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Summary. The radioisotope90Nb is a positron emitter with
a relatively high positron branching of 51% and a rather low
β+-energy of Emean= 662 keV (Emax = 1.5 MeV) with poten-
tial for application in positron emission tomography (PET).
Its half-life of 14.6 h makes it especially promising for the
quantitative investigation of biological processes with slow
distribution kinetics. An advantageous production route of
90Nb is the natZr(p, n)90Nb process. To separate nca (no-
carrier-added) radioniobium from macroscopic amounts of
irradiated zirconium targets, an effective two step separation
procedure was developed. A liquid-liquid extraction using
N-benzoyl-N-phenylhydroxylamine (BPHA) in CHCl3 was
applied first to separate the bulk of the zirconium matrix with
a Zr separation coefficient of about 104, followed by anion-
exchange chromatography for high grade purification of nca
radioniobium. A sufficiently high decontamination factor of
> 2×107 and an overall radiochemical yield of nca90Nb of
about 70% was achieved within about 3 hours.

Introduction

The radioisotope90Nb is a new positron emitter with po-
tential for application in the synthesis of new radiopharma-
ceuticals for positron emission tomography (PET). It has
a relatively high positron branching of 51% with a rather
low β+-energy ofEmean= 662 keV andEmax = 1.5 MeV. Its
half-life of 14.6 h makes it promising in particular for the
investigation of biological processes with slow distribution
kinetics,e.g. for the non-invasive and quantitative detection
of tumours and metastases using90Nb-labelled peptides or
antibodies.

An advantageous production route of90Nb at cyclotrons
providing proton energies of at least 11 MeV is the
nat(90)Zr(p, n)90Nb-process. Investigations of this nuclear re-
action over the most relevant proton energy region between
7.5 and 19 MeV indicate, that90Nb can be produced with
batch activities of the order of 10 GBq and in high isotopic
purity [1], which would be adequate for potential application
of this new positron emitter in nuclear medicine.

However, for the synthesis of potential90Nb-radio-
pharmaceuticals an effective chemical separation of nca
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(no-carrier-added) radioniobium from macroscopic amounts
of zirconium targets is necessary. Although methods for the
separation of nca95Nb from nca95Zr have already been de-
veloped in the context of the recovery of fission products,
the separation of nca radioniobium from macro amounts
of Zr was hardly investigated before [2]. The aim of this
study was therefore to develop a separation method, pro-
viding nca radioniobium in high radiochemical yields and
in high chemical purity, necessary for subsequent labelling
syntheses.

Materials and methods

Chemicals

Zirconium granules of 1–3 mm diameter (ChemPur, 99.8%,
Karlsruhe, Germany) were used as target material for the
production of 95Nb. The upper limits of contamination
(in ppm) were Nb (50), Hf (250), Fe (200), Cr (200), Al (40),
Ti (20), Ni (20), Cu (20), V (20), W (200), rare earth elem-
ents (50). N-benzoyl-N-phenylhydroxylamine (BPHA) was
used in extraction experiments (purchased from Merck,
Darmstadt, Germany). Anion-exchange experiments were
performed using Aminex A27 resin (Biorad, Ca, USA).
Other reagents were standard chemical compounds of ana-
lytical grade purchased from Merck, Darmstadt, Germany.

Production of 95Nb

In the separation experiments95Nb (T1/2 = 35 d) was em-
ployed as a model nuclide. It was producedvia the
94Zr(n, γ)95Zr

β−→ 95Nb reaction. In analogy to the produc-
tion of the positron emitter90Nb via the 90Zr(p, n)-process
using a cyclotron, the irradiation ofnatZr in a nuclear reactor
provides nca radioniobium in a bulk sample of a zirconium
target. Thus, the reactor nuclides95Zr and95Nb represent an
adequate model system to study their chemical separation.

To produce95Nb (T1/2 = 64 d) via the 94Zr(n, γ)95Zr
β−→

95Nb process typically 1 g ofnatZr was irradiated first at
the TRIGA research reactor, Mainz, Germany, with a ther-
mal neutron flux density ofΦ = 4×1012 s−1 cm−2. How-
ever, higher activities were produced at the BER-2 reactor,
Berlin, Germany, with a thermal neutron flux density of
Φ = 4×1014 s−1 cm−2. In the latter case, an irradiation last-
ing 5.2 days resulted in about 1.4 GBq of95Zr. Approaching
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the transient equilibrium between95Zr and 95Nb, the max-
imum daughter activity of 0.68 GBq 95Nb was generated
after 67 d.

Measurement of radioactivity

For the determination of radiochemical separation efficien-
cies relative activity measurements were performed. Ge(Li)
or HPGe detectors were used additionally forγ -ray spec-
trometry of 95Nb and 95Zr and the other radionuclides in-
volved in the experiments, cf. Table 1.

