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Abstract The ionic imprinted polymer (IIP) of uranyl ion

(UO2
2?) as the template was synthesized by the formation

of binary complexes of UO2
2? with 2,4-dioxopentan-3-yl

methacrylate as functional monomer followed by thermal

copolymerization with ethylene glycol dimethacrylate as

cross-linking monomer in the presence of 2,20-azobisi-

sobutyronitrile as initiator and 1,4-dioxane as porogenic

solvent. 50 mmol L-1 HCl solution was used to leach out

UO2
2? ions from the IIP. Similarly, the control polymer

was prepared under identical experimental conditions

without using UO2
2? ions. The above synthesized poly-

mers were characterized by infra-red spectroscopy, thermo-

gravimetric analysis and Barrett–Emmett–Teller surface

area measurement. The maximum adsorption capacities of

IIP and CP in (NH4)4[UO2(CO3)3] solution were 15.3 and

11.2 mg U g-1, respectively. The kinetics of adsorption

followed a pseudo-second-order rate equation. The pre-

pared IIP was successfully used to extract uranium from

real seawater sample.

Keywords Imprinted polymer � Uranyl ion �
(NH4)4[UO2(CO3)3] � Seawater

Introduction

Currently, uranium is the most important nuclear fuel, and

has been judiciously utilized for producing electrical

energy without the threat of global warming. As estimated

by IAEA, the total identified conventional uranium

resources can only last for about 80 years [1]. Therefore, it

is necessary and urgent to exploit some new uranium

sources at low cost for the sustainable development of

nuclear power. In seawater, the total amount of uranium is

about 4.5 billion tons, one thousand times of that in ter-

restrial ores. However, its average concentration is only

3.3 lg L-1. Moreover, there coexist many ions whose

concentrations are much higher than that of uranium. Many

methods have been tried to extract uranium from seawater,

including adsorption, solvent extraction, ion exchange,

flotation and biomass collection [2]. Among the above

methods, adsorption is regarded as the promising method,

and various kinds of organic adsorbents (such as chelating

resins [3, 4], macrocyclic hexadentate compounds [5]) and

inorganic adsorbents (such as hydrous TiO2 [6], PbS [7]

and other functionalized inorganic adsorbents [8–11]) have

been developed. However, the drawbacks, e.g., low selec-

tivity, slow kinetics and the loss of adsorbents, preclude

their practical applications. The ionic imprinted polymer

(IIP) is a kind of novel adsorbent, which can be used in the

preconcentration of the templet ion of a trace amount and

in the separation of the templet ion from other coexisting

species or complex matrix, owing to the specific interaction

of ligand with the templet ion [12, 13]. Theoretically, IIPs

can improve the selectivity problem and may be used to

extract trace uranium from the complicated seawater.

During the last decade, much attention has been paid to the

preparation of various novel uranyl ion-imprinted polymers

(UO2
2?-IIPs) [12], including chelating polymeric resin
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beads [14, 15], silica sol–gel glasses [16], mesoporous IIP

material [17] and surface imprinted nanospheres [18, 19].

However, there are only a few studies on the application of

IIPs in the recovery of UO2
2? from seawater samples. Singh

and Mishra [20] found that the IIP prepared by the ternary

complex of UO2
2?- salicylaldoxime-4-vinylpyridine (VP)

could quantitatively enrich UO2
2? from dilute aqueous

solution at the optimal pH 3.5–6.5. The retention capacity

was 0.559 mmol g-1, and the recovery efficiency of ura-

nium(VI) from seawater was 95.9 ± 1.1 %. Shamsipur et al.

[21] have prepared a new UO2
2?-IIP coated sorbent, and the

recovery of spiked UO2
2? from Caspian Sea water was

103.8 ± 1.8 % at pH 3.0. However, these optimal pHs were

not in the pH range of seawater (7.5–8.5).

