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Abstract
In 90Sr analysis, determining its daughter 90Y improves the sensitivity of the radiometric methods. We found that to imprint 
a cavity made of [Y(6-(4-Vinylphenylcarbamoyl)pyridine-2-carboxylate)3] into a polystyrene skeleton yields a solid phase 
extraction resin with high selectivity for Y and Ln(III) over transition metals, alkaline, and alkaline-earth cations. We used 
this resin in an automated chromatography system to extract 90Y from milk, grass, vegetables, soil, sediments, water, human 
bones, and milk teeth samples. We found that the ion-imprinted resin could be used to separate light Ln(III) using a pH 
gradient, favoring the targeting of molecules used in nuclear medicine.
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Introduction

90Sr  (T1/2=28.2 y) is produced by the nuclear fission of 
heavy atoms such as 235U and 239Pu. It emits a β-particle of 
546 keV, giving rise to 90Y, a hard β-emitter  (T1/2= 64.2 h, 
2.28 MeV), with which it reaches secular activity equilib-
rium in 12 days. As a consequence of its release into the 
environment, for instance during nuclear accidents, nuclear 
bomb testing, or authorized discharges, 90Sr/90Y are found 
in every significant compartment of the environment and the 
food chain. As an alkaline-earth cation, 90Sr has the same 
chemistry as calcium and targets bones in humans. It is eas-
ily transmitted from soil to plants with a TF of about 1.2, 
and from plant to milk with a TF of 0.02 kg  L−1. In Switzer-
land, where dairy products are a large part of the diet, TF 
from milk (Bq g  Ca−1) to human vertebrae (Bq g  Ca−1) was 
estimated to be 0.3 [1, 2]. This means that 90Sr determina-
tion is an important part of the annual radioactivity survey 
plan of the Swiss Federal Office of Public Health in samples 
such as soil, sediments, grass, milk, wheat, foodstuff (espe-
cially vegetables), human vertebrae and deciduous teeth. 
However, to determine 90Sr in such matrices is not an easy 
task, because the radiometric determination of a β-particle 

necessitates a complete isolation of the radionuclide before 
measurement because the β-particle is strongly absorbed into 
the matrix. Recently, several examples of 90Sr determina-
tion by mass spectrometry were described [3–5], but none 
with a similar detection limit as the radiometric methods [6]. 
For samples with high Sr content such as teeth and bones, 
mass spectrometry cannot resolve the 88Sr signal [7]. Cur-
rently, isolating Sr from complicated samples such as soil 
and milk can be done using the  Eichrom® Sr.spec resin, 
which will specifically extract Sr over Ca as a crown ether 
complex in a highly acid nitric medium [8]. Nevertheless, 
the extracting molecule is not covalently bound in  Eichrom® 
SPE resins, so the resin cannot be reused or the presence of 
extracting material in the eluted fraction is a drawback e.g. 
in radiolabeling. In addition, Sr.spec cartridges can suffer 
from aging [9]. Recently, Sr.spec resin has been used in an 
automated separation method using the 1-probe/4-column 
prepFast MC computer controlled system from ESI for a fast 
determination of 90Sr in urine samples [10]. Alternately, ion-
imprinting polymer (IIP) is a synthesis method in which a 
complexing unit with specific interactions with the template 
ion is covalently bound to a polymer substrate. Since Wulff’s 
pioneering work on the molecular recognition in polymers 
prepared by imprinting with a template [11], numerous stud-
ies have demonstrated the advantage of the ion-imprinted 
concept to create a material with enhanced selectivity over 
a wide range of metal cations [12–16]. However, function-
alizing an extracting ligand with a styrene functionality to 
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create the covalent bond during the polymerization is a chal-
lenging task, often resulting in polymers with a theoretical 
utility only, due to the high cost of the synthesis. Here we 
used dipicolinic acid, a cheap starting product, in a one-pot 
synthesis, to obtain the functionalized ligand 6-(4-Vinylphe-
nylcarbamoyl)pyridine-2-carboxylic acid (HL1), a ligand 
already described by our research group [13] This ligand 
was used in an emulsion co-polymerization synthesis with 
styrene and divinylbenzene and  Y3+ as the template to obtain 
a resin with a cavity suitable for the selective extraction of 
 Y3+. The resin, obtainable in quantities of tens of grams, was 
used in an automated system for the extraction and elution of 
90Y from all samples taken in the Swiss National Radioactiv-
ity Survey Plan since 2014, with the aim to determine 90Sr 
in secular radioactivity equilibrium with 90Y. In addition, we 
observed that the resin was able to separate  La3+,  Ce3+,  Nd3+ 
and  Gd3+ with a pH gradient from 2 to 0.6 only, thus leaving 
the  Ln3+ fraction free of ligand for targeting molecules of 
interest in nuclear medicine.

