the products [SG-
Im][NO3].q and [HDEHP].4 are present the sorbent phase.
The acid HDEHP formed is a weak phosphoric acid and
insoluble in aqueous phase. Therefore HDEHP is held in
the adsorbed phase. HDEHP is a well-known reagent for
the extraction of Am(III) and Eu(IIl) by cation exchange
mechanism. Linear regression analysis of the plot of Ky

@ Springer



520

J Radioanal Nucl Chem (2017) 313:515-521

versus [HNOs] resulted a slope of approx. —3 (see Fig. 4)
for both Eu(Ill) and Am(I) extraction in [SG - Im];
[DEHP],,. This shows that the sorbent releases three moles
of H' ions for the extraction of a mole of Eu(IIl) or
Am(III). Based on this observation, the following mecha-
nism (Egs. 6 and 7) can be proposed for the extraction of
trivalent metal ion.
[SG - Im]; [DEHP]; + HNOs,q

< [SG - Im]"[NOs], + [HDEHP], (6)

3[HDEHP],,+ M.} < M(DEHP)3, + 3H,, (7)

The equilibrium constant for the above reaction can be
represented by Eq. 8.

[IM(DEHP), ,,][H{, ]’
[HDEHP,q)* M/ ]

(3)

eq. —

But the distribution coefficient of metal in sorbent phase is
defined by Eq. 1 and the same is shown in Eq. 9.

M(DEHP
Kd — [ ( — )3ad (9)
M;]
Upon combining Egs. 8 and 9 and converting to logarith-
mic form,

log Keq = log Kq+3 log[HL] — 31og[HDEHP, 4] (10)

log Kg = log Keg — 3 log [H;J +3log/HDEHP,,]  (11)
_ / +

log Kg = log K’ — 31log {Haq} (12)

where K’ is a constant at a constant sorbent concentration.
At low nitric acid concentrations (lower than 0.003 M),
there is a deviation from the rest of the distribution coef-
ficients as shown in Fig. 4. This could be due to the
involvement of some other mechanism operating for the
extraction of Am(III) and Eu(Ill), which requires more
detailed investigations.

Adorption isotherm

The Langmuir adsorption isotherm for the sorption of
Eu(I) on [SG-Im]* [DEHP]™ at 0.001 M nitric acid is
shown in Fig. 5. It can be seen that the amount of Eu(II)
loaded in the sorbent phase increases with increase in the
amount of metal ion present in aqueous phase. The linear
Langmuir adsorption model is described by Eq. 13.

Cy 1 Cy

—=—t— 13
C, Kb b (13)
where C; is the concentration of the metal ion in the
aqueous phase and Cs is the concentration of the metal ion
in the sorbent phase. K| is Langmuir constant (in L mg™")
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Fig. 5 Langmuir adsorption isotherm for the sorption of Eu(III) on
[SG-Im]" [DEHP]™ at 298 K. Sorbent phase: [SG-Im]* [DEHP]™
(0.05 g). Aqueous phase: europium nitrate at 0.001 M nitric acid,
spiked with '??*'5*Ey tracer

and b is the apparent sorption capacity (in mg g~ ). Linear
regression analysis of the sorption data results in the
determination of apparent sorption capacity and Langmuir
constant. The value of apparent sorption capacity of Eu(II)
sorption on [SG-Im]" [DEHP]™ was determined to be
7 mg g, which is lower than the sorption capacity
determined (20 mg g~ ') by elemental analysis of nitrogen
on [SG-Im]" [DEHP] . The value of K; was determined to
be 0.13L mg ' Lower apparent sorption capacity
observed in [SG-Im]* [DEHP]~ could be due to the pres-
ence of nitric acid in aqueous phase that seems to shift the
equilibrium reaction shown in Eqs. 6 and 7 in backward
direction.

Conclusion

A new imidazolium bis(2-ethylhexyl)phosphate modified
slica gel, [SG-Im]* [DEHP]~ was prepared and studied for
the sorption of americium(Ill) and europium(IIl) from
dilute nitric acid medium. Pseudo-second order rate of
extraction for Am(III) and Eu(Ill) was observed. The
extraction equilibrium was established in 2 h. The distri-
bution coefficient of Am(III) and Eu(Ill) decreased with
increase in the concentration of nitric acid. The slope
analysis of extraction data, indicated the release of three
H™ ions for the extraction of a trivalent metal ion in the
acid range 0.001-0.1 M.

The separation factor of Eu(Ill) over Am(IIl) decreased
with decrease in the concentration of nitric acid. At 0.1 M
nitric acid a SF of about 50 was achieved. It was noted that
the separation factor was achieved without the addition of
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any complexing reagents to aqueous phase, which was

usually

required for lanthanide-actinide separations.

Therefore, the study confirmed the feasibility of separating
Am(II) from Eu(Ill) from dilute nitric acid by using [SG-
Im]" [DEHP]~ without any complexing agents present in
aqueous phase.
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