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1 Introduction

Abstract: Diglycolic acid modified zirconium phosphate
(ZrP-DGA) was prepared and studied for the extraction of
Am(III) and Eu(III) from dilute nitric acid medium. The
distribution coefficient (Kd, mL·g− 1) of Am(III) and Eu(III)
was measured as a function of time, pH and concentration
of Eu(III) ion etc. The Kd of Am(III) and Eu(III) increased
with increase of pH, reached a maximum value of distribution coefficient at pH 1.5 – 2, followed by decrease in Kd
values. Rapid extraction of Am(III) and Eu(III) in ZrP-DGA
was observed followed by the establishment of equilibrium occurred in 100 min. Kinetics of extraction was fitted in to pseudo second order rate equation. The amount
of Eu(III) loaded in ZrP-DGA increased with increase in
the concentration of Eu(III) ion in aqueous phase and
the isotherm was fitted in to Langmuir and Freundlich
adsorption models. The extraction of Am(III) in ZrP-DGA
was higher as compared to Eu(III) and the interference of
Eu(III) on the extraction of Am(III) was studied. The distribution coefficient of some lanthanides in ZrP-DGA was
measured and the Kd of lanthanides increased across the
lanthanide series. The extracted trivalent metal ions were
recovered in three contacts of loaded ZrP-DGA with 0.5 M
nitric acid.

The PUREX raffinate rejected after the extraction of
U(VI) and Pu(IV) from the spent nuclear fuel dissolver
solution is known as high-level liquid waste (HLLW)
[1]. The trivalent actinides such as Am(III) and Cm(III)
are inextractable by the PUREX solvent, and therefore
they are rejected to HLLW. The radiotoxicity of HLLW is
essentially arising from these alpha emitting nuclides
[2], even though they are present in very low concentrations in HLLW [3, 4], and therefore, it calls for the safe
management of HLLW. At present, partitioning of trivalent actinides from HLLW followed by transmutation of
them into short-lived or stable products (P & T strategy)
is considered as a viable strategy for the long-term safe
management of HLLW [5–8]. However, the separation of
trivalent actinides from HLLW is not an easy task, due to
the presence of chemically similar lanthanides, in high
concentrations, and in 3–4 M nitric acid medium prevailing in HLLW. Under such conditions, the separation
factor of actinides over lanthanides is extremely difficult to achieve. In view of this, the current approach for
the P & T strategy is a two-cycle [9, 10] solvent extraction
process, in which the trivalent lanthanides and actinides
are extracted together as a group from HLLW, followed
by their recovery together using dilute nitric acid in the
first-cycle. The concentration of nitric acid employed
during recovery usually falls in the range of 0.001 M to
0.1 M. The transmutation of actinides demands the separation of trivalent actinides from lanthanides present
in dilute nitric acid medium, since the presence of lanthanides in the actinides product reduces the efficacy
of transmutation. Therefore, the mutual separation
of lanthanides and actinides is carried out from dilute
nitric acid medium, in the second-cycle [11–13]. This is
followed by transmutation of actinides.
Mutual separation of lanthanides (Ln) and actinides
(An) is a challenging task, since both actinides and lanthanides exist in trivalent oxidation state in the feed solution.
The methods developed so far, for the Ln-An separation
usually exploits the finer differences in the chemical

Keywords: Diglycolamic acid, modified zirconium phosphate, americium, europium, distribution coefficient.

*Corresponding author: K.A. Venkatesan, Fuel Chemistry Division,
Indira Gandhi Centre for Atomic Research, Kalpakkam – 603 102.
India, Tel.: +91 44 27480500 ext-24082,
E-mail: kavenkat@igcar.gov.in
B. Robert Selvan, A.S. Suneesh and M.P. Antony: Fuel Chemistry
Division, Indira Gandhi Centre for Atomic Research, Kalpakkam 603
102, India
K. Dasthaiah and R.L. Gardas: Department of Chemistry, Indian
Institute of Technology – Madras, Chennai 600 036, India

Brought to you by | UCL - University College London
Authenticated
Download Date | 1/24/17 7:09 AM