Experimental

Ligand synthesis (HL1)

10 g (60 mmol) of dipicolinic acid were refluxed overnight 
in 100 ml of  SOCl2. Excess  SOCl2 was distilled (and reused 
in further synthesis) under vacuum, leaving a pale brown 
solid. The solid was dissolved in 500 mL of dry  CH2Cl2 and 
12.7 g (60 mmol) of  K3PO4 was added as a solid. 7.14 g 
of vinylphenylamine (60 mmol) dissolved in 200 ml of dry 
 CH2Cl2 was added dropwise for 2 h. The mixture was stirred 
overnight, then  CH2Cl2 was evaporated under vacuum and 
the residue dissolved in 500 ml of 0.1 M NaOH. Insolu-
ble di-substituted pyridine-2,6-dicarboxylic acid bis[(4-
vinylphenyl)amide] formed as a minor by-product of the 
reaction was filtered off and 6-(4-Vinylphenylcarbamoyl)

pyridine-2-carboxylic acid (HL1) was precipitated upon 
acidification. The product was filtered and dried in a des-
iccator under vacuum to yield 12 g (75 %) of HL1 as a 
white powder (Fig. 1). 1 H NMR  (CDCl3): δ = 9.91 (s, 1 H, 
HNCO), 8.37 (d, 1 H, Ha), 8.13 (dd, 1 H, Hb), 8.55 (d, 
1 H, Hc), 7.70 (d, 2 H, Hd), 7.38 (d, 2 H, He), 6.66 (dd, 
1 H, CH = CHfH), 5.70 (d, 1 H, CH = CHHg), 5.22 (d, 1 H, 
CHh = CH2). Elemental analysis (%), calcd for HL1·H2O 
 (C15H12N2O3·H2O): C 62.93, H 4.93, N 9.78; found: C 
63.55, H 5.0, N 9.74.

Emulsion polymerization synthesis of the SPE resin 
IIP‑Y

Divinylbenzene (DVB) and styrene were purified from sta-
bilizer on  Al2O3. A mixture of 40 mL of DVB, 6 mL of 
styrene, 1 g of polyvinylpirrolidone, 3.2 g of sodium dode-
cyl sulfate and 24 mL of dibutylphtalate was emulsified in 
300 mL of water for 15 min in an ultrasonic bath. 5 g (18.6 
mmol) of HL1 was dissolved in 50 mL of water by adding 
19 mL of 1 M NaOH and added to the mixture. The mix-
ture was poured in a 500 mL three-neck flask and degassed 
with  N2 for 30 min under mechanical stirring (300 rnd per 
minute). 2.5 g of azobisisobutyronitrile (AIBN) dissolved 
in 20 ml of toluene was added as polymerization initiator 
and the temperature was increased to 70 °C. After 15 min, 
1.9 g (6.2 mmoles) of  YCl3·6H2O dissolved in 20 ml of water 
was added. After three hours, the mechanic stirrer rate was 
lowered to 150 rnd per minute and the mixture was left at 
70 °C overnight to terminate the polymerization. The poly-
mer particles were filtered off the mixture and washed with 
water and ethanol. The polymer particles were refluxed in 
THF overnight to remove all unreacted material, then filtered 
off and dried in an oven at 60 °C. The particles were sieved 
at 75 μm using a Fritsch 3 SPARTAN pulverisette apparatus. 
The polymer particles were wetted in a mixture (1:10) of 
ethanol:water and the  Y3+ template cation was removed in 

Fig. 1  One-pot synthesis of 
ligand HL1. (1)  SOCl2, reflux, 
formation of the acyl chloride 
(2) vinylphenylamine, r.t., for-
mation of the mono-amide (3) 
 H2O, hydrolysis of the remain-
ing acyl chloride to yield HL1
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5 M HCl. After 2 h, the polymer particles were filtered off, 
washed with water until pH reached 4, ethanol and acetone, 
then dried in an oven at 70 °C to yield 35 g (75 %, based on 
DVB, styrene and HL1) of the resin IIP-Y. Based on batch 
extraction experiments, the resin has a loading capacity of 
4 mg  g−1 IIP-Y.

