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Medical #2°Ac/?**Bi radionuclide generators are designed to provide a local supply of the short-lived *Bi
for cancer treatment. However, radiation-induced damage to the sorbents commonly used in such
radionuclide generators remains a major concern. In this study, the effects of gamma radiation on AG
MP-50 cation exchange resin and sulfonated activated carbon (SAC) were studied by analyzing the
changes in the morphological characteristics, functional groups, and the La®*/Bi®* sorption performance,
with La®* being a suitable non-radioactive substitute for Ac®*. The surface sulfonic acid groups of AG
MP-50 resin suffered from severe radiation-induced degradation, while the particle morphology was
changed markedly after being exposed to absorbed doses of approximately 11 MGy. As a result, the
sorption performance of irradiated AG MP-50 for La®* and Bi** was significantly decreased with
increasing absorbed doses. In contrast, no apparent changes in acquired morphological characteristics
were observed for pristine and irradiated SAC based on SEM and XRD characterization. The surface
oxygen content (e.g., O-C=0) of irradiated SAC increased for an absorbed dose of 11 MGy due to free
radical-induced oxidation. The sorption performance of pristine and irradiated SAC materials for La** and

Received 8th September 2023 Bi** remained generally the same at pH values of 1 and 2. Furthermore, the applicability of AG MP-50
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and SAC in the 2?°Ac/?™®Bi generators was illustrated in terms of their radiolytic stability. This study

provides further evidence for the practical implementation of both AG MP-50 and SAC in 22°Ac/?'*Bi
radionuclide generators.
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1. Introduction

The use of **°Ac/*'®Bi radionuclide generators is receiving
considerable interest for the production and separation of >'*Bi,
which is regarded as a promising radionuclide that can be
applied in the treatment of various types of cancers (e.g., pros-
tate cancer, bladder carcinoma, and leukemia)."* Typically,
?25A¢/*"Bi generators are classified based on the sorption
affinity of the sorbents used for the radionuclide of interest.***
For the direct generator, the sorbent has the ability to adsorb
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both %**Ac and *'*Bi radionuclides, whereas >'*Bi can be selec-
tively eluted at specified time intervals.*® In contrast, the
sorbents in an inverse generator system are only selective
towards *'*Bi, which can be eluted in the following stage.®

A typical radionuclide generator is expected to be loaded
with at least 4 GBq of **’Ac on demand.” When designing
sorbents for the separation of elevated activities of *'’Bi,
radiation-induced damage resulting from their exposure to
intense radioactivity should be considered."®® **°Ac is a rela-
tively long-lived and highly cytotoxic radionuclide (¢, = 9.920
days). Its decay pathway primarily involves a sequence of four
alpha decays and two beta disintegrations ending with quasi-
stable *°°Bi, as shown in Fig. 1.>'%'* Most of the intermediates
in the decay path have high energies, e.g., significant radiation
of 5.9-8.4 MeV for the alpha emitters and 0.6-2.0 MeV for the
beta emitters.>'>'* Additionally, a series of gamma photons are
produced with the two most dominant emissions originating
from the disintegration of **'Fr (218 keV, 11.6% emission
probability) and >"Bi (440 keV, 26.1% emission proba-
bility).>**** The most challenging radiation in terms of shield-
ing comes from the gamma photon emissions by **°Tl decay,
originating from the 2.09% alpha branch of ***Bi.*?

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Decay scheme of 225Ac 5104

The impact of radiation damage on a material is determined
by a combination of the absorbed dose, the type of radiation,
the dose rate, and the irradiation atmosphere.** The underlying
mechanisms of radiolysis of ion exchange resins include the
decomposition and scission of the functional groups, modifi-
cation of the degree of cross-linking, and possible interactions
of the resin with degradation products like sulfonic acid.**'*
These effects can lead to considerable changes in material
characteristics, and consequently to the separation perfor-
mance towards isotopes of interest.*>'*'*> Hence, it is essential
to understand more specifically the radiolytic effects on the
material properties and the sorbent performance in ***Ac/***Bi
separation.