2

B. Robert Selvan et al., Studies on the extraction of Am(III) and Eu(III) from dilute nitric acid medium

behavior of lanthanides and actinides towards various
ligands. Several solvent extraction based separation
methods have been reported for the mutual separation of
lanthanides and actinides [11–13]. However, the studies on
the mutual separation of lanthanides and actinides using
solid phase adsorbents are very limited. Even though, the
methods based on solvent extraction are popular for the
separation and recovery of target metal ions, the solid
phase extraction method is an apt method for the mutual
separation of lanthanides and actinides owing to the fact
that actinides are present in very small concentrations in
the feed solution.
Inorganic adsorbents are proven candidates for the
separation and recovery of hazardous metal ions from
aqueous waste streams [14]. It is well recognized that
inorganic ion adsorbents are the suitable candidates for
the separation of fission products, especially 137Cs and
90
Sr from nuclear wastes [15]. They are characterized by
the extraordinary selectivity towards fission products
and excellent radiation stability. In addition, the fission
product trapped inorganic material can be directly immobilized to a ceramic or glass form for final disposal [16–18].
Excellent reviews by Clearfield [19–21]; Mimura [22] and
others [23, 24] describe the recent developments in inorganic adsorbents and their applications in the treatment
of nuclear waste. Zirconium phosphate (Zr–P) [25], ammonium molybdophosphate (AMP) [26] and crystalline silico-titanate [27] are proposed as the promising inorganic
sorbents for the efficient separation of 137Cs and polyantimonic acid [28] for 90Sr from acid solution. However,
the studies on the extraction of trivalent actinides and
lanthanides from dilute nitric acid medium (pH 1 to pH 3)
are very limited owing to the poor selectivity exhibited by
these inorganic materials.
To enhance the selectivity of inorganic adsorbents
towards trivalent actinides, it is necessary to modify the
surface of the adsorbent with task specific ligands suitable for actinide extraction [29]. In the recent past, the
task specific ligands anchored on inorganic solid supports such as silica, titania etc. are receiving increased
attention and they are being investigated for the adsorption of radiotoxic metal ions [30–32]. In the present
paper, we report the synthesis of diglycolic acid modified zirconium phosphate (ZrP-DGA) and studies on the
extraction of Am(III) and Eu(III) from aqueous nitric
acid medium. Diglycolic acid is similar to diglycolamic
acid which is regarded as a promising candidate for the
mutual separation of Am(III) and Eu(III) from dilute
nitric acid medium. Since diglycolic acid posses two carbonyl group and an etheric oxygen atom, it is expected
to exhibit high extraction of trivalent lanthanides and

actinides from dilute nitric acid medium. In view of this,
diglycolic acid was chemically attached on the surface
of zirconium phosphate and studied for extraction of
Am(III) and Eu(III) from dilute nitric acid medium. Since
the nitric acid concentration range in the feed solution
for Ln-An separation falls in the range of 0.001 M to 0.1 M,
this acid concentration range was chosen for extraction
studies. The effect of various parameters such as duration of equilibration, concentrations of nitric acid and
europium ion on the distribution coefficient of Am(III)
and Eu(III) in ZrP-DGA was studied. The conditions
needed for efficient separation of americium(III) from
europium(III) was identified. The results are reported in
this paper.

2 Experimental
2.1 Materials and methods
All the chemicals and reagents used in the study were of
analytical grade. Zirconyl chloride was procured from SD
Fine Chemicals Limited. Ortho Phosphoric acid (85%) was
procured from E-Merck. Diglycolic anhydride (98% purity)
was procured from Sigma Aldrich Chemicals. All these
chemicals were used without any purification. (152 + 154)EuCl3
tracer was purchased from Board of Radiation and Isotope
Technology, Mumbai and 241Am(III) was received from Oak
Ridge National Laboratory as Am2O3 and dissolved in
nitric acid.

2.2 Preparation of ZrP-DGA
Zirconium phosphate was prepared by the procedure
described elsewhere [33]. It involved the addition of 1 M
phosphoric acid solution (250 mL), drop-wise, to 0.1 M
zirconyl chloride (250 mL) taken in a round bottom flask.
The mixture was stirred efficiently and adjusted to pH
1 to obtain white colored zirconium phosphate. To this
zirconium phosphate, the diglycolic anhydride (DGAn)
was added and the mixture was refluxed for about 3 h
at 333 K. The quantity of DGAn added to the mixture
was varied from 2 to 6 g. The precipitate obtained was
filtered, washed thoroughly with distilled water (till
Cl − was free) and dried at 343 K. The reaction scheme is
shown in Figure 1. The product obtained without DGAn
was abbreviated as ZrP and with DGAn was abbreviated
as ZrP-DGA.
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2.5 Adsorption isotherm
Batch experiments were conducted at 298 K by equilibrating 0.05 g of ZrP-DGA with 10 mL of nitric acid solution
(pH 2) containing various concentrations of europium
nitrate (europium concentration varied from 10 mg·L− 1
to 1000 mg·L− 1) spiked with (152 + 154)Eu tracer. The testtubes were rotated with a constant speed of 50 rpm for a
period of 3 h. Aliquots were withdrawn from the aqueous
phase before and after extraction. The amount of Eu(III)
extracted in ZrP-DGA was determined, as described above.

