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Abstract

Scandium-47 (*’Sc) can be used in nuclear medicine as a therapeutic-diagnostic, or “theragnostic,” radioactive medical isotope
for cancer detection and treatment. The *’Sc isotope can be produced through the photonuclear reaction “*Ti(y,p)*’Sc by irra-
diating enriched “®Ti target material. The enriched target material necessary for production is costly; “*TiO, costs ~$1550/g,
and targets can be > 50 g ($77,500) to produce medically relevant amounts of “’Sc. In order to keep costs low, a highly effi-
cient separation of scandium from bulk titanium is desired, along with efficient methods for recycling the target material.
This research is focused on evaluating efficient methods for the separation of scandium from bulk quantities of titanium using
commercially available diglycolamide-based and hydroxamate-based extraction chromatography resins (DGA resin and ZR
resin, respectively). The sorption of *’Sc and Ti on these resins were investigated at varying concentrations of HNO;, HCI,

H,SO,, and HF to explore how they might be used in a large-scale production/processing setting.

Keywords Extraction chromatography - Medical isotopes - *’Sc - DGA resin - ZR resin - Theranostic isotope

Introduction

Scandium-47 has favorable decay characteristics for use as a
therapeutic agent in nuclear medicine, with a f~ mean energy
of 162 keV and a half-life of 3.349 days [1]. Further, 4’Sc
has a gamma emission (159 keV, 68.3%) suitable for single
photon emission computed tomography (SPECT) imaging,
making *’Sc a true theragnostic radionuclide. Scandium-47
also has two diagnostic radioisotope pairs (****Sc) suitable
for positron emission tomography (PET) imaging and to
assist in therapeutic dose calculations for *’Sc-based treat-
ments. The desire for complementary imaging and thera-
peutic compounds for the diagnosis and treatment of disease
has been demonstrated by the development and commer-
cialization of the”matched pair” system of ®® Ga/!”’Lu (Net-
Spot—%Ga-DOTATATE; ®Ga, t,,=67.71 m, I,, =88.91%,
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E_,,. =829.5 keV/Lutathera—'""Lu-DOTATATE; !""Lu,
1,=6.647d,1,_=100%, E_,_., =134.2keV). Even though
%8Ga and ""Lu are considered theragnostic pairs, they are in
fact”matched pairs” and not chemically identical. This may
cause complications in the interpretation of clinical ther-
agnostic studies when these two compounds demonstrate
different biodistributions. This led to the demonstration of
48¢’s superiority over the ®Ga as a matched pair to '7"Lu
complexes in vivo and provides the motivation to develop
theragnostic systems with same element radioisotopes
or”isotope pairs” for nuclear medicine [2].

The chemistry of Sc is much more similar to that of Lu
(and the other lanthanides) than Ga, thus making radio-
isotopes of Sc (***4Sc) better matched pairs for '’’Lu than
%8Ga. This is of note because there are many lanthanide-
based pharmaceuticals (MRI—magnetic resonance imaging
contrast agents) and radiopharmaceuticals (e.g., Lutathera®)
currently used in nuclear medicine [3—7]. Thus, making radi-
oisotopes of Sc (*****Sc and *’Sc for imaging and therapy) is
very attractive as they have the potential to seamlessly slip
into clinical use as true isotope pairs [8, 9].

Due to the potential the “***Sc/*’Sc theragnostic system
promises within the medical community, efforts to reliably
produce these radioisotopes have intensified significantly
over the last decade [10]. Though a clinical dose amount

@ Springer


http://orcid.org/0000-0002-8986-1776
http://crossmark.crossref.org/dialog/?doi=10.1007/s10967-023-08783-x&domain=pdf

Journal of Radioanalytical and Nuclear Chemistry

of *7Sc has not been established to date, it is expected to
be similar to that of '”’Lu currently used, which is roughly
200 mCi per dose and would require routine production runs
creating on the order of 1 Ci to sustain a supply [11]. Scan-
dium-47 can be directly produced at high specific activity
via the irradiation of Ti with photons (**Ti) [8, 12—14], pro-
tons (*¥Ti) [13, 16], or neutrons ("*Ti, *’Ti) [17-19]; irra-
diation of V with protons or photons ("V) [20, 21]; and
irradiation of Ca with protons (48Ca) [15, 16, 22] or alpha
particles ("3Ca, **Ca) [23]. It is also possible to produce
47Sc via the beta decay of 4’Ca. To do this, *’Ca is generally
produced via photon or proton irradiation of *3Ca [24, 25,
neutron irradiation of “°Ca [24, 26], or fragmentation of a
48Ca beam in water [27].

