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Abstract

A novel method has been developed for the simultaneous determination of difficult-to-measure (DTM) nuclides Bzr. 237Np,
232Th, °Th and ??®Th using a DGA resin® (containing N,N,N’,N'-tetra-n-octyl-diglycolamide) column for simultaneous
separation of Zr and actinides followed by purification of Zr, Np and Th on a TEVA resin® (containing Aliquat 336) column.
Samples are destroyed by fusion with sodium hydroxide or by acid destruction using HNO;, HCI and HF. Pre-concentration
procedure tailored to the extraction chromatography is based on co-precipitation of Zr and actinides and removal of alumina,
silica, iron and calcium. The concentrations of **Zr, **’Np and Th nuclides are determined by ICP-MS and a spectrometry,
respectively. High chemical recoveries (>73%) and separation factors were obtained for Zr, Np and Th both in evaporation
concentrates of an NPP and various samples of mineral origin such as soil and concrete. The procedure can be easily com-
bined with the simultaneous separation of other actinides (Pu, Am, U) using the same DGA column that has been described
in our previous papers (Cassette et al. in Appl Radiat Isot 68:122—-130, 2010 and Groska et al. in J Radioanal Nucl Chem

309(3):1145-1158, 2016).
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Introduction

Zirconium-93, 2*’Np, and natural isotopes of thorium (***Th,
230Th, 228Th) are regarded as difficult-to-measure (DTM)
radionuclides due to the low emission of gamma radiation
and their long half-lives.

Zirconium-93 is a long-lived (half-life of 1.61(6)*106-y),
pure beta emitting nuclide. It is a fission product and activa-
tion product of zirconium used as fuel cladding material in
pressurized water reactors. In nuclear waste after approxi-
mately 10° years, *Zr will be the second largest contribu-
tor to fission product activity [1]. Because of the long-term
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safety concerns of nuclear waste disposal, analysis of **Zr
is important. Neptunium-237 is also a long-lived (half-
life of 2.144(7)*10%y) nuclide decaying by alpha particle
emission. It is a transmutation product in nuclear reactors,
and an extinct natural radionuclide. Due to its high mobil-
ity it represents a higher safety issue in the environment of
nuclear facilities. >*Th (t,, = 1.9126(9)-y) belongs to the
natural decay series of %2Th (t,,, = 1.402(6)*10'%-y), while
20Th (t,,=7.538(30)*10*y) is a member of the **U decay
series. They are long-lived alpha emitting radionuclides that
are present as primordial radionuclides in the environment.
232Th, via the production of the fissile material 233U, is the
raw material of the Th based nuclear fuel cycle. 2*°Th is an
important nuclide in geological age determination measur-
ing the **U/*°Th ratio. As DTM nuclides their determina-
tion is important both in waste of thorium based fuel cycle
and in the environment.

One of the questions that might arise about our concept is
the unusual combination of the analytes. Why do we try to
combine the determination of these different radionuclides
of Zr, Np and Th? Besides the mutual interest to determine
DTM nuclides in the nuclear fuel cycle the basic reason
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is the chemical similarity among Zr belonging to the IVB
group of the periodic chart, and the tetravalent actinides,
namely Th and Np(IV). Although Np exists in various oxi-
dation states from IV to VI it is easily turned to tetravalent
form in reducing media. In our laboratory two combined
methods for the simultaneous determination of actinides
(Pu, Am—Cm and U isotopes) have been developed, one for
the analysis of radioactive waste [2] and one for mineral
samples [3]. We planned to extend the procedures for other
actinides (Th, Np), and because of the chemical similarity
it was evident to include Zr in the separation scheme. Thus
an improved method for the analysis of all major and minor
actinides and for **Zr could be obtained allowing the pro-
cessing of samples with single sample destruction.

A great variety of procedures for the selective separa-
tion of major and minor actinides (Pu, U, Th, Np, Am and
Cm) and their determination by o spectrometry (AS) or mass
spectrometry (MS) have been described in the literature that
was summarized in the book by Lehto J. and Hou X. [4]. We
have also made a compilation about the references on alpha
spectrometry including actinides separations [5].

In our actinide procedure [2], a single extraction chro-
matographic resin, the DGA containing N,N,N’,N'-tetra-
n-octyldiglycol-amide on an inert support [6] was used to
retain all actinides from 4 M HCI under reducing conditions.
Uranium, Th, Pu and Am—Cm were eluted sequentially after
on-column oxidation state adjustments with diluted acids,
using complexing agent and changing the temperature of
the column and the eluent composition. In the chromato-
graphic separation of model solution high recoveries (above
85%) were obtained without significant cross-contamination
(below 5%). The method was successfully applied for the
analysis of radioactive waste samples up to 100 mL. Ura-
nium, Pu and Am—Cm alpha sources were counted by alpha
spectrometry. It was assumed that in the procedure Th,
Np(IV) and Zr behaved similarly and were stripped together.

By improving the procedure a novel method for the analy-
sis of U, Pu, Am nuclides in environmental samples (soil and
sediment) has been obtained [3]. Samples were decomposed
by fusion and 3 precipitation steps (a mixed hydroxide, a
mixed fluoride and a sub-stoichiometric Mg—Ca hydroxide)
were included to remove Si, excess of Fe and Ca before
the chromatographic separation with DGA. The combined
method has been successfully tested for U, Pu, Am nuclides
in a set of standard reference materials. The method failed
when Th was to be determined.

The aim of the present work was to extend the procedure
for the separation of Zr, Th and Np from other actinides and
sample components and allow their separation from each
other to minimize the interferences during measurement.

%Zr can be detected by inductively coupled plasma
mass spectrometry (ICP-MS [7], ICP-MS/MS [8]), lig-
uid scintillation counting (LSC [7]) and accelerator mass
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spectrometry (AMS [9]). We planned to detect **Zr by
ICP-MS that seemed to be faster, more sensitive and more
selective against other radionuclides than LSC. The major
interferences in ICP-MS measurements are the isobaric *>Nb
(natural abundance is 100%) and stable Zr (containing **Zr,
947r) due to abundance sensitivity. Small amount of radio-
active *Mo in nuclear samples will also cause interference.
Therefore chemical separation has to remove Nb and Mo
efficiently [10]. We did not consider the use of LSC because
we wanted to apply *Zr yield tracer. 2’Np can be detected
by alpha spectrometry and ICP-MS. We selected ICP-MS
to increase sensitivity. We planned to use >*’Np as gamma
emitting yield tracer. In this case, chemical separation should
provide excellent separation of U to reduce abundance sen-
sitivity due to 2*®U (nat. abundance in U is 99%). 2**Th
and 2*°Th can be well detected by ICP-MS, and by alpha
spectrometry. Because 2*®Th can also be detected by alpha
spectrometry this was the method of choice. In this case
chemical separation is responsible for removal of matrix and
especially Zr to obtain “infinitely” thin alpha source (typi-
cally, source thickness should be less than 100 pm).

Separation possibilities of Zr by various extraction chro-
matographic resins have been studied by a couple of scien-
tists. Traditionally cation and anion exchange resins have
been applied, but we favored extraction chromatographic
procedures for higher selectivity and speed. Extremely high
distribution ratios (D, > 10*) for Zr were measured on Zr
resin (containing hydroxamate) in a wide range of HCI and
HNO; concentrations, but Nb was retained similarly strong
not offering a simple effective Zr/Nb separation (NPL)
[11-13]. A procedure was proposed by Russell et al. [13]
for the separation of Zr/Nb using 0.01-0.1 M oxalic acid but
the conditions have not been optimized.

Very high distribution ratios (D,, > 10*) for Zr were meas-
ured on DGA resin from HCI (> 1 M) and HNO; (>0.01 M)
of a wide range of acidity according to Pourmand et al. [14]
and a simple Nb separation option was foreseen by changing
the acidities.

