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Abstract The trivalent actinide selective neutral extrac-

tants such as carbamoylmethylphosphine oxide (CMPO)

and bis-(2-ethylhexyl)diglycolamide (TEHDGA) in con-

junction with an acidic extractant bis-2-ethylhexylphos-

phoric acid (HDEHP) have been impregnated in Tulsion

ADS 400, and the resultant solvent impregnated resin (SIR)

has been evaluated for the radiolytic stability towards

gamma radiation. The extraction behavior of Am(III) and

the loading behavior of Eu(III) in the SIR was studied as a

function of absorbed dose up to 550 kGy, at different nitric

acid concentrations in aqueous phase. The extraction iso-

therm of Eu(III) in various SIRs have been fitted using

Langmuir, Freundlich, Temkin and Dubinin-Radushkevich

(D-R) adsorption models. The extraction results and mod-

eling of extraction isotherms obtained at various absorbed

dose levels have been reported in this paper.
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Introduction

The spent nuclear fuel (SNF) is reprocessed for the

recovery of uranium and plutonium. This is carried out by

an aqueous based industrially established PUREX process

[1]. In this method, the spent nuclear fuel is dissolved in

nitric acid medium followed by the solvent extraction of

uranium and plutonium in a solution of tri-n-butyl phos-

phate (TBP) in n-dodecane (n-DD) [1, 2]. The PUREX

raffinate is then concentrated to yield high-level liquid

waste (HLLW). It is composed of a solution of stable and

radioactive fission products, corrosion products, long lived

trivalent actinides (241Am) in 3–4 M nitric acid medium.

Partitioning of long-lived trivalent actinides and transmu-

tation of them into stable or short-lived products is pro-

posed for the safe-management of HLLW [3, 4]. Currently,

partitioning procedure is a two-cycle solvent extraction

method, which involves the group separation of trivalent

actinides and lanthanides, together as a group, from HLLW

in the first solvent extraction cycle [5–8]. Since the

chemistry of trivalent lanthanides is similar to the trivalent

actinides, they are also co-extracted as a group in the first

solvent extraction cycle. Since the lanthanides act as neu-

tron poisons during the transmutation of actinides, it is

necessary to separate actinides from lanthanides or vice

versa. This procedure forms the second solvent extraction

cycle [5–8]. A number of methods have been reported in

literature for group separation, as well as for the lan-

thanide-actinide separation from high-level liquid waste

[9–17].

Among the various techniques reported in literature,

solid phase extraction is ideally suited for the separation of

small quantities of trivalent metal ions present in a large

volume of HLLW [18, 19]. For such separations, the solid

phase is usually a macroporous acrylic polymer or
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polystyrene-divinyl benzene co-polymer containing the

trivalent selective extractants physically adsorbed in the

pores of an organic polymer. The solid product obtained

after impregnation of extractant is known as solvent

impregnated resin (SIR) [20]. Extensive studies have been

reported in literature on the separation of trivalent lan-

thanides and actinides from nitric acid medium using SIRs

[18–22]. The advantage of using SIRs for group separation

is that there is no concern about third phase formation,

which is usually encountered during the solvent extraction

of trivalent actinides from nitric acid medium. Among the

various neutral extractants reported in literature, the

derivatives of carbamoylmethyl phosphine oxide (CMPO)

and diglycolamides such as bis-(2-ethylhexyl) diglyco-

lamide (TEHDGA) are considered as promising reagents

for the separation of trivalent metal ions from HLLW

[9, 16].

Similar to the two-cycle solvent extraction procedure

discussed above, the trivalent metal ions can be separated

from nitric acid medium by the use of SIR containing

CMPO or TEHDGA. The recovery of the loaded trivalents

from the loaded SIR is usually carried out with dilute nitric

acid, in the first cycle. The recovered product in dilute

nitric acid medium is then treated with another SIR con-

taining a suitable reagent for lanthanide-actinide separation

in the second cycle. Among the various extractants repor-

ted in literature bis- 2-ethylhexylphosphoric acid (HDEHP)

is a promising candidate for Ln-An separation from dilute

nitric acid medium [23, 24]. In view of the above, the

method proposed for trivalent actinide separation using

SIR is also a two-cycle extraction-cum-recovery procedure,

which involves the group separation of lanthanides and

actinides together using a neutral extractant (CMPO or

TEHDGA) impregnated resin in the first-cycle followed by

Ln–An separation using acidic extractant (HDEHP)

impregnated resin in the second cycle.

