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La3+ and Bi3+ by bis(2-ethylhexyl)phosphate
modified activated carbon†
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and Thomas Cardinaels *ab

The separation of 213Bi from its parent radionuclide 225Ac via radionuclide generators has proven to be

a challenge due to the limited performance of the current sorbents. This study evaluated the separation

performance of La3+ (as a surrogate for 225Ac) and Bi3+ using bis(2-ethylhexyl)phosphate

monofunctionalized activated carbon (HDEHP/AC). The potential applications of phosphate groups as

active sites and the carbon structure as a sorbent support were confirmed and validated. Various factors,

including pH values, salt concentration, halide ions, contact time, solid-to-liquid ratio, initial La3+/Bi3+

concentration, and gamma irradiation were examined through batch sorption experiments in both single

and binary systems. HDEHP/AC had a high sorption capacity for La3+ via electrostatic attraction, with the

sorption data fitting well to the pseudo-second-order kinetic equation and Langmuir model. The

sorption performance of La3+ on HDEHP/AC was minimally affected as the NaCl/NaI concentrations

increased at pH = 2, whereas the sorption capacity for Bi3+ decreased significantly. Additionally, selective

desorption of La3+ and Bi3+ was achieved using HNO3 and NaI solutions, respectively. These results

backed up by a conceptual separation process point toward a potential use of these materials in

a direct/inverse 225Ac/213Bi radionuclide generator. Further optimization of the material and separation

process will be required to bring this class of promising materials into an actual generator for medical

applications.
1. Introduction

The short-lived radionuclide 213Bi (t1/2 = 45.61 min) has
received increasing attention for targeted alpha therapy for
cancer treatment due to its favorable physical and radiobio-
logical properties.1–3 It undergoes a series of alpha- and beta-
decays to the near-stable isotope 209Bi (t1/2 = 1.9 × 1019 years),
without long-lived intermediates.4,5 Specically, the decay of
213Bi, with a branching ratio of 97.86%, leads to a pure alpha-
emitter 213Po (t1/2 = 3.708 ms), which emits high-energy alpha-
particles (approximately 8 MeV).5,6 213Bi-radiopharmaceutical
plays a crucial role in delivering a high radiation dose to the
targeted cancer cells.7 Currently, 213Bi is produced directly by
the decay of the relatively long-lived radionuclide 225Ac (t1/2 =

9.920 days), which can be subsequently separated by
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radionuclide generators.1,8 However, the separation of 213Bi
from 225Ac occurs in harsh conditions, posing stringent
requirements on the performance and life-time of the sorbents
used in the generators. Despite the fact that a range of sorbents
have been investigated for this application, issues of low resis-
tance to radiolysis and poor chemical stability make the sepa-
ration of medical grade 213Bi in many cases a challenge.9–11

Considering these limitations, the development of alternative
sorbents and the optimization of the related separation process
are of great importance for the further development and
implementation of targeted 213Bi therapy.9

Understanding the interactions between active sorption sites
and radionuclides is a key strategy for developing alternative
materials and optimizing the separation process.3,12 Previous
studies have shown that 225Ac3+ can be tightly adsorbed onto
organic resins with sulfonic acid groups (e.g., AG MP-50 and
Dowex 50W-X8) through electrostatic attraction and ion
exchange. Also, the desorption of 213Bi3+ can be achieved by
elution with halide anions (e.g., I− and Cl−).13,14 However, the
life-time of these materials is limited to about 1 day, due to the
radiolysis-induced the scission of sulfonic acid groups and the
changes in cross-linking of their macromolecular back-
bone.9,11,13,15 Moreover, a very high concentrations of acids such
as HNO3 or HCl (e.g., 8 mol L−1 HNO3) should be used to recycle
RSC Adv., 2024, 14, 34855–34867 | 34855
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Scheme 1 Suggested structure of HDEHP.
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the undecayed 225Ac3+ from the column due to the strong
affinity of the sulfonic acid group for 225Ac3+, possibly impacting
the further reuse of 225Ac3+.16

The sorption and desorption mechanisms of carbon mate-
rials with carboxylic groups for La3+/Ac3+/Bi3+ were revealed in
our previous studies. These materials have shown a potential
for the selective sorption performance of Bi3+ over La3+/Ac3+

under a low pH value (e.g., pH 1–2) and a high salt concentra-
tion (e.g., 2–3 mol L−1 NaNO3). Although a series desorption
experiments have done to discover an eluent to selective
desorption of Bi3+, the contamination of La3+/Ac3+ has also been
eluted. Therefore, due to the lack of a suitable eluent, it remains
challenging to use these materials in direct generators.