D,, values of Zr on TRU resin (containing carbamoyl-
methylphosphine oxide and t-butyl phosphate) [15] from
concentrated HNO; (> 5 M) are also above 10* while those
of Nb are about two orders magnitude lower offering a sepa-
ration possibility according to the measurements of Russell
etal. [13].

Oliveira et al. [16] retained Zr on TRU resin from 4 M
HCI and eluted with 2 M HCI and TEVA resin from 9 M
HCI and eluted with deionized water. Niobium decontamina-
tion factors for the whole separation process were ~99% for
both TRU and TEVA. Shimada et al. [17] also separated Zr
from radioactive waste on TRU resin.

It is well known from the historic times on that one of
the major interferences in the PUREX uranium, plutonium
reprocessing is Zr that is well retained on TBP in a wide
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range of HNOj; concentrations [18]. The same process takes
place on TBP resin although the D,, values are relatively
small (between 10% and 10°) when HNO, concentration
increases from 1 to 16 M and at the highest concentrations
Nb is about an order of magnitude less stronger retained
(D,, is about 10?) as it was measured by Russell et al. [13].

UTEVA resin (containing dipentylpentyl phosphonate)
[19] can also retain Zr both from concentrated HNO; and
HCL. D,, values for Zr and Nb were determined from HCI
solutions by Radchenko et al. [19]. They measured D, > 10?
in HCI solutions of higher than 6 M, and found that Nb was
even more strongly retained. According to equilibrium stud-
ies of Russell et al. the D, values of Zr on UTEVA from HCI
solutions (> 8 M) are also about 103 [13]. We used to deter-
mine **Zr in radioactive waste retaining it from 8 M HNO,
or 9 M HCl and stripping it with 4 M HCI [20]. After a dou-
ble step separation procedure using two UTEVA columns
an average Zr recovery of 65% and a Nb decontamination
factor of 10* could be achieved from 50—-100 mL evapora-
tion concentrates.

The most frequently used resins for Zr retention were
anion exchange resins and their extraction chromatographic
analogue, the TEVA resin (containing the quaterner amine
Aliquat® 336 [21]). Distribution ratios of Zr and Nb on
TEVA from HCI solutions were measured by Russell et al.
[13]. D, values of Zr are fairly low up to a HCI concen-
tration of 10 M, then it rises to > 10%. Niobium is much
stronger retained on TEVA, D,, values are higher than 10°
between 7 and 11 M acidity, therefore a Zr/Nb separation
using TEVA from HCI solutions is very promising. Several
authors developed methods for the separation of Zr from
HCl solutions for various purposes such as geological stud-
ies (Ulfbeck et al. [22]), radioactive waste and nuclear mate-
rial analysis (Oliveira et al. [16] Petrov et al. [23], Shimada
and Kameo [17]), application in radiobiology (Radchenko
[20]). Remenec et al. [24] studied the retention behavior of
Zr and Nb from other solutions (HF, oxalic acid, sulfuric
acid) forming strong complexes with Zr and/or Nb. They
found that Zr is retained on TEVA from low concentrations
of HF (< 0.5 M), sulfuric acid (<0.25 M) or oxalic acid
(<0.25 M) but these media do not favor a Zr/Nb separation.
They performed Zr/Nb separation in a two-step procedure
using a cation exchanger for pre-concentration followed by
separation on TEVA from 0.5 M HF solution.

Whatever method is selected the separation of Zr, Np and
Th is challenging due to special chemical properties of these
analytes, i.e. strong tendency for hydrolysis and complex
formation. Especially zirconium but to lesser extent Th and
Np(IV) are easily hydrolyzed and form sparingly soluble
hydroxides and oxides. In low acid concentrations ionic
species are not stable. In case of Zr the stability is assured
when HCI concentration is>4 M. At lower concentrations
Zr easily adsorbs on the walls of glass beakers. On the other

side it is known that most glass types contain Zr as additives
responsible for glass hardness and stable Zr can leak from
glass into acids interfering with the analysis of stable or
radioactive Zr. Furthermore Zr (and to lesser extent Th and
NpV)) is known to form very stable fluoride complexes,
especially in trace concentrations or carrier free form. This
is revealed by the strong adsorption of Zr on Teflon surfaces.
Determination of Zr and Th nuclides especially in mineral
matrices requires complete sample destruction that hardly
can be performed by simple acid destruction. Besides HNO;
and HCI the use of HF is unavoidable. Alkaline fusion is a
more efficient option for destruction, but evidently the use
of Zr crucibles is forbidden. After complete sample destruc-
tion a certain amount of fluoride is always present in sample
solutions (as a residue of HF reagent or an added HF stabi-
lizer) that is bound to Zr as a complex. A small amount of
F~ will stabilize dissolved Zr, Th and Np(IV) but the chemi-
cal separations have to be optimized taken into account the
effect of the fluorides.

We planned to perform a two-step procedure where Zr,
Th and Np(IV) are separated from the matrix and other acti-
nides on a DGA resin extending our present procedure for
actinides followed by the separation of Zr, Th and Np(IV)
individually using a TEVA resin.

Keeping the special properties of Zr, Th and Np(IV) in
mind we planned to determine experimentally their D, val-
ues both on DGA and TEVA resins from HCl and HNO,
solutions by batch uptake experiments. Then column separa-
tions are to be performed to optimize the chromatographic
conditions on both resins. The method is to be tested by
analyzing a set of radioactive waste samples spiked with
chemical yield tracers. In order to adopt the method for min-
eral samples the pre-concentration steps (mixed hydroxide,
mixed fluoride and sub-stoichiometric Mg—Ca-hydroxide)
are to be tested under model conditions. Finally, the method
is to be tested with standard reference materials (IAEA-
SRM-375, IAEA-SRM-326) and mineral samples (concrete,
marl). Performance parameters of the two methods (chemi-
cal recoveries, decontamination factors, detection limits) are
to be presented.

Experimental
Preparation of radioactive tracers

Carrier-free mixture of *>Zr->>Nb and **’Np tracers was pro-
duced by neutron irradiation of natural uranium. *>Zr-Nb
is obtained from thermal neutron fission of 2**U while **Np
is obtained from neutron absorption of >*3U. After 10 min
long irradiation of about 5 mg uranyl nitrate in the Budapest
Research Reactor (thermal neutron flux: 2x 10 ncm™2s™)
the sample was dissolved in 5-10 mL 10 M HCl and loaded

@ Springer



3642

Journal of Radioanalytical and Nuclear Chemistry (2024) 333:3639-3653

on a UTEVA column. The column was washed with 20 mL
9 M HCI, and Zr—Nb—Np fraction was stripped with 20 mL
4 M HCI. The strip solution was acidified to 9 M by addi-
tion of 12 M HCI and it was purified by repeating the same
procedure on a 2nd UTEVA column. The tracer solution was
stabilized with traces of HF. *>Zr->>Nb and >*’Np activities
were determined by gamma spectrometry. Aliquots of this
solution were used as radioactive tracers in the tests and
during analysis of real samples.

Batch uptake experiments to determine D, values
on DGA and TEVA resins

50-100 mg of DGA resin (50-100 um particle size) or
TEVA resin (50-100 um particle size) were contacted with
1.5 mL of a load solution spiked with known activities of
the radiotracers, i.e. 2Zr, ®>Nb, 239Np in PE centrifuge tubes.
Solutions contained various concentrations of reagents, i.e.
Fe** (60-70 ppm), Zr** (0-100 ppm), HF traces, H;BO,
(150 ppm).

Samples were shaken for 60 min in a shaker, then settled
for 10 min and the phases were separated with a 0.45 um
pore size Nylon syringe filter. Experiments were performed
at room temperature (not controlled). The separated liquid
phase was counted against standard samples by gamma
spectrometer. The distribution coefficient D, was calculated
using the following equation:

(Ag=As)
D,=-———es (1)
w(As/V)
where A, and A, are the aqueous phase activity before and
after equilibration, w is the weight of the resin in grams, and
V is the volume of the aqueous phase in mL (see in refer-
ence [6]).