In order to minimize the generation of secondary waste

and simplify the two-cycle process, single-cycle methods

using SIRs have been developed [25, 26] for the separation

of trivalent actinides alone from the nitric acid medium

representing HLLW. This method requires the impregna-

tion of both the neutral extractant and an acidic extractant

in a macroporous solid phase. Previously, we studied the

extraction behavior of Am(III) and Eu(III) in the SIRs

containing a combination of extractants such as

CMPO ? HDEHP and TEHDGA ? HDEHP, and repor-

ted the Eu(III) to Am(III) separation factor of 10–15

[25, 26]. The conditions needed for the efficient separation

of Eu(III) over Am(III) was optimized and it was proposed

to use a combined solvent impregnated resin containing

30 wt% of the neutral extractant (CMPO or TEHDGA) and

10 wt% of HDEHP in the solid phase. When the SIR is

proposed for the separation of actinides from HLLW, it is

quite likely that the solvent present in the resin as well as

the macroporous matrix could undergo radiolytic degra-

dation. The radiolytic products formed in the resin could

combine with each other or combine with the resin matrix

(both degraded and undegraded) leading to the formation

of several degradation products in the resin phase. The

presence of these degradation products could alter the

extraction and stripping behavior of Am(III) and Eu(III)

from nitric acid medium. In view of this, it is necessary to

study the radiolytic stability of the SIR phase containing

CMPO ? HDEHP and TEHDGA ? HDEHP. This can be

studied by determining the distribution coefficient and

loading behavior of Eu(III) or Am(III) from nitric acid

medium in the gamma irradiated SIRs at various absorbed

dose levels. Since the extraction of trivalents

(An(III) ? Ln(III)) from HLLW was carried out from 3 to

4 M and recovery of trivalents from the loaded resin phase

was carried out from 0.01 M nitric acid medium [27], the

concentration of nitric acid in the present study was fixed at

3 M during extraction, and 0.01 M during stripping. The

neutral extractant used in the present study was either

CMPO or TEHDGA and an acidic extractant was HDEHP.

The composition of neutral and acidic extractant in the SIR

was optimized to be 30 and 10 wt% respectively, based on

our previous study [25, 26]. The structures of CMPO,

TEHDGA and HDEHP are shown in Fig. 1.

Experimental

Materials and methods

All the reagents used in the present study were of Ana-

lytical grade. The extractant TEHDGA was synthesized by

the procedure described elsewhere [10]. The preparation

involved a two steps process. In the first-step, bis-(2-

ethylhexyl) diglycolamic acid was prepared by a reaction

between diglycolic anhydride and bis-(2-ethylhexyl) amine

in dichloromethane solvent. The second-step involved the

reaction of bis-(2-ethylhexyl) diglycolamic acid and bis-(2-

ethylhexyl)amine in presence of dicyclohexylcarbodiimide

(DCC) at 308 K. The crude product obtained was purified

by column chromatography using ethyl acetate and petro-

leum ether mixture as solvent [10]. CMPO was procured

from National Chemical laboratory, Pune. CMPO was

purified by column chromatography using neutral alumina

before use. HDEHP was procured from M/s. Sigma Aldrich

and used as received. The radioisotope (152?154)Eu(III)

tracer was procured from Board of Radiation and Isotope

Technology, Mumbai, India. 241Am(III) was received from

Oak Ridge National Laboratory as Am2O3 and dissolved in

nitric acid. The concentration of Eu in aqueous phase was
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analyzed by Ultima C spectroanalyser (Jobin Yvon,

France) equipped with ICP excitation source.

Preparation of solvent impregnated resins (SIRs)

Tulsion ADS 400 was used as a solid support for the

impregnation of extractants. Tulsion ADS 400 is a macro

porous acrylic polymer with an average particle size

600 lm. The surface area of the dry resin was about

400 m2/g. The monomers present in the Tulsion ADS 400

was removed by washing in sequence with water, methanol

and acetone, and dried at 353 K under vacuum. The

required quantity of CMPO or THEDGA or HDEHP or

CMPO ? HDEHP or TEHDGA ? HDEHP was dissolved

in dichloromethane and equilibrated with required quantity

of Tulsion ADS 400. The mixture was shaken in a vortex

shaker for about 8 h. After shaking, the dichloromethane

was removed slowly by rotary evaporator at 353 K. The

amount of neutral and acidic extractants present in the SIR

was 30 and 10 wt % respectively.

