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There is growing demand for separation of *°Y carrier free from *°Sr coexisting to produce high purity *°Y essential for ra-
diopharmaceutical uses. Thus, in this context the sorption profiles of Y>* and Sr** from aqueous solutions containing dieth-
ylenetriaminepenta acetic acid (DTPA), ethylenediaminetetra-acetic acid (EDTA), acetic acid, citric acid, or NaCl onto Chelex-
100 (anion ion exchange) solid sorbent were critically studied for developing an efficient and low-cost methodology for selective
separation of Y>* from Sr** ions (1.0 x 107> M). Batch experiments displayed relative chemical extraction percentage (98 + 5.4%) of
Y** from aqueous acetic acid solution onto Chelex-100 (anion ion exchanger), whereas Sr** species showed no sorption. Hence,
a selective separation of Y>* from its parent *°Sr** has been established based upon percolation of the aqueous solution of Y>* and
Sr** ions containing acetic acid at pH 1-2 through Chelex-100 sorbent packed column at a 2 mL min~" flow rate. Y>* species were
retained quantitatively while Sr** ions were not sorbed and passed through the sorbent packed column without extraction. The
sorbed Y** species were then recovered from the sorbent packed column with HNO; (1.0 M) at a 1.0 mL min ™" flow rate. A dual
extraction mechanism comprising absorption associated to “weak-base anion exchanger” and “solvent extraction” of Y** as (YClg)
>~ and an extra part for “surface adsorption” of Y>* by the sorbent is proposed. The established method was validated by measuring
the radiochemical (99.2 + 2 1%), radionuclide purity and retardation factor (R ¢=10.0£0.1 cm) of 2°Y?* recovered in the eluate.
Ultimately, the sorbent packed column also presented high stability for reusing 2-3 cycles without drop in its efficiency (+5%)
towards Y>" uptake and relative chemical recovery. A proposed flow sheet describing the analytical procedures for the separation
of *°Y** from °°Sr*" using chelating Chelex 100 (anion exchange) packed column is also included.

1. Introduction

In nuclear medicine, *°Y is an important radioisotope due to
its satisfactory physical characteristics that include f~
emissions that allow tissue diffusion to a moderately ex-
tensive range, a suitable half-life (t,,, =64.4h) and a non-
radioactive daughter [1-6]. The United States-food and drug
administration (US-FDA) has accepted Zevalin drug that
incorporates °Y [7, 8]. So, it is essential to the *°Sr impurity

in *°Y samples owing to the radiotoxicity of *°Sr [9, 10]. *°Y
decays to the stable *°Zr daughter, thus it is used as a pure
B-emitter. High complex formation constants of Y>* with
complexing ligands make *°Y’* valued in preparing ra-
diopharmaceutical reagents [11, 12]. In light of the perceived
need to abolish the radiotoxicity risk poses by *° Sr, accurate
separation, accurate, and reliable removal of *°Sr impurities
from Y samples is of great importance. Therefore, great
attention has been oriented towards establishing selective
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and low cost methods for chromatographic separation of
*9Sr** from “°Y** samples with good radiochemical and
radionuclide purity.

Recently, huge volumes of radioactive wastes and a di-
versity of radionuclides are generated from nuclear reaction
process are certainly released into the natural environment
[13, 14]. Thus, many approaches have been described in the
last two decades for complete separation of *°Y** from
various solutions via 2-ethylhexyl phosphonic acid mono-2-
ethylhexyl ester (PC88A) in kerosene, [15], solvent extrac-
tion [16-20], organic resin and chelating agent and TBP-
treated resins such as amberlite XAD-4 [21-24], cation ion
exchanger [25, 26], pyridyl azo napthol (PAN)/zeolite
composite [27], Teflon grain support di (2-ethyl hexyl)
phosphoric acid-dodecane [28], Chelex-100 [29], paper
chromatography [30], nafion-117, and dowex 50W X8 [31].
A °Y generator system contained two extraction columns
and sec-octylphenoxy acetic acid and tri-n-butyl phosphate
as modifier have been used for separation of *°Y from *°Sr
[32-34]. °Sr/*°Y generator elutes Y free from °Sr with
relative chemical recovery over 90% [35, 36]. Inorganic ion
exchangers, e.g., cerium (IV) iodotungstate [37], zirconium-
vanadte gel [38, 39] and chelating Chelex-100 ion exchange
[10] in several steps have been used for complete separation
of °Y** from °°Sr** [31-34]. However, some of these
methods have many drawbacks and limitations such as
complexity, high cost, the necessity for suitable operation,
and preconcentration due to their low capacity. Therefore,
searching for establishing low cost, simple systems with
short analytical time and ruggedness for chromatographic
separation of Y>* from Sr** species in aqueous solutions with
good radiochemical and radionuclide purity are much
sought after [37, 38].

With this background in mind, taking into account the
importance of highly pure *’Y*, the characteristics of the
chelating group iminodiacetate moieties of the Chelex-100
anion ion exchanger and some of the synthesized inorganic
sorbents as ideal and ecofriendly solid sorbents and in
continuation to our previous study [10, 38-43], the current
study is aimed to (i) revising the sorption profiles of Y>* and
Sr** onto the anion ion exchanger as a new candidate solid
sorbent, (ii) establishing a simple and low cost and selective
chromatographic separation of *°Y from its parent *°Sr by
chelating Chelex-100 (anion ion exchanger) sorbent packed
column and finally, and (iii) testing the reusability of the
established chelating Chelex-100 sorbent packed column
towards separation of Y** from its parent Sr** species in
aqueous solutions. These results are supportive to recognize
the analytical utility of the Chelex-100 in nuclear medicine,
waste management and to properly assign the physico-
chemical behavior of radionuclide *°Y** and *°Sr**.