Elution tests to optimize separations on TEVA resin

Column elution tests were performed with spiked samples
on TEVA columns (length 40 mm, inner diameter 7 mm).
Load sample contained the mixed **Zr->>Nb and **Np trac-
ers the activities of which were measured in each fraction
and the load by gamma spectrometry. The following elution
protocol was used:

Condition: 10 mL 12 M HCl

Load: 17 mL 11 M HCI containing 0.1-0.5 g Mohr-salt
(Fe.**), 20 L 70% N,H,

Rinse: 10 mL 12 M HCI

Zr strip: 10 mL § M HCl/ 10 mM HF

Rinse (R): 5 mL 8 M HCI/10 mM HF

Np strip: 5 mL 4 M HCl

Nb strip: 10 mL 7 M HNO;
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Mo strip: 20 mL 1 M HCl

The test was repeated with 2*Th spike (instead of the
mixed **Zr->>Nb and 2*Np tracer) that was counted by LSC.
The test was repeated with stable Nb and Mo of 0.2 mg each
(instead of the mixed *>Zr-">Nb and 239Np tracer) that were
measured by ICP-MS.

From the measured amounts of tracers or carriers the %
eluted fraction was calculated and plotted as elution chroma-
tograms. From these measurements decontamination factors
were calculated.

Tests to co-precipitate Zr and Np and load them
on DGA in presence of HF

Co-precipitation with mixed fluoride precipitate

100 mg CaCl,-2H,0O (about 25 mg Ca) and 100 mg
Fe(NOj3);-9H,0 were dissolved in 20 mL 1 M HCI and
spiked with the mixed *>Zr->>Nb->**Np tracer. Iron was
reduced with 250 pL. 70% hydrazine (warmed and cooled)
and 5 mL 40% HF were added to make a precipitate. The
precipitate was filtered through 0.45 pm pore size (¢ 25 mm)
membrane that was counted by gamma spectrometry, and the
retained percentage of *Zr, >Nb, 2*°Np was calculated. The
test was repeated when 1 g of AI(NO;);-9 H,O (about 75 mg
Al) was added to the test solution.

Co-precipitation with sub-stoichiometric Ca-Mg hydroxide
precipitate

100 mg CaCl,-2H,0 (about 25 mg Ca) and 100 mg
Fe(NO;);-9H,0 (about 15 mg Fe) were dissolved in 20 mL
1 M HNO, and spiked with mixed **Zr->>Nb->*’Np tracer.
Iron was reduced with 250 pL. 70% hydrazine and 62 pL 40%
HF were added in equivalent amount with Ca. Then 1.5 g
MgCl, 6H,0 was dissolved to help sub-stoichiometric pre-
cipitation of Ca whith Mg(OH),. Mg(Ca) hydroxides were
precipitated by adjusting the pH to 6 by the addition of 5 M
NaOH.

Retention on DGA in presence of HF

A load solution of 16 mL 4 M HC1/0.15 M Na,SO; was
prepared from 8 mL 0.5 M HCI by addition of **Zr->Nb
tracer, 200 mg Na,SO; and 8 mL 12 M HCI. HF was added
to the load to 10, 50 and 100 mM concentrations. The stand-
ard DGA column (0.5 g resin) was loaded and washed with
20 mL 4 M HCI and the combined effluent and wash solution
was counted by gamma spectrometry. Yields of Zr and Nb
eluted from the column was calculated.
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Procedure to separate Zr, Th and Np
from radioactive waste and mineral samples (soil,
concrete, marl)

For all processes when heating is required, Teflon beakers
are used to avoid contamination by stable Zr released from
normal glassware. For all processes high purity HF has to
be used to avoid sample contamination with stable Zr. Other
reagents can be simply of analytical grade.

Acid destruction and load preparation from radioactive
waste

Evaporation concentrates from a NPP containing high con-
centrations of H;BO; (> 10 g/L) and NaOH (pH> 11) from a
few mL up to 100 mL were processed. For spiking the waste
samples the purified mixed *Zr, >>Nb, 22°Np tracer of more
than 10 Bq activity each, and a **U/***Th tracer (usually
about 0.1 Bq) were added. If Am and Pu isotopes were to be
determined then the samples were spiked with >**Am and
242py tracers (about 0.1 Bq each).

Destruction of waste samples was done by wet ashing.
The waste sample was evaporated to dryness. Evaporation
was repeated with about 2*30 mL 65% HNO,, 30 mL 65%
HNO; +5 mL 30% H,0,, 30 mL 37% HCI. The residue was
taken up in 0.5 M HCI (up to 100 mL). Samples were filtered
through 0.45 pm pore size membrane. Undissolved residue
was transferred in to a Teflon beaker and evaporated with
2-3 times 10 mL 40% HF and finally with 10 mL 37% HCI.
The residue was taken up in the necessary amount of 0.5 M
HCI and the solution was filtered again through 0.45 um pore
size membrane and combined with the previous filtrate. A
solution of maximum 100 mL was obtained.

To prepare a load solution for the DGA column Na,SO;
(2-3 g per 100 mL 0.5 M HCI sample solution) was added
to the combined warm filtrate. Reduction of Fe content of
the sample was controlled by a Fe(III)-SCN test. If reduction
was not complete an extra 1 g of Na,SO; was added and the
test was repeated. When reduction was complete the solution
was cooled and 37% HCI was added to it to make it 4 M for
HCIL. If boric acid crystals appeared in the solution it was
further diluted with 4 M HCI as long as the crystals dis-
solved. The solution was loaded on the DGA column without
any pre-concentration, e.g. by precipitation.

Fusion, pre-concentration and load preparation
from mineral samples

Fusion with NaOH, dissolution of the melt A few grams of
NaOH flakes are melted at the bottom of a 100 mL nickel
crucible. Then 4-5 g of dry, incinerated soil or other min-
eral sample are weighted in a nickel crucible. It is recom-
mended to use ash to avoid foaming during fusion. Sample

amount should be selected according to the Zr content not
to overload the columns. The same spikes like in case of
radioactive wastes (see 2.5.1) are added in small droplets on
the top of the sample and the liquid is evaporated under IR
lamp. NaOH flakes are layered on the top (altogether 30 g
are used) and the crucible is placed in an ashing oven. The
temperature is raised slowly (during about 1 h) up to 550 °C.
At this temperature the fusion takes 1 h. Then the crucible is
taken from the oven and the sample is cooled.

The solidified melt is dissolved with five 150 mL portions
of distilled water that are transferred to 1 L Teflon beaker.
The slurry is heated to boiling on a hot plate while stirring
intensively. The crucible is rinsed twice with 5 mL 37% HCI
and the solution is added carefully to the NaOH solution.

Co-precipitation with mixed (ferrous) hydroxides, dissolu-
tion of the mixed precipitates 3 mL of 70% hydrazine and
1 g of Mohr’s salt (Fe(NH,),(SO,),:6H,0) dissolved in
20 mL water are added to the solution to obtain in situ fer-
rous hydroxide precipitate that can co-precipitate all acti-
nides including uranium. The solution is boiled and stirred
for an hour, then cooled in water bath to let the precipitate
settle. The precipitate is filtered through a polyethersulfone
membrane of 0.45 pm pore size and 40 mm diameter. The
precipitate is washed with 100 mL 1 M NaOH. The pre-
cipitate is transferred from the filter funnel into the original
beaker with about 30 mL 37% HCI that is evaporated to dry-
ness. The residue is taken up with 100 mL 1 M HCL It is
heated and stirred.

