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Abstract: Actinium-225 (**>Ac) can be produced with a linear accelerator by proton irradiation
of a thorium (Th) target, but the Th also underdoes fission and produces 400 other radioisotopes.
No research exists on optimization of the cation step for the purification. The research herein examines
the optimization of the cation exchange step for the purification of ?°Ac. The following variables
were tested: pH of load solution (1.5-4.6); rinse steps with various concentrations of HCl, HNO;,
H,S04, and combinations of HCl and HNOj; various thorium chelators to block retention; MP50 and
AG50 resins; and retention of 20-45 elements with different rinse sequences. The research indicated
that HCl removes more isotopes earlier than HNOs, but that some elements, such as barium and
radium, could be eluted with >2.5 M HNOj3. The optimal pH of the load solution was 1.5-2.0, and the
optimized rinse sequence was five bed volumes (BV) of 1 M citric acid pH 2.0, 3 BV of water, 3 BV of
2 M HNO3, 6 BV of 2.5 M HNO; and 20 BV of 6 M HNO3. The sequence recovered >90% of 225 Ac
with minimal ??3Ra and thorium present.

Keywords: Lanthanum; Rhodium; AG50; MP50; fission products; Actinium-225; 225 A ¢: 223Raq; 227 Th;
thorium

1. Introduction

Actinium-225 (225AC) and its daughter, bismuth-213 (213Bi), can be used to label molecules for
targeted alpha therapy [1,2]. A targeted alpha particle typically has a range of 50-80 microns and results
in a high amount of energy deposited to a small area, reducing the bystander damage [3]. The emitted
alpha particle(s) can produce high radiation damage due to its high linear energy transfer, yet the
short-range of the alpha particle results in less damage to the surrounding tissues [3]. In contrast,
a targeted beta particle would have a range of 1-10 mm, and a larger amount of energy would be
deposited to normal tissue [3].
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The short half-life of 21*Bi makes it a good therapeutic isotope for small targeting molecules
such as peptides. However, the longer half-life of 2> Ac makes the isotope more suited for large
targeting molecules such as antibodies. The 2> Ac can be used to make a generator to allow local
production of 2!3Bi for clinical applications [4]. Some of the recent targeted alpha therapy studies
have shown promise at treating cancer and potentially curing some cancers. A study with 213Bi
DOTATOC shrank tumors when similar therapy with beta emitting isotopes failed [5]. In another study,
225 Ac PSMA-617 treatment of patients with prostate cancer showed drastic reduction/elimination of
metastatic tumors [6].

The recent success of targeted alpha therapy in a clinical setting has led some to estimate the
demand of 22> Ac to be greater than 50 Ci per year [7]. The current world supply of 2®Ac is 1.2 Ci
per year, of which 0.75 Ci is produced by Oak Ridge National Lab by a ?*’Th generator (decay chain:
29Th — 22°Ra — 22°Ac) [8]. The ability of alpha therapy to be widely used is dependent on the
development of large scale production and purification of > Ac. To address the shortage, the US
Department of Energy formed a Tri-lab team with scientists from Los Alamos (LANL), Brookhaven
(BNL) and Oak Ridge (ORNL) National Laboratories, with the goal of exploring alternative production
routes of 2> Ac. One production approach being examined is the proton irradiation of a 2*2Th target by
the 2%2Th (p,x) 22° Ac nuclear reaction. A 50- to 100-g thorium target could produce 1-5 Ci of 22> Ac for a
10-day irradiation at Brookhaven Linac Isotope Producer (BLIP) [9].

During the proton irradiation of a 2>2Th target, the nuclear reaction Th(p,f) occurs, and the thorium
undergoes fission. The fragmented mass distribution is typically a bimodal distribution with mass
number peaks around 100 and 132, but a range of masses from 75-160 are produced [10]. As the proton
energy increases (from 13 to 53 MeV), the fragmented mass distribution has a more symmetric fission
and the peak is centered around 115 MeV, with a similar range of masses from 75-160 produced [10].
MCNPX calculations for proton-irradiated thorium targets at 199 MeV proton energies have been
done, and 663 radioisotopes are produced at the end of the bombardment at greater than 1 mCi [11].
The number of isotopes produced at greater than 1 mCi decreases to 540 at 1 h, 329 at 1 day and 237 at
5 days. The ratio of fission products/?*>Ac is 12:1, and the radionuclides that are produced are from all
the different groups in the periodic table [11]. During the proton irradiation of a thorium target, 2>’ Ac
and 22° Ac are coproduced, and recently published literature discusses their impact on production [12].

The Tri-lab collaboration has examined the purification of 22° Ac utilizing the following sequence:
(1) HCl/anion exchange resin, (2) chelator/cation exchange resin, and (3) a nitric acid/DGA solvent
extraction resin. [13,14]. This approach was a combination of literature methods for the purification of
225 Ac from thorium [15-17]. Various approaches have examined the purification of 22> Ac from thorium,
and a cation exchange column with a chelating agent has been used [13-18]. The cation-exchange resin
(AG50) contains a sulfonic acid functional group, which would retain the actinium species. Thorium
would be chelated to the citric acid and would not be retained by the resin. The LANL study used a
rinse step with 63.3 bed volumes (BV) of 0.5 M citric acid, then a rinse step of 13.3 BV of 1 M nitric acid,
followed by an elution step utilizing 6 M nitric acid [13]. In the purification, the 1-M nitric acid rinse
step did little to remove impurities, and rinsing the column with greater than 60 BV seems excessive
and will increase the time of the cation step and produce a large volume of radioactive waste. None of
the studies examined optimization of the cation column for the purification of 22> Ac.

A proton-irradiated thorium target contains a large number of isotopes and is really complex,
containing too many radioisotopes to use for preliminary experiments. To model the system,
multi-element samples were used, and the optimized separation was developed in stages summarized
in Figure 1. Cu, Pb, Zn, Co, Cr, Cd, Ni, Fe, Mn, Al, Ga, Ge, Sr, Be, Mg, Rb, Ba, Ce, Lu and Zr were
chosen to study, as they represent elements across different groups of the periodic table. The group also
represents environmental contaminates and target cladding materials that could appear in higher mass
quantities than the fission fragments. The larger masses could have a higher impact on the retention
of 2 Ac. To better understand the elution behavior of different elements, larger studies with over
40 elements were performed (Figures S50-5154).
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The studies herein determined the optimal elution profile for the cation resin step in the presence
of a large number of fission products. To optimize the cation purification step results, the following
research studies are reported: (1) variations of the pH of the load solution; (2) evaluation of rinse steps
with various concentrations of HCl, HNO3 and H»SO4; (3) rinse steps with sequences of HCl and HNOj3;
and (4) comparative elution studies with two different cation resins (Bio-Rad MP50 vs). (5) Many of
the studies were done comparing two different thorium chelating agents. (6) Once a suitable rinse
sequence was established to remove a large number of impurities, studies were conducted to optimize
the sequence to remove as much barium (Ba) as possible. Ba is chemically similar to radium. As the
optimization of the cation step was being developed, more complicated samples were used.

2. Results

Initial research used lanthanum (La) as a surrogate for 2> Ac, since both elements have a charge
of +3 and have similar chemistry. The cation step of the separation was developed by evaluating the
elution profiles of multiple elements. The approach utilized a cation exchange resin and a complexing
agent (either citric or tartaric acid) to coordinate thorium. The studies are summarized in Figure 1.

