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Abstract We have developed a new chromatographic
method to efficiently separate and isolate neptunium (Np)
and protactinium (Pa), based on the selective extraction of
protactinium by primary alcohols. The effectiveness of the
new technology is demonstrated by efficient separation of
233pa from parent radionuclide *’Np, using a hydrochloric
acid mobile-phase medium. Our new approach repro-
ducibly isolated ***Pa tracer with a yield of 99 £+ 1 %
(n = 3; radiochemical purity 100 %) and enabled chemical
recovery of *’Np parent material of 92 + 3 % (radio-
chemical >99 %) for future **°Pa tracer preparations.
Compared to previous methods, the new approach reduces
radioactive inorganic and organic waste; simplifies the
separation process by eliminating cumbersome liquid—
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liquid extractions; and allows isolation of radiochemically-
pure fractions in less than 1 h.
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Introduction

Investigations to understand the chemical properties of the
rare actinide (An) elements protactinium (Pa; Z = 91;
[Rn]5f 6d" 7s%) and neptunium (Np; Z = 93; [Rn]5f* 6d'7
s%) over the past few decades have led to a greater under-
standing of the physico-chemical properties of the 5f-group
An. The chemistry and applications of these elements are
fascinating and diverse [1, 2]. For example, Pa isotopic
signatures and radioactive steady-state relationships can
provide important information for geologists [3—6]; nuclear
forensic scientists [7-9]; and nuclear engineers [10]. How-
ever, deficiencies in our understanding of Pa chemistry often
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complicate radioanalytical methods employed for these in-
vestigations [6, 11, 12].

While many of these complications arise from limited
accessibility to appreciable quantities of Pa for spectro-
scopic studies, expanding investigations into Pa separa-
tions and purifications have led to exciting new
applications. For example, efficient analysis of Pa-bear-
ing nuclear materials for applications in nuclear forensics
and Th-based nuclear fuel development are leading to an
increasing need for technologies that enable isolation of
radiochemically-pure Pa from complex and (in some
cases) high-radiation-field media [12, 13]. Specifically,
beta-emitting Pa radionuclide, 33pa (11, = 26.967 days),
may be an undesirable contaminant in uranium-233
(**U) nuclear fuels because of its large neutron cross
section [14]. Within this same context, nuclear forensic
and geochronological analysis of long-lived **'Pa (11, =
3.276 x 107 years) by isotope dilution techniques gen-
erally requires the use of ***Pa as a yield monitor for
accurate determinations of *>'Pa by alpha spectrometry
and mass spectrometry [6, 7, 15]. Interestingly, research
investigators published the most comprehensive reports
on Pa chemistry during the 1950s and 1960s, and an-
ticipated that “much of mystery and witchcraft [of pro-
tactinium chemistry]” would be eliminated with the
advent of appropriate tracer preparation techniques
[16, 17]. Ironically, to this day, much of the mystery of
Pa remains unresolved, due in part to the need for more
effective strategies for the preparation of isotopic tracers
[11]. Thus, there is a critical need to develop robust
technologies for separating and isolating Pa from
materials.

Like Pa, isotopes of Np are of interest for applications in
environmental science; nuclear engineering; and as part of
isotopic signatures in nuclear materials for forensic appli-
cations [18]. While identification of isotopes of Pa occurred
in the early part of the twentieth century, it was not until
the 1940s that investigators isolated sufficient quantities of
Np radionuclides to confirm its predicted-basic electronic
and chemical properties [2]. Of the isotopes of Np, alpha-
emitting radionuclide 237Np (t1p = 2.14 x 10° years) is of
significant interest because it has been identified as an
environmental concern and as a radionuclide that has the
potential to assist in nuclear forensic analysis of materials
[9, 19]. In environmental science, 237Np(V) is highly mo-
bile in subsurface systems and is considered a problematic
radionuclide for the long-term storage of high-level wastes
produced from nuclear fuel cycle and weapons develop-
ment. Worries regarding effectiveness of engineered bar-
riers and accidental release have led to research into the
mechanism of Np adsorption and transport in
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biogeochemical systems [18, 20]. While the relatively long
half-life of % 7Np is one rationale for concern in terms of its
fate, transport, and potential for bioaccumulation, the half-
life and easily-detected alpha emissions of **’Np also en-
able its use for studies of fundamental Np properties [2].