When the pH of solution is close to that of seawater, the

recovery of UO2
2? may be reduced. Metilda et al. [22]

found the recoveries of uranium from synthetic seawater

(pH = 8.0) using UO2
2?-IIPs prepared with UO2

2?-suc-

cinic acid-VP and UO2
2?-5,7-dichloroquinoline-8-ol-VP

complexes were 25.0 ± 0.5 and 83.0 ± 0.8 %, respec-

tively. These results seem not so satisfactory resulting from

the fact that the uranium is in a strongly complexed form,

i.e., uranyl tricarbonate ion [UO2(CO3)3]4-, at extreme

dilution in the presence of other ions at much higher con-

centrations, which is the major obstacle to use seawater as

an economic source of uranium. To achieve success, the

absorbent must work efficiently at the seawater conditions,

and must be virtually insoluble [2, 6].

Until now, almost all of the reported IIPs for the pre-

concentration and separation of UO2
2? were tested in the

UO2(NO3)2 solution [20–23]. However, UO2
2? is stable in

aqueous solutions in the absence of complexing agents in

the pH range from 0 to about 4 [24]. At higher pH value,

the UO2
2? may hydrolyze, and generate a series of species

such as UO2(OH)2, (UO2)2(OH)2
2? and (UO2)3(OH)5? [25],

forming colloid or sediment. This may affect the extraction

of UO2
2? by IIPs. Hence, it is necessary to study the

property of IIP on the extraction of uranium from

[UO2(CO3)3]4-. However, to the best of our knowledge,

there is seldom report so far.

Uranyl ion can be complexed by a variety of ligands at

different optimum pH. With respect to b-diketone [26, 27],

one kind of wildly used ligands, the optimum pH is close to

that of seawater. Hence, an IIP for the selective removal of

UO2
2? from (NH4)4[UO2(CO3)3] solution was designed

using the synthesized ligand 2,4-dioxopentan-3-yl meth-

acrylate with both a b-diketone structure and a methacry-

loyl group. The methacryloyl group can crosslink the

monomer into the polymer matrix, improving the reus-

ability of IIP. The objective of this study is to investigate

the influence of the carbonate ions (CO3
2-) on the sorption

process and the possible application of this IIP for the

recovery of uranium from seawater.

Experimental

Reagents and materials

UO2(NO3)2�6H2O (G.R., Chemapol, Prague Czechoslova-

kia), 3-chloro-2,4-pentanedione (98 %, Acros) and

ammonium carbonate ((NH4)2CO3, A.R., Beijing Yili Fine

Chemical Products Inc., China) were used as received.

Methacrylic acid (A.R., Beijing Yili Fine Chemical Prod-

ucts Inc., China) and ethylene glycol dimethacrylate

(EGDMA, 98 %, Acros) was purified by vacuum distilla-

tion before use. Seawater sample was collected from

Qingdao coast of China by usual sampling procedures.

Ultrapure water was used throughout the experiments. All

other chemical reagents used in this study were of analytical

grade and were used without further purification.

Instrument

The concentrations of all the metal ions were determined by

inductively coupled plasma-atmoic emission spectrometer

(ICP-AES, Leeman, USA), whose relative standard devia-

tion (RSD) was 5 %. Thermo-gravimetric analysis (TGA)

was carried out using a TGA-DSC-DTA (Q-600 SDT,

Thermal Analysis Co., USA). The Barrett–Emmett–Teller

(BET) surface area was measured using a accelerated sur-

face area & porosimetry system (ASAP 2010, Micrometer,

USA). FT-IR spectra were recorded in the frequency range

4,000–600 cm-1 by microscopic infrared method using the

Nicolet iN10 MX FT-IR spectrometer (Thermo-Fischer,

USA). 1H NMR spectra were obtained using Varian-

300 MHz NMR (Mercury Plus, Varian, USA). The micro-

analysis were taken by using an Elemental Analyzer (Vario

EL, Elementar Analysensysteme GmbH, Germany). Mass

spectra were acquired by Fourier Transform Ion Cyclotron

Resonance Mass Spectrometer (Apex IV, Bruker, USA).