3) Determine best rinse

1) Determine optimal load pH 2) Evaluate rinse solvents sequence
a) Evaluated withLa Determine retention of 22 Evaluate retention of 22
b) Evaluated with La and 22 S metals when rinse solvents — metals with rinse ste ith
I pswi
other metals were: a) nitricacid, b) HCl, or combinations of 2.5 M nitric
o) sulfuricacid acid and 2, 3M HCI
6) Evaluate conditions with
Th/25Ac 5) Determine optimal 4) Determine optimal
Evaluate purification <« chelating agentforload cation resins
sequence with 0.5 gram solution Evaluate retention of 22
quantities of thorium and Evaluated studies 1-3, with a) metals on a) MP50
tracer levels of 225Ac with citricacid, b) tartaricacid b) AG 50x8
various chelators
Jl 9) Evaluate conditions
X 8) Optimize rinse sequence with Th/22Ac
7) Established ICP-OES for fission products a) Evaluated load pH with
analy51§ methods L a) Evaluated retention of >40 225Ac, 227Th and ?°Ra
[.)et.ermmed quantification ——>  clements with therinse b) Evaluate 0.1 -0.5 gram
limits for methods used to sequence quantities of thorium,
quantify >40 elements b) Optimize rinsesequence tracer levels of 2°Ac, 2*’Ra
to maximize Ba/Ra removal with >25 other metals

Figure 1. Flow chart illustrating the sequence of studies reported in the manuscript.

2.1. Variations of the pH of the Load Solution for Retention of La and Evaluating Two Different
Chelating Agents

Lanthanum was retained on the cation column at a pH range of 1.5-2.5. All subsequent studies
were performed with a load solution at a pH of 2. Higher amounts of La were eluted in the load
solutions of greater than pH 2.5. Initial studies were performed with a complexing agent utilizing
lanthanum as a surrogate for 225 Ac and spikes of Cu, Pb, Zn, Co, Cr, Cd, Ni, Fe, Mn, Al, Ga, Ge,
Sr, Be, Mg, Rb, Ba, Ce, Lu and Zr. Separate studies were performed for citric acid and tartaric acid
(the data sets are in the Supplementary Materials), and the results are briefly summarized as follows
(Figures 51-516).

2.2. Evaluation of Rinse Steps with Various Concentrations of HCI, HNO3 and H»SOy

Evaluation of rinse steps with various concentrations of HCI and/or nitric acid indicated the
following. Cu, Pb, Zn, Co, Cr, Cd, Ni, Fe, Mn, Al, Ga, Sr, Be, Mg, Rb, Ba, Ce, Lu and La were all
retained on the cation column from the load solution. Ge and Zr had minimal retention and ~30% of
Cr was eluted in the load solution (Figures S6-511). Rinse solutions with HCI eluted the elements at
lower molarities than with similar concentrations of HNOj3 and, in general, higher amounts of the
elements were eluted in each HCl rinse step. For some elements such as Cu, Zn, Co, Cd, Ni, Fe, Al Ga,
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Be, Mg and Rb, elution with sulfuric acid was similar or better than eluting with HCI. La and Ce began
to elute in 3 M sulfuric acid, whereas in 3 M HCI Ce and La were not eluted with 3 BV. Lanthanum will
begin to elute from the cation column when 5 BV of 3 M HCl are used. As a result, rinse steps with 3 M
HCl should be limited to 3 BV. Over 50% of lanthanum was eluted when 3.5 M HCl or 3.5 M nitric acid
are used to rinse the column. Cerium (Ce) and La behave the same in most studies presented herein,
and their separation is covered in other published studies [13,14]. Lu can be eluted with 3 M HCI and
Ba can be eluted starting with 2.5 and 3 M HNOs. This set of data indicates that a combination of HCI
and HNOj; should be used to elute the elements.

2.3. Rinses Steps with Sequences of HCIl and HNO3

The results obtained in the mixed metal elution profiles indicate two rinse sequences were
proposed for the cation separation step. One rinse sequence utilized HNOj3- and water prior to rinsing
with HCl in an attempt to remove barium from the solution (Figures 543-547). A water rinse continued
to elute the metals released in the HNOj rinse. The rinse sequence failed at removing the majority of
barium in one rinse step. Instead, 10%—20% of barium was eluted in each rinse step after 2.5 M HNOs.
The second rinse sequence involved rinses with HCI before HNOj3 (Figures S34-5424). Rinsing the
cation column with 2 M HCl, 3 M HCI water and 2.5 M nitric acid resulted in eluting more metals early
at higher concentrations than when the elution profile was 2.5 M nitric acid, water and 3 M HCI. A bulk
of the lutetium was eluted in the 3-M HCl rinse step. Barium was retained during HCI rinse steps,
but 77% was eluted during the 2.5-M nitric acid rinse step. When the metals retained on the cation
column were rinsed with 3 BV of: 2 M HCI, 3 M HCl, water, 2.5 M nitric acid and water, then eluted
with 20 BV of Conc. HCl, no lanthanum was eluted. Therefore, eluting lanthanum from the column
can be achieved in 3.5-8 M HCl with multiple BV of the acid.

2.4. Comparative Elution Studies with Two Different Cation Resins

A comparison of Bio-Rad AG-50 and MP-50 resin with the rinse sequence indicated the two
resins had different retention of some of the metals (Figures 526-533). Many elements had similar
elution profiles with the two different resins. No lanthanum was eluted from a Bio-Rad MP-50
resin when the rinse sequence was 2 M HCl, 3 M HCl, water, 2.5 M nitric acid, water and 8 M HCI.
The same rinse sequence was used with Bio-Rad AG-50 resin and some lanthanum (40%) was eluted.
Ba, Sr and Lu all eluted at >80% before the 8-M HCI step from an AG-50 resin with tartaric acid
(Figures 526-533), and similar studies with MP-50 resin eluted <10% of Ba, Sr and Lu before the 8-M
HCl step (Figures 526-533). Rinsing the MP-50 resin with 8 M HCl eluted 96% of the Lu, but in the
AG-50 studies over 55% eluted in the 3-M HCl steps, and no La was eluted in the 8-M HCl step.

2.5. Elution Profiles of Rh and La on a Cation Column

Elution profiles of Rh and La were generated with the following rinse sequences: (1) 3 BV of 2M
HCI, 3 BV of 3 M HCI, 3 BV of 18MQ) water, 3 BV of 2.5 M HNO3, 3 BV of 18 M() water and 10 BV of
10 M HNO;s (Figures 548-549); and (2) 3 BV of 2 M HCI, 3BV of 3 M HC], 3 BV of 18 M(Q) water, 3 BV of
2.5 M HNOs3, 10 BV of 3.5 M HCI, 10 BV of 4 M HCl, 10 BV of 5 M HNOj3 and 10 BV of 6 M HNO;3
(Figures 548-549). Sequence (1) eluted 57.9% of the La in the 10-M nitric acid and no La was eluted in
the previous steps. In sequence (2), La eluted in 4 M HC1 (26.8%), 5 M HNO3 (43.7) and 6 M HNO3
(17.6), while no La was eluted in previous steps.