The *3Ti(y,p)*’Sc production route is attractive because
it can produce high radio-purity *’Sc, though the small
cross-section means that large (ca. 50 g) targets of enriched
48TiO2 would be required to produce sustainable quantities
[4,5, 8, 12]. Because highly enriched 48TiO2 is quite costly
(~$1500/g), purification strategies with high separation fac-
tors are critical to obtain high purity product and clean target
material for recycling.

A good review of the methods used to purify radioscan-
dium was assembled by Chernysheva et al. in 2021 [10].
Of the myriad methods covered in that review, extraction
chromatography is the most common with several of these
utilizing the diglycolamide-based DGA Normal Resin. DGA
Normal resin (Eichrom Technologies, LLC) is especially
well suited to adsorb trivalent lanthanides and actinides
from HNO; and HCI matrices, with the uptake ability of
the resin for most of the periodic table well characterized
[28, 29]. Pourmand et al. also showed that the presence of
0.2 M HF in varying HNO; had little effect on the uptake
of several lanthanides [29]. These studies indicate that Ti
has relatively low retention (D,, < 100) for all HNO; and
HCI acid concentrations, while lanthanides and Y are very
well retained (D,, > 10%) for the same acids above 2 M. This
indicates that Sc should also be well retained, though these
studies did not include it as an analyte. More recent studies
by Boron-Brenner, Roman and Bond, and Alliot et al. have
shown that Sc is indeed well retained by the resin, with the
highest retention occurring at HNO; or HCI concentrations
above 2 M [30-32].

Another, more recently developed, extraction chroma-
tography resin that has shown potential for separating Ti
and Sc is ZR resin (Triskem International) [9, 33]. As the
name implies, this resin was developed to adsorb Zr ions
from solution. It also does an excellent job of retaining Ti
under all HNO; and HCI acid concentrations. Initial charac-
terization of this resin also showed minimal retention of Sc
under moderate- to high-concentrations of these same acids
(max D,, is 1 at>0.5 M acid) [33]. The primary drawback
to this resin is that Ti is difficult to remove once it has been
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adsorbed. Despite this difficulty, reasonable recovery of Ti
(>78%) has been achieved with citric acid, oxalic acid, and a
mixture of HC1+H,0,, though in all cases only pug amounts
of Ti needed to be recovered from the resin [9, 34].

Generally, the most reliable methods for dissolving Ti
targets have utilized HF, mixtures of HC1+ HF, or mixtures
of H,SO,+ (NH,),S0O, [8, 17, 18, 35-37]. Unfortunately,
neither of the extraction chromatography resins described
above have been characterized for Ti or Sc adsorption in
H,SO, or in systems that contain significant amounts of HF.
This research looks to fill those gaps in knowledge for DGA
resin and to determine if ZR resin could be an additional
separation medium that could be used in the purification of
47Sc produced from Ti targets.