On the other hand, investigations of the chemical prop-
erties of Np using >*’Np are often complicated by radioac-
tive ingrowth of its immediate radionuclide decay product,
*33pa, and current separations technologies are cumbersome
for routine analyses [21]. Due to a relatively short half-life,
the observed radioactivity of **Pa increases rapidly toward
secular equilibrium (steady state) with **’Np, which is un-
desirable for many applications. Conversely, the rapid in-
growth of 2*°Pa facilitates the use of calibrated **'Np
standard solutions for the preparation of ***Pa tracer for
isotope dilution analysis of **'Pa in materials, as described
above. Consequently, researchers must routinely remove
233pa from 237Np sources [15, 16, 22]. Unfortunately, cur-
rent methods to isolate ***Pa from **’Np involve anion-ex-
change (e.g., AG-MP1 [15], Dowex-1 [17], AG1-X8 [6] )
and liquid-liquid extraction (e.g., diisobutyl ketone [15],
diisobutyl carbinol [17] ) techniques that generate substan-
tial liquid (organic and inorganic) wastes—and often em-
ploy potentially hazardous hydrofluoric acid (HF) [6, 15,
22]. Although HF is an effective complexing agent for Pa,
which allows back-extraction into the aqueous phase [16],
excess F~ can prevent Pa extraction in subsequent steps [6].
Furthermore, HF poses a serious health hazard and should be
avoided when possible [23].

Within this context, we have developed a new tech-
nology and approach for the efficient separation and pu-
rification of Pa and Np that will be beneficial for the
preparation of ***Pa tracer from 2*’Np for isotope dilution
radioanalytical analysis [15, 16, 24], and for the removal of
233pa from **'Np for research investigating fundamental
and environmental Np chemistry [18]. In this article, we
describe this new and highly efficient separation of Np and
Pa, which is based on selective extraction of Pa by 1-oc-
tanol in hydrochloric acid (HCl) media. Our new method
reproducibly isolated ***Pa tracer with a yield of 99 & 1 %
(n = 3; radiochemical purity 100 %) and enabled chemical
recovery of *’Np parent material of 92 & 3 % (purity
>99 %) for future ***Pa tracer preparations. Compared to
previous methods, our new approach significantly reduces
radioactive inorganic and organic waste; simplifies the
separation process by eliminating liquid-liquid extraction
required by previous methods; and reduces the time re-
quired—yields radiochemically-pure fractions of Pa and
Np in less than 1 h. We anticipate this method can be
further adapted for numerous applications and desired ex-
perimental conditions.
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Experiemental
General

Chemical regents for radiochemical separation and source
preparation (HCl), ammonium hydroxide (NH4,OH), 35 %
hydrogen peroxide (H,0,), and bromocresol purple were
ACS regent grade (Fisher Scientific) or higher. A calibrated
source (1000 pg mLfl) of cerium (Ce) (chloride form) was
used for micro-precipitation of radionuclide sources (High
Purity Standards, Charleston, SC). Radioactivity standards
were prepared in Ultra-pure HCl (Fisher Scientific) and
diluted with ultra-pure distilled deionized water (Base-
line®, Seastar Chemicals, British Columbia, Canada), both
certified to parts-per-trillion (ppt) trace metals content.
Half-lives and alpha-particle/gamma-ray energies are val-
ues originating from the Evaluated Nuclear Structure Data
File (ENSDF) that were obtained through the United States
National Nuclear Data Center (NNDC, Brookhaven Na-
tional Laboratory, US Department of Energy) [25]. All
uncertainties are “standard uncertainties” corresponding to
a coverage factor k = 1 [26], unless explicitly stated
otherwise.

Safety considerations

Use of radioactive materials is potentially hazardous and
appropriate ALARA principles should be considered prior
to conducting experiments using radioactive materials.
Both ***Pa (beta-particle and gamma-ray emissions) and
*'Np (alpha-particle and gamma-ray emissions) are ra-
dioactive isotopes and should be used only in facilities
designed to handle radioactivity.