Spectroscopy

The contamination of radioniobium with zirconium after
the separation process was determined independently by
UV-VIS spectroscopy and ICP-MS.

Arsenazo III is well known in inorganic chemistry as
a complexing agent for ionic zirconium. The resulting com-
plex has an absorption band in the visible region with a max-
imum at 675 nm, which is suitable for the quantification of
Zr(IV), since uncomplexed arsenazo III hardly absorbs at
this wavelength. A calibration curve for the quantitative de-
termination of Zr was achieved as follows: various aliquots
(x = 100, 60, 50, 40 and 20µl) of a solution of 10µg/ml
Zr in hydrochloric acid (5% by weight) were added to 2 ml
of an arsenazo III stock solution (0.543 mg/ml 5% HCl)
followed by an addition of(1000− x)µl of 5% HCl. After
10 minutes these solutions were transferred to glass cuvettes
of 1 cm diameter and the extinction at 675 nm was deter-
mined using a Varian UV-VIS spectrometer Cary 50 Bio.
The detection limit of the described method was approxi-
mately 0.1µg Zr.

Smaller traces of Zr in radioniobium were quantified
by ICP-MS at the Institut für Radiochemie, Garching,
Germany, with a Perkin Elmer & SCIEX spectrometer
Quadrupol ICP-MS ELAN 5000. The samples of the sepa-
rated radioniobium were prepared to contain 1 M HF. The
detection limit for Zr in these experiments was about 0.5 ng.

Distribution coefficients (Kd)

Distribution coefficientsKd for 95Nb were determined for
Dowex 1×8 (200–400 mesh) anion exchange resin in batch
experiments. A stock of the resin was thoroughly rinsed

Nuclide Abundance Decay mode T1/2 γ -energy Intensity σn,th [10]
[%] [keV] [%] [b]

90Zr 51.45 stable − − − ≈ 0.014
91Zr 11.22 stable − − − 1.2
92Zr 17.15 stable − − − 0.2
93Zr β− 1.5×106 a − − ≈ 2
94Zr 17.28 stable − − − 0.049
95Zr − β− 64.02 d 724.2 43.7 −

756.7 55.4
95Nb − β− 34.98 d 765.8 99.9 −
96Zr 2.76 pseudo stable 3.9×1019 a − − 0.020
97Zr − β− 16.9 h 507.6 5.1 −

1148 2.6
97Nb − β− 1.2 h 657.9 98.5 −

Table 1. Relevant data for the produc-
tion of 95Nb in a nuclear reactor.

with desalted water and then dried at 40◦C to constant
weight. For the distribution experiments, 1 g amounts of the
dried resin were suspended in 10 ml of the desired solu-
tion in polyethylene vessels. After a swelling time of 10 min
under continuous shaking the suspensions were spiked with
nca 95Nb and kept in motion for another 24 hours. After
this period of time the solution was separated from the
resin by filtration through polyethylene filters. The ac-
tivity in aliquots of 5 ml of the solution was determined
by γ -ray spectrometry leading to theKd values through
Kd = (A − Al)/Al · Vl/mresin; (A: spike activity, Al : activity
in solution,Vl : volume of solution,mresin: mass of resin).

Dissolution of Zr

The irradiated natZr-granules (200 mg, 2.19 mmol) were
transferred in a 100 ml polyethylene beaker containing 2 ml
water. Under vigorous stirring and cooling on a water bath,
0.63 ml of 48% hydrofluoric acid (17.5 mmol) were added
in small portions.

Liquid–liquid extraction

After dissolution of the irradiated Zr, 5 ml of 37% HCl and
3.4 ml saturated boric acid (2.7 mmol) were added. The95Nb
fraction was extracted with 5 ml of 10−2 M of N-benzoyl-
N-phenylhydroxylamine (BPHA) in CHCl3 by extensively
stirring the two phases in a tetrafluoroethylene funnel for
three minutes. The two phases were separated and the aque-
ous phase was washed with 3 ml of CHCl3. The unified
CHCl3 phases were transferred to another extraction funnel
and washed consecutively with 2 ml of 9 M HCl/0.001 M
HF and 2 ml of 9 M HCl. The re-extraction into an aqueous
phase was carried out according to [3] with 5 ml aqua regia
for 20 minutes. This aqueous phase was washed three times
with 2 ml of CHCl3.