Loading solution preparation

Every sample (except water and urine, see below) was ashed 
at 550 °C for at least 48 h in an oven. 50 g of ashes (soil, 
sediments) or 10 g of ashes (grass, wheat, human vertebrae) 
or at least 5 g of ashes (vegetables, teeth) were traced with 
10 mg of stable  Y3+ and 100 mL of 8 M  HNO3 and 6 mL 
of 30 %  H2O2 were added. The mixture was introduced into 
a Teflon beaker for microwave digestion under pressure (50 
bars) for 30 min at 180 °C using an UltraClave IV apparatus 
(MLS, Milestone, Germany). The mixture was centrifuged 
to remove solids (3000 rnd per minute for 10 min) and the 
supernatant was diluted to 500 mL with ultrapure water and 
filtered if necessary. 15 g of oxalic acid were added and 
alkaline-earth oxalates were precipitated at pH 1.5 by adding 
 NH4OH 25 %. After decantation and removal of the superna-
tant the oxalate precipitate was dissolved in 20 ml (or more) 
of hot concentrated  HNO3 and the solution diluted to 500 
mL. A new fraction of 15 g of oxalic acid was added and 
the alkaline-earth oxalates were precipitated once again to 
completely remove the phosphates. After decantation and 
centrifugation, the oxalates were wet-ashed in 20 ml of con-
centrated  HNO3 and 6 mL  H2O2 in a Teflon beaker at 200 °C 
for 15 min under a pressure of 50 bars using the UltraClave 
IV apparatus. The resulting solution was diluted to 300 mL 
and the pH adjusted to 3 with 25 %  NH4OH.

Urine samples

500 mL of urine were acidified with 100 mL of concentrated 
 HNO3 and 10 mg of  Y3+ as a carrier was added, afterward 
the mixture was heated at 80 °C for 2 h. After cooling, 2 mL 
of 85 %  H3PO4 85 % and 1 mL of a solution of Ca (100 mg/
mL) were added and the calcium phosphate precipitated at 
pH 8 upon the addition of 25 %  NH4OH. After decantation 
and centrifugation, the precipitate was wet-ashed in 15 ml of 
concentrated  HNO3 for 15 min at 200 °C and a pressure of 
50 bars in the UltraClave IV. The solution was diluted to 300 
mL with water and the pH adjusted to 3 with 25 %  NH4OH.

Water samples

To a 1 l water sample, acidified with  HNO3 and filtered at 
0.45 μm 10 mg of  Y3+ carrier was added and the pH adjusted 
to 3 with  NH4OH.

SPE procedure

The solution (at pH 3) was loaded at a rate of 1 mL 
 minute-1 on a column made of 3.5  g of IIP-Y in a 12 
mL column (∅ 1 cm) using the automaton (see below) 
to extract  Y3+. The column was washed with 100 mL of 
water at pH 3, afterward  Y3+ is eluted with 20 mL of 1 M 
HCl and 50 mL of water. Because 210Bi3+ and 228Ac3+ 
could interfere in some cases, a further purification was 
carried out as followed: 2 mg of  Ba2+ and 2 mg of  Fe3+ 
were added to the elution solution along with 2 drops of a 
solution of methyl orange pH indicator (pH 3.1–4.4) and 
5 mL of 0.25 M ammonium acetate. Upon the addition of 
5 drops of concentrated  H2SO4, a precipitate of  BaSO4 
formed.  NH4OH 25 % was added until the solution turned 
from pink to orange (avoid yellow coloration). The pre-
cipitate was filtered off and  Y3+ oxalate was precipitated 
from the filtered solution upon adding 10 mL of an etha-
nol solution of oxalic acid (12 g in 60 mL). An Y-oxalate 
source was obtained through micro-filtration on Millipore 
filter (GSWOP 02400).