Figure 1: Reaction scheme for the synthesis of ZrP-DGA.

2.3 Batch studies
All the extraction experiments were conducted at 298 K.
The batch equilibration experiments involved mixing of
0.05 g ZrP-DGA with 10 mL of dilute nitric acid solution
spiked with 241Am or (152 + 154)Eu tracer. The solution and
ZrP-DGA were taken in a 20 mL stoppered tube and mixing
was achieved by rotating the test tube, at 50 rpm, in upside-down rotation. After 3 h of equilibration the mixture
was allowed to settle and an aliquot (1 mL ) was taken
from the supernatant aqueous phase. The radioactivity of
241
Am or (152 + 154)Eu present in aqueous phase was measured
using a well-type NaI(Tl) scintillation detector coupled
with single channel analyser. The distribution coefficient
was determined from the radioactivity measurement of
aqueous phase and using equation 1.
 A − Af   V 
K d (mL ⋅ g −1 ) =  0
×
 A f   m 

2.6 Interference study
The extraction of Am(III) in presence of Eu(III) was conducted by equilibrating 0.05 g of ZrP-DGA with 10 mL of
nitric acid solution (pH 2) containing various concentrations of europium nitrate (europium concentration
varied from 10 mg·L− 1 to 1000 mg·L− 1) spiked with 241Am
tracer. The test-tubes were rotated with a constant speed
of 50 rpm for a period of 3 h. Aliquots were taken from
the aqueous phase before and after extraction. The radioactivity of 241Am in the aqueous solution was measured
by using a well – type NaI(Tl) scintillation detector. The
amount of Am(III) extracted in ZrP-DGA was measured
from the initial and final radioactivity values, as described
above.

(1)

2.7 Instrumentation

where A0 and Af are the initial and final radioactivity of
aqueous phase. V (in mL) is the volume of aqueous phase,
and m (in gram) is the mass of the adsorbent taken for
equilibration.

The X-ray diffraction pattern of the sorbent was obtained
using a Philips 1011 X-ray diffractometer (operating with
40 KV and 45 mA) with Cu Kα (1.5406 Å) radiation. Ultima
C spectroanalyser (Jobin Yvon, France) equipped with ICP
excitation source was used in the present study.

2.4 Kinetic studies
The rate of uptake of Am(III) or Eu(III) in ZrP-DGA was
studied by equilibrating 0.05 g of ZrP-DGA with 10 mL
of dilute nitric acid solution (pH 2) spiked with 241Am
or (152 + 154)Eu tracer. At various intervals of time the equilibration was stopped and an aliquot (1 mL) was taken
from the aqueous phase. From the initial activity and
the activity after equilibration, the percentage of Am(III)
or Eu(III) extracted in ZrP-DGA was calculated by using
equation 2.
 A − Af 
% Extraction =  0
 × 100
 A0 

(2)

3 Results and discussion
3.1 Characterization of ZrP-DGA
Zirconium phosphate (ZrP) was prepared by the procedure [33] described in Section 2.2. The quantity of diglycolic anhydride added to ZrP during synthesis was varied
from 2 to 6 g. After the synthesis, the distribution coefficient of Am(III) was measured in ZrP at pH 2 as well
as DGA modified ZrP, namely ZrP-DGA at pH 2, and the
results are displayed in Table 1. It can be seen that the
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Table 1: Distribution coefficient of Am(III) at pH 2 in ZrP and
ZrP-DGA prepared at various quantities of DGAn.
Kd of Am(III) at pH 2/mL·g− 1

Diglycolic anhydride (DGAn)/g
Nil
2
3
5
6

51 ± 2
2348 ± 20
3154 ± 20
5582 ± 20
5587 ± 20

Volume of 0.1 M zirconyl chloride taken for synthesis = 250 mL.
Volume of 1 M phosphoric acid taken for synthesis = 250 mL.