Experimental
Materials

The extraction chromatography resins utilized in this work
were DGA Normal resin and ZR resin. DGA Normal resin
is comprised of inert polymer beads loaded with N,N,N',N'-
tetra-n-octyldiglycolamide, and was obtained from Eichrom
Technologies (Lisle, IL, USA) [28]. ZR resin is similar but
uses a hydroxamate compound to achieve ion retention and
was obtained from TrisKem International (Bruz, France)
[38]. Though the specific structure of the extractant has
not been shared by TrisKem, similar Ti retention has been
achieved in HCI using resin loaded with n-methylhydrox-
amate which suggests this could be the extractant [39].
Both DGA Normal and ZR resins were used as received
in all experiments. All batch studies were carried out using
50-100 pm particle size resin. Radioactive scandium
(4647488¢) was produced by irradiating natural titanium
targets at the Low Energy Accelerator Facility at Argonne
National Laboratory and purified using an established proce-
dure prior to use in batch studies [8, 40]. Nitric, hydrochlo-
ric, sulfuric, and hydrofluoric acid (HNO;, HC1, H,SO,, and
HF, respectively) solutions were prepared using ultra-high
purity Optima Grade reagents from Fisher Scientific (Hamp-
ton, NH). All solutions were prepared with deionized water
from a Thermo Scientific™ Barnstead™ MicroPure™ water
purification system. Where stable elements were required
in standards and spike solutions, these were prepared using
certified elemental standards of titanium, scandium, and gal-
lium obtained from Agilent Technologies (Santa Clara, CA,
USA).

Procedure

Following purification of the radio-scandium as described
previously [8], the solution was added to a known amount
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of titanium spectroscopic standard solution and split into
equal portions; one for each batch study performed. These
solutions were then evaporated to dryness and reconsti-
tuted in an appropriate acid matrix to be used in spiking
the batch study samples. After adding the acid matrix to
the dried Sc/Ti residue, the vials were closed and gently
swirled periodically over the course of an hour to allow
for complete dissolution. The acid matrix solutions were
comprised of 0.01 M or 1 M solutions of HNO;, HCI, or
H,S0,. For the mixed acid batch studies, the spike solution
was reconstituted in a 5 M solution of the appropriate pri-
mary acid (HCI, HNO; or H,SO,) and added to already-
mixed solutions that were used to precondition the resin.
Unless otherwise noted, spike solutions contained roughly
200 ppm Ti and 50 pCi/mL ¥"Sc.

Batch studies were used to assess the separation power
of the chromatography resins with respect to Ti and Sc
and were similar to those carried out previously [41]. The
weight distribution value for the two elements was deter-
mined by measuring the concentration (or activity concen-
tration) before and after contact with a known amount of
resin in a known volume of solution. The weight distribu-
tion ratios (D,,) for the two elements in each batch study
were calculated using Eq. (1), as derived in Chiarizia et al.
[42] In Eq. (1), Ay and A are the concentrations of metal
ion in the aqueous phase before and after equilibration,
respectively, measured in either parts per million (ppm)
or activity (cpm/mL), w is the mass of resin in grams, and
V is the volume of aqueous phase in mL.

_AO_AS \%4

b= X (1)

D

s

Batch studies were performed by weighing out approxi-
mately 25 mg of resin into a 2 mL microcentrifuge tube
and adding 1.4 mL of the appropriate acid matrix for pre-
conditioning. The tube was then capped and secured on
an orbital mixer for 30 min at 10 revolutions per min-
ute to mix the resin and solution thoroughly. Following
this, 0.1 mL of the appropriate prepared spike solution
was added to the mixture. The sample was returned to the
orbital mixer for an additional 30 min to ensure equili-
bration. Upon mixing completion, the sample was passed
through a 0.45 ym PTFE syringe filter to separate the
aqueous phase from the resin, after which an aliquot was
taken for analysis by gamma spectroscopy. Stable Ti was
determined by taking an additional aliquot from the aque-
ous phase, adding a Ga internal standard, and diluting it to
15 mL with 2% HNO, for analysis via inductively coupled
plasma mass spectrometry (ICP-MS). Each concentration
of acid in each batch study was investigated in triplicate.
Unless otherwise noted, error bars on all figures indi-
cate + 20 standard deviation on triplicate measurements.

In addition to determining weight distribution ratios, the
time to equilibrium and resin capacity for Ti were deter-
mined for ZR resin using batch studies. To determine the
time to equilibrium, the amount of time the resin was con-
tacted with the spike solution was varied while the resin
mass and acid matrix were kept constant. Similarly, to esti-
mate the Ti capacity for the resin, Ti concentration was var-
ied while the acid concentration and mass of resin remained
constant. To check this capacity value in a real-world format,
gravity flow columns were slurry packed with~0.1 g of ZR
resin and loaded with 4 mL of a solution of 0.0SM Tiin 1 M
acid (HNO;, HCI, or H,S0O,), well in excess of the prelimi-
nary Ti capacity determined with the batch study in HNO;.
The column was then rinsed with 5 bed volumes of the same
acid without Ti to ensure all of the metal was removed from
interstitial space on the column. The resin capacity was then
determined from the amount of Ti depleted from the solution
that was passed through the column.