Phosphorus-containing groups, such as phosphonic, phos-
phoric, and phosphinic acid groups, are known for their inter-
action with metal ions. Sorbent materials comprising such
functional groups have been extensively studied due to their
affinity towards to rare earth elements and actinides ions, with
high selectivity towards the hard Lewis acid cations, especially
lanthanides.17–22 Another benet of phosphorus-containing
groups is their higher radiation stability compared to sulfonic
acid groups.23 One approach to synthesize such sorbents
consists in the impregnation of an active phase (extractants)
into a solid support.24–28 Despite the diversity in extractants and
the nature of the solid support, only a few studies have
systematically examined their potential use in 225Ac/213Bi
generators. Wu et al. explored the separation performance of
actinide (AC) resin, which is composed of P,P0-di(2-ethylhexyl)
methanediphosphonic acid (H2DEH[MDP]) and silica matrix,
for use in direct 225Ac/213Bi generators.29 However, the relatively
low radiation stability of silica and H2DEH[MDP] has limited
their application, together with the observation of silica leach-
ing at a low pH.9,30,31 Furthermore, AC resin has shown a strong
affinity for 225Ac even in a relatively high acidic solution, which
may hinder the recycling and reuse of undecayed 225Ac3+ from
the AC resin.21,29 Interestingly, Horwitz et al. reported that the
sorption of Ac3+ onto di(2-ethylhexyl)orthophosphoric acid as
the stationary phase on Celite was signicantly low in
0.1 mol L−1 HNO3 solutions.32 Ondrák et al. reported the use of
a-ZrP-PAN composite in a direct 225Ac/213Bi radionuclide
generator, achieving 213Bi yield of 77–96% in a 2.8 mL.33 The
elution was performed using 10 mM DTPA. However, the
detailed separation mechanism of this material was not exam-
ined. Typically, the eluent should ideally be salt, which can be
easily chelated by other chelators. Ostapenko et al. also found
that most La3+ could be eluted by 0.1 mol L−1 HNO3 solutions
from Ln resin (di(2-ethylhexyl)phosphoric acid (HDEHP)
immobilized onto a solid support).27 Thus, the use of
phosphate/phosphoric acid functional groups is expected to be
favorable for the recycling and reuse of undecayed 225Ac3+.

The selection of solid support for the extractants in a gener-
ator column is also critical, with high requirements on their
radiolytic and chemical stability.26,34 Various materials have
been developed as solid supports for the immobilization of
extractants, such as silica, polymer resins, powdered glass, and
activated carbon.24,26,31,35,36 Among these, activated carbon
materials have shown to be particularly attractive due to their
34856 | RSC Adv., 2024, 14, 34855–34867
large surface area, high porosity, stable pore structure, and
good stability.37 However, experiments are still needed to
explore the separation mechanism using such materials.
Therefore, this study explores the use of bis(2-ethylhexyl)
phosphate (Scheme 1) monofunctionalized activated carbon
(HDEHP/AC) as a sorbent for the Ac3+ (or its surrogates)/Bi3+

separation. The primary focus was to demonstrate the perfor-
mance of such phosphate monofunctionalized carbon surface
as a model, allowing the unambiguous evaluation of the
performance/inuence of the phosphate group.

The physical and chemical properties of HDEHP/AC were
characterized by various techniques such as scanning electron
microscopy (SEM), diffuse reectance infrared Fourier trans-
formations (DRIFT), N2 sorption, elemental analysis, and
inductively coupled plasma optical emission spectroscopy (ICP-
OES). A series of batch experiments were conducted to investi-
gate the separation behavior of HDEHP/AC for La3+ and Bi3+

under various inuencing factors (e.g., pH values, salt concen-
tration, contact time, initial concentrations of metal ions,
gamma-ray irradiation), and the conceptual design of
225Ac/213Bi separation process was discussed. The ndings of
this study are expected to contribute to the development and
fabrication of alternative materials for use in 225Ac/213Bi radio-
nuclide generators.

2. Experimental section
2.1. Materials and reagents

La(NO3)3$6H2O (99.99%), Bi(NO3)3$5H2O (98%), NaNO3

($99.0%), and HNO3 ($65%) were purchased from Sigma-
Aldrich. HCl (37%) was purchased from Fisher Scientic.
NaCl ($99.5%), NaOH ($99.0%), and bis(2-ethylhexyl)
phosphate modied activated carbon (902 470) were
purchased fromMerck. Milli-Q water (18.2 MU cm@ 25 °C) was
used in the experiments. All chemicals in this study were used
without further purication.

2.2. Batch sorption experiments

Stock solutions with La3+ and Bi3+ were prepared by dissolving
appropriate amounts of La(NO3)3$6H2O (99.99%) and
Bi(NO3)3$5H2O (98%) in 0.01 and 0.30 mol L−1 HNO3 solutions,
respectively, to obtain a concentration of 100 mg L−1 for each
ion. Then, the NaOH and HNO3 were utilized to adjust the pH
values of the solutions. Batch sorption experiments were carried
out in 50 mL plastic centrifuge tubes with a suitable mass of
HDEHP/AC added into a 30 mL of the liquid phase. To
© 2024 The Author(s). Published by the Royal Society of Chemistry
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investigate the solid-to-liquid ratio, HDEHP/AC with different
mass values was mixed with a given concentration of La3+ and
Bi3+ solution (30 mL). Various concentrations of NaNO3/NaCl/
NaI were added to examine the effect of salt concentrations
and halide ions. Kinetic time was investigated by controlling the
shaking time (2–180 min) in single and binary systems. Sorp-
tion isotherms were measured by increasing the initial
concentrations of La3+ and Bi3+ in both single and binary
systems. Except where stated otherwise, the reaction suspen-
sion was shaken at 140 rpm in a shaker for 24 hours at room
temperature. The separation of sorbent from liquid phase was
performed using 0.45 mm PTFE syringe lters, and the La3+ and
Bi3+ concentrations in the liquid phase were measured by ICP-
MS/ICP-AES.