2.6. Optimizing the Elution Profile

Elution profiles of all the elements examined in studies 1-3 are shown in the Supplementary
Figures S50-5154). Briefly, the profiles are summarized as follows. In studies 1 and 2, many of the
elements eluted in similar rinse steps. For both studies the following elements were primarily eluted
in the citric acid and water rinse steps: Ga, B, Bi, Re and Sc. For both studies the following elements
were primarily eluted in the 2- and 3-M HCl rinse steps: Ag, Co (evaporated in nitric acid), Ni, Cu, Zn,
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Mn Li, Rb, Be Mg, In, Rb and Zn. In studies 1 and 2 the following elements were eluted in both the
load and HCI solutions: Al, Cr, Tl, Ge Rh, U and Se. Sr was eluted in the HCI1 and 2.5-M nitric acid
rinse steps in both experiments. Fe, Pb and Ru eluted in the HCl and 6-M nitric acid steps in study 1,
while Fe was present in the load and HCl rinse steps in study 2 but was not present in the 6-M nitric
acid. Pb had a similar elution profile in study 2 and showed up in the HCl rinse steps. Ru eluted in the
HCI and 2.5-M nitric acid rinse steps in study 2 and was not present in the 6-M nitric acid rinse steps.

In study 1, the metals were evaporation from either HCI or nitric acid, dissolved in 1 M citric acid
pH 2 and the cation column performed. For many elements the elution profile was similar. When Ga
was evaporated in HCl only 57% was recovered, and it was eluted in the rinse step, but Ga was not
present in the 6-M nitric acid solutions. However, when Ga was evaporated from nitric acid 37.3%
of the Ga, it was present in the rinse step and 37.9% was present in the 6-M nitric acid step. Mo was
eluted in the load solution with 73% present when the sample was evaporated from HCl compared
with only 25% eluted when the sample was evaporated from nitric acid. The load solution contained
38% of the W when the sample was evaporated from HCI, but no W was detected when the sample
was evaporated from nitric acid. Similar results were observed with Ti, where over 40% was eluted
in the load solution when evaporated from HCI. Less than 10% of Ti was in the load solution when
the sample was evaporated from nitric acid. In the study, 27% of As was eluted in the 6-M nitric acid
solution when the sample was evaporated from nitric acid. When the sample was evaporated in HCI,
and the separation performed, As was below the detection limit in the 6-M nitric acid step.

Lanthanides eluted over multiple rinse steps in studies 1 and 2, and Dy, Er, Eu, Gd, Ho, Lu, Nd,
Sm, Tb, Tm, Yb and Y were initially eluted in 2 or 3 M HCI, and in the 2.5- and 6-M nitric acid steps
(Figures 548-5154). Many of these elements were eluted in the 6-M nitric acid step, but in very low
percentages. La, Ce and Pr had similar elution profiles in study 1 where all three metals began to elute
in the second 3-M HCI elution step. The metals gradually eluted over the 2.5- and 6-M nitric acid steps.
In study 2, La, Ce and Pr all had similar elution profile with the 6-M nitric acid step, eluting many of the
metals. The step contained 60%-85% of the eluted La (Figures 548-549), 79% of the eluted Ce and 69%
of the eluted Pr and 55% of the eluted Nd; all other lanthanides were present in less than 50%. Ba is a
surrogate for Ra, as the elements are in the same group and have a charge of +2. Both elements are
produced in a proton-irradiated Th target as 14°Ba and in multiple radioactive Ra nuclides. Removal of
these elements is important for the purification of 22> Ac. In study 1, Ba initially eluted in the first 3-M
HCl step, peaked in the first 2.5-M nitric acid step and finished eluting in the 6-M nitric acid steps.
In study 2, the elution of Ba was ideal for the separation, where over 90% of the Ba eluted in the 2.5-M
nitric acid rinse steps and none was present in the 6-M nitric acid (Figures 5102-5154).

2.7. Th? Ac Studies

2.7.1. Th/?® Ac Studies with Different Chelating Agents

Dissolving thorium in citric acid provided some interesting insights, as solubility issues have
been problematic. When 0.5 g of thorium nitrate was dissolved in citric acid solutions with volumes
of 25 mL, the solution appeared to form a white solution between pH 1.3-1.6. At pH 1.1-1.2 and
2-3.36 the solution was clear. This is consistent with the literature studies where solutions of thorium
citrate formed a white precipitate Th(Cit), species [19]. Performing the cation column separation with
a 3:1 ratio of citric acid/thorium at pH 2 resulted in precipitation of thorium on the column (white
bands appeared) as well as some precipitation in the collection vial (BNL). The solution was clear
when it was loaded onto the column. This indicates that the formation of the insoluble Th(Cit), species
may be kinetically slow. No precipitation was observed with a 5:1 ratio of citric acid/thorium with a
225 Ac spiked solution and ~0.5 g of thorium. A ratio of 5:1 of citric acid/thorium provided a solution
where 22° Ac could be retained while Th was eluted through the column. Studies conducted at a 10:1
ratio of citric acid/thorium using the elution profile: 5 BV of 1 M citric acid pH 2.0, 3 BV of water,
3BV of 2 M HNO3, 2 x 3 BV of 2.5 M HNOj3 and 2 x 10 BV of 6 M HNO3. Analysis of the 6-M nitric
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acid solution indicated quantitative recovery of 2> Ac with thorium below quantification limits by
inductively coupled plasma—optical emission spectrometry (ICP-OES) (0.1 ppm). Studies with tartaric
acid produced similar results with white precipitation of the thorium species. Attempts to solubilize
the thorium species were more difficult, and in some solutions the thorium precipitate remained
insoluble until pH 3.0. The thorium tartrate precipitate seemed to form a larger and harder precipitate
compared to precipitates observed with citric acid. The insoluble thorium tartrate species was much
more difficult to solubilize, and all subsequent studies were performed with citric acid.

2.7.2. Variations of the pH of the Load Solution for Retention of 22> Ac, 2’ Th and ?>>Ra with Citric Acid

The influence of the pH (pH = 0.93, 1.5, 2.0 and 2.5) of the load solution (1 M citric acid) was
investigated by looking at the retention of 22> Ac, 2?Ra and 2’ Th across the rinse sequence: 3 mL of
1 M citric acid pH 2.0, 3 mL of water, 2 X 3 mL of 2.5 M nitric acid and 2 x 10 mL of 6 M nitric acid
(Figures 2 and 3). At pH 0.93 22°, Ac and 2 Th were not retained on the cation resin with ~98% and
99% eluting in the load, citric acid and water rinse steps. Only 13.6% of 223Ra was eluted in the same
rinse steps at pH 0.93. 225 Ac was eluted in the 6-M nitric acid rinse at 95% and 98% when the load
solution was at pH 1.5 and 2.0. When the load solution pH was 2.5, the elution of ?2°Ac in the 6-M
nitric acid rinse step was reduced to 66% and 11.8% of 225 A ¢ was eluted in the load, citric and water
rinse steps, 22% of the 22> Ac was in the 2.5-M nitric acid rinse step. 2>Ra had similar elution profiles at
the different pH values tested and 86%-93% was eluted in the 2.5-M nitric acid rinse step. The elution
of Th was similar across the pH values tested with 88%-99% eluted in the load, citric acid and water
rinse steps.