distribution coefficient of Am(III) in ZrP is ∼ 50 mL·g− 1.
However the distribution coefficient increased to the
value of ∼ 2300 mL·g− 1 when 2 g of diglycolic anhydride
(DGAn) was added to ZrP during synthesis. This indicates
that DGAn modifies the surface of ZrP and enhances the
distribution coefficient of Am(III). Diglycolic anhydride
contains an etheric oxygen and a couple of > C=O groups.
During the reaction of DGAn with ZrP, it is quite likely
that DGAn undergoes a reaction with ZrP leading to
the formation of diglycolic acid over the surface of ZrP,
as shown in Figure 1. Since diglycolic acid is similar to
diglycolamic acid which is a well- known reagent [11] for
the extraction of trivalent metal ions from dilute nitric
acid medium, the distribution coefficient of Am(III) in
ZrP-DGA increased to ∼ 2300 mL·g− 1 when DGAn was
added to ZrP during synthesis. Moreover, the distribution coefficient of Am(III) in ZrP-DGA further increased
with increase in the quantity of DGAn added during

synthesis, as shown in Table 1. However, the increase in
Kd of Am(III) was insignificant after adding 5 g of DGAn
during synthesis. Therefore, bulk of ZrP-DGA was synthesized by adding 5 g of DGAn to ZrP and the product
obtained was employed for all other extraction studies.
Figure 2 shows the XRD pattern of ZrP and ZrP-DGA. The
XRD pattern of ZrP matches well with the XRD pattern
of zirconium phosphate reported in literature (JCPDS
34-0127, [34]). Moreover, it can be seen that the pattern
obtained after DGAn modification (ZrP-DGA) is similar to
ZrP. This indicates that introduction of diglycolamic acid
in ZrP does not alter the structure of ZrP to any significant extent, indicating the matrix is intact.

3.2 Kinetics of extraction
The rate of extraction of Am(III) and Eu(III) in ZrP-DGA
was studied and the results are shown in Figure 3. It can
be seen that the percentage of extraction of Am(III) and
Eu(III) in ZrP-DGA increases with increase in the duration
of equilibration and the equilibrium was established in
100 min. Therefore, for all extraction studies, equilibration was conducted for about 3 h to ensure the establishment of equilibrium. To understand the kinetics of
extraction, the uptake of Am(III) and Eu(III) in ZrP-DGA
was modeled with the pseudo-first order and pseudo-second order kinetics equation. It is well-recognized [35] that
the rate of extraction of metal ions in solid phase can be
given by the pseudo-first order and pseudo- second order
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Figure 2: Powder X-Ray diffraction pattern of ZrP and ZrP-DGA. The
XRD pattern of ZrP matches with std. zirconium phosphate JCPDS
34-0127.

Figure 3: Variation in the percentage extraction of Am(III) and Eu(III)
as a function of time, fitted using pseudo-second order rate equation. Adsorbent phase: ZrP-DGA (0.05 g), Aqueous Phase: pH 2 solution (nitric acid medium) (10 mL), spiked with 241Am or (152 + 154)Eu
tracer at 298 K.
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rate equations of the form shown in equations 3 and equation 4, respectively.

)

(3)

qe2 k 2 t
1 + qek 2 t

qt =

(4)

where qt is the amount of metal ions extracted at a time t
in mmoL·g− 1, qe (in mmoL·g− 1) is the amount of metal ion
extracted at equilibrium, and k1 and k2 are the pseudofirst order and pseudo-second order rate constants.
The extraction data shown in Figure 3 was fitted
into these first-order and second order rate equations by
non-linear regression. The fitting constants and the statistical parameters obtained by fitting are tabulated in
Table 2. It can be seen that the R2 values are more and χ2
is low for second order fitting (i. e. equation 4). Therefore the experimental data was fitted in to second order
rate equation and displayed in Figure 3. It is interesting
to note from Figure 3 that the extraction of Am(III) is
more as compared to Eu(III). This result is in contrast to
data reported for the extraction of these trivalent metal
ions in alkyl diglycolamic acid, in solvent extraction [11]
mode as well as the solid phase adsorption modes [36].
The oxygen donor ligands generally extract Eu(III) more
as compared to Am(III) owing to the hard-acid and soft
base (HSAB) concept [37]. However, higher extraction of
Am(III) over Eu(III) obtained in ZrP-DGA is not clear at
present, perhaps it could be attributed to the matrix effect
of ZrP. In view of the above, the pseudo-second order rate
constant (k2) obtained for the extraction of Am(III) is more
as compared to Eu(III).