2. Materials and Methods

2.1. Chemicals. Analytical reagents chemicals were used as
received. High-density polyethylene (HDPE) bottles and all
glassware’s were immersed in hot detergent for 24h and
soaked in the acid mixture of HCI (50% v/v)-conc. HNO;
(3.0M) at 1:1 v/v ratio, washed with double distilled water
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and finally dried in oven at 80-90°C. Stock solutions (1.0 M)
of Sigma-Aldrich diethylenetriaminepenta acetic acid
(DTPA), ethylenediaminetetra acetic acid (EDTA), HCI,
HNO:;, acetic acid, citric acid, and NaCl were prepared in
deionized water. The chelating Chelex-100 (anion ex-
changer) (100-200 mesh) was purchased from BDH (Poole,
England) and was used after washing 3-4 times with
deionized water before use. **Sr tracer was used as a sub-
stitute for *°Sr and the radio tracers *°Y>* and *°Sr** were
acquired by exposing the target Y,O; and SrCO; (99.9%
purity) in Al container at an average thermal neutron flux
density of 1.3 x 10" neutrons/cm*/s at the ERR-1 research
reactor (Atomic Energy Authority, Inshas, Egypt). Beta
counting (liquid scintillation) was used to check *°Sr** ef-
ficiency. Millipore water (resistivity 18.2 MQcm) was used in
all experiments. The test solutions were prepared by spiking
100 mL of the water sample with a certain amount of YCl;
(1.771 x 10> M) and SrCl, (1.323 x 10> M) individually.

2.2. Apparatus. A Geiger-Muller (3~ Counter) and window
detector and a Scaler Ratementer SR7 (y-Scintillation
Counter) were used for ordinary gamma ray counter and it is
fixed with well Nal (T1) crystal. A high purity germanium
(HPGe) coupled to a calibrated multichannel gamma ana-
lyzer (Silena, Milan, Italy) was employed to test impurities in
the irradiated Y,O3 and SrCOj as reported earlier [10]. The
activity of *Sr activity was monitored as reported [10].
Standard radionuclides were prepared from a mixed source
of the radioisotopes '*”Eu (86.5 and 105.3keV), *’Co (122.1
and 136.5keV), and '*"Cs (661.6 keV). A mechanical shaker
(Corporation Precision Scientific, Chicago, USA) with
a shaking rate of 10-250 rpm was used for performing batch
experiments. A centrifuge Chermle Z 230 A of 5500 rpm
speed was also used. A close-fitting glass Jar chromatography
(40cm L and 5cm id) of Whatmann paper No 1
(3cm x 30 cm), Milli-Q Plus water system (Millipore, Bed-
ford, MA, USA), and glass columns of 10.0 cm length (8, 15,
and 20.0 mm internal diameter) were used in flow experi-
ments. A digital micropipette (5.0-1004L) and a Jenway
pH meter (model 3510) were used for the preparation and
measuring the pH of more diluted working solutions,
respectively.

2.3. Preparation of the Radioactive *°Y and *’Sr Tracers.
An accurate mass of SrCO; (200mg, 99.9% purity,
MW =147.63) or Y,05 (200 mg, 99.9% purity, MW =225.8)
was enfolded in pure Al foil precleaned with acetone and air
dried before use to reserve the solid from possible con-
tamination during cooling in the reactor. Al foil was then
presented into another outer leak proof of Al and the target
compound SrCO; and Y,0; were exposed for two days in
the perpendicular channel of 2 MW water-cooled research
reactor ERR-1 at average thermal neutron flux density of
1.3x10" n/cm®s (Atomic Energy, Inshas, Egypt). The ex-
posed target was left-hand to cool for 24 h before use. Ac-
curate masses of each exposed SrCO; (200 mg) and Y,0;
(200 mg) were dissolved in HCI (50.0 mL, 2.0 M). The test
solution of ¥SrCl, and *°YCl; was heated to dryness and
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redissolved in deionized water (100 mL) to achieve the final
concentrations of *SrCl, (1.323x1072M) and *°YCl,
(1.771 x 107> M), respectively. In the irradiated product, the
impurities were then checked as reported earlier [10]. The
specific activity (S) was then computed as reported earlier
[40-42]. The purity of irradiated *°YCl; was also confirmed
from the decay shape over 3 half-lives (t;,) period at
neutron flux density of 1.3 x 10'® neutrons/cm?/s as reported
(44, 45].

2.4. General Batch Extraction Procedures. In a series of
precleaned  penicillin ~ bottle,  accurate = masses
(0.100£0.002g) of the precleaned Chelex-100 (Anion ion
exchanger) were transferred and equilibrated with 20.0 mL
solutions containing known concentrations (1.0 x 10° M) of
YCl; or SrCl, in acetic acid, DTPA, EDTA, citric acid, or
NaCl (1.0 x 107> M). The test solutions were then shaken for
60 min at various pH at 25°C. The solid phase extractor in
each solution was allowed to settle down and an accurate
volume (1.0 mL) of the aqueous phase of each solution was
separated out. The radioactivity of 20y and °°Sr, the relative
extraction percentage (%E) and the amount (gq,) of Y3
and/or Sr** between the sorbent phase and the aqueous
solution were then computed from their activities before and
after extraction as reported [38, 39]. The distribution ratio
(D, mL/g) of Y>" and/or Sr** were also calculated using the
following equation [43]:

%E
Kd :< > >><
100 — %E

where V is the volume of solution (mL) and W is the mass of
the dry ion exchanger (g). The quantity (q,) of Y>* extracted
per unit mass of the sorbent (mol g™') was then calculated as
reported earlier [39].

V (mlL) m
Wi(g)

L/g, (1)

2.5. Separation of Y>* from Sr’* by Chelex-100 (Anion Ex-
changer) Packed Column. An accurate mass (1.0 £0.002 g)
of the Chelex-100 (anion exchanger) sorbent was homo-
geneously packed in glass column (10.0 cm length X 0.8 cm
i.d). An aqueous solution of acetic acid (1.0 x 107 M) of
pH 1-2 was introduced into the sorbent packed column
and quartz wool was then placed at the top of the resin after
the sorbent had established down. This step helps in
avoiding the disturbance of the resin particles during
percolation of the test solution. Column was then washed
with water 2-3 times at a 2.0 mL/min flow rate. The test
solution (25mL) containing Y°* and Sr** and DTPA
(1.0 x 107> M) was permeated to pass through the column
at a 2.0mL min~" flow rate. Y>* was only sorbed quanti-
tatively, whereas Sr°* species were passed through the
column without sorption as specified from the radioac-
tivity measurement of *°Y>" and *°Sr** in the effluent. The
sorbed Y?* species were then recovered from the sorbent
packed column with HNO; (10mL, 1.0x10"'M) at
a2.0mLmin~" flow rate. The recovered Y** solutions were
heated to dryness, redissolved in ultra-pure water, and the
Y>* purity was finally determined via computation of the

half life (¢,,) as reported [39, 44]. Moreover, the influence
of other parameter such as flow rates (1.0-5 mL min~!) and
the internal diameter (0.8, 1.5, and 2.0 cm) on the ana-
lytical performance of Chelex-100 packed column for
separation of *°Y>" from °Sr** was also examined.