Co-precipitation using mixed fluorides, dissolution
of the precipitate About 2 mL 70% hydrazine are added to
reduce iron. If necessary further 1 mL portions of hydra-
zine and 25% NHj; are added to complete the reduction of
iron indicated by a negative Fe(Ill)-thiocyanate test. 1 g
of CaCl,2H,0 are dissolved then the solution is cooled
to room temperature in water bath and 25 mL 40% HF are
added that is stirred for one hour. Fluoride precipitates are
filtered through a cellulose nitrate membrane of 0.45 pm
pore size and 25 mm diameter (the mass of which was deter-
mined in advance) using a plastic funnel. The precipitate
is washed with 20 mL 1:5 HF and filtered again. The pre-
cipitate is dried under IR lamp until constant weight and its
mass is measured by weighting.

The precipitate is transferred with 45 mL. 3 M HNO; to a
Teflon beaker that contains boric acid. The amount of boric
acid is calculated from the estimated mass of the fluoride
precipitate assuming that the precipitate consists of exclu-
sively CaF,. The mass of boric acid is equimolar compared
to the calculated moles of fluoride.

The sample is heated to boiling for 10 min. Additional
amount of boric acid (up to 1 g) and a few mL of 65% HNO,
may be added if the sample does not seem to be dissolved.
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The solution that might be slightly opaque is diluted with
distilled water to 150 mL (it becomes about 1 M).

Co-precipitation using mixed (calcium-magnesium) hydrox-
ides, dissolution of the precipitate 0.5 g of Fe(NO;);-9H,0
and 2 mL 70% hydrazine are added to the hot solution
that is heated and stirred as long as Fe(Ill) is reduced to
Fe(Il) as indicated by a negative thiocyanate test. If nec-
essary few more drops of hydrazine can be added. 11.25 g
of MgCl,-6H,0 are added and dissolved. The solution is
cooled to room temperature in water bath. The pH of the
solution is adjusted to 6 by the addition of 5 M NaOH when
greenish-brownish colored precipitate is formed. The sus-
pension is stirred for further one hour, then centrifuged and
filtered through cellulose nitrate membrane of 0.45 pm pore
size and 25 mm diameter.

The precipitates are combined and transferred with 20 mL
9 M HCl to a Teflon beaker. About 30 pL 40% HF are added
and the solution is stirred for 15 min. The solution is evapo-
rated to dryness, evaporation is repeated with 2 mL 65%
HNOj; then with 5 mL 37% HCI and with 2 g of H;BO; and
5 mL 37% HCI. The residue is dissolved in 20 mL 1 M HCI,
finally diluted with 20 mL distilled water to obtain 40 mL
0.5 M HCI solution.

Load preparation 1 g of Na,SO; and 0.5 g of Mohr’s salt
are added to the solution to reduce actinides. The solution
is warmed and stirred for 10 min and the reduction of Fe is
checked by a negative thiocyanate test. (The solution is not
necessarily clear during this step.) Further amount of boric
acid might be added to the solution to help dissolution, but
without the appearance of undissolved crystals. The solution
is cooled to room temperature in water bath and 20 mL 37%
HCI are added to adjust acidity to about 4 M. The solution is
filtered through cellulose nitrate membrane of 0.45 pm pore

size and 25 mm diameter. (If filtration is slow centrifuging
may precede the filtration).

Between the strip solutions of U, Th-Np-Zr, Pu and
Am-Cm the column is rinsed, and occasionally oxidation
states of actinides are adjusted to reduce cross-contamina-
tion. These fractions are rejected.

Chromatographic separation of Zr, Th and Np from matrix
on DGA resin column

The chromatographic separation procedure is applied
in the same way for the load solutions obtained by “Acid
destruction and load preparation of radioactive wastes”
and by ,,Fusion, pre-concentration and load preparation of
mineral samples” according to Experimental Sects. “Acid
destruction and load preparation from radioactive waste”
and “Fusion, pre-concentration and load preparation from
mineral samples”, respectively. Typically 60—150 mL of load
solution is processed.

Column preparation: 0.5 g DGA resin® (registered trade
mark of TRISKEM International) of 50-100 pm particle size
was soaked in 4 M HCI for a couple of hours, it was packed
into PE chromatographic column with 7 mm inner diam-
eter. Quartz sand was used for the top bed support against

clogging.

Separation on DGA The column of DGA resin was precon-
ditioned with 10 mL 4 M HCI solution. For temperature
control jacketed columns were prepared by surrounding the
standard PE columns with home-made glass jackets and
circulating water from a standard temperature control unit.
The temperature of the eluents was also controlled using
the water bath system of the same unit. After loading the
column the elution sequence according to Table 1 was fol-
lowed.

Table 1 Loading and elution protocol on DGA column (0.5 g) for chromatographic separation of actinides and Zr

No. Name of fraction Composition Temperature
1 Reductive load: 20-150 mL load solution of 4 M HCl and 0.15 M Na,SO; 25°C

2 Ca removal: 25mL 4 M HCI 25°C

3 Fe removal, oxidation: 10 mL 4 M HNO;, 30°C

4 U(VI) strip: I5mL 0.5 M HNO; 30°C

5 U rinse: 5mL 0.5 M HNO, 30°C

6 Reduction: 15 mL 4 M HC1/0.05 M Fe(II) 30 °C—40 °C
7 Th, Np(IV), Zr strip: 25mL 0.5 M HNO;/0.05 M oxalic acid/0.01 M Fe(II) 40 °C

8 Th, Np, Zr rinse: 5 mL 0.5 M HNO5/0.05 M oxalic acid 40 °C

9 Pu strip: 20 mL 0.5 M HNO;/0.05 M oxalic acid/0.1 M K,S,04 40 °C

10 Pu rinse: 5mL 0.5 M HNO; 40 °C

11 Am strip: 15mL 0.5 M HCI 40 °C
Cleaning: 25 mL 0.5 M HCI/0.1 M HF 40 °C

Bold emphasize thos eluent fractions which contain the analytes
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Chromatographic separation of Zr, Th, Np on TEVA resin
column

Th, Np(IV) and Zr from the common Th, Np(IV), Zr strip
solution are further separated on a TEVA resin column. From
U, Pu, Am strip solutions alpha sources can be prepared
directly (U, Am) or after a simple pre-treatment (Pu) by micro-
co-precipitation according to [1, 2].

Processing of Zr, Np, Th strip solution from DGA The Th,
Np(IV), Zr strip solution is evaporated in a small Teflon beaker
to dryness, then it is repeatedly evaporated to dryness with
2 mL 65% HNO;+1 mL 37% HCI, 2 mL 37% HCI. The resi-
due is taken up with 2 mL 4 M HCI, gently warmed with 20
pL 70% N,H,, then cooled to room temperature. It is diluted
with 15 mL 12 M HCl to obtain about 11 M concentration.

Separation of Zr, Np, Th on TEVA Column preparation: TEVA
resin® (registered trade mark of TRISKEM International) of
50-100 pm particle size was soaked in distilled water, it was
packed into PE chromatographic column with 7 mm inner
diameter up to 40 mm height and covered with quartz sand.

The TEVA column is conditioned with 10 mL 12 M HCI,
then the sample solution is loaded on the column and washed
with 10 mL 12 M HCI. Effluent and rinse are collected to
prepare Th source. Zirconium is stripped with 10 mL 8§ M
HC1/10 mM HF. The column is rinsed with a further 5 mL
8 M HCVl/ 10 mM HF. Finally Np is stripped with S mL 4 M
HCL

Source preparation for alpha spectrometry and ICP-MS

Micro-co-precipitation is used for Th o source preparation
as follows:

The Th strip solution is evaporated to 1-2 mL, than
diluted with 20 mL 0.1 M HCI. A solution containing 50 pg
Nd as Nd(NO;); and 5 mL 40% HF are added. After half
an hour, the micro-precipitate is filtered slowly through a
membrane (e.g., polyethersulfone) of 0.10 pm pore size and
25 mm diameter. Filters are dried under IR lamp.

