
A

d
(
N
p
U
g
e
r
m
o
©

K

1

l
o
e
c
p
o
q

w
i
s
a
s

0
d

Journal of Hazardous Materials 145 (2007) 315–322

Sequential separation of lanthanides, thorium and uranium using novel
solid phase extraction method from high acidic nuclear wastes

Ch. Siva Kesava Raju, M.S. Subramanian ∗
Department of Chemistry, Indian Institute of Technology, Chennai 600036, India

Received 22 August 2006; received in revised form 17 October 2006; accepted 15 November 2006
Available online 18 November 2006

bstract

A novel grafted polymer for selective extraction and sequential separation of lanthanides, thorium and uranium from high acidic wastes has been
eveloped by grafting Merrifield chloromethylated (MCM) resin with octyl(phenyl)-N,N-diisobutylcarbamoyl-methylphosphine oxide (CMPO)
MCM-CMPO). The grafting process is well characterized using FT-IR spectroscopy, 31P and 13C CPMAS (cross-polarized magic angle spin)
MR spectroscopy and CHNPS elemental analysis. The influence of various physico-chemical parameters during metal ion extraction by the resin
hase are studied and optimized by both static and dynamic methods. The resin shows very high sorption capacity values of 0.960 mmol g−1 for
(VI), 0.984 mmol g−1 for Th(IV), 0.488 mmol g−1 for La(III) and 0.502 mmol g−1 for Nd(III) under optimum HNO3 medium, respectively. The
rafted polymer shows faster rate exchange kinetics (<5 min is sufficient for 50% extraction) and greater preconcentration ability, with reusability
xceeding 20 cycles. During desorption process, sequential separation of the analytes is possible with varying eluting agents. The developed grafted

esin has been successfully applied in extracting Th(IV) from high matrix monazite sand, U(VI) and Th(IV) from simulated nuclear spent fuel
ixtures. All the analytical data is based on triplicate analysis and measurements are within 3.5% rsd reflecting the reproducibility and reliability

f the developed method.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Main constituents in the nuclear spent fuels are actinides
ike uranium, thorium and various fission products. Recovery
f these metal ions is a challenging task because of high acidic
nvironment associated with them [1–3]. Extraction and pre-
oncentration of these valuable metal ions from other fission
roducts is extremely important not only from the point of view
f their limited resource availability, but also to reduce their
uantum for disposal as radioactive wastes [4].

Various methods were adopted for separation of actinides,
hich include precipitation [5] and co-precipitation [6] and

on-exchange chromatography systems [7]. But over the years

olvent extraction (SE) has been proved to be promising in this
spect because of simple operation and using this technique
everal extractants have been developed with various organic
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igands like phosphonic acid based ligands [8], N,N-dialkyl
mides [9], crown ethers [10], �-diketones [11], picoli-
amides [12], calixarenes [13]. Amongst them, octyl(phenyl)-
,N-diisobutylcarbamoyl-methylphosphine oxide (CMPO) is

egarded as one of the best ligand for extraction of transura-
ium elements and used in TRUEX (Trans Uranium Extraction)
rocess [14–18].

Even though SE technique is the widely adopted process,
t suffers from limitations like the third phase formation, dis-
osal of large volumes of extractants and diluents and tedious
xtraction procedures.

More recently, the use of solid phase extractants (SPE) have
een proved to be more advantageous in view of their total insol-
bility in aqueous phase, low rate of physical degradation, no
isposal of toxic organic solvents as waste and it can be recy-
led. In SPE, the organic extractants are anchored to an inert

olymeric support and several methods have been developed
or actinide extractions [19–26].

Thus keeping the positive features of CMPO ligand a
ovel grafted polymer was developed by modifying Merrifield

mailto:mssu@rediffmail.com
dx.doi.org/10.1016/j.jhazmat.2006.11.024


3 urnal of Hazardous Materials 145 (2007) 315–322

c
c
e
o
A
a
f
a

2

2

a
B
P
m
t
U
H
S
u
e
w
l
m

2

w
(
i
s
f
s
r
fi
m
t
a

d
p
D
s
A

2

C
w
w
a
c
t
t
F

2
p

2

i
a
t
w
t

T
O

E

t

M

M
L
S
P

16 Ch. Siva Kesava Raju, M.S. Subramanian / Jo

hloromethylated resin with CMPO ligand. Various physio-
hemical parameters were optimized and discussed in detail for
xtraction of U(VI) and Th(IV). Studies were also performed
n La(III) and Nd(III) as their chemical behavior is similar to
m(III) and also they are used in burn up measurements. The

pplicability was tested for the recovery of U(VI) and Th(IV)
rom synthetic mixtures mimicking nuclear spent fuel and mon-
zite sand.