237Np and ***Pa sources

The radiation solution standards of **’Np (Reference
Numbers 92566, 96584, 93498) used for this study were
purchased from the Eckert and Ziegler Radioisotopes
(Atlanta, GA, USA). Standards were used after at least
7 months of the reference date to allow for ingrowth of
radioactive decay product >*Pa. The material has been
certified to include a minor alpha-emitting impurity (***Pu)
[9]. To prepare working solutions, the glass ampoule (5 mL
in 0.5 M HNOs) was scored at the neck and broken—and
the contents were transferred to a pre-acid-leached beaker
(25 mL). The contents were taken dry slowly, and re-dis-
solved in ultra-pure 6 M HCI (Seastar Chemicals, British
Columbia, Canada). This process was repeated four times
to an apparent complete matrix conversion to the chloride
form; and finally redissolved to provide a working stock
solution in 25 mL ultra-pure 6 M HCI (~ 145 Bq mL™"

*'Np and ***Pa). Final solutions were transferred and
continuously stored in a metals-grade ultra-pure Seastar
(Seastar Chemicals, Canada) Teflon bottle at 5 °C to pre-
vent evaporation.

Resin preparation

The primary-alcohol extractant 1-octanol was chosen
(based upon previous methods) to prepare the ***Pa ra-
diometric tracer [16, 24]. The resin form of 1-octanol used
for the experiments was prepared using a procedure de-
veloped by Eichrom Technologies, Inc. (Lisle, IL. USA)
[27]. Briefly, 1-octanol (10 g) was dissolved into methanol
(100 mL) then mixed with the resin beads (15 g; Amber-
chrom CG71, 25-50 um, Rohm and Haas, Philadelphia,
PA USA). The mixture was stirred (1 h) in a rotary
evaporator, and then the methanol was removed under
vacuum at room temperature. The resulting material was
40 % (w:w) l-octanol (verified by thermogravimetric mass
analysis). This material is not commercially available, but
can be made available on request at no cost by the authors.
The material was prepared approximately 1 year prior to
these investigations. Qualitatively consistent results have
been produced during this time, which reflect the stability
of the material stored at room temperature under typical
laboratory conditions.

Columns were prepared by a previously described rou-
tine procedure [28]. Briefly, a slurry (0.66 g per 5 mL) was
homogenized and transferred to an empty 2 mL column
(AC-141-AL, Eichrom) allowing the water to drain by
gravity flow. The column was secured with pre-manufac-
tured frits (provided with empty columns) and a 25 mL
reservoir (AC-120, Eichrom). The column was then pre-
conditioned (10 mL of 9 M HCI) prior to loading of the
27Np/**Pa solution (Fig. 1).

Separation protocol

To separate >*Pa and **’Np, aliquots of the calibrated
standard solution (100 pL, n = 3) that contained 14.5 Bq
of both **’Np and ***Pa (in secular equilibrium) were
transferred to a liquid scintillation (LS) vial (25 mL), di-
luted to 1 mL with 9 M HCI, and added to the column. The
eluent of the load solution was collected for *’Np analysis.
Next, the LS vial was rinsed (4 mL, 9 M HCI) and added to
the column. The column was then rinsed directly with
30 mL 9 M HCI to wash any remaining >’Np that was
retained on the column. All solvent fronts of 9 M HCI were
collected together in an LS vial (50 mL) to be analyzed for
2'Np vyield and purity. Following the removal of **’Np,
233pa was eluted by passing 30 mL of 1 M HCI through the
column. The eluent was collected in another LS vial
(50 mL) to be analyzed for ***Pa yield and purity. Each
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Fig. 1 Protocol used to separate Pa and Np using a resin form of
1-octanol. The column is preconditioned in 9 M HCI (5 mL) and the
sample is loaded on the column in 9 M HCI (5 mL). Neptunium is
collected together with the eluent of the load solution and a rinse of
9 M HCI (30 mL). Protactinium is eluted from the column with 1 M
HCI (30 mL). Radiochemically pure fraction of >**Pa and **’Np were
analyzed separately by gamma and alpha spectroscopy

liquid LS vial was precisely “time-stamped” to the time
that the final drop was collected into the LS vial. This time-
stamp was used as the reference to correct for the ra-
dioactive decay of ***Pa activity. An internal standard was
prepared containing the same amount of radioactivity from
the stock solution (100 pL, 14.5 Bgq; 237Np and 233Pa) of
the solution standard in an identical geometry with HCI
(30 mL) in a LS vial (50 mL).