The Zr and Np strip solutions are collected in special
Teflon beakers that have a conical shape and can be gently
evaporated to a single droplet. The residue is evaporated
once more with a mixture of 1-1 drops of 65% HNO;, 37%
HCI, 40% HF. The residue is taken up with 10 mL 0.1 M
HCI/10 mM HF.

Measurements
Alpha spectrometry (AS)

Passivated Ion Implanted Si detectors (AMETEK, type TU-
019-300-AS) attached to EG&G Ortec 576A dual alpha

spectrometer and EG&G Ortec Ethernim multichannel
analyzer were used to collect alpha spectra. Sources were
measured in evacuated chambers at an approximate source-
detector distance of 5 mm and source diameter of 25 mm.
EG&G Ortec Maestro emulation software was used to evalu-
ate the spectra. Chemical recoveries relative to the activities
of the tracers added and the actinides of the analytes accord-
ing to isotope dilution were calculated.

Gamma spectrometry

HPGe detector (Canberra No.: 7229P) attached to a Can-
berra multichannel analyzer (9615 Amplifier, 9645 HV
supply unit, 9633 ADC and 556 AIM) was used to collect
gamma spectra of *>Zr, > Nb and *’Np tracer. Canberra
Genie-2000 software package was used to evaluate the
spectra. Chemical recoveries relative to the activities of the
tracers added were calculated.

Liquid scintillation counting (LSC)

A Perkin Elmer TriCarb 2800 facility was used to meas-
ure the samples of the column elution test containing 2**Th.
Eluted percentage was calculated against the added activity
of the tracer (A).

Microwave plasma atomic emission spectrometry

(MP-AES): An Agilent MP-AES 4200 spectrometer was
used to measure total Zr in the Zr- and Np-strip solutions,
in order to determine the dilution of samples required for
ICP-MS measurements. Calibration solutions were prepared
from a mono-element standard stock solution.

Inductively coupled plasma mass spectrometry (ICP-MS)

An Agilent Technologies 7500a ICP-MS was used to meas-
ure Zr isotopes (natural and 37r), 23Nb, Mo isotopes and
237Np. Calibration solutions were prepared from mono-
element standard stock solutions of Zr, Nb and Mo and and
237Np. Calibration solutions were prepared with high-purity
water and suprapure HCI. Calibration curve for Zr was
calculated by averaging the sensitivity of **Zr and **Zr.

Results and discussion

A novel chromatographic procedure has been developed at
our laboratory and published recently for the simultaneous
separation of all actinides (U, Th-Np, Pu, Am—Cm) from
radioactive waste [1] and mineral samples [2] using a single
small DGA resin column. The procedure for waste analy-
sis consists of acid destruction including HF destruction of
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the undissolved residue, separation of actinides (U, Pu, Th,
Am-Cm) on a single DGA column where loading solution
obtained from 20—100 mL evaporation concentrate is about
75-150 mL 4 M HCI containing 0.15 M Na,SO; reducing
agent. The species that are retained under these conditions
are U(IV), Pu(Il), Th(IV), Am(IIl). Actinides are sequen-
tially eluted by changing the eluents, their concentrations,
the oxidation states of actinides and forming complexes.
After removal of non-retained elements such as Ca and
Fe, uranium is the first actinide that is stripped with dilute
HNO; (0.5 M). Then Pu is on-column reduced to Pu(III)
with Fe(I), and the tetravalent actinides are stripped selec-
tively with oxalic acid in 0.5 M HNO;. After oxidizing Pu
back to Pu(IV-VI) with the strong oxidizing agent K,S,0y it
is stripped with oxalic acid in 0.5 M HNO;. Am is stripped
at the end with 0.5 M HCI. The exact conditions of the acti-
nide separation are summarized in Table 1. In this procedure
there is no need for pre-concentration of actinides, but it can
be performed by co-precipitation on ferrous hydroxide, thus
reducing the volume of the load down to 20 mL. With this
procedure good chemical recoveries and high decontamina-
tion factors for the whole procedure were obtained (Table 2).

Later we extended the procedure for the determination
of actinides from soil and sediment [2]. To speed up the
long destruction 4-5 g of samples were destroyed with
NaOH fusion. A three-step pre-concentration procedure
was developed to remove the major matrix components, i.e.
silica, excess amount of Al, Fe and Ca. Actinides were pre-
concentrated on i) the mixed hydroxide precipitate obtained
by dissolution of the NaOH melt, ii) mixed fluoride pre-
cipitate formed by addition of HF, iii) sub-stoichiometric
Ca-Mg hydroxide. Conditions of pre-concentration were
optimized. After pre-concentration a load solution was pre-
pared with the same composition as in case of waste samples
(60 mL 4 M HC1/0.15 M Na,SO;) and the same chromato-
graphic procedure was performed followed by alpha source
preparation.

The average recoveries of a model solution on a DGA col-
umn, those of a whole analysis procedure from 20—100 mL

Table2 Average chemical recoveries of actinides obtained by sepa-
rating actinides from model solution, radioactive wastes and environ-
mental (mineral) samples

Chemical recovery, %

model solution on evaporation concen-  soil and sedi-

DGA trate (n=10) ment (n=4)
U 90 84+49 76+12
Pu 96 84+17 74+26
Th 86 nd 14+100
Am 38 87+16 96+4

nd, not determined
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of evaporation concentrate of an NPP and from 4-5 g of soil
and sediment samples are shown in Table 2.

High chemical recoveries were measured for U, Pu and
Am, but the procedure failed when Th was analyzed in envi-
ronmental samples. (In wastes there was no interest to detect
Th isotopes.) We did not know the exact reason for failure,
however, hydrolysis of Th and adsorption on vessel walls
was suspected. Furthermore we realized that the Th strip
solution contained Np and Zr. With this observations our
goal was to improve the present method likely to extend it
for the determination of Th, Np and Zr isotopes.

To understand the theoretical background we decided to
perform batch uptake experiments on DGA resin.

Batch uptake experiments

Although there are a few data on the distribution of Zr and
Nb on DGA (see Introduction), we decided to perform meas-
urements on Zr, Nb and Np under our well defined experi-
mental conditions.

Tests were performed both in HCIl and HNO; media. The
mixed *Zr-"Nb->*Np tracer was used and Zr carrier was
added to represent the expected conditions when mineral
samples which usually contain stable Zr are processed.
Because the tracer solution always contained some HF we
also added boric acid to complex excess F~. Mohr salt was
also added to the load (originally 0.5 M HCI) to reduce Np
to Np(IV), and acidy was adjusted before loading. We did
not measure the D,, values of Th but used published data [5].
Experimental conditions are described in Sect. 1.2. Calcu-
lated results are shown in Table 3.

We repeated a few tests without the addition of stable Zr
and results were not reproducible. We also confirmed that
increasing the HF concentration without H;BO; D, values of
Zr, Np and Nb were reduced and we found that exact D, val-
ues depend on oxidation state adjustment, HF and Zr carrier
concentrations. The basic conclusion of the measurements
is that Th, Np(IV) and Zr are strongly retained (D,,> 1000)
on DGA if HCI concentration is >4 M, or HNO; concentra-
tion is >3 M, and there is chance for good separation of Nb.
Because in our method for actinides separations the load
solution is 4 M HCl this seems a good solution for extension
of the method.

Based on the literature review we planned to separate Th,
Np, Zr from each other on a TEVA column. Therefore we
performed batch uptake experiments similarly with TEVA
resin. Results are summarized in Table 4. We did not meas-
ure the D, values of Th but used published data of Horwitz
et al. [19], and also added published data on Np(IV) reten-
tion by Horwitz et al. [19].