. Experimental

.1. Instrumentation

The characterization of grafted polymer was done using
Perkin-Elmer Spectrum One model FT-IR spectrometer, a
ruker-Avance 400 model CPMAS NMR Spectrometer and
erkin-Elmer 2400 model CHNS/O analyzer. A Jasco V-530
odel UV–vis spectrophotometer was used for the estima-

ion of U(VI), Th(IV), La(III) and Nd(III). Trace amounts of
(VI) from real and synthetic samples were determined using
itachi F-4500 model fluorescence spectrophotometer. A Varian
pectrAA-20 model flame atomic absorption spectrometer was
sed for the estimation of transition metal ions during interfer-
nce studies. Flow rates during column operations were adjusted
ith a Ravel Hi-Tech S-50 model peristaltic pump. Static equi-

ibration studies were performed using an Orbitek DL model
echanical shaker with shaking rate of 200 rpm.

.2. Chemicals and reagents

U(VI) and Th(IV) standard individual metal ion solutions
ere prepared from UO2(NO3)2·6H2O and Th(NO3)4·5H2O

AR grade, Fluka Chemicals) by dissolving appropriate amounts
n slightly acidified double distilled water. La(III) and Nd(III)
olutions were prepared from the corresponding oxides obtained
rom Indian Rare earths Ltd. Merrifield chloromethylated
tyrene-divinylbenzene resin (capacity [Cl]: ∼5.5 mmol g−1

esin, 16–50 mesh) obtained from Fluka chemicals was puri-

ed by washing with distilled water, 1:1 ethanol and water
ixture followed by washing with absolute ethanol to remove

he monomer impurities. Finally, the beads were filtered, dried
nd vacuumized prior to usage. The ligand octyl(phenyl)-N,N-

u
d
1
w

able 1
ptimized experimental parameters for metal ion sorption and desorption

xperimental parameters U(VI)

1/2 (min)a 3.0

etal sorption capacity (mmol g−1)
At optimum HNO3 concentrationb 0.960
At optimum HCl concentrationc 0.420
aximum sample flow rate (mL min−1) 15

ower limit of detection (�g L−1) 20
ample breakthrough volume (L) 6.0
reconcentration factor 400

a t1/2 is minimum time taken for 50% extraction.
b Optimum HNO3 concentration: 4 M for U, Th and lanthanides.
c Optimum HCl concentration: 4 M for U and Th.
Fig. 1. Modification of chloromethylated resin with CMPO.

iisobutylcarbamoyl-methylphosphine oxide (CMPO) with
urity greater than 99.5% was obtained from Fuel Chemistry
ivision, IGCAR, Kalpakkam, India and all other reagents and

olvents were purchased from E-Merck chemicals which are of
R grade.

.3. Synthesis of the resin

The vacuum dried Merrifield resin (5 g) was reacted with
MPO (1.5 equiv.) for 30 h at 70 ◦C, which was initially treated
ith NaH in dry DMF medium. The grafted polymer was washed
ith acetone and ethanol and vacuum dried. To remove the

dsorbed CMPO, the grafted polymer was packed in mini glass
olumn and hexane was passed through the column. Finally
he grafted polymer was filtered and vacuum dried. The syn-
hetic scheme leading to the formation of resin is shown in
ig. 1.

.4. Methods adopted for metal ion extraction and
reconcentration

.4.1. Batch ‘static’ method
Batch method was performed to optimize the basic exper-

mental conditions for quantitative analyte extraction such as
cid concentration dependence, kinetic studies and diverse ion
olerance. For this study, known amounts of resin beads (50 mg)
as equilibrated with known concentrations of metal ion solu-

ion (40 mL, 10 �g mL−1) in 125 mL reagent bottles for 90 min

sing a mechanical shaker at 200 rpm under different acid con-
itions. The extracted metal ions were desorbed using 15 mL of
M ammonium carbonate. The amount of metal ions extracted
ere estimated spectrophotometrically using Arsenazo (III) as

Th(IV) La(III) Nd(III)

3.0 4.0 4.0

0.984 0.488 0.502
0.435 – –

15 10 10
20 15 15

6.0 5.0 5.0
400 333 333
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hromogen for U(VI) (7 M HNO3) [27] and La(III) (pH 3) [28]
t 655 nm and using Thoron as chromogen for Th(IV) (0.5 M
Cl) [28] at 545 nm, respectively.