Gamma spectrometry

Immediately following the separation process, the sources
were counted by routine procedures using high-purity
germanium (HPGe) gamma-ray spectrometry and analyzed
using the gamma spectrometry software GammaVision
(Ortec, Oak Ridge, TN) [29]. The internal standard was
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counted for 4 h and used to calibrate the energy and effi-
ciency of the **’Np and **Pa peaks (using 86.47 and
311.90 keV respectively) (Table 1). A a matched count-
time blank background spectra was collected using an LS
vial with 30 mL HCI to account for background spectral
corrections. The detection limit was calculated to be
2.4 mBq (0.01 % of the total activity) [26]. Each sample
was counted for 4 h and “time-stamped” at the acquisition
time, which was used to determine the total elapsed time
between the end of the separation and the starting of the
HPGe analysis. All of the sources were counted within
48 h of separation, to ensure that (P*Pa)yme/CFPa)i.
dal > 95 %, allowing for negligible effect of the decay
constant to the overall uncertainty of the Pa measurement.

Source preparation and alpha spectrometry

To assess the yield and purity of Np and Pa fractions, ***Pa
and **’Np alpha-counting sources were prepared by cerium
hydroxide micro-precipitation and were analyzed by alpha
spectrometry by previously described routine procedures
[28]. Briefly, the contents were transferred to a beaker to-
gether with Ce carrier (50 pg), H,O, (500 pL), and
bromocresol purple pH indicator. Note: H,O, and 9 M HCl
will fade the color, so addition of more bromocresol is
acceptable to ensure the final pH range is determined
correctly. The pH was then increased with the addition of
concentrated NH4,OH to pH ~ 8, where the presence of
the indicator resulted in a purple solution. The mixtures
were set aside for 10-20 min to allow for the micropre-
cipitate to form. In the meantime, a filtration apparatus was
assembled on a vacuum box and lined with 0.1 pm Resolve
Filters™ (RF-100-25PP01, Eichrom) that were pre-wetted
with 80 % ethanol. The samples were then filtered via
vacuum filtration and allowed to dry for 30 min with the
vacuum pump on. Once dry, the filters were mounted on
stainless steel planchettes (31.75 mm outer diameter, AF
Murphy, Quincy, MA, USA). Finally, to prevent con-
tamination of the alpha detectors resulting from daughter
recoil, thin films consisting of iso-amyl acetate and collo-
dion were placed directly on the source as we described
previously [30].

All alpha spectra were collected with 450 mm? passi-
vated ion-implanted silicon detectors in vacuum con-
trolled-alpha spectrometers (Alpha Analyst, Canberra,
Meridan, CT) with a fixed source to detector distance of
about 10 mm. Efficiencies are determined for each detector
every 6 months using a standard of identical geometry
(Eckert and Ziegler; SRS: 91005; ***U, 2**U, *°Pu, and
241 Am) and range from ~ 17 to 20 % depending on which
detector is used. For each measurement the efficiency of
the detector used for an individual measurement is used to
determine the radioactivity. Alpha sources of the **’Np
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Table 1 The dominant gamma-

ray and alpha particle energies Radionuclide Gamma-ray energies, keV (%) Alpha particle energy, MeV (%)
of 233Pff1 and 237NP used t(;_) asses 233p, 311.904 (38.54) N/A
the purity and radiochemical
recovery of each analyte [25] 300.129 (6.63)
340.476 (4.45)
86.595 (1.95)
ZNp 29.374 (14.12) 478 (47.64)
86.47 (12.4) 4.77 (23.2)
8.22 (9.09) 4.64 (6.43)

sources were counted for about 24 h (>100,000 counts)
contributing <0.3 % uncertainty from counting statistics.
The ***Pa sources were counted for 100 h to determine
presence of trace >>’Np. In each ***Pa source, presence of
trace 2>’Np achieved >500 counts attributing to <4.5 %
uncertainty from counting statistics. A matched count-time
background was obtained and subtracted from the **’Np
region of interest (ROI) (Table 1).

Liquid scintillation counting

To determine the elution peak maximum values for **'Np
in 9 M HCI and ***Pa in 9 M HCI and 1 M HCI, samples
were counted by LS counting. For LS counting ex-
periments, a Packard 1600 CA Tri-Carb (Perkin Elmer,
Waltham, MA) was used with EcoLite LS cocktail in
30 mL glass LS vials with a water fraction of 10 %. The
samples were counted by routine lab procedure [28].