3.3 Extraction of Am(III) and Eu(III)
The variation in the distribution coefficient of Am(III)
and Eu(III) in ZrP-DGA as a function of pH is shown in
Figure 4. The data are compared with those obtained in
the extraction of Am(III) and Eu(III) by diglycolamic acid
impregnated chromatographic resin [36]. In addition,

Table 2: Pseudo-first order and pseudo-second order rate constants
obtained by non-linear regression of the kinetics of extraction.
Metal
ion

Pseudo-first order
k1/min

−1

2

R

2

Pseudo-second order
R2

χ2

0.007 ± 0.01 0.9943
0.01 ± 0.01 0.9839

3.8
7.3

χ k2/L·mol ·min − 1

Am(III) 0.33 ± 0.03 0.9548 30.7
Eu(III) 0.36 ± 0.02 0.9576 31.2

−1

Separation factor

− k1 t

Kd/mL·g–1

(

qt = qe 1 − e

pHini

Figure 4: Variation in the distribution coefficient of Am(III) and
Eu(III) as a function of initial pH of aqueous phase. Adsorbent
phase: ZrP-DGA (0.05 g), Aqueous phase: Nitric acid at various pH
(10 mL), spiked with 241Am or (152 + 154)Eu tracer at 298 K. The distribution ratio of Am (III) and Eu(III) in diglycolamic acid impregnated ADS
400 resin was taken from reference [36]. The distribution values
agree with in ± 5%.

the extraction data is also compared with the extaction
of Am(III) observed in ZrP (without modification). It can
be seen that the distribution trend obtained in diglycolamic acid impregnated resin (ADS 400) increased
with increase of pH, as expected for the carboxylic acid
functional moiety. The distribution coefficient of Am(III)
observed in ZrP is much lower than those observed in
ZrP-DGA. A maximum distribution coefficient of
∼ 50 mL·g− 1 is observed for the extraction of Am(III) in ZrP
at pH 2. The Eu(III) distribution values in ZrP were much
lower than Am(III) (not shown in Figure 4 for clarity). In
contrast to these observations, the distribution coefficient
of Am(III) in ZrP-DGA increases with increase of pH of
aqueous phase, reaches a maximum Kd value at pH 2 followed by decrease in Kd values. In case of Eu(III) extraction,
the maximum Kd value is obtained at pH 1.5. The reason
for the increase in the distribution coefficient of these trivalents in ZrP-DGA could be due to the presence of diglycolic acid on the surface of ZrP-DGA. Since, the diglycolic
acid contains a couple of carbonyl groups and an etheric
oxygen atom, it is expected to exhibit high extraction of
trivalent lanthanides and actinides from dilute nitric acid
medium. The initial increase in the distribution coefficient
of Am(III) and Eu(III) with increase of pH could be due to
the increase in the dissociation of carboxylic acid present
on the surface of ZrP (see Figure 1). However the fall in the
distribution coefficient observed after reaching maximum
is not clear at present. In addition, the Kd value of Am(III)
is more in ZrP-DGA as compared to Eu(III) at all pH values
investigated in the present study. This observation is in
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contrast to the extraction trend reported for the extraction
of Am(III) and Eu(III) in diglycolamic acid impregnated
chromatographic resin [36] (see Figure 4). In addition, the
extraction trend obtained using diglycolamic acid through
solvent extraction mode [11] (not shown in the plot) resembles the extraction trend obtained in diglycolamic acid
impregnated resin. Since the difference between diglycolamic acid extractant impregnated resin and ZrP-DGA is
only the solid phase, the study indicates that the matrix
ZrP seems to play a profound role in altering the selectivity of these trivalent metal ions. More studies are needed
in this direction to bring out the importance of matrix ZrP
and insights of extraction.
Figure 4 also shows the separation factor (Kd,Am(III)/
Kd,Eu(III)) of Am(III) over Eu(III) obtained at different pH
values. It can be seen that the separation factor increases
with increase of pH, reaches a maximum value at pH 2,
followed by decrease. It is important to note that a separation factor of ∼ 25 can be obtained for the separation of
Am(III) over Eu(III) at pH 2, without the need of any external complexing reagents, which is usually required for
such separations.