Preparation of (NH4)4[UO2(CO3)3] solution

According to Ref. [28], (NH4)4[UO2(CO3)3] solution was

prepared. 100 mL solution containing 2 mmol L-1

UO2(NO3)2 was added slowly with constant stirring into

100 mL 6 mmol L-1 (NH4)2CO3 solution. Then, 40 mL

0.1 mol L-1 (NH4)2CO3 was added and a yellow

(NH4)4[UO2(CO3)3] solution was obtained. The uranium

concentration was 200 mg L-1 determined by ICP-AES.

The pH of the prepared (NH4)4[UO2(CO3)3] solution was

9.0, and it did not change when diluting.

Synthesis of 2,4-dioxopentan-3-yl methacrylate

The triethylamine (1.2 mmol) was treated with methacrylic

acid (1.2 mmol) in acetone (20 mL), then 3-chloro-2,
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4-pentanedione (1 mmol) was added and the mixture was

stirred for 4 h at room temperature. After removing the

generated inorganic salts by suction filtration, the excess

acetone was evaporated by vacuum rotary evaporation, then

the residue was washed by diethyl ether and petroleum ether.

Finally, it was purified by passing through a column of silica

gel and eluted with the eluent of ethyl acetate and petroleum

ether (1:12), and a red oil was obtained. 1H NMR, elemental

analysis and mass spectra revealed that the oil was the target

product, i.e., 2,4-dioxopentan-3-yl methacrylate. 1H NMR

(300 MHZ, CDCl3, Me4Si): dH 2.02 (s, 3H, CH3), 2.34 (s, 6H,

CH3), 5.76 (s, 1H, C=CH), 6.32 (s, 1H, C=CH), 5.55 (s, 1H,

CHO). Elemental analysis: calcd (%) for C9H12O4 (184.19):

C 58.69, H 6.57; found: C 57.90, H 6.54. HRMS: m/z (%):

calcd for M?H?: 185.08084, M?Na?: 207.06278; found:

M?H?: 185.08077, M?Na?: 207.06249.

Synthesis of ionic imprinted polymer

In 10 mL 1,4-dioxane, 0.50 g (1 mmol) UO2(NO3)2�6H2O

was complexed by 3 mmol (0.55 g) 2,4-dioxopentan-3-yl

methacrylate. Then, 16 mmol (3.17 g) EGDMA and 20 mg

2,20-azobisisobutyronitrile were added. The above solution

was purged with high-purity N2 for 30 min, then sealed and

polymerized in an water bath at 70 �C for 24 h. After being

dried at 70 �C to remove the solvent (porogen), the bulk

polymers were ground and sieved to get the particles

between 80 and 200 mesh. Unreacted monomers were

removed by washing with acetone, the mixture of acetone

and water, and water in sequence. UO2
2? was leached

using successive stirring of particles in 50 mmol L-1 HCl

solution until the uranium in the leaching solution was

hardly detected by ICP-AES. The obtained polymer parti-

cles were washed thoroughly by water until the eluent was

neutral, and was dried in an oven at 70 �C. The synthesis of

UO2
2?-IIP is schematically represented in Fig. 1. Control

polymer (CP) particles were prepared under similar con-

ditions except the absence of UO2
2?.

Retention capacity studies

The maximum amount of preconcentrated UO2
2? of the

material (retention/binding capacity of IIP or CP) was

determined by saturating 10 mg polymer particles with

10 mL uranium(VI) solution (the initial uranium concen-

trations of (NH4)4[UO2(CO3)3] and UO2(NO3)2 solutions

are 2–20 and 4–40 mg L-1, respectively) under the preset

conditions. After adsorption, the concentration of UO2
2? in

the mother solution was measured by ICP-AES.

The equilibrium adsorption capacity (Qe, mg g-1) was

calculated by Eq. 1.