Distribution coefficient measurements

All experiments were carried at 298 K. The distribution

coefficient of Am(III) and Eu(III) was determined by batch

equilibration procedure. About 0.05 g of the SIR was

equilibrated with 5 mL of aqueous phase containing

desired concentration of nitric acid spiked with
(152?154)Eu(III) or 241Am(III) tracer. The mixture was taken

in 15 mL capacity stoppered glass tube and it was

immersed in the constant temperature water bath. The

tubes were rotated in an up-side-down rotation at a speed of

about 50 rpm for 3 h. After equilibration, the resin phase

was allowed to settle and an aliquot (1 mL) was taken from

the aqueous phase. The radioactivity of 241Am or
(152?154)Eu present in the aqueous phase was measured

using a well-type NaI(Tl) detector. The radioactivity in

resin phase was determined indirectly by computing the

difference in the initial and final radioactivity of 241Am or
(152?154)Eu present in aqueous phase before and after

equilibration, respectively. The distribution coefficient (Kd)

of Am(III) and Eu(III) was determined using Eq. 1.

Kd (mL g�1Þ ¼ A0 � Af

Af

� �
� v

m

� �
ð1Þ

where A0 and Af are the initial and final radioactivity of

aqueous phase. v is the volume of aqueous sample (5 mL),

and m is the mass (0.05 g) of the sorbent.

Loading isotherm of Eu(III) in SIR was obtained by

equilibrating a known weight of SIR (0.05 g) with 3 M

nitric acid solution containing various amounts of euro-

pium(III) nitrate. The concentration of Eu(III) in aqueous

phase was varied from 20 to 550 mg/L. The equilibration

was carried out for 3 h. After equilibration, the concen-

tration of europium present in the aqueous phase was

determined by ICP-OES. The equilibrium sorption capacity

(qe) was calculated using Eq. 2.

qe¼ ðCo � CfÞ � v

m

� �
ð2Þ

where C0 and Cf are the initial and final Eu concentrations

in aqueous phase. v is the volume of aqueous sample

(5 mL), and m is the mass (0.05 g) of the sorbent.

Irradiation experiments

Gamma chamber GC-5000 with 60Co irradiation source

supplied by BRIT, India was used for irradiation studies.

The dose rate provided by the gamma chamber was 2 kGy/

h. The dose rate was calibrated by Fricke dosimeter. All

resins were subjected to the cumulative absorbed dose of

25, 50, 100, 200 and 550 kGy. About 20 g of resin was

placed in a stoppered reagent bottle (100 mL) and irradi-

ated in a gamma chamber. All the resins were irradiated

Fig. 1 Structure of extractants
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under similar conditions. The distribution coefficient of

Am(III) and Eu(III) in the irradiated samples was deter-

mined, as described above.

Results and discussion

Extraction behaviour of Am(III) and Eu(III) at 3 M

nitric acid

The variation in the distribution coefficient of Am(III) from

3 M nitric acid studied as a function of absorbed dose is

shown in Fig. 2. The absorbed dose was varied from 1 to

550 kGy and the results were compared with un-irradiated

condition (0 kGy). The resin phase contained 30%

CMPO ? 10% HDEHP or 30% CMPO. Since, the

extraction behavior of trivalent metal ion from 3 M nitric

acid medium is predominantly governed by the neutral

extractant, the distribution coefficient of Am(III) and

Eu(III) in the binary SIR was compared only with the

neutral extractant impregnated resin. It can be seen that the

distribution coefficient of Am(III) decreases with increase

of absorbed dose. The Kd value of Am(III) decreases from

760 to 480 mL/g in case of 30% CMPO SIR and, from 450

to 350 mL/g in case of 30% CMPO ? 10% HDEHP SIR,

with the increase of absorbed dose from 0 to 550 kGy. It

should be noted that the distribution coefficient of Am(III)

in CMPO SIR is higher than that observed for

CMPO ? HDEHP SIR at 3 M nitric acid. This could be

due to the antagonistic effect of combining CMPO with

HDEHP for the extraction of Am(III) from 3 M nitric acid

medium. Figure 2 b shows the variation in the percentage

extraction of Am(III) as a function of absorbed dose. Since

the percentage extraction is related directly to the distri-

bution coefficient, the percentage extraction of Am(III)

also decreases with increase in the absorbed dose. A similar

behavior is also observed in the case of Eu(III) extraction

in 30% CMPO and 30% CMPO ? 10% HDEHP SIR phase

as shown in Fig. 2a, b.