2.6. Determination of Radiochemical and Radionuclidic Purity
of °Y. °°Y purity was critically checked as follows: On a strip
of Whatmann No. 1 paper, a drop of 5.0 uL was put on the
lower end of the chromatographic paper. After the spot has
dried, the strip was immersed at its lower end in TRIS buffer
(0.1 M) of pH 7 as a developer using ascending chromato-
graph technique without reaching the spot. The paper was
left for 5-6 min to develop; the solution was then reserved
out and the paper was allowed to dry. The paper was divided
into equal parts (1.0cm sections) and GM was used for
counting f activity and the sorption factor (R,) was then
computed. The radionuclidic purity of *°Y>* in the eluate
was determined from the purification factor (P,)=A/A,,
where A and A, are the activity of *Sr in the eluate and
solution, respectively. The radionuclidic purity was also
computed from the decay curve over a period of at least
3 half-lives. The decay curve of *°Y>* was planned by
detecting 5~ activity at one day intervals for 10 days after
elution [46, 47].

3. Results and Discussion

3.1. Preliminary Study on the Sorption Profile of Y°* and **Sr**
onto Chelex-100. The majority of ion exchangers using
organic resin and chelator/complexing agent are simple and
fast for separation of elements. However, they do not offer
a ready-to-use eluate [3, 5]. Introductory study on Y** and
Sr** uptake from the aqueous solution by chelating Chelex-
100 (anionic form) displayed significant Y3+ sorption in
a short time. Thus, a detailed study on the sorption profile of
Y>* and Sr** from the aqueous solution onto the established
Chelex-100 sorbent was critically studied.

3.2. Programming of the Analytical Parameters

3.2.1. Impact of pH of the Extraction Media. The pH has
a significant influence on the retention capacity for the ion
exchange materials since the electrostatic interactions are the
driving forces. Thus, in batch experiment, the uptake of Y>*
and Sr** (1.0x107°M) as YCl; or SrCl, from the test
aqueous solutions containing DTPA, EDTA, acetic acid,
citric acid, or NaCl 1.0 x 107> M) by Chelex-100 sorbent was
studied over a wide range of solution pH (pH 1-11) after
a shaking period of 60min. In the aqueous phase, the
amount of Y>*and Sr** was then determined. The sorption
data of Y** and Sr** from the various extraction media into
Chelex-100 (anionic form) are summarized in Table 1. In
acetic acid and DTPA media, the sorption profiles of Y** and
Sr** are also illustrated in Figures 1 and 2, respectively. In
acetic acid media, the K4 of Y>* sorption onto Chelex-100
sorbent reached a maximum value at pH 1-6
(K,;=9930.6 + 12.4), whereas the K; gradually decreased on
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FiGURE 1: Plot of K, versus pH of Y>* and Sr** sorption onto
Chelex-100 (anion ion exchanger) from aqueous acetic acid so-
lution (1.0 x 107> M) after 60 min shaking time at 25+ 0.1°C.
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F1GURE 2: Plot of K; versus of pH of Y>* and Sr** sorption onto
Chelex-100 (anion ion exchanger) from aqueous DTPA solution
(1.0 x 107> M) after 60 min shaking time at 25+ 0.1°C.

increasing the solution pH and reached minimum value (K,
close to zero negligible value) at pH11 as shown in Figure 1. On
the other hand, Sr** uptake was insignificant in the pH range
pH 1-5 (K;=0.0) and it gradually increased on growing the
pH and reached maximum value at pH 9 (K; =9910.6 + 10.6)
and levelled oft at higher pH up to pH 11 (K; = 6000.7 + 9.3) as
shown in Figure 1. The sorption selectivity of Y>* at pH 1-3
onto chelating Chelex-100 sorbent in the various extraction
media followed the order: NaCl (K,;=12278.5+ 13.8 > acetic
acid (K;=9930.6+12.4) >EDTA (K, =9905.3 +5.4) > citric
acid (K,=9886.4+58)>DTPA (K,;=70047+33). At
pH 1-3, Sr** species did not retained except in NaCl, where
K, =66654.6+5.7 (Table 1).

In DTPA or acetic acid media of pH ranging from pH 1
to pH 4, Y>* species were retained quantitatively onto the
chelating Chelex-100 ion exchanger sorbent and the values
of K, were reproducible compared to EDTA, citric acid, or
NaCl. Representative plot of K; versus of pH of Y>* and Sr**
sorption onto Chelex-100 (anion jon exchanger) from
aqueous DTPA solution (1.0 x 10~> M) after 60 min shaking
time at 25+ 0.1°C is shown in Figure 2. The observed be-
havior in Figure 2 is most likely attributed to the possible

formation of nonpolar complex species of Y** species (YClg)
>~ with the available iminodiacetate moieties of the chelating
Chelex 100 sorbent at pH < 3 (pK,; = 3.2) [40, 42, 43]. Atlow
pH (pH <3), the possible interaction between the formed
complex anion of yttrium (YClg)*>™ and the protonated
iminodiacteate moieties of the chelating Chelex—100 anion
ion exchanger by forming ternary complex ion associate may
also contributed in the observed trend at low pH < 3 [42, 43].
On the other hand, at pH above pH 3, one of the two
carboxylic acids of the iminodiacetate moiety is deproto-
nated carrying a negative charge which attracts other pos-
itive cation present in extraction media, e.g, Na®
(introduced from pH adjustment by diluted NaOH which
compete effectively with Y>* because of their considerably
higher concentration in solution [42]. The fact that, in acidic
solutions, the N atom of the iminodiactic group retaining
free electron pair is protonated, hence the resin is most likely
can acts as weakly basic anion exchanger [43]. In addition,
deprotonation of the second carboxylic group of the imi-
nodiacetic moieties could also be proceeded at pH>7,
resulting in destabilization of the “guest-host” complexes
between Y* and aminocarboxylic moieties [43]. This ex-
changer is also commonly regarded as an amphoteric ion
exchanger and its ion exchange function depends on the
solution pH that in contact with the resin as presented in
Scheme 1.