Measurement

Elemental concentrations of Ti and Ga were measured with
a NexION 2000 Inductively Coupled Plasma Mass Spec-
trometer (ICP-MS) (PerkinElmer, Shelton, CT). This system
was equipped with a PerkinElmer S-10 autosampler and a
discrete dynode electron multiplier detector. A PFA Barrel
spray chamber and a Type C PFA ST3 nebulizer formed
the sample introduction-system. All ICP-MS samples and
calibration standards were prepared by mass and ratio-based
data reduction and calibration formulas were employed to
reduce systematic error, as recommended by Salit et.al.
[43-45]

Radio-scandium activities were measured using a
WIZARD? 2480 automatic gamma counter equipped with
a 3-inch well-type Nal(T1) detector with a 75 mm solid
lead shield for background reduction obtained from Perkin-
Elmer, Inc (Waltham, MA). Samples were counted in 13 mm
diameter culture tubes, and used the 159 keV gamma emis-
sion line from #’Sc for quantitation.

Results and discussion
ZR resin

Because Ti had been shown to have a high retention factor in
HCl and HNOj; by the manufacturer and others, the kinetics
of the resin were investigated to see if it could be used as
a purification clean-up step [46, 47]. Because of the excel-
lent retention of Ti in HNO;, this matrix was used when
investigating the kinetics of the resin. Figure 1 shows the
results of the kinetics study, which indicate that equilibrium
Ti uptake is reached within the first 5 min of contact with

@ Springer
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Fig.1 Average Ti extracted 14.5
at varying contact times with
ZR resin in 1 M HNO;. Error ul -
bars correspond to the 95%
confidence interval based on
duplicate measurements 135 %‘ ,_%_‘
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o 125
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the resin. This is similar to other commercially available
extraction chromatography resins and was assumed to be
representative of HCI and H,SO, systems as well [28, 42].
Given this information, 15-min contact times were used for
all subsequent batch studies with this resin.

Following the kinetics study, a batch study was performed
to determine which H,SO, concentration was most favora-
ble for the extraction of Ti. The results of this study are
found in Fig. 2, and indicate that Ti retention is high over
all H,SO, concentrations, similar to the results previously
published for the HC1 and HNO; matrices [33]. Though HF
is generally a much faster method of Ti metal or TiO, dis-
solution than methods that use mixtures of HCl1+ HF, or
mixtures of H,SO, + (NH,),SO,, separation in a pure HF
matrix was not pursued due to the strong Ti-complexing
ability of the fluoride anion. The possibility of a quick and
easy dissolution did, however, justify the investigation of

Contact Time (min)

just how dilute HF might have to be in another acid to still
allow for separation of the two analytes. The results of this
investigation are illustrated in Fig. 3, which contains a plot
of the fractional D,, values for Ti retention at varying con-
centrations of HF in 1 M solutions of HNO,, HCI, or H,SO,.
In the plot, the vertical axis was calculated by dividing the
measured D,, by the weight distribution of Ti with no HF
in solution (D,). The D, value for H,SO, was established
at~250 and was ~ 10,000 in HCI and HNO;.
Unfortunately, as Fig. 3 illustrates, the retention of Ti
drops off quickly in the presence of HF. Though the reten-
tion values for Ti do start quite high without the presence
of HF, the separation factor for Ti/Sc drops to the limit of
quantitation for this method by the time the concentration of
HF has reached 0.1 M. This phenomenon is similar to what
O’Hara et al.observed for Zr on a synthesized hydroxamate
resin, though that work found the drop off at much lower