.4.2. Column ‘dynamic’ method
A glass column (15 cm × 0.4 cm) was packed uniformly with

g of preconditioned resin beads by slurry method and the sam-
le solution was passed through at a constant flow rate using a
eristaltic pump. All column parameters such as break through
olume, sample flow rate and lower limit of analytes quantifi-
ation were optimized using this method. Based on the data
btained from dynamic method, the practical applicability of
he resin matrix was tested for the preconcentration of U(VI)

rom synthetic mixture mimicking nuclear spent fuels in acid
edium and sea water in near neutral conditions and also Th(IV)

rom monazite sand. The optimum parameters for both static and
ynamic methods are listed in Table 1.

w
1

F

Fig. 2. (a) 13C CPMAS NMR spectrum of CMPO grafted polymer.
of Hazardous Materials 145 (2007) 315–322 317

. Results and discussion

.1. Characterization of the resin matrix

The 13C CPMAS NMR spectra showed resonance signal at
08.7 ppm corresponds to the amide carbonyl group present in
he ligand moiety of the grafted polymer, as shown in Fig. 2a.
lso, it could be seen that the more number of resonance signals
ere observed in the 70–20 ppm range indicating the presence
f alkyl groups and also resonance signal at 129 ppm confirms
he presence of phenyl group in the CMPO. The presence of
=O moiety in the grafted polymer was inferred from 31P solid
tate NMR spectra as shown in Fig. 2b, whose resonance signal

ere observed at 53.8 ppm along with side bands at 3.4 and
03.2 ppm.

Each step of the grafting process was monitored using
T-IR spectra. From the spectra it was observed that band

(b) 31P solid state NMR spectrum of CMPO grafted polymer.
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Table 2
Characterization at various stages of functionalization

Item characterized FT-IR spectral data (cm−1) (%) C:H:N:P elemental data

CMPO ligand CH2 aliphatic side chain (2926), P O (1025), C O
(1635, amide)

Theoretical: 70.7,10.3,3.4,7.6; experimental: 71.0, 10.1,
3.5, 7.2

M 63.5) Theoretical: 72.0, 6.1; experimental: 72.9, 6.1
C C O (1636), Theoretical: 76.2, 10.7, 2.4, 5.7; experimental: 75.8,

10.9, 2.8, 5.2
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appreciable extraction of uranium and thorium which form sta-
ble neutral extractable complexes. This observation paved the
way for the separation of lanthanides from uranium and thorium
at these lower HCl concentrations.
errifield chloromethylated resin CH2Cl (672.0), CH2 wagging (12
MPO-grafted polymer CH2 aliphatic side chains (2928),

P O (1023)

t 672 cm−1 corresponding to C–Cl stretching frequency in
nmodified chloromethylated resin has completely disappeared
n the CMPO grafted polymer and new set of bands are observed
t 1028 cm−1(P O), 1264 cm−1 (C N str), 1643 cm−1 (C O),
hereby confirming the grafting process Table 2 and also there
s considerable shift in FT-IR spectra of grafted polymer when
ompared to free ligand (1028 cm−1(P O), 1264 cm−1 (C N
tr)) in fingerprint region proves the effective anchoring of func-
ional group in to the polymeric matrix.

CHNPS elemental analysis was performed during each stage
f the grafting process and the data obtained are given in Table 2.
rom the table it is observed that the experimental (%) values
re in close agreement with the corresponding theoretical values,
hich suggests the presence of one ligand moiety per polymer

epeat unit and also confirms quantitative ligand grafting.

.2. Metal extraction studies by Batch method

.2.1. Influence of acidity for the metal extraction
Nitric acid is the major constituent in nuclear waste as most

f the reprocessing was done in high acid medium. So metal ion
xtraction was studied with varying concentrations of HNO3.
he effect of HCl concentration was also studied because most
f the analytical procedures for metal ion separation and pre-
oncentration from environmental, biological and geological
amples are performed in this medium.