The sorption capacity for 225Ac was also investigated by using
a 30 mL liquid phase containing 100 kBq 225Ac, 10 mmol L−1

La3+, and 10 mmol L−1 Bi3+ with 60 or 400 mg HDEHP/AC as the
solid phase. The reaction suspension was shaken at 140 rpm for
2 hours, and the remaining steps were similar to those
described above. The activities of 221Fr and 213Bi were measured
by a high-purity germanium (HPGe, Princeton Gamma Tech)
detector, while the activity of 225Ac was calculated based on the
relation between 225Ac and 221Fr/213Bi.34
2.3. Desorption experiments

The liquid solution used in the sorption process was composed
of 10 mmol L−1 La3+, and 10 mmol L−1 Bi3+. Then, 400 mg of
HDEHP/AC was added to the liquid solution, and the reaction
suspension was shaken at 140 rpm in a shaker for 24 hours at
room temperature. Aerwards, a 1.0 mL of different HNO3

solution concentrations was added into the reaction suspen-
sion, which was shaken for 24 h. Finally, the separation of
sorbent from liquid was performed using 0.45 mm PTFE syringe
lters, and the La3+ and Bi3+ concentrations in the liquid phase
were measured by ICP-MS/ICP-AES. For the desorption process
with NaI eluate, aer the sorption process, 0.15–3 mL of NaI
solution was added into the reaction suspension to adjust the
concentration of NaI within 0.005–0.45 mol L−1.
2.4. Stability experiments

To determine its chemical stability in an aqueous solution, dry
HDEHP/AC with different mass values (e.g., 100, 200, 300, 400,
and 500 mg) was immersed into 40 mL of 0.01–0.5 mol L−1

HNO3 solution in a 50 mL plastic centrifuge tube, and then the
plastic centrifuge tubes were shaken at 180 rpm for 150 hours.
HDEHP/AC was removed using 0.45 mmPTFEmembrane lters,
and then the HDEHP/AC residue was dried in an oven at 70 °C.
The mass weight of P for the HDEHP/AC was measured by ICP-
OES.

To determine its radiation stability, the dry HDEHP/AC was
placed into a glass vial and then irradiated with gamma rays
from a 60Co source (BRIGITTE, SCK CEN). The absorbed dose
for HDEHP/AC was 862 ± 121 kGy with a dose rate of 8.9 kGy
h−1, and its radiation stability was investigated by conducting
batch sorption experiments.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.5. Characterization

The surface morphology of HDEHP/AC was analyzed by SEM
(FEI Nova NanoSEM 450), and XRD (X'Pert Pro, PAN analytical,
Cu radiation source) was used to investigate the carbon struc-
ture. Elemental analysis (Vario EL and Oxy Cubes) and ICP-OES
(Agilent Technologies Inc. – 5100) were performed to quantify
the C, O, H, and P element amounts. The diffuse reectance
infrared Fourier transformations (DRIFT) spectroscopy (Nicolet
6700) with an in situ DRIFT accessory type ‘Harrick Praying
Mantis’ was used to identify the surface functional groups.
Thermal stability was determined by TGA (Netzsch STA 449 F3).
2.6. Data analysis

The sorption percentage R (%), sorption amount qe (mmol g−1),
distribution coefficient Kd (mL g−1), and desorption percentage
D (%) were expressed as follows:

Rð%Þ ¼ Co � Ce

Co

� 100% (1)

Rð%Þ ¼ Ao � Ae

Ao

� 100% (2)

Kd ¼ Co � Ce

Ce

� V

m
(3)

Kd ¼ Ao � Ae

Ae

� V

m
(4)

qe ¼ VðCo � CeÞ
1000m

(5)

no ¼ CoVR

1000
(6)

nd ¼ CoV � CdVd

1000
(7)

Dð%Þ ¼ no � nd

no
� 100% (8)

where m (g) represents the mass of the sorbent. V (mL) refers to
the liquid phase volume during the sorption process, Vd (mL)
represents the liquid phase volume in the desorption process,
Co (mmol L−1) and Ce (mmol L−1) denote the starting and nal
concentrations of metal ions during the sorption process,
respectively. Cd (mmol L−1) is the nal concentration of metal
ions in the desorption process. no (mmol) and nd (mmol) repre-
sent the amount of La3+ or Bi3+ sorption on the sorbent aer the
sorption and desorption processes, respectively.

The pseudo-rst order (eqn (9)), pseudo-second order (eqn
(10)), intraparticle diffusion (eqn (11)) and Elovich (eqn (12))
models were applied to t sorption kinetic data:38–41

qt = qe(1 − e−k1t) (9)

qt ¼ k2qe
2t

1þ k2qet
(10)
RSC Adv., 2024, 14, 34855–34867 | 34857
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qt = KIPDt
1/2 + C (11)

qt ¼ 1

b
lnðabtþ 1Þ (12)

where k1 (min−1), k2 (g mmol−1 min−1), KIPD (mmol g−1 min−1/2)
refer to the sorption rate constants of the kinetic equations. t
(min) is the sorption time and qt (mmol g−1) represents the
amount of metal ions adsorbed at time t. C (mmol g−1) is related
to the thickness of boundary layer. a (mmol g−1 min−1) and b (g
mmol−1) are known as the Elovich coefficients.