Several material classes have been investigated as sorbents
for ***Ac/*"*Bi generators. For direct generators, AG MP-50,
being a macroporous resin composed of sulfonic acid groups
bonded to a styrene-divinylbenzene matrix, is a commonly used
strong acid cation exchanger.'® For inverse generators, UTEVA
resin (dipentyl pentylphosphonate sorbed onto an inert
support) demonstrated Bi** sorption in an HCl medium, linked
to the presence of negatively charged BiCl,” species.>® In
addition, AG MP-50 resin and its analogs (e.g., AG 50W-X8) can
also be utilized in the guard or accumulation (second) column
to improve the purity and concentration of ***Bi.>*'” However,
as has been previously reported in the literature, such types of
materials are susceptible to ionizing irradiation.*®*'*'
Previous research showed that exposure to gamma radiation
leads to the formation of carboxylic and phenolic functional
groups in AG MP-50."® However, as the sorption is mainly gov-
erned by the strongly acidic sulfonic acid groups, these weaker
acidic groups are likely to impact the sorption performance.'®
Furthermore, the presence of these oxygen-containing groups
could negatively affect the ?**Bi yield due to their strong sorp-
tion affinity towards *>'’Bi.?” To examine the changes in the
sulfonic acid functional groups of AG MP-50 after irradiation,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a relatively high acidic matrix should be chosen to study the
exchange/sorption capacity for >*Ac, which would ignore the
contribution of the other acidic functional groups.? This is due
to the low pK, value of the sulfonic acid groups and the high pK,
value for the carboxylic and phenolic groups.*® Accordingly, an
insightful analysis of the sorption of **°Ac (or its surrogates)
onto irradiated AG MP-50 is of utmost importance. In addition,
to the best of our knowledge, there are no reports available that
describe the morphology changes of both pristine and irradi-
ated AG MP-50 using SEM techniques. Therefore, further
investigations are needed to study the radiolytic stability of AG
MP-50.

In inverse generator systems, which aim to reduce the
inflicted radiation dose towards the resin, radiolysis does also
occur.” It was reported that the sorption capacity of irradiated
UTEVA for *'*Bi decreased significantly with increasing absor-
bed dose.* Hence, alternative materials with high radiolytic
stability for UTEVA are required. In our earlier work, sulfonated
activated carbon material (SAC) was evaluated as a potential
alternative sorbent for application in inverse >**Ac/***Bi gener-
ators.'® It was demonstrated that **>Ac selectively adsorbed onto
the sulfonated activated carbon over >"’Bi by adjusting the
sorption conditions, including the salt concentration and pH
value. Concerning the radiolytic stability, the sulfonated acti-
vated carbon showed equal La** and Bi*" sorption capacities
after receiving an absorbed dose of 1 MGy of gamma radiation
(both in wet and dry conditions). However, no full material
characterization was performed to fully understand the mate-
rial changes at higher absorbed doses (>1 MGy).** These inves-
tigations are essential for further evaluating these sorbent
materials for the targeted application.

This work aimed to examine the gamma radiation stability of
AG MP-50 resin and sulfonated activated carbon material, as
shown in Fig. 2. Gamma rays can have a uniform effect on
materials with large bulk structures and high porosity due to
the high penetration range that they exhibit.*® Furthermore,
compared to alpha and beta irradiation, gamma irradiation can
be carried out without the risk of contaminating the irradiated
materials.**>** It should be noted, however, that alpha irradia-
tion typically causes larger damage to the sorbents compared to
gamma irradiation.**>** As previously reported, the decrease in
sorption capacity of Dowex 50W-X4 (an analog of AG MP-50)
towards yttrium was larger after exposure to alpha radiation
compared to the same dose of gamma radiation.***** The
radiation-induced damage could be primarily due to the
ionizing radiation absorbed by the sorbents (direct effects) or
reactions between radiolysis products in solution and the
sorbents (indirect effects).” There might be no significant
difference in the indirect effects of either alpha or gamma
irradiation, as opposed to direct effects.”> While gamma irra-
diation may not fully reflect the real situation of ***Ac irradia-
tion, the findings presented in this study can provide essential
preliminary information for further research. Moreover, this
research can also yield useful insights for other fields, such as
surface modifications of materials by gamma irradiation.>*>*

Herein, AG MP-50 and SAC materials were exposed to a *°Co
gamma source to an absorbed dose between 0-11 MGy under
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AG MP-50
Fig. 2 Structure of AG MP-50 and SAC.

wet conditions in 1 mol L™ " HCL. The selection of a 1 mol L ™"
HCI solution in this study aimed to enable a comparison with
previously used materials under the same irradiation liquid
phase, as discussed in a review paper.* Additionally, AG MP-50
was expected to be employed for the further purification of >**Bi
eluate in 1 mol L™ HCI, derived from an inverse generator.”
The impact of the radiation on the material characteristics for
AG MP-50 and SAC was then examined by carrying out scanning
electron microscopy (SEM) and X-ray diffraction (XRD)
measurements. The identification and quantification of the
chemical structures of these materials were determined by
diffuse reflectance infrared Fourier transformations (DRIFT),
solid-state nuclear magnetic resonance (NMR), and X-ray
photoelectron spectroscopy (XPS). Batch sorption tests were
performed to evaluate their sorption performance towards La**
(a substitute for Ac®) and Bi*". Finally, the application of these
materials in the direct/inverse *2°Ac/*"’Bi generators was
described from the perspective of their radiolytic stability.