The conclusion can be drawn that Np(IV), Zr as well
as Nb can be retained on TEVA from highly concentrated
HCI (11 M). Zr and Nb are not retained from HNO;.The D,,
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Table 3 Distribution coefficients of Np, Zr, Nb and Th on DGA resin from HCI and HNOj; solutions

D,, values on DGA resin from HCI, mL/g

Conditions in load:
resin mass: 0.05—
0.1g

0.1 M HC1 1 M HCI 4 M HCl1 6.5 M HC1 9 M HCI Load volume: 1.5 mL
Th* 18 32 9700 13.200 14,000 100 ppm Zr carrier
Np(V) 3 10 >2800 >3030 >2300 HF traces
Zr 3 6 1099 1383 1348 150 ppm H;BO;
Nb 6 3 40 599 788 65 ppm Fe?*
D,, values on DGA resin from HNO;, mL/g Conditions in load:
resin mass: 0.05 g
0.1 M HNO, 1 M HNO; 3 M HNO; 8 M HNO, Load volume: 1.5 mL
Th* 700 3700 5800 >10,000 100 ppm Zr carier
Np(V) 4 136 4678 > 14,000 HF traces (20 mM)
Zr <1 22 3564 >19,000 150 ppm H;BO;
Nb <1 <1 3 56 65 ppm Fe?*

*Values estimated based on ref [5] by Horwitz et al.

values of Np(IV) measured by us are lower than those of
Horwitz et al. but the differences in 9 M HCI can be inter-
preted in terms of different conditions. The D, values of Np
from 8 M HNO; differ significantly. Probably the Np(IV)
oxidation state was not attained by the addition of Fe>* that
itself is not stable at higher HNO; concentrations and HF
traces can inversely affect the retention. We planned to per-
form the Th, Np, Zr, Nb separation on TEVA column from
HCI solution. To optimize the conditions column separation
tests were performed as follows.

Elution tests to optimize separations on TEVA resin

To optimize the conditions, column separation tests were
performed. Assuming that the Th—Zr—Np strip solution
from DGA resin contains Nb, and optionally Mo, column
separation tests were performed with >>Zr->>Nb-2**Np
tracer, with 2*°Th spike and Mo and Nb carriers. *>Zr, *>Nb
and 2’Np were measured by gamma spectrometry, 2**Th
was measured by LSC, Mo and Nb carriers were measured
by ICP-MS.

Table 4 Distribution coefficients of Np, Zr, Nb and Th on TEVA resin from HCI and HNO; solutions (nd =not determined)

D,.L/g
0.1 M HCl 1 M HCI1 4 M HCI 9 M HCl 11 M HCI Conditions in
load: resin mass:
0.05-0.1g
Th* <0.1 <0.1 <0.1 <0.1 nd load volume: 1.5 mL
NpIV) 0.6 0.6 0.8 1068 3110 100 ppm Zr carrier
Zr 0.1 0.1 0.1 7 1240 HF traces
Nb 3.6 0.1 17 426 746 150 ppm H;BO;
NpdV)* <1 <1 100 2000 nd 60 ppm Fe?*
D,.L/g
0.1 M HNO; 1 M HNO; 3 M HNO; 8 M HNO;, Conditions in load:
resin mass: 0.05—
0.1g
Th* 1 200 800 560 Load volume: 1.5 mL
Np(V) <1 17 429 869 Zr carrier free
Zr <1 <1 <1 <1 HF traces
Nb <1 <1 <1 <1 H;BO; traces
Np(IV)* <1 4000 10,000 6000 60 ppm Fe>*

*Data measured by Horwitz et al.[19]
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To obtain the possibly highest HCI concentration, the
DGA strip solution was evaporated to dryness. The presence
of Mohr-salt and especially sulfate ions helped to evaporate
Zr-Nb without adsorption on Teflon surfaces. The residue
was taken up in 2 mL 4 M HCI where the reduction of Np
to Np(IV) with hydrazine was possible. By “dilution” with
12 M HCI, finally, a 11 M load solution was prepared. Th
was released in the effluent, Zr was selectively stripped with
8 M HCI/10 mM HF, finally, Np was eluted with 4 M HCI.
The elution chromatograms of Th, Zr, Nb, Np and carrier
Nb, Mo on TEVA column are shown in Figs. 1 and 2.

According to the chromatogram in Fig. 1 with slight
modification of the eluent volumes—an optimized separa-
tion protocol was developed that is described in Sect. 1.5.4.
By increasing the Zr rinse solution to 10 mL, decreasing
the Zr and Np strip solutions to 10 and 5 mL, respectively, a
good separation of Th, Zr and Np was achieved while chemi-
cal recoveries were high (>90%). Nb contaminates the Np
fraction but it does not mean an issue for ICP-MS measure-
ment of Np.

According to the chromatogram in Fig. 2 Np fraction
contains most of Nb (69%) and the so called Nb fraction
contains all Mo with some Nb. It was calculated that the
decontamination factors of Zr from Nb and Mo during the
TEVA separation are about 7000 and 900, respectively.
Chromatographic tests on DGA resin with Nb and Mo were
also performed and decontamination factors of Zr from
Nb and Mo were 4 and 35, respectively. This means a final
decontamination factors for the whole procedure of 28,000
(Nb) and 31,500 (Mo).

Determination of °>Zr, 22’Np and Th isotopes
in radioactive wastes

Based on our previous experience in actinide analysis and
the recent results of the tests a relatively simple and efficient

Elution of Th, Np(IV), Zr
EFF#RINSE: 11M HCI

and Nb from TEVA
2r- 8M HCY10mM HF

t1tt

Fig.1 Elution chromatograms of Th, Zr, Nb and Np on TEVA col-
umn. Load: 15 mL 11M HCI + Rinse: 5 mL 12M HCI, Zr strip:
20 mL 8M HCI/10mM HF, Np strip: 20 mL 4M HCl
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Elution of Mo, Nb in the separation of Th, Zr, Np from TEVA

Effluens: Th Rinse r R Np Nb Mo
100

Nb:

7000

80 DF
60

—&—Nb

% in fraction

900 Mo

Mo:
40

20

‘ e
0 10 20 30 40 50 60 70 80
Volume of eluent, mL

Fig.2 Elution chromatograms of Nb and Mo on TEVA column.
Load: 17 mL 11M HCI, Rinse: 10 mL 12M HCI, Zr strip: 10 mL 8M
HCI/10mM HF, Zr rinse (R): 5 mL 8M HCI/10mM HF, Np strip:
5 mL 4M HCI, Nb strip: 10 mL 7M HNO3, Mo strip: 20 mL 1M HCl

separation scheme was developed for the determination of
937r, 2"Np and Th isotopes in radioactive wastes. The flow-
chart of the procedure is shown in Fig. 3 (left side), the exact
experimental conditions are described in Sect. 1.5.1, 1.5.3
and 1.5.4.

The procedure consists of acid destruction, load prepara-
tion, chromatographic separation on DGA and TEVA col-
umns. Because of the D,, values for all analytes on DGA are
high there is no need for a pre-concentration. Even 150 mL
solution can be loaded on a small (0.5 g) DGA column and
the risk of adsorption losses on precipitates, especially those
of Zr and Nb can be eliminated, thus significantly increasing
the overall chemical recoveries.

Analyzing 10 evaporation concentrates from an NPP
the following improved overall chemical recoveries were
obtained: Zr: 90% +4%; Np: 86% +9%; Th: 73% + 54%.

It has to be mentioned that theoretically the chemical
recoveries of actinides have not been changed from the val-
ues given in the 2nd column of Table 1, but to obtain accu-
rate results for U and Pu isotopes the *>Zr-*>Nb-2**Np tracer
has to be extremely well purified and its purity has to be
checked. Typically 2 step purification with UTEVA resin is
not enough to measure activities below 1 Bq/L.