For this study, 0.05 g of the resin beads were batch equili-
rated with metal ion solutions (40 mL, 10 �g mL−1) of different
cid concentrations, for 90 min. The results were expressed in
erms of the distribution ratio (D) using the following expression
29]:

(mL g−1) = (A0 − Af)
V

AfW

here A0 and Af are the metal ion concentration before and after
quilibration, V refers to the overall volume (mL) and W is the
ry weight of the resin matrix (g). It is evident from Fig. 3 that
he grafted polymer is more suitable for extraction of hexava-
ent U and tetravalent Th compared to trivalent lanthanides. The
xtraction of actinides takes place even in high acid medium
nd it is because of the high acidic property of carbamoyl-
ethylphosphine oxide group which shows high affinity towards

ctinides. At high acid conditions, these metal ions will form

table neutral complexes with CMPO ligand and therefore are
xtracted in to polymeric phase.

In HCl medium, both U(VI) and Th(IV) showed similar
xtractive behavior and their extraction decreases after higher

F
i

ig. 3. Nitric acid dependency on analytes extraction; amount of metal ion:
00 �g, amount of resin used: 50 mg, total volume of aqueous phase: 40 mL.

Cl concentrations as shown in Fig. 4. However at lower
oncentrations of HCl (<2 M), there is no extraction of lan-
hanides which may be due to the inability to form strong chloro
omplexes However, at these HCl concentrations, there is still
ig. 4. Hydrochloric acid dependency on analytes extraction; amount of metal
on: 400 �g, amount of resin used: 50 mg, total volume of aqueous phase: 40 mL.



Ch. Siva Kesava Raju, M.S. Subramanian / Journal of Hazardous Materials 145 (2007) 315–322 319

Table 3
Comparison of sorption capacities and preconcentration factors with other solid phase extractants

Sl. no. Polymeric sorbent Resin sorption capacity (mmol g−1) Preconcentration factors References

U(VI) Th(IV) U(VI) Th(IV)

1. Merrifield polymer-CMPO 0.960 0.984 400 400 –
2. Merrifield polymer-TTA 0.138 0.117 350 350 [21]
3. Amberlite XAD-4-Bicene 0.380 0.250 50 50 [22]
4. Amberlite XAD-2-Tiron 0.032 – 150 – [23]
5. Amberlite XAD-4-OVSC 0.012 0.013 125 120 [24]
6. Amberlite XAD-4-octa carboxy methyl-c-methyl 0.270 0.290 100 105 [25]

7 0.558 400 350 [26]
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Fig. 5. Sequential separation of La(III), Th(IV) and U(VI); amount of metal ion:
4
o
1

3

p
0

Calix [4] resorcinarene
. Merrifield polymer-N,N,N′,N′-tetrahexyl

malonamide
0.645

.2.2. Resin metal sorption capacity
The maximum metal sorption capacity of the developed

esin matrix was studied by equilibrating 0.02 g of the grafted
olymer with a solution of excess metal ion concentration
100 mL, 100 �g mL−1) for time duration of 6 h. For this
tudy 4 M HNO3 and 4 M HCl medium was employed for
(VI), Th(IV) and 4 M HNO3 medium was employed for
a(III) and Nd(III). The metal sorption capacities were com-
ared with other literature reported values as given in Table 3,
rom the values it can seen that the grafted polymer is able
o sorb high amount of metal concentration even in high acid

edium.

.2.3. Elution studies
Quantitative desorption of U(VI), Th(IV), La(III) and Nd(III)

as performed with various eluting agents as shown in Table 4.
mong various eluting agents, ammonium carbonate was found

o be successful in quantitatively recovering all the analytes.
he desorption process involves the formation of soluble strong
nionic carbonato complexes of both actinides and lanthanides.
owever with 1 M HCl lanthanides alone are quantitatively

luted. It can also be seen from the figure that with (NH4)2C2O4
s eluting agent only Th is quantitatively removed leaving U
n the resin phase. Thus with 1 M HCl as an eluting agent lan-
hanides could be selectively eluted out. The elution can then
e continued with 0.5 M (NH4)2C2O4 to selectively remove Th
rom the resin phase. The retained U in the resin phase can
e finally eluted with 0.5 M (NH4)2CO3. From these observa-

ions we have performed sequential separation of lanthanides,
horium and uranium using 1 M HCl, 0.5 M (NH4)2C2O4 and
NH4)2CO3 respectively as eluents and their profile is shown in
ig. 5.

able 4
nalytes recovery with various eluants

luants Eluant
volumes (mL)

Recovery (%)

U(VI) Th(IV) La(III)

.1 M (NH4)2CO3 15 99.9 99.8 99.5

.1 M EDTA (pH ≥ 5) 20 78.0 88.0 95.0
M HCl 20 2.0 4.0 99.8
.1 M (NH4)2 C2O4 20 5.0 98.5 95.0

1
t
F
a

F

w
p
f
a
e
f

00 �g, amount of resin used: 50 mg, amount of 1 M HCl taken: 20 mL; amount
f 0.5 M Amm.oxalate taken: 20 mL; amount of 0.5 M Amm.carbonate taken:
5 mL.