Automating of the SPE procedure

The extraction and elution flow chart was fully automated. 
We constructed an apparatus which can load the initial 
solution, select the washing solutions and elute  Y3+ in 
a medium appropriate for preparing a source for radio-
metric counting. The regeneration of the column was also 
included in the flow chart. The extraction/elution/regen-
eration procedure can be executed overnight so that the 
purified 90Y solution is available for the operator the next 
morning. Details of the apparatus are given in SI.

90Y counting

90Y oxalate sources were counted in a low-level gas pro-
portional counter (Tennelec LB 4100w) with 4 drawers 
and 16 counters in steps of 4 h, 30 times. The counting 
efficiency of this counter was 0.48 for the β-particle of 
90Y. Background was 0.4 dpm. Chemical recovery was 
determined by ashing the oxalate source and dissolving the 
residue in 1 %  HNO3, followed by quantification of Y with 
ICP-OES (ThermoFisher iCAP 7000). The radionuclide 
purity was checked by determining the 90Y half-life based 
on the 30 counting steps and must be between 60 and 69 h 
for the source to be considered pure enough. When neces-
sary (e.g. bone and teeth), a 1 mL aliquot of the loading 
solution was collected to determine Ca by ICP-OES to 
normalize the 90Sr activity to the Ca weight.
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Light Ln(III) separation

Ln3+ (50 µg each) were extracted at pH 3 on the IIP-Y 
resin loaded in a 25 cm long (4 mm internal diameter) JR-
68185NF peek column for intermediate pressure chromatog-
raphy (VCIJour, Switzerland).  Ln3+ elution by pH gradient 
was obtained by mixing ultrapure water and 0.5 M HCl with 
a Varian Pro Star gradient pump. Fractions of 10 ml were 
sampled automatically and  Ln3+ determined in each fraction 
with ICP-OES spectrometry.

Quality control

The quality control was carried out by participating to 
several inter-laboratory comparison exercises and by 
measuring several reference materials (see "Results and 
Discussion" section.)

Results and discussion

IIP‑Y synthesis

The ion-imprinted polymer synthesis presented in this work 
is an ameliorated synthesis procedure of a similar IIP pub-
lished previously by our research group [13]. In our previous 
work, the HL1 synthesis followed a three-step synthesis-
isolation procedure with BuLi as activator of the amide 
synthesis step. The procedure involved isolating the ethyl 
ester, the amide substitute and the final product HL1, after 
hydrolysis. Here, we successfully produced HL1 in a one-pot 
synthesis by activating the dipicolinic acid with  SOCl2, fol-
lowing previous work by Devi et al. [17]. Hydrolysis of the 
acyl chloride took place during the isolation step of the final 
product. One major drawback of the polymer synthesized 
by Chauvin et al. [13] was the polymerization step in which 
the Y(6-(4-Vinylphenylcarbamoyl)pyridine-2-carboxylate)3 
complex was introduced as an insoluble species in DVB and 
styrene mixture diluted in pyridine and DMSO. As a result, 
to reach an acceptable loading capacity necessitated a high 
doping percentage (30 % HL1). Moreover, the synthesis in 
organic solvent (DMSO and pyridine) resulted in a large 
particle size distribution, including many very small parti-
cles, hindering the use of the IIP in solid phase extraction 
(SPE). Here we used an emulsion polymerization procedure 
to obtain IIP-Y, yielding larger particles allowing SPE in 
columns containing 3.5 g of polymer. Gravity flow could 
be obtained because of the absence of very small particles. 
Moreover, we formed the Y(L1)3 complex in-situ during the 
polymerization step, after L1 had already reacted with form-
ing polymer particles. Doing this enabled the formation of 
large particles with the extracting cavity of Y(L1)3 situated 
preferentially on the surface of the PS particles. Thus our 

IIP-Y has a larger extraction capacity, compared to the IIP-Y 
synthesized in Chauvin et al., for a lower doping percent-
age. In this work, for a doping percentage of 5 g of HL1 for 
45 mL of DVB/Sty, or 9.0 %, the loading capacity of IIP-Y 
was 4.4 mg  g−1 of resin. In comparison, the IIP-Y polymer 
synthesized by us previously [13] had a loading capacity 
of 8.6 mg  Y3+ g  resin−1, but with a much higher doping 
percentage of 33 %. In conclusion, we considerably simpli-
fied the synthesis of HL1 and the emulsion polymerization 
procedure yielded an IIP with a larger extraction capacity for 
 Y3+ and larger particles making it usable in automated SPE.