Results and discussion
General

This paper presents a novel approach to the chemical separation
and isolation of radiochemically-pure fractions of Pa and Np
that is based on selective extraction of Pa by aliphatic primary
alcohols—using a new chromatographic-resin material and
I-octanol as the extractant-functional moiety. We prepared
batches of the 1-octanol extraction chromatographic resin via
standard evaporative techniques and evaluated the new ap-
proach using a typical gravity-flow column-chromatography
arrangement. Excellent separation and radiochemical isolation
of ***Pa and recovery of parent >*’Np were observed at ra-
dioactivity concentrations of ***Pa tracer (14.5 Bg/sample)
typical to environmental radiochemistry laboratories employ-
ing ***Pa tracer for isotope dilution alpha spectrometry analysis
of Z'Pa in environmental samples. We anticipate that the
method could be modified to accommodate elevated levels of
Z7Np for other applications.

The procedure comprised four basic chromatographic
steps (Figs. 1, 2): (i) preconditioning of the solid-phase

aliphatic-alcohol-bearing resin with 5 mL of 9 M HCI
(discarded to waste); (ii) a loading step, in which 5 mL
9 M HCI (1 mL load; 4 mL rinse) containing *>’Np/***Pa
is passed through the column and collected to recover
2'Np parent material, while *>*Pa is selectively retained
via adsorption to the primary alcohol solid phase; (iii) a
rinse step (30 mL 9 M HCI to remove remaining >*'Np
parent material); and (iv) elution of radiochemically-pure
233pa in 30 mL of 1 M HCI. Radioactivity counting sour-
ces were prepared by standard alpha spectrometry tech-
niques. Radiochemical purity was evaluated by alpha
spectrometry using standard solid-state ion-implanted sili-
con detectors and HPGe gamma-ray spectrometry. Sig-
nificant improvements that were observed relative to
previous methods include [7, 15, 16, 24]:

Less waste
Previous separation protocols for the isolation of ***Pa and
23"Np generally require a liquid—liquid extraction step that

utilizes a 50 mL organic phase separatory-funnel-based
step, with up to five subsequent-additional aqueous washes

1500

9MHCI | 1 MHCI
1000 ;

Counts

500

0 5 10 15 20 25 30 35 40 45 50 55 60

Solvent Volume (mL)

Fig. 2 Elution curves that describe the procedure to separate >>’Np
and ***Pa. 1 mL fractions of the procedure were collected in a 20 mL
LS vial containing 15 mL of Ecolite LS cocktail. Rapid recovery of
ZTNp was performed in 9 M HCI. Subsequent recovery of **Pa was
performed by passing 30 mL 1 M HCI over the column
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(50 mL each) to complete the purification of extracted
233pa [16]. Our new approach results in a maximum vol-
ume of 60 mL HCI residue and no radioactive liquid or-
ganic solvent waste. We anticipate future refinements will
lead to further reduction of the total acid volume required.

Improved safety and efficiency (removal of HF
and sulfuric acid; H,SO,)

All previous approaches to 2*’Np/***Pa separation (to our
knowledge) include the use of HF or H,SO, for separation
and isolation of ***Pa and **’Np [16, 24]—and prevention
of Pa hydrolysis through the separation procedure [31]. The
use of these reagents not only adds significantly to poten-
tially hazardous radioactive mixed waste, but also requires
additional steps to remove F~ and SOj~ for subsequent
source preparation and radioactivity measurements [6, 15].
Our new approach eliminates the need for F~ and SO%’. At
the tracer concentrations used for this study, we observed
no evidence of irreversible Pa hydrolysis.

Improved efficiency

Column chromatography as a whole has greatly simplified
and reduced the hands-on time for chemical separations,
relative to liquid-liquid extractions. While previous liquid—
liquid extraction procedures require approximately 5 h of
technician-hands-on attention, our new approach with this
extraction chromatographic resin containing 1-octanol as
the extractant allows separation and isolation of radio-
chemically-pure fractions of **’Np and ***Pa in less than an
hour.