Fig.2 Batch study data for Ti 103 £
and Sc in varying H,SO, con- AL A
centrations. minimum measur- & A A A A A
able D, value for Sc is denoted 102 k a
by the dashed line
1
@ 10
3
g .
‘; ATi
8 100§ osc
°
10!
--------- > ---0-0--0----0-0--0--—--——— -~
102 o
102 107! 100 10! 102
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Fig.3 Fractional D, values for 10
Ti at varying HF concentrations,
with the primary acid (HCI,
HNO;, or H,SO,) concentration
S ]
setat | M .
|
0.1 f
E ¢+
S hd W HCVHF
A A HNO3/HF
0.01
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0.001 u »
A i
0.0001 —_
0.01 0.1 1
HF Concentration (M)

concentrations of fluoride in solution [48]. It is likely these
differences reflect the use of tracer levels of Zr in the pre-
vious study and ppm levels of Ti in this study. Because of
the significant drop in Ti retention in its presence, it was
attempted to remove HF via evaporation after dissolution,
but the Ti crashed out of solution well before the fluoride
content was low enough to perform an effective separation.
Based on these observations, nearly 20 L of solution would
be required to keep the HF concentration low enough to per-
form the separation while simultaneously keeping enough
HF to stabilize the Ti in solution and makes the use of such
solutions for Ti/Sc separations unattractive.

To understand if the ZR resin could be used to clean up
multiple processed targets before replacement, capacity stud-
ies were undertaken. The initial batch study for establishing

an approximate resin capacity was done in 1 M HNO; and
indicated that the resin could hold 21 +2 mg Ti/g resin
(Fig. 4). Given that the manufacturer indicated the capacity
of the resin for Zr was 40 mg/g resin, this would suggest that
the resin has roughly the same capacity for Ti on an atom/g
resin basis [47]. Following this, an additional trial was exe-
cuted using the column method described above with 1 M
HNO; as the matrix to confirm the resin capacity established
by the batch study. This method was also applied to 1 M HCl
and 1 M H,SO, matrices, and all three trials produced resin
capacity values within 5% of that found via the batch contact
method. Further, the column capacity trials showed good
agreement with each other. The average of the three column
capacity trials was 21 +3 mg Ti/g resin (k=2), which is
shown in Fig. 5 along with the individual determined values.

Fig.4 Average capacity of the 25
resin for retaining Tiin 1 M
HNO,
~ 20
£
wv
2
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=o1s
an
g
z
£ 10 L
©]
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[}
° i

50
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Fig.5 Results from the column 30
resin capacity experiments. I
Solid line and dashed lines [
indicate the average value 257
across acids and the expanded
uncertainty associated with the

measurements, respectively.

Error bars on individual meas-
urements were estimated using 3
GUM Workbench (k=2) 151

10}

Resin Capacity (mg Ti/g resin)

S

HNO3

DGA resin

The results of the batch studies for Ti and Sc extraction with
hydrochloric acid, nitric acid, and sulfuric acid are found in
Figs. 6, 7, and 8, respectively. In each system, scandium is
poorly retained by the resin at low acid concentrations, but
highly retained at high acid concentrations. In the HCI and
HNO; systems, the D, values for Sc reached >300 000 mL/g
(maximum measurable for this batch study) in high acid,
while the D, values for Ti remained low (<20 mL/g) across
all acid concentrations. The data for Ti agrees well with what
Pourmand and Dauphas found during their comprehensive
examination of DGA in 2010 [29]. Previous investigations
of Sc uptake on DGA resin in HCl and HNO; show similar
trends, though the absolute D, values differ slightly [30-32].
The trends observed here also closely match those of Y (a
close chemical analog to Sc, for which there is ample data),

HCI1 H2S04

Matrix (1 M Acid)

which bolsters the credibility of our findings [28, 29]. In the
H,SO, system, the D,, value for Sc begins below the mini-
mum detectable value in 0.01 M H,SO, and then climbs to
a peak of approximately 38,000 mL/g in 5 M H,SO, before
falling back to 400 mL/g in 12 M H,SO,. The D,, values for
Ti in H,SO, remained below 13 mL/g for all concentrations
of H,SO,.

In each acid, the optimal separation occurs at a concen-
tration between 3 and 7 M. It is preferable to keep the acid
concentration on the lower end of this range to suppress Ti
retention as much as possible.