Influence of load pH on 225Ac

100 - retention
90 N
80 77\
B 70 N
260 ﬁ\\ b
850 —
Y 10 J‘;: y
SR r
20 *f'\\ i
10 \\ - e i
G N 8 et Tl
load, citric 2.5 M nitric 6 M nitric acid
water acid
Rinse step
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100 . 7 pH0.93
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Figure 2. Influence of load pH on retention of 225 A¢, 223Ra and 22 Th. Load solution = 0; rinse sequence:
3 mL of 1 M citric acid pH 2, water, 2 X 3 mL of water and 2 X 10 mL of 6 M nitric acid. 95%-98% of
225 A ¢ was recovered in the 6-M nitric acid rinse when the load pH was 1.5 or 2.0. When the pH was
2.5, the recovery of 225 Ac was reduced to 66%. pH had minimal influence on the retention of 227Th,
and 86%-92% of ?*>Ra was eluted in the 2.5-M nitric acid rinse step.
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Figure 3. Gamma spectroscopy spectrums of the eluted: load (top), 2.5-M nitric acid (middle) and
6-M nitric acid (bottom) solutions from the cation study with 1 M citric acid at pH 2.0. PeakEasy
version 3.75 was used to plot the spectra from 40.9 to 500.5 keV, and the following regions of interest
were highlighted: 22’ Th and daughters 50 keV (**’Th), 83 keV (*?*Ra), 118 keV (2*°TI), 218 keV (**'Fr),
236 keV (?*’Th), 256 keV (**7Th), 269 keV (**3Ra), 271 (**’Rn), 351 keV (*'1Bi), 402 keV (*'°Rn), 440 keV

(¥13Bi) and 465 keV (29TI).

2.7.3. Th/?® Ac Studies and Other Metals with the Optimized Rinse Sequence

The following rinse sequences were evaluated for retention of 22’ Th, 22° Ac, 223Ra and over 20 other
metals. Rinse Sequence (1): 5 BV of 1 M citric acid pH 2.0, 3 BV of water, 3 BV of 2 M HNO3, 2 x 3 BV
of 2.5 M HNOj and 2 x 10 BV of 6 M HNOj (Table 1 summarizes the elution of different elements).
Rinse Sequence (2): 5 BV of 1 M citric acid pH 2.0, 3 BV of water, 3 BV of 2 M HCl, 3 BV of 3 M H(C],
3 BV of water, 2 X 3 BV of 2.5 M HNOj3 and 2 x 10 BV of 6 M HNOj (Table 2 summarizes the elution of
different elements). Rinse Sequence (3): 5 BV of 1 M citric acid pH 2.0, 3 BV of water, 2 X 3 BV of 2.5 M
HCI, 3 BV of water, 2 X 3 BV of 2.5 M HNOj3 and 2 x 10 BV of 6 M HNOj (Table S1 summarizes the

elution of different elements).

Table 1. Percentage of eluted elements in the various steps of the separation using the following rinse
sequence: 5 mL of 1 M citric acid pH 2, 3 mL of water, 3 mL of 2 M nitric acid, 2 X 3 mL of 2.5 M
nitric acid and 2 x 10 mL of 6 M nitric acid. Volume of Ag50 x 8 1 mL. Bolded values are the highest
value for the elution of the element, and empty boxes represent samples that were <1% or not detected.

NM: not measured.

Load Citric Water 2MHNO; 25MHNO; 25MHNO; 6MHNO; 6M HNO;
Al NM 8.5 8.4 48 5.6
Ba NM 18 29.4 13
Be NM 34 193 7.3 28 121 16
cd NM 66 04 283 28 12
Co NM 2338 3.0
. NM 72 21 16.4
Fe  NM 7.1 31 49 74 8.0
Mn  NM 103 125
Mg NM 263 683 36 1.9
Ni  NM 462
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Load Citric Water 2MHNO; 25MHNO; 25MHNO; 6MHNO; 6MHNO;
Pb NM 32.6 1.2
25Ra 15 36.6
Zn NM 2.8
Lanthanides
Ce NM NM 6.6 48 13.3 17.0
Dy NM NM 10.1 39 9.0 10.7
Er NM NM 10.8 45 10.9 12.8
Eu NM NM 2.6 3.8 8.1 8.8
Gd NM NM 12.1 43 10.3 11.4
Ho NM NM 3.8 33 7.0 8.0
La NM NM 43 5.1 5.1 59
Lu NM NM 12.0 32 8.6
Nd NM NM 3.8 8.2
Pr NM NM 4.6 3.1 4.1 47
Y NM NM 10.1 48 10.9 12.9
Yb NM NM 11.9 3.1 8.4 10.4
227Th 27.7 1.3 1.3 3.0
225 A¢ 5.8 m 10.3

Table 2. Percentage of eluted elements in the various steps of the separation using the following rinse
sequence: 3 mL of 1 M citric acid pH 2, 3 mL of water, 3 mL of 2 M HCl, 3 mL of 3 M HCl, 3 mL of
water, 2 X 3 mL of 2.5 M nitric acid and 2 X 10 mL of 6 M nitric acid. Bolded values are the highest
value for the elution of the element, and empty boxes represent samples that were <1% or not detected.

NM: not measured.

Load  Citric Water 2M HC1 3MHC1 Water 2.5 M HNO; 2.5 M HNO; 6 M HNO3 6 M HNO;

Al NM M

Ba NM NM 10 18 103 75

Be NM_NM 87 120 12 24 3.1 134 5.0

cd NM_NM

Co NM NM 208

. NM_ NM 9.2 44 21

re NM N 126 IEEE 43 1o 24 16 2.0 19

Mn  NM  NM

Mg NM  NM 11 21 18

Ni  NM  NM

Pb NM NM 22 24 27 30 84 79
2Ry 445 168 11 33 | 452 |

Zn NM M 34

Lanthanides

Ce  NM NM 17 38 145 130

Dy NM NM 11 100 110 139 65 25

Eu  NM _ NM 54 99 162 76

Gd  NM NM 08 70 103 173 13 40 1.0

Ho NM NM 58 117 109 139 73 106 42

la NM NM 79 87 R 0 B

lu NM NM 18 117 57 64 24 33 23

Nd NM NM 13 122 738 17

PP NM_ NM 14 16 150 103

Tm NM _ NM 13 114 23 10

Y NM_NM 69 43

Yo NM NM 117 . 18
277 23 37 06 11 1 13 8.1 25
5 Ac 17 7.8 | s04 | 10
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3. Discussion

25 Ac can be produced with a linear accelerator by proton irradiation of a thorium (Th)
target [20]. However, during the irradiation the thorium also undergoes fission and produces
400 other radioisotopes and other stable elements. The published three-step purification process used
was: (1) MP1/HCIL; (2) cation exchange/complexing agent; and (3) B-DGA resin/nitric acid [13,14].
The studies herein were designed to optimize the conditions needed to elute the cation column step
for the purification of 2> Ac from thorium. The MP1/HCl step in the current process was designed to
remove many of the fission products, but does not remove 22 Ac or thorium.

Various conditions were evaluated and optimized for the cation purification step in the 22> Ac
purification process. Minor differences were observed in the metal elution profile when citric or tartaric
acids were used, and the lanthanum elution profile was similar, using either citric or tartaric acid as
the complexing agent. However, studies with thorium indicated citric acid was much easier to use
then tartaric acid. Bio-Rad AG-50X8 (100-200 mesh) resin was better at eluting La than the MP-50
version of the resin. The influence of the load pH on retention of %> Ac, ?*>Ra and ?*’ Th was tested
with the following rinse sequence: 3 mL of 1 M citric acid pH 2, water, 2 X 3 mL of 2.5 M HNO; and
2 x 10 mL of 6 M nitric acid. When the load pH was 1.5 or 2.0 there was a 95-98% recovery of 22° Ac in
the 6-M nitric acid rinse step. When the pH was 2.5, the recovery of 22> Ac was reduced to 66%. pH had
minimal influence on the retention of 22’ Th, and 86-92% of 22°Ra was eluted in the 2.5-M nitric acid
rinse step. To achieve a desired product quality, the United States Food and Drug Administration
(FDA) requires critical process parameters to be identified, then monitored or controlled [21]. During
the purification of 2°Ac, the pH of the load solution for the cation purification step would influence
the 22° Ac yield and needs to be monitored with the optimal pH between 1.5 to 2.