Isolation of neptunium

The Np fraction was isolated (n = 3) in outstanding purity
with excellent recovery for future preparations of ***Pa
tracer solution. This fraction is collected in 9 M HCI,
which is convenient for future Np storage and can be easily
converted to other desired chemical matrices for other
applications [32]. While previous studies hypothesized that
primary alcohols may represent an adsorption nucleation
site for Np(VI), this study finds no evidence of Np retention
on the column, resulting in an effective radiochemical
separation from Pa(V) in a system containing the primary
alcohol, 1-octanol, thus suggesting that Np is maintained in
the pentavalent oxidation state. Evaluation by gamma
spectrometry demonstrated excellent radiochemical purity
with the absence of ***Pa gamma-ray emission peaks
(311.9, 300.1, 340.5 keV and X-rays; kop, and kPp,;
Fig. 3). Based on these analyses, the radiochemical purity
of 237Np was calculated to be 99 + 2 %, where the
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uncertainty is primarily attributed to low counts in the
*33pa ROI’s with activities at or below the detection limit
(~2.4 mBq). Importantly, the radiometric purity of a
#"Np source begins to decrease rapidly (~2 % per day)
with the ingrowth of ***Pa, daughter of **’Np. From an
elemental mass perspective, although the radiometric pu-
rity of the *’Np solution decreases due to daughter in-
growth, the atomic (mass) purity will remain essentially
100 % **"Np, due to the short half-life of ***Pa. However,
routine removal of **Pa is an important consideration for
Np research because it will minimize overall radiation
exposure to the researcher by reducing the gross beta ac-
tivity and removing relatively high-energy ***Pa gamma
rays.

The radiochemical yield of »’Np was determined by
alpha spectrometry using cerium hydroxide micro-pre-
cipitated sources. We observed that quantitative co-pre-
cipitation of Np was ensured through redox control by
addition of H,O, due to reduction of the soluble Np(V) to
the insoluble Np(IV) form [33, 34]. While in aqueous so-
lution Np(V) is the most stable oxidation state, it will not
be incorporated into the cerium hydroxide micropre-
cipitation, so Np(V) must be reduced. Previous research
demonstrates that Np(V) can be reduced to Np(IV) with the
addition of excess H,O, [2, 35]. Thus, excellent radio-
chemical yields for **’Np (92 % =+ 3) were achieved based
analysis of alpha spectra (4.7 MeV peak; Fig. 4; Tables 1,
2) and losses could be attributed the micro-precipitation
step rather than column elution step.

Isolation of protactinium

Following the isolation of the **’Np parent material in 9 M
HCI, in which 233pg s strongly retained on the column,
233pa (n = 3) was recovered with near quantitative radio-
chemical yield by elution with 30 mL of 1 M HCI (Fig. 1).
While the behavior of Pa under these conditions afforded
excellent separation from Np, the chemical form of the
extraction Pa species into 1-octanol is not well understood
[17]. Previous investigations have identified the pre-
dominant species of Pa and Np under the conditions of our
separations protocol as existing in the pentavalent oxida-
tion state, and it has been generally believed that the be-
havior of these elements is similar [36]. Although it is well
understood that Np(V) in aqueous conditions forms the
linear dioxo-neptunyl cation, NPOQL [2, 37], less is known
about the molecular features of the Pa complex in solution.
It was hypothesized, and recently demonstrated, that Pa
forms a linear mono oxo-protactinyl moiety [31, 37, 38].
The extracted species of Pa, in concentrations of
[HCI] >4 M, are suspected to be PaCI;_, PaClé‘,

PaOCI}~, Pa(OH)OCIZ~, PaOCI:™, but no dominant
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Fig. 3 High-purity germanium gamma-ray spectra of the a stock
solution, b 237Np fraction, ¢ and ***Pa fraction analyzed following the
separation, to assess the purity of *’Np and the yield of **Pa. The
purity of the 237Np was assessed in the regions 300.1, 311.9, and
340.5 keV and was determined to be 99 & 2 %. The yield of ***Pa
was determined from the 311.9 keV region and was determined to be

A Neptunium Fraction B Protactinium Fraction
8192 32
24 hr 100 hr
14 Bq **’Np 1 0.005 Bq **’Np
6144 24
ZKTNP
27Np
4096 \
2048
0
4 6

Energy (MeV)

Fig. 4 Alpha spectra obtained from cerium hydroxide precipitated
sources used to determine the yield of 237Np and purity of 233py,
a 2"Np alpha spectra which was counted for 24 h, the radiochemical
recovery was 92 + 3 %, as seen in the region of interest at 4.78 MeV.
b Alpha spectra of the ?**Pa counted for 100 h. The integrated count
rate of >*’Np region of interest (4.78 MeV) results in a radiochemical
purity of 100 £ 0.2 % for ***Pa. A peak identified as ***Pu
(5.49 MeV) is expected according to the certificate provided by the
manufacturer of the **’Np standard and represents approximately
0.5 mBq

species has been empirically agreed upon [2, 31, 39, 40].
To quantitatively desorb Pa from the stationary phase, the
[HCI] is diluted to 1 M, and the resulting Pa species is
likely to be PAOOH>" [2].