The extraction behavior of Am(III) in 30% TEHDGA

or 30% TEHDGA ? 10% HDEHP SIR at 3 M nitric

acid is shown in Fig. 3. The distribution coefficient of

Am(III) decreases with increase of absorbed dose in this

case also. Since TEHDGA exhibits higher affinity

[16, 27] towards trivalent metal ions as compared to

CMPO, the distribution coefficient and percentage

extraction of Am(III) in SIR phase containing TEHDGA

is more as compared to CMPO SIR. A similar behavior

also observed in case of Eu(III) extraction in TEHDGA

and TEHDGA ? HDEHP SIR phases as shown in

Fig. 3. The distribution coefficient of Am(III) and

Eu(III) decreases from 2250 and 6000 mL/g to 1400 and

2700 mL/g respectively, with the increase of absorbed

dose from 0 to 550 kGy in case of 30% TEHDGA SIR.

Since the addition of HDEHP to TEHDGA SIR phase

lowers [27] the distribution coefficient of Am(III) and

Eu(III) due to antagonistic effect, the Kd value of these

metal ions in the TEHDGA ? HDEHP SIR phase is

lower than that observed in TEHDGA SIR as shown in

Fig. 3. Moreover, the decrease in the distribution coef-

ficient of Am(III) and Eu(III) is very sharp in the initial

period of irradiation up to 100 kGy (approx) absorbed

dose, thereafter the variation in the distribution coeffi-

cient as a function of absorbed dose is only marginal.

The distribution coefficients observed for Eu(III) in

TEHDGA and TEHDGA ? HDEHP are very close to

each other when the absorbed dose is 500 kGy.

(a)

(b)

Fig. 2 a Variation of distribution coefficient of Am(III) & Eu(III) as

a function of absorbed dose. b Variation of percentage extraction of

Am(III) & Eu(III) as a function of absorbed dose. Resins = 30%

CMPO/ADS 400 or 30% CMPO ? 10% HDEHP/ADS 400, Aqueous

phase = 3 M HNO3, v/m = 100

2560 J Radioanal Nucl Chem (2017) 314:2557–2568

123



Extraction behavior of Am(III) and Eu(III)

at 0.01 M nitric acid

The extraction behavior of trivalent metal ion at lower

nitric acid (0.01 M) in the binary SIR is essentially gov-

erned by the acidic extractant. Therefore, the distribution

coefficient of Am(III) and Eu(III) in the binary SIR was

compared only with HDEHP impregnated resin. Figure 4

shows the variation in the distribution coefficient of

Am(III) in 30% CMPO ? 10% HDEHP SIR at 0.01 M

nitric acid determined as a function of absorbed dose. The

data are compared with those obtained in 10% HDEHP

SIR. It can be seen that the distribution coefficient of

Am(III) decreases with increase in the absorbed dose in

both cases. Since the presence of CMPO in HDEHP SIR

enhances [25] the extraction of Am(III) due to synergism,

the distribution coefficient of Am(III) in CMPO ? H-

DEHP is more as compared to HDEHP SIR. A similar

behavior is also observed for the extraction of Eu(III) in

CMPO ? HDEHP and HDEHP SIR, as shown in Fig. 4.

However, the distribution coefficient of Eu(III) is always

higher than those observed for Am(III) under similar

conditions, at all absorbed dose levels. In addition, the

distribution coefficient observed for Eu(III) in un-irradiated

SIR is about 2–3 times higher than those observed for

Am(III).

The variation in the distribution coefficient of Am(III)

and Eu(III) as a function of absorbed dose in 10% HDEHP

and 30% TEHDGA ? 10% HDEHP SIR at 0.01 M nitric

acid is shown in Fig. 5. It can be seen that distribution

coefficient of Am(III) and Eu(III) decreases with increase

(a)

(b)

Fig. 3 a Variation of distribution coefficient of Am(III) & Eu(III) as

a function of absorbed dose. b Variation of percentage extraction of

Am(III) & Eu(III) as a function of absorbed dose. Resins = 30%

TEHDGA/ADS 400 or 30% TEHDGA ? 10% HDEHP/ADS 400,

Aqueous phase = 3 M HNO3, v/m = 100

(a)

(b)