The three rinse sequences reported in these studies were evaluated to determine if one rinse
sequence could replace the MP1/HCI or the BDGA step in the current process to purify 22> Ac from
thorium. A rinse sequence of 5 mL of 1 M citric acid pH 2, 3 mL of water, 3 mL of 2 M HCI, 3 mL of
3 M HCl, 3 mL of water, 2 X 3 mL of 2.5 M nitric acid and 2 X 10 mL of 6 M nitric acid was evaluated
for the purification of 225 Ac from 2%Ra, thorium and other metals (Table 2). The sequence eluted
90% of the %> Ac in the 6-M nitric acid step, with 9.5% of the 2 Ac in the 2.5-M nitric acid rinse step.
Only 44% of the >>Ra was eluted in the 2.5-M nitric acid rinse step, with 48.2% eluted in the first 6-M
nitric acid rinse. The load, citric and first water rinse steps contained 85% of the 22’ Th. The elution of
lanthanides was interesting, as lighter lanthanides (La, Ce and Pr) were retained longer and the peak
of their elution was in 6-M or 2.5-M nitric acid fractions. The elution peak for many of the other metals
was in the 2-M or 3-M HCl. This sequence was the best sequence to elute the lanthanides and other
metals studied. However, almost half of the 223Ra was coeluted with the 225 Ac in the 6-M nitric acid
rinse step. A rinse sequence of 5 mL of 1 M citric acid pH 2, 3 mL of water, 2 x 3 mL of 2.5 M HC],
3 mL of water, 2 X 3 mL of 2.5 M nitric acid and 2 X 10 mL of 6 M nitric acid was evaluated for the
purification of 225 Ac from 22°Ra thorium and other metals (Table S1). The 6-M nitric acid step eluted
77.4% of the 22> Ac, and 18.7% of the 22> Ac was eluted in the 2.5-M nitric acid rinse step. During the
2.5 M nitric acid rinse step 76.3% of the 22>Ra was eluted, and 8.4% was eluted in the 6-M nitric acid
step. The load, citric acid and first water rinse steps eluted 92.3% of the 227Th. The elution peak of
the lanthanides was in either the second 2.5-M nitric or first 6-M nitric acid rinse steps. The elution
peak for the other metals was in the 2.5-M HCl step. The low recovery of the °Ac in the 6-M nitric
acid step was the worst of the three rinse sequences. A rinse sequence of 5 mL of 1 M citric acid pH 2,
3 mL of water, 3 mL of 2 M nitric acid, 2 X 3 mL of 2.5 M nitric acid and 2 X 10 mL of 6 M nitric acid
was evaluated for the purification of 225 A¢ from 2%Ra thorium and other metals (Table 1). The 6-M
nitric acid rinse step eluted 93.3% of the 22°Ac, the 2.5-M nitric acid rinse step eluted 97.3% of the ?*>Ra
and the load, citric acid and first water rinse steps eluted 93.5% of the 22’ Th. The rinse sequence was
the best at separating the three isotopes. The elution of most of the lanthanides peaked in the 6-M
nitric acid rinse, and the elution peak of many of the other metals was in the 2.5-M nitric acid rinse
step. All three rinse sequences can remove a lot of elements prior to the elution of ?2°Ac in 6 M nitric,
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and could potentially replace the MP1/HCl step in the purification process. However, none of the rinse
sequences can separate lanthanides from Ac, so a second purification step such as B-DGA resin would
be needed for the purification.

Impact on the Separation Being Developed

The rinse sequence of 5 BV of 1 M citric acid pH 2, 3 BV of water, 3 BV of 2 M HNOj3, 6 BV of
2.5 M HNOs; and 20 BV of 6 M HNOj3 was incorporated into the cation resin step for processing 1020 g
of irradiated thorium production targets at ORNL [22]. Thorium was not present in the 6-M nitric
acid step, but greater than 95% of 22> Ac was eluted in the 6-M nitric acid step. The overall recovery
of 2% Ac for the total process was greater than 90%, with no thorium present in the purified ?*°Ac.
The 2.5-M nitric acid rinse step removed >85% of the radioactive Ba/Ra during the processing of
the thorium target. The 2.5-M nitric acid rinse step can be used to elute Ba/Ra. The addition of the
rinse step provides an easier approach to capture the Ba/Ra fraction compared with other published
methods [17,18,23]. In a processed target, this fraction would contain 140Bg, 223Rqa, 225Ra and 2%*Ra.
The fraction could be used in a generator system to produce pure 2% Ac, lead isotopes (*1>Pb, 2!1Pb)
and %La. Conducting the separation with different personnel and at two national labs with similar
results indicates that the separation of thorium from 22 Ac had excellent reproducibility.

4. Materials and Methods

MP50 and AG50 x 8 (100-200 mesh) resin and disposable columns were purchased from Bio-Rad
(Hercules, CA, USA), and all materials were purchased from Fisher Scientific (Hampton, NH, USA).
All acid solutions were prepared from either reagent or trace metal grade solutions and diluted with
18 MQ) water (Millipore, Burlington, MA, USA). Metal solutions were prepared from ICP Standards
purchased from SPEX Certiprep (Metuchen, NJ, USA). La and multi-element solutions were prepared
using 50 pug of the metal(s) from the ICP standards, and solutions were evaporated to dryness and
dissolved in 0.1 M HCl prior to use in the separations. For initial multi-element studies the following
elements were used: Al, Ba, Be, Ca, Cd, Ce, Co, Cs, Cr, Cu, Fe, Ga, Ge, La, Lu, Mg, Mn, Nb, Ni, Pb,
Rb, St, Zn and Zr. 2?° Ac was received from Oak Ridge National Laboratory as a dried sample and
was dissolved in 1 mL of 0.1 M HCl prior to use. 1 mCi (37 MBq) of accelerator-produced ?>>Ac was
received from Oak Ridge National Laboratory, and 1-20 uCi (37-740 kBq) were used in 22° Ac tracer
experiments. 22>Ra and ??’Th were present in the sample from the decay of 22’ Ac, and the isotopes
were used to evaluate the elution profiles of thorium and radium.

4.1. pH Studies

La only: The La solution was added to 3 mL of 1 M citric acid, the pH was adjusted to 1.65 with
concentrated ammonium hydroxide and loaded onto an AG50 resin (1 mL). Following the load elution,
the resin was rinsed with 1 BV of citric acid at pH 1.65. The resin was subsequently rinsed with 1 BV of
water, 1.5 M HCl, 4 M HCl and 6-8 M HCl, with each collected into separate test tubes, and La was
quantified by ICP-OES. The preceding procedure was repeated for pH values of 2, 2.5, 3, 3.4 and 4.6,
and the experiment was repeated with tartaric acid.

Multi-element: The multi-element solution was prepared and added to 15 mL of 1 M citric acid;
the pH was adjusted with concentrated ammonium hydroxide to 1.5 and loaded onto an AG50 resin.
The rinse steps mirrored those used in the La-only test, and the eluted elements were quantified
by ICP-OES. The procedure was repeated at pH 1.97 and 2.48, and the studies were repeated with
tartaric acid.

225 A¢, Th, 22 Th, and 222Ra: Thorium nitrate (25 g) was dissolved in 25 mL of water and 0.25 mL
was added to a vial. A tracer level of accelerator-produced 22> Ac with 2°Ra and 2%’ Th was added to
the vial. The pH of sample was adjusted with 4 M nitric acid to a pH of either 0.93, 1.5, 2.0 or 2.5.
The solution was loaded onto a 1-mL AG50 X 8 column. The column was rinsed with 3 mL of 1 M
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citric acid pH 2.0, water, 2 X 3 mL of 2.5 M nitric acid, and 6 M nitric acid. Gamma spectroscopy was
used to quantify the amount of 225 Ac, ?>Ra and 2%/ Th in the different fractions.