2. Experimental

2.1. Material and reagents

La(NO;);-6H,0 (99.99%), Bi(NO3);-5H,0 (98%), H,SO, (95.0-
98.0%), and HNO; (>65%) were supplied by Sigma-Aldrich. HCI
(37%) was supplied by Thermo Fisher Scientific. Milli-Q water
(18.2 MQ-cm 25 °C) was used in the experiments. Briefly, acti-
vated carbon Norit CA1 was purchased from Sigma-Aldrich and
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then underwent a sulfonation process (15 g of Norit CA1 into
150 mL concentrated H,SO,) under 150 °C for 3 hours, as
described in our earlier work (the SAC is named SNCA-150 in
our earlier work)." AG MP-50 resin was purchased from Bio-Rad
Laboratories. No further purification was performed on these
materials and reagents.

2.2. Gamma irradiation experiments

The prepared AG MP-50 and SAC samples were irradiated by
a °°Co source in a glass vial under wet conditions.?® The
dosimetry and methodology from our institution have been
described elsewhere.”® We present a brief introduction of the
gamma irradiation experiment in the following: 200 mg of AG
MP-50 or SAC was mixed with 2 mL of 1 mol L™" HCl solution in
a glass vial and then irradiated by ®°Co. The absorbed dose for
AG MP-50 or SAC was in the range of 0.5 to 11 MGy, and the dose
rate was controlled to approximately 7-10 kGy h™" (effect of
position within BRIGITTE). The error in the received doses was
less than 10%. Finally, the samples were washed and dried in an
oven at a temperature value of 70 °C. The employed irradiation
conditions are presented in Table 1.

2.3. Characterizations

Scanning electron microscopy (SEM, FEI Nova NanoSEM 450)
was used to characterize the morphology and particle sizes of
the samples. X-ray diffraction (XRD, X'Pert Pro, Cu-tube) was

Table 1 Gamma-ray irradiation conditions and the surface equivalent homogeneous elemental composition of the pristine and irradiated AG

MP-50 and SAC*

Gamma-ray irradiation conditions

Equivalent homogeneous composition

Dose rate Received dose
Sample (kGy h™) (MGy) Deviation (%) C (at%) O (at%) S (at%) C 1s O-C=0 (at%)
AG MP-50 0 0 0 71.6 £ 0.1 21.7 £ 0.3 6.5+ 0.4 0.9 + 0.7
9.5 0.5 2 nm nm nm nm
6.9 1.0 2 71.0 £ 0.1 22.3 £ 0.1 6.4 + 0.1 0.7 £ 0.1
7.4 1.5 5 nm nm nm nm
8.0 2.0 2 nm nm nm nm
8.4 11 10 74.2 £ 0.3 20.5 £ 0.4 4.5 £ 0.1 2.3 +0.5
SAC o? 0 0 84.3 + 0.2 14.3 £ 0.1 0.9 £ 0.1 2.7 £ 0.1
10.1 0.5 4 nm nm nm nm
7.3 1.0 4 84.7 £ 0.2 14.3 £ 0.3 0.5 + 0.1 3.2+ 0.1
7.4 1.5 5 nm nm nm nm
7.9 2.0 1 nm nm nm nm
8.3 11 10 81.4 £ 0.1 17.4 £ 0.1 0.5 + 0.1 4.5 + 0.2

“ nm (not measured). * Data from our earlier work.”
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used to investigate the structures of the pristine and irradiated
samples. The species of functional groups and their quantita-
tive analysis were determined by X-ray photoelectron spectros-
copy (Kratos Axis Supra spectrometer, with monochromatic Al
monochromatic X-ray source, full details in ESIT) and Fourier-
transform infrared spectroscopy (FT-IR, Nicolet 6700) with an
in situ DRIFT accessory type ‘Harrick Praying Mantis’. Detailed
information on the above characterization methods can be
found in our earlier work.*”

Solid state '*C-CPMAS (Cross Polarization Magic Angle
Spinning) NMR spectra were acquired on a Jeol ECZ600R 600
MHz spectrometer (14.1 Tesla) equipped with a 3.2 mm wide VT
Range HXMAS probe. MAS was performed at 20 kHz. The
aromatic signal of hexamethylbenzene was used to calibrate the
carbon chemical shift scale (132.1 ppm). Acquisition parame-
ters used for the CPMAS measurements were: a spectral width of
85 kHz, a 90° pulse length of 2.24 ps, a spin-lock field for CP of
70 kHz, a contact time of 1.0 ms, an acquisition time of 12 ms,
a recycle delay time of 3 s, and between 55 000 and 80 000 scans
(for the AG MP-50 samples) and between 60 000 and 112 000
scans (for the SAC samples). High-power proton dipolar
decoupling during acquisition was set to 80 kHz.