90Y SPE in environmental and human bone 
and teeth samples

In most environmental and human samples of a radioactivity 
survey plan, 90Y is in secular equilibrium with 90Sr because 
of the time elapsed from the sampling to the beginning of 
the analysis. In addition, γ-analysis is usually carried out 
on most samples prior to 90Sr analysis. Most often, the time 
for the transfer of the sample to the lab, for drying, milling, 
freeze-drying, ashing, etc., usually exceeds the 12 days nec-
essary to obtain a secular equilibrium between 90Sr activity 
and 90Y activity in a sample. Thus, the 90Sr activity can be 
obtained by determining the 90Y activity. Results are sum-
marized in Table 1 for the samples of the Swiss radioactivity 
survey plan, from the years 2015 to 2019, after extraction 
and measurement of 90Y using IIP-Y and proportional count-
ing. Results of Table 1 show that the overall chemical yield 
of the automated method was above 80 % for all samples 
(n = 652). The 90Y radionuclide purity, checked by deter-
mining the half-life, never surpassed 69 h or was lower than 
61 h, demonstrating a very good radiochemical separation 
(Fig. 2). Most often, samples like soils contained an average 
of 30 Bq  kg−1 of 238U and 232Th series, each series con-
taining up to 20 other radioactive elements. These activities 
largely exceeded the average 0.8 Bq  kg−1 determined in this 
work for 105 soils samples. Thus, our procedure was able to 
completely separate natural radionuclides from 90Y. Results 
of Table 1 also show that the SPE procedure was able to 
reach a very low detection limit necessary for the current 
determination of 90Sr in the calciferous tissues in human 
(bone and teeth). For instance, the current level of activity 
in human vertebrae in Switzerland is close to 10 mBq g 
 Ca−1. Thus, the determination of 90Sr in this type of sample, 
using 10 g of bone ash, required a detection limit of a few 
mBq g  Ca−1. This was achieved here by using SPE with a 
high yield (> 80 %), by using a large sample weight (10 g of 
bone ash) and a low level background counting of 0.4 dpm. 
Considering the high Ca content of bone, teeth, and milk 
ashes, there is comparatively no other SPE method that can 
separate the Ca and Sr with a reasonable time and price. In 
addition, determining 90Sr in water at the detection limit of 
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8 mBq  L−1, well below the Euratom recommendation for 
drinking water (4.9 Bq  L−1), can be carried out without any 
preparation, to the exception of pH adjustment to 3. The 
EU 2013/51 Euratom legislation imposes a method to be 
able to determine 90Sr at the 0.4 Bq  L−1 level [18]. In this 

work, we show that SPE using an ion-imprinted polymer 
can reach this goal with a fully automated method. To the 
opposite of some other automated separation method for the 
determination of 90Sr [10], we choose to work with a large 
volume of loading solution (from 300 ml to 1 l) to simplify 

Table 1  Results of 90Sr determination in 652 samples from the environment, the food chain, and human bone and teeth in Switzerland between 
2015 and 2019, using the SPE resin IIP-Y. k = 1

a Potatoes, salad, rhubarb, spinach, chard, parsnip, carrot, radish, leek, celery, Jer. artichoke, bear’s garlic
b Average Ca concentration: 1.1 ± 0.1 g Ca/L (n = 122)
c 10 teeth per measure
d Sample of 1 l

Type of sample n Average yield (%) DL Average activity level Min–max 
activity 
range