4.2. Evaluation of Rinse Solutions: HCl, HNO3 and H,SOy

Mixed metal solution: The multi-element solution was prepared and added to 15 mL of 1 M citric
acid; the pH was adjusted to 2 with concentrated ammonium hydroxide; the solution was loaded onto
an AG50 resin and rinsed with 3 BV of citric acid. The column was further rinsed with 3 BV of water,
1.5MHCL 2MHCI, 2.5 M HCI, 3M HCl and 5 BV of 8 M HCI. All samples were collected, and ICP-OES
was used to determine the concentration of the metals in each rinse solution. The experiment was then
repeated using the same concentrations of HNO3 and H,SOy4. The HCl and Nitric acid studies were
repeated with tartaric acid.

4.3. Evaluation of Rinse Sequences with Combinations of HCI and Nitric Acid and MP50 or AG50 X 8 Resin

Approximately 50 pg of La and over 20 other metals were taken up in 0.1 M HCI and added to
15 mL of 1 M citric acid at a pH of 2.0. The solution was loaded onto an AG50 resin and rinsed with
3 BV of citric acid at the same pH as the load solution. The column was further rinsed with 3 BV of
water, 2.5 M HNOs3, water, 3 M HCl and 8 M HCI. The samples were collected and ICP-OES was used
to determine the concentration of the metals in each rinse. The experiment was then repeated with the
following rinse scheme: 3 BV of water, 2 M HCI, 3 M HCl, water, 2.5 M HNO3, water and 8 M HCI.
Both experiments were repeated with tartaric acid. The study with the rinse sequence of 2 M HCl, 3 M
HCl, water, 2.5 M HNOj3, water and 8 M HCl was repeated with tartaric acid and MP50 resin.

4.4. Retention of Rh and La on a Cation Column

To a vial was added 50 mL of 1 M citric acid at pH 2 and 50 pg of La; the pH was adjusted to 2
with concentrated ammonium hydroxide and loaded onto a 1-mL AG 50 X 8 column. The column was
rinsed with 3 BV of 2 M HCI, 3 BV of 3 M HCl, 3 BV of 18 M() water, 3 BV of 2.5 M HNOj3, 3 BV of
18 M(Q) water, and 10 BV of 10 M HNOj3. The study was repeated with 50 ug Rh and La and the elution
profile was changed to 3 BV of 2M HCl, 3 BV of 3 M HCJ, 3 BV of 18 M) water, 3BV of 2.5 M HNO3,
10 BV of 3.5 M HCl, 10 BV of 4 M HCl, 10 BV of 5 M HNO; and 5 BV of HNOs3.

4.5. Mixed Metal Separation Method (26 Elements)

4.5.1. Study 1: Evaluating 2.5-M Nitric Acid Rinse Step to Remove Ba

To a vial was added 1 mL of PE Pure Plus atomic spectroscopy calibration standards for
multi-element ICP-MS standards 2, 3 and 5. The solution contained Al, As, Ba, Be, Bi, Ca, Cd, Co, Cr,
Cs, Cu, Fe, Ga, In, K, Li, Mg, Mn, Ni, Pb, Rb, Se, Na, Ag, Sr, T1, V, U, Zn, B, Ge, Mo, Nb, P, Re, S, Si, Ta,
Ti, W, Zr, Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr, Sm, Sc, Tb, Th, Tm, Y, Yb and Ru, and the solution was
evaporated to dryness. The residue was taken into 25 mL of concentrated nitric acid and dried. Twenty
mL of a 1-M citric acid pH 2 solution was added and the sample was dissolved and added to a 1-mL
AGS50 x 8 column. The following elution profile was used: 5 BV of 1 M Citric acid, 3 BV of 2 M HC],
2 X 3 BV of 3 M HCI, 3 BV of water, 4 X 3 BV of 2.5 M HNOj3 and 2 x 10 BV of 6 M NOj. The elution
profile of each element was determined by ICP-OES. The process was repeated, and the initial dried
residue was taken up in 25 mL of concentrated HCI, dried, and the procedure was followed.

4.5.2. Study 2: Optimized Elution Procedure

To a vial was added 1 mL of periodic table mix 1, 2 and 3 (Sigma Aldrich, St. Louis, MO, USA)
(10 nug of Ag, Al, As, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cu, Dy, Er, Eu, Fe, Ga, Gd, Ge, Ho, In, K, La, Li,
Lu, Mg, Mn, Mo, Nb, Nd, Ni, Pb, Pr, Rb, Re, Rh, Ru, S, Sc, Se, Si, Sm, S, Ta, Tb, Th, Ti, T1, Tm, U, V, W,
Zn, Y, Yb and Zr). The study was performed with the following elution protocol: rinsed with 3 BV of
1 M Citric acid, 3 BV of 2 M HCl, 3 BV of 3M HCI, 2 X 3 BV of 2.5 M HNO3, 2 x 10 BV of 6 M HNO3.
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4.5.3. Analysis

After elution from the column, a portion of the load, rinse and elution solutions were diluted to 4
or 10 mL with 2% nitric acid, and ICP-OES analysis was performed according to published analytical
methods [24]. For all ICP-OES analysis methods a standard curve and limit of quantification were
determined as previously described [24]. Wavelengths for each element and quantification limits
for each element are provided in the Supplementary Materials. study 1: ICP-OES methods were
established for two methods using PE Pure Plus atomic spectroscopy calibration multi-element ICP-MS
standards numbered 2, 3 and 5. One method contained “the lanthanides”: Sc, La, Ce, Lu, Th, Dy, Er,
Eu, Gd, Ho, Nd, Pr, Sm, Tb, Th, Tm, Y, Yb, and Rh, with an internal standard of 0.15 ppm In. The other
method combined ICP standards 3 and 5 and evaluated elements Pb, Zn, Co, Cr, Cd, Ni, Fe, Mn, Al, Ga,
Ge, In, Sr, Rb, Ba, Nb, Be, Cu, Mg, K, V, Li, U, Tl, As, Se, Bi, B, Mo, Re, S, Ta, Ti, Th, W, Zr and Ag with
an internal standard of Sc. Study 2 & 3. In studies 2 & 3, three methods were developed for periodic
table mix 1, 2 and 3 (Sigma Aldrich). Methods for periodic table mix 1 and 2 used 0.15 ppm scandium
as the internal standard, and periodic table mix 3 used 1 ppm Indium as the internal standard. During
ICP-OES method development, all wavelengths for each element being analyzed were evaluated.
Wavelengths with the lowest quantification limits were used for the analysis of each element of the
method. The acceptance criteria for the true concentration value and the % relative standard deviation
(RSD) was within 10%.