3.4 Extraction isotherm
Figure 5 shows the variation in the amount of Eu(III)
extracted in ZrP-DGA (mg·g − 1) as a function of amount
of Eu(III) present in aqueous phase (mg·L− 1). The extraction of Eu(III) in ZrP-DGA was carried out from pH 2 solution. It can be seen that the amount of Eu(III) extracted

in ZrP-DGA increases with increase in the amount of
Eu(III) present in aqueous phase. The experimental data
obtained were fitted to Langmuir [38] or Freundlich [39]
adsorption isotherms of the form given by equation 5 and
6, respectively.
qsor =

KL bqsol
1 + KLqsol

qsor = KF qsol 

β

(5)

(6)

where qsol is the amount of Eu(III) present in aqueous
phase at equilibrium (in mg·L− 1), qsor is the amount of
metal ion loaded in ZrP-DGA at equilibrium (in mg·g− 1),
KL (in L·mg− 1) and KF (in L·mg− 1) are the Langmuir and
Freundlich constants, b is the apparent extraction capacity (in mg·g− 1) and β (0 < β < 1) is a measure of heterogeneity of the sorbent [40]. The Langmuir and Freundlich
constants are related to the energy of adsorption and
therefore they are regarded as the measure of affinity [41]
of Eu(III) ions towards ZrP-DGA. When β = 1, the adsorbent
is said to be homogeneous and all the adsorption sites are
indistinguishable with respect to energy of adsorption.
From Langmuir adsorption isotherm (equation 5), it can
be shown that qsor → b at high concentration of metal ions
in aqueous phase, that is at high qsol values. Non-linear
regression of the experimental data using equation 5 and
6 are shown in Figure 5. The regression coefficients and
χ2 values are shown in Figure 5. From Langmuir fitting,
the apparent extraction capacity of Eu(III) in ZrP-DGA was
determined to be 72 mg·g− 1 at pH 2.

3.5 Effect of lanthanides

qsorb/mg·g–1

Solid line: langmuir
KL = 31.7 L·mg–1, b = 72.62 mg·g–1
R2 = 0.9709, χ2 = 31.5
Dotted line: Freundlich
KF = 19.5 L·mg–1, β = 0.22
R2 = 0.96, χ2 = 41.39

qSol /mg·L–1

Figure 5: Langmuir and Freundlich adsorption isotherms for the
extraction of Eu(III) in ZrP-DGA. Adsorbent phase: ZrP-DGA (0.05 g),
Aqueous Phase: Europium nitrate in nitric acid medium at pH 2
(10 mL), spiked with (152 + 154)Eu tracer at 298 K.

Significant quantities of lanthanides are formed as fission
products in the nuclear fuel [42]. These lanthanides coexist
along with Am(III) since the chemical behavior of these
trivalent lanthanides are similar to Am(III) [43]. The quantity of lanthanides present in the feed solution could vary
from 50 mg·L− 1 to 1000 mg·L− 1 depending upon the type of
fuel employed in a nuclear reactor and burn-up achieved.
However, the concentration of alpha emitting Am(III)
(∼ 10 mg·L− 1 to 20 mg·L− 1) present in the fuel is very small
as compared to the total quantity of lanthanides. Since the
concentration of nitric acid in the feed solution for lanthanide-actinide separation could vary from 0.001 M to 0.1 M,
as discussed above (in Section 1), it is necessary to study
the effect of the lanthanides on the distribution coefficient
of Am(III) in ZrP-DGA at pH 2. For this purpose, the distribution coefficient of Am(III) was measured as a function
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of Eu(III) concentration present in aqueous phase, and
Eu(III) was considered as a lanthanide representative
in this case. The quantity of Eu(III) present in aqueous
phase was varied from 10 mg·L− 1 to 1000 mg·L− 1, where
as the quantity of Am(III) was fixed at 10 mg·L− 1 in the
feed solution. The results are shown in Figure 6. It can be
seen the distribution coefficient of Am(III) is not altered
to any significant extent, when the quantity of Eu(III) was
varied from 10 mg·L− 1 to 100 mg·L− 1. Thereafter, the Kd of
Am(III) decreased with increase in the quantity of Eu(III)
in aqueous phase. The study, thus, shows that the extraction of Am(III) in ZrP-DGA is unaffected by the presence of
Eu(III) to the extent of 100 mg·L− 1.
Since the other lanthanides also coexist with Eu(III)
in the feed solution, the distribution coefficient of lanthanum to dysprosium in ZrP-DGA was measured at pH 2
and the results are shown in Figure 7. It can be seen that
the distribution coefficient increases from lanthanum
to dysprosium. However, the distribution coefficient of
Dy(III) (∼ 3300 mL·g− 1) (Figure 7) at pH 2 is lower than
that of Am(III) (∼ 6000 mL·g− 1) under similar conditions
(Figure 4). This indicates that Am(III) can be extracted
efficiently even in the presence of Dy(III).