Fig. 4 a Variation of distribution coefficient of Am(III) & Eu(III) as

a function of absorbed dose. b Variation of percentage extraction of

Am(III) & Eu(III) as a function of absorbed dose. Resins = 30%

CMPO/ADS 400 or 30% CMPO ? 10% HDEHP/ADS 400, Aqueous

phase = 0.01 M HNO3, v/m = 100
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of absorbed dose as expected. Since TEHDGA is a tri-

dentate ligand (Fig. 1) and strongly binding ligand as

compared to the bidendate CMPO, the distribution coeffi-

cients of Am(III) and Eu(III) observed in the presence of

TEHDGA at 0.01 M nitric acid are much higher than those

observed in case of CMPO ? HDEHP SIR at all absorbed

dose levels. In view of this, the distribution coefficient of

Am(III) and Eu(III) observed in TEHDGA ? HDEHP SIR

is much higher than 10000 mL/g even at the absorbed dose

of 550 kGy; where as in CMPO ? HDEHP SIR it is nearly

2000 mL/g.

Separation factor of Eu(III) over Am(III)

Table 1 shows the separation factor of Eu(III) over Am(III)

achieved in all SIRs as a function of absorbed dose at 3 M

and 0.01 M nitric acid. It can be seen that the variation in

the SF of Eu(III) over Am(III) as a function of absorbed

dose is quite insignificant at 3 M nitric acid. In CMPO SIR

the SF remains at a constant value of 0.75 at all absorbed

dose levels even though the distribution coefficients

decrease with increase of absorbed dose. Addition of

HDEHP to CMPO SIR decreases the SF to some extent at

0 kGy and the SF increases marginally with increase of

absorbed dose. In case of TEHDGA SIR, the SF decreases

marginally with increase of absorbed dose. Addition of

HDEHP to TEHDGA SIR decreases the SF to some extent

at 0 kGy and the SF increases marginally with increase of

absorbed dose. Nevertheless, the variation in the separation

factors at 3 M nitric acid are not quite significant as the

extraction of Am(III) and Eu(III) at 3 M nitric acid are

controlled essentially by the neutral extractant.

The SF of Eu(III) over Am(III) achieved at 0.01 M nitric

acid is also shown in Table 1. Since the distribution

coefficient of trivalent metal ion is predominantly con-

trolled by HDEHP at 0.01 M nitric acid, the SF of Eu(III)

over Am(III) obtained in HDEHP SIR at 0.01 M nitric acid

is also shown in Table 1. It can be seen that the SF

decreases marginally from 3.8 to 2.7 with increase of

absorbed dose in HDEHP SIR. Even though the presence

of CMPO increased the distribution coefficient of Am(III)

and Eu(III), as shown in Figs. 4 and 5, the SF decreased

from 3.8 to 1.6 for the un-irradiated CMPO ? HDEHP

SIR. The SF then increases marginally from 1.6 to 1.8. In

contrast to this, the presence of TEHDGA increases the SF

of Eu(III) over Am(III) for the un-irradiated TEHD-

GA ? HDEHP SIR and then the SF decreases with

increase in the absorbed dose.

Adsorption isotherms

The variation in the loading behaviour of Eu(III) in resin

phase as a function of equilibrium concentration of Eu(III)

in aqueous phase can be described by adsorption isotherms.

The adsorption behavior of Eu(III) was further evaluated

by fitting of the isothermal adsorption data into various

models such as Langmuir [28, 29], Freundlich [30],

Dubinin-Radushkevich [31, 32, 33] and Temkin isotherms

[34]. Each adsorption model provides an insight into the

nature of adsorption and the interaction happening between

the adsorbent and adsorbate. In addition, the useful

parameters such as apparent experimental capacity of the

adsorbent and energy of adsorption can also be determined

from adsorption models. It should be noted that the

adsorption isotherms were initially developed for describ-

ing the adsorption behavior of gases on solid surfaces and

most often they were also utilized for describing the

adsorption behaviour of metal ions from aqueous solution

on solid surfaces.

(a)

(b)

Fig. 5 a Variation of distribution coefficient of Am(III) & Eu(III) as

a function of absorbed dose. b Variation of percentage extraction of

Am(III) & Eu(III) as a function of absorbed dose. Resin = 30%

TEHDGA/ADS 400 or30% TEHDGA ? 10% HDEHP/ADS 400,

Aqueous phase = 0.01 M HNO3, v/m = 100

2562 J Radioanal Nucl Chem (2017) 314:2557–2568

123



Langmuir adsorption isotherm

Among the various adsorption models, the Langmuir

model [28, 29] is the simplest form of adsorption isotherm

employed for describing the adsorption data: It is based on

the assumption that the adsorbent surface is homogeneous

in terms of energy of adsorption and there is no migration

of adsorbate across the surface. It also assumes that the

maximum adsorption corresponds to mono-layer adsorp-

tion of the adsorbate, usually applicable for gaseous

adsorption on solid surfaces. The non-linear expression for

describing the Langmuir adsorption isotherm is shown in

Eq. 3.