The detection limit of **Zr in evaporation concentrates
was about 2-3 Bq/L and the limiting factor in the minimum
detectable activity is the stable Zr content of the sample.
In our samples it was about 10-20 ppb. If Zr concentration
is much higher (e.g.> 1 ppm), the ICP-MS sample has to
be diluted by 100 or 1000 times in order to avoid memory
effects and instrument failure. Sample dilution means the
detection limits are also increased by 100 or 1000 times.
Fortunately this is a rare case in waste samples unless Zr
fuel cladding damaged.

The detection limit of 2*’Np in evaporation concentrates
was about 2-5 mBqg/L. In some samples 10 times higher
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SAMPLE
20-100 mL radioactive waste
TRACERS

232U/228T1L 242Pu, 241Am 239Np, ‘)SZr

DESTRUCTION
65% HNOj3, 37% HCI, 30% H,0,_ residue 40% HF

SAMPLE
4- 5 g soil, mineral
TRACERS
23203228y M2py 241 5 BN, 7y

DESTRUCTION: Fusion
30 gNaOH

CO-PRECIPITATION
Mixed (ferrous) hydroxide

Silica gel, Al
—
removal

CO-PRECIPITATION Silica gel, Fe
—>

Mixed (calcium) fluoride removal
CO-PRECIPITATION Ca
. . . . _>
Mixed Fe(IT)-magnesium (calcium) hydroxide removal

LOAD PREPARATION
60-150 mL 4M HCINa,SO;

DGA
05¢g
effluent U Th—NL—Zr Pu Am, Cm
o source o source o source
2381y 2357 234y 239240p, 238p, 21 x40y 24200
TEVA
purification ﬁ(|)m 11M HCI
Th r Np
o source ICP-MS source ICP-MS source
Y spectrometry y spectrometry
ICP-MS ICP-MS
B2y 230qy, 28y 93 237Np

Fig.3 Flowchart of separation of Zr, Np and Th (and other actinides) from radioactive wastes (left side) and mineral samples (right side)

activity concentrations were detected. The detection limit of
23Np determination by ICP-MS was significantly improved
when Np and Zr were separated and there was no need for
dilution of Np containing sources.

The detection limit for the alpha emitting >**Th and **Th
isotopes is 40—-80 mBg/L, but radioactive wastes typically
do not contain Th isotopes, and usually there is no need for
their determination.

Tests to co-precipitate Zr and Np with different
precipitates

To determine the actinides from soil and mineral samples the
procedure for radioactive waste samples had to be modified
(see ref [2]). To speed up the destruction alkaline fusion
with NaOH was performed (see in Sect. 1.5.2). Silica, big-
ger amounts of Fe and Ca present in mineral samples in

contrast to wastes had to be removed before chromatography
on DGA. For that purpose three pre-concentration steps were
included between sample destruction and load preparation
for DGA, i.e. mixed hydroxide precipitate obtained during
dissolution of the fusion cake, mixed fluoride precipitate
to remove Si and mixed Ca-Mg hydroxide to reduce the Ca
amount. We had to test how Zr—Nb and Np (optionally Th)
behave in these precipitation or co-precipitation processes.
Because Th radionuclides are DTM alpha emitters therefore
we focused our tests on gamma emitting Zr, Nb and Np
nuclides.

Mixed hydroxide precipitate
By dissolving the fusion cake with distilled water a strong

basic NaOH solution is formed where Si and Al are in
dissolved form and are removed by filtration from the
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mixed hydroxide precipitate that including ferrous hydrox-
ide responsible for adsorption of all actinides in their
reduced forms (III or IV) as well as Zr and Nb hydroxides
quantitatively.

Mixed fluoride precipitate

Tests were performed with model solutions to check the con-
ditions when Zr and Np are co-precipitated with Ca fluoride.
Model solutions were prepared to simulate the real condition
in a 1:5 scale when mixed fluoride precipitates are formed.
Mixed *Zr-*Nb->*Np tracer was used to spike the solution.
Experimental conditions are described in Sect. 1.4.1, results
are shown in Table 5.

It was confirmed (test 1) that Np and Zr are quantita-
tively co-precipitated with CaF, while Nb remains in the
filtrate as fluoride complex. Good recoveries for Zr and Np
are obtained when the precipitate is formed at room tempera-
ture favoring the formation of microcrystals and during short
contact time (stirring for not longer than 1 h). If the agitation
is longer and done at higher temperature Np oxidation state
is increased and Np losses during co-precipitation occur, at
the same time Nb co-precipitation is increased to spoil Zr/
Nb separation.

It was observed (test 2a) that in presence of Al co-absorp-
tion of Zr is spoilt (recovery is reduced from 97 to 12%).
This effect can be partially compensated by the addition of
more Ca, thus obtaining altogether 69% recovery of Zr (test
2b).

Sub-stoichiometric Ca hydroxide precipitate in presence
of Mg hydroxide

Tests were performed with model solutions to check the con-
ditions when Zr and Np are co-precipitated with Mg(Ca)
hydroxide. Model solutions were prepared to simulate the
real condition in a 1:5 scale. It was also simulated that Ca
in the solution originated from a previous CaF, precipitate,
therefore equivalent amount of F~ was added to the solu-
tion as HF. Mixed *Zr-*>Nb-2*’Np tracer was used to spike
the test solution. Experimental conditions are described in
Sect. 1.4.2, results are shown in Table 6.

From tests 1 it is clear that co-precipitation of Np(IV) and
Zr is limited when free F~ is present in equivalent amount
with Ca. After longer agitation time recoveries become even
poorer (test 1b). High recoveries both for Np and Zr are
obtained when precipitation is formed after boiling the solu-
tion with an excess of H;BO; (4:1 mol ratio) and cooling
down the solution to room temperature before pH adjustment
to 6 (test 2a), and the precipitate is stirred for a short time
(1 h). When agitation time is prolonged to 24 h (test 2c)
recoveries of Np and Zr are reduced to 55 and 14%, respec-
tively, probably to the back-oxidation of Np to Np(V) and
back-extraction of F~ ions from H;BO; to the re-dissolved
Zr.

Retention on DGA in presence of HF

Tests were performed to determine the effect of free F~ ions
on the retention of Zr and Nb on DGA. Test conditions are
described in detail in Sect. 1.4.3 and results are shown in
Table 7.

High retention of Zr on DGA (97%) was obtained when
HF concentration was < 10 mM. Advantageosly, Nb is much
less retained (22%) under the same conditions. When HF
concentration in the load is increased Zr is less retained sim-
ilarly to Nb. The 100 mM HF concentration can be compen-
sated with boiling the load with an excess of H;BO; (5:1 mol
ratio), the retention of Zr becomes 100%, but that of Nb is

Table 6 Co-precipitation of Zr and Np with Mg(Ca) hydroxide

Test H;BO; addition Contact time  Chemical recov-
ery % (unc %)
mg Boiling Np Zr
la 0 - lh 415)  85(5)
1b 0 - 12h 11(6)  46(4)
2a 400 + lh 100(7) 100(3)
2b 400 + 12h 91(5) 914
2c 400 + 24h 55(8)  14(8)

Precipitate is formed from 25 mg Ca and 180 mg Mg in 20 mL 1 M
HNO; by adjusting the pH to 6 with 5 M NaOH. Samples contain
about 15 mg Fe(II) to reduce Np to Np(IV)

Table 5 Co-precipitation of Zr, Nb and Np with CaF, without and with the presence of Al (75 mg) in the solution. Precipitate is formed from
25 mg Ca/20 mL 1 M HCI by the addition of 5 mL 40% HF. Samples contain about 15 mg Fe(II) to reduce Np to Np(IV)

Test Ca Interference Chemical recovery % (unc %)

mg mg Np Zr Nb
1 25 - 81(9) 97(2) 3(13)
2a 25 Al 75 100(17) 12(9) 8(24)
2b +25 Al 75 +57(5) +9(24)

Bold numbersemphasize the final conclusions of the model experiments
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also improved (69%). It is recommended to keep the HF
concentration in the load around 10 mM. Other experiments
also confirmed that by the addition of AICIj; to the load the
effect of F~ ions can also be compensated.