4.5.4. Evaluation of Optimized Elution Procedure with 225 A¢, Th, 223Ra and Other Elements

A working solution of thorium was prepared by dissolving 25 g of thorium nitrate in 25 mL of
water. In a vial, 1 mL of periodic mix 1 and 1 mL of periodic mix 3 was added and the solution was
evaporated to dryness. Then, 0.25 mL of the thorium solution was added, and a trace amount of
225 Ac was added, followed by the addition of 6.5 mL of a 1-M citric acid solution with the pH of the
solution adjusted to 1.5-2.0. A 1-mL AG50 X 8 column was prepared and the solution was added
to the column. The following sequence was used to elute the column: 5 mL of 1 M citric acid pH 2,
3 mL of water, 3 mL of 2 M HCI, 3 mL of 3 M HCl, 3 mL of water, 2 X 3 mL of 2.5 M nitric acid and
2 x 10 mL of 6 M nitric acid. The elements in the different fractions were quantified by ICP-OES or
gamma spectroscopy. The experiment was repeated with the following rinse sequence: 5 mL of 1 M
citric acid pH 2, 3 mL of water, 3 mL of 2 M nitric acid, 2 X 3 mL of 2.5 M nitric acid and 2 x 10 mL of
6 M nitric acid. The experiment was repeated with the following rinse sequence: 5 mL of 1 M citric
acid pH 2, 3 mL of water, 2 X 3 mL of 2.5 M HCl, 3 mL of water, 2 X 3 mL of 2.5 M nitric acid and
2 x 10 mL of 6 M nitric acid.

4.5.5. Analysis

The separation fractions containing ?2° Ac, 22’ Th and ?>*Ra were quantified after 24 h by gamma
spectroscopy at 236 (**’Th), and 269.6 keV (*®3Ra). At the time of analysis, 225 Ac and its daughters
(specifically 2! Fr and 2!3Bi) were at equilibrium with ?2°Ac, and the gamma peak at 440 KeV for Bi-213
was used to quantify 22> Ac. The 218 KeV gamma peak for 22! Fr was used to quantify 22> Ac and similar
results were obtained. Elemental analysis was performed to determine the elution of various elements
(wavelengths used in analysis of elements are summarized in Supplementary Tables S2-S5).

5. Conclusions

In this series of experiments, various conditions were evaluated to optimize the cation separation
step of the 22° Ac separation. The optimal pH of the load solution was between 1.5 and 2, and the pH
should be monitored, as it influences the 2> Ac yield. Three rinse sequences were evaluated, and all
three rinse sequences might be able to replace the MP1/HCl step of the 225 Ac separation. None of
the three sequences could separate lanthanides from 22> Ac, so a subsequent BDGA separation step
is needed. The optimized rinse sequence for the separation step was: 5 BV of 1 M citric acid pH 2.0,
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3 BV of water, 3 BV of 2 M HNO3, 6 BV of 2.5 M HNOj and 20 BV of 6 M HNOj3. The rinse sequence
removed thorium, and the 2.5-M HNOj rinse step removed >85% of Ba/Ra. The 6-M HNOj rinse step
was able to elute >90% of 22> Ac, and was incorporated into the separation of 22> Ac from thorium.

Supplementary Materials: The following are available online, Figures S1-5154: Elution profiles of various
elements in various conditions; Table S1: Table of elution profiles of elements for a rinse sequence; Tables S2-S5:
Quantification limits for different ICP-OES methods used for the analysis.

Author Contributions: ].E.: Designed all experiments and reviewed all data, performed studies: 6,7, 8, and 9 in
Figure 1, and wrote, edited and reviewed manuscript and made figures. B.T.: Performed studies with citric acid,
studies 1a, 1b, 2, 3, and 5a in Figure 1, and prepared part of methods section. B.F.: Performed studies with tartaric
acid, studies 1a, 1b, 2, 3, 4 a, 4b and 5b in Figure 1. Prepared part of methods section. M.W.: performed studies
with lanthanum and rhodium. C.S.C.: Reviewed manuscript. L.M.: Reviewed manuscript. D.M.: Prepared
gamma spectroscopy libraries, edited and reviewed manuscript.

Funding: The research described in this paper was funded by the United States Department of Energy, Office of
Science via funding from the Isotope Development and Production for Research and Applications subprogram
in the Office of Nuclear Physics. This project was supported in part by the US Department of Energy, Office of
Science, Office of Workforce Development for Teachers and Scientists (WDTS) under the Science Undergraduate
Laboratory Internships Program (SULI).

Acknowledgments: The authors would like to thank Roy Copping and the isotope production team at Oak
Ridge National Lab for providing information on incorporating the optimized rinse step into the purification of
225 Ac from irradiated thorium. The isotope(s) used in this research was supplied by the Isotope Program within

the Office of Nuclear Physics in the Department of Energy’s Office of Science. Accelerator-produced 25 A¢ s
available through the Department of Energy, Office of Nuclear Physics, subprogram Isotope Development and
Production for Research and Applications, and can be ordered from the National Isotope Development center,
who can be contacted at: phone: (865) 574-6984; fax: (865) 574-6986; email: contact@isotopes.gov or online at:
https://www.isotopes.gov/catalog/product.php?element=Actinium. https://www.isotopes.gov/catalog/product.
php?element=Actiniumé&type=rad&rad_product_index=87.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Fitzsimmons, J.; Atcher, R. Synthesis and Evaluation of a water-soluble polymer to reduce Ac-225 daughter
migration. J. Labelled Compd. Radiopharm. 2007, 50, 147-153. [CrossRef]

2. Thiele, N.; Brown, V.; Kelly, ].; Amor-Coarasa, A.; Jermilova, U.; MacMillan, S.; Nikolopoulou, A.; Ponnala, S.;
Ramogida, C.; Robertson, A.; et al. An Eighteen-Membered Macrocyclic Ligand for Actinium-225 Targeted
Alpha Therapy. Angew. Chem. Int. Ed. Engl. 2017, 56, 14712-14717. [CrossRef] [PubMed]

3. McDevitt, M.; Scheinberg, D. Ac-225 and her daughters: The many faces of Shiva. Cell Death Diff. 2002, 9,
593-594. [CrossRef] [PubMed]

4. Morgenstern, A.; Bruchertseifer, F; Apostolidis, C. Bismuth-213 and actinium-225-generator performance and
evolving therapeutic applications of two generator-derived alpha-emitting radioisotopes. Curr. Radiopharm.
2012, 5, 221-227. [CrossRef] [PubMed]

5. Kratochwil, C.; Giesel, E; Bruchertseifer, F.; Mier, W.; Apostolidis, C.; Boll, R.; Murphy, K.; Haberkorn, U.;
Morgenstern, A. 213Bi-DOTATOC receptor alpha-radionuclide therapy induces remission in neuroendocrine
tumors refractory to beta radiation: A first in human experience. Eur. |. Nucl. Med. Mol. Imaging. 2014, 41,
2106-2119. [CrossRef] [PubMed]

6.  Kratochwil, C.; Bruchertseifer, F.; Giesel, M.; Weis, E; Verburg, F.; Mottaghy, K.; Kopka, C.; Apostolidis, U.;
Haberkorn, A. Morgenstern, 2>Ac-PSMA-617 for PSMA-Targeted a-Radiation Therapy of Metastatic
Castration-Resistant Prostate Cancer. J. Nucl. Med. 2016, 57, 1-4.

7. NSAC Isotopes Sub Committee. Meeting Isotope Needs and Capturing Opportunities for the Future:
The 2015 Long Range Plan for the DOE-NP Isotope Program. Available online: https://science.energy.gov/~/..
./np/.../2015/2015_NSACI_Report_to_NSAC_Final.pdf (accessed on 13 February 2018).