Qe ¼ C0 � Ceð ÞV=W ð1Þ

where C0 and Ce (mg L-1) are the initial and equilibrium

concentrations of adsorbate, respectively. V (mL) is the

volume of the testing solution and W (g) is the weight of

sorbent. Then, the corresponding adsorption isotherms

were obtained.

Selectivity studies

The inorganic ions for selectivity studies were Li?, Na?,

K? and Rb?. The selectivity experiment of UO2
2?-IIP and

CP for uranium(VI) over other inorganic ions was carried

out by stirring 10 mL aqueous solution containing 10 mg

polymers and 100 lg each individual inorganic ion under

identical conditions. The concentrations of these ions in

mother solution were measured by ICP-AES after

adsorption.

The relative selectivity coefficient k
0

was calculated

according to Eq. 2.

k0 ¼ S IIPð Þ =S CPð Þ ð2Þ

where S(IIP) and S(CP) represent the selectivity coefficient

of UO2
2?-IIP and CP, respectively. The selectivity

coefficient S is defined by Eq. 3.

SU=M ¼ DU=DM ð3Þ

where DU and DM are the distribution ratios of the UO2
2?

and other inorganic ions, i.e., Li?, Na?, K? and Rb?, with

polymers (IIP/CP), respectively. These distribution ratios

were calculated using Eq. 4.

D ¼ C0 � Ceð ÞV=CeW ð4Þ

where C0 and Ce (mg L-1) represent the initial and equi-

librium concentrations of the given metal ions in solution,

respectively.

Results and discussion

Characterization of IIP and CP

FT-IR spectra

The FT-IR spectra of the CP, IIP and unleached IIP show a

similar backbone beacause of a high level of EGDMA, the

cross linking reagent were used (Fig. 2). All three spectra

show a strong absorption peak at 1,728 cm-1 attributed to

the stretching vibration of C=O group and the other dis-

tinctive peak at 1,153 cm-1 assigned to the stretching

vibration of C–O group [29]. The absorption at 1,637 cm-1

attributed to the stretching vibration of C=C group is

almost diminished in all polymers, indicating that almost
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all the monomers were polymerized [30]. The absorption

peak at 920 cm-1 corresponding to the asymmetric

stretching vibration of U=O group in UO2
2? is only

observed in the unleached IIP (curve a, Fig. 2) and disap-

peared in IIP (curve b, Fig. 2).

Thermal analysis (TGA)

Thermal stability of the IIP and CP polymer particles were

investigated by thermo-gravimetric analysis (Fig. 3). In the

measurement process, the samples were heated from room

temperature to 600 �C with a heating rate of 10 K min-1 in

N2 atmosphere. Figure 3 shows that the decomposition of

both IIP and CP polymer particles starts at *200 �C due to

the degradation of polymeric matrix [31]. This confirms that

the IIP and CP particles almost consist of the same compo-

nents as observed in FT-IR studies. And 50 % of IIP

decomposes by 375 �C whereas in the case of CP this hap-

pens only at 400 �C. This shows that IIP decomposes more

readily than CP. The IIP and CP are completely decomposed

at about 450 and 460 �C, respectively. This indicates that the

CP particles are more rigid than the IIP particles due to a lot

of hollow sites existing in the latter after leaching out UO2
2?.

Surface area analysis

With respect to adsorption materials, the surface area is an

important parameter. Generally, it is believed that materials

with larger surface area have higher adsorption capacity

[17, 32, 33]. Herein, the BET surface areas of UO2
2?-IIP
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and CP are measured to be 97.37 and 143.18 m2 g-1,

respectively.

Kinetics of uranyl ions adsorption

The equilibrium time of adsorption of UO2
2? from aqueous

solutions was determined (Fig. 4a). As seen, the initial

adsorption of UO2
2? by the polymer particles is fast, then it

gradually reaches a plateau.