In DTPA, EDTA, acetic acid, citric acid, or NaCl medium
at pH>7, Chelex-100 sorbent displayed good retention to-
wards Sr** and the extraction profile of Sr** followed the
order: NaCl (K;=12276.9+5.7> citric acid
(K;=9759.6 £5.7) > acetic acid (K;=7212.2+5.8)>EDTA
(K;=3623.4+3.7)>DTPA (K;=1614.5 £ 5.2) was achieved.
On the other hand, at pH>7, the chelating Chelex-100
sorbent displayed no affinity towards Y** from citric acid,
EDTA or DTPA. The fact that the chelating agents EDTA and
DTPA act as competitors having similar groups with the
Chelex-100 sorbent and both are able to form complexes in
solution with Y** and Sr** preventing their adsorption while
acetic acid is the weakest medium [42, 48]. This behavior is
most likely attributed to the strong and weak ion-association
interaction of the accessible specific active sites of the Chelex-
100 solid extractor towards Sr** and Y’*, respectively, as
reported the authors in [42, 48]. On the other hand, it may be
thought that for smaller molecules a more pronounced dif-
ference between the adsorption sites on the surface of Chelex-
100 and inside the sorbent pores as reported [48]. In acetic
acid, EDTA or NaCl at pH > 7, separation of Y>* from Sr**
was not complete. Thus, in Y3 separation from Sr?*, acetic
acid, or DTPA (1.0 x 107> M) was implemented as a preferred
extraction medium at lower pH in the subsequent study.

3.2.2. Impact of Shaking Time. The influence of shaking time
over 0.0-2.0h on Y** uptake from aqueous acetic acid or
DTPA solution (1.0 x 10> M) onto Chelex-100 was studied.
Y’* sorption onto the ion exchanger was fast at the initial
stage and attained maximum sorption percentage after
60 min shaking time and remained constant at extra time.
This trend was supported from the value of half life (¢,,,) of
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ScHEME 1: A scheme describing the possible interactions between Y** ions and the iminodiacetate moieties of Chelex -100 at various
solution pH forming different complex species of Y*>* with Chelex-100 (anion ion exchanger).

Y’* retention via the plots of log C,/C, of Y** versus shaking
time. The value of the half-life (t,,,) of Y** retention from the
aqueous acetic acid or DTPA solution as computed from the
plot of log C,/C, of Y>* versus shaking time was in the range
2.42 +£0.05 min. Representative plot is given in the Supple-
mentary Description (SD. 1). Thus, the rate-controlling step
for Y>* sorption by the sorbent is not only gel diffusion
control as in the ion exchangers [49, 50]. At the initial stage
of shaking time, the plot of %E of Y>* versus log time was fast
and linear approving the occurrence of intraparticle diffu-
sion [10, 50]. Thus, a 60 min shaking time was adopted in the
following study.

3.2.3. Influence of Media Polarity. The extraction medium in
solid phase extraction procedures has a pronounced effect
on the performance of Y** separation. Thus, Y>* and Sr**
ions uptake from the test aqueous solutions (20.0 mL)
containing various known concentrations (1 x 107°-1.0 M)
of HCI or HNO; at standard concentration of Y>* and Sr**
(1.0x 107> M) was studied over a shaking time of 60 min at
room temperature. At equilibrium, the remained Y** and
Sr** ions in the aqueous phase was measured and the ex-
traction percentage (E, %) and the D were then computed as
reported [10]. In HCl media, the data are presented in
Figure 3, where the E% and D of Y>* and Sr** by the sorbent
decreased on rising HCI concentration from 1.0x10™" to
1.0 M. At HCl concentration >1.0 x 107" M, Sr** species were
not retained, while 75.0+2.1% of Y°* was retained. The
strong interaction of the active sites of the sorbent with Y>*
may account for this trend [51, 52]. The strong binding of
Y>* to form [YClg)?~ complex species [53] compared to Sr**
in HCI media may also account for the observed trend. In
HNO; (1.0x107°-1.0 M), Y>* species did not sorbed onto
chelating Chelex-100 sorbent whereas significant sorption of
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FIGURE 3: Plot of the extraction percentage (%) of Y>* and Sr**
(1.0x107° M) as YCl; or SrCl, onto Chelex-100 (anion ion ex-
changer) versus-log([HCI) concentrations (1.0 x 107°-1.0 M) in the
aqueous media after 60 min shaking time at 25+ 0.1°C.

Sr** (K;=650.4+3.64mL g ') was noticed at 1.0x10°M
and decreased on rising HNOj; concentration up to 1.0 M
(K;=210.2+3.64mL g '). The average chemical extraction
percentage of 88r and *°Y from acetic acid (1.0 x 107> M) at
different solution pH onto Chelex-100 was also studied. The
results are illustrated in Figure 1 where in acetic acid media
at pH < 5, Y>" species were retained quantitatively while Sr**
ions did not get sorbed. However, in the subsequent study,
HNO; (1.0 x 10" M) was nominated as a prober reagent for
Y**recovery from Chelex-100 sorbent packed column since
it is easily evaporated by gentle heating.

