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The work was focused on the experimental determination of the separation-extraction prop-
erties of solid extrahent DIPHONIX (Eichrom Industries, USA) depending on the used
eluent. Extraction properties were tested for plutonium, americium, curium, and uranium.
The used mobile phases were hydrochloric acid and nitric acid at various concentrations. The
aim was to find the most appropriate combination of mobile phase and eluent, which would
lead to the highest possible yield. The most commonly used eluent published in literature is
1-hydroxyethane 1, 1-diphosphonic acid (HEDD, Etidronic Acid). Based on the research the
specific compounds were selected which are generaly known for their complexing properties,
such as the salts of oxalic acid and citric acid at different concentrations. Activities of the sam-
ples obtained by elution were measured by liquid scintillation spectrometry.
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INTRODUCTION

The radiochemical separation has gone through a
great development and improvement in last 20 years.
The ion exchange and solvent extraction were the ulti-
mate techniques used in past. In these days these slightly
modified techniques are used in radiochemical separa-
tion method known as extraction chromatography. Al-
though this technique has been known for many years
[1-3], the real expansion has begun after these extractants
were discovered by Argonne National Laboratory and
were introduced by Eichrom Industry Inc. to the market.
The obvious advantage over the other techniques makes
them the method of choice for almost all laboratories all
over the world for extraction and separation of different
ions. The production portfolio covers primarily
actinides, lanthanides, alkaline earth metals and other ra-
dioactive elements. Provision of other accessories such
as pre-filters, funnels, pre-packed cartridges, columns,
vacuum box, inner liner and other accessories has made
them even more popular. Furthermore, in these days
there is an enormous pressure to make as little waste as
possible. This is the one of the main reasons why classi-
cal solvent extraction is being abandoned. Nevertheless,
it still has its own irreplaceable role, for example in re-
processing of spent fuels and other large amount in sepa-
ration techniques. But for laboratory, environmental and
emergency samples it is not as convenient as the extrac-
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tion chromatography via Eichrom products. This method
is faster, safer, produces smaller amount of waste and is
far more flexible than classical solvent extraction and is
also more specific than what can be achieved by ion ex-
change.

In last twenty years a lot of papers were pub-
lished on the field of extraction chromatography via
Eichrom's extraction chromatographic resin [4-8].

All publications rely on original papers published
by E. P. Horwitz, et al. Those papers describe the extrac-
tion characteristics of selected alpha radionuclides (Am,
Pu, U, and Cm) by means of extraction chromatography
(EXC) of different resins, e. g. TRU, TEVA, UTEVA,
DN and also DIPHONIX resins (all Eichrom Industries,
USA).

The solid ion exchange resin Diphonix was in-
vestigated as a potential universal extractant due to its
affinity for the majority of transuranium elements and
preconcentration and separation of radionuclides or
heavy metals from sample for further analysis [9,
10-16].

The selected group of radionuclides was chosen
with respect to military significant, radiotoxicity, and
possibility of potential misuse. The other aspect is, that
all these nuclides are part of the fuel cycle, thus they can
be released during some unexpected events. The last ex-
ample was given in Fukushima, where all listed
radionuclides can be found. 2! Am, 2®Pu, 232U, and
24Cm were selected as model radionuclides. The main
reason for (pre)concentration is low occurence in envi-
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ronmental samples, which is normaly in the order of mili
becquerels. Besides mass spectrometry techniques, there
are currently no techniques, which allow determining
this concentration without the radiochemistry treatment.
Even this technique needs some degree of sample prepa-
ration depending on the sample matrix. The usual tech-
nique used for determination of actinoids is solid-state al-
pha spectrometry. This technique needs very thin layer,
ideally monoatomic layer, of the sample. Furthermore,
due to some other effect like self absorption in the sam-
ple, air attenuation, absorption in dead layer of detecter,
etc. the energetic resolution (FWHM) of PIPS detector is
normaly about 20-80 keV mainly depending on the sam-
ple quality resulting in the needs of separation
energeticaly closed radionuclides, e. g. plutonium and
americium.