.2.4. Kinetic studies
The rate of transfer of metal ions from the aqueous to solid

hase was studied at various time durations by equilibrating
.05 g of resin beads with a series of metal ion solutions (40 mL,
0 �g mL−1) in 4 M HNO3. The kinetic data were plotted in
erms of (1 − F) values as function of equilibration time where,

is the fractional attainment of equilibrium, which is expressed
s [30]:

= [MR]t
[MR]eq

here [MR]t, [MR]eq are the metal ion concentration in the resin

hase at time t to that at equilibrium. From Table 1 it is evident
rom t1/2 values, 3 min is sufficient for 50% extraction of U(VI)
nd Th(IV) and it will take 4 min for La(III) and Nd(III). How-
ver complete equilibrium is attained within 10 min of duration
or all the analytes.
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Table 5
Resin tolerance towards interfering electrolytes/metal ion species

Metal ions Tolerance limits for electrolytes (mol L−1)

Na2SO4 Na3PO4 NaF CH3COO− C2O4
2−

U(VI) 0.88 0.42 0.32 0.31 0.45
Th(IV) 0.74 0.32 0.35 0.26 0.05
La(III) 0.33 0.15 0.28 0.14 0.05
Nd(III) 0.36 0.18 0.22 0.28 0.05

Metal ions Tolerance limits for interfering metal ions (mmol L−1)

Zr(IV) Mo(VI) Cd(II) Ce(IV) Sm(III) Gd(III)

U(VI) 9.2 8.8 12.5 5.5 2.8 3.2
Th(IV) 8.0 7.2 11.1 2.2 2.5 2.8
La(III) 4.2 4.5 11.0 1.8 1.0 1.2
Nd(III) 4.5 5.2 10.2 1.5 0.9 0.8

V
o

q
a
T
F

3

3

w
t
s
p
25 mL min . The results showed that quantitative extraction of
analytes was achieved even with high flow rates of 20 mL min−1

for U(VI), and Th(IV), 15 mL min−1 for La(III) and Nd(III),
respectively.
ig. 6. Effect of salt concentration on extraction of analytes; amount of metal
on: 400 �g, amount of resin used: 50 mg.

.2.5. Effect of NaNO3 and NaCl on metal ion extraction
As NaNO3 and NaCl are the main electrolytes present nuclear

pent fuels and environmental samples, respectively, their influ-
nce on the quantitative extraction of U(VI) and Th(IV) was
tudied at varying concentrations (0.01–4 M) of NaNO3 and
aCl in 2 M HNO3 and 2 M HCl, respectively. From Fig. 6, it

an be observed that there exists a positive trend with increasing
aNO3 concentration (up to 2 M) and thereafter there is slight

ncrease in extraction. This perhaps may be due to the reduc-
ion of hydration sphere around the metal ions through salting
ut effect. The negative trend on increasing NaCl concentration
ay be due to the formation of more stable metal anionic chloro

omplexes, which are non-extractable by the phosphoryl oxygen
f the carbomoyl methyl phosphineoxide group.

.2.6. Tolerance limit towards interfering ions and common
etal ions
The resin’s tolerance limits towards various electrolytes and

iverse metal ions was studied by equilibrating 0.05 g of the resin
eads with analytes concentration (40 mL, 1.25 �g mL−1) along
ith varying concentrations of individual diverse ions under 4 M
NO3 conditions. The resin showed no uptake for common

ransition metal ions. The degree of tolerance for some post-
ransition ions, rare earths and electrolyte species, are shown
n Table 5. From the tolerance data, it can be seen that the
esin shows high selectivity towards the studied analytes when
ompared to other diverse ions.

.2.7. Stability of the chelating matrix
The resin’s reusability was tested by shaking 50 mg of the

esin beads with metal ion solution (40 mL, 10 �g mL−1) in 4 M
NO3 medium and the sorbed metal ions were eluted and ana-
yzed. The metal ions were desorbed from the resin and were
ashed with distilled water till neutral pH. The same experiment
as repeated with the same resin beads a number of times and it
as found that the grafted polymer was able to extract metal ions

F
o
H

olume and concentration of metal ion solution (40 mL, 1.25 �g mL−1), amount
f resin used: 50 mg.

uantitatively more than 20 cycles showing the reproducibility
nd durability of the resin even under high acidic conditions.
he reusability profile for U(VI) up to 30 cycles is shown in
ig. 7.