8. Boll, R.; Malkemus, D.; Mirzadeh, S. Production of actinium-225 for alpha particle mediated radiotherapy.
Appl. Radiat. Isot. 2005, 62, 667-679. [CrossRef] [PubMed]


https://www.isotopes.gov/catalog/product.php?element=Actinium
https://www.isotopes.gov/catalog/product.php?element=Actinium&type=rad&rad_product_index=87
https://www.isotopes.gov/catalog/product.php?element=Actinium&type=rad&rad_product_index=87
http://dx.doi.org/10.1002/jlcr.1143
http://dx.doi.org/10.1002/anie.201709532
http://www.ncbi.nlm.nih.gov/pubmed/28963750
http://dx.doi.org/10.1038/sj.cdd.4401047
http://www.ncbi.nlm.nih.gov/pubmed/12032666
http://dx.doi.org/10.2174/1874471011205030221
http://www.ncbi.nlm.nih.gov/pubmed/22642390
http://dx.doi.org/10.1007/s00259-014-2857-9
http://www.ncbi.nlm.nih.gov/pubmed/25070685
https://science.energy.gov/~/.../np/.../2015/2015_NSACI_Report_to_NSAC_Final.pdf
https://science.energy.gov/~/.../np/.../2015/2015_NSACI_Report_to_NSAC_Final.pdf
http://dx.doi.org/10.1016/j.apradiso.2004.12.003
http://www.ncbi.nlm.nih.gov/pubmed/15763472

Molecules 2019, 24, 1921 14 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Zhuikov, B.; Kalmykov, S.; Ermolaev, S.; Aliev, R.; Kokhanyuk, V.; Matushko, V.; Tananaev, I.; Myasoedov, B.
Production of 22> Ac and ??Ra by irradiation of Th with accelerated protons. Radiochemistry 2011, 53, 73-80.
[CrossRef]

Loveland, W.; Morrisey, D.; Seaborg, G. Modern Nuclear Chemistry, 2nd ed.; John Wiley & Sons: Hoboken, NJ,
USA, 2017; pp. 327-333.

Leonard, M.; Brookhaven National Laboratory, Upton, NY, USA. Unpublished results, 2014-2017.
Fitzsimmons, J.; Griswold, J.; Medvedev, D.; Cutler, C.S.; Mausner, L. Defining processing times for accelerator
produced 225 Acand other isotopes from proton irradiated thorium. Molecules 2019, 24, 1095. [CrossRef]
[PubMed]

Fassbender, M.; Radchenko, V. Separation of Protactinum, Actinium, and Other Radionuclides From Proton
Irradiated Thorium Target. U.S. Patent 9,951,399, 24 April 2018.

Radchenko, V.; Engle, J.; Wilson, J.; Maassen, J.; Nortier, E; Taylor, W.; Birnbaum, E.; Hudston, L.; John, K.;
Fassbender, M. Application of ion exchange and extraction chromatography to the separation of actinium
from proton-irradiated thorium metal for analytical purposes. |. Chromatogr. A 2015, 1380, 55-63. [CrossRef]
[PubMed]

Chen, Y.; Wong, C. Ion exchange method for the separation of Ra-228, Ac-228, Pb-212 and Bi-212 from
thorium nitrate. J. Chin. Chem. Soc. 1959, 6, 55-67. [CrossRef]

Zielinska, B.; Apostolidis, C.; Bruchertseifer, F.; Morgenstern, A. An Improved Method for the Production of
Ac-225/Bi-213 from Th-229 for Targeted Alpha Therapy. Solvent Extr. Ion Exch. 2007, 25, 339-349. [CrossRef]
Harvey, J.; Nolen, J.; Vandergrift, G.; Gomes, I.; Kroc, T.; Horwitz, P.; McAlister, D.; Bowers, D.; Sullivan, V.;
Greene, J. Production of Actinium-225 via High Energy Proton Induced Spallation of Thorium-232. Appl. High
Intensity Proton Acceler. 2011. [CrossRef]

McAlister, D.; Horwitz, E.P. Selective separation of radium and actinium from bulk thorium target material
and strong acid cation exchange resin from sulfate media. Appl. Radiat. Isot. 2018, 140, 18-23. [CrossRef]
[PubMed]

Bobtelsky, M.; Graus, B. Thorium Citrate Complexes, their Composition, Structure and Behavior. J. Am.
Chem. Soc. 1954, 76, 1536—1539. [CrossRef]

Griswold, J. Actinium-225 Production via Proton Irradiation of Thorium-232. Ph.D. Thesis, University of
Tennessee, Knoxville, TN, USA, 2016.

FDA Guidance for industry Q8(R2) Pharmaceutical Development November 2009 ICH Revision 2. Available
online: https://www.fda.gov/drugs/.../guidances/ucm313087.htm (accessed on 20 November 2018).

Kevin, J.; (Los Alamos National Laboratory, Los Alamos, NM, USA). Unpublished data, 2014-2019.
Mastren, T.; Radchenko, V.; Owens, A.; Copping, R.; Boll, R.; Griswold, ].; Mirzadeh, S.; Wyant, L.; Brugh, M.;
Engle, |.; et al. Simultaneous separation of Actinium and Radium Isotopes from proton irradiated thorium
matrix. Sci. Rep. 2017, 7, 8216. [CrossRef] [PubMed]

Fitzsimmons, ].M.; Medvedev, D.B.; Mausner, L.E. Specific activity and isotope abundances of strontium in
purified strontium-82. |. Anal. At. Spectrom. 2016, 31, 456—463. [CrossRef]

Sample Availability: Accelerator produced Ac-225 are available from the authors.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1134/S1066362211010103
http://dx.doi.org/10.3390/molecules24061095
http://www.ncbi.nlm.nih.gov/pubmed/30897722
http://dx.doi.org/10.1016/j.chroma.2014.12.045
http://www.ncbi.nlm.nih.gov/pubmed/25596759
http://dx.doi.org/10.1002/jccs.195900006
http://dx.doi.org/10.1080/07366290701285108
http://dx.doi.org/10.2172/1032445
http://dx.doi.org/10.1016/j.apradiso.2018.06.008
http://www.ncbi.nlm.nih.gov/pubmed/29936271
http://dx.doi.org/10.1021/ja01635a020
https://www.fda.gov/drugs/.../guidances/ucm313087.htm
http://dx.doi.org/10.1038/s41598-017-08506-9
http://www.ncbi.nlm.nih.gov/pubmed/28811573
http://dx.doi.org/10.1039/C5JA00419E
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Variations of the pH of the Load Solution for Retention of La and Evaluating Two Different Chelating Agents 
	Evaluation of Rinse Steps with Various Concentrations of HCl, HNO3 and H2SO4 
	Rinses Steps with Sequences of HCl and HNO3 
	Comparative Elution Studies with Two Different Cation Resins 
	Elution Profiles of Rh and La on a Cation Column 
	Optimizing the Elution Profile 
	Th/225Ac Studies 
	Th/225Ac Studies with Different Chelating Agents 
	Variations of the pH of the Load Solution for Retention of 225Ac, 227Th and 223Ra with Citric Acid 
	Th/225Ac Studies and Other Metals with the Optimized Rinse Sequence 


	Discussion 
	Materials and Methods 
	pH Studies 
	Evaluation of Rinse Solutions: HCl, HNO3 and H2SO4 
	Evaluation of Rinse Sequences with Combinations of HCl and Nitric Acid and MP50 or AG50  8 Resin 
	Retention of Rh and La on a Cation Column 
	Mixed Metal Separation Method (26 Elements) 
	Study 1: Evaluating 2.5-M Nitric Acid Rinse Step to Remove Ba 
	Study 2: Optimized Elution Procedure 
	Analysis 
	Evaluation of Optimized Elution Procedure with 225Ac, Th, 223Ra and Other Elements 
	Analysis 


	Conclusions 
	References