3.3. Possible sorption Mechanism for Y>* Retention. The af-
finity of the sorbent towards Y>* played an important role on
its uptake. The nature and number of the specific sorbent
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sites are involved instantaneously in Y>* uptake from the
solution [16]. The chelating Chelex-100 sorbent acts as an
active “weak anion-exchanger” towards complex species of
Y** such as (YClg)®>~ in HCl media [53] and “liquid-liquid
extraction” with the salt performing as salting-out reagent in
Y>* uptake. The salt added decreases the water molecules
available to solvate Y>* ions which would be required out of
the solvent onto the sorbent phase. Thus, water structure
enforced ion pairing is somewhat the driving force for Y>*
uptake and “surface adsorption” effectively take part in the
Y>* extraction [53, 54]. Based on the obtainable results and
the data reported earlier [54, 55], a dual sorption mechanism
involving absorption related to “weak-base anion exchange”
and “solvent extraction” in addition to “surface adsorption”
of Y?* is proposed. Thus, retention mechanism of Y>* can be
stated by the following equation [54, 55]:
SK;Cuq

(2)

C,=Cph+Cy = DCaq + +K;C

ﬂq’

where C, and C,, are the equilibrium concentrations of Y+

ions onto the sorbent and in solution, respectively. C,,; and
C,, are the equilibrium concentrations of Y** absorbed and
adsorbed onto the sorbent while S and K are the parameters
of the Langmuir adsorption model [54, 55].

3.4. Separation of *°Y>*from Sr’* by Sorbent Chelex-100
(Anion Form) Packed Column. An aqueous solution
(25.0mL) composed of acetic acid (1.0 x107> M), Y>* and
Sr** jons (1.0x107°M) was permeated through Chelex-
100(Anion exchanger) packed column at a reasonable flow
rate (2.0mL min™). Y** species were retained quantitatively
whereas Sr** ions were passed without uptake as revealed
from ICP-OES determination of *°Y>* and *°Sr** ions in the
effluent versus reagent blank. Selection of proper eluting
agent prior to use of *°Y>" for labeling and radiolysis of
organic support materials is crucial and is identified as the
main limitations of current 90Sr/90Y [35, 56]. Thus, the
established methodology offered a facile, better selectivity
and simple approach compared to the published work
[12-21, 57]. Numerous eluting agents such as HNO3, HCIO,,
H,SO,, and acetic acid (1.0 x 10"'M) were checked for re-
covery of Y>" from chelated Chelex-1000 packed column.
Among these reagents, good percentage recovery
(99.5+2.9%) of °Y* was only achieved with HNOj; (10 mL,
1.0x 107" M) as a prober agent for Y>* recovery at a 1.0 mL/
min flow rate using Chelex-100 sorbent packed glass column
of 8 mm internal diameter. On the other hand, HNO; can
easily remove from the recovered *°Y>" solution by gentle
evaporation. The solid residue was redissolved in deionized
water and analyzed as reported [56].

Moreover, the impact of the internal column diameter
(0.8,1.5,and 2.0 cm) on the performance of chelated Chelex-
100 packed column on the separation of Y>* from Sr** ions
was examined at a 1.0mL min~' flow rate. Acceptable
separation and relative chemical recovery of Y** from Sr**
was only achieved at 8 mm internal diameter of the column,
whereas at internal diameter greater than 8 mm, Y°" re-
covery was not complete (<90%) The influence of the flow
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FIGURE 4: Plot of radioactivity of species in the eluate versus
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FIGURE 5: Plot of the radioactivity of species versus time.

rate (1.0-5 mL min~") on Y>* separation from *Sr** ions was
critically tested. Good separation with acceptable relative
chemical recovery (over 99%) of Y** from Sr** ions was
achieved at a flow rate of 1.0mL min~". Thus, in the sub-
sequent study, the flow rate and the internal diameter of the
Chelex —100 sorbent packed column were adopted at
a 1.0mL min~" flow rate and 8 mm internal diameter.

3.5. Radiochemical Purity of °Y**. Validation of Chelex-100
(anion form)-packed column for chromatographic separa-
tion of *°Y from *Sr was critically tested by calculating the
retardation factor (R ) from the radio chromatogram of 0y
on the original spot constructed by plotting radioactivity
(cpm) versus travelled distance, cm. The data are presented
in Figure 4 and the R value was 10.0 £ 0.1 cm of total activity
on the original spot in agreement with the data published
earlier [31-36]. These data also signify that over 99.2 £2.1%
of *°Y** species are present in the eluate as *°YCl; as re-
ported by the authors in [46, 56].

3.6. Radionuclides Purity of °Y°*. The proposed protocol was
tested by measuring the radionuclidic purity using the pu-
rification factor (P; = A/A,), where A and A, are the 205>+
activity in the recovered and loaded solution, respectively. The
P value was lower than 1.1 x 107°, demonstrating negligible
impurity of “°Sr** in *°Y>* solution [45, 46]. The radionuclidic
purity of *°Y>" was also computed from radioactivity (cpm)
plot of 2%Y3* in solution versus time (day) (Figure 5). The
value of half life (t;,,) of *°Y as computed from the decay
curve (Figure 5) was found equal 64.4h in good agreement
with the data reported earlier [38, 39], revealing high purity of
*%Y** with good performance of Chelex-100-packed column
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4 N\
SrCO, and Y, 0, (200 mg, each) dissolved in HC1 (50.0 mL, 2.0 M).
The produced SrCl, and YCI, dried and re-dissolved in deionized water (100 mL).

- 1 J
4 N\
25 mL of Y** and Sr** solution containing DTPA (1.0x10 M) was passed
through Chelex-100 column @ 2.0 mL min flow rate.

- J

Y** was sorbed quantitatively

|

retained Y** was then eluted
with HNO3 (10 mL, 1.0x10' M)

L

recovered Y** was dried and re-
dissolved in ultra-pure water

L

Y?* was determined via calculation of
the half-life (t )

1/2

Chelex-100

Sr** was passed without sorption

|}
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FIGURE 6: A proposed flow sheet of the analytical procedures for the separation of *°Y>" from *°Sr** using Chelex 100 (anion exchange)

packed column.

towards *°Y>" separation from °°Sr’*. The whole analytical

procedures for *’Y>* separation from *°Sr** by Chelex—100
sorbent is presented in the proposed flowsheet (Figure 6).