.3. Metal extraction studies by dynamic method

.3.1. Influence of sample flow rate on metal ion sorption
The rate at which the quantitative sorption was possible

as studied using a packed resin bed column by varying
he sample flow rate using a peristaltic pump. The metal ion
olution (1000 mL, 0.5 �g mL−1, bed volume −1.2 mL) was
assed through the column with varying flow rates from 1 to

−1
ig. 7. Reusability profile grafted polymer; amount of metal ion: 400 �g, amount
f resin used: 50 mg, total volume of aqueous phase: 40 mL; concentration of
NO3: 4 M.
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ig. 8. Breakthrough volume studies; amount of individual metal ion added:
0 �g, amount of resin used: 500 mg.

.3.2. Sample breakthrough volume studies
The sample breakthrough volume studies were performed to

now the ability of resin matrix to extract quantitatively trace
mounts of metal analytes of interest from large sample volumes.
or this study, various sample volumes (500–6000 mL) contain-

ng 50 �g of each individual analytes were passed through the
olumn bed equilibrated with 4 M HNO3 and 15 mL of eluting
gent is used for elution of each metal ion. Breakthrough vol-
mes of 6000 mL for U(VI) and Th(IV) and 5000 mL for La(III)
nd Nd(III) (Fig. 8) were observed thereby giving good precon-
entration factors 400, 400, 333 and 333, respectively for U(VI),
h(IV), La(III) and Nd(III) and these values are comparatively
igher with other solid phase extractants as shown in Table 3.

.3.3. Lower limit of analytes quantification
To test the grafted polymers ability to extract trace quantities

f metal ions studies were performed by passing 1000 mL of
ample solution containing varying analyte concentrations from
0 to 100 ng mL−1. The sorbed metal ions were eluted and esti-
ated. The limits of quantification were found to be 20 �g L−1

or U and 80 ng mL−1 for U(VI), La(III) and Th(IV), respec-
ively thereby, indicating the resin’s sensitivity to extract the
race metal ions of interest even at ppb level.

. Applications

.1. Synthetic mixture mimicking reprocessing streams

The applicability of the grafted polymer for the real samples
as tested using synthetic mixture mimicking nuclear spent

uels similar to nuclear reprocessing solutions. Three liters of
he synthetic mixture [31] spiked with 100 �g of analyte was
assed through the chromatographic column at 4 M HNO3.

he sorbed metal ions were eluted and estimated. It was found

hat the resin was successful in quantitatively extracting the
ctinides of interest even in the presence of various diverse ions.
he amount of U(VI) extracted was found to be 98.80 ± 0.35 for
of Hazardous Materials 145 (2007) 315–322 321

irect analysis and 99.12 ± 0.32 for standard addition methods
ith rsd values corresponding to 3.8 and 3.5, respectively, based
n triplicate analysis. The amount of Th(IV) extracted was
ound to be 96.50 ± 0.44 for direct analysis and 97.20 ± 0.40
or standard addition methods with rsd values corresponding to
.2 and 4.0, respectively, based on triplicate analysis.

.2. Extraction of thorium from monazite sand
Travancore, India)

The resin’s applicability in extracting Th(IV) from mon-
zite sand was studied. 0.1 g of monazite sand sample was
igested with conc. H2SO4 at 250 ◦C for 4 h. Subsequently,
t was digested using 5 mL of HF followed by conc. HNO3.
he residue was redissolved in minimal volumes of dil. HCl
nd passed through the resin column. The amount of Th(IV)
xtracted was found to be 79.80 ± 0.50 mg/g for direct analy-
is and 80.12 ± 0.48 mg/g for standard addition methods with
sd values corresponding to 4.0 and 3.6, respectively, based on
riplicate analysis. These values are well comparable with the
ertified value of 81 mg g−1.

. Conclusions

The CMPO grafted polymer is suitable for selective and
equential separation of lanthanides, thorium and uranium. The
ignificant features of the developed resin matrix are its superior
etal sorption capacity even under highly acidic conditions. The

ynthesized resin has shown good enrichment factor values at
igh extraction rates. The grafted polymer showed good dura-
ility and reusability even up to 20 cycles. The polymer also
howed good selectivity and sensitivity towards analytes down
o ppb levels.
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