99 £ 1 %. All peaks on the spectra were identified and related to
237Np and >**Pa gamma and X-ray emission except for two peaks,
which were associated with natural ambient background emissions
(i.e. found in blank counts of a standard of the same geometry and
count time)

Table 2 Alpha and gamma spectroscopy results of recovered frac-

tions of **Pa and **’Np the using 1-octanol resin

Radionuclide Radiochemical yield®* (%) Purityb (%)
Protactinium 9 +1 100 + 0.2
Neptunium 92 +£3 99 £ 2

Radiochemical yield for Np and purity of Pa were determined via
alpha spectrometry. Radiochemical yield of Pa and purity of Np were
determined via gamma spectroscopy

* Radiochemical yields determined by alpha or gamma spectroscopy
were obtained by the average (n = 3) integrated count rate of the
analyte corrected for detector efficiency and divided by the total ac-
tivity added

® Purity was determined by alpha or gamma spectroscopy were ob-
tained by the average (n = 3) integrated count rate of the interfering
radionuclide corrected for detector efficiency and divided by the total
activity added subtracted from 100 %

In addition to the lack of information regarding the
dominate Pa(V) species, the exact mechanism for the ex-
traction is unclear. Previous studies hypothesized that the
interactions between Pa and the extractant are mainly
electrostatic, as the highly acidic environment forms a
protonated alcohol, [HROH™],,, and anionic Pa complex
[13]. However, electrostatic interactions alone do not suf-
ficiently describe the selectivity to Pa over Np, because Np
is also expected to form anionic complexes in 9 M HCI [2].
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Future studies in our laboratory seek to identify the specific
differences in speciation that allow for the selective ex-
traction of Pa over Np with 1-octanol.

The radiochemical yield for 233pa was 99 + 1 %, de-
termined by HPGe gamma spectroscopy based on the
gamma emission at 311.9 keV (Fig. 3). Each fraction was
decay corrected based on the time elapsed from Pa elution
to start of gamma spectral collection. Radiochemical purity
of ***Pa was determined from a 100-h count of a cerium
hydroxide micro-precipitated source by alpha spec-
trometry. Radiochemical purity of the **Pa sources was
determined to be 100 + 0.2 %. Nearly quantitative isola-
tion from **’Np parent material was achieved, with
~5 mBq (count rate <0.002 counts/s) of the 14.5 Bq
*'Np added (0.03 %) to the solution were identified by
alpha particle emission on the ***Pa (Fig. 4; Table 2).
While this separation factor approaches the limitations of
extraction chromatographic resins, additional steps can be
taken to further purify ***Pa if necessary. These include:
(1) passing the solution through the 1-octanol column ad-
ditional times until the desired purity is achieved; (2) ap-
plication of the cerium hydroxide micro-precipitation step
without the addition of an oxidizing agent, which would
exclude precipitation of **’Np, which does not form a
cerium hydroxide micro-precipitation as Np(V); and (3) the
use of multiple-smaller-increment elution volumes to im-
prove the overall removal of Np (i.e. 6 rinses of 5 mL 9 M
HCI vs. 1 rinse of 30 mL).

Conclusions

A novel approach to efficient separation and isolation of
Np and Pa into radiochemically-pure fractions, using a new
chromatographic resin material has been described. The
approach takes advantage of highly-selective adsorption of
Pa to primary-aliphatic alcohols in HCl media using a
solid-phase chromatography resin-based material with
1-octanol as the extractant. The material can be produced
easily in-house (at low cost) and our observations suggest
that the material shelf-life exceeds 1 year without apparent
degradation (stored at room temperature under typical
laboratory conditions). The new approach significantly
reduces waste (e.g. acid, organic, radioactive, and mixed)
produced during the separation and isolation of **Pa and
237Np and eliminates the need for HF and H,SO,. The
method reproducibly (n = 3) isolated ***Pa tracer with a
yield of 99 + 1 % (radiochemical purity 100 %) and en-
abled chemical recovery of **’Np parent material of
92 + 3 % (purity >99 %) for future ***Pa tracer prepara-
tions. It is anticipated that the procedure could be adjusted
to meet more stringent criteria for purity and yield of Pa
and Np.
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