The Langmuir and Freundlich models can respectively be
expressed as follows eqn (13) and eqn (14), respectively:41–43

qe ¼ KLqmaxCe

1þ KLCe

(13)

qe ¼ KFCe

1
n (14)

where KL (L mmol−1) is a constant of the Langmuir equation,
qmax (mmol g−1) represents the maximum amount of metal ions
adsorbed onto HDEHP/AC. KF (mmol1−n Ln g−1) and 1/n are the
Freundlich constants related to the sorption capacity and the
sorption intensity, respectively.
Fig. 1 SEM image (a), XRD pattern (b), FT-IR spectrum (c), N2 sorption c

34858 | RSC Adv., 2024, 14, 34855–34867
3. Results and discussion
3.1. Characterization

HDEHP/AC was characterized by complementary techniques to
investigate its physical–chemical properties before testing its
performance to separate Bi3+ from La3+/Ac3+. The SEM image
revealed irregularly shaped HDEHP/AC grains that ranged from
several micrometers to nearly a hundred micrometers in size
(Fig. 1a). The XRD pattern (Fig. 1b) exhibited a broad peak
centered at around 2q = 20–23°, indicating an amorphous or
disordered carbon structures.44,45 Another broad and weak peak
was observed at around 2q = 43–44°, which was attributed to an
axis of the graphite structure.44,45

The elemental analysis results (Table S1†) show that the
percentage of P in the HDEHP/AC was 2.42 wt%, in addition to
82.8 wt% C, 3.14 wt% H, and 7 wt% O. Furthermore, the DRIFT
spectrum (Fig. 1c) of HDEHP/AC contained characteristic bands
at 1242 and 1028 cm−1, which were assigned to the P]O and
P–O–C stretching modes, respectively.46,47 These results indicate
that the HDEHP was immobilized onto the activated carbon
structure. The introduction of HDEHP on the surface of acti-
vated carbons caused a decrease in their specic surface area
urve (d), TGA curve (e), and phosphorus leaching (f) of HDEHP/AC.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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from approximately 1000 m2 g−1 (as reported by Merck) to
approximately 528 m2 g−1, as shown in Table S1† and Fig. 1d.
The TGA curve (Fig. 1e) shows that the thermal decomposition
of HDEHP/AC began at 230 °C. The mass loss of HDEHP/AC was
about 18% up to 400 °C, which was due to the thermal
decomposition of HDEHP. Beyond this point, the decomposi-
tion rate decreased before reaching∼850 °C, indicating that the
precursor of activated carbon probably had undergone
a carbonization at high temperatures, particularly above 800 °C.
Based on above characterization results, there are few other
functional groups on the surface of activated carbon, and the
primary functional group of HDEHP/AC is the phosphate group.
Thus, HDEHP/AC can be used as a sorbent to examine the
function of phosphate group and the carbon structure.

For the sorbents, the loss of extractants from the impreg-
nated materials into the liquid phase, due to the dissolution
effect and/or mechanical force, was a concern.48 Therefore,
leaching tests have been performed by contacting HDEHP/AC at
different solid-to-liquid ratios and in the 0.01–0.5 mol L−1

HNO3 solutions for 150 h. Fig. 1f shows phosphorous content in
HDEHP/AC aer these leaching test, clearly demonstrating that
HDEHP is not released from the carbon matrix in such condi-
tions. A further possible reason for this stability was the low
solubility of HDEHP in water and the weak HNO3 solutions.49
Fig. 2 Effect of pH on the sorption percentage and distribution
coefficient (Kd) of HDEHP/AC for La3+ and Bi3+ in the binary system (a).
(Co (La3+) = 10 mmol L−1 and Co (Bi3+) = 10 mmol L−1, solid-to-liquid
ratio= 1 g L−1 for (1) or 2 g L−1 for (2), t= 24 h). The effect of pH on the
sorption percentage of HDEHP/AC for La3+ in the single system (b). (Co

(La3+) = 10 mmol L−1, solid-to-liquid ratio = 1 g L−1, t = 24 h).
3.2. Sorption performance

3.2.1. Effect of pH. The pH has a signicant impact on both
the metal speciation and the protonation/deprotonation of the
phosphate groups on the HDEHP/AC.34,50,51 The speciation of
La3+ and Bi3+ as a function of pH was calculated in our previous
work.34 Briey, La3+ and Bi3+ ions are present as cations in
aqueous solutions when the pH value is below 2.0. Fig. 2a shows
the effect of pH on the sorption of La3+/Bi3+ onto HDEHP/AC in
the binary system (both La3+ and Bi3+) with a solid-to-liquid
ratio of 1 or 2 g L−1, respectively.

The La3+ sorption percentage and Kd values rapidly increased
at pH > 1.3. The sorption of La3+ onto the HDEHP/AC was
primarily due to electrostatic attraction and surface complexa-
tion, which is associated with the deprotonated functional
groups from HDEHP, known for its pKa of ∼1.47.52 Further-
more, as pH increases, the competitive sorption of decreased H+

on HDEHP decrease. Increasing the solid-to-liquid ratio (to 2 g
L−1) shied the increase in sorption capacity to lower pH (by
merely 0.2 units), but the overall relationship was not impacted.
This reconrms that the sorption of La3+ onto HDEHP/AC was
due to the electrostatic attraction/surface complexation and the
decreased competitive effect of H+. The pH relation also indi-
cates that the La3+ is expected to be desorbed via ion exchange
with H+ in relatively low-pH solutions.