qe ¼
qmKLCe

1 þ KLCe

ð3Þ

where qe (in mg/g) is the equilibrium concentration of the

adsorbate on the adsorbent, qm is the maximum concen-

tration of the adsorbate on the solid phase at equilibrium,

KL is the Langmuir adsorption constant that determines the

affinity of the adsorbent towards the adsorbate, and Ce (mg/

mL) is the equilibrium concentration of the adsorbate. At

high concentration of Ce the value of qm tends to approach

the value qe, i.e. the apparent adsorption capacity equal to

the equilibrium concentration of the adsorbate on the

adsorbent, according to Eq. 3.

Freundlich adsorption isotherm

It was initially proposed as an empirical model [30] for

describing the adsorption of gaseous molecules on solid

surfaces, applicable in several cases. Later, Sips et al. [30]

theoretically interpreted the insight of the Freundlich

model and provided physical significance to the adsorption

isotherm. This model assumes that the surface of the

adsorbent was heterogeneous and therefore the energy of

adsorption was not uniform. The non-linear form of Fre-

undlich adsorption model is represented by the relation

shown in Eq. 4.

qe ¼ KfC
1=n
e ð4Þ

where Kf (mL/g) is the Freundlich adsorption constant, ‘n’

represents the degree of heterogeneity of the surface. When

1/n is equal to 1, the surface is said to be homogeneous

(similar to Langmuir) and the value lower than unity rep-

resents heterogeneous nature of surface.

Dubinin-Radushkevich (D-R) isotherm

The physical or chemical nature of interactions happening

between the adsorbent and adsorbate can be determined

from the D-R adsorption model [31, 32]. The non-linear

form of D-R model is represented in Eq. 5.

qe¼ qmexp �KDR RT ln 1þ 1

Ce

� �� �2
 !

ð5Þ

qe ¼ qm exp �KDRe
2

� 	
ð6Þ

where KDR is the D-R constant, e is known as the Polanyi

potential, R is the gas constant and T is the temperature in

Kelvin. The D-R constant, KDR is related to the mean free

energy of adsorption E (in kJ/mole) by Eq. 7.

E ¼ 1ffiffiffiffiffiffiffiffiffiffiffi
2KDR

p ð7Þ

Depending upon the value of E, the nature of adsorption

can be classified [33] into physical or chemical adsorption.

When the value of E is lower than 8 kJ/mole, the interac-

Table 1 Variation in the separation factor of Eu(III) over Am(III) at 3 M and 0.01 M nitric acid. Resins = 30% CMPO ? 10% HDEHP, 30%

TEHDGA ? 10% HDEHP, 30% CMPO, 30% TEHDGA, 10% HDEHP (un-irradiated and irradiated up to 550 kGy)

Dose (kGy) SF at 3 M nitric acid in SF at 0.01 M nitric acid in

CMPO CMPO ? HDEHP TEHDGA TEHDGA ? HDEHP HDEHP CMPO ? HDEHP TEHDGA ? HDEHP

0 0.77 0.63 2.61 2.47 3.82 1.61 5.71

5 0.77 0.65 2.47 2.68 3.72 1.65 4.90

10 0.72 0.67 2.40 2.66 3.36 1.65 3.27

20 0.73 0.69 2.30 2.83 3.13 1.70 2.90

50 0.78 0.74 2.11 2.65 2.84 1.77 2.24

100 0.82 0.71 2.12 2.40 2.55 1.78 2.53

250 0.78 0.71 2.17 2.50 2.60 1.72 2.50

550 0.72 0.73 2.15 2.80 2.76 1.82 2.37
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tion happening between the adsorbent and adsorbate is

considered as physical interaction and if it is more than

8 kJ/mole, the interaction is chemical in nature. However,

it should be noted that this is applicable for gases adsorp-

tion on solid surfaces.

Temkin isotherm

The Temkin isotherm considers only the chemical inter-

actions happening between the adsorbate and adsorbent.

The model assumes that the energy of adsorption of the

adsorbate on the surface decreases linearly with coverage

rather than logarithmically. The non-linear expression for

the Temkin model is shown in Eq. 8.

qe¼
RT

b

� �
lna þ RT

b

� �
lnCe ð8Þ

where b is the variation in adsorption energy and a is the

binding constant corresponding to the maximum binding

energy.