4. Conclusion, Drawbacks, and Future Outlooks

In summary, the current study presented an optimized
protocol for selective separation of *°Y>* from *°Sr** with
good purity using chelating Chelex-100 (anion exchanger)
packed column. The membrane-like structures and the
available active sites of the Chelex-100 solid extractor
permit good separation of Y** from Sr** compared to other
sorbents [12-22, 57]. Compared to previous methods for
separation of *°Y>" from *°Sr, Chelex-100 requires slight
sample operation to reduce the analysis time, and it does
not require solvent evaporations and reconstruction step.
This method displays high selectivity for separation of °Y>*
from *Sr** at the low level. The purity of *°Y can be tested
by quality control procedures. The established extractor
looks low cost and valuable alternative sorbent over the
common rigid or granular solid extractors. A dual sorption
mechanism of Y>* comprising both “surface adsorption”
and an added component of “ion exchanger and/or solvent
extraction” is anticipated. In addition, the results revealed
the possible use of Chelex-100 sorbent packed column for

complete enrichment and recovery of Y>* for 2-3 times
without significant decrease in its performance. Work is
ongoing for studying the impact of memory effect, various
organic materials in water samples and online enrichment
of ultratrace levels of Y>* from great volume of water
samples followed by subsequent determination. The study
also shows that the established extractor can be used as
cheap, efficient and ecofriendly solid sorbent for Y>*
separation from Sr**, whereas other methodologies have
high operational costs and sometimes yield undesirable by-
products when linked to physical and chemical methods.
The fact that the use of one factor at a time has many
drawbacks and shortcomings and the cooperating results of
numerous features might advance the signal and the utility
of the proposed methodology. Therefore, design experi-
ment for separation of Y>* from Sr** is suggested in the
forthcoming study. The developed strategy provides new
sorbents for establishing a method for radiochemical
separation.

Data Availability

The data used to support the findings of this study are in-
cluded within the manuscript and supplementary materials
and also from corresponding author upon request.



International Journal of Analytical Chemistry

Ethical Approval

This article does not require IRB/IACUC approval because
there were no human or animal participants.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This project was funded by the Deanship of Scientific Re-
search (DSR) at the King Abdulaziz University, Jeddah,
Saudi Arabia, under grant no. G-476-130-1433. The authors
therefore acknowledge the support by DSR for technical and
financial support.

Supplementary Materials

SD. 1: rate of Y>"uptake from aqueous DTPA (1.0 x 107> M)
solution using Chelex-100 sorbent. (Supplementary
Materials)

References

[1] S. M. Qaim, “Nuclear data for production of new medical
radionuclides,” Radiochimica Acta, vol. 89, p. 297, 2001.

[2] R. Chakravarty, U. Pandey, R. B. Manolkar, A. Dash,
M. Venkatesh, and M. A. Pillai, “Development of an elec-
trochemical *°Sr-°"Y generator for separation of *°Y suitable
for targeted therapy Nuclear,” Nuclear Medicine and Biology,
vol. 35, no. 2, pp. 245-253, 2008.

[3] R. Chakravarty, A. Dash, M. Venkatesh, and M. R. A. Pillai,
“Availability of yttrium-90 from strontium-90: a nuclear
medicine perspective,” Cancer Biotherapy and Radiophar-
maceuticals, vol. 27, no. 10, pp. 621-641, 2012.

[4] S. Chakraborty, R. Chakravarty, H. D. Sarma, M. R. A. Pillai,
and D. Ashutosh, “Utilization of a novel electrochemical *°Sr/
%Y generator for the preparation of *°Y-labeled RGD peptide
dimer in clinical relevant dose,” Radiochimica Acta, vol. 102,
no. 6, pp. 523-534, 2014.

[5] R. L. Montana, L. H. Gonzalez, A. A. Ramirez, L. Garaboldi,
and M. Chinol, “Yttrium-90-- current status, expected
availability and applications of a high beta energy emitter,”
Current Radiopharmaceuticals, vol. 5, pp. 253-263, 2012.

[6] G. P. Schmidt, P. Paprottka, T. F. Jakobs, R. T. Hoffmann,
K. Baur-Melnyk, and A. Haug, “FDG-PET-CT and whole-
body MRI for triage in patients planned for radio emboli-
zation therapy,” European Journal of Radiology, vol. 81,
pp. 269-278, 2012.

[7] K. M. Matthews, T. W. Bowyer, P. R. ]. Saey, and R. F. Payne,
“The workshop on signatures of medical and industrial iso-
tope production — wosmip,” J. Envirommental Radioactivity,
vol. 110, pp. 1-7, 2012.

[8] S. Dutta, P. K. Mohapatra, D. R. Raut, and V. K. Manchanda,
“Chromatographic separation of carrier free *°Y from *°Sr
using a diglycolamide based resin for possible pharmaceutical
applications,” Journal of Chromatography A, vol. 1218, no. 37,
pp. 6483-6488, 2011.

[9] Y. Zou,]. Liang, and T. Chu, “Crown ether—ionic liquid-based
extraction chromatographic resin for separation of 90Y from
90Sr,” Journal of Radioanalytical and Nuclear Chemistry,
vol. 311, no. 3, pp. 1643-1648, 2017.

[10] M. S. El-Shahawi, M. W. Kadi, S. H. El-Kholy, and
N. F. Eweda, “Retention profile and chromatographic sepa-
ration of °°Y from *°Sr by Chelex-100 (Cation ion exchanger)
physically immobilized with ammonium ion,” Journal of
Radioanalytical and Nuclear Chemistry, vol. 310, no. 2,
pp. 875-882, 2016.

[11] M. Chinol and D. J. Hnatowich, “Generator-produced
yttrium-90 for radioimmunotherapy J. Nuclear medicine:
official publication,” Society of Nuclear Medicine, vol. 28,
pp. 1465-1471, 1987.

[12] A.M. Vaughan, A. Keeling, S. Yankuba, and S. C. S. Yankuba,
“The production and biological distribution of yttrium-90
labelled antibodies,” The International Journal of Applied
Radiation and Isotopes, vol. 36, pp. 803-806, 1985.

[13] X. Chen, S. Peng, and J. Wang, “Retention profile and kinetics
characteristics of the radionuclide 90-Sr(II) onto kaolinite,”
Journal of Radioanalytical and Nuclear Chemistry, vol. 303,
no. 1, pp. 509-519, 2015.

[14] H. Poorbayg, A. Roozbahani, K. Moradi, A. A. Habibpanah,
and B. Pooremad, “Preparation of *° Y by a *°Sr-*° Y chro-
matographic generating using combined columns containing
Sr resin and DGA resin for radionuclide therapy,” Journal of
Radioanalytical and Nuclear Chemistry, no. 2, , 2021.