2.4. Batch sorption experiments

Ten milligram of sorbent was initially placed in 15 mL plastic
centrifuge tubes and then mixed with 10 mL of the liquid phase,
which included 10 pmol L ™" La** and 10 pmol L™ Bi**. The pH
of the liquid phase for non-irradiated and irradiated SAC was
adjusted to pH = 1 and pH = 2. A detailed sorption process can
be found in our previous work.” The HNO; concentration for
non-irradiated and irradiated AG MP-50 was 1.5 mol L™ ". The
mixture was shaken at 120 rpm for 24 h. The solid and liquid
phases were separated using 0.45 pm PTFE syringe filters, and
then the concentrations of La** and Bi*" were measured by
Thermo X-Series II quadrupole ICP-MS.

2.5. Equations for calculation

The removal percentage R (%) and distribution coefficient Ky
(mL g™ ") are as follows:

Gy — C

R (‘Vu) = € % 100% (1)

0
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m
where m (g) and V (mL) represent the mass of the sorbent and
the volume of the liquid, respectively. Co (umol L") and C.
(umol L") refer to the initial and equilibrium concentrations of
La®*" or Bi*", respectively.

3. Results and discussion

3.1. Effect of gamma irradiation on morphological changes

The macroscopic appearance of both AG MP-50 and SAC, before
and after exposure to gamma radiation towards an absorbed
dose in the range of 0.5 to 11 MGy, is displayed in Fig. 3. The
pristine and irradiated AG MP-50 resins underwent a color
change from light to dark amber and then to dark red with
increasing absorbed dose (Fig. 3a). More specifically, the darker
appearance of AG MP-50 irradiated to an adsorbed dose of 11
MGy was clearly visible in comparison to that of the AG MP-50
resins irradiated to lower doses. It was also reported in the
literature that the darkening for organic ion exchange resins
was a result of high exposure to ionizing radiation.®***
Furthermore, this phenomenon was usually accompanied by
the manifestation of the gouging, pitting, cracking, and peeling
in such types of polymer resin particles.*>** These outcomes
clearly indicate that the irradiated AG MP-50 structure suffered
from high levels of radiation-induced damage, especially at an
absorbed dose of 11 MGy. A more detailed view on the change of
the microstructure is obtained by SEM analysis (Fig. 4a-d and
S1a-dt). Pristine AG MP-50 exhibited an irregular shape with
a particle size of approximately 75-150 pm. The radiolytic
impact on particle size and shape was not obviously evident at
an absorbed dose of 0-2 MGy, while the aggregation of particles
was observed for the sample that received a dose of 11 MGy.
Moreover, the size of the aggregated particles increased as the
absorbed dose increased. However, the size of the small parti-
cles that formed large aggregate particles slightly decreased
(Fig. 4c and d), possibly due to radiolytic decomposition of the
polymeric chains.** The particle aggregation behavior could be
attributed to the degradation of the polymeric structures and
radiation-induced free radical polymerization.** Therefore,
these results demonstrate that the AG MP-50 particles were
highly sensitive to ionizing radiation in the absorbed dose
range reported herein. In addition, in the acquired XRD

0 MGy 0.5 MGy

1.0 MGy

1.5MGy 2.0MGy 11.0 MGy

Fig. 3 Pictures of AG MP-50 (a) and SAC (b) before and after exposure to gamma radiation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 SEMimagesof AG MP-50 (0 MGy (a and b), and 11 MGy (c and d)) and SAC (0 MGy (e and f), and 11 MGy (g and h)) before and after exposure
to gamma radiation.

patterns (Fig. 5a), the broad peak at ~17° is attributed to the differences between the pristine and irradiated materials,
amorphous structure of AG MP-50 matrix, a characteristic —possibly due to the high penetration range of XRD technique
typically seen in other polymers.*® There are no obvious and the amorphous structure being preserved.

30994 | RSC Adv, 2023, 13, 30990-31001 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XRD patterns of the pristine and irradiated AG MP-50 (a) and
SAC (b) materials.