To evaluate the adsorption kinetics of UO2
2?, two dif-

ferent kinetic models were applied to fit the experimental

data: (1) the pseudo-first-order kinetic model; (2) the

pseudo-second-order kinetic model, which can be expres-

sed as linear forms by Eqs. 5 and 6, respectively [34].

lnðQe � QtÞ ¼ lnQe � k1t ð5Þ

t=Qt¼ 1= k2 � Q2
e

� �
þ t=Qe ð6Þ

where Qe (mg g-1) is the adsorption capacity at equilib-

rium, Qt (mg g-1) is the adsorption amount at time t (h), k1

(h-1) and k2 (mg g-1 h-1) are the adsorption rate constants

related to pseudo-first-order and pseudo-second-order

kinetic models, respectively.

To compare the validity of each model, a normalized

standard deviation DQe (%) was calculated using Eq. 7

[35].

DQe ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RjðQexp � QcalÞ=Qexpj2

N � 1

s

� 100 % ð7Þ

where Qexp and Qcal (mg g-1) are the experimental and

calculated amount of UO2
2? adsorbed on IIP or CP,

respectively, and N is the total number of measurements. If

the calculated data in a model are close to the experimental

data, the value of DQe (%) will be lower. Otherwise, the

value of DQe will be higher. All kinetic parameters, cor-

relation coefficient (R2), and DQe are listed in Table 1. It

can be seen that the adsorption of UO2
2? onto IIP and CP

does not follow the pseudo-first-order kinetic model with

lower R2 and higher DQe. On the contrary, the results

present an ideal fit to the pseudo-second-order kinetic

model (Fig. 4b) with high R2 and low values of DQe.

Furthermore, the values of Qexp access those of Qcal,

inferring that the adsorption equilibrium was almost

achieved within 8 h. In order to ensure the arrival of

adsorption equilibrium, the adsorption time was chosen to

be 9 h in the further studies.

Retention capacity studies

In the studied concentrations, the adsorption capacity of the

polymer particles rises with the increase of uranium con-

centration until it reaches saturation. The maximum

retention capacities of IIP and CP polymer particles are

15.3 and 11.2 mg g-1 in (NH4)4[UO2(CO3)3] solution

(Fig. 5a), respectively. The retention capacities of IIP are

higher than that of CP at all initial concentrations of ura-

nium(VI). This observation demonstrates that specific

binding sites are created within the polymeric matrix that

increases the affinity of the IIP toward UO2
2?. It is the
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existence of imprinted sites with a large amount that leads

to the selective adsorption of UO2
2? and the improvement

of the adsorption capacity. However, the sites in CP do not

match UO2
2?, reducing its retention capacity. Therefore,

although the surface area of IIP is lower, its adsorption

capacity for UO2
2? is higher. It can be concluded that the

binding ability and selectivity of imprinted polymers are

independent on their surface area [18, 36].

The maximum retention capacities of IIP and CP in

UO2(NO3)2 solution are 23.9 and 23.3 mg g-1 (Fig. 5b),

respectively. The capacity of IIP in (NH4)4[UO2(CO3)3]

solutions is lower than that in UO2(NO3)2 solutions at the

higher initial uranium concentrations, which is opposite in

the case of lower initial uranium concentrations. However,

the capacity of CP in (NH4)4[UO2(CO3)3] solutions is

lower than that in UO2(NO3)2 solutions at all initial ura-

nium concentrations. In the prepared (NH4)4[UO2(CO3)3]

solution, there is a large amount of free CO3
2- ions,

making the solution stable. However, just these CO3
2- ions

increase the pH value of the solution, and compete with b-

diketone groups to combine with UO2
2? ions, leading to

the reduction of the retention capacity for UO2
2?. With

respect to CP, this effect is larger than that for IIP. Fur-

thermore, the effect of CO3
2- concentration on the

adsorption of UO2
2? in (NH4)4[UO2(CO3)3] solution was

studied (Fig. 6). It can be seen that the adsorption capacity

of the polymer particles decreases with the increase of

CO3
2- concentration. When the CO3

2- concentration

reaches 8 mmol L-1, the IIP cannot adsorb UO2
2? any

more. In the literature, the concentration of CO3
2- in the

seawater is estimated to be 2 mmol L-1 [37]. Herein, the

prepared IIP still kept a good adsorption capacity for

UO2
2? at this CO3

2- concentration. This suggested that the

IIP has the ability to extract UO2
2? from seawater.