[15] J. G. Im, H. S. Pak, and S. G. Kim, “Radiochemical in-
vestigation of *°Y separation from °*°Sr and *°Y mixture with
D2EHA-St-DVB extractant polymer resin,” Journal of Radi-
oanalytical and Nuclear Chemistry, vol. 328, no. 1, pp. 121-
127, 2021.

[16] D. W. Pawlak, J. L. Parus, T. Dziel, A. Muklanowicz, and
R. Mikolajczak, “Determination of *°Sr traces in medical *°Y
after separation on DGA column,” Talanta, vol. 114, pp. 1-4,
2013.

[17] W.Li, X. Wang, S. Meng, S. Li, and Y. Xiong, “Extraction and
separation of yttrium from the rare earths with sec-
octylphenoxy acetic acid in chloride media Sep,” Separation
and Purification Technology, vol. 54, pp. 164-173, 2007.

[18] S. Dutta, D. R. Raut, and P. K. Mohapatra, “Role of diluent on
the separation of 90Y from 90Sr by solvent extraction and
supported liquid membrane using T2EHDGA as the
extractant,” Applied Radiation and Isotopes: Including Data,
Instrumentation and Methods for Use in Agriculture, Industry
and Medicine, vol. 70, pp. 670-675, 2012.

[19] S.Dutta, P. K. Mohapatra, and V. K. Manchanda, “Separation
of ®Y from °Sr by a solvent extraction method using
N,N,N’ JN'-tetraoctyl diglycolamide (TODGA) as the
extractant,” Applied Radiation and Isotopes, vol. 69, no. 1,
pp. 158-162, 2011.

[20] S. Dutta, P. K. Mohapatra, D. R. Raut, and V. K. Manchanda,
“Preferential extractant of *°Y from *°Sr using N,N,N’,N’-
tetra-2-ethylhexyl diglycolamide (T2EHDGA) as the extrac-
tant,” Journal of Radioanalytical and Nuclear Chemistry,
vol. 288, pp. 6389-6394, 2011.

[21] D.J. Wood, S. Elshani, C. M. Wai, R. A. Bartsch, M. Huntley,
and S. Hartenstein, 1993.

[22] D.J. Wood, S. Elshani, C. M. Wai, R. A. Bartsch, M. Huntley,
and S. Hartenstein, “Column chromatographic separation of
Y3+ from Sr2+ by polymeric ionizable crown ether resins,”
Analytica Chimica Acta, vol. 284, no. 1, pp. 37-43, 1993.

[23] K. Aardaneh, C. Perrang, S. Dolley, N. van der Meulen, and
T. N. Van der Walt, “Radiochemical separation of *® Y from
a SrCl, target using chelating resin Chelex 100,” Journal of
Radioanalytical and Nuclear Chemistry, vol. 270, no. 3,
pp. 641-643, 2006.


https://downloads.hindawi.com/journals/ijac/2024/6232381.f1.doc
https://downloads.hindawi.com/journals/ijac/2024/6232381.f1.doc

10

(24]

(25]

(26]

(27]

(28

(29]

(30

[31

(32]

(33]

(34]

(35]

(36]

(37]

(38]

K. Aardaneh, D. Saal, G. Swarts, and S. C. Dewindt, “TBP and
TBP impregnated Amberlite XAD-4 resin for radiochemical
separation of 88Y from Sr and AL” Journal of Radioanalytical
and Nuclear Chemistry, vol. 275, no. 3, pp. 665-669, 2008.
A. X. Castillo, M. Perez-Malo, K. Isaac-Olive et al., “Pro-
duction of large quantities of *°Y by ion-exchange chroma-
tography using an organic resin and a chelating agent,”
Nuclear Medicine and Biology, vol. 37, no. 8, pp. 935-942,
2010.

P. Sylvester, Ion Exchange Materials for the Separation of *°Y
from 208y, Lynntech, Inc, College Station, TX, USA, 2005.
S. Yusan and S. Erenturk, “Adsorption characterization of
strontium on PAN/zeolite composite adsorbent,” World
Journal of Nuclear Science and Technology, vol. 01, no. 01,
pp. 6-12, 2011.

P. V. Achuthan, P. S. Dhami, R. Kannan, V. Gopalakrishnan,
and A. Ramanujam, “Separation of Carrier-Free *°Y from
high level Waste by extraction chromatographic technique
using 2-ethylhexyl-2-ethylhexyl phosphonic acid (KSM-17),”
Separation Science and Technology, vol. 35, no. 2, pp. 261-270,
2000.

M. J. Huntley, “Use of Chelex-100 for selectively removing
Y-90 from its parent Sr-90,” U.S. Patent, vol. 5, no. 494, p. 697,
1996.

U. Pandey, P. S. Dhami, P. Jagesia, M. Venkatesh, and
M. R. A. Pillai, “Extraction paper chromatography technique
for the radionuclidic purity evaluation of 90Y for clinical use,”
Analytical Chemistry, vol. 80, no. 3, pp. 801-807, 2008.

D. Reichenberg, “Alkaline earth metal ion-proton-exchange
equilibria on nafion-117 and dowex 50W X8 in aqueous
solutions at 298 + 1 K,” in Jon Exchange, J. A. Marinsky, Ed.,
pp- 227-276, Marcel Dekker, New York, NY, USA, 1966.
D. Y. Chuvilin, V. E. Khvostionov, D. V. Markovskij et al.,
“Production of **Sr in solution reactor,” Applied Radiation
and Isotopes, vol. 65, no. 10, pp. 1087-1094, 2007.

L. A. Bray, E. J. Wheelwright, D. W. Western et al., “Pro-
duction of °°Y at hanford,” Radioactivity and Radiochemistry,
vol. 3, pp. 22-29, 1992.

M. Chinol, New Designed *°Sr/*°Y Generator and °°Sr
Breakthrough Determination, Development of Generator
Technologies for Therapeutic Radionuclides, European In-
stitute of Oncology, Milan, Italy, 2006.