No noticeable color change (Fig. 3b) was observed for irra-
diated SAC in relation to pristine SAC. This phenomenon could
also be attributed to its inherently dark initial color. As dis-
played in Fig. 4e and f, the acquired SEM images demonstrate
that the pristine SAC was composed of an irregularly shaped
precursor powder, ranging from a few micrometers to several
tens of micrometers. No obvious impact on the morphology and
particle sizes of SAC (Fig. 4g, h, S1e and ht) after receiving high
doses (1-11 MGy) could be observed. Fig. 5b depicts the XRD
patterns of the pristine and irradiated SAC materials. The broad
peak at approximately 26 = 15°-30° corresponds to the (002)
plane, suggesting that carbon materials consisting of aromatic
carbon sheets were oriented randomly.** Using 26 = 24.1°-24.2°
as peak value for the pristine and irradiated SAC materials, dg,
(nm) was calculated to be 0.37 nm using the Bragg equation (n
= 2dsin §).>>** No apparent changes were observed in the
collected XRD patterns of the SAC materials exposed to gamma
radiation. Based on the SEM and XRD analysis, it is concluded
that the structure of SACs was not sensitive to gamma radiation,
or at least no evidence of any change was detected.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.2. Effect of gamma irradiation on chemical structure

Apart from the impact on the morphology, radiolytic effects can
also be expected on the chemical structure itself. Therefore,
a combination of analytical tools is used to map the main
characteristics of the materials as a function of the absorbed
dose. Especially, the degradation of the existing functional
groups, or the formation of other groups on the surface are
relevant to the sorption performance. Table 1 presents the
surface elemental composition of the pristine and irradiated AG
MP-50 and SAC from the XPS quantitative data, and the detailed
XPS analysis results can be found in the ESI (Tables S1-S4,
Fig. S2 and S3).7

3.2.1. AG MP-50 resin. Fig. 6a presents the DRIFT spectra of
AG MP-50 resin before and after irradiation up to absorbed
doses of 1 and 11 MGy. Apart from the peaks related to the
styrene-divinylbenzene copolymer backbone, characteristic
peaks in DRIFT spectra can be attributed to the stretching
vibration of sulfonic acid groups (1173, 1125, 1026, 1001, and
672 cm™').*¥ In addition, two DRIFT bands at approximately

~
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—’

—~ | omay
3
Lok
Q
()
=
8| 1mey
o
)]
Ke]
<
11 MGy

2000 1800 1600 1400 1200 1000 800
Wavenumber (cm™)
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0 MGy
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600

Absorbance (a.u.)

11 MGy

2000 18I00 16I00 14I00 12I00 10I00 80IO
Wavenumber (cm™)

600

Fig. 6 DRIFT spectra of the pristine and irradiated AG MP-50 (a) and
SAC (b).
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905 and 831 cm ™" were assigned to the C-H bond out-of-plane
bending in the benzene rings, while the band at 1413 cm™ " was
attributed to the in-plane vibration of the C=C bond.*” With
increasing absorbed doses up to 11 MGy, no obvious change in
the DRIFT spectra was observed, apart from a decrease in
absorbance intensity, probably related to the darkening of the
samples as discussed earlier. More information on the struc-
tural changes was obtained from the NMR spectra (Fig. 7a) and
high-resolution XPS analysis (Fig. 8a—c) of the pristine and
irradiated AG MP-50 resins. The presence of sp* carbon atoms
was demonstrated by the presence of a signal around 42 ppm
(parts per million) in the NMR spectra. However, its signal
intensity decreased with irradiation dose, indicating the
degradation of aliphatic structures by gamma irradiation. The
intense peak at around 127 ppm and the weaker peak at around
140 ppm arise from carbon atoms in aromatic rings (sp”
carbons) without heteroatoms attached.*® It is clear that the
intensity of the latter peak (at 148 ppm) increases upon
increasing the irradiation dose. Also the signal intensity around
148 ppm, typically for aromatic carbons with OH/OR groups

(a)

100 |

Abundance

150 160
13C Chemical shift (ppm)

200

(b)
—— 0 MGy
——1 MGy
—— 11 MGy

Abundance

|
H

h
)

A A .
N

T

100 50

1é0
13C Chemical shift (ppm)