The diphonix resin was established as a powerful tool
for extraction, subsequent elution and separation of
radionuclides proved to be problematic. Commonly used
elution agent 1-hydroxyethylidene diphosphonic Acid
(HEDPA, Etidronic acid) [9, 10] does not provide neither
elution of 100 % of the retained radionuclides nor their sep-
aration. The absolute elution is crucial when one is dealing
with a trace amount of element(s) with respect to the further
loses in subsequent analysis. The other reason is the possi-
bility of reusage of the sorbent for further extraction leading
to minimalization of radioactive waste as well as analysis
cost reduction. Moreover, HEDPA being an organic com-
pound containing phosphonic groups is the cause of prob-
lems during subsequent analysis by means of liquid scintil-
lation, during which its organic structure interferes with the
scintillation process. Therefore, an effort is being made to
find a more suitable elution agent that would not have the
aforementioned disadvantages. The objective of this work
is to find suitable elution agents for Diphonix resin and to
determine their extraction ratios under conditions of vary-
ing concentrations of the mobile phase and of nitric and hy-
drochloric acids used to condition the columns. As can be
seen in various sources the most frequently used
complexing agents are organic compounds containing ni-
trous or phosphorous functional groups, e. g
tri-n-butylphosphate  (TBP), tri-n-octyl-phosphin-oxide
(TOPO), ethylenediamine-tetraacetic acid (EDTA),
diglycolamides, and N, N, N', N'-tetraoctyl diglycolamide
(TODGA) [17 - 20], Francis [21], Horwitz [22], and Perrier
[23] describe the use of oxalates and citrates of various con-
centrations. Sanchez-Gonzalez [24] mentions carbonates
for the extraction of uranium.

MATERIALS AND METHODS

The resin employed in this work was DIPHONIX
resin® with grain size 50-100 pm and obtained from
TRISKEM International SAS (Eichrom distributor for
Europe). The resin was prepared in the same way as
pre-packed cartridges distributed by Eichrom.

Nitric, hydrochloric, ammonium oxalate (all
Penta, Inc., CZ), natrium citrate dihydrate (Merck,

Inc., CZ) and etidronic acid (Sigma-Aldrich) were
prepared from reagent-grade chemicals. All water was
obtained from a DEMIWA 5 rosa™ (Watek) water pu-
rification system. All other materials were ACS re-
agent grade and were used as received.

Radiochemical isotope tracers 232U, 23%Pu,
241 Am, and ***Cm were obtained from AEA Technol-
ogy, UK, QSA Amersham International and CMI (the
Czech Metrological Institute). 232U tracer was pre-
pared to be self-cleaning, removing its ?2®Th daughter
using ion exchange resin BIORAD AG 1-X8
(400-800 mesh).

The measurements were performed on Auto-
matic LSC Triathler (Hidex, Finland) with 20 mL plas-
tic vials. The data from the analyser were displayed by
the program ComFiler. AqualLight (produced by
Hidex) was used as a scintillation cocktail. The cali-
bration standards of *°Sr-ER2 etalon type with activity
of 116.2 kBq (30/12/2005), manufactured by CMI-I1Z
Prague, and **Pu-ER2 etalon type in solution with ac-
tivity of 45.83 kBq (30.12.2005) were used for cali-
bration. The etalon of 23°Pu contained impurities of
240py and 2*'Pu (it is the beta emitter with £, =
=20.81 keV and half-life = 13.2 years decaying to
241 Am, thus the activity of 24! Am rises with time). The
level of impurities in the etalon at the time of measure-
ment was 4.98 % 2*'Pu and 0.56 % 2*!' Am. The mea-
suring solution contained 0.1 mol/dm? HNO;.

PROCEDURES
Column preparation

DIPHONIX resin columns were prepared from a
standard 2 ml cartridges filled with 1 g of Diphonix
resin. Small particle size (50-100 micron) resin was
employed, along with a vacuum extraction system
(Eichrom Technologies, Inc.). Flow rates of approxi-
mately 1 drop per second were typically used. The
resin cartridges were stacked on the lid of vacuum box.
Fifty milliliter centrifuge tubes were used to collect the
rinse or the fractions.

Extraction procedure of selected actinides

— 10 mL of the examined mobile phase (0.1-10 mol/dm’
HCV 0.1-10 mol/dm’ HNOs) was loaded on the col-
umn. Subsequently the vacuum was created and main-
tained at value which guaranteed the flow rate of aprox.
1 drop/second.

— 2 mL of solution consisting of selected mobile
phase and examined radionuclide of activity of
100 Bq was loaded onto column (100 pL of **U,
50 pL of **'Am, 20 pL of ***Pu, and 50 pL of
M40 m).