R. Chakravarty, U. Pandey, R. B. Manolkar, A. Dash,
M. Venkatesh, and M. A. Pillai, “Development of an elec-
trochemical *°Sr-"°Y generator for separation of *°Y suitable
for targeted therapy Nuclear,” Nuclear Medicine and Biology,
vol. 35, no. 2, pp. 245-253, 2008.

A. X. Castillo, Development of a Reproducible Methodology for
the Production of ™Y from *°St/*°Y Chromatographic Gen-
erator, Development of Generator Technologies for Therapeutic
Radionuclides, European Institute of Oncology, Milan, Italy,
2006.

S. Dhara, S. Sarkar, S. Basu, and P. Chattopadhyay, “Sepa-
ration of the *°Sr-"°Y pair with cerium(IV) iodotungstate
cation exchanger,” Applied Radiation and Isotopes, vol. 67,
no. 4, pp. 530-534, 2009.

M. S. El-Shahawi, M. W. Kadi, S. H. El-Khouly, A. Abd El-
Mohty, S. M. Saad, and N. E. Eweda, “Retention profile and
selective separation of *°Y from *’Sr using zirconium-
vanadate gel packed column,” Journal of Radioanalytical
and Nuclear Chemistry, vol. 295, no. 3, pp. 1873-1880, 2013.

(39]

(40]

(41]

(42]

(43]

(44]

(45]

(46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

International Journal of Analytical Chemistry

M. S. El-Shahawi, M. W. Kadi, S. H. El-Khouly, A. Abd El-
Mohty, S. M. Saad, and N. E. Eweda, “Separation of Y from Sr
by zirconium vanadate gel ion-exchanger sorbent: kinetics
and thermodynamic study,” Journal of Radioanalytical and
Nuclear Chemistry, vol. 295, no. 1, pp. 15-22, 2013.

7. Samczynski, B. Danko, and R. Dybczynski, “Application of
Chelex 100 ion exchange resin for separation and de-
termination of palladium, platinum and gold in geological and
industrial materials by neutron activation analysis,” Chemical
Analysis, vol. 45, pp. 843-857, 2000.

M. R. Abass, R. A. Abou-Lilah, and M. M. Abou-Mesalam,
“Selective separation of cobalt ions from some fission prod-
ucts using synthesized inorganic sorbent,” Journal of In-
organic and Organometallic Polymers and Materials, 2024.
T. Kiliari and I. Pashalidis, “Selective separation of acti-
nyl(V,VI) cations from aqueous solutions by Chelex-100,”
Radiochimica Acta, vol. 100, no. 7, pp. 439-444, 2012.

A. Amara-Rekkab and M. A. Didi, “Removal of Cd (II) and
Hg(IT) by chelating resin Chelex-100,” Oriental Journal of
Chemistry, vol. 31, no. 1, pp. 205-214, 2015.

G. Hui-Bo, B. Hong-Sheng, J. Xiao-Hai, Y. Wei, H. Liang-Ge,
and F. Hong-Qiang, Preparation of a New Kind of Inorganic
Adsorbent for 90Y, Development of Generator Technologies for
Therapeutic Radionuclides, European Institute of Oncology,
Milan, Italy, 2006.

S. M. Qaim, “Target development for medical radioisotope
production at a cyclotron,” Nuclear Instruments and Methods
in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment, vol. 282, no. 1,
pp. 289-295, 1989.

W. D. Ehmann and D. E. Vance, Radiochemistry and Nuclear
Methods of Analysis, John Wiley & Sons, INC, 1991.
International Atomic Energy Agency (laea), Technical Reports
Series No: 465 Cyclotron Produced Radionuclides: Principles
and Practice, IAEA, Vienna, Austria, 2008.

G. A. Seisenbaeva, I. V. Melnyk, N. Hedin et al., “Molecular
insight into the mode-of-action of phosphonate monolayers
as active functions of hybrid metal oxide adsorbents. Case
study in sequestration of rare earth elements,” RSC Advances,
vol. 5, no. 31, pp. 24575-24585, 2015.

V. A. Pulhani, S. Dafauti, and A. G. Hegde, “Separation of
uranium from iron in ground water samples using ion ex-
change resins J. Radioanalytical and Nuclear,” Chemistry,
vol. 294, no. 2, pp. 299-308, 2012.

S. P. Raghuwanshi, R. Singh, and C. P. Kaushik, “Kinetics
study of methylene blue dye biosorption of baggase,” Applied
Ecology and Environmental Research, vol. 84, p. 254, 2004.
S. Palagyi and T. Braun, “T.,Separation and pre-concentration
of trace elements and inorganic species on solid polyurethane
foam sorbents,” in Preconcentration Techniques for Trace
Elements, Z. B. Alfassi and C. M. Wai, Eds., CRC Press, Baca
Rotan, FL, USA, 1992.

T. Hayashita, J. H. Lee, J. C. Lee, J. Krzykawski, and
R. A. Bartsch, Influence of medium polarity upon selectivity
and efficiency of alkali metal cation sorption by polyether
carboxylic acid resins Talanta, vol. 19, pp. 857-868, 1992.
A. B. P. Lever, Inorganic Electronic Spectroscopy, Elsevier,
Amsterdam, Netherlands, 1984.

A. B. Farag, M. S. El-Shahawi, and S. Farrag, “The sorption
behaviour and separation of some metal thiocyanate com-
plexes on polyether-based polyurethane foam,” Talanta,
vol. 41, no. 4, pp. 617-623, 1994.



International Journal of Analytical Chemistry

[55] K. Rzeszutek and A. Chow, “Extractive of metal-dye ion
association complexes by thin ether-type polyurethane
membranes,” Journal of Membrane Science, vol. 181,
pp. 265-271, 2001.

[56] M. L. Bonardi, L. Martano, F. Groppi, and M. Chinol, “Rapid
determination of *°Sr impurities in freshly “generator eluted”
%Y for radiopharmaceutical preparation,” Applied Radiation
and Isotopes, vol. 67, no. 10, pp. 1874-1877, 2009.

[57] V. Agarwal, M. S. Safarzadeh, and J. Galvin, “Solvent ex-
traction and separation of Y(III) from sulfate, nitrate and
chloride solutions using PC88A diluted in kerosene,” Mineral
Processing and Extractive Metallurgy Review, vol. 39, no. 4,
pp. 258-265, 2017.

11