The adsorption isotherm of Eu(III) on all SIRs were

determined and the variation in the loading behavior

Eu(III) as a function of Eu(III) concentration in aqueous

(a) (b)

(c) (d)

Fig. 6 The non-linear fitting of various adsorption isotherm models.

a Un-irradiated 30% CMPO ? 10% HDEHP/ADS 400 resin,

b 550 kGy irradiated 30% CMPO ? 10% HDEHP/ADS 400 resin,

c un-irradiated 30% CMPO/ADS 400 resin, d 550 kGy irradiated

30% CMPO/ADS 400 resin, Aqueous phase = 3 M nitric acid
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phase is shown in Figs. 6 and 7. Since the concentration of

nitric acid in HLLW is in the range of 3–4 M the loading of

Eu(III) was studied only at 3 M nitric acid medium. The

initial concentration of Eu(III) in aqueous phase was varied

from 10 to 500 mg/L. It can be seen from Figs. 6 and 7 that

the loading of Eu(III) in the SIR phase increases rapidly

with increase in the concentration of Eu(III) in aqueous

phase in the beginning of the isotherm and thereafter the

variation is gradual leading to saturation. The adsorption

data were fitted with various model equations, discussed

above and the non-linear fitting of the data are also shown

in Figs. 6 and 7. The fitting constants determined from the

non-linear curve fitting are displayed in Table 2.

It can be seen from Table 2 that the adsorption data are

described well by the Langmuir model with R2

value[ 0.96 in all cases. The apparent experimental

capacity of Eu(III) adsorption on the un-irradiated CMPO

SIR is about 12 mg/g and its magnitude increased to

17.4 mg/g in the presence of HDEHP i.e. in CMPO ? H-

DEHP SIR. A similar behavior is also observed for

TEHDGA SIR and TEHDGA ? HDEHP SIR. It is

important to note that the value of KL, that determines the

affinity of Eu(III) towards the adsorbent, is more when

TEHDGA is present in the adsorbent as compared to

CMPO SIR. In addition, the presence of HDEHP in

TEHDGA SIR lowered the value of KL to a significant

extent. Comparing the apparent experimental capacity

(a) (b)

(c) (d)

Fig. 7 The non-linear fitting of various adsorption isotherm models.

a Un-irradiated 30% TEHDGA ? 10% HDEHP/ADS 400 resin,

b 550 kGy irradiated 30% TEHDGA ? 10% HDEHP/ADS 400

resin\, c un-irradiated 30% TEHDGA/ADS 400 resin d 550 kGy

irradiated 30% TEHDGA/ADS 400 resin. Aqueous phase = 3 M

nitric acid
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value determined for irradiated and un-irradiated SIRs, it

can be seen that the capacity (qm) was not affected to any

significant extent with the increase of absorbed dose in case

of CMPO or TEHDGA SIRs. However, in case of

CMPO ? HDEHP or TEHDGA ? HDEHP SIR, the qm

values decreased upon irradiation (550 kGy).

The Freundlich fitting constants obtained from non-lin-

ear curve fitting of the experimental data are displayed in

Table 2. It can be seen that fitting of the data is not as good

as Langmuir model fitting. The R2 value for Freundlich

fitting ranges from 0.78 to 0.93. In the un-irradiated SIR the

Kf values increased upon adding the acidic extractant to the

neutral extractant present in the resin. However there is no

definite sequence in case of irradiated SIR. The values of 1/

n ranges from 0.13 to 0.26 for both irradiated and un-

irradiated SIR indicating the surface is heterogeneous.

The Table 2 also shows the parameters derived from the

fitting of the Temkin adsorption model to the experimental

data. The adsorption energy b (in kJ/mol) obtained for both un-

irradiated and irradiated adsorbent are nearly comparable.

Among the various models described above the experimental

data were best fitted using the D-R adsorption model. Based on

the value of correlation coefficients (R2 value) and low Chi

square value, the Eu(III) adsorption data in irradiated and un-

irradiated adsorbents follows the order D-R model[Lang-

muir[Temkin[Freundlich. The fitting constants obtained

for the experimental data using D-R isotherm are displayed in

Table 2. It can be seen that the adsorption capacity (qm)

obtained from D-R isotherm is comparable to the value of qm,

obtained from Langmuir model. Moreover, the study shows

that the adsorption capacity of the adsorbent was not affected to

a significant extent even after irradiation up to 550 kGy

absorbed dose as discussed above.