Determination of °>Zr, 22’Np and Th isotopes
in mineral samples

According to the results of the tests (Sect. “Tests to co-
precipitate Zr and Np and load them on DGA in presence
of HF”’) we built up a modified separation scheme that is
adequate for the separation of all actinides and Zr. The pro-
cedure consists of destruction of 4-5 g of soil, sediment or
other mineral samples with NaOH fusion. Actinides and Zr
are pre-concentrated on three precipitates, a mixed hydrox-
ide formed in the dissolution of the fusion cake, a mixed
fluoride formed by the addition of HF, and a sub-stoichio-
metric Mg(Ca) hydroxide (Sect. 1.5.2). The residue is loaded
on a DGA column where U, Th-Zr-Np, Pu and Am-Cm are
consecutively stripped (Sect. 1.5.3). Th, Zr and Np are finely
separated on a TEVA column (Sect. 1.5.4). The whole pro-
cedure is described in Sects. 1.5.2—1.5.4 and the flow chart
is shown in Fig. 3 (right side).

The major modifications to the original procedure for U,
Pu, Am determination [3] in mineral samples that allowed
the separation of Th, Np and Zr are the following:

e For fusion nickel crucible, for chemical treatment Teflon
(plastic) equipment has to be used during the whole pro-
cedure to avoid Zr releases from glassware.

e HF has to be used in many operations to avoid Zr adsorp-
tion on walls. HF should be supra pure to lower Zr con-
tamination. Zr-F complexes can be decomposed with the
addition of boric acid in excess to equimolar amounts and
by boiling in acid solution. (Aluminum salts can play
similar role in the processes.)

e Mineral samples have to be decomposed by NaOH fusion
where aluminum and silica are removed by dissolution

Table 7 Retention of Zr and Nb on DGA column (0.5 g) in presence
of HF in the load solution of 16 mL 4 M HCI/0.15 M Na,SO;, col-
umns were rinsed with 20 mL 4 M HCl

Test HFconc Load Effluent + wash

in Load Chemical recovery

% (unc %)

mM Treatment condition Zr% Nb%

10 - 3(26) 78(8)
2 50 - 87(4) 100(6)
3 100 - 100(6) 98(6)
3b 100 500 mg H;BO; boil, 15m  LD=2%  31(12)

Bold emphasize the final conclusions of the model experiments

of the fusion cake, otherwise Al would interfere with
fluoride co-precipitation of Zr.

e Co-precipitation with mixed fluorides will remove not
only Si but Al remains. It has to be performed from cold
solution with max one hour of agitation in the absence
of Al. Small amount of Al can be compensated with the
addition of more Ca. It is evident that the procedure will
not work when Al is not removed like in case of acid
destruction. Fluoride precipitate must be dried in order
to remove excess HF.

e Co-precipitation with sub-stoichiometric Mg(Ca) hydrox-
ide has to be performed from cold solution with max
one hour of agitation in the absence of F~ ions. Fluoride
ions are bound as B-F complexes by addition of excess
H;BO,.

e Strong retention on DGA column is assured if F~ ions
are complexed with addition of excess H;BO; to the 4 M
HC1/0.15 M Na,SO; load solution.

e Th, Zr, Np are separated from each other and Zr is sepa-
rated from Nb and Mo on a TEVA column where sample
is loaded from 11 M HCI, Th gets in the effluent and
rinse, Zr is stripped with 8 M HC1/10 mM HF, Np is
stripped with 4 M HCl.

e Th isotopes are measured by alpha spectrometry, while
937r and 2"Np are measured by ICP-MS.

The novel procedure has been tested/applied by the
measurement of two standard reference materials; i.e.,
IAEA-SRM-326 and IAEA-SRM-375 and a standard marl
(CT CEB 2297-80) sample and a common concrete (can-
didate material for application in decommissioning). Good
chemical recoveries were obtained for Th, Zr and Np for the
whole procedure starting from 4 g of dry material or ash:
Th: 97% +6%; Zr: 78% + 13%; Np: 79% +20%.

Results of Th analysis obtained by alpha spectrometry are
summarized in Table 8. Unfortunately, reference values are
only available for 2?Th and *°Th in the two SRM materials.

Acceptable results were obtained in the reference materi-
als for Th isotopes. Relative bias of the results are < 12%,
z-score values are <2.1. Z-score criteria is <2.

Results of 2’Np and **Zr analyses are summarized in
Table 9.

Amounts/activities of 2*’Np, *Zr were determined by
ICP-MS and all the measured values were below detection
limits (LD). Detection limits for 2*’Np are acceptably low
(below 1 Bg/kg), but the LD values of **Zr are high and the
reason for these high values is that the stable Zr content
of the samples was high (up to 390 ppm) and the samples
had to be diluted 500-1000 times before measurement thus
increasing the LD values by 500-1000 times, as well. The
measured stable Zr content and also the reference values are
shown in the table. The good agreement confirms that the
chemical separation worked very well for Zr. The abundance
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Table§ Results of **Th, **Th Nuclide Measured values Reference values Bias Z score
analysis and reference values
Act. conc c LD Act. conc c
Bqg/kg dry Bqg/kg dry Bq/kg dry Bq/kg dry Bq/kg dry %
TAEA-SRM-375 soil
22Th 19.9 0.6 0.04 20.7 0.6 3.7 0.9
230Th 26.0 0.7 0.04
TAEA-SRM-326 soil
22Th 43.5 2.5 0.08 39.4 0.04 9 1.6
20Th 38.9 23 0.08 34.1 0.03 12 2.1
CT CEB 2297-80 marl
22Th 19.2 0.7 0.07
230Th 18.5 0.7 0.07

Table 9 Results of 237Np, 97y and stable Zr determination in mineral
samples

Sample BINp  PZr Stable Zr
LD LD Measured conc Reference conc
Ba/kg Bg/kg  ppm ppm
IAEA-SRM-375 nd 3.0x10* 359 (31) 334 (74)
soil
IAEA-SRM-326 0214 3.0x10* 357 (30) 390 (21)
soil
CT CEB 2297- 0.014 7.9x10° 89 (9) -
80 marl
Concrete 0.106 6.0x10° 43 (4) -

nd, not determined

sensitivity of the instrument used in this study was in the
10~ range for 92/93 and for 237/238 mass pairs. To obtain
lower detection limits other measuring technique has to be
applied for **Zr determination. LSC could be a good choice
but in this case radioactive *>Zr tracer should not be used
for recovery determination. Another option is the use of the
more sensitive AMS technique [9] where abundance sensi-
tivity is negligible.

Conclusions

A novel procedure for the separation and determination of
Bzr, 237Np, 232Th, 239Th and 2**Th has been developed for
radioactive waste and mineral samples by testing and modi-
fying the procedures previously developed for the determina-
tion of U, Pu and Am-Cm nuclides. The method is based on
simultaneous separation of actinides and Zr on DGA resin
column followed by separation and purification of Zr, Np
and Th on TEVA resin column. Thorium radionuclides are
measured by alpha spectrometry, >>’Np and **Zr by ICP-MS.

@ Springer

High chemical recoveries were obtained for all analytes and
in both sample types in the whole procedure (>73%). The
method was tested by the analysis of SRMs and acceptable
good agreement was found with the reference values of Th
radionuclides and stable Zr. Detection limits were acceptable
low for Th and Np nuclides but high for **Zr nuclide because
of the high abundance sensitivity of [CP-MS measurement
due to high stable Zr content of the mineral samples. The
method was successfully applied for the analysis of radioac-
tive waste samples.
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