Fig. 7 *C-CPMAS NMR spectra of the pristine and irradiated AG MP-
50 (a) and SAC (b).
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attached, increased upon increasing the absorption dose. This
points to oxidation of the AG MP-50 structure. The XPS C 1s
spectra were dominated by C=C/C-C bands. These results are
relevant to the styrene-divinylbenzene copolymer lattices. As the
absorbed dose increased, one additional peak (at 289 eV) and
a broadening of the shoulder (286-288 eV) emerged in the C 1s
spectra (Fig. 8a). Both correspond to the formation of O-C=0
and C-O functional groups, respectively, indicative of the
oxidation of AG MP-50 backbone.** In line with previous
research, the main mechanism of this oxidation is an indirect
radiolysis, caused by free radicals (e.g., hydroxyl radicals and
hydrogen peroxide), which primarily originate from the inter-
action between the gamma rays and the solution.** Deconvo-
lution of the spectra leads to a quantification of ~2.3 at% of
carboxylic species at the surface of the sample, which received
11 MGy dose (Table 1). The normalized O 1s (Fig. 8b) and S 2p
(Fig. 8c) did not show apparent changes as the absorbed dose
increased. The interpretation reveals that the surface sulfur
content of AG MP-50 decreased from approximately 6.5 at% to
4.5 at% after receiving a dose of 11 MGy. Moreover, no marked
differences were detected in terms of surface oxygen and sulfur
content for the pristine and irradiated AG MP-50 with an
absorbed dose of 1 MGy, possibly due to limitations of the XPS
technique and the possibility of measurement errors. When the
absorbed dose increased up to 11 MGy, the surface oxygen
content of the irradiated AG MP-50 slightly decreased from
approximately 22 at% to 20 at%. These outcomes can be
explained by radiation-induced decomposition of the sulfonic
acid groups due to the high levels of gamma-ray irradiation.®
3.2.2. Sulfonated activated carbon. The DRIFT spectra (as
shown in Fig. 6b) exhibited distinct bands at approximately
1710 and 1220 cm ™', which are associated with the stretching of
C=0 and C-O bonds, respectively.****> Additionally, the band at
1000-1070 cm™' is indicative of the S=O stretching
vibration.**™** The stretching vibration of the aromatic C=C
bonds is assigned to the band located at 1600 cm ™', whereas the
bands at around 896 and 830 cm ™' are assigned to the out-of-
plane bending vibrations of C-H in the aromatic rings.*
Notably, there were no apparent changes in these DRIFT bands
for SAC materials before and after exposure to gamma irradia-
tion. These outcomes indicate that the species of the functional
groups were still present. In addition, the NMR (Fig. 7b) and
XPS (Fig. 8d-f) spectra provide further information on the
functional groups. The signal around 130 ppm in the NMR
spectra can be attributed to polycyclic aromatic carbon
atoms.***” After exposure to an absorbed dose of 1 MGy, the
phenolic OH of SAC oxidized to aldehyde as the phenolic C-OH
signal at around 155 ppm of decreased and a clear aldehyde
signal around 190 ppm appears. When the absorbed dose rea-
ches 11 MGy, further oxidation of aldehyde (~190 ppm) to
carboxylic acid (~170 ppm) appears to occur, leading to
a decrease in signal around 190 ppm while a signal is formed
around 170 ppm.*** Also, the intensity around 155 ppm
increases again, probably due to some oxidation of aromatic
carbons to phenolic C-OH carbons. The bandwidth of the SAC
signals also increases slightly with increasing absorbed dose,
indicating radiation-induced oxidation and the formation of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 High-resolution XPS curves of C 1s (a), O 1s (b), and S 2p (c) of the pristine and irradiated AG MP-50 resins, and high-resolution XPS curves

of C 1s (d), O 1s (e), and S 2p (f) of the irradiated SAC.

multiple, slightly different environments for the carbons. As
demonstrated in Fig. S2c and d,f the C 1s high-resolution
spectra of the pristine (earlier work') and irradiated SAC
exhibited six binding energies, representing the existence of C—
C/C=C, C-N/C-0/C-S, C=0, O-C=0 and COj; environments
and a w* « T satellite peak.* The O 1s high-resolution spectra
(Fig. S2a and bt) exhibited three binding energies, representing
the manifestation of O=C/O=S and O-C/O-S environments
and a w* < T satellite peak. The presence of the oxidized
sulfur-containing groups was also confirmed by the S 2p high-
resolution XPS spectra (Fig. S2e and f}). These results clearly
indicate that the carbonyl, carboxylic, and oxidized sulfur-
containing groups were still present on the surface. Although
there was no change in the species of the functional groups, the
quantitative interpretation of the XPS analysis showed that the
content of the different types of functional groups changed. The
surface O/C molar ratio (Table 1) increased with increasing
adsorbed dose from 0.17 (0-1 MGy) to 0.21 (11 MGy), indicating
that oxygen-containing groups were grafted on the surface of
irradiated SAC at a dose of 11 MGy. In addition, the collected C
1s high-resolution spectra show a minor increase in the inten-
sity of the O-C=0 peaks (Fig. 8d). The percentage composition
of O atoms increased from approximately 14 at% to 17 at%
when SAC received a dose of 11 MGy (Table 1), which was
primarily attributed to the increase of carboxylic groups from
approximately 2.7 at% to 4.5 at%. This effect occurred because
some functional groups or carbon structures were oxidized by
free radicals, as illustrated above. Compared with the oxygen-
containing groups, the content of the oxidized sulfur-
containing groups also decreased from approximately 0.9 at%
to 0.5 at% due to radiolytic decomposition of the oxidized
sulfur-containing groups. These results imply that the carbox-
ylic acid groups on the surface of the carbon structure were less
susceptible to radiolytic damage than the sulfur-containing
groups.