As mentioned previously, HF is often required to com-
pletely dissolve Ti target compounds in a timely manner.
To test the effects of HF that could be left in solution
after digesting a target, additional batch studies were
carried out in which the three acids (HNO;, HCI, and
H,SO,) were fixed at 5 M while the HF concentration

Fig.6 Scandium and titanium 100
batch study results for the HCI = F o e e e e e e e m == @-———————— -
system. Minimum and maxi- 105 °
mum measurable D,, values for
Sc are denoted by the dashed 104
lines. Minimum measurable D,
value for Ti is denoted by the 3 P
. 10
dotted line =
2
g 10? .
= A Ti
a [ -3
10! * g g z A @ Sc
A
T R T
L
1072 - = -
102 107! 10° 10! 102
HCI Concentration (M)
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Fig.7 Scandium and tita- 106 g
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was varied from 0.01 to 1 M. The results of these batch
studies, shown as fractional D, values in Fig. 9, clearly
indicate that Sc retention is suppressed as HF concentra-
tion increases. Despite this suppression, D, values for Sc
are still at or above ~ 100 mL/g for systems containing up
to 0.5 M HF due to the extremely high retention factors
in the 5 M single-acid matrices.

Unfortunately, much like the HF system investigated
for the ZR Resin, to dilute down concentrated HF to
0.5 M with one of the three primary acids examined here
for 50 g Ti targets, would result in a total volume of just
over 5 L. While it is certainly possible to carry out a sepa-
ration with such a large volume, the logistics of execution
and dealing with the large volume of waste is likely to be
prohibitive.

H,SO, Concentration (M)

Conclusions

The results of the tests performed herein on ZR resin indi-
cate that it has an excellent rate of uptake for Ti in HNO;.
Given the repeatability of experiments in the batch format,
we conclude that the rate of uptake in HCI and H,SO, is
similar. In addition, this work showed that ZR resin can
separate Ti from Sc in a wide range of H,SO, concen-
trations. Unfortunately, the presence of > 0.1 M HF was
found to suppress Ti retention such that separation of the
two analytes is unreasonable. While HF is the gold stand-
ard for Ti dissolution, the suppression of Ti retention at
such low levels makes it unattractive in this instance.

@ Springer
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Fig.9 Fractional D, values for 10'
Sc at varying HF concentra- s
tions, with the primary acid
(HCI, HNO;, or H,SO,) con-
centration set at 5 M
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Tests also showed that the maximum capacity of the resin
for Ti was approximately 21 mg/g resin, which corresponds
to roughly 1.4 kg of resin required to retain a full target used
in the production of radioscandium via the **Ti(y,p)*’Sc
pathway. Though this precludes ZR resin from being used
in initial purification steps, it could be used as a secondary
“clean-up” column to remove any Ti that breaks through
the primary separation column. This work also supports the
prior efforts carried out by Radchenko et al. discussing the
possibility of utilizing the ZR resin as a **Ti/**Sc generator
[9].

The tests performed on DGA resin in HCl and HNO,
agree well with previously published efforts that character-
ized Ti and Sc uptake in these acid matrices [29-31]. Resin
performance in the H,SO, system shows trends similar to
the HCI system, with low Sc retention at low acid concen-
trations and a rapid increase starting around 1 M. These
results establish that Sc can be purified from bulk Ti using
DGA resin in any of these acid systems at concentrations of
3-7 M. A significant decline in Sc retention was observed in
the presence of even small amounts of HF in the three pri-
mary acids. While the D, values in the individual acids are
high enough that a separation may still be possible with the
suppression caused by HF, the total volume of solution after
diluting to an acceptable HF concentration is still prohibitive
and indicates that HF needs to be removed from solution if
it is used for target dissolution.

Clearly, further work needs to be undertaken to iden-
tify a digestion method for Ti that utilizes little or no HF
while still being rapid and robust enough to be used in the
high radiation fields that are present during large batch
processing of radioisotopes. If this can be accomplished,
the results presented in this work indicate that pure *’Sc

@ Springer

HF Concentration (M)

can be isolated using a combination of DGA resin and ZR
resin when using the large targets requried for photonu-
clear production.
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