In contrast, the Bi3+ sorption percentage onto HDEHP/AC
increases signicantly at a lower pH compared to the increase
in sorption capacity for La3+ and reaches more than 80% from
a pH of 0.9. Increasing the pH further leads to a gradual
increase in sorption capacity and related Kd values, due to the
strong affinity of Bi3+ for the sorption active sites. This was
probably due to the electrostatic repulsion between Bi3+ and
© 2024 The Author(s). Published by the Royal Society of Chemistry
protonated functional groups as well as the competitive sorp-
tion of excess H+ ions. Increasing the solid-to-liquid ratio leads
to a minor shi to higher sorption capacities in the pH range
between 0.6 and 1.6.

La3+ sorption was also examined over a broad pH range
under a single system, as shown in Fig. 2b. The high sorption
capacity of HDEHP/AC toward La3+ could be achieved at
a higher pH value.

Based upon the measured sorption capacity, some estimates
can be made for an actual 225Ac/213Bi generator. In case 4 GBq
225Ac is loaded onto a column, which corresponds to 8.279 nmol
of 225Ac, only a minor amount of HDEHP/AC as sorbent should
be sufficient for full sorption. The pH relationship also offers
some insight in the potential use of HDEHP/AC. As selective Bi3+

sorption occurs at low pH (pH < 1), HDEHP/AC could be used in
an inverse generator. For a direct generator approach, the pH
RSC Adv., 2024, 14, 34855–34867 | 34859
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Fig. 3 Effect of NaNO3 concentration on the sorption performance of HDEHP for La3+ and Bi3+ in the binary systemwith a solid-to-liquid ratio of
3 (a) or 13.3 g L−1 (b). (Co (La3+) = 10 mmol L−1 and Co (Bi3+) = 10 mmol L−1, pH = 2, t = 24 h).
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and the solid-to-liquid ratio can be increased to facilitate the
sorption of both Bi3+ and La3+.

According to above results, we inferred that controlling the
separation pH (e.g., pH = 0.6) is expected to facilitate the
selective uptake of Bi3+ from a La3+(Ac3+)/Bi3+ mixed solution
onto the inverse separation column lled with HDEHP/AC
sorbent. The use of sorbents with phosphate functional
groups in the inverse generators is expected to align with our
previous research.34 For the direct separation column, when the
pH > 2 or 3, a high sorption capacity for La3+ (Ac3+) onto
HDEHP/AC is expected to be achieved by increasing the pH and
solid-to-liquid ratio.

3.2.2. Effect of NaNO3 concentration. Fig. 3a presents
impact of ionic strength on the separation of La3+/Bi3+ by
varying the NaNO3 concentrations. The removal percentages
and Kd values for La

3+ gradually decreased as the concentration
of NaNO3 increased from 0 to 1.0 mol L−1, attributed to the
shrinkage of the electrical double layer and thus a weaker
electrostatic attraction between La3+ and HDEHP/AC.53 The
increased inuence of ion competition with higher concentra-
tions of interfering ions in the solution reduced the availability
of La3+ ions for sorption. By contrast, the Kd values for the Bi3+

remained very high throughout the concentration range and
appeared to be independent of the NaNO3 concentration,
indicating that a different sorption mechanism is at play for
Bi3+. Additionally, the La3+ sorption percentage increased as the
solid-to-liquid ratio increased from 3 to 13.3 g L−1 (Fig. 3b). The
sorption percentages and Kd values for La3+ were still greater
than 90% and 103 mL g−1, respectively, when the NaNO3
34860 | RSC Adv., 2024, 14, 34855–34867
solution was below 0.5 mol L−1 at pH = 2 with a solid-to-liquid
ratio of 13.3 g L−1. This suggests that the negative effect of ionic
strength could be attenuated by increasing the solid-to-liquid
ratio.

3.2.3. Effect of halide ion concentration. The inuence of
halide ions on the sorption performance of HDEHP/AC toward
La3+/Bi3+ was examined using 0.1–1.0 mol L−1 NaCl and 0.1–
0.5 mol L−1 NaI solutions. Fig. 4a shows that the Bi3+ sorption
percentages decreased signicantly as the NaCl concentration
increased at pH= 2 and pH= 0.5, due to the formation of Bi–Cl
complexes (e.g., [BiCl4]

−), which have a lower affinity for
HDEHP/AC.54 This effect of decreasing sorption capacity is more
pronounced at lower pH values, indicating that the H+

concentration was also an inuencing factor. The La3+ sorption
percentage at pH = 2 gradually decreased as the NaCl concen-
tration increase, due to the inuence of ionic strength, but
remains higher than 80% even in the presence of 1 mol L−1

NaCl.
Also these results indicate the potential in a generator, in

which Bi3+ can be selectively eluted from the column at a rela-
tively high pH (e.g., pH = 2), with minimal effect on the La3+

sorption. One possible reason for this phenomenon was the
electrostatic repulsion that likely occurred between the nega-
tively charged Bi-anion complexes and the deprotonated func-
tional groups, which were also negatively charged.54,55

Furthermore, lowering the pH could elute the high Bi3+ in
a relatively low concentration of NaCl, but this process also
resulted in the elution of most of the La3+ from HDEHP/AC.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effect of NaCl (a) and NaI (b) concentration on the sorption
performance of HDEHP for La3+ and Bi3+ in the binary system. (Co