© 2023 The Author(s). Published by the Royal Society of Chemistry

3.3. Effect of gamma irradiation on sorption performance

The sorption performance of the pristine and irradiated
sorbents is regarded as a vital indicator for tracking the impact
of the radiolysis to the sorbents.*'® In this study, La*" was
utilized as a non-radioactive surrogate for *>>Ac®*, as demon-
strated in our earlier work." It should be noted that although
non-radionuclide La*" and Bi*" are expected to exhibit similar
chemical behaviors as 2°Ac®* and *'°Bi**, the use of stable
metals as analogs presents certain drawbacks. Specifically,
experiments with micrograms of stable La*" and Bi*" might not
reveal the effects of impurities, which otherwise could
substantially impact experiments or applications involving
?25A¢® and >"Bi’*" separation typically present in significantly
lower quantity.

The sorption mechanism of AG MP-50 for La**(Ac**)/Bi*" is
attributed to the electrostatic attraction or ion exchange
between the sulfonic acid groups and the metal ions.>® The
sorption experiments were designed to investigate the decrease
in concentration or number of sulfonic acid groups rather than
its optimal sorption performance. Hence, a highly acidic solu-
tion (1.5 mol L' HNOj;) was selected to avoid any interference
of the carboxylic groups with a relatively high pK, value (usually
>2).2° Therefore, only sulfonic acid groups were presumed to be
the active sorption sites for La®>" during the sorption process.
Fig. 9a illustrates that the K4 values and sorption percentages
for La*" sorption onto the pristine and irradiated AG MP-50
resins decreased significantly with increasing the absorbed
dose, especially at a dose of 11 MGy. Additionally, the sorption
performance of AG MP-50 towards Bi’" decreased with
increasing absorbed dose. These results clearly indicate that the
active sorption sites decreased as a result of the gamma irra-
diation, which is probably attributed to the decomposition of
sulfonic acid groups and the aggregation of AG MP-50 particles.
The decrease in sorption capacity at high absorbed doses is
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0 and 1 MGy are from our previous paper*®).

most likely to impact the breakthrough of adsorbed **°Ac.
Furthermore, the formation of oxygen-containing groups could
affect the >"*Bi yield, as Bi** has a high affinity for oxygen-
containing groups. Alterations in the morphology may also
affect the >**Bi yield.

Fig. 9b and c display the sorption performance of the pristine
and irradiated SAC materials towards La*'/Bi** as a function of
absorbed dose at pH = 2 and pH = 1, respectively. More
specifically, at pH = 2, the equilibration concentration of Bi**
was less than 10 pg L, which corresponds to a K4 value of more
than 10° mL g '. The Ky values for La®" were of similar
magnitude, and there was no statistically significant reduction
with increasing radiation dose. At pH = 1, no significant
changes in La*'/Bi** sorption were observed. In particular, the
Kq4 values for Bi*" were higher than 10* mL g ', indicating that
the SAC could be used for separating Bi*" in the sorption
process of inverse generators, even after receiving a gamma
dose of 11 MGy. It can be argued that the Bi*" and La** sorption
was not highly sensitive to gamma-ray irradiation doses below
11 MGy. This phenomenon could be attributed to the simulta-
neous effects of the cleavage and oxidation of functional groups
and the formation of new ones throughout the irradiation
process.

3.4. Application of AG MP-50 and SAC in ***Ac/*"’Bi
generators

AG MP-50 resin is commonly utilized as a sorbent in direct
?25Ac¢/*"Bi generators, as well as in the guard or accumulation
column for further purification and concentration of >**Bi. The
sorption performance of SAC and their high radiolytic stability,
as demonstrated in this study, make it a promising candidate
for use in inverse **°Ac/*"*Bi generators as an alternative to
UTEVA. Herein, the operation conditions of AG MP-50 resin and
SAC for the ***Ac and *'*Bi separation were discussed regarding

30998 | RSC Adv, 2023, 13, 30990-31001

their radiolytic stability and received doses. It is also well-
established that the absorbed dose of the sorbents is closely
related to their mass and the irradiation conditions. Specifi-
cally, an increase in the mass of the sorbents results in a lower
absorbed dose when receiving the same energy. Here, the
absorbed dose D (in J kg ™' = Gy) of the sorbents was calculated
by using the following equation:*

l—e* Q,

D =1.602 x 107 x 4,
A m

(3)
where m (g) represents the mass of the material in the column
that is contacted with radionuclides, Q, represents the sum of
all g-particles energies (in MeV) in the decay chain of **°Ac,
including its descendants **'Fr, >'”At, >'*Bi, and *>"*Po.*® 4, (Bq)
is the initial activity of ***Ac and 4 GBq ***Ac was chosen as the
starting activity with Q, being about 28 MeV, and assuming
radioactive equilibrium (A = 8.09 x 10~7 s~ !).”*8 The received
dose of the sorbents as a function of contact time was calculated
and is presented in Fig. 10.