Ion exchange

The aqueous phase derived from the extraction process was
evaporated to dryness. The residue was dissolved in 0.5 ml
of 0.25 M HCl/0.1 M oxalic acid and adsorbed on a small
anion exchange column (Aminex A27, 20×1.7 mm). After
washing with 0.1 ml of 37% HCl, the adsorbed Zr was
eluted with 0.2 ml of 9 M HCl/0.001 M HF with a flow of
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10µl/min. Subsequently the95Nb fraction was eluted with
0.1 ml 6 M HCl/0.01 M oxalic acid.

Results and discussion

To make90Nb an appropriate radiolabel for applications in
nuclear medicine, the specific activity of a potential radio-
pharmaceutical has to be of the order of 50 GBq90Nb/µmol.
The requirement of an adequate separation process was to
reduce the macroscopic amounts ofnatZr to the level of nca
radioniobium. Since the ratios of the masses corresponding
to 10 MBq 95Nb (reactor nuclide) or 1 GBq90Nb (cyclotron
nuclide) and an assumed target mass of 200 mgnatZr are
Nb/Zr ≈ 3×10−8 and 6×10−8 respectively, it was neces-
sary to reach separation factors of the order of> 107. The
concept of an effective separation was to eliminate first the
bulk of the zirconium matrix, followed by a high grade
purification.

Dissolution of irradiated zirconium targets and
liquid–liquid extraction

Liquid–liquid extraction is often an effective method to sep-
arate two species, especially when the separation of large
amounts of material is considered. To dissolve the inert
metal zirconium, hydrofluoric acid is most appropriate. The
fluoride anions in the resulting solution, however, exhibit
a high affinity for the highly charged cations Zr(IV) and
Nb(V). Thus, high HF concentrations in the solution re-
duce the extraction yield of nca95(90)Nb. It is known, that
this undesired effect can be partly suppressed by increasing
the concentration of HCl in the solution [4]. To reduce the
content of free fluoride in the aqueous phase, the effect of
adding boric acid was investigated.

Lyle et al. [3] showed that95Nb is readily extracted with
a solution of N-benzoyl-N-phenylhydroxylamine (BPHA) in
CHCl3 from a hydrofluoric and hydrochloric acid solution
containing95Nb and95Zr in no-carrier-added amounts. Be-
cause in this system no-carrier-added Nb is extracted into an
organic phase, it was assumed that it is applicable to extract
95Nb from macroscopic amounts of Zr, too.

Irradiated samples of Zr were dissolved in a minimum
of HF. With an eightfold excess of HF over Zr a solution
was obtained after one day. Having dissolved macroscopic
amounts of Zr with HF, it is not possible to exactly deter-
mine the concentration of free fluoride in solution, because
Zr-species like[Zr(OH)xFy]n− of different composition are
present. In Fig. 1 the extraction yield of95Nb from 0.02 M
[Zr(OH)xFy]n−-solutions in the absence of boric acid and
with a B(OH)3 concentration of 0.08 M as a function of the
HCl concentration is shown.

The extractability of95Nb decreases continuously for
[HCl] < 8 M, cf. Fig. 1. In the presence of 0.08 M B(OH)3

this undesired reduction of the extraction yield of95Nb be-
gins to occur only for[HCl] < 3 M. Thus, the employment
of boric acid reduces the amount of hydrochloric acid, which
has to be added to the extraction system. The resulting
smaller volume of the aqueous phase makes an effective
stirring with a likewise small volume of the organic BPHA-
phase easier. The achieved extraction yield under optimum
conditions is> 99%.

Fig. 1. Influence of boric acid on the extraction yield of95Nb with
a solution of 0.02 M BPHA in CHCl3 from a solution of 0.02 M
[Zr(OH)xFy]n− in dependence of the concentration of HCl (textraction=
3 min).

From the experimental results a routine extraction pro-
tocol was derived as follows: To 2 ml water in a 100 ml
polyethylene beaker 200 mgnatZr-granules (2.19 mmol) are
given. Under stirring and cooling on a water bath 0.63 ml
of 48% hydrofluoric acid (17.5 mmol) are added in small
portions. Having dissolved the zirconium (approximately
15 min) 5 ml of 37% HCl and 3.4 ml of a saturated boric acid
solution (2.7 mmol) are given to the solution. This aqueous
phase is extracted with 5 ml of 10−2 M BPHA in CHCl3 by
extensively stirring the two phases in a tetrafluoroethylene
funnel for three minutes. The two phases are separated and
the aqueous phase is washed with 3 ml of CHCl3. The unified
CHCl3 phases are transferred to another extraction funnel
and washed consecutively with 2 ml of 9 M HCl/0.001 M
HF and 2 ml of 9 M HCl. The re-extraction into an aqueous
phase is carried out according to [3] with 5 ml aqua regia for
20 minutes. This aqueous phase is washed three times with
2 ml of CHCl3 (approximately 15 min).