—  The column was rinsed by 10 mL of the same mo-
bile phase as used before.
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—  The elution was performed by 20 mL of Etidronic
acid (0.4 mol/dm’), ammonium oxalate (saturated;
10 times diluted) or natrium citrate (1 mol/dm’,
0.01 mol/dm’, 1-10* mol/dm’). This phase was re-
tained to determine the extraction ratio. The concen-
tration of Etidronic acid was selected as optimal
based on [9, 10]. The concentrations of the oxalate
and citrate were determined according to [21-23] to
cover their whole probable range.

— 4 mL of sample ware transferred into 20 mL scin-
tillation wvial filled with 10 mL of scintillation
cocktail AquaLight.

—  Well shaked cocktail with sample was placed to
LSA Triathler and after 15 minutes measured for
120 s.

RESULTS AND DISCUSSION

The possibility of misusing heavy unstable ele-
ments, especially transuranic elements, for military or
terrorist purposes, their involvement in nuclear accidents
or in fuel cycle makes them elements of interest. Among
the most important elements belong uranium, plutonium,
americium and curium. These radionuclides are both
military significant [25] and also important for nuclear
safety. Horwitz et al. published papers [26, 27] about ex-
traction and stripping these elements on various resins
among them TRU, TEVA, UTEVA, and DN. Our main
effort was to revise the existing data concerning
DIPHONIX resin, determine the dynamic properties and
behavior of the resin in previously untested conditions
and more importantly transfer values of the number of
free column volumes k' to percentage of extraction,
which is more convenient for faster orientation and better
understanding.

DIPHONIX resin is a high performance,
gel-type cation resin for the selective separation of
metals, especially for actinides [28-30]. The main dis-
advantage of this resin is that because of its very high
affinity to the ions generally, it is extremely difficult to
find the appropriate elution agent. Many papers sug-
gested Etidronic acid [30-33]. As far as we know, the
elution results using Etidronic acid are not clearly pub-
lished elsewhere. The first step was to investigate the
extraction-elution properties of diphonix resin in con-
nection with Etidronic acid as the elution agent.

Ascanbe seenin fig. 1, the diphonix resin condi-
tioned by hydrochloric acid of various concetrations is
capable of recovery of 55-75 % of the tested
radionuclides, when using Etidronic acid as an elution
agent. The highest yields of 65 %, 70 %, and 75 % for
Pu, Cm, and Am, respectively, from HCI concentra-
tions from 0.1 to 2 mol/dm?® for Am and Cm and from
0.1 to 0.5 mol/dm? for Pu. Relatively stable plateaus of
Am and Cm could be used for their individual extrac-
tions. However, close extraction ratios of all
radionuclides including Pu do not support any possi-
ble separation.
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Figure 1. Extraction-elution behavior of Diphonix resin
using Etidronic acid

The results from the conditions of nitric acid
show that the recovery of Pu reaches almost 95 % for
the concentrations of 3 mol/dm® and higher, whereas
the extraction of Am and Cm peaks at 67 % with de-
crease at concentrations 3-5 mol/dm?, the decrease of
extraction of Am being more prominent. As in the case
of conditioning with HCI, this method could be used
for recovery of individual radionuclides, however ex-
traction-elution ratios of Am and Cm are still high
enough to prevent a successful separation.

The usage of Etidronic acid as an eluent intro-
duces the need of its removal from the eluate. This
could be done by classical open digestion or by closed
vessel microwave digestion. Thuss the further efforts
of our work were devoted to find the solution, which
would eliminate the removal step of etidronic acid
from the eluate.

The elution of the transuranium elements by sat-
urated solution of ammonium oxalate proved to be
possible, but not viable as the extraction ratios do not
reach the values provided by Etidronic acid. The ex-
traction of americium from HCI plateaus at 50 % and
from HNO, at 30 % for concentrations 4 mol/dm® and
higher. The extraction of curium from HCI has maxi-
mum of 60 % for concentrations 2-8 mol/dm?, from
HNOj; the maximum settles at 40 % for concentrations
4 mol/dm® and higher. The extraction of plutonium
does not follow the previous trend as from HCI it
has maximum of 70 % at concentrations from 0.1 to
0.5 mol/dm? and then falls to 60 %, whereas extraction
from HNO; peaks at 80 % at concentrations from
6 mol/dm? higher. The extraction of uranium has max-
imum of 40 % for HCI and of 30 % for HNOj at con-
centrations from 0.1-0.5 mol/dm? and then both fall to
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Figure 2. The elution of the transuranium elements by
saturated and diluted solution of ammonium oxalate in
hydrochloric and nitric acids