Bq  kg−1  Bq  kg−1  Bq  kg−1

Soil 105 84 ± 8 0.15 0.78 0.13–2.97
River sediments 15 85 ± 5 0.15 0.27 0.15–0.49
Wheat 82 77 ± 8 0.017 0.12 0.025–0.41
Grass 134 82 ± 7 0.11 1.27 0.21–7.65
Vegetablesa 66 82 ± 7 0.11 0.72 0.11–4.1

mBq g  Ca−1 mBq g  Ca−1 mBq g  Ca−1

Milkb 121 87 ± 5 5 17.7 ± 5.3 6.1–34.5
Milk  teethc 36 87 ± 9 5 13 8–29
Human vertebrae 69 82 ± 9 2 10 4–39

mBq  L−1 mBq  L−1 mBq  L−1

Waterd 145 86 ± 8 8 < LD

Fig. 2  90Y half-life deter-
mined on experimental counts 
(Tennelec LB4100w) of a 90Y 
oxalate source prepared after 
SPE starting from 50 g of soil 
containing 2.05 Bq  kg−1 of 90Sr
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the working procedure and minimize the dead volume per-
centage. Because the IIP particles can be obtained easily 
in large quantity (tens of grams) and can be reused, larger 
columns can be implemented in the automated system. In 
addition, 90Sr determination can be carried out directly on 
1 l of water, without additional work, except the addition of 
the stable Y carrier and the pH adjustment (at 3). Finally, 
the extraction and elution procedure is carried out overnight, 
which leaves the laboratory technician with a solution ready 
for preparation of the source (either for liquid scintillation of 
for proportional counting, depending on preferences). 

Results of the quality control

Results are presented in Table 2. Unfortunately, there is no 
reference material for 90Sr in teeth to our knowledge. How-
ever, since teeth are chemically analogous to bone, reference 
material IAEA-A-12 can be considered equivalent. Results 
of Table 2 show that the SPE IIP-Y method is particularly 
well adapted to determining 90Sr in difficult samples such as 
soil and sediment as well as in samples with high Ca content 
such as bone and milk. In addition, results from four inter-
laboratory comparison exercises organized by the PROCO-
RAD association [19] demonstrate that the SPE resin IIP-Y 
is particularly well adapted to determining 90Sr in urine 
samples. The simplicity of the method makes it eligible for 
the rapid determination of 90Sr in urine in emergency situ-
ations. During the two BfS inter-laboratory exercises 2015 
and 2017 [20], 90Sr had to be determined in tandem with 89Sr 

and several actinides (238U, 241Am, 239Pu). 89Sr was present 
at about ten times the activity level of 90Sr, mimicking the 
real activities found in burnt nuclear fuel. Accordingly, our 
SPE resin IIP-Y was able to determine accurately the 90Sr 
activity in these complicated conditions.

Light Ln3+ separation

The ion-imprinted polymer synthesized in this work con-
tained  Y3+ as a template cation. Thus the imprinted compl-
exation cavity is formed by [Y(L1)3] complex. Because  Y3+ 
has a cationic radius similar to the  Ln3+ from the middle of 
the  Ln3+ series, the possibility of IIP-Y to have an enhanced 
selective for some of the  Ln3+ has been demonstrated earlier 
by Chauvin et al. [13]. In our previous work, the selectiv-
ity of the IIP-Y resin for  Y3+ over  Ln3+ was established as 
La > Nd > Eu, Gd in batch experiments using Y/Ln pair. 
Here we show that the IIP-Y resin can separate light  Ln3+ 
through elution with a pH gradient only (Fig. 3).

The fact that  Ln3+ can be separated on the IIP-Y without 
the help of a co-ligand is an important result because the 
separation resulted in a  Ln3+ fraction free of ligand. The 
neutralization of the slightly acidic fractions with NaOH 
yields a  Ln3+ fraction with NaCl only, which is the desired 
medium for targeting molecules in nuclear medicine. In a 
future work, we hope to be able to separate the complete 
 Ln3+ series by pH gradient only, using a combination of res-
ins with a specific  Ln3+ cation used as the template. The use 
of  Ln3+ cations as templates will increase the specificity of 

Table 2  Quality control of the method: results of inter-laboratory comparison exercises and reference material for 90Sr determination using the 
SPE resin IIP-Y. k = 2