(La3+)= 10 mmol L−1 andCo (Bi
3+)= 10 mmol L−1, solid-to-liquid ratio=

13.3 g L−1, t = 24 h).
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The profound effect of chloride ions on the sorption
performance is also noticed for iodide. Fig. 4b shows the very
high La3+ sorption capacity (>98%) in the presence of NaI
concentrations in the range of 0.1 to 0.5 mol L−1 (at pH = 2).
Similar to NaCl, increasing the NaI concentration drastically
decreases the Bi3+ sorption capacity, due to the formation of Bi-
iodide complexes which seem to have an even lower affinity
compared to the Bi-chloride complexes. In summary, the halide
ions (e.g., Cl− and I−) are expected to selectively elute 213Bi from
the direct 225Ac/213Bi columns, resulting in the electrostatic
repulsion between the Bi-halide anions and the negatively
charged phosphate groups.54,55

3.2.4. Effect of sorption time. The sorption kinetics of La3+

and Bi3+ onto the HDEHP/AC were determined by sorption
experiments at time intervals in the range of 2–180 min. Fig. 5a
© 2024 The Author(s). Published by the Royal Society of Chemistry
presents of the evolution of the La3+/Bi3+ sorption percentages
as a function of the contact time for single and binary systems.
The sorption of La3+/Bi3+ onto HDEHP/AC rapidly increased
within the rst period (<30 min), which was attributed to the
availability of sufficient active sites for La3+/Bi3+ sorption. Then,
sorption slightly increased because of the depletion of Bi3+ from
the solution and the limited accessible active sites for La3+.
Additionally, the Bi3+ sorption capacity was noticeably higher
compared to the La3+ sorption capacity.

The sorption of La3+ was distinctly higher in the single
system than in the binary system at the corresponding time
points, indicating that the presence of Bi3+ had a signicant
effect on the La3+ sorption. This was because most of the
sorption sites were occupied by Bi3+. However, in practical
applications, the concentration of Bi3+ is expected to be much
lower than that of La3+ due to the high specic activity of 213Bi3+

compared to 225Ac3+. As such, the negative impact of Bi3+ on the
La3+ sorption percentage would be less pronounced, as seen in
Fig. 5a. By contrast, the Bi3+ sorption was not inuenced by the
presence of La3+, which was attributed to the high affinity of
HDEHP/AC for Bi3+ as well as the fast kinetic interaction times.

Pseudo-rst-order, pseudo-second-order, intraparticle diffu-
sion and Elovich sorption kinetic models were applied to t the
experimental data and to obtain insight into the underlying
sorption mechanism.39–41 The tting parameters are shown in
Table S2.† In the single system (Fig. 5b), the pseudo-second-
order equation had high correlation coefficient values that
indicated its suitability for illustrating the sorption process of
La3+ and Bi3+ onto the HDEHP/AC. A similar result was obtained
in the binary system (Fig. 5c). Based on the pseudo-second-
order equation, the qe (La3+) in the single system (5.590 mmol
g−1) was higher than that in the binary system (4.069 mmol g−1),
suggesting that competitive sorption occurred. There were no
obvious changes in Bi3+ sorption, indicating the weak compe-
tition of La3+ for Bi3+. Furthermore, compared to the pseudo-
rst-order and pseudo-second-order models, the intraparticle
diffusion model was not suitable for the kinetic results due to
its low R2 value (Fig. 5d). Interestingly, the Elovich model
provided a better t the kinetic data of La3+ among the four
models (Fig. 5d). Based on these comparisons, it can be
concluded that the kinetic behavior for La3+ can be described by
the Elovich model, while the pseudo-second-order is more
appropriate for Bi3+.

3.2.5. Effect of initial La3+/Bi3+ concentration. The inu-
ence of starting La3+ and Bi3+ concentration on the sorption
performance was also studied in the single/binary systems, and
the relevant results are presented in Fig. 6a. The La3+ sorption
onto HDEHP/AC increased rapidly as the initial concentration
of La3+ increased and then increased slightly, which was
ascribed to the saturation of active sorption sites. The sorption
capacity of HDEHP/AC for La3+ was higher in the single system
than in the binary system, attributed to the faster kinetics of the
Bi3+ sorption leading to an occupation of the available sorption
sites (competitive sorption of Bi3+ over La3+). Additionally, the
sorption capacity and sorption percentages for Bi3+ were still
very high across the entire range. Fig. 6b illustrates that the La3+

sorption percentages of HDEHP/AC decreased linearly with
RSC Adv., 2024, 14, 34855–34867 | 34861
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Fig. 5 Effect of contact time on the sorption performance of HDEHP/AC for La3+/Bi3+ in the single (La/Bi) and binary (La + Bi) systems (a).
Sorption kinetics of La3+ or Bi3+ onto HDEHP/AC in the single (b) and binary (c) systems (pseudo-first-order curve: dashed line, pseudo-second-
order curve: solid line). Sorption kinetics of La3+ or Bi3+ onto HDEHP/AC in the single system (d) (intraparticle diffusion model: solid line, Elovich
model: dashed line). (Co (La3+) = 10 mmol L−1 and/or Co (Bi3+) = 10 mmol L−1, solid-to-liquid ratio = 1 g L−1, pH = 2).
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increasing La3+ and Bi3+ concentrations. However, this is
unlikely to signicantly affect 225Ac/213Bi separation in a direct
generator as the loading amount of 225Ac in practical applica-
tions is low. Moreover, this nding suggests a useful strategy for
the inverse generator, where La3+ absorbed on the column prior
to loading 225Ac and 213Bi solution is expected to reduce the
225Ac sorption. The La3+ in the 213Bi eluate can then be puried
using a guard column (e.g., AG MP-50 column). The Langmuir
and Freundlich models were used to t the La3+ data in the
single system, with the curves shown in Fig. 6c and the relevant
parameters presented in Table S3.†41–43 The Langmuir model
wasmore suitable to describe the La3+ sorption process than the
Freundlich model according to the R2. This indicates that all of
the active sites for La3+ had equal adsorption affinities and were
energetically and sterically independent of the adsorbed quan-
tity.41,56 The maximum La3+ sorption capacity of HDEHP/AC was
15.226 mmol g−1.