3.6 Recovery and recycling

% Extraction of Am(III)

From the Figure 4, it was learnt that the distribution coefficient of Am(III) and Eu(III) was very low at nitric acid
concentration (lower than 0.1 M). Therefore, 0.5 M nitric
acid solution can be used for the recovery of Am(III) and
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Ln(III)

Figure 7: Distribution co-efficient of various lanthanides in ZrP-DGA
at pH 2 at 298 K. Adsorbent phase: ZrP-DGA (0.05 g), Aqueous
phase: lanthanide nitrate (250 mg·L− 1 ) in nitric aicid medium at pH
2 (10 mL). The initial and final concentration of lanthanides was
measured using ICP- MS.

Eu(III) from the loaded ZrP-DGA. In this context, the initial
extraction of Am(III) and Eu(III) in ZrP-DGA was carried
out at pH 2 and the aqueous phase was separated. Then,
the loaded ZrP-DGA was contacted with 0.5 M nitric acid.
The radioactivity of 241Am and (152 + 154)Eu present in the
aqueous phase was determined. The recovery of Am(III)
and Eu(III) in the first contact was more than 90% and
near quantitative recovery (> 99%) of Am(III) and Eu(III)
was achieved in three contacts of the loaded ZrP-DGA with
0.5 M nitric acid.
In order to recycle the adsorbent after stripping, the
adsorbent was washed with distilled water after stripping
and the distribution coefficient of Am(III) was measured
again at pH 2. A Kd value of ∼ 6000 mL·g− 1 was obtained in
this case, which compares well with the distribution coefficient of Am(III) determined before recycling. This procedure was repeated five times and the distribution coefficient
of Am(III) was found to be comparable with the initial Kd
value of Am(III) before recycling. Therefore, the study indicates the possibility of recovering the loaded Am(III) and
Eu(III) from ZrP-DGA and shows the potential for recycling.

4 Conclusion
Eu(III) in aqueous phase/mg·L–1

Figure 6: Variation in the distribution coefficient of Am(III) as a
function of concentration of Eu(III) in aqueous phase at pH 2. Adsorbent phase: ZrP-DGA (0.05 g), Aqueous phase: Eu(III) nitrate in nitric
acid medium at pH 2 (10 mL), spiked with 241Am tracer at 298 K.

The surface of zirconium phosphate was modified to
diglycolic acid moiety by reacting zirconium phosphate
with diglycolic anhydride. The resultant modified adsorbent, ZrP-DGA, was evaluated for the extraction of Am(III)
and Eu(III) from dilute nitric acid medium. A maximum
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distribution coefficient of ∼ 6000 mL·g− 1 for Am(III) at pH
2 and ∼ 2000 mL·g− 1 for Eu(III) at pH 1.5 was obtained.
A separation factor of ∼ 25 was obtained for Am(III)
over Eu(III) at pH 2. The study showed the possibility of
separating Am(III) from Eu(III) without the need of any
aqueous complexing reagent, which is usually employed
for lanthanide-actinide separation. Rapid extraction of
Am(III) and Eu(III) in the initial stages of equilibration
followed by the establishment of equilibrium occurred in
100 min. The distribution coefficient of Am(III) was unaltered to any significant extent even in the presence of large
amount of Eu(III) (∼ 100 mg·L− 1) present in the feed solution at pH 2. The apparent extraction capacity of ZrP-DGA
was determined to be ∼ 70 mg·g− 1 from Langmuir adsorption isotherm. Quantitative recovery of Am(III) and Eu(III)
from the loaded ZrP-DGA was achieved in three contacts
with 0.5 M nitric acid and ZrP-DGA can be recycled back
for extraction. In contrast to the conventional oxygen
donors, the distribution coefficient of Am(III) was higher
than Eu(III) at all pH values investigated in the present
study indicating the role of ZrP in altering the selectivity.
More studies are needed in this direction to understand
the role of matrix in the extraction of trivalent metal ions.
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