Table 2 Fitting constants and statistical parameters obtained from various adsorption isotherms

Un-irradiated Irradiated

qm (mg/g) KL (mL/mg) R2 v2 qm (mg/g) KL (mL/mg) R2 v2

Langmuir adsorption Isotherm

30% CMPO 11.83 13.36 0.96 0.47 12.67 26.69 0.99 0.07

30% CMPO ? 10% HDEHP 17.43 13.50 0.99 0.32 11.9 17.43 0.99 0.066

30% TEHDGA 10.26 187.05 0.96 0.49 10.69 107.53 0.98 0.29

30% TEHDGA ? 10% HDEHP 17 86.01 0.98 0.67 12.33 54.17 0.99 0.15

Kf (mg/g) 1/n R2 v2 Kf (mg/g) 1/n R2 v2

Freundlich adsorption Isotherm

30% CMPO 10.51 0.25 0.93 0.91 11.92 0.2 0.79 3.68

30% CMPO ? 10% HDEHP 15.37 0.26 0.9 3.47 10.74 0.23 0.81 2.87

30% TEHDGA 10.72 0.13 0.83 1.96 11.37 0.15 0.84 1.93

30% TEHDGA ? 10% HDEHP 17.31 0.16 0.82 6.27 12.35 0.16 0.78 3.56

b (kJ/mol) a (mL/g) R2 v2 b (kJ/mol) a (mL/g) R2 v2

Temkin adsorption isotherm

30% CMPO 1.5 534 0.94 0.81 1.3 615 0.91 1.55

30% CMPO ? 10% HDEHP 0.97 423 0.93 2.48 1.2 307 0.93 1.06

30% TEHDGA 2.4 38194 0.92 0.89 1.8 6633 0.94 0.68

30% TEHDGA ? 10% HDEHP 1.3 8523 0.92 2.83 1.5 2318 0.90 1.60

Qm(mg/g) E(kJ/mol) R2 v2 Qm(mg/g) E(kJ/mol) R2 v2

D-R adsorption Isotherm

30% CMPO 11.47 5.78 0.97 0.40 12.93 6.75 0.98 0.32

30% CMPO ? 10% HDEHP 17 5.68 0.99 0.32 11.91 6.66 0.988 0.18

30% TEHDGA 10.73 10.92 0.988 0.14 11.37 9.30 0.99 0.07

30% TEHDGA ? 10% HDEHP 18.04 9.05 0.98 0.51 12.87 8.13 0.98 0.29

The fitting constants obtained for irradiated SIR (550 kGy) are compared with un-irradiated systems
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Conclusions

The SIRs containing the neutral and acidic extractants

namely CMPO ? HDEHP and TEHDGA ? HDEHP have

been prepared and evaluated for the radiolytic stability of

the SIR toward gamma radiation. The SIRs were irradiated

up to the absorbed dose level of 550 kGy. The results were

compared with gamma irradiated CMPO or TEHDGA or

HDEHP SIRs as well as with the un-irradiated SIRs. The

extraction of Am(III) in SIR was studied 3 M nitric acid

and 0.01 M nitric acid. The distribution coefficient of

Am(III) and Eu(III) decreased with increase of absorbed

dose. At 3 M nitric acid, the distribution coefficient of

these metal ions in the neutral extractant impregnated was

higher than that observed in the neutral ? acidic extractant

impregnated resin due to antagonistic effect. On the other

hand, at 0.01 M nitric acid, the presence of neutral extra-

cant along with HDEHP in the resin, enhanced the

extraction Am(III) and Eu(III) due to synergism. Since

TEHDGA exhibits higher extraction as compared to

CMPO, the distribution coefficient of Am(III) and Eu(III)

was more whenever TEHDGA was present in the resin

phase as compared to CMPO SIR. The loading behavior of

Eu(III) as a function of Eu(III) concentration in aqueous

phase in various SIRs was fitted using Langmuir, Fre-

undlich, Temkin and D-R models. Based on the statistics of

fitting, the Eu(III) adsorption data was best fitted in the

following order D-R model[Langmuir[Temkin[
Freundlich. The adsorption capacity obtained from D-R

isotherm was comparable with the capacity obtained from

Langmuir model and the results also revealed that the

adsorption capacity was not affected to any significant

extent in these SIRs, even at the absorbed dose level of

550 kGy. Therefore, these SIRs can be used for the single

cycle separation of Am(III) from high-level liquid waste.
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