The adsorption of UO2
2? from (NH4)4[UO2(CO3)3]

aqueous solution onto IIP at various temperatures is shown

in Fig. 5a. With the increase of temperature from 288 to

298 K and to 308 K, the Qe values of IIP are elevated
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10 mg, adsorption time: 9 h, uranium solution: 10 mL)
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Table 1 Comparison of the fitting results of the pseudo-first-order and pseudo-second-order kinetic models

Qe(exp) (mg g-1) Pseudo-first-order kinetic model Pseudo-second-order kinetic model

k1 (h-1) R2 Qe(cal) (mg g-1) DQe (%) k2 (mg g-1 h-1) R2 Qe(cal) (mg g-1) DQe (%)

IIP 13.7 0.390 0.9406 7.99 41.7 0.108 0.9961 14.3 4.38

CP 9.61 0.354 0.9549 5.94 38.2 0.120 0.9957 10.2 6.14
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obviously. The possible reason is that the high temperature

promotes UO2
2? to pass the external boundary layer, and

produce the enlargement of pore volume and surface area,

making UO2
2? penetrate the inner of IIP more easily [38].

Selectivity studies

The distribution ratio and selectivity coefficients of IIP and

CP for UO2
2? over other inorganic ions are shown in

Table 2. The selectivity coefficients of IIP are greater than

that of CP owing to the size and shape specific cavities

created in IIP, i.e., imprinting effect. Based on the results

shown in Table 2, it is clear that uranium(VI) can be

selectively removed from the aqueous solutions containing

Li?, Na?, K? and Rb? ions. Other inorganic ions such as

Th4?, Fe3?, Cu2?, Mg2?, Ca2?, Sr2? and Ba2? could

produce hydroxide or carbonate precipitates with OH- or

CO3
2- in the prepared (NH4)4[UO2(CO3)3] solution. Thus,

the competition adsorption of these ions with UO2
2? on the

IIP under this condition were not studied.

Recovery of uranium from seawater

To demonstrate the potential application of the synthesized

UO2
2?-IIP, the recovery of UO2

2? from seawater was

performed. In the preconcentration experiment, 10 mg IIP

was mixed with 10 mL seawater spiked with 30 lg ura-

nium, then was collected and eluted by 10 mL and

50 mmol L-1 HCl solution. The concentration of the ura-

nium in the eluent was determined by ICP-AES. As a

result, the recovery of uranium was 93.8 ± 5.4 %. It can

be seen that the prepared UO2
2?-IIP is able to extract

uranium from seawater.

Reusability of the IIP

In order to obtain the reusability of the UO2
2?-IIP,

adsorption–desorption cycles were repeated five times by

using the same sample. At the 5th cycle, the retention

capacity can still maintain 80 % (Fig. 7). It can be con-

cluded that the UO2
2?-IIP is able to be used many times

without decreasing their retention capacities significantly.

Conclusions

A new UO2
2?-IIP was successfully synthesized by using

2,4-dioxopentan-3-yl methacrylate as functional monomer.

The IIP exhibited higher adsorption capacity for UO2
2?

than CP, and the adsorption kinetics followed the pseudo-

second-order kinetic model. Moreover, the IIP could

quantitatively separate UO2
2? from other metal ions such

as Li?, Na?, K? and Rb?. These results indicated that the

IIP is able to recognize UO2
2?, i.e., significant imprinting

effect. In the sorption process, the polymer particles can

compete UO2
2? with CO3

2- in (NH4)4[UO2(CO3)3] solu-

tion. Furthermore, the IIP can recover uranium from real

seawater with an efficiency of *93 %. Hence, the syn-

thesized UO2
2?-IIP can be used in the extraction of ura-

nium from seawater.
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