3.2.6. Effect of gamma-ray irradiation. The radiation
stability of HDEHP/AC is also an important inuencing factor
that affects its performance as a sorbent material. In this study,
HDEHP/AC was exposed to 862 ± 121 kGy under dry conditions
to investigate its radiation stability. Fig. 7a and b shows the Kd

values and sorption percentages upon the HDEHP/AC exposure
to 0 and 862 kGy, respectively. The La3+ sorption percentage
decreased, which was probably due to the cleavage of the C–C
bond and the scission of the C–PO4 bond of the HDEHP/AC
aer exposure to gamma-radiation (Fig. 7c) as also illustrated
34862 | RSC Adv., 2024, 14, 34855–34867
in the previous studies23,26 However, there was no noticeable
change in the sorption capacity of HDEHP/AC for Bi3+, due to
the presence of sufficient sorption sites for Bi3+. Based on these
ndings, one potential approach to enhance the operation time
of the generator would be to introduce a low density of phos-
phate groups into the carbon structure. This modication is
expected to decrease radiation damage to sorbents when loaded
with high-activity radioisotopes. The relatively fewer number of
active sites may not pose a signicant problem for 225Ac/213Bi
generator columns, due to the low amount of 225Ac and 213Bi
isotopes in practical applications. Another potential approach
would involve reducing radiation damage and prolonging the
lifetime of the generator, to minimize the contact time between
the sorbents and 225Ac and its daughter nuclides. This could be
achieved by eluting 225Ac from the column, as described in the
following section.

3.2.7. 225Ac sorption behavior on HDEHP/AC. La3+ was
used as a surrogate of Ac3+ due to similar sorption changes with
varying HNO3 concentrations, as reported in previous studies
on the La3+ and Ac3+ sorption.27 The similar sorption behaviors
were possibly due to their stable valence charge (+3) in aqueous
solution, hydrolysis properties, and absolute chemical hardness
(15.4 eV for La3+, whereas 14.4 eV for Ac3+).57–59 However, it
should be noted that the phosphate groups had a stronger
sorption affinity toward La3+ than Ac3+. Herein, the sorption
capacity of HDEHP/AC toward 225Ac3+ was also investigated by
conducting batch sorption experiments, providing the reference
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effect of initial concentration for La3+/Bi3+ sorption onto
HDEHP/AC in the single (La/Bi) and binary (La + Bi) systems (a and b).
Sorption isotherms of La3+ onto HDEHP/AC in the single system
(Langmuir isotherm: solid line, Freundlich isotherms: dashed line) (c).
(Solid-to-liquid ratio = 2 g L−1, pH = 2, t = 24 h).

Fig. 7 Effect of absorbed dose on the distribution coefficient (a) and
sorption percentage (Kd) (b) of HDEHP/AC for La3+ and Bi3+ in the
binary system. (Co (La3+) = 10 mmol L−1 and Co (Bi3+) = 10 mmol L−1,
solid-to-liquid ratio = 2 g L−1, pH = 2, t = 24 h). Schematic illustration
of scission of functional groups by gamma irradiation (c).
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sorption performance of 225Ac3+ on HDEHP/AC. Fig. 8 presents
the increase in Ac3+ sorption percentage as pH increases,
whereas the sorption capacity could also be improved with the
increased solid-to-liquid ratio. Although the sorption capacity
of Ac3+ onto these types of materials with phosphate groups was
lower than that of La3+ sorption (see Fig. 2a), both exhibited
similar sorption behaviors. Therefore, investigating La3+ sorp-
tion could still provide reliable guidance for Ac3+ sorption onto
HDEHP/AC.
3.3. Desorption performance

The recycling of 225Ac is also an essential step for the generator
column, as most functional groups are susceptible to radiolytic
damage. Additionally, in the direct system, reducing the contact
© 2024 The Author(s). Published by the Royal Society of Chemistry
time is an effective way to minimize the dose received by the
sorbents. This study investigated the effectiveness of the HNO3

solution in desorbing La3+ from the HDEHP/AC. Fig. 9a shows
that 0.1 mol L−1 HNO3 solution could desorb nearly 90% of the
La3+, while almost all of the La3+ on HDEHP/AC could be des-
orbed using 0.2–0.3 mol L−1 HNO3 solution. Considering the
inuence of ionic strength, 225Ac could be readily reused with
a salt concentration of less than 0.5 mol L−1. An interesting
nding was the relatively low desorption capacity of Bi3+, sug-
gesting the potential use of HNO3 for the selective desorption of
225Ac in the inverse generator. This step could improve the
purity of 213Bi without signicantly affecting its yield. Fig. 9b
shows the desorption of Bi3+ from HDEHP/AC at pH = 2, using
NaI solution. The results show that the desorption percentage of
Bi3+ increased with the NaI concentration increasing, while
there was no desorption efficiency for La3+. This indicates that
the Bi3+ could be selectively desorbed.
RSC Adv., 2024, 14, 34855–34867 | 34863
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Fig. 8 Sorption percentage of HDEHP/AC towards 225Ac3+. (Ao = 100
kBq, Co (La3+) = 10 mmol L−1 and Co (Bi3+) = 10 mmol L−1, t = 2 h).
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3.4. Preliminary column test