Name Type Target value IIP-Y method value Bias (%)
Bq  L−1  Bq  L−1

PROCORAD 2018
PROCORAD 2017
PROCORAD 2016
PROCORAD 2015

Urine 4.16 ± 0.20
1.1 ± 0.05
5.14 ± 0.27
2.38 ± 0.12

4.0 ± 0.4
0.95 ± 0.08
5.01 ± 0.40
2.48 ± 0.10

− 3.8
− 13.6
− 2.5
+ 4.2

BfS II/2017 Water 7.25 ± 0.10
9.15 ± 0.10

7.25 ± 0.7
9.85 ± 0.90

0
+ 7.6

BfS II/2015 4.21 ± 0.27 4.38 ± 0.30 + 3.9

 Bq  kg−1  Bq  kg−1

IRSN 142 SR 300 Sediments 6.3 ± 1.2 6.0 ± 0.5 − 4.7
IAEA-soil-6 Soil 30.3 ± 3.6 30.3 ± 4

29.9 ± 4
28.8 ± 4

− 0.1
− 1.4
− 5.1

IAEA-375 Soil 108 ± 6 104.7 ± 6
104.3 ± 6
101.6 ± 6

− 3.0
− 4.2
− 5.9

IAEA-A-12 Animal bone 54.8 ± 8 55.8 ± 5
54.0 ± 5

+ 1.8
− 1.4

IAEA-152 Milk powder 7.7 ± 0.8 8.2 ± 0.7
7.2 ± 0.7

+ 6.5
− 6.4
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the resin due to the imprinting of well-defined  [Ln3+(L1)3] 
cavity size and due to the difference in Ln-L1 bond strength. 
For instance, it is possible that the heaviest  Ln3+, Lu, will 
tolerate only two L1 ligands in its complexing cavity due to 
the small ionic radius of this cation, as already observed by 
others for the sterically hindered 2,6-bis(1-methylbenzimi-
dazol-2-yl)pyridine ligand [21].

Conclusions

In this study, we present the use of a resin based on the ion-
imprinted concept in the analysis of 90Sr in environmental 
and human samples. To our knowledge, it is the first example 
of a resin synthesized on a large scale for use in automated 
SPE as a (radio)analytical technique, using the ion-imprinted 
method. The resin can be produced in quantities of tens of 
grams using basic lab material and does not necessitate any 
sophisticated synthesis steps. The major advantage of using 
dipicolinic acid as the starting product, aside from its low 
price, is the versatility of the carboxylic function that can 
be readily activated, e.g. as acyl, to react with numerous 
nucleophiles. Here we chose an amide functionalization 
because of its high stability in the acidic condition neces-
sary for the efficient removal of the template cation. In addi-
tion, the complexing ability and versatility of the dipicolinic 
acid framework has been demonstrated previously for  Ln3+ 
and lanthanoïds [22]. Thus, HL1 ligand forms complexes 
such as  [Ln3+(L1)3] with high stability constant (log β3 > 19) 
[13]. The formation of a Y(L1)3 complex in-situ during the 

polymerization step also increases the selectivity of the 
resin because it creates three covalent bonds between the 
imprinted cavity and the resin styrene skeleton. These three 
covalent bonds produce the necessary rigidity to the cavity 
size to adapt cations with a corresponding ionic radius. Most 
metal cations, especially from the transition metal series (d 
orbitals), form ionic bonds in a given specific geometry with 
ligands. For instance,  Fe3+ favors an orthogonal geometry 
similar to a bipyramid with a square base with donor oxygen 
atoms. In contrast,  Ni2+ favors a planar geometry or square 
base pyramid with donor nitrogen atom. This means it is 
possible to imprint complexes with a specific geometry and 
interaction to enhance the selectivity of the SPE resin. Thus, 
our lab continues to work forward to produce ion-imprinted 
resins with covalently bound ligands offering donor atoms 
creating an ionic bond with  Fe3+ or  Ni2+ in an orthogonal 
or square planar geometry. These resins will be used for the 
SPE of 55Fe and 63Ni, two radionuclides of relevant impor-
tance in the dismantling of nuclear power plants.
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