Based on the batch sorption results in Fig. 9 and our earlier
work, 10 mg of AG MP-50 resin was sufficient to adsorb 8.3 nmol
of **®Ac, corresponding to 4 GBq.'” However, this result indi-
cates that the AG MP-50 is likely to be destroyed within a short
period of time (less than a few hours) due to the absorbed dose
reaching 11 MGy within 2 hours (Fig. 10). As a result, various
efforts have been focused on increasing the contact area of
radionuclides on a larger mass of sorbent to effectively reduce
its absorbed dose.” This could be achieved by decreasing the
sorption capacity of AG MP-50 for ***Ac by increasing the acid
concentration or adding an excess of its surrogate La** for the
occupation of the active sorption sites.>** Although these
methods are beneficial in reducing radiolytic damage, using
a larger mass of AG MP-50 in the column could possibly result
in reduced activity of >**Bi due to the increased diffusion path

© 2023 The Author(s). Published by the Royal Society of Chemistry
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lengths. Additionally, even in the case where the mass of AG MP-
50 is 1 g, this generator does not seem to operate satisfactorily
for more than one week (Fig. 10). With a half-life of 9.920 days,
a significant amount of ?*Ac (>60%) would still be present on
such a generator.

Radiation stability is a crucial factor influencing the shelf-
life of sorbents in radionuclide generators. An earlier review
has summarized the radiation stability of several materials,
including AG 50 W-X8, Dowex 50-X4, Actinide and UTEVA
resins.* Generally, resins with high cross-linkages demonstrate
greater radiation stability compared to those with low cross-
linkage structures. In addition, extraction chromatographic
resins show lower radiation stability compare to ion exchange
resins due to the instability and leaching of their extractants.

Compared to previously reported sorbents that have been
used for the inverse ***Ac/**’Bi radionuclide generators, the
SAC is chemically more stable under strongly acidic conditions
(pH < 2) than inorganic metal oxides (e.g., Termoxid-39) and has
higher radiolytic stability compared to organic resins (e.g,
UTEVA resin).* However, the shape and particle size of such
types of materials are important influencing factors. Therefore,
using spherically-shaped SAC material with appropriate particle
sizes would be a favorable choice.

4. Conclusions

The radiolytic stability of the AG MP-50 cation exchange resin
and sulfonated activated carbon (SAC) was systematically eval-
uated by combining material characterization techniques (SEM,
XRD, FT-IR, solid-state NMR, and XPS) and sorption tests. The
irradiated AG MP-50 resin and SAC material with absorbed
doses ranging from 0.5 to 11 MGy were obtained by exposing
samples to ®°Co radiation. The polymeric particle structures of
AG MP-50 resin changed on exposure to 11 MGy, as observed by
solid-state NMR and the occurrence of color changes, scission
of polymeric chains, and particle aggregation. The decrease in
the number of the surface sulfonic acid groups and the particle

© 2023 The Author(s). Published by the Royal Society of Chemistry
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aggregation for the irradiated AG MP-50 resins resulted in
a significant reduction in the sorption performance towards
La*". Furthermore, carboxylic groups also formed due to free
radical-induced oxidation. It was revealed that the AG MP-50
resin exhibited a higher sensitivity to irradiation compared to
the investigated SAC materials. In contrast, no apparent
changes in the morphology of the irradiated SAC materials were
detected, even at a high absorbed dose of 11 MGy. Similar to AG
MP-50, the SAC structures were also oxidized by free radicals,
corresponding to an increase in the content of the carboxylic
groups. Despite these changes, the sorption capacity of the
irradiated SAC materials towards La*'/Bi*" remained stable,
implying that there was no significant reduction in the number
of active sorption sites. Additionally, the absorbed dose of such
materials in the inverse generators is relatively low due to the
short contact time between the radionuclides and the sorbents.
Therefore, SAC can be applied for the separation of large-scale
*3Bi (e.g., 4 GBq) production. The low radiolytic resistance of
AG MP-50 limits its application for separating **’Bi in direct
generators. These findings provide valuable insights for
understanding the radiolytic effects on AG MP-50 and SAC that
can be used in **Ac/*"*Bi radionuclide generators.
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