20 %. The extraction using diluted oxalate proved to
be inconsequential for all radionuclides as the ratio
doesnotexceed 20 % in any case. As can be seen in fig.
2, the extraction by the saturated solution of oxalate
can be used to separate plutonium from the rest of
the tested radionuclides from HNO; at concentrations
6 mol/dm?® and higher since the ratio for plutonium
reaches 80 % and remains 30 % for the rest of the
radionuclides.

The elution by solutions of citrate of various
concentrations was tested for curium and plutonium.
The method showed no reasonable results for either
radionuclide at any concentration as the measured ac-
tivities of all samples were within the activity range of
the background.

CONCLUSIONS

The data confirm the ability of Etodronic acid to
successfully elute the selected actinides from
Diphonix resin with varying efficiency, which exceeds
90 % only in the case of extracted Pu from the resin
conditioned by nitric acid and is in other cases around
60 %. Therefore, the difference between extraction ra-
tios of individual radionuclides is too small for their
separation by means of this method.

The results show that oxalate solutions are capa-
ble of limited elution of the actinides from Diphonix
resin. However, even the highest extraction ratio for
plutonium is lower than the ones achieved by
Etidronic acid as Etidronic acid is capable of 95 % ex-
traction of plutonium from HNOj. The ratios for the

remaining radionuclides do not support utilization in
extraction. Nevertheless, there is a potential for sepa-
ration of plutonium from the rest of radionuclides from
HNOj;, because the ratio for plutonium surpasses 80 %
and ratios of the rest do not exceed 40 %.

A future study will be aimed at extraction prop-
erties of other complex forming agents, mainly car-
bonates. Agents displaying suitable qualities will be
tested in with Etidronic acid to determine a possible
enhancement of its extraction capabilities to achieve
100 % extraction ratio for all radionuclides of interest.
The next step will be an addition of redox agents as re-
duction to oxidation state +1 or oxidation to state +7
should lead, based on the declared properties of
Diphonix resin, to successful extraction. The possibil-
ity to improve the selectivity will be the primary focus
at that stage.
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Jykac KAHKA, Jupxu JAHIJA

NCIIMTUBAILE AITEPHATUBHUX ATEHACA 3A
EJIYALIMJY CA TU®POHUKC CMOJOM

Pap je ycMepeH Ka ekcriepUMEHTaTHOM ofipebuBamy cenapaioHO eKCTPAKIUOHUX CBOjCTaBa
muponnkca (Eichorm Industires, CAJl) y 4YBpPCTOM CTamy y 3aBHCHOCTH Off KOpHIThEHOT eJyeHTa.
Tectupana je e(uKacHOCT eKCTpaklje MIYTOHWjyMa, aMepHIjyMa, Kupujyma u ypanujyma. Kao
MOOMIIHE (ha3e KopulrheHe Cy XJIOpOBOJOHUYHA U a30THA KUCEJIMHA Pa3IMUUTUX KOHLeHTpauyja. [um je
6Mo Halaxkewme HajupuKIajHuje KoMOnHanuje MoOmiTHe aze u ellyeHTa Koja Ou moBesa o HajBeher
Moryher npunoca. Hajkopuithenuju enyeHT Koju ce Moxe npoHahu y auTepartypu je 1-XugpokcueTan
1,1-pudpocopacra kucenuna (HEDP, eTupponcka kucennHa). Ha ocHOBY umcTpaskuBama ofadpaHa cy
crnenuduyHa jeilubeba Koja cy Io3HaTa 10 CBOJUM KOMILIEKcUpajyhuM cBOjcTBUMa, Kao LITO Cy COJIU
OKCajiHE M JMMYHCKE KUCEJIUHE NP pas3IMYUTHM KOHIEHTpanujamMa. AKTUBHOCTH y30paKa JOOHMjeHUX
eJIyalyjoM U3eMepeHe Cy TeUHUM CUUHTHIAMOHUM CIIEKTPOMETPOM.

Kmwyune peuu: ougoHukc, eayayuja, cuHepzeiticku egexaiti, eiuoOpoOHCKa KUCEAUHA