The described process takes about two hours and the
yield of 95Nb varies between 70% and 80%. The aver-
age overall content of Zr in the95Nb-fraction, determined
independently by UV-VIS spectroscopy and ICP-MS, is
21–26µg with respect to the initial 200 mgnatZr gran-
ules. The separation coefficient thus achieved is 9±2×103

(Table 2) and is comparable to that found for the separation
of 95Nb from carrier-free Zr of 104 [3].

Anion exchange

To reduce the remaining content of Zr further, an anion-
exchange step was introduced. The conditions for the ad-
sorption of nca95Nb and nca95Zr on strongly basic poly-
meric resins from a 0.25 M HCl/0.1 M oxalic acid solu-
tion [5] and the elution of nca95Zr with a 0.001 M HF/9 M
HCl [6] from such an anion-exchange material were adapted
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Fig. 2. Distribution coefficients (Kd) of 95Nb for Dowex 1×8
(200–400 mesh) in dependence of the concentration of HCl and the
presence of oxalic acid.

from the literature and evaluated for the separation of nca
95Nb from macroscopic amounts of95Zr on Aminex A27 or
Dowex 1×8.

To optimise the conditions for the final elution of nca
95Nb the influence of oxalic acid was studied, due to the
known high affinity of Nb for oxalic acid [7]. For this pur-
pose the distribution coefficientsKd for 95Nb on Dowex 1×8
(200–400 mesh) were determined in batch experiments. The
results are summarised in Fig. 2.

The increase of theKd values for higher concentrations
of pure HCl can be explained by the formation of anionic
species of Nb and is in good agreement with the results from

Fig. 3. Concept for the separation
of nca 90/95Nb from macroscopic
amounts ofnatZr.

Bunneyet al. [8]. In the presence of 0.1 M oxalic acid, how-
ever, theKd is different. As can be also seen in Fig. 2, for
[HCl] < 4.5 M the respectiveKd values are larger and for
[HCl] > 4.5 M smaller than in pure HCl. Following the re-
sults from Fig. 2, comparable conditions for the elution of
95Nb are either 3 M HCl in the absence of oxalic acid or
6 to 7 M HCl in the presence of 0.1 M oxalic acid. For the
preparation of nca Nb stock solutions the latter conditions
are recommended, because oxalic acid prevents the uncon-
trolled adsorption of nca Nb on surfaces, which is a typical
phenomenon of nca niobium in the absence of a complexing
species [9].

In practice, the aqueous phase derived from the extrac-
tion process is evaporated to dryness, the sample is taken
up in 0.5 ml of 0.25 M HCl/0.1 M oxalic acid and adsorbed
on a minimised Aminex A27 column (20×1.7 mm). After
washing with 0.1 ml of conc. HCl, the adsorbed Zr is eluted
with 0.2 ml of 9 M HCl/0.001 M HF and95Nb is subse-
quently eluted with 0.1 ml of 6 M HCl/0.01 M oxalic acid.

The anion exchange procedure takes about one hour and
the nca radioniobium yield varies between 90 and 95%. The
amount of zirconium still present in the nca Nb fraction was

Table 2. Yields and attained decontamination factors of the subsequent
separation steps.

Separation step Yield of95Nb Zr-content [µg] Decontamination
[%] relative to 0.2 g Zr factor

extraction > 99 21–26b,c 9±2×103

re-extraction 70–80
anion-exchange 90–95 0.005–0.01c 3±1×103

totala 62–75 0.005–0.01c 1±3×107

a: including dissolution of the target and evaporation to dryness of the
re-extracted solution;

b: UV-VIS-spectroscopy;
c: ICP-MS
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determined by means of ICP-MS as 5–10 ng. With respect
to the mean value of 23µg of Zr adopted from the extrac-
tion step the decontamination factor of this anion exchange
purification step is 2.3×103 to 4.6×103. Compared to the
200 mg of Zr used in the beginning, the overall separation
factor is 3±1×107 cf. Table 2.

A flow sheet of separation process developed, is given in
Fig. 3. The whole process takes about three hours.

Conclusion

To separate nca radioniobium as produced from the irradi-
ation of Zr targets, a two step procedure was developed. It
is capable of separating Nb at nca level from macroscopic
amounts of Zr within about 3 hours with a sufficiently high
decontamination factor of about 107 and an overall radio-
chemical yield of about 70%. Regarding the highest specific
activity of nca radioniobium required, the amount of stable
niobium present in the zirconium target remains an essential
parameter.

Following the presented data it should be possible
to separate90Nb producedvia the 90Zr(p, n) process in
a satisfactory yield and sufficient chemical purity to label
biomolecules for medical application. However, adequate
bifunctional chelators are required for its labelling to pep-
tides and proteins.
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