To evaluate the 225Ac/213Bi separation performance for practical
applications, a column test is needed. However, commercial
HDEHP/AC consisted of an irregular powder with a broad
particle size range, making it difficult to increase the ow rate of
the solution due to the high-pressure stacking. Nevertheless,
a preliminary column test was conducted to offer some guid-
ance for further material design. The 213Bi yield was approxi-
mately 50% in the 5 mL of 1 mol L−1 NaI/0.01 mol L−1 HNO3
Fig. 9 The desorption efficiency of La3+ and Bi3+ from the HDEHP/AC
as of function of HNO3 (a) concentration and NaI concentration (pH =

2) (b).

34864 | RSC Adv., 2024, 14, 34855–34867
eluate, with the 225Ac impurity being less than 0.04%. The 213Bi
yield was lower compared to previously used materials, due to
the high surface areas of the carbon structures. Additionally,
a high mass value of HDEHP/AC was used during the desorp-
tion process, resulting in low desorption efficiency. However,
this result also indicates that the graing of phosphate func-
tional groups onto the carbon materials could serve as
a potential candidate for use in the direct 225Ac/213Bi generators.
3.5. Conceptual separation of 225Ac and 213Bi

The ndings of this study suggest that the phosphate groups
and carbon structure had the potential to serve as the active
sites and support, respectively, for the 213Bi separation.
Although commercial HDEHP/AC was unsuitable for practical
use, the data obtained could serve as a reference for designing
materials and optimizing separation processes. Shaped
HDEHP/AC materials with a suitable range of particle sizes
could be fabricated and utilized for 225Ac/213Bi separation. The
conceptual separation of 225Ac and 213Bi based upon this
material can be envisioned in several approaches.

The rst approach is a 2-column direct generator, as shown
in Fig. 10a. The detailed separation process can be seen in the
experimental section. The second column can be used for the
further purication of 213Bi eluate. An alternative use in a direct
generator, consists in the removal of two-thirds of the sorbent
Fig. 10 Conceptual separation process of the direct generator (a),
inverse generator (b), and a possible method (c).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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from the column for adsorbing 225Ac and 213Bi through batch
experiments, and then the sorbents with 225Ac/213Bi can be
placed back into the column.29 A guard column with AG MP-50
or its analog could also be employed to improve the purity of
213Bi. Before the sorbents experienced severe damage, the 225Ac
could be readily eluted from HDEHP/AC using relatively weak
acidic solutions compared to the AG MP-50.

The material holds also potential to be used in an inverse
generator (see Fig. 10b). Bi3+ could be selectively adsorbed onto
HDEHP/AC by adjusting the pH and salt concentrations. The
purity of Bi3+ could be further improved by using 0.1–
0.2 mol L−1 HNO3 to elute the possibly adsorbed 225Ac3+ before
the 213Bi eluting step. This method could signicantly reduce
the radiolytic damage for the sorbents. Additionally, this sepa-
ration is similar to the PNNL Bi-generator concept.11

HDEHP/AC also showed selective sorption of 225Ac, with
minimal sorption capacity for Bi-halide complexes, as shown in
Fig. 10c. When the 225Ac and 213Bi-halide complexes pass
through the column, the 225Ac can be selectively adsorbed onto
the column. The 213Bi can be obtained in a vial. Subsequently,
the 225Ac can be eluted from the column for 213Bi ingrowth for
use in the next cycle.
4. Conclusions

The study investigated the sorption and desorption behaviors of
La3+ (as an analog for 225Ac) and Bi3+ by HDEHP/AC for the
selective separation of 213Bi in medical applications. HDEHP/
AC exhibited sorption toward La3+ via electrostatic attraction
and surface complexation with a maximum sorption capacity of
about 15 mmol g−1 (from the Langmuir model) at pH = 2, which
could be further increased by increasing the pH values. The
sorption of La3+ onto HDEHP/AC could be tted by the Elvoich
model. Further research shows that the La3+ sorption capacity
decreased slightly or did not change as the NaCl and NaI
concentrations increased, in contrast with the Bi3+ sorption
capacity which decreased rapidly for Bi3+ owing to the forma-
tion of Bi-halide complexes. The desorption results show that
the La3+ could be completely eluted from the sorbent via 0.2–
0.3 mol L−1 HNO3 solutions from HDEHP/AC, which was likely
to be benecial in reducing the radiation damage to the direct
column and for recycling undecayed 225Ac. Additionally, Bi3+

could be selectively adsorbed by HDEHP/AC at a low pH and
relatively high NaNO3 concentration, and the HNO3 could be
used to further improve the 213Bi purity in the inverse generator.
Simultaneously, large amounts of Bi3+ are expected to be eluted
by halide ions at a low pH (e.g., pH = 0.5) from the inverse
columns. Therefore, HDEHP/AC showed promise for applica-
tion in direct and inverse 225Ac/213Bi generators. However,
commercial HDEHP/AC is an irregular powder with a broad
particle size range and a high specic surface area, limiting its
application in column chromatography. Further research
should be dedicated towards the development if synthesis
routes to gra phosphate groups onto shaped carbon materials
(or alternatives) and to optimize the